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Abstract

The 65-kDa active cry4B protein from Bacillus thuringiensis was characterized
for an unfolding pathway. The purified proteins were incubated in a series of
guanidinium hydrochloride concentration in which their conformational states were
monitored by circular dichroism and intrinsic fluorescence spectroscopy. The
combined data from steady state and stopped flow kinetic measurements established
an unfolding free energy of 17.87 kcal/mol and the activation energy of 25.42
kcal/mol for wild type. The mutant R203Q with an internal tryptic site removed
showed an increased stability for the folded state by 5.23 kcal/mol. Several sets of
mutant were constructed to assess for the stabilizing role of residues on the five
conserved blocks. The data revealed that the substitution of the hydrophobic residues,
L175 in block I has a significant destabilizing effect on the packing of domain I
interior. Analysis based on the energy profile of mutants showed an increase of
conformational energy for the folded state and no effect on the activation energy. A
number of mutants with residue substitutions in conserved block I to block V were
obtained either as insoluble protein or product that is highly sensitive to proteolytic
degradation. Based on an analysis of the recently elucidated X-ray structure, it is
suggested that the mutation introduced into these mutants has abolished the critical
interaction that stabilizes the folding of tertiary structure. The other mutants, which
demonstrate the native-like property were also analyzed and compared. However, the
results showed that the removal of secondary structure stabilization did not affect
folding and stability of the Cry4B.

Keywords: Bacillus thuringiensis,protein folding, molecular stabilization

Introduction

Delta—endotoxins produced from Bacillus thuringiensis, are found selectively
toxic to a wide range of insect larvae [1]. The genes encoded for Cry4 toxin was
cloned, expressed and characterized in E. coli [2]. A mechanism of action for Cry
toxins has been under investigation by several research groups using site-directed
mutagenesis [3, 4, 5, 6].

X-ray structures of Cry3A [7] and CrylAa [8] toxins were elucidated showing
a general fold comprising of three domains. The seven-helix bundle of domain I has
been extensively studied for it role on membrane insertion and channel activity [5, 6,
9, 10, 11]. Domain II was proposed to be responsible for docking and specificity [12,
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13]. Studies for folding and stability of Cry toxins has begun in the early 1990s to
determine the number of structural domain and conformation changes during
proteolytic activation of the native protoxin [14, 15, 16]. The folding investigation of
an induced transition of Cry toxin has been reported recently for CrylA and Cry3A
[17, 18] with proposed nucleation core on domain I [19].

Based on site-directed mutagenesis studies of Cry toxins, a numbers of mutant
toxins with unusual physical properties were found. The toxins were found insoluble
in native buffers, highly sensitive to protease digestions or complete lost of activity
[6, 20, 21]. These mutant toxins were proposed to be a result from the incorrect
folding or molecular instability due to changes of amino acid residue at specific
locations.

This work aims to characterize for a structural unfolding of the 65-kDa active
Cry4B toxin. Site-direct mutagenesis was applied to assess for the contribution of
residues in the five conserved blocks on the molecular folding and stability. Each
directed mutation was assayed by the unfolding experiment yielding an energy profile
of unfolding. Energy profile was then applied to describe the role of mutated residues
on folding and stability.

Materials and Methods

Sited-directed mutagenesis

Mutant plasmid were constructed by a method based on QuickChange site-
directed mutagenesis kit (Stratagene, USA.) using high fidelity Pfu DNA polymerase.
Synthetic oligonucleotide primers were from GeneSet. Mutant plasmids were
constructed from PCR and digested with Dprn 1 for template removal. Transformants
were screened by restriction enzyme digestion and DNA sequences were confirmed
by automated DNA sequencing.

Protein expression and purification

Protein expression was induced with 0.1 mM IPTG at 37 °C for 4 hrs. The
packed cell was then applied to French Press Cell at 1200 psi. Cell lysate was
collected and washed several times before resuspended in 50 mM carbonate buffer pH
10.0. The obtained protoxin was activated by incubating with TPCK-treated trypsin
(1:20 of enzyme: toxin). Activated toxin was injected to an AKTA Purifier FPLC
system (Amersham Pharmacia Biotech) equipped with Superdex200-10/30, size-
exclusion columns. Mobile phase was a carbonated buffer pH 10.0, flowing at 0.5
ml/min. Chromatograms were recorded according to absorption at 280 and 214 nm.
Fractions were collected every 1 ml on a Frac-900 fraction collector. Purity was
verified with a single peak for each sample before uses.

Determination of protein concentration

Protein assay kit based on Bradford’s dye binding method [22] was used for
routine determination of protein concentration. For spectroscopic studies, accurate
concentration of the purified protein was obtained from measurement of absorption in
the far UV at 215 and 225 nm using a double-beam Cary Bi0300 spectrophotometer
(Varian, Australia). The calculation was based on an equation, Conc. (mg/ml) = 0.144 x

(A 215- Axs)
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Unfolding experiments

Chemical unfolding was performed by a series of guanidinium hydrochloride
titration from 0 to 6 M. Accurate concentration of guanidinium hydrochloride stock
solutions were determined from a measurement of refractive index [23]. Protein
concentrations used in the experiment were 0.1-0.2 mg/ml

Circular dichroism and flourescence spectroscopy

Circular dichroism analysis was performed on a Jasco J-715 spectropolarimeter.
The instrument was calibrated with CSA and continuously purged with nitogen gas
during the measurements. Samples were loaded on a water- jacketed cylindrical cell
with 0.02 cm pathlength. The temperature was controlled by a Naslab circulation
bath. Scanning rate was controlled at 20 nm/min with 2-millisecond response time,
50-milledegree sensitivity, and 3-4 accumulations. Instrinsic flourescence spectra
were measured on a Perkin Elmer LS-50 spectroflourometer. Samples were excited at
280 nm and the emission spectra were recorded from 300-450 nm. Scanning rate was
set at 50 nm/min using 5-nm bandwidth.

Results and Discussions

Thermodynamic analysis for unfolding free energy

Steady state analysis of conformational states of protein under various GuHCI
concentrations gave a series of CD and fluorescence spectra. These spectra represent
various states of protein during the transition from the native to unfolded
conformation. (Figure 1). Unfolding curves derived from intensity changes of CD
and fluorescence spectra revealed a similar sigmoidal curve (Figure 2). The obtained
unfolding curves demonstrated two-state transition with a transitional midpoint at
3.54 M GuHCI. Unfolding free energy of this unfolding in an absence of denaturant
(AG®m20 ) calculated by two-state model fitting was 17.87 kcal/mol.
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Figure 1: Typical changes of circular dichroism (A) and fluorescence spectra (B)
upon conformational unfolding of Cry4B toxin.
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Figure 2: Unfolding curves of wild type and mutant toxins obtained from a plot of
CD and fluorescence intensity

Kinetics analysis for activation energy of unfolding

To investigate for the activation energy of unfolding transition, conformational
changes was analysis in the kinetic mode. The rapid mixing of protein with various
concentration of GuHCI analysis yielded an exponential decay of the spectral
intensity at the selected wavelength (Figure 3). Curve fitting using the first order
reaction revealed the activation energy of unfolding in an absence of denaturant at 25
kcal/mol.
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Figure 3: Exponential changes of fluorescence intensity upon mixing with GuHCI
(A) and a plot of rate constant as a function of denaturant (B)
Construction of energy profile for the unfolding

A combined data of free energy and activation energy was applied for a
construction of an energy profile of the wild type Cry4B. The profile simply
demonstrated a pathway from the native state at lower energy to the unfolded state at
higher energy. The energetic gap between the two states was corresponding to the free
energy and the transitional barrier was according to the activation energy (Figure 4).

30 T T T
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Figure 4: Energy profiles for the unfolding of mutant toxins compared to their
template protein

Enhancing of molecular stability by a removal of tryptic site

The active Cry4B protein obtained from a proteolytic processing is generally
processed further at the residue R203 to yield two associated polypeptide fragments.
The R203Q mutant was constructed with the tryptic site removed to assess for the
stability compared to the wild type. After the unfolding analysis in both steady state
and kinetic mode, the energy profile was found with a decreased energy gap between
folded and unfolded sates. This is implied that the folded state of R203Q mutant
containing a single chain molecule is more stable than the original wild type with two
associated fragments. This mutant was then used further as a template protein for
other site-directed mutagenesis experiments.

Destabilization of molecular structure by perturbation on the domain interior
Hydrophobic residues on the conserved block I (L175 and 1189) were assessed
by amino acid substitution. The generated mutant L175V was characterized by
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unfolding experiment and found to have an increased energy in the folded state
(Figure 4). However the energy profile of 1189L was found to be identical to the
template protein. The destabilization effect in the L175V mutant was described from
the crystal structure of Cry4B as a direct perturbation on the side-chain packing
within the hydrophobic interior of domain I.

Critical role of interaction among the conserved block

Stabilization role of residues on the five conserved blocks was tested by site-
direct mutagenesis. A group of mutants was found to behave like their template
protein. The solubility, proteolytic processing and energy profile of unfolding was
identical to their template. However another group of mutants could not be solubilized
in the native buffer or they were subject to proteolytic degradation during the
processing. It is suggesting that these proteins are unable to fold to the native
conformation as a result from amino acid changes at specific positions (Figure 5).
Examination on the crystal structure has identified that the stabilizing interactions in
these mutants were abolished. These interactions are either hydrogen bonding or
electrostatic interaction forming between the conserved blocks that help stabilize the
tertiary structure of protein. This type of interaction is highly critical for the Cry4B
protein to adopt the correct native conformation. The group of mutants with native-
like property was also examined and compared. The data showed that the removal of
stabilizing interaction on secondary structure did not affect the ability to folded to the
correct structure and the molecular stability upon unfolding.

Mutation Block Interaction Distance Stabilization  Effect
(Angstrom) on folding
R190A 1 R190 ---N279 2.89 H-bond Yes
DI91A 1 D191 ---Y126 2.79 H-bond Yes
R251A 2 R251 --- D248 2.89 Electrostatic No
D259N 2 D259 --- R289 2.78 Electrostatic Yes
H466Y 3 H466 ---1468 3.00 H-bond No
D470N 3 D470 --- N472 2.98 H-bond No
K487A 3 K487 --- N473 291 H-bond Yes
R540A 4 R540 --- E629 2.82 Electrostatic Yes
R542A 4 R542 --- R627 2.94 H-bond Yes
R627A 5 R627 ---Y272 3.12 H-bond Yes

E629Q 5 E629 --- Y272 2.52 H-bond Yes

Q
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E629 --- R627 2.73 H-bond
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Summary

We have previously demonstrated that a4 and o5 of the 130-kDa Bacillus
thuringiensis Cry4B mosquito-larvicidal protein are important determinants of toxicity
against Aedes aegypti larvae, likely being involved in membrane-pore formation.
Further analysis revealed a crucial role in toxicity for the positively charged side-
chain of Arg-158 in helix 4, conceivably involved in the passage of ions through the
pore. In this report, directed mutations within the loop linking a4 and a5 of Cry4B
were performed and revealed that Asn-166 and Tyr-170 are critically involved in
larvicidal activity, especially polarity at position 166 and aromaticity at position 170.
A crucial role in toxin activity was also revealed for the conserved aromatic residue at
position 202 within the a4-a5 loop of the Cry4A toxin. These results support the
notion that an aromatic structure of the highly conserved tyrosine residue within the o
4-a5 loop is an essential prerequisite for toxic action of the Cry d-endotoxins.

Keywords: Aromaticity, Bacillus thuringiensis, o-endotoxins, ion channel,
larvicidal activity

Introduction

The general mechanism of gut epithelial cell disruption by different Bacillus
thuringiensis (Bt) d-endotoxins is evidenced to be the formation of lytic pores in the
susceptible insect membrane [see Schnepf e al., 1998 for reviews]. When ingested by
susceptible larvae, toxin inclusions are solubilised by the alkaline pH of the larval
midgut and the protoxins are activated by gut proteases. It is believed that the
activated toxins then bind to midgut epithelial cells via specific receptors, and insert
into the microvillar membrane to form ion channels or leakage pores that cause cell
swelling and eventually death by colloid-osmotic lysis [Knowles & Ellar, 1987].
However, an entire characterisation at the molecular level of the pore-forming process
mediated by these insecticidal proteins has not yet been obtained.

The X-ray crystal structure of five different Cry toxins, CrylAa [Grochulski ez
al., 1995], Cry2Aa [Morse et al., 2001], Cry3A [Li et al., 1991], Cry3Bb [Galitsky et al., 2001]
and Cry4B [Boonserm et al., 2003], reveals Cry proteins consisting of three distinct
domains, and it is believed that each domain has a defined function. Structurally, it is
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immediately apparent that domain I is likely to be the transmembrane pore-forming
apparatus. This domain contains five amphipathic helices (a3, a4, a5, a6 and a7)
that are theoretically long enough to span the bilayer lipid membrane and form a lytic
pore [Li et al., 1991]. The possibility that this a-helical bundle in domain I is essential
for pore formation is supported by the feature that it is highly conserved in all Cry
toxins [Hofte & Whiteley, 1989].

The molecular mechanism of membrane insertion and pore formation of the
Cry toxins is now described in an ‘umbrella’ model [Knowles, 1994]. In this model, a4
and a5 form a helical hairpin to initiate membrane penetration upon specific receptor-
binding in which structural rearrangement of the toxin occurs. After insertion of this
hairpin, the other helices spread over the membrane surface followed by
oligomerisation of the toxin [Gazit et al, 1998; Guereca & Bravo, 1999], resulting in
formation of an initial tetrameric pore [Schwartz et al., 1997]. Currently, this model is
supported by a number of experiments demonstrating a crucial role of a4 and a5 in
membrane penetration and pore formation of different Cry toxins [Schwartz et al., 1997;
Gazit et al., 1998; Kumar & Aronson, 1999; Masson et al., 1999; Nunes-Valdes et al., 2001]. Recent
studies have clearly demonstrated that the helix 4-loop-helix 5 hairpin is more active
in membrane penetration than each of the isolated helices or their mixtures, consistent
with its function as the membrane-inserted portion of the Cry toxins [Gerber & Shai,
2000].

Experimental Procedures

Construction of Mutant Toxin Plasmids

Recombinant plasmids, pMEx-B4A encoding the 130-kDa Cry4A toxin,
which has been reconstructed in the pMEx8 expression vector [Buttcher et al., 1990]
under control of the tac promoter together with the cry4B promoter [Angsuthanasombat
et al., 1987] and pMU388 encoding the 130-kDa Cry4B toxin [Angsuthanasombat et al.,
1987], were used as a template for site-directed mutagenesis. Mutant plasmids were
generated by polymerase chain reaction (PCR) using a pair of mutagenic primers
purchased from Proligo Inc. (Singapore) and Pfu DNA polymerase, following the
procedure of the QuickChange™ Mutagenesis Kit (Stratagene). All mutant clones
with the required mutation were first identified by restriction endonuclease digestion
of the plasmids, and verified by DNA sequencing, using a BigDye™ Terminator
Cycle Sequencing Kit (Perkin-Elmer).

Toxin Expression and Characterisation

The wild type and mutant toxin genes were expressed in E. coli strain JM109
under control of the /acZ promoter. Cells were grown in LB medium plus 100 ng/ml
of ampicillin until ODgg reached 0.4-0.5 and incubation was continued for another 4
hrs after addition of IPTG to a final concentration of 0.1 mM. E. coli cultures
expressing each mutant as inclusion bodies were harvested by centrifugation,
resuspended in 1 ml of distilled water and then disrupted in a French Pressure Cell at
16,000 psi. The crude lysates were centrifuged at 8,000 g for 5 min and pellets
obtained were washed 3 times in distilled water. Protoxin inclusions (1 mg/ml) were
solubilised in 50 mM Na,COs, pH 9.0 and incubated at 37 C for 60 min as described
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previously [Angsuthanasombat et al., 1991]. After centrifugation for 10 min, the
supernatants were analysed by SDS-15% (w/v) PAGE in comparison with the
inclusion suspension. The solubilised protoxins were assessed for their proteolytic
stability by digestion with TPCK treated) at a protoxin:trypsin ratio of 20:1 (w/w) for
16 hrs [Angsuthanasombat et al., 1991].

Mosquito-Larvicidal Assays

Larvicidal activity assays were performed as previously described
[Angsuthanasombat er al., 1992] using 2-day old A. aegypti larvae reared from eggs
supplied by the mosquito-rearing facility of the Institute of Molecular Biology and
Genetics, Mahidol University. About 500 larvae were reared in a container (22x30x
10 cm deep) with approximately 3 1 of distilled water supplemented with 0.2-0.3 g of
rat diet pellets. In the assays, 1 ml of E. coli suspension (ca. 10° cells) was added to a
48-well microtitre plate (11.3 mm well diameter), with 10 larvae per well and a total
of 100 larvae for each type of E. coli sample. E. coli cells containing pMU388 and
pUCI12 vector were used as positive and negative controls, respectively. Mortality
was recorded after incubation for 24 hrs.

Results and Discussion

Directed Mutations within the a4-a5 Loop of Cry4B

As predicted from the homology-based 3D model of Cry4B, the a4-a5 loop
comprises eight amino acids of which one is charged i.e. Glu-171 and two are polar
i.e. Asn-166 and Tyr-170. With the exception of Asn-166, both Tyr-170 and Glu-171
are structurally conserved among the known Cry toxins (see Fig. 1a & b) that these
loop residues could play a crucial role in Cry4B toxicity. In this study, we therefore
initially generated three Cry4B loop mutants in which Asn-166, Tyr-170 and Glu-171
were substituted with alanine. When each mutant toxin was expressed in E. coli upon
IPTG induction, they were all predominantly produced as sedimentable inclusion
bodies and the protein expression level was comparable to the wild type Cry4B toxin.
E. coli cells expressing each type of the mutant toxin were tested for their relative
biological activity against 4. aegypti larvae. Alanine substitutions of Asn-166 and
Tyr-170 almost completely abolished the Cry4B bioactivity, although mutation at
Glu-171 showed only a small decrease in larvicidal activity (Fig. 2). These results
suggested that Asn-166 and Tyr-170 play an important role in larvicidal activity of the
Cry4B toxin.

When Asn-166 was further substituted with Asp, Gln, Arg, Cys or lle, it
revealed that substitutions of Asn-166 with polar amino acids could retain over 80%
of the wild type toxicity while substitution with a non-polar residue i.e. isoleucine
almost totally abolished the toxicity (see Fig. 2). These results suggested that the
polarity at position 166 located in the a4-a5 loop is important for larvicidal activity
of the Cry4B toxin. From molecular modelling of a putative toxin-induced pore (see
Fig. 3a), Asn-166 points toward the pore lumen and could form hydrogen bonds with
water molecules. A crucial role in toxin mechanism at this critical position is
conceivably to be involved in the formation of hydrogen bonds with water to stabilise
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the loop structure or it may be involved in the passage of ions through the channel.
Whether these possibilities can be generalised remains to be elucidated.

For Tyr-170, it was also converted to Asp, Arg, Leu, Trp or Phe. Interestingly,
substitutions of this critical tyrosine residue with only the aromatic residues (Trp or
Phe) were shown to remain Cry4B toxicity against mosquito larvae (Fig. 2). These
results together with the fact that the tyrosine residue at this position is a highly
conserved amino acid among the Cry toxins strongly imply a general requirement for
an aromatic structure at this crucial position. A function for Tyr-170 within the a4-o5
loop of Cry4B may conceivably be an interaction with the phospholipid head groups
for stabilising the oligomeric pore structure (Fig. 3b).

Directed Mutations within the a4-a5 Loop of Cry4A

Based on multiple sequence alignments of the known Bz Cry toxin structures
and the homology-based Cry4 models, the interhelical loop connecting a4 and a5 of
the Cry4A toxin is composed of sixteen amino acids with the majority being polar and
charged residues (Fig. 1a). Previously, we have shown that polarity and aromaticity
for Asn-166 and Tyr-170, respectively, in the a4-a5 loop are critically involved in
larvicidal activity of the Cry4B toxin (see above). Here, we have also constructed
several mutants in the a4-a5 loop region of Cry4A in order to determine a residue
responsible for the toxin activity. Two negatively charged (Asp-198 and Asp-200) and
four polar (Asn-190, Asn-195, Tyr-201 and Tyr-202) residues were selected for
initially substitution with alanine via PCR-based directed mutagenesis. The loop
mutant toxins were expressed in E. coli under inducible control of the fac promoter.
Upon addition of IPTG to the mid-exponential phase cultures, all mutant Cry4A
protoxins were predominantly produced in the form of sedimentable inclusion bodies.
When E. coli lysates were analysed by SDS-PAGE, the levels of protein expression
for all mutants were found to be comparable to that of the wild-type (data not
shown).

To assess the solubility of the mutant protoxin inclusions in comparison with
that of the wild-type, experiments were carried out using carbonate buffer, pH
10.0. The amounts of the 130-kDa Cry4A soluble proteins in the supernatant were
compared with those of the proteins initially used so as to determine the
percentage of toxin solubilisation. The toxin inclusions of the N190A, DI198A,
D200A and Y201A mutants were soluble in this buffer, giving approximately 60-70%
solubility, which is comparable to the solubility of the wild-type inclusions under
similar conditions. On the other hand, a nearly complete loss of the inclusion
solubility was observed for the two remaining mutants, N195A and Y202A (data not
shown). However, toxin inclusions of the two closely related loop-Cry4B mutants,
N166A and Y170A as mentioned earlier, were found to be relatively soluble in this
buffer (see above). At this stage, the reason for this difference in solubility between
the two loop-mutants of Cry4A and Cry4B is unclear. It does however lead to the
interesting possibility that single-alanine substitutions at Asn-195 and Tyr-202 of the
Cry4A toxin could disturb the structural characteristics that consequently affect toxin-
inclusion formation as shown by a drastic decrease in solubility.

To determine the effect of the a4-a5 loop mutations on the Cry4A
bioactivity, E. coli cells expressing each mutant toxin were tested for their biological
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activity towards 4. aegypti mosquito-larvae. Replacement at only Tyr-202 with
alanine almost completely abolished larvicidal activity, whereas alanine-substitutions
at the other positions (Asn-190, Asn-195, Asp-198, Asp-200 and Tyr-201) did not
affect the Cry4A toxicity. Further analysis via specific mutations revealed that
conversion of this critical tyrosine residue to cysteine resulted in a drastic loss of
toxicity, whilst replacement with the aromatic residue i.e. phenylalanine, still retained
the high level of larvicidal activity (see Fig. 4). The level of protein expression of
both Y202C and Y202F mutant toxins was approximately the same as that of the
wild-type. These results, together with the highly structural conserved level of the
tyrosine residue at this position among the Cry toxins (see Fig. 1b), suggest an
essential feature of an aromatic structure at this critical position for the toxin activity.
The data further support our previous findings that Tyr-170 in the a4-a5 loop plays
an important role in larvicidal activity of the 130-kDa Cry4B toxin, since substitutions
with only the aromatic residues, i.e. Phe or Trp, were shown to restore the bioactivity
towards mosquito-larvae (see above).

For in vitro solubility, like the Y202A mutation, the substitution of Tyr-202 with
Cys reduced the solubility in vitro of toxin inclusions, while a conversion to Phe still
exhibited the same solubility characteristics as that of the wild-type (data not shown).
Although insolubility of toxin inclusions and the loss of toxicity are seemingly
correlated for both Y202A and Y202C mutants, the inclusion solubility in vitro may
not necessarily reflect toxin activity in vivo as observed for the N195A mutant which
was insoluble in the carbonate buffer, but still bioactive (see Fig. 4). It has been
demonstrated that single-proline substitution in a6 of Cry4B dramatically perturbed
the inclusion dissolvability, but did not affect its larvicidal activity [Sramala et al., 2000].
Also, it has been shown that the difference detected in solubilisation iz vitro for the
cloned Cry4A toxin inclusions, which were purified form two different Bz recipient
strains, is not a factor for toxicity in vivo [Angsuthanasonbat et al., 1992]. Presumably, the
larval gut proteases in vivo might facilitate the dissolution of the ingested toxin
inclusions that would negate the differences between the observed larvicidal activities
of the bioactive N195A and non-active Y202A or Y200C mutants.

Studies with several membrane proteins have indicated that the aromatic
residues are predominantly found at or near the lipid-water interface [Ulmschneider &
Sansom, 2001]. These aromatic residues have been proposed to function in anchoring
the proteins into the membrane through interactions of their aromatic rings with
phospholipid head groups [Yau et al., 1998; Killian & Von Heijne, 2000], maintaining
rigidity in the periphery of the transmembrane segments [Tsang & Saier, 1996], allowing
vertical mobility of the transmembrane helical region with respect to the membranes
[Schiffer & Deber, 1990], facilitating translocation of the periplasmic portion of proteins
through the membrane, thereby acting as determinants of protein orientation [Schiffer et
al., 1992]. Taken together, a function for Tyr-202 in the a4-a5 loop of the Cry4A toxin
may conceivably be an interaction with the phospholipid head groups for stabilising
the oligomeric pore structure.

In conclusion, this study additionally demonstrates that the aromaticity of Tyr-
202 in the a4-a5 loop plays a crucial role in the Cry4A toxicity that further supports
the notion that the aromatic structure of the highly conserved tyrosine residue within
the loop connecting the two transmembrane helices, a4 and a5, is essential for toxic
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action of the Br Cry o6-endotoxins. However, further studies are still required to
elucidate the exact role of this critical residue in toxin function.
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Cry4B 140 : QSYRTAMYITOFNLTSAKLRETEWVYEF----- LLPIYHQVANFN : 198
CrylAa 124 : PALREEMRIQFNDMNSALTTAMPLL O PLLSVYMQAANL VLRDVESV : 181
Cry2Aa 137 : PVPLSITSSVNTMQQLFLNRLPQF : 197
Cry3Aa 160 : PHSQGRMRELFSQAESHERNSMPSEF------ ILIRNY AQAA NN {D? 217
Cry3Bb 98 : KRSQDRMRELFSQAESHERNSMPSEF------ LY AQAANEN < WE : 155

b) Cry4A Crv4B Crylda Cry2Aa Cry34Aa  Cry3Bb

i

Figure 1 (a) Multiple sequence alignment of the transmenbrane o4-loop-a.5 fragment of Cry4A
with those of the crystal structures of CrylAa, Cry2Aa, Cry3Aa and Cry3Bb toxins and the
homology-based Cry4B model. The sequences were aligned using the program Clustal X. The
corresponding a4-loop-a5 is shown above the sequences. (b) Side views of the a4-loop-a5 helical
hairpins of the homology-based Cry4A and Cry4B models, and the known structures of CrylAa,
Cry2Aa, Cry3Aa and Cry3Bb. Gray ribbons represent a4 and a5. The conserved loop-residue, Tyr,
is shown in ball-and-stick in all six helical hairpins.
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Figure 2 Mosquito-larvicidal activities of E. coli cells expressing the wild type Cry4B toxin or
mutant toxins against 4. aegypti larvae. Error bars indicate standard error of the means from three
independent experiments.
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Figure 3 (a) Bottom view of the model of a putative oligomeric pore consisting of six copies of
the a4-a5 hairpin of the Cry4B toxin. Asn-166, Tyr-170 and Glu-171 are shown. (b) The Tyr-170
residues are found at the membrane-water interface after oligomerisation and pore formation.
Rectangular boxes represent the planar lipid membrane bilayers. Helices 4 and 5 are shown as

gray strands.
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Figure 4 Mosquito-larvicidal activities of E. coli cells expressing the Cry4A wild-type or its
mutant toxins (N190A, N195A, D198A, D200A, Y201A, Y202A, Y202C and Y202F) against A4.
aegypti larvae. Error bars indicate standard errors of the mean from three independent

experiments.
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Abstract

We have isolated cDNA clones of Kazal proteinase inhibitors from haemocyte
cDNA libraries of the black tiger shrimp, Penaeus monodon. The deduced amino acid
sequences of the cDNA clones showed that they consist of 2-5 Kazal domains with
variation in the inhibitory reactive site residue, P1 amino acid, indicating variable in
inhibitory specificity. The five-domain Kazal proteinase inhibitor from P. monodon
was expressed in Escherichia coli. The recombinant protein inhibits trypsin,
chymotrypsin but not subtilisin and elastase.

The mRNA expression of the Kazal inhibitors in shrimp haemocytes examined
by Northern analysis showed two transcripts with sizes of approximately 1.7 and 1.8
kb. Tissue specific expression study in several tissue types of shrimps by RT-PCR
suggests that the Kazal proteinase inhibitors are exclusively expressed in haemocytes.
The expression level of the inhibitors was further analyzed in unchallenged and Vibrio
harveyi challenged shrimps to examine the influence of bacterial stimulation on
transcription of the inhibitors. No significant change in the expression level was
found during 48 hr post injection.

Introduction

Serine proteinase inhibitors are widely distributed among living organisms.
The important role of these inhibitors is protection against the proteolytic enzymes of
many pathogens and insects [1,2]. In plants, they also regulate endogenous
proteinases during seed dormancy and reserve protein mobilization [3]. Arthropod
serine proteinase inhibitors are believed to have important roles in immune system
including inhibition against proteinases of microorganisms or being regulators of
host-defense reactions involving blood coagulation, prophenoloxidase activation, or
cytokine activation . Four families of serine proteinase inhibitor have been reported in
arthropod haemolymph. They are Kazal, Kunitz, a-macroglobulin and serpin families
[4].

Among theses serine proteinase inhibitors, a four-domain Kazal proteinase
inhibitor and its cDNA clone were isolated from blood cells of the crayfish
Pacifastacus leniusculus. The inhibitor was found to have an inhibitory activity
toward chymotrypsin or subtilisin but not trypsin, elastase or thrombin [5].
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Nonetheless, the biological function of the Kazal inhibitor in the blood cells of
crayfish is not known.

From an expressed sequence tag (EST) analysis of haemocytes of the black
tiger shrimp P. monodon [6], we isolated cDNAs that showed high homology to the
crayfish Kazal proteinase inhibitor. In this study, we expressed the shrimp Kazal-type
proteinase inhibitor in E. coli and assayed the inhibitory activity against some
proteinases. mRNA expression of the inhibitor was examined in several tissue types
and in response to bacterial stimulation.

Materials and Methods

Samples

Sub-adult shrimps (weighing 20-25 g) were purchased from a farm and
maintained in 80 L aquarium tanks with 20 parts per thousand salinity sea water.
Haemolymph was taken and haemocytes were collected by centrifuged at 800 g for 10
minutes. After haemolymph collection, animals were dissected for tissue preparation.

Immune-challenged shrimps were prepared by injection of 100 ul of vibrio
harveyi innoculum (10" CFU/ml). The luminescent bacterium, V. harveyi 1526, used
in this study was kindly provided by Shrimp Culture Research Center,
Charoenpokaphand Group of Company.

RNA preparation

Total RNA was isolated from haemocyte, heart, gill, lymphoid organ, intestine
and hepatopancrease of freshly killed animals by using Trizol (Gibco BRL). For time
course experiment, total RNA was isolated from haemocytes of 10 animals at 3, 6, 12,
24 and 48 hr after bacterial challenge. The quantity of RNA was determined
spectrophotometrically and the quality was checked by electrophoresis on a
formaldehyde-agarose gel.

Northern Hybridization

Total RNAs were electrophoretically separated on 1.5% agarose gels
containing formaldehyde and transferred to a Hybond N+ nylon membrane
(Amersham) by capillary blotting. The RNA blot was hybridized with the [a->"P]
dCTP-labeled insert of the cDNA clone (sh415) of the shrimp proteinase inhibitor.
Hybridization and washing were carried out at 60°C according to the manufacturer's
instructions and the membranes were subjected to autoradiography.

RT-PCR

First-strand cDNA was synthesised from total RNA using the AMV Reverse
Transcriptase First-strand cDNA synthesis kit (Life Sciences) and 50 ng were used as
templates for amplification by the polymerase chain reaction. The PCR was
conducted in a volume of 25 pl with a final concentration of 1xPCR buffer (Gibco
BRL), 1.5 mM MgCl,, 0.5 uM of forward (5’TGGCGTGAGTGTCACTTTCCA3Z’)
and reverse primers (5’AAGTCTTGCCATCACTGCCAC3’), 0.2 mM of each dNTP
(Gibco BRL) and 1 pg of the cDNA template. Reactions were amplified on a thermal
cycler using a 95°C, 2-minute initial denaturation followed by a 95°C, 30-sec
denaturation, a 54 °C, 30-sec annealing temperature, a 72°C, 1 minute extension for

21



Cloning and expression of Kazal-type serine
proteinase inhibitors of the black tiger shrimp, Penaeus monodon

30 cycles, and a 72°C, 5-minute final extension. The PCR products were resolved on
a 1.5% gel, visualized with ethidium bromide staining and UV illumination.

Semi-quantitative RT-PCR

The PCR conditions were optimized to amplify the proteinase inhibitor and
B-actin that was used as an internal control in the same tube. The primers for
amplification of B-actin  were 5’GCTTGCTGATCCACATCTGCT3’ and
S’AGTCGAACATGCAGGCCTATCC3’. Each primer set was used at a concentration
of 0.3 uM. The PCR conditions were tested to select suitable conditions for
semiquantitative RT-PCR with both primers (7). The conditions are slightly modified
from the standard RT-PCR protocol by increasing the concentration of MgCl, to 2.5
mM and decreasing the number of PCR cycle to 25 cycles so that the amplification is
in the exponential range and has not reach a plateau yet. The PCR products were
loaded onto 1.5% agarose gel and stained with ethidium bromide. Images of the PCR
products were acquired with a CCD camera and quantified using Genetools analysis
software (Syngene)

The expression level of the inhibitor at a particular time was normalized with
the internal control (B-actin). Significantly different expression levels were treated
using One Way Analysis of Variance (ANOVA) following by a post hoc test
(Duncan’s new multiple range test),

PCR amplification of the Kazal inhibitor cDNA cloning into pGEM-T easy vector
The plasmid (pSH415) isolated from the cDNA clone, sh415, was used as a

PCR template. The following primers (BIOBASIC Inc.) were used for PCR

amplifications. Restriction sites are underlined.
5’-CCATGGATCCGGGCTACGGAAAAGGGGGGAAAATCC-3’

Deleted signal sequence forward primer with Bam HI site
5’-ATGGTCGACTAGGTACAGTCTGCGACCACAGATTCC-3’

Reverse primer with Sal I site

PCR amplification of the Kazal inhibitor gene and pSH415 was used as PCR
template. PCR amplifications were run for 30 cycles of 60s at 94°C, 120s at 56°C and
60s at 72°C. All reacting were performed using standard conditions: in a final volume
of 15 pl, 0.45 uM of each primer was added in the presence of 1.5 mM MgCl,, 0.2
mM of each ANTP and 0.45 U Tag DNA polymerase.

Amplified products were digested with Bam HI and Sal I and cloned into the
pGEM-T easy vector at the same sites. Recombinant pGEM-T easy vector was
electroporated into E.coli strain JM 109 cells and selected transformants using
Amplicillin agar plates. Amplicillin resistance clones were inoculated in 1.5 ml LB
medium. pGEM-T/Sh 415 was extracted, cut and run in 1.2% agarose gel
electrophoresis for size determination. The band in size of approximately 750 bp was
cut and purified using Nucleospin gel extraction kit (MACHEREY-NAGEL).

Subcloning of the Kazal inhibitor gene into pTrcHis 2C

The purified digested serine proteinase inhibitor gene was cloned into pTrcHis
2C vector. Recombinant pTrcHis 2C construct was electroporated into E.coli strain
JM 109 cels. Transformant selections were performed as described above. DNA
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sequencing was used to confirmed the correction of vector and inserted DNA
junction.

Expression of the inhibitor

Single colony of E.coli containing recombinant pTrcHis 2C was inoculated in
1.5 ml of LB broth including 50 pl/ml of amplicillin and grown overnight in 37°C and
250 rpm controlled incubator as starter. Two hundred microlitres of the culture were
added to 10 ml the LB broth and grown the same as starter until ODgqo reaching 0.6.
To induce expression, 100 mM IPTG was then added to the culture to make final
concentration being 1 mM. The culture was incubated at 37°c with vigorous shaking.
A 1 ml aliquot of cultured cells was collected at this moment for the zero time point
sample. The collected cells were centrifuged at 12,000 g for 30 seconds at room
temperature. The supernatant was aspirated and the cells were stored at -20°c until
used. A 1 ml-expression culture was collected every hour for 5 hours. Each collected
aliquot was centrifuged as above. Protein expression was analyzed by SDS-PAGE.
E. coli strain JM 109 containing uninserted pTrcHis 2C was utilized as a control. It
was treated at the same condition as the experimental group.

Proteinase inhibitory gelatin-SDS/PAGE activity

Proteinase inhibitors were detected by activity gel. Proteins were
electrophoresed through a gelatin-12% SDS-PAGE. After electrophoresis, the gel was
incubated in 2% Triton X-100 overnight and washed with distilled water and
incubated in 0.1 M sodium phosphate, pH 7.8 containing 40 pg/ml proteinase for 4
hours, 37°C to degrade gelatin. Bands of undegraded blue-stained gelatin indicate the
presence of proteinase inhibitors. (modified from [6]).

Assay of proteinase inhibitor

The inhibitory activity of recombinant inhibitor toward serine proteinases was
tested as follows (modified from [7]). A 10 pl portion of the E.coli lysate was
preincubated with appropriate amount of serine proteinase in 0.1 M Tris/HCI, pH 8.0
at 30 °C for 10 minutes. Residual serine proteinase activity was determined by
addition of chromogenic substrate and incubated at 30 °C for 15 minutes. The reaction
was terminated by adding equal volume of 50%(v/v) acetic acid. The absorbance was
measured at 405 nm. In this experiment, the activities of trypsin and subtilisin
(substrate N-benzoyl-PHE-VAL-ARG-p-nitroanilide), chymotrypsin (substrate N-
succinyl-ALA-ALA-PRO-PHE-p-nitroanilide) and elastase (substrate N-succinyl-
ALA-ALA-ALA-p-nitroanilide) were assayed.

Protein concentration
The protein concentration was assayed according to Bradford [8] with BSA as
a standard.

Results

cDNAs of shrimp serine proteinase inhibitors

As a result of EST analysis of haemocytes of the black tiger shrimp Penaeus
monodon [9], six clones were identified as putative serine proteinase inhibitors by the
BLASTX program. They showed 50 to 58 % homology to a four-domain Kazal
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serine proteinase inhibitor from crayfish. The open reading frame (ORF) of each
clone was identified and 4 full-length cDNA clones were obtained. From the deduced
amino acid sequence of the inhibitors, they differ in the number of the Kazal domain.
Each domain contains 6 cysteine residues. The deduced amino acid of the two clones,
sh415 and sh610, contain complete five and four Kazal domains, respectively,
whereas that of the sh1069 clone has two complete and two incomplete Kazal
domains. The clone, sh1064, has only two Kazal domains with half of the cysteine
residues spacing in different manner (Fig. 1).

It has been suggested that each Kazal domain of the proteinase inhibitor can
function independently. Proteinase inhibition is due to the formation of a very stable
complex between conformationally constrained reactive site of the Kazal domain and
the active site of the proteinase. The reactive site residue, P1 amino acid, generally
corresponds to the specificity of the enzyme, e.g. inhibitors with P1 Lys and Arg tend
to inhibit trypsin and trypsin-like enzymes, those with P1 Tyr, Phe, Trp, Leu and Met
inhibit chymotrypsin and chymotrypsin-like enzymes, and those with P1 Ala and Ser
inhibit elastase-like enzymes [10]. Chicken ovoinhibitor has seven domains, the first
four domains are active against trypsin, the fifth domain against chymotrypsin, the
sixth and seventh domains against chymotrypsin and elastase [11]. The shrimp
inhibitors have different amino acid residues at the putative P1 sites of the Kazal
domains suggesting different enzyme specificity (Fig. 1).

CRAYFISH
AAR

*
CPSI-CPLNYKPVCGSDLKTYGNSCQLNAAICRNPSLKKLYDGP-—-—-— CIDKP
CPSI-CPLDYNPVCGTDGKTYSNLCALRIEACNNPHLNLRVDYQGE---CRP
CRNG—CTLQYDPKCGTDGKTYSNLCDLEVAACNNPQLNLKVAYKGE---CKQ
CPTI-CTQQYDPVCGTDGKTYGNSCELGVAACNNPQLNNKIAYKGA---CNF
POQQT

SH415
MANKVALLTLLAVAVAVSGYGKGGKIRL
*

CAKH--CTTIS-PVCGSDGKTYDSRCHLENAA-CGGVSVTFHHAGPCPPPKR
CPGI--CPAVYAPVCGTNGKTYSNLCQLENDRTCNGAFVSKKHDGRCG
CNPIVACPEIYAPVCGSDGKTYDNDCYFQAAV-CKNPDLKKVRDGNCD
CTPLIGCPKNYRPVCGSDGVTYNNDCFFKVAQ-CKNPALVKVSDTRCE
CNHV--CTEEYYPVCGSNGVTYSNICLLNNAA-CLDSSIYKVSDGICG
RRLYLZ

SH1069
MANKVALLTLLAVAVAVSGYGKGGKIRL
*

CAKH--CTTIS-PVCGSDGKTYDSRCPGL----CPAVYA
PVCGTNGKTYSNLCQLENDRTCNGAFVSKKH-DGRCG
CNPNVACPEIYAPVCGSDGKTYDNDCYFQAAV-CKNPDL-KKVRDGNCD
CTPLIGCPKNYRPVCGSDGVTYNNDCFFKVAQ-CKNPALV-KVSDTRCE
CLLNNAACLDSSIYKVSDGICGRKMYL

SH1064

MANKVALLTLLAVAVAVSGYGKGGKIRL
*

CAKH--CTTIS-PVCGSDGK---TYDSR--————————————————————— CHLENAACGGVSVTFHHAGPCPPPKR
CPGL--CPVYA-PVCGTTGKLTRTYANLRMTEPATVLSFPPSTMDVVGATQC--—-—-— CVPDL---—---- CSRVL
SH610

MLLCKITLIHLLLQGFAVEFNDANSDHD
*

CIGY--CPEVYDPVCASNGWTYNNDCELQAMIKCQGWNITKTHDQACE
CLKA--CPTTFAPVCGSDNKTYLNECVFEVAS-CWDHSLDKASEGACGWGIH
CLQY--CPEVYDPVCGSNGQTYTNECELQAATIQCRGLQIAKRHDQACE
CHAT--CPLIHDPVCGTDDRTYYNECFFTKAS-CWDRSILKKKNGPCD
RKWKYLLETI

Figure 1. Alignment of the Kazal domains of the crayfish and P.monodon serine proteinase inhibitors.
Conserved amino acids are in bold. * indicates putative reactive site P, amino acid.
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Expression of a five-domain Kazal proteinase inhibitor in E.coli

We cloned a five-domain Kazal proteinase inhibitor sequences of the shrimp
into E.coli. The full-length clone contains an open reading frame of 801 bp encoding
266 amino acids (Fig. 2). The serine proteinase inhibitor of the crayfish has been
reported to consist of a signal sequence of 19 amino acids and a mature protein of 209
amino acids [5]. In P. monodon, a signal sequence of 18 amino acids was predicted
using SignalP VI.1 software. Therefore, the recombinant clones containing N-terminal
deleted sequences were constructed. The cDNA insert was PCR amplified and cloned
into pGEM-T easy vector and then subcloned into the expression vector pTrHis2C.
The nucleotide sequences of the transformants were confirmed to ensure the correct
reading frame.

Expression of the serine proteinase inhibitor in the transformants was induced
with ImM IPTG for 0 to 5 h. After the induction step, the cells were lysed and the
lysate was subjected to 12% SDS/PAGE. A protein band with size of approximately
35 kDa was found with increasing banding intensity at 1 to 3 h after induction
comparing to the transformant with the parental plasmid (Fig. 3).

SH415
1 ATGGCCAACAAAGTGGCACTCTTGACCCTTCTTGCAGTGGCCGTTGCAGTCTCTGGCTAC
M A NK VAL L TL L A V A V A V S8 G Y
61 GGAAAAGGGGGGAAAATCCGCCTCTGCGCCAAACACTGTACGACCATCTCCCCTGTGTGT
G K 6 6 K I R L ¢ A K H C T T I S P V C
121 GGCTCTGATGGAAAAACTTATGACAGCCGATGCCACCTGGAGAATGCTGCCTGTGGTGGC
G s b G K T Yy D S R C H L E N A A C G G
181 GTGAGTGTCACTTTCCACCATGCCGGACCCTGCCCTCCCCCAAAGAGATGTCCAGGAATA
v s v T F H H A G P C P P P K R C P G I
241 TGCCCCGCGGTATATGCCCCTGTGTGCGGGACCAACGGGAAAACTTACTCGAACTTATGC
c p AV Y A P V C GGG T N G K T Y S N L C
301 CAACTTGAGAATGACAGAACCTGCAACGGTGCTTTCGTTTCCAAGAAGCACGATGGACGT
L BE N D R T C N G A F V S K K H D G R
361 TGTGGTTGCAACCCCATTGTCGCGTGCCCTGAGATCTATGCTCCCGTGTGTGGCAGTGAT
c 6 ¢ N P I VA C P E I Y A P V C G S D
421 GGCAAGACTTATGATAACGACTGCTATTTCCAGGCAGCTGTTTGCAAGAATCCAGATCTT
G K T vy b N D C Y F Q A A V C K N P D L
481 AAGAAGGTTCGAGACGGTAACTGCGACTGCACTCCTCTCATCGGCTGTCCCAAGAACTAC
K K vRrR DG N C D C T P L I G C P K N Y
541 AGGCCTGTGTGTGGCAGCGACGGTGTAACTTACAACAACGACTGCTTCTTCAAGGTTGCT
R p V C G S D GGV T Y NN D C F F K V A
601 CAGTGCAAGAACCCCGCGCTCGTCAAAGTCTCTGATACTCGCTGTGAATGCAACCACGTC
g ¢ K N P A L V KV S D T R CE C N H V
661 TGTACTGAAGAATATTACCCCGTGTGCGGAAGCAATGGTGTCACGTATTCGAACATTTGT
c T B E Y Yy P V C GG S N G V T Y S N I C
721 CTGTTGAATAATGCAGCGTGTTTAGATTCCTCCATTTACAAGGTTTCGGACGGAATCTGT

L L. N NAACULDS S I Y KV S D G I C
781 GGTCGCAGACTGTACCTATAA
G R R L Y L *

Figure 2. Nucleotide and amino acid sequences of the cDNA clone, sh415. Amino acids are shown as
single letter abbreviation. The putative signal peptide is underlined.
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Figure 3. SDS-PAGE analysis of the recombinant serine proteinase inhibitor in E.coli. Lanes 1, 3,5, 7,
9 and 11; the lysate of E.coli containing the parental pTrcHis2C after induction with 1 mM IPTG for 0,
1,2, 3,4 and 5 hours, respectively. Lanes 2, 4, 6, 8 and 10; the lysate of E.coli containing the shrimp
proteinase inhibitor (SPI)-pTrcHis2C after induction for 0, 1, 2, 3, 4 and 5 hours, respectively. Lane M;
prestained protein ladder

Assay of inhibitory activity

To ascertain that the 35-kDa band observed by SDS/PAGE is the cloned Kazal
inhibitor, the inhibitory activity of the crude E.coli lysate was assayed by activity
staining in a gelatin-SDS/PAGE. The 35-kDa protein was shown to have proteinase
inhibitory activity against trypsin and chymotrysin but not subtilisin (Fig. 4). Studies
on proteinase inhibition of the crude proteins showed that the inhibitor blocked the
activity of trypsin and chymotrysin whereas no inhibition of subtilisin and elastase
was detected (Table 1). As predicted on the basis of the P1 residue at the reactive site
of each Kazal domain, the five-domain Kazal inhibitor of P.monodon contains Ala at
the second domain and Lys at the forth domain suggesting the inhibitory activity
against elastase and trypsin, respectively [10]. The inability of the protein to inhibit
elastase suggested that the second domain may be inactive. The role of Thr at the P1
position of the first domain and Glu at the third and fifth domains has not yet been
specified. The biological function of Kazal-type proteinase inhibitors in haemocytes
of P. monodon is not known. In several organisms, Kazal-type proteinase inhibitors
have been found and their activities against the proteinase substrates have been study
extensively in vitro [10, 12]. However, little work has been published on the function
of the inhibitors in vivo. In crayfish, it was found that the Kazal inhibitor blocks
subtilisin, thus the biological function as the inhibitor of microbial proteinases was
proposed [5] whereas another serine proteinase inhibitor from crayfish plasma inhibits
prophenol oxidase activation [7]. Target proteinases of the Kazal inhibitors in
P.monodon have yet to be identified to reveal the biological function of the inhibitors
in the shrimp haemocytes.
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Fig. 4 PAGE analysis of the recombinant Kazal inhibitory activity. The E.coli lysate was
electrophoresed on 12% SDS/PAGE showing the protein pattern (A). For activity gel, crude E.coli
lysate was run on a gelatin-12%SDS/PAGE under reducing conditions. After electrophoresis, the gel
was incubated in 2% TritonX-100 for protein refolding, then incubated with 40 pg/ml of trypsin (B),
chymotrypsin (C), subtilisin (D). Lanes 1; the E.coli lysate containing the parent pTrcHis2C, Lanes 2;
the E.coli lysate containing the recombinant plasmid pTrcHis2C, Lanes 3; 2 pg of aprotinin, Lane M;
prestained protein ladder .

Tablel. Inhibition of some serine proteinases by the inhibitor

The enzymes were assayed with chromogenic substrates as described above. The activity was
monitored as the release of p-nitroaniline at 405 nm. The E.coli lysate (31.6 ng) was used in
the experiment. The experiments were performed in duplicate.

A 05 Without A o5 With
Proteinase the inhibitor the inhibitor Inhibition (%)
Trypsin (0.08 pg/assay) 0.82 0.11 89
Chymotrypsin (0.05 pg/assay) 0.40 0.12 70
Subtilisin (0.3 pg/assay) 1.28 1.28 0
Elastase (0.6 ug/assay) 0.62 0.72 0

Tissue Expression of the Kazal proteinase inhibitors

mRNA expression of the shrimp Kazal proteinase inhibitor was examined in
several tissues including haemocyte, heart, intestine, gill, lymphoid organ and
hepatopancrease. RT-PCR was performed using specific primers designed from the
nucleotide sequence of the inhibitor cDNA . The results showed that the proteinase
inhibitor is exclusively expressed in haemocytes whereas the control reactions using
primers specific to 18S rRNA showed that the 18S rRNA gene was equally expressed
in all tissues examined (Fig. 5).
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Figure 5. Analysis of the expression of the Kazal proteinase inhibitor in P. monodon tissues. RT-PCR
was performed with cDNA templates from hemocyes, intestine, heart, gill, lymphoid organ and
hepatopancrease. Amplification of 18S rRNA transcript was performed as control. M, 100 bp DNA
ladder.

mRNA expression level of the inhibitor in bacterial infected shrimp

The influence of bacterial stimulation on transcription of the proteinase
inhibitor in haemocyte of P.monodon was determined. Shrimps were experimentally
challenged by injection with Vibrio harveyi and the haemolymph was collected at 3,
6, 12, 24 and 48 hr post injection. Detection of Vibrio harveyi in shrimps was
performed by spreading suspensions of hepatopancrease onto thiosulfate citrate bile-
salt sucrose agar (TCBS-agar). The presence of the luminescent bacteria was
observed in hepatopancrease at 42-48 hr post injection. Therefore, the mRNA level
was first compared between unchallenged and 48 hr bacterial challenged shrimps by
Northern analysis (Fig. 6). Two transcripts with size of approximately 1.7 and 1.8 kb
were detected in haemocytes. The major transcript is probably the transcript of the
four-domain Kazal inhibitor whereas the minor transcript is that of the five-domain
inhibitor. In any case, no difference in the mRNA level of both transcripts was
observed after 48 hr of injection.

To determine mRNA level of the Kazal inhibitor at different time interval, a
semi-quantitative RT-PCR was performed by addition of 2 sets of primers into the
same reaction tube. One set amplified the cDNA of the inhibitor and another set
amplified a constitutive B-actin gene that was used as an internal control to normalize
for sample to sample variations in total RNA amounts. A time course of mRNA
expression was performed on total RNA from haemocyte of unchallenged and
bacterial challenged shrimps at 3, 6, 12, 24 hr post injection. Three sets of
experimental shrimps (5 individuals each) were tested at different time point. No
significant difference in the transcript level was found (p>0.05) (Fig. 7).
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Figure 6. Northern analysis of mRNA
expression of the proteinase inhibitor in
haemocyte of unchallenged (lane 1) and Vibrio
harveyi challenged (lane 2) P. monodon. Twenty
pg of total RNA from haemocytes were
separated on a 1% agarose-formaldehyde gel and
hybridized with the **P-labeled cDNA of the
inhibitor.
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Figure 7. Relative expression levels of the Kazal inhibitor at different time intervals after injected with
V. harveyi. Three sets of experimental shrimps were tested at each time point. Relative expression of
the inhibitor was normalized with the B-actin expression (internal control).
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Abstract

Yellow Head Virus is a shrimp Nidovirus which frequently causes significant
economic loss to shrimp aquaculture industry in Thailand and Asia Pacific region. To
gain insight information on molecular event of the infection in black tiger shrimp
(Penaeus monodon), we characterized random cDNA clones from the key defense cell
type, hemocytes, and study some of their expression profile using membrane based
macroarray hybridization. Over 600 cDNA clones were randomly picked and
determined their partial sequences from the 5’end. Ninety six cDNA clones, most of
which were of known putative identities based on our EST sequence were amplified
for each insert fragment by PCR and spotted as a gridded array onto a nylon
membrane. Seventy five clones (78%) gave detectable hybridization signal, when
probed with three preparations of **P-labelled probes, prepared from total RNA of
zero time non-infected shrimps, 24 hr post-injection buffer control shrimps, 24 hr
post-YHV infection shrimps. Selected 38 clones from the first arrayed hybridization
were then subjected to a confirmatory experiment using a smaller membrane and new
RNA preparations. Our results revealed some altered transcript levels from the YHV-
infected compared to buffer injected hemocytes at 24 hr. The changed transcription
profile could be due to change in subpopulation of the hemocytes upon infection. One
of the responsive transcripts were identified by a ¢cDNA clone, PMC038, whose
putative identity was selenoprotein W. Interestingly, there were two full-length
cDNA clones from our cDNA library which we have sequenced, predicted to code for
an identical polypeptide chain, and were differed mainly in their 3> UTR sequence
and the length, one of which did not seem to respond to the YHV challenge
(PMCP0207). The two cDNA might have come from two distinct genes. Limited
known role of selenoprotein W, based on information from mammalian systems, was
in a cellular control of oxidative damage. The function of shrimp gene for PMC0238
should further studied to elucidate its exact role in the molecular responses of the
phagocytic hemocytes either due to defense response or viral pathogenesis of this
economically important marine shrimp and other arthropods.

Key words: RNA level, pathogenesis, defense, phagocytes, hemolymph, decapoda,
prawn, aquaculture
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Introduction

Yellow Head Virus (YHV) is a lethal shrimp virus which was first observed in
Thailand in 1990 (Chantanachookin et a/ 1993, Boonyaratpalin et a/ 1993, Nadala et
al 1997, Flegel et al 1997) and then has been discovered elsewhere in Asia (Wang et
al , 1996, Wang et al 2000, Walker et al 2001). YHV could kill most of the farm
Penaeid shrimp species in a matter of few days. For Penaeus monodon (black tiger
shrimp) the top economic species for aquaculture industry in Thailand, YHV infected
shrimp would display a yellowish color of cephalothorax. (Lu et a/ 1995) However,
the yellow color was not seen in Lifopenaeus (Penaeus) vannamei and Penaeus
stylirostris. (Lu et al 1994) Numerous studies have been conducted on detection of
YHV by PCR or monoclonal antibodies (Tang and Lightner 1999 , Sithigorngul et al
2000) as well as their genome sequences (Sittidilokratna et al 2002, Jitrapakdee et a/
2003). Nowadays, however, there were some reports on late or little symptom
development and emergence of strains of YHV.

The YHV virus is an enveloped, spike-studded, virus particle, of the size
around 150-186 nm (in length) and 38-50 nm (in width). Nuclear core is around 20-30
nm in diameter. The genome is positive single-stranded RNA (Wongteerasupaya et al
1995). Four major proteins were found from the purified virion, with the sizes of 170
kDa, 135 kDa (glycosylated), 67 kDa, 22 kDa. Recently availability of partial
nucleotide sequence of the viral genome suggested YHV is a Nidovirus (Order
Nidovirales) encompassing the Coronaviridae and Arteriviridae (Cavanagh 1997,
Enjuanes et al 2000)and is a distinct species from another shrimp virus found in
Australia, the Gill Associated Virus (GAV) (Cowley et al , 1999, Cowley et al
2000a, 2000b, Walker et a/ , 2001). Study in GAV have shown that it can be
vertically transmitted into subsequenct generation. (Cowley et al 2002) although it
has not been demonstrated if YHV would do as such. Several shrimp viruses could
infect the shrimp concurrently and mixed infections are commonly found in
hatcheries and farms (for example, Manivannan et al 2002)

Studies of YHV infected tissues in selected shrimp species indicated virus
particles were found in connective tissues (including of muscles, midgut caecum,
nerve tracts, hematopoietic organ, antennal gland, heart, hepatopancreas), gills,
cuticular epithelium, lymphoid organ (Lu ef a/ 1995, Kasornchandra and
Boonyaratpalin 1995). The virus could cause systemic infection of the black tiger
shrimp as well as some other Penaeus shrimp species, such as P.stylirostris,
P.vannamei (Lu et al 1994), and P.japonicus . Infected cells were then die due to
apoptosis (Khanobdee et al 2002) . A wide area epizootic could be economically
catastrophic to shrimp farms, due to a high mortality rate close to 100 % although
there are circulating news of non-symptomatic infection. Despite much progress in the
study of YHV infection and detection which led to wide-spread use of PCR in survey
of post-larvae shrimps in aquaculture industry, information at molecular level on a
virus infection, including those of YHV, has still been missing (Wongteerasupaya et
al 1997, Tang and Lightner 1999, Sithigorngul et a/ 2000). Most of the research on
host gene response to virus infection has been primarily on other lethal shrimp
viruses, White Spot Virus (Astrofsky et al 2002, Bangrak et al 2002,Rojtinnakorn et
al 2002, van de Braak et al 2002), Taura syndrome virus (Song et al 2003), but so
far not YHV. A number of studies were also directed toward viral genes and their
protein products (van Hulten et al 2001).
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Hemocytes is a major cell type involved in cell mediated defense mechanism
of the crustaceans. They can be classified into subtypes based on microscopic
morphology and the presence of some surface antigens. They are natural choice for
us to work on. So far, few invertebrate genes from hemocytes are known to involve
in immune or defense function, such as beta-1,3-glucan binding protein, peroxinectin
Sritunyalucksana et al 2001, 2003), superoxide dismutase (Campa-Cordova et al
2002), serine proteases (Gorman & Paskewitz 2001), serine proteinase inhibitor or
Serpin (De Gregorio et al 2002), penaeidins (Cuthbertson et al 2002, Munoz et al
2003), antifungal peptide from hemocyanin (Destoumieux-Garzon et al 2001). We
have earlier prepared and characterized a number of EST from hemocyte and muscle
tissues, a number of which have been deposited in GenBank database. A number of
groups have also reported a limited characterization of EST from various organs (for
example, Gross et al 2001 ). Compare to other eukaryotic species, much less is
known about DNA sequences from shrimp, esp. black tiger shrimp, (Boonchuoy et al
1999, Burks et al 1991, Udomkit et al 2000, Thepparit et al 2002 ).

Arrays of cDNA have been used to compare gene expression profiles of cells
under different conditions (Cirelli and Tononi 1999,Cox et al 1999, Mochii et al
1999, Eickhoff et al 1999, Tanaka et al 2000). Using microarray techniques yet
required a large number of clones (typically over 10,000 clones), plus sophisticated
equipment and expensive reagents. A number of studies in mammalian system have
enjoyed the availability of several thousands of available ¢cDNA clones and
commercially available microarrays. Array have been used to study gene expression
in cancerous cells, in developmental stages of embryos, in viral infection, etc. In
shrimp system, however, we have a limited number of available cDNA. Due to a low
degree of DNA sequence similarity among genes of crustaceans, even among
arthropods, which can be extended to mammals, arrays from heterologous organisms
could not be used. This work took advantage on our limited number of existing
cDNA clones. Using macroarrays we have identified a number of prospective cDNA
of certain putative identities that showed altered expression level upon infection with
YHV. This result provided the leads in which further studies could be conducted to
characterize the molecular event in the shrimp cells upon the infection and
pathogenesis of this economically devastating epizootic

Materials and Methods

DNA clones were those isolated from black tiger prawn hemocyte cDNA
libraries in our laboratory and partially sequenced earlier from the 5' ends by J.
Wongsantichon and C. Boonchuoy (unpublished). Some of the sequences determined
as EST have been deposited into the dbEST division of the GenBank database. Few
other clones, those in the NF series, were cloned by RT-PCR by C. Theparit in our
laboratory. Ninety six cDNA clones with known tentative or putative identities based
on either BLASTN or BLASTX searches to existing online database at the time were
chosen for this study. All the clones were amplified to get the insert part by mainly
using M 13 universal forward and reverse primers, except for those in NF series where
M13 reverse primer and T7 primer were used. For the first experiment, a grid of
10x12 array was designed as a template and a small GeneScreenPlus nylon
membrane, approximate size 5.5 cm x 6.5 cm, was used as substrate for manual
DNA spotting. Spotting quantity of most DNA samples were 100 ng and the volume
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for each sample was1-2 ul. Actin cDNA clone from hemocytes which also shared a
high sequence identity with other shrimp actin types of clones were spotted into 3
different corners as a positive control at 10 ng per spot. Most of other clones were
spotted at 100 ng per spot. Plasmid DNA, pBluescript SK (-) was used as negative
control and 10 ng was spotted once onto the membrane. For the second experiment, a
9x5 arrayed grid was used to spot a 38 clone subset for hybridization in a similar
manner.

Shrimp specimens

Farm grown shrimps were used in this study. Live healthy shrimps of about 4
months old, each weight about 30 g, were purchased from local farms in eastern
Thailand. They were visually examined for good healthy signs and fed once with
standard shrimp feeds prior to the experiment. They were also tested later for the
absence of the two known lethal viruses of the Penaeus shrimps, Yellow Head Virus
(YHV) and White Spot Virus (WSV) by PCR method. Specific primers for those
were kindly provided by Prof. Vichai Boonsaeng 's laboratory at the Department of
Biochemistry, Faculty of Science, Mahidol University. Two different lots of shrimp
were used for this work. For each lot, the shrimps were divided equally into 3 groups
and put into 3 aquariums in the laboratory. The first group of the shrimps was
collected for their hemolymph by cardiac puncture in the same day of the sample
delivery. The second group was manually and individually injected with sterile NTE
buffer, 0.1 ml each, into the tail section of each shrimp. The third group was also
injected with 0.1 ml of (1/50) diluted YHV preparation, also kindly provided by Prof.
V. Boonsaeng and kept as stock in the freezer at -20 C. The two groups of injected
shrimps were kept 24 hr in each aquarium without any feeding. Samples from all the
shrimp in each group were pooled. Hemolymph from the two groups were collected
at 24 hr after respective injection and the hemocytes of both pools were separately
pelleted and total RNA were extracted. It is noteworthy that only the group of the
shrimp which was infected with YHV showed clear clinical symptoms of the yellow
head disease and were tested positive to the YHV by PCR (data not shown) while the
buffer-injected control appeared normal and tested negative for YHV. None of the
shrimp PCR-tested were positive for WSV.

RNA preparation.

Hemocytes were obtained from hemolymph by pelleting on a bench top
centrifuge for 10 min at 800 rpm. Procedure for RNA isolation was according to
Chomzynski and Sacchi, using TRI Reagent (Molecular Research Center, Inc.).
Equal amount of total RNA, around 5 ug from each preparation, was separately
labeled by reverse transcription with Superscript'™ II reverse transcriptase
(GibcoBRL, USA) (200 U/ reaction), using oligo(dT);2.1s as the primer in 50 mM
Tris-HCI pH 8.3, 75 mM KCI, 3 mM MgCl,, in the presence of [alpha **P]-dCTP
3000 Ci/mmol (Amersham Pharmacia Biotech, UK).

Hybridization was conducted in small plastic test tubes for 24 hr at 65 C.
Washing was according to established protocol.

Autoradiography was conducted with Kodak XAR X-ray film for 15 min to
few hours. Films were developed by automatic film processor. Autoradiograms
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obtained from each type of reversed transcribed probe were selected for image
analysis.

Imaging and quantification of radioactivity present in each spot was by the use
of Bioimage Analysis software (BioRad). Intensity of spots from each film was
normalized for determining the expression level by using one spot of actin DNA at the
same corresponding position on the array as reference.

Results
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Figure 1 First array hybridization

A single nylon membrane was hybridized with probes from 3 new preparations of total RNA. The total
RNAs were extracted from shrimp haemocytes of control, 24 hr. post NTE injection and 24 hr. post
YHYV injection.

Figure 1 showed a result of the first array hybridization (using a single
membrane) to **-P labeled probes prepared from three preparations of hemocytes-
derived total RNA, one from uninfected zero time total RNA, one from 24 hr buffer-
injected total RNA, and one from 24 hr YHV-infected total RNA . Most of the
cDNAs (94 clones) were originally isolated from our black tiger prawn hemocyte
cDNA library and only two of the cDNAs were cloned by RT-PCR in a separate
work. It can be seen that the majority of the spotted hemocyte cDNA clones (75
clones, or about 78%) could hybridize to the 3 reversed transcribed probes, also
prepared from black tiger prawn hemocytes' RNAs. Only 21 out of 96 clones (22%)
did not hybridize, as verified by their densitometric values to about the same as
negative control background. A likely explanation was that the nonhybridizing clones
were of low abundant type and their mRNA level were lower than the sensitivity of
this reverse hybridization technique. It is noteworthy that when compared between
the zero time probe (left pane) and the 24 hr post buffer injection probe (central pane),
the majority of spots (in the central pane) showed reduced intensities. This occurred
despite our attempted optimization of autoradiographic exposure time to get similar
level of spot intensity of the positive control spots (three hemocyte actin spots, two on
the top left and right corners, and one on the low left corner, all at 1/10 amount
compare to most of other spots.) The reduced spots' intensity in central pane of the
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buffer-injected probe was likely due to either stress of the shrimp from being injected
with the buffer or deprivation of feeds at 24 hr post-injection, or both.

Although some spots appeared to hybridize differently from probes from the
hemocyte RNA of the two conditions, it was difficult to judge only by naked eyes. To
help categorize our result, we chose densitometric analysis to quantify spot intensities
from selected X-ray films. After scanning, the output of the software was then further
normalized against a base line using one spot of the positive control (top right corner)
as reference so that spot intensities of the 3 membranes could be compared.

We confirmed the result of the first array hybridization by conducting a
second array hybridization. To improve on hybridization efficiency, we selected only
a subset of 38 clones, to spot onto a smaller membrane. New preparation of total RNA
from a new batch of farm shrimps was also used to prepared probes. The result,
shown in figure 2, revealed that most of the clones, except three, did not significantly
change their expression levels. The discrepancy of our results between the first and
the second array hybridization seemed to suggest that the different lots of farm
shrimps used in our work has significant influence in the array screening.
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Figure 2 Second array hybridization.
A new nylone membrane with new arrayed cDNA clones was hybridized by radioactive
cDNA labelled using RT-PCR from 3 new preparation of total RNA.

The only transcript of known putative identity which was found to change the
expression level in both arrays were selenoprotein W as probed by clone PMCP0238
(spot G10 in fig.1, and spot E4 in fig.2) . Densitometric scanning in fig. 2 confirmed
the visualized change of spot density at 0.03 compare to zero time control (right pane
versus the middle pane).

Interestingly, one of another cDNA clone for selenoprotein W (PMCP207) did
not quite behave the same (spot F6 in fig.1, spot H4 in fig.2). In order to clarify their
differences, their nucleotide sequences were verified and confirmed.
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>PMC0238 734 nt vs.
>PMCP207 606 nt
80.6% identity; Global alignment score: 2005
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Figure 3 Full-length DNA sequence alignment of two different cDNA clones for Selenoprotein W from the
shrimp hemocytes. The two highly similar sequences (PMC0238, top, and PMCP207, below) encode identical
amino acid sequence despite the presence of two nucleotide substitution inside the open reading frame. Poly A
tails were found at the end of both sequences at different positions (not shown). In PMC0238, translation start
were found at position 91 and termination codon at 352 TGA at 130 was believed to encode for Selenocysteine.
SECIS element which could form secondary structure in mRNA was found from nucleotide position 594-675.
Two polyadenylation signals were found at nucleotide positions 596 and 718 of PMC0238 (boxed nucleotides).
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As can be seen in fig. 3, there were some differences between the two
sequences. the two cDNA shared 99% (602/608 bp) sequence identity, and the
presence of 125 bp longer 3' UTR in clone PMC0238. The sequence discrepancies
suggested that these were different transcripts from two different Selenoprotein W
gene. Despite some differences in the ORF, however, the deduced amino acid
sequences from both clones were identical. The amino acid sequence was highly
similar to mammalian and Drosophila's Selenoprotein W (Bairoch et al 1997,
Whanger 2000 )

Discussion

Although the first array hybridization experiment seemed to show that a
number of the transcripts have altered expression, many could not be confirmed by
the second hybridization. Only one transcript was of known putative identity,
selenoprotein W (as probed by cDNA clone PMC0238).

Studies on functional role of selenoprotein in higher eukaryotes have been
limited even in mammalian systems. Selenoproteins are known to exist in human
granulocytes (Liu ef al 1999). Some have suggested on its regulatory function of
oxidative state inside the cell, since the hemocytes would need to use significant
oxidative power to destroy phagocytosed pathogens. Our data showed for the first
time that the level of selenoprotein W dropped in YHV infected hemocytes with
respect to buffer-injected control group thus perhaps indicating the loss of control on
the intracellular oxidation-reduction status, and consequently, its capability to destroy
invading pathogens. This control is apparently important. Human lymphocytes
infected with HIV were found to have the level of selenoproteins decreased
(Gladyshev et al 1999). Alsina ef al (1999) reported that high levels of Drosophila’s
ptuf (Selenoprotein D) mRNA in dividing cells and low or undetectable levels in non-
dividing cells. Most selenoproteins identified so far are antioxidants, the role of ptuf
in cell proliferation through the control of the cellular redox balance has been
proposed. Their biological function of the protein could be related to eliminating
H,0, generated in the respiratory burst reaction of granulocytes, thus protecting these
cells from oxidative damage during phagocytosis. Downstream effects of
Selenoproteins are still not thoroughly known. Morey et a/l 2001 reported that
Ras/MAPK signalling pathway could be modified by selenoproteins.

Regarding the nature of two transcripts of selenoprotein W which we have
found, study in Drosophila genome by Castellano ef al have found 4 Selenoprotein
genes. Thus it is possible that there could be few copies of selenoprotein W genes in
the shrimp genome as well.

Currently the role of selenoprotein PMC0238 and other genes of unknown
identity in response to viral infection is not clear, whether or not their change in
expression level is due to the defense response of the cell or they signify the diseased
status of the phagocytes. It is known that, upon infected with WSSV or YHV, the
titers of the hemocytes in infected shrimps dropped significantly and likely the change
in subpopulation of the hemocytes as a result of the virus infection. Our result was the
first and is in line with those observations and should well serve as a useful basis for
further study on the molecular responses of the hemocytes, whether they were either
due to defense response or viral pathogenesis.
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Abstract

Crustacean hyperglycemic hormone (CHH), a major eyestalk peptide in
decapod crustacean, is involved in several physiological processes including growth
and reproduction. A gene encoding hyperglycemic hormone of Penaeus monodon
(Pem-CHH1) has been characterized previously. In this study, two additional genes
for P. monodon’s hyperglycemic hormones, Pem-CHH?2 and Pem-CHH3 were cloned
and characterized. The presence of three exons in both Pem-CHH2 and Pem-CHH3
genes makes them structurally different from the gene encoding Pem-CHHI that
contains only two exons. The genomic sequences flanking the three Pem-CHH genes
were determined by means of PCR-based genome walking. Nucleotide sequence
analysis showed that both the upstream and the downstream sequences are highly
conserved between Pem-CHH2 and Pem-CHH3 whereas the same regions of Pem-
CHH] are less conserved. The TATA box-like sequence was found 28-30 nucleotides
upstream of the transcription start site of each gene. Putative binding sites for several
transcription factors e.g. CREB and Pit-1 were identified by computer programs.
Finally, preliminary data on the organization of Pem-CHHI, Pem-CHH?2 and Pem-
CHH3 in P. monodon’s genome was obtained by Southern blot hybridization. At least
one copy of each Pem-CHH gene is located in the same 10 kb Hind IlI-digested
genomic fragment suggesting a gene cluster.

Keywords: black tiger shrimp, CHH, gene organization, promoter

Introduction

The X-organ sinus gland complex located in the eyestalk of decapod
crustacean produces a variety of peptide hormones that plays important role in several
physiological processes. Among all the eyestalk peptides, the hormones in the
CHH/MIH/GIH family have been extensively studied. This peptide family, whose
functions are essential for growth and reproduction, consists of crustacean
hyperglycemic hormone (CHH), molt-inhibiting hormone (MIH), gonad inhibiting
hormone (GIH) (Chang, 1997) and mandibular organ-inhibiting hormone (MO-IH)
(Wainwright et al., 1996). A distinct characteristic of this hormone family is the
presence of six cysteine residues that are aligned at identical positions in each
member (Keller, 1992).

CHH is the most abundant eyestalk hormone. The major role of this hormone
is to regulate glucose level in the haemolymph (Cooke and Sullivan, 1982). In
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addition to its main function, CHH 1is also involved in the regulation of other
processes such as lipid metabolism, ecdysteroid synthesis, ion transport and
reproduction (Santos et al., 1997, Khayat, et al., 1998, de Kleijn et al., 1998,
Spanings-Pierrot et al., 2000). CHH has been reported to exist as multiple isoforms in
several species such as Homarus americanus, Orconectes limosus, Metapenaeus ensis
and Penaeus japonicus (Tensen et al., 1991, De Kleijn et al., 1994, De Kleijn et al.,
1995 Yang et al., 1997, Gu and Chan, 2000). Recently, the genes encoding different
isoforms of CHH have been cloned and characterized in M. ensis (Gu and Chan,
1998, Gu et al., 2000). The MeCHH-A and MeCHH-B of M. ensis are encoded from
at least eighteen genes, sixteen coded for MeCHH-A and the other two encodes
MeCHH-B. These genes are arranged into two different clusters, each cluster contains
at least six MeCHH-A genes and one copy of MeCHH-B gene (Gu et al., 2000).
Moreover, different isoforms of CHH can be the result of alternative splicing. A gene
encoding the precursor of such alternatively spliced CHHs has been identified in the
shore crab Carcinus maenas (Dircksen et al., 2001). Similar type of CHH isoforms
also occurs in Macrobrachium rosenbergii as the nucleotide sequence of the gene
encoded for two alternatively spliced products, eyestalk form and gill form of CHH,
was recently submitted to the GenBank by Chen et al. (AF372657).

In the black tiger shrimp, P. monodon, a cDNA encoding crustacean
hyperglycemic hormone, so called Pem-CHHI1, and its gene have been cloned and
characterized (Udomkit et al., 2000). Recently, cDNAs encoding another two CHHs
(Pem-CHH2 and Pem-CHH3) have been identified (unpublished data). The finding
of gene cluster and alternatively spliced products of CHH in other species raises the
possibility that the same might be true for Pem-CHHs. In this work, the organization
of Pem-CHHI-3 genes in the genome of P. monodon will be studied by means of
PCR-based genome walking and Southern blot analysis. The putative promoter and
regulatory elements of the three genes will also be analyzed.

Materials and Methods

Amplification of Pem-CHH?2 and Pem-CHH3 genes

Genomic DNA was prepared from abdominal muscle tissues of P. monodon
by using the QIAGEN Genomic-Tip and the Genomic DNA buffer set (QIAGEN).
The PCR reaction contained 150 ng of genomic DNA template, 20 mM Tris-HCI (pH
8.4), 50 mM KCI, 2 mM MgCl,, 200 nM each primer and 200 uM each dATP, dCTP,
dGTP, dTTP in a total volume of 50 pl. The reaction was heated to 95°C for 5
minutes then, 2.5 units of r7th DNA polymerase (Biotools) were added.
Amplification was achieved by 35 successive cycles of denaturation at 94°C for 1
minute, annealing at 50°C for 1 minute and extension at 72°C for 2 minutes, followed
by a 10 minutes final extension at 72°C. The primers used to amplify the genes were
designed from the 5’ and 3’ ends of the corresponding cDNA. The nucleotide
sequences of these primers were CHH-F: 5 CGGAATTCTCAGTGCAGAGGGAGA
GCC 3° and CHH2-R: 5° GCGGATCCCTGCTTTATGAAGACACTG 3’ for Pem-
CHH?2 gene and CHH-F and CHH3-R: 5° ATGCTTTATGAAGACATTAC 3’ for
Pem-CHH3 gene.
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Cloning and identification of the flanking nucleotide sequences of Pem-CHH genes

Universal Genome Walker kit (CLONTECH) was used to find the unknown
5’and 3’ flanking region of Pem-CHH genes. P. monodon’s genomic DNA was
separately digested to completion with four restriction enzymes, Dra I, Hpa 1, Sna Bl
and Xmn I, that generate blunt ends after digestion. The digested genomic DNA
fragments were ligated to the Genome walker Adapter. The pool of uncloned adaptor-
ligated DNA fragments, referred to as Genome Walker libraries, was then amplified
by polymerase chain reaction (PCR) with the outer adapter primer and gene specific
primer for each Pem-CHH gene. The primary PCR products were diluted and used as
a template for nested PCR with the nested adapter primer and nested gene specific
primer. The sequences and relative positiosn of gene specific primers for each walk
from the three CHH-like genes were shown in Fig. 1. The PCR products were directly
cloned into pGEMT® Easy (Promega). The nucleotide sequences of the cloned
fragments were determined by automated DNA sequencing.

DNA sequence analysis

Double-stranded DNA sequencing was performed by the ABI PRISM™
BigDye Terminator Cycle Sequencing Kit (Perkin Elmer). Transcription start site was
predicted using the Berkeley Drosophila Genome Project WWW  server
(http://www.fruitfly.org/seq_tool/promoter.html). Search for transcription factor
binding site was performed using Tfsitescan software on the MIRAGE WWW server
(http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl) and Signal Scan software on the
BIMAS WWW server (http://bimas.dcrt.nih.gov/molbio/signal).

Southern Blot Analysis

About 10 pg of P. monodon’s genomic DNA were digested with selected
restriction enzymes. The genomic fragments were separated on 0.7% agarose gel at 30
V for 21 h and were subsequently transferred to GeneScreen Plus nylon membrane
(Dupont) with 0.4 N NaOH using the vacuum blotter (Model 785, Bio-RAD).

The DNA probe was synthesized by incorporation of Fluorescein-11-dUTP
(F1-dUTP) in a random prime labelling reaction using the Gene Images random prime
labelling module (Amersham Pharmacia Biotech). Three DNA probes specific to
Pem-CHHI, Pem-CHH2 and Pem-CHH3 genes were synthesized from the intronic
region of each gene. The fourth probe was synthesized from the coding region of the
mature Pem-CHHI that is nearly identical to the same region of the other two Pem-
CHH genes. The primers used for amplification of each probe were as follows:
forward CHH1-IF (5 AACCCAACCCAGTTGTGTTGT 3’) and reverse CHH1-IR
(5> CCACTGGTAGGTCGTACAGGA 3’) for CHHI1-specific probe, forward CHH2-
IF (5 TTCGTATAGCGGATCCGA 3’) and reverse CHH2-IR (5> TCAGTTTTGTT
CGGAGGG 3’) for CHH2-specific probe, forward CHH-F (5° TCAGTGCAGAGGG
AGAGCC 3’) and reverse CHH2-IR followed by Acc 1 digestion for CHH3-specific
probe and forward CHH-mat (5> GGAATTCCATATGAGCCTATCCTTCAG 3’) and
reverse CD-R (5 CGGGATCC CTACTTGCCGAGCCTCTG 3°) for the mature
CHHI probe.

Hybridization was performed in 5xSSC, 0.1% (w/v) SDS, 5% (w/v) dextran
sulphate and 20-fold dilution of liquid block (Amersham Pharmacia Biotech) at 65°C
overnight. After hybridization, the membrane was washed at 65°C in 1xSSC,
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0.1%SDS for 15 min followed by another 15 min- wash in 0.2xSSC, 0.1%SDS. The
detection step was conducted according to the protocol of Gene Images CDP-Star
detection module (Amersham Pharmacia Biotech).

Results

Nucleotide sequences and structure of Pem-CHH?2 and Pem-CHH3 genes

PCR amplification of P. monodon’s genomic DNA with specific primers for
Pem-CHH?2 and Pem-CHH3 gene resulted in specific products of similar sizes around
1.2-1.3 kb. Nucleotide sequence analysis showed that Pem-CHH2 and Pem-CHH3
genes are 1,274 bp and 1,263 bp long, respectively. Both genes contain three exons
that are interrupted by two introns at the same positions. The first intron is located
between the codons for *Leu and "Val in the signal peptide whereas the second intron
interrupts the codon for *’Arg of the mature peptide (Fig. 2). The exon-intron
boundary conforms to the splice donor and acceptor consensus sequence (Mount,
1982). The schematic structure of Pem-CHH?2 and Pem-CHH3 genes in comparison to
that of the previously characterized Pem-CHH 1 is shown in Fig. 3.

Cloning and characterization of the flanking regions of Pem-CHH genes

The length of the sequences walked into both 5’ and 3’ regions of each Pem-
CHH gene was summarized in Tablel. DNA sequences analysis of the amplified
fragment from the first 5° walk of Pem-CHHI gene revealed two types of the 5’
upstream sequences. The differences between these two types of sequences were due
to both nucleotide variations and deletions as shown in Fig. 4A, whereas a single type
of sequences was detected in the 3’ downstream region. A few types of dinucleotide
repeats, AC, AT and GT, were found in the sequences about 300 nucleotides upstream
of Pem-CHHI transcription initiation site. Longer repeats of 27 nucleotides were
found in the 3’ flanking region of this gene (Fig. 4B). However, these repeats were
not found within the sequences upstream and downstream of Pem-CHH2 and Pem-
CHH3 genes that were characterized in this study. Analyses of the upstream and
downstream sequences of the three Pem-CHH genes by BLASTN and BLASTX
program did not show significant match to any sequences in the databases (data not
shown).

Comparison of the 5’ flanking region among the three Pem-CHH genes
revealed a marked sequence similarity within 200 nucleotides upstream from the
transcription start site (+1) of Pem-CHH2 and Pem-CHH3 genes, whereas the same
region of Pem-CHHI showed higher degree of variation. The sequences further
upstream were more diverged among the three genes (Fig. 5A). Similarly, the 3’
flanking regions of Pem-CHH?2 and Pem-CHH3 contained nearly identical sequences,
whereas the sequence of Pem-CHHI showed only scattered identical nucleotides to
that of Pem-CHH?2 and Pem-CHH3 in this region (Fig. 5B).

Analysis of the putative promoter and regulatory elements

Prediction for potential upstream regulatory elements within 500 nucleotides
of the upstream sequences was carried out by using MIRAGE Tfsitescan software and
the BIMAS Signal Scan software. A putative TATA box-like element (TATAA) was
found located at 23 nucleotides upstream of the +1 position of each gene. In addition,
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several potential recognition sites for transcription factors were identified (Fig. 6).
The putative binding sites for cAMP responsive element binding protein (CREB),
pituitary-specific transcription factor-1 (Pit-1) and activator protein-1 (AP-1) were
found in the upstream region of all three Pem-CHH genes.

Copy numbers and organization of Pem-CHH genes in the genome of P. monodon

Southern blot analysis was performed in order to gain preliminary data on the
copy numbers and organization of Pem-CHHI, Pem-CHH?2 and Pem-CHH3 genes in
P. monodon’s genome. The nucleotide sequences specific to each Pem-CHH gene
were used as a probe to detect individual Pem-CHH gene in the genome. These
probes were unable to hybridize to one another (Fig. 7 A). P. monodon’s genomic
DNA was separately digested with three restriction enzymes that do not cut within
any of the three Pem-CHH genes i.e. Bgl 1, EcoR 1 and Hind IlI. The result in Fig. 7
B showed that there were at least 3 copies of Pem-CHHI gene, one copy of Pem-
CHH?2 genes and 2 copies of Pem-CHH3 gene in the genome according to the
minimum number of the bands hybridized to each probe. Some common DNA
fragments were detected by more than one probe. The fragment of about 7 kb in EcoR
I-digested DNA was detected by both CHH2 and CHH3 probes and the 9 kb band in
EcoR I-digested DNA was detected by both CHH1 and CHH3 probes. In addition, the
band above 10 kb in Hind IlI-digested DNA was detected by all probes. All of the
DNA fragments detected by each gene-specific probe together with several additional
bands were hybridized to the mature CHH 1 probe (Fig. 8).

Discussion

The nucleotide sequence analysis of Pem-CHH2? and Pem-CHH3 genes
indicated that both genes are encoded by three exons similar to the genes encoding
CHH and MIH from other species that have been characterized so far (Gu and Chan,
1998, Lu et al., 2000, Gu et al., 2000). Although the nucleotide sequences and the
length of introns in those genes are varied, their positions are relatively conserved. In
CHH genes of M. ensis (Gu and Chan, 1998, Gu et al., 2000) as well as Pem-CHH?2
and Pem-CHH3 genes, the first intron is located after the codon of ®Met and ®Val,
respectively. The second intron is always located within the codon of Arg at position
40 or 41 in all of the genes mentioned above. Interestingly, the previously
characterized Pem-CHHI gene is encoded by only two exons (Udomiit et al., 2000).
However, the single intron of Pem-CHH1 gene is also located at the same position as
intron 2 of Pem-CHH?2 and Pem-CHH3 genes (see Fig. 3). The presence of introns at
conserved positions suggests that these genes are closely related.

In this study, about 0.7-1.2 kb of the upstream and downstream flanking
regions of three Pem-CHH genes were characterized. The nucleotide sequences in
both regions of each gene were not similar to any known sequences in the database.
This, together with the absence of long open reading frame in these regions, suggests
that all flanking regions characterized are composed of non-coding DNA. Although
the coding regions are highly conserved among the three Pem-CHH genes, the introns
of Pem-CHH?2 and Pem-CHH3 are more similar to each other than to that of Pem-
CHH]I. Comparison of the upstream and downstream sequences of these three genes
also showed that the nucleotide sequences in these regions of Pem-CHHI were less
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conserved than that of Pem-CHH?2 and Pem-CHH3. Taken together with the fact that
Pem-CHHI contains only a single intron, whereas both Pem-CHH?2 and Pem-CHH3
contain two introns, Pem-CHHI seems to have gone through independent
evolutionary path from its related copies, Pem-CHH?2 and Pem-CHH3. The presence
of two types of the sequences in the 5’ flanking region of Pem-CHHI may reflect
variations in different alleles.

The presence of the putative site for CREB (cAMP responsive element
binding protein), a ubiquitous transcription factor that induces gene transcription by
activating protein kinase A (Silva et al., 1998), in the upstream region of all Pem-
CHH genes suggests that the regulation of expression of these genes is cAMP
dependent. The presence of the sequence with high similarity to the binding site for
the major pituitary transcription factor controlling expression of growth hormone and
prolactin genes in vertebrates, Pit-1 site (Bradford er al., 2000), suggests the
involvement of a tissue specific transcription factor in the regulation of expression of
Pem-CHH genes. Another significant match is the homologue of the binding site for
AP1 transcription factor. In Drosophila, AP1 protein controls cell growth and
differentiation (Zhang et al., 1990). Binding sites for similar transcription factors were
also found in the other characterized CHH, MIH and MO-IH genes (Gu and Chang,
1998, Gu et al., 2000, Lu et al., 2000). This demonstrates that the genes in the
CHH/MIH/GIH family might be under control of similar mechanisms. Further
investigation of these putative transcription factors in P. monodon and other
crustaceans is thus promising in order to understanding more clearly about the
transcriptional control of the hormones in this family.

Southern blot analysis showed that the genome of P. monodon contains at least
three, one and two copies of Pem-CHHI, Pem-CHH2? and Pem-CHH3 genes,
respectively. The DNA probe generated from the mature peptide-coding region of
Pem-CHHI can detect several extra bands in addition to those detected by each Pem-
CHH-specific probe. This probe is 60-80% homologous in its nucleotide sequence to
those of the other five CHH-like genes (Pm-sgp-I to -V) of P. monodon reported by
Davey et al., 2000. It is therefore possible that the additional hybridizing bands are
corresponding to the presence of Pm-sgp-I to -V and probably other genes in the CHH
family.

In the shrimp M. ensis, there are at least eighteen genes encoding two major
types of CHH peptides that share more than 98% identity in their amino acid
sequences (Gu et al., 2000). These genes were arranged into two different clusters. In
addition to CHH, other hormones in this family, MIH and MO-IH, of Cancer pagurus
were also encoded from genes that are clustered within a 6.5 kb region of the genome
(Lu et al., 2000). Our results also give preliminary information on the clustering of
Pem-CHH genes in the genome of P. monodon. A single genomic band about 10 kb
obtained from Hind 111 digestion hybridized to all Pem-CHH probes suggesting that at
least one copy of each Pem-CHHI, Pem-CHH2 and Pem-CHH3 genes are clustered
within this Hind III-digested fragment. Further studies on genomic organization of
Pem-CHH genes in P. monodon would provide an implication for their evolution as
well as the control of their expression.
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Pem-CHH1
.

< A B
<A B > c >

Pem-CHH2

FIlEEE B O
<F <DE > G >
<P <D E > G >

Pem-CHH3
E N
<l < H J>
<o < H J > —
200 bp

Figure 1. The diagram showing relative positions of primers used in genomic walking into the 5’ and
3’ flanking regions of Pem-CHH1, Pem-CMG?2 and Pem-CMG3 genes. The hatched boxes represent 5’
and 3’ UTR, filled boxes represent introns and empty boxes represent exons. Double lines indicate the
regions that have been characterized in this study.

Broken lines indicate the region that have been cloned and remain to be characterized. The sequences
of the primers are shown below.

A : 5’ -CCTGAAGGATAGGCTGCGTTTGTCTGA-3'
A’ : 5’ -GTGAAGGGAAGTCACAGGAGAGGCTTCT-3’

B : 5’ -AGACCTCGCCATGCGACTCCCAAGAC-3'

B’: 5’ -GCAAGCTTCTGTACAACAAGCCTCCTGTCTAATA-3'
C : 5’ -GATGCCTACACCGAGCCTCTGAGGTCC-3’
C": 5'"-CTATCAGACTGGCTGCACCATCACTGT-3’

D : 5’'-TAAGGAAAAAATCGGACCTTGCTGAAA-3’
D’ : 5’ -CAAATGAATAATGCATACAGCGTCAGA-3’

E : 5'-GGGTAAATACTGTTATCATTTAATAGGTCG-3'
E’: 5'-GGTGTTCCTGTACTGCGTGGACTACATG-3’

F : 5'-TTACCGGTAGTTGAACTATGAACTGTGC-3’
F’: 5’ -ATTCAAGATTCGCATCCGCTGATGTTG-3’

G : 5’ -TAGCCTAGACTTACTGCTGGCGTACA-3’

G’ : 5’ -CAGAACATTCAGCATCTGTAGCCATAC-3’

H : 5" -AGGGGATATACAGGGCTTTACATTTCT-3’
H": 5’ -CAGGTTAAGCTCTGCAATTTACAGAGC-3’

I : 5’"-GCAGTTTTCCTATATATCGGTGAAGGGAAC-3’
I’: 5’ -GATTGGAATATTCGAGATTCGCATTCG-3'

J : 5’ -CAAGGGCAGATGTAATGGTATACTTTCAG-3’
J’: 5’ -GGTGTTCCTGTACTGCGTGGACTACATG-3’
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gCHH2
CHH-F

TCAGTECAFAGEEAGAG O T AAGT e T T T T e T L T T eI I TE I GAGT

CCAGCGAALT GET TGO GET COGAT TG G TAAAGCAGET TTALGT TCAGGC T TTTAACTC
Vv AV B L-—-—-——-

TT T T ARG TCCAGAGCT TETCCTET CLARATATGFTTTTTTTTT COTATAGCGRATCC

TTTGTCTTGT GTGT COCCT COCAACALAACTCAT TOATT COAGACT AGTACTARACCGAL
———————————————————————— Intron 1 -
CATAGGAAGTTTTCTAAACATCGAAGT CATAATCATTACATCAATACGGOCACALLATCD

CTCTGCCALCACGTCCAGT CAGC TCTTCTTCTCTCCT TG TGETCECACTTCCGEOCTET
- -¥ Q0 3% & ¥V L ¥ 5 L L ¥V & L P & C
GTCACAACTTCT GAARACACGAATGALATACCGECETCCATTCTTT CCTCOCCT GRGEAT
¥y T T 3 EN T N E I P & 5 I L 3 5 F G D
TCCCTTTCAGAAGACCAALGCAT AAGCAAACGCTCTATAT GETTCAATTCTT GCACGGEE
& L 8 EIr Q & I 8 KR &8 I WTFDHNJZSTCLCT &
GTCTACGACCGCGAACTTCTTGT AAGGCTCGACCGEGTET GLCAAGFACTGCTACARCCTC
v Yo &rREVLTULVERLTDIERY CETDCGCTUNL
TACCGCCAC G TEGCAGT GECGGC CRAATGCAGETAT GTTATTC TAATTCTTACATALRLA
¥ BRD V &V & A E C R-—-
TCTCAACALCCACT TTATACAGCAGCCAGTAT CTETALATCCOCTCT CAAGAT CAGLTCT =
ATAGTATCCTGOCTAAATACTCT TATCAT TTAATAGCTCCATTTTT TAATCACTATARALL
———————————————————————— Intron 2 -
CCTTTATTTAGATTCCAAGCAT CTCAGTALALTCAACTTTACTTCCCTTTTCTCTTGCAT

TCTATTTTCATTCCTTCTT TACCTACT TACAT CCTTACATAGLACC TTTACATATTCCA

CAGCTAACTCT TTCCACAACCACGTCTTCCTCTACTECCTCRACTACATCT TCCGECCTC
S N CF HWNEVY¥Y F L Y -V D YT MHNTFRTP R
CCAGAGGAACCAGTACCGEGCCGCCCTCCAGAGGET COGCAAGTAGGCGGCTUGIUTING
o RN OQJQ Y B A AL QPR L G E *

AR T T e e EEA G e TG e TG GATT T T T CTAGGEC T O CT IO GE T
TN ATT O TAAG TTAGAAAC G AT AACATA T GAC G GAG G T TT T CATC TACAGT

TCTTCATAAAGCAG

CHHE-E

JCHHZ
CHH-F

TCAGTRCAGEEEEAGAGLE TEG AT  GETEETE CT TR TEC C GCTGATC TR TTGC GAGT
CCAGCEAAATGATTBEGETC CGACTEGTRAGBGGAGGT TG BAGAACAGRCGOT TTARCGE

L O
CTCTGTAAATTGCAGAGCT TAACCTETGCARATATTCTT TTCETACABCGET TCCGAATS

COTGTATATCCCCTGL GAAC AAAAGT CACCAT T CRATAATAGTAGTARAGC CAATATAG

———————————————————————— Intron 1 ———-——--———————— -
A AL AT CACTTTCTCTC T TALACAT TEAAATCACAATCAT TATATCAATACGCCCA

ACTTCCTAAACTTAACTACTCTCCCTCTGCCCACAGCTECAGTCAGCTGTTCT GETGTEC
————-—— v 0 & A ¥V L W 5
CTGCTGGTEECATTTCCCGCCTCTGTCAC GACTT CTCARARCAC CAATCARATACTCCCG
L L VvV A F P AL CWV T T S ENTMNETITL L
TCCATTCTTTCCTCCCCTGEOGATTCCCT TACAC GACAACAALCCAT AACCAALCCCACT
& I L & &8 P G I &8 L T REIDQZETI = EZRT
ATCTCETTCAGTTCTT GCACCGET GTCTAC GACCGCCARCTCCT TETALCCC T CLACCE
¥ s F 5§ 5 CT GGV YD EREETVLTLWVERETLTDLDER
GTGTGECGARGACTGETACALCCT CTACCGCGACGTTGRAGTGGE GECCOART GTAGGTAT
¥y ¢ EDD CTYUNULTYERTD VWV GV AL A E C R
GTTCTTCCTATTCTTACATARAAT TTGTCAMCAACCALT ACALACAACCAGTTTATTATA

CAGCAGCCAGTATCTGTGCCAGATGGTCAGTCAAGGGCAGAT GTAATGGTATACTT TCAG
AATCTCCATTTTTTTTCTT T TTATAAT TAC TAGARAACCTTACATT TAGATT TCAAGGAT
————————————————————————— Intron £ -——-——--———--——---——--——
TTCACTAAAATCAAATTTGCTACCCTTTACTCTTGATTTCTAT T TTCATTCCTTCTT TAC
TTATCGGCAT GECTACATAAAACTTTTCCATT TTACAGCACTAACTCGTTTCCACAAC GAG
————————— & N CF HUN E
GTGTTICCTGTACTGCGTCEACTACATCTT TCCGCCTC GO CARLGGAATCACTACCGLGCC
v F L Y c¥DI Y M F R P BQBNDOQTR L
GCCCTGCAGAGGCTCEGCALGT AR G TCCTATC CGE CCAGC TE TTC CGCAC GG
A L Q0 R L G K *
TCECTETEAGACT I TEAA TEACCAGAC TCTAG G TC T TTC G GT T GO CTC TG TAT OO T
AAGTTAGAAGCTGACACCATAT T GAC GCC GAGG T T TIC AT TG TAATE TCTTCATAAA R

«—

CHHZ-E

CAT

Fig. 2. Nucleotide and deduced armmno acid sequences of Pem-CHA2 (4) and Pem-CHH? (B) genes of P mopodosn. Introns are mdicated by dashed lines.
Armino acids are shown in one-letter symbol and the astenisk marks the stop codon. Arrows indicate the nucleotide sequences corresponding to the primers
uzed for amplification of each gene.
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Fror I o | Pem-CHHI

[T Foo BN | Pem-CHI

T — Exon? | Fxomd| | Pem-CHH3

Exonl

100 bp

Fig. 3. Comparison of the gene structure of Pem-CHH1, Pem-CHH2 and Pem-CHH3. The hatched
boxes represent the 5° and 3’ untranslated regions. Exons and introns are shown in white and black
boxes, respectively.

Gene Dircetion of libraries Sizes of the flanking
walk fragment (bp)
Pem-CHH1 5 Dral 690
3 Hpal 1,124
(first walk)
Dral 902
(second walk)
Pem-CMG?2 5 SnaB 1 782
(first walk)
Xmn 1 371
(second walk)
3 Hpal 606
(first walk)
Dral 53
(second walk)
Pem-CMG3 5 Dral 685
(first walk)
Xmn 1 144
(second walk)
3 Hpa 1 721

Table 1. Summary of the 5° and 3’ flanking sequnces of Pem-CHHI, Pem-CHH2 and Pem-CHH3
genes obtained in this study.
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A

ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTAAATTGTCGCGAGTATATGTTTAG -667
TTTGTATATTTTGCGATAAATCCTTTCGCTGCATATAAAAAGAATATAAATAGAGAGGAG -607
G A
CAACATTCTTTCTCATAATATCAGAAGGAAAGATCAGACTAGTTTGAATTATACTCAGTA -547
T RN
AAACCAGCTGCCAATGTGTAAAATATTACATGAACAATATCTAGTGGACAAGGACACGGA -487
GTGGGAGAGTAACATATACCCAGAGACACACACACCTTCACAGACACACATATATATAGA =427
TATATAAATAGATAAACACACACACACACACACACACATTTATACACTTACATTCGCACA -367
CACACACACACACACACACATATATATATGTGTGTGTGTGTGTGTGTGTGTGTGTATGTG -307
____________ A
TGTGTGTGTGTTATACATCTATCTATATGATTGAAGAGCTGTGTGACGTTACTGTTTGCA -247
T
TTCTTTATCGAATTTTGCATGAGAAATATTTCACCGGGATATATTCTCCTGACTCAGTCC -187
G —
CAGAATCAGTGTTGAATCAGCACAGCTAGCTGGGTTTGAAGAGGTGATCAGGCCTTCTTC =127
ACTGAACAATGAGTCAAAAGCTGAGAAAACGAGGTGTCTCGCCAAAGTCTCCGATCCCAC -67
A
ACCTTGTTCATGTTTCCGTGAGCATTGACGGCCACTTATATAAGGTGATGCTCGACTGTT =7
T
TCGATCTTAGTGCAGAGGAAGAGTCTGGAAGTTGCTGACCGTCGCTCCCGATCTGCCTCT 53
+1

GCAAGCTTCTGTACAACAAGCCTCCTGTCTAATAAAAATAAGAGAAATATAATGAGAATTTTCCTTAAAATATCC 25
CTCAGAAACCTACTGTAARATACAATTTGTTAGAAGGAGGTGTCTACAAGGCTGTAAAAGTGGGTGTAATTATAC 100
ATATTAAGCCTTTTTCTAGCATCCCGAAACTCCTAACACTTTAATACATTGTTTGAAGTTGCATCATGGTCGCTA 175
CAAAACACAATACAATCGAAGTTTGTACTGGCTGTCAGGGTTCGTTTTAAGAATCAGAGCGGTCACGTCAATGGA 250
AACACACCAGAGGGCACTATAATACACAAAACARAACAGGATATGTACAGAACAGATGGGTAGAGGATCCAGTGG 325
AACAGGCAAGGTCACATGGCGAAAGGAAAGCATACAAGTCAAAGTCGCGGGACAGCTGATGAATTCTTGCTTGGT 400
GCTCCTTTTATGTGTCGTACCCGATGTAAAGGCTCGACACCCTTGTTCCCCACAAGGTGTGCAAGCCAATCATGA 475
AAGACCTAAGCCCGCCGCAGCGCCAAAGGTCCTGAGCAATCTCGCAGTTGTGACATATCTCCCAACTCTCTTCAG 550
AATAATCTTCCAAGAATTGGAATTTTTTTTAAGAGAGTCACAACTGCGAGATGCCTACACCGAGCCTCTGAGGTC 625
CTACATCCAGCGGTGATGTGGCCCCAGGGCCTGCCCTTCCTTCACCAAACACTCTTCCTGCGAACACGATCCTGC 700
TTCTATCAGACTGGCTGCACCATCACTGTTTCTCCAATGGTCTCTCTTCTACTAGCAGCTTCTCCTGTGTCTCCT 775
TGGCAGGCAGCTCTTCCAGGGTATCCTCGGATGGCAGCTCCTCCAGGGCATCATCAGACAGCAGCTTCTCTAGGG 850
TATCCTCGGACGGCAACTCCTQFAGAGTATTCTCGGACGGCAGETCCTCSAGGGTATCTTCGGATGGCAGECCCT 925
CAGGGTATCCTcGGACGGCAGé&ccTcCAGATATTCTCAGACGGCAGC%ECTCCAGGGTATCTTCGGACGGCAGC 1000
TCCTCCAGGGTATCTTCGGACGGCAGCTCCTCCAGGGTATCTTCGGACGGCAGCTCCTCCAGGGTATCCTCGGAC 1075
GGCAGCTCCTCCAGATATTCTCGGACGGCAGCATGTCCTTGGTCAGTAGACCAGCCCGGGCCGTCGACCACGCGT 1150

—»
GCCCTATAGT

Fig. 4. Nucleotide sequences of the 5° and 3’ flanking regions of Pem-CHH1 gene.

A. The 5’ flanking region of Pem-CHHI. The numbers on the right indicate the positions

upstream of the transcription start site (+1). The sequence of AP2 primer is underlined.
The variation in nucleotides and deletion regions are shown in bold letters and as dash
line, respectively, below each line.

The 3’ flanking region of Pem-CHHI. The asterisk represent the 3’ end of the gene.
The numbers on the right indicate the positions downstream of the gene. The 27 bp
repeats were indicated by arrows.
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5" CHHlL ____________ EacafccacacccaciEcchclcTiNAC
5/ CHH2 coppmigemsoceppestimil 20 Dl i s e C G
5’ CHH3 TTTTTTTGGTTIETATE TTC TG TATTCHED CaTafa

5’ CHH1
5’ CHH2 C
5’ CHH3

L -GTGTE
e CERC
Rl
GAGCTERGTCACE ] S
BRI HESRE

le3 - e TlE & SETC GATA

5’ CHH1
5’ CHH2
5’ CHH3

5’ CHH1
5’ CHH2
5’ CHH3

5’ CHH1l
5’ CHH2
5’ CHH3

5’ CHH1
5’ CHH2
5’ CHH3

3’ CHH1l
3’ CHH2
3’ CHH3

3’ CHH1 = .____ TG
3’ CHH2 r. C
3’ CHH3 o C

o

3’ CHH1 ; AT T4 0 -BroEE------- e (A G B
3’ CHH2 BTGATCRAR AT T2 R A TIEgya 1 S - - HS [, ey
3’ CHH3 AABTCITTAMATIAGA A 5 CCTCEG 5B A TR CAATTAATLLE

3’ CHH1
3’ CHH2
3’ CHH3

3’ CHH1
3’ CHH2
3’ CHH3

3’ CHH1l
3’ CHH2
3’ CHH3

Fig. 5. Sequence alignment of the 5° (A) and 3’ (B) flanking region of three Pem-CHH genes. The
nucleotides that are identical in all three genes are highlighted in black, whereas those that are identical
in two of the three sequences are in gray. A) The arrow indicates the position about —200, downstream
of which the sequences are highly conserved among all Pem-CHH genes. B) The sequences shown
here begin with the first nucleotide downstream of each gene.
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5'CHHl -----—=-——--— GACAAGGACACGGAGTGGGAGAGTAACATATACCCAGAGACACACACACCTTCACAGAC -442
5'"CHH2 ----"""""-—— = TCACAAGAAAATGGACCGTTATAATAATGCCTGAAAATTGCA -459
5'CHH3 TTTTTTTGGTTTGTATATTCTGTATTCTGCCTAATGAAACATAAAGCTAATAATC-TGGCATTATTTGGAA -431

5'CHH1 ACACATATATATAGATATATAAATAGATAAACACACACACACACACACACACATTTATACACTTAC---AT -374
5'CHH2 CATTGATTTGATAATCATTTATGTTTACTCACCTATTTATATTTATCCTATTATCATTATTTTTAGTAAAT -388
5'CHH3 TCACAAAATAATGGACTGTTATAATAATACCTGTTCCCATACTCATATGCCCTTCTTCAATTTTGGT--AT -362

5'CHH1 TCGCACACACACACA-CACACACACACATATATATATGTGTGTGTGTGTGTGTGTGTG-TGTGTATGTGTG -305
5'CHH2 GCCTGTAGGTTGATGAGAAATCTAGGATTCCATGAATGAGTGGTTCCTCGGGTCAATAGTCTAAAAAGTTT -317
5'CHH3 GCAGTTCCCTTCACC-GATATATAGGAAAACTGCGCATAGTCTTCACT---GTCAATA-TCATTTTATTTA -296

Pit-1 Pit-1 CREB Pit-1
5'CHH1 TGTGTGT-GTTATACATCTATCTATATGATTGAAGAGCTGTGINEINSET TACTGRNEONRPCTT--TATCG -237

5'CHH2 AGGGACACGTAAT TCATATTAAT--ATATTCGTCACA----- CAGACCTATATATTTACATAC -253
5'CHH3 TTTAT TTTTATTATGTTATGATT--ATTiRPNEIPNINACGGCTGCAGGTCGATAGG---AAGTCA -230

AP-1
5'CHH1 AATTTTGCATGAGAA-ATATTTCACCGGGAT--ATATTCTCCHONGREN------- GTCCCAGAATCAGTG -176
5'CHH2 ACGTGCGCACAAGATCATACTAACATGAAGTTTCTGGTGATCAGACAGAGCAAAGCGTCGTATTTACATCC -182
5'CHH3 AGGATTCCACGTGTT-ATATTCGCACGAGAT--CAAGTTTTTCGTGACA-CAACGCGTCG----TGCATCC -167
Ap-1 CREB cp1
5'CHE1  TiHNSNAGCACAGCTAGCTGGGTTTGAAGAGGTGATCAGGCCTTC—---TTCACTGAACAATGAG-TCAA -110
5'CHH2 GCGAATTCACACAGCHENSEAACTTTCAAGAGGTGATCAATCCTCAMSNMNTCAACAGACTTCGAGATCAA ~111
5'CHH3 GCGAATTAACACAGCIGNMEAACTTTCAAGAGGTGATCAACCCTCACCATTTCAACAAACTTCGGGATCAR  -96
NF-1 CP2
5'CHH1 AAGCTGAGAAAACGAGGTGTCHUSSSMNAAGTCTCCGATCCCACACCTTGTTCATGTTTCCGTGAG-CATTG — —40
5'CHH2 AGGCTCTTAAAACAAGATGTCTCGCGAAGGCCTGTINGSYNSIMACCTTCGCTCATGTTTTCATCAATCACCA — —40
5'CHH3 AGGCCCTCGAAACAAAGCGTTTCGCGAAGGCCTGTAGTTAATAGCTTCGCACATGTTTTCCT-———————— -34
TATA L
5'CHHL ACGGCCACTT GGTGATGCTCGACTGTTTCGATC TTAGTGCAGAGGAAG 15
5'CHH2 ACGGCAGCTTA GGCGATGTTCACCTGTTTCTGAGTCAGTGCAGAGGGAG 15
5'CHH3 ------ GCTTA GGCGGTGTTCACTCGTTTCTGAGTCAGTGCAGGGGGAG 15

Fig. 6. The putative promoter sequence and regulatory elements identified in the upstream region of
Pem-CHHI1, Pem-CHH?2 and Pem-CHH3 genes. Putative TATA box and binding sites for transcription
factors were highlighted. Arrows indicate the transcription start site (+1) of each gene (Udomkit et al.,
2000; unpublished data). Numbers on the right show the positions relative to the transcription start site.
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123456 123456 1234586

Probe CHH-1 CHH-2 CHH-3 A

o 123 123 123

231 — + + -4 +

94 — P kPiw

66 —I > >

44 -

3.6 —
Probe  CHH-1 CHH-2 CHH-3 B

Fig. 7. Southern blot analysis of Pem-CHH genes of P. monodon. The same membrane was used in the
hybridization with all DNA probes. (A) The DNA probes specific to each Pem-CHH genes were
hybridized to 30 pg and 10 pg of Pem-CHHI genomic fragment (lanes 1 and 2) that are equivalent to
three and one copies of Pem-CHHI, respectively. Lanes 3 and 4 represent three and one copy-
equivalent of Pem-CHH?2 and lanes 5 and 6 represent three and one copy-equivalent of Pem-CHH3
gene, respectively. (B) About 10 pg of P. monodon’s genomic DNA digested with Bg/ I, EcoR I and
Hind 111 were loaded in lanes 1 to 3, respectively. The filled arrowheads indicate the bands of the same
size that were detected by CHH1- and CHH3-specific probes. Opened arrowheads indicate the bands of
the same size that were detected by CHH2- and CHH3-specific probes. The bands that were detected
by all CHH1-, CHH2- and CHH3-specific probes were marked by arrows.

1234567829
kb

231 — .
94 — Y=
[>-

66 —

44 —
36 —

0.7 —

Fig. 8. The membrane in Fig. 7 was re-hybridized with the mature CHH1 probe. Lanes 1 to 6 represent
three and one copy-equivalent of Pem-CHH1, Pem-CHH?2 and Pem-CHH3, respectively. Lanes 7 to 9
are genomic DNA of P. monodon digested with Bgl I, EcoR 1 and Hind 111, respectively. The bands that
were also detected by CHH1- CHH2- and CHH3-specific probes are indicated as described in Fig. 7B.

58



PCR-based method for epidemiological identification of
the pathogenic Burkholderia pseudomallei

PCR-BASED METHOD FOR EPIDEMIOLOGICAL
IDENTIFICATION OF THE PATHOGENIC
BURKHOLDERIA PSEUDOMALLEI

Sumalee Tungpradabkul', Piengchan Sonthayanon’, Piamnukul Krasao', Vannaporn

Wauthiekanun’, and Sakol Panyim"’
! Department of Biochemistry, Faculty of Science, *Institute of Molecular Biology and Genetics, *Wellcome Unit,
Faculty of Tropical Medicine, Mahidol University, Thailand

Abstract

We have previously shown that Burkholderia pseudomallei, the causative
pathogen of melioidosis, can be discriminated from the closely related non-pathogenic
species Burkholderia thailandensis by the presence of a 15 base pair deletion in the
flagellin gene of B. thailandensis. Using specific flagellin gene primers flanking the
distinctive region, PCR products of 191 and 176 bp in size were detected for B.
pseudomallei and B. thailandensis, respectively. The sensitivity of detection is 20-80
colonies forming units per reaction of B. thailandensis and B. pseudomallei cell
suspension. To mimic the expected environmental situation, mixed populations of the
two species were analyzed. The results showed that the PCR-based method could be
used to distinguish the two species in a duplex reaction. However, the sensitivity of
detection in B. thailandensis was higher than in B. pseudomallei. We have
investigated and found a certain stem loop with a stable energy of —81.6 kcal/mole
within a flagellin sequence of B. pseudomallei but not in the B. thailandensis. This
finding suggested that the loop formation within the B. pseudomallei flagellin
sequence is a factor involved in the lower sensitivity of the detection. We therefore
improved the optimal condition by decreasing the primers concentration and that the
sensitivity was increased to be the same sensitivity for detecting B. thailandensis.
Finally, direct detection of the both bacteria from soils could be detected with the
sensitivity of 1,000 cfu/reaction.

Keywords: Flagellin sequence, Burkholderia pseudomallei, Burkholderia thailandensis,
polymerase chain reaction (PCR), stem loop formation

Introduction:

Burkholderia pseudomallei is the causative organism of melioidosis, a disease
that is endemic to much of southeast Asia and northern Australia. The organism is a
motile, Gram-negative rod and is a free-living saprophyte in the environment of
endemic areas such as soil and stagnant water. B.  pseudomallei had been
differentiated into 2 distinct biotypes by the ability to assimilate the pentose sugar L-
arabinose [1]. The ara+ biotype is capable of assimilating L-arabinose whereas ara-
biotype cannot. These two biotypes have also demonstrated differences in
pathogenecity. The ara- biotype is virulent while the ara+ biotype is nonvirulent. The
differences in genotype, phenotype and pathogenicity of these two biotypes have been
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reported, and it has been proposed that the nonvirulent ara+ biotype be named as a
new species, Burkholderia thailandensis. In northeastern Thailand, 75% of soil
isolates are ara- biotypes and the other 25% are ara+ biotypes, although there are no
reports documenting mixed population of B. pseudomallei and B. thailandensis in
epidemiological surveys, possibly reflecting the inability of current assays to
appropriately identify mixed population.

Recently we have developed a PCR-based method for differentiating these two
species by using specific primers flanking a 15-bp deletion in the flagellin gene of the
non-pathogenic B. thailandensis generating amplification products of 191 and 176 bp
for B. pseudomallei and B. thailandensis, respectively [2]. We have also developed a
simple method using a directly detected the bacteria culture, as well as analyzing
mixed populations of the two species, mimicking the situation that may occur in the
environment. The sensitivity of the detection was 80-20 colonies forming units per
reaction of B. pseudomallei and B. thailandensis cell suspension, respectively. In
addition, the sensitivity of a mimic mixed populations of the two species was shown a
significant difference in which the amplified product intensity of B. pseudomallei
was 4 times lower than B. thailandensis when using an equal number of template [3].
We therefore investigated a factor that involves in the sensitivity of the detection
using Taq DNA polymerase with low fidelity and computer analysis of a stem loop
formation program. We found a certain stem loop with a stable energy of —81.6
kcal/mole within a flagellin sequence of B. pseudomallei but not in B. thailandensis.
Our finding clearly explain the unequally sensitivity for detecting B. pseudomallei
and B. thailandensis.

In this study, we attempted to improve sensitivity and develop a simple
method for detecting and differentiating B. pseudomallei and B. thailandensis for use
in epidemiological studies. This simplified PCR protocol is expected to be
considerable benefit in epidemiological status to understand the ecological
relationships between B. pseudomallei and B. thailandensis.

Materials and Methods

PCR detection of B. pseudomallei and B. thailandensis from bacterial colony

A single colony from culture plate was selected and transferred to 50 ul of
distilled water in 1.5 ml microtube. The suspension was boiled for 20 min and was
diluted to 1:10, 1:100 and 1:1000. Approximately, 10 ul of each dilution was used as
PCR template. The specific flagellin sequences of B.pseudomallei and B.
thailandensis were amplified as follows. A total 50 ul reaction mixture containing 200
puM  of each dNTPs, 1 pM or 05 pM of each primer, PMA-1 (5'-
CTGTCGTCGACGGCCGT-3") and PMA-2 (5'-GGTTCGAGACCGTTTGCG-3"), 1x
PCR buffer (10 mM Tris-HCIL, pH 8.3, 50 mM KCl, 1.5 mM MgCl, and 0.1% gelatin)
1 M Betaine, and 1 unit of Taq Polymerase enzyme. The 40 cycles-amplification were
performed as follows. The mixture was preheated at 99 °C for 5 min, then add enzyme
at 95°C followed by 40 cycles of 95°C 1 min, 65°C 30 sec. The final step was 72°C
for 5 min. The amplification products were analysed on 3.5% agarose gel
electrophoresis.
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PCR detection of the mixed B. pseudomallei and B. thailandensis culture

1 ml overnight culture of B. pseudomallei and B. thailandensis were colony
counting and were centrifuged at 3,000 rpm for 15 min. After colony counting, the
cell pellet was suspended in 1 ml sterile distilled water. The suspension of B.
pseudomallei and B. thailandensis were mixed at a ratio of 1:1, 1:2, 1:4, 1:8 (v/v) and
2:1, 4:1, 8:1(v/v), respectively. Approximately 10 ul of each 1:100 dilution mixture
was used for PCR template as described above.

DNA sequencing and computer analysis

A short PCR product was obtained in B. pseudomallei template, after using
low fidelity Taq DNA polymerase. Purification of a short PCR product was
performed by GeneClean and subsequently sequenced by automated DNA sequencer.
DNA sequence was aligned to the flagellin gene sequence of B. pseudomallei.
Computer analysis of the flagellin sequence stem-loop formation was carried out
using MFOLD from GCG program.

Detection of B. pseudomallei and B. thailandensis specific flagellin sequence from soil

Bacterial strains used in this experiment are B. pseudomallei NF10/38,
NF47/38, E38(L58), and E271 and B. thailandensis E257, and E276. All bacterial
strains were grown in LB media at 37° C for 20 hours with shaking at 250 rpm. The
cultured cells were diluted 1:10 in sterile distilled water before 1 ml of the diluted
cultured was inoculated into soil suspensions.

Three soil samples, two were collected from rice field in Hoi Kha Yung and
Varinchamrab, Ubon Rachathani and one was collected from Hat Yai, Song Khla,
were used in this experiment. They had pH (H,O) of 5.0, 6.5, and 5.0 respectively as
measured by pH paper and had different colors as shown in Fig. 3. Each soil was
weighted into seven 1-gram portions and transferred to 7X15 ml conical tube for
autoclave at 121° C for 20 min. A soil suspension was made by adding 1 ml of sterile
distilled water to each portion of autoclaved soil and homogenized for 1 min using
vortex mixer.

Inoculated soil was prepared by adding 1 ml of 1:10 diluted cells suspension
into 1 portion of suspension soil and then mixed by vortex for 30 sec. The inoculated
soils were left to sediment at room temperature overnight. Approximately 50 ul of
each soil samples was boiled for 20 min. The soil suspension was diluted to 1:10,
1:100 and 1:1000. About 10 ul of each dilution was used for PCR template. A 10
mg/ml of BSA (Bovine serum albumin) were added in the reaction mixture to get 1
uM of a final concentration. The amplification method was performed as described
above.

Results

PCR detection of B.pseudomallei and B. thailandensis from bacterial colony

The amplification product of specific flagellin gene sequence of
B.pseudomallei is 191 bp whereas that of B. thailandensis is 176 bp. The product can
be distinguished by 3.5 % agarose gel electrophoresis. The results show that as little
as 1:1000 dilution of B.pseudomallei and B. thailandensis cell suspension, the
expected product could be detected as shown in Figure 1. After colony counting, the
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number of colony at 1:1000 dilution was approximately 20 to 80 cfu/ ml. Total 290
samples were amplified and analysed. The example of the results was shown in Figure
1 and Table 1. The PCR results of all 290 samples were corresponded with the
arabinose assimilation test.

PCR detection of the mixed B. pseudomallei and B. thailandensis culture

A mixture of B. pseudomallei and B. thailandensis (7.2 x 10" cells/ml and 7.3
x 107 cells/ml respectively, from plate counts) at a ratio of 1:1 showed two DNA
bands of PCR-amplified products of 191 bp (B. pseudomallei) and 176 bp (B.
thailandensis). The intensity of DNA band of B. pseudomallei was lower than the
intensity of the band of B. thailandensis. In mixtures which contained more number of
B. thailandensis than B. pseudomallei at ratios of 2:1, 4:1 and 8:1 showed only one
DNA band of PCR-amplified products of 176 bp. In contrast, mixtures containing
more number of B. pseudomallei than B. thailandensis at ratios of 2:1, 4:1 and 8:1
showed two DNA bands of PCR-amplified products of 191 bp and 176 bp. The result
was shown in Fig. 2.

PCR detection of B. pseudomallei and B. thailandensis using low fidelity Tag DNA
polymerase

In order to reduce a cost for PCR detection of the two bacteria, Taqg DNA
polymerase was considered as a main step. Thus a homemade preparation of a
recombinant E. coli harboring Taq DNA polymerase enzyme was used to express and
purify the enzyme and that could reduce an expense in the PCR reaction. However,
the enzyme has low fidelity property. To check this property of the assay, total 20
samples of environmental and clinical isolates were amplified and analyzed at a
dilution of 1:1000. These isolates were analyzed in a blind test, without any prior
bacterial data. The PCR amplification products were shown in Fig. 3. A 100%
concordance was observed between PCR, size and arabinose ultilization. However,
sample number 6, 14 and 16 showed 2 bands of the PCR products. The upper band is
equal to 191 bp or concordance with B. pseudomallei but the lower band is lower than
176 bp of B. thailandensis.

The short PCR products were then analyzed their sequence The DNA
sequence was aligned and compared to the flagellin gene sequence of B. pseudomallei
as shown in Fig.4. The result demonstrated that a short PCR product was derived from
the flagellin gene of B. pseudomallei by deleting 24 bp of the sequence generating a
product of 167 bp in size. Using MFOLD from GCG program, a 191 bp sequence of
B. pseudomallei was analyzed its stem loop formation as shown in Fig.5. A strongest
loop formation was found within the region of 24 bp deletion of the short PCR
product. This loop stabilizes with higher energy of —81 kcal/mol.

Optimization of PCR condition to improve sensitivity of PCR detection of B.
pseudomallei and B. thailandensis culture

Since the loop formation within the flagellin gene in B. pseudomallei is a
factor involving in the sensitivity of the detection, optimization of the PCR condition
by decreasing primers concentration was performed. In Fig. 6, the result showed the
optimal ratio between primers and template was 0.5 to 1 uM of primers per 100-200
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ng of DNA template and 0.5 uM of primers per 0.1 ng of DNA template. Therefore
the optimal PCR condition has changed to decrease the primers concentration into 0.5 uM..

Detection from soil

PCR-amplified products of the variable regions of flagellin genes of B.
pseudomallei NF10/38, NF10/38, NF47/38, E38(L58), and E271 and B. thailandesis
E257 and E276 from three sources of soil suspensions (Fig 7.) could be observed in
PCR reaction contained 10 uM BSA (Fig.7.2) compared to a reaction without BSA
(Fig. 7.1). The amplified products by PCR reaction including 10 puM BSA showed a
positive detection in all inoculated soils whereas a negative PCR-product were
obtained in a reaction without BSA.

However, the new optimal condition with low concentration of primers was
applied to detect the bacterial from soil, the reproducible result showed increasing in
sensitivity of the detection with and without BSA (Fig. 8). Sensitivity of the detection
in the optimal condition was performed as shown in Fig. 9. The result showed the
same intensity detected from both species and could be detected to 1000 cfu per
reaction. Figure 10 are the soil sample from difference sources.

Discussion

Detection of bacterial species using conventional microbiological techniques
can be laborious and time-consuming. Polymerase chain reaction (PCR) is an
alternative method for detection of microorganisms. The specificity, sensitivity, and
rapidity of this technique are suitable for application and monitoring for the detection
of small numbers of target microorganisms for which specific amplification primers
are available [3]. A simple and rapid system to differentiate the two bacterial species
by PCR-method was developed in this study. The DNA extract, by using a single
colony suspended in sterile-distilled water and boiling for releasing DNA molecule,
was used as template for PCR using the same primer pair specific to the conserved
sequences of the variable regions of flagellin genes of both species. The detection by
this technique was sensitive enough that could be detected approximately 20-80 cells /
reaction.

The significant of arabinose utilization by B. pseudomallei and B.
thailandensis is demonstrated to be the marker for pathogenesis. Our method has been
compared to the arabinose utilization with blind test. The PCR results of 290 samples
were corresponded to the method of arabinose utilization. The length of flagellin gene
amplified product generated by PCR can be used to identify bacterial species [2]. The
difference in product sizes between 191-bp of B. pseudomallei and 176-bp of B.
thailandensis could be observed on 3.5% agarose gel. This method is rapid and
simple. The difference in size of these amplified flagellin genes could be used as a
DNA marker for detection of infectious species.

Although, there is no clearly evidence indicating the relationship of the two
species, we have proposed that whether the both bacteria which is very similar in
morphology, biochemistry and antigenicity should be survived and distributed in the
same environment. In this experiment, we have designed the PCR amplification for
differentiating the two species that has been mixed together by one reaction condition.
Our study showed that the amplification product of mixed population of both bacteria
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could be detected. Moreover, the mixed ratio of both bacteria gave significant
difference in amplification product. When the template ratio of B.pseudomallei is
twice times more than B. thailandensis, the amplification product gave same intensity.
However, this PCR condition is preformed to mimic the environment situation. Thus,
there is a possibility that the PCR method can be applied for investigation of the B.
pseudomallei and B. thailandensis in natural environment. In addition, the sensitivity
of a mimic mixed populations of the two species was shown a significant difference in
which the amplified product intensity of B. pseudomallei was 4 times lower than B.
thailandensis when using an equal number of template [3]. We therefore investigated
a factor that involves in the sensitivity of the detection using Taq DNA polymerase
with low fidelity and computer analysis of a stem loop formation program. We found
a certain stem loop with a stable energy of —81.6 kcal/mole within a flagellin
sequence of B. pseudomallei but not in B. thailandensis. Our finding clearly explain
the unequally sensitivity for detecting B. pseudomallei and B. thailandensis.

The variable region of B. pseudomallei contained 70% GC-contents
(GC=134 in 191 bp sequence) and B. thailandensis contained 71% GC-contents
(GC=125 in 176 bp sequence) in their sequences [2]. To improve yield and specificity
of target rich in GC content or ones that can form secondary structure in PCR
amplification, enhancing agents were often included in the reaction [4, 5]. Addition of
betaine in PCR reaction has been reported to improve the amplification of DNA
containing high GC contents [4, 6]. Betaine is an isostabilizing agent, equalizes the
contribution of GC- and AT-base pairing to the stability of the DNA duplex [4].
Betaine binds and stabilized AT based pairs whilst destabilises GC base pairing
resulting in a net specific destabilisation of GC-rich region [7]. The use of betaine has
demonstrated general benefits for a range of PCR amplification and should be
considered to ensure the highest levels of quality and reproducibility [8]. In this study,
we found that 1 M betaine was suitable to improve both levels of quality and
reproducibility in the PCR reaction. In addition, decreasing the primers concentration
to 0.5 uM could also improved sensitivity of the detection to the same intensity of the
both organisms.

The application of PCR-based method should be detect the so-called viable
non-cultivable state of the bacteria to make the promising tool for environmental
surveys. Thus, our attempt is to directly detect specific B.pseudomallei and B.
thailandensis flagellin gene sequence from soil. Natural collected samples usually
contain a number of different bacterial species and various unknown or known
compounds. Depending on the source of sample, various known compounds can
inhibit the PCR reaction, such as humic and fulvic acids [10, 11]. Humic substance,
which can inhibit PCR reaction, is a mixture of complex polyphenolics produced
during the decomposition of organic matter. They are ubiquitous in soil and water.
Other factors involving a difficulty of DNA isolation are due to the presence of heavy
metal ions or other DNA-damaging agent [10]. The PCR of soil samples could be
improved to increase the reproducibility by addition of various proteins to the
reaction. These proteins with a higher affinity for the inhibitors could relief inhibition
of the PCR. Bovine serum albumin (BSA) is a widely used for reducing interference
in the PCR. It had been reported that the inhibitors in soil were preventing
amplification by binding to the polymerase or the target DNA. BSA may prevent
binding of inhibitor to target DNA or 7ag DNA polymerase [9, 10, 11]. Relief of
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amplification inhibition in the PCR provided by BSA was tested in this study.
Addition of 10 puM BSA in the PCR reaction could overcome the inhibition and
provide PCR-amplified products from soil suspension samples that could not be
observed in PCR reaction without BSA in the high concentration of primers
condition.

The limitation of PCR amplification of bacterial target DNA in soil suspension
sample depends on several factors. The purity of the DNA from contaminants, the
amount of template DNA added to the reaction mixture, the amount of background
DNA present in the soil sample, and the condition of the extracted DNA can
significantly affect the achievement. The variability in detection sensitivity is due to
uncontrollable factors such as background DNA and inhibitory material that co-exist
with target DNA. In this study, amplification of B. pseudomallei and B. thailandensis
target DNA in soil suspension was found to decrease sensitivity compared with
amplification of both species in the cultured broth. Sensitivity of amplification of B.
pseudomallei and B. thailandensis target DNA in soil suspension were about 10° cells
per reaction which were quite low. Low sensitivity of PCR method for detection of
Burkholderia target gene might be caused by adsorption of bacterial cells in soil or by
inhibitors in soil. In this study, we used a simple method, heating in boiling water
bath, for released DNA without further extracted DNA before amplified by PCR so
that all of inhibitors in soil might be high in the reaction and decrease sensitivity of
detection. Moreover, we have also compared three different sources of soils resulting
in differences in amplification-product. The results suggested that there are still many
unknown factors may involved in the amplification detection. We have demonstrated
here that using the specific flagellin primer, the 191 bp B.pseudomallei and 176 bp B.
thailandensis amplification product, could be detected without enrichment and any
extraction steps. Our study would be beneficial for epidemiological application in the
real situation.
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Table 1. Source of bacterial isolates tested for arabinose biochemical property
comparing with PCR-based method

Source of bacterial isolates | Number of samples Arabinose property
Biochemical PCR
Ara- Arat+ | Ara- | Arat
Clinical isolate from blood 63 63 - 63 -
sputum 4 4 - 4 -
urine 4 4 - 4 -
pleural fluid 2 2 - 2 -
pus 22 22 - 22 -
Chest wall 1 1 - 1 -
Synovial fluid 1 1 - 1 -
Ascitic fluid 1 1 - 1 -
Environment isolate (Thailand) 11 - 11 - 11
Central (non-endemic)
Northeastern (endemic) 56 32 24 32 24
Laos 112 72 40 72 40
Vietnam 13 4 9 4 9
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123 45 6 7 8 910 11 12 13 1415 16 17 18 19 20

191 bp
176 bp

Fig. 1. The ethidium stained 3.5% agarose gel of amplification product of B.pseudomallei
and B. thailandensis using specific flagellin gene primer. Lane I is a pBR 322 digested with Mspl as
standard marker. Lanes 2-20 are soil isolate samples

M 123 4 5 6 7 8 910

191 bp
176 bp

Fig.2. PCR-amplified products of a mixture of B. pseudomallei and B. thailandensis (7.2 x 10’
cells/ml and 7.3 x 107 cells/ml respectively) at various ratios. Lane M is a 100 bp ladder DNA marker.
Lanes 1-4 are a mixture of B. pseudomallei and B. thailandensis at ratios of 1:1, 1:2, 1:4, and 1:8
respectively. Lanes 5-7 are a mixture of B. pseudomallei and B. thailandensis at ratios of 2:1, 4:1, and
8:1 respectively. Lanes 8 and 9 are positive control of PCR run, PCR reactions contain culture broth of
E38(L58) and E276 at 1:100 dilution respectively. Lane 10 is a negative control of PCR run.
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M12345 67 891011121314 1516 17 1819

Fig. 3. Amplification products of B. pseudomallei and B. thailandensis from environmental and
clinical isolates were analyzed at a dilution of 1:1000. Lanes 1, 4, 5, 8, 11 and 15 are E. coli. Lanes 2,
3,7,9, 10, 12, 13, 17 and 18 are B. thailandensis. Lanes 6, 14 and 16 are B. pseudomallei from
environmental isolates and clinical isolate, respectively. Lane M is a 100 bp ladder DNA marke

PRIMER
191-bp CTG TCG TCG ACG GCC GTIG ACC GCC GTG TTC GGC TCG TCG ACC GCC 45

167-bp CTG TCG TCG ACG GCC GTIG ACC GCC GTG TTC GGC TCG TCG ACC GCC 45

o

5-bp deletion in B. thailandesis

191-bp GGC ACG GGC ACG GCG GCC|TGG CCG TCG TTC CAG |ACG CTG GCG CTG 90

167-bp GGC ACG GGC ACG GCG GCC|TGG CCG TCG TTC CAG |ACG CTG GCG CTG 90

191-bp TCG ACT TCG GCA ACC AGC GCG CTG TCC GCG ACC GAC CAG GCG AAC 135
167-bp TCG ACT --- --- --—- --- --- -—-- —-—— —-—— ACC GAC CAG GCG AAC 111

24-bp deletion in a short PCR product

PRIMER
191-bp GCC ACG GCG ATG GTT GCG CAG ATC AAC GCG GTC AAC AAG CCG CAA 180
167-bp GCC ACG GCG ATG GTT GCG CAG ATC AAC GCG GTC AAC AAG CCG CAA 156

191-bp ACG GTC TCG AA 191
167-bp ACG GTC TCG AA 167

Fig. 4. Sequence analysis and sequence alignment of 167-bp a short PCR product of B. pseudomallei
template generated by using low fidelity Taq DNA polymerase with 191-bp a fragment of flagellin
gene sequence from B. pseudomallei template. The underlines are primer sequences, a box is a 15-bp
deletion sequence found in B. thasilandensis, and dashes are 24-bp deletion sequence found in a short
PCR product.
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Fig. 5. A secondary structure of the 191 bp-flagellin gene sequence of B. pseudomallei having
stabilization energy of —81.6 kcal/mole by MFOLD from GCG Squiggle plot program. An arrow is
indicated a 24-bp deletion region.

B. thailandensis  B. pseudomallei
M123456 7891011121415

100 ng DNA

0.1 ng DNA

Fig. 6. Amplification products of B. thailandensis with DNA template 100 ng (upper) and 0.1 ng
template (lower) in lanes 1, 2, 3, 4, 5 and 6 are various primers concentration of 0.1, 0.5, 1, 1.5, 2 and 3
pM, respectively. Amplification product B. pseudomallei with DNA template 100 ng (upper) and 0.1
ng template (lower) in lanes 7, 8, 9, 10, 11 and 12, are various primers concentration as above. Lane M
is a 100 bp ladder DNA marker, lanes 14 is Ara+ positive control and lane 15 is Ara- positive control.
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