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The aim of this research is to study the role of trehalase in stress responses and
virulence of B. pseudomallei by constructed the tre deletion mutant and looking at its
phenotypes compare with the parental strain. First, look at the growth under minimal
culture condition with trehalase supplement and found that the tre mutant can not use
trehalose as a carbon source and can not grow at all. Second, look at stresses such as cold,
hot, low pH, oxidative agents, biofilm formation, and antibiotic. The tre mutant has lower
ability to grow under oxidative stress and lower ability to form biofilm compare to those of
wild-type. For virulence, the ability to survive and multiply inside mouse macrophage cell
line (J774.1) was lower compared to wild-type. It can be concluded that trehalase gene in B.
pseudomallei is play roles in oxidative stress response and biofilm formation which affect
the impair survival and multiplication inside macrophage. This is the first report of the role
of bacterial trehalase in virulence. For future study, the proteomic profiling may reveal the

link between trehalase and other proteins that related to virulace of the bacteria.

Keywords: Trehalase, Burkholderia pseudomallei, virulence
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Unun

Burkholderia pseudomallei is a gram-negative intracellular bacterium and causes a
fatal disease called melioidosis, which has an overall mortality around 50% in the northeast
of Thailand and 20% in Australia (1). B. pseudomallei is a saprophyte found in soil and water
of the endemic area. People who contact directly with contaminated environment such as a
farmer have high risk of B. pseudomallei infection. The symptom of melioidosis is varying
from mild to severe, and the most common presentation is pneumonia. The manifestation
of melioidosis is also varying from a few days to many decades (2). Several studies have
revealed that B. pseudomallei has the ability to survive and multiply inside host cells
(epithelial cells and macrophage) (3). A major characteristic of B. pseudomallei in the
context of human disease is its ability to survive in the environment. Particularly, it has an
ability to survive for years in hostile environments such as those lacking nutrients and over a
wide range of temperature, and dehydration conditions (4-6). Unfortunately, there is no
vaccine available for the prevention of melioidosis, and B. pseudomallei is considered as a

potential bioterrorism agent.

The pathogenesis of B. pseudomallei has been study for many years. Several B.
pseudomallei pathogenicity determinants have been identified including both cell-
associated products e.g. lipopolysaccharide (LPS), capsule polysaccharide and secreted
products e.g. proteases (7), phospholipase C (8), hemolysin, and lipase(9). Three type Il
secretion systems (TTSSs) have been identified in the sequenced genome of B.
pseudomallei and a third TTSS cluster (TTSS3) homologous to the SPI-1 animal
pathogenicity island of S. Typhimurium (10). A recent report has suggested a role for the
TTSS3 cluster for the survival, persistence, and escape of bacteria within a murine

macrophage-like or non-phagocytic cell line.

Trehalose is a nonreducing disaccharide which composed of glucose two

molecules linked together in QL 1, 1-glycosidic linkage. It can be found trough out the
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biological world. Trehalose was discovered in lower orders of the plant kingdom for many
years (11). Trehalose is quite common disaccharide in spores, fruiting bodies, and vegetative
cells of yeast and fungi (12, 13) with 7-10 % of dry weight. The rapidly lost of trehalose
when these spores germinated suggested the role of this sugar as a source of carbon and
energy. Many Trehalose is also present in many higher plants since it has been isolated from
Arabidopsis thaliana (14). It is also found in a number of different bacteria, including
Streptomyces hygroscopicus and other species of Streptomyces (15), various mycobacteria,
including Mycobacterium smegmatis and tuberculosis (16) and corynebacteria (17).
Thehalose plays many roles in the living organisms such as energy and carbon reserve,
protein and membrane stabilizer, protect from heat shock, cold and free radical, and part of
bacterial cell wall. Trehalose is synthesized by many pathways. The most common and the
well studied pathway involves the enzyme Trehalose-6-phosphate synthase (TPS, OstA in E.
coli), which catalyses the transfer of UDP-glucose to glucose-6-phosphate, leading to
trehalose-6-phosphate (T6P) follow by enzyme trehalose-6-phosphate phosphatase (TPP,
OstB in E. coli) that hydrolyze the phosphate group from the intermediate disaccharide to
generate trehalose (18). The second pathway involved enzyme trehalose synthase (TS)
catalyses an intramolecular arrange of maltose, in order to convert the glycosidic bond 0-(1-
4) of this disaccharide to the 0«(1-1) trehalose bond (19). The third is TreY-TreZ pathway
which cans breackdown maltooligosacharides in starch to trehalose which reported in
Sulfolobus genus (20). Another pathway is trehalose phosphorylase (TreP). TreP catalyzes a
reversible reaction in vitro, which hydrolyzes trehalose and transfers a glucose molecule to
the inorganic phosphate, to form glucose-1-phosphate and release free glucose in
mushroom Agaricus bisporus (21). The last pathway is trehalose glycosyltransferring synthase
(TreT) which form trehalose from ADP-glucose and glucose. This reversible reaction has
been detected in various organisms, such as Thermococcus litoralis and Sulfolobus

solfataricus KM1 (22).

Another important enzyme in trehalose metabolism is trehalase (Tre), which may be
involved in energy metabolism and also have a regulatory role in controlling the levels of
trehalose in cells. This enzyme may be important in lowering trehalose concentrations once

the stress is alleviated. Trehalase (O, O-trehalose-1-C-glucohydrolase, EC 3.2.1.28) has been
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reported in many other organisms within the plant and animal kingdoms (11). It can
hydrolyse trehalose to glucose. Interestingly, in contrast to other enzymes of trehalose
metabolism, trehalase is also found in mammals both in the kidney brush border
membranes (23) and in the intestinal villae membranes (24). Trehalose hydrolysis is an
essential process in various organisms, such as in fungal spore germination, insect flight, and
the resumption of growth in resting cells (12). S. cerevesiae showed two different trehalases
which separated and partially characterized: the cytoplasmic enzyme had a pH optimum of
about 7 and was called the neutral trehalase, whereas the vacuolar protein exhibited
maximal activity at a pH of 4.5 and was referred to as the acid trehalase (25). Various
bacteria, such as E. coli, have trehalases that may function as part of an uptake system such
as to supply glucose to the phosphotransferase system (PTS) (26). They also have trehalase
activity that may be involved in the function of trehalose as an osmoregulator. E. coli
trehalase A is a periplasmic trehalase that hydrolyse external trehalose and trehalase F is
Cytoplasmic trehalase which induced by osmolarity and RpoS-dependent (26, 27). At high
osmolarity, trehalose hydrolysis is carried out by TreA and the released glucose is for the
phosphotransferase system. Remarkably, high osmolarity also triggers synthesis of trehalose
in E. coli through expression of the genes otsA and otsB. At low osmolarity, an alternative
pathway for trehalose degradation operates as trehalose 6-phosphate will be transported
into the cytoplasm, where it is further split by a cytoplasmic hydrolase (TreC), yielding
glucose and glucose 6-phosphate (28).

o

AnUszaeAYaslATINIg

1. To identify and construct deletion mutants of trehalase (tre) in B. pseudomallei

2. To investigate the role of trehalase in B. pseudomallei growth and infection.

MRG5480076 Wi 7
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uUIveMNeYa9 (Literature review)

Burkholderia pseudomallei

Burkholderia pseudomallei is visualized as a gram-negative bacillus with bipolar
staining and is vacuolated and slender (29). B. pseudomallei oxidase test is positive and can
be distinguished from the closely related but less pathogenic Burkholderia thailandensis by
its ability to assimilate arabinose (30, 31). On culture, the organism demonstrates differing
colonial morphology, with mostly smooth colonies initially and dry or wrinkled colonies on
further incubation. Mature colonies of B. pseudomallei on solid agar media often take on a
wrinkled appearance after several days of incubation in solid media (32). Some strains do
not show this wrinkling effect, which is more pronounced in solid agar formulations
containing glycerol (32). B. pseudomallei have one or more terminal flagella and are motile,
particularly in the early stages of their growth cycle. Some strains of B. pseudomallei
produce smooth colony growth on first culture, and occasional strains are overtly mucoid,
with an appearance similar to that of Pseudomonas aeruginosa capsular polysaccharide
overproducers Resent study revealed seven unique B. pseudomallei colony morphotypes
on Ashdown’s agar. B. pseudomallei is listed by the Centers for Disease Control as a
potential bioterrorism agent (www.bt.cdc.gov/agent/agentlist.asp) because it causes
melioidosis in humans, a potentially fatal septicemic infection following soil or water
exposure (33). This bacterium can cause disease in hourses, sheep, goats, pics, lamps, and

other animals as well as humans (34).
Epidermology

Melioidosis has a major endemic area in Southeast Asia and northern Australia,
corresponding approximately to the tropical latitudes between 20°N and 20°S (35). The
highest prevalence of melioidosis is observed in rice farmers, servicemen, miners, adventure
travelers, and indigenous peoples in the main endemicity zone of northern Australia and
Southeast Asia (36). However, many evidences showed the distribution of melioidosis

around the world. There are only two evidences for local acquisition of melioidosis outside
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the laboratory in North America, Oklahoma and Georgia, following a motor vehicle accident
(37, 38). Moreover, it has been reported in Puerto Rico (39), and considered to be under
diagnosed in other areas of the Caribbean and South America (40, 41). Recently, melioidosis
has been found in Brazil, where a case cluster in Northern Brazil was associated with the
onset of unusually heavy rainfall (42). In Thailand, B. pseudomallei is widely distributed in
soil and, more particularly, in pooled surface water such as in rice paddies (43, 44).
However, the rate of the closely related but less virulent B. thailandensis, which had
previously been recognized as B. pseudomallei, may account for the variation in disease

throughout the country (45).

Melioidosis

The pathologist Alfred Whitmore and his assistant first described melioidosis as a
“glanders-like” disease (46). This disease, now termed melioidosis, was named from the
Greek “melis” (distemper of asses) and “eidos” (resemblance) by Stanton and Fletcher in
1932. It is most common in Southeast Asia and Northern Australia. Melioidosis is responsible
for 20% of all community-acquired septicemias and 40% of sepsis related mortality in

northeast Thailand (47).

Three modes of transmission, inhalation, ingestion, and inoculation, are reported for
B. pseudomallei. Inhalation was initially thought to be the primary mode of transmission,
based on studies of U.S. soldiers in Vietnam (48). The finding that periods of heavy rainfall
are associated not only with higher numbers of cases but also pneumonic presentations and
cases of increased severity may suggest a shift to inhalation during extreme weather events
(49). Interestingly, it is now believed that inoculation is the major mode of acquisition. Minor
wounds to the feet of rice farmers are common during the planting and harvesting seasons,
inoculation at the time of a snake bite has also been described (50). Lastly, ingestion has
been suggested as a mode of infection (48). However, the contribution of this route of
infection is undefined; although contamination of potable water has been implicated as the

point source in two outbreaks (51, 52).

Clinical manifestations of melioidosis are varied from localized infection to fulminant

septic melioidosis (53, 54). The most common presentation of melioidosis is pneumonia
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which involved in approximately half of all cases (33). Skin and soft tissue infections are a
common manifestation of melioidosis and may be the source of systemic infection, while
bone and joint infections are uncommon and may be difficult to differentiate from other
causes of infection (55). Encephalomyelitis, characterized by brain stem encephalitis and
flaccid paralysis, is seen in 4% of melioidosis presentations in northern Australia and is
associated with considerable morbidity and mortality (56). Small numbers of children with a
similar syndrome have been recognized in Thailand (57). Variation in the clinical
presentation and severity of melioidosis may be due to one or more of three factors:
variation in bacterial strains (including the presence or absence of virulence factors),

variation in the host immune response, and variation in acquisition (33).

Relapse after apparently successful treatment is well described and is associated
with mortality similar to that for the initial episode. It occurs in 13 to 23% of cases and a
median of 6 to 8 months (but up to many years) later (58, 59). In the majority of cases,
relapse is due to reactivation of the original infecting strain (demonstrated by restriction
fragment length polymorphism or pulsed-field gel electrophoresis). Infection with a different
strain was demonstrated in between 4 and 7% of cases in Thailand and Australia (58, 60)

and in one of five recurrent cases in Malaysia (61).

B. pseudomallei virulence factors

B. pseudomallei can survive in a variety of hostile conditions and also well adapted
to its many hosts (1). It is resistant to complement lysosomal defensins and cationic
peptidases and can survive within many eukaryotic cell lines, including professional
phagocytes such as neutrophils and macrophages (1). B. pseudomallei produces a
glycocalyx polysaccharide capsule that is probably an important virulence determinant (62).
This capsule (biofilm or slime) allows for the formation of microcolonies in a protective
environment in which the organism is phenotypically altered, resulting in significant

antibiotic resistance (63).

B. pseudomallei produce many secreted antigens including proteases (64),
phospholipase C (8, 65), and hemolysin, lecithinase, and lipase (9) are probably secreted via

the general secretory pathway (type Il secretion system) (66). These antigens play role in
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facilitate bacterial infection. Interestingly, B. pseudomallei contains three type Il secretion
system (TTSS) gene clusters, which contain between 16 and 18 reported genes (67-69). One
of these clusters (the TTSS3 cluster) shares homology with the inv/spa/pr¢ TTSS of
Salmonella enterica serovar Typhimurium (S. Typhimurium) and the jpa/mxi/spa TTSS
cluster of Shigella flexneri (10, 69, 70). The study of BopE, a TTSS protein homologous to
Salmonella enterica SopE/SopE2, showed that BopE facilitates B. pseudomallei invasion
(71). In addition, the B. pseudomallei bsa locus encodes homologues of the Salmonella Sip
translocator proteins (BipB, BipC and BipD) (70). B. pseudomallei BipD mutants are
attenuated following intraperitoneal or intranasal challenge of BALB/c mice, and have
impaired bacterial replication in liver and spleen (72). B. pseudomallei BipB has been shown
to mediate the formation of multinucleated giant cells, cell-to-cell spreading of bacteria and
apoptosis of infected host cells, and also associated with attenuation following intranasal

challenge of BALB/c mice (73).

A number of cell-associated antigens have been demonstrated to be
immunogenic in patients with melioidosis, including capsular polysaccharide (CPS),
lipopolysaccharide (LPS) (formerly O-PS 1I) (74), and flagellin proteins (75, 76). The important
role of LPS is supported by studies examining laboratory inducted mutations in the gene
coding for LPS. B. pseudomallei LPS mutant demonstrates a susceptibility to alternative
complement pathway and an attenuation in virulence in a mouse diabetes model (67, 77).
CPS appears to have a role in environmental protection (78), immune system evasion, and
attachment to epithelial cells (79). In addition, passive immunization against an
exopolysaccharide provided protection against high-dose challenge in a mouse model (80).
Antigenic differences in CPS or other surface proteins may account for the lack of epithelial
attachment and pathogenicity of B. thailandensis (81). A number of genes for different CPSs,
termed CPS | to IV, have recently been described. CPS | is found only in B. pseudomallei
and is a virulence determinant; CPS Il is down regulated in vivo and is thought to be
involved in environmental survival. B. pseudomallei is flagellated and motile. The study of
an B. pseudomallei isogenic mutant defective in flagella expression showed no difference in
the ability and to invade, and replicate in human lung cells in vitro compare with wild-type

(82). However, bacterial numbers of an aflagellate mutant were markedly reduced in the
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lung and spleen of BALB/c mice following intranasal infection compared with the wild-type,

and the mutant was less virulent based on the LD50 (82).

Trehalose

Trehalose is a nonreducing disaccharide which composed of glucose two molecules
linked together in O 1, 1-glycosidic linkage. Although there are three possible anomers of
trehalose, that is, O, B—l, 1-, B, B -1, 1, and Q, A 1, 1-, only the O, O -trehalose has been
isolated from and biosynthesized in living organisms. This naturally occurring disaccharide
can be found trough out the biological world. Trehalose was discovered in lower orders of
the plant kingdom for many years, with the first tentative report being in 1832, and followed
by the review of Elbein in 1974 (11). Trehalose is quite common disaccharide in spores,
fruiting bodies, and vegetative cells of yeast and fungi (12, 13). For example, the spores and
macrocysts of Dictyostelium mucoroides have been reported to contain as much as 7%
trehalose on a dry-weight basis (83) and the ascospores of Neurospora tetrasperma have as
much as 10% trehalose (84). The rapidly lost of trehalose when these spores germinated
suggested the role of this sugar as a source of carbon and energy. Many Trehalose is also

present in many higher plants since it has been isolated from Arabidopsis thaliana (14).

Trehalose is also found in a number of different bacteria, including Streptomyces
hygroscopicus and other species of Streptomyces (15), various mycobacteria, including
Mycobacterium smegmatis and tuberculosis (16) and corynebacteria (17). In mycobacteria
and corynebacteria, this disaccharide plays a structural role as a cell wall component, but it
may also serve other functions in these organisms. It is also present in Escherichia coli (85)
and a number of other bacteria, such as Rhizobium sp. (86), thermophillic archaebacterium,

Sulfdolobus acidocaldarius (20), and so on.

Trehalose biosynthesis

There are five pathways for trehalose biosynthesis present in the prokaryotes and
eukaryotes (87). The most common and the well studied pathway involves the enzyme

Trehalose-6-phosphate synthase (TPS, OstA in E. coli), which catalyses the transfer of UDP-
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glucose to glucose-6-phosphate, leading to trehalose-6-phosphate (T6P). In the second step
trehalose-6-phosphate phosphatase (TPP, OstB in E. coli) catalyzes the hydrolysis of the
phosphate group from the intermediate disaccharide to generate trehalose (18). This TPS-
TPP route is found in a variety of organisms; for example Escherichia coli (85) and
Saccharomyces cerevisiae (88), plants such as Arabidopsis thaliana (89). The second
pathway involved enzyme trehalose synthase (TS) catalyses an intramolecular arrange of
maltose, in order to convert the glycosidic bond 0l-(1-4) of this disaccharide to the O-(1-1)
trehalose bond (19). This enzyme is found in several organisms such as Pimelobacter sp,
Pseudomonas syringae and Thermus caldophilus. The third is TreY-TreZ pathway which
cans breackdown maltooligosacharides in starch to trehalose. This pathway was studied in
Sulfolobus genus (20). Another pathway is trehalose phosphorylase (TreP). TreP catalyzes a
reversible reaction in vitro, which hydrolyzes trehalose and transfers a glucose molecule to
the inorganic phosphate, to form glucose-1-phosphate and release free glucose in
mushroom Agaricus bisporus (21). The last pathway is trehalose glycosyltransferring synthase
(TreT) which form trehalose from ADP-glucose and glucose. This reversible reaction has
been detected in various organisms, such as Thermococcus litoralis and Sulfolobus

solfataricus KM1 (22).

The roles of trehalose

Trehalose plays role as an energy and carbon reserve of organisms. As mention
earlier, trehalose level was reduced when fungal spore is germinated. In insects, trehalose is
a major sugar in the hemolymph and thorax muscles and is consumed during flight (90).
Another important role of trehalase is stabilizing and protecting protein and membrane. In
yeast, the log-phase cultures have low concentrations of trehalose and are quite sensitive
to dehydration, but when they enter the stationary phase the levels of trehalose increase,
along with their ability to survive dehydration (91). This ability to survive in the presence of
trehalose is independent of the growth phase of the cells because log-phase cells subjected
to heat shock rapidly synthesize trehalose and also acquire the ability to survive
dehydration (92). The study of two different temperature sensitive reporter proteins showed
that enzymes are better able to retain activity during heat shock in cells that are producing

trehalose (93). These studies showed an additional and important role of trehalose, that is,
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the ability to suppress aggregation of proteins that have already been denatured. On the
otherhand, if the trehalose concentration remains high, it interferes with the refolding
process, and the protein is not renatured by the chaperone (93). Another role for trehalose
is in protecting cells against oxygen radicals. Exposure of S. cerevesiae to a mild heat shock
or to a proteosome inhibitor induced trehalose accumulation and also markedly increased
the viability of cells on exposure to a free radical generating system (H,0,/iron). However, a
mutant cell line defective in trehalose synthesis was much more sensitive to oxygen killing
than was the wild type, but adding trehalose to the medium enhanced the resistance of
these cells to H,0, (94). Trehalose is not only protecting cell from heat shock, but also from
cold. E. coli mutant that was unable to produce trehalose died much faster that did the
wild type at 4°C. However, transformation of this mutant with otsA/otsB genes restored the
ability to synthesize trehalose and also cell viability in the cold (95). Thehalose is function
as a structure component of the bacterial cell wall. In mycobacteria and corynebacteria,
trehalose is the basic component of a number of cell wall glycolipids (96). The most studied
of these trehalose lipids is cord factor, a cell wall lipid of M. tuberculosis that contains the
unusual fatty acid mycolic acid esterified to the 6-hydroxyl group of each glucose to give
trehalose-dimycolate. It is one of the major toxic components of the cell wall and
responsible for the low permeability of the mycobacterial cell wall, which confers

considerable drug resistance to these organisms (97).

Trehalase

Trehalase (O, O-trehalose-1-C-glucohydrolase, EC 3.2.1.28) has been reported in
many other organisms within the plant and animal kingdoms (11). It can hydrolyse trehalose
to glucose. Interestingly, in contrast to other enzymes of trehalose metabolism, trehalase is
also found in mammals both in the kidney brush border membranes (23) and in the
intestinal villae membranes (24). Its role in the kidney is still not clear, but in the intestine
its function is undoubtedly to hydrolyze ingested trehalose because individuals with a
defect in their intestinal trehalase have diarrhea when they eat foods with a high trehalose
content, such as mushrooms (98). Trehalose hydrolysis does appear to be essential process
in the life functions of various organisms, such as in fungal spore germination, insect flight,

and the resumption of growth in resting cells (12). The studies in S. cerevesiae showed 2
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trehalases; inducible trehalase and constitutively express in vacuole. (99, 100). The two
different trehalases were separated and partially characterized: the cytoplasmic enzyme had
a pH optimum of about 7 and was called the neutral trehalase, whereas the vacuolar
protein exhibited maximal activity at a pH of 4.5 and was referred to as the acid trehalase
(25). Various bacteria, such as E. coli, have trehalases that may function as part of an uptake
system such as to supply glucose to the phosphotransferase system (PTS) (26). They also
have trehalase activity that may be involved in the function of trehalose as an
osmoregulator. E. coli has trehalose A (TreA) and trehalose F (TreF). Trehalase A is a
periplasmic trehalase that hydrolyse external trehalose and trehalase F is Cytoplasmic
trehalase which induced by osmolarity and RpoS-dependent (26, 27). At high osmolarity,
trehalose hydrolysis is carried out by TreA and the released g¢lucose is for the
phosphotransferase system. Remarkably, high osmolarity also triggers synthesis of trehalose
in E. coli through expression of the genes otsA and otsB. At low osmolarity, an alternative
pathway for trehalose degradation operates as trehalose 6-phosphate will be transported
into the cytoplasm, where it is further split by a cytoplasmic hydrolase (TreQ), yielding
glucose and glucose 6-phosphate (28). The accumulation of trehalose in E. coli in response

to high osmotic strength clearly fits well with its role as compatible solute in other bacteria.
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