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Abstract

Project Code : MRG5580040

Project Title : Role of cycle inhibiting factor (Cif) in host protein expression and prevalence

of Cif in Burkholderia pseudomallei

Investigator : Assistant Professor Dr. (Ms) Pornpan Pumirat

E-mail Address : pornpan.pum@mahidol.ac.th

Project Period : 2 years

A cycle-inhibiting factor (Cif) is a bacterial effector that present in enteropathogenic
and enterohaemorrhagic Escherichia coli. Cif is known to be injected into HelLa cells by E.
coli Type lll secretion system (T3SS) and induces cell cycle arrest, stress fibre formation and
delayed apoptosis. Subsequently, a homologue of Cif in B. pseudomallei (CHBP) was
identified. However, the function of B. pseudomallei CHBP in pathogenesis of meliodosis
disease is still unclear. In our previous study, we constructed B. pseudomallei chbP mutant to
explore the role of CHBP in B. pseudomallei infection. Infection of U937 macrophage with B.
pseudomallei revealed that host cell contact was required for the secretion of CHBP.
Interestingly, CHBP was secreted into the host cell in a manner dependent on the Bsa
T3SS. Moreover, the responsibility of CHBP is likely to be important for B. pseudomallei
pathogenesis as we found that B. pseudomallei chbP mutant showed the significant defects
in abilities to induce plaque formation and cytotoxicity of HeLa cells when compared to the
wild type.

In this study, we found the existence of cif homologue gene encoding for Cif in B.
pseudomallei populations. To investigate the requirement of CHBP for pathogenesis of B.
pseudomallei infection, B. pseudomallei clinical isolates were investigated on their virulence
in term of plaque formation efficiency. The result showed that CHBP was not really intended

to involve with pathogenicity of B. pseudomallei. In addition, we further investigated the host
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protein expression profiles of infected HelLa cells using mass spectrometry. Investigation by
this technique, we identified 97 up-regulated and 166 down-regulated proteins that
significantly altered in HelLa cells infected with chbP mutant compared with that of B.
pseudomallei wild type strain. Among these, there are proteins associated with microtubule
network and stress fibre formation. Pathway analysis revealed that some of these proteins
are linked with infection of pathogenic E. coli. Thus, based upon our finding, it is suggested
that CHBP is involved in modulation of host cell process, at least by disturbing the protein
expression of host cell cytoskeleton rearrangement, which might be benefit for the
pathogenesis of B. pseudomallei. However, additional studies are needed to confirm these

findings.

Keywords : Burkholderia pseudomallei, host protein expression, cycle inhibiting factor (Cif)
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Executive Summary

Burkholderia pseudomallei is a Gram-negative bacterium that causes a human
infectious disease called melioidosis, which is recognized as a major public health problem
in many tropical countries (White, 2003). The endemic areas of melioidosis include
northeastern Thailand and northern Australia (Cheng and Currie, 2005). Rice farmers are
considered as the high risk of exposure group during the monsoonal and rainy season
(Currie and Jacups, 2003), particularly when planting and harvesting in mud and surface
water in rice fields. The infection occurs by inoculation through skin abrasions or inhalation.
Melioidosis may be presented as acute to chronic infection. Acute infection is often
septicemia, resulting in death within days of exposure. Furthermore, B. pseudomallei exhibit
resistance to diverse groups of antibiotics including third-generation cephalosporins,
penicillins, rifamycins, macrolides, quinolones, and aminoglycosides. Owing to its aerosol
infectivity, the severe course of infection, and the absence of vaccines and fully effective
treatments, B. pseudomallei is classified as a hazard category three pathogen and
considered a potential biothreat agent (Cheng and Currie, 2005). Currently, a high rate of
relapse has been recognized (Frangoulidis et al., 2008). Moreover, recommended antibiotic
regimens are expensive, and in severe disease should be prolonged to 20 weeks to reduce
the risk of relapse. Therefore, the mechanisms contributing to B. pseudomallei virulence
need to be elucidated in order to understand the pathogenicity of this organism.

An essential feature of pathogenic B. pseudomallei is their ability to invade a number
of cells in both phagocytic and non-phagocytic cells and their capability to stimulate a variety
of host-cell responses (Jones et al., 1996). After internalisation, B. pseudomallei can escape
membrane bound phagosome into the cytoplasm (Wiersinga et al., 2006). Inside the cells, B.
pseudomallei can spread from one cell to another, induce cell-to-cell fusion which resulting in
multinucleated giant cell (MNGC) formation (Kespichayawattana et al., 2000). This unique
ability also observed in the tissues of patients with melioidosis (Wong et al; 1995).
Nevertheless, the molecular mechanisms of B. pseudomallei pathogenesis remain unclear.

Several virulence factors of B. pseudomallei have been identified including both cell-
associated and secreted products. The type lll secreted proteins which secreted through the

type Il secretion systems (T3SSs) have been identified as one of the virulence of many
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Gram negative pathogens including B. pseudomallei (Hueck, 1998). Type Ill secretion
system (T3SSs) are molecular syringes/needles that inject bacterial virulence proteins
directly into host cells. These injected effectors subvert host cellular processes and
contribute to disease (Cornelis and Van, 2000). Recently, a new T3SS translocated effector
molecule of Enteropathogenic and enterohaemorrhagic Escherichia coli (EPEC and EHEC)
called “Cif” is identified (Marches et al., 2003). This protein is a cycle inhibiting factor, which
blocks cell cycle G2/M transition, induces the formation of stress fibres and provokes a
delayed cell death (Samba-Louaka ef al., 2008; Samba-Louaka et al., 2009). Interestingly, E.
coli Cif shows 21% identity and 40% similarity with an ORF in B. pseudomallei strain
K96243. It has been shown that B. pseudomallei Cif homologue (CHBP) can be injected by
the EPEC T3SS and induces cell cycle arrest and stress fibre formation in HeLa cells in an
identical manner to E. coli Cif (Jubelin et al., 2009). Sequenced genomes of 10 different B.
pseudomallei clinical isolates all contain the Cif homolog gene with various % identities,
whereas CHBP is absent from genomes of closely related Burkholderia thailandensis and
Burkholderia mallei that usually do not cause human melioidosis (Yao et al., 2009). Crystal
structure analysis revealed that CHBP possess a papain-like fold with a Cys-His-GIn catalytic
triad similar to EPEC Cif (Crow et al.,, 2009; Yao et al., 2009). Furthermore, a recent study
shows that CHBP is recognized strongly by melioidosis patient sera (Philip et al., 2009).
Thus, it is possible that CHBP might play a functional role in pathogenesis.

Very recently, B. pseudomallei cif knockout mutant has been constructed by our
group. We observed that CHBP is expressed only in intra-host cell conditions (Pumirat et al.,
2014); however, the essential function of CHBP in pathogenesis of meliodosis remains to be
clarified. As E. coli Cif protein plays an important role in interfering host cell cycle
progression (Marches et al., 2003; Nougayrede et al., 2005; Samba-Louaka et al., 2009).
Therefore, we postulated that the CHBP might alter the expression of host proteins and
facilitate the inhibition of host cell cycle. We used the proteomic analysis to compare the
proteome patterns of host macrophage cells infected by B. pseudomallei wild type and
isogenic cif mutant strains to achieve this goal. The differences of host protein expression
profiles would reflect host cell processes that related to function of CHBP within host cells. In
addition, we studied the occurrence and sequence diversity of chbP gene in clinical and

environmental B. pseudomallei isolates. This information could provide the information about
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the existence and/or diversity of Cif homologue in B. pseudomallei populations, which might
required for pathogenesis of B. pseudomallei infection. Those isolates were further
investigated on their virulence in term of plaque formation efficiency to screen capability of B.
pseudomallei in invasion and intracellular survival. This data would provide more
understanding on the impact of CHBP in virulence and pathology of infection by B.
pseudomallei. Our findings might provide the key basis for future treatment and management

of patients.
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INTRODUCTION (Un31)

Burkholderia pseudomallei is a Gram-negative bacterium that causes a human
infectious disease called melioidosis, which is recognized as a major public health problem
in many tropical countries (White, 2003). The endemic areas of melioidosis include
northeastern Thailand and northern Australia (Cheng and Currie, 2005). Rice farmers are
considered as the high risk of exposure group during the monsoonal and rainy season
(Currie and Jacups, 2003), particularly when planting and harvesting in mud and surface
water in rice fields. The infection occurs by inoculation through skin abrasions or inhalation.
Melioidosis may be presented as acute to chronic infection. Acute infection is often
septicemia, resulting in death within days of exposure. Furthermore, B. pseudomallei exhibit
resistance to diverse groups of antibiotics including third-generation cephalosporins,
penicillins, rifamycins, macrolides, quinolones, and aminoglycosides. Owing to its aerosol
infectivity, the severe course of infection, and the absence of vaccines and fully effective
treatments, B. pseudomallei is classified as a hazard category three pathogen and
considered a potential biothreat agent (Cheng and Currie, 2005). Currently, a high rate of
relapse has been recognized (Frangoulidis et al., 2008). Moreover, recommended antibiotic
regimens are expensive, and in severe disease should be prolonged to 20 weeks to reduce
the risk of relapse. Therefore, the mechanisms contributing to B. pseudomallei virulence
need to be elucidated in order to understand the pathogenicity of this organism. An essential
feature of pathogenic B. pseudomallei is their ability to invade a number of cells in both
phagocytic and non-phagocytic cells and their capability to stimulate a variety of host-cell
responses (Jones et al., 1996). After internalisation, B. pseudomallei can escape membrane
bound phagosome into the cytoplasm (Wiersinga et al., 2006). Inside the cells, B.
pseudomallei can spread from one cell to another, induce cell-to-cell fusion which resulting in
multinucleated giant cell (MNGC) formation (Kespichayawattana et al., 2000). This unique
ability also observed in the tissues of patients with melioidosis (Wong et al; 1995).
Nevertheless, the molecular mechanisms of B. pseudomallei pathogenesis remain unclear.

Several virulence factors of B. pseudomallei have been identified including both cell

associated and secreted products. The type Il secreted proteins which secreted through the
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type lll secretion systems (T3SSs) have been identified as one of the virulence of many
Gram negative pathogens including B. pseudomallei (Hueck, 1998). Type Il secretion system
(T3SSs) are molecular syringes/needles that inject bacterial virulence proteins directly into
host cells. These injected effectors subvert host cellular processes and contribute to disease
(Cornelis and Van, 2000). Recently, a new T3SS translocated effector molecule of
Enteropathogenic and enterohaemorrhagic Escherichia coli (EPEC and EHEC) called “Cif’ is
identified (Marches et al., 2003). This protein is a cycle inhibiting factor, which blocks cell
cycle G2/M ftransition, induces the formation of stress fibres and provokes a delayed cell
death (Samba-Louaka et al., 2008; Samba-Louaka et al., 2009). Interestingly, E. coli Cif
shows 21% identity and 40% similarity with an ORF in B. pseudomallei strain K96243. It has
been shown that B. pseudomallei Cif homologue (CHBP) can be injected by the EPEC T3SS
and induces cell cycle arrest and stress fibre formation in HelLa cells in an identical manner
to E. coli Cif (Jubelin et al., 2009). Sequenced genomes of 10 different B. pseudomallei
clinical isolates all contain the Cif homolog gene with various % identities, whereas CHBP is
absent from genomes of closely related Burkholderia thailandensis and Burkholderia mallei
that usually do not cause human melioidosis (Yao et al., 2009). Crystal structure analysis
revealed that CHBP possess a papain-like fold with a Cys-His-GIn catalytic triad similar to
EPEC Cif (Crow et al.,, 2009; Yao et al., 2009). Furthermore, a recent study shows that
CHBP is recognized strongly by melioidosis patient sera (Philip et al., 2009). Thus, it is
possible that CHBP might play a functional role in pathogenesis. Very recently, B.
pseudomallei cif knockout mutant has been constructed by our group. We observed that
CHBP is expressed only in intra-host cell conditions (Pumirat et al., 2014); however, the
essential function of CHBP in pathogenesis of meliodosis remains to be clarified. As E. coli
Cif protein plays an important role in interfering host cell cycle progression (Marches et al.,
2003; Nougayrede et al., 2005; Samba-Louaka et al., 2009). Therefore, we postulated that
the CHBP might alter the expression of host proteins and facilitate the inhibition of host cell
cycle. We used the proteomic analysis to compare the proteome patterns of host
macrophage cells infected by B. pseudomallei wild type and isogenic cif mutant strains to
achieve this goal. The differences of host protein expression profiles would reflect host cell
processes that related to function of B. pseudomallei Cif within host cells. In addition, we

studied the occurrence and sequence diversity of cif gene in clinical and environmental B.

MRG5580040 winfi 9



wanansunda daunouwinanldieunga

pseudomallei isolates. This information would provide the information about the existence
and/or diversity of Cif homologue in B. pseudomallei populations, which might required for
pathogenesis of B. pseudomallei infection. Those isolates were further investigated on their
virulence in term of plaque formation efficiency to screen capability of B. pseudomallei in
invasion and intracellular survival. This data would provide more understanding on the
impact of CHBP in virulence and pathology of infection by B. pseudomallei. Our findings

might provide the key basis for future treatment and management of patients.

OBJECTIVES (1091l3za9a)

1. To compare protein expression profiles of human macrophage HelLa cell line infected with
B. pseudomallei wild type K96243 and chbP mutant strains.

2. To examine the occurrence and sequences of chbP gene from clinical and environmental
B. pseudomallei isolates.

3. To study B. pseudomallei isolates in aspect of the intracellular survival capability using

plague formation assay.

LITERATURE REVIEW (31%32871t7822849)

B. pseudomallei and melioidosis
B. pseudomallei is a soil saprophyte and the causative agent of melioidosis, a
potentially fatal disease in both human and animal (White, 2003; Cheng and Currie, 2005).
This pathogen is classified as a category B bioterrorism agent by Centers for Disease

Control and Prevention (www.bt.cdc.gov/agent/agentlist.asp). B. pseudomallei is visualized

as a Gram negative bacillus that have bipolar staining characteristic, vacuolated, slender and

rounded ends, which is often described as a “safety pin” appearance. The bacteria are small

approximately 0.4-0.8 [Um in width and 2.0-5.0 l.Am in length. B. pseudomallei have either a
single polar flagellum or a tuft of polar flagella (Inglis et al., 2003).

Melioidosis, is a serious disease caused by the bacterium B. pseudomallei,
also called Whitmore's disease or Nightcliff gardener's disease. In the late half of the 20th

century, melioidosis emerged as an infectious disease of major public health importance in
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Southeast Asia and northern Australia. In Ubon Ratchathani, Thailand, B. pseudomallei
accounts for up to approximately 20% of community-acquired bacteremias (Chaowagul et al.,
1989). At the Royal Darwin Hospital, Australia, it has been the most common cause of fatal
community-acquired bacteremic pneumonia (Currie, 2003; Heng et al., 1998). The most

important risk factor for developing severe melioidosis is diabetes mellitus (Currie et al.,

2000). Other risk factors include thalassaemia, kidney disease, cystic fibrosis and occupation
such as rice paddy farmers (Cheng and Currie, 2005).

Humans can be infected by exposure to B. pseudomallei present in soil and
surface water in endemic locations (Currie and Jacups, 2003; Currie, 2003). Three modes of
acquisition, i.e., inhalation, ingestion, and inoculation, are recognized for B. pseudomallei.
Infection by inoculation is the major mode of acquisition. Minor wounds to the feet of rice
farmers are common during the planting and harvesting seasons, when farmers spend most
of the working day wading in mud and surface water. Besides, person-to-person
transmission of B. pseudomallei is very unusual (Currie, 2003). Zoonotic transmission to
humans is extremely unusual, but possible three epizoonotic human infections have been
implicated in Australia (Cheng and Currie, 2005; Cheng et al., 2005)

Clinical manifestations of melioidosis are varied from localized infection to
fulminant septic melioidosis (Wiersinga et al., 2006). In all series, pneumonia is the most
common presentation and is involved in approximately half of all cases. Skin and soft tissue
infections are a common manifestation of melioidosis, while bone and joint infections are
uncommon and may be difficult to differentiate from other causes of infection (Wang et al.,
2003). However, the most severe clinical feature is septic shock, which often associated with
bacterial dissemination to distant sites such as the lung, liver and spleen (Wiersinga et al.,
20086).

Relapse after apparently successful treatment is well described and is
associated with mortality similar to that for the initial episode. In the majority of cases,
relapse is due to reactivation of the original infecting strain. Poor adherence to therapy was
discussed as important factors associated with a higher risk of relapse (Limmathurotsakul et
al., 2011).

In 2004, the genome sequence of B. pseudomallei strain K96243 was

completed (Holden et al., 2004). B. pseudomallei K96243 genome consists of two
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chromosomes of 4.07 Mb and 3.17 Mb with an average G+C content of 67.7% and 68.5%,
respectively (Nierman et al., 2004), which included at least 5,854 predicted coding
sequences (CDSs) within the two chromosomes. The large chromosome carries many genes
associated with core functions such as cell metabolism and growth, whereas the smaller
chromosome carries more genes encoding accessory functions that trend to require for
survival and virulence factors (Holden et al., 2004). However, very little is known about the
genes associated with B. pseudomallei virulence and pathogenicity.

B. pseudomallei is resistant to diverse groups of antibiotics including third-
generation  cephalosporins,  penicillins, rifamycins, = macrolides, quinolone, and
aminoglycosides, but is usually susceptible to trimethoprim-sulphmethoxazole,
chloramphenicol, amoxicillin-clavalanate, doxycycline, ureidopenicillins, ceftazidime and
carbapenems (Cheng and Currie, 2005). The treatment is required for 20 weeks to reduce
the risk of relapse and is divided into intravenous and oral phases. Cetazidime is often used
as a parental antibiotic treatment. Moreover, intravenous amoxicillin-clavulanate is also
widely used in Thailand for the treatment of empirical sepsis and melioidosis (Dance et al.,
1989). Currently, there is no vaccine against meliodosis. Therefore, the best way to handle
with melioidosis may be to prevent B. pseudomallei infection.

Host immune responses to B. pseudomallei infection are divided into cell-
mediated and humoral immune responses. Cell-mediated responses are usually adaptive
against intracellular pathogens, however; the mechanisms of immunity to B. pseudomallei in
humans are poorly understood. In addition, macrophages exposed to B. pseudomallei do not
appear to respond in the same way as they do to other pathogens; in one study, lower levels
and slower production of inducible nitric oxide synthase and tumor necrosis factor alpha
were seen in a macrophage cell line compared to those after exposure to Escherichia coli
and Samonella enterica serovar Typhi (Utaisincharoen et al., 2000; Utaisincharoen et al.,

2001).

Cycle inhibiting factor (Cif)
The cycle inhibiting factor or Cif belongs to a family of bacterial toxins

“cyclomodulins”, which is a repertoire of proteins that use the T3SS to be injected into the
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host cell (Marches et al., 2003). Cif was identified as a novel T3SS translocated effector
molecule of Enteropathogenic and enterohaemorrhagic Escherichia coli (EPEC and EHEC)
that modulate host cell cycle (Marches et al., 2003). Cif consists of a 282-amino—acid protein
with predicted molecular mass of 32 kDa. This protein is the first effector molecule not
encoded on the locus of enterocyte effacement (LEE) but on a lambdoid phage that present
in most EPEC and EHEC strains (Marches et al., 2003).

Upon injection into the host cell by the T3SS of EPEC, Cif effector protein
blocks cell cycle G2/M transition and induces the formation of stress fibres through the
recruitment of focal adhesions (Nougayrede et al., 2005). Samba-Louaka et al. (Samba-
Louaka et al., 2008) reported that bacterial cyclomodulin Cif blocks the host cell cycle by
stabilizing the cyclin-dependent kinase inhibitors p21 and p27. Moreover, EPEC Cif not only
induces cell cycle arrest but also eventually provokes a delayed cell death (Samba-Louaka
et al., 2009). Recently, the effector Cif has been demonstrated to interfere with the
eukaryotic cell cycle by inhibiting the function of cullin RING E3 ubiquitin ligases, which
associated with Nedd8-Induced conformational control (Morikawa et al, 2010; Boh et al.,
2011).

Interestingly, recent study revealed a family of Cif homologues from Yersinia,
Photorhabdus, and Burkholderia (Jubelin et al., 2009). All members of Cif family can be
injected by the EPEC T3SS and harbor a sufficient and potent G2/M arrest activity (Yao et
al., 2009). Cif family of T3SS effectors inhibits the eukaryotic ubiquitination pathway by
specific deaminase activity toward ubiquitin and NEDD8 (Cui et al., 2009). Furthermore,
crystal structure analysis revealed that B. pseudomallei Cif (CHBP) possess a papain-like
fold with a Cys-His-GIn catalytic triad similar to EPEC Cif (Crow et al., 2009; Yao et al.,
2009).

The putative cif homolog (chbP; locus_tag BPSS1385) of B. pseudomallei
strain K96243 was identified on chromosome 2. The putative 987 base pairs of B.
pseudomallei chbP gene encoded the predicted CHBP of 328 amino acids. Interestingly,
sequenced genomes of 10 different B. pseudomallei clinical isolates showed the presence
Cif homolog gene with various % identities, whereas CHBP is absent from genomes of
closely related Burkholderia thailandensis and Burkholderia mallei that usually do not cause

human melioidosis (Yao et al., 2009). There is an evidence shows that CHBP is recognized
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strongly by melioidosis patient sera (Philip et al., 2009). However, the underlying mechanism

of Cif family remains to be deciphered.

Study of B. pseudomallei by proteomics

Proteomics is the systematic study of proteome expressed by the genome of
the cell tissue, or organism (Yates et al., 2009). Whereas genome of an organism (or cell) is
constant and static, proteome is dynamic and specific. The major goal of proteomics is to
understand the protein complement of cells, including their identification, modification,
quantification and localization. Several methods are currently available to assist these goals
and the most recent technique for proteomic strategies is mass spectrometry (MS) (Yates et
al., 2009). With high-resolution of MS, thousands of proteins and protein fragments on the
basis of their molecular weights and electrical charges can be sorted out.

The achievements of proteomics allow us to understand different biological
processes and basis for several pathogens (Karvunidis et al., 2009; Windle et al., 2010).
Likewise, the use of proteomic tools has increased gradually to determine the underlying
pathology caused by B. pseudomallei infection. For example, Wongtrakoongate et al.
(Wongtrakoongate et al., 2007) compared protein profiles of B. pseudomallei and B.
thailandensis in order to identify virulent characters of B. pseudomallei by used 2D (2-
dimentional) gel electrophoresis. They found 12 out of 14 protein spots are detected in B.
pseudomallei that they might be involved in virulence of B. pseudomallei. In addition, to
identify immunogenic surface proteins of B. pseudomallei, Harding et al. (Harding et al.,
2007) have also employed proteomic-based approaches. Their study demonstrated that this
detection of surface located proteins identified 35 proteins, while screening with human sera
identified 12 immunogenic proteins.

Thongboonkerd et al. (Thongboonkerd et al., 2007) have used a 2D-based
proteomics for comparison of the proteomes of B. pseudomallei wild-type with the rpoE
operon knockout mutant. RpoE, is an alternative sigma factor sigma E, plays functional role
in stress tolerance and survival of B. pseudomallei. Significantly differential expression of 52
proteins between two strains reflects the mechanisms of the rpoE operon of B. pseudomallei
under stress conditions. Besides, Osiriphun et al. (Osiriphun et al., 2009) identified the sigma

factor RpoS regulon of B. pseudomallei using a proteomics approach, which revealed 70
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differentially expressed proteins between rpoS(+) and rpoS(-) strains. Their data provide the
information of RpoS regulation in B. pseudomallei, whose RpoS regulon differs from other
Gram-negative bacteria.

Furthermore, one of my studies employed a classical proteomics approach to
examine alterations in secreted proteins (secretome) of B. pseudomallei under a salt stress
(Pumirat et al., 2009). The secreted protein profile of B. pseudomallei in salt-rich medium
demonstrated that B. pseudomallei express several proteins that involved with several
metabolic enzymes, stress response proteins, beta-lactamase like proteins and potential
virulence factors. This finding showed that salinity has the prospective to influence the
virulence of B. pseudomallei. Recently, comparison of the outer membrane proteome of B.
mallei and B. pseudomallei has been studied (Schell et al., 2011). This study showed the
differences of proteins that perhaps reflect the evolution and adaptation of these two strains.

Although B. pseudomallei research during the past few decades provides a
lot of information on exploring pathogenic and molecular mechanisms of this bacterial
infection, little is known about informative research in term of B. pseudomallei-infected host
cells. So, focusing on B. pseudomallei and host interaction would be crucial for successful

prevention and/or treatment of this infectious disease.

MATERIALS AND METHODS (3dauaz3i5n1inaaay)

1. Bacterial strains, cell line and growth condition

B. pseudomalli and isogenic cif mutant were cultured on Luria-Bertani medium and
grown at 37°C. The Hela cells (human cervical carcinoma) were routinely grown and
maintained in Dulbecco's modified Eagle medium (DMEM) (Gibco-BRL, NY, USA) and
incubated at 37°C in a humidified incubator in the presence of 5% CO,. The DMEM medium
was supplemented with 10% heat-inactivated (30 min, 56°C) fetal bovine serum (FBS;

HyClone, Logan, UT, USA).

2. Proteomic study

2.1 Infection condition

MRG5580040 Winf 15



wanansunda daunouwinanldieunga

The Hela cells were used as host model in this study. Briefly, HeLa cells were
infected with B. pseudomallei wild type and isogenic chbP mutant strain. Two hrs after

infection at 37°C with 5% CO, for 2 h, the infected cell monolayers were washed. Thereafter,

the extracellular bacteria were killed with kanamycin (250 LLg/ml) in the overlay for another 2

hrs. The infected cells were washed with prewarmed PBS and incubated in the culture

medium containing a lower concentration of kanamycin (20 Llg/ml) to inhibit the growth of
residual extracellular bacteria. After 6 hrs of infection, the infected HelLa cells were lysed

with Triton-X reagent. The lysates of HelLa cells were used for proteomic analysis.

2.2 In solution digestion

The sample was resuspended in 50 mM ammonium bicarbonate. The cystine was
reduced and alkylated using 5 mM dithiothreitol (DTT) and 20 mM iodoacetamide,
respectively. Excess iodoacetamide was quenched with the addition of DTT to a final
concentration of 10 mM. Trypsin was added at a ratio of 1/50 (w/w) and incubated at 37 °C

overnight. The sample was collected and ready to be used for further process.

2.3 Strong cation exchange chromatography (SCX)

Tryptic peptides were fractionated by the strong cation exchange chromatography
using a polysulfoethyl column (PolyLC, MD, USA). Fractions were typically collected over a
30 min linear gradient from 100% A, 0% B to 10% A, 90% B using the following mobile
phases: solution A, 20% (v/v) acetonitrile, 0.1% (v/v) formic acid; solution B, 20% (v/v)

acetonitrile, 0.1% (v/v) formic acid, 1 M potassium chloride.

2.4 Mass spectrometry analysis

A QToF was used to analysed protein digests; it was coupled to a reversed phase
liquid chromatography capillary column. Solution A consists of 2% (v/v) acetonitrile, 0.1%
(v/v) formic acid in HPLC grade water. Solution B consists of 0.1% (v/v) formic acid in HPLC
grade acetonitrile. The 58 min gradient was performed. The eluent was sprayed from an

emitter using a capillary voltage of 22 to 28 kV into the Z-sprayTMnano-eIectrospray source of
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the QToF. The cone was at 100 V. Source temperature is at 85°C. Microchannelplates
detector (MCP) was 2300 V. The survey scan mode covered the mass range of m/z 400-
2000. Three most abundant precursors were selected to fragment for 3 s. The MS/MS

spectra was covered the mass range of m/z 50-1500.

2.5 Data analysis

The LC-MS/MS data file was converted into smoothed and centroided mascot
generic file (.mgf) using DataAnaIysisTNI software. The .mgf file contained m/z of precursor
ion, m/z of corresponding fragment ions, signal intensities and charge state. The file was
then searched against the in-house Mascot version 2.2 to obtain the identification and
quantification of proteins.

A decoy algorithm was used to estimate the number of false positives. Missed
cleavages were set to 2 with peptide tolerance set to 100 ppm and tandem MS tolerance set
to 0.3 Da. Variable modifications were set to include methionine oxidation. Only peptides
identified above 95% confidence were reported in this research. Each identified peptide was
searched against BLAST (Basic Local Alignment Search Tool) for considering isoforms of

proteins (www.ncbi.nim.nih.gov/BLAST). Normalization was introduced for abundance of

proteins in the sample. Quantification was performed using emPAl values which are provided

by the Mascot.

3. Detection of cif gene

A polymerase chain reaction (PCR) technique was used to investigate the presence
of cif gene in B. pseudomallei populations isolated from clinical and environmental samples.
The amplification condition of the cif gene was optimized using specific pair primers, which
are the Cif-forward primer (5’ATGCTACTATTGTTGGAGCACG3’) and Cif-reverse primer
(5’ACATCTGCTGCGGTCTCACS’). The reaction mixture was separated by electrophoresis
on agarose gel. Negative and positive controls were used in all assays. The amplicons of cif

gene from those isolates were sequenced to detect the presence of mutation.

4. Plaque formation assay
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The HelLa cells were infected with B. pseudomallei. Two hrs after infection, the
infected cell monolayers were washed and overlaid with a 0.5% agarose medium containing
D-glucose (4.5 mg/ml) and kanamycin (250 Llg/ml). The plates were incubated at 37°C in a
humidified 5% CO, atmosphere for overnight. To enhance visualization of the plaques,
another similar agarose overlay containing in addition 0.01% neutral red was added, and the
plagues will be observed 4 hrs later.

Plague-forming efficiency = number of plaques/bacterial CFU added per well
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RESULTS (HaN13ALH1631%)

v
@ Qo

' a = ' o A & a
q@3Un 1 ﬂ'\iﬂﬂi&l"\ﬂ')'\&lllﬂiﬁaqﬂﬂaﬂﬂ%%ﬂﬂﬂﬂﬂﬂ')d%iﬂadL“ﬁaaﬂ%tﬁa Lﬂa‘[ﬂalﬂaliﬂ

glasiaale

1. DONUUUUATHILATIEN oligonucleotide primers &30 chbP gene
Eﬁﬁlbﬂvlﬁaammu oligonucleotide primers &I ﬁu‘ﬁl encoded for CHBP #3a
U9spfisugi199509 88989150 Lwalaaiaaise glasdadle (#3197 1) 90 gene sequence
289 110 walaaiaoiiy glasiadle aoWul K96243 ﬁ'ﬁaglugmiaga (gﬂﬁ' 1) fITBWUT

full length gene A94Na1NTHVWIA 1,059 base pairs (bp)

ANIHN 1 UEA oligonucleotide primers §113 amplify Cycle-inhibiting factor (Cif) w30 Yaae

o & 6 dql'

ni = o A = oqz' nqll
NOULIIITVDILTANVAILTD Lualaataalsy gI@waavla Tun13fnE1ATI%

Primer name Oligonucleotide sequence (5’-3’)
Cif-forward primer ATGCTACTATTGTTGGAGCACG3
Cif-reverse primer ACATCTGCTGCGGTCTCACS3

>NC_006351.1:¢1894828-1893842 Burkholderia pseudomallei K96243 chromosome 2
TTGTTGGAGCACGGCGTCATGAAAATCCCGGGTATTAACAACGTCGGAAAAACTGGACAGGCCGGCGGAG
AAACCGAGCGTATACCATCGACCGAACCTTTGGGGETCCAGCGCCGUGACCAGTCCCGLCGGTCCACTTGG
TGGGCTGCCAGCACGTTCGTCGAGCATCTCGAACACTAACCGAACTGGCGAAAATCCTATGATAACGCCG
ATCATTTCATCGAACCTCGGGTTGAAGCATAGAGTTACCTTGCGCAAAGCTACGCTAGCCAGCCTAATGC
AGTCCCTGAGCGGGGAAAGCAGTAACCGCGTAATGTGGAACGACCGATACGACACGCTGCTTATTGCGCG
CGACCCGAGAGAAATAAAAAACGCCATTGAGAAAAGCGTCACCGACTTTGGTGGGTTGGAAAACTATAAG
GAACTTACGGGGGGCGCAGATCCATTTGCTCTGATGACGCCCGTGTGCGGACT TTCGGCCAACAACATCT
TCAAACTCATGACAGAGAAGGACGTTCCGATCGATCCAACGTCTATTGAATACCTGGAGAATACATCATT
CGCCGAACACGTGAATACGCTTGATTCGCATAAAAATTACGTGGTAATAGTCAATGACGGTCGACTTGGG
CATAAATTCTTGATCGACTTGCCCGCCCTGACCCAGGGGCCTCGCACGGCATATATCATTCAGTCTGATC
TCGGCGGTGGAGCACTGCCGGCAGTCAGGGTAGAGGACTGGATAAGCCGCCGCGGCAGTGACCCAGTGTC
GCTCGACGAACTAAATCAGCTATTGTCGAAGGATTTTTCAAAAATGCCCGACGATGTGCAGACGCGTTTG
CTAGCTTCCATTCTGCAAATCGACAAGGATCCACATAAAGTCGATATCAAAAAATTGCACCTCGATGGGA
AACTGAGATTCGCATCGCACGAATACGATTTTCGTCAATTTCAACGGAATGCACAATACGTCGCCGGCCT
TGGCTAG

317 1 uga3 nucleotide sequence U84 chbP w3n UITLNHULIINITVBITARVDITD Lualaa-

i3y gladadle K96243 ﬁﬁlugmﬁaga (NCBI Reference Sequence: NC_006351.1)
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o 1 s i o Q? 4 a
2. NMIEITIVANNUNIRA18V2ITNSULIIIITVDILBAE Tﬂﬂl‘ﬂﬂ%ﬂ PCR

d‘ o ' oo tﬂl e qq: g a b
LWB&']TJ’%@’J']&ILLW?%Q']El“llad‘]_]"ﬂﬁ]ﬂ“ﬂilﬂﬂd?dﬁ]i“lladL‘]JﬂfﬂuL“ﬁa Luaiﬂamans ;EI@]&JQ

ala aramaiia PCR laisuduvinnisdnenlasyinn1sana Genomic DNA 21ni%a Lualaalae

3o gladiddle auwWug K96243 uazmuwutaugfidausnldanawliandwiu 8 aowug

walfidu DNA duuvulasligasia DNA (Qiagen) annuuyh PCR @ag primers file

aanuuul fa Cif-forward primer waz Cif-reverse primer (@n‘i’l\‘lﬁ 1) 14 PCR mixture uag

[ { A o v o 2 . {
Thermal cycles @932y Liluanaaf 2 uaz 3 SavhliEIduwusudIu DNA 9103 amplify 71

2110 1,059 base pairs a9uaalugtf 2 uazannsi PCR fluida walaanalie glasad

lo $wan 32 moWug ﬁﬂﬁm’mdwmdmslw”uﬁfwhifuﬁﬁﬁu chbP %ﬂﬁﬁﬂﬁ’%iﬂﬁd’ﬂfﬁl@i’&ﬁ
K96243, 1530, 1026b, 1634, 576, H2820, H2613, H2148, H2144, H1882, H1248, NR9923,
NR9910, AUS640, AUS387, AUS373 uaz AUS44 uazmevugnasalawudu chop e
1106, 1066, 406, 164, H2747, H2644, H2454, H1244, NR9922, NR9921, NR9914, AUS668,

33DM, BA30 ez BA14

®1319% 2 URA9 PCR mixture (25 LU) &1%30 amplify 81 chbP w38 UYa3pNgudsi993ved

6 Sf = v A = uq// t;/
LraaUadILTa Wwalaalaalse gImJaa"La TumsansaIIo

Ingredient Volume (LLI) Final concentration

Sterile ultra-pure distilled water 15.8 -

PCR buffer (10x) 2.5 1x

PCR enhancer (10x) 2.5 1x

50 mM MgCl, 0.75 1.5 mM
10 mM dNTP (2.5 mM each) 0.25 0.2 mM
Cif-forward primer (10 LM) 1 0.4 UM
Cif-reverse primer (10 LLM) 1 0.4 UM
DNA polymerase 0.2 1.0 unit
DNA template 1 20 Ug
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A13191 3 L&Ad Thermal cycles 193U amplify H% chbP %38 Ya98NEUEI993UDILTARY D

dw = w A = nq: &’
Wa walaataalsy gﬂ@maa"l,a TunsdnEaTI9

Step Temperature (°C) Duration
First Denaturation 95 5 minutes
35 cycle of Denaturation, 95 45 seconds
Annealling, 50 45 seconds
and Extension 72 1 minutes
Final Extension 72 7 minutes

kb

2,000-

1,250-
1,000-

250-

gﬂ‘ﬁ 2 Maiususesiiuesufisuginsarveslaadimadanide wolnanalse gladadle
1as3% PCR ﬁiQﬂLwﬂI@ﬂm:LmVLWﬂﬁ U 1% agarose gel

M @ DNA 8161331%

1 @8 negative control

2 é0 1¥0 welaalaaisy glasiadla maw"’uﬁ:@%@u K96243

3-10 fia 170 (walaawaiie glasindle munWuiaug
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3. "M30329nlU 561 CHBP laainaita Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis (SDS-PAGE) LLaz Western blot analysis
TUADULTNISNIINIMTLAZEY Protein lysate 28910 twalaaLaalse gladadle

AUWUE K96243 Lm:mmw”ufﬁuqﬁﬂ“’@Lmﬂ"lﬁa’]ﬂﬂuvlm”ﬁm‘hmu 14 auWUS e B-PER® I
Reagent (Pierce, Rockford, USA) anuiuvinmisausnliseiudismeiin SDS-PAGE wdadne
lis@uannian (Acrylamide gel) asunusnlulasiaglas (Nitrocellulose, NC) drvgulwnn
WA2¥IIN1T block ﬁ”uﬁ'jwuu NC ¢1881782818 phosphate buffered saline (PBS) ﬁlﬁd’mwau
289 5% Boline serum albumin (BSA) waa¥imsasiamiluséu CHBP lagld rabbit anti-
CHBP polyclonal antibody (Pumirat et al. 2014) ‘ﬁIL%‘aﬁ]’N 1:500 GNNAILNITATINGAAY
bound antibody @28 Horseradish peroxidase (HRP)-conjugated mouse anti-rabbit 1gG
(DAKO, USA) 38919 1:500 1:3,000 uazl? substrate 131 chromogenic substrate-3, 3'-
diaminobenzidine (DAB; Sigma Chemical Co., USA)

\oaduanmsiiazi Protein sequence waslusin CHBP vilvinyuluseiuasd
Paszanme 35.8 kDa @”@melugﬂﬁ 3 WAZINNNNINaFaUaAI8 SDS-PAGE ez Western
blot analysis lagl® chbP mutant 1Ta wolnaiaalse gladadle ﬂmﬂw”uifﬁvl,&immmwﬁ@l
T158% CHBP 1w negative control uazle chbP::pME6032-chbP 138 1walaaLaaisy gladad
la ﬂmﬂw”ufﬁmmmwﬁmiﬂiﬁu cHBP ludSunawannidu positive control Q’?ﬁ]”ﬂwudﬁl,%a
walaaiaaiiy gladadle Wi K96243 wAaldsdiu CHBP pafienalifalszanm 35
kDa wananiigewuide waleainaisy glasdadla dugin 7 suwud auldur 1026b, 1530,
1634b, 576, Aus640, Aus668 Uz Aus373 Nanansonaalusan cHBP l¢ udlisansnata
wulUsauasnanluwie welaainoiss gladadle auwug 10276, 33DM, 1106a, 153a uaz
BA14 é’auamlugﬂﬁ 4

nnAanssuiiiusuldfinnuuninasvesiesufsusisasvesasinga twelas
ey glaadle sl,umaﬁ'mw”uijﬁﬁﬁu chbP G3aTasiuinadia PCR wananiiuaaslsiiim

e walaataalse qI@u”aﬁvla suWUINADU choP fNU1IDNAA 136K CHBP 16259
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Theoretical pl/Mw (average) for the user-entered sequence:

10
MLEHGVHMEIFP

70
ETGENFMITPFE

130
EIKNAIEKSV

130
YLENTSFAEH

250
AVRVEDWISR

310
LDGKLRFASH

20
GINHNVGETGD

80
ITISSNLGLEH

140
TDEGGLENYK

z00
VNTLDSHENY

260
RGSDPVSLDE

320
EYDFRQFQRN

30
AGGETERIES

30
EVILEEATLA

150
ELTGGADPFA

210
VVIVNDGRLG

270
LNQLLSKDES

AOYVAGLG

Theoretical pl/Mw: 6.26 / 3581863

10
TEPLGSSAAT

100
SLMQSLSGES

160
LMTPVCGLSA

220
HKFLIDLPAL

280
KMPDDVQTRL

50
SPAGPLGGLE

110
SNRVMWNDRY

170
NNIFKLMTEK

230
TQGERTAYIL

290
LASILQIDED

60
ARSS5I5NTH

120
DTLLIARDER

180
DVPIDPTSIE

240
USDLGGGALE

300
PHKVDIKKLH

3‘1]‘71 3 u8@Jd Amino acid sequence and Theoretical pl/MW of CHBP
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311 4 Western blot analysis NaTlaTz#lisdu CHBP vaida walaaiaails glasiadla
Left lane A8 Pre-stained SDS-PAGE Standard Broad Range lasfaaadudodafavma

1136w 1w kDa
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gﬂﬁ 5 LEAINA Plaque-forming efficiency 18918 LWalaaLaalsy glasiadla

A: MWSI8E19NINARas Plaque-forming efficiency woulda twalaaiaaisy gladadle s
WWS K96243 Uaz M8WUT chbP WIBUAL uninfection control

B-F: @1@&8 Plaque-forming efficiency wo41da 1welaainalse gladadlamewugdnag laold
o walaawnalsy gladadla nawwWUg (chbP) flisansondalusdn cHBP 1w negative
control uazldide walaaiaaisy glasdiadle suWus K96243 LLa:mﬂw”ufﬂmﬂw”ufﬁmmm

NAAlUTAW CHBP luuSunaaunn (chbP::pMEB032-chbP) 14 positive control
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& & a v a , a ¢ & o A
1ITBBITARINTe Wwalaawmaily gladadle dansuaasaanvaslusduainlaad Getaya
o ° o =< ° Y o o do & & &

lanananazvinlvnIuiinsvinawsadtatunegunnsatlasd Hela cells lauidia walaa
= o A v @ = a ° Y e Ao & P
waidy gladadle udd dhazauninIouifivunalnnisinusesladefdugnarveslaad

6 1 dql‘ =l o A dql' =} 2= %
LTARIZAINNLTD tWalaataalsy gimwaa"la uaziTadlela laanaay

v o &/ 1
lauminasasii HeLa oad ldgniaioaduidu 3 uuy Aa1) Hela iwadafidaann
\T8 2) HeLa \maan@aise iwalaaiaaile gladadle soWuiaddu uaz 3) Hela (adnae
Afl' A v A 5 o‘ni [ 1 L5 > qq/' 6 o 7
\To walaainaliy gladadle sewuinonUsuudsiugnisy nasnniwaaslaadgnriili
wantatantaasldsduneluoasaanindls 1% SDS waz ﬂadﬁ'ﬂﬂiﬁugﬂﬂamamﬂﬁw
n13Lda protease  inhibitor  INWU  lysate vadiwaslaadnninlUTadTumldsdulay

a . . . . & v e 1 { v v v
4% bicinchoninic acid (BCA) assay @iisuwuinlusduiieIowlatienuduiuldszanm 5

Mg/

5. MmInenldsfuraslardiaaaaledItaianins Wi gs
lsduann lysate voslaadimasniasonly antildidoaniwlaoniaida sample
buffer %dﬂizﬂaué”m Tris-HCI (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol, 1% (v/v) B-
mercaptoethanol LRZ bromophenol blue LLﬁﬁﬁﬁqﬂﬁuﬁqmﬁgﬁ 95 avenioalTas Lduwa 5
U mmfugﬂﬁﬂvl,ﬂl,mmﬁ’m’i%' aanlnsln3Ss uaztandls Coomassie Brilliant Blue R-250

Vl,ﬁwa@”agﬂﬁ 6
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kDa M 1 2 3
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31]“?; 6 uaasunulusfuaaslaad 10 lulasnsu ﬁignLLﬂﬂﬁaﬂﬁLﬁﬂIﬂiIW%'s?ja laslg
12% separating gel LLae 5% stacking gel ﬁﬂi:LLavLW‘l;\l/’mdﬁ “7‘1' 60A
M fo unulids@unnasgiv
1 &8 a8 Hela fisAanie

(7

A 6 Aa & a @ Al v &€ a
2 A8 TR HelLa NeaLDe L‘]JE]IﬂﬂL@]'fJLiEJ gi@mavl,a ﬁ’]U‘W%g@GL(ﬂ&I

A 6 Aa & = v a o &a a '
3 AaLTan HelLa NeaLDe LUQI@]E\]L@]SL?U gﬂ@uaa"l,a mﬂwuq‘ngﬂﬂsmma

w”uqmmlﬁﬁmﬂn@vlﬂmﬂLﬁwu'%nmﬁuﬂm”ﬂﬁﬂ'u £19299 TV ILTRR LTHG

nasnumaaluudaziaugnaaaaaaaueidududes giwiuninue 20 Tuuda
1y reduce cysteine WAzLANnY alkyl LWe dasnunsdeunavlusiawuse disulfide 8n
Nnvwinnsgaslusdunieludulaadie trypsin - waziin peptides  NlatU3taTeiens

wuasLnlnsues
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a 6 6 a
2. maaszililsanlagdmaanigmanaunaalninsuag
NANITILATIZALLTA D09 laRAaIN 20 FwLaan L NLaadLanInsIWIGa aruinadie
wuaFUNINTINes (LC/MS/MS) wWuinlagdioaananide LUalaaLaalss qi@ﬁ'aﬁvl,a SUWUTT
) . @ ~ ) A o a \ & cada A
gmhuLmeuﬁqﬂﬁmeiﬂiuLﬂaﬂumiadLmﬁzvﬂﬂmmmnma"lﬂﬁnﬂiawL‘ﬁaamm"ﬁa Sih)
a o A s (095 a ni = 6 % % nql'
Taataatsy gi@maa"la FUNUTAILAY naUasuudaslUsauwuaslagduraIa N b AIHNL
PRES A & A A da o a
TUsauninITuRaIaaNINNIW 97 THa wazWUlUIAWNINITLRAIDANAARITIHIY 166 THA bib
. a & eaa & a o A o ed o . @ A
ﬂquiﬂsmumaaiaa@Lﬁﬁaa‘nmwja walaataalsy gﬂ@mavla SuWRUINYNUTLUdINUTNITY D
Tus@aunin Tl aswudad lRia U A I TaINUNTEUIRNNTVNT UV DILTARARILA 1 AILFAS
nl s 1 1 ni v % Aa K 6 6 a 1 nql’d
lugﬂﬂ 7 Uaz 8 e1at9lTw AnNtheITaludwNaUaf TN eI lardLTAN Iﬂmuﬂquuums
AANTLEAIBNAIAALTW 68.7% mﬂIﬂiﬁuﬁa@mmamaaﬂﬁ'mmLLazﬁIﬂsﬁu‘Luﬂajuﬁma

v A £ a { A &
gUNUMILRAIaaNTnAALD W 66.2% ﬁ]’]ﬂiﬂia%ﬁLWNﬂﬁitLﬁ@x‘lﬂE]ﬂ‘ﬂ\‘mll(ﬂ

B apoptosis
M cell adhesion
M cell communication
cell cycle
cellular component organization
M cellular process
B developmental process

generation of precursor metabolites and energy

M immune system process

M localization

M metabolic process

B reproduction
response to stimulus

system process

B transport

35U 7 daduvesldsduves HeLa wwasnanadiiadaiavalaainaiis gﬂ@u‘"@ﬁvla el

%

uingnUILudINUINIIW (iagaf?’[ﬁmnmﬁ LATZH@28 panther classification system)
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B apoptosis
B cell adhesion
B cell communication
cell cycle
cellular component organization
B cellular process
B developmental process

| generation of precursor metabolites and enerqy

M immune system process
B metabolic process
B reproduction
response to stimulus
system process
B transport

{ Q/ U { QI J 4 = g w a %)
317 8 dasiuvadlysdin HeLa ioaaniindulafaiavslaainaiiy ;ﬂ@uaavl,a SuWUE

audn (Toyakldannisiiemziedan panther classification system)

waninidiwumadasuudasvaslusdulungy Ufisenvessad (catalytic activity)

' o _ 4
waznsRea s e luras (signaling pathway) @aaa@ah ubiquitin proteasome system 3
saaAdaInUTMBNUtaunthAnuANuALITswasllsdulunga ubiquitin Aun1IuLed

N guINIaTvaslaadias
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a 6 C= a A 1 P> ¥ A A ¢
3. ﬂ’]‘inﬂﬁ]%ﬂ%ﬂ%ﬂ’]iLLﬁﬂ\‘laaﬂﬂadtﬂiﬂ%ﬂLLﬂﬂﬂﬂdﬂWUﬂ?El']ﬁL'JﬁL‘VI‘S%‘iJai’JGI

(Western blot)

=2 AT a &4 \ & caa & a o a
nuanIAnldsalaingnwuinlaadioaanaalta tualastaalsy g{[@uaa"la el

> H > 1 Qs Qq// H % A
WuINgnUInudanugnIIn CHBP tuiimaasuudaszasnisdaanzilusiu uaznitsluns

A g a a X A i i = % [
Waswuladth Aan1TiNNIwYadlUsds  vinculin Wa:  tubulin NLABAITEINL host  cell
A YA U o a 6 A > AI &’ 3 a

cytoskeleton rearrangement GIN;d’sﬁllemﬂﬂﬂﬁiwgﬁluﬂuﬂuﬂ’mwmlumEJL“nﬂuﬂ Western blot

analysis aauaaslugy 9

kDa M 1 2 3
250 - :

130- ’
100 -

70- -
55— o
35-

27- -

15- -

10-

Tubulin(50kDa) —> |

31/l 9 SDS-PAGE uaz Wester blot analysis dali/3 tubulin and vinculin wioad
HelLa lagldenatne Hela lysates NRUSuNmls@wvint udrsinunuenals SDS-
PAGE uazflaud Coomassie blue %3811 The blotted proteins a1 probed @2e
wandvedaalUsdu tubulin wiauaudvadsdalusdn vinculin

Lane M: Protein marker

lane 1: HelLa cells

lane 2: Hela cells infected with B. pseudomallei

lane 3: Hela cells infected with chbP mutant
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4. NM1ILATILALEUNININ9 V91U 5A% (Pathway analysis)

lunsdinnitldgrudayazas Kyoto Encyclopedia of Genes and Genomes (KEGG) Lia

v eaa &

a & v o a A 2 . '
’JLﬂi’lzmauﬂ’]dmiﬂ’m’mma\‘iIﬂi@Wﬂvl IMNNIIANE Proteomics 3:WINJ Hela LoaaneaaLna

v 3
&< a cada A

walaataalsy g‘[@ﬁ'aﬁ"l,a FUWUTAIAN WAz Hela LTadN@AaLTe Wwalaataalsy g‘[m"’aﬁ"la

6

o ea o @ A o Y Y A A a A o .
a’]ﬂW%gﬂgﬂﬂiULL@@W%gﬂiiw SﬁoﬂﬁlﬁﬂiﬂumaHa“n‘mauﬁlﬁnﬁ&JU’]GIUS@I%L“EQ&JIUGﬂUﬂ’ﬁﬂa

wNeNFRNIWVRILTE EPEC @”ou,amlugﬂﬁ 10

| PATHOGENIC ESCHERICHIA COLI INFECTION

L]
Paihogen: Eni athogenic escherichia coli (EPEC Host: Small intestinal ep ithelial cell (EPE C;
S e bt ’ CD](IE(E]{E)C) Large intestinal epithetial cell (FHEC)
Intestinal fract
Translocation Kidl‘nf\%
Toxins -ttt ——— = Inhibition of protein symthesis

Pilus L

Flagellar assetrbly B

LEE-encoded effectors

[ Type I1I pratein 3 (B, Y“,"ﬂg‘s“?“ipﬁn:*a’gﬂfk &

(| secretion sysiem ) J [Espoz | [Tuee] ;

[ EspF |

— -
non-LEE-encoded effectors

[Espi2 |

d
|7 |
{

Cylnskeleion reamangement

»
Yy Il
N Ny e > Retrction of flopedina — 1|
N RN y I
Regulation of
. N, glCh@ |~ actniymshelion i
\\\ >{ ————————————————————————— »  Filopodiom formation -JI
) N Y |
) ) I
i:“,, cKlz| ——mm———————— = Alteration in the IF network architectare - ——
.
P = Lpoptosis
| Mitorhondrial dysfunction
4
)
4 [oc
~» = ! ) S
—_ - [ Eain] ——w Redistdbution ——# Disruption of fight junstions
T 1l Distuption of barier fimetion,
4/4——/’ + ST } Tirrease in monolayer peruedbility
Outer membrane profeing —— — —— — —— =] b-[PRKCA) ———— Disruption of adherers junctiors
. Tight junction H Adherens junction h

05130 571314
(c) Kanehisa Laboratonies

Eﬂ‘ﬁ 10 WR®J pathogenic E. coli infection pathway according to the KEGG database lag key
targets 9xNAAAIFUAY (red stars) iWaTliiruinduldsdunufouudaslylu HeLa cells infected

with B. pseudomallei chbP mutant WallSeuAsuny Hela cells infected with wild type strain
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DISCUSSION AND CONCLUSION (?Jﬁ]']‘iﬂiﬂaﬂ'l‘iﬂﬂaﬂdLlazﬁiﬂﬂaﬂﬂiﬂﬂaad)

& a o a & A A ' A AV o
e walaaiaaiiy gladadle uiBauuafilounsusy JUuvs infeunle uas
' v a Aa a . A A A ' [
daldifalsawdeasladia (White, 2003) Taidulsnfinuunludszinafiogluuaiaulasianiz
afoaziusanidosld uazaawinilavasizinasamaniy (Cheng and Currie, 2005) Hiau
ahulvsqjLﬁum’svl‘imamﬁﬁiamaﬁmN‘“aﬁuL%avléfga LLEIZWU&@I?’]T]’]?L%EJ%?J@Ig(d%”lﬂvl,ﬁ%bﬂ’]i
NN Ll ANNEN (Currie and  Jacups, 2003) uanantbalualaataalse gI@u”&ﬁ"La Ay
suTanalsalaluau wabagianuntnnalse lalugainanasiadnals (Currie et al., 2014)
LLa:ﬂ'\‘lmmsn@@@iaLﬁﬁg&i’ﬁamﬂvlmgiluaadﬁaammévﬂ lour nen1Innela NMILNaNAInIG
g o A & @ A ' v v o | Aa X Xa & f
WANINHLIRINITDAALT D LA RIUNI9NIINW wew lasiag ;dﬂ';m@mmauum"l,w,l,ammmi
LRZLRAIDNNNILLULRLLNAWRIALTATI NIBRINLIAIAINNT Eij”ﬂ'smzﬁmmmamﬁ%mnmw
Taidwny 1w daaaniay unadnRiinianIaadwrzmule Garsalunizuasiion daivaluauas
UBNINALTRHIENN1TAFII virulence factors baMa8THa LU adhesins, quorum sensing,
type Il secretion system (T3SS), surface polysaccharide L%% capsule polysaccharide L&

lipopolysaccharide, type VI secretion system (T6SS), flagella wae pili

luudminialsa audednaufislaiudnsduaidsuiivinunalnnsialinvadided
asmﬂfi“nmwsl,w,l,dzgmhm fimsAnwilalde walaaaalsy giﬂﬁ'aﬁvl,a LNFIINBUE?
WamunInInMwaadlasd agraa uaziwudwaunolusadlaadlanaluisad phagocyte
wazlails phagocyte (Jones et al., 1996) &IULTAaT LN LT phagocyte LT LUad epithelium
o o 4 . = A . { &
MITLTaazadanNINNE D9 type 4 pili daLdunielunanaviiavad adhesins MiTialglunns
& \ a ) & o ~ o & \
imzimadlasd 1 dwdedny flagella  Waimzudazdmayninidildluaadlasd aglu
endosome wazaanInnaunitanmIgniaisluanianloily endosome aananfiagiluls
=< o o o y =< & A o
lawanadu lavandunsvhaiuzas T3sS ilesaninaglulolanaadu Wesunnindiuim
A A @ & v a o A a ! . . .
waztndaunAeluwas lWaiaaadnaduslasandauuinnnsNisenin actin - polymerization
Waa lfawaddnafos axhlfibeiuimadlasddadiaaniinnuna’ln actin-based motility
SAWALMINNULY TESS UANFNNITMINNAIVRIRILARIFUBILTARLIFT (multinucleated
giant cells %38 MNGC) shldgn1saa1udl (cell lysis) uazaiuuadaaslasd (cell death)
@1uN1 (Allwood et al., 2011)

(2
v A A v A

a%m%’ulmm%Umﬂ’;ﬁmwmmaﬂa virulence factor U89 T3SS a1nrHkaNTadn Cycle

inhibiting  factor %38 Cif w38 Yadufdudinsasvaaaas thasanninisdansluizedlala

EPEC 1 Cif (Marches et al., 2003) 81an30U89999TmMUauuszas G2/M 28988 an1asy
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vlwiAansas stress fibres duneluimad LLa:m:ﬁ'ﬁmﬁmﬁﬂﬁmm{mﬂluﬁq@ (Samba-
Louaka et al, 2008; Samba-Louaka et al, 2009) waziiéday Cif luwgadlala daau
wilowiunu CHBP w3e Cif 209198 walealaaisy gladadle mﬂw”uﬁ:l,ﬂl,ﬁwnaaa?}a’m
Taadien identity = 21% uaz similarity = 40% 43%anani CHBP wuhaungnaad iyl
imadlaadlas T3SS va98lala EPEC ¢ udhdsnarnliiiamssussnsasmsd aoussazuos
LTS ARDAINNTAINI stress fibres Tuanwaifediuny Cif voatedlala (Jubelin of al.,
2009)

fpnwAstunsiensdiauiusvesdluluge walaaneids glasiadla 10
myw”ug‘ﬁl,mﬂvl,ﬁmné"’sasi'lwaoﬂuvlﬁﬁ vlmauinng 10 SUWUSA CHBP udidl identities i
wandar Solurnedide walaainasy ouanduds uazde wolaaaalss daseny 49
Hwdauuaitsefianulndsanuwuddndldlenolsawseasledanavlud cif (Yao et al.,
2009) WeNIMATANIINIAN®N Crystal structure wes CHBP lwide twalaaiaate G
lasiad be 39¥ N304 papain-like fold G'fiamiﬁ; Cys-His-GIn catalytic triad a&8AUAY Cif
lwsaslala EPEC (Crow ef al, 2009; Yao et al, 2009) f¢lUninsugadssauwinny
wanAvadda CHBP lw'fi'i‘f"maapjﬂ'aﬂIiﬂLuﬁaaUImﬁa Favsuenliifinin CHBP wase 1wa
Tnawaai3s  glasindle suaradanuddalunsiawsfanwusss welasmei3s glasa
ala (Philip et al., 2009)

waziloisa qﬁ;ﬁa"’mlﬁzﬁuvmﬁwﬁa walaaiaas  gladadle mww"’ufﬁgnﬂ%’uum
w”uqmmlﬁﬁmﬂn@"lﬂmnLﬁmu'%mmﬁuﬂ%ﬁ'ﬂﬁﬂyus‘fnwwmmaaﬁaa@ﬁu (Pumirat et al.,
2014) wazlevinlu@nmsnanuunwinansuasin chbP i genome sequences wodtie twalaa
waisy  glaaiadle $1wau 43 auWug e Bioinformatic tool WU 33 genomes (76.7%) 4l
fw chbP uazlunImaaas Western blot analysis sagueufivedda CHBP wuiie walas
waiiy glaadle frausnldanenldluusinmiimiszuiavaslsadlysin CHBP Uszanm
46.6% (7/15) wananiniadnun secretion voslilsdiu CHBP 1He welaalaalsy glasdadla
wudnlaidwllesnslyséiu BopE (T3SS effector il Bsa T3SS) fitsfisnssuiatly ud
wuhdlusiu cHeP Unnglulaslniwanaduvaslaaasad U9s7iinsdaise walaawaisy
glagdadle Taavisiiwuin secretion vasliséu CHBP lulaaaimas U937 fuagﬁ‘u BsaQ @28
(Pumirat et al., 2014)

[
A va v

fwlwiuIspnnaanlaninge twalaataatsy gi@ﬁ'aﬁ'la GRHIIS AT TP TTTEN

U

w"'m;ﬂsmslﬁﬁﬂﬂﬂavlﬂmﬂLﬁmﬁnmﬁuﬂaﬁ'mﬁm”m”noasmaamaaﬂaaﬁ WANEda laaSuen

NNT1IYIN PCR I1NB@T29% 8% chbP 1adida tualaalaalsy gimﬁ'aﬁvl,a U 32 mﬂw”uij
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uaziiuguaadiy Western blot analysis ¥inl#nsudn 53.1% (17/32) Jdadungugsreasves
LR LI’ ¥W3a CHBP ot ﬁé'amﬂﬁfu;g”ié'ﬂvl@ﬁmamjm%a walaalaalsy gI@u”aﬁvla vl 2
ngy Aa nquil CHBP uazlaid CHBP udinlunasay Plaque-forming efficiency 1Na@nun
fanudaasmsilatengugasvessasnaanisildiiewefanwueada twalas
LaaLsy gi@ﬁ'aﬁvla uaNan1IAnEIWLINIIE CHBP lailaiAsadasnisnisnanenianinauasg
dql' a o A s nqﬁ wAa @ K Y o =1 1 d'l ci % 1 o a
Wa walaataalsy gﬂ(ﬂuaa"la muugnmm"l,@mﬂ’mmmmLwamzﬂumamm CHBP i
Urloadarlinuige welasaaiiy  gladadle lasldinafia proteomics 1adnmlusdiu
6 €d‘n g = o A £ a = =4
laadimaanaaiyia twualaalaalsy giﬂwaavla aumananyastdnlnIuas InnIAnE
' & eda & a v a o eA o Y =
WU laadimasnaaLTa tualaataatsey gﬂ@maavl,a suNuINgnUTuLdINwINITNINT
Usutlaaun1Igaasewlusdunandns llanlagdimasanaaisa twalaataatse gimi’aﬁvl,a
v T a A Aa A & a A Aa
sonutasdn laswuldsdundniuaaseaniindu 97 aiia uszwuldsduniinsuaasaan
AARITIUIU 166 THA luﬂémiﬂsﬁumaaiaaﬁLmaz?ﬁﬁ@L%a walaataalsy qI@&J”aﬁ"la suWug
~ o e & A Aa = X a A o [ °
ﬂgﬂﬂﬁULL@dwuqﬂisw Faltsdunaninufonudadluidanui et Inun Tz UIRAIIN%
YR ILTARRALAU LA AWNANLRTNVEI L aRFLTAR (metabolism) ANWIITVBILTAS (cell
cycle) HUNTHNUUDILTAR (cellular process) AN IV (transport system) WazN13

fessmuluioas (signaling pathway)

v
£

. = A ok A a a a4 @ e Y o Ao
ﬂm’JI@UagﬂﬂﬁiﬂﬂﬂﬂuvlﬂﬂﬂﬂﬁﬂﬁiwaQ?Ja\‘iﬂuLLaﬂﬂi@luﬂLﬂmﬂladﬂuﬂﬁ]ﬁm“n{mEJG

D

2993VDILTRS WIa CHBP luﬂzjaJL%a walaalaalse qi@ﬁ'aﬁvla LAz ATITRDINTH U 8N
o & & & ~ o A \ A &
897997V TRRVAILTD LUalaaLaalSy giwaa"l,a dan1Iugadsaanvadllsaunainlasd uas
o & =2 X A I o Ao o A o o =< o @
3839 plaque mmnwammﬂmuna"lmnﬂwuayjawmmywmmﬂ%mmmmmmmg
29NN NG U993 a86 L1 vUsUL U Ruunisuaasaanuadlis@wniele Hela cells 7

a dql’ r=| w Aa d'l v 1 0 dq( a A a -fn’
faLTa twalaalaalsy gI@ma"La W IR RNz RNGaN1IAalInadLTa U anLSaTiah
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1 | INTRODUCTION
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Abstract

Burkholderia pseudomallei is an environmental saprophyte and the causative agent of
melioidosis, a severe infectious disease prevalent in tropical areas, including southeast
Asia and northern Australia. In Thailand, the highest incidence of melioidosis is in the
northeast region, where saline soil and water are abundant. We hypothesized that B.
pseudomallei develops an ability to thrive in saline conditions and gains a selective
ecological advantage over other soil-dwelling microorganisms. However, little is
known about how an elevated NaCl concentration affects survival and adaptive
changes in this pathogen. In this study, we examined the adaptive changes in six iso-
lates of B. pseudomallei after growth in Luria-Bertani medium containing different con-
centrations of NaCl at 37°C for 6 hr. The bacteria were then investigated for resistance
to heat at 50°C and killing by hydrogen peroxide (H,O,). In addition, flagellar produc-
tion, biofilm formation, and the plaque formation efficiency of B. pseudomallei after
culture in saline conditions were observed. In response to exposure to 150 and
300 mmol L™ NaCl, all B. pseudomallei isolates showed significantly increased thermal
tolerance, oxidative resistance, and plaque-forming efficiency. However, NaCl expo-
sure notably decreased the number of B. pseudomallei flagella. Taken together, these
results provide insight into the adaptations of B. pseudomallei that might be crucial for

survival and persistence in the host and/or endemic environments with high salinity.

KEYWORDS

Burkholderia pseudomallei, melioidosis, salt stress, sodium chloride

Wuthiekanun, Smith, Dance, & White, 1995). Rice farmers are con-

sidered a high-risk group for exposure to B. pseudomallei especially

Burkholderia pseudomallei is a Gram-negative pathogenic bacte-
rium responsible for melioidosis in humans and animals. This sap-
rophytic organism is found in soil, stagnant water, and rice paddies.
Regions in which melioidosis is endemic include southeast Asia,

particularly Thailand, and northern Australia (Cheng & Currie, 2005;

during the monsoonal and rainy season when there is a lot of mud
and surface water in the rice fields (Chaowagul et al., 1989; Cheng
& Currie, 2005; Inglis & Sagripanti, 2006; Wiersinga, van der Poll,
White, Day, & Peacock, 2006). Infection mainly occurs by inocula-
tion through skin abrasions or inhalation. The clinical features of
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melioidosis vary considerably, ranging from acute fulminant septice-
mia to chronic localized infection. In its acute form, death can occur
within days of the onset of symptoms. However, the longest reported
incubation period between initial acquisition of the organism and
subsequent infection is a remarkable 62 years. Furthermore, a high
rate of relapse has been recognized (Ngauy, Lemeshev, Sadkowski, &
Crawford, 2005). Unfortunately, there is currently no effective vac-
cine available for the prevention of melioidosis. The treatment of me-
lioidosis generally involves the antibiotics ceftazidime or carbapenem
as B. pseudomallei exhibits resistance to several empiric antimicrobial
therapies.

In Thailand, the highest prevalence of B. pseudomallei and the
highest incidence of melioidosis are in the northeast region, where
saline soil and water are plentiful. The electrical conductivity of soil
samples from northeast Thailand ranges from 4 to 100 dS/m, which
is higher than that of normal soil from other regions (approximately
2 dS/m) (Development Department of Thailand). We hypothesized
that B. pseudomallei may develop an ability to adapt to saline con-
ditions and gain cross-protection to other stress conditions. There is
evidence of a link between high NaCl concentrations and an ability to
survive in saline conditions in other closely related organisms, namely,
the Burkholderia cepacia complex (BCC). These organisms are oppor-
tunistic pathogens of cystic fibrosis (CF) sufferers (Mahenthiralingam,
Baldwin, & Vandamme, 2002; Vandamme et al., 1997) whose lung
airways have an increased concentration of NaCl in the surface lig-
uid (Widdicombe, 2001), approximately twofold higher than that of
healthy lungs (Joris, Dab, & Quinton, 1993). The potential pathogenic
role of B. pseudomallei in CF lung disease has also been reported
(O’Carroll et al., 2003).

Several studies have shown that exposure to NaCl can influ-
ence the adaptive survival and virulence of pathogenic bacteria.
The relevance of this has been shown in Salmonella enterica sero-
var Typhimurium (12), Staphylococcus aureus (Park et al., 2012), and
Listeria monocytogenes (Garner, James, Callahan, Wiedmann, & Boor,
2006), whereby bacteria cultured in medium-containing high NaCl
show increased heat tolerance (Park et al., 2012; Yoon, Park, Oh, Choi,
& Yoon, 2013), antibiotic resistance (Yoon et al., 2013), and invasion
ability into host cells (Garner et al., 2006; Yoon et al., 2013). Our pre-
vious study also showed that B. pseudomallei grown under salt stress
displayed significantly greater resistance to the antibiotic ceftazidime
(Pumirat et al., 2009). Salt-treated B. pseudomallei exhibited greater in-
vasion efficiency into the lung epithelial cell line A549 (Pumirat et al.,
2010). However, only one B. pseudomallei isolate was used in our pre-
vious study and adaptive responses of B. pseudomallei to high NaCl
concentrations remain largely unknown.

In this study, we further investigated the adaptive response
of six B. pseudomallei isolates grown in Luria-Bertani (LB) medium
with different concentrations of NaCl for 6 hr at 37°C. The con-
centrations of NaCl used were 0, 150, and 300 mmol L™ which are
equivalent to 0, 15, and 30 dS/m, respectively. The bacteria under
salt stress were then tested for heat resistance, oxidative suscepti-
bility, swarm motility, flagellar production, and biofilm and plaque
formation.

2 | METHODS

2.1 | Bacterial strains, growth, and salt treatment

Experiments were performed using six clinical isolates of B. pseu-
domallei: strains 153, 576, 1026b, 1530, 1634, and the reference
strain K96243. All strains were obtained from clinical specimens of six
patients presenting with melioidosis in northeast Thailand. The bac-
teria were generally maintained on LB agar at 37°C. To examine the
effect of NaCl, B. pseudomallei was subcultured in NaCl-free LB broth
and incubated at 37°C with shaking at 200 rpm overnight. The bacte-
ria were then inoculated at a dilution of 1:10 into 10 ml of LB broth
containing 0, 150, and 300 mmol L™ NaCl and incubated at 37°C for
6 hr with shaking. The salt-treated and untreated B. pseudomallei were
adjusted to an OD,, of 0.15. A serial dilution was performed to deter-
mine the number of colony-forming units (CFU) to obtain the starting

number of bacteria.

2.2 | Heat resistance assay

A heat stress resistance assay was performed as described previously
(Vanaporn, Vattanaviboon, Thongboonkerd, & Korbsrisate, 2008) with
some modifications. Briefly, B. pseudomallei cultured in LB medium con-
taining different salt concentrations (0, 150, and 300 mmol L™ NaCl) at
37°C for 6 hr were washed with phosphate-buffered saline (PBS) and re-
suspended in PBS to an OD,, of 0.15. One milliliter of the bacterial sus-
pension was then added into a prewarmed tube and incubated at 50°C
for 15 min. Before and after heat challenge, bacterial survival was enu-
merated on LB agar plates after incubating at 37°C for 24 hr. The number
of surviving bacteria was expressed as a percentage of the viable cells.
% Survival = CFU (heat exposure) x 100/CFU (without heat

exposure)

2.3 | Oxidative stress assay

The survival of B. pseudomallei under oxidative conditions was deter-
mined by observing the number of viable bacteria after exposure to an
oxidative agent. After 6 hr of culturing in LB medium containing different
salt concentrations (0, 150, and 300 mmol Lt NaCl), B. pseudomallei cells
were harvested, washed, and resuspended in PBS. The bacterial concen-
tration was adjusted to an OD,, of 0.15. Then, 100 pl of bacterial sus-
pension was treated with H,O, (at a final concentration of 1 umol LY
or left untreated at room temperature for 15 min. A 10-fold dilution of
treated and untreated bacteria was performed and plated on LB agar.
After incubation at 37°C for 24 hr, colonies were counted. The number
of colonies of treated bacteria was compared with that of untreated bac-
teria (without oxidant) and presented as the % bacterial survival.
% Survival = CFU (with oxidant) x 100/ CFU (without oxidant)

2.4 | Motility assay

A motility assay was undertaken using the swarm plate method as

previously described (Deziel, Comeau, & Villemur, 2001). Briefly, B.
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pseudomallei were grown in LB broth with 0, 150, or 300 mmol L?
NaCl for 6 hr at 37°C. Bacterial pellets were collected, washed, and
adjusted in PBS to approximately 108 CFU/ml. Swarm plates were in-
oculated by placing 2 pl of the prepared inoculum onto the agar sur-
face at the center of the plate. The diameter of the swarming motility
zone was measured from the point of inoculation after incubation at
37°C for 24 hr.

2.5 | Electron microscopic examination

The presence of B. pseudomallei flagella was examined using a trans-
mission electron microscope. Fifty microliters of B. pseudomallei
grown in LB broth with different salt concentrations was harvested
and dropped onto parafilm. Formvar-coated carbon grids were placed
on top of the parafilm for 10 min to transfer the bacterial cells. The
liqguid was then carefully removed with filter paper. The samples
were stained with 1% uranyl acetate for 10 min, then the liquid was
removed again. The grid was dried at room temperature overnight.
Bacteria were observed under a Hitachi Electron Microscope H-7000
(Japan). The presence of bacterial flagella was recorded for 100 bac-

teria per condition.

2.6 | RNA preparation and real-time RT-PCR

RNA was isolated from 6 hr culture of B. pseudomallei grown at 37°C
by adding 10 ml of RNAprotect bacterial reagent (QIAGEN) to 5 ml
of bacteria culture and incubating for 5 min at room temperature.
Subsequently, total RNA was extracted from bacterial pellets using
Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions and treated with DNase (NEB, MA, USA) for 10 min at
37°C before use. Conventional PCR for 23S RNA gene was used to
verify that there was no gDNA contamination in the DNase-treated
RNA samples. Real-time RT-PCR was performed for six genes (rpoE,
groEL, htpG bopA, bopE, and bipD) using Brilliant Il SYBR® Green
QPCR Master Mix, one step (Agilent Technologies, Santa Clara, CA,
USA) with following conditions: reverse transcription at 50°C for
30 min, enzyme activation at 95°C for 10 min, then 40 cycles of de-
naturation at 95°C for 30 s, annealing at 55°C for 1 min, and melting
curve analysis at 72°C for 1 min in a CFX96 Touch™ Real-Time PCR
Detection System (CA, USA). Real-time RT-PCR primers are listed in
Table 1. Relative mRNA levels were determined by fold change in ex-

pression, calculated by 2744¢T

using the relative mRNA level of 23S
RNA, representing a house-keeping gene expression, as a baseline for

comparison.

2.7 | Biofilm formation assay

Quantification of biofilm formation was performed using a microti-
ter plate assay as previously described (Leriche & Carpentier, 2000;
Stepanovic, Vukovic, Dakic, Savic, & Svabic-Vlahovic, 2000). Briefly,
biofilm formation of B. pseudomallei was induced in trypticase soy
broth at 37°C for 24 hr. After incubation, the adherent bacteria
were washed using deionized water three times and fixed with 99%
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TABLE 1 Oligonucleotide primers used in this study

Primers Sequences (5'-3") Sources

RpoE 36 CTCCAAATACCACCGCAAGAT (Korbsrisate
RpoE37  TATCCCTTAGTTGGTCCG etal., 2005)
Grol AGGACGGCGACTTGCTTGT (Vanaporn et al.,
Gro2 TTCCAAGACCAGTCGACAAC 2008)

Htp1 TACAGCAACAAGGAAATCT

Htp2 CACTCCTCCTTCTTCATCA

BopA F GTATTTCGGTCGTGGGAATG (Pumirat et al.,
BopAR GCGATCGAAATGCTCCTTAC 2010)

BopE F CGGCAAGTCTACGAAGCGA

BopE R GCGGCGGTATGTGGCTTC G

BipD F GGACTACATCTCGGCCAAAG

BipD R ATCAGCTTGTCCGGATTGAT

23sF TTTCCCGCTTAGATGCTTT

23sR AAAGGTACTCTGGGGATAA

methanol for 15 min at room temperature. The bacteria were stained
for 15 min with 1% crystal violet and solubilized with 33% (v/v) glacial
acetic acid. The quantity of biofilm was measured at 630 nm using a
microplate reader (Bio-Rad). Each B. pseudomallei isolate was assayed

in duplicate, using eight wells per experiment.

2.8 | Plaque formation assay

Plaque-forming efficiency was assessed as previously described
(Pumirat et al., 2014). Hela cells were infected with B. pseudomallei at
a multiplicity of infection of 20 and incubated at 37°C with 5% CO,
for 2 hr. Thereafter, the infected cell monolayers were washed and
replaced with medium-containing kanamycin (250 pg/ml). The plates
were incubated at 37°C in a humidified 5% CO, atmosphere for 20 hr.
Plaques were stained with 1% (w/v) crystal violet in 20% (v/v) metha-
nol and counted by microscopy. Plaque-forming efficiency was cal-
culated by determining the number of plaques per CFU of bacteria

added per well.

2.9 | Statistical analysis

All assays were conducted in triplicate, and an unpaired t-test of in-
dependent experiments was performed using the GraphPad Prism 6

program (STATCON). Results were considered significant at a p < .05.

3 | RESULTS

3.1 | NaCl stress induces cross-protection against
heat and oxidative agents

Different growth rates may affect the number of viable bacteria under
NaCl stress conditions. Therefore, prior to observing the effect of
NaCl stress on cross-protection against heat and oxidative agents, the
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individual growth of six clinical B. pseudomallei isolates (K96243, 153,
576, 1026b, 1530, and 1634) from six patients in northeast Thailand
was compared in LB broth containing different NaCl concentrations.
Strains K96243, 153, 576, and 1026b were selected as these have
been used extensively as reference isolates, and sequence type data
are available (K96253, ST10; 153, ST15, 576; ST 501 and 1026b;
ST102). Strains 1530 and 1634 were isolated from blood samples of
two cases in northeast Thailand and used for comparison. In our previ-
ous study, B. pseudomallei K96243 demonstrated growth impairment
during culture in LB containing 470 mmol L™* NaCl (Pumirat etal.,
2010). In this study, we investigated the growth kinetics of six B. pseu-
domallei isolates in LB media containing 0, 150, or 300 mmol L™ NaCl
for 6 hr after incubation at 37°C. Similar growth curves were observed
for the six isolates under conditions of 0, 150, and 300 mmol L™*
NaCl (Figure S1). Therefore, salt concentrations ranging from O to
300 mmol L™ and a culture time of 6 hr were chosen for further
investigations.

To evaluate the effect of NaCl on heat resistance in B. pseudomallei,
six B. pseudomallei isolates were cultured in LB broth with different con-
centrations of NaCl for 6 hr to reach the log phase of bacterial growth,
followed by heating at 50°C for 15 min. Figure 1 shows the percent-
age of surviving bacteria and demonstrates a significant difference in
heat resistance between B. pseudomallei isolates cultured in NaCl-free
medium and those cultured in LB with 150 mmol L™ NaCl (p =.014
for K96243, p =.011 for 153, p =.028 for 576, p =.027 for 1026b,
p =.011 for 1530, and p = .040 for 1634) or those cultured in LB with
300 mmol L™ NaCl (b =.020 for K96243, p = .004 for 153, p < .001 for
576, p <.001 for 1026b, p <.001 for 1530, and p =.002 for 1634). In
addition, the data also showed a significant difference in the percent-
age of bacterial survival between B. pseudomallei isolates cultured in LB
supplemented with 150 and 300 mmol L™ NaCl (p = .038 for K96243,
p =.002 for 153, p=.001 for 576, p <.001 for 1026b, p =.002 for

(a)

0 mmol/L NaCl

Before heat exposure

]

¥

150 mmol/L NaCl

300 mmol/L NaCl

=S ‘9 i ':‘,T

After heat exposure

o

1530, and p = .008 for 1634). The mean and standard deviation (SD) of
bacterial survival in NaCl-free medium of the six B. pseudomallei isolates
after heat treatment were 2.2 + 0.5%. By contrast, the mean and SDs of
bacterial survival of the six isolates in medium containing 150 mmol L™
and 300 mmol L™ NaCl were 18.2 + 2.9% and 67.9 + 8.9%, respec-
tively. These data clearly revealed that salinity is associated with in-
creased resistance of B. pseudomallei to heat stress.

Activation of the oxidative response during survival in salt stress
has been reported for various bacteria (den Besten, Mols, Moezelaar,
Zwietering, & Abee, 2009; Metris, George, Mulholland, Carter, &
Baranyi, 2014). We investigated the effect of NaCl on oxidative suscep-
tibility of six B. pseudomallei isolates grown in different NaCl concen-
trations. Equal numbers of salt-treated and untreated B. pseudomallei
were exposed to 1 pmol Lt H,0, for 15 min, and their survival on LB
agar was determined (Figure 2). The percentage of surviving bacteria
among the B. pseudomallei isolates grown in salt-free medium in the
presence of H,0, was significantly lower than the bacteria exposed
to salt at a concentration of 150 mmol L™ NaCl (p = .046 for K96243,
p =.039 for 153, p=.019 for 576, p =.027 for 1026b, p = .043 for
1530, and p = .014 for 1634), or those exposed to 300 mmol L' NaCl
(p =.004 for K96243, p =.004 for 153, p < .001 for 576, p = .010 for
1026b, p =.011 for 1530, and p <.001 for 1634). These data also
showed a significant difference in the percentage of bacterial sur-
vival between B. pseudomallei isolates cultured in LB medium supple-
mented with 150 mmol L™* and 300 mmol L™* NaCl under oxidative
stress conditions (p =.010 for K96243, p =.004 for 153, p =.005 for
576, p =.046 for 1026b, p =.049 for 1530, and p <.001 for 1634).
In the presence of H,0, the mean survival rate of untreated B. pseu-
domallei isolates was 1.7 + 0.6%, compared with 5.6 + 1.2% for those
exposed to 150 mmol L™ NaCl and 12.7 + 2.3% for those exposed to
300 mmol L™* NaCl. These data indicated that preexposing bacteria to

salt stress reduced susceptibility to H,O, in B. pseudomallei.

FIGURE 1 Resistance to heat of
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Burkholderia pseudomallei after growth in
Luria-Bertani (LB) broth containing 0, 150,
or 300 mmol L™t NaCl. (a) Cell viability of

Hl K96243 B. pseudomallei K96243 before and after
B 153 heat treatment at 50°C for 15 min. Colony-
Bl 576 forming units were enumerated on LB agar
plates after incubation at 37°C for 24 hr.
. 1026b (b) Percent survival of six B. pseudomallei
1530 isolates after heat treatment at 50°C for
Hl 1634 15 min. 100% viability corresponds to the

colony-forming unit count of unexposed
bacteria. The data were obtained from
at least three experiments. Error bars
represent the standard deviation of the
mean for experiments performed in
triplicate



PUMIRAT ET AL.

Mi biol O o 50f 10
icrobiologyOpen WI LEYJ—

507 mm K96243

Il 153
Il 576
Bl 1026b
1530
Il 1634

204

% Survival

300

150
NaCl (mmol/L)

FIGURE 2 Susceptibility to oxidative stress of six Burkholderia
pseudomallei isolates grown in Luria-Bertani (LB) broth containing O,
150, and 300 mmol L™ NaCl. Susceptibility to killing by 1 pmol L
H,0, was determined at 15 min. Surviving bacteria were enumerated
on LB agar plates after incubation at 37°C for 24 hr and were
expressed as the % survival. The data were obtained from three
experiments. Error bars represent the standard deviation of the mean
for three experiments

The response of B. pseudomallei to heat and oxidative stress has
been reported to be dependent on various cellular components, in-
cluding transcription factors, heat shock proteins, and virulent pro-
teins (Jitprasutwit et al.,, 2014; Korbsrisate et al., 2005; Vanaporn
et al., 2008). We therefore investigated whether NaCl affects the
expression of the rpoE, groEL, htpG, bopA, bopE, and bipD. The rpoE,

Open Access,

groEL, and htpG genes were selected because they code transcription
factors or heat shock proteins that have previously been reported
to be involved in heat and oxidative stress (Jitprasutwit et al., 2014;
Korbsrisate et al., 2005; Vanaporn et al., 2008). The bopA, bopE, and
bipD were T3SS genes which may be important for cell invasion (Gong
et al., 2011; Muangsombut et al., 2008; Stevens et al., 2003). Real-
time RT-PCR results showed that B. pseudomallei K96243 when ex-
posed to NaCl (150 and 300 mmol L™%) exhibited increased expression
of all tested genes, compared with bacteria grown under NaCl-free
conditions (Figure 3). These data suggested that NaCl is involved in
increasing the expression of stress response proteins, which might be
responsible for the enhanced resistance of B. pseudomallei to heat and

oxidative stress.

3.2 | NaCl decreases the expression of B.
pseudomallei flagella

Motility is a crucial factor for bacterial pathogenesis. Using a microar-
ray, we previously demonstrated that B. pseudomallei grown under high
NaCl conditions exhibited downregulation of the flagella biosynthesis
sigma factor gene “fliA” (bpsl3291) (Pumirat et al., 2010). Therefore, in
this study, we further examined whether salt affects B. pseudomallei
swarm motility. Six isolates of B. pseudomallei were grown in LB broth
containing different concentrations of NaCl (0, 150, or 300 mmol L™%)
for 6 hr, then equal numbers of bacteria for each isolate were used to

inoculate swarm agar medium. After incubation at 37°C for 24 hr, the

rpoE groEL hipG
200 100 150 1
> 150 & 31 > —_
c c C 1001
g © g0 m©
G 100+ 5 S
o T 401 ©
S 4l © 5 %01
L [TIP (T
P — T r 0- o — r r
0 150 300 0 150 300 0 150 300
NaCl (mmoliL) NaCl (mmol/L) NaCl (mmol/L)
bopA bopE bipD
300 - 80+ 80 -
@ 4] =]
=] D 60 > 80
§ 200 = =
G S 401 S -
o T T
= 1001 = T
2 S 2 S 204
0- o- 0 T T T
0 150 300 0 150 300 0 150 300

NaCl (mmol/L)

NaCl (mmoliL)

NaCl (mmoliL)

FIGURE 3 Fold change of rpoE, groEL, htpG, bopA, bopE, and bipD genes in Burkholderia pseudomallei K96243 grown in Luria-Bertani (LB)
broth containing 0, 150, and 300 mmol L™ NaCl. RNA of B. pseudomallei grown in LB broth with different NaCl concentrations for 6 hr was used
for determination of gene expression by quantitative real-time RT-PCR using the Brilliant Il SYBR® Green QPCR Master Mix, one step (Agilent
Technologies, Santa Clara, CA, USA) according to the manufacturer’s recommendation. Relative mRNA levels were determined by fold changes
in expression, calculated by 2724¢T. 235 rRNA gene was used for normalization. Error bars represent the standard deviation of the means for

experiments performed in triplicate
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diameter of the swarming zone was measured (Figure S2). The mean
and SDs of the swarming zone diameters of the six B. pseudomallei iso-
lates were 23.7 £ 0.9,21.8+1.2,and 17.4 £ 1.6 mmol L™* for bacteria
exposed to 0, 150, and 300 mmol L™ NaCl, respectively (Table 2).

To determine whether altered expression of the fliA gene affects
bacterial flagella, we examined the number of flagella on the six B.
pseudomallei isolates during growth under different salt conditions
using an electron microscope. The results showed that the number
of flagella decreased with increasing concentrations of NaCl (Figure

S3). The number of flagella counted on 100 bacteria for each of the

TABLE 2 Effect of NaCl on the swarming motility of B.
pseudomallei

Diameter of swarm zone (mmol L™?)

B. pseudomallei 0 mmol L™ 150 mmol L™ 300 mmol L!
isolates NaCl NaCl NaCl

K96243 240+7.0 21.3+6.7 17.7+7.2
153 27.3+4.6 26.3+5.5 235+4.4
576 247 +7.6 240+8.2 16.0+9.5
1026b 220+£7.0 21.7+7.2 19.0+8.2
1530 23.3+9.1 18.3+55 16.3+ 6.4
1634 20.7 £2.3 19.3+3.1 11.7+8.1

Data represent the mean + SD of three experiments each performed in
triplicate.

TABLE 3 Effect of NaCl on the number of flagella expressed on
Burkholderia pseudomallei

% Bacteria with flagella
B. pseudomallei  NaCl

isolates (mmol L™Y) 0 =3 >3
K96243 0 36 50 14
150 52 36 12
300 76 24 0
153 0 36 52 12
150 52 28 20
300 60 40 0
576 0 24 42 24
150 32 60 8
300 76 24 0
1026b 0 36 56 8
150 44 56 0
300 80 20 0
1530 0 52 44 4
150 52 44 4
300 60 40 0
1634 0 44 52 4
150 64 32 4
300 72 24 4

Data represent the mean + SD of three experiments each performed in
triplicate. One hundred bacterial cells were counted to determine the num-
ber of flagella.

six isolates is shown in Table 3. The majority of B. pseudomallei iso-
lates (70.7 £ 3.5%) grown in LB with 300 mmol L™* NaCl showed no
flagella. By contrast, only 38.0 + 3.8% and 49.3 + 4.3% of B. pseudo-
mallei cultured in NaCl-free and 150 mmol L™* NaCl-supplemented
media, respectively, had no flagella. The number of unflagellated
bacteria among the B. pseudomallei isolates grown in 300 mmol L™
NaCl-supplemented medium was therefore significantly higher than
among those grown in salt-free (p <.001) or 150 mmol L™ NaCl-
supplemented medium (p = .003, respectively). This phenomenon in-

dicated that salinity affects flagella production in B. pseudomallei.

3.3 | Effect of NaCl on B. pseudomallei
biofilm formation

B. pseudomallei can produce biofilm, which may offer protection
against hostile conditions such as antibiotic treatment, salinity, and
immune responses (Cheng & Currie, 2005; Inglis & Sagripanti, 2006;
Kamjumphol, Chareonsudjai, Chareonsudjai, Wongratanacheewin, &
Taweechaisupapong, 2013). We therefore tested whether B. pseu-
domallei biofilm formation is affected by salt stress. Six isolates of
B. pseudomallei were grown in LB broth with different concentra-
tions of NaCl for 6 hr at 37°C prior to the induction of biofilm for-
mation. The results in Table 4 demonstrate the biofilm formation
capacity of each of the B. pseudomallei isolates. The mean OD val-
ues and SDs of the biofilm formation capacity of the B. pseudomal-
lei isolates increased from 0.19 + 0.01 to 0.24 + 0.03 and then to
0.31 + 0.03 when bacteria were grown in the presence of 0, 150,
and 300 mmol L™! NaCl, respectively. Although, each of the B.
pseudomallei isolates tended to show increased biofilm formation
when grown in the presence of NaCl compared with those grown
in 0 mmol L™* NaCl, we could not detect a significant difference in
biofilm formation when comparing bacteria grown in the presence
of 0, 150, and 300 mmol L' NacCl.

3.4 | NaCl affects B. pseudomallei plaque formation

B. pseudomallei is a facultative intracellular bacteria that har-

bors the ability for cell-to-cell spread (Kespichayawattana,

TABLE 4 Effect of NaCl on biofilm formation of Burkholderia
pseudomallei

Corrected OD,;, nm

B. pseudomallei 0 mmol L™ 150 mmol L™ 300 mmol L™
isolates NaCl NaCl NaCl

K96243 0.16 +0.03 0.21 +0.07 0.23+0.07
153 0.24 +0.12 0.33+0.18 0.35+0.18
576 0.14 +0.01 0.16 +0.02 0.22 +0.04
1026b 0.20 + 0.07 0.35+0.22 0.45+0.27
1530 0.17 +0.04 0.18 + 0.04 0.23+0.03
1634 0.21 +0.03 0.23+0.03 0.25+0.01

Data represent the mean + SD of three experiments each performed in
triplicate.
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Rattanachetkul, Wanun, Utaisincharoen, & Sirisinha, 2000), which
is an important characteristic for pathogenesis. Previously, NaCl
was found to increase expression of the Burkholderia secretion
apparatus (Bsa) type Ill secretion system (T3SS), which involved a
virulence-associated interaction with the host cell (Pumirat et al.,
2010). In particular, the translocon “BipB” and the secreted effec-
tor protein “Cif” homolog in B. pseudomallei were reported to in-
duce cell-to-cell dissemination (Pumirat et al., 2014; Suparak et al.,
2005). Hence, we investigated whether salt stress affects cell-to-
cell spread of B. pseudomallei. Six B. pseudomallei isolates grown
in LB with different concentrations of NaCl for 6 hr at 37°C were
assessed for plaque formation. Figure 4a demonstrates plaque for-
mation in the Hela cell line induced by B. pseudomallei K96243
when grown in 0, 150, and 300 mmol L~! NaCl. The mean and SD
of the plaque-forming efficiency of B. pseudomallei isolates grown
in 300 mmol L™! NaCl were 59.8 + 2.8, compared with 41.7 + 2.2
for bacteria grown in 150 mmol L™ NaCl and 35.0 + 2.7 for those
grown in NaCl-free LB. All B. pseudomallei isolates grown in the
presence of 300 mmol L™* NaCl showed significantly increased
plaque formation relative to bacteria cultured in NaCl-free medium
(p =.004 for K96243, p =.021 for 153, p =.002 for 576, p = .017
for 1026b, p = .032 for 1530, and p = .016 for 1634). Moreover, we
also observed a significant difference in the plaque-forming capac-
ity of all B. pseudomallei isolates cultured in LB supplemented with
300 mmol L™ NaCl compared with those cultured in 150 mmol L™}
NaCl (p =.027 for K96243, p =.029 for 153, p =.019 for 576,
p =.033 for 1026b, p =.048 for 1530, and p =.042 for 1634).
This finding indicated the influence of NaCl on B. pseudomallei
pathogenesis.

(a) 0 mmol/L NacCl

FIGURE 4 Plaque formation by
Burkholderia pseudomallei after growth
in Luria-Bertani (LB) broth containing O,
150, and 300 mmol L™ NaCl. (a) Images
of plaques formed by B. pseudomallei
K96243. Representative images of HelLa
cell monolayers after infection with B.
pseudomallei K96243, which had been

grown in LB broth containing O, 150, or (b)

300 mmol L™ NaCl for 20 hr. (b) Plaque- 3‘ 100 -
forming efficiency of six B. pseudomallei g

isolates. Hela cells were infected with B. T 80
pseudomallei grown in LB broth containing E

0, 150, or 300 mmol L™* NaCl at a o 5 604
multiplicity of infection of 20. The infected g’ o

cells were stained with crystal violet E ? 40 1
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plaques x 100/number of colony-forming g 201
units of bacteria added per well. Error g

bars represent the standard deviation of o -

the means for experiments performed in
triplicate
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4 | DISCUSSION

B. pseudomallei is a saprophyte that can survive and multiply under dif-
ferent environmental conditions (Cheng & Currie, 2005; Dharakul &
Songsivilai, 1999; White, 2003). It is a difficult microorganism to kill. It
can inhabit harsh environments for many years, especially in endemic
areas, including northeast Thailand (Wuthiekanun et al., 1995) where
saline soil and water are abundant. B. pseudomallei was reported as po-
tential opportunist pathogens of CF patients (Mahenthiralingam et al.,
2002; O'Carroll et al., 2003; O'Sullivan et al., 2011; Vandamme et al.,
1997), who have a high concentration of NaCl in their lung airway
surface liquid. Adaptive responses of Burkholderia species, including
B. pseudomallei, to high salt conditions have been investigated pre-
viously (Inglis & Sagripanti, 2006; O’Quinn, Wiegand, & Jeddeloh,
2001; Pumirat et al., 2009, 2010), however, the mechanisms under-
lying these remain poorly understood. This study demonstrated the
adaptive phenotypes of six B. pseudomallei isolates to NaCl in various
concentrations. The concentrations of NaCl used in our experiments
were in the range of salt concentrations found in the soil and water
in northeast Thailand. We showed that adaptations under salt stress
conditions were associated with cross-protection against other envi-
ronmental stresses, as well as increased pathogenicity.

Our present study verified that the growth rate of six B. pseudomal-
lei isolates in LB containing 0, 150, and 300 mmol L~ NaCl remained
constant. We therefore conducted our experiments within this range
of concentrations. Although high salinity seems to be a disadvantage
for B. pseudomallei, as high salt (2470 mmol L™* NaCl) diminished
bacterial growth (Pumirat et al., 2010; Wang-Ngarm, Chareonsudjai,

& Chareonsudjai, 2014), B. pseudomallei would regularly encounter a
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high salinity environment in its physiological habitat. In this study, we
demonstrated that NaCl enhanced the ability of B. pseudomallei to sur-
vive under heat and oxidative stress. Several studies in other bacteria,
such as Bacillus cereus (den Besten et al., 2009), Bacillus subtilis (Volker,
Mach, Schmid, & Hecker, 1992), and Escherichia coli (Gunasekera,
Csonka, & Paliy, 2008), have also reported that activation of the salt
stress response conferred cross-protection against other stresses, that
is, increased resistance to heat and H,0,. Recently, Yuan, Agoston,
Lee, Lee, & Yuk, (2012) and Yoon et al., (2013) also showed that the
heat resistance of Salmonella enterica was increased after exposure to
NaCl. Moreover, it is evident that growing Vibrio harveyi in LB broth
supplemented with 2% NaCl (34.2 mmol L™%) resulted in increased re-
sistance to menadione killing compared with the same organism grown
in normal LB broth (Vattanaviboon, Panmanee, & Mongkolsuk, 2003).
It is possible that the salt stress adaptation may reflect the ability of
these bacteria, including B. pseudomallei, to survive under hostile envi-
ronmental conditions, such as high temperature and oxidative stress.

As B. pseudomallei is an intracellular organism, it has the capability
to survive in phagocytic cells (Allwood, Devenish, Prescott, Adler, &
Boyce, 2011). While trafficking within macrophages, B. pseudomallei
may be exposed to oxidative stress. Interestingly, Scott & Gruenberg
(2011) reported that chloride and sodium ion channels play important
roles in regulating the phagosomal environment through counter ion
regulation and charge compensation of macrophages. Therefore, the
salt content in the phagosome may promote bacterial resistance to ox-
idative stress and allow B. pseudomallei to survive within the host cell.

These oxidative and heat protective effects of NaCl could be a
result of the increased expression of stress response cellular com-
ponents. The increased expression of the rpoE and groEL genes de-
tected in this study was in agreement with previous reports for the
B. pseudomallei transcriptome (Pumirat et al., 2010) and secretome
(Pumirat et al., 2009) under high salinity conditions. The expression
of groEL (bpss0477) and rpoE (bpsl2434) was upregulated in B. pseu-
domallei cultured in LB containing 320 mmol L™* NaCl, by approxi-
mately 1.2- and 1.4-fold, respectively, compared with B. pseudomallei
cultured in 170 mmol L™! NaCl at the 6-hr time point (Pumirat et al.,
2010). Indeed, the secretomic profile confirmed the presence of GroEL
in the culture supernatant only after exposure to 320 mmol L™ NaCl
(Pumirat et al., 2009). Moreover, our results were consistent with the
observation that inactivation of the rpoE operon increased susceptibil-
ity of B. pseudomaillei to killing by menadione and H,0, and high osmo-
larity (Korbsrisate et al., 2005). Furthermore, it has been demonstrated
that rpoE regulated a heat-inducible promoter of the rpoH gene in B.
pseudomallei (Vanaporn et al., 2008). These data implied that RpoE
plays an important role in the increased resistance of B. pseudomallei
in response to heat and oxidative stress.

Among the salt-altered genes of B. pseudomallei K96243 (Pumirat
et al., 2010), we previously detected downregulation of the flagella
biosynthesis sigma factor fliA gene (bpsl3291), by approximately
1.5- and 1.2-fold (at 3 and 6 hr, respectively), when B. pseudomallei
was grown in medium supplemented with 320 mmol L™ NaCl com-
pared with 170 mmol L™* NaCl. This observation led us to examine
whether growth of B. pseudomallei under high salt conditions affected

the production of flagella. Under electron microscopic examination
(Table 3), we found that most B. pseudomallei isolates grown under high
salt conditions (300 mmol L™* NaCl) did not produce flagella, whereas
the majority of B. pseudomallei isolates grown under lower salt concen-
trations (0 and 150 mmol L™ NaCl) presented at least one flagellum.
The decreased expression of motility genes due to salt stress has also
been documented for other bacteria such as Sphingomonas sp. strain
LH128 (Fida et al., 2012) and B. subtilis (Hoper, Bernhardt, & Hecker,
2006; Steil, Hoffmann, Budde, Volker, & Bremer, 2003). All six B. pseu-
domallei isolates exhibited a smaller mean diameter for their motility
zone when cultured under high salt conditions (300 mmol L™ NaCl),
compared with culturing under salt-free or low salt conditions (0 and
150 mmol L™! NaCl). This observation implied that salt stress plays an
important role in regulating the production of bacterial flagella. One
possible explanation for this is that in order to cope with stressful en-
vironmental conditions the bacteria conserve energy by diminishing
nonvital activities, such as motility, by reducing the production of fla-
gella by decreasing the expression of the motility regulator gene.

The ability to form a biofilm is important for B. pseudomallei to gain
resistance to numerous environmental factors, including certain anti-
biotics and stresses (Cheng & Currie, 2005; Inglis & Sagripanti, 2006;
Kamjumphol et al., 2013). Our study detected the increased ability of
B. pseudomallei to form a biofilm when bacterial isolates were grown
in medium supplemented with NaCl, compared with salt-free medium
(Table 4). This was consistent with the findings of Kamjumphol et al.
who demonstrated that biofilm formation was increased when B. pseu-
domallei was grown in modified Vogel and Bonner’s medium contain-
ing 0.85-1.7 mol L™ NaCl (Kamjumphol et al., 2013). This indicated
that B. pseudomallei responds to salt stress by producing a biofilm that
could confer cross-protection against other environmental stresses.

Exposure to high salinity is likely to be associated with pathogene-
sis in B. pseudomallei. Previously, invasion of A549 cells was enhanced
by culturing of B. pseudomallei K96243 in salt-supplemented LB me-
dium (Pumirat et al., 2010). Our results showed that when grown in the
presence of NaCl, all six B. pseudomallei isolates exhibited significantly
increased plague formation in Hela cells (Figure 4). The elevated rate
of cellular invasion in response to NaCl may increase the load of in-
tracellular bacteria, contributing to cell-to-cell spread or enhance cell
cytotoxicity. Several studies have demonstrated the requirement of
the Bsa T3SS and type VI secretion system (T6SS) for the intracellular
pathogenicity of B. pseudomallei (Burtnick et al., 2008, 2011; Lim et al.,
2015; Shalom, Shaw, & Thomas, 2007; Stevens et al., 2002; Warawa &
Woods, 2005). We postulate that these systems may participate in the
enhanced plaque formation of B. pseudomallei observed after expo-
sure to NaCl. However, further experiments are required to investigate

this possibility.

5 | CONCLUSIONS

In conclusion, our results demonstrated that high salt conditions modu-
late adaptive responses in B. pseudomallei isolates. These adaptive re-
sponses include increased thermal resistance, plaque formation, and
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decreased flagella and oxidative susceptibility. Similar results were ob-
served in all six isolates tested; suggesting that salt stress induces a gen-
eral, conserved response in B. pseudomallei. Our findings provide insight
into how these bacteria persist in endemic environments abundant in
saline soil and water, and may indicate the link between the establish-
ment and pathogenesis of B. pseudomallei infection in CF patients.
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ABSTRACT

ARTICLE HISTORY

Trehalose is a disaccharide formed from two glucose molecules. This sugar molecule can be isolated
from a range of organisms including bacteria, fungi, plants and invertebrates. Trehalose has a
variety of functions including a role as an energy storage molecule, a structural component of
glycolipids and plays a role in the virulence of some microorganisms. There are many metabolic
pathways that control the biosynthesis and degradation of trehalose in different organisms. The
enzyme trehalase forms part of a pathway that converts trehalose into glucose. In this study we set
out to investigate whether trehalase plays a role in both stress adaptation and virulence of
Burkholderia pseudomallei. We show that a trehalase deletion mutant (treA) had increased tolerance
to thermal stress and produced less biofilm than the wild type B. pseudomallei K96243 strain. We
also show that the AtreA mutant has reduced ability to survive in macrophages and that it is
attenuated in both Galleria mellonella (wax moth larvae) and a mouse infection model. This is the
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first report that trehalase is important for bacterial virulence.

Introduction

Trehalose is a disaccharide, composed from two glucose
molecules, which can be found in many species of bacte-
ria, fungi, plants and invertebrates.! It is a very stable
molecule, typically requiring the presence of a trehalase
enzyme for degradation into glucose. The properties of
this molecule make it an atypical sugar with many varied
functions and the stability of trehalose maybe central to
many of its unique biological properties. Trehalose was
first proposed to function as an energy storage molecule.
This is certainly true in many insects where trehalose
provides an easily mobilisable energy reserve, which is
consumed during flight.” It is also thought that trehalose
provides an energy reserve in fungal spores while spore
germination is accompanied by trehalose hydrolysis.>*
In Mycobacteria and Corynebacteria, trehalose plays a
role as a structural component of many cell wall glycoli-
pids. In Mycobacterium tuberculosis the cell wall “cord
factor” (trehalose 6,6-dimycolate) provides both imper-
meability to drugs and protection against phagocyte kill-
ing."” Additionally, high levels of trehalose are found in
organisms that can survive desiccation. In this situation

the trehalose serves to stabilize macromolecules and
especially proteins and membrane lipids in the cell. By
forming a glass-like structure around these molecules
they are protected from damage caused by dehydration
and oxidation."® The ability of trehalose to stabilize bio-
logical molecules is now being exploited widely to extend
the shelf life of a wide range of products, including
enzymes, antibodies and vaccines.® Finally, trehalose and
trehalose derivatives such as trehalose-6-phosphate have
been shown to regulate some biological processes such as
metabolism and growth in plants and in fungi."*’

The roles of trehalose in microbial virulence have
been studied in fungal and bacterial pathogens.
Mutations that abolish trehalose production in a
range of fungi including Candida albicans, Magna-
porthe oryzae, Stagonospora nodorum, Cryptococcus
neoformans, and Cryptococcus gattii result in reduced
virulence.” In M. tuberculosis the inactivation of the
TreYZ pathway for trehalose biosynthesis reduced
the ability of the bacterium to establish chronic dis-
ease.® The situation is also complicated by the find-
ings that the role of trehalose in virulence may be

CONTACT Richard W. Titball @ r.w.titball@exeter.ac.uk @ College of Life and Environmental Sciences, University of Exeter, Geoffrey Pope Building, Stocker

Road, Exeter, Devon EX4 4QD, UK.

@ Supplemental data for this article can be accessed on the publisher’s website.

© 2016 Taylor & Francis


http://www.tandfonline.com/kvir
http://dx.doi.org/10.1080/21505594.2016.1199316

Downloaded by [University of Exeter] at 14:24 02 July 2016

2 (&) M.VANAPORNETAL.

host species dependent. For example, in Pseudomo-
nas aeruginosa the disruption of trehalose biosynthe-
sis reduced virulence toward plants, but not
virulence toward Caenorhabditis elegans, Drosophila
melanogaster, or mice.” Trehalose degradation, by
endogenous trehalase, has been reported to play a
role in virulence in some fungal pathogens including
M. oryzae and C. albicans, but had no effect on viru-
lence in C. gattii.” Trehalase has previously been
identified as a possible virulence associated gene in
bacteria, since it is present in bacterial pathogens
but absent or uncommon in non-pathogens.'’
Orthologues have been identified in 7 pathogenic
bacteria including Burkholderia  pseudomallei,"
[personal communications. In B. pseudomallei this
gene is annotated as treA and the encoded protein
TreA has sequence identity with proteins in Salmo-
nella typhimurium (55%), Klebsiella pneumoniae
(56%), Shigella fexneri (52%), E. coli 0157:H7 (56%)
and Pseudomonas aeruginosa (60%). This has lead us
to hypothesize that TreA could be important during
mammalian infection.

Burkholderia pseudomallei is the causative agent of
melioidosis, a serious and often fatal disease of
humans. The disease is frequently reported in South-
east Asia and Northern Australia and there is increas-
ing evidence that melioidosis occurs in many, and
possibly all, tropical countries.'" A recent study has
found that the incidence of this disease is likely to
have been significantly underestimated'” and global
deaths from melioidosis are comparable to those due
to measles and much higher than fatalities due to lep-
tospirosis or dengue fever.'” In many of these coun-
tries the disease is currently mis-diagnosed as
tuberculosis. Although melioidosis can occur in
apparently healthy individuals, conditions such as dia-
betes predispose individuals.'"> The manifestations of
disease range from an asymptomatic infection, to a
fatal sepsis."> The bacterium has the ability to estab-
lish persistent but asymptomatic infections in humans
for up to 60 y."* Therapy is not always successful
because the bacterium is resistant to many antibiotics.
Consequently, a protracted course of treatment with a
combination of antibiotics is required and relapse fol-
lowing treatment is common."> Currently there is no
licensed vaccine available for the prevention of dis-
ease. In endemic regions, B. pseudomallei can be read-
ily isolated from soil and water. Melioidosis in
humans is a consequence of exposure to this bacte-
rium, via cuts and abrasions, inhalation or ingestion.
The lifecycle of the bacterium in the environment is
poorly understood but it is known that it can survive
for years in hostile environments lacking nutrients

and can survive exposure to a wide range of tempera-
tures and dehydration.">'® In this study we have set
out to investigate whether trehalase plays a role in
virulence of B. pseudomallei.

Results
Construction of B. pseudomallei treA mutant

We identified a single trehalase gene, encoding a 565
amino acid protein, located on chromosome 2
(BPSS0671) in B. pseudomallei K96243. This gene was
also present in all of the reported B. pseudomallei
genome sequences. The B. pseudomallei trehalase was
similar to the E. coli neutral trehalase (treA) with 56%
amino acid identity. We constructed a treA deletion
mutant using vector pMo130."” The mutant was genome
sequenced to confirm that treA was deleted and we did
not find additional mutations in the genome. To comple-
ment the mutant we cloned the treA gene downstream of
the native promoterdownstream of a strong constitutive
(dhfr) promoter or downstream of a regulatable pro-
moter (rhaB). The plasmids (pBHRnat-treA pDA17-treA
or pSCrhaB2-treA respectively) were transformed into B.
pseudomallei AtreA. One or more of these plasmids were
then used in subsequent assays.

In M9 glucose both wild type B. pseudomallei and B.
pseudomallei AtreA grew similarly (Fig. 1A). In contrast,
when the strains were grown in M9 trehalose, the AtreA
mutant failed to grow whereas the wild type strain
reached a final optical density of ODsqonm 1.2 (Fig. 1B).
The complemented strains B. pseudomallei AtreAl
pBHR-nattreA and B. pseudomallei AtreA/pDA17-treA
were able to grow in M9 trehalose, although it should
be noted that this complementation assay was only
performed once (Fig. 1C).

AtreA had increased tolerance to thermal stresses

Bacterial trehalases have previously been shown to have a
role in thermal stress."® As a consequence, we assayed the
role of B. pseudomallei treA in survival after heat and cold
stress. Overnight cultures of B. pseudomallei, B. pseudomallei
AtreA or B. pseudomallei AtreA/pSCrhaB2-treA were stan-
dardized to ODsgonm 0.1 in LB broth before heating at 65°C
for 2 hours and enumerating survivors on LB agar. The wild
type and complemented mutant strains had survival fre-
quencies of approximately 10> (Fig. 2A). In comparison
the survival frequency of the AtreA mutant was significantly
higher at approximately 10~ (p = 0.015 compared to WT).
We also tested survival following exposure to cold stress.
Overnight cultures of B. pseudomallei, B. pseudomallei
AtreA, B. pseudomallei AtreA/pBHRnat-treA or B.
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Figure 1. Growth of B. pseudomallei wild type, AtreA mutant or complemented mutants in M9 medium containing 0.4% glucose with
agitation (A) or 0.4% trehalose with agitation (B). The ability of complemented mutants (AtreA/pBHR-nattreA and AtreA/pDA17-treA) to
grow in M9 medium containing 0.4% trehalose, in a static 96 well plate format, was recorded after 48 hours (C). Values represent the
mean from one experiment performed in triplicate. Error bars show standard error of the mean (SEM).

pseudomallei AtreA/pDA17-treA were standardized to 100
CFU and incubated at 4°C for 5 d before enumeration on
LB agar at 37°C. On average the survival frequency was
107°8 (Fig. 2B). In contrast the survival frequency of the
AtreA mutant was 107%° (p = 0.004 compared to wild
type). The B. pseudomallei AtreA/pBHRnat-treA strain had
a survival frequency of approximately 10~", whereas B. pseu-
domallei AtreA/pDA17-treA had no survival.
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AtreA had reduced ability to survive inside
macrophages

The intracellular survival of B. pseudomallei wild type,
the AtreA mutant or the pDA17-treA complemented
mutant were determined by counting the number of bac-
teria at each time point. The overall patterns of infection
by the wild type and AtreA mutant were similar; the
numbers of intracellular bacteria decreased between 2
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Figure 2. Survival of B. pseudomallei wild type AtreA mutant, pSCrhaB2-treA complement, pDA17-treA complement or pBHR-nattreA
complement after exposure to heat stress at 65°C (A) or cold stress at 4°C (B) Values represent the mean from 5 independent
experiments performed in triplicate or 2 independent experiments with 9 replicates respectively. Error bars show SEM. * = p < 0.05,
™ =p < 0.001, " = p < 0.0001 following one way Anova, Tukey post-test.
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and 4 hours post infection but increased by 6 to 8 hours
post infection. However, even though the J774.A.1 mac-
rophages were infected with wild type and AtreA mutant
at an MOI of 10 the numbers of AfreA mutant bacteria
were significantly lower than the parental strain at 2, 4,
6, and 8 hours post infection (p = 0.018, 0.085, 0.0003,
and 0.0008 respectively). This defect in intracellular sur-
vival was restored in the complemented strain (Fig. 3).

Effects of biochemical-induced stress conditions on
growth

Next, stresses that B. pseudomallei may encounter in
macrophages were tested in vitro. We saw no difference
in survival of the mutant, compared to the wild type,
after exposure to pH 4 for up to 60 min, or with 1 M
hydrogen peroxide (data not shown). Compared with
the wild-type, sensitivity of the AtreA mutant was not
significantly different either to intracellularly or to extra-
cellularly generated superoxide using paraquat or xan-
thine/xanthine oxidase, respectively (data not shown).
However, the mutant was more susceptible to killing by
0.04 M tert-butyl hydroperoxide (tBOOH) with
p = 0.016 and the phenotype was restored in the
pDA17-treA complemented strain (Fig. 4).

treA is important in biofilm formation

B. pseudomallei, B. pseudomallei AtreA or B. pseudomal-
lei AtreA/pDA17-treA were inoculated into TSB and
biofilms were grown on peg lids inserted into the
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Figure 3. Intracellular survival of B. pseudomallei wild type,
AtreA mutant or pDA17-treA complemented mutant in J774.
A.1 macrophages. Macrophages were infected with bacteria
at an MOI of 10 and intracellular bacteria enumerated on LB
agar. Values represent the mean from 3 independent experi-
ments, performed in triplicate, with error bars showing the
SEM s. " = p < 0.05, " = p < 0.001 following students t-
test.
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Figure 4. Response of B. pseudomallei wild type, AtreA mutant or
pDA17-treA complemented mutant to 0.04 M tBOOH by disc dif-
fusion assay. Values represent the mean from 3 independent
experiments performed in triplicate, with error bars showing
SEM. * = p < 0.05 following students t-test.

cultures. Following 48 hours growth, pegs were stained
with crystal violet and the optical density measured fol-
lowing an ethanol wash to quantify biofilm levels. The
wild type B. pseudomallei and B. pseudomallei AtreA/
pDA17-treA strains had similar levels of staining giving
standardized optical density readings (OD490 nm/
OD595 nm) of 0.1203 =+ 0.01 and 0.0984 % 0.01 respec-
tively (Fig. 5). In contrast the B. pseudomallei AtreA
mutant had significantly reduced staining and the
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Figure 5. Relative biofilm formation by B. pseudomallei wild
type, AtreA mutant or pDA17-treA complement measured as
crystal violet (CV) bound (OD490nm) / turbidity of bacterial
culture (OD590nm). Values represent the mean from 3 inde-
pendent experiments each with 12 replicates. Error bars show
SEM. ™ = p < 0.001, ™™ = p < 0.0001 following one-way
Anova, Tukey post-test.
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standardized optical density of the released crystal violet
solution was (OD490nm/OD595nm) 0.06 = 0.01.

To determine if the difference in biofilm formation
was due to differences in capsular polysaccharide pro-
duction, the bacteria were incubated with an anti-capsule
antibody and binding was quantified using a GFP labeled
secondary antibody and fluorescence microscopy.
Labeled B. pseudomallei, B. pseudomallei AtreA or
B. pseudomallei AtreA/pDA17-treA all had similar pixel
intensities following image quantification (Fig. S1) indi-
cating that similar amounts of capsule polysaccharide
were present on the bacterial cell surface. Incubating
each strain with an anti-LPS antibody and quantifying
with a GFP labeled secondary antibody as a control, did
not result in fluorescence (data not shown). This evi-
dence is consistent with the presence of a CPS layer on
all the strains blocking binding of the anti-LPS antibody.

AtreA is attenuated in the G. mellonella and mouse
infection model

After challenging G. mellonella with 10> Colony forming
units (CFU), all larvae infected with wild type B. pseudo-
mallei were dead at 27 hours, whereas 40% of larvae chal-
lenged with the AtreA mutant were alive (Fig. 6A). We
were unable to complement the wild type phenotype
when challenging G. mellonella with B. pseudomallei
AtreA/pDA17-treA or B. pseudomallei AtreA/pBHRnat-
treA and speculate this could be due to the lack of antibi-
otic selection to retain the complementation plasmids
during infection (Data not shown). When mice were
challenged with wild type B. pseudomallei, death of the
mice was recorded from day 4 until day 42. In contrast,
all mice challenged with B. pseudomallei AtreA were still
alive at the end of the study (Fig. 6B). However, when
the AtreA infected mice were culled, bacteria were iso-
lated from lungs, livers, and spleens with average CFU
counts of 2.3 x 10% 4.9 x 10* and 7.5 x 10> CFU/ml
respectively. Our results suggest a marked reduction in
virulence of the B. pseudomallei AtreA mutant in both
G. mellonella and mice.

Discussion

Trehalose plays a number of distinct functions in plants,
invertebrate and microbial cells from serving as an
energy storage carbohydrate, to protecting membranes
and proteins from stress-induced damage and to a regu-
lator of the glycolytic path and signaling pathways.'” In
this study we have identified a single trehalase encoding
gene in B. pseudomallei. The protein was similar to the
E. coli TreA trehalase, which is located in the periplasmic
space of the bacterium. E. coli also possesses a second
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Figure 6. Virulence of B. pseudomallei wild type or AtreA mutant
in G. mellonella larvae or in mice. (A) Groups of 10 G. mellonella
larvae were challenged with 10° CFU of B. pseudomallei K96243
or the AtreA mutant. Values represent the mean from 3 indepen-
dent experiments. Error bars show SEM. * = p < 0.05 following
2 way Anova, Sidak’s multiple comparisons test. (B) Groups of
6 BALB/c mice challenged via i.p. route with 3.4 x 10* CFU of
B. pseudomallei K96243 (solid line) or 6.7 x 10* CFU of the AtreA
mutant (dotted line).

trehalase (TreC) which is cytoplasmic, and a TreB trans-
porter which is located in the inner membrane and is
responsible for import of trehalose into the cell. Neither
TreB nor TreC were identified in the genome sequences
of B. pseudomallei. However at high osmolarity the nor-
mal pathway for the uptake and utilization of trehalose is
blocked.” E. coli can also utilize periplasmic trehalose by
splitting it into glucose molecules, which are subse-
quently taken up by the phosphotransferase- mediated
uptake system.”® This may be the same mechanism that
B. pseudomallei uses to utilize trehalose without having a
trehalose transporter. B. pseudomallei also has no appar-
ent cytoplasmic trehalase within its genome. However, it
does contain a putative trehalose synthase (treS) gene.
TreS catalyzses the reversible interconversion of treha-
lose and maltose within the cytoplasm.*' Like many bac-
teria B. pseudomallei possess an otsBA operon, which
encodes trehalose sythetase/phosphatase. Therefore, it
appears that B. pseudomallei may both produce and
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metabilize trehalose within the bacterial cell. The biosyn-
thetic pathway is broadly paralleled in fungi. In fungi,
acid and neutral trehalases are involved in trehalose deg-
radation. The former are found in vacuoles within the
fungal cell, while neutral trehalases are cytoplasmically
located.”

In this study we have shown that the treA gene
plays a role in mitigating stress tolerance and in viru-
lence of B. pseudomallei in murine and insect infec-
tion models. Whole genome transcriptome profiling
of B. pseudomallei, has previously shown that treA is
expressed in many different conditions but impor-
tantly appears to be upregulated in conditions of
nutrient deprivation aswell as in normal human
serum.”> The ability of trehalose to protect cells
against stress is well documented in invertebrates,
plants and fungi.® The protective properties of treha-
lose are attributed to different mechanisms ranging
from the formation of an inert “glass” around macro-
molecules to the ability of the molecule to replace or
exclude water molecules.”® As a consequence of the
protective properties of trehalose the oxidation and
degradation of macromolecules is minimized.** Dele-
tion of the treA gene increased the ability of the bac-
terium to survive exposure to both heat and cold
stress. Deletion of the Listeria monocytogenes treha-
lase (treA) has previously been shown to increase
heat tolerance '® and was associated with increased
intracellular trehalose. Like E. coli, treA in L. monocy-
togenes is predicted to encode a cytoplasmic protein.
Fungal trehalase mutants have also been reported to
show enhanced thermal stress.”> There is less evi-
dence linking intracellular trehalose levels to cold
stress, but trehalose is believed to act as a cryoprotec-
tant in insects *° and the addition of trehalose to
media during prolonged cold storage has been shown
to increase the long term survival of Salmonella
enterica.”” Our finding that the constitutive expression
of treA (in the B. pseudomallei AtreA/pDA17-treA
strain) abolished the ability of the bacterium to with-
stand cold shock, is consistent with increased levels
of trehalase and consequently reduced levels of treha-
lose in the bacterial cell. However, quantification of
trehalose levels would be needed to validate this. Fur-
thermore, we can’t rule out the possibility that dele-
tion of trehalase is also having an effect upon the
regulation and biosynthesis of trehalose via the genes
otsBA. It’s possible that the AfreA mutant is instead
upregulated for trehalose production. Including a B.
psedomallei AtreAAotsBA mutant in our assays would
be needed to exclude this possibility.

Further investigations into the role of treA might
reveal whether our findings are linked to the

observations that B. pseudomallei is only found in soils
in tropical or sub-tropical regions of the world.

We also showed the B. pseudomallei AtreA mutant
had decreased biofilm formation and our results are sim-
ilar to the findings with a T6P hydrolase (treC) mutant
of Klebsiella pneumonia.”® The reduction in biofilm by
the K. pneumoniae AtreC mutant was associated with
reduced CPS production. Biofilm and CPS production
were restored by the addition of glucose to the growth
media. Previous studies have shown that adding glucose
to B. pseudomallei growth media have also shown
increased biofilm formation.”” However our studies
failed to reveal a difference in capsular polysaccharide
(CPS) production by B. pseudomallei, B. pseudomallei
AtreA or the complemented strains. Additionally we
were unable to complement for the loss of biofilm with
the addition of glucose in the growth media. Overall our
findings indicate that different mechanisms link treha-
lose metabolism and biofilm production in B. pseudo-
mallei and K. pneumonia.

While trehalose metabolism has previously been
linked to the virulence of Burkholderia glumae and Pseu-
domonas aeruginosa in plants, >*° it has not been linked
to virulence of bacterial pathogens in mammals. The P.
aeruginosa AtreYZAtreS trehalose biosynthesis mutant,
which was attenuated in plants, retained full virulence in
mice and insects.” Our results indicate a marked reduc-
tion in virulence of the B. pseudomallei AtreA mutant in
G. mellonella and in mice (although complementation
would ideally be needed to provide further evidence) and
this was reflected in the reduced ability of the AtreA
mutant to grow in murine macrophages.The ability to
resist intracellular killing by oxidative stress is not related
to trehalase because we found no difference in H,O,
response between B pseudomallei wild-type and the
AtreA mutant. Our data did show a difference in resis-
tance to tert-butyl hydroperoxide (tBOOH). tBOOH is
an organic hydroperoxide that decomposes to alkoxyl
and peroxyl radicals that can further react to metal ions
to generate reactive oxygen species (ROS) such as
H202.”" ** tBOOH is more stable than H202 and addi-
tionally decomposition of tBOOH accelerates lipid per-
oxidation and depletes cell glutathione, so has additional
effects to just hydrogen peroxide.”> Furthermore, the
proteins that respond to each stressor are different.
H202 requires catalase, but tBOOH requires Ohr or
AhpC.** This may explain the different outcome of both
experiments.

While trehalase has not previously been linked to bac-
terial virulence of mammals or insects, there are reports
of trehalase playing a role in fungal virulence.”**>*° In
the study by Sanchez-Fresneda et al, the virulence poten-
tial of Candida parapsilosis trehalase mutants were also
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reduced in a murine model, as determined by fewer CFU
numbers isolated from kidney tissue compared to wild
type and complemented strains.””> Attenuation of the
B. pseudomallei AtreA mutant in mice may also be due
to lower cell numbers. This could be due to slower
growth or increased bacterial clearance by the host
immune system. Alternatively it may be linked to
reduced ability to form biofilm, sinceB. pseudomallei that
produce low levels of biofilm have previously been
shown to have reduced virulence in a mouse infection
model.”

Proteins involved in trehalose biosynthesis have been
proposed as novel drug targets. This pathway is absent in
mammalian cells and the enzymes involved in this path-
way are highly specific.'” Our finding that trehalase plays
a role in virulence of B. pseudomallei suggests that that
this pathway merits further investigation, as a drug target
for the treatment of melioidosis.

Materials and methods

Bacterial stains, macrophage cell line, culture
conditions, and reagents

E. coli strains DH5«, S17-1 4 pir, and B. pseudomallei
K96243 were grown at 37°C in Luria Bertani broth (LB).
Where indicated B. pseudomallei was gown in M9 mini-
mal medium (pH 7.4) containing 0.4% w/v glucose or
trehalose. Chloramphenicol (30 pg/ml for E. coli and
50 pg/ml for B. pseudomallei) and kanamycin (50 pg/ml
for E. coli and 400 pg/ml for B. pseudomallei) were
added as required. LB agar without sodium chloride but
containing 10% (w/v) sucrose was used in the final step
of mutant selection. Bacterial growth was determined by
measuring the optical density at 600 nm in triplicate.
The mouse macrophage cell line J774A.1 was obtained
from the American Type Culture Collection (ATCC,
Manasssas, Va.) and cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (HYCLONE) ), 1% L-gluta-
mine (250 mM) (Hyclone) and 1% penicillin / strepto-
mycin (Hyclone) at 37°C with 5% CO,. For infection
with B. pseudomallei, macrophages were cultured in
Gibco L-15 media (Invitrogen) at 37°C without CO,.
Reagents used in this study were obtained from Sigma-
Aldrich unless stated otherwise.

Construction of treA mutant

A DNA fragment that included 540-bp upstream and
440-bp downstream regions of the B. pseudomallei
K96243 treA coding region and flanked by Bglll and
Nhel restriction sites was synthesized by GENEART.
The DNA fragment was ligated into suitably digested
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pMo130 ' and electroporated into E. coli DH5a.
Recombinant plasmids were selected on LB agar con-
taining 400ug/ml kanamycin. The recombinant plas-
mid was isolated and electroporated into E. coli S17-1
Apir, then conjugated with B. pseudomallei K96243.
The conjugation and sacB counter selection was car-
ried out as previously described.”® Transconjugants
were selected on LB agar containing 50 ug/ml chlor-
amphenicol. Colonies were selected and sub cultured
into LB broth and an overnight culture was diluted
10* fold and plated onto LB agar without salt
containing 10% sucrose. After incubation at 24°C for
2-3 d colonies were picked and the treA deletion
verified by PCR using primers F1 (5- GTGCGAT
GAAAGCGTAGAGG-3' binds 700 bp upstream of
treA ORF) and R2 (5-AATACGGACCGCTCCATGC
3’ binds 550 bp downstream of the treA ORF) or F2
(5- CGCTCAAGCTGCTCGATCTG-3" which binds
within the last 30 bp at the 3’ end of treA) and R2.

Genome sequencing of the AtreA mutant

B pseudomallei genomic DNA was harvested by the
method described previously.” Rehydrated DNA was
checked for quality by running on an agarose gel and
running on a bioanalyser. The DNA was sequenced by
the University of Exeter sequencing service and output
files were aligned and analyzed against the published
K96243 genome using artemis genome browser and
annotation tool.

Construction of complementation plasmids

The treA gene was PCR amplified using Failsafe polymerase
and the primers treA_fwd 5'- TTATGGATCCATGGT-
CACGCCGCGGCATCGCCCGCTTCAT-3" and treA_rv
5-  GCTAAAGCTTTCAGCCGCCGTACAGATCGAG-
CAGCTTGAG-3'. The purified PCR product was then
cloned into the BamHI and HindIll sites of pSCrhaB2 * or
pDA17.*" For cloning treA and the predicted promoter
region into pBHR4, the treA open reading frame and a
region 300-bp upstream and 200-bp downstream was PCR
amplified using primers treA FWD_Nat 5-TTAA
GAGCTCCACGGTCATTTGCGCGAAGTGTGGGAAG-
3 and treA_RV_Nat 5-ATTAGGATCCCGGTTTCC
GACGGCGCATC-3'. The purified product was cloned into
the Sacl and BamHI sites of pBHR*” removing the GroES
promoter.

Biofilm assay

Bacterial cultures were grown on tryptic soy agar (TSA)
plates at 37°C for 16 hour and then inoculated into PBS
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standardizing to ODsgonm 1.0. Cultures were then
diluted 1:2000 in fresh tryptic soy broth (TSB). 15041 ali-
quots were added to a 96-well peg lidded plate (12 wells
for each culture) and incubated at 37°C. After 24 hours
the peg lid was transferred into fresh TSB media for a
further 24 hours before measuring the optical density of
the plate at 590 nm. The peg lids were then washed in
PBS before baking at 65°C for 30 minutes. Biofilms were
stained with crystal violet for 30 minutes and then
washed 3x with PBS. Crystal violet stain was released
with ethanol treatment for 20 minutes and measured at
OD490 nm. Relative biofilm levels were quantified by
comparing OD490nm/OD590nm.

CPS staining

Overnight cultures of B. pseudomallei were diluted to
ODsgonm 0.1 in 1 ml of PBS containing 4 % Paraformal-
dehyde (PFA) and incubated for 15 minutes on the bench.
Cultures were then centrifuged at 13000 x g for 7 minutes
and cells resuspended in 500 ul 5 % Bovine serum albu-
min (BSA) / phosphate buffer saline (PBS) and incubated
for 1 hour. The IgG 2b isotype anti-CPS I monoclonal
antibodyMab 4VIH12 * was then added to each strain at
a final concentration of 25 pg/ml and incubated for
1 hour at 37°C. The cells were then harvested by centrifu-
gation and washed twice in 500 wl PBS. The cells were
then resuspended in 500 ul 5 % BSA/PBS containing
anti- goat anti-rabbit GFP tagged secondary antibody
(Licor) at a 1:400 dilution and incubated at 1 hour at
37°C. The cells were then harvested by centrifugation and
washed twice in PBS. Finally the cells were suspended in
100 pl PBS. Ten microlitre pl aliquots were spotted onto
a microscope slide, air-dried and overlaid with vector
shield. Slides were visualized under the GFP filter on a
fluorescence microscope (100 x objective) and imaged.
Quantification of pixel intensity was carried out using
image J software. The fluorescence intensity of all bacteria
in at least 3 fields of view per strain was calculated.

Heat stress

Overnight cultures were standardized to ODsgonm 0.1 in
LB broth and heated at 65°C for 2 hours. Cells were
serial diluted and enumerated on LB agar. Survival fre-
quency was calculated by the number of bacteria post
heat treatment compared to pre-treatment.

Cold stress

Overnight cultures were standardized and serial diluted
in LB before spread plating 100 bacteria onto LB agar
plates. Half the plates were incubated at 37°C overnight

(non-treated) and half incubated at 4°C for 5 d. After 5d
these plates were then incubated at 37°C for 1 day to
enumerate survivors. Percentage survival was calculated
by the number of CFU following cold stress compared to
the number of CFU for non-treated samples.

Hydrogen peroxide and tBOOH stress

Overnight cultures were standardized to ODsgonm 0.1 in
LB broth and 100 ul of culture was spread plated onto
LB agar plates. Five millimeter diameter paper discs were
then placed onto the plates and 5 ul of 2 M H,0,
(Sigma-Aldrich) or 6 ul of 0.04 M tert-butyl hydroperox-
ide (t-BOOH, Sigma-Aldrich) was applied to each disc.
Plates were then incubated at 37°C for 24 hours before
measuring the area of growth inhibition around the discs.

Superoxide stress

To investigate the effect of intracellular superoxide on
viability, a paraquat assay was used. The optical density
(ODsgonm) of an overnight bacterial culture was
adjusted to 0.1 and 130 pl of the culture was spread onto
LB agar. Paraquat solutions (100, 50, 10 and 5 mM) were
pipetted onto either the surface of the inoculated agar or
onto 6 mm sterile filter discs on the plates. After incuba-
tion at 37°C for 1 day or 20°C for 3 d the zones of inhibi-
tion were measured.

To determine sensitivity to extracellular superoxide, a
xanthine/xanthine oxidase assay was used. Overnight
cultures were diluted to ODsgonm of 0.1 (~10® CFU/
mL) and 1 ml of the culture was incubated with xan-
thine/xanthine oxidase (250 mM/0.14 U final concentra-
tions, respectively). Catalase (100 U) was added to
protect cells from H,O, generated as a superoxide degra-
dation product. After 30, 60, 90 or 120 minutes, bacteria
were enumerated on LB agar. Colonies were counted
after 1 day incubation at 37°C.

Acid stress assay

Bacterial overnight cultures were washed with PBS and
adjusted to ODsgonm 0.1 in LB at pH 4, (acidified with
1 M Hydrochloric acid) and incubated at 37°C for 0, 10,
20, 30 or 60 minutes. Following incubation, bacteria
were washed in PBS and enumerated. The percentage of
survival was calculated by comparing against the number
of bacteria at TO.

Galleria mellonella killing assay

Bacterial virulence toward G. mellonella (waxmoth) lar-
vae was assessed by killing assays as described
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previously.** Briefly, 10> CFU in a volume of 10 pl were
injected into the hemocoel of 10 larvae per bacterial
strain. Larvae were incubated at 37°C and the number of
dead larvae scored after 24, 26, and 27 hours.

Survival in macrophages

Prior to infection, J774.A.1 macrophages were cultured
in DMEM medium. Overnight cultures of B. pseudomal-
lei were diluted to 1 x 10° CFU/ml in DMEM medium,
then added to wells seeded with 1 x 10° macrophages
(MOI of 10). After incubation at 37°C for 2 h extracellu-
lar bacteria were killed by replacing growth medium
with DMEM medium containing 250 pg/ml kanamycin
for 2 h, followed by maintenance in DMEM containing
10 pg/ml kanamycin. At 2, 4, 6 or 8 h post infection, cells
were washed with pre-warmed PBS to remove the antibi-
otic. Viable intracellular bacteria were released from the
infected cells by adding 0.1% (v/v) Triton X-100. The
cell lysates were serially diluted with sterile distilled water
and appropriate dilutions plated on LB agar. The num-
bers of colony forming unit (CFU) were counted after
incubation at 37°C for 24 to 36 hours.

Virulence studies in mice

Female BALB/c age-matched mice, approximately
6 weeks old, were used in this study. The mice were
grouped together in cages of 5 with free access to food
and water and subjected to a 12 hour light/dark cycle.
For challenge the animals were handled under bio-safety
level III containment conditions. All investigations
involving animals were carried out according to the
requirements of the Animal (Scientific Procedures) Act
1986. In two separate experiments, groups of 6 mice
were challenged with wild type B. pseudomallei strain
K96243 or AtreA by the intraperitoneal (i.p.) route and
the infection monitored for 5 weeks. Humane endpoints
were strictly observed and animals deemed incapable of
survival were humanely killed by cervical dislocation.
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Abstract

Enteropathogenic and enterohaemorrhagic Escherichia coli express a cell cycle-inhibiting factor (Cif), that is injected into
host cells via a Type Ill secretion system (T3SS) leading to arrest of cell division, delayed apoptosis and cytoskeletal
rearrangements. A homologue of Cif has been identified in Burkholderia pseudomallei (CHBP; Cif homologue in B.
pseudomallei; BPSS1385), which shares catalytic activity, but its prevalence, secretion and function are ill-defined. Among 43
available B. pseudomallei genome sequences, 33 genomes (76.7%) harbor the gene encoding CHBP. Western blot analysis
using antiserum raised to a synthetic CHBP peptide detected CHBP in 46.6% (7/15) of clinical B. pseudomallei isolates from
the endemic area. Secretion of CHBP into bacterial culture supernatant could not be detected under conditions where a
known effector (BopE) was secreted in a manner dependent on the Bsa T3SS. In contrast, CHBP could be detected in U937
cells infected with B. pseudomallei by immunofluorescence microscopy and Western blotting in a manner dependent on
bsaQ. Unlike E. coli Cif, CHBP was localized within the cytoplasm of B. pseudomallei-infected cells. A B. pseudomallei chbP
insertion mutant showed a significant reduction in cytotoxicity and plague formation compared to the wild-type strain that
could be restored by plasmid-mediated trans-complementation. However, there was no defect in actin-based motility or
multinucleated giant cell formation by the chbP mutant. The data suggest that the level or timing of CHBP secretion differs
from a known Bsa-secreted effector and that CHBP is required for selected virulence-associated phenotypes in vitro.
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Introduction no evidence has yet been presented that it is secreted via the Bsa
apparatus or that it influences pathogenesis during melioidosis.

setaom ¢ 5 ! ! In a subset of enteropathogenic and enterohaemorrhagic
that causes melioidosis, a severe invasive disease of humans that Escherichia coli (EPEC and EHEC), Cif is an effector of the locus
may involve subacute and latent phases. The basis of entry and of enterocyte effacement (LEE)-encoded T3SS [8,9] and belongs
persistence of B. pseudomaller in host cells is ill-defined, but the bsa- to the cyclomodulin family of proteins that interfere with the
encod‘ed In.v/ l\{xi-Spa-like.Type HI secretion system (T'35S-3) has eukaryotic cell cycle [10]. Upon contact with epithelial cells, the
been }dcntlﬁcd_a.s a key v1r}11chf: factor [1’2J' T.SSSS are nano- bacteria inject this protein into the host cell where it induces cell
machines that inject bacterial effector proteins directly into host enlargement, arrests the cell cycle G1/S and G2/M transitions
cells in order to subvert host cellular processes [3]. Only a small disrupts the actin network, delays cell death and triggers
number of effectors have been confirmed to be substrates of the macrophage-specific apoptosis [8,11-13]. Recently, Cif was
Bsa T3SS in B. pseudomaller, incl}lding BopC [4] and. the guanine reported to act by deamidation of ubiquitin or the ubiquitin-like
nucleotide exchange factor BopE [5]. A further CanFlldate effector protein NEDDS8 that regulates Cullin-RING-ubiquitin ligase
(BopA? was demonstrated.to be Typ.e 111 secreted.m a surrogate (CRL) complexes [14-18]. The homologues of E. coli Cif in other
ba(j,tcrlal host [6] and to 11‘1terferc Wth LC3-associated phagocy- bacterial pathogens of invertebrates and mammals have been
tosis [7]. A homologue of an E. coli Type III secreted effector described, including B. pseudomallei [15,17,19,20], Yersinia pseudotu-

termed le (cycle-inhi.biting.fat?tor) was identiﬁed‘in.B. fme“d[)maﬂd berculosis [14,19], Photorhabdus luminescens [19-21] and Photorhabdus
and exhibits 21% amino acid identity and 40% similarity [8], but

Burkholderia pseudomaller is a facultative intracellular pathogen

asymbiotica [19].
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Jubilin et al [19] demonstrated that treatment of Hela cells
with the purified Cif homologue in B. pseudomallei (CHBP) mixed
with BioPORTER reagent induced cell enlargement, cell cycle
arrest at G2 phase and stress fiber formation in an identical
manner to that of E. coli Cif. Analysis of the crystal structures of
CHBP revealed that it possesses a papain-like fold with a Cys-His-
Gln catalytic triad similar to E. coli Cif [20,22]. In addition, a
recent study showed that CHBP is recognized by melioidosis
patient sera [23] indicating that it is expressed i viwo and may play
a role in pathogenesis.

In this study, we investigated the prevalence of CHBP in B.
pseudomaller strains by genome sequence analysis and by using an
antibody raised against a CHBP synthetic peptide to detect the
protein in clinical isolates of B. pseudomaller. Whilst it is assumed
that Cif family members are Type III secreted, no evidence has yet
been presented that CHBP is secreted through the Bsa apparatus.
We therefore explored whether CHBP is secreted via the Bsa
T3SS and evaluated phenotypes of a B. pseudomalle: chbP mutant
and #rans-complemented strains in a variety of cell culture infection
assays.

Materials and Methods

Bacterial Strains, Cell Lines and Culture Conditions

The prototype genome-sequenced B. pseudomalle: strain K96243,
bsaQ mutant [24] and 14 clinical isolates [25] were routinely
maintained in Luria-Bertani (LB) broth or agar (Hardy Diagnostic,
USA) containing 40 pg/ml chloramphenicol where needed (bsaQ).
All cultures were grown at 37°C. Cell lines used in this study
including HelLa (human cervical carcinoma), J774A.1 (murine
macrophage-like cell) and U937 (human monocyte cell) were
obtained from the American Type Culture Collection (ATCC,
Manasssas, VA). HeLa, J774.1 and U937 cell lines were routinely
maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS). All cells were cultured in a 5% COy atmosphere at 37°C in
a humidified incubator.

Bioinformatic Analysis of CHBP

The 43 full or partial B. pseudomaller genome sequences available
at the time of writing were interrogated using the K96243 CHBP
protein sequence (accession number NC_006351.1) using a Basic
Local Sequence Alignment Tool (tBLASTn) to determine
prevalence and sequence conservation. All CHBP amino acid
sequences were aligned using Clustal W to identify regions of
homology or divergence.

Construction of B. pseudomallei chbP Insertion Mutant
and trans-complemented Strains

A B. pseudomaller chbP (bpss1385) mutant was created by insertion
of a plasmid with a conditional origin of replication and
chloramphenicol resistance gene into the ¢zbP gene on chromo-
some 2 of strain K92643. A 316 bp internal fragment of B.
pseudomaller chbP (corresponding to nucleotide positions 183-498)
was amplified using primers Cif-f (5'-CTCGGA TCCGAGTTT-
GAAGATGTTGTTG-3") and Cif-r (5'-CACTCTA-
GAAACTGGCG AAAATCCTATG-3') and the product was
cloned into the suicide vector pKNOCK-Cm [26]. The recom-
binant plasmid pKNOCK-¢hbP was transformed into E. coli S17—
1Apir [27] and mobilized into B. pseudomalles K96243 by
conjugation and recipients selected by plating on agar supple-
mented with 40 pg/ml chloramphenicol and 30 pg/ml kanamy-
cin. The resulting B. pseudomaller chbP:pKNOCK mutant was
verified by polymerase chain reaction (PCR) using the primer pairs
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KNOCKI1/Cif-R  (5'-CACTTAACGGCTG ACATGG-3'/5'-
CCGACTAGTACATCTGCTGCGGTCTCAC-3'; product size
of 935 bp) and KNOCK2/Cif-F (5'-GTAGCACCAGGCGTT-
TAA-3'/5"-CCGCT CGAGATGCATCATCATCATCAT-
CATCTACTATTGTTGGAGCACG-3';  product size of
1,584 bp), and by Southern blot analysis using genomic DNA
double digested with Apal/Smal enzymes and a chbP-specific probe
amplified by the Cif-f and Cif-r primers.

For complementation studies, the ¢hbP open-reading frame was
amplified from B. pseudomallee K96243 genomic DNA using
primers BpsCif TEM (5'-ATATATGAGCTCCAGA-
CAATCTGTGTGGG-3") and BpsCifbHis (5'-ATATATA-
GATCTCTAGTGGTGGTGGTGGTGGTGGCCAAG
GCCGACGACGTATTG-3"). The amplified DNA fragment was
cloned into the IPT'G-inducible broad host range vector pME6032
[28], generating pCHBP. This plasmid was delivered into the B.
pseudomaller chbP mutant by electroporation to produce the B.
pseudomaller chbP/pCHBP strain, which was confirmed by plasmid
DNA extraction and sequencing.

Generation of a CHBP-specific Antibody and Western Blot
Analysis

A polyclonal rabbit antiserum against CHBP was generated by
Cambridge Research Biochemicals (Cleveland, UK) by immuni-
zation with the synthetic peptide ASHEYDFROQFQRNAQ,
Specificity of the purified IgG was confirmed by Western blotting
of lysates prepared from wild-type B. pseudomallei and ¢hbP insertion
mutant strains. To detect secretion of CHBP in culture
supernatants, overnight cultures of B. pseudomaller strains were
sub-cultured into LB broth or serum-free DMEM with or without
induction with 10 mM IPTG where appropriate and incubated at
37°C for 6 h. After centrifugation, B. pseudomallei cell pellets were
lysed with B-PER II Reagent (Pierce, Rockford, USA) to release
intracellular proteins whereas bacterial cell culture supernatant
was filtered through 0.22 uM low protein-binding membranes
before protein precipitation using a final concentration of 50% (v/
v) ethanol. Whole bacterial cell lysates and precipitated secreted
proteins were resolved by 12% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and the proteins were transferred to
nitrocellulose membranes (Pierce). The blotted proteins were
probed with rabbit BopE-specific [5] or CHBP-specific antibodies
at a dilution of 1:500 for 3 h. Horseradish peroxidase (HRP)-
conjugated mouse anti-rabbit IgG (DAKO, USA) at the dilution of
1:3000 and a chromogenic substrate-3, 3’-diaminobenzidine
(DAB; Sigma Chemical Co., USA) were added to detect bound
antibodies.

For detection of CHBP protein in infected host cells, U937 cells
were activated with 20 ng/ml phorbol 12-myristate 13-acetate
(PMA; Sigma Chemical Co.) for 48 h in DMEM supplemented
with 10% (v/v) FBS then inoculated with B. pseudomalle: strains at a
multiplicity of infection (MOI) of 2 or 100. To induce the
expression of CHBP from the pCHBP plasmid in the t#ans-
complemented strain, IPTG was added to a final concentration of
10 mM to the culture medium. Two hours after addition of
bacterial strains, infected cells were washed with phosphate-
buffered saline (PBS) and maintained in media containing 250 pg/
ml kanamycin to kill extracellular bacteria for a further 2 h. Media
was replaced at 4 h post-infection with fresh medium containing
20 pg/ml kanamycin until 6 h post-infection. Thereafter, the
infected cells were washed and lysed with 0.1% (v/v) Triton X-100
in PBS. Protein lysates of infected U937 cells were centrifuged for
I min at 13,000xg to separate the bacteria and insoluble
cytoskeleton of the cells from the cytosolic cell supernatant. Then,
the supernatants were resolved by SDS-PAGE, transferred onto
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nitrocellulose membranes and independently probed with anti-
CHBP and anti-BopE antibodies as above. Bound primary
antibodies were detected with HRP-conjugated mouse anti-rabbit
IgG (DAKO, USA) at a 1:3000 dilution using SuperSignal West
Pico Chemiluminescent substrate (Thermo Scientific Pierce,
USA).

Confocal analysis of CHBP Following Infection

PMA-activated U937 macrophage cells were seeded on
22x22 mm square glass coverslips (Menzel-Glaser, Germany) in
6-well plates (Costar, USA) and incubated at 37°C in a humidified
5% COy atmosphere. Overnight cultures of B. pseudomallei
K96243, chbP mutant or the trans-complemented strain were used
to infect U937 cells at a MOI of 2 for 2 h. A 10 mM IPTG (final
concentration) was added to the culture medium for induction of
CHBP expression from pCHBP. The duration of incubation and
procedures for killing of extracellular bacteria were as described
above for detection of CHBP in infected cells by Western blotting.
At 6 h post-infection cells were washed and fixed with 4% (v/v)
paraformaldehyde in PBS. The fixed cells were washed with PBS
and permeabilized with 0.5% (v/v) Triton X-100 in PBS for
30 min. Then, 1% (w/v) bovine serum albumin (BSA) in PBS was
added and incubated for 30 min at room temperature. Subse-
quently, the infected cells were stained with 1:500 of rabbit CHBP-
specific antibody at 37°C for 1 h, followed by washing with PBS
and bound antibodies were detected with a 1:1000 goat anti-rabbit
antibody-Alexa Fluor*®® (Molecular Probes, USA) in 1% (w/v)
BSA. The staining was observed by confocal laser scanning
microscope using a Zeiss LSM 510 META instrument (Carl Zeiss,
Germany) and analyzed by DP Manager (version 3.1.1) equipped
with LSM (release 3.2) software. Where necessary coverslips were
stained for actin filaments using Alexa Fluor’®-conjugated
phalloidin (Molecular Probes) and DNA stained using 4', 6’
diamidine-2'-phenylindole ~ dihydrochloride (DAPI, Molecular
Probes). Bacteria were stained using mouse monoclonal anti-B.
pseudomaller lipopolysaccharide antibody (Camlab, Cambridge,
United Kingdom) detected with Alexa Fluor**®-conjugated anti-
mouse Immunoglobulin (Molecular Probes).

Cell Infection Assays

To assay net intracellular replication, PMA-activated U937 cells
were seeded and infected with B. pseudomalle: strains at an MOI of
2. After 2 h infection at 37°C, cells were washed with PBS, media
was replaced with medium containing 250 pg/ml of kanamycin to
kill extracellular bacteria, and incubated for another 2 h.
Thereafter, the infected cells were incubated with medium
containing 20 pug/ml kanamycin. At 3, 6, 9 and 12 h post-
infection, the infected host cells were washed with PBS and lysed
with 0.1% (v/v) Triton X-100 in PBS. Viable intracellular bacteria
were quantitated by plating serial ten-fold dilutions of lysates on
trypticase soy agar and counting colonies after 24-36 h of
incubation at 37°C.

Plaque-forming efficiency was evaluated as previously described
[29] with some modifications. HeLa cells were infected with B.
pseudomallel at an MOI of 20 and incubated at 37°C with 5% CO,
for 2 h. After 2 h incubation, the infected cell monolayers were
washed and replaced with a medium containing kanamycin
(250 ug/ml). The plates were incubated at 37°C in a humidified
5% COqy atmosphere for at least a further 16 h. Plaques were
stained with 1% (w/v) crystal violet in 20% (v/v) methanol and
counted by microscopy. Plaque-forming efficiency was calculated
by the following equation: number of plaques/CFU of bacterial
added per well.
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The efficiency of multinucleated giant cell MNGC) formation
[29] and cell cytotoxicity [30] in monolayers infected with wild-
type, the ¢hbP mutant and the #rans-complemented strains of B.
pseudomaller were assessed as described by Suparak et al [29] and
Korbsrisate et al [30].

Statistical Analysis
All experiments were independently performed a minimum of
three times. The significance of differences between groups was

assessed using the unpaired #test using GraphPad Prism 6 software
(STATCON). P values =0.05 were taken to be significant.

Results

Prevalence and Sequence Diversity of CHBP in B.
pseudomallei

B. pseudomalles K96243 chromosome 2 harbors bpss1385, the
gene encoding the Cif homologue CHBP, a hypothetical 328
amino acid protein with a predicted molecular weight of 35.8 kDa.
To examine the conservation of CHBP among sequenced B.
pseudomaller strains, 43 available complete or draft B. pseudomaller
genome sequences were searched for homologues to the CHBP
protein of K96243 using tBLASTn and homologous sequences
aligned using the ClustalW multiple sequence alignment tool. Of
the 43 available genomes, 33 (76.7%) B. pseudomalle: strains
harbored CHBP with >99% amino acid sequence identity to
CHBP of B. pseudomaller strain K96243. Apart from amino acid
differences detected at E32G, T88M, G157R, G223E, G237E and
T278M in a small number of strains, the amino acid sequences
were remarkably highly conserved, with complete conservation of
the predicted catalytic Cys-His-Gln triad [20] (Figure SI1). A
1.5 kb deletion of ¢hbP (bpss1385) between the predicted transpos-
ase genes bpss1384 and bpss1585a was detected in the draft genome
sequence of the virulent strain 10276 used to identify the bsa locus,
and was confirmed by PCR with flanking primers (data not
shown). The same deletion boundaries were present in all the
deposited genome sequences that lack ¢hbP, indicating that the
gene 1is likely to be absent in these strains rather than chbP
sequence reads being absent or not aligned to the scaffold. It is
noteworthy that ¢4bP homologues were lacking in the related but
avirulent species B. thailandensis (6 genomes) and the glanders
pathogen B. mallee (10 genomes). In addition, there was no
evidence of any truncations in the ¢kbP sequences that may ablate
function as described previously from analysis of E. coli Cif
sequences [8].

Additionally, a selection of B. pseudomallei clinical isolates from
the endemic area [25] were studied by Western blotting of
bacterial cell lysates for CHBP expression using rabbit polyclonal
antiserum raised against a CHBP synthetic peptide. Of 15 B.
pseudomaller isolates, a protein of the expected size of CHBP was
detected in 7 (46.6%) samples, whereas 8 samples including the
10276 strain from Bangladesh were negative (data not shown),
consistent with the deletion of ¢hbP detected in the draft genome
sequence and PCR with ¢hbP-flanking primers of 10276 genomic
DNA.

Analysis of CHBP Secretion by B. pseudomallei

To confirm the specificity of the anti-CHBP antibody and
determine if CHBP is secreted, B. pseudomaller strains in which chbP
was inactivated by insertion of the pKINOCK suicide replicon via
homologous recombination (¢kbP:pKNOCK) or restored by
inducible expression of ¢hbP from a plasmid (chbP/pCHBP) were
constructed and validated by sequencing. Western blot analysis of
whole cell extracts of such strains with anti-CHBP detected a
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protein of the expected size in wild-type K96243, but not the c¢hbP
insertion mutant, and this was restored by introduction of pCHBP
into the mutant (Figure 1). No significant difference in growth of
the bacterial strains under the conditions used was detected (data
not shown). B. pseudomaller Bsa-secreted proteins such as BopE and
BipD can be detected in the supernatant of late logarithmic phase
LB-grown cultures of wild-type, but not bsa-deficient strains [5,24].
Interestingly, under these conditions, CHBP could not be detected
in the supernatant of the cultures that yielded CHBP in the whole
cell extract (Figure 1), even though we were able to confirm that
the supernatants contained the known Bsa effector BopE by
Western blotting using anti-BopE antibody (Figure 1). These data
suggest that secretion of CHBP may be regulated in a manner
distinct from BopE, though we cannot preclude the possibility that
failure to detect CHBP in culture supernatant may reflect low
abundance, low antibody affinity or avidity or the insensitivity of
the detection system.

CHBP can be Detected in B. pseudomallei-infected Cells

Since CHBP could not be detected in B. pseudomallei culture
supernatants under conditions where BopE was detected, we
investigated whether host cell contact may trigger CHBP
secretion. U937 macrophage-like cells were separately infected
with B. pseudomallee K96243, the c¢hbP mutant and the trans-
complemented strain. After 6 h, cells were fixed and stained with
rabbit anti-CHBP antibody followed by anti-rabbit Alexa Fluor*®®
conjugate. Confocal micrographs revealed diffuse punctate stain-
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Figure 1. SDS-PAGE and Western blot analysis of CHBP in B.
pseudomallei K96243 wild-type, chbP mutant and trans-comple-
mented strains. A) SDS-PAGE. Bacterial lysates and secreted proteins
of B. pseudomallei K96243, chbP mutant or chbP/pCHBP strain cultured
in LB broth for 6 h were separated by 12% polyacrylamide gel
electrophoresis. B) Western blot analysis. The blotted proteins from A)
were separately probed with anti-CHBP and anti-BopE antibodies.
Molecular mass markers are shown on the left. Lanes 1-3 are bacterial
cell lysates and lanes 4-6 are secreted proteins precipitated from
culture supernatants.

doi:10.1371/journal.pone.0096298.g001
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ing in the cytoplasm of B. pseudomalle: K96243-infected cells; but
with the same conditions for excitation and capture of confocal
images, such staining was absent in cells infected with the chbP
mutant (Figure 2). No differences in intracellular survival of the B.
pseudomaller K96243 and ¢hbP mutant strains were detected over
the duration of the assay (Figure S2). The intensity of staining was
restored by induction of CHBP expression from a plasmid in the
¢hbP mutant (Figure 2). These results indicate that B. pseudomalle
K96243 is able to secrete CHBP in infected host cells, and that
unlike BopLE its secretion may require host cell contact.

To exclude the possibility that CHBP secretion might be
influenced by eukaryotic cell culture medium, bacterial lysates and
secreted proteins of B. pseudomaller strains cultured in serum-free
DMEM were prepared and Western blot analysis of CHBP
secretion was performed. CHBP and BopE could not be detected
in the supernatants of cultures of the B. pseudomallei strains, even
though both effector proteins were identified in the bacterial
lysates (except from B. pseudomaller chbP mutant which does not
produce CHBP protein) (Figure S3). This implies that CHBP is
secreted in response to host cell infection rather than cues from the
culture medium.

The timing of expression and localization of CHBP in infected
cells was also followed over time by confocal microscopy. In U937
cells infected with B. pseudomaller K96243, staining was consistently
detected in the cytoplasm at intervals from 3 to 12 h post-infection
(Figure 3), with no obvious concentration in the nucleus as
previously reported for E. coli Cif over the time intervals tested
[19]. Staining could not be detected in the cytosol of U937 cells
infected with the B. pseudomaller chbP mutant over the same 12 h
time course.

The immunofluorescence microscopy data were verified by
detection of CHBP protein in infected cells by Western blotting.
When using the same MOI and duration of incubation as used for
immunofluorescence microscopy CHBP could be detected in
lysates of U937 cells infected with the wild-type and tans-
complemented strains, but not the ¢z6P mutant (Figure 4A). BopE
could be detected in cells infected with each of the strains, with the
exception of the bsaQ mutant, and the intensity of signals were
increased when an MOI of 100 was used (Figure 4B). The absence
of BopE in the lysates of bsaQ-infected cells indicates that the
signals obtained did not arise from the lysis of bacteria in the
samples.

Secretion of CHBP in Host Cells is Bsa-dependent

As it has been reported that CHBP can be injected by the E. coli
T3SS in an identical manner to E. coli Cif [19], we speculated that
CHBP can be secreted via the virulence-associated Bsa T3SS. To
investigate this possibility, cells were infected with B. pseudomalle:
wild-type or an isogenic bsaQ mutant [24]. The B. pseudomallei bsaQ
mutant lacks a structural component of T3SS and exhibits a defect
in secretion of the known Bsa-secreted proteins BopE and BipD
and delayed escape from endosomes [24]. During the 12 h
infection time course, the bsaQ mutant exhibited comparable
intracellular net replication in U937 cells to the B. pseudomallei wild-
type K96243 strain (Figure S4). Confocal microscopy indicated
that the bsaQ mutant could not secrete CHBP into the cell
cytoplasm even at 12 h post-infection, despite the ability of the
bsaQ mutant to express the protein as shown in Figure S4. In
addition, Western blotting for CHBP in U937 cells infected with
the bsaQ mutant failed to detect CHBP in cell lysates either at an
MOI of 2 (Figure 4A) or 100 (Figure 4B). The data indicate that
CHBP secretion in host cells is Bsa-dependent, though further
studies are required to determine if this reflects the direct
requirement for Bsa to secrete CHBP or the requirement for
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chbP/pCHBP

e N

Figure 2. Confocal micrographs of CHBP expression and localization in U937 cells infected with B. pseudomallei. PMA-activated U937
cells were separately infected with three strains of B. pseudomallei (K96243, chbP mutant or chbP/pCHBP strain). After 6 h, infected cells were fixed,
permeabilized andstained using purified rabbit anti-CHBP antibody detected with anti-rabbit Ig-Alexa Fluor*®® (Molecular Probes). The bottom panel
shows the localization of CHBP and the top panel merges this signal with differential interference contrast (DIC) images showing the position of

infected cells. Scale bars, 20 um.
doi:10.1371/journal.pone.0096298.9g002

Bsa-dependent bacterial escape to the cytosol where CHBP may
then be secreted.

B. pseudomallei CHBP Influences Virulence-associated
Interactions with Host Cells

During EPEC and EHEC infections, Cif was initially reported
to induce a progressive cytopathic effect involving stress fibre
formation, as well as arrest of the cell cycle as detected by a change
in DNA content [19]. These phenotypes took several days to fully
develop, and it was possible to sterilise the cell cultures of bacteria
after a period of T3SS-mediated injection of Cif by antibiotic
treatment. We repeatedly attempted to sterilise cell cultures
infected with B. pseudomaller wild-type and c¢hbP mutant strains to
investigate effects on the cytoskeleton and cell cycle, but were
impeded by the high intrinsic resistance of B. pseudomalle: to diverse
antibiotics and loss of viability of infected host cells at the intervals
where phenotypes had previously been detected (data not shown).
We were nevertheless able to examine whether CHBP influenced
interactions between B. pseudomaller and host cells that have been
linked to virulence.

The capacity for cell-to-cell spread is an important characteristic
of B. pseudomaller pathogenesis [31]. The ability of B. pseudomalle:
K96243 and the ¢hbP mutant to disseminate from cell-to-cell was
evaluated by infection of non-phagocytic HeLa cells. We found
that plaque-forming efficiency of B. pseudomaller c¢hbP mutant
(7.6=3.7x10* pfu/bacteria) was significantly reduced compared
to the wild-type strain (28.7+4.4x10™* pfu/bacteria) (Figure 5A).
Moreover, the B. pseudomalle: chbP mutant consistently produced
smaller plaques when compared to the wild-type strain (Figure 5B).
Cell-to-cell spreading of the ¢hbP mutant was restored by

PLOS ONE | www.plosone.org

introduction of pCHBP and infection of cells in the presence of
inducer.

Additionally, we compared the level of host cell damage
(cytotoxicity) induced by B. pseudomaller wild-type and chbP mutant
by measuring the LDH release of infected HeLa cells and U937
cells at 6 h post-infection. The B. pseudomallei chbP mutant caused a
significantly lower level of cytotoxicity compared to the wild-type
strain upon infection of HeLa cells (at the MOI of 25, 50 and 100;
Figure 6A) and U937 cells (at the MOI of 25 and 50; Figure 6B).

Discussion

Cif is a bacterial cyclomodulin that arrests the cell cycle and
modulates multiple cellular processes, as first described during
EPEC and EHEC infection of cultured cells [8]. Proteins
homologous to E. coli Cif have been identified in diverse bacterial
pathogens including Y. pseudotuberculosis, P. luminescens, P. asymbuotica
and B. pseudomalle: [19]. Though the subject of intense study at the
molecular level; the prevalence, secretion and role in infection of
Cif homologues has received little attention. Recently, it has been
reported that CHBP is recognized by melioidosis patient sera [23],
however its function during interactions between B. pseudomallet
and host cells is ill-defined.

Analysis of draft or complete B. pseudomalle: genome sequences
available at the time of writing indicated that ¢kbP is present in 33
of 43 strains (76.7%), with minimal variation in predicted amino
acid sequences and full conservation of the catalytic triad in
CHBP-positive strains. A survey of 15 clinical B. pseudomallei
isolates from the endemic area indicated that approximately half
produced CHBP, indicating that CHBP is not an absolute
requirement for B. pseudomallei to cause melioidosis (or B. mallei
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Figure 3. Confocal micrographs indicating bsaQ-dependent secretion of CHBP in U937 cells infected with B. pseudomallei. PMA-
activated U937 cells were separately infected with B. pseudomallei (K96243, bsaQ or chbP mutant strain). At different time points of infection (3, 6, 9
and 12 h), infected cells were stained using purified rabbit anti-CHBP antibody detected with anti-rabbit Ig-Alexa Fluor*®® (Molecular Probes). The
bottom panel shows the localization of CHBP and the top panel merges this signal with DIC images showing the position of infected cells. Scale bars,
10 um.

doi:10.1371/journal.pone.0096298.9003
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Figure 4. SDS-PAGE and Western blot analysis of CHBP in B. pseudomallei-infected U937 cells. A) Protein from lysates of U937 cells
infected at an MOI of 2 with B. pseudomallei K96243, chbP mutant, chbP/pCHBP strain or bsaQ mutant for 3 or 6 h were separated by 12%
polyacrylamide gel electrophoresis and blotted with anti-CHBP and anti-BopE antibodies. Molecular mass markers are shown on the left. Panel B

shows data from an identical experiment, except using an MOI of 100.
doi:10.1371/journal.pone.0096298.9g004

to cause glanders). Indeed, the B. pseudomallei 10276 strain isolated
from a human melioidosis patient in Bangladesh is known to be
virulent in murine models of melioidosis [32] despite the proven
deletion in the bpss1384-bpss1385a region and absence of CHBP
protein by Western blotting with specific antibody. Similarly,
Marches et al [8] reported that ¢if is not universally present in
pathogenic EPEC and EHEC, and that some strains encode a
truncated variant that is inactive. Variation in the repertoire of
Type III secreted effectors is well known and it is possible that
CHBP is non-essential for virulence, that functional redundancy
may exist, or that presence or absence of Cif is related to subtle
differences in virulence. Other cyclomodulins are known in E. coli
(e.g. cytolethal-distending toxin and cytotoxic necrotizing factor)
and it will be of interest to determine if other toxins of this kind
exist in pathogenic Burkholderia.

B. pseudomalle: is predicted to encode three Type III protein
secretion systems and it has yet to be demonstrated that CHBP is
secreted by the virulence-associated Bsa apparatus. An antibody
raised against a synthetic peptide of CHBP reacted specifically
with a 35 kDa protein in whole cell lysates of B. pseudomalle:
K96243 consistent with predictions, but no protein was detected at
this position in a lysate of an isogenic ¢kbP insertion mutant.

PLOS ONE | www.plosone.org

Reactivity was restored when cloned ¢zbP was introduced into the
mutant on an inducible plasmid. In contrast to BopE, which was
readily detected in the supernatant of LB-grown B. pseudomalle: as
before [5], we were unable to detect CHBP despite evidence that
the protein was present in the whole-cell fraction. Interestingly, we
were able to detect CHBP-specific staining in the cytosol of U937
human macrophage cells after infection with B. pseudomallei
K96243 or the trans-complemented strain, but not the chbP
mutant, suggesting that secretion of CHBP may be activated on
host cell contact or induced by an intracellular signal. It is
noteworthy that the P. luminescens Cif homologue CHPL is secreted
into the culture supernatant at a time when the well characterized
Type III secreted effector LopT is not [21], even though it has
been proposed to be an effector of the T3SS.

Despite the absence of CHBP in the secreted fraction when
BopE was detected, appearance of cytosolic CHBP in infected cells
was dependent on a functional Bsa system, as it was absent in a
bsaQ mutant previously reported to be deficient in Type III
secretion [4]. Though it is tempting to speculate that the failure of
CHBP to appear in lysates of U937 cells infected with the bsaQ
mutant is evidence that CHBP is secreted via the Bsa apparatus, it
should be noted that Bsa is required for the bacteria to escape
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Figure 5. Effect of chbP mutation on B. pseudomallei plaque formation. A) Plaque-forming efficiency. HelLa cells were infected with B.
pseudomallei (K96243, chbP mutant or chbP/pCHBP strain) at an MOI of 20. Plaque-forming efficiency was established following staining of the
infected cells with crystal violet. Plaque-forming efficiency at 21 h was calculated by the following equation: number of plaques/CFU of bacteria
added per well. Asterisks indicate significant differences (P value <0.05, t-test) between groups. Error bars represent standard errors of the means for
experiments performed in triplicate. B) Photographs of plaques. Representative images of the infected cell monolayers after infection with B.
pseudomallei K96243, chbP mutant or chbP/pCHBP strains for 21 and 24 h. Note the reduced number of plaques and reduced plaque size of the chbP

mutant.
doi:10.1371/journal.pone.0096298.g005

endosomes. It remains a possibility that CHBP is secreted only
once B. pseudomalle enters the cytosol in a Bsa-dependent way. To
separate these possibilities we repeatedly attempted to detect the
Bsa-dependent appearance of CHBP in cells infected with B.
pseudomaller wild-type and mutant strains in the presence of
cytochalasin D to prevent bacterial uptake. By Western blotting
we were unable to detect injection of CHBP into cells where B.
pseudomaller was prevented from uptake (data not shown), though
this may reflect low levels of injection or the sensitivity of the
detection method,

The cytosolic staining obtained with a CHBP-specific antibody
is in contrast to observations with E. coli Cif, where ectopic
expression leads to accumulation of the protein in the nucleus
[16]. CHBP is predicted to act on nuclear targets, but we cannot
preclude the possibility that it enters the nucleus at lower levels, or

PLOS ONE | www.plosone.org

that it may be enriched in the nucleus at time intervals beyond
those studied here.

E. coli Cif induces the accumulation of p21 and p27 that inhibit
CDK1-CyclinB and CDK2-CyclinA/E, leading to cell cycle arrest
at the G2/M and GI1/S transitions [16]. Cui etal [17]
demonstrated that this and other activities of Cif require glutamine
deamidation of ubiquitin or the ubiquitin-like protein NEDD8
that regulates Cullin-RING ubiquitin ligases. We repeatedly
attempted to detect CHBP-dependent inhibition of the cell cycle
during B. pseudomaller infection as previously demonstrated by E.
coli Cif by flow cytometric analysis of propidium iodide-stained
cells, but were hindered by our inability to completely remove B.
pseudomaller from the culture system owing to its intrinsic high level
of resistance to antibiotics and induction of cell death 2448 h
post-inoculation.
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Figure 6. Effect of chbP mutation on B. pseudomallei-induced cytotoxicity. A) Hela cells and B) U937 cells were infected with B. pseudomallei
(K96243, chbP mutant or chbP/pCHBP strain) with a range of MOls. After 6 h, cytotoxicity was assessed using the CytoTox96 lactate dehydrogenase
(LDH)-release kit (Promega). Asterisks indicate significant differences (P value <0.05, t-test) between groups. Error bars represent standard errors of

the means for experiments performed in triplicate.
doi:10.1371/journal.pone.0096298.g006

It has been reported that EPEC Cif induces cell damage and
apoptosis of IEC-6 intestinal cells in a manner associated with
LDH release and caspase-3 activation after infection [12].
Similarly, Cif homologue in P. luminescens triggers apoptosis In
insect cells, albeit this activity is not associated with virulence in an
insect model [21]. Consistent with these findings, the B. pseudomalle:
¢hbP mutant caused the release of lower levels of LDH in infected
HelLa cells compared to the wild-type and complemented strain,
despite intracellular net replication occurring at comparable levels
(data not shown). B. pseudomaller has recently been reported to
induce expression of apoptosis-related genes including caspase-3,
caspase -8, caspase -9, Bax, and Bcl-2 in macrophages [33], and
the role of CHBP in modulation of apoptosis during B. pseudomallei
infection merits future study, ideally in murine models.

A significant reduction in plaque formation was detected with
the ¢hbP mutant that could be restored by plasmid-mediated trans-
complementation. Plaque formation reflects the outcome of
multiple processes, including uptake, endosome escape, net
intracellular replication and spread to adjacent cells via actin-
based motility or cell fusion. While we did not detect a defect in
the net intracellular replication (Figure S2), actin tail formation or
multinucleated giant cell formation (Figure S5) by the ¢2bP mutant
over short duration cell-based assays, it is possible that subtle
phenotypes are amplified over the longer duration and multiple
cycles of infection required to form a plaque. It is noteworthy that
despite marked cell-based phenotypes, Cif homologue in P.
luminescens 1s not required for full virulence in an insect model
[21] and studies in murine melioidosis models are required before
the relevance of the activities attributed to CHBP to date can be
stated. Nevertheless, our study indicates a requirement for the Bsa
apparatus for secretion of CHBP in host cells and indicates that
distinct signals may regulate the expression or secretion of Bsa
effectors.

Supporting Information

Figure S1 Sequence diversity of CHBP in sequenced B.
pseudomallei genomes. Prototypic B. pseudomallee CHBP
sequences were aligned using ClustalW. Note the minor
differences in amino acid composition between the proteins
(presented in red) and conservation of the predicted catalytic Cys-
His-Gln triad (highlighted in yellow) proposed by Crow et al [20].
(TTF)
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Figure S2 SDS-PAGE and Western blot analysis of
CHBP in B. pseudomallei K96243, the chbP mutant and
the complemented strains grown in DMEM or LB
media. A) B. pseudomaller lysates and B) secreted proteins from
K96243 wild-type, c¢hbP mutant or ¢hbP/pCHBP strains cultured
in serum-free DMEM medium for 6 h were separated by 12%
SDS-PAGE. The blotted proteins were separately probed with
anti-CHBP and anti-BopE antibodies. Molecular mass markers
are shown on the left of the gel. Bacterial lysate and secreted
protein prepared from B. pseudomalle K96243 cultured in LB broth
were used as the positive controls.

(TIF)

Figure 3 B. pseudomallei intracellular survival in U937
cells. PMA-activated U937 cells were infected with B. pseudomalle
K96243 wild-type, bsaQ or chbP mutant strains at an MOI of 2.
After 3, 6,9 and 12 h of infection, infected cells were lysed and the
numbers of viable bacteria were enumerated after plating on TSA
and incubation at 37°C for 36-48 h.

(TTF)

Figure S4 SDS-PAGE and Western blot analysis of
CHBP expression and secretion in B. pseudomallei
K96243 and an isogenic bsaQ mutant. A) SDS-PAGE.
Bacterial lysates and secreted proteins of B. pseudomaller K96243 or
bsaQ mutant strain cultured in LB broth for 6 h were separated by
12% SDS-PAGE. B) Western blot analysis. The blotted proteins
from A) were probed with anti-CHBP antibody. Molecular mass
markers are shown on the left.

(TIF)

Figure S5 Effect of chbP mutation on B. pseudomallei
intracellular movement and intercellular spreading. A)
Actin tail formation. PMA-activated U937 cells were infected with
two strains of B. pseudomaller (K96243 or chbP mutant strain) at an
MOI of 2. After 6 h of infection, infected cells were fixed using 4%
paraformaldehyde and actin filaments stained with phalloidin®®®
(red) and bacteria stained with mouse monoclonal anti-B.
pseudomaller lipopolysaccharide antibody detected with anti-mouse
Ig-Alexa Fluor*® (green). Bar, 10 um. B) Multinucleated giant cell
formation. MNGC formation in J774A.1 murine macrophage cells
infected at an MOI of 2 with B. pseudomalles (K96243 or chbP
mutant strain) was studied 6 h post-infection by Giemsa staining of
the cell monolayers. The stained cells were examined under a light
microscope (OLYMPUS) at a magnification of 20X.
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