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Beneficial bacterial endophytes are capable of promoting growth and alleviating abiotic
and biotic stress in plants. This dissertation will present research that was undertaken to
test the overarching hypothesis that non-cultivated relatives of crops in stressed
environments possess beneficial bacteria capable of promoting growth and alleviating
stress in cultivated plants. This hypothesis will be tested using cotton as a model and will
seek bacteria in non-cultivated relatives in the Malvaceae family. Cultivated cotton
provides a useful model for these studies because cotton seeds are acid delinted. Acid
delinting is a century-old process that involves treating seeds with diluted sulfuric or
hydrochloric acid to remove fuzzy lint covering seeds which facilitates cotton seed mass
production and reduces the prevalence of seed-borne diseases. This practice likely
disturbs the seed-transmitted cotton microbiome and thus, also affects the communities of
beneficial microbes that are vertically transmitted to developing cotton seedlings. The
research in this dissertation tested whether bacteria from non-cultivated, wild plants in
the Malvaceae family in saline and arid areas in Puerto Rico promoted growth, alleviated
salt stress, and protected cotton seedlings against seed-borne fungal diseases. Bacteria
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were isolated that enhanced cotton seed germination and altered the growth of various
fungi. Among the bacteria isolated, Bacillus amyloliquefaciens was further demonstrated
to promote growth, alleviate salt stress, and alter root architecture of cotton and okra
seedlings. Using a GeneChip microarray gene expression analysis, it was demonstrated
that inoculating cotton seedling roots with B. amyloliquefaciens led to the differential
expression of hundreds of genes in both non-stressed and salt stressed conditions. Many
of the differentially expressed genes could contribute to the phenotypic effects observed
on inoculated cotton seedlings. Moreover, B. amyloliquefaciens inhibited growth of
numerous fungi and produced lipopeptides with antifungal and chlamydospore-inducing
properties. Data supported that B. amyloliquefaciens promoted growth and alleviated
biotic and abiotic stress of multiple hosts making it a suitable candidate to be used as a
biofertilizer and biocontrol agent. Biological agents that enhance plant growth and health
have the potential to decrease the demand for nitrogenous fertilizers and fungicides which
are costly and detrimental to the environment.
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Chapter 1: Dissertation outline and Introduction

This dissertation includes a series of chapters that reviews, discusses and provides
data and evidence that supports the numerous beneficial properties of certain bacterial
endophytes. The research presented in this dissertation primarily focuses on hosts in the
Malvaceae family and evaluating the benefits of transferring beneficial bacteria from
non-cultivated relatives of cotton onto cultivated cotton seeds.

1.1 Dissertation outline
Chapter 1: This introductory chapter includes an outline of this dissertation and presents
the main concepts addressed throughout this work such as beneficial microbial
endophytes and their impact on plant growth, bioprospecting efforts for these beneficial
microbes, and a brief introduction into non-cultivated relatives of cotton and the
evolution and domestication of cultivated cotton. In addition, this chapter describes the
process of acid delinting for cotton seed mass production. This chapter also states the
overarching hypotheses tested and the specific objectives to be met through these
experiments.

Chapter 2: This chapter describes the use of plant growth promoting bacteria from noncultivated, wild relatives of cotton to enhance the germination of cultivated cotton
seedlings and promote seedling growth. This chapter also includes tests evaluating
whether salt stress tolerant bacteria are able to induce salt stress tolerance and promote
growth in cotton and okra.
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Chapter 3: This chapter presents research that describes the changes in gene expression
that occur when cotton seedlings in non-stressed and salt stressed cotton seedlings are
inoculated with Bacillus amyloliquefaciens. This chapter also aims to describe the
benefits of the bacteria on cotton seedlings.

Chapter 4: This chapter consists of a literature review describing the defensive
properties of beneficial bacteria and their mechanisms of protecting plants against fungal
pathogens. This review also summarizes the research on bacterial lipopeptides, their
antifungal properties and their ability to induce fungal chlamydospore formation.

Chapter 5: This chapter includes research supporting the defensive and antifungal
properties of bacteria isolated from non-cultivated relatives of cotton. This chapter also
highlights Bacillus amyloliquefaciens as an inhibitor of fungal growth and producer of
lipopeptides which induce the production of chlamydospores.
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1.2

Introduction

1.2.1

Harnessing beneficial plant microbes for the development of growth
promoting agents
Plant microbiomes consist of communities of epiphytic, endophytic, rhizospheric,

and seed-transmitted microbes. Microbes that make up the plant microbiome originate
from various sources including seeds, soil, pollinators and other animals, as well as the
environment. Some of these plant-associated microbes are beneficial to their plant hosts
while others are disease causing agents. The research presented in this dissertation
focuses on beneficial microbes within plants and their functions.
Plant microbiomes have a profound impact on the health of their plant hosts
(Berendsen et al 2012, Vandenkoornhuyse et al 2015, Bakker et al 2013). Beneficial
bacteria are able to improve plant health, and thus promote growth, by eliciting induced
systemic resistance and producing antimicrobial compounds (Berg 2009). Furthermore,
certain bacteria are able to promote growth directly by a variety of mechanisms such as
nitrogen fixation, siderophore production, phosphate solubilization, and the synthesis of
plant hormones (Glick 1995, de Freitas et al 1997, Beneduzi et al 2008, Berg 2009).
Many researchers aim to isolate and identify beneficial microbes and unravel the
interactions between them and their plant hosts with the ultimate goal of developing tools
and products to enhance crop growth and yield. Harnessing these beneficial microbes for
the development and commercialization of microbiological products has the potential to
contribute greatly to efforts in sustainable agriculture (Sturz et al 2010).
Beneficial microbes can be used to enhance plant growth and decrease the
demand for inorganic nitrogenous fertilizers. Plant associated bacteria, such as
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rhizobacteria, are being widely investigated for their plant growth promoting properties
and potential to be developed into biofertilizers (Vessey 2003, Yang et al 2009, Banerjee
et al 2006, Mia et al 2010, Ashrafuzzaman et al 2009, Abbasi et al 2011, Bhardwaj et al
2014). In addition to enhancing growth in favorable conditions, certain microbes also
alleviate stress in plants. Beneficial, growth promoting bacteria have been demonstrated
to enhance the ability of plants to tolerate a variety stresses such as drought, salinity, low
nutrient fertility, pollutants, and disease (Yang et al 2009, Mayak et al 2004a, Mayak
2004b, Burd et al 2000, Ma et al 2011, Glick 1995, East 2013). Thus, identifying
microbes (or communities of microbes) that enhance growth and increase host tolerance
to various abiotic and biotic stresses is key to developing more resistant crops. The
research presented in this dissertation will focus on identifying beneficial bacteria and
supporting their benefits to cotton seedlings by gathering evidence of their growth
enhancing, salt stress alleviating, and disease suppressing capacity.
Harnessing the plant microbes and exploiting the benefits of plant growth
promoting microbes has recently become a focus of many agrochemical companies.
Seeking microbes and developing bioproducts based on plant growth promoting
microorganisms can help support sustainable agriculture and is partly driven by the
increased demand in organic agricultural products (Berg 2009, Berg et al 2013, Bhardwaj
et al 2014). The demand for biofertilizers and their use will likely continue to increase as
a result of supporting a growing population compounded with environmental issues such
as climate change, soil nutrient depletion, and the need to protect environmental
resources from pollutants including inorganic nitrogenous fertilizers.
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The overarching goal of this dissertation research is to obtain and identify
beneficial bacteria from non-cultivated relatives of economically important crops and to
test their potential to enhance growth and ameliorate the effects of abiotic and biotic
stress in cultivated crops. Specifically, bacteria will be isolated from Thespesia populnea
and non-cultivated Gossypium hirsutum, tested for their plant growth promoting, salt
stresss alleviating, and antifungal properties, and inoculated into cultivated cotton. The
effects bacteria on cotton seedling growth will be evaluated.

1.2.2

Bioprospecting for plant growth promoting microbes
Scientists have sought plant growth promoting bacteria in diverse ecosystems and

for a variety of desired outcomes. Bioprospecting and trait screening efforts to identify
potential plant growth promoting bacteria have been carried out from sources as diverse
as crop fields, glaciers, and deserts (Khalid et al 2004, Beneduzi et al 2008, Ahmad et al
2008, Ghyselinck et al 2013, Leite et al 2014, Balcazar et al 2015, Yadav et al 2016). On
many occasions, bioprospecting efforts for bacteria with plant growth promoting
properties are sought on plants themselves such as mangrove and salt marsh inhabiting
plants, as well as medicinal plants and those of agricultural and economical importance
(Gayathri et al 2010, Jasim et al 2013, Bertrand et al 2001, Kuklinsky-Sobral et al 2004,
Qin et al 2009).
Obtaining potential plant growth promoting microbes may be carried out by
isolating microbes directly onto culture media and screening them for their growth
promoting properties (Rashid et al 2012, Ji et al 2013, Penrose and Glick 2003). It is well
known that only a portion of the microbial community can be isolated through culture
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media. Due to that limitation, some researchers also make use of molecular methods to do
in-depth microbial diversity studies and seek non-culturable plant dwelling microbes.
Bioprospecting for beneficial bacteria may be carried out or complemented by using
molecular methods such as genetic cloning, TRFLP, DGGE, and metagenomics, among
others (Dell’Amico et al 2005, Berlec 2012). Previous research seeking microbes in
disease suppressive soils used a DNA microarray (PhyloChip) to detect bacterial and
archaeal prokaryotes (Mendes et al 2011). An advantage of using molecular methods is
that one can determine the relative abundance of microbes in a diverse microbial
community with less bias than with culturing methods. In addition, Mendes et al (2013)
reviewed research which used molecular and proteomic approaches to identify
components and functions of the plant microbiome. However, a limitation of using
metagenomics or certain molecular tools is that one does not necessarily isolate and test
specific bacterial strains for actual host growth promotion or enhanced stress resistance
so the functions of these microbes and their relationship with their hosts are often
assumed.
Bioprospecting for plant associated bacteria can be carried out for a variety of
different outcomes. For example, researchers may seek bacteria that promote growth
directly or indirectly by producing plant growth hormones and/or enhancing resistance
against abiotic and biotic stresses. Many bioprospecting efforts involve seeking bacteria
capable of protecting their hosts against specific diseases (Berg and Hallmann 2006,
Mathre et al 1999). For example, researchers have sought microbes to find biocontrol
agents for crop diseases including coffee leaf rust, banana bunchy top disease, Fusarium
wilt of cotton, Fusarium crown and root rot of tomato, and postharvest diseases (Shiomi
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et al 2006, Harish et al 2008, Chen et al 1995, Lemanceau and Alabouvette 1991, Sharma
et al 2009). Previous reviews have summarized the mechanisms bacteria use to enhance
disease resistance in plants (Raaijmakers et al 2002, Compant et al 2005, van Loon et al
1998, Sharma et al 2009, Bakker et al 2013, Vandenkoornhuyse et al 2015). Reviews
have also summarized efforts in seeking endophytes capable of producing antimicrobial
compounds (Yu et al 2010, Strobel and Daisy 2003, Strobel et al 2004, Qin et al 2009).
Some of these defense mechanisms include the production of antibiotics, enzymes, and
volatile organic compounds as well as the induction of systemic resistance in plants.
Lipopeptides are one family of antimicrobial compounds produced by a variety of
bacterial endophytes including Pseudomonas spp. and Bacillus spp. (Raaijmakers et al
2006, Romero et al 2007, Gond et al 2015). Chapters 4-5 will further elaborate on
lipopeptides produced by Bacillus amyloliquefaciens and their effects on fungi.
Though the research in this dissertation focuses on isolating plant growth
promoting bacteria and evaluating their effects, bioprospecting efforts are also frequently
carried out seeking beneficial endophytic fungi (Suryanarayanan et al 2009). Fungal
endophytes, like bacterial endophytes, increase plant fitness, resistance against pathogens
and pests, and are often novel sources of secondary metabolites and bioactive compounds
(Porras-Alfaro and Bayman 2011).

1.2.3

Habitat-adapted symbiosis and its application to agriculture
Habitat-adapted symbiosis is a concept which states that certain endophytes

isolated from plants in highly stressed environments are able to also enhance tolerance of
different vulnerable hosts to the same stress (Rodriguez et al 2008, Rodriguez et al 2009,
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Redman et al 2011, Rodriguez and Redman 2008). Even though this research was
originally described in relation to fungal endophytes, recent research has determined that
bacterial endophytes from halophytes are able to enhance seed germination under
conditions of salt stress (Qin et al 2013).
Plants in stressful environments are a potential source of beneficial microbes
which can be isolated through bioprospecting efforts. Utilizing this strategy to obtain
microbes capable of inducing stress tolerance in other plants may be useful to discover
novel microbial strains to be developed into biofertilizers. These beneficial microbes can
be used to develop more stress tolerant crops and alleviate the negative impact of climate
change (Redman et al 2011).
Part of this research involved isolating microbes from relatives of cotton in
coastal areas in the Caribbean which were exposed to salt stress and where plant disease
pressure is high. Chapter 2 will discuss research which involved testing whether salt
tolerant bacteria isolated from non-cultivated, wild relatives of cotton induced salt stress
tolerance in cultivated cotton and okra.

1.2.4

Cotton seed mass production and the effects of acid delinting on the
vertically transmitted microbiome
Delinting of cotton seed with sulfuric or hydrochloric acid is a common practice

in the process of cotton seed mass production that has been used for over a century. It is
desirable to remove lint from cotton seeds to prevent seeds from clumping together and
increase the flow of seeds (Delouche 1986). Figure 1.1 shows recently harvested cotton
seed and delinted cotton seed.
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Figure 1.1. The effects of acid delinting on cotton seeds. Untreated (left) and acid
delinted (right) seeds of Gossypium hirsutum.

Various patents were submitted in the late 1800’s regarding improvements and
modifications to the process of acid delinting of cotton seed (Green 1884 and
Cunningham and Thiele 1899). There are various methods to remove fibers from cotton
seed that involve using acids such as applying wet acid, gas acid, and dilute wet acid
(Delouche 1986). Aside from removing lint, treating seeds with acid leads to enhanced
germination and decreased infection by seed-transmitted pathogens (Brown 1933).
Archibald (1927) documented that sulfuric acid delinting was used to prevent against
diseases such as leaf spot, black arm, boll rot, and anthracnose. Unfortunately, acid
delinting not only eliminates seed-transmitted pathogens of cotton, but also eliminates
vertically transmitted beneficial bacteria of the seed microbiome. Evidence supporting
this concept is provided in Chapter 2. Research in maize supported the importance of the
seed microbiome as a source of inoculum for germinating seeds and seedlings (JohnstonMonje et al 2016). Thus, sterilizing cotton seeds through the process acid delinting
eliminates the cotton seed microbiome as an initial source of beneficial microbes capable
of promoting growth of young seedlings.
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1.2.5

Non-cultivated, wild relatives of cotton as sources of microbes
Two non-cultivated, wild plants in the Malvaceae family were sampled in Puerto

Rico in the effort to seek bacteria capable of colonizing, promoting growth, and
alleviating biotic and abiotic stress of cultivated cotton seedlings. Seeds from Thespesia
populnea trees and seeds from non-cultivated Gossypium hirsutum were sampled for
bacteria which were screened for their plant growth promoting properties, salt stress
tolerance, and antifungal activity.
Thespesia populnea, commonly known as Portia tree or milo, forms shrubs or
small trees that are frequently found in coastal areas of tropical regions worldwide. It
produces pale yellow flowers, has chordate leaves, and produces indehiscent buoyant
fruit that dry and darken on the plant (Figures 1.2-1.3). The buoyant fruits of Thespesia
populnea are likely dispersed by sea currents (Areces-Berazain and Ackerman 2016). A
recent study by Areces-Berazain and Ackerman (2016) placed the origin of the Thespesia
genus to be around 30 million years ago in the region of Southeast Asia. An African
lineage of this genus diversified around 11 million years ago and another Antillean
lineage diverged around 9 million years ago (Areces-Berazain and Ackerman 2016). The
evidence they gathered supports that Thespesia populnea originated in Southeast Asia or
Oceania from where it dispersed to Africa and America through ocean currents. This
plant was introduced into the Caribbean but has become naturalized in the region
(Parrotta, 1994). The USDA Plants Database lists Thespesia populnea as an introduced
species in Florida, Puerto Rico, and the Virgin Islands (USDA, NRCS 2017). In Puerto
Rico, Thespesia populnea is commonly found in beaches and coastal areas throughout the
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island. It is also used as an ornamental in urban areas. Figures 1.2-1.4 shows leaves,
flowers, fruits, and habitat of a Thespesia populnea tree at Luquillo Beach in Puerto Rico.
Thespesia populnea has been reported to have medicinal properties. Extracts of T.
populnea have been tested on mice and were demonstrated to enhance wound healing,
reduce inflammation, increase hepatoprotective properties, and enhance memory
(Nagappa and Cheriyan 2001, Vasudevan et al 2007, Ilavarasan et al 2003, Vasudevan et
al 2006). Aside from its medicinal properties, Thespesia populnea also produces oils
which have the potential to be developed into biofuels, further demonstrating this plant’s
versatility (Rashid et al 2011).
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Figure 1.2. Flowers and leaves of Thespesia populnea.

Figure 1.3. Thespesia populnea fruits and dried seed pods.
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Figure 1.4. Thespesia populnea tree at a beach in Luquillo, Puerto Rico.

Bacteria were isolated from non-cultivated cotton bolls and fibers sampled at the
southern coastal municipality of Guayama, Puerto Rico (Figure 1.5). Gossypium hirsutum
is a member of the Malvaceae family and is a native plant of Puerto Rico. Cotton is
considered a native plant of many southern states in the US according to the USDA
Plants Database (USDA, NRCS 2017). Gossypium hirsutum has a geographical
distribution that includes the Caribbean, northern South America, and Central America
(Brubaker and Wendel 1994).
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Figure 1.5. Gossypium hirsutum plant with opened bolls in Guayama, Puerto Rico.

1.2.6

A brief summary on the evolution, diversification, and domestication of
cultivated cotton
The genus Gossypium is estimated to have originated 5-15 million years ago and

contains about 50 species which are distributed in dry tropical and subtropical regions
worldwide (Wendel and Cronn 2003, Fryxell 1992). Diversification of the genus
Gossypium has been determined to have occurred rapidly along with a worldwide
distribution (Wendel and Grover 2015, Wendel and Cronn 2003). Some Gossypium
species have buoyant, salt tolerant fruit and seeds capable of being dispersed by ocean
currents (Stephens 1966). Spinnable cotton fibers evolved around 5-10 million years ago
in an ancestor of cultivated cotton (Paterson et al 2012). The modern cultivated cotton
species Gossypium hirsutum is a tetraploid allopolyploid that originated in the neotropics
around 1-2 million years ago. As a result of analyzing chloroplast DNA of cultivated
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cotton, it was determined that one of the ancestors of must have been from the Old World
(Wendel 1989).
Genetic analyses of cultivated cotton and their native, ‘wild’ Gossypium relatives
have been carried out to better understand the process of domestication and origin of the
modern cultivated cotton (Brubaker and Wendel 1994). The closest ‘wild’ ancestor of
Gossypium hirsutum is thought to be related to cotton populations found in the Yucatán
Peninsula in Mexico and it is believed that this geographical area served as the site for
early cotton domestication (Brubaker and Wendel 1994).
The process of domestication of wild cotton into the present day type of cultivated
cotton involved selecting for various traits. Some changes that occurred during the
domestication process involved selecting for plants with decreased seed dormancy,
increased plant compactness, and longer, stronger fibers (Gross and Strasburg 2010).
Non-cultivated, ‘wild’ cotton plants are described to have smaller bolls and greenishbrown lint which is shorter than the fibers of cultivated cotton (Stephens 1965).

1.3 Hypothesis and Objectives
The overarching hypothesis underlying the research in this dissertation is that
non-cultivated relatives of cultivated plants thriving in stressful environments are sources
of beneficial bacteria with growth promoting and stress tolerance inducing properties.
Bioprospecting for PGPB in non-cultivated crop relatives is a useful strategy to find
microbes with the potential to become biofertilizers of cultivated crops.
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The objectives of this dissertation research are to:
1. Isolate and identify bacteria from non-cultivated relatives of cotton.
2. Screen bacterial isolates for their plant growth promoting properties.
3. Test whether bacteria isolated from non-cultivated, wild relatives of cotton are
capable of promoting growth and inducing salt stress tolerance in cultivated
cotton and okra seedlings.
4. Identify a mechanism by which Bacillus amyloliquefaciens is capable of
promoting growth, altering root architecture, and alleviating salt stress of
cotton seedlings
5. Screen bacteria for antifungal activity with the goal of identifying and
focusing on a single species that has the potential to become a broad spectrum
biocontrol agent.
6. Extract, purify, identify, and test antifungal compounds from Bacillus
amyloliquefaciens. Document their effects on fungal growth and
chlamydospore production.
7. Test whether Bacillus amyloliquefaciens increases the germination of cotton
seeds infected with Fusarium sp.
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Chapter 2: Application of bacteria from non-cultivated plants to promote growth,
alter root architecture, and alleviate salt stress of cotton and okra seedlings

2.1 Abstract
Cotton seeds are frequently treated with acid to remove fibers and reduce seedtransmitted diseases. This process also eliminates beneficial, vertically-transmitted
bacteria on the seed surface. The goal of this research was to seek and apply beneficial
bacteria onto cotton seeds to evaluate their growth promoting and salt stress alleviating
effects on seedlings. Bacteria were isolated from two non-cultivated plants in the
Malvaceae family, Thespesia populnea and wild Gossypium hirsutum, from coastal and
arid areas in Puerto Rico. Bacillus amyloliquefaciens, Curtobacterium oceanosedimentum
and Pseudomonas oryzihabitans were isolated and inoculated onto acid delinted cotton
seeds. Germination of cotton seeds and the length of emerging radicles were measured.
Some bacteria from non-cultivated plants increased seed germination and radicle
development of cotton. In additional experiments, cotton and okra seeds were inoculated
with B. amyloliquefaciens to evaluate seedling growth and root architecture in nonstressed and salt stressed conditions. Root image analysis in WinRHIZO was used to
quantify differences in cotton and okra seedling root growth and architecture. B.
amyloliquefaciens promoted growth of cotton and okra seedlings in both non-stress and
salt stress conditions. Inoculating cotton seeds with the bacteria led to a greater
percentage of seedlings with expanded cotyledons after 8 days, enhanced primary and
lateral root growth, and altered root architecture compared to uninoculated seeds. The
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data supported the hypothesis that non-cultivated plants in the Malvaceae family possess
bacteria that promote growth and alleviate salt stress of cotton and okra seedlings.

2.2 Introduction
The process of delinting cotton seeds with sulfuric acid has been used for over a
century to remove fibers and decrease the incidence and severity of seed-transmitted
pathogens (Archibald 1927, Brown 1933). However, acid delinting also reduces or
eliminates vertically-transmitted, beneficial bacteria of the seed microbiome that could
ultimately enhance the growth and development of germinating seeds and young
seedlings. A possible strategy to enhance growth of cotton seedlings is to apply beneficial
microbes into microbe-deficient seeds. This research was initiated to test this strategy and
with the ultimate goal of identifying bacteria capable of promoting growth of young
cotton seedlings.
Soil salinization and increased exposure to salt stress limits crop production
worldwide (Haque 2006, Rozema and Flowers 2008). It occurs through various natural
and anthropogenic mechanisms including leeching from rocks, directly from sea water as
a result of sea level rise, through evaporation of water from soil, dust storms, changes in
the groundwater table, and from agricultural irrigation systems (Rozema and Flowers
2008, Wang et al. 2008, Abduwaili et al. 2015). Salinization is generally more severe in
dry climate zones which include regions where cotton and okra, among many other crops,
are cultivated (Rozema and Flowers 2008). Salinization affects crop production in many
important cotton-producing regions worldwide such as the Xinjiang Province in China
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and the United States (Fowler 1986, Forkutsa et al. 2009, Wang et al. 2008, Wang et al.
2011).
Salt stress has detrimental effects on the development of cotton seedlings and
mature plants. The effects of salt stress on the germination, development, physiology and
gene expression in cotton has been researched extensively (Kent and Läuchli 1985,
Razzouk and Whittington 1991, Meloni et al. 2001, Meloni et al. 2003, Wu et al. 2004,
Desingh and Kanagaraj 2007, Yao et al. 2011, Abduwaili et al. 2015). Cotton plants
under salt stress display stunting of growth. Inoculating seeds of cultivated plants with
plant growth promoting, stress-alleviating microbes could be used as a tool to enhance
seedling growth and development under both salt stressed and favorable growth
conditions (Yue et al. 2007, Dimkpa et al. 2009, Yao et al. 2010, Wu et al. 2014). Certain
beneficial bacteria are capable of alleviating salt stress and promoting growth of cotton
seedlings. For example, Klebsiella oxytoca Rs-5 and Pseudomonas putida Rs-198
enhanced growth of cotton in salt stress conditions (Yue et al 2007, Yao et al 2010).
Utilizing a bioprospecting strategy to obtain microbes from non-cultivated relatives of
crops in stressed environments may be a useful way to isolate microbes capable of
enhancing growth and stresss tolerance.
The purpose of this study was to determine if bacteria isolated from noncultivated plants in the Malvaceae plant family could be successfully transferred to cotton
and okra to enhance seedling growth in salt stress conditions. Bacteria were isolated from
seeds of the halophytic marine tree Thespesia populnea (Malvaceae) and non-cultivated
Gossypium hirsutum (Malvaceae) shrubs collected in coastal and dry areas in Puerto Rico
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and inoculated onto cultivated cotton and okra seeds (both also Malvaceae) to evaluate
growth promotion and salt stress tolerance in seedlings.

2.3 Materials and Methods
2.3.1 Host collection and isolation of bacteria
The goal of collecting seeds was to isolate microorganisms from non-cultivated
plants in the Malvaceae family. Seeds of Thespesia populnea trees were collected at
Luquillo, PR and Rincón, PR. Fibers and seeds of wild, non-cultivated Gossypium
hirsutum plants were collected from Guayama, PR. Thespesia populnea seeds were
surface sterilized with 4% NaOCl for 20 minutes and placed on potato dextrose agar
(PDA). Germinating seeds were grown on potting soil. Leaves from T. populnea
seedlings were surface sterilized with 4% NaOCl and inoculated on PDA to isolate
endophytic bacteria. Fibers and seeds from non-cultivated Gossypium hirsutum plants
were inoculated on PDA and incubated at room temperature (25˚C).

2.3.2 Colonization frequency of culturable seed-transmitted bacteria
Seeds of Thespesia populnea, non-cultivated Gossypium hirsutum, purchased
delinted cultivated cotton and Clemson Spineless okra seeds were used to determine the
frequency of seeds with culturable microbes. A primary goal of these experiments was to
determine whether acid delinted cotton seeds had fewer microbes than seeds from wild,
non-cultivated plants in the Malvaceae family. Seeds from wild, non-cultivated cotton
were removed from bulk fibers, treated with 25% sulfuric acid for 5 minutes, and washed
3X with sterile distilled water. Acid delinted seeds were placed on PDA, incubated at
25˚C and observed after 72 hours for evidence of microbial growth. This experiment also
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aimed to determine whether treating seeds with 4% NaOCl for 20 minutes was sufficient
to decrease the frequency of seeds with culturable surface microbes to generate seeds for
future inoculations and testing. Seeds of Thespesia populnea, delinted cultivated cotton,
and Clemson Spineless okra seeds were surface sterilized with 4% NaOCl for 20 minutes
and washed 3X with sterile water. Seeds were placed on PDA and incubated at room
temperature for 72 hours.

2.3.3 Identification of bacteria
Bacterial DNA was extracted using GenElute™ Bacterial Genomic DNA Kit
(Sigma-Aldrich, St. Louis, MO). The 16S rRNA gene was amplified using the primers
27F (5’-AGAGTTTGATCMTGGCTCAG) and 1492R (5’TACCTTGTTACGACTT). Polymerase chain reactions (PCR) were initially denatured
for 5 minutes at 95°C followed by 30 cycles of 1 minute at 94°C, 1 minute at 55°C, and
1.5 minutes at 72°C along with a final extension step of 10 minutes at 72°C. PCR
reactions were purified using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA)
and sent to GENEWIZ (South Plainfield, NJ) for sequencing. Sequences were analyzed
using BLAST (Altschul et al. 1990).

2.3.4 Plant growth promoting potential of bacteria from non-cultivated Malvaceae
plants
Bacteria were grown using a variety of culture media to determine their plant
growth promoting potential. Bacteria were inoculated onto PDA with 5% and 10% NaCl
to determine their salt tolerance. Potato dextrose agar was used to utilize a plant-based
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medium throughout these experiments. In addition, bacteria were grown on skim milk
agar, Pikovskaya’s agar, and nitrogen free liquid media to determine their abilities to
secrete proteases, solubilize phosphate, and fix nitrogen, respectively. Bacteria were also
tested for their ability to produce indole acetic acid (IAA). Bacteria were grown on potato
dextrose broth with 1mg/ml of tryptophan (Acuña et al 2011). After 5 days of growth,
1ml of each bacterial culture was centrifuged and 2ml of Salkowski reagent was added to
the supernatant of each sample. Reactions were incubated in the dark for 30 minutes.
Reactions that developed into a dark magenta color were considered positive for the
production of IAA.

2.3.5 Germination and radicle development of cultivated cotton seeds inoculated
with bacteria from non-cultivated plants
Cotton seeds were surface sterilized with 50% bleach for 20 minutes and washed
3X with sterile distilled water. Seeds were placed in Petri dishes containing 0.7% agarose
and treated with 10μl of different bacterial suspensions. Suspensions had approximately
108 cells/ml of Bacillus amyloliquefaciens, Curtobacterium oceanosedimentum, or
Pseudomonas oryzihabitans or combinations of equal parts of these three species. Seed
germination was observed after 24, 48, 72 hours (n=18). In addition, the length of cotton
seedling radicles was measured after 24, 48, 72, and 96 hours to determine if bacteria
promoted early radicle growth (n=10).
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2.3.6 Application of Bacillus amyloliquefaciens on cotton seeds as a source of
rhizobacteria
The goal of this experiment was to determine if the beneficial bacteria applied to
seeds could be successfully vectored to soil and seedling rhizosphere. Cotton seeds were
surface sterilized and soaked for 1 hour in a bacterial suspension of 108 cell/ml of
Bacillus amyloliquefaciens in water or 150 mM NaCl. Seeds were air dried and placed
into magenta vessels containing 20g twice-sterilized soil. After 36 hours and upon seed
germination and radicle emergence, a sterile micropipette tip was used as a probe to
harvest soil surrounding the emerging seedling radicle. The soil collected was spread
onto PDA. Petri dishes were observed after 48 hours for evidence of bacterial growth.

2.3.7 Growth of salt stressed and non-stressed cotton seedlings inoculated with
Bacillus amyloliquefaciens
The primary goal of this experiment was to inoculate acid delinted, cultivated
cotton seeds with Bacillus amyloliquefaciens to evaluate whether the bacteria promoted
growth of cotton seedlings. Magenta vessels containing 20 grams of soil were twice
sterilized, once every 24 hours. Suspensions containing 108 cells/ml of Bacillus
amyloliquefaciens were prepared in sterile water and in a 150 mM NaCl solution. Cotton
seeds were surface sterilized in 4% NaOCl for 20 minutes, soaked in the bacterial
suspensions for 1 hour, placed in the sterile soil, and kept at room temperature (25˚C) for
the duration of the growth period. Uninoculated seeds were included as controls in both
salt stressed and non-stressed conditions. Eleven cotton seedlings per treatment were
grown for 10 days under grow lamps set to a 16h/8h light cycle. After 10 days, the soil
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was removed and roots were washed. The shoot height (mm), primary root length (mm),
number of lateral roots, and length of the longest lateral root (mm) of cotton seedlings
were measured. In addition, seedlings were placed in an incubator at 60˚C for 72 hours
and the dry weights of seedling roots and shoots were used to calculate the root to shoot
ratio.

2.3.8 Evaluating the effects of Bacillus amyloliquefaciens on the root architecture of
cotton seedlings
The root imaging analysis software WinRHIZO® (Regent Instruments Inc.,
Quebec, Canada) was used to further study the effects of inoculating cotton seedlings
with Bacillus amyloliquefaciens on their root architecture. Inoculated and salt stressed
cotton seedlings were grown as previously described for 7 days. Ten seedlings per
treatment were removed from magenta vessels, washed, and scanned at 400 dpi in an
Epson Expression 1680 scanner. Images of scanned roots were analyzed with
WinRHIZO®. The software was used to measure the total root length (cm) which
includes the length of both the primary and lateral roots, total root surface area (cm3),
number of tips, and root diameter (cm) of 7-day-old cotton seedlings.

2.3.9 Growth promotion of cotton seedlings inoculated with B. amyloliquefaciens in
non-sterile conditions
The goal of this experiment was to determine whether Bacillus amyloliquefaciens
enhanced cotton seedling growth in non-sterile conditions. Cotton seeds were treated with
a solution of 108 cells/ml of Bacillus amyloliquefaciens for 1 hour and sown onto non-
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sterile soil treated with water or a 150 mM NaCl solution. Control samples consisted of
seeds that were not inoculated with the bacteria. Sixteen cotton seeds were placed in a
large pot for each treatment and placed under a growth lamp with a 16h/8h light cycle. A
total of 64 seeds were used for this experiment. Pots were treated with water or saline
solution daily. The frequency of cotton seed germination was calculated at 5 and 7 days.

2.3.10 Growth promotion and root architecture of non-stressed and salt stressed
okra seedlings inoculated with B. amyloliquefaciens
The goal of these experiments was to determine if B. amyloliquefaciens also
enhanced growth and altered root architecture of okra seedlings. Seeds were soaked in a
solution containing 108 cells/ml of Bacillus amyloliquefaciens in sterile water or 100 mM
NaCl. Control samples consisted of seeds that were not inoculated with the bacteria.
Okra seedlings were grown in magenta vessels containing 20g of twice sterilized soil.
Growth promotion was evaluated by measuring shoot height and primary root length. In
addition, WinRHIZO® was used to measure total root length (cm), total root surface area
(cm3), number of tips, and root diameter (cm). Ten, 6-day-old okra Clemson seedlings
were analyzed per treatment.

2.3.11 Statistical analysis
Significant difference between the means of treated and control samples was
determined by carrying out two tailed Student’s T-tests. Significant difference between
samples was attributed when p˂0.05.

26

2.4 Results
2.4.1 Colonization frequency of culturable seed-transmitted bacteria
The frequency of seeds containing culturable bacteria was determined (Table 2.1).
The non-surface sterilized seeds with the greatest frequency of culturable bacteria were
collected from Thespesia populnea (100%), Clemson Spineless okra (100%), and wild,
non-cultivated cotton (45%). Acid delinted, non-sterilized, cultivated cotton seeds had
0% frequency of culturable bacteria when inoculated on PDA. Acid delinting noncultivated cotton seeds with 25% sulfuric acid greatly reduced the frequency of seeds
with culturable bacteria. Non-surface sterilized and non-cultivated cotton seeds had 45%
of bacterial colonization while 4.5% of cotton seeds delinted with 25% sulfuric acid had
culturable bacteria. Acid delinting or treating seeds with 4% NaOCl reduced the amount
of culturable microbes on seeds (Table 2.1, Figure 2.1). In addition to reducing the
growth of bacteria, acid delinting and commercially purchased cotton seeds had
decreased growth of fungi as observed in Figure 2.1.
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Table 2.1. Frequency of seeds from various hosts in the Malvaceae family colonized by
culturable seed-transmitted bacteria.

Seed

Seed source

Thespesia populnea

Rincón, Puerto
Rico

Wild, non-cultivated Guayama,
Gossypium hirsutum Puerto Rico
Cultivated cotton

Unknown,
Purchased

% of seeds with
superficial bacteria
(non-surface
sterilized)
100% (n=25)

% of seeds with
endophytic
bacteria (surface
sterilized)
6.7% (n=30)

45% (n=20)

4.5% (n=22)

0% (n=20)

0% (n=60)

Unknown,
100% (n=20)
0% (n=20)
Clemson Spineless
Purchased
okra
*Seeds of non-cultivated Gossypium hirsutum were delinted and surface sterilized with
25% sulfuric acid for 5 minutes. Seeds of Thespesia populnea, cultivated cotton, and
Clemson Spineless okra were surface sterilized using 4% NaOCl for 20 minutes.
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A

B

C

Figure 2.1. Microbial growth on Gossypium hirsutum seeds after 72 hours of inoculating
on PDA. A) Non-surface sterilized seeds of non-cultivated cotton. B) Non-surface
sterilized seeds of acid delinted, cultivated cotton. C) Seeds of wild, non-cultivated cotton
seeds delinted with 25% sulfuric acid for 5 minutes.

2.4.2 Isolation and identification of bacteria and their plant growth promoting
potential
Three different bacteria were selected from Thespesia populnea and Gossypium
hirsutum and identified through 16S rRNA gene sequencing. Sequences were submitted
to GenBank (Table 2.2). Bacillus amyloliquefaciens, Curtobacterium oceanosedimentum,
and Pseudomonas oryzihabitans grew on PDA with 5% NaCl. Furthermore, Bacillus
amyloliquefaciens grew on PDA containing 10% NaCl. Both Bacillus amyloliquefaciens
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and Curtobacterium oceanosedimentum produced proteases on skim milk agar and all
three species solubilized phosphate on Pikovskaya’s agar. Pseudomonas oryzihabitans
tested negative for the production of proteases on skim milk agar. The three species grew
on nitrogen free liquid media. In addition, C. oceanosedimentum and P. oryzihabitans
tested positive for IAA production upon adding the Salkowski reagent. Bacillus
amyloliquefaciens tested negative for IAA production in repeated experiments.

Table 2.2. Bacteria isolated from non-cultivated plants in the Malvaceae family and their
growth promoting potential.

Bacterial species

Accession
No.

Plant source

PDA +
5%
NaCl

PDA +
10%
NaCl

SMA

NFM

PVK

IAA

Bacillus
amyloliquefaciens

KX622565

T. populnea

+

+

+

+

+

-

Curtobacterium
oceanosedimentum

KX622563

G. hirsutum

+

-

+

+

+

+

Pseudomonas
oryzihabitans

KX622564

G. hirsutum

+

-

-

+

+

+

2.4.3 Germination of cotton seeds inoculated with bacteria
Inoculating surface sterilized cotton seeds with bacterial suspensions increased
germination after 48 and 72 hours on 0.7% agarose plates (Figure 2.2). Pseudomonas
oryzihabitans isolated from wild, non-cultivated Gossypium hirsutum fibers increased the
germination of cultivated cotton seeds the most out of the treatments applied. After 72
hours, 83% of cotton seeds inoculated with P. oryzihabitans had germinated whereas
only 50% of seeds germinated in uninoculated control treatments. The second most
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effective treatment at enhancing cotton seed germination after 72 hours consisted of a
suspension containing equal parts of Bacillus amyloliquefaciens, Curtobacterium
oceanosedimentum, and Pseudomonas oryzihabitans. Seeds treated with an equal part
mixture of these three isolates of bacteria had a 77.8% germination rate after 72 hours.

Percentage of Germinated Cotton Seeds Inoculated with Bacteria

Percentage (%) of germinated seeds

90
80

70
60
50
40
30

20
10
0
Control

Ba

Co

Po

48 hours

Ba + Co

Ba + Po

Co + Po

Ba + Co + Po

72 hours

Figure 2.2. Percentage of germinated seeds of Gossypium hirsutum seeds inoculated with
various bacterial suspensions (n=18). Ba=Bacillus amyloliquefaciens,
Co=Curtobacterium oceanosedimentum, Po=Pseudomonas oryzihabitans

2.4.4 Length of emerging cotton seedling radicles inoculated with bacteria
Upon germination, surface sterilized cotton seeds treated with bacterial
suspensions had longer radicles than radicles from uninoculated seeds (Figure 2.3). Seeds
treated with Bacillus amyloliquefaciens had the longest radicles after 48, 72, and 96 hours
and T-tests supported that they were significantly longer than uninoculated controls
(p<0.00). The average length of cotton seedling radicles inoculated with Bacillus

31

amyloliquefaciens was 24% greater than the length of the radicles from seedlings in the
control treatment after 96 hours. In addition, seeds treated with a suspension of
Curtobacterium oceanosedimentum had significantly longer radicles at 48, 72, and 96
hours (p≤0.016) and increased the length of the radicles by 15% after 96 hours.
Furthermore, cotton seeds treated with Pseudomonas oryzihabitans also had significantly
longer (p≤0.016) radicles and their length was enhanced by 14%. Cotton seeds treated
with a mixture of Bacillus amyloliquefaciens and Pseudomonas oryzihabitans had longer
radicles than control samples after 48 hours (p=0.04). However after 96 hours, the
radicles in this treatment were significantly shorter than the control samples (p=0.02).

Length of Germinating Cotton Seedling Radicles Inoculated with
Bacteria
30

Radicle length (mm)

25

20

15

10

5

0
Control

Ba

Co

48 hours

Po

72 hours

Ba + Co

Ba + Po

Co + Po

Ba + Co + Po

96 hours

Figure 2.3. Length of cotton seedling radicles inoculated with various bacterial
suspensions (n=10). Ba=Bacillus amyloliquefaciens, Co=Curtobacterium
oceanosedimentum, Po=Pseudomonas oryzihabitans
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2.4.5 Bacteria on cotton seeds as a source for rhizosphere bacteria
Bacillus amyloliquefaciens was recovered from the soil immediately surrounding
cotton seedling radicles 48 hours after inoculated seeds had been placed into twice
sterilized soil. Bacteria were recovered from soil treated with sterile water and from soil
treated with a sterile solution of 150 mM NaCl. No bacteria were recovered from the soil
surrounding radicles of surface sterilized seeds in uninoculated control treatments (Figure
2.4). Aside from demonstrating that applying bacteria onto seeds leads to soil
colonization, this experiment confirmed that the autoclaving method used in preparing
magenta vessels and soil for enclosed experiments was effective.

Figure 2.4. Inoculation of cotton seeds with Bacillus amyloliquefaciens led to the
inoculation of the soil surrounding emerging radicles in soil treated with 150 mM NaCl
(upper left) and water (upper right). Seeds in uninoculated control treatments did not have
evidence of bacterial growth in the soil surrounding seedlings in soil treated with 150
mM NaCl (lower left) and water (lower right).
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2.4.6 Systemic colonization of Bacillus amyloliquefaciens in cotton seedlings and
enhanced cotyledon expansion
Bacillus amyloliquefaciens systemically colonized 7-day-old cotton seedlings and
was re-isolated from surface sterilized cotyledons, stems, and roots (Figure 2.5). During
the course of an 8-day experiment, a greater percentage of seeds treated with B.
amyloliquefaciens developed into seedlings with fully expanded cotyledons than
uninoculated seedlings growing in both non-stressed and salt stressed conditions (Figure
2.6). At the eight day, 47.6% of inoculated cotton seeds in salt stressed conditions had
developed into seedlings with expanded cotyledons compared to 23.8% of uninoculated
seeds. In addition, 38.1% of inoculated cotton seeds in non-stressed conditions developed
into seedlings with expanded cotyledons compared to 28.6% of uninoculated seeds.

Figure 2.5. Systemic colonization of Bacillus amyloliquefaciens in 7 day old Gossypium
hirsutum seedlings. A) Colonization of cotyledons, B) colonization of seedling stems, C)
Colonization of seedling roots.
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Cotyledon Expansion of Cotton Seedlings

Seedlings with expanded cotyledons (%)
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Water

Water + Bacillus amyloliquefaciens
150mM NaCl
150mM NaCl + Bacillus amyloliquefaciens
Figure 2.6. Frequency of Gossypium hirsutum seeds that developed into seedlings with
expanded cotyledons in salt stressed and non-stressed conditions and inoculated with
Bacillus amyloliquefaciens (n=21).

2.4.7 Growth promotion of salt stressed and non-stressed cotton seedlings inoculated
with Bacillus amyloliquefaciens
Growth promotion was observed in 10-day-old, non-stressed and salt stressed
cotton seedlings inoculated with Bacillus amyloliquefaciens (Table 2.3, Figure 2.7). The
shoot height of inoculated and salt stressed cotton seedlings was significantly greater
(p=0.04) than the shoot height of uninoculated seedlings. The shoot height was also
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slightly greater in non-stressed and inoculated seedlings but the increase in height was
not significant after 10 days of growth (p=0.27).
The primary root length of non-stressed and salt stressed inoculated cotton
seedlings was also significantly greater than uninoculated seedlings (p=0.00). The length
of cotton seedling primary roots inoculated with Bacillus amyloliquefaciens was over 3X
greater than the length of primary roots of uninoculated cotton seedlings in both nonstressed and salt stressed conditions. In addition to increasing the primary root length,
cotton seedlings treated with B. amyloliquefaciens had a greater number of lateral roots
and longer lateral roots compared to uninoculated seedlings. The dry weight of shoots
and roots of 10-day-old cotton seedlings were used to calculate the average root to shoot
ratio of seedlings in each treatment. The root to shoot ratio of inoculated cotton seedlings
was significantly greater than the root to shoot ratio of uninoculated seedlings in both salt
stressed and non-stressed conditions (both p=0.00).
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Figure 2.7 Growth promotion of non-stressed and salt stressed cotton seedlings
inoculated with Bacillus amyloliquefaciens.

Table 2.3. Growth promotion of 10-day-old cotton seedlings inoculated with Bacillus
amyloliquefaciens (n=11). Ba = Bacillus amyloliquefaciens
Treatment

Shoot height
(mm)

Primary root
length (mm)

Number of
lateral roots
(mm)

Length of the
longest lateral
root (mm)

Root to shoot
ratio

Water

62.82±6.84 a

29.09±6.56 a

20±4.40 a

14.64±5.30 a

0.21±0.04 a

Water + Ba

67.64±12.22 a

93.55±13.80 b

34.55±8.05 b

40.45±7.49 b

0.35±0.06 b

150 mM NaCl

59.18±9.35 a

34.18±6.81 a

22.55±4.37 a

14.45±6.22 a

0.20±0.04 a

150 mM NaCl + Ba

67.36±7.85 b

106.27±12.75 c

30.64±5.54 b

28.27±9.22 c

0.25±0.05 c

*Different letters indicate significant difference between means according to Student’s Ttests (p˂0.05).
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2.4.8 Root architecture and development of cotton seedlings inoculated with Bacillus
amyloliquefaciens
Differences in root growth and development were observed in 7-day-old cotton
seedlings inoculated with B. amyloliquefaciens grown under salt stressed and nonstressed conditions (Figure 2.8). Inoculating cotton seeds with bacteria led the
development of seedlings with greater total root length, total root surface area, and
number of tips compared to uninoculated cotton seedlings. In contrast, inoculating the
seedlings with the bacteria led to a decrease in root diameter (Table 2.4). The total root
surface area of cotton seedlings inoculated with the bacteria was significantly greater than
that of uninoculated salt stressed and non-stressed seedlings (p=0.00 and p=0.01).
Inoculating Bacillus amyloliquefaciens onto cotton seeds led to the development of
seedlings with a greater amount of root branching as supported by an increased number
of tips (Table 2.4). The number of tips on salt stressed cotton seedlings roots inoculated
with B. amyloliquefaciens was 96% greater than that of uninoculated seedlings (p=0.02).
Inoculating cotton seeds with the bacteria also led to the development of cotton seedlings
with thinner roots in both salt stressed and non-stressed growth conditions (both p=0.00).
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Figure 2.8. Growth promotion and changes in root architecture of 7-day-old cotton
seedlings inoculated with Bacillus amyloliquefaciens. A) Cotton seedling roots grown in
soil treated with 150 mM NaCl, B) seedling roots treated with water, C) seedling roots
treated with 150 mM NaCl and inoculated with Bacillus amyloliquefaciens, D) seedling
roots treated with water and inoculated with Bacillus amyloliquefaciens. (bar = 1cm).
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Table 2.4. Effects of inoculating Bacillus amyloliquefaciens on the root architecture of 7day-old cotton seedlings (n=10).

Treatment

Total root
length (cm)

Total root
surface area
(cm2)

Number of
tips

Root
diameter
(mm)

Water

9.4±3.01 a

3.48±0.73 a

25.7±5.12 a

1.22±0.13 a

Water + Ba

19.71±3.35 b

6.03±0.77 b

49±9.65 b

1.00±0.06 b

150 mM NaCl

11.26±3.71 a

3.80±1.04 a

23.5±3.54 a

1.19±0.24 a

150 mM NaCl + Ba

27.75±6.86 c

6.67±0.56 c

46.6±11.93 b

0.80±0.09 c

*Different letters indicate significant difference between means according to Student’s Ttests (p˂0.05).

2.4.9 Germination of cotton seeds inoculated with Bacillus amyloliquefaciens in nonsterile conditions
The percentage of germinated cotton seeds inoculated with Bacillus
amyloliquefaciens was greater than that of uninoculated seeds in both salt stressed and
non-stressed conditions (Table 2.5). The percentage of germinated seeds per treatment
was calculated after 5 and 7 days of inoculation. After 5 days of growth in non-stressed
conditions, 50% of cotton seeds inoculated with B. amyloliquefaciens germinated while
31.3% of uninoculated seeds germinated. In addition, cotton seed germination was
greater in inoculated seeds compared to uninoculated seeds in salt stressed conditions.
After 5 days of being inoculated with B. amyloliquefaciens and sown in non-sterile soil,
12.5% of cotton seeds had germinated while 6.3% of uninoculated seeds germinated in
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salt stressed conditions. Germination of inoculated cotton seeds was also greater than
seeds in control treatments after 7 days of growth (Table 2.5).

Table 2.5. Germination of cotton seeds inoculated with Bacillus amyloliquefaciens in
non-stressed and salt stressed conditions. Seeds were sown in non-sterile soil and grown
in open containers (n=16). Ba=Bacillus amyloliquefaciens
Treatment
5 days

7 days

Water
Water + Ba
150 mM NaCl
150 mM NaCl + Ba
Water
Water + Ba
150 mM NaCl
150 mM NaCl + Ba

% of germinated
seeds
31.3
50
6.3
12.5
31.3
50
12.5
18.8

2.4.10 Growth promotion and altered root architecture of okra seedlings inoculated
with Bacillus amyloliquefaciens
Inoculating okra seeds with Bacillus amyloliquefaciens enhanced growth and
altered root architecture of okra seedlings (Table 2.6). Inoculated okra seedling roots in
salt stressed conditions had longer shoots than uninoculated seedlings. In addition,
inoculating okra seeds with B. amyloliquefaciens led to the development of seedlings
with greater total root length, surface area, and number of tips compared to uninoculated
seedlings in both salt stressed and non-stressed conditions. Furthermore, seeds inoculated
with B. amyloliquefaciens produced seedlings with thinner root diameters than those
developing from uninoculated seeds.
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Table 2.6. Growth promotion and changes in root architecture of okra Clemson seedlings
inoculated with Bacillus amyloliquefaciens in non-stressed and salt stressed conditions
(n=10).

Water
Water + Ba
100mM NaCl
100mM NaCl+Ba

Shoot
height (mm)

Primary root
length (mm)

Total root
length (cm)

68.1±12.98 a
74±20.07 a
12.4±5.02 b
18±4.94 c

23.50±2.88 a
67.40±15.42 b
19.50±6.57 a
51±8.69 c

3.04±0.60 a
10.93±3.13 b
1.73±0.90 c
5.81±1.49 d

Total root
surface area
(cm3)
2.02±0.16 a
5±1.21 b
1.42±0.51 c
2.67±0.76 d

Number of
tips
18.2±7.73 a
79.9±34.35 b
14.4±5.58 a
46.1±22.28 c

Root
diameter
(mm)
1.22±0.1 a
0.95±0.13 b
1.25±0.23 a
1.01±0.09 b

*Different letters indicate significant difference between means according to Student’s Ttests (p˂0.05).

2.5 Discussion
2.5.1 Acid delinting disturbs the cotton seed microbiome
The colonization frequency survey (Table 2.1) demonstrated that wild, noncultivated plants in the Malvaceae family such as Thespesia populnea and non-cultivated
Gossypium hirsutum had a greater frequency of bacteria on seeds than those of cultivated
and acid delinted cotton seeds. It was also demonstrated that using 25% sulfuric acid to
remove fibers from cotton seeds decreased the amount of culturable bacteria present on
the seed surface. Seeds of cultivated okra yielded bacteria from a high percentage of
seeds. However, okra seeds are not acid treated and microbes may be present on the seed
surface. Additional surveys will be needed to document the complete extent by which the
seed microbiomes of both crops are being impacted by agricultural practices. The data
supports the hypothesis that delinting cotton seeds with sulfuric acid affected the native
cotton seed microbiome. Seed-inhabiting microbes have been demonstrated to be
important sources of endophytes in rice and rhizosphere bacteria in maize (Hardoim et al.
2012, Johnston-Monje et al. 2016). Agricultural practices that disturb the seed
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microbiome could have major consequences for the plants derived from them
(Santhanam et al. 2015). Thus, seed treatments such as acid delinting which sterilize the
seed surface eliminate an important source of microbes that could enhance seedling
growth and survival. The vast majority of cotton seeds planted worldwide are acid
delinted and thus likely lack beneficial, seed-transmitted microbes.

2.5.2 Bacteria from non-cultivated plants increase seed germination and radicle
development of cotton seedlings
Bacteria with plant growth promoting traits were isolated from non-cultivated
plants in the Malvaceae family. All three of the bacterial isolates enhanced seed
germination after 48 and 72 hours. Upon germination, the growth of seedling radicles
was most enhanced by B. amyloliquefaciens, followed by C. oceanosedimentum after 96
hours of inoculation. Previous studies concluded that inoculating cotton seeds with
certain bacteria increased germination (Hafeez et al. 2004, Tu et al. 2016). Plant growth
promoting bacilli have a multitude of mechanisms to promote plant growth and enhance
fitness (Kloepper et al. 2004, Pérez-García et al. 2011). The Gram-positive species
Bacillus amyloliquefaciens was chosen for further testing as an inoculant of cotton under
non-stressed and salt stressed conditions for various reasons: it enhanced both
germination and radicle development and its low potential for pathogenicity to humans
and animals (Sietske de Boer and Diderichsen 1991). In addition, Bacillus
amyloliquefaciens was the most salt tolerant strain among the three bacteria tested in this
study. Moreover, the ability of Bacillus amyloliquefaciens to produce endospores makes
it a suitable candidate for long-term storage.

43

2.5.3 Seed, rhizosphere, and systemic colonization of Bacillus amyloliquefaciens
This research tested the ability of Bacillus amyloliquefaciens to enhance growth
of salt stressed cotton seedlings at various stages of development. Bacillus
amyloliquefaciens stimulated germination, radicle growth, cotyledon expansion, and
promoted growth of cotton seedlings. Cotton seeds treated with Bacillus
amyloliquefaciens served as vectors for the bacteria onto the soil surrounding the seed
and emerging radicle. Furthermore, B. amyloliquefaciens systemically colonized roots,
stems, and cotyledons of cotton seedlings. A previous review summarized how
rhizobacteria enter roots and travel through xylem vessels to systemically colonize plants
(Compant et al. 2010). Another strain of Bacillus amyloliquefaciens was shown to be
endophytic and systemically colonize orchid plants (White et al. 2014).

2.5.4 Changes in root architecture
Bacillus amyloliquefaciens enhanced root growth and development of cotton and
okra seedlings. Plant growth promoting Bacillus spp. have been previously shown to alter
root architecture and promote growth of lateral roots in beans, Arabidopsis thaliana,
soybean, mung bean, and corn (Bacon and Hinton 2002, López-Bucio et al. 2007, OrtízCastro et al. 2008, Ali et al. 2009, Gutiérrez-Luna et al. 2010, Wahyudi et al. 2011).
Growth promoting bacteria such as Azotobacter sp., Rhizobium leguminosarum, and
Bradyrhizobium japonicum stimulated root development in cotton (Hafeez et al. 2004).
The effects of Bacillus amyloliquefaciens on the root architecture of okra are mostly
unknown. Previous research of Bacillus spp. on okra has primarily focused on their
biocontrol activity against fungal pathogens and root-knot nematodes (Begum et al. 2003,
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Abbasi and Zaki 2012). Bacillus subtilis enhanced okra seed germination, shoot growth,
and biomass (Adesmoye et al. 2008). In addition, Alcaligenes faecalis promoted growth
of okra (Ray et al. 2016). This research adds knowledge about bacteria that are capable of
enhancing growth and altering root architecture of both cotton and okra seedlings.

2.5.5 Bacillus amyloliquefaciens alleviates salt stress in cotton and okra seedlings
Soil salinization limits crop production (Haque 2006, Rozema and Flowers 2008).
Salinity stress delayed seed germination and reduced the root and shoot weight of cotton
seedlings (Kent and Läuchli 1985). Moreover, salinity stress decreased the number of
bolls, boll weight, cotton earliness, fiber weight, and seed weight of cotton (Razzouk and
Whittington 1991, Zhang et al. 2012). Researchers have reviewed and supported the use
of microbes as potential agents capable of inducing salt stress tolerance in crops (Yang et
al. 2009, Dodd and Pérez-Alfocea 2012, Shrivastava and Kumar 2015). Through our
research, we determined that Bacillus amyloliquefaciens is capable of enhancing salt
stress tolerance of cotton and okra seedlings. Bacteria such as Klebsiella oxytoca,
Bacillus subtilis, Pseudomonas spp., Mycobacterium phlei, and Arthrobacter spp. have
been demonstrated to alleviate the effects salt stress or enhance growth in cotton (Dimkpa
et al. 2009,Yue et al. 2007, Yao et al. 2010, Wu et al. 2014, Egamberdiyeva et al. 2004,
Egamberdiyeva et al. 2015). Bacteria have also been demonstrated to ameliorate salt
stress of okra. Enterobacter promoted growth and enhanced antioxidant production in
okra plants grown in salt stressed conditions (Habib et al. 2016). Further studies could
help determine the mechanisms by which Bacillus amyloliquefaciens increases salt stress
tolerance of its hosts. Future research can also evaluate the long-term effects of
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inoculating B. amyloliquefaciens onto cotton and okra seeds and whether the bacteria are
able to persist in non-sterile soil.

2.6 Limitations and future directions
A limitation of this study is the lack of being able to identify and visualize
bacterial cells on the surface or interior of cotton or okra seedlings. Therefore, the
interactions, competition, and survival of bacteria and bacterial consortia applied to
cotton seeds is largely unknown. Future research may include utilizing techniques such as
fluorescent in situ hybridization or transforming bacteria with genes encoding for green
fluorescent protein to visualize specific bacterial cells in plant root tissues.
The research presented in this chapter focused on studying the effects of
beneficial bacteria on early seedling development. Future research could include studying
growth promotion of cotton and okra plants during later stages in development. It is of
interest to determine whether Bacillus amyloliquefaciens decreases flowering time,
enhances flowering and increases yield of cotton and okra. In addition, future research
could address the long-term colonization and survival of Bacillus amyloliquefaciens in
the field.
In addition to follow-up research on cotton and okra, it is also of interest to
determine the range of hosts whose growth can be enhanced by Bacillus
amyloliquefaciens. Preliminary data collected supports that B amyloliquefaciens
promotes growth of Zinnia elegans, in addition to cotton and okra.
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2.7 Conclusion
Acid delinted cotton seeds have disturbed seed microbiomes and could benefit
greatly from the application of beneficial bacteria. Bioprospecting for microbes in noncultivated relatives of crop plants in stressful environments is an effective strategy to
isolate potential growth promoting microbes. Applying growth promoting and stress
alleviating microbes as crop seed inoculants is a promising strategy to enhance plant
growth and stress tolerance. This research demonstrated that Bacillus amyloliquefaciens
enhanced growth and alleviated stress tolerance of cotton and okra seedlings.
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Chapter 3: Bacillus amyloliquefaciens alters gene expression, ROS production, and
lignin synthesis of cotton seedling roots

3.1 Abstract
Previous research demonstrated that applying Bacillus amyloliquefaciens onto cotton
seeds promoted growth and alleviated salt stress of cotton seedlings (Irizarry and White
2017). The objective of this research was to collect data that allows to further unravel the
response of cotton seedling roots to this growth promoting bacterium. Cotton GeneChip
microarrays were used to quantify changes in gene expression that occur in non-stressed
and salt stressed cotton seedlings inoculated with Bacillus amyloliquefaciens. In addition,
qRT-PCR analysis was used to validate some of the results obtained using microarrays.
Finally, cotton seedling roots were stained with 3’3-diaminobenzidine and
phloroglucinol-HCl to determine whether inoculated seedling roots had a greater
accumulation of reactive oxygen species and lignin. The microarray analysis determined
that hundreds of genes were up-regulated in cotton seedling roots inoculated with
Bacillus amyloliquefaciens in both non-stressed and salt treated conditions. The upregulated genes in inoculated and non-stressed cotton seedling roots were involved in
nitrogen assimilation, cell growth and division, hormones, transport, transcription factors,
and antioxidants, among others. Inoculated and salt stressed seedlings had increased
expression of genes involved in cell growth and division, transcription factors, and
antioxidants, among others. The up-regulation of genes associated with various functions
suggests that Bacillus amyloliquefaciens elicits a complex genetic response in cotton
seedling roots. Staining cotton seedling roots with 3’3-diaminobenzidine and
phloroglucinol-HCl demonstrated that inoculated non-stressed and salt stressed roots had
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a greater accumulation of reactive oxygen species and lignin synthesis supporting that
inoculating seeds with Bacillus amyloliquefaciens provides cotton seedlings with
functional benefits.

3.2 Introduction
Plant growth promoting bacteria (PGPB) are candidates for the development of
biofertilizers to enhance crop production (Vessey 2003). In Chapter 2, the plant growth
promoting and salt stress alleviating ability of Bacillus amyloliquefaciens on cotton
seedlings was demonstrated. This salt tolerant bacterium was originally isolated from
Thespesia populnea and has various growth promoting properties such as phosphate
solubilization and protease secretion. Data demonstrated that Bacillus amyloliquefaciens
enhanced seed germination, radicle growth, cotyledon expansion, apical and lateral root
growth, and alleviated the effects of salt stress in cotton seedlings (Irizarry and White
2017).
This chapter aims to provide greater insight into the responses elicited in cotton
seedling roots as a result of being inoculated with the PGPB B. amyloliquefaciens. The
changes in gene expression that occur when plants are inoculated with plant growth
promoting bacteria (PGPB) are largely unknown. ‘Omics’ techniques and microarrays
can be used to provide a deeper understanding about endophyte-host interactions (Kaul et
al 2016). A few studies have addressed the changes in host gene expression that occur as
a result of inoculation with beneficial fungal endophytes, including yeasts (Sherameti et
al 2008, Mejía et al 2014, Larriba et al 2015, Dinkins et al 2016, Saha and Seal 2015).
Other studies have researched gene expression in Arabidopsis thaliana upon being
inoculated with the PGPB Pseudomonas fluorescens (Verhagen et al 2004, Wang et al
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2005). A transcriptome analysis of Arabidopsis thaliana inoculated with P. fluorescens
demonstrated that inoculating plants with rhizobacteria altered root gene expression and
enhanced the expression of defense-related genes to allow hosts to respond faster upon
pathogen attack (Verhagen et al 2004). In another study on the gene expression of
Arabidopsis thaliana inoculated with Pseudomonas fluorescens FPT9601-75, it was
demonstrated that genes related to growth and disease resistance were up-regulated
(Wang et al 2005). In other studies, researchers used microarrays to study the changes in
gene expression that occurred in Arabidopsis thaliana upon being inoculated with
Bacillus subtilis FB17 and Bacillus megaterium (Lakshmanan et al 2013, Vibhuti et al
2016). Few studies have addressed changes in gene expression in cotton as a result of
being inoculated with endophytic bacteria. In one study, microarrays were used to show
the changes in gene expression that occurred in cotton seedlings inoculated with Bacillus
subtilis UFLA285 (Medeiros et al 2011). Research demonstrated that a variety of genes
related to defense, growth and development, and secondary metabolism were upregulated in cotton upon being inoculated with B. subtilis (Medeiros et al 2011).
This research aims to contribute knowledge about the changes in gene expression
that beneficial bacteria elicit in their plant hosts using cotton as a model host. The
purpose of these studies was to determine the changes in gene expression that occur when
cotton seedling roots are inoculated with the PGPB Bacillus amyloliquefaciens.
Microarrays and qRT-PCR were used to study gene expression of inoculated cotton
seedling roots. This research also had the goal of identifying enriched pathways that are
induced upon inoculating cotton with Bacillus amyloliquefaciens. Finally, seedlings were
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stained for ROS production and lignin synthesis to determine whether inoculating cotton
seeds with B. amyloliquefaciens had an effect on ROS and lignin accumulation.
3.3 Materials and Methods
3.3.1 Seed inoculation and growth of cotton seedlings
Cotton seeds were surface sterilized with 4% NaOCl for 20 minutes and washed
3X with sterile distilled water. Seeds were submerged in a solution containing 108
cells/ml of Bacillus amyloliquefaciens. Seeds were sown into 20g of twice-autoclaved
soil in magenta vessels. Seedlings were grown at room temperature (25˚C) for 10 days
under a grow lamp with a 16h/8h light cycle.

3.3.2 RNA extraction of cotton seedling roots
Seedlings were removed from magenta vessels and carefully washed to remove
soil from roots. Approximately 0.1g of a 10-day-old cotton seedling root from each
treatment was ground in liquid nitrogen. A biological replicate was included and a total
of 8 seedling roots were used. Total RNA of each root was extracted using an RNeasy
Plant Mini Kit (Qiagen, Valencia, CA). RNA purity was evaluated using a Caliper
LabChip GX and HT RNA Kit (Perkin Elmer, Waltham, MA). RNA concentrations were
measured using a Trinean DropSense96 UV/VIS reader (Trinean, Gentbrugge, Belgium).

3.3.3 GeneChip hybridization and data analysis
A GeneChip Cotton Genome Array (Affymetrix, Santa Clara, CA) was used for
each sample. Each microarray consisted of 239,777 probe sets from 21,854 transcripts. In
total, 8 cotton arrays were used. To prepare the samples for hybridization, 100ng of total
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RNA from each sample were used to generate cRNA using the 3’IVT Plus amplification
kit (Affymetrix, Santa Clara, CA). Amplification was carried out for 16 hours. The
concentration of cRNA was verified and 12μg of each sample was added to each
fragmentation reaction. Then, 10μg were loaded onto the GeneChip arrays. Chips were
incubated in a hybridization oven for 16 hours at 45˚C and a 60 rpm rotation. Arrays
were washed in a fluidics station and scanned using Affy GeneChip Scanner 3000 7G
(Affymetrix, Santa Clara, CA). The data was normalized using Bioconductor and scatter
plots were generated to determine if samples were replicable. The correlation between
sample pairs were determined using Pearson’s method.
Transcriptome Analysis Console 3.0 (Affymetrix, Santa Clara, CA) was used to
identify DEGs in inoculated cotton seedling roots under both non-stressed and saline
conditions. For each set, the log2 scale of the average signal of both duplicates per
sample was used to determine the fold-change of each probe. Genes with a 2-fold or
greater change in expression and p-values ≤0.05 were considered for further analysis. The
DEGs were identified by searching the accession number for each corresponding probe
using BLAST. Each gene was categorized based on data in Uniprot. The up-regulated
Affymetrix probe IDs were also used for singular enrichment analysis (SEA) in agriGO
(Du et al 2010). The background reference was selected as the cotton Affymetrix genome
array. Fisher’s exact test and the Hochberg (FDR) multi-test adjustment method were
selected with 0.05 significance level. The minimum number of mapping entries was
selected as 1. The transcript IDs and log2 fold-change values of up and down-regulated
genes were also used in MapMan to visualize changes in gene expression (Thimm et al
2004, Usadel et al 2009).
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3.3.4 Microarray validation and gene expression analysis using qRT-PCR
Quantitative RT-PCR was used to test the expression of up-regulated genes
identified through the microarray analysis. RNA of cotton seedlings was extracted as
previously described. The concentration and purity of the samples was measured using a
NanoDrop® ND1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). A
total of 6 genes were amplified by qRT-PCR using the actin gene was chosen as a
control. Primers were designed using Primer Express® Software (Thermo Fisher
Scientific, Wilmington, DE), purchased and validated using a standard curve (Table 3.1).
A Step One Plus Cycler (Applied Biosystems, Foster City, CA) was used to carry out
RT-qPCR reactions. Reverse transcription reactions were carried out using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and
qPCR reactions were prepared using Power SYBR Green Master Mix in 20μL reactions
(Thermo Fisher Scientific, Wilmington, DE). Reverse transcription reactions were carried
out at 50˚C for 30 minutes. qPCR conditions included an initial 10 minute step at 95˚C,
40 cycles of 94˚C for 15s and 60˚C for 60s followed by a melt curve analysis. Data was
analyzed in the Step One Plus Software and the relative expression of genes compared to
the expression of the actin gene as a control was determined using the ΔΔCt method.
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Table 3.1. Primers sets used for qRT-PCR validation of microarray results.
Primer name
GhPerox-F
GhPerox-R
GhPR1-F
GhPR1-R
GhExpansin-F
GhExpansin-R
GhNT-F
GhNT-R
GhNR-F
GhNR-R
GhActinB-F
GhActinB-R

Sequence
GCGTGACGTGCTCAAACG
CATTGAGGGCGCCATGTT
AGTTGCGCAGCAGGTAAGGT
TCGCGCCAAACCACTTG
CTGGCAGAGCAACACCTACCT
CGCTTGTGGTGACTTGGAAA
GACCATCAAGGTCCAGCTTTG
GCCATGCACGGTCGACTT
GACCATCAAGGTCCAGCTTTG
GCCATGCACGGTCGACTT
CCGGTGACGGTGTTTCTCA
GCATGTGGAAGGGCATATCC

Tm (C˚)
59
59
59
59
58
58
58
59
59
59
59
58

3.3.5 Reactive oxygen species staining of cotton seedling roots inoculated with B.
amyloliquefaciens
Cotton seedlings were stained with 3,3-diaminobenzidine (DAB) to determine
whether inoculating seeds with a solution of 108 cells/ml of Bacillus amyloliquefaciens
led to changes in the accumulation of ROS in seedling roots. Inoculated cotton seeds
were sown on 20 g of twice-autoclaved soil in magenta vessels treated with water or 150
mM NaCl. Seedlings were grown for 14 days at room temperature using a 16h/8h light
cycle. Seedlings were removed and washed with distilled water. Seedlings were placed in
50 ml sterile tubes containing 20 ml of DAB stain and placed in the dark for 4 hours.
Staining of cotton seedling roots were observed using a light microscope.
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3.3.6 Phloroglucinol-HCl staining of lignin in cotton seedling roots inoculated with
B. amyloliquefaciens
Cotton seedlings were stained with phloroglucinol-HCl stain to determine
whether inoculating seeds with B. amyloliquefaciens altered lignin synthesis in cotton
seedling roots. Cotton seedlings were inoculated, grown, and treated as previously
described in section 3.2.5. Seedlings were removed from the soil and roots were washed
with distilled water. Seedlings were placed in 50 ml sterile tubes with 20 ml
phloroglucinol-HCl stain. Cotton seedling roots were observed using a light microscope
after 4 hours of staining.

3.4 Results
3.4.1 Cotton microarray analysis
Cotton genome arrays were used to determine the DEGs in non-stressed and salt
stressed cotton seedling roots inoculated with Bacillus amyloliquefaciens strain. The
microarray analysis included two biological replicates from each treatment. The
reproducibility between two sample replicates was determined using scatter plots (Figure
3.1). Sample replicates demonstrated to be highly reproducible in each of the four
treatments. Correlation coefficients for all samples and their duplicates were greater than
or equal to 0.98.
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Figure 3.1. Scatter plots and correlation analyses were used to determine the biological
reproducibility of the cotton microarrays in different treatments. 1 & 1D=cotton seedling
roots in water; 2 & 2D=cotton seedling roots in water inoculated with Bacillus
amyloliquefaciens; 3 & 3D=cotton seedling roots in saline conditions; 4 & 4D=cotton
seedling roots in saline conditions inoculated with Bacillus amyloliquefaciens.

DEGs with a 2-fold change in expression or above and p-values ˂0.05 were
selected for further analysis (Table 3.2). Inoculated roots in favorable conditions had 252
DEGs. Out of those 252 DEGs, 139 genes were up-regulated and 113 were down-
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regulated. Inoculated cotton seedling roots in saline conditions had a total of 108 DEGs,
out of which 76 were up-regulated and 32 were down-regulated.

Table 3.2. DEGs of cotton seedling roots in favorable and saline conditions inoculated
with Bacillus amyloliquefaciens.
Treatment

Number of DEGs

Water + Ba
150 mM NaCl + Ba
Water vs Salt

252
108
2

Number of upregulated genes
139
76
0

Number of downregulated genes
113
32
2

3.4.2 DEGs in non-stressed cotton seedling roots inoculated with Bacillus
amyloliquefaciens
Most of the genes that were differentially expressed in non-stressed cotton
seedling roots inoculated with bacteria were categorized under metabolism functions
(22%) followed by those of unknown function (16%), cellular division, growth, and
structure (15%), redox reactions (15%), transcription factors (11%), and transport (7%).
It was observed that 3% of DEGs were related to defense mechanisms in cotton
seedlings. Only 1% of DEGs in non-stressed and inoculated cotton seedling roots were
categorized under stress-related genes (Figure 3.2).
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Distribution of differentially expressed genes in non-stressed
cotton seedling roots inoculated with Bacillus amyloliquefaciens
Transcription
Factors
11%

Unknown
16%

Transport
7%
Defense
3%

Signal
Transduction
4%
Stress
1%

Cellular Division,
Growth and
Structure
15%

Redox
15%

Hormones
2%
Molecular
4%
Metabolism
22%

Figure 3.2. Distribution of DEGs in non-stressed cotton seedling roots inoculated with
Bacillus amyloliquefaciens (n=252).

3.4.3 Up-regulated genes in non-stressed cotton seedling roots inoculated with
Bacillus amyloliquefaciens
Of the 139 up-regulated genes in non-stressed cotton seedling roots, most
belonged to the cellular division, growth, and structure category (22%) followed by the
metabolism category (21%) (Figure 3.3). The single most up-regulated gene in cotton
seedling roots inoculated with B. amyloliquefaciens encoded for a WAT1-related protein
which had a 14.75-fold change increase in expression (Table 3.3). Some up-regulated
genes in the cell division, growth, and structure category encoded for predicted proteins
such as tubulin, xyloglucan galactosyltransferase, fasciclin-like arabinogalactan protein,
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expansins, and pectinesterase, among others (Table 3.3). Some up-regulated genes in the
metabolism category encoded for the predicted proteins glutamine synthetase,
asparaginase, proteases, asparagine synthetase, and methyltransferases, among others.
The most up-regulated gene in the metabolism category was asparagine synthetase with a
9.69-fold increase in expression followed by nitrate reductase with a 7.54-fold increase
(Table 3.3). Inoculating cotton seedling roots with B. amyloliquefaciens also led to the
increased expression of genes involved in oxidation-reduction reactions. Of the genes
within the redox reaction category, the most up-regulated gene encoded for a predicted
blue copper containing glycoprotein with a 7.41-fold increase in expression followed by a
predicted peroxidase gene with a 6.73-fold increase. Additional genes in the redox
category whose expression was up-regulated encoded for the predicted proteins ascorbate
oxidase, monodehydroascorbate reductase, glucose-6-phoshate 1-dehydrogenase, and
malate dehydrogenase (Table 3.3).
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Distribution of up-regulated genes in non-stressed cotton seedling
roots inoculated with Bacillus amyloliquefaciens
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Figure 3.3. Distribution of up-regulated DEGs in non-stressed cotton seedling roots
inoculated with Bacillus amyloliquefaciens (n=139).

3.4.4 Down-regulated genes in non-stressed cotton seedling roots inoculated with
Bacillus amyloliquefaciens
A total of 113 genes were down-regulated in cotton seedling roots inoculated with
Bacillus amyloliquefaciens. Most of the genes whose expression was reduced belonged to
the metabolism (23%) and unknown category (23%). Down-regulated genes also
belonged to the category of transcription factors (18%), redox (11%), cellular division,
growth and structure (6%), transport (6%), signal transduction (4%), defense (3%),
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hormones (3%), and molecular function (3%) (Figure 3.4). The single most individually
down-regulated gene in the metabolism category encoded for a predicted salicylate
carboxy methyltransferase protein which had a 47.79-fold decrease in expression. The
second most down-regulated gene in non-stressed cotton seedling roots inoculated with
the bacteria encoded for metacaspase-9 with a 43.67-fold decrease in expression
compared to uninoculated roots. The most down-regulated gene transcript in the
transcription factor category was identified as a predicted zinc finger protein (ZAT10)
and WRKY94, and WRKY70 with a 4.64, 3.88, and 3.69-fold decrease in expression,
respectively (Table 3.4).

Distribution of down-regulated genes in non-stressed cotton
seedling roots inoculated with Bacillus amyloliquefaciens
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Figure 3.4. Distribution of down-regulated DEGs in cotton seedling roots inoculated with
Bacillus amyloliquefaciens (n=113).
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3.4.5 DEGs in salt stressed cotton seedling roots inoculated with Bacillus
amyloliquefaciens
Out of the 108 DEGs in salt stressed cotton seedlings, most were placed within
the category of cellular division, growth, and structure (29%) followed by those of
unknown function (23%), metabolism (17%), and redox (13%), transcription factors
(8%), defense (3%), and signal transduction (3%). Only 1% of DEGs were categorized
under transport, hormone, stress and molecular functions (Figure 3.5).

Distribution of differentially expressed genes in salt stressed
cotton seedling roots inoculated with Bacillus amyloliquefaciens
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Figure 3.5. Distribution of total DEGs in salt stressed cotton seedling roots inoculated
with Bacillus amyloliquefaciens (n=108).
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3.4.6 Up-regulated genes in salt stressed cotton seedling roots
A total of 76 genes were up-regulated in inoculated and salt stressed cotton
seedling roots (Table 3.5). The most up-regulated transcripts encoded for a predicted blue
copper protein, expansin, and laccase with a 6.87, 6.71, and 5.39-fold increase in
expression compared to uninoculated control samples (Table 3.5). Most of the upregulated genes belonged to the cellular division, growth, and structure category (34%)
followed by those categorized as unknown (25%), metabolism (14%), redox (11%),
transcription factors (9%), defense (3%), signal transduction (3%), and stress (1%)
(Figure 3.6). Out of the up-regulated genes in the cellular division, growth, and structure
category the most up-regulated gene transcripts encoded for the predicted proteins
expansin, WLIM1, pectinesterase, and polygalacturonase (Table 3.5). It was also
determined that 5 out of the 76 up-regulated genes in inoculated, salt-stressed cotton roots
encoded for predicted ethylene-related transcription factors.
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Distribution of up-regulated genes in salt stressed cotton seedling
roots inoculated with Bacillus amyloliquefacien
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Figure 3.6. Distribution of up-regulated DEGs in salt stressed cotton seedling roots
inoculated with B. amyloliquefaciens (n=76).

3.4.7 Down-regulated genes in salt stressed cotton seedling roots
Thirty two genes were down-regulated in inoculated cotton seedling roots in salt
stress conditions. Most of the genes that were down-regulated in salt stressed and
inoculated roots where grouped in the metabolism category (25%), followed by redox
(19%), unknown (19%), cellular division, growth and structure (16%), and transcription
factors (6%) (Figure 3.7). The most down-regulated genes encoded for the predicted
proteins expansin B1, cucumisin, and UDP-glycosyltransferase with 6.56, 5.98, and 4.4fold decrease in expression, respectively (Table 3.6). The most down-regulated gene in
the defense category encoded for a predicted metacaspase 3 with a 3.3-fold decrease in
expression. It was also determined that the most down-regulated gene in the redox
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category encoded for a predicted alcohol dehydrogenase with a 3.23-fold decrease in
expression. The most down-regulated transcript in the transcription factor category
encoded for a predicted zinc finger protein ZAT11 with a 3.31-fold decrease in
expression. The predicted transcript for the eceriferum gene had a 2.34-fold decrease in
expression (Table 3.6).
Distribution of down-regulated genes in salt stressed cotton
seedling roots inoculated with Bacillus amyloliquefaciens (n=32)
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Figure 3.7. Distribution of down-regulated DEGs in salt stressed cotton seedling roots
inoculated with B. amyloliquefaciens (n=32).
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Table 3.3. Up-regulated genes in cotton seedling roots in non-stressed conditions
inoculated with the growth promoting bacterium Bacillus amyloliquefaciens.
Transcript ID

Accession No.

Description

Gra.2669.1

CO085938

WAT1-related protein

Ghi.10557.1

DN758244

asparagine synthase

Gra.718.1

CO085887

nitrate reductase

GhiAffx.22444.1

DT459384

Ghi.6876.3

Fold-Change
(linear)
14.75

Category

p-value

T

0.013

9.69

M

0.023

7.54

Redox

0.010

mavicyanin

7.41

Redox

0.007

DT461954

metallothiol transferase FosB

7.17

M

0.002

Ghi.6234.2

CO491431

peroxidase

6.73

Redox

0.014

GhiAffx.61409.1

DW509160.1

non-specific lipid-transfer protein A

5.48

T

0.021

Ghi.6234.1

CO493806

peroxidase

5.46

Redox

0.003

Ghi.8419.1

CO492888

unknown

5.34

-

0.034

Ghi.8448.1

AF521240.1

tubulin beta-7 chain

5.34

G

0.044

GraAffx.28607.1

CO085993

unknown

5.04

-

0.006

Ghi.5484.1

DT047572

ascorbate oxidase

4.82

Redox

0.000

Ghi.3394.1

DT465656

cadmium resistance 6

4.63

T

0.013

Ghi.2396.1

DR455743

ascorbate oxidase

4.53

Redox

0.026

Ghi.9446.1

DT047992

tubulin beta-2-chain

4.51

G

0.036

Ghi.7226.1

AW186996

unknown

4.5

-

0.026

Ghi.716.1

DR455728

defensin like protein 1

3.97

D

0.015

Ghi.9253.2

DT466833

ascorbate oxidase

3.87

Redox

0.002

Ghi.850.1

DR454028

yellow leaf senescence 9

3.84

D

0.029

GhiAffx.40791.1

DW499532.1

RNA-binding protein 38

3.83

Mol

0.041

Ghi.3151.1

DT468993

xyloglucan galactosyltransferase GT17

3.82

G

0.012

Ghi.10775.1

DN759794

3.81

M

0.002

GhiAffx.6228.2

DW498003.1

glutamine synthetase leaf isozyme,
chloroplastic like
glucose-6-phosphate 1-dehydrogenase

3.79

Redox

0.003

Ghi.4629.2

CO499249

isoflavone reductase

3.77

Redox

0.050

Gra.1351.1

CO107103

3.73

Mol

0.024

GhiAffx.48851.1

DW482562.1

DNA-damage-repair/toleration protein
DRT100
monodehydroascorbate reductase 5

3.63

Redox

0.037

Ghi.3170.2

DT468829

ferredoxin-nitrite reductase

3.5

Redox

0.005

Ghi.8203.1

AI729411

basic leucine zipper 61

3.48

TF

0.015

Ghi.4685.1

DT051431

glucose-6-phosphate 1-dehydrogenase

3.47

Redox

0.002

Ghi.4315.1

DT455587

transcription factor bHLH113

3.46

TF

0.045

GhiAffx.25489.1

DW232960.1

malate dehydrogenase

3.4

Redox

0.016

Ghi.4828.1

DT050294

UTP-glucose-1-phosphate uridylyltransferase

3.3

M

0.033

Ghi.68.1

DR176761

fasciclin-like arabinogalactan protein 9

3.25

G

0.019

Gra.1548.1

CO123811

isoaspartyl peptidase/L-asparaginase 2

3.23

M

0.006

Ghi.3212.1

DT467489

peroxidase

Redox

0.044

Gra.2653.1

CO084400

luminal-binding protein 5

3.19

G

0.007

GraAffx.1872.1

CO123596

UTP-glucose-1-phosphate uridylyltransferase

3.18

M

0.018

3.2
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Ghi.7383.1

AI731186

coatomer subunit zeta-2

3.18

T

0.022

Ghi.1421.1

DV848729

unknown

3.17

-

0.038

GhiAffx.20319.1

DW493277.1

cyclin U2-1-like

3.16

G

0.002

Ghi.5537.1

DT047379

proteasome subunit alpha type-5

3.11

M

0.049

GhiAffx.11691.1

DW229345.1

basic 7S globulin

3.1

M

0.007

Ghi.4241.1

DT456606

beta-D-xylosidase 7

3.05

G

0.024

GhiAffx.30987.1

DW481679.1

SNARE 11

3.03

G

0.033

GraAffx.1029.1

CO127686

glucose-6-phosphate 1-dehydrogenase

3.01

Redox

0.031

GhiAffx.19944.1

DW231640.1

GPI-anchored protein

3

-

0.011

Gra.2669.1

CO085938

WAT1-related protein

3

T

0.023

Ghi.6433.1

CK988080

pathogenesis-related protein 1

2.99

D

0.019

Ghi.7832.1

DT573045

tubulin alpha-3 chain

2.98

G

0.037

Ghi.9707.1

DT051791

tubulin beta-9 chain

2.96

G

0.018

Ghi.10183.1

DT562914

kinesin-like protein KIN-7D

2.95

G

0.026

Gra.2483.1

CO074903

asparagine synthetase

2.94

M

0.000

Ghi.4649.1

DT047634

ferredoxin--NADP reductase

2.94

Redox

0.034

Ghi.3295.2

DT467569

siroheme synthase

2.93

M

0.024

GhiAffx.62090.2

DW501790.1

snakin-2

2.91

D

0.007

Ghi.6281.1

DR456049

transmembrane 9 superfamily member 12

2.89

T

0.042

GhiAffx.58804.1

DW496210.1

SNARE 11

2.82

G

0.018

Ghi.10297.1

DR458723

luminal-binding protein 5

2.79

M

0.035

Ghi.8856.1

DT466900

ferredoxin

2.75

Redox

0.003

Ghi.3375.1

DT466692

unknown

2.74

-

0.005

Ghi.7874.1

AY962572.1

ethylene responsive transcription factor

2.73

TF

0.049

GhiAffx.15520.1

DW496425.1

deSI-like protein

2.72

M

0.041

GhiAffx.59931.1

DW506084.1

14 kDa proline-rich protein DC2.15

2.71

G

0.020

GhiAffx.14333.1

CD486517

expansin-A8

2.7

G

0.042

GhiAffx.34037.1

DW244974.1

calreticulin

2.67

M

0.032

Ghi.8128.1

AY827548.1

EREB1 transcription factor

2.67

TF

0.044

Ghi.5147.1

DR462373

monodehydroascorbate reductase 5

2.66

Redox

0.014

GhiAffx.24591.1

DW502202.1

serine carboxypeptidase-like 40

2.64

M

0.018

Ghi.7617.1

AI728876

receptor protein kinase TMK1

2.64

ST

0.022

Ghi.7164.1

AW187576

2.62

Redox

0.011

Ghi.6101.1

DT457964

gamma-interferon-inducible lysosomal thiol
reductase
transcription factor MYB36

2.62

TF

0.045

GhiAffx.53638.1

DW232569.1

expansin A11

2.58

G

0.044

GhiAffx.16299.1

DW229097.1

fasciclin-like arabinogalactan protein 9

2.57

G

0.003

Ghi.10346.1

DN758230

luminal-binding protein 5

2.57

M

0.007

Ghi.4685.1

DT051431

glucose-6-phosphate 1-dehydrogenase

2.57

Redox

0.018

Ghi.5188.1

DT048700

inactive receptor kinase

2.57

ST

0.040

GhiAffx.25508.1

DW496030.1

2.57

TF

0.043

GhiAffx.22625.1

DW501687.1

ethylene-responsive transcription factor
ERF114
acyl-lipid (9-3)-desaturase

2.56

M

0.006

GhiAffx.52253.1

DR463559

pyrophosphate--fructose 6-phosphate 1phosphotransferase subunit beta

2.56

M

0.037
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GhiAffx.50488.1

DT456967

DNA ligase 1

2.54

Mol

0.005

Ghi.8186.1

DT460349

fasciclin-like arabinogalactan protein 9

2.53

G

0.003

GhiAffx.6395.1

DW484802.1

auxin-responsive protein IAA14

2.53

TF

0.025

Ghi.1893.1

DV849529

tubulin beta chain-like

2.52

G

0.010

GarAffx.24390.1

BF273948

non-symbiotic hemoglobin 2

2.52

M

0.027

Ghi.7718.1

AI726866

ATP-citrate synthase beta chain protein 2

2.51

M

0.011

GhiAffx.6254.1

DW498306.1

high-affinity nitrate transporter

2.51

T

0.043

Ghi.1253.1

DT051546

UMP-CMP kinase 3

2.5

M

0.016

Ghi.1853.1

DR462814

methyltransferase PMT21

2.5

M

0.020

Ghi.7542.1

AI729532

serine hydroxymethyltransferase 2

2.5

M

0.020

GhiAffx.49935.1

DW487642.1

chaperonin CPN60-2

2.5

S

0.044

Ghi.10754.1

DV849226

COBRA

2.47

G

0.046

Ghi.8669.1

DR452575

kinesin-related protein 11

2.46

G

0.019

Ghi.669.2

DT463066

beta-galactosidase 3

2.43

G

0.015

GhiAffx.31831.1

DT456192

ribonucleoside-diphosphate reductase

2.41

Mol

0.012

Ghi.3168.2

DR463922

beta-galactosidase 10

2.39

G

0.034

Ghi.7657.1

DR454717

2.38

ST

0.019

GhiAffx.6062.1

DW495992.1

LRR receptor-like serine/threonine-protein
kinase MRH1
unknown

2.37

-

0.014

Ghi.395.1

DN817680

aquaporin

2.37

T

0.043

Ghi.8845.1

DT456859

unknown

2.35

-

0.037

Ghi.2406.1

DT052156

pectinesterase

2.33

G

0.000

GhiAffx.7836.1

DW516257.1

GMP synthase

2.33

M

0.006

Ghi.8359.1

CA993401

boron transporter 1

2.33

T

0.040

Gra.2279.2

CO111411

2.3

M

0.016

GhiAffx.12945.1

DT463227

5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
calreticulin-like protein 8

2.29

M

0.013

Ghi.3122.2

DT460791

2.29

Mol

0.037

Gra.1696.1

CO085682

chloroplast stem-loop binding protein of 41
kDa
TBC1 domain family member 15

2.28

ST

0.006

GhiAffx.46616.1

DR456388

protein RALF-like 33

2.28

ST

0.018

Gra.2199.2

CO121107

disulfide-isomerase like 2-2

2.27

M

0.049

Ghi.1907.1

DV849267

proteasome subunit alpha type-5

2.26

M

0.046

Ghi.6906.1

CA992663

unknown

2.23

-

0.013

GhiAffx.16114.2

DW236410.1

2.23

G

0.039

GhiAffx.5071.1

DW516454.1

pollen-specific leucine-rich repeat extensinlike protein 2
ubiquitin-conjugating enzyme E2 20

2.23

M

0.044

Gra.431.2

CO123490

D-3-phosphoglycerate dehydrogenase 1

2.22

Redox

0.042

GhiAffx.47164.1

CO495471

tetrahydrocannabinolic acid synthase

2.21

M

0.006

GhiAffx.7826.1

DW516143.1

kinesin-related protein 11

2.2

G

0.005

Ghi.734.1

DR455414

unknown

2.19

-

0.017

GhiAffx.9554.1

DR456349

xyloglucan glycosyltransferase 4

2.18

G

0.027

GarAffx.29986.1

AW725588

2.18

T

0.045

Ghi.3929.1

DR461083

non-specific lipid transfer protein GPIanchored 1
50S ribosomal protein L2

2.17

Mol

0.003

Ghi.3170.2

DT468829

ferredoxin-nitrite reductase

2.17

Redox

0.012

GhiAffx.7622.1

DW513729.1

CBL-interacting protein kinase 32

2.17

ST

0.015
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Ghi.4321.1

AW186956

monocopper oxidase-like protein SKU5

2.16

G

0.027

Ghi.7911.1

AY476737.1

2.14

G

0.003

GhiAffx.63257.1

DW500546.1

xyloglucan endotransglucosylase/hydrolase
protein 22
unknown

2.13

-

0.032

GraAffx.23146.1

CO101937

pectinesterase 3

2.13

G

0.043

Ghi.4007.1

DR459308

unknown

2.1

-

0.004

Ghi.8798.1

DT456078

unknown

2.1

-

0.034

GraAffx.28945.1

CO085033

fructokinase-6

2.1

M

0.044

GarAffx.13408.1

BM357988

39S ribosomal protein L45

2.09

Mol

0.007

Ghi.10256.1

DT567984

pectate lyase

2.06

G

0.048

Ghi.9249.4

DT461850

indole-3-acetic acid-amido synthetase GH3.1

2.05

H

0.018

Gra.294.1

CO089366

aquaporin TIP4-1

2.05

T

0.020

Ghi.7047.1

AI730734

polyadenylate-binding protein 2

2.04

Mol

0.008

Ghi.10401.1

DT555004

enoyl-reductase

2.04

Redox

0.017

Ghi.4236.1

DT456638

unknown

2.03

-

0.022

GhiAffx.25281.1

DW516167.1

2.01

G

0.024

Ghi.9045.1

DT048514

cellulose synthase A catalytic subunit 5
[UDP-forming]
methylsterol monooxygenase 2-2

2.01

Redox

0.025

Ghi.6559.1

CD485748

peroxidase

2.01

Redox

0.030

Ghi.3291.1

DT467607

receptor-like protein kinase THESEUS 1

2.01

ST

0.043

Table 3.4. Down-regulated genes of non-stressed cotton seedling roots inoculated with
Bacillus amyloliquefaciens.
Transcript ID

Accession No.

Description

GhiAffx.43038.1

DW497938.1

salicylate carboxymethyltransferase

GhiAffx.25701.1

DW517734.1

metacaspase-9

Ghi.6022.1

CO490753

unknown

GhiAffx.10674.1

CO498018

GhiAffx.40045.1
Ghi.5602.1

Fold-Change
(linear)
-47.79

Category

p-value

M

0.010

D

0.009

-5.5

-

0.007

calcium-binding protein CML10

-5.27

M

0.039

DW495842.1

DMR6-LIKE OXYGENASE 2

-5.08

D

0.025

DT050039

methionine gamma-lyase

-4.8

M

0.025

Ghi.1080.1

DV849085

oxygen-evolving enhancer protein 1

-4.68

Redox

0.046

Ghi.1444.1

DN781680

light-regulated protein

-4.66

M

0.024

Ghi.6901.1

CA992707

zinc finger protein ZAT10

-4.64

TF

0.031

GhiAffx.6177.1

DW505740.1

WRKY94

-3.88

TF

0.049

GhiAffx.7927.1

DW499556.1

translocator protein homolog

-3.84

T

0.024

Ghi.6780.1

CA993199

chaperone protein dnaJ 11

-3.72

Mol

0.026

Ghi.10646.1

DN780414

P21

-3.7

G

0.024

Ghi.1660.1

DN760124

unknown

-3.69

-

0.015

Ghi.9193.2

DT469110

WRKY transcription factor 70

-3.69

TF

0.027

-43.67
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GhiAffx.46297.1

AI054544

expansin-like B1

-3.64

G

0.015

Ghi.8451.1

CO496935

unknown

-3.57

-

0.006

GhiAffx.13391.3

AI055016

BIG GRAIN 1

-3.55

T

0.026

GraAffx.23006.2

CO126999

WAT1-related protein

-3.51

T

0.004

GraAffx.30924.2

CO089587

cytochrome b6-f complex

-3.45

Redox

0.019

GhiAffx.10817.1

DW517233.1

F-box protein PP2-A13

-3.4

M

0.025

GhiAffx.48816.1

DW505775.1

unknown

-3.36

-

0.007

GhiAffx.14096.1

CO494404

TRANSPARENT TESTA 12

-3.34

T

0.013

GhiAffx.39386.1

DW233404.1

unknown

-3.2

-

0.011

Ghi.7797.1

AI726250

cysteine proteinase inhibitor B

-3.18

M

0.002

GraAffx.15208.1

CO125472

serine/threonine-protein kinase HT1

-3.18

ST

0.041

Ghi.3788.1

DT461699

unknown

-3.16

-

0.049

Ghi.6465.2

CD485906

expansin-like B1

-3.14

G

0.011

Ghi.6613.1

CA994335

oxygen-evolving enhancer protein 3

-3.14

Redox

0.018

Ghi.8342.1

CA992699

unknown

-3.11

-

0.013

GhiAffx.53687.1

DW232903.1

unknown

-3.09

-

0.030

Ghi.10656.1

DR463281

photosystem I reaction center subunit II

-3.07

Redox

0.013

GraAffx.31485.1

CO077629

periaxin

-3.06

G

0.010

GhiAffx.22386.1

DW224724.1

NRT1/ PTR FAMILY 5.6

-3.06

T

0.016

Ghi.1650.1

DN758296

PAP-specific phosphatase HAL2

-3.02

M

0.042

GhiAffx.40824.1

DW499731.1

zinc finger protein ZAT11

-2.93

TF

0.039

Ghi.563.2

DT463965

unknown

-2.89

-

0.034

Ghi.5228.1

DT048570

unknown

-2.88

-

0.003

GhiAffx.20889.1

DW233795.1

ferredoxin-1

-2.84

Redox

0.003

Ghi.1165.1

DT050989

zinc finger protein CONSTANS-LIKE 1

-2.84

TF

0.041

Gra.2634.1

CO125011

chlorophyllide a oxygenase

-2.83

Redox

0.046

GhiAffx.863.1

DN817257

magnesium-chelatase subunit ChlH

-2.78

M

0.004

Ghi.10709.1

DT050206

phytosulfokines

-2.73

H

0.001

GhiAffx.3323.1

DW224416.1

flavin-dependent oxidoreductase FOX2

-2.73

Redox

0.010

GhiAffx.60596.1

DW505179.1

unknown

-2.59

-

0.001

GhiAffx.43407.1

CA993283

unknown

-2.57

-

0.030

Gra.2885.1

CO100046

probable strigolactone esterase D14

-2.55

M

0.004

GhiAffx.4924.2

DW501614.1

UDP-glycosyltransferase 74B1

-2.55

M

0.007

GhiAffx.58403.1

DW236137.1

cyclin-D1-1

-2.54

G

0.013

Ghi.10472.2

DN758193

zinc finger protein CONSTANS-LIKE 4

-2.54

TF

0.039

GhiAffx.15714.1

DW224008.1

-2.54

Mol

0.050

GhiAffx.10273.1

DW514588.1

chloroplast stem-loop binding protein of
41 kDa
unknown

-2.53

-

0.032

Ghi.1134.1

DR460878

-2.53

M

0.049

GraAffx.9623.1

CO084784

photosystem I reaction center subunit IV
B
unknown

-2.52

-

0.005

GhiAffx.41348.1

DW502424.1

photosystem II reaction center W protein

-2.51

M

0.045

Gra.2595.2

CO088781

unknown

-2.5

-

0.025

Gra.2751.1

CO092060

LOL1

-2.48

D

0.004

70
Ghi.4064.2

DR461611

-2.48

H

0.033

DW514212.1

cytokinin riboside 5'-monophosphate
phosphoribohydrolase LOG1
glycerate dehydrogenase

GhiAffx.3475.1

-2.48

Redox

0.048

Ghi.8389.1

CO498953

CASP-like protein 1D1

-2.47

G

0.015

GhiAffx.3473.1

DW232059.1

protein LHY

-2.44

TF

0.028

Ghi.10242.1

DT053185

AT-hook motif nuclear-localized protein 9

-2.43

TF

0.035

Ghi.8113.1

AY174160.1

DRE binding protein 1

-2.4

TF

0.003

GhiAffx.30296.1

DW509681.1

unknown

-2.39

-

0.002

Ghi.5259.1

DT048446

glutamate dehydrogenase 2

-2.39

Redox

0.004

Ghi.6888.1

DV848826

geranylgeranyl diphosphate reductase

-2.39

Redox

0.021

GhiAffx.4924.1

DW501276.1

UDP-glycosyltransferase 74B1

-2.37

M

0.009

GhiAffx.5828.1

DW514056.1

-2.36

ST

0.004

Ghi.3451.2

DT465672

extra-large guanine nucleotide-binding
protein 1
alpha,alpha-trehalose-phosphate synthase

-2.34

M

0.006

GraAffx.28214.1

CO087188

transcription factor MYB36

-2.34

TF

0.041

Gra.111.1

CO097047

thiosulfate sulfurtransferase 16

-2.31

M

0.000

GhiAffx.22025.1

DW498464.1

-2.31

M

0.009

GhiAffx.3708.1

DR457956

serine/threonine-protein phosphatase PP1
isozyme 3
transcription factor TCP2

-2.31

TF

0.021

Gra.429.1

CO090033

unknown

-2.3

-

0.028

Gra.1323.2

CO117765

nudix hydrolase 8

-2.26

M

0.013

GhiAffx.32507.1

CO494420

LOL1

-2.25

D

0.017

Ghi.1766.1

AY138252.1

phospholipase D delta

-2.25

M

0.041

GhiAffx.24039.1

DW509198.1

zinc finger protein 4

-2.25

TF

0.049

GhiAffx.21780.1

DW497160.1

unknown

-2.24

-

0.008

GraAffx.28297.1

CO086928

unknown

-2.21

-

0.036

Ghi.836.1

DR454138

unknown

-2.2

-

0.031

GhiAffx.63986.1

DW514188.1

4-hydroxyphenylpyruvate dioxygenase

-2.2

Redox

0.041

Ghi.10826.1

DN827439

-2.19

M

0.048

Ghi.1386.1

DT051580

glucan endo-1,3-beta-glucosidase, basic
vacuolar isoform
receptor-like protein kinase HSL1

-2.16

ST

0.008

GhiAffx.27739.1

DW506283.1

dof zinc finger protein DOF4.6

-2.16

TF

0.026

Ghi.6847.1

DN779665

photosystem II 5 kDa protein

-2.15

M

0.022

GhiAffx.25540.1

DW225138.1

cyclic dof factor 3

-2.15

TF

0.022

Ghi.4716.1

DT051239

-2.15

TF

0.031

GhiAffx.21685.1

CO493081

ethylene-responsive transcription factor
ERF119
unknown

-2.14

-

0.003

Ghi.10332.1

DT465694

WRKY transcription factor 2

-2.14

TF

0.033

Ghi.279.1

DR461178

unknown

-2.13

-

0.015

GhiAffx.43289.1

DW501066.1

RING-H2 finger protein ATL78

-2.13

M

0.038

Ghi.1670.1

DN760074

homeobox protein knotted-1-like 6

-2.13

TF

0.040

GraAffx.33744.1

CO107275

guanine nucleotide exchange factor 7

-2.12

Mol

0.004

GhiAffx.61812.1

DW511383.1

CSC1-like protein ERD4

-2.12

T

0.029

GhiAffx.26447.1

DW504068.1

GPI-anchored CFEM domain protein A

-2.11

G

0.024

Ghi.6041.1

DV849896

aspartyl protease family protein

-2.11

M

0.031

Ghi.10259.1

DT463881

bZIP transcription factor 53

-2.11

TF

0.050

Ghi.6171.1

DT048318

auxin-responsive protein SAUR36

-2.09

H

0.018

71
Ghi.6751.1

CA993334

fructose-1,6-bisphosphatase

-2.09

M

0.020

Ghi.1822.2

DV850271

unknown

-2.08

-

0.042

GhiAffx.59645.1

DW511857.1

high-light-induced protein

-2.07

M

0.001

Ghi.6674.1

CA993725

WRKY transcription factor 40

-2.07

TF

0.013

Ghi.6538.1

CD485949

NAC transcription factor 29

-2.07

TF

0.016

GraAffx.31672.1

CO077112

unknown

-2.06

-

0.011

GraAffx.27948.1

CO087928

secoisolariciresinol dehydrogenase

-2.06

Redox

0.017

Ghi.10388.2

DT469076

-2.06

ST

0.018

GhiAffx.22987.1

DW503573.1

CBL-interacting serine/threonine-protein
kinase 6
unknown

-2.05

-

0.033

GhiAffx.10268.1

DW501443.1

7-deoxyloganetin glucosyltransferase

-2.04

M

0.016

Ghi.7225.1

DR462056

mitochondria

-2.04

M

0.025

Ghi.8342.1

CA992699

unknown

-2.03

-

0.001

GhiAffx.20424.1

DW493894.1

pyridoxal reductase

-2.01

Redox

0.038

GhiAffx.6761.1

DW504313.1

protein NRT1/ PTR FAMILY 8.1

-2.01

T

0.045

Table 3.5. Up-regulated genes of salt stressed cotton roots inoculated with Bacillus
amyloliquefaciens.
Probe Set ID

Description

Ghi.10547.3

Accession
No.
DR458023

GhiAffx.1161.1

DN759989

expansin B2

Ghi.1630.1

DN760255

laccase 17

Ghi.10547.1

DN758139

blue copper protein

Ghi.10553.1

DN760229

lipid transfer protein DIR1

GhiAffx.32420.1

CO496669

GhiAffx.15941.1

AJ513880

Gra.20.2

blue copper protein

Fold-Change
(linear)
6.87

Category

p-value

Redox

0.041

6.71

G

0.015

5.39

Redox

0.050

5.1

Redox

0.026

4.13

D

0.035

BAG chaperone regulator 4

4.01

S

0.031

unknown

3.97

-

0.038

CO087377

WLIM1

3.95

G

0.034

GhiAffx.42278.1

DW507308.1

unknown

3.93

-

0.041

Ghi.8139.1

Z68154.1

glucan endo-1,3-beta-glucosidase

3.91

D

0.020

GhiAffx.13781.1

DW506341.1

unknown

3.85

-

0.049

Ghi.3017.1

DN759882

pectinesterase

3.57

G

0.033

GhiAffx.30838.1

DW504875.1

polygalacturonase

3.55

G

0.001

GhiAffx.34625.1

DW227939.1

COP1 interacting protein

3.5

G

0.040

Gra.1548.1

CO123811

isoaspartyl peptidase/L-asparaginase 2

3.44

M

0.011

GbaAffx.196.1

AY572462.1

3.43

TF

0.023

GhiAffx.25797.1

DW518337.1

ethylene-responsive transcription factor
RAP2-3
pectinesterase inhibitor 61

3.41

G

0.014

Ghi.4358.1

DT053995

unknown

3.35

-

0.026

72
GhiAffx.64005.1

DW496581.1

glycine-rich cell wall structural protein 1

3.34

G

0.043

Ghi.249.1

DQ204496.1

expansin A8

3.32

G

0.005

GhiAffx.34523.1

DW227339.1

protein IQ-DOMAIN 14

3.31

M

0.046

GhiAffx.58784.1

DW496107.1

transcription factor MYB86

3.29

TF

0.004

GhiAffx.26018.1

DW519688.1

endoglucanase 8

3.24

G

0.016

GhiAffx.1589.49

DW234098.1

kinesin light chain 4

3.24

G

0.018

GbaAffx.196.1

AY572462.1

3.24

TF

0.034

Ghi.294.2

DR461090

ethylene-responsive transcription factor
RAP2-3
unknown

-

0.047

Ghi.7874.1

AY962572.1

3.15

TF

0.014

Ghi.9707.1

DT051791

ethylene-responsive transcription factor
RAP2-3
tubulin beta-9-chain

3.12

G

0.035

GhiAffx.15745.1

DW224242.1

laccase 4

3.1

Redox

0.043

Ghi.8095.1

AY125487.1

unknown

3.07

-

0.044

Ghi.8638.2

DT468706

polygalacturonase

3.05

G

0.035

Ghi.4877.1

DT460085

leucine-rich repeat extensin-like protein 6

3

G

0.029

GhiAffx.7716.1

DW514934.1

unknown

2.99

-

0.003

Ghi.9666.1

DN759995

fasciclin-like arabinogalactan protein 10

2.99

G

0.009

Ghi.7294.1

AI731843

glucomannan 4-beta mannosyltransferase-2

2.95

G

0.024

GraAffx.17891.1

CO117605

aspartic protease in guard cell 1

2.94

M

0.023

GhiAffx.39841.1

DW237452.1

patellin 3

2.92

G

0.023

Ghi.8128.1

AY827548.1

EREB1 transcription factor

2.9

TF

0.020

GhiAffx.53142.1

DW224608.1

cytochrome P450

2.86

Redox

0.046

GhiAffx.7362.1

DW237315.1

patellin 3

2.83

G

0.012

Ghi.10477.1

DN758086

laccase 4

2.74

Redox

0.036

Ghi.10615.1

DN759950

unknown

2.69

-

0.004

GhiAffx.4490.1

CO497091

transcription factor MYB86

2.69

TF

0.031

Ghi.10354.1

AI730528

polygalacturonase

2.68

G

0.030

Ghi.885.1

AI728693

unknown

2.64

-

0.032

GhiAffx.15613.1

DW514029.1

E3 ubiquitin-protein ligase

2.6

M

0.018

GhiAffx.22837.1

DW502760.1

tyrosine-protein phosphatase

2.54

ST

0.022

Ghi.309.1

DR460966

aspartic protease in guard cell 1

2.53

M

0.030

Ghi.5516.1

DT047448

reticulon protein B21

2.52

M

0.029

Ghi.9268.1

DT463525

2-oxoglutarate-dependent dioxygenase

Redox

0.030

GraAffx.33025.1

CO118932

unknown

2.48

-

0.026

GhiAffx.23182.1

DW504552.1

2.42

G

0.031

Gra.1095.1

CO125355

UDP-glucuronate:xylan alphaglucuronosyltransferase 1
CBS domain-containing protein CBSX5

2.4

M

0.045

Ghi.5727.1

DT046456

unknown

2.39

-

0.008

Ghi.6322.1

DN758059

(R,S)-reticuline 7-O-methyltransferase

2.36

M

0.003

GhiAffx.7609.1

DW513579.1

unknown

2.35

-

0.033

GhiAffx.25760.1

DW518128.1

unknown

2.33

-

0.037

GhiAffx.6671.1

DW503045.1

unknown

2.31

-

0.026

GhiAffx.33980.1

DW514762.1

myosin-2 heavy chain

2.29

G

0.008

GhiAffx.33585.1

DW507662.1

cell wall / vacuolar inhibitor of fructosidase 1

2.29

M

0.009

3.2

2.5
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Ghi.2060.2

DN759860

36.4 kDa proline-rich protein

2.28

G

0.012

GhiAffx.36287.1

DW501982.1

cytosolic sulfotransferase 5

2.27

M

0.006

Ghi.8009.1

CD809330

unknown

2.23

-

0.003

Ghi.4510.1

DT049560

kinesin KP1

2.23

G

0.037

GhiAffx.7861.1

DW516540.1

unknown

2.22

-

0.020

Ghi.8145.1

AY212968.1

2.21

ST

0.046

Ghi.4479.1

DT051628

inactive receptor-like serine/threonineprotein kinase
unknown

2.18

-

0.040

Ghi.8009.2

DR460320

unknown

2.16

-

0.019

Ghi.680.1

AF044205.1

proline-rich protein precursor

2.14

G

0.023

Ghi.2255.1

AY962571.1

2.13

TF

0.045

Ghi.1933.1

CA992810

ethylene responsive element binding protein
2
7-deoxyloganetic acid glucosyltransferase

2.12

M

0.019

Gra.2722.2

CO085482

cytochrome P450

2.08

Redox

0.037

Ghi.3072.1

DT527412

unknown

2.06

-

0.007

Ghi.2060.1

DT049026

36.4 kDa proline-rich protein

2.06

G

0.018

GhiAffx.4153.1

DW224618.1

polygalacturonase

2.06

G

0.046

Gra.3004.2

CO086920

expansin A15

2.04

G

0.049

Table 3.6. Down-regulated genes in salt stressed cotton seedling roots inoculated with
Bacillus amyloliquefaciens.
Probe Set ID

Description

GhiAffx.46297.1

Accession
No.
AI054544

G

0.038

Ghi.3468.1

DT465471

cucumisin

-6.26

M

0.007

Ghi.6465.2

CD485906

expansin-like B1

-5.98

G

0.034

Gra.2963.1

CO103741

UDP-glycosyltransferase 73C6

-4.4

M

0.045

Ghi.5751.1

DT046426

histidine-rich glycoprotein

-4.22

G

0.014

GhiAffx.7921.1

DW517203.1

unknown

-3.43

-

0.032

GhiAffx.45274.1

DW241839.1

mitoferrin-like

-3.43

T

0.040

GhiAffx.40824.1

DW499731.1

zinc finger protein ZAT11

-3.31

TF

0.017

GhiAffx.23888.1

DW508393.1

metacaspase-3

-3.3

D

0.049

GarAffx.29310.2

BE054959

alcohol dehydrogenase

Redox

0.029

GhiAffx.24344.1

DW510728.1

ST

0.016

Gra.2743.1

CO091320

LRR receptor-like serine/threonine-protein kinase
GSO2
cytochrome P450 86B1

-2.89

Redox

0.033

Ghi.3600.1

DT463857

FAD-dependent urate hydroxylase

-2.83

Redox

0.041

Ghi.2239.1

DR459719

lupeol synthase

-2.82

G

0.023

Ghi.9768.1

DN760794

granule-bound starch synthase 1

-2.78

M

0.032

Ghi.8451.1

CO496935

unknown

-2.75

-

0.026

expansin-like B1

Fold-Change
(linear)
-6.56

-3.23
-3.1

Category

p-value
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Ghi.1752.1

DT463475

unknown

-2.63

-

0.018

GhiAffx.25398.1

DW516152.1

auxin response factor 5

-2.62

TF

0.028

Ghi.6718.1

CA993519

peroxidase 11

-2.59

Redox

0.026

GhiAffx.22987.1

DW503573.1

unknown

-2.57

-

0.008

Ghi.9843.1

AI728365

3-ketoacyl-CoA synthase 11

-2.44

M

0.030

GhiAffx.1119.2

DW225844.1

DNA-directed RNA polymerase subunit alpha

-2.43

Mol

0.038

GhiAffx.29821.1

DW520191.1

ECERIFERUM 1

-2.34

G

0.018

Ghi.7225.1

DR462056

mitochondria

-2.28

M

0.038

Ghi.1660.1

DN760124

unknown

-2.24

-

0.030

GhiAffx.18012.1

DW482227.1

mitochondria

-2.23

M

0.009

GhiAffx.1557.2

DT460784

mitochondria

-2.16

M

0.046

GhiAffx.54078.1

DW230253.1

mitochondria

-2.13

M

0.002

Gra.3054.1

CO116519

FAD-dependent urate hydroxylase

-2.11

Redox

0.043

Ghi.1760.1

DN758667

unknown

-

0.012

Ghi.9241.4

CO491852

5'-adenylylsulfate reductase 2

-2.09

Redox

0.036

Ghi.3425.2

DT466037

GEM-like protein 5

-2.01

H

0.009

-2.1

3.3.8 Gene ontology and enriched pathways in non-stressed cotton seedling roots
Gene ontology and enriched pathways were determined using SEA in agriGO.
Twenty four significantly enriched pathways (p˂0.05) were identified through SEA
analysis in inoculated cotton seedlings in non-stressed conditions. The three most
enriched pathways are related to nitrogen assimilation and metabolism (Table 3.7). Other
nitrogen-related pathways that were enriched included asparagine metabolic process,
oxidoreductase activity that acts on other nitrogenous compounds as donors, and
ferredoxin-nitrite reductase activity (Table 3.7). The up-regulation of genes related to
nitrogen related biological processes is also illustrated in Figure 3.8 and Figure 3.9. In
addition to pathways related to nitrogen assimilation and metabolism, various pathways
that were enriched were related to microtubule-based movement, vesicles, and
microtubules in the cytoskeleton (Table 3.7). The up-regulation of genes related to
cellular components is illustrated in Figure 3.10. Additional enriched pathways were
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identified to be involved in molecular functions (Figure 3.11). Genes involved in heme
binding, copper ion binding, and tetrapyrrole binding pathways were also determined to
be up-regulated using SEA (Table 3.7). In addition, genes encoding for UTPuridylyltransferases and FAD binding processes were enriched (Table 3.7, Figure 3.11).
The gene ontology flash bar chart generated using SEA in agriGO illustrated that
there was a greater percentage of expressed genes related to numerous processes
compared to background data including: cellular component organization, immune
system processes, growth, cellular component biogenesis, biological regulation, death,
cellular processes, metabolic processes, establishment of localization, localization,
response to stimulus, organelles, macromolecular complex, cell parts, cells, extracellular
regions, structural molecule activity, transporter activity, antioxidant activity, catalytic
activity, electron carrier activity and binding activity (Figure 3.12).

Table 3.7. Enriched pathways in inoculated cotton seedling roots in non-stressed
conditions identified using SEA in agriGO.
GO term

Description

p-value

FDR

GO:0042126

nitrate metabolic process

2.10E-05

0.003

GO:0042128

nitrate assimilation

2.10E-05

0.003

GO:0034641

cellular nitrogen compound metabolic process

1.40E-05

0.003

GO:0006528

asparagine metabolic process

0.00023

0.025

GO:0007018

microtubule-based movement
oxidoreductase activity, acting on other nitrogenous
compounds as donors
copper ion binding

0.00037

0.031

3.00E-05

0.006

0.00026

0.013

ferredoxin-nitrite reductase activity
oxidoreductase activity, acting on other nitrogenous
compounds as donors, iron-sulfur protein as acceptor
oxidoreductase activity

0.00024

0.013

0.00024

0.013

0.00067

0.026

GO:0016661
GO:0005507
GO:0048307
GO:0016664
GO:0016491
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GO:0050660

FAD binding

0.00078

0.026

GO:0070569

uridylyltransferase activity

0.0018

0.036

GO:0020037

heme binding

0.0013

0.036

GO:0051748

UTP-monosaccharide-1-phosphate uridylyltransferase activity

0.0018

0.036

GO:0003983

UTP:glucose-1-phosphate uridylyltransferase activity

0.0014

0.036

GO:0046906

tetrapyrrole binding

0.0026

0.047

GO:0005576

extracellular region

2.20E-05

0.0024

GO:0016023

cytoplasmic membrane-bounded vesicle

0.00016

0.0037

GO:0031982

vesicle

0.00017

0.0037

GO:0031988

membrane-bounded vesicle

0.00016

0.0037

GO:0031410

cytoplasmic vesicle

0.00017

0.0037

GO:0031225

anchored to membrane

0.00037

0.0069

GO:0015630

microtubule cytoskeleton

0.0022

0.034

GO:0005874

microtubule

0.0026

0.036

Figure 3.8. DEGs identified to be involved in the nitrogen assimilation pathway in cotton
seedling roots inoculated with B. amyloliquefaciens. Up-regulated genes encode for
proteins in green and down-regulated genes encode for proteins indicated in red.
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Figure 3.9. Enriched biological pathways identified using SEA in inoculated cotton
seedling roots in non-stressed conditions.
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Figure 3.10. Enriched cellular pathways identified using SEA in cotton seedling roots in
non-stressed conditions.
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Figure 3.11. Enriched molecular pathways identified using SEA in inoculated cotton
seedling roots in non-stressed conditions.
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Figure 3.12. Gene ontology flash bar chart of enriched significant terms using SEA
within the biological, cellular, and molecular categories of genes in inoculated nonstressed cotton seedling roots.

3.4.9 Gene ontology and enriched pathways in salt stressed cotton seedling roots
Three significantly enriched pathways were identified using SEA analysis in
inoculated and salt stressed cotton seedling roots. These pathways were involved in lipid
localization, copper ion binding, and laccase activity (Table 3.8). Gene ontology analysis
placed lipid localization under the category of biological processes (Figure 3.13) while
both laccase and copper ion binding were categorized under molecular function (Figure
3.14). The gene ontology bar chart for DEGs in salt stressed seedling roots illustrated that
there was a greater percentage of expressed genes related to processes including
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extracellular region, transcription regulator activity, enzyme regulator activity, electron
carrier activity, and reservoir activity (Figure 3.15).

Table 3.8. Enriched pathways identified using SEA in inoculated cotton seedling roots in
saline conditions
GO term

Description

p-value

FDR

GO:0010876

lipid localization

1.80E-06

0.0003

GO:0005507

copper ion binding

0.00018

0.014

GO:0008471

laccase activity

0.00046

0.017

Figure 3.13. Enriched biological pathways identified using SEA in inoculated cotton
seedling roots in saline conditions.
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Figure 3.14. Enriched molecular pathways identified using SEA in inoculated cotton
seedling roots in non-saline conditions.
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Figure 3.15. Gene ontology flash bar chart of enriched significant terms using SEA
within the biological and molecular categories in inoculated and salt stressed cotton
seedling roots.

3.4.10 MapMan functional analysis and pathway mapping
MapMan was used to illustrate the pathways and functions of DEGs in nonstressed and salt stressed cotton seedling roots inoculated with Bacillus amyloliquefaciens
strain. An overview of DEGs involved in metabolism showed that non-stressed seedling
roots had up-regulated nitrate metabolism and assimilation genes. In addition, a nitrogen
metabolism pathway analysis demonstrated that various genes were involved in nitrogen
assimilation (Figure 3.17). MapMan analysis also demonstrated that genes related to cell
walls, lipid and amino acid metabolism, and the oxidative pentose phosphate pathway
were up-regulated in non-stressed cotton seedlings inoculated with B. amyloliquefaciens
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(Figure 3.16). Some of the down-regulated genes in inoculated and non-stressed cotton
seedlings were related to light reactions, nitrogen degradation, and carbohydrate
metabolism (Figure 3.16). MapMan was also used to generate a visual summary of
metabolism-related genes that were differentially expressed in salt stressed and
inoculated cotton seedling roots (Figure 3.18). Gene transcripts related to cell walls,
phenylpropanoids and phenolics, and lipids were up-regulated in inoculated and salt
stressed cotton seedling roots. Some down-regulated transcripts in the metabolism
category were related to the light reactions, electron transport, and wax synthesis.
MapMan was also used to summarize and illustrate DEGs involved in biotic stress
pathways in inoculated cotton seedling roots in non-stressed and salt stressed conditions.
A visual summary of gene transcripts involved in biotic stress-related pathways showed
that inoculating non-stressed cotton seedling roots with Bacillus amyloliquefaciens led to
the differential expression of numerous genes. Various DEGs were related to hormonal
signaling, redox state and antioxidants, signaling, transcription factors, cell walls,
proteolysis, and heat shock proteins (Figure 3.19). In addition, inoculating non-stressed
cotton seedling roots with B. amyloliquefaciens led to the up-regulation of various genes
related to abiotic stress. Some of the up-regulated transcripts related to biotic stress
pathways were involved in auxin and ethylene pathways indicating that hormonal
pathways were up-regulated in non-stressed inoculated seedlings. Inoculated seedling
roots under salt stressed conditions also had differential expression of genes related to
biotic stress pathways. Transcripts encoding for genes related to cell walls,
betaglucanases, transcription factors, secondary metabolites, and signaling (Figure 3.20).
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Regulatory processes were also summarized and visualized using MapMan. Nonstressed cotton seedling roots inoculated with Bacillus amyloliquefaciens had DEGs
related to processes including transcription factors, protein modification, protein
degradation, hormones, receptor kinases, calcium regulation, and numerous redox genes
(Figure 3.21). Inoculated and salt stressed cotton seedlings also had a number of DEGs
involved in regulatory processes. DEGs were categorized under categories such as
transcription factors, protein modification and degradation, and calcium regulation
(Figure 3.22).
DEGs involved in sugar metabolism, specifically glycolysis and the TCA cycle,
were visualized using MapMan. Six transcripts were identified to be involved in these
pathways in non-stressed cotton seedling roots inoculated with Bacillus
amyloliquefaciens. The up-regulated genes were identified in MapMan as fructokinases,
glucose-1-phosphate uridylyltransferase, citrate lyase, and malate dehydrogenase (Figure
3.23). A down-regulated transcript was identified as an NADPH dehydrogenase. Salt
stressed cotton seedling roots inoculated with Bacillus amyloliquefaciens had 2 DEGs
related to glycolysis and the TCA cycle. These genes were identified in MapMan as
NADPH dehydrogenases.
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Figure 3.16. MapMan overview of DEGs related to metabolic pathways in non-stressed
and inoculated cotton seedling roots.
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Figure 3.17. MapMan visualization of nitrogen metabolism-related DEGs in inoculated
cotton seedling roots in non-stressed conditions.
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Figure 3.18. MapMan overview of DEGs related to metabolic pathways in salt stressed
and inoculated cotton seedling roots.
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Endophyte Inoculation

Figure 3.19. MapMan summary of DEGs related to biotic stress pathways in non-stressed
cotton seedling roots inoculated with Bacillus amyloliquefaciens.
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Endophyte Inoculation

Figure 3.20. MapMan summary of DEGs related to biotic stress pathways in salt stressed
cotton seedling roots inoculated with Bacillus amyloliquefaciens.
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Figure 3.21. MapMan overview of DEGs related to regulatory processes in non-stressed
cotton seedling roots inoculated with Bacillus amyloliquefaciens.
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Figure 3.22. MapMan overview of DEGs related to regulatory processes in salt stressed
cotton seedling roots inoculated with Bacillus amyloliquefaciens.
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Figure 3.23. MapMan visual summary of DEGs related to glycolysis and the citric acid
cycle in inoculated and non-stressed cotton seedling roots inoculated with Bacillus
amyloliquefaciens.
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3.4.11 qRT-PCR analysis and comparison to microarray results
Reverse transcriptase quantitative PCR analysis of RNA extractions from nonstressed cotton seedling roots showed that various genes were up-regulated. Five genes
that were identified to be up-regulated using GeneChip microarrays were also determined
to be up-regulated using qRT-PCR (Table 3.9). The genes for peroxidase, PR1, expansin
A, nitrate transporter, and nitrate reductase were up-regulated in non-stressed and
inoculated cotton seedling roots.

Table 3.9. Changes in gene expression detected using microarrays and qRT-PCR of RNA
extracted from non-stressed cotton seedling roots inoculated with Bacillus
amyloliquefaciens.
Gene (Microarray Probe)
Peroxidase
PR1
Expansin A
High affinity nitrate transporter
Nitrate reductase

Microarray Fold-Change
(log2)
6.73
2.99
2.7
2.51
7.54

qPCR Fold-Change
(log2)
2.62
3.52
1.41
4.3
3.8

3.4.12 Bacillus amyloliquefaciens alters ROS accumulation in cotton seedling roots
Inoculating non-stressed and salt stressed cotton seeds with Bacillus
amyloliquefaciens increased the accumulation of ROS in 14-day-old seedling roots
(Figure 3.24). Seedlings inoculated with the bacteria have darker staining throughout root
cortex cells compared to uninoculated seedlings. A greater difference in the intensity of
the staining was observed between uninoculated and inoculated salt stressed cotton
seedling roots (Figure 3.24C and 3.24D) compared to non-stressed seedlings.
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Figure 3.24. Cotton seedling root sections stained with DAB and viewed at 200x
magnification using a light microscope. A) Uninocculate and non-stressed cotton
seedling roots, B) Non-stressed cotton seedling roots inoculated with B.
amyloliquefaciens, C) Uninoculated and salt-stressed cotton seedling roots, D) Saltstressed cotton seedling roots inoculated with B. amyloliquefaciens.

3.4.13 Bacillus amyloliquefaciens enhanced lignin synthesis in cotton seedling roots
Staining cotton seedlings with phloroglucinol-HCl demonstrated that non-stressed
and salt stressed cotton seedlings inoculated with Bacillus amyloliquefaciens contained
more lignin than uninoculated cotton seedling roots (Figure 3.25). Staining was greatest
in areas where lateral roots emerge from primary roots and at root tips. Furthermore, a
greater difference was observed in the intensity of staining between uninoculated and
inoculated, salt stressed cotton seedling roots compared to the difference in staining
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observed between cotton seedlings grown in water. Upon observing lateral roots using a
light microscope, it was evident that lateral roots from inoculated seedlings where more
deeply stained with phloroglucinol-HCl than uninoculated control samples (Figure 3.26).

Figure 3.25. Cotton seedling roots stained with phloroglucinol-HCl. From left to right:
non-stressed and uninoculated seedling roots, non-stressed seedling roots inoculated with
Bacillus amyloliquefaciens, salt stressed and uninoculated seedling roots, salt stressed
seedling roots inoculated with Bacillus amyloliquefaciens.
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Figure 3.26. Lateral roots of 14 day old cotton seedlings stained with phloroglucinol-HCl.
A) Lateral root of a non-stressed and uninoculated seedling, B) Lateral root of a nonstressed seedling inoculated with Bacillus amyloliquefaciens, C) Lateral root of a salt
stressed and uninoculated cotton seedling, D) Lateral root of a salt stressed cotton
seedling inoculated with Bacillus amyloliquefaciens.

3.5 Discussion
3.5.1 Microarray results
Growth experiments demonstrated that Bacillus amyloliquefaciens enhanced
apical and lateral root growth in cotton seedlings in non-stressed and salt stressed
conditions (Irizarry and White 2017). A goal of the research presented in this chapter was
to identify DEGs in cotton seedling roots inoculated with B. amyloliquefaciens. Gene
expression of inoculated cotton seedling roots was studied using microarrays. The data
collected was used to identify possible pathways that were up-regulated as a result of
inoculating seedling roots with this growth promoting bacterial endophyte. The DEGs
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identified through microarrays provided insight into the changes in gene expression that
occurred in seedlings exhibiting growth promotion as a result of being inoculated with
the growth promoting bacteria. The following sub-sections will discuss differentially
expressed genes of interest and review previous research supporting the possible
involvement of these transcripts in plant growth promotion.

3.5.2 Auxin pathways
The most up-regulated gene in cotton seedling roots inoculated with B.
amyloliquefaciens in non-saline conditions encoded for a predicted WAT1-related protein
with a 14.75 fold increase in expression. The function of this WAT1-related protein itself
is unknown. However, the WAT1 gene encodes for a transmembrane protein that was
shown to be involved in growth and secondary cell wall development in Arabidopsis
thaliana (Ranocha et al 2010). Furthermore, WAT1 was determined to be involved in
auxin transport and homeostasis (Ranocha et al 2013). Thus, it is plausible that upregulating the expression of genes encoding for proteins related to WAT1 could influence
auxin homeostasis and/or transport and thus alter growth.
The up-regulation of transcripts encoding for the predicted protein indole-3-acetic
acid amido (IAA) synthetase GH3.1 suggests that inoculated cotton seedlings express
genes related to auxin homeostasis. The up-regulation of this gene could function to
control elevated levels of auxin by conjugating IAA to amino acids (Staswick et al 2005).
Aside from having a role in auxin homeostasis, IAA amido synthetases have also been
demonstrated to have a role in plant defense by increasing host resistance to pathogens
(Domingo et al 2009, Kazan and Manners 2009).
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Another up-regulated transcript related to the auxin pathway encoded for the
predicted protein IAA14 which was previously shown to be involved in auxin signaling
and lateral root formation in Arabidopsis (Fukaki et al 2005). The up-regulation of these
IAA-related transcripts suggest that inoculating cotton seedling roots with B.
amyloliquefaciens enhances the expression of certain genes in the auxin pathway which
could have an effect on root growth, lateral root development, and defense. These genes
were not shown to be up-regulated in inoculated cotton seedling roots in saline
conditions.
Previous research demonstrated that Bacillus amyloliquefaciens tested negative
for IAA synthesis upon repeated colorimetric assays using Salkowski reagent (Irizarry
and White 2017). It is possible that the bacteria are able to produce IAA in the soil and/or
when in contact with plant tissues and not in artificial media. In contrast, it is also
possible that the bacteria are completely unable to synthesize and export auxin into plant
tissues and that instead they enhance gene expression of these particular auxin-related
genes in their hosts. It is unknown whether Bacillus amyloliquefaciens produces auxin in
vivo. Future research could address this specific point and determine whether or not
Bacillus amyloliquefaciens is capable of providing hosts with additional auxin or if it just
alters host gene expression. A possible explanation could be found in previous research
which determined that rhizobacteria are capable of inducing genes related to auxin
homeostasis without directly providing auxin (Zhang et al 2007). Volatile organic
compounds (VOCs) produced by Bacillus subtilis promoted growth and induced the
expression of cell wall loosening enzymes and growth-related genes in Arabidopsis
thaliana (Zhang et al 2007). It is possible that the changes in root architecture observed in

100

inoculated cotton seedling roots are mediated by the effect of microbes on auxin
synthesis pathways (Sukumar et al 2012).

3.5.3 Ethylene pathways
Various transcripts that encoded for transcription factors related to ethylene
pathways were up-regulated in non-stressed and salt stressed cotton seedling roots
inoculated with Bacillus amyloliquefaciens. MapMan analysis visualized and
summarized these transcripts related to biotic stress pathways and regulatory processes
(Figure 3.19-3.22). Some up-regulated transcripts related to biotic stress pathways in
inoculated and non-stressed cotton seedling roots were related to ethylene responsive
transcription factors. For example, some of the up-regulated transcripts encoded for the
ethylene responsive transcription factor EREB1. This transcription factor was previously
demonstrated to activate pathogenesis-related genes involved in biotic stress pathways in
Gossypium barbadense (Meng et al 2010). Inoculating cotton seedlings with Bacillus
amyloliquefaciens led to an increased expression of these ethylene-related transcription
factors which could lead to greater protection of cotton seedlings from subsequent
infections by pathogens.

3.5.4 Cell division, growth, expansion, and lateral root development
Many of the up-regulated transcripts in inoculated seedling roots in both salt
stressed and non-stressed conditions were related to plant cell growth, elongation and cell
wall synthesis. The increased expression of some of these genes likely results in the
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loosening of cell walls and/or facilitating the elongation and division of cells in rapidly
growing cotton roots.
Genes encoding for the predicted proteins cellulose synthase and COBRA were
up-regulated in non-stressed cotton seedling roots inoculated with Bacillus
amyloliuefaciens. COBRA-like proteins are involved in plant cell growth and cellulose
synthesis (Roudier et al 2002, Dai et al 2011). In addition, genes encoding for predicted
extensins, expansins and fasciclin-like arabinogalactan proteins were up-regulated in
inoculated cotton seedlings. These proteins were previously involved in growth of
Arabidopsis cells supporting that the up-regulation of these genes in cotton seedlings
could be linked to enhanced root growth (Cassab et al 1998, Irshad et al 2008, Draeger et
al 2015). Extensins are glycoproteins and components of plant cell walls which were
named due to their role in cell extension and structure (Lamport et al 2011, Wilson and
Fry 1986). Expansins are proteins involved in the loosening and expansion of cell wall
components during division and were linked to root elongation in soybean (Cosgrove
1998, Lee et al 2003, Li et al 2003, Cosgrove 2005, Marowa et al 2016). Another growthrelated gene, fasciclin-like arabinogalactan, was also up-regulated in inoculated and nonstressed cotton seedling roots. Fasciclin-like arabinogalactan proteins are a widely
dispersed group of proteins that are predicted to be involved in cellular adhesion due to
their fasciclin domains (Johnson et al 2003). Pectinesterases, which were also upregulated, catalyze the de-esterification of polygalacturonans which are cell wall
components. These enzymes are involved in growth, cell adhesion, stem elongation, and
pollen tube growth (Wen et al 1999, Micheli 2001, Bosch et al 2005). Pectinesterase was
also previously linked to lateral root development in cucumber seedlings (Zhang et al
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2014). In addition to pectinesterase, another up-regulated growth-related transcript
encoded for the predicted enzyme pectate lyase. Pectate lyases are enzymes that break
down pectin and are produced by certain microbes (bacteria and fungi) and plants
(Marín-Rodríguez et al 2002). Plant pectate lyases are involved in fruit ripening (MarínRodríguez et al 2002, Payasi and Sanwal 2003). The pathogenic microbes Erwinia
carotovora and Erwinia chrysanthemi which cause soft-rot also produce the enzyme
pectate lyase which enhances their virulence (Keen et al 1984, Lei et al 1987, Boccara et
al 1988). The enzyme pectate lyase in a legume has been previously linked to the ability
of nodule-forming rhizobacteria to successfully penetrate and colonize roots (Xie et al
2012). It is unknown whether Bacillus amyloliquefaciens produces pectate lyase, but the
up-regulation of these genes in cotton seedling roots could be exploited by the bacterium
to further colonize and spread through cotton seedling tissues.
Some of the growth-related genes that were determined to be up-regulated in
inoculated cotton seedling roots in non-stressed and salt stressed conditions have been
previously identified as auxin-induced genes. The up-regulation of these growth related
genes may occur as a result of the altered expression of auxin-related genes. For example,
the enzyme pectate lyase was determined to be inducible by auxin in Zinnia elegans
(Domingo et al 1998). In addition, genes encoding for various expansins were shown to
be up-regulated by IAA treatment in rice (Ding et al 2008).
Some of these genes have been previously shown to be up-regulated in hosts after
inoculation with PGPB. For example, genes encoding for pectinesterases and
xyloglucanases were up-regulated upon inoculating Arabidopsis plants with
Pseudomonas fluorescens (Wang et al 2005). The up-regulation of these genes may be a
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common host response to growth promoting endophytes. Aside from promoting growth,
the up-regulation of cell wall loosening enzymes likely facilitates the systemic
endophytic colonization of Bacillus amyloliquefaciens in cotton seedlings.

3.5.5 Microtubule synthesis and movement
Genes encoding for predicted microtubule-related proteins were significantly upregulated in inoculated and non-stressed cotton seedling roots. SEA analysis
demonstrated that genes related to pathways involved in microtubule synthesis,
microtubule cytoskeleton, and microtubule based movement were up-regulated in
inoculated cotton seedlings (Table 3.7). Up-regulated transcripts in inoculated cotton
seedling roots in non-stressed conditions encoded for predicted proteins involved in
microtubule synthesis including tubulin beta-7, tubulin beta-2, tubulin alpha-3, and
tubulin beta-9. A transcript encoding for a tubulin beta-9 protein was also up-regulated in
salt stressed and inoculated cotton seedlings. Alpha and beta tubulin genes which encode
for microtubule components were characterized in Arabidopsis thaliana (Kopczak et al
1992, Snustad et al 1992). Various genes encoding for tubulins in cotton were linked to
the development of cotton fibers. A lintless cotton fiber mutant had decreased expression
of tubulin related genes (Bolton et al 2009). A possible connection between microtubules
and cellulose synthase, which was also up-regulated in non-stressed and inoculated cotton
seedling roots, was found in previous research. It was determined that cellulose synthase
had bidirectional movement along microtubules (Paredez et al 2006).
In addition to genes that encode for tubulin components, genes that encode for
proteins that facilitate the movement and arrangement of microtubules were also up-
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regulated in cotton seedling roots inoculated with Bacillus amyloliquefaciens. Three
transcripts that encode for kinesin-like proteins were up-regulated in non-stressed and
inoculated cotton seedling roots and two were up-regulated in inoculated salt stressed
roots. Kinesins are motor proteins that are involved in the movement of microtubules and
vesicles (Liu and Lee 2001). These proteins are involved in the deposition of cellulose
microfibrils along plant cell walls and therefore, have an effect on cellular division and
the strength of plant cell walls (Liu and Lee 2001, Zhong et al 2002). The gene
expression data gathered from inoculated cotton seedling roots in non-stressed and saltstressed conditions supported that host growth promotion elicited by Bacillus
amyloliquefaciens could be linked to the up-regulation of genes involved in microtubule
synthesis and transport in order to support rapid growth.

3.5.6 Nitrogen metabolism
Microarray results, SEA analysis, and MapMan pathways demonstrated that the
expression of genes related to nitrate uptake and assimilation were up-regulated in nonstressed cotton seedling roots inoculated with B. amyloliquefaciens. A previously
published review compiled and summarized research on nitrate uptake and enzymes
involved in assimilation (Crawford 1995). Nitrate assimilation is an energetically costly
process that is regulated by an elaborate network of pathways. Nitrate itself is a
regulatory signal for the nitrate assimilation pathway and also acts directly as a nutrient
by acting as a nitrogen source (Crawford 1995). Nitrate availability and assimilation may
be influenced by beneficial rhizobacteria and ultimately alter root architecture (Mantellin
and Touraine 2004). Up-regulated transcripts encoding for proteins involved in nitrate
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assimilation suggest that non-stressed cotton seedlings inoculated with B.
amyloliquefaciens could have an enhanced ability to import nitrate, transform nitrate to
nitrite, nitrite to ammonium, and to subsequently form glutamine. The predicted enzymes
asparagine synthetase and asparaginase were also up-regulated. Asparagine metabolism
has been shown to be involved in the storage and transport of nitrogen in plants
(Sieciechowicz et al 1988, Lam et al 1996, Lea et al 2006). In addition, the expression of
asparagine synthetase in pepper also correlated with resistance to microbial pathogens
(Hwang et al 2011). The enhanced expression of nitrogen assimilation genes could
ultimately contribute to enhanced root growth of cotton seedlings.
Genes for nitrate assimilation were not up-regulated in salt stressed cotton
seedling roots inoculated with bacteria. It is possible that nitrate assimilation is inhibited
or unfavorable in saline conditions. Research in barley seedlings demonstrated that NaCl
inhibited the uptake of nitrate (Aslam et al 1984). Therefore, the NaCl-induced Using
growth promoting and non-pathogenic bacteria to increase plants’ ability to uptake
nitrogenous compounds could ultimately decrease the need to apply nitrogenous
fertilizers.

3.5.7 Carbon metabolism
Various genes related to glycolysis and the citric acid cycle were up-regulated in
non-stressed and inoculated seedling roots (Figure 3.23). Genes encoding for enzymes
such as malate dehydrogenase, glucose-6-phosphate dehydrogenase, ATP-citrate
synthase, and fructokinase-6 were up-regulated in non-stressed cotton seedling roots
inoculated with B. amyloliquefaciens (Table 3.3). None of these genes were determined
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to be up-regulated in salt stressed and inoculated cotton seedling roots. The up-regulation
of genes involved in carbohydrate metabolism may support the demand of carbon
compounds used as backbones for nitrogen assimilation.
The gene encoding for the enzyme malate dehydrogenase was determined to be
up-regulated 3.4-fold in non-stressed cotton seedling roots inoculated with Bacillus
amyloliquefaciens (Table 3.3). Malate dehydrogenase catalyzes the reversible reaction
that facilitates the conversion of malate and oxaloacetate. Previous research demonstrated
that Bacillus subtilis was chemotactic towards malic acid in a capillary assay and also
facilitated the recruitment of these beneficial bacteria by Arabidopsis thaliana when
treated with the pathogen Pseudomonas syringae (Rudrappa et al 2008). Inoculating
Bacillus amyloliquefaciens into cotton seedling roots may increase the expression of
genes involved in the production of organic acids such as malic acid and could function
to attract beneficial chemotactic bacteria such as Bacillus spp. towards the seedling
rhizosphere.

3.5.8 Redox and antioxidant enzymes
Antioxidants and oxidoreductases were also up-regulated in inoculated cotton
seedling roots in non-stressed and salt stressed conditions. In non-stressed and inoculated
seedling roots, various genes transcripts encoding for the predicted enzymes peroxidase,
ascorbate oxidase, and monodehydroascorbate peroxidase were up-regulated. Enhanced
antioxidant production as a result of endophyte infections likely increases the host’s
tolerance to oxidative stress (White and Torres, 2010, Hamilton et al 2012). Numerous
studies have supported that beneficial bacterial and fungal endophytes have the ability to
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enhance the production of antioxidants and ameliorate salt stress in plants (Waller et al
2005, Baltruschat et al 2008, Karthikeyan et al 2012). Increased antioxidant production
has been previously linked to increased salt tolerance in cotton (Gossett et al 1994).
Increased expression of genes encoding for antioxidants likely increases the host’s
tolerance to ROS which was demonstrated to increase upon inoculation with B.
amyloliquefaciens (Figure 3.24)
Genes encoding for the predicted enzyme laccase were up-regulated in salt
stressed cotton seedling roots inoculated with B. amyloliquefaciens. Laccases are
oxidoreductase glycoproteins which are involved in the lignification of vascular tissue
(Wang et al 2008, Zhao et al 2013). The expression of a laccase encoding gene was also
up-regulated in response to salt stress in maize roots suggesting that laccase genes may be
involved in salt stress response pathways in plants (Liang et al 2006). Furthermore, the
staining of cotton seedling roots with phloroglucinol-HCl demonstrated that non-stressed
and salt stressed seedlings inoculated with B. amyloliquefaciens had more lignin than
noninoculated seedlings (Figure 3.25).

3.5.9 Defense-related transcripts
Various genes predicted to be involved in defense pathways were up-regulated in
inoculated cotton seedling roots. The gene encoding for a predicted defensin-like protein
was up-regulated in non-stressed and inoculated cotton seedling roots. Defensins are a
group of proteins that were demonstrated to have antifungal activity against a broad range
of fungi (Thomma et al 2002). Another up-regulated transcript encoded for a predicted
pathogenesis-related protein 1 (PR1) with a 2.99-fold increase in expression (Table 3.3).
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Previous research demonstrated that Bacillus subtilis and Bacillus cereus enhanced PR1
gene expression in maize, melon, pepper, and Arabidopsis thaliana (Gond et al 2015,
García-Gutiérrez et al 2013, Niu et al 2011, Yang et al 2009). Various Bacillus spp.
induce systemic resistance in plants (Kloepper et al 2004).
The second most down-regulated gene in non-stressed inoculated cotton seedling
roots encoded for a predicted metacaspase 9-like protein with a 43.67-fold decrease in
expression. Metacaspase 9 has been previously linked with defense and cell-death in
plants (Kim et al 2013). Suppressing the expression of metacaspase 9 could lead to
enhanced disease resistance and reduced cell death (Kim et al 2013). Metacaspase 3 was
determined to be down-regulated in inoculated cotton seedling roots in salt stress
conditions. It is plausible that the down-regulation of this gene in cotton seedling roots
facilitates the endophytic and non-pathogenic behavior of B. amyloliquefaciens by
preventing cell death symptoms in cotton seedling roots.

3.5.10 Transcription factors
Various gene transcripts encoding for transcription factors were differentially
expressed in non-stressed and salt stressed cotton seedling roots inoculated with Bacillus
amyloliquefaciens. Transcription factors related to biotic stress pathways were
summarized in Figures 3.19 and 3.20. It was determined that genes encoding for ERF
transcription factors were up-regulated in inoculated and non-stressed seedlings (Table
3.3). In contrast, the WRKY transcription factors WRKY70, WRKY75, and WRKY40
related to biotic stress pathways were down-regulated in inoculated cotton seedling roots
in non-stressed conditions (Figure 3.19). The transcription factor WRKY70 has been
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previously shown to be involved in host defense signaling pathways (Li et al 2006).
Furthermore, WRKY70 was had various effects in bacterial, fungal, biotic, and
necrotrophic pathogens in Arabidopsis thaliana. Plants over-expressing WRKY70 in
Arabidopsis had increased susceptibility to Alternaria brassicicola (Li et al 2006). The
transcription factor WRKY40 has also been shown to be a transcriptional repressor to
defense pathways in Arabidopsis and have a key role in ABA signaling (Xu et al 2006,
Chen et al 2010, Liu et al 2012). It is plausible that inoculating cotton seedlings with
Bacillus amyloliquefaciens in non-stressed conditions leads to the down-regulation of the
expression of WRKY transcription factors in cotton seedling roots and thus could have an
effect on the ability of cotton seedlings to resist certain pathogens while becoming more
susceptible to other types of infections.
The regulation overview visual summaries generated in MapMan also
demonstrated that transcripts encoding for transcription factors were differentially
expressed in inoculated seedling roots in non-stressed and salt stressed conditions
(Figures 3.21-3.22). In addition to the transcripts encoding for WRKY and ERF, there
were other transcripts which encoded for transcription factors with possible defenserelated functions including two down-regulated transcripts which encoded for LOL1
which are positive regulators of programmed cell death in plants and thus, are involved in
the hypersensitive response (Epple et al 2003). Furthermore, BLAST results showed that
transcripts encoding for ZAT10 and ZAT11, two zinc-finger proteins, were downregulated in inoculated cottons seedling roots in non-stressed conditions (Table 3.4).
Each of these transcription factors has been demonstrated to have dual functions (Mittler
et al 2007, Liu et al 2014). The over or under expression of ZAT10 had the similar effect
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of increased resistance to osmotic and salt stress and could thus act as an activator or a
repressor of plant defense mechanisms (Mittler et al 2007). In addition, the ZAT11
protein both regulates primary root growth and nickel uptake in Arabidopsis (Liu et al
2014).

3.5.11 Comparison of differential gene expression between non-stressed and salt
stressed inoculated cotton seedling roots
Differences were observed between the differentially expressed genes identified
in non-stressed and salt stressed inoculated cotton seedling roots. For example, genes
encoding for proteins involved in nitrate assimilation were up-regulated in non-stressed
seedling roots but were not up-regulated in salt stressed seedling roots. In addition to
genes involved in nitrate assimilation, non-stressed cotton seedling roots had upregulated genes related to flavonoid synthesis, oxidative pentose phosphate pathway,
amino acid catabolism, and nucleotide synthesis. Instead, inoculated and salt stressed
cotton seedling roots had up-regulated genes involved in the phenylpropanoid and
phenolic synthesis pathways (Figure 3.18). In addition, salt stressed and inoculated
seedling roots had up-regulated expression of genes encoding for laccase and
polygalacturonase while differential gene expression of these transcripts was not
observed in non-stressed cotton seedling roots.
Similarities were also observed between the differentially expressed genes
identified in non-stressed and salt stressed inoculated cotton seedling roots. Inoculated
roots grown in both conditions had enhanced expression of genes related to cell wall
processes including the cell wall loosening enzymes expansin, pectinesterase, and
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fasciclin-like arabinogalactan. In addition, the growth and microtubule related genes
encoding for tubulins and kinesins were also up-regulated in inoculated roots growing in
both conditions. Another similarity between both systems was that genes related to
calcium regulation were up-regulated in inoculated cotton seedling roots in both nonstressed and salt stressed conditions (Figures 3.21-3.22). MapMan data showed that in
non-stressed roots, genes encoding for calmodulin and calreticulin were up-regulated
(Figure 3.21). In salt-stressed conditions, a different transcript encoding for a predicted
calmodulin was up-regulated. Calmodulins are regulatory proteins that are involved in
signal transduction of various processes (Snedden and Fromm 1998). Previous research
demonstrated that endophytes such as Piriformospora indica and Pseudomonas
fluorescens induced calmodulin-like genes in Arabidopsis and olive roots, respectively
(Vadassery et al 2009, Gómez-Lama Cabanás et al 2014).

3.5.12 Comparison of differential gene expression in cotton seedling roots inoculated
with Bacillus amyloliquefaciens compared to other systems
A brief literature review was conducted in the efforts to compare the microarray
results obtained and presented in this chapter to those obtained previously in other plantPGPB systems. Similar genes were up-regulated in cotton seedling roots inoculated with
Bacillus amyloliquefaciens compared to genes that were up-regulated in other hosts
inoculated with beneficial microorganisms (both bacteria and fungi). For example, a
study on the transcriptome of Medicago truncatula root hairs inoculated with the
beneficial nitrogen fixing bacterium Sinorhizobium meliloti demonstrated that transcripts
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encoding for blue copper binding proteins, peroxidases, and isoflavone reductase were
up-regulated (Breakspear et al 2014).
Research investigating the gene expression of Arabidopsis inoculated with
Bacillus subtilis determined that volatile organic compounds (VOCs) could elicit the
differential expression of host genes (Zhang et al 2007). Some of the transcripts that were
found to be up-regulated in Arabidopsis thaliana as a result of being treated with B.
subtilis VOCs were also found to be up-regulated in cotton seedling roots upon direct
inoculation with B. amyloliquefaciens. For example, cell wall related transcripts
including those encoding for expansins, pectate lyase, pectinesterase, extensin, and
xyloglucans were up-regulated in Arabidopsis thaliana treated with VOCs produced by
Bacillus subtilis and cotton seedling roots inoculated with Bacillus amyloliquefaciens.
Arabidopsis thaliana roots that were directly inoculated with Bacillus subtilis also had
differentially expressed genes compared to uninoculated plants (Lakshmanan et al 2013).
Some of the genes that were differentially expressed in A. thaliana roots inoculated with
B. subtilis were up-regulated in cotton seedling roots inoculated with Bacillus
amyloliquefaciens. For example, transcripts encoding for cell wall-related proteins
including pectinesterase and extensin were down-regulated in Arabidopsis roots
inoculated with B. subtilis (Lakshmanan et al 2013) yet they were shown to be upregulated in cotton seedling roots. One possible explanation for this difference in
up/down-regulation of cell wall related genes between both systems may be due to the
difference in the amount of time in which the host gene expression was studied after
being inoculated with the bacteria. The experiment by Lakshmanan et al. (2013) was
carried out 24 hours upon inoculating plants with bacteria while the present microarray
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study on inoculated cotton seedlings was done after 10 days of inoculating seedlings with
B. amyloliquefaciens.
In another study, researchers determined that inoculating Arabidopsis thaliana
seeds with Bacillus megaterium led to the differential expression of genes related to
growth and development (Vibhuti et al 2016). Genes related to nutrient uptake were
demonstrated to be up-regulated in Arabidopsis thaliana inoculated with B. megaterium.
Transcripts encoding for nitrite reductase, ammonium transporters, and sulfate uptake
were up-regulated in inoculated Arabidopsis plants (Vibhuti et al 2016). The upregulation of genes related to nitrogen assimilation was also observed in cotton seedling
roots inoculated with Bacillus amyloliquefaciens. The similarity between the
differentially expressed genes identified in the inoculated cotton seedling roots compared
to other hosts inoculated with PGPB suggests that the growth promotion elicited certain
bacteria may be partially due to common genetic mechanisms.

3.6 Limitations and future directions
The research presented in this chapter has various limitations to be addressed in
future research. The few amount of biological replicates used in the microarray
experiments could have a significant effect on the data obtained and thus the statistical
analysis. The cost of the microarray experiments limited the number of biological
replicates that were feasible to include. Future research could include repeating these
experiments and including additional biological replicates. Moreover, it would be
beneficial to study differences in gene expression of inoculated cotton seedling shoots as
well.
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Only two DEGs were identified when comparing the expression of cotton
seedling roots grown in water and roots grown in 150mM NaCl (both control samples
without bacteria). It is possible that 150mM NaCl is not sufficient to cause major changes
in gene expression in cotton roots compared to those grown in water without any salt. In
addition, it is also possible that gene expression might differ between roots treated with
150mM NaCl and those treated with water at a different time in development. For
example, in Chapter 2, experiments demonstrated that cotton seeds sown in soil treated
with 150mM NaCl had reduced germination and expanded cotyledons later than seeds
sown in soil treated with water indicating that the salt treatment did affect development.
Future research could address these points by studying gene expression at different points
in the development of cotton seedlings to gain greater insight into changes in gene
expression through time.
The research and data presented in this chapter focuses specifically on differences
in gene expression. Therefore, one limitation of these studies was not researching the
proteome of inoculated seedling roots in both non-stressed and salt stressed conditions.
Even though a specific set of genes may be differentially expressed in inoculated cotton
seedling roots, the research presented here does not confirm that the proteins the
transcripts encode for are actually functional. The categories and predicted functions of
DEGs discussed in this chapter must be further investigated through additional research
to confirm whether the differential expression of particular genes actually leads to the
functional benefit suggested by the gene expression data. Future research could involve
further investigating the changes in gene expression and the changes in protein synthesis
that occur when cotton seedling roots are inoculated with Bacillus amyloliquefaciens. In
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addition, future research could test the hypothesis that the increased expression of genes
related to nitrogen assimilation pathways correlates with increased nitrogen uptake and
assimilation in within plant tissues by measuring nitrogen quantities in plant tissues.

3.7 Conclusion
Acid delinted cotton seeds have disturbed seed microbiomes and could benefit
from the application of beneficial bacteria. This study demonstrates that bacteria from
wild, non-cultivated relatives of cotton altered gene expression of cotton seedling roots.
The differential expression of genes involved in various functions including nitrogen
assimilation, antioxidants, cell division and growth, defense, transcription factors, and
transporters supports that the growth promotional effect of beneficial bacterial
endophytes could be partially due to a complex genetic response by the host. This
research demonstrated that hundreds of genes were differentially expressed in seedling
roots inoculated with the plant growth promoting bacterium Bacillus amyloliquefaciens.
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Chapter 4: Defensive properties of endophytic Bacillus spp. and the effects of their
lipopeptides on fungi

4.1 Defensive properties of endophytic Bacillus spp.
Some bacterial endophytes have the ability of protecting their hosts against
pathogens. Disease suppression can be mediated by a variety of mechanisms including
the production of enzymes that affect pathogens, suppression or inhibition of pathogen
virulence factors, the synthesis of antimicrobial compounds, and the induction of
systemic resistance in their hosts (Compant et al 2005). The induction of systemic
resistance by some of these beneficial microbes is thought to be mediated by the host’s
response to microbe-associated molecular patterns (MAMPs) (Van Wees et al 2008).
Certain plant-dwelling Bacillus spp. have been previously identified as potential
biocontrol agents that induce systemic resistance in plants (Kloepper et al 2004, Ongena
and Jacques 2008, Choudhary and Johri 2009). One way Bacillus spp. improve host
disease resistance is by up-regulating the expression of pathogenesis-related (PR1) and
defensin-related (PDF) genes in their hosts. For example, treating maize with Bacillus
subtilis induced the expression of both PR1 and PR4 genes (Gond et al 2015). In
addition, studies in Arabidopsis thaliana and tomato determined that Bacillus cereus
AR156 induced genes in the PR family and protected plants against the bacterial
pathogen Pseudomonas syringae (Niu et al 2011, Niu et al 2012). Furthermore, the
expression of both PR1 and PDF genes was up-regulated in lettuce plants inoculated with
Bacillus amyloliquefaciens FZB42 (Chowdhury et al 2015). The up-regulation of these
defense-related genes primes hosts to better resist infections from pathogens (Conrath et
al 2006, Yang et al 2009).
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Many Bacillus spp. produce antimicrobial lipopeptides which themselves induce
systemic resistance in hosts such as bean, tomato, and tobacco (Ongena et al 2007,
Jourdan et al 2009). Lipopeptides produced by Bacillus spp. are compounds that have a
great potential to benefit agriculture (Ongena and Jacques 2008, Pérez-García et al 2011).
The following sections of this chapter will review research on bacterial lipopeptides and
their protective and antifungal properties.

4.2 Antifungal lipopeptides produced by plant-associated bacteria
Certain plant associated bacteria are able to synthesize antifungal lipopeptides.
Previous researchers have reviewed the production of lipopeptides by various bacteria
including Pseudmonas spp., Bacillus spp., and Paenibacillus spp. (Raaijmakers et al
2006, Ongena and Jacques 2008, Raaijmakers et al 2010, Cochrane and Vederas 2016).
Other bacteria have also been documented to produce antimicrobial lipopeptides as well.
For example, bacteria such as Citrobacter and Enterobacter have also been demonstrated
to produce lipopeptides (Mandal et al 2013).
The most common lipopeptides obtained from Bacillus spp., and thus the most
relevant to the research in this dissertation are surfactin, iturin, and fengycin (Ongena and
Jacques 2008). These three lipopeptides are composed of a cyclic peptide ring linked to a
fatty acid chain (Ongena and Jacques 2008). Research articles on lipopeptides and
Bacillus spp. have increased substantially in the year 2000s (Figure 4.1). Numerous
research articles were published since 2016 describing plant-dwelling bacteria capable of
synthesizing lipopeptides with antimicrobial properties (Table 4.1).
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Figure 4.1. Number of searchable publications in PubMed containing the words Bacillus
and lipopeptides yearly from 1947-2016.

Table 4.1. Summary of recent literature on the bacterial synthesis of lipopeptides with
antimicrobial properties.
Species

Source

Bacillus
methylotrophicus 39b
Bacillus sp.
KCB14S006

soil, Tunisia

Bacillus
amyloliquefaciens
PG12
Bacillus
methylotrophicus
TEB1
Bacillus subtilis
MJMP2

healthy apple
fruits

iturin A, fengycin

citrus leaves

kimchi in Korea

saltern in
Incheon, Korea

Lipopeptides
Detected
surfactins, iturins,
fengycins
iturin F1, iturin F2,
iturin A9, iturin A8

Species Inhibited

Reference

Agrobacterium
tumefaciens C58 and B6
Aspergillus flavus,
Neurospora crassa,
Candida albicans,
Candida tropicalis,
Fusarium oxysporum,
Alternaria brassicicola,
Penicillium griseofulvum
Botryosphaeria dothidea

Frikha-Gargouri
et al 2016
Son et al 2016

surfactins, iturins,
fengycins

Phoma tracheiphila

Kalai-Grami et al
2016

iturin A

Xanthomonas oryzae pv.
oryzae

Cheng et al 2016

Chen et al 2016a
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Bacillus subtilis B1

compost

Pseudomonas
protegens

rhizosphere of
various hosts

Bacillus subtilis Y-IVI

muskmellon
rhizosphere

Bacillus subtilis subsp.
subtilis PGPMori7,
Bacillus
amyloliquefaciens
PGPBacCA1
Bacillus
amyloliquefaciens
CEIZ-11

honey sample, air
sample

surfactin, iturin,
fengycin

compost

iturin A, fengycin
A, surfactin

Bacillus
amyloliquefaciens
BLB369, Bacillus
subtilis BLB277,
Paenibacillus
polymyxa BLB267
Bacillus subtilis

soil

Bacillus sp. LM7

Korean soybean
fermented food
Chungkookjang

iturin and
surfactin,
surfactin and
fengycin,
fusaricidin and
polymyxin
fengycin,
surfactin
bacillomycin D,
surfactin

Bacillus sp.

collection of
microbes

fengycin

Bacillus subtilis SPB1

soil

Bacillus mojavensis
RRC101
Bacillus vallismortis
R2
Bacillus sp. FJAT14262

maize kernel

surfactin, iturin,
fengycin
surfactin and
fengycin
surfactin, iturin,
fengycin
surfactin

Bacillus
amyloliquefaciens
SYBC H47

Ulva lactuca

wheat
rhizosphere
Anoectochilus
roxburghii
rhizosphere
faw honey

iturin C,
surfactin,
bacillomycin D,
fengycin A and
fengycin B
orfamid A,
orfamid B,
orfamid F,
orfamid G
iturin A, fencyin

bacillomycin L,
fengycin,
surfactin

Lasiodiplodia theobromae

Sajitha et al 2016

Magnaporthe oryzae,
Rhizoctonia solani,
Phytophthora, Pythium

Ma et al 2016

Fusarium oxysporum f.sp.
melonis, Fusarium
oxysporum f.sp. niveum,
Fusarium oxysporum f.sp.
vasinfectum, Fusarium
oxysporum f.sp.
cucumerinum, Fusarium
oxysporum f.sp. cubense,
Rhizoctonia solani,
Verticililum dahliae,
Phytophthora capsici,
Phytophthora parasitica
var nicotianae
Macrophomina
phaseolina

Zhao et al 2016

Botrytis cinerea,
Aspergillus niger,
Fusarium oxysporum,
Alternaria alternate,
Pythium aphanidermatum
Fusarium graminearum

Zouari et al 2016

Vigna radiata, Oryza
sativa
Many Gram + and Gram –
bacteria, Aspergillus
clavatus, Aspergillus
nidulans, Fusarium
moniliforme,
Saccharomyces cerevisiae
Fusarium culmorum,
Fusarium lactis, Fusarium
solani, Alternaria alternat
Rhizoctonia solani,
Rhizoctonia bataticola
Fusarium verticillioides

Nair et al 2016

Alternaria alternata

Kaur et al 2016

Fusarium oxysporum

Chen et al 2016b

Botrytis dothidea,
Aspergillus niger, Mucor
racemosus, Fusarium

Li et al 2016

Torres et al 2016

Zalila-Kolsi et al
2016

Lee et al 2016

Grabova et al
2016
Mnif et al 2016
Blacutt et al 2016
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Bacillus subtilis R1

Kutch desert

Bacillus subtilis
UTBSP1
Bacillus
amyloliquefaciens
PGPBBacCA1
Brevibacillus
laterosporus

pistachio nuts
air sample

culture collection

surfactin,
fengycin
surfactin,
fengycin
surfactin, iturin,
fengycin
brevibacillin

oxysporum, Penicillium
citrinum, Candida
albicans
Rhizoctonia bataticola,
Fusarium oxysporum
Aspergillus flavus
Sclerotinia sclerotiorum,
Fusarium solani
Staphylococcus aureus

Jha et al 2016
Farzaneh et al
2016
Torres et al 2017

Yang et al 2017

4.2.1 Characteristics and functions of surfactins
Surfactins produced by bacilli and other lipopeptide-producing bacteria are
emulsifying agents that have the capacity to adhere to lipid bilayers (Heerklotz and
Seeling 2001). This characteristic provides surfactins with the ability to disrupt cellular
membranes (Ongena and Jacques 2008, Heerklotz and Seeling 2007). Aside from
targeting and disrupting membranes, surfactants have other functions in plant-microbe
interactions such as facilitating the bacteria’s movement, adhesion, biofilm development
and induction of host defense mechanisms (Raaijmakers et al 2010, López et al 2009).
Surfactins produced by Bacillus spp. have an important role in the ability of these
bacteria to swarm, attach to surfaces and form biofilms on plants (Bais et al 2004, Aleti et
al 2016). For example, Bacillus subtilis 6051 produced surfactin which was demonstrated
to be essential for biofilm formation on Arabidopsis root surfaces (Bais et al 2004).
In addition to facilitating the attachment of bacteria to their plant hosts, surfactins
also elicit defense responses in plants. Surfactin stimulated the production of extracellular
peroxide in tobacco and tomato cells (Cawoy et al 2014, Henry et al 2011, Jourdan et al
2009). Furthermore, surfactin was demonstrated to increase the activity of defense related
enzymes including phenylalanine ammonia lyase and enhance the synthesis of phenolics
in their hosts (Jourdan et al 2009). In addition to facilitating attachment, the production of
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surfactin was demonstrated to be necessary for protecting Arabidopsis plants against the
bacterial pathogen Pseudomonas syringae (Bais et al 2004). Previous studies have
demonstrated that surfactin is capable of inducing systemic resistance in plants (Ongena
et al 2007, Henry et al 2011).

4.2.2 Characteristics and functions of iturins
The iturin family of lipopeptides consists number of compounds including iturin
A and C, variants of bacillomycin, and mycosubtilisin (Ongena and Jacques 2008). Other
lipopeptides from the iturin family have also been described including mojavensin A
produced by Bacillus mojavensis, (Ma et al 2012). Iturin compounds have a peptide ring
connected to a fatty acid chain containing 14 to 17 carbon atoms (Ongena and Jacques
2008). The ability of compounds within the iturin family to disrupt biological membranes
has also been previously documented (Maget-Dana and Ptak 1994, Thimon et al 1995).
These compounds have been widely reported to be inhibit fungal growth and induce the
expression of defense-related genes in plants (Ongena and Jacques 2008, Han et al 2015,
Kawagoe et al 2015).
Iturins are wide spectrum antifungal compounds that affect multiple structures
and developmental stages of fungi. For example, iturin obtained from Bacillus
amyloliquefaciens strain 41B-1 inhibited hyphal growth, production of conidia, and
germination of conidia of the cotton pathogen Verticillium dahliae (Han et al 2015).
Furthermore, iturin induced ROS production, cell death, and alter gene expression in both
V. dahliae and its cotton host (Han et al 2015). The lipopeptide bacillomycin L altered
protein synthesis in Rhizoctonia solani including those involved in stress responses,
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metabolism, calcium homeostasis, protein degradation, and transcription (Zhang et al
2016).

4.2.3 Characteristics and functions of fengycins
Fengycins are a group of compounds of various forms named fengycin A,
fengycin B, and plipstatin (Vanittanakom et al 1986, Ongena and Jacques 2008). These
compounds have a peptide ring attached to a fatty acid chain containing 14 to 18 carbon
atoms and have strong antifungal activity (Ongena and Jacques 2008). Fengycin
compounds cause membrane leakage and have been identified as the main antifungal
agent in lipopeptide mixtures produced by Bacillus spp. (Deleu et al 2008, Ongena et al.
2005, Yánez-Mendizábal et al. 2012).
Fengycin inhibits fungal growth and has adverse effects on fungal cells.
Fengycin-containing lipopeptides from Bacillus subtilis fmbJ induced apoptosis at low
concentrations and induced necrosis at high concentrations in cells of Rhizopus stolonifer
(Tang et al 2014). Other effects of treating Rhizopus stolonifer with fengycins included
condensation of chromatin, increased ROS production, mitochondrial membrane
depolarization, and DNA fragmentation (Tang et al 2014). Different fungal species have
varying sensitivities to lipopeptides such as fengycins. After testing various fungal
species for their sensitivity to fengycin, researchers demonstrated that there is a
correlation between fungal sensitivity to fengycin and low ergosterol content in
membrane lipids (Wise et al 2014). Therefore, the membrane lipid composition of fungal
pathogens influences their sensitivity or resistance against fengycin compounds.
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4.2.4 Synergy between lipopeptide compounds
Specific lipopeptide compounds have been demonstrated to have antifungal
properties yet lipopeptides are frequently co-produced by Bacillus spp. (Sandrin et al
1990, Roongsawang et al 2002). Researchers have studied whether mixtures of
lipopeptide compounds enhance their antimicrobial and membrane permeabilizing
effects. Studies have provided evidence that certain lipopeptide compounds act in a
synergistic manner when in combination to enhance their mode of action (Liu et al 2014,
Koumoutsi et al 2004, Maget-Dana et al 1992).
Studies determined that synergy between different lipopeptide compounds
enhanced their antifungal activity. Combinations of lipopeptides are more efficient at
both inhibiting mycelial growth and spore germination in filamentous fungi. Treating
spores of Alternaria solani with the individual lipopeptides iturin, fengycin, and surfactin
did not affect their germination while treating them with a combination of all three
lipopeptides significantly inhibited fungal spore germination (Liu et al 2014).
Combinations of lipopeptides also enhanced spore membrane permeability in Alternaria
solani and Fusarium sambucinum while some combinations of lipopeptides did not (Liu
et al 2014). In another study by Koumoutsi et al (2004), mutant strains deficient in the
synthesis of specific lipopeptides supported that the lipopeptides bacillomycin D and
fengycin act in a synergistic manner to repress growth of Fusarium oxysporum.
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4.3 Effects of lipopeptide-producing bacilli on fungal structure, metabolism, and
reproduction
Lipopeptide-producing Bacillus spp. are capable of altering the morphology and
integrity of fungal hyphae (Mnif et al 2015, Sajitha et al 2016). Extensive research has
documented the effects of the bacteria and their purified lipopeptide compounds on fungi.
Observations of microscopic fungal structures using light microscopy (LM), scanning
electron microscopy (SEM), and transmission electron microscopy (TEM) have
determined that lipopeptides have numerous detrimental effects on fungal hyphae and
spores. TEM studies showed that treating Podosphaera fusca with a lipopeptide extract
from B. subtilis increased the number of vacuoles in fungal cells (Romero et al 2007). A
greater number of vacuoles was also observed in cells of Magnaporthe grisea treated
with lipopeptides produced by Bacillus licheniformis (Tendulkar et al 2007). In addition
to causing an increase in vacuole formation, lipopeptides also cause hyphal deformation
and lysis of fungal cells. Hyphae of the sap stain-producing fungus Lasiodiplodia
theobromae were thinner and plasmolyzed when co-cultured with B. subtilis and
observed through SEM (Sajitha et al 2016). Collapsed hyphae of Botrytis dothidea were
observed when the fungus was co-cultured with the lipopeptide-producing Bacillus
amyloliquefaciens strain PG12 (Chen et al 2016). In addition, Bacillus subtilis SPB1
caused lysis of Fusarium solani hyphal cells (Mnif et al 2015).
Aside from inducing changes in hyphal morphology and structure, lipopeptides
alter the secondary metabolism and physiology of fungi. Applying both surfactin and
fengycin produced by Bacillus mojavensis led to a decreased production of fumonisins in
F. verticillioides (Blacutt et al 2016). In addition to altering the production of toxins,
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another study demonstrated that surfactin obtained from Bacillus amyloliquefaciens
increased the production of reactive oxygen species (ROS) in Rhizoctonia solani and
Candida albicans (Gaofu et al 2010). Eventually, and likely due to accumulation of ROS,
lipopeptides induced apoptosis in fungi (Gaofu et al 2010, Tang et al 2014). These and
others studies support that lipopeptides produced by beneficial bacteria are capable of
altering the secondary metabolism, increasing ROS production, and eventually causing
cell death of fungi.
Lipopeptides produced by Bacillus spp. inhibit growth and affect reproduction of
fungi (Torres et al 2016, Zalila-Kolsi et al 2016, Sajitha et al 2016, Chen et al 2016).
Lipopeptides are capable of altering sporulation in fungi. SEM was used to determine that
the fungus Macrophomina phaseolina produced a greater density of sclerotia when
treated with lipopeptides (Torres et al 2016). Lipopeptides had an adverse effect on the
germination of fungal conidia (Romero et al 2007, Mnif et al 2015, Kalai-Grami et al
2016). For example, crude lipopeptides produced by Bacillus methylotrophicus strain
TEB1 inhibited the germination of Phoma tracheiphila spores in a dose-dependent
manner (Kalai-Grami et al 2016). Treating Fusarium solani spores with lipopeptides
caused them to become deformed and lose their ability to germinate (Mnif et al 2015).
Swelling of conidia as a result of lipopeptide treatment was observed in Fusarium
verticillioides (Blacutt 2016). In addition, shrinkage, loss or turgidness, collapse, and
germ tube degradation was observed in Podosphaera fusca treated with lipopeptides
(Romero et al 2007). The effects of lipopeptides were also observed in the internal
structures of conidia. Conidia of P. fusca treated with lipopeptides had larger vacuoles
and evidence of membrane fragmentation (Romero et al 2007). Iturin and plipstatin
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obtained from Bacillus amyloliquefaciens affected the structure of conidia in a similar
manner in Fusarium graminearum (Gong et al 2015).
In addition to altering fungal reproduction by affecting conidia, various studies
support that lipopeptides induce the formation of resistant chlamydospores. Purified
cyclic lipopeptides or mixtures of crude lipopeptides induce chlamydospore formation in
filamentous fungi (Li et al 2005, Vitullo et al 2012, Li et al 2012, Zalila-Kolsi et al 2016,
Blacutt 2016). For example, Bacillus subtilis strain C2 induced chlamydospore
production in Trichoderma harzianum, Fusarium solani f. sp. radicicola, and other
filamentous fungi (Li et al 2005, Li et al 2012). Bacillus amyloliquefaciens strain
BLB369 induced chlamydospore production in Fusarium graminearum (Zalila-Kolsi et
al 2016). In addition, Bacillis spp. produced lipopeptides that induced the production of
chlamydospore-like swellings in Fusarium moniliforme and Fusarium verticillioides
(Gond et al 2015, Blacutt et al 2016). Aside from inducing the formation of
chlamydospores, lipopeptides have an effect on the germination and development of
chlamydospores themselves once they are formed.
The induction of chlamydospore production in filamentous fungi by lipopeptides
has mostly been associated with lipopeptides produced by Bacillus spp. (Li et al 2005, Li
et al 2012, Gond et al 2015, Zalila-Kolsi et al 2016). However, other species of bacteria
have been shown to be capable of producing lipopeptides that induce chlamydospore
formation in fungi. The bacterial species Ralstonia solanacearum was determined to
produce a novel lipopeptide named ralsolamycin which induced chlamydospore
production in fungi (Spraker et al 2016).
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Chapter 5 will explore and test the defensive properties of Bacillus
amyloliquefaciens isolated from Thespesia populnea. This chapter will test the bacteria
for its antifungal properties. It will also describe the lipopeptides produced by B.
amyloliquefaciens and determine their effects on various species of filamentous fungi.
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Chapter 5. Defensive properties of bacterial endophytes from non-cultivated
relatives of cotton

5.1 Abstract
Evidence has demonstrated that some bacterial endophytes are capable of improving
plant health and protecting plants against fungal diseases. Though the process of acid
delinting, cotton seeds are stripped of beneficial bacteria that could potentially protect
seeds against seed-borne and soil-borne diseases. The purpose of the research presented
in this chapter was to obtain bacterial endophytes from non-cultivated, wild relatives of
cotton and determine whether these bacteria were able to alter the growth of various
fungal species isolated from hosts in the Malvaceae family including Thespesia populnea
and Gossypium hirsutum. This study also aimed to identify bacteria capable of inhibiting
fungal growth, their mechanisms of biocontrol, and whether inoculating fungal inhibiting
bacteria protect germinating Gossypium hirsutum seeds and harvested fruit from fungal
infection. The endophytic bacteria tested altered the growth and hyphal width of fungal
colonies. In addition, Bacillus amyloliquefaciens was demonstrated to be the most
efficient endophyte at inhibiting growth of 16 fungal species. B. amyloliquefaciens also
decreased the growth rate of 5 fungal species tested. The crude extract of a liquid culture
of B. amyloliquefaciens was obtained and tested for its antifungal effects. This crude
extract induced chlamydospore production in 6 fungal species. Crude extracts of Bacillus
amyloliquefaciens were analyzed by MALDI-TOF to detect lipopeptide compounds. The
lipopeptides surfactin, iturin, fengycin, and kannurin were detected. HPLC was used to
separate the crude extract into fractions. Fifteen out of 80 fractions recovered were tested
for chlamydospore induction of filamentous fungi. Two fractions that induced
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chlamydospore production were obtained and tested using MALDI-TOF. The MALDITOF analyses provided evidence that the two chlamydospore-inducing fractions
contained the lipopeptide fengycin. Inoculating B. amyloliquefaciens onto banana fruit
pericarps and cotton seeds also protected them against fungal infections. This research
supports that B. amyloliquefaciens may be a suitable candidate as a biocontrol agent of
fungal pathogens in multiple hosts.

5.2 Introduction
Agricultural practices that alter the seed microbiome and reduce the community
of vertically transmitted beneficial microbes have the potential to increase the
vulnerability of crops to fungal pathogens. Acid delinting is a common practice used to
remove lint from cotton seeds during seed mass production. The removal of microbes
through acid delinting, further justifies the need to find effective biocontrol agents to
protect vulnerable cotton seeds.
Research on the biocontrol of cotton diseases using beneficial, plant growthpromoting microorganisms was recently reviewed and there are various commercial
biofertilizers currently available that are specifically marketed towards cotton growers
(Pereg and McMillan 2015, Brannen and Kenney 1997, Yao et al 2006). Endophytic
bacteria have been previously demonstrated to protect cotton plants by reducing disease
severity (Chen et al 1995). Bacterial endophytes use various mechanisms to enhance
plant health and development. Some bacterial endophytes, including Bacillus spp., are
capable of producing antifungal compounds such as lipopeptides that induce systemic

130

resistance in plants and protect them against infections by fungal pathogens (Ongena et al
2007, Ongena et al 2005, Romero et al 2007, Zeriouh et al 2011, Gond et al 2015a).
An objective of the research included in this chapter was to isolate and identify
bacteria from a non-cultivated, wild relative of cotton (Thespesia populnea) that are able
to control the growth of seed-transmitted fungi. This study also aimed to identify the
mechanism by which the bacteria with antifungal activity inhibited fungal growth and
observe its effects on the microscopic characteristics of the fungi including
chlamydospore production. Moreover, this study also aimed to determine if bacteria were
able of protecting economically important crops such as Musa sp. and Gossypium
hirsutum against Lasiodiplodia theobromae postharvest fruit rot and Fusarium sp. seed
infections, respectively.

5.3 Materials and Methods
5.3.1 Isolation and identification of microbes
Bacteria and fungi associated with Thespesia populnea and Gossypium hirsutum
were isolated. To isolate seed-transmitted microbes, seeds were surface sterilized with
4% NaOCl for 15 minutes and inoculated onto PDA and TSA. Cultures were incubated at
room temperature (25°C). Microbes were isolated from surface sterilized stems and
leaves of Thespesia populnea seedlings. Seed-transmitted fungi from surface sterilized
Gossypium hirsutum were also isolated on PDA. Once isolates of cultures were obtained,
stocks were prepared in 30% glycerol stored in cryotubes at -80°C.
Bacteria were identified based on genetic sequencing and fungi were identified
using a combination of genetic sequencing and morphological characterization. DNA
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from the bacteria used in this study was extracted using GenElute™ Bacterial Genomic
DNA Kit (Sigma-Aldrich, St. Louis, MO). The 16S rRNA gene was amplified using the
primers 27F (5’-AGAGTTTGATCMTGGCTCAG) and 1492R (5’TACCTTGTTACGACTT). Polymerase chain reactions (PCR) were initially denatured
for 5 minutes at 95°C followed by 30 cycles of 1 minute at 94°C, 1 minute at 55°C, and
1.5 minutes at 72°C along with a final extension step of 10 minutes at 72°C. DNA from
fungal isolates was extracted using the MoBio Power Plant DNA Isolation Kit (MoBio
Laboratories, Carlsbad, CA). The ITS region was amplified using the primer set ITS1 (5’TCCGTAGGTGAACCTTGCGG) and ITS4 (5’-TCCTCCGCTTATTGATATGC). PCR
reactions for the ITS region were carried out using an initial denaturation step at 95°C for
5 minutes and followed by 35 cycles of 30 seconds at 95°C, 30s at 55°C, and 1 minute at
72°C followed by an additional extension step of 10 minutes at 72°C. Positive PCR
reactions were identified by 1% agarose gel electrophoresis and purified using the
QIAquick PCR Purification Kit (Qiagen, Valencia, CA). Purified PCR reactions were
sent to GENEWIZ (South Plainfield, NJ) for sequencing. Sequences were analyzed using
BLAST (Altschul et al. 1990). Morphological identification of fungi consisted of
macroscopic and microscopic observations of colonies grown on PDA.

5.3.2 Screening for bacterial endophytes capable of producing antifungal
compounds
Bacteria isolated from surface sterilized seeds and tissue of Thespesia populnea
seedlings were screened for antifungal activity against Lasiodiplodia theobromae,
Bionectria ochroleuca, Diaporthe spp., Curvularia lunata, Cladosporium sp., Fusarium
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spp., Fusarium brachygibbosum, Setosphaeria rostrata, Neofusicoccum australe,
Neofusicoccum parvum, and Phoma sp. The endophytic bacteria Bacillus
amyloliquefaciens, Pantoea dispersa, Pseudomonas oryzihabitans, Achromobacter
xylosoxidans, and Enterobacter cloacae were inoculated on PDA by streaking in a
manner that would create three separate areas. The fungi were inoculated in the center of
the three areas. The co-cultures were incubated at 25°C and observed after 7 days for
evidence of fungal inhibition. The width of inhibition zones formed between the bacterial
and fungal colonies were measured. Three replicates of each treatment were measured.

5.3.3 Effects of endophytic bacteria on seed-transmitted fungi of Thespesia populnea
and Gossypium hirsutum
The effect endophytic bacteria have on the growth of fungal colonies was
evaluated by co-inoculating bacteria and fungi on PDA and measuring the diameter of
fungal colonies after 24, 48 and 72 hours. The fungi Lasiodiplodia theobromae,
Bionectria ochroleuca, Diaporthe sp., Curvularia lunata, and Fusarium sp. were cocultured with Bacillus amyloliquefaciens, Pantoea dispersa, Pseudomonas oryzihabitans,
Achromobacter xylosoxidans, or Enterobacter cloacae. The bacteria were first streaked
throughout the entire surface of the culture media and mycelium was then inoculated in
the center of the plate. The cultures were incubated at room temperature (25°C). The
diameter of fungal colonies were recorded daily. Growth rates per day were calculated
using the colony diameter data. T-tests were used to determine if there was statistical
difference between the average fungal colony diameter inoculated with and without
bacteria.
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5.3.4 Effects of endophytic bacteria on the hyphal width of seed-transmitted fungi
from Thespesia populnea and Gossypium hirsutum
The hyphal width of Lasiodiplodia theobromae, Bionectria ochroleuca, Diaporthe
sp., Curvularia lunata, and Fusarium sp. were measured to determine the effects
endophytic bacteria had on the size of fungal hyphae. Microscope slides were prepared by
excising a thin piece of agar from the area where the fungi and bacteria intersected. The
excised piece of agar was placed on a microscope slide and stained with a solution of
aniline blue and lactic acid. The specimens were viewed at 400X magnification using a
Nikon Eclipse 80i microscope (Nikon Instruments Inc, Melville, NY). Hyphal width
measurements were taken using NIS-Elements Imaging software (Nikon Instruments Inc.,
Melville, NY). The average hyphal width and standard deviation of each sample was
calculated after taking 20 hyphal width measurements per sample. T-tests were used to
compare the mean hyphal width from the control samples against the hyphal width of fungi
co-cultured with the bacterial endophytes.

5.3.5 Effects of endophytic bacteria on the severity of Lasiodiplodia theobromae fruit
rot in bananas
Endophytic bacteria isolated from Thespesia populnea were co-inoculated with
Lasiodiplodia theobromae in bananas purchased at the local grocery store in order to
screen for endophytes with antifungal activity that decrease the severity of fruit rot.
Sterile toothpicks were used to bore small superficial openings into banana pericarps.
These perforations did not fully penetrate into the fruit and attempted to mimic
superficial wounding. Toothpicks were used to inoculate Bacillus amyloliquefaciens,
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Pantoea dispersa, Pseudomonas oryzihabitans, Enterobacter cloacae, and
Achromobacter xylosoxidans into each of the wounds. After inoculating the bacteria, a
small amount of hyphae from Lasiodiplodia theobromae was subsequently placed into
the opening. Bananas treated with different species of bacteria were placed in separate
covered transparent plastic containers and left at room temperature (25°C). The diameter
of ten necrotic lesions on the surface of the banana fruits was measured to determine if
any of the endophytic bacteria decreased the severity of banana fruit necrosis. Control
samples consisted of a banana containing only the superficial holes and another control
sample inoculated only with Lasiodiplodia theobromae and lacking any bacterial
inoculation. The average diameter of necrotic lesions caused by the fungal growth was
calculated. T-tests were used to determine if the endophytic bacteria reduced the width of
necrotic lesions on the surface of banana fruits compared to the control without bacteria.

5.3.6 Extraction of lipopeptides produced by Bacillus amyloliquefaciens
Lipopeptides were extracted from a liquid culture of Bacillus amyloliquefaciens to
determine whether or not the bacteria produced antifungal lipopeptides using previously
described methods (Smyth et al 2010; Gond et al 2015a). Bacillus amyloliquefaciens
exhibited antifungal activity against all fungi tested during the screening assay. The
bacteria were cultured in 1L of potato dextrose broth (20g/L) for 3 days at room
temperature. The culture was divided into 250 ml subsamples and centrifuged at 8,000 rpm
for 15 minutes at 4°C. To extract the lipopeptides, the supernatant from the subsamples
was pooled and acidified using 5N HCl until the solution reached pH 2. The acidified
solution was incubated overnight at 4°C. A pellet of precipitate was formed by centrifuging
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the solution at 10,000 rpm for 20 minutes at 4°C. The supernatant was discarded and the
pellet was dissolved in methanol. The methanol solution containing the contents of the
pellet was filtered and the remaining solution was concentrated using a vapor evaporator
at 30°C. The lipopeptides were re-dissolved in methanol.

5.3.7 Lipopeptide disk diffusion assay for antifungal activity
A filter paper disk diffusion assay of the crude lipopeptide extract obtained from a
liquid culture of Bacillus amyloliquefaciens was carried out to determine if the extract had
antifungal properties against Lasiodiplodia theobromae (Chen et al 2010; Gond et al
2015a). Four sterile filter paper disks were dipped in the lipopeptide extract and placed on
a petri dish containing PDA. The fungus was inoculated in between four disks containing
the extract and incubated at room temperature (25°C). Control samples consisted of filter
paper disks dipped only in methanol. Colonies were observed for visible signs of growth
inhibition.

5.3.8 Identification of lipopeptides by MALDI-TOF
The crude extract obtained from a 1L culture of Bacillus amyloliquefaciens was
directly analyzed by MALDI-TOF to determine if antifungal lipopeptides were present
using previously established methods (Gond et al 2015a). A 100 μg/μl sample of the
extract was diluted ten-fold with 2.5mg/ml of α-cyano-4-hydroxycinnamic acid in 50%
acetonitrile and 0.1% trifluoroacetic acid. Data was acquired in reflection and positive
mode in an AB4700 instrument (Applied Biosystems, Foster City, CA). Data was
collected between the masses of 800 and 4000 m/z. The MALDI-TOF analysis was
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carried out at the Center for Integrative Proteomics Research (Rutgers University,
Piscataway, NJ). The masses detected were used to identify the types of lipopeptides
produced by Bacillus amyloliquefaciens after culturing in 1L of potato dextrose broth for
3 days at room temperature.

5.3.9 Evaluating the effects of the crude lipopeptide extract from Bacillus
amyloliquefaciens on chlamydospore formation in fungi
The effects of the crude lipopeptide extract on the microscopic features of
Lasiodiplodia theobromae, Diaporthe sp., Fusarium sp., and Curvularia lunata were
observed. The formation of chlamydospores was determined by counting the number of
chlamydospores after four days of growth on PDA with filter paper disks dipped in the
crude lipopeptide extract of Bacillus amyloliquefaciens. The same lipopeptide extract was
used to treat all of the filter paper disks in order to guarantee that all of them had the same
concentration of the lipopeptide extract. Samples were stained with 5mM of the fluorescent
nucleic acid binding stain SYTO13® to confirm that the round structures observed were
indeed spores (Life Technologies, Carlsbad, CA). To count chlamydospores, microscope
slides were prepared by excising a piece of the fungal culture from the edge of filter paper
disk that contained lipopeptides. The samples were stained with aniline blue and lactic acid
and viewed at 200x using a light microscope. A 50μm by 50μm square grid was overlaid
onto the image of each specimen using NIS-Elements Imaging Software and a number
randomizer was used to select plots. The number of chlamydospores per random plot was
counted in a total of five 2,500 μm2 plots. The average number of chlamydospores was
calculated and Student’s T-tests were used to determine if there was significant difference
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between the means of both lipopeptide-treated and untreated samples at a 99% confidence
interval.

5.3.10 Purification of crude lipopeptide extract and testing of fractions recovered by
HPLC
Purification of the crude lipopeptide extract was carried out using HPLC as
previously described (Smyth et al 2010). The methanol in the crude lipopeptide extract was
evaporated and the remaining compound was dissolved in water and TFA. The sample was
centrifuged at 13,000 rpm for 5 minutes. Five hundred microliters of the crude lipopeptide
sample was loaded into the HPLC with a C18 column and a UV-VIS detector (Gilson,
Middleton, WI). Mobile phases were prepared as described in Smyth et al (2010) where
mobile phase A consisted of 99.95:0.05 water/TFA and mobile phase B consisted of
80:19.95:0.05 acetonitrile/water/TFA. A gradient elution was performed beginning with
100% of mobile phase A and changing to 100% mmobile phase B over the course of 80
minutes. 1 ml of the fractions of purified sample was collected per minute using an
automated fraction collector. The fractions that corresponded to areas under peaks
observed in the HPLC profile were used for further testing. Fifteen fractions were tested
for their ability to induce the production of chlamydospores in a culture of Fusarium sp.
Ten microliters of each of the fractions was placed on filter paper disks and placed next to
a culture of Fusarium sp. on a 6-well plate containing PDA. The area of the fungal colony
nearest to the filter paper disk was excised, stained with aniline blue, and observed using
light microscopy to determine if the diffused compound from the tested fractions induced
chlamydospore production. Fractions that induced chlamydospore production in a
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Fusarium sp. culture were analyzed using MALDI-TOF as previously described to
determine which lipopeptides were present.

5.3.11 Application of Bacillus amyloliquefaciens to cotton seeds to protect germinating
seeds against Fusarium sp.
Bacillus amyloliquefaciens was applied to surface sterilized commercial cotton
seeds to determine if applying the bacteria protected the germinating seeds against fungal
infection. Seeds were surface sterilized using 4% NaOCl and were treated with a solution
of ~1 x 108 cells/ml of Bacillus amyloliquefaciens for 2 hours. Seeds were placed in
magenta vessels containing 20 g of twice-autoclaved soil. Seeds were subsequently treated
with a solution containing ~1 x 108 spores/ml of Fusarium sp. Control treatments included
seeds that were not treated with neither bacteria nor fungi, seeds treated with bacteria alone,
and seeds treated only with fungi. A total of 36 seeds were included in each of 4 treatments
for a total of 144 seeds. Seed germination counts were taken after 2, 4, and 6 days upon
sowing.

5.4. Results
5.4.1 Isolation and identification of bacteria and fungi from Thespesia populnea and
Gossypium hirsutum
Bacteria were isolated from leaf surfaces, green stems and seeds of Thespesia
populnea. Seed-transmitted fungi were isolated from Gossypium hirsutum. Bacteria were
identified using 16S DNA sequences. Bacillus amyloliquefaciens was isolated from leaf
surfaces and green stems while Pseudomonas oryzihabitans, Enterobacter cloacae,
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Pantoea dispersa, and Achromobacter xylosoxidans were isolated from surface sterilized
seeds of Thespesia populnea. Fungi were isolated from surface sterilized seeds of both
Thespesia populnea and Gossypium hirsutum that were inoculated on PDA.
Lasiodiplodia theobromae, Diaporthe spp., Bionectria ochroleuca, Cladosporium sp.,
Curvularia lunata, Fusarium brachygibbosum, Setosphaeria rostrata, Neofusicoccum
australe, Neofusicoccum parvum, Phoma spp., and Fusarium spp. were isolated and
identified by their ITS sequences. Identification of fungi was complemented by
observation of morphological features using light microscopy. The sequences used to
identify the isolated microorganisms were submitted to GenBank (Table 5.1).

Table 5.1. Microbial species isolated and used in this study.
Species Isolated

Source

Bacillus
amyloliquefaciens
Pseudomonas
oryzihabitans
Enterobacter cloacae
Pantoea dispersa

Thespesia populnea leaf surfaces and
green stems
germinating Thespesia populnea seeds

Achromobacter
xylosoxidans
Lasiodiplodia
theobromae
Diaporthe sp.
Bionectria ochroleuca
Curvularia lunata
Cladosporium sp.
Fusarium sp.
Neofusicoccum
australe
Neofusicoccum parvum
Setosphaeria rostrata
Fusarium
brachygibbosum
Phoma sp.

GenBank
Accession No.
KX622565
KY471285

germinating Thespesia populnea seeds
germinating Thespesia populnea seeds
and seedling roots
germinating Thespesia populnea seeds

KY471282
KY471284

germinating Thespesia populnea seeds

KY471258

germinating Thespesia populnea seeds
germinating Thespesia populnea seeds
germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds
germinating Thespesia populnea seeds

KY471264
KY471447
KY471260
KY471259
KY471263
KY471265

germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds

KY471255
KY471262
KY471261

germinating Gossypium hirsutum seeds

KY471253

KY471283
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Fusarium sp.
Diaporthe sp.
Phoma sp.
Diaporthe sp.
Fusarium sp.

germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds
germinating Gossypium hirsutum seeds

KY471256
KY471257
KY471642
KY474528
KY471254

5.4.2 Screening for bacterial endophytes that reduce the growth of seed-transmitted
fungi
The bacterial endophytes Bacillus amyloliquefaciens, Pseudomonas
oryzihabitans, Enterobacter cloacae, Pantoea dispersa, and Achromobacter xylosoxidans
were co-cultured on PDA with various fungi including Lasiodiplodia theobromae,
Bionectria ochroleuca, Diaporthe spp., Cladosporium sp., Curvularia lunata, Fusarium
spp., Setosphaeria rostrata, Neofusicoccum australe, Neofusicoccum parvum, Phoma sp.,
and Fusarium brachygibbosum. The formation of inhibition zones between the bacterial
and fungal colonies were observed when the fungi were co-cultured with Bacillus
amyloliquefaciens (Figure 5.1). When the fungi were co-cultured near a streak of the
other bacterial species tested, the fungi grew through and over the bacteria and continued
their growth throughout the Petri dish.
The average width of three inhibition zones produced between B.
amyloliquefaciens and various fungi were measured (Figure 5.2, Table 5.2). The widest
inhibition zone formed after 7 days of growth on PDA was observed between Bacillus
amyloliquefaciens and Fusarium sp. (11.67±0.58 mm) followed by two different isolates
of Diaporthe sp. (both 11.33±1.53 mm), and Phoma sp. (11.33±1.53 mm). The narrowest
inhibition zone was measured between Bacillus amyloliquefaciens and Lasiodiplodia
theobromae (2.33±0.58 mm).
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Figure 5.1. Inhibition zones formed between fungal isolates and Bacillus
amyloliquefaciens. A) Lasiodiplodia theobromae, B) Bionectria ochroleuca, C)
Diaporthe sp., D) Cladosporium sp., E) Curvularia lunata, F) Fusarium sp., G) Fusarium
brachygibbosum, H) Setosphaeria rostrata, I) Neofusicoccum australe, J) Diaporthe sp.
K) Phoma sp., L) Fusarium sp., M) Phoma sp., N) Neofusicoccum parvum, O) Diaporthe
sp., P) Fusarium sp.

Width of inhibition zone between various fungi and Bacillus
amyloliquefaciens

Width of inhibition zone (mm)

14
12
10
8
6
4
2
0

Figure 5.2. Average width of inhibition zones (mm) formed between various fungi and
Bacillus amyloliquefaciens when cultured on PDA for 7 days (n=3). The source of the
fungal isolate is indicated in parentheses. Tp=Thespesia populnea, Gh=Gossypium
hirsutum
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Table 5.2. Width of inhibition zones formed between Bacillus amyloliquefaciens and
fungal colonies. Values are the average of three sample replicates ± the standard
deviation.

Fungal isolate

Width of
inhibition zone
(mm)

Lasiodiplodia theobromae

2.3±0.58

Diaporthe sp.

11.3±1.53

Bionectria ochroleuca

4.3±1.15

Fusarium sp.

6.2±0.29

Curvularia lunata

10.3±1.5

Cladosporium sp.

9±0

Fusarium brachygibbosum 4±1
Diaporthe sp.

11.3±0.6

Setosphaeria rostrata

6±1.7

Neofusicoccum australe

10.3±0.6

Phoma sp.

9.7±0.6

Phoma sp.

11.3±1.5

Fusarium sp.

11.7±0.6

Neofusicoccum parvum

6.7±1.2

Fusarium sp.

8±2

Diaporthe sp.

11.3±1.2
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5.4.3 Effects of endophytic bacteria on the growth of seed-transmitted fungi
Bacteria and a subset of 5 fungal species were co-cultured on PDA and the
diameter of fungal colonies was measured every 24 hours for three days. After 72 hours,
all endophytic bacteria tested reduced the colony diameter of Lasiodiplodia theobromae,
Diaporthe sp., Bionectria ochroleuca, Fusarium sp., and Curvularia lunata (Table 5.3,
Figure 5.3). Significant reduction in average fungal colony diameter was observed when
fungi were co-cultured with endophytic bacteria (p<0.05). The average diameter of
Lasiodiplodia theobromae colonies grown for 72 hours was smallest when co-cultured
with Bacillus amyloliquefaciens (1.7 mm), followed by Enterobacter cloacae (19 mm),
Pantoea dispersa (28.7 mm), Achromobacter xylosoxidans (42 mm), Pseudomonas
oryzihabitans (43.3 mm) and the control without bacteria (78.3 mm). The average
diameter of Diaporthe sp. colonies after 72 hours of growth was least when co-cultured
with Bacillus amyloliquefaciens (2.3 mm) followed by Enterobacter cloacae (3.7 mm),
Pantoea dispersa (6 mm), Pseudomonas oryzihabitans (11.7 mm), Achromobacter
xylosoxidans (14.7 mm), and the control without bacteria (28.3 mm). The average colony
diameter of Bionectria ochroleuca colonies was smallest when co-culturing with Bacillus
amyloliquefaciens (1.7 mm) followed by Achromobacter xylosoxidans (7 mm), Pantoea
dispersa (7.3 mm), Enterobacter cloacae (8.3 mm), Pseudomonas oryzihabitans (8.3
mm) and the control samples without bacteria (15.7 mm). The endophyte that reduced the
colony diameter of Fusarium sp. the most was Bacillus amyloliquefaciens (4.3 mm),
followed by Pantoea dispersa (9.7 mm), Enterobacter cloacae (17 mm), Achromobacter
xylosoxidans (22.7 mm), and the control (26 mm). The colony diameter of the fungus
Curvularia lunata was smallest when co-inoculated with Bacillus amyloliquefaciens (1
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mm) followed by Pseudomonas oryzihabitans (3.3 mm), Pantoea dispersa (3.7 mm),
Enterobacter cloacae (6.7 mm), Achromobacter xylosoxidans (20.3 mm) and the control
(24.3 mm).
Growth rates (mm/day) of fungal colonies of Lasiodiplodia theobromae,
Diaporthe sp., Bionectria ochroleuca, Fusarium sp., and Curvularia lunata co-cultured
with various endophytic bacteria were calculated using the colony diameter data collected
at 24, 48, and 72 hours (Figures 5.4A-5.4E). The bacterial endophyte that decreased the
daily growth rate of filamentous fungi the most was Bacillus amyloliquefaciens. After 72
hours, the average growth rate of Lasiodiplodia theobromae colonies were reduced 35fold when co-cultured with Bacillus amyloliquefaciens compared to the growth of
Lasiodiplodia theobromae without bacteria (Figure 5.4A). The endophyte that decreased
the growth rate of Lasiodiplodia theobromae the least was Pantoea dispersa, though the
difference in growth rate was significant when compared to the control without bacteria.
The growth rate of Diaporthe sp. colonies was reduced to 0 mm/day when co-culturing
the fungus with Bacillus amyloliquefaciens for 48 hours. The growth rate was also
reduced to 0 mm/day after co-culturing Diaporthe sp. with Enterobacter cloacae for 72
hours (Figure 5.4B). With the exception of Diaporthe sp. co-cultured with Bacillus
amyloliquefaciens and Enterobacter cloacae, all other co-cultures with endophytic
bacteria had positive growth rate values after 72 hours indicating that the rate of fungal
growth was decreased and not entirely inhibited. After 72 hours, there was a significant
reduction in the growth rate of Diaporthe sp. when co-cultured with any of the
endophytic bacteria tested compared to fungal colonies without bacteria (p<0.05). The
growth rate of Bionectria ochroleuca was also significantly reduced by co-culturing the
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fungus with the endophytic bacteria after 72 hours (p<0.05). The species that least
inhibited the growth of Bionectria ochroleuca after 72 hours was Enterobacter cloacae (5
mm/day) while Bacillus amyloliquefaciens decreased the growth rate of this fungus the
most after 72 hours (0 mm /day) (Figure 5.4C). The average growth rate of Curvularia
lunata was calculated when co-cultured with the various endophytic bacteria (Figure
5.4D). The growth rate of Curvularia lunata after 72 hours of growth was reduced when
co-cultured with endophytic bacteria. The growth rate was the least when co-cultured
with Bacillus amyloliquefaciens (0 mm/day) compared to cultures without bacteria. The
growth rate of Fusarium sp. co-cultured with various endophytic bacteria was also
determined after 24, 48, and 72 hours. After 72 hours of growth, Fusarium sp. had a
greater growth rate when co-cultured with the bacterial endophyte Achromobacter
xylosoxidans compared to fungal colonies in the control treatment that were not cocultured with any of the endophytic bacteria tested (16 mm/day vs 9.33 mm/day). The
growth rate of Fusarium sp. co-cultured with Bacillus amyloliquefaciens for 72 hours
was 0 mm/day (Figure 5.4E). The most consistent bacterial endophyte at reducing the
growth rate and diameter of different fungal species was Bacillus amyloliquefaciens. The
growth rate in all five fungi co-cultured with Bacillus amyloliquefaciens was reduced to 0
mm/day after 72 hours of growth.
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Table 5.3. The effects of endophytic bacteria on the average colony diameter of various
filamentous fungi after 72 hours (n=3). The values indicate the average diameter of
fungal colonies (mm) ± the standard deviation.
Treatment
Control

Lasiodiplodia
theobromae
78.3±2.1

Diaporthe sp.
28.3±2.3

Bionectria
ochroleuca
15.7±0.6

Curvularia
lunata
24.3±0.6

Fusarium
sp.
26.0±1

Pseudomonas
oryzihabitans
Pantoea dispersa

43.3±1.5

11.7±0.6

8.3±0.6

3.3±0.6

12.3±0.6

28.7±4.5

6.0±2.6

7.3±1.2

3.7±0.6

9.7±1.5

Achromobacter
xylosoxidans
Enterobacter
cloacae
Bacillus
amyloliquefaciens

42.0±0.6

14.7±1.2

7.0±1

20.3±0.6

22.7±0.6

19.0±2

3.7±1.2

8.3±0.6

6.7±0.6

17.0±1

1.7±0.6

2.3±0.6

1.7±0.6

1.0±0

4.3±0.6
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Colony diameter of seed-transmitted fungi after 72 hrs of coculturing with endophytic bacteria
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Figure 5.3. The effects of endophytic bacteria on the colony diameter of various
filamentous fungi after 72 hours of co-culturing on PDA (n=3).
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Growth rate of Curvularia lunata co-cultured with
endophytic bacteria
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Figure 5.4. Growth rate of filamentous fungi colonies on PDA after 24, 48, and 72 hours
at 25˚C when co-cultured with endophytic bacteria isolated from Thespesia populnea. A)
Growth rate of Lasiodiplodia theobromae (Lt) colonies co-cultured with endophytic
bacteria B) Growth rate of Diaporthe sp. (Dia) colonies co-cultured with endophytic
bacteria C) Growth rate of Bionectria ochroleuca (Bo) colonies co-cultured with
endophytic bacteria D) Growth rate of Curvularia lunata (Cl) colonies co-cultured with
endophytic bacteria E) Growth rate of Fusarium sp. (Fus) colonies co-cultured with
endophytic bacteria. Each point is the average of three replicates ± the standard deviation.
Po=Pseudomonas oryzihabitans, Pd=Pantoea dispersa, Ax=Achromobacter
xylosoxidans, Ec=Enterobacter cloacae, Ba=Bacillus amyloliquefaciens
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5.4.4 Effects of endophytic bacteria on the hyphal width of seed-transmitted fungi
Some of the endophytic bacteria co-cultured with seed-transmitted fungi had an
effect on the microscopic characteristics of fungal hyphae. The effects of the bacteria on
the hyphae were quantified by measuring the hyphal width when co-cultured with the
bacteria. Results showed that Bacillus amyloliquefaciens significantly decreased the
hyphal width of Lasiodiplodia theobromae, Bionectria ochroleuca, Diaporthe sp.,
Curvularia lunata, and Fusarium sp. (p=0.00) (Figure 5.5, Table 5.4). The bacterial
species Pantoea dispersa significantly increased the width of Lasiodiplodia theobromae
hyphae (p=0.00). The bacterial endophyte Pseudomonas oryzihabitans significantly
decreased the hyphal width of Diaporthe sp., Curvularia lunata, and Fusarium sp.
Hyphal width of seed transmitted fungi co-cultured with
endophytic bacteria from Thespesia populnea
8
7

Hyphal width (µm)

6
5
4

Lasiodiplodia theobromae (Tp)
Bionectria ochroleuca (Tp)

3
2

Diaporthe sp. (Tp)
Cladosporium sp. (Gh)
Curvularia lunata (Gh)

1

Fusarium sp. (Gh)

0

Figure 5.5. Average hyphal width of seed-transmitted fungi of Thespesia populnea (Tp)
and Gossypium hirsutum (Gh) when co-cultured with various endophytic bacteria from
Thespesia populnea (n=20).
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Table 5.4. Average hyphal width of fungi from Thespesia populnea (Tp) and Gossypium
hirsutum (Gh) co-cultured with different endophytic bacteria (n=20).
Treatment
Lasiodiplodia
theobromae (Tp)
Bionectria
ochroleuca (Tp)
Diaporthe sp. (Tp)
Cladosporium sp.
(Gh)
Curvularia lunata
(Gh)
Fusarium sp. (Gh)

Bacillus
amyloliquefaciens
2.53±0.45

Pseudomonas
oryzihabitans
4.28±0.57

Enterobacter
cloacae
3.49±0.5

Pantoea
dispersa
5.98±0.86

Achromobacte
r xylosoxidans
4.54±0.7

Control

1.42±0.21

1.93±0.35

2.46±0.48

2.45±0.68

1.87±0.3

2.47±0.55

1.71±0.29

1.68±0.29

2.68±0.32

2.22±0.29

2.26±0.35

2.22±0.24

3.28±0.3

2.45±0.37

2.66±0.5

2.92±0.42

2.08±0.37

3.28±0.51

2.83±0.46

2.18±0.37

2.14±0.63

3.31±0.88

1.35±0.25

4.18±0.95

1.35±0.41

1.89±0.25

1.9±0.39

2.83±0.6

2±0.21

3.42±0.4

4.33±0.53

5.4.5 Microscopic observations of fungi co-cultured with bacteria from Thespesia
populnea
Co-cultures of Lasiodiplodia theobromae with endophytic bacteria isolated from
Thespesia populnea were viewed under the microscope. It was observed that Bacillus
amyloliquefaciens physically adhered to the surfaces of hyphae of Lasiodiplodia
theobromae (Figure 5.6A) while other bacteria tested such as Achromobacter xylosoxidans,
Pantoea dispersa, Pseudomonas oryzihabitans, and Enterobacter cloacae did not appear
to have widespread adhesion to hyphae and bacteria (Figure 5.6B-5.6E).
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A

B

C

D

E

F

Figure 5.6. Microscopic observations of fungal hyphae co-cultured with bacteria isolated
from Thespesia populnea and stained with aniline blue and lactic acid. A) Adhesion of
Bacillus amyloliquefaciens cells on hyphae of Lasiodiplodia theobromae. B) Lasiodiplodia
theobromae co-cultured with Achromobacter xylosoxidans. C) Lasiodiplodia theobromae
co-cultured with Pantoea dispersa. D) Lasiodiplodia theobromae co-cultured with
Pseudomonas oryzihabitans. E) Lasiodiplodia theobromae co-cultured with Enterobacter
cloacae. F) Lasiodiplodia theobromae cultured on PDA without bacteria.

Deformation and thinning of fungal hyphae was observed when Lasiodiplodia
theobromae was co-cultured with Bacillus amyloliquefaciens. The deformed sections of
hyphae evident in Figure 5.7 did not stain as well with aniline blue as other areas of the
hyphae. Some areas with thinner or deformed sections of hyphae did not have bacteria
attached directly to them indicating that the bacterial cells themselves do not need to be
directly attached to the hyphae in order to cause hyphal deformation. Areas of the L.
theobromae culture that were most proximal to the inhibition zone also had large
amounts of round chlamydospore-like structures (Figure 5.8).
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Figure 5.7. Hyphae of Lasiodiplodia theobromae co-cultured with Bacillus
amyloliquefaciens. Bacillus amyloliquefaciens adhered to hyphae and arrows indicate
areas where hyphae are thinning and deformed.

Figure 5.8. Co-culturing Lasiodiplodia theobromae with Bacillus amyloliquefaciens led
to the development of melanized chlamydospore-like structures.
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Bacillus amyloliquefaciens was also co-cultured with Fusarium sp. and samples
were observed using light microscopy to observe whether the bacteria physically adhered
to hyphae. Bacillus amyloliquefaciens adhered to Fusarium sp. hyphae and induced the
formation of round chlamydospore-like structures in a similar manner as observed in
Lasiodiplodia theobromae (Figures 5.9-5.10).

Figure 5.9. Hyphae of Fusarium sp. co-cultured with Bacillus amyloliquefaciens. Sample
was stained with aniline blue and shows Bacillus amyloliquefaciens adhering to hyphae.
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Figure 5.10. Production of chlamydospores by Fusarium sp. co-cultured with Bacillus
amyloliquefaciens. Sample was stained with Congo Red.

5.4.6 Effects of endophytic bacteria on the severity of Lasiodiplodia theobromae fruit
rot in bananas
Lasiodiplodia theobromae was co-inoculated with endophytic bacteria on banana
pericarps to evaluate if the bacteria reduced the severity of fruit rot in bananas. The
endophytic bacteria Bacillus amyloliquefaciens, Pantoea dispersa, Pseudomonas
oryzihabitans, Enterobacter cloacae, and Achromobacter xylosoxidans were inoculated
into banana pericarps along with Lasiodiplodia theobromae. The diameter of necrotic
lesions associated with the growth of L. theobromae on the banana pericarps was
measured. After 3 days of inoculation, the average diameter of necrotic lesions inoculated
with Lasiodiplodia theobromae alone was 22.3 mm. The average diameter of necrotic
lesions when the fungus was co-inoculated with Bacillus amyloliquefaciens, Pantoea
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dispersa, Pseudomonas oryzihabitans, Enterobacter cloacae, and Achromobacter
xylosoxidans were 7.8 mm, 10.7 mm, 10.8 mm, 12.8 mm, and 18.1 mm (Figure 5.12). Ttests confirmed that all of the endophytic bacteria tested significantly reduced the severity
of Lasiodiplodia theobromae fruit rot in bananas (p<0.05). Bacillus amyloliquefaciens
reduced the growth and necrosis caused by Lasiodiplodia theobromae in banana fruit
pericarps the most (Figure 5.11-5.12).

Figure 5.11. Necrotic lesions on bananas pericarps inoculated with endophytic bacteria
and Lasiodiplodia theobromae.
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Effects of endophytic bacteria on the width of necrrotic lesions
caused by Lasiodiplodia theobromae on banana fruits
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Figure 5.12. The effects of endophytic bacteria on the average size of necrotic lesions of
Lasiodiplodia theobromae on banana pericarps (n=10). Lt=Lasiodiplodia theobromae,
Ba=Bacillus amyloliquefaciens, Pd=Pantoea dispersa, Po=Pseudomonas oryzihabitans,
Ec=Enterobacter cloacae, Ax=Achromobacter xylosoxidans.

5.4.7 Disk diffusion assay for antifungal activity of the lipopeptides produced by
Bacillus amyloliquefaciens
Lipopeptides were extracted from a 2-day-old culture of Bacillus
amyloliquefaciens in potato dextrose broth. The crude lipopeptides obtained showed
evidence of antifungal activity towards Lasiodiplodia theobromae (Figure 5.13A). The
growth and height of aerial mycelia was reduced in the areas near the filter paper disks
treated with the crude lipopeptide extract obtained from the liquid culture of Bacillus
amyloliquefaciens. Lasiodiplodia theobromae became more pigmented in the area closest
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to the lipopeptides diffusing into the medium. Antifungal activity was not observed in the
control treated with methanol (Figure 5.13B).

A
B
Figure 5.13. Antifungal activity of a crude lipopeptide extract from Bacillus
amyloliquefaciens grown on potato dextrose broth for 48 hours. A) Lasiodiplodia
theobromae inhibited by crude lipopeptides extracted from B. amyloliquefaciens. B)
Control treatment with disks treated with methanol alone.

5.4.8 Production and identification of antifungal lipopeptides by Bacillus
amyloliquefaciens
The lipopeptide extract obtained from a 2-day-old culture of Bacillus
amyloliquefaciens on PDB contained compounds with molecular weights similar to iturin
A, kannurin, surfactin and fengycin using MALDI-TOF (Table 5.5). The highest peak
observed from the extract was 1463.8 m/z which suggests that fengycin was produced the
most among the lipopeptides produced by this strain of Bacillus amyloliquefaciens
(Figure 5.14). The second most produced lipopeptides were surfactins (1060.6 m/z)
followed by iturin A (1044.7 m/z) and kannurins (1022.7 m/z). Additional smaller peaks
surrounding the major peaks in the mass spectra differed by a factor of 14 indicating that
they corresponded to the same group of lipopeptides but differed in the total number of
carbon and hydrogen atoms (14 m/z).
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Table 5.5. Identification of lipopeptides extracted from Bacillus amyloliquefaciens. Major
peaks detected in each set are indicated in bold.
Mass (m/z)

Compound
detected

References

1016.6, 1030.7, 1044.7,
1058.7

Iturin A

Gond et al 2015, Brittes Benitez et
al 2010

966.5, 980.6, 994.6, 1008.6,
1022.7, 1036.7

Kannurin

Ajesh et al 2013

1032.6, 1046.6, 1060.6,
1074.7, 1088.6

Surfactin

Ayed et al 2014, Koumoutsi et al
2004

1435.8, 1449.8, 1463.8,
1477.8, 1491.8

Fengycin

Kim et al 2004, Gond et al 2015,
Vater et al 2002

fengycin

Figure 5.14. The MALDI-TOF mass spectra of a crude lipopeptide extract from a liquid
culture of Bacillus amyloliquefaciens (800-4000 m/z). The graph illustrates the overall
scan and indicates that the fengycin peak was the most abundant lipopeptide detected in
the extract.
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Figure 5.15. The MALDI-TOF mass spectra of a crude lipopeptide extract from a liquid
culture of Bacillus amyloliquefaciens (940-1120 m/z). Like colors suggest they are
variants of the same compounds. Compounds circled in green correspond to iturin. Those
circled in red indicate kannurin and those indicated in purple are surfactins. A difference
in 14m/z thoughout indicates a loss of CH2.

Figure 5.16. The MALDI-TOF mass spectra of a crude lipopeptide extract from a liquid
culture of Bacillus amyloliquefaciens (1350-1560 m/z). Compounds circled in red are
fengycin.
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5.4.9 Lipopeptides produced by Bacillus amyloliquefaciens induce chlamydospore
formation by filamentous fungi
The effects of the crude lipopeptides co-produced by Bacillus amyloliquefaciens
on the microscopic characteristics of fungi were observed. Samples of Lasiodiplodia
theobromae, Diaporthe sp., Bionectria ochroleuca, Curvularia lunata, Fusarium sp., and
Cladosporium sp. treated with the crude lipopeptide extract were observed using light
microscopy. The lipopeptides extracted from Bacillus amyloliquefaciens had antifungal
effects against Lasiodiplodia theobromae, Diaporthe sp., Bionectria ochroleuca,
Curvularia lunata, Fusarium sp., and Cladosporium sp. When observed the light
microscope, it was evident that fungal colonies treated with lipopeptides produced
chlamydospores while samples that weren’t treated with lipopeptides did not produce
them. It was confirmed that the round structures observed were chlamydospores due to
the detection of DNA inside these large, round structures. The nucleic acid binding stain
SYTO13® demonstrated the presence of DNA as would be expected within spores
(Figure 5.17). Chlamydospores were produced in the middle of hyphae and at terminal
hyphal tips. The average number of chlamydospores produced per 2500 μm2 area was
determined for various fungi treated with the same extract in order to quantify the number
of chlamydospores in a fixed area. The average number of chlamydospores per 2500 μm2
area produced by Lasiodiplodia theobromae, Diaporthe sp., Bionectria ochroleuca, and
Curvularia lunata at the edge of filter paper disks containing lipopeptides were 3.8, 3,
5.4, and 6.6 chlamydospores per 2500 μm2 (Figure 5.18). Chlamydospores were not
observed in cultures of fungi that were not treated with lipopeptides.
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Figure 5.17. Chlamydospore formation by various fungi exposed to the lipopeptides of
Bacillus amyloliquefaciens. Top to bottom: Lasiodiplodia theobromae, Bionectria
ochroleuca, Diaporthe sp., Curvularia lunata, Fusarium sp., and Cladosporium sp.
Chlamydospores were produced in the middle and tips of hyphae. The images to the far
right are specimens stained with SYTO13®.
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Figure 5.18. Lipopeptide-induced chlamydospore formation in filamentous fungi (n=5).
The average number of chlamydospores per unit area are shown. Lt=Lasiodiplodia
theobromae, Dia=Diaporthe sp., Fus=Fusarium sp., Cl=Curvularia lunata, + treated with
lipopeptides, - not treated with lipopeptides.

5.4.10 Purification of crude lipopeptide extract and testing of fractions recovered by
HPLC
A crude lipopeptide extract was obtained from a 2-day-old culture of Bacillus
amyloliquefaciens on potato dextrose broth. The sample was purified using HPLC and 80
fractions were obtained after the total run time. A number of peaks were detected using
HPLC (Figure 5.19). The contents of fifteen fractions corresponding to the areas under
peaks detected were tested for their antimicrobial activity against Fusarium sp. and
induction of chlamydospore formation. Only two of the fractions tested, #59 and #60,
induced chlamydospore formation in Fusarium sp. on PDA using disk diffusion assays
(Figure 5.20A-B). None of the other fractions tested induced chlamydospore production
in Fusarium sp. Fractions #59 and #60 were analyzed by MALDI-TOF to determine
which of the lipopeptides detected in the crude extract was responsible for the induction
of chlamydospore formation (Figures 5.21-22). A peak of 1463 m/z was detected in both
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fractions along with another unidentified peak suggesting that fengycin plays an
important role in inducing chlamydospore formation in fungi.

Figure 5.19. HPLC profile of a crude lipopeptide extract from a liquid culture of Bacillus
amyloliquefaciens. The peaks recovered are possibly lipopeptides.

A

B

Figure 5.20. HPLC fractions induce chlamydospore formation in Fusarium sp. Fractions
#59 (A) and #60 (B) obtained through HPLC induced chlamydospore production in
cultures of Fusarium sp. Samples were stained with aniline blue and viewed at 400x
magnification.
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Figure 5.21. MALDI-TOF mass spectra of fraction #59. The green circle indicates a peak
predicted to correspond to the lipopeptide fengycin (1435 m/z).

Figure 5.22. MALDI-TOF mass spectra of fraction #60. The green circle indicates a peak
predicted to correspond to the lipopeptide fengycin (1463 m/z).
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5.4.11 Protection of germinating cotton seeds against Fusarium sp. using Bacillus
amyloliquefaciens
Bacillus amyloliquefaciens and Fusarium sp. were individually inoculated and coinoculated onto cotton seeds to determine if the bacteria enhanced the germination of
seeds in the presence of a seed-borne pathogen. After 2, 4, and 6 days the germination of
cotton seeds was greater when inoculated with Bacillus amyloliquefaciens than when
seeds infected with Fusarium sp. were not inoculated with the bacteria (Table 5.6). After
6 days 44.5% of seeds inoculated with Fusarium sp. alone had germinated while 55.6%
of seeds infected with Fusarium sp. and treated with Bacillus amyloliquefaciens
germinated.

Table 5.6. Percent of seeds germinated after 2, 4, and 6 days of inoculating seeds with
Bacillus amyloliquefaciens and/or Fusarium sp. (n=36). Ba=Bacillus amyloliquefaciens,
Fus=Fusarium sp.

Time
2d
4d
6d

Control
52.8
66.7
80.6

Ba
61.1
66.7
80.6

Fus
33.3
38.9
44.4

Fus + Ba
47.2
52.8
55.6
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5.5. Discussion
5.5.1 Endophytic bacteria alter the growth and microscopic characteristics of fungal
colonies
The purpose of this study was to determine whether plant endophytes from a noncultivated relatives of cotton (T. populnea) are capable of altering the growth of seedtransmitted fungi that are potentially pathogenic. The growth in fungal colony diameter
and 24 hour growth rates of Lasiodiplodia theobromae, Diaporthe sp., Bionectria
ochroleuca, Fusarium sp., and Curvularia lunata co-cultured with endophytic bacteria
isolated from Thespesia populnea demonstrated that Bacillus amyloliquefaciens most
consistently inhibited the growth and decreased the growth rate of the fungi tested. All of
the bacteria decreased the colony diameter of the fungi tested. Pseudomonas
oryzihabitans, Pantoea dispersa, Achromobacter xylosoxidans, and Enterobacter cloacae
decreased the growth rates of fungi but inhibition zones were not formed between the
bacterial and fungal colonies. This supports that under the growth conditions used, these
bacteria were not secreting antifungal compounds into the culture medium during the
incubation period. It is possible that a decreased growth rate in the fungus is partly due to
the growth through the viscous bacterial colonies in the carbohydrate-rich medium that
supports rapid microbial growth.

5.5.2 Effects of Bacillus amyloliquefaciens on fungal hyphae and growth of colonies
The effects Bacillus amyloliquefaciens had on the growth of fungi were
documented in this study. Fungal colonies that were co-cultured with Bacillus
amyloliquefaciens had the greatest reduction in growth and hyphal width compared to
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fungal colonies co-cultured with other bacterial endophytes. Bacillus amyloliquefaciens
was repeatedly observed to form inhibition zones and physically adhere to fungal hyphae
of Lasiodiplodia theobromae and Fussarium sp. The data collected when co-culturing
Bacillus amyloliquefaciens and various fungi suggested that Lasiodiplodia theobromae
may be the least sensitive to lipopeptides produced by Bacillus amyloliquefaciens. In
addition, the data supports that the three Diaporthe sp. isolates tested were among the
most sensitive to the lipopeptides produced by the bacteria. Bacillus spp. have been
documented to adhere to cell surfaces and cause deformations in hyphae of fungi
including Alternaria brassicae, Fusarium graminearum, Sclerotinia minor, Valsa mali,
Aspergillus niger, Fusarium oxysporum, Dothiorella aromatica, and Phomopsis perseae
(Sharma and Sharma 2008, Zhao et al 2014, Shrestha et al 2015, Zhang et al 2015, Benoit
et al 2015, Vitullo et al 2012, Tesfagiorgis Demoz and Korsten 2005). The physical
attachment of Bacillus amyloliquefaciens to fungal hyphae likely enhances its ability to
control fungal growth and also suggests that the bacteria are chemotactic towards
compounds produced and released by the fungi. Deformations in fungal hyphae were
observed in Lasiodiplodia theobromae co-cultured with Bacillus amyloliquefaciens.
Species of Bacillus have been previously documented to alter the morphology and affect
the development of fungi by causing hyphal deformations, lysis, and formation of
vacuoles (Chaurasia et al 2005; Gong et al 2015, Sharma and Sharma 2008, Yangui et al
2008, Basha and Ulaganathan 2002, Huang et al 2012).
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5.5.3 Co-production of lipopeptides by Bacillus amyloliquefaciens
Of the various bacteria isolated and tested, Bacillus amyloliquefaciens was the
most suitable candidate to serve as a broad spectrum antifungal biocontrol agent for
cultivated cotton seeds since it consistently inhibited growth of different fungal species.
Lipopeptides from Bacillus spp. are a novel source of broad spectrum antifungal
compounds with great potential to be used in the agriculture industry (Ongena and
Jacques 2008). Previous research determined that lipopeptides produced by Bacillus spp.
are strong antifungal agents capable of inhibiting fungal growth and protecting plants
from fungal pathogens (Guo et al 2014, Gond et al 2015a, Romero et al 2007). The
MALDI-TOF analysis carried out on the crude lipopeptide extract supported that the
isolate of Bacillus amyloliquefaciens used in this study co-produced a variety of
lipopeptides such as iturin A, kannurin, surfactin, and fengycin. Kannurins were recently
described to be novel lipopeptides identified from a liquid culture of Bacillus cereus
(Ajesh et al 2013). This study supports that kannurin could be produced by more than a
single species within the genus Bacillus and, to the best of my knowledge, could be the
first report of kannurin being detected in a liquid culture of an endophytic strain of
Bacillus amyloliquefaciens.

5.5.4 Lipopeptides as inducers of chlamydospore production in fungi
The data presented in this chapter contributes knowledge and provides support to
the hypothesis that lipopeptides are capable of inducing chlamydospore production in a
wide range of filamentous fungi. Previous research by Li et al. (2005 and 2015)
supported that lipopeptides induced chlamydospore production in many species of fungi
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and demonstrated that a mixture of lipopeptides from Bacillus was able to induce
chlamydospore production in Trichoderma harzianum and Gliocladium roseum (Li et al
2005). To the best of my knowledge, the present study could provide the first
documented evidence of Bacillus amyloliquefaciens-derived lipopeptides inducing
chlamydospore formation in cultures of Lasiodiplodia theobromae, Diaporthe sp., and
Bionectria ochroleuca.
HPLC was used to separate the various components in the crude lipopeptide
extract. It was evident in the HPLC profiles of the chlamydospore-inducing fractions #59
and #60 that a peak corresponding to fengycin was present. The peaks detected in these
two fractions, did not correspond to surfactins or iturin. Additional in-depth experimental
analyses could be carried out to further support these results. Researchers previously
demonstrated that the compound fengycin induced chlamydospore production in
Sclerotinia sclerotinium, Rhizoctonia solani, Coprinus comatus, Fusarium graminearum,
and Cladosporium sp. (Li et al 2012). These previous results are similar to those
presented in this chapter which supported that fengycin is likely responsible for the
induction of chlamydospore production in Fusarium sp. isolated from cotton seeds.
The formation of chlamydospores is associated with conditions of abiotic and
biotic stress responses in fungi (Hood and Shew 1997, Kheng Goh et al 2009). The
formation of chlamydospores is used by fungi as a mechanism to withstand periods of
stress only to germinate once conditions are once again favorable for growth (Sitton and
Cook 1981, Nyvall 1970, Hwang and Ko 1978). Therefore, it is probable that
lipopeptides produced by beneficial bacteria such as Bacillus spp. induce stress response
pathways in filamentous fungi and eventually lead to the induction of chlamydospore
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production. Though Bacillus spp. and its lipopeptides are able to suppress fungal diseases
by inhibiting fungal growth, the production of resistant chlamydospores by the fungus in
response to lipopeptides allows it to persist in the environment.

5.5.5 Protection of banana fruits and cotton seedlings against fungal diseases using
Bacillus amyloliquefaciens
In addition to being able to control the growth of fungal cultures through the
production of lipopeptides, the isolate of Bacillus amyloliquefaciens used in this study
decreased the severity of banana fruit rot caused by L. theobromae and increased the
germination rates of cotton seeds infected with Fusarium sp., supporting that applying the
bacteria may be a useful biocontrol agent at various stages of plant development and that
it provides a benefit to a range of hosts.

The ability of Bacillus amyloliquefaciens to

reduce the severity of banana fruit rot caused by Lasiodiplodia theobromae supports
previous research that concluded that this species of bacteria could protect fruits such as
banana and citrus from fungal post-harvest diseases (Alvindia and Natsuaki 2009,
Arrebola et al 2009). Bacillus amyloliquefaciens and B. subtilis have been documented to
reduce postharvest disease caused by a variety of fungi in fruits such as bananas, pears,
nectarines, apricots, plums, oranges, and tomatoes (Alvindia and Natsuaki 2009, Arrebola
et al 2009, Pusey and Wilson 1984, Arrebola et al 2010, Mari et al 1996).
The use of Bacillus spp. as a biocontrol agent of cotton is not novel. Previous
research has supported the benefits of using Bacillus spp. to enhance the health and
suppress soil-borne diseases in cotton (Chen et al 1995, Brannen and Kenney 1997,
Gajbhiye et al 2010, Li et al 2013). The objective of carrying out the cotton germination
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study was to observe and verify whether the antifungal activity observed in the in vitro
studies could result in a benefit in vivo with this particular salt tolerant strain of B.
amyloliquefaciens. Though other bacteria such as Pseudomonas oryzihabitans, Pantoea
dispersa, and Enterobacter cloacae also decreased the severity of Lasiodiplodia
theobromae banana fruit rot, these species were less effective than Bacillus
amyloliquefaciens and some could be potentially pathogenic to humans. Among the
bacteria tested, Bacillus amyloliquefaciens was the most effective in protecting fruits as
well as seedlings and likely has the least threat of being pathogenic to humans.

5.6 Limitations and future directions
A limitation of the chemical analyses carried out in these experiments is that the
lipopeptides themselves were not identified by sequencing of the amino acid components.
The chemical analyses carried out facilitate the prediction and identification of these
compounds through their molecular weight. Though the methods used in this chapter do
not provide a sequence that confirms the identification of these compounds, the methods
utilized have been commonly used by researchers in the field and the methods used are
effective at isolating and identifying lipopeptides. In addition, the methods used are
sufficient to demonstrate that a fraction obtained from the crude extract of the bacteria are
the agents responsible for inducing chlamydospore formation in fungi.
Though microarray and qPCR data presented in Chapter 3 supports that Bacillus
amyloliquefaciens induces defense-related genes in cotton seedling roots including
antioxidant and PR1. Additional follow-up and in-depth experiments are necessary to
determine whether Bacillus amyloliqufaciens primes and enhances the expression of
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defense-related in genes in cotton seedling roots co-infected with Fusarium sp. and
Bacillus amyloliquefaciens.
Finally, the germination study included in this chapter included data collected
over a short period of time (3 days). Future research should include in vivo studies
evaluating whether Bacillus amyloliquefaciens could protect cotton seedlings and plants
against fungal pathogens for longer periods of time and during more stages in
development.

5.7 Conclusion
Bacterial endophytes interact with filamentous fungi and some are able to alter
their growth. Certain bacterial endophytes such as Bacillus amyloliquefaciens have a
greater ability to inhibit fungi through the co-production of antifungal lipopeptides. In
addition to inhibiting growth, mixtures of these lipopeptides induce the production of
chlamydospores in a wide range of filamentous fungi. The lipopeptide-producing
Bacillus amyloliquefaciens has the potential to increase host resistance to fungal
pathogens and to be used as a biocontrol agent.
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