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ABSTRACT

Burkholderia glumae causes bacterial panicle blight in rice and leads to severe
yield losses. B. glumae causes disease by producing multiple virulence factors including
toxoflavin, lipase, flagella, type Il secretion system, catalase, and exopolysaccharides
(EPS). The production of toxoflavin, the most important virulence factor, is tightly
regulated by Tofl/TofR-mediated quorum sensing (QS) and the transcriptional activators
ToxJ and ToxR. However, other virulence regulatory systems are poorly studied.
Recently, tepR, encoding a sigma 54-dependent response regulator, was characterized
to negatively regulate toxoflavin and extracellular protease production. In order to gain
insights into the comprehensive biological functions of tepR in B. glumae, the genome-
wide transcriptional profile dependent on tepR was investigated through comparative
RNA sequencing (RNA-seq) analyses between the wild-type B. glumae strain  336gr-1
and its tepR knockout derivative, LSUPB401. The RNA-seq analyses yielded the
identification of 238 differentially expressed genes (DEGs). Gene Ontology enrichment
analysis of the DEGs indicated that genes involved in flagella assembly and stress
response were up-regulated in LSUPB401. Kyoto Encyclopaedia of Genes and
Genomes pathway enrichment further revealed that tepR positively regulated the gene
cluster encoding a putative type VI secretion system (T6SS) and the genes responsible
for a branched-chain amino acid ABC Transporter system but negatively regulated the
genes involved in thiamine, cysteine and methionine metabolism. Phenotypic tests
indicated that LSUPB401 was significantly more tolerant to heat stress but not
stationary phase stress. LSUPB401 also largely lost its competition capacity against

other bacteria tested, which was most likely due to the deficiency of the tepR-dependent

vi



T6SS. Phylogenetic study indicated that TepR homologs are conserved in Burkholderia
spp. and other plant and animal pathogenic bacteria. This indicated the modulation of
bacterial behavior through the regulatory action of tepR is likely to be a widely occurring
phenomenon in many bacteria. Finally, it was observed that knockout mutation of gsmR
abolished the production of toxoflavin and extracellular protease in both wild type
(3369gr-1) and AtepR (LSUPB401) backgrounds, indicating that the positive regulatory
function of gsmR on those bacterial behaviors is dominant over the negative function of

tepR on them.
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CHAPTER 1: INTRODUCTION

Bacterial Panicle Blight (BPB) of Rice caused by Burkholderia glumae

Introduction to BPB. Panicle blighting has been a serious problem for rice
production for many years in the rice growing regions in the southern United States.
However, panicle blighting was considered to be caused by physiological disorder until
1996-1997 (Shahjahan et al., 2000). Later, B. glumae, together with B. gladioli, were
isolated and identified to be the major cause of BPB (Nandakumar et al., 2005,
Nandakumar et al., 2009). Typical symptoms of BPB involve panicle blight, sheath rot
and seedling blight (Sayler et al., 2007, Tsushima, 1996). Usually, stripe symptoms
appear first on leaves. The sheath of rice turns brown and develops necrotic lesions.
Affected panicles gradually develop straw-colored florets with seedling blighting
(Shahjahan, 2000). In severe cases, panicles become upright due to the failure of grain

filling (Figure 1.1) (Nandakumar et al., 2009).

Figure 1.1. BPB symptoms on the rice cultivar CL111 which was spray-inoculated with a
wild-type B. glumae strain 336gr-1 in Crowley, LA, USA.
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Besides BPB on rice, B. glumae was also reported to cause bacterial wilt in other crops,
such as potato, tomato and eggplant, posing great agricultural and economic losses

(Jeong et al., 2003).

Infection by B. glumae can be confused with other bacterial infections, especially
Pseudomonas spp., which can cause similar symptoms. For example, the bacterial
stripe disease, which also causes grain discoloration, was reported to be caused by
Acidovorax citrulli (previously named Pseudomonas avenae) (Kadota and Ohuchi,
1983). Pseudomonas fuscovaginae can cause extended water-soaking and necrosis
symptoms, and grain discoloration before the emergence of panicles (Zeigler and
Alvarez, 1987). Also, B. glumae was detected from seeds that did not show any
symptoms, and the isolated strains could still infect rice and cause the BPB disease
(Luo et al., 2007). These factors make it hard to correctly identify the pathogen and

disease based solely on the symptoms of the infected rice.

Characteristics of B. glumae. B. glumae is a gram negative bacterium. It is rod-
shaped, aerobic and nonfluorescent, and has 1-3 polar flagella. It can produce a yellow-
green, water-soluble pigment on various media (Schaad et al., 2001). Because of the
pigment, the colony looks grayish white or yellow. The arginine dehydrolase reaction,
oxidase reaction and nitrate reduction reaction for B. glumae are negative (Cottyn et al.,
1996). The total genome size of a species of Burkholderia is usually greater than 8Mbp
(Holden et al., 2004). The extensively studied B. glumae strain BGR1 has two
chromosomes and four plasmids, with 3,906,529 base pairs in chromosome 1 and

2,827,355 base pairs in chromosome 2, respectively (Lim et al., 2009). A total of 6305



genes have been found in the genome with an average GC content of 68.2% (Lim et al.,

2009).

Epidemiology of BPB. Bacterial pathogens can survive in various
environmental niches, such as water, plant, and soil. B. glumae has been considered to
multiply on the phylloplane of rice plants during the growing stage (Matsuda and Sato,
1987; Tsushima et al., 1996) and survives in both inside and surface of rice seeds, rice
tissue or weeds in the field overwinter (Tsushimi et al., 1989). The disease can emerge
successfully next year under favorable environmental conditions. The prevalence of the
disease can be affected by multiple factors, such as temperature, humidity, disease
severity of previous year and host susceptibility (Tsushima and Naito, 1991; Tsushima
et al., 1996). Especially, BPB tends to outbreak in seasons with high temperature and
long-lasting rains (Zeigler and Alvarez, 1990; Mew, 1992). In Louisiana, the disease
broke out in 1995, when high temperature lasted during the growing season. High
humidity was also reported to favor the disease, especially during the flowering stage
(Tsushima et al., 1995). The severity of the disease is also influenced by the inoculum
density. Inoculation of B. glumae with as low as 10 to 10* cfu/ml by a spraying method
led to BPB (Hikichi, et al. 1994). During infection, B. glumae is thought to first get across
stomata, enter lemma and paleae, reproduce in parenchyma (Tabei et al, 1989), and
spread to the surrounding cells (Hikichi, 1993). Bacteria can make long-distant

movement through host vascular system (Yuan, 2004).

Distribution of BPB. BPB disease was first reported as bacterial grain rot and
seedling blight in Japan (Goto et al., 1956). It was later reported to be found in main rice

growing countries including Korea (Jeong et al., 2003), Taiwan (Chien and Chang,
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1987), Vietnam (Trung et al., 1993) and Latin America (Nandakumar et al., 2007).
Recently, BPB was also found in Ecuador and South Africa in extensive rice growing
regions (Riera-Ruiz et al., 2014, Zhou, 2014). In the United States, the infection area
mainly covered the Gulf of Mexico (Rush, et al., 1998). In Louisiana, severe outbreaks
of the disease happened in 1995, 1998 and 2000, causing almost 40% yield loss in the
heavily infected fields (Nandakumar et al., 2008). Since B. glumae is a seed-borne
pathogen, the wide spread of the pathogen is very likely due to the long-distance

transport of contaminated rice seeds.

Detection of B. glumae. Due to the economic importance of BPB, accurate and
efficient detection of B. glumae becomes very important. As described before, the
symptoms of BPB are similar to several diseases caused by Pseudomonas. So,
identification of B. glumae through symptom observation can be inaccurate (Schaad et
al., 2001). A semi-selective medium, SPG medium, was developed for selective
culturing of B. glumae (Tsuschima et al., 1986). However, it cannot differentiate at
species level within the genus of Burkholderia. Several biochemical and serological
identification methods, for example, Biolog™ system and fatty acid methyl ester
(FAME)-fingerprinting are still under use (Cottyn et al., 1996). However, all the
biochemical and physiological methods available require pure culture of the bacteria
(Schaad et al., 2001). An rRNA gene-based polymerase chain reaction (PCR) method
was later developed for the identification and detection of B. glumae, which was very
simple, rapid and sensitive (Takeuchi et al., 1997). Recently, quantitative polymerase

chain reaction (qQPCR) has been developed to detect and quantify B. glumae with great



sensitivity (Nandakumar et al., 2009). Rep-PCR fingerprint analysis has shown to be

able to resolve differences among various B. glumae isolates (Sayler et al., 2006).

Disease control of BPB. To date, several bactericides, for example copper-
containing chemicals and antibiotics, have been indicated to be able to suppress the
plant pathogenic Burkholderia spp. Oxolinic acid, which targets the DNA gyrase, is
known to be able to effectively suppress the disease development of BPB (Maeda et al.,
2004). Yet oxolinic acid is not allowed for use in the United States. Furthermore, oxolinic
acid resistant strains were found in Japan, which implied the limitation of this chemical
as a reliable control agent (Maeda et al., 2004). Thus, it is imperative to develop

alternative and long-lasting disease control methods for this disease.

Virulence factors and their requlation in B. glumae

Until now, several virulence factors have been identified to be important for the
pathogenesis of B. glumae, e.g. toxoflavin, type Il secretion system, lipase, flagella and

catalase.

Toxoflavin. Toxoflavin is one of the most important and well-studied virulence
factors in B. glumae. Toxoflavin-deficient B. glumae mutants cause negligible disease
symptoms (Devescovi et al., 2007, Kim et al., 2004). Toxoflavin can act as an effective
electron carrier to bypass the cytochrome electron transport system and ,as a result,
causes hydrogen peroxide production from oxygen (Latuasan & Berends, 1961). So, the
toxicity of toxoflavin on rice may due to the toxicity of hydrogen peroxide which can
affect photosynthesis, photorespiration and other metabolic processes (Hung & Kao,
2004, Wan & Liu, 2008). Toxoflavin has been identified and characterized to be

synthesized through a polycistronic operon including five genes, toxABCDE (Kim et al.,
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2004; Suzuki et al., 2004). Insertional mutations in any of these genes can abolish
toxoflavin production (Kim et al., 2004). A second polycistronic operon, toxFGHI, was
characterized to be responsible for toxoflavin transport (Kim et al., 2004). Several
regulatory elements have been known to play important regulatory roles in toxoflavin
biosynthesis. The LysR transcriptional activator, ToxR, can bind to the promoter region
of toxA and is predicted to be involved in the activation of the tox operon transcription
(Shingu and Yoneyama, 2004). And toxoflavin produced through the action of ToxR in
turn functions as the co-inducer of ToxR (Kim et al., 2004). Besides, toxJ, encoding a
transcriptional activator, is another important regulatory element for toxoflavin
biosynthesis (Kim et al., 2004).

The biosynthesis and transport of toxoflavin in B. glumae are also tightly
regulated by quorum sensing (QS) (Kim et al., 2004), which is a cell-to-cell
communication mechanism for bacteria to behave in a collective manner (Miller &
Bassler, 2001). Until now, the only known QS system in B. glumae is mediated by Tofl
and TofR, which are homologous to Luxl and LuxR, respectively, in Vibrio fischeri
(Fuqua et al., 1994, Kim et al., 2004). Tofl is a quorum sensing auto-inducer synthase
which synthesizes two different AHL molecules, N-octanoyl homoserine lactone (C8-
HSL) and N-hexanoyl homoserine lactone (C6-HSL). TofR acts as the cognate receptor
that AHL molecules bind to (Dunlap, 1999, Kim et al., 2004). In B. glumae, the binding
of C8-HSL to TofR activates the transcription of toxJ which is required for the
expression of toxR. ToxR, along with ToxJ, in turn activates the expression of
toxABCDE and toxFGHI for toxoflavin biosynthesis and transport (Figure 1.2) (Kim et al.,

2004). Although toxoflavin is an important virulence factor of B. glumae, some research



demonstrated that toxoflavin-deficient strains still can cause minor disease symptom in
disease-susceptible rice cultivars (Ham et al., 2011). So, the pathogenesis of B. glumae

is most likely to be affected by multiple virulence factors.

Flagella. Although flagella do not directly cause the disease, they are important
for the bacterial motility in hosts, and thus important for bacterial pathogenesis (Hase,
2001, McNally et al., 2007). Until now, two forms of motility, swimming and swarming,
have been observed. Swarming motility is defined as the fast (2-10 um/s) and
coordinated bacterial movement on the surface through rotating flagella (Henrichsen,
1972, Harshey, 2003), whereas swimming motility is defined as the bacterial movement
individually in liquid phase (Moens & Vanderleyden, 1996). In B. glumae, swimming and
swarming activities can be observed on Luria—Bertani (LB) agar plates with 0.4% and
0.7% agar, respectively (Kim et al., 2007). The nonmotile mutants, which are defective
in flagella formation, cause minimum disease symptom on rice (Kim et al., 2007). As for
the regulation of toxoflavin, flagella formation is also under the regulation of Tofl/TofR

Quaram sensing

Transcriptional activatar

Toxoflavin biosynthesis

Flagella assembly

toxIHGF ‘ Toxoflavin transport

Figure 1.2. Schematic view of the regulatory cascade of toxoflavin, lipase and flagella
by QS (Devescovi et al., 2007, Kim et al., 2004a, Kim et al., 2007).
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QS system at 37 °C but not 28 °C (Kim et al., 2007). Additionally, flagella are also
governed by quorum sensing master regulator R (QsmR), FIhC, and FIhD (Figure 1.2).
Mutation of any of these regulatory genes causes the flagellum-deficient and nonmotile
phenotype (Kim et al., 2007).

Lipase. Lipase is also considered as an important virulence factor. Mutation in
lipA, encoding LipA lipase, leads to the attenuated disease symptoms on rice
(Devescovi et al., 2007). Lipase has been known to be secreted through the type II
secretion system (Kang et al., 2008). Lipase activity is also reported to be mediated by

Tofl/TofR QS system (Figure 1.2) (Devescovi et al., 2007, Kim et al., 2007).

Type Il effectors. The type Ill secretion system has been widely used by
various Gram-negative bacterial pathogens to directly inject proteinaceous virulence
factors, type Il effectors, into eukaryotic host cells (Abe et al., 2005). Mutants of B.
glumae which are defective in T3SS are significantly less virulent on rice panicles in
comparison to the wild type strain (Kang et al., 2008), indicating that type Il effectors
also contribute to the full virulence of this pathogen. However, no type lll effectors have

been reported from the studies of B. glumae.

Other potential virulence factors. Catalase can also be an important virulence
factor because insertional mutation in katG, encoding catalase, causes less severe
disease symptoms on rice (Chun et al., 2009). This is presumably because bacteria
become more susceptible to visible light without the protection of catalase (Chun et al.,
2009). Interestingly, the expression of katG can be directly activated by QsmR (Chun et
al., 2009). B. glumae has also been reported to produce exopolysaccharides (EPSs) on
casamino acid peptone glucose medium. The importance of EPSs for the virulence of B.

8



glumae is still unknown. Two endo-polygalacutronases, PehA and PehB, have been
reported to be important for virulence in Burkholderia spp. Interestingly, knockout of
pehA or pehB individually did not show a significant effect on the virulence of B. glumae,
but knockout of the both genes was not achieved (Degrassi et al., 2008). So, the

importance of polygalacturonases for the virulence of B. glumae is still largely unknown.

Functions of LuxO regulator in Vibrio spp. TepR, encoded by
bglu_1g09700, is homologous to LuxO in Vibrio spp. (Osti, 2014), and they may share
similar regulatory functions. In Vibrio harveyi, light production is achieved through the
expression of luciferase encoded by luxCDABEGH (Meighen, 1991). The expression of
luxCDABEGH is regulated by Luxl/LuxR-mediated QS system in V. fischeri, (Nealson et
al., 1970, Schaefer et al., 1996). V. harveyi possesses two independent QS systems
(system 1 and system 2). Both systems are composed of an autoinducer N-(3-
hydroxybutanoyl)-L-homoserine lactone (Al-1) or Al-2, and its cognate sensor LuxN or
LuxQ, respectively (Bassler et al., 1993). These sensors belong to two-component
signaling proteins, with both sensor kinase domain and response regulator domain
(Bassler and Silverman, 1995). Bonnie et al. identified a novel regulator in V. harveyi,
LuxO, which negatively controlled the expression of luminescence. Amino acid
sequence analysis indicated LuxO was homologous to a two-component response
regulator, NtrC (Bassler et al., 1994b, Bassler et al., 1994a). It was proposed that LuxO
was able to interact with the two QS systems in V. harveyi by repression (Bassler et al.,
1994b). It was found that, in low cell density, LuxO was phosphorylated and behaved
as a repressor of the luminescence expression; in high cell density, LuxN and LuxQ

send the signal to LuxO and inactivated its repression activity through



dephosphorylation (Bassler et al., 1994a). Sequence analysis showed LuxO in V.
harveyi has a highly conserved 47™ aspartate residue (Asp-47), which was of vital
importance for the signal transduction (Bassler et al., 1994a). It was revealed that
substitution of the conserved aspartate to glutamate (D47E) mimicked the
phosphorylated LuxO (constitutive active form of LuxO), and substitution of the
conserved aspartate to alanine or asparagine (D47A or D47N) mimicked the
unphosphorylated LuxO (inactive form of LuxO) (Freeman & Bassler, 1999). Later,
Carol et al. also characterized the negative regulatory function of LuxO in the

luminescence in V. fischeri (Miyamoto et al., 2000).

Low Cell Density Absence of High Cell Density Presence of
Autoinducers Autoinducers
LuxN LuxN

Kinase

Q \:‘Tase
LuxO A’ ase
\ LuxQ \

Active Repressor Inactive Repressor
No Light Production Light Production

LuxO

Figure 1.3. Cascade of the regulation of quorum sensing in V. harveyi. D stands
for Asp-47; HTH denotes helix-turn-helix; P-LuxO indicates LuxO in phosphorylated
form; P’Tase indicates phosphatase (Freeman & Bassler, 1999).

It is suggested that the negative regulatory role of the phosphorylated LuxO
(active LuxO) was fulfilled by the activation of transcription of the small RNAs (sSRNAS),
grrl-4, which functioned together with the sRNA-binding protein Hfg (Lenz et al., 2004).

The sRNA-Hfg complex could affect the stability of the mRNA of quorum-sensing
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master regulator LuxR (V. harveyi) and HapR (V. cholerae) (Lenz et al., 2004, Vance et
al., 2003). And HapR (LuxR) is a positive regulator of a hemagglutinin/protease gene,
hapA (Raychaudhuri et al., 2006). Besides the negative regulatory role in the
luminescence and protease production, LuxO was also characterized to positively
regulate the biofilm formation in V. cholera (Vance et al., 2003). LuxO was found to be
negatively regulated by a TetR family protein, LuxT, by binding to the promoter of luxO
gene (Lin et al., 2000). The regulatory role of LuxO is most likely to be well conserved in
Vibrio spp. (Miyamoto et al., 2003). However, its functions in bacteria of other genus

have never been reported.

Previous study of tepR in B. glumae. Previously, our lab identified tepR
(locus_tag=bglu_1g09700), encoding a sigma 54-dependent response regulator (Osti,
2014). It was found to negatively mediate toxoflavin and protease production, and
virulence in rice (Osti, 2014). Specifically, a markerless deletion mutation of tepR was
constructed using the suicide vector pKKSacB from the wild type B. glumae strain
336gr-1 (Figure 1.4), named LSUPB401. For complementation, the coding region of
tepR, together with 438bp in upstream and 233bp in downstream, was cloned to the
plasmid pBBR1MCS-5 and introduced into LSUPB401 through triparental mating.
Several phenotypic experiments were conducted to confirm the role of tepR in
regulating toxoflavin, protease activities, swimming and swarming activities, and T3SS
elicitation (Osti, 2014). It was indicated that tepR had negative roles in controlling
toxoflavin production (Figure 1.5A), protease activities (Figure 1.5B), and positive roles
in swimming and swarming activities (Osti, 2014). However, other regulatory functions

of tepR was unknown. My research aims for a more comprehensive understanding of
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the regulatory functions of the tepR and its regulation mechanisms through genetic and

transcriptomic techniques.

bglu 1g09690 fepR bgln 1209710
: a WT (336gr-1)
\/
i g
pKKSacB
[ Km | [_sacB |
bglu_1g09690 l bglu 1g09710

AtepR (LSUPB401)

Figure 1.4. Schematic view of AtepR derivative of wild type B. glumae strain 336gr-1.
Specifically, 479 bp upstream sequence (blue) and 358 bp downstream sequence
(green) of tepR were cloned into pKKSacB and introduced into B. glumae. The deletion
mutant was generated by double-crossover homologous recombination.

WT  LSUPB401

Toxoflavin

Protease

Figure 1.5. Increased production of toxoflavin and protease in LSUPB401 (a AtepR
derivative of the wild type 336gr-1) (Osti, 2014).

Significance and Rationale

Rice (Oryza sativa L.) is one of the most important crops which serves as the
basic dietary food for around half of the world’s population (Zeigler & Barclay, 2008).

The United States is one of the top five major exporters of rice (USA Rice Federation;
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www.irri.org), and produces more than 19 billion pounds of rice annually. The major rice
production in the United States is in the states of Arkansas, California, Louisiana,
Mississippi, Missouri, and Texas (USA Rice Federation; www.irri.org). Rice production,
milling and downstream marketing in the US constitute a billions of dollar industry which
is of vital importance for the health of rural economic development (USA Rice
Federation; www.irri.org).

However, rice production has been challenged by various diseases, among
which BPB is one of the most devastating disease, caused by B. glumae (Ham et al.,
2011). Efforts have been taken to develop chemicals that could control the disease, but,
so far, no chemicals could control the disease efficiently and reliably (Ham et al., 2011).
Our lab has been focused on using molecular genetic techniques to decipher the
regulatory mechanisms of the bacterial virulence in B. glumae and finding out the
candidate targets for disease control. My research study emphasizes the
comprehensive understanding of the global regulatory functions of tepR in modulating
bacterial behaviors and its regulation mechanisms. Specifically, the following objectives
were pursued:

1. Investigation of the genes, pathways and systems that are significantly regulated by

tepR in B. glumae.
2. Characterization of the regulatory mechanisms of tepR in B. glumae.

This study is very important in several ways. This is the first report of a
comprehensive study of LuxO-homolog in organisms other than Vibrio spp. It will help
to develop chemical agents that target the key regulatory factor, tepR, for disease
suppression. TepR-homologs have been found in various plant pathogenic and animal
pathogenic bacteria, indicating the global regulatory nature of TepR in the kingdom of
bacteria. This study also uncovered a putative type VI secretion system, which is most
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likely responsible for bacterial interspecies competition. This may direct to novel
biological and chemical disease control strategies.
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CHAPTER 2: GLOBAL REGULATORY ROLE OF TEPR IN BURKHOLDERIA
GLUMAE AS REVEALED BY WHOLE TRANSCRIPTOMIC ANALYSES

Introduction

Whole transcriptome studies for characterization of the regulatory systems in
eukaryotes have been available for more than a decade (Sorek & Cossart, 2010). Yet,
transcriptome-wide studies in prokaryotes have been very hard, largely due to the lack
of poly(A) tails in mRNAs, which are commonly used for enrichment of mMRNAs (Sorek &
Cossart, 2010). RNA sequencing (RNA-seq) has been a revolutionary technology for
studying bacterial transcriptomes (Croucher & Thomson, 2010). It has advantages over
microarray because RNA-seq can display the transcription features digitally with single-
nucleotide resolution and does not require a sequenced genome as reference (Wang et
al., 2009). Most RNA-seq studies include the following steps: RNA extraction, mRNA
enrichment, library preparation, sequencing, gene expression profiling, annotation, and
identification of novel transcripts. Following total RNA extraction, an mRNA enrichment
step is necessary to get rid of all the ribosomal RNA and tRNA, which take up to 95% of
the bacterial transcriptome (Neidhardt et al., 1987). Sequencing can be achieved by
such cost-effective and high-throughput sequencing technologies as the Roche 454,
lllumina Genome Analyzer, Applied Biosystems SOLID and lon torrent platforms (Wang
et al., 2009, Quail et al., 2012). The output of RNA-seq usually contains raw sequence
reads ranging from 25 bp to 200 bp. Millions of short reads of high quality can then be
assembled into large contigs or scaffolds, and mapped to a reference genome (Schatz
et al., 2010). The resultant abundance of transcripts can provide information for multiple
purposes: identification of untranslated regions (promoters and terminators),

identification of novel genes, identification of initiation codon (correction of gene
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annotation), re-construction of operon structure, discovery of non-coding RNAs and
antisense RNAs (Creecy & Conway, 2015, Quail et al., 2012, Sorek & Cossart, 2010).
Several novel RNA-seq-based technologies have been developed. For example,
differential RNA-seq (dRNA-seq) could also estimate whether the RNAs are primary or
processed transcripts, based on a selective sequencing method (Sharma et al., 2010).
Also, metatranscriptomics has been used to assess the transcript abundance of a
microbial community, instead of studying single transcriptome from a pure culture
(Frias-Lopez et al., 2008, Poretsky et al., 2005).

RNA-seq has been widely used to determine differential gene expression under
different growth conditions and treatments (Kroger et al.,, 2013, Kim et al., 2014). To
study the comprehensive functions of tepR in B. glumae, whole transcriptome analyses
were conducted by RNA-seq, comparing the expression profile between the wild type
(WT) B. glumae strain 336gr-1 and its tepR deletion derivative (AtepR), LSUPB401.

Although various computational tools are available for RNA-seq data processing,
such as ABySS (Birol et al., 2009), RSAT (Mikkelsen et al., 2007) and Velvet (Zerbino &
Birney, 2008), none of them is specifically designed for bacterial RNA-seq. However,
bacterial genome structure is very different from that of eukaryote because of the
frequent overlapped adjoining genes and operon structure which make the genome
assembly very challenging (McClure et al., 2013). Rockhopper, used in this study,
incorporates a novel algorithm which emphasizes the complexity of the bacterial
genome. Specifically, a Burrows-Wheeler index (Burrows et al., 1994) ,using full-text
minute space, is made for a reference genome (Langmead & Salzberg, 2012). With the

index, an attempt is made to align each read exactly to the reference genome. When a
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read can not be aligned well, the seed regions of the read are defined and aligned to the
reference genome, and extended utilizing a dynamic program (McClure et al., 2013).
The transcripts are then assembled and annotated. Transcript abundance levels can be
quantified based on Reads Per Kilobase per Million mapped reads (RPKM) with upper
guartile normalization (Bullard et al., 2010). Upper quartile normalization can increase
the accuracy of the transcript abundance estimation, which eliminates the impact of
those extremely low expression or non-expressed genes.

In this study, the resultant expression profile of RNA-seq was subjected to Gene
Ontology (GO) enrichment. GO enrichment is a technique for explanation of a set of
genes using the GO hierarchical classification system, where each gene is associated
with functional characteristic terms organized in a graph structure (Young et al., 2010,
Harris et al., 2004). GO terms are categorized into three terms, “biological process”,
‘molecular function” and “cellular components” (Ashburner et al., 2000). “Biological
process” represents the biological objective that the gene or gene product correlates to;
“‘molecular function” refers to the biochemical character of a gene product; “cellular
component” is defined as the active site of a gene product (Ashburner et al., 2000).
Each GO term is classified into different hierarchical levels. A higher level represents a
broader definition, e.g. signal transduction, whereas a lower level indicates a more
specific definition, e.g. CAMP biosynthesis (Ashburner et al., 2000). The output of the
enrichment assay can be displayed in ranked GO terms with an associated significance
value (Rhee et al., 2008).

To obtain an overview of the biological network, differentially expressed genes

(DEGSs) were also analyzed by the Kyoto Encyclopedia of Genes and Genomes (KEGG)
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pathway enrichment (Kanehisa & Goto, 2000). KEGG ,by definition, is a collection of
databases which links genetic and genomic information to graphical-displayed higher
order functional categories (Kanehisa & Goto, 2000). KEGG pathway enrichment is a
process to map the listed genes into the existing KEGG metabolic pathways and identify
the pathways that are statistically significantly altered (Grosu et al., 2002). The output of
KEGG pathway enrichment is usually displayed as a list of statistically enriched
pathways with the corresponding significance value.

To validate the expression pattern of RNA-seq, the expression values of selected
genes were quantified by quantitative PCR (gPCR). It is able to monitor the PCR
product in real-time by detecting proportionally increased fluorescence. Several
fluorescence detection methods have been developed, such as DNA-binding-based
SYBR green and probed-based TagMan (Sambrook and Green, 2012). SYBR green
was used in this study which binds specifically to double-stranded DNA. The relative
transcript abundance of gPCR can be analyzed by the 2(-Delta Delta C(T)) method

(Livak & Schmittgen, 2001).

Materials and Methods

Bacterial strains and growth conditions. B. glumae strains used in RNA-seq
(Table 2.1) were routinely recovered from the strain stock, kept in 30% glycerol at -70°C,
and grown in an incubator at 37 °C on Luria-Bertani (LB) agar (25 g LB Miller broth
(Fisher Scientific, Waltham, MA, USA) and 18 g agar in 1L distilled deionized water
(ddH20)). Nitrofurantoin (Nit) was supplemented in the medium during the recovery of
the B. glumae strains from storage to confirm the resistance and prevent any possible

contamination of other bacteria. During sampling, strains were grown at 37 ‘C on an
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incubator shaker at 200 rpm in LB broth (25 g LB Lennox broth (Fisher Scientific) in
1000 ml ddH20) without any additional antibiotics.

Table 2.1. B. glumae strains used for RNA-seq study

Strain name Genotype description® References

336gr-1 Wild type (WT) strain isolated from diseased | (Nandakumar et
rice in Crowley, Louisiana, USA, Nit® al., 2009)

LSUPB401 A AtepR derivative of 336gr-1, Nit® (Osti, 2014)

ANit" indicates the resistance to Nitrofurantoin.

RNA extraction, quality assessment and sequencing. RNA extraction was
conducted by the previous lab member Rebecca Melanson. One ml overnight culture of
B. glumae strains, grown in 10 ml LB broth at 37°C with 200 rpm shaking, were
centrifuged at 16,0009 for 2 min and washed twice with 1 ml fresh LB broth. Ten pl of
the washed culture was finally resuspended in 10 ml LB broth and incubated at 37 °C
with 200 rpm shaking. Each culture was grown until the optical density at 600 nm
(OD600) reached approximately 1.0. One ml of culture was centrifuged at 17,000 x g for
1 min and supernatant was removed. The bacterial pellets were frozen in liquid nitrogen
for about 10 s and re-suspended in 1 ml of TRIzol® Reagent (Ambion® Life
Technologies, Grand Island, NY, USA). Samples were stored at -70 °C before
proceeding. For each culture, there were three biological replicates and each had two
technical replicates.

Sample homogenate stored in TRIzol® Reagent at -70°C was thawed on ice.
RNA was isolated using the Direct-zol™ RNA MiniPrep Kit (Zymo Research, Irvine, CA,

USA) according to the manufacturer’s instructions. In column crude RNA was again
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purified by DNase provided in the Direct-zoITM RNA MiniPrep Kit according to the
manufacturer’s instructions. RNA was eluted with 35 yl DNase/RNase-free water. A
second DNase treatment using the DNase Treatment and Removal kit (Ambion® Life
Technologies, Grand Island, NY, USA) was conducted according to the manufacturer’'s
instructions to get rid of any residual DNA contamination.

The concentration and purity of the extracted RNA was determined by the
260/280 and 260/230 ratios on a NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific). About 100 ng of total RNA from each sample was run on a 1% agarose gel
to check for RNA degradation. The primers GL-13f (ACACGGAACACCTGGGTA) and
GL-14r (TCGCTCTCCCGAAGAGAT) (Takeuchi et al., 1997), which specifically targets
the spacer region between 16S and 23S ribosomal RNA (rRNA) of B. glumae, was used
for PCR to check for DNA contamination.

Approximately 2-4 pg of total RNA from each replicate, stored in a Styrofoam ice
chest with dry ice, was sent to the Johns Hopkins University Genetic Resources Core
Facility (GRCF) in Baltimore, MD, USA, for quality assessment, rRNA depletion, and
sequencing. The quality of the RNA samples was assessed with the Agilent 2100
BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA). The elimination of rRNA
was conducted using Ribo-ZeroTM (Bacteria) reagents (Epicentre, Madison, WI, USA).
Samples was additionally purified using the Agencourt RNACIlean XP kit (Catalog No.
A63987, Beckman Coulter, Inc. Indianapolis, IN, USA). RNA-Seq libraries were
prepared by the ScriptSeq™ v2 RNA-Seq Library Preparation module of the
ScriptSeq™ Complete Kit (Bacteria) (Catalog No. BB1206, Epicentre). The quality of the

libraries made were tested with the Agilent 2100 BioAnalyzer before conducting
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sequencing. RNA sequencing was conducted on a single lane of Illumina HiSeq 2500,
HCSv2.2.38, RTAv1.18.61 (lllumina, Inc., San Diego, CA, USA) to obtain 100 bp paired-
end reads.

Assembly and annotation of transcriptomes. The quality of the RNA-seq raw
data was evaluated by FastQC V0.11.2 (Babraham  Bioinformatics,

http://www.bioinformatics.babraham.ac.uk/projects/fastgc/). The alignment, assembly

and transcript abundance quantification of raw RNA-seq data was performed using the
program Rockhopper version 2.0.3 (McClure et al., 2013). Since the genome of 336gr-1
has not been completely sequenced and annotated, the fully sequenced and annotated
genome of B. glumae BGR1 obtained from NCBl's Genomes FTP site

(ftp://ftp.ncbi.nih.gov/genomes/) was used as the reference for the alignment of RNA-

seq raw reads (Table 2.2). Previous research had been using BGR1 genome for
designing primers for targeted genes in 336gr-1 and no problems had been
encountered (Chen et al., 2012), indicating their high similarity in genome sequence. So,
alignment of the transcriptome of 336gr-1 to BGR1 would not be expected to cause
noteworthy effects in the downstream analysis. Rockhopper, used in this study, created
Burrows-Wheeler indices for 336gr-1 and LSUPB401 (Langmead & Salzberg, 2012).
The seed regions and inexact alignment regions were set to be more than a third and
less than 15% of the length of the reads, respectively. Transcript abundance was
quantified based on Reads Per Kilobase per Million mapped reads (RPKM) with upper
guartile normalization. The cut-off value for differentially expressed genes (DEGS)
between 336gr-1 and LSUPB401 was greater than 1.5-fold change of transcript

abundance with a p-value lower than 0.01.
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Table 2.2. GenBank data files and protein feature files used for assembly, alignment
and annotation in Rockhopper.

Genome Name of the files | File description Last modified date
Chromosome 1 | NC_012724.gbk | sequence GenBank file | June 13, 2013
NC_012724 ptt Protein feature file April 13, 2012
Chromosome 2 | NC_012721.gbk | sequence GenBank file | June 13, 2013
NC_012721.ptt Protein feature file April 13, 2012
Plasmid NC_012723.gbk | sequence GenBank file | June 09, 2013
blgu_1p NC_012723.ptt Protein feature file July 09, 2011
Plasmid NC 012718.gbk | sequence GenBank file | June 09, 2013
blgu_2p NC_012718.ptt Protein feature file July 09, 2011
Plasmid NC 012720.gbk | sequence GenBank file | June 9, 2013
blgu_3p NC_012720.ptt Protein feature file August 11, 2011
Plasmid NC_012725.gbk | sequence GenBank file | June 09, 2013
blgu_4p NC_012725.ptt Protein feature file July 09, 2011

Validation of RNA-seq expression pattern by quantitative reverse
transcription PCR (gRT-PCR). RNA was extracted and purified by the same
preparation procedures as in RNA-seq. ProtoScript® First Strand cDNA Synthesis Kit
(New England Biolabs, Ipswich, MA, USA) was used to perform reverse transcriptase
PCR on 5 or 6 pul RNA of 336gr-1 and LSUPB401. The resultant cDNAs were used as
templates for qPCR. Primers used for gPCR were listed in Table 2.3, designed by the
PrimerQuest tool on the Integrated DNA Technologies (IDT) website

(http://www.idtdna.com/Primerqukest/Home/Index). For gPCR, 1 pl template cDNAs, 7
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pl water, 1 pl 10 uM forward primer and 1 pl 10 uM reverse primer were mixed with 10
pl 2X Power SYBRR Green PCR Master Mix (Life Technologies, Grand Island, NY,
USA) to perform a 20 pl gPCR reaction on IQ™5 Multicolor Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA, USA), and the results were monitored by
iIQ™S5 Optical System Software (Bio-Rad Laboratories, Hercules, CA, USA). Each
reaction had three biological replicates and three technical replicates. The gPCR
program for all primer sets was initial denaturation at 95°C for 30 s and followed by 40
cycles of 95°C for 15 s and 55°C for 30 s. To ensure the target gene was specifically
amplified, the PCR cycling was followed by melting curve analysis from 50 °C to 95 °C.
The expression fold changes of selected genes in 336gr-1 and LSUPB401 was
estimated by 2T formula (Livak & Schmittgen, 2001) using the constitutively
expressed DNA gyrase subunit A gene gyrA as reference (Chen and Ham,
unpublished).

Table 2.3. The genetic regions and primers used for gPCR verification of RNA-seq.

Internal region | Gene product Product | Primers (forward & reverse)
of the genes length
bglu_1g08720 | DNA gyrase subunit A | 140 bp GyrA-ql:
(gyrA) gene CACGACTACATCCTCTGTTTCT
C
GyrA-g2:
ACGTTGATCTTCTCGCCTTC
bglu_1g08430 | 5- 119bp | RT1G08430F1:
methyltetrahydroptero CGACATGGTGGAGTTCTTC
[triglutamate--
romocystne o
methyltransferase
bglu_2g09850 | hypothetical protein 105 bp RT2G09850F1:
GGCTGCAAGTGTTTCTCT
RT2G09850R1.:
GGAATGCGGATTCGATGT
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(Table 2.3 continued)

Internal region | Gene product
of the genes

Product
length

Primers (forward & reverse)

bglu_ 2919340 | chaperonin Cpnl0

96 bp

RT2G19340F1:
GTCGGTGATCAGGTCATTT

RT2G19340R1:
GCCCATCACGTCTTCTTC

bglu_2g19330 | chaperonin GroEL

96 bp

RT2G19330F1:
ATCTGAGCCCGTACTTCAT

RT2G19330R1:
GAACCGCGGAAATCTTCTT

bglu_2g16650 | hypothetical protein

127 bp

RT2G16650F1:
CATGGGCATGACGTATCTG

RT2G16650R1:
CAGTATCTTCGCGAGCAC

bglu_1g22650 | catalase KatE

109 bp

RT1G22650F1:
GATGTCGAACGACCTGTATG

RT1G22650R1:
CGCGTCGTAATCGAACTT

bglu_2g06440 | riboflavin biosynthesis
protein RibD

106 bp

RT2G06440F1:
CTCGATCCTGACTGGCAT

RT2G06440R1:
CCGAGCATCGATCAACAC

bglu_1g11120 | heat shock protein
Hsp20

166 bp

RTHsp20F1:
GACCACTTATCGTTTCGG

RTHsp20R1:
GATCTCGATCGCTTCGTC

bglu_1g10250 | quorum sensing
master regulator
QsmR

125 bp

RTgsmrF1:
CGAGATCGAGAATCGTCCA

RTgsmrR1:
GGGATGCCTGTCAATTCTG

bglu 2916690 | RebB protein

91 bp

RTReb1F1:
CCGTCAACGACCAGATCAC
RTReb1R1:

TGGAACAGGTTGCCCATC
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(Table 2.3 continued)

Internal region | Gene product Product | Primers (forward & reverse)
of the genes length
bglu_2g06400 | methyltransferase 116 bp RTtoxAF1:
UDIE (ToxA) AGTACGACAGCTCGATACG
RTtoxAR1:
CCGGAAACGTCACCAATC
bglu_1g03960 | type VI secretion 82 bp RTTssAF1:
system protein TssA TCGACGACGAACTCGAAC
RTTssAR1:
ATGCGCACCGAGTCATAG
bglu 2916670 | RebA protein 94 bp RT2G16670F1:
CAACGATCAGATCACCGATTC
RT2G16670R1.:
CGTGGCCTGGTAGAGATT

Annotation of DEGs with unknown functions. Among the 238 DEGs, 36
genes were annotated as “hypothetical protein” with 31 of them being up-regulated in
LSUPB401. The functions of these hypothetical proteins were predicted and annotated
using the HMMER 3.1b1 (Eddy, 1998, Mistry et al., 2013). Specifically, the amino acid
sequence of each hypothetical protein gene was subjected to BLAST 2.2.28+ using the
program “blastp” against the database “Non-redundant protein sequences (nr)’
(http://blast.ncbi.nim.nih.gov/Blast.cgi). The sequences of the top thirty hits were
retrieved and aligned with MUSCLE v3.6 (Edgar, 2004). The alignment file was inputted
to make the profile HMM using the program “hmmbuild”. The resultant profile HMM was
subjected to the “hmmsearch” against the “Reference Proteomes” database
(http://nmmer.janelia.org/search/hmmsearch) with the options setting “--E 1 --domE 1 --

inc 0.01 --incdomE 0.03 --seqdb refseq”. The function of the top hit with the lowest E-
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value was used as the new annotation for each of the hypothetical proteins. The cutoff
E-value was 1.0E-3.

Gene ontology (GO) enrichment. Blast2GO 3.0 was used for whole
transcriptome GO annotation (Conesa et al.,, 2005). Build-in Blast search was first
performed for the whole-transcriptome of B. glumae BGR1. The transcriptome file of B.
glumae BGR1 in FASTA format was downloaded from MicrobesOnline

(http://www.microbesonline.org)(Dehal et al.,2010).The Blast program used was “blastx”;

blast database was “nr”; blast expectation value (E-value) was 1.0E-3; blast mode was
“‘QBlast-NCBI”. “Gene Ontology Mapping” was performed to retrieve all the GO terms
associated to the hits obtained by the BLAST search results using the default “non-
redundant reference protein” database, i.e. PSD, UniProt, Swiss-Prot, TTEMBL, RefSeq,
GenPept and PDB. “InterProScan” was then performed with all the available database
(BlasProDom, FPrintScan, HMMPIR, HMMSmart, HMMTiger,etc).This process retrieved
all the information of known domain or motif in a sequence-wise manner. The
corresponding GO terms were then transferred and merged with the existing GO terms
through the function “Merge InterProScan GOs to Annotation”. The output was exported
as the whole transcriptome GO database of B. glumae. The GO terms for the DEGS in
this study were also selected for further GO enrichment assay. The GO enrichment was
conducted by using the Singular Enrichment Analysis (SEA) from the web-based
program agriGO version 1.2 (Du et al., 2010). Since the GO annotation database was
not available in the web server, the GO terms of DEGs and whole transcriptome
together with their gene locus tags, formatted in two columns as required, were inputted

in the “Customized annotation” and “Customized annotated reference” respectively. The
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significance of the enriched term was analyzed by Fisher's exact test with Yekutieli
(FDR under dependency) adjustment. The cut-off p-value was set at 0.05; the minimum
number of mapping entries was set at 5. The enrichment result was categorized in
terms of biological process, molecular function, and cellular component.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. To
obtain an overview of the gene biological network, the DEGs were also subjected to
KEGG pathway enrichment assay using KOBAS 2.0 (Wu et al.,, 2006). Significant
pathways were selected at the p-value < 0.10 using Hypergeometric test/ Fisher’s exact
test. The minimum number of the displayed terms was set at 5. The representative
enriched pathway networks were reconstructed with the program Visualization and
Analysis of Networks containing Experimental Data (VANTED) V 2.2.0 (Junker et al.,
2006). KEGG pathway maps of B. glumae were downloaded from the Kyoto

Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegd/).

Classification of T6SS-A in B. glumae. The sequences of T6SS gene cluster
(bglu_1g03850 — bglu_1g03990) that was significantly down-regulated in B. glumae
LSUPB401 and reference T6SS gene clusters sequences in B. pseudomallei in
GenBank format were downloaded from the NCBI website

(http://www.ncbi.nlm.nih.gov/). All the sequences downloaded were aligned with Mauve

2.3.1 and visualized by the build-in alignment viewer (Darling et al., 2010).

Examination of tssA expression in different bacteria growth stage by gRT-
PCR. RNA was extracted and purified by the same preparation procedures as in RNA-
seq except an overnight B. glumae culture was diluted to ODgpp=0.05 and harvested at

0 hours. The culture was harvested every two hours. Procedure for cDNA synthesis and
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gPCR followed the previously described method. The primers used for detecting tssA
were RTTssAF1 and RTTssARL1 (Table 2.3).

Generation of heat maps. All the heat maps in this study were generated by
MultiExperiment Viewer (MeV) v4.9 (Saeed et al., 2003). The data was displayed as

logz (RPKM) or logip (RPKM) and mapped to colors using the “green-black-red” scheme.

Results

RNA-Seq raw data quality assessment and assembly. The quality of RNA-seq
raw data was analyzed by FastQC, which provided quality control statistics for high-
throughput raw sequence data (Babraham Bioinformatics,
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The quality of each raw
sequence data was analyzed in terms of “Per base sequence quality score”, “Per
sequence quality score”, “Per base sequence content” and “Overrepresented
sequences” etc., among which “Per base sequence quality score” was most important
parameter. The summary of “Per base sequence quality” of each raw sequence data is
presented in Appendix A. For each sample, the median quality scores and inter-quartile
range (25-75%) scores of all read positions were greater than 30, indicating the
excellent quality calls of each sample. Thus, no further data trimming was necessary.
The total reads of each sample was greater than 14.3 million reads (Appendix A).
Based on the formula Coverage = ( Average read length) x (Number of reads)/ (Length
of genome), total reads were enough to cover the genome of B. glumae ( =6.8 Mb)
more than 200 times, which were “deep” enough for further analyses (Ajay et al., 2011).
Some raw sequence data were indicated to have overrepresented lllumina Single End

adapter sequence (AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCC)
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or TruSeq Adapter (AGATCGGAAGAGCACACGTCTGAACTCCAGTCACTGACCAATCTCGTATG).
The adapter sequences did not affect the reference-based assembly in this study since
they did not hit any reference genome sequence of B. glumae BGRL1 (data not shown).

Table 2.4. Assembly report of RNA-seq raw data.

gég;gf € Total reads Aligned total reads Zlieg;ﬁggt?ogtzlorga ds
336gr-1 R1 14312452 10572181 73.9
336gr-1 R2 19170445 14028786 73.2
336gr-1 R3 18207519 12992523 71.4
LSUPB401 R1 17476629 13057231 74.7
LSUPB401 R2 16735198 12172974 72.7
LSUPB401 R3 15252900 10930324 71.7

®R1, R2, and R3 represent three biological replicate of the sample.

B. glumae Aligned reads”
sample® bglu 1g | bglu_2g | bglu_1p | bglu 2p | bglu_3p | bglu_4p
336gr-1 R1 8964213 | 1488626 | 48721 23067 31168 16386
336gr-1 R2 11869408 | 2024288 | 51818 24359 37991 20922
336gr-1 R3 11052326 | 1828906 42752 20472 31544 16523
LSUPB401 R1 | 10785737 | 2166736 42558 26548 21068 14584
LSUPB401 R2 | 9929335 | 2129695 | 45864 28592 23099 16389
LSUPB401 R3 | 8998425 | 1807445 48726 39674 20476 15578

Phglu_1g is chromosome 1 and bglu_1p is plasmid 1 and so forth.

Each raw RNA-seq data was mapped to the B. glumae BGR1 reference genome
by Rockhopper version 2.0.3. The aligned total reads all samples ranges from 11 million
to 14 million (Table 2.4), which provided greater than 160x coverage of the B. glumae

genome. The average of percentage of aligned total reads was 72.9%. Majority of reads
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were aligned to Chromosome 1 (3,906,507 bp). The rest of reads were mostly aligned
to Chromosome 2 (2,827,333 bp). Around 1% of reads were aligned to the four

plasmids, bplu_1p (133,591 bp), bplu_2p (141,792 bp), bplu_3p (141,067 bp), and

bplu_4p (134,346 bp). The details of assembly information is displayed in Table 2.4.

Identification of DEGs from transcriptomic-wide profile between WT and
LSUPB401. DEGs were defined by greater or equal to 1.5-fold change with 99%
confidence level. A total of 238 DEGs were identified, with 199 DEGs being up-
regulated and 39 being down-regulated in LSUPB401, respectively (Figure 2.1,
Appendix B). A hundred and thirty seven DEGs were located on Chromosome 1
(bglu_1g) and 94 were located on Chromosome 2 (bglu_2g). Two, two and three DEGs
were located on Plasmid 1 (bglu_1p), Plasmid 3 (bglu_3p) and Plasmid 4 (bglu_4p),
respectively (Appendix B). A total of 38 genes were differentially expressed with greater
or equal to 4-fold change. A hundred and six genes were differentially expressed with
greater or equal to 2-fold change but lower than 4-fold. Ninety four genes were
differentially expressed with greater or equal to 1.5-fold change but lower than 2-fold.

Among the DEGs that were up-regulated in LSUPB401, bglu_1g08430, encoding
a 5-methyltetrahydropteroyltriglutamate--homocysteine S-methyltransferase, had a 7.1-
fold change. The chaperonin Cpnl0 gene, bglu_2g19340, was 5.3-fold up-regulated in
LSUPB401. A serine metalloprotease gene, bglu_1g16590, was also significantly up-
regulated with a 4.5-fold change. Amino acid sequence analyses by SignalP-4.1

(http://www.cbs.dtu.dk/services/SignalP/) (Petersen et al.,, 2011) indicated that

there was a putative signal peptide of the protein, with the C-score (raw cleavage site

score), S-score (signal peptide score) and Y-score (indicates combined cleavage site
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score) of 0.801, 0.869 and 0.987, respectively (Figure 2.2). The signal peptide was
predicted to be released on the 27th amino acid between AQA and QT. One TenA
family transcriptional activator gene, bglu_2g06890, had a 4.3-fold increase in
LSUPB401. Besides, katE, encoding catalase, was 4.6-fold up-regulated in LSUPB401.

Table 2.5. Summary of the regulation in LSUPB401 for the genes responsible for
toxoflavin production and its known regulatory systems.

Gene Product Function Significance®
bglu 2906330 ToxJ Transcriptional activator None
bglu 2906350 Toxl Up
bglu 2906360 ToxH Up
bglu 2906370 ToxG Toxoflavin transport Up
bglu 2906380 ToxF Up
bglu 2906390 ToxR Transcriptional activator None
bglu 2906400 ToxA Up
bglu 2906410 ToxB Up
bglu_2g06420 ToxC Toxoflavin biosynthesis Up
bglu 2906430 ToxD Up
bglu 2906440 ToxE Up
bglu 2914470 TofR None
bglu 2914480 TofM Quorum sensing None
bglu 2914490 Tofl None
bglu 1910250 QsmR Up

4Significance indicates the significant regulation of the gene in LSUPB40L1.

The gene clusters toxABCDE (bglu_2g06400-6440), encoding toxoflavin biosynthesis
system and toxIHGF (bglu_2g06350-6380), encoding toxoflavin transport system, were
consistently up-regulated in LSUPB401 (Table 2.5). However, toxoflavin transcriptional
regulators toxJ (bglu_2g06330) and toxR (bglu_2g06390) were not differentially
expressed (Table 2.5). The production of toxoflavin in B. glumae has known to be tightly
regulated by quorum sensing (QS) mediated by tofl, tofR and tofM (Chen et al., 2012b).
In this study, the expression of tofl (bglu_2g14490), tofR (bglu_2g14470) and tofM

(bglu_29g14480) were not significantly differentially expressed in LSUPB401 (Table 2.5).
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The quorum sensing master regulator gene, gsmR (bglu_1g10250), was significantly

up-regulated in LSUPB401 by 2.7 folds.

LSUPB401

Figure 2.1. Heat map showing a total of 238 DEGs with greater than 1.5 fold change at
99% confidence level between WT (336gr-1) and LSUPB401 (AtepR). Colors in cells
represent log;o RPKM of the genes in WT and LSUPBA401.
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Figure 2.2. Signal peptide prediction of bglu_1g16590. C-score indicates raw cleavage
site score; S-score indicates signal peptide score, Y-score indicates combined cleavage
site score.

Among the DEGs that were down-regulated in LSUPB401, the expression of
tepR (bglu_1g09700) was negligible in LSUPB401 (Appendix B). This was reasonable
since LSUPB401 is the tepR knockout mutant. Gene, bglu_1g03930, encoding a type VI
secretion system protein TssF, was the most significantly down-regulated gene with a
5.8-fold change (Appendix B). bglu_1g22700, encoding a LuxR family transcriptional
regulator, was 4-fold down-regulated in LSUPB401 (Appendix B). In all 238 DEGs, 36 of

them had unknown functions and were annotated as hypothetical proteins.
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Figure 2.3. Validation of RNA-seq result by gRT-PCR. (A) Fold change of each gene in
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gqRT-PCR was calculated by the 2722 method and compared with that in RNA-seq.
Error bars represent standard error of the mean (SEM) of three independent
experiments. (B) Linear correlation of fold change between RNA-seq (x-axis) and qRT-

PCR (y-axis).

Validation of RNA-seq expression pattern by gRT-PCR. A total of 13 selected
genes were used for the validation of RNA-seq expression (Table 2.3). RNA samples
used for gPCR validation were independently prepared by the same method as in RNA-
seq. The fold changes of the gene expression in gPCR were contrasted with RNA-seq
data by scatter-plotting method (Figure 2.3). The result indicated that gene expression
pattern in RNA-seq linearly correlated to that in qPCR with a correlation coefficient (R?)

of 0.88 (Figure 2.3).

Annotation of DEGs with unknown functions. Among the 36 DEGs of
unknown functions, 25 genes were successfully annotated with profile hidden markov
(HMM) searches (Table 2.6), with a cutoff E-value of 1E-3. The amino acid sequence of
the eight genes remaining had less than 30 hits by subjecting to the “blastp” search.
Thus, these genes were excluded from the downstream HMMER search. The left 3
genes of unknown functions could not be annotated by HMMER suite, since the hits
were all still proteins of unknown functions. For the successfully annotated genes, 8
genes (bglu_1g04010, bglu_ 1931460, bglu_1g02000, bglu 1923130, bglu_ 1926310,
bglu 2906380, bglu 2908910, bglu_29g09660) were predicted to encode membrane
proteins and 1 (bglu_1919190) encodes inner-membrane translocator. Three genes

(bglu_29g16630, bglu_29g16640, bglu_2g16650) were annotated as RebB protein.
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Table 2.6. Functional annotation for DEGs encoding hypothetical proteins using the

HMMER suite.
Regulation in | Gene Gene Putative Function® E-value
LSUPB401 Product
Down- bglu_1g04010 | hypothetical | membrane protein 3.1E-133
protein
regulated
bglu_1931460 | hypothetical | membrane protein 5.8E-43
protein
bglu_2g22240 | hypothetical | small protein yjiX S5E-47
protein
bglu_3p0560 | hypothetical | N/A N/A
protein
bglu_4p0300 | hypothetical | N/A N/A
protein
Up-regulated | bglu_1g01690 | hypothetical | flagellar protein FIiT 1.2E-54
protein
bglu_1g02000 | hypothetical | membrane protein 1.5E-67
protein
bglu_1g08680 | hypothetical | teneurin-3 5.9E-261
protein
bglu_1g10720 | hypothetical | lytic transglycosylase 1.1e-09
protein
bglu_1g18240 | hypothetical | N/A N/A
protein
bglu_1g19040 | hypothetical | cupin 5E-99
protein
bglu_1g19070 | hypothetical | renal dipeptidase 2.7E-22
protein
bglu_19g19190 | hypothetical | inner-membrane translocator | 4.3E-126
protein
bglu_19g21320 | hypothetical | unknown N/A
protein
bglu_1g21920 | hypothetical | N/A N/A
protein
bglu_1g22630 | hypothetical | PF14027 family protein 2e-38
protein
bglu_1g23120 | hypothetical | unknown N/A

protein




(Table 2.6 continued)

Regulation in | Gene Gene Putative Function® E-value
LSUPB401 Product
Up-regulated | bglu_1g23130 | hypothetical | membrane protein 3.8E-33
protein
bglu_1g25590 | hypothetical | transcriptional regulator 0.00065
protein
bglu_19g26310 | hypothetical | outer membrane protein 3.5E-81
protein
bglu_1g27760 | hypothetical | DNA repair ATPase 2.9E-105
protein
bglu_1g30010 | hypothetical | ester cyclase 6.6E-70
protein
bglu_1g31060 | hypothetical | endonuclease 1.1E-110
protein
bglu_2g05270 | hypothetical | N/A N/A
protein
bglu_2g06380 | hypothetical | membrane protein 9.1E-76
protein
bglu_2g06900 | hypothetical | N/A N/A
protein
bglu_2g08910 | hypothetical | membrane protein 0.00000001
protein
bglu_2g09660 | hypothetical | membrane protein 0.0000014
protein
bglu_2g09850 | hypothetical | unknown N/A
protein
bglu_2g09930 | hypothetical | N/A N/A
protein
bglu_2g16620 | hypothetical | N/A N/A
protein
bglu_2g16630 | hypothetical | rebB protein 0.000042
protein
bglu_2g16640 | hypothetical | rebB protein 4.6E-72
protein
bglu_2g16650 | hypothetical | rebB protein 1.9E-35
protein
bglu_2g16720 | hypothetical | peptidoglycan-binding protein | 3.3E-148
protein
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(Table 2.6 continued)

Regulation in | Gene Gene Putative Function® E-value
LSUPB401 Product
bglu_2g18820 | hypothetical | deacylase 2.4E-128
protein

%N/A” indicated the genes precluded from the HMMER search, the amino acid
sequence of which had less than 30 hits by subjecting to the “blastp” search. Thus,
these genes were excluded from the downstream HMMER search. Genes with putative

function of “unknown”
functions by HMMER suite.
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Figure 2.4. Distribution of the top 20 GO terms of whole transcriptome of B. glumae at
GO hierarchy level 3. “BP” indicates biological process; “MF” molecular function; “CC”
cellular component. Number of sequences (genes) is displayed in x-axis. GO terms at

level 3 is displayed in y-axis.

Whole transcriptome GO annotation and enrichment. A total of 6305 genes in

B. glumae were annotated by Blast2GO 3.0, of which 6301 genes could be annotated

by InterProScan, 6139 genes had Blast hits, and finally 4574 genes could be mapped to

GO terms (Appendix C). Around 900 genes were annotated with 2 or 3 GO terms, and
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roughly 600 genes were annotated with 4 or 5 GO terms (Appendix C). The GO terms
distribution of the mapped genes by level 3 showed that, for “biological process”, genes
associated with the GO term “organic substance metabolic process” and “cellular
metabolic process” were the most; for “molecular function”, genes associated with the
GO term “heterocyclic compound binding” and “organic cyclic compound binding” were
the most abundant; in terms of “cellular component”, genes associated with the GO

term “cell part” were the most (Figure 2.4).
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Figure 2.5. Hierarchical over-represented GO terms in category of biological process (A)
and cellular component (B). Boxes in the graph contains the GO terms and associated
identification number and statistical information. The significantly enriched GO terms (p-
value < 0.05) are applied by color, whereas other terms are shown in blank color. The
diagram indicates the correlation between color and the enrichment level of the terms.
Solid, dashed, and dotted lines represents two, one and zero enriched terms at both
ends connected by the line, respectively. The direction of the hierarchical rank goes
from top to bottom.
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ow

Figure 2.6. The heat map showing the DEGs enriched in the GO terms “bacterial-type
flagellum” (A) and “stress to response” (B). Colors in cells represent log, RPKM of the

40 65 90
(=]
=T
(WD]
o
=)
g 73]
=)

I
(e ]
(S]]
o]
—
(=]

(=]
;T
(]
(A
=
58]
-

bglu_1g33170 (FlgB)
bglu_1933140 (FIgE)
bglu_1g33130 (FIgF)
bglu_1g33570 (FIiK)
bglu_1g33160 (FlgC)
bglu_1g33120 (FlgG)
bglu_1g33110 (FIgH)
bglu_1g33100 (Flgl)
bglu_1g33090 (FlgJ)
bglu_1g33560 (FI|J)

bglu_1g06350 (chaperone protein DnadJ)

bglu_1g911110 (heat shock protein Hsp20)

bglu_1g11120 (heat shock protein Hsp20)

bglu_1g14230 (ATP-dependent Clp protease, ATP-binding subunit ClpB)
bglu_1g19260 (PA-phosphatase-like protein phosphoesterase)
bglu_1g22650 (catalase)

bglu_1923100 (di-heme cytochrome ¢ peroxidase)

bglu_1g26800 (uracil-DNA glycosylase superfamily)

bglu_1926820 (heat shock protein 90)

bglu_1g33760 (ATP-dependent protease subunit HslV)
bglu_1g33770 (ATP-dependent protease ATP-binding subunit HslU)
bglu_2g11560 (AhpD family protein alkylhydroperoxidase like protein)
bglu_2g13680 (alkyl hydroperoxide reductase subunit F)
bglu_2g18430 (heat shock protein Hsp20)

bglu_2g18440 (heat shock protein Hsp20)

bglu_2g19330 (chaperonin GroEL)

bglu_2g19340 (chaperonin Cpn10)

bglu_2g20990 (heat shock protein Hsp20)

bglu_2g21000 (heat shock protein Hsp20)

bglu_ 292101 0 (heat shock protein Hsp20)

bglu_1g03950 (type VI secretion system protein TssH)
bglu_2g22250 (carbon starvation protein CstA)

genes in WT and LSUPB401.

enrichment analysis by AgriGO (http://bioinfo.cau.edu.cn/agriGO/) to find the over-

All the GO terms of the 238 DEGs were retrieved and subjected to GO
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represented GO terms. In this study, 2 GO terms were significantly enriched. In the
category of biological process, term “stress to response” was significantly enriched with
a p-value of 7.8e-05 (Figure 2.5). Among the 22 genes associated with stress response,
20 of them were up-regulated in LSUPB401 (Figure 2.6). Interestingly, 14 of them,
consistently highly expressed in LSUPB401, were functionally annotated as heat-shock
protein or chaperone (Figure 2.6), indicating that tepR may negatively regulate heat-
shock proteins globally in B. glumae. In the category of cellular component, all terms
enriched were associated with bacterium-type flagellum with a p-value of 3.76e-06
(Figure 2.5). A total of 10 genes involved were consistently up-regulated in LSUPB401

(Figure 2.6), indicating that tepR may regulate the structure or functions of flagella.

KEGG pathway enrichment. All the DEGs were subjected to KEGG pathway
analysis using KOBAS 2.0. A total of 5 terms were enriched with a cutoff p-value of 0.1.
Other than flagella assembly, which was also over-represented in GO analysis, KEGG
pathway enrichment demonstrated that thiamine metabolism, cysteine and methionine
metabolism, ABC transporters system and bacterial secretion system were significantly
enriched (Table 2.7). All the DEGs enriched in thiamine metabolism, cysteine and
methionine metabolism were mapped to their corresponding KEGG pathway (Figure
2.7). A total of 8 DEGs were enriched in the ABC transporters system, among which 5
genes belonged to a specific branched-chain amino acid ABC transporter system. It is
composed of one substrate-binding protein (bglu_1g16840), two permease proteins

(bglu_1g26830 and bglu_1g26840) and two ATP-binding proteins (bglu_1g26810 and
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Table 2.7. KEGG pathway enrichment assay.

Background
Pathway 1D Term Expression | Count | number p-value
bgl02040 Flagella assembly Up 13 42 2.80E-10
bgl00730 Thiamine metabolism Up 4 14 0.00076
Cysteine and methionine
bgl00270 metabolism Up 4 35 0.014
bgl02010 ABC transporters system | Down 8 172 0.070
bgl03070 Bacterial secretion system | Down 6 65 0.0070
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Figure 2.7. Representative enriched KEGG pathway or module in B. glumae, (A)
Thiamine metabolism, (B) Cysteine and methionine metabolism, and (C) ABC
transporter system. All the networks were reconstructed using the VANTED program.
Pathway source data was downloaded from the KEGG database (http://www.kegg.jp/).
Circle node represents chemical product; rectangle node represents gene locus tag or
KEGG enzyme code; round rectangle node represents cognate pathway. Color in
rectangles node indicates log2 (WT RPKM/LSUPB401 RPKM). Rectangle node in white
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Figure 2.8. The heat map showing the DEGs enriched in the T6SS gene cluster. Colors
in cells represent log, RPKM of the genes in WT and LSUPB401.

bglu_19g26820). Substrate-binding protein gene was significantly up-regulated in
LSUPB401, whereas permease proteins and ATP-binding proteins were significantly
down-regulated. The 6 genes enriched bacterial secretion system were constantly
down-regulated and belonged to a putative type VI secretion system (T6SS), named as
T6SS-A. Further analyses confirmed that this T6SS gene cluster was shut down in
LSUPB401. The heat map showing the DEGs within the cluster is displayed in Figure

2.8.

Genetic classification of T6SS-A in B. glumae. Since T6SS in B. glumae had
never been studied, the nucleotide sequence of T6SS-A was compared with the T6SS
in B. pseudomallei, which causes melioidosis in humans and animals (Wiersinga et al.,
2012). In this study, Mauve alignment was used for the comparative study of the distinct
T6SS gene clusters. It is able to display the gene structure, direction, and homology of

the aligned sequence simultaneously. The white boxes in the upper part of each gene
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cluster were genes in the forward direction and vice versa. The colored boxes were the
aligned regions, connected by lines across different clusters. A similarity profile was
shown in the colored box where the height corresponded to the average level of
conservation of the sequence (Darling et al., 2010). Based on the nomenclature
proposed by Schell et al., T6SS-A in B. glumae was grouped to T6SS-6 due to their
high similarity in terms of gene composition, gene direction and sequence homology
(Figure 2.9), which was also present in B. pseudomallei, B. mallei and B. thailandensis

(Schell et al., 2007).
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Figure 2.9. Multiple alignment of T6SS-A in B. glumae and T6SSs in B. pseudomallei.
The nucleotide sequences of T6SS-A (bglu_1g03850 - 03990) in B. glumae, and T6SS-
1 (BPSS1496-1512), T6SS-2 (BPSS0515-0533), T6SS-3 (BPSS2107-2091), T6SS-4
(BPSS0166-0185), T6SS-5 (BPSS0095-0116), T6SS-6 (BPSL3097-3111) in B.
pseudomallei were compared using the MAUVE aligner version 2.3.1 (Darling et al.
2010). The figure was created by MAUVE build-in viewer. Locally Collinear Blocks
(LCBs) are displayed in different colors. The degree of similarity is indicated by height of
colored area, where higher height indicates higher similarity. Areas that are completely
white within an LCB are not aligned and may contain sequence elements that are
present in a particular genome.
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Figure 2.11. Relative expression of tssA in different cell density in B. glumae. (A)
Growth curve of WT (diamond shape), LSUPB321 (square shape) and LSUPB401
(triangle shape). (B) Relative expression of tssA in WT (rhombus shape), LSUPB321
(square shape) and LSUPB401 (triangle shape). Error bars indicated +SD of three
replicates.

Knockout of tepR abolished the bacterial growth stage-dependent
expression of tssA. From this study, it was found that T6SS-A gene cluster was shut
down in LSUPB401 under ODgpe=1.0 (Figure 2.8), indicating the positive regulation of
T6SS-A by tepR. However, whether the positive regulation of T6SS-A by tepR is
dependent or independent of bacterial growth stage was unknown. Because T6SS-A is
in a polycistronic operon structure and all the genes were less expressed in LSUPB401

(Figure 2.8), expression level of tssA was used as indicator of the expression level of
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T6SS-A. The expression values of tssA in WT, LSUPB321 (Atofl), and LSUPB401 were
guantified from early exponential stage (ODegpo=0.05) to late stationary phase.
LSUPB321 (Atofl) was included to see whether the expression of tssA was QS-
dependent or not. The result showed that WT, LSUPB321, and LSUPB401 had similar
growth patterns (Figure 2.11. A). The expression of tssA in WT increased dramatically
during the Lag growth phase and early Log growth phase, and dropped to the starting
expression level in the late stationary growth phase (Figure 2.11. B). The expression
curve of tssA in LSUPB321 was similar to WT except that it was shifted towards the left
(Figure 2.11. B). The expression of tssA in LSUPB401 was constantly shut down in all

time points measured.

Discussion

In this study, the whole transcriptome profile was compared between WT and
LSUPBA401. A total of 238 DEGs were identified with 199 DEGs being up-regulated in
LSUPB401 (Figure 2.1). Therefore, tepR was mainly a negative regulator of gene
expression. The most significant negatively regulated gene was bglu_1g08430,
encoding a 5-methyltetrahydropteroyltriglutamate--homocysteine S-methyltransferase. It
catalyzes the chemical reaction of transferring the substrate L-homocysteine to the
product L-methionine. It plays a key role in cysteine metabolism and methionine
metabolism (Guest et al., 1964). Chaperonin Cpnl0 (also called GroES) gene,
bglu_2g19340, was also significantly negatively regulated by tepR. Chaperonins are a
group of proteins that could prevent the misfolding of other proteins (Ellis &
Hemmingsen, 1989). Many chaperonins belong to the family of heat shock proteins

which response to stressful conditions (De Maio, 1999). A serine metalloprotease gene,
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bglu_ 1916590, was also negatively regulated by tepR. This is noteworthy as our
previous study indicated LSUPB401 had significantly more extracellular protease
activity than WT (Figure 1.5). Whether bglu_1g16590 is responsible for extracellular
protease production is under investigation. Extracellular protease is known to be an
important virulence factor in numerous bacteria (Lantz, 1997, Butler et al., 2006, Lebrun
et al., 2009), but whether extracellular protease is important for pathogenesis in B.
glumae has never been studied. Extracellular protease has been known to be mainly
secreted by a type | secretion system (T1SS) or a type Il secretion system (T2SS)
(Sandkvist, 2001, Delepelaire, 2004). Based on the current knowledge, only proteins
secreted through T2SS require signal peptides. To predict whether the metalloprotease,
encoded by bglu_1g16590, is secreted through T2SS or T1SS, the peptide sequence
was searched using the online server of SignalP-4.1

(http://www.cbs.dtu.dk/services/SignalP/) (Petersen et al., 2011). The result indicated

there was a putative signal peptide predicted to be released on the 27" amino acid
between the amino acid AQA and QT. So, it is very likely that the metalloprotease is
secreted through T2SS. One TenA family transcriptional activator gene, bglu_2g06890,
was negatively regulated by tepR. TenA was at first identified as a transcriptional
enhancer to stimulate the production of extracellular protease in Bacillus subtilis (Pang
et al., 1991). Later, TenA homolog was found in a wide range of bacteria and archaea
(Itou et al., 2004), but its function in Burkholderia has not been studied. Based on this
study, it is possible that in B. glumae, tepR could negatively regulate the production of
extracellular protease indirectly through the transcriptional activation of the

metalloprotease gene by TenA. katE was significantly less expressed in tepR knockout
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mutant. In Escherichia coli, two catalase enzymes, hydroperoxidase | (HPI) and HPII,
are encoded by katG and katE respectively (Loewen et al., 1985). In B. glumae, the
catalase activity of KatG has been studied which is regulated by quorum sensing (Chun
et al., 2009). However, the function and regulation mechanism of katE has never been
studied. It is possible the catalase activity of KatE is negatively regulated by tepR. As
discussed in Chapter 1 (Figure 1.5), LSUPB401 produced significantly more toxoflavin
than WT in both liquid and solid medium. This was validated in this transcriptomic study.
The gene clusters toxABCDE (bglu_2g06400-6440), encoding toxoflavin biosynthesis
system and toxIHGF (bglu_2g06350-6380), encoding toxoflavin transport system, were
constantly up-regulated in LSUPB401 (Table 2.5). Nevertheless, toxJ (bglu_2g06330)
and toxR (bglu_2g06390), the toxoflavin transcriptional activators, were not significantly
differentially expressed (Table 2.5). It is known that the production of toxoflavin in B.
glumae is tightly regulated by quorum sensing mediated by tofl, tofR and tofM (Chen et
al., 2012, Kim et al., 2004). However, in this study, the expression of tofl, tofR and tofM
is not differentially regulated in LSUPB401 (Table 2.5). Based on the previous scenario,
Tofl/TofR-mediated quorum sensing positively regulates transcriptional regulators, toxJ
and toxR, which further activates the expression of tox gene clusters for toxoflavin
biosynthesis and transport. Apparently, this was not the case in this study, where the
known regulatory components, toxJ and toxR, were not differentially expressed (Table
2.5). Thus, the repression of toxoflavin through tepR is seemingly independent from the
known regulatory system. There might be an unknown regulatory system which
modulates the expression of toxoflavin in B. glumae. The quorum sensing master

regulator gene, gsmR, was also negatively regulated by tepR in this study. Based on
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the result of Kim et al., gsmR is activated by TofR which, in turn, activates the flagellum
biosynthesis genes and universal stress protein genes (Kim et al., 2007, Kim et al.,
2012). Also, a gsmR-defective mutant showed significantly lower expression of
toxoflavin and the quorum sensing signal, C8-HSL (N-octanoyl-L-Homoserine lactone)
(Kim et al., 2007). So, tepR may act as a repressor of gsmR and thus modulate the
downstream phenotypes.

Thirty-six DEGs were previously annotated as hypothetical proteins. By using
HMMER suite, 25 hypothetical protein encoding DEGs were newly annotated. Eight of
them were annotated as membrane protein. Three of them were annotated as RebB
protein. To date, the functions of RebB protein are poorly understood, but they
appeared to be necessary for the production of R-bodies. R-bodies are essential for the
“killing trait” for endosymbiont bacteria to attack their host Paramecium (Pond et al.,
1989; Raymann et al., 2013). However, the mechanism for the “killing trait” is still
unknown. In B. glumae, the function of RebB proteins and R-bodies have never been

characterized.

By GO enrichment, 2 GO terms, that were significantly associated with tepR,
were uncovered. Term “stress to response” and “bacterium-type flagellum” was
significantly enriched with a p-value of 7.8e-05 and 3.76e-06 respectively (Figure 2.5).
Among the 22 genes enriched in “stress to response”, 14 genes, higher expressed in
LSUPB401, were functionally annotated as chaperone or heat-shock protein, a
subgroup of chaperones (Figure 2.6). tepR may negatively regulate heat-shock proteins
or chaperone proteins globally in B. glumae, but the mechanism of the regulation is

unknown. Noteworthy, in the kingdom of bacteria, several sigma factors, RpoB, RpoE,
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RpoH, and RpoS, have been found to be important for bacteria to respond to heat
stress (Kazmierczak et al., 2005, Vanaporn et al., 2008, Raman et al., 2001). As
previously mentioned, tepR encodes a Sigma-54 dependent response regulator. It is
possible that RpoN (Sigma-54) is an important regulator of tepR which further
modulates the bacterial stress response in B. glumae. In E.coli, the phosphorylated
NtrC, a homolog of LuxO, can interact with RpoN, which further activates the
transcription in response to the nitrogen limitation (Austin & Dixon, 1992). But whether
RpoN is involved in modulating bacterial heat stress response has never been reported.
RpoN is also known to be involved in the flagella-dependent motility of various bacteria
(Kazmierczak et al., 2005). In this study, as revealed by GO analysis, a total of 10
genes involved in flagella assembly were consistently negatively regulated by tepR
(Figure 2.6). So, it is possible tepR regulated the flagella genes through RpoN. The
expression of RpoN, encoded by bglu 1931210, was not differentially expressed
between WT and tepR deletion mutant (g-value=1, data not shown). So, tepR might not

modulate the expression of RpoN in the transcriptional level.

From KEGG pathway analyses, a total of 5 functional terms were enriched:
flagella assembly, thiamine metabolism, cysteine and methionine metabolism, ABC
transporters system, and bacterial secretion system. Consistent with the GO enrichment,
flagella assembly was enriched in KEGG pathway analyses. KEGG pathway analyses
also revealed the negative regulatory role of tepR upon thiamine, cysteine and
methionine metabolism. They all are involved in sulfur compound. It is possible tepR is
also involved in modulating the availability of sulfur compounds. It was also indicated

that a branched-chain amino acid ABC transporter system was under the regulation of

52



tepR, which is composed of one substrate-binding protein (bglu_1916840), two
permease proteins (bglu_1g26830 and bglu_1926840) and two ATP-binding proteins
(bglu_1g26810 and bglu_1g26820). The substrate-binding proteins, present in
periplasm for gram-negative bacteria, can bind to the targeting substrate specifically
(Higgins, 2001). Commonly, permease proteins are structured as six putative a-helical
transmembrane parts and perform as a channel for substrates to be transported through
(Higgins, 2001). In this study, the substrate-binding protein gene was significantly up-
regulated in LSUPB401 whereas permease proteins and ATP-binding proteins were
significantly down-regulated. This suggests that greater amount of branched-chain
amino acid, i.e. valine, leucine, isoleucine, threonine and histidine, can bind to the
transporter system, but they are less capable of passing through the channel. Overall,
this transporter system may not be able to function properly in LSUPB401. ABC
transporters are also involved several cellular processes, e.g. resistance to antibiotics,
acquisition of nutrients, sensing environmental signals, growth under stressful
conditions and bacterial virulence (Basavanna et al., 2009). KEGG pathway analyses
also uncovered an uncharacterized putative type VI secretion system (T6SS), named as
T6SS-A, that was significantly positively regulated by tepR (Figure 2.8). However, the
function of T6SS in B. glumae has never been studied. The T6SSs in B. pseudomallei
were chosen for reference to predict the function of T6SS-A in B. glumae. This was not
only because B. pseudomallei has a close phylogenetic relationship to B. glumae, but
also because it has six distinct T6SS gene clusters, the most among Burkholderia spp.,
named as T6SS-1 to T6SS-6. In B. mallei and B. thailandensis, they lack T6SS-5 and

T6SS-4, respectively (Schell et al., 2007). Due to the large genetic variance of different
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T6SS clusters in terms of gene composition, direction, and sequence, phylogenetic
nomenclature based on amino acid sequence of one gene or a few concatenated genes
may not reflect their relationship very well. Based on the nomenclature proposed by
Schell et al., T6SS-A in B. glumae is classified to the family of T6SS-6 because of their
high similarity in terms of gene composition, gene direction and gene homology (Figure
2.9), which was also present in B. pseudomallei, B. mallei and B. thailandensis (Schell
et al., 2007). The guide tree achieved from Mauve alignment was consistent with the
conclusion (Figure 2.10). T6SS-6 in B. pseudomallei was renamed as tss-1 in another
publication (Shalom et al., 2007) and its homolog in B. thailandensis was named as

T6SS-1 (Schwarz et al., 2010).

In this study, it was found that T6SS-A gene cluster was positively regulated by
tepR under ODgpo=1.0. However, whether tepR modulated the expression of T6SS-A in
a population density-dependent or —independent manner was unknown. Because the
genes encoding T6SS-A are in an operon structure, they are likely to be expressed and
regulated synchronously as validated in this study (Figure 2.8). Here tssA was used as
a representative gene to indicate the expression pattern of T6SS-A. Expression of tssA
in WT increased dramatically during the Lag phase and early Log phase of bacteria
growth, and decreased to the initial expression level in the late stationary phase (Figure
2.11.B). Thus, the expression of tssA was likely density-dependent and showing a
pattern of quorum sensing. The density-dependent expression pattern was not
completely abolished in the quorum sensing-defective mutant, LSUPB321 (Afofl),
except the curve was shifted towards the left (Figure 2.11. B). Thus, there seemed to be

guorum sensing system(s) in addition to the Tofl/TofR-mediated quorum sensing. In
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LSUPB401, the expression of tssA was constantly shut down independent of the
bacterial population density. Apparently, tepR is a dominating positive regulator of tssA,
where the density-dependent expression pattern was completely abolished in
LSUPB401. Based on these results, it is very likely that tepR is involved in a previously
uncharacterized quorum sensing system which functions together with Tofl/TofR-

mediated quorum sensing system.
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CHAPTER 3: VALIDATION OF THE PHENOTYPES REGULATED BY TEPR
AS REVEALED BY RNA-SEQ

Introduction

Bacterial panicle blight, caused by Burkholderia glumae, is one of the major
diseases of rice in the southern United States. The pathogenesis of B. glumae has been
known to involve several virulence factors including toxoflavin, type Ill secretion system,
lipase, flagella and catalase (Ham et al., 2011). The transcriptomic study discussed in
Chapter 2 indicated that tepR regulated genes for a multitude of bacterial cellular
processes. Specifically, tepR negatively regulated tox gene clusters (Kim et al., 2004b),
a serine metalloprotease gene (bglu_1g16590), flagella genes, stress response genes,
and thiamine, cysteine and methionine metabolism genes, but positively regulates
branched-chain amino acid transporter system genes and type VI secretion system
(T6SS) genes. It was not surprising that tepR could regulate toxoflavin and
metalloprotease genes in a negative regulatory manner, since LSUPB401 (AtepR)
indeed produced significantly more toxoflavin and extracellular protease (Osti, 2014).
However, the regulatory roles of tepR in other bacterial cellular processes have not

been previously studied.

As revealed in Gene Ontology enrichment analyses, genes responsible for
“stress to response” were significantly higher expressed in LSUPB401. It is therefore
hypothesized that tepR may negatively regulate the survival of B. glumae under
stressed conditions. Besides, KEGG pathway enrichment indicated that tepR positively
regulated T6SS-A, which is homologous to T6SS-6 in B. pseudomallei (Schell et al.,
2007) and T6SS-1 in B. thailandensis (Schwarz et al.,, 2010). Since, T6SS-1 in B.

thailandensis is responsible for cell contact-dependent competition (Schwarz et al.,
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2010), it is possible that T6SS-A in B. glumae shares similar positive roles in bacterial
interspecies competition. In this study, it was hypothesized that LSUPB401, defective in
T6SS-A, lost its contact-dependent competition capacity against other bacteria. A

general review of the bacterial stress response and T6SS is displayed as below.

Stress response. The survival of bacteria in vivo is challenged by various
environmental stresses, and bacteria have evolved to have multiple stress response
strategies. One of the most common environmental stresses bacteria may encounter is
nutrient limitation. The classic example of nutrient limitation is amino acid depletion,
which activates the stringent response (Chatterji & Ojha, 2001). The typical character of
stringent response is the reduced expression of genes responsible for growth but
increased expression of genes for survival through transcriptional switching (Sharma &
Chatterji, 2010). Through transcriptional switching, the activation of housekeeping
sigma factor 70 is diminished whereas the activation of alternative sigma factors are
favored (Sharma & Chatterji, 2010), which further activates the expression of numerous
genes required to maintain cell viability in a stressed environment (Fang et al., 1992,
Lange & Hengge-Aronis, 1991). Induced by stringent response, the expression of
guanosine pentaphosphate (ppGpp) is also increased which plays myriad effects on
bacterial cell physiology and antimicrobial susceptibility (Wu et al., 2010, Magnusson et
al., 2005). Besides nutrient limitation stress, bacteria may also encounter oxidative
stress from reactive oxygen species (ROSs) that are generated during aerobic growth
(Storz & Imlay, 1999). ROSs can cause severe damage to DNA, RNA, proteins and
lipids (Storz & Imlay, 1999, Cabiscol et al., 2000). To prevent damage from oxidative

stresses, bacteria have built up response mechanisms to eliminate ROSs through
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enzymes like catalase and superoxide dismutase, and small proteins such as
thioredoxin and glutaredoxin (Cabiscol et al., 2000). In B. glumae, katG is known to
encode a catalase. It is quorum sensing-dependent and activated by the quorum
sensing master regulator, QsmR (Chun et al., 2009). A katG-defective mutant causes
less severe disease on rice, presumably because it is more susceptible to visible light
(Chun et al., 2009). Bacteria may also be under stress when exposed to unfavorably
high temperature which causes the inactivation or denaturation of bacterial proteins.
Bacteria have evolved to develop a global regulatory system for heat tolerance, the
heat-shock response system. This response is known to be present in both Gram-
negative and Gram—positive bacteria (Derre et al., 1999, Craig, 1985). The heat shock
response is characterized by the involvement of a large group of proteins called heat
shock proteins (HSPs). Many of them are chaperon proteins (e.g. GroEL and DnakK)
which play important roles in protein folding, repairing and degradation (Zeilstra-Ryalls
et al.,, 1991, Calloni et al., 2012). The expression of HSPs is controlled by different
mechanisms. One common regulatory mechanism of HSPs is achieved through
transcriptional activation by alternative sigma factors (Rosen & Ron, 2002). For
example, in the Gram-negative bacteria, Pseudomonas spp. and Burkholderia spp., the
synthesis of HSPs is under the regulation of sigma factor 32 (RpoH) and sigma factor
24 (RpoE) (Vanaporn et al., 2008, Suh et al., 1999), whereas in Gram-positive bacteria,
such as Bacillus spp., it is regulated by sigma factor B (Zuber & Schumann, 1994).
HSPs can also be regulated through transcriptional repressors, e.g. HrcA, found in
Bacillus subtilis (Zuber & Schumann, 1994). HrcA can bind to the conserved inverted

repeat (CIRCE) region which is present upstream of the heat-shock protein genes
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(Baird et al., 1989). For years, the HrcA-CIRCE regulatory system was thought to be
only present in Gram-positive bacteria until such hairpin-loop structure was first found in
Agrobacterium tumefaciens (Segal & Ron, 1993). In E. coli, the inverted repeat
sequence (TTAGCACTC-N9-GAGTGCTAA) is well conserved in all the HSP genes
tested (Segal & Ron, 1996). In B. glumae, 11 universal stress proteins (Usps genes
uspl to uspll) have been identified and are delicate to heat shock stress (Kim et al.,
2012). Uspsl and Usps2 are regulated by Sigma factor S and by QsmR-involved

qguorum sensing (Kim et al., 2012).

Type VI Secretion System (T6SS). In Gram-negative bacteria, protein is
secreted by transport from the synthesis site in the cytoplasm, passage through the cell
envelope (including the inner membrane, periplasm and outer membrane) to the cell
exterior (Holland, 2010). This process is accomplished by at least six distinct
proteinaceous machines, named Type I-VI secretion systems (Holland, 2010). One
bacterium could utilize some or all of these secretion systems, largely depending on
their life style and niche (Coulthurst, 2013). These protein secretion systems play
important roles in the bacterial virulence and the host-pathogen interaction (Gerlach &
Hensel, 2007). One of the latest discovered protein secretion systems in Gram-negative
bacteria is the type VI secretion system (T6SS). T6SS was first identified in Vibrio
cholerae (Pukatzki et al., 2006) and Pseudomonas aeruginosa (Mougous et al., 2006).
In Vibrio cholera, one highly conserved locus, named vas locus, was identified to be
required for the secretion of Hcp (haemolysin co-regulated protein) and VgrG (valine
glycine repeat protein) (Pukatzki et al., 2006). A T6SS is now recognized as a cluster of

13 essential conserved genes (Figure 3.1, Figure 3.2). The encoded proteins are
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named from TssA to TssM, which are predicted to be components of the protein
secretion system apparatus (Blondel et al., 2009). At the same time, other components
can also be functional in T6SSs, for example the o054-dependent transcriptional

activator VasH (Boyer et al., 2009).

DB DR S DD DD DDIDD Do =
Tss TssA TssB TssC TssD TssE TssF TssG TssH Tssl Tssd TssK TssL TssM
Common VipA VipB Hep ClpV VgrG Lip lemH lemF TagF Fha PppA PpkA Tag) TagO SciZ Rhs
COG 3515 3516 3517 3157 3518 3519 3520 0542 3501 3521 3522 3455 3523 3913 3456 0631 0515 4455 3604 2885 3209

Figure 3.1. The composition of a T6SS. Each protein is designated to Tss name,
common name, and Clusters of Orthologous Groups (COG) number (Coulthurst, 2013).

One significant finding is that the structure of T6SS partially resembles an
inverted bacteriophage, as shown in Figure 3.3 (Filloux, 2013). The Hcp (TssD) and
VgrG (Tssl) are the extracellular part of the system that can structure as a needle
injection device like the bacteriophage tail. Specifically, Hcp forms a hexametric ring
that stacks into a tube-like composition, which resembles a A gpV tail tube protein
(Ballister et al., 2008, Pell et al., 2009). The VgrG protein is directly connected to Hcp
and extends as the needle tip of the tube. This resembles the fused gp5-gp27 phage T4
protein (Leiman et al., 2009). Furthermore, TssE shows high sequence homology to the
gp25 phage protein which is in a plastic foundation structure (Lossi et al., 2011). Other
proteins, though not homologous to bacteriophage, also have important roles in the
system. VipA and VipB (TssB and TssC, respectively) can assemble into a large tube
with a structure of a sheath-like tail. It is predicted to contract and facilitate the secretion
of the protein out of the cell (Basler & Mekalanos, 2012). The installed T6SS is
considered to extend through the bacterial cytoplasm, inner membrane, periplasm and
outer membrane, and finally secretes effector protein(s) into the cell of the target

(Coulthurst, 2013).
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Target Cell

Producing Bacterial Cell

Figure 3.2. The structural machinery of T6SS. “A-M” indicates the 13 essential genes,
TssA-TssM, for a functional T6SS. On the left is the delivery of an effector through
T6SS; on the right is the interaction of T6SS with target cell through an evolved VgrG
(Coulthurst, 2013).
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Figure 3.3. Structure comparison between bacteriophage and H1-type VI secretion
system (H1-T6SS) in Pseudomonas aeruginosa. “C” indicates cytoplasm; “IM” indicates
inner membrane; “OM” indicates outer membrane; “PG” indicates peptidoglycan layer.
The left illustrates the bacteriophage which is injecting through the bacterial surface; the
middle is the T6SS that structurally resembles an inverted bacteriophage; the right
shows the contracted sheath pushes the T6SS machinery through the cell envelope and
delivers the effector (Tse toxin) to the target bacterial cell (Filloux, 2013).
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T6SSs have been found to be involved in host interaction and antibacterial
activity (Hood et al., 2010). In P. aeruginosa, one T6SS could deliver different toxins,
Tsel-3, into the periplasm of other bacteria (Hood et al., 2010, Russell et al., 2011).
Until now, several T6SS-related toxin delivery systems have been reported (Benz et al.,
2012, Murdoch et al., 2011, Schwarz et al., 2010). T6SSs have been hypothesized to
provide an important access to the pathogen to infect the host, and competition
advantage over other bacterial organisms within the same environmental niche (Filloux,

2013).

Schwarz et al. first described the six distinct T6SSs (named T6SS-1 to T6SS-6)
in Burkholderia thailandensis, and examined their evolutionary relationship with the well-
known T6SS in V. cholera and Aeromonas hydrophila, based on one of the core
conserved gene VipA (TssB) (Schwarz et al., 2010). The phylogeny result shows that
only T6SS-5 is clustered as the same subtree with V. cholera and A. hydrophila
systems, whereas all other T6SS systems are clustered in other subtrees (Schwarz et
al., 2010). Intriguingly, T6SS-5 is also the only T6SS known to be involved for virulence,
whereas the remaining T6SSs are dispensable for virulence, since the disruption of the

T6SSs-5 in B. thailandensis does not abolish the infection in mice (Schwarz et al., 2010).

As mentioned in Chapter 1, TepR is homologous to the quorum-sensing
response regulator LuxO in Vibrio spp. LuxO plays key roles in V. cholera in regulating
the T6SS in a density-dependent manner (Shao & Bassler, 2014). Specifically, at low
cell density, LuxO activates the transcription of several sRNAs, grrl to qrr4. These
SRNAs can pair with the mRNA of the T6SS cluster and directly interfere with their

translation (Figure 3.4). Also, sRNAs inhibit the translation of quorum-sensing regulator
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HapR, which acts as an activator of T6SS and protease production (Shao & Bassler,
2014, Shao & Bassler, 2012, Rutherford et al., 2011). At high cell density qrrl to 4 are
not transcribed, and HapR is expressed at a relatively high level (Fig. 6). T6SS, as a
result, is no longer repressed (Shao & Bassler, 2014). The regulator TsrA, acting
together with LuxO, can repress T6SS (Zheng et al., 2010). Mutation in LuxO or TsrA
leads to the expression of haemolysin coregulated protein, Hcp (Zheng et al., 2010),
which has commonly been considered as an indicator of the expression of T6SS (Shao
& Bassler, 2014). These findings for LuxO provide important reference value for

studying the regulatory mechanisms for T6SS-A through the LuxO homolog, TepR.

Low Cell Density High Cell Density
LuxQ=~pP LuxQ
|. v
Qrr sRNAS Qrr sRNAs
x ‘t
HapR HapR
VasH b VasH
Large T6SS Cluster ...oon-vos Small TESS Clusters Large T6SS Cluster —— . Small TESS Clusters

Figure 3.4. Regulation T6SS by LuxO under different cell density in V. cholera (Shao
and Bassler, 2014)

Materials and Methods

Heat stress tolerance assay. 336gr-1 (WT), LSUPB401 (AtepR), LSUPB1068
(AtepR(ptepR)), LSUPB145 (Atofl) and LSUPB139 (Atofl-tofR) of B. glumae were tested
for their tolerance to heat stress following Suh’s method (Suh et al., 1999) with some
modifications. Bacteria grown in LB broth at 37° C with shaking at 200 rpm overnight
were harvested and washed twice with phosphate-buffered saline (PBS) buffer. The

concentration of the overnight culture (CFU/ml) was determined by counting the number
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of colonies in the spots of 10 pl culture from a 10-fold dilution series. Five hundred pl of
the overnight culture was transferred to a water bath at 50° C. The number of the viable
cells was counted using the same spotting method over 10 minute intervals. The
survival rate was determined by dividing the CFU/ml after the heat challenge with the

CFU/ml before the challenge.

Stationary-phase stress tolerance assay. 336gr-1 (WT), LSUPB401 (AtepR),
LSUPB1068 (AtepR(pBBtepR)), LSUPB145 (Afofl) and LSUPB139 (Atofl-tofR) were
tested for their tolerance to stationary-phase stress. Bacteria strains were grown in LB
broth at 37 “C with shaking at 200 rpm for 8 hours. The cultures were washed twice with
fresh LB broth and adjusted to 102 CFU/mI (ODgy0=0.1). The population density of the
culture was determined every 6 hours by spotting 10 pl cultures with series of dilution

(Goo et al., 2012).

Bacterial interspecies competition assay. Spontaneous nalidixic acid resistant
Pantoea stewartii DC283 (Coplin et al., 1986), spontaneous rifampicin resistant
pseudomonas syringae pv. syringae B728a (Loper et al., 1987), spontaneous nalidixic
acid resistant Pantoea ananatis RSPAML1 isolated from rice seed (Jingyu, unpublished)
and naturally nitrofurantoin resistant B. glumae 336gr-1 (WT), LSUPB401 (AfepR),
LSUPB561 (AtepRI/toxA’), and LSUPB139 (Atofl-tofR) stains were used for bacterial
competition assays. The antibiotics used in this assay were kanamycin (Km) at 50 pug/ml,
nalidixic acid (Nal) at 20 pg/ml, rifampicin (Rif) at 80 pug/ml, and nitrofurantoin (Nit) at
100 pg/ml. Luria-Bertani (LB) agar was used for growing B. glumae strains. Nutrient
agar was used for growing DC283, B728a, and RSPAM1. The procedure followed

Basler et al.’s method (Basler et al., 2013) with some modifications. Overnight cultures
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of bacteria on LB agar or nutrient agar were washed and resuspended in PBS buffer to
ODgpp=0.1 and mixed in 1:1 ratio. 10 pl of the suspension mixture was spotted on
nutrient agar and incubated for 24 hours at 30" C. The mixture was then resuspended in
1 ml PBS buffer and serially diluted. 10 pl of the mixture was spotted on media with

selective antibiotics. After 24 hours incubation at 30° C, CFU were counted.

Phylogenetic homologs of tepR in other pathogenic bacteria. The amino
acid sequence of TepR in B. glumae and 34 TepR homologs (defined as greater than
30% amino acid identity to TepR) in bacteria of the same or different genus were
chosen for phylogenetic study. The amino acid sequences were downloaded from NCBI

(http://www.ncbi.nlm.nih.gov/). The sequences was aligned with MUSCLE v3.6 (Edgar,

2004) and culled with Gblocks version 0.91b (Castresana, 2000) with the setting -b1=19
—b2=29 —b3=8 —b4=10 —b5=a. Phylogenetic tree was constructed by FastTree 2.1.3

using an approximately maximume-likelihood algorism (Price et al., 2010).

Results

The heat stress tolerance of B. glumae was negatively and positively
regulated by tepR and quorum sensing, respectively. The stationary phase cultures
of 336gr-1, LSUPB401 and the quorum sensing-defective mutants, LSUPB145 and
LSUPB139, were shifted from 37°C to 50°C to measure their tolerance to heat stress.
The survival rates of all the strains tested were not significantly different (p-value<0.05)
after 10 minutes of heat stress treatment (Figure 3.5). However, after 20 minutes, the
survival rate of LSUPB401 was significantly higher than WT and QS-defective mutants
(Figure 3.5). After 30 minutes, the survival rate of LSUPB401 was still significantly

higher than WT and the other strains tested. LSUPB139 survived significantly less than
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WT whereas survival of LSUPB145 was similar to WT (Figure 3.5). The survival rate of
the tepR deletion mutant, LSUPB401, was restored to about the same as WT by the
complementation of a plasmid-born tepR in LSUPB1068. The result indicated tepR and
guorum sensing played key roles in heat stress tolerance in B. glumae in a negative and

positive manner, respectively.
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Figure 3.5. Heat stress tolerance of LSUPB401 and quorum sensing mutants. Survival
rates were calculated as the CFU after the heat stress treatment divided by the CFU
before the treatment. The logio survival rate of 336gr-1 (WT), LSUPB401 (AtepR),
LSUPB1069 (AtepR(ptepR)), LSUPB145 (Atofl) and LSUPB139 (Atofl-tofR) was display.
The bacteria were treated at 50°C for 0, 10, 20, 30 min, and viable cells were counted.
Letters above the bars indicate the statistically significant differences (P< 0.05) among
treatments obtained by Tukey’s Studentized Range (HSD) Test. Error bars indicate *
standard deviation (SD) of three replicates.

Quorum sensing, but not tepR, was necessary for the survival of B. glumae
in stationary-phase. The population of WT, LSUPB401, LSUPB1068, LSUPB145 and
LSUPB139 grown in LB broth were normalized to 10® CFU/ml at O hour. Their
population density were measured at 6 hours interval. The population were not
significantly different (P< 0.05) between WT and all mutants tested during the

exponential growth phase and early stationary growth phage (Figure. 3.6). However,
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significant differences appeared beginning at 18 hours. WT, LSUPB401 and
LSUPB1068 maintained the high population in stationary phase, whereas the population
of both quorum sensing mutants, LSUPB145 and LSUPB139, started to decline rapidly.
By the last quantification time point at 30 hours, WT, LSUPB401 and LSUPB1068 had
the greatest populations, indicating that tepR did not have a significant impact on the
growth curve of B. glumae. In contrast, the rapid drop in the population of quorum
sensing mutants indicated that quorum sensing is essential for maintaining the

population density in late stationary phase in B. glumae 336gr-1.
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Figure 3.6. The Viability of 336gr-1 (WT), LSUPB40l1 (AtepR), LSUPB1069
(AtepR(ptepR)), LSUPB145 (Atofl) and LSUPB139 (Atofl-tofR) during stationary-phase
stress. The viable cells were counted every 6 hours. Error bars indicate the + standard
deviation (SD) of three replicates.

The survival of B. glumae during interspecies competition was positively
regulated by tepR. B. glumae strain 336gr-1 (WT), LSUPB401 (AtepR), LSUPB561
(AtepRItoxA’), and LSUPB139 (Afofl-tofR) were tested for competition against three

bacteria, P. stewartii DC283, P. syringae pv. syringae PssB728a and P. ananatis
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RSPAM1. LSUPB561 (AtepR/toxA’), a toxoflavin null mutant, was included in this study
to make sure the difference in competition capacity between WT and LSUPB401 was
not due to the over-expressed toxoflavin in LSUPB401. LSUPB139 (Atofl-tofR) was
included to study whether or not quorum sensing regulated bacterial interspecies
competition. The competition capacity is analyzed by Log CFU ratio
(B.glumae/competitor). In case of competition against DC283 and PssB728a, both WT
and LSUPB139 predominated, though LSUPB139 was less competitive than WT

(Figure 3.7). In contrast to WT and the QS-defective mutant, both LSUPB401 and
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Figure 3.7. Positive regulation of bacterial interspecies competition by tepR. (A)
Enumeration of the surviaval rate of B. glumae strains and the competitors in mixed
cultures by 10-fold dilution series on selective medium. (B) Summary of the competition
assay. The B. glumae strains tested were 336gr-1 (WT), LSUPB401 (AtepR),
LSUPB561 (AfepRI/toxA’), and LSUPB139 (Atofl-tofR). The competitors were Pantoea.
stewartii DC283, Pantoea. ananatis RSPAM1, Pseudomonas. syringae pv. syringae
B728a. The bars indicate the mean of Log CFU of B.glumae /competitor. Error bars
represent £ SD of three replicates.

LSUPB561 strains largely lost their competition capacity. For competition against
RSPAM1, all 4 strains tested were less competitive than the competitor RSPAM1.
Consistent with the competition against the other competitors, both LSUPB401 and
LSUPB561 mutants were significantly less competitive than WT and LSUPB139. In all
cases, both LSUPB401 and LSUPB561 had the least competition capacity indicating
that tepR positively regulated the bacterial interspecies competition in B. glumae, which
was not due to toxoflavin production. LSUPB139 also conferred relatively less
competition capacity than WT in competition against DC283 and PssB728a. Thus,

gorum sensing may also play a minor role for B. glumae to compete with other bacteria.
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TepR gene is well conserved among Burkholderia spp. Phylogenetic analysis
was conducted to compare TepR and its homologs in other bacteria of same or different
genus. As indicated in Figure 3.8, TepR is well conserved in Burkholderia spp. and
shows high similarity to WP_016945153.1 in Xanthomonas campestris ATCC 33913. 3
TepR homologs within B. glumae are grouped together with that in Ralstonia
solanacearum etc. in another clade. Both clades are closed to LuxO in Vibrio spp. Other
TepR homologs in Yersinia kristensenii, Klebsiella pneumonia, Pantoea spp.,
Pectobacterium spp., Pseudomonas spp., Salmonella enterica, Escherichia coli,

together with two TepR homologs in B. glumae, are most distantly related to TepR.

Discussion

As discussed in Chapter 2, tepR regulates “response to stress” as revealed by
the GO enrichment analysis. Among the 22 genes associated with the term, 14 genes,
consistently up-regulated in LSUPB401, encode heat shock protein or chaperone
protein and they have been known to be important for bacteria to live under stressed
conditions (De Maio, 1999). To confirm whether LSUPB401 is indeed more tolerant to
stressed conditions, heat stress and stationary phase stress challenges were performed
on WT, LSUPB401, LSUPB1068 and quorum sensing-defective mutants. Quorum
sensing-defective mutants were included in the assay because previous RNA-seq study
indicated that several genes encoding heat shock proteins were shut down in

LSUPB139 (Atofl-tofR) background (Chen and Ham, unpublished).

In this study, LSUPB401 was significantly more tolerant to 20 minutes or longer
treatment at 50° C than WT (Figure 3.5). The survival rate was restored to the WT level

in the complementation strain, LSUPB1068. The survival rate of LSUPB145 (Atofl) was
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Figure 3.8. A phylogenetic tree of TepR and its homologs. The phylogenetic tree was constructed by FastTree 2.1.3 using
a ML-NNIs algorism based on the amino acid sequence of TepR and 34 homologs. Node values indicate the posterior
probability of each node. Scale bar represents 0.2 changes per position.
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not significantly different from WT at any time point tested. The survival rate of
LSUPB139 (Atofl-tofR) was not significantly different from WT at less than 30 minutes
treatment but had reduced survival compared to WT thereafter. Thus, tepR negatively
regulates bacterial survival in heat stress whereas Tofl/TofR-mediated quorum sensing
positively regulates bacterial survival in heat stress, even though Tofl alone does not

affect the heat tolerance of the B. glumae.

In the stationary phase stress assay, the population of WT and mutants were not
significantly different (p-value< 0.05) until 18 hrs of incubation (Figure. 3.6). After 18
hours incubation, WT, LSUPB401 and LSUPB1068 maintained high bacterial
populations, whereas the population of both quorum sensing mutants, LSUPB145 and
LSUPB139, started to decrease rapidly. Hence, tepR does not play a major role in
regulating bacterial survival in late stationary phase. In contrast, Tofl/TofR mediated-
qguorum sensing is essential for maintaining the population in late stationary phage.
Previous research by Goo et al. also found that in B. glumae, B. pseudomallei and B.
thailandensis, the population of quorum sensing mutants dropped rapidly in late
stationary phase which was due to the ammonia-mediated alkalization in nutrient-rich
media (Goo et al., 2012). Quorum sensing also positively regulated oxalate production
which counteracted alkalization toxicity (Goo et al.,, 2012). The rapid decline of the
population of LSUPB145 and LSUPB139 in the late stationary phase might also due to
the increased pH which was not favorable to bacterial survival. In the nature, bacteria
may encounter various environmental stresses, e.g. cold stress, oxidative stress.

Whether tepR regulates other stress responses or not is under investigation.
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As revealed by KEGG pathway enrichment analysis, tepR positively regulated
T6SS-A (Figure 2.8), which is homologous to T6SS-1 in B. thailandensis and it was
found to be involved in cell contact-dependent competition (Schwarz et al., 2010). It is
possible that T6SS-A in B. glumae may also be responsible for bacterial interspecies
competition. LSUPB401, defective in T6SS-A, was therefore hypothesized to be less
competitive than WT against bacterial competitors. To test this hypothesis, a
competition assay was conducted between B. glumae strains and competitors, which
were Pantoea stewartii DC283, pseudomonas syringae pv. syringae B728a, Pantoea
ananatis RSPAML. tepR positively regulated the bacterial interspecies competition as
revealed by the significantly lower competition capacity in LSUPB401 (AtepR) than the
WT. Note that the survival rate of LSUPB561 (AtepR::toxA) was not significantly
different from LSUPB401 (AtepR), indicating that toxoflavin did not play a major role in
the bacterial competition. This is not surprising, because toxoflavin has been known to
be an effective electron carrier and facilitates the production of hydrogen peroxide which
causes oxidative stress to plants (Latuasan & Berends, 1961). Based on the result of
this study, quorum sensing might also play a minor role in competition with some
bacteria and not with others. This study reveals a new gene which plays a positive
regulatory role in bacterial interspecies competition. This study also strongly suggests
that T6SS-A is responsible for the competitive ability in B. glumae. Besides bacterial
competition, certain T6SSs were also found to be important for bacterial virulence
(Schell et al., 2007, Hood et al., 2010, Shalom et al., 2007, Pilatz et al., 2006). However,

T6SS-A in B. glumae may not play a significant role in bacterial virulence since
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LSUPB401 causes more severe disease symptoms on rice than WT (Osti, 2014).

Further experiments in progress to test this hypothesis.

Finally, to examine presence of TepR homologs in other bacteria and their
phylogenetic relationship, a phylogenetic tree was made comparing 35 TepR homologs
including TepR by FastTree 2.1.3 (Price et al., 2010). The amino acid sequence
alignments were culled by Gblocks (Castresana, 2000) to get rid of the very poorly
aligned regions. This is because all the TepR homologs are well conserved in the three
functional domains, REC signal receiver domain, Sigma54 interaction domain and
HTH_8 Fis transcriptional regulator domain but highly variable in the rest of the regions.
Following Gblocks trimming, 334 out of 576 original aligned positions were kept in a
total of 3 blocks. In this study, TepR homologs could be found in all the bacteria
examined. TepR homologs are especially well conserved among Burkholderia. Whether

TepR homologs have shared functions in other bacteria is unknown.
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CHAPTER 4: REGULATION OF TOXOFLAVIN AND PROTEASE BY TEPR IS
QSMR-DEPENDENT

Introduction

The gene gsmR was first identified and characterized by Kim et al. (Kim et al.,
2007). Sequence analysis indicated QsmR shows 93% identity in amino acid to IcIR
protein in Escherichia coli (Kim et al., 2007). QsmR is termed after guorum sensing
master regulator because its expression is activated by Tofl/TofR quorum sensing (Kim
et al., 2007). A gsmR-defective mutant did not produce a comparable amount of
toxoflavin as the wild type B. glumae strain in LB liquid medium but no significant
difference was observed on LB agar (Kim et al., 2007). QsmR also regulates the
expression of flhDC which further activates the flagellum biosynthesis genes (Kim et al.,
2007, Kutsukake, 1997). Mutant defective in gsmR causes failure to produce flagella in
B. glumae at 37° C (Kim et al., 2007, Jang et al., 2014). At 28° C, flagella biosynthesis is
independent from QsmR and QS indicating that flagella formation in B. glumae can be
co-regulated by QsmR and temperature (Jang et al.,, 2014). QsmR was also
characterized to positively regulate a total of 11 universal stress protein (usp) genes
(Kim et al., 2012, Nystrom & Neidhardt, 1992). Among them, the expression of uspl
and usp2 is also under the regulation of sigma factor S which directly binds to their
promoter region (Kim et al., 2012). An independent mutation experiment showed all the
QsmR-dependent usp genes contributes to heat shock stress (Kim et al., 2012). QsmR
controls the expression of type Il secretion system (T2SS), which is encoded by 12
general secretion pathway (gsp) genes (Goo et al., 2010). Several important virulence
factors are known to be secreted by T2SS, e.g. lipase and protease (Gauthier et al.,

2000, Sandkvist, 2001). Furthermore, the expression of a catalase gene, katG, is also
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activated by QsmR and katG is required for the full virulence of B. glumae on rice (Chun
et al., 2009). In addition to being a positive regulator, QsmR is also reported to be a
repressor of glucose uptake, primary metabolism and nucleotide synthesis (An et al.,

2014).

As discussed in Chapter 2, the expression of gsmR was significantly higher in
LSUPB401 (AtepR) than in WT, indicating that tepR negatively regulates the expression
of gsmR. Note that the homolog of TepR, LuxO, was characterized as a quorum
sensing-dependent repressor of bioluminescence in V. harveyi. One possible
explanation for the tepR-dependent repression of toxoflavin and extracellular protease
production in B. glumae is that tepR acts as a repressor in the expression of QsmR,
which further modulates the quorum sensing-dependent phenotypes, for example
toxoflavin production and extracellular protease activity. To test this hypothesis, AqsmR
and AgsmR/AtepR derivatives of B. glumae 336gr-1 were constructed in this study. The
toxoflavin production in LB broth was quantified and the protease activity on Nutrient

Agar supplemented with skimmed milk was observed.

Materials and Methods

Bacterial strains, plasmids and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 4.1. B. glumae strains and E.coli strains
were routinely grown in LB broth with shaken at 200 rpm or on LB agar plates at 37° C
overnight. LB agar supplemented with 30% sucrose was used for screening the
secondary crossover recombinant mutants, which lost the sucrose-sensitive gene, sacB
(Chen et al., 2012). Antibiotics used in this study were 50 pg/ml kanamycin (Km), 100

pg/ml nitrofurantoin (Nit), and 20 pg/ml gentamycin (Gm).
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plasmids and strains

Description

References

Escherichia coli

DH10B

F araD139 D(ara, leu)7697
AlacX74 galU galK rpsL deoR
280dlacZAM15 endAl nupG
recAl

mcrA A(mrr hsdRMS mcrBC)

(Grant et al., 1990)

S17-1\pir

recA thi pro hsdR [res-
mod+][RP4::2-Tc::Mu-Km::Tn7] A
pir phage lysogen, Sm~/Tp®

(Simon et al., 1983)

Burkholderia glumae

336gr-1 Wild type strain isolated from | This study
diseased rice in  Crowley,
Louisiana, USA
LSUPB574 A AgsmR derivative of 336gr-1 This study
plasmid
pBBR1IMCS-5 A broad host range cloning | (Kovach et al,
vector, RK2 ori, lacZa, Gm® 1995)
pBBgsmRG A subclone of pSCgsmRG for the | This study
678-bp gsmR and downstream
region inserted into pBBR1MCS-
5 at the Pstl and EcoRI sites,
GmR
pBBgsmRP A subclone of pSCgsmRP for the | This study
937-bp qgsmR and upstream
region inserted into pPBBR1MCS-
5 at the Pstl sites, Gm~®
pBBgsmR A gsmR clone in pBBR1MCS-5, | This study
GmR
PKNOCK-Km A suicide vector; R6K y-ori, RP4 | (Alexeyev, 1999)
oriT, KmR
pKNOCKgsmR A gsmR clone in pKNOCK-Km This study
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(Table 4.1 continued)

plasmids and strains

Description

References

pKKSacB A suicide vector; R6K y-ori, RP4 | (Chen et al., 2012)
oriT, sacB, KmR

pKKgsmRU A subclone of pSCgsmRU for the | This study
upstream flanking region of gsmR
in pkKKSacB, Km~®

pKKSacBAgsmR plasmid with the upstream and | This study

downstream flanking regions of
gsmR in pKKSacB, Km*®

pRK2013::Tn7

A helper plasmid; ColE1 ori

(Ditta et al., 1980)

pSC-A-amp/kan

A blunt-end PCR cloning vector;
f1 ori, pUC ori, lacZ’, Km®, Amp~®

Stratagene

pSCgsmRU

A PCR clone of the 458-bp
upstream flanking region of gsmR
in pSC-A-amp/kan, Km~, AmpR

This study

pSCgsmRD

A PCR clone of the 469-bp
downtream flanking region of
gsmR in pSC-A-amp/kan, Km%,
AmpR

This study

pSCqgsmRP

A clone of the 606-bp region of
gsmR with 376-bp upstream
region, Amp~, KmR

This study

pSCgsmRG

A clone of the 408-bp region of
gsmR with 366-bp downstream
region, Amp~, Km®

This study

Table 4.1. Bacterial strains and plasmids used in this study.

Construction of a marker-less gsmR deletion mutant. The marker-less
deletion of gsmR (locus tag= bglu_1g10250) in B. glumae 336gr-1 was achieved
through a double-crossover allelic exchange method using the suicide vector, pKKSacB,

harboring a sacB gene for sucrose sensitivity (Chen et al., 2012a). DNA constructs used

88



for making deletion mutations in this study are listed in Table 4.1. The gsmR deletion
mutant was achieved through double-crossover homologous recombination in the
flanking regions of the gsmR gene. Specifically, a 458-bp upstream region and a 469-bp
downstream region were amplified with the primer sets gsmrBamHIUL/gsmrSpelUR and
gsmrSpelDL/gsmrXballDR1 respectively (Table 4.2). Resultant PCR products of the
upstream and downstream regions were then cloned to pSC-A-amp/kan to generate
pSCgsmRU and pSCgsmRD using the Strataclone PCR Cloning Kit (Agilent
Technologies, Santa Clara, CA). The upstream region was further cloned to pKKSacB
with the restriction site BamHI and Spel to generate pKKgsmRU. The downstream
region was cloned to pKKgsmRU with the restriction site Spel and Xball to achieve
pKKSacBAgsmR. The allelic exchange in B. glumae to introduce the gsmR deletion was
based on the previous described method (Chen et al., 2012). Briefly, pKKSacBAgsmR
was transformed to E. coli S17-1Apir through electroporation. The construct was
introduced to WT and LSUPB401 by triparental mating using the helper strain
pRK2013::Tn7. Colonies were picked from LB agar plates supplemented with Km and
Nit. Overnight liquid cultures of the selected colonies were spread on LB plate
supplemented with 30% sucrose and incubated for 72 hours. The colonies were picked
on both LB plates and Km-supplemented LB plates. Colonies that could only grow on
LB but not Km-supplemented LB were selected. Deletion of the qsmR gene was
confirmed by lack of the amplification with the primers qgsmrDLcheckF and
gsmrDLcheckR (Table 4.2). The map showing the schematic view of the DNA

constructs for gsmR deletion mutation was displayed in Figure 4.1.
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Table 4.2. Primers and PCR conditions used in this study.

Primer names Primer sequences Annealing and
extension
conditions

gsmrBamHIUL GGGATCCGTCGATTTCATCGCCAATTT Annealing:
51°C/30 s

gsmrSpelUR GGGACTAGTCGGTCGCTGCTTTATTCAGT
Extension:
72°C/45 s
gsmrSpelDL GGGACTAGTGAATGGCTGCTCGAGACT Annealing:
51°C/30 s
gsmrXballDR1 GGGTCTAGATCATGTTCGATCTGGCTGAC
Extension:
72°C/45 s

QSMPF1 GTTGCGCAGCGTATCCTC Annealing:
50°C/30 s

QSMPR2 ATTGGGAAATTTGGCTTTTTC
Extension:
72°C/1 min

QSMRGNF2 CGGTTCCGGGTTATTCATGTTC Annealing:
50°C/30 s

QSMRGNR2 GTCACCCGGCTCGAGAT
Extension:
72°C/1 min

gsmrDLcheckF CGTGCTAGAACCTGAGAGAC Annealing:
50°C/30 s

gsmrDLcheckR ATCGTCCAGAGCACTTTCT
Extension:
72°C/1.5 min
0.5 kb
gsmR
bglu_1g10230 bglu._1g10240 bglu_1g10250 balu_1g10260 bglu_1g10270

<

1
1

1 <
1gsmrSpelUR’

K

gsmrXbalDR1

O 0

-— -—
gsmrSpelDL  gsmrBamHIUL

1<

pKKSacBAgsmR

Figure 4.1. A schematic view of the pKKSacBAgsmR construction for generating
markerless deletion of gsmR. The grey boxes represent the flanking regions of gsmR

cloned in pKKSacB. Between hatched lines is the region knocked out.
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Complementation of gsmR deletion mutant. Briefly, 376 bp of the putative
promoter region of gsmR together with 606 bp of the gene from the start codon was
amplified with the primers QSMPF1 and QSMPR2 (Table 2) and cloned to pSC-A-
amp/kan to generate pSCgsmRP. A fragment with 408 bp of the gene and 366 bp
downstream of the stop codon was amplified with the primers QSMRGNF2 and
QSMRGNR2 (Table 2) and cloned to pSC-A-amp/kan to generate pSCqsmRG. Plasmid
pSCgsmRG was cut at the Pstl and EcoRI sites and then subcloned to pPBBRMCS-5 to
get pBBgsmRP. Plasmid pSCgsmRP was cut at the Pstl site and subcloned to
pBBgsmRG to achieve pBBgsmR. pBBgsmR was cut at Kpnl and Spel sites, and then
subcloned to pKNOCK-Km (Alexeyev, 1999) to achieve pKNOCKgsmR. The plasmid
pKNOCKgsmR was conjugated to B. glumae 336gr-1 (WT) and LSUPB401 (AtepR) by
triparental mating. The success of the complementation was confirmed by PCR using

the primer set QSMPF1 and QSMPR2 (Table 4.2).

Toxoflavin extraction and quantification. The toxoflavin production of WT and
mutants of B. glumae in liquid media were extracted and quantified following a
previously described method (Chen et al., 2012) with slight modifications. B. glumae
strains tested were recovered from glycerol stock stored at -70°C and streaked on LB
agar overnight. Strains were again cultured in LB broth for 18 hours at 37 “C with 200
rom shaking. The concentrations of cultures were measured at ODgyp In a
spectrophotometer (Biomate 3, thermoelectromate corporation, USA). One ml culture
was centrifuge at 17,000 x g for 1 min. Nine hundred pl supernatant was transferred to
another 2 ml microcentrifuge tube and mixed with 900 pul chloroform by vortexing for 30

sec. The mixture was centrifuged at 12,000 x g for 10 min. The chloroform phase was
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transferred to a new microcentrifuge tube and evaporated in a fume hood for 24 hours.
Following evaporation, the solid residue was resuspended in 900 pl 80% methanol and
absorbance was measured at ODyg. Statistical analysis of OD,g0/ODggp ratio was
performed for all the strains tested obtained by Tukey’s Studentized Range (HSD) Test

with a cut-off P-value of 0.05.

Protease activity. The protease activity was tested following Huber's method
(Huber et al., 2001) with some modifications. Overnight cultures of B. glumae strains
tested in LB broth were washed twice with fresh LB broth and finally diluted to
ODgpp=1.0. 5 pl diluted culture was spotted on Nutrient Agar (NA) plate containing 1.5%
skimmed milk powder. The plate was incubated at 37 “C for 30 hours. Protease activity

was indicated by the clear zone formed surrounding the bacterial culture spot.

M1 2 3

Size (bp)

1650 —»

650 —

Figure 4.2. Confirmation of the deletion mutations in Burkholderia glumae strains. The
success of gsmR deletion was confirmed by a diagnostic PCR with the primer set,
gsmrDLcheckF and gsmrDLcheckR. The DNA for each lane is as follows: M, 1 Kb Plus
DNA Ladder (Invitrogen, Santa Clara, CA, USA); 1, the genomic DNA of LSUPB1047
(AgsmR); 2, the genomic DNA of LSUPB1049 (AgsmR/AtepR); and 3, the genomic
DNA of WT (336gr-1). The size of the PCR product for WT was 1321 bp, whereas they
were 701 bp for AgsmR and AgsmR/AtepR mutants.
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Results

Marker-less deletion of qsmR was constructed. The gsmR knockout was
generated in the background of B. glumae WT and LSUPB401 using a pKKSacB
system (Chen et al., 2012). The success of deletion was confirmed by PCR with primers
gsmrDLcheckF and gsmrDLcheckR (Figure 4.2 and Table 4.2). The size of the PCR
product for WT was 1321 bp, whereas they were 701 bp for AgsmR and AqgsmR/AtepR
mutants. The resultant AgsmR and AgsmR/AtepR mutants generated were named

LSUPB1047 and LSUPB1049 respectively.

Knockout of gsmR abolished the toxoflavin production in WT and
LSUPB401 background. As shown in Figure 4.3, the production of toxoflavin in
LSUPB401 was significantly higher than in WT. This was consistent with the previous
study (Osti, 2014). Both LSUPB1047 (AqsmR) and LSUPB1049 (AgsmR/AtepR)
produced very little toxoflavin in LB broth, indicating that QsmR is an essential
component for toxoflavin production independent from the regulation by tepR.

A WT  LSUPB401 LSUP1067 LSUP1069 °

o
S _. 16
£
8 12
30 b
cs 08
£3
20 04
g0 ' ¢ °
e o = _—
N
SO
%) N
SO AR
O S P
? v Vv

Figure 4.3. The necessity of QsmR for toxoflavin production. (A) Toxoflavin production
in LB broth, characterized as a yellow pigment. (B) Quantification of toxoflavin
production. Error bars indicate £ SD of three replicates.
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The negative regulation of protease activity by tepR is dependent upon the
positive regulation by quorum sensing. As shown in Figure 4.4, knockout of gsmR
abolished the protease activity of B. glumae. As discussed in Chapter 1, LSUPB401
(AtepR) has greater protease activity. However, in this study LSUPB1049 (AtepR
IAgsmR) lost protease activity, indicating the negative regulation of protease activity by
tepR was dependent upon the positive regulator QsmR. To further figure out whether
protease activity is under the regulation of Tofl/TofR-mediated quorum sensing, the
protease activity of quorum sensing-defective mutants, LSUPB145 (Atofl), LSUPB169
(AtofR), LSUPB139 (Atofl-tofR), LSUPB201 (Atofl/tofR) and LSUPB139 (pBBtofIMR),
were tested on skimmed milk supplemented-nutrient agar without or with 1puM C8-HSL.
Result indicated that protease activity was indeed dependent upon quorum sensing. No
guorum sensing mutant showed any protease activity after 24 hours on skimmed milk
supplemented-nutrient agar. The abolished protease activity in LSUPB139 was restored
by pBBtofIMR. When supplemented with 1 pM C8-HSL, the protease activity of
LSUPB145 was as about the same as WT.

A LSUPB1047 3401 LSUPB1049

-1uM C8-HSL =

+1uMC8-HSL W

LSUPB145 LSUPB149 < WT'--

LSUPB145 LSUPB149 @
LSUPB139 LSUPB139 LiUPB?_Ol

ES LTS |

Figure 4.4. Regulation of protease activity by quorum sensing. (A) Qst-dependént
protease activity. (B) Tofl/TofR-dependent protease activity.
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Discussion

Toxoflavin, a phytotoxin, is one of the most important virulence factors in B.
glumae (Yoneyama et al., 1998). While it was not known that production of toxoflavin by
B. glumae is positively regulated by QsmR-involved quorum sensing (Kim et al., 2004,
Kim et al., 2007) and negatively regulated by tepR (Osti, 2014). This study shows that
the negative regulation of toxoflavin production by tepR is still dependent upon positive
regulation by QsmR. Overall, QsmR played the dominating regulatory role in toxoflavin
production between the two counteractive regulatory systems. This was demonstrated
by the fact when gqsmR was knocked out in both WT and LSUPB401 (AtepR)
background, toxoflavin production of the resulting mutants, LSUPB1047 (AgsmR) and
LSUPB1049 (AgsmR/AtepR) largely abolished the ability to produce toxoflavin

indicating the positive regulatory role of gsmR.

Various bacteria can produce extracellular or cell surface proteases that could be
important virulence factors (Lantz, 1997, Lebrun et al., 2009). Our previous study
indicated B. glumae could also produce extracellular protease, which was negatively
regulated by of tepR (Osti, 2014), but other regulatory systems of extracellular protease
activity were unknown. In this study, protease activity of B. glumae was positively
regulated by QsmR. LSUPB1049 also lacked protease activity, indicating that the
negative regulation of protease activity by tepR is still dependent upon the positive
regulation of QsmR. Because QsmR is known to be regulated by Tofl/TofR-medicated
guorum sensing (Kim et al., 2007), it is very likely that protease activity is also under the
regulation of Tofl/TofR-medicated quorum sensing. To test this, the protease activity of

guorum sensing-defective mutants was examined. The result showed Tofl/TofR-
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mediated quorum sensing indeed played key regulatory role in protease activity in B.

glumae.

Toxoflavin  Extracellular protease

Figure 4.5. Schematic of toxoflavin and extracellular protease regulation in B.
glumae. Mark “+” denotes positive regulation and “-” denotes negative regulation.

Based on the result of this study and previous study, both toxoflavin and
protease activity were positively regulated by QsmR and Tofl/TofR-mediated quorum
sensing but negatively regulated by tepR (Figure 4.5). Between these two counteractive
systems, QsmR and Tofl/TofR-mediated QS played the dominating regulatory role in

toxoflavin production and extracellular protease activity (Figure 4.5).
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CHAPTER 5: CONCLUSIONS

Burkholderia glumae causes bacterial panicle blight in rice leading to severe yield
losses (Nandakumar et al., 2005; Nandakumar et al., 2009). Several virulence factors
contribute to successful infection by B. glumae, e.g. toxoflavin, lipase, flagella, and type
lll secretion system (Ham et al., 2011). Tofl/TofR-mediated quorum sensing has been
well studied in modulating the production of virulence factors in B. glumae (Kim et al.,
2004, Jang et al., 2014, An et al.,, 2014, Devescovi et al., 2007). Recently, our lab
identified and characterized the tepR gene, encoding a sigma 54-dependent response
regulator (Osti, 2014). It was found to negatively regulate toxoflavin and extracellular
protease production (Osti, 2014). To gain insights into the comprehensive biological and
cellular functions of tepR in B. glumae, a comparative transcriptomic study was
conducted between the wild type B. glumae strain 336gr-1 and its tepR deletion
derivative, LSUPB401. A total of 238 differentially expressed genes (DEGS), defined by
a greater than or equal to 1.5-fold change with 99% confidence level, were identified in
this study,199 of which were up-regulated and 39 were down-regulated in LSUPB401.
As expected, the genes responsible for toxoflavin biosynthesis and transport were
consistently up-regulated in LSUPB401. The tofl/tofR-mediated quorum sensing system,
the known positive regulatory system of toxoflavin production, was not differentially
expressed in this study. However, the quorum sensing master regulator gene, qsmR,
was significantly up-regulated in LSUPB401. The fold change of 13 selected genes in
RNA-seq were validated by quantitative PCR (qPCR) with a R? value of 0.88. The 36
hypothetical protein encoding DEGs were analyzed by the HMMER suite (Eddy, 1998,

Mistry et al., 2013) and 25 of them were successfully annotated with putative functions.
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Gene Ontology (GO) enrichment analysis of the DEGs indicated that genes responsible
for flagella assembly and stress response were consistently up-regulated in LSUPB401.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment further
revealed that tepR positively regulated the gene cluster encoding a putative type VI
secretion system (T6SS), named as T6SS-A. Mauve alignment (Darling et al., 2010)
indicated that T6SS-A was homologous to T6SS-6 in B. pseudomallei. Phenotypic
assays validated that LSUPB401 was significantly more tolerant to heat stress but not
stationary phase stress. Also, interspecies competition assays indicated that LSUPB401
largely lost its competition capacity against other bacterial competitors tested, i.e.
Pantoea stewartii DC283, Pseudomonas. syringae pv. syringae PssB728a and P.
ananatis RSPAM1, respectively. Whether the deficiency in competition capacity in
LSUPB401 was due to the shutdown of the T6SS-A requires further investigation.
Phylogenetic study indicated that TepR homologs are conserved in Burkholderia spp.
and other plant and animal pathogenic bacteria. It is possible that the modulation of
bacterial behavior through the regulatory action of tepR is well conserved in other
pathogenic bacteria. Finally, it was found that knockout mutation of gsmR abolished the
production of toxoflavin and extracellular protease in both wild type B. glumae strain
336gr-1 and LSUPB401 backgrounds. Thus, the negative regulatory role of tepR in
toxoflavin and extracellular protease production was dependent upon the positive
regulator gsmR in B. glumae. In summary, this study deciphered the important global
regulatory role of tepR in B. glumae, which may direct to novel biological and chemical
disease control strategies to minimize the yield loss due to the bacterial panicle blight in

rice.
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APPENDIX A: PER BASE QUALITY OF RNA-SEQ RAW DATA

Replicate 1: B. glumae 336gr-1 (paired-end reads)

P Zziseres 2 ms wE AW BT e SeSs e0sl &7 7270 7879 BAEs WAl

123456789 1213 149 25 303 FI 243 4849 S5 6061 6567 7273 7879 6465 9081 9597

Replicate 2: B. glumae 336gr-1 (paired-end reads)

it : - llQ"'l{‘B!bW“MW“”“@_‘I“MM“WW
‘posticn invead (563 ) siaecn hessd o

Replicate 1: B. glumae LSUPB401 (paired-end reads)
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T22456780 41 160 B WA ¥W AA) AW SIS GG G R TGS W0 W MEISSETES DI BN HE BN BN WO BH NS W8 B8 R0 BT RS B B
3 1 s s 5 IS B st

Replicate 2: B. glumae LSUPB401 (paired-end reads)

123456789 1210 IB19 3495 WA ®F KA A0 5ESE GIEL W7 T TER BES Wl % T2IAEAT20 00 BB S R %E G0 NN NS D4 B BT BT W WA e

Replicate 3: B. glumae LSUPB401 (paired-end reads)

—
{2

Frzzasarer i B HES DI WA A W0 S 4l 6T TED BN 84S W mAT T34 67 A0 IS0 WP N B3l BT 04 00 565 @HE 6 T RS M mEl wew

Figure A. The y-axis indicates the quality scores. Higher score means a better base call.
The green color in the background indicates calls of very good quality; orange indicates
calls of reasonable quality; red indicates calls of poor quality.
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APPENDIX B: IDENTIFIED DIFFERENTIALLY EXPRESSED GENES FROM
RNA-SEQ

®The genes listed are DEGs with at least 1.5 fold expression level change (up-regulated
or down-regulated) and at the 99% confidence level or greater in LSUPB401 compared
to WT.

PWT and LSUPB401 indicate the Reads Per Kilobase per Million mapped reads (RPKM)
with upper quartile normalization of the genes in WT and LSUPB401 background
respectively.

“up’ or ‘down’ of the fold change indicates that the gene was up-regulated or down-
regulated respectively.

dg-values were adjusted p-values according to the False Discovery Rate (FDR)

(Benjamini Hochberg) method.

Fold
Gene® Product WT? | LSUPB401° | change® | g-value®
5-
methyltetrahydropteroyltrigluta
mate--homocysteine S-
bglu 1908430 | methyltransferase 34 240 7.06 up 1.04E-172
bglu_2g09850 | hypothetical protein 41 230 5.6lup | 1.76E-136
bglu 2919340 | chaperonin Cpnl0 109 | 580 5.32 up 2.14E-106
bglu_2g16650 | hypothetical protein 190 | 909 478 up | 2.83E-84
bglu 2919330 | chaperonin GroEL 56 297 5.3 up 4.95E-84
bglu_1g16590 | Serine metalloprotease 28 126 4.5 up 2.87E-73
bglu_1g22650 | Catalase 32 146 456 up | 2.96E-70
TenA family transcriptional
bglu 2906890 | activator 23 100 4.35 up 2.08E-67
bglu 2916720 | hypothetical protein 9 44 489up | 1.31E-65
bglu 2916640 | hypothetical protein 39 161 413 up | 4.04E-64
bglu 2906900 | hypothetical protein 8 40 5up 3.09E-62
bglu 2916630 | hypothetical protein 66 264 4 up 2.31E-61
riboflavin biosynthesis protein
bglu_2g06440 | RibD 154 | 686 445up | 1.31E-56
bglu 2916620 | hypothetical protein 15 60 4 up 1.43E-52
Ankyrin repeat-containing
bglu 1922640 | protein 7 35 5up 3.42E-52
bglu 2906880 | putative transferase 12 47 3.92 up 8.02E-51
bglu_2g16670 | RebA protein 479 | 2124 443 up | 2.71E-50
bglu 1910720 | hypothetical protein 19 71 3.74 up 3.20E-48
bglu 2906430 | serine/threonine kinase 220 | 1000 455up | 3.35E-47
peptidoglycan domain-
bglu_19g10710 | containing protein 70 260 3. 71 up 5.74E-44
bglu 2916700 | RebB protein 1228 | 4350 3.54 up 2.05E-17
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(Appendix B continued)

Fold

Gene? Product WT? | LSUPB401° | change® | g-value®
poly (3-hydroxybutyrate)

bglu 2910060 | depolymerase 25 91 3.64 up 1.83E-43
8-amino-7-oxononanoate

bglu_2p0540 synthase 17 59 3.47up | 1.41E-40

bglu_2g06410 | GTP cyclohydrolase Il 815 | 3629 4.45 up 2.82E-37

bglu 2916660 | RebB protein 339 | 1288 3.8 up 1.49E-36

bglu_ 2906420 | WD-repeat-containing protein 443 | 1847 4.17 up 1.87E-32
alpha,alpha-trehalose-

bglu 2918450 | phosphate synthase 10 35 3.5up 7.03E-32

bglu 1911110 | Heat shock protein Hsp20 63 200 3.17 up 1.04E-31

bglu 1921320 | hypothetical protein 55 162 2.95 up 7.51E-28
cyclopropane-fatty-acyl-

bglu 2917550 | phospholipid synthase 18 56 3.11 up 3.55E-27

bglu 2916680 | RebB protein 537 | 1819 3.39 up 6.56E-27

bglu 2918820 | hypothetical protein 32 97 3.03 up 2.37E-26

bglu 2910055 | Expressed protein SR2101 15 47 3.13up | 4.01E-26
acetylornithine

bglu 1919170 | aminotransferase 70 212 3.03up | 4.56E-26
Non-ribosomal peptide

bglu 1922990 | synthase 32 107 3.34 up 9.53E-26

bglu 1923010 | nonribosomal peptide synthase | 23 78 3.39 up 9.53E-26
di-heme cytochrome ¢

bglu 1923100 | peroxidase 20 57 2.85 up 8.26E-25

bglu 1921920 | hypothetical protein 10 29 2.9 up 7.16E-24

bglu 1911120 | Heat shock protein Hsp20 40 112 2.8 up 1.98E-23
Non-ribosomal peptide

bglu 2902710 | synthase-like protein 25 67 2.68 up 8.13E-22

bglu 1923080 | acetyl-transferase 70 197 2.81 up 2.33E-21

bglu 1910250 | IcIR family regulatory protein 27 74 2.74 up 3.89E-21
major facilitator superfamily

bglu 2909870 | protein 11 31 2.82 up 2.70E-20
branched-chain amino acid

bglu 1921390 | aminotransferase 11 31 2.82 up 4.15E-20

bglu 2916690 | RebB protein 1774 | 6317 3.56 up 4.87E-20

bglu 2909940 | transcription factor jumoniji 14 39 2.79 up 6.35E-19

bglu 2917490 | putative thiaminase | 18 48 2.67 up 7.32E-19

bglu_1g23090 | Amidohydrolase family protein | 51 137 2.69 up 1.06E-18
flavin-nucleotide-binding

bglu 2906870 | protein 51 135 2.65 up 1.39E-18

bglu 1923060 | hydrolase/decarboxylase 35 92 2.63 up 7.71E-18
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(Appendix B continued)

Fold

Gene? Product WT? | LSUPB401° | change® | g-value®

bglu 2916710 | RebB protein 1581 | 5326 3.37up | 4.33E-17
S-adenosylmethionine

bglu 2906910 | decarboxylase 26 65 2.5up 7.31E-17
Extracellular ligand-binding

bglu 1916840 | receptor 14 36 2.57 up 8.18E-17

bglu_19g23020 | polyketide synthase 44 141 3.2 up 8.57E-17

bglu 2915435 | Expressed protein GR10 393 | 1094 2.78 up 1.19E-16
malate/L-lactate

bglu_1g21400 | dehydrogenase 17 42 247up | 2.53E-16

bglu 2921010 | heat shock protein Hsp20 23 59 2.57 up 3.08E-16
metallo-beta-lactamase

bglu_2g09950 | superfamily protein 30 76 2.53 up 6.87E-16
phosphomethylpyrimidine

bglu 2917500 | kinase 41 102 249 up | 4.83E-15
Long-chain-fatty-acid--CoA

bglu 1923040 | ligase 114 | 295 2.59 up 1.07E-14

bglu_2g09930 | hypothetical protein 12 29 2.42 up 1.68E-14

bglu 2906340 | putative transposase 39 92 2.36 up 2.44E-14

bglu 2917540 | MutT/nudix family protein 200 537 2.69 up 3.19E-14
UbIE/COQ5 family

bglu 2917510 | methyltransferase 46 111 2.41 up 3.89E-14
putative exported avidin family

bglu_2p0620 protein 81 194 2.4 up 8.17E-14
putative nucleoside 2-

bglu 2917530 | deoxyribosyltransferase 114 | 270 2.37 up 9.40E-14
NAD/NADP transhydrogenase

bglu 1905910 | alpha subunit-like protein 29 70 2.41 up 1.16E-13

bglu 1923070 | Cysteine synthase 151 | 387 2.56 up 1.18E-13
ATP-dependent carboxylate-
amine ligase domain-

bglu 2905770 | containing protein 31 72 2.32 up 7.47E-13

bglu 1923030 | beta-ketoacyl synthase 95 253 2.66 up 1.04E-12
phenazine biosynthesis

bglu 2g05760 | PhzC/PhzF protein 45 103 2.29 up 1.91E-12

bglu 1927760 | hypothetical protein 22 51 2.32 up 6.27E-12

bglu 1919160 | oxidoreductase-like protein 80 203 254up | 9.81E-12

bglu 1919140 | class V aminotransferase 21 45 214up | 1.96E-11
putative
ubiquinone/menaquinone

bglu_2g06400 | biosynthesis methyltransferase | 3587 | 14627 4.08up | 2.26E-11

bglu 2909960 | MbtH-like protein 458 | 1142 2.49 up 2.44E-11
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(Appendix B continued)

Fold

Gene? Product WT? | LSUPB401° | change® | g-value®
beta-hydroxylase,

bglu_2g09860 | aspartyl/asparaginyl family 13 30 2.31up 2.96E-11

bglu 1922200 | Crystal protein ET79 2069 | 5524 2.67 up 3.42E-11
pyrroloquinoline quinone
(coenzyme pqq) biosynthesis

bglu_1g23050 | protein c 706 | 1910 2.71up 2.15E-10
Cupin 2 barrel domain-

bglu_ 1910660 | containing protein 22 47 2.14 up 2.45E-10
autoinducer-binding domain-

bglu 2919400 | containing protein 24 50 2.08 up 2.65E-10

bglu 2g17520 | Thymidylate synthase 122 292 2.39 up 4.38E-10

bglu 1908680 | hypothetical protein 64 134 2.09 up 5.58E-10

bglu 2905750 | LmbE family protein 96 203 2.11 up 6.02E-10
CAIB/BAIF family protein CoA

bglu_2g19390 | transferase 18 37 2.06 up 9.51E-10
putative RND efflux

bglu_2g06370 | membrane-fusion protein 145 | 319 2.2up 1.49E-09

bglu_2g21000 | heat shock protein Hsp20 33 70 2.12up | 2.22E-09

bglu_1g19110 | peptidase C26 81 180 2.22 up 3.72E-09

bglu 2907570 | PPE-repeat-containing protein | 55 113 2.05 up 6.34E-09

bglu_1g30320 | cytochrome c4 29 57 1.97up | 9.57E-09

bglu 2918780 | transferase 233 | 531 2.28 up 1.11E-08
RND family efflux transporter

bglu 1916170 | MFP subunit 25 51 2.04 up 1.33E-08
flagellar hook-length control

bglu 1933570 | protein FliK 16 33 2.06 up 1.37E-08

bglu 1919130 | Nucleoside diphosphate kinase | 13 28 215up | 2.22E-08

bglu 1921410 | lysine2,3-aminomutase 43 85 1.98 up 3.14E-08
beta-lactamase domain-

bglu 1921360 | containing protein 15 31 2.07up | 4.39E-08

bglu 1919190 | hypothetical protein 186 | 363 1.95 up 6.91E-08

bglu_1g26310 | hypothetical protein 106 | 207 1.95up | 7.96E-08
flagellum-specific ATP

bglu 1933550 | synthase Flil 25 49 1.96 up 8.84E-08
Thiotemplate mechanism

bglu 1916930 | natural product synthetase 18 35 1.94up | 9.59E-08
flagellar rod assembly

bglu 1933090 | protein/muramidase FlgJ 47 92 1.96up | 1.14E-07
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Fold

Gene? Product WT? | LSUPB401° | change® | g-value®
amino acid adenylation

bglu 2902690 | domain-containing protein 44 86 1.95 up 1.17E-07

bglu 2902700 | peptide synthetase 78 148 1.9 up 1.21E-07

bglu 2917085 | Expressed protein GR12 134 | 261 1.95 up 1.85E-07

bglu 1916910 | TubD protein 15 30 2up 2.27E-07

bglu 2918430 | heat shock protein Hsp20 123 | 236 1.92 up 3.14E-07

bglu 2920990 | heat shock protein Hsp20 30 57 1.9 up 3.72E-07

bglu_ 2918440 | heat shock protein Hsp20 334 | 691 2.07 up 3.98E-07
flagellar basal body rod protein

bglu_1g33130 | FigF 75 143 1.91up | 4.29E-07

bglu_1g21370 | N-oxygenase 18 33 1.83 up 1.36E-06

bglu_2g05800 | Threonine dehydrogenase 18 32 1.78 up 2.33E-06
AhpD family protein
alkylhydroperoxidase like

bglu_2g11560 | protein 24 45 1.88 up 3.05E-06
putative coenzyme PQQ

bglu 2905730 | synthesis protein ¢ 131 | 266 2.03 up 3.67E-06
flagellar basal body L-ring

bglu 1933110 | protein 32 57 1.78up | 4.12E-06

bglu_1g19040 | hypothetical protein 68 122 1.79up | 5.79E-06

bglu 1926810 | Chorismate lyase family protein | 27 49 1.81 up 5.96E-06
putative outer membrane

bglu 2906350 | protein OprM 191 | 441 2.31up 8.96E-06
flagellar basal body P-ring

bglu 1933100 | protein 29 52 1.79 up 9.84E-06
S-adenosyl-L-homocysteine

bglu 1901990 | hydrolase 529 | 1089 2.06 up 1.04E-05
taurine catabolism

bglu 2901190 | dioxygenase tauD/tfdA 42 75 1.79 up 1.36E-05
flagellar basal body rod protein

bglu 1933120 | FlgG 89 158 1.78up | 1.61E-05
ATP-dependent protease

bglu 1933760 | subunit HslV 118 | 207 1.75 up 2.01E-05
putative Branched-chain amino

bglu 2905740 | acid aminotransferase 111 | 216 1.95 up 2.23E-05
LuxR family transcriptional

bglu_1g23190 | regulator 227 | 415 1.83up | 2.24E-05

bglu 2911820 | glycoside hydrolase 63 110 1.75 up 2.65E-05
N,N-dimethylformamidase

bglu 1919050 | large subunit 62 118 1.9 up 2.95E-05

bglu 1926800 | Uracil-DNA glycosylase family | 31 55 1.77 up 3.38E-05

108
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Fold

Gene? Product WT? | LSUPB401° | change® | g-value®

bglu 1919060 | acyl-CoA-ligase/synthetase 75 144 1.92up | 4.25E-05

bglu_2g06380 | hypothetical protein 154 | 288 1.87up | 4.68E-05

bglu_ 1923150 | Auxin-binding protein 195 | 371 1.9 up 5.73E-05
ATP-dependent protease ATP-

bglu_1g33770 | binding subunit Hs|U 92 175 1.9 up 5.74E-05

bglu_2g05720 | MhpE-like protein 94 172 1.83up | 6.26E-05
thiamine biosynthesis protein

bglu_1g10430 | ThiC 73 136 1.86up | 7.22E-05

bglu_2g18630 | Insertion element 1IS402 409 | 710 1.74 up 7.85E-05
ABC transporter ATP-binding

bglu_1g23170 | protein 507 | 1078 2.13 up 9.18E-05

bglu 2916920 | CsbD-like protein 110 | 181 1.65up | 9.99E-05
flagellar basal body rod

bglu_1g33150 | modification protein 104 | 185 1.78up | 1.01E-04

bglu 1926010 | carbonate dehydratase 41 70 1.71 up 1.24E-04

bglu_2g08910 | hypothetical protein 61 101 1.66 up 1.90E-04

bglu_2g06360 | putative RND efflux transporter | 211 | 414 1.96 up 1.93E-04
ATP-dependent Clp protease,

bglu_1g14230 | ATP-binding subunit ClpB 131 | 274 2.09 up 2.05E-04
flagellar basal body P-ring

bglu 1933180 | formation protein FIgA 42 71 1.69up | 2.05E-04

bglu 1923120 | hypothetical protein 156 | 269 1.72 up 2.22E-04

bglu 1926820 | heat shock protein 90 143 | 290 2.03up | 2.48E-04

bglu 1926710 | cytochrome c family protein 66 105 1.59 up 2.63E-04

bglu_1g19080 | Nucleoside diphosphate kinase | 168 | 297 1.77up | 3.07E-04

bglu 1923230 | Phytanoyl-CoA dioxygenase 79 129 1.63 up 3.47E-04

bglu 2909660 | hypothetical protein 139 | 227 1.63 up 3.82E-04

bglu 1906350 | chaperone protein Dnal 166 | 277 1.67up | 4.09E-04

bglu 2913340 | Cyanate transporter 50 82 1.64up | 4.14E-04

bglu_1g31060 | hypothetical protein 18 29 1.61up | 4.75E-04
Non-ribosomal peptide

bglu 1919210 | synthetase 61 102 1.67up | 4.84E-04
efflux ABC transporter

bglu 1923160 | permease 279 | 560 2.01 up 5.04E-04

bglu_1g19230 | metallophosphoesterase 216 | 358 1.66up | 5.04E-04
Sodium/bile acid symporter

bglu_1g32670 | family protein 78 131 1.68up | 6.37E-04
non-ribosomal peptide

bglu 2918640 | synthase 149 | 260 1.74up | 6.87E-04

bglu 1919220 | multidrug efflux protein 69 122 1.77 up 6.87E-04
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Fold
Gene® Product WT? | LSUPB401° | change® | g-value®
nucleoside-diphosphate-sugar
bglu_1g19250 | epimerase 147 | 253 1.72up | 8.99E-04
bglu_1g18240 | hypothetical protein 190 | 318 1.67 up 9.48E-04
L-carnitine dehydratase/bile 0.00103773
bglu 2921670 | acid-inducible protein F 21 32 1.52 up 3
0.00104374
bglu_1g33560 | flagellar export protein FliJ 44 68 1.55 up 6
CDP-alcohol 0.00105237
bglu_ 1919240 | phosphatidyltransferase 54 87 1.61 up 3
0.00106803
bglu 1930010 | hypothetical protein 62 95 1.53 up 3
alkyl hydroperoxide reductase 0.00113072
bglu_ 2913680 | subunit F 180 | 351 1.95 up 9
Serine carboxypeptidase family 0.00116992
bglu 1911560 | protein 28 45 1.61 up 7
0.00118651
bglu 1919200 | Nucleoside diphosphate kinase | 62 98 1.58 up 9
bglu 2g05270 | hypothetical protein 27 42 1.56 up 0.0015844
putative lipoprotein 0.00175167
bglu 2909380 | transmembrane 40 63 1.58 up 3
flagellar basal body rod protein 0.00216978
bglu_1g33160 | FIgC 77 121 157up |9
0.00224392
bglu_1g22630 | hypothetical protein 22 32 145up |4
flagellar basal body rod protein 0.00252884
bglu_1g33170 | FigB 83 128 154up |3
0.00321223
bglu 2905710 | chitinase 20 29 145up |4
0.00429094
bglu_1g16950 | thioesterase Il 24 36 1.5up 5
0.00441757
bglu 1924640 | FeS assembly protein IscX 127 | 187 1.47 up 9
TetR family transcriptional 0.00492273
bglu_2g02050 | regulator 77 117 1.52up |4
0.00494405
bglu_1g33140 | flagellar hook protein FIgE 66 104 158up |4
0.00507614
bglu 1919070 | hypothetical protein 247 | 454 1.84up |5
0.00555578
bglu 1927700 | lipoprotein 23 35 1.52 up 8
0.00573574
bglu_1g25590 | hypothetical protein 1311 | 2026 155up |5
xylose isomerase domain- 0.00633890
bglu 2916410 | containing protein 130 | 200 1.54 up 5
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Gene? Product WT? | LSUPB401° | change® | g-value®
0.00633890
bglu_1g23110 | translation initiation inhibitor 239 | 386 1.62 up 5
PA-phosphatase-like protein 0.00710344
bglu_19g19260 | phosphoesterase 38 56 1.47 up 8
0.00720999
bglu 2914960 | TonB-dependent receptor 35 54 1.54 up 1
OprD family outer membrane 0.00852461
bglu_2g22070 | porin 44 65 1.48 up 3
aminoglycoside 0.00855677
bglu_ 1919150 | phosphotransferase 26 37 1.42 up 9
0.00967657
bglu 1923130 | hypothetical protein 573 | 1022 1.78 up 3
0.00997539
bglu 1921330 | glutathione S-transferase 83 121 1l46up |8
NAD(P) transhydrogenase 0.00146174
bglu 1905920 | subunit beta 20 32 1.6 up 3
bglu_1g03180 | thiazole synthase 38 64 1.68 up 1.26E-04
5,10-methylenetetrahydrofolate
bglu_1g02010 | reductase 92 176 1.91up | 2.81E-06
bglu_1g02000 | hypothetical protein 177 | 286 1.62up | 4.43E-04
flagellar biosynthesis sigma
bglu_1g01980 | factor 21 34 1.62up | 4.52E-04
flagellar biosynthesis protein
bglu 1901970 | FIhG 29 48 1.66up | 8.10E-05
flagellar biosynthesis regulator
bglu_1g01960 | FIhF 21 40 1.9up 5.70E-07
flagellar biosynthesis protein 0.00459187
bglu_1g01950 | FIhA 32 49 153up |9
bglu_1g01690 | hypothetical protein 87 143 1.64up | 3.32E-04
bglu 1901620 | acetyltransferase 19 31 1.63 up 1.75E-04
flagellar biosynthesis protein 0.00679509
bglu_1g00180 | FliQ 41 62 151up |1
0.00204589
bglu_2g22280 | porin 190 | 321 1.69up |4
bglu_4p0300 hypothetical protein 58 0 N/A 0
bglu_4p0370 bacteriophage protein gp37 49 0 N/A 0
bglu_3p0320 bacteriophage protein gp37 45 0 N/A 0
Sigma-54 dependent DNA- 8.71
bglu 1909700 | binding response regulator 61 7 down 1.03E-282
type VI secretion system 5.75
bglu 1903890 | protein TssB 644 | 112 down 5.74E-85
5.85
bglu 1903880 | TPR repeat-containing protein | 801 | 137 down 4 55E-74
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Gene? Product WT? | LSUPB401° | change® | g-value®
5.43
bglu_1g04010 | hypothetical protein 114 |21 down 6.72E-73
bglu 1903970 | OmpA/MotB 54 12 4.5 down | 6.73E-52
type VI secretion system 4.69
bglu_1g03930 | protein TssF 61 13 down 5.25E-48
type VI secretion system 4.44
bglu_1g03920 | protein TssE 200 | 45 down 1.05E-46
LuxR family transcriptional
bglu_1g22700 | regulator 68 17 4 down 2.98E-45
type VI secretion system 5.16
bglu_1g03900 | protein TssC 856 | 166 down 2.23E-43
type VI secretion system
bglu_1g03940 | protein TssG 99 23 4.3 down | 2.85E-43
type VI secretion system 3.78
bglu_1g03960 | protein TssA 34 9 down 4.98E-38
peptidase M15B and M15C,
D,D-carboxypeptidase 414
bglu_1g04000 | VanY/endolysins 290 |70 down 3.90E-37
4.59
bglu_1g03990 | type VI secretion protein IcmF | 188 | 41 down 4.37E-35
type VI secretion system 4.27
bglu_1g03950 | protein TssH 158 | 37 down 6.63E-35
type VI secretion-associated 4.05
bglu 1903980 | protein 89 22 down 4.58E-33
type VI secretion system
bglu 1903910 | protein TssD 3405 | 642 5.3 down | 1.80E-31
2.73
bglu_4p0610 hypothetical protein 1293 | 474 down 2.59E-09
putative LysM domain- 2.44
bglu 2910840 | containing protein 61 25 down 3.83E-09
1119 3.06
bglu_1g04140 | Cold shock-like protein CspD 5 3653 down 3.34E-08
2.27
bglu 2910830 | Rhs element VVgr protein 34 15 down 1.46E-07
2.58
bglu_3p0560 hypothetical protein 1874 | 725 down 8.38E-07
type VI secretion system 211
bglu 1903870 | protein TssJ 171 |81 down 1.34E-05
histidine ABC transporter 2.06
bglu 1910060 | permease HisQ 109 |53 down 2.25E-04
Branched-chain amino acid
ABC transporter ATP-binding 1.97
bglu 1928620 | protein 144 | 73 down 2.26E-04
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Gene? Product WT? | LSUPB401° | change® | g-value®
Small multidrug resistance 1.85
bglu_ 1926230 | protein 61 33 down 4.08E-04
2.08
bglu_2g15080 | translation initiation factor IF-1 | 1396 | 671 down 6.58E-04
monosaccharide-transporting 1.87
bglu 2904360 | ATPase 99 53 down 0.001426
Periplasmic binding
protein/Lacl transcriptional
bglu_2g04350 | regulator 300 | 150 2 down 0.0014617
1.95
bglu_1g28610 | ABC transporter-like protein 338 | 173 down 0.0025267
1.96
bglu 1931460 | hypothetical protein 1246 | 635 down 0.0025288
bglu_2g22250 | carbon starvation protein CstA | 59 31 1.9 down | 0.0030143
191
bglu_1g28630 | Inner-membrane translocator 248 | 130 down 0.0047146
C4-dicarboxylate transporter
bglu_1g31950 | DctA 220 | 116 1.9 down | 0.0053633
1.67
bglu 2922240 | hypothetical protein 77 46 down 0.0055526
2.16
bglu_2g15090 | Cold shock protein 6407 | 2972 down 0.0073716
branched chain amino acid
family ABC transporter inner 1.89
bglu 1928640 | membrane subunit 166 | 88 down 0.0101435
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APPENDIX C: STATISTICS ANALYSES OF WHOLE TRANSCRIPTOME

GENE ONTOLOGY ANNOTATION
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Figure C.1. Schematic of whole transcriptome GO annotation of B. glumae by Blast2GO.

2,000
1,300
1,800
1,700
1,600
1,500
1,400
1,300
1,200

£ 1,100

& 1,000

LT

260
700
Rl
500
400
200
200
100

Annotation Distribution

012 3 45 68 7 8 910111213 14151617 18192021 233
=GO

Figure C.2. GO annotation distribution of whole transcriptome of B. glumae. Number of
GO annotation of sequences (genes) is displayed in x-axis. Number of sequences
(genes) is displayed in y-axis.
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