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The prophenoloxidase {proPO) activating system*plays an essential role in the immune
defence against microbial infeclions in.many invertebrates. In the present study, two PPAE genes
(designated PmPPAE! and PmPPAL2)and a novel proPO(PumproPO2) gene were identified from
hemocytes of the blacketiger shump, #Penacus monodon. Sequence analysis revealed that
PmPPAE] exhibited the highest amino ucid sequence similarity of 70% to a PPAE of the
freshwater crayfish Pacifastacus feniiscidus, whilst PinPPAE2 showed 51% amino acid sequence
similarity to the insect Mandu¢a scxta PAPL. Analysis of the PmproPO2 sequences showed that
PmproPO2 shared a 67%sequenge identity to the PmproPO1, Tissue expression analysis revealed
that PmPPAE1, PmPPAEZ, PuiproRO | and PmproPQ2 mRNA transeripts were mainly expressed
in hemocytes. Analysns of théir lual developriental gene expression revealed that PmPPAE] and
PmproPO2 transcripts weére expressed in allslarvalsstages (nauplius, protezoea, mysis and post-
larvae), whereas PmPPAE2 agd PuiproPOI transcripts were mainly expressed in the late stages of
larval development (mysis and pgst-larvace). o

Double-stranded RNA{dsR NA)-mediated gene suppression of PmPPALEland PmPPAE2
resulted in a significant redugtion in the respective transcript levels and resulted in a significant
decreased in total PO activigy'in the PmPPALL (37%) and PmPPAE2(41%) knockdown shrimps
as compared with saline injected group.<Experimentalinfection of PinPPAE knockdown shrimps
with the highly pathogenic bacterivin T7hrio harveyi significantly increased the cumulative
mortality and the number of bacterial¢olonies in the silenced shrimps. These results indicate that
PmPPAE] and PmPPAE2 participate in the proPO system and also play an important role in the
shrimp immune defence against V.ivey infection, Genesileneing of PmproPO1 and PmproPO2
by RNA interferencc"(RNAI) resulted in a significant decrease in the spective endogenous
proPO mRNA levelsin hemocytes and a reduction—of total"PO=activity' by 75 and 73%,
respectively. Experimental infection of £. monodon with the V. harveyi revealed that the
PmproPO silenced shrimps were more susceptible to bacterial infection than the control GFP
dsRNA and saline injected shrimps, suggesting that the two proPOs are important components in
the shrimp immune system and play the crucial rol¢ in the defence against F. harveyi infection.

In addition, the mature protein of PmPPAE] was expressed in Escherichia coli and insect
cell expression system, but'theé obtained recombinant proteins were not stable. The SP domain of
PmPPAE] was expressed in £ coli.systent. The recombinant SP/domain of PmPPAE! was used
as an immunogen tosgenetate the antibody against SP domain oll PmPPAE] and western blot
analysis demonstrated that the endogenous PimPPAET was found only in hemocytes but not in
cell-free plasma‘of P. monodon.
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CHAPTER |

INTRODUCTION

1.1 General introduction

The black tiger_shrimp Penaeus monodon is one of the most economically
important crustacean species«in Thailand and Southeast Asian countries. In the last
two decades, the saFimp industry has groVyn rapidly and generated billions of dollars a
year in trade and employed over a mitlion Béople globally. However, during the past
few years, annual production of P. mono&fJn farmed in Thailand was dropped owing
to several relentless outbreaks of infectiouél_di'seases especially those caused by white
spot syndrome virus (\WSSV), yellow head virus (YHV) and Vibrio harveyi (Lightner
and Redman, 1998; Tanticharoen et-al., 200_5?_); These problems have eventually lead
the commercial shrimp farming o decline and’régqlted in a replacement of the native
P. monodon shrimp with the Pacific whiie shﬁmp Litopenaeus vannamei. To prevent
the spread of these disease catising pathogehsf.éﬁd'jf)mmote P. monodon farming to be
intensive agaif, Dasic knowledge of shrimp immunity is therefore necessary to assess
the new efficient strategies for microbial diseases control and further develop for

sustainable shrimp aquaculture.

1.2 Shrimp/larval development and life.cycle

Shrimps undergo _several = morphologicallydifferent stages during their
development.(Figure 1.1). Shrimp larval development consists of six nauplius (N1-
IN6), three protozoea (Z1-Z3) and three mysis (M1-M3) larval stages, followed by the
development of post-larvae (PL) to adult (Ronquillo et al., 2006; Turkmen, 2005).
The larval development begins with a larvae hatching from the fertilized egg to the
first stage known as nauplius with unsegmented spider-like body possessing three

pairs of appendages. After undergoing six molting stages, nauplius metamorphoses



into the stage of protozoea. At this stage the body has feathery appendages and it is
elongated with a distinct cephalothorax. The early protozoea stage has a pair of
protruded compound eyes and a rostrum is present in the next stage and it has a pair
of uropods in the late stage of DIo . Three or five days later, protozoea

metamorphoses into the third 2 v called mysis. At this stage, the

eyestalks and pleopaod e d ‘ er three or four days, and
then they metamorph po ae (PL). At thepo larval stage, they look like
adult shrimps and the'pleopods a  ‘ y de  ' i,.; functional. All these larval
metamorphosis steps.é ‘ Iy . ‘ el 7 | nlne days (Solis, 1988).
After these stag > gpostFlay ill deve p into and sub-adult shrimps

before being develg thefmature shrimps after gfate back to the sea.

Protozoea 1 =% 74 Post larva

"ﬁ iled

qmaﬂn% #15

Figure 1.1 Larval development of Penaeid shrimps (Jiravanichpaisal et al., 2007).



1.3  Shrimp immune system

Like other crustaceans and invertebrates, shrimps lack an adaptive immune

in components, the cellular and

i tivated upon microbial infections
.&Host et al., 2004; Lavine and

system; instead they solely rely on th ll-developed innate immunity. Invertebrate
innate immune system is compg\ E\?

humoral defence responses

(Gillespie et al., 1997; alsal
—
Strand, 2002; Lee W 2002"Schm 2001) The cellular responses

involve in the bloo o (her
; et al., 2000; Soderhall

ntimicrobial peptides

phagocytosis, no

and Cerenius, 2000

synthesis, the comp late coagulation process, the
prophenoloxida p duction of reactive oxygen
and nitrogen inter v ( | thall, 2004; Destoumieux
et al., 1997; Jiravanichpaisal et _ _ ;. Sritus ksana and Séderhall, 2000). In

of many humoral molecules (LﬁGtﬂeTand Strand
_‘__,l",.-r";l"‘f ; x :;1; n

Cell adhesion
opsonization

SNl

) Phagocytosis )
q o B-1, 3-glucan Clotting protein
‘f O BGBP ? Transglutaminase
t ‘M @ Peroxinectin ‘ Antibacterial peptides
\ E Y sop Receptor G Mas-like protein
Antibacterial peptides Virus evasion ' Integrin

Figure 1.2 Schematic illustrations a complex system of innate defence mechanisms

(Jiravanichpaisal et al., 2006).



1.3.1 Phagocytosis

Phagocytosis is an evolutionarily conserved cellular response that occurs in all
metazoan phyla. Phagocytosis is considered as a primary response of hemocytes that
have the capacity to recognize and destroy either small non-self particles such as
bacteria, yeast and synthetic beads or senescent cells of the own organism (Lavine and
Strand, 2002; Vazquez et al., 2009). It refers to-the engulfment of entities by an
individual cell. Phagocytosis-is initiatedi-by recognition and binding of a target particle
to the phagocytic cell, _fellowed by uptake through cytoskeleton modification and
intracellular vesicular transport o phagosomes where the engulfed target is destroyed.
Recognition of thetargetsis either direct With receptor binding to the target surface or
mediated via opsonization factors that mé‘f,k the particle for phagocytosis (Bayne,
1990). 4

]
i

1.3.2 Nodule formation and encdpéqlation

cus dd

Nodule formation and encapsulationgaré."the multicellular immune defense
against foreign invaders that-too large for;bhégecytosis by individual hemocytes.
Unlike phagocytesis, this process kills pathogens or restricis.their movement and
growth in the hemocoel cavity by entraped a large number of bacteria or foreign
molecules within the mutilayered overlapping sheath of hemocytes and resulted in the
formation of nodulation and such larger nodular aggregates will eventually be
encapsulated (Lackie, 1988). This process is ultimately accompanied by blackening of
the capsule due to the melanization through the activatron of proPO-activating system,
and finally the parasite is killed within the encapsulated capsules by several factors
including the_local production of cytotoxic quinones or semiquinones via‘the proPO
activation cascade,and the reactive oxygen or nitrogen intermediates (Gillespie et al.,
1997; Nappi et al., 1995, 2000).



1.3.3 Antimicrobial peptide

Antimicrobial peptides (AMPs) are an integral component of the innate
immune system. These peptides share certain common characteristics, such as small
size, cationic character and similarities in structural patterns or motifs (Bachére et al.,
2004; Jensen et al., 2006). AMPs have a broad range of antimicrobial activity against
Gram-positive and Gram=negative bactgria, filamentous fungi and, in some cases,
viruses and protozoa (Brown-and Har{bock, 2006). During the past several years,
several families of AMPRs have been identified from the penaeid shrimp including
penaeidins, crustins andsanti-lipopolysaccharide factors (ALFs) (Tassanakajon et al.,
2010; Bartlett et _al., 2002; Destoumieux et al., 1997; Somboonwiwat et al., 2005).
Penaeidins are 5.5-6.6 kDa peptides with ar;'.N-terminal proline-rich domain and a C-
terminal domain containing six cysteinei Jre§jdues and have antimicrobial activity
against Gram-positive bacteria and fungi (f?_estoumieux et al., 1997). Crustins are the
homologues of carcinin that was firstly-isolated from the shore crab Carcinus maenas
(Brockton et al., 2007; Relf et al,~1999). Crustins are Characterized as a cationic
cysteine-rich 11.5 kDa AMP that contain a singlgwhey acidic protein (WAP) domain
at the C-terminus and exhibit antibacterial ?ct;i\}ity against Gram-positive bacteria
(Smith et al., 2008). Anti-Ii'popolysacchar'idé"fai(:t()rs (ALFs). are the small basic
protein that eriginally identified from hemocyte of the horseshoe crab Limulus
polyphemus and+have the strong antibacterial effects against Gram-negative bacteria
(Morita et al., 1985; Tanaka et al., 1982).

1.3.4 I"Coagulation system

Invertebrates have an open circulatory system. Blood coagulation iS therefore
essential to prevent hemolymph, loss in.case of injury.and alsa help in the trapping of
microbes from entering and spreading throughout the hemocoel (Iwanaga and Lee,
2005). Mechanisms of blood coagulation have been proposed based on crayfish and
horseshoe crab as model organisms. In crayfish, clotting occurs through

polymerization of a clotting protein in plasma and is catalyzed by a calcium ion



dependent transglutaminase (TGase) (Hall et al., 1999; Sritunyalucksana and
Sdderhall, 2000; Wang et al., 2001a). In horseshoe crab, however, the clotting process
is regulated by a proteolytic cascade which is activated by the microbial cell wall
components (Iwanaga, 2002; Iwanaga and L ee, 2005).

1.3.5 Prophenoloxidase (proPO)-activatingsystem

The prophenoloxidase (proPO)-activating system is known to be one of the
major innate defenceresponses. in invertebrates (Cerenius and Soderhéll, 2004;
Gillespie et al., 1997; Sédeghall, 1982). Ph__e;noloxidase (PO) is a key enzyme of the
proPO cascade. PO _is synthesized and mai(lfained as an inactive precursor (zymogen)
called prophenoloxidase (proPO). This pr;cur.sor IS activated by a limited proteolysis
through the action of a serine proteinase'!,cascade (proPO-activating cascade) upon
recognition of a minute amount " of miérob'ial cell ‘wall components such as
lipopolysaccharide (LPS) and pgptidoglycan (PGN) from bacteria and B-1,3-glucan
from fungi (Figure 1.3) (Ashida et al., 1983; Cerenius and Séderhll, 2004; Yoshida
et al., 1986). Active PO catalyzes the oxidation of phenols to the toxic quinone
precursors, which are nonspecifically crossn-l'i‘r’]i{—jn‘ei'ghboring molecules to form the
melanin deposited.at.the.wound.site.or.around.thepathogens.(Nappi and Christensen,
2005). Quinones may also be involved in the production of cytotoxic molecules such
as superoxides and hydroxyl radicals, which could help to kill the invading

microorganisms (Gillespie et al., 1997; Nappi and Ottaviani, 2000).

Although PO-induced melanin synthesis is thought to be essential for host
defence, ‘it must be tightly controlled because systemic hyper-activation of the proPO
system, excessive guinone_formation, and_inappropriate_excessive melanin synthesis
are also harmful to the host cells (Cerenius et al:, 2008). Thus it is no, surprise that
proPO activation and melanization processes must be tightly regulated and modulated
by various melanization regulatory molecules such as serine proteinase inhibitors
(pacifastin/serpins) (De Gregorio et al., 2002; Liang et al., 1997; Ligoxygakis et al.,
2002; Liu et al., 2007; Tong and Kanost, 2005; Tong et al., 2005; Zhu et al., 2003;



Zou and Jiang, 2005), PO inhibitors (Lu and Jiang, 2007), melanization inhibitors
(Soderhéll et al., 2009; Zhao et al., 2005) and some other proteins (Beck and Strand,
2007; Ling et al., 2009; Rao et al., 2010).
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1.4 Phenoloxidases (POs)

Phenoloxidase (PO; monophenol, L-dopa:oxygen oxidoreductase; EC
1.14.18.1), a terminal enzyme of the so-called proPO system (Ashida, 1990;
Soderhall, 1982), is a bifunctional copper-comtaining enzyme that catalyzes the o-
hydroxylation of monophenels to o-diphenels«(monophenolase activity) and the
oxidation of o-diphenolste-e-quinones (diphentlase-aetivity) (Nappi and Christensen,
2005; Sugumaran, 1996). These quinones subsequently go through the enzymatic and
non-enzymatic reactions.to beeome melanin, which is deposited at the injury site or
around the intruding _microorganisms  (Aspan and Sdoderhall, 1991; Nappi and
Christensen, 2005)¢ Due i0 a wide range of substrate specificity (Aso et al., 1984; Hall
et al., 1995), POs may participate in mulﬁple steps of melanin formation, wound
healing, cuticle sclerotization and microbial killing (Figure 1.4) (Ashida and Brey,
1998; Cerenius and Sodeghall; 2004; Nappi‘ and Christensen, 2005; Sugumaran, 2002;
Zhao et al., 2007). '

At the beginning of the melanin.’lﬁf‘iﬁgynthetic pathway, phenylalanine is
hydroxylated to tyrosine by phenytalanine hydroiéj}lase. PO (monophenolase activity)
or tyrosine hydroxylase. -mediates- the cgnversion of tyrosine to 3,4-
dihydroxyphenylalanine (DOPA). DOPA is then oxidized to quinone by PO
diphenolase activity. The resulting quinones are converted tomelanin by a series of
intermediate steps involving enzymatic and non-enzymatic reactions. In one of these
enzymatic reactions, dopachrome is decarboxylated by “dopachrome conversion
enzyme (DCE; also knawn as dopachrome iSomerase or dopachrome tautomerase) to
form 5,6=dihydroxyindole (DHI). DHI; as well as its oxidation products, has a broad-
spectrumzantimicrobial activity (Zhao et al., 2007). These products spontaneously
polymerize to form melanin frequently observed~around wounds, pathogens, or
parasites (Figure'd.4)/(Sugumaran, 1996; Shelby et al.; 2000; Olivares et'al., 2001). A
second pathway incorporating two additional enzymes contributes to the formation of
melanin. The first of two additional enzymes, dopa decarboxylase (DDC), acts on the
DOPA molecules formed by PO monophenolase activity. DDC decarboxylates DOPA
to form dopamine, which is then acetylated to N-acetyldopamine (NADA) by the
second enzyme, dopamine N-acetyltransferase. NADA undergoes polymerization and



non-enzymatic reactions lead to the formation of melanin. POs along with other
enzymes, also generates dopamine quinone which rapidly cyclizes to form DHI non-

enzymatically (Figure 1.4) (Saul and Sugumaran, 1988; Shelby et al., 2000).
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Figure 1.4 Mechanisms and physiological functions of PO-mediated reactions in insects and

crustaceans. PO catalyzes the hydroxylation of tyr&sjﬂe to DOPA and further oxidation of DOPA to
dopaquinone. Dopaquinone can convert non- enzymatlcajly to dopachrome, which is decarboxylated to
5,6-dihydroxyindole (DHI). DHI, a Well as.its omdaﬂnn.prbducts has a broad-spectrum antimicrobial
activity (Zhao et al., 2007). DOPAI is also decarboxyl’ated To form dopamine. Dopamine and DHI, after

a few reaction steps mvolvmg PO, are eventually converted to melanin.. In addition, dopamine can also

form stable derlvativauuémamgbmugnﬁcyl Aransfer.and 4acease then converts these

derivatives to thetoxidative intermediates for protein crosslinking durlng wound healing and cuticle
sclerotization (Zhao et aI 2007).

The invertebrate .proPQ gene was first claned from the freshwater crayfish
Pacifastacus leniusculus (Aspan et al., 1995). Subsequently, several proPO genes
have-been identified and cloned, from. a,variety.of arthropads.species. There are ten
proPQ genessin the mosquito Aedessaegypti (Waterhouse et al., 2007), nine lin the
mosquito Anopheles gambiae (Christophides et al., 2002), three in the fruit fly
Drosophila melanogaster (Asada et al., 2003; Asano and Tekebuchi, 2009; Fujimoto
et al., 1995; Myers et al., 2000) and the parasitoid wasp Pimpla hypochondriaca
(Parkinson et al., 2001), two in the beetle Holotrichia diomphalia (Kim et al., 2002),
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the silkworm Bombyx mori (Asano and Ashida, 2001a, 2001b; Kawabata et al., 1995)
and the tobacco hornworm Manduca sexta (Hall et al., 1995; Jiang et al., 1997). In
crustaceans, only one type of proPO gene has been reported including crayfish P.
leniusculus (Aspan et al., 1995), penaeid shrimps P. monodon (Sritunyalucksana et
al., 1999) and Fenneropenaeus chinensis (Gao et al., 2009), lobsters Homarus
gammarus (Hauton et al.,»2005), giant freshwater prawn Macrobrachium rosenbergii
(Liu et al., 2006; Lu. et al., 2006), crabs Cancer.magister (Terwilliger and Ryan,
2006), Scylla serrata«(Ko et al:;, 2007) and Eriocheir sinensis (Gai et al., 2008) and
the water flea Daphaia pulex (McTaggart et al., 2009), except two proPO sequences
from the L. vannameis(Ai et'al;, 2008, 2009; Lai et al., 2005; Wang et al., 2006) and
Marsupenaeus japonicus. ln-animals containing several proPO genes, there are some
evidences showed ihat these proPO genes:are differentially expressed with respect to
developmental stages(embryo to adult) o't*;i related to blood-feeding (Christophides et
al., 2002; Li et al., 2005 Miiller et al:, 1995;‘;Waterhouse etal., 2007).

Structurally, all of arthropod proPC)Jsfgontain two functional copper-binding
sites (copper-binding sites A and B), a protequt;!g}activation site and a thiol ester-like
motif. All arthropod proPOs‘, With-one exc@iﬁér; of some proPOs from the hunting
wasp, Pimpla_hypochondriaca (Parkinson 'é!.t'-'ét;,'2001), lack_a signal peptide for
localization into.the endoplasmic reticulum and the endomemibrane system. POs are
produced by specific hemocytes (blood cells) such as the crystal cells of the fruit fly
D. melanogaster (Rizki et al., 1985), and oenocytoids (another type of insect blood
cell) in many other insects (Shrestha and Kim, 2008) and the granular and semi-
granular=girculating hemocytestypes in erustaceans (Johansson-and=Soderhall, 1985;
Perazzalo and¢Barracco; 1997; Soderhall and Smith, 1983; Vargas-Albores et al.,
1993).
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1.5  ProPO-activating enzymes (PPAES)

Melanization is a potent immune response mediated by phenoloxidase (PO).
Biochemical studies in crustacean and | insects indicate that proPO is activated by

Ip-SP) and the terminal clip-SP that

pro ‘ecu sfesignated as proPO-activating
"II,JQQl; i d Sdderhdll, 2004; Gupta et
e
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enzyme (PPAE) (Aspan
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Flgure 15 Schematic representations of the pro-form of the arthropod prophenoloxidase-
activating enzymes (pro-PPAES). The signal sequences are shown in red boxes. The blue and orange
boxes indicate an N-terminal clip-domain and a C-terminal serine proteinase domain, respectively. The
arrowhead indicates the proteolytic cleavage site. A glycine-rich and proline-rich region are indicated

by green and brown boxes, respectively (Cerenius and Séderhall, 2004).
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Figure 1.6 Schematic repr ntat m“f' pro-io \ * e arthropod clip-domain serine
proteinase homologues (clip-SP )#\hggy‘dfpb obic sig al sequences are shown in red boxes. The
blue and orange boxes indicatg an N- Fa " mai and -terminal serine proteinase domain,

respectively. The arrowhead: d| ,r D _Qt@ Aic ge‘ site. The green squares represent the

repeated glycine-rich motifs in 4-;, JE';".:" lus masquerade-like protein (Cerenius and
Soderhall, 2004). ---,../' rig "‘*“ "'

. 'y
cts and a crustacean,
including the tobacco hornworm M. sexta (Jiang et al., 1998, 2003a, 2003b), the
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In the beetle H. diomphalia larvae, two clip-SPs named proPO-activating
factor-1 (PPAF-I) and PPAF-I1II, and a clip-SPH named PPAF-I1 have been identified
and biochemically characterized (Kim et al., 2002; Kwon et al., 2000; Lee et al.,
1998a, 1998b). In vitro reconstitution experiments demonstrate that the active PPAF-I
cleaves proPOs (proPO-1 and proPO-Il) into arsmaller but inactive POs, whereas
active PPAF-II1I cleaves the catalytically defeciive PPAF-11 (Figure 1.7). The cleaved
PPAF-1I molecules form a dodecameric oligomer and.is.able to recruit PO molecules
forming a PO-PPAR=Il"complex.that can exhibits a strong PO activity (Piao et al.,
2005).

< Pephdoglycan
[3 1 3-glucan

e g
l Pattern recqgi;itibn proteins

" |
. il il

proPPARIIT —> PPAF-III

Serpin 27A

roPPAF I —5m PPAFL /o
P ' . proPPAF-II—> PPAF-II

Serpin 27A

A9-kDa 76-kDa 76-kDa proPO-11 . .
proPO-LI > proPO-LII ca . 60-kDa PO-F~ > O activity

Figure 1.7 A model .for the proPO system activation in the beetle Holotrichia diomphalia
larvae. An, upstream (chain.of patiern recognition proteins' and proteinases’ causes.the cleavage of the
pro-form. of| prophenoloxidase-activating. factor-111 (proPPAF-ILL). into catalytically active PPAF-III.
This proteinase cleaves the serine proteinase homologue proPPAF-I1. The presence of cleaved PPAF-II
is required_for the generation of an active PO. Activation_of proPQOs occurs in two steps. In the first
step,/the proteolytic'cleavage of the' 79-kDa proPOs into 76-kDa proRPOs"is accomplished by active
PPAF-I. In the second step, catalytically active PO is produced on binding to PPAF-II. The possible
involvement of PPAF-I in the second step is indicated by a dashed line. Regulation of proteinases by

serpin is indicated (Iwanaga and Lee, 2005).



14

In the mealworm T. molitor larvae, proPO system is triggered by sequential
activation of three SPs including the modular serine proteinase (Tm-MSP), Spétzle-

processing enzyme (SPE)-activating enzyme (Tm-SAE) and Spétzle-processing
‘ entially whereupon, finally, active Tm-
ne p 2 homologue zymogen (Tm-SPH1),
leading to the formation elani "Mlex (Figure 1.8). This complex
induces local melaninww the@rfacmand enables the insect host

to Kkill the invading.imi al., 2008;

enzyme (Tm-SPE), which are proces

SPE cleaves Tm-proPO and

7). Also, active Tm-SPE

cleaves the pro-Spa e (Spz) leading to the

-— feedback |
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¢
igul 2lfor egulation of pr a'aﬁc e Toll-li t in the
.me rm Tenebri litor: lar 2 h %%n o?ath t immu stem, tem is
iggered by sequential activation of t Seri roteinase zymogens including the modular serine
r

oteinase (MSP), Spétzle processing enzyme (SPE)-activating enzyme (SAE) and Spétzle processing
enzyme (SPE). As a result of this three-step proteolytic cascade, proPO and SPH1 zymogen are
processed and form the active melanization complex on the surface of bacteria. This complex induces
local melanin synthesis. Moreover, active SPE cleaves the pro-Spétzle into processed Spatzle, leading
to the production of the antimicrobial peptide. Regulation of proteinases by serpins is indicated (Jiang
etal., 2009).
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In M. sexta, three different serine proteinases with PPAE activity, PAP1,

PAP2 and PAP3, were isolated and cloned (Jiang et al., 1998, 2003a, 2003b). Upon
fungal or Gram-positive bacteria challenge, proHP14 becomes active in the presence
of B-1,3-glucan recognition protein (\Wang and Jiang, 2006). HP14 can then activate
proHP21, which in turn activates proPAP2 or proPAP3 (Gorman et al., 2007; Wang
and Jiang, 2007). PAP2 and PAP3 activate proPO_iarthe presence of active SPHs (Yu
et al., 2003; Wang and. Jiang, 2004). .Another activation pathway occurs when M.
sexta larvae are exposed to.Gram-positive or Gram-negative bacteria or fungi.
Unknown serine proteinase(s) are activated, one of which then activates proHPG6.
Active HP6 then progessesproHP8 and ‘*proPAPl to Initiate a branched pathway (An
et aI., 2009). Activated PARL activate proPO pathway in the presence of SPHs (Yu et
., 2003), while HPS cleaves pro-spatzléz,to produce active Spatzle, which binds a
Toll receptor to initiaie a signaling pathwgy resulting in expression of AMPs (An et
al., 2009, 2010). -
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Figure 1.9 A model for the regulation of proPO activation cascade and Toll-like pathway in the
tobacco hornworm Manduca sexta. Arrows indicate activation of downstream components or steps.
Dashed arrows indicate potentially more than one step. Arrows labeled with “?” indicate steps that
have not been experimentally verified. Regulation of proteinases by serpins is indicated. A dotted line
represents weak inhibition of HP6 by serpin-4 (An and Kanost, 2010).
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In Drosophila, recent genetic studies have identified two clip-SPs, MP1 and
MP2/sp7/PAEL that may act as the Drosophila PPAEs (Castillejo-Lopez and Hacker,
2005; Leclerc et al., 2006; Tang et al., 2006). Overexpression of either MP1 or MP2
induces constitutive melanization and semi-lethality, while knockdown of MP1 or
MP2 compromises PO activation and melanization upon microbial infection. The
cleavage of proPO is blocked in the MP2 mutant flies after infection. MP1 is required
for PO activation in response to both bacterial and fungal infection, whereas MP2 is
more responsive to.fungal infeciion. Acting downstream of MP2, MP1 is a good
candidate to be the .PPAE.that directly cleaves proPO, but there is not yet direct

experimental evidenceffor supporting this role (Tang, 2009).

In P. mongdon, sthe® clip-SP nafﬁed PmClipSP1 and clip-SPH named
PmMasSPH1 have been cloned and furfctiqnally characterized (Amparyup et al.,
2007, 2010; Jitvargpas et al; 2009). PmCIipSPl is not required for shrimp proPO
cascade but still plays an important role in-shrimp immune defence against bacterial
infection (Amparyup™ et ‘al., 2010). PmMasSPH1 'is ‘@ multifunctional immune
molecule that participates in"hemocyte adhe,sion,l_and displays the bacterial binding
and opsonic activity (Jitvaropas-et al., 2009).Houwever, the role of PmMasSPH1 in

shrimp proPO system is not yet to be elucidated.

1.6  Effects of the melanization on pathogen survival

Active PO produees several highly*reactive and toxic compounds that are
harmfulto the intruding. microorganisms (Cerenius et al., 2008; Christensen et al.,
2005; Zhao et al., 2007). Several in vivo and in vitro report the linking between the
PO activities and the pathogen survival._ In Plasmodium_susceptible mosquito strains
melanization- has'.been | demonstrated .to be directly invalved in parasite Killing,
whereas in resistant host strains the parasite is not killed by melanization, but lysed by
other means (Volz et al., 2006). Knockdown of the Drosophila melanization proteases
(MP1 and MP2) strongly supported that melanization is crucial for the innate immune

system against fungal infections (Tang et al.,, 2006). One very convincing
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demonstration of the importance of PO activity for the elimination of pathogens
comes from the interactions of M. sexta to the virulent bacterium Photorhabdus
(Eleftherianos et al., 2007). This pathogen secretes a hydroxystilbene compound with
the capacity to inhibit host PO. Bacteria with a mutated gene in the pathway for
production of this inhibitor are nonvirulent; suggesting that PO activity is needed for
the elimination of this bacterium (Eleftherianos. et al., 2007). This conclusion is
supported by the fact that knockdown.of host PO will.result in a much higher host
susceptibility to Pheterhabdus. Another study also carried out in M. sexta. When the
parasitic wasp Microplitis_demolitor lays eggs in M. sexta larvae, it also injects a
polydnavirus (Beck and Strand, 2007). This virus produces a serine proteinase
inhibitor, named"Egf1.0; that blocks melanization by binding to M. sexta PAP3 and
prevents the proPQ activation. /It the Eggfl.o gene became inactive, the wasp eggs
become melanized and they will no Io‘r‘;ger' survive in the host. The additional
experiments also .showed that activatedl ‘PO drastically reduced both viral and
parasitoid viability (Beck and ‘Strand, 2007)‘:"Iri"-vitro Investigations of the effects of
quinones on the pathogenic organisms have'diso been carried out in M. sexta by using
the isolated PO. Interestingly, dopamine and 5,;6x-d;i‘hydroxyindole which are produced
by this enzyme exhibit a high antibacterial nac't,i_\{i‘_ty,fwhereas the other intermediates
that produced 'during cuticle sclerotization We—fe found to/be less toxic to the
microorganisms+(Zhao et al:,; 2007). Thus; it is possible to suggest that the host could
directly control the production of compounds with differeqt degrees of toxicity by
manipulating the levels of different melanin precursors (e.g. by regulating other
enzymes such as depa-decarboxylase (DC), ,dopachrome conversion enzyme and
peroxidase) (Christensen et al:, 2005).

Furthermore, it has been reported that an active phenoloxidase preparation
framP sleniusculus exhibited a-strong antibacterial-effeetsin vitrosand,in, mast cases
the reduction’of bacterial growth was stronger whenidopamine.was used ‘as substrate
as compared to L-dopa (Cerenius et al., 2010). Moreover, knockdown of the proPO
transcript by double-stranded RNA (dsRNA) increased host susceptibility to a highly
virulent bacterium Aeromonas hydrophila, suggesting the important role of

phenoloxidase in defense against bacterial invasion (Liu et al., 2007). If the specific
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inhibitor of the crayfish PPAE, pacifastin, is depleted by RNAI treatment this will
result in higher PO activities and reduced mortality after A. hydrophila infections. A
more detailed analysis showed that increased PO activity resulted in higher rates of
phagocytosis by hemocytes, whereas depression of PO lowered the phagocytic

capacity toward this bacterium (Liu et al., 2007).

1.7  Objectivesofthe disseriation

Several proPOsystem-associated genes including two different PmPPAE
genes (PmPPAEL@and PmPPAE2) and two gifferent PmproPO genes (PmproPO1 and
PmproPO2) have been identified from Jhémocytes of the black tiger shrimp P.
monodon. The role of ghese gene transcripis in proPO system and shrimp immunity is
yet to be clarified. ‘

The aims of the present study are to _charécterize the PmPPAE (PmPPAE1 and
PmPPAE2) and PmproPO (PmproPO1 anaj ﬁmproPOZ) gene transcripts from P.
monodon and to elucidate ‘the—tissue distfibuflifbn and developmental expression
profiles of these gene transcripts-by semi-gquantitative RT-PCR. Furthermore, the
potential functions of the PmPPAEs and PmproPOs in shrimp immunity were
elucidated by using double-stranded RNA (dsRNA)-mediated RNA interference
(RNAI). The efficiency of gene knockdown was determined by semi-quantitative RT-
PCR and the silenced shrimps were then assayed for PO activity and susceptibility to
Vibrio harveyi infection-To further examine'the biological function of the PmPPAEL,
the recombinant proteins of PmPPAEL were produced in Escherichia coli and insect
cell expression system and further characterized for their proteinase activity and

ability.to activate shrimp proPO _system.

This study provides the basic knowledge of shrimp proPO system and leads to
better understanding of shrimp immunity that will be helpful for the control of

microbial diseases and further development of sustainable shrimp aquaculture.



CHAPTER 11

MATERIALS,AND METHODS

2.1 Materials

Lipopolysaccharide” (LPS) from Escherichia coli 0111:B4, laminarin from
Laminaria digitata andsthe synthetic crllromogenic substrates including N-benzoyl-
Phe-Val-Arg-p-nitreanilide, N-succinyl-Ala-Ala-Ala-p-nitroanilide and N-succinyl-
Ala-Ala-Pro-Phe-p-nitroanilide ‘were pur%hased from Sigma. L-3,4-dihydroxy
phenylalanine (L=DOPA) was obtained frq-fm Fluka. TRI REAGENT® was purchased
from Molecular Regearch Center. TryptiCj"':sL_Qy‘ broth was purchased from Difco. The
dNTPs, DNA and protein - molecular weight marker and isopropyl-p-D-thio
galactopyranoside (IPTG) were purchased‘f“!f:r(_)im Fermentas. Ni-NTA Agarose was
purchased from Qiagen. Antibiotics incIu,dirig,; ampicillin and kanamycin were
obtained from Biobasic. DNése Fand Pfu T;NA polymerase were purchased from
Promega whereas Taq DNA-polymerase Wéé'ﬁuféhased from Fermentas. All of the
restriction enzymies were purchased from Biolabs. The TA-cloning vector pGEM®-T
Easy was purehased from Promega whilst pET28b expression<vector was obtained
from Novagen. The E. coli strain JIM109 and Rosetta (DE3) pLysS was obtained from
Promega and Novégen, respectively. MAX Efficiency® DH10Bac" E. coli competent
cells, Blug-gal, Sf-900 IL.SEM;, Grace’s inseet cell eulture medium (unsupplemented),
pFastBac |1 \vector, |Celifectin® 11 Reagentrand 100x Antibiotic-Antimycotic were
purchased” from Invitrogen Life Technologies. The insect cell line, Spodoptera
frugiperda 9+(Sf9), cells was kindlypprovided by Assagiate sProfessor=Dr sSarawut
Jitrapakdee "from" Department: ‘of Biochemistry, (Faculty ‘of Science, ‘Mahidol
University. All other common reagents were obtained from Sigma, Merck, BDH,
Scharlau, Ajax and USB.
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2.2  Experimental animals

Healthy black tiger shrimps, Penaeus monodon, were purchased from local
shrimp farms in Thailand. Specific pathogen-free (SPF) P. monodon, which was
specifically free of white spot syndrome virus (WSSV), yellow head virus (YHV),
taura syndrome virus (TSV), infectious hypodermal and haematopoietic necrosis virus
(IHHNV) and Vibrio “harveyi bacteriq as determined by PCR diagnosis, were
purchased from the Shrimp-Genetic Ir-ﬁprovement Center, BIOTEC, Thailand. All
shrimps were maintained«in laboratory tanks with aerated seawater (20 ppt) at the
ambient temperature (28 4.°C) for at Ileast 7 days prior to the experiment to allow

acclimatization.

2.3  Sequence analysis of the proPO s;"/gtem-associated genes from P. monodon

The cDNA and deduced amine acid";.sed‘uence of two different PPAE genes
(PmPPAE1 and PmPPAE2) and two dn"ferent proPO genes (PmproPO1 and
PmproPO2) from P. monodon-were anal%z-ed by the GENETYX 7.0 program
(GENETYX corporation).--Simifarity searches of DNA and deduced amino acid
sequence were.performed using the BLASTX program (http://www.ncbi.nim.nih.gov/
blast). The putati\}e signal peptide cleavage site and the structural protein domains
were predicted by SignalP 3.0 server (http://mmww.cbs.dtu.dk/services/SignalP/) and
simple modular architecture research tool (SMART) program (http://smart.embl-
heidelberg.de/), respectively. Multiple amino‘acid sequence alignment was carried out

using the Clustal\WW2 program (http://www.ebi.ac.uk/Tools/clustalw2/).
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2.4  Tissue expression analysis of the proPO system-associated genes using

semi-quantitative RT-PCR
2.4.1 Tissue preparation

Juvenile black tiger shrimps P. monedon (~ 20 g, fresh weight) were
purchased from a local shrimp farm in Thaiand«and kept in laboratory tanks with
aerated seawater (20 ppt) atthe ambient temperature (28 + 4 °C) for at least 7 days
before processing. The tissues 0i-hepatopancreas, gills, lymphoid organ, intestine and
heart from three shrimps were carefully dissected on ice for subsequent total RNA
extraction. Shrimp hemolymph‘was individually collected from the ventral sinus in an
ice-cold anticoagulantssolution (10%" (wiv) trisodium citrate dihydrate). Hemocytes
were isolated fromithe freshly colleeied -hemolymph by centrifugation at 800 x g for
10 minutes at 4 °C. The hemacyte pellets ffro?h three shrimps were immediately used
for total RNA isolation. -

2.4.2 Total RNAisolationand DNés_ertreatment

cus dd

Total RNA were extracted-from vari01;|§ diésected tissues of P. monodon using
the TRI REAGENT® (Molecular Research Center). A piece of tissues (~50 - 100 mg)
was homogenized in 0.2 ml of TRI REAGENT® followed by addition of 0.8 ml of
TRI REAGENT % to make the final volume of 1 ml. The mixtlirs were centrifuged at
12000 x g for 15 minutes at 4 “C and the resulting supernatant was transferred to the
new tube. Subsequently, 0.2 ml of chloroform per 1 ml of TRI REAGENT® was
added to each homogenized sample. The homegenate was vortexed for 2 minutes and
then chitled jon ice for 30 minutes before being centrifuged at 12000 x g for 15
minutes at 4 °C to get phase separation. The upper aqueous phase which contained the
isolated total RNA samples was carefully transferred'to the new tube. Then, 0.5 ml of
a pre=chilled-isopropanol was added to.the solution to precipitate the soluble RNA in
gach sample. The mixtures were chilled at -80 °C for 15 minutes followed by
centrifugation at 12000 x g for 20 minutes at 4 °C. The RNA pellets were washed
with an ice-cold 75% (v/v) ethanol, air-dried and dissolved in the appropriate volume

of diethyl pyrocarbonate (DEPC)-treated water.
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To eliminate the remnants of any potentially contaminating genomic DNA
before being reverse transcribed into first-strand cDNA, the resulting total RNA was
treated with the RQ1 RNase-free DNase | (Promega) at 37 °C for 30 minutes. The
DNA-free RNA samples were then purified again with the TRI REAGENT®
(Molecular Research Center) as described above. Briefly, the RNA samples were
extracted with 1 ml of TREREAGENT® and 0.2 mkef chloroform. After incubation at
room temperature for 15 minutes, the mixtures were centrifuged at 12000 x g for 15
minutes at 4 °C and.the'aguegus phase was recovered and-transferred to the new tube.
The RNA sample was'thenpregipitated by 1 volume of an ice-cold isopropanol. The
mixtures were chilledsfor agleast 15 minutes at -80 “C and the precipitated RNA was
recovery by centrifugation at 12000 > g for 20 minutes at 4 °C. The RNA pellet was
washed with 1 mirof an ice-cold 75%;ethanol, air-dried and dissolved with an

appropriate volume of{DERC-treated Wate‘r“1

The concentration of total RNA was spectrophotometrically determined by
measuring the optical’density (OD) at 260 nanometres. The quality of total RNA was
observed from an optical density ratio OD2gp:ODzg0. Only RNAs with OD26p:0D2go

greater than 1.8 (>1.8) were selected and used for further experiments.

2.4.3 First-strand cDNA synthesis

First-strand cDNAs were reverse transcribed from the poly-A tailed mRNAs
using the ImProm-II"™" Reverse Transcriptase System kit (Promega) following the
manufacturer’s instructions. Briefly, approximately 1.5 pg of DNA-free total RNA
sampleand 0.5ug of eligo(dT) siprimer: were denatured aty70:°C.for 5 minutes and
quickly:chilled-on.ice for'5 minutes. Reverse transcription reaction was performed in
a 20 pl reaction volume containing/x ImProm-11"" reaction buffer, 2.25. mM MgCly,
0.51IMOf edth dNTR, 20:Uhits of reGombinant RNasin® fibohucléase thibitor, 1 pl
of ImProm-l'" reverse ‘transcriptase (Promega) and-the denatured ‘total' RNA. The
reaction mixtures were incubated at 25 °C for 5 minutes followed by 42 °C for 90
minutes. The thermal inactivation of the reverse transcriptase was performed at 70 °C
for 15 minutes. The synthesized cDNAs were stored at -80 °C until required for RT-
PCR analysis.
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2.4.4 Tissue distribution analysis by semi-quantitative RT-PCR

Semi-quantitative RT-PCR was carried out to investigate the mRNA
expression profiles of PmPPAEL, PmPRAE2, PmproPO1 and PmproPO?2 in different
tissues of P. monodon including hemocytes, hepatopancreas, gills, lymphoid organ,
intestine and heart. Gene-specific primers i0or.PmPPAE1l (PPAI-F and PPAI-R),
PmMPPAE2 (PmPPAE2i=F and PmPPAE2i-R), PiiproPO1l (PO1RT-F and PO1RT-R)
and PmproPO2 (PO2RT-E and POZRT-R) were designed from the full-length cDNA
sequences of PmPPAEL.PMPPAEZ, PmproPO1 and PmproPO2, respectively (Table
2.1). A partial fragmenisof the elongation factorl-o gene (EF1-a) was amplified by
primer EFlo-F and'EF1asR (Table 2.1) and used as an internal control to monitor the
amount of RNA/cDNA PCR template and ;i.mplification efficiency between samples.
One microlitre of the first-strand cDNA ‘X\/J\/ag_used as the PCR template in a 25 pl
reaction volume containing 75 mM Tris-H!QI pH 8.8, 20 mM (NH,;).S0O4, 0.1% (Vv/V)
Tween 20, 1.5 mM MgCl,, 100 Mk of each dNTP, 0.2 uM of each specific primer
and 1 unit of Taqg DNA palymerase (Fermentas). The DNA template was denatured at
94 °C for 1 minute, followed by 25 cycles of amp_lijication (denaturing at 94 °C for 30
seconds, annealing at 55 °C for-30 seconds éﬁdr éxtension at 72 °C for 30 seconds).

The final extension was pefformed at 72 “C for 5 minutes.
2.4.5 Agarose gel electrophoresis

The amplification products were analyzed through a TBE-1.5% (w/v) agarose
gel electrophoresis. An appropriate percent of agarose was prepared in 1x TBE buffer
(89 mM=Tris-HCI; 89/mMrhboricracid, 2 mM (EDTA; pHY8.8)vandplaced into the
electropharesis. chamber.before 'submerged. with ‘appropriate amounts of 1x TBE
buffer. The PCR product was then mixed with DNA loading buffer. (0.25 %
bromaphenol bluetand. 25%. Ficoll) and carefully loaded into each well©fithe agarose
gel. Electrophoresis was performed at 100" volts until the bromophenol’ blue-loading
dye front moved to approximately 1 cm from the bottom of the gel. The gel was then
stained with an ethidium bromide solution (2.5 pg/ml). The DNA fragments were

visualized by UV-transillumination and photographed through the gel documentation
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Table 2.1 Nucleotide sequence of primers used for tissue distribution and

developmental expression analysis by semi-quantitative RT-PCR.

Primer Sequence (5’- 3°)
PmproPO1:

PO1RT-F 5’- GGTCHTCECCICECGCTTCG -3’

PO1RT-R 5’- GCCGCAGGTCCTTTGGCAGC -3’
PmproPO2: d

PO2RT-F 5’- GCCAAGGGGAACGGGTGATG -3°

PO2RT-R 5’- TCCCTCATGGCGGTCGAGGT -3’
PmPPAEL:

PPAI-F 5’- CGTCTGCTTCATTGAGGGAGTG -3’

PPAI-R 5’- GTAGTAGATGGTGCCCCAGCCT -3’
PmPPAE2;

PmPPAEZ2I-F 5’-.GCGEGCGGTCACGCTCCTTGTTC -3

PmPPAE2i-R 5= ACTCTCGGGGGCACGCTTGTTG -3°
EFl-a: ' d

EFla-F 5°- GGTGCTGGACAAGCTGAAGGC -3’

EFla-R 5"~ CGTTCCGGTGATCATGTTCTTGATG -3’

2.5  Developmental expression analysis of the proPO system-associated genes

using semi-quantitative RT-PCR
2.5.1  Sample preparation

P. monoden larvae from each of four different larval“developmental stages
including the nauplius 3 (N3), protozoea 2 (Z2), mysis 2 (M2) and post-larvae 15
(PL15), were collected. All samples were flash-frozen in liquid nitrogen immediately

and stored at*80 °C untilyrequired fariRNAExtraction.
2.5.2 Total RNA isolation and first-strand cDNA synthesis

Total-RNA" from four different larval developmental stages of whole. shrimp
was isolated ‘using the TRI'REAGENT® (Molecular Research Center) accofding to
the manufacturer’s instructions as described above (Section 2.4.2). The traces of
genomic DNA were removed by incubated total RNA with RQ1 RNase-free DNase |
(Promega) at 37 °C for 30 minutes. Total RNA was purified again using the TRI
REAGENT® (Molecular Research Center) as described above. Total RNA was
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spectrophotometrically quantified by measuring the optical density at 260 nanometres
(OD260). One microgram of the DNA free total RNA sample was reverse transcribed
to first-strand cDNA using the ImProm-II"" Reverse Transcriptase System kit
(Promega) and 0.5 pg of oligo(dT)ss ‘primer according to the manufacturer’s

instructions as described above. The cDNAS were stored at -80 °C until required.
2.5.3 Semi-quantitative RT-PCR analysis

The mRNAexpression of PmPRAEL, PmPPAE2 PmproPO1 and PmproPO2
in four different shrimp darval developmental stages including nauplius 3 (N3),
protozoea 2 (Z2), mysis 2(M2) and poé’t—larvae 15 (PL15) stages, were analyzed by
semi-quantitative RT-RCR The gene specific primer sets for PMPPAEL (PPAI- F and
PPAI-R), PMPPAE2 (PMPRAEZi-F-and PmPPAE2-R), PmproPO1 (PO1RT-F and
POIRT-R) and PmpfoPQ2 (PO2RT-F and PO2RT-R) (Table 2.1) were used to
amplify the mRNA transcripts in each IaNﬁl stage. Shrimp EF1-a gene was included
as an internal controlfor DNA tehplate néf:tﬁa-.llization. One microlitre of each first-
strand cDNA was used as a temiplate il a 2’3r1l PCR reaction volume containing 75
mM Tris-HCI pH 8.8, 20 mM (NH2)2S0., o.,i’jﬁf(‘wi/v) Tween 20, 1.5 mM MgCly, 100
UM of each dNTP, 0.2 uM of each specific p(.irflef;and 1 unit of Tag DNA polymerase
(Fermentas) under the following conditions: pre-denaturation/at 94 °C for 1 minute
followed by 25 cycles of denaturation at 94 “C for 30 seconds; ahnealing at 55 °C for
30 seconds and éxtension at 72 “C for 30 seconds. The final extension was performed
at 72 °C for 5 minutes. The PCR amplicons were analyzéd by a TBE-1.5% (w/V)
agarose gel electrophoresis stained with ethidium bromide solution (2.5 pg/ml),
visualized by UV-transillumination and photographed-through:the gel documentation
(SYNGENE) as described above (Section 2.4.6).
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2.6 Functional characterization of the proPO system-associated genes by

RNA interference
2.6.1 Experimental shrimps

Shrimps used for all RNA interference” (RNAI) experiments were specific
pathogen-free (SPF) P. monedon purchased.#romethe Shrimp Genetic Improvement
Center, BIOTEC, Thailand.-Shrimps were reared in-aerated seawater maintained at 20

ppt salinity and acclimatized.for seven days prior to the experiments.

2.6.2 Preparation jof «double-stranded RNAs (dsRNAs) of the proPO

system-associated genes

DNA templates for ‘generation of double-stranded RNAs (dsRNAS)
corresponding to the/PmRPPAEL (628 bp),}Prﬁ-PPAEZ (667 bp), PmproPO1 (280 bp)
and PmproPO2 (279 bp) seguences were ém_pljfied from each recombinant plasmid
using gene specific primers (PPAI=E and PlsAiKR for PmPPAE1, PmPPAE2i-F and
PmPPAEZ2i-R for PmPRAE2, POLi-F and POlI R for PmproPO1 and PO2i-F and
PO2i-R for PmproPO2), designed- by Prlmer Premler 5 program (Table 2.2). The
sense and anti-sense strand-DNA-{emplaics containing T7 promoter sequence at the 5°
end on each different strand were then amplified by PCR using the same gene specific
primers, but flanked at the 5° end by a T7 promoter recognition sequences (5°-
GGATCCTAATACGACTCACTAT AGG-3°) (Table 2.2). Two separate PCR reactions
were set up, one with T7PPAI-F and PPAI-R, T7TPmPPAEZ2I-F and PmPPAE2I-R,
POL1iT7-F and POli-R*and PO2iT7-F and P@2i-R (Table 2.2) for the sense strand
template“of PmproPO1, PmproPO2, PmPPAE1 and PmPPAE2, respectively, and the
other with PPAI-F and T7PPAI-R, PmPPAE2i-F and T7PmPPAE2i-R, POL1i-F and
PO1iT7-R and PO2i-F and PO2iT7-R (Tahle 2.2) forthe anti-sense strand template of
PmproPO1, 'PmproPO2, PmPRPAEL .and PmPPAEZ2, respectively. For anegative
dsRNA control, DNA template amplification was performed on the green fluorescent
protein (GFP) gene. A 740-bp fragment of the GFP was amplified from the pEGFP-1
vector (Clontech) using GFPT7-F and GFP-R (Table 2.2) for the sense strand
template, and GFP-F and GFPT7-R (Table 2.2) for the anti-sense strand template. The
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PCR conditions consisted of an initial denaturation at 94 °C for 1 minute, followed by
35 cycles of denaturation at 94 °C for 1 minute, annealing at 55 °C for 1 minute,
extension at 72 °C for 1 minute, and a final extension at 72 °C for 10 minutes. The
obtained PCR products were analyzed through a TBE-1.5% (w/v) agarose gel
electrophoresis. The PCR products of the expecied molecular size were excised from
gels and the DNA fragments were subsequent exiracted from the gel pieces using
NucleoSpin® Extract.. Il (MACHEREY-NAGEL). according to the respective
manufacturer’s proteeol: The purified DNA fragments were analyzed through a TBE-

1.5% (w/v) agarose gel elecirophoresis and guantified by UV/-spectrophotometer.

Sense andganti-sensessingle-stranded RNAS (ssRNAs) corresponded to the
PmproPO1, PmproPQ2, PmPRPAEL, PmPPAEZ and GEP sequences were generated by
in vitro transcription following the /instructions provided for the T7 RiboMAX'™
Express Large Scale RNA Production Systéms (Promega). Briefly, 1 pg of each DNA
fragment was used as a templaie in<20 il reagtion velume containing 1x RiboMAX™
Express T7 Buffer and 2 il of the T7 Express Enzyme Mix. Transcription reaction
was carried out at 37 °C for 4-hour. The quality: ii,”d quantity of the resulting sSRNA

were verified by agarose gel electrophoresis and UV spectrophotometer, respectively.

To produce dsRNAs, equal amount of sense and. anti-sense SSRNAs was
mixed and heatediat 70 “C for 10 minutes. The mixture was left at room temperature
for 30 minutes to allow annealing of dsRNA. DNA template was removed by
digestion with 1 p#'RQ1 RNase-free DNase | (Promega) at 37 "C for 30 minutes. The
potentially inhibitory orzinterfering components from the reaction mixtures were then
removed'hy precipitated dsRNAS-with 1 volume of 1sopropanol andi0.1 volumes of
3M sodium acetate (pH 5.2). The dsRNA mixtures were chilled at -20 °C for 15
minutes before being centrifuged at 12000 x g for#20. minutes at 4 °C."Fhe dsRNA
pellets were/ then, washed with 0.5 ml of 75% (v/v)! ethanol-and air-dried at room
temperature for 5-10 minutes before dissolved in appropriate amounts of the nuclease-
free water. The formation of dSRNAs was monitored by determining the product size
in TBE-1.5% (w/v) agarose gel electrophoresis based resolution. The separated
dsRNAs were visualized by UV transillumination after ethidium bromide staining.

The dsRNA concentration was quantified by UV spectrophotometer.
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Table 2.2 Nucleotide sequence of primers used for the RNA interference (RNAI)

experiments.

GenBank
Primer accession
number

RNAi and RT-PCR
POLi-F AF099741
POLi-R : AF099741
POLIT7-F ACTATAGGCACCCTGAGAGETCCCACTT -3° AF099741
POLIT7-R ECTAATAGEACTC GAGA CAGTGTAACGT -3’ AF099741
PO2i-F gC ‘ ey ' FJ025814
PO2i-R FJ025814
PO2iT7-F GCCGCTCCT -3° FJ025814
PO2iT7-R TGCCA -3’ FJ025814
PPAI-F FI595215
PPAI-R L B FI595215
T7PPAI-F \ [CATTGAGGGAGTG -3’ FJ595215
T7PPAI-R 5°- GGATCCTAA TAGGGTAGTAGATGGTGCCCCAGCCT -3°  FI595215
PmPPAE2i-F TG - ' FJ620685
PMPPAE2i-R ' GE C : ‘ FJ620685
T7PmPPAE2i-F / : GGTCACGCTCCTTGTTC-3*  FJ620685
T7PMPPAE2i-R 5°- GGATCCTAATAC ACTATA GGGGGCACGCTTGTTG -3’ FJ620685
GFP-F 5- ATG ---—, ‘ AGGA -3~ U55761
GFPR = i . US5761
GFPTI-F "!”E:gi.aii;iins.ﬁ.ﬁ:ﬁ;iamm il i U55761
GFPT7-R } US5761
RT-PCR
PmSP1rt-F 5’- TGAGAGCACAAATAGTGGAGGGGTA -3° ' FJ620688
PmSP1rt-R 5 fQECAGGCACACAGGCAAW FJ620688
PmSP2rt-F A GETETT Ol , FJ620687
A UETESEINYING =
PmSPlet-Fq] 5 TACGTACTCATTGATATCAGGTTTGG -3° ' DQ455050
PmSPH1r-R 5’- GCCTCGTTATCCTTGAATCCAGTGA -3’ Q455050

- . 2 CCGTG G?T'\AC TTA -3’ e q 20686
W A1 N8 E
PmSPH3rt-F | 5’ CTTGGTG G TG -3 89
amSPH3rt-R 5’- CACCGTCCACGCACAGGTAATA -3’ FJ620689
EFlo-F 5’- GGTGCTGGACAAGCTGAAGGC -3° -

EFla-R 5’- CGTTCCGGTGATCATGTTCTTGATG -3° -
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2.6.3 Invivo gene silencing

For dsRNA-mediated gene silencing of PmPPAEL, PmPPAE2, PmproPO1
and PmproPO2, approximately 5 pg of PmPPAEL, PmPPAE2, PmproPOl1 and
PmproPO2 dsRNAs dissolved in 25 pl of saline solution (150 mM NaCl) was
intramuscularly injected into the third abdominal.segment of the SPF shrimps (2 £ 0.2
g, fresh weight) by using-a 0.5-ml insulin syringe-with 29-gauge needle. Shrimps
injected with an equal volume of salinerqution containing 5 pg of GFP dsRNA was
served as a sequence independent dsRNA control and shrimps injected with saline
solution alone was included as a negativ? control to evaluate the effected of injection
and handling. The'repeat injection of dsRNAs or saline solution was carried out
together with 20 pg.of the Iipopol‘)}sacchariae (LPS) from Escherichia coli 0111:B4
(Sigma) and 20 pg of laminarin (B-1;3- glucan chain with some B-1,6-linked glucose
units) (Sigma) at 24 hours after the first d"sRNA injection. Shrimps were then reared
for 48 hours after the second dsRNA lnjectlor;]-pnor to further analysis.

2.6.4 Semi- quantltatlve RT-PCR analy3|s of the knockdown shrimps

2k

Hemolymph samples were |nd|V|duajI§7 wrthdrawn from the dsSRNA-mediated
knockdown shrimps at 48 hours after the second |nject|on of ejther dsRNAs or saline
buffer (Section 2:6.3).-Total RNA was.extracted from.knockdown shrimp hemocytes
using the NucleoSpin® RNA Il (MACHEREY-NAGEL)" according to the
manufacturer’s instructions. Contaminating genomic DNA 'was removed by on-
column rDNase (MACHEREY-NAGEL). The RNA quantity and integrity were
verifiedby WVispectrophotometer and TBE=1.5% (wi/v) agarese. gel-electrophoresis.
First-strand cDNA.was synthesized fram:180 ng of the.DNA free total RNA samples
using ImProm-11"" Reverse Transeriptase System kit (Promega) and oligo (dT)ss
priner according 1o the manufacturer’s protocol: The resulted ¢cDNAS were Kept at

-80 °C until required.
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The efficiency of PmPPAE1, PmPPAE2, PmproPO1, and PmproPO2 gene
silencing was determined by semi-quantitative RT-PCR analysis using the gene
specific primers PPAI-F and PPAI-R, PmPPAE2i-F and PmPPAE2i-R, PO1i-F and
PO1i-R and PO2i-F and PO2i-R, respectively (Table 2.2). Amplification of the EF1-a
gene was included as an internal control to /monitor the equal loading of cDNA for
analysis of the transcript levels. One microliire ofsfirst-strand cDNA was used as a
template in a 25 pl of the PCR reactionvolume containing 75 mM Tris-HCI pH 8.8,
20 mM (NH3)2S04,0:4% (v/\v) - Tween 20, 1.5 miM MgCl,, 100 mM of each dNTP, 0.2
mM of each specificsprimers and 1 unit of Tag DNA pelymerase (Fermentas). The
thermal cycling conditions eonsisted of 94 “C for 1 minute, followed by 25 cycles of
94 °C for 30 seconds, 85 “€ for 80 seconds, 72 “C for 30 seconds and 72 °C for 5
minutes. The PCR product was analyied by a TBE-15% (w/v) agarose gel
electrophoresis and wisualized by UV ‘gran'sillumination after ethidium bromide

staining.

The specificity of the gene knockdown was further determined by semi-
quantitative RT-PCR analysis.-Specific knockd'ov_m of the PmproPO1 was determined
by amplification of PmproPOZ1 sienced sh’rfrhp- cDNAs with PmproPO2 specific
primers PO2i-F and PO2i-R-(Table 2.2), Wﬁiiét%pécific knockdown of PmproPO2
was determined. by amplification of PmproPO?2 silenced shritdp cDNAs with the
PmproPO1 genefspecific primers PO1li-F and PO1i-R (Table2.2). For the PPAE
genes, specific gene knockdown of PmPPAEL was examined by individual
amplification of the cDNA from the PmPPAEL silenced shrimp with the PmPPAE?2
gene speeifig, primers PmMPPAE2i-F,and-PmPPAE2i-R (Tahle.2.2).and specific gene
knockdown of{PmPPAE2 was also examined by amplification of PmPPAE2 silenced
shrimp cDNAs with the PmPPAE1 gene specific primers PPAI-F and PPAI-R (Table
2.2)Theseffect ofy gene silenging jofsthe PmPPAEL+and BmRPAE2 genesgon other
known shrimp clip-domain. serine proteinases (clip<SPs) including IPmCIipSP1 and
PmClipSP2 and other shrimp clip-domain serine proteinase homologues (clip-SPHs)
(PmMasSPH1, PmMasSPH2 and PmMasSPH3) were verified by RT-PCR using
gene-specific primers: PmSP1rt-F and PmSP1rt-R for PmClipSP1, PmSP2rt-F and
PmSP2rt-R for PmClipSP2, PmSPH1rt-F and PmSPH1rt-R for PmMasSPH1,
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PmSPH2rt-F and PmSPH2rt-R for PmMasSPH2 and PmSPH3rt-F and PmSPH3rt-R
for PmMasSPH3 (Table 2.2). A fragment of the EF1-o gene was also amplified in a
separate tube to serve as an internal control for cDNA template normalization. All
PCR reactions and amplification steps were carried out in a 25 pl reaction volume
containing 75 mM Tris-HCI pH 8.8, 20 mM (INH4),SO,, 0.1% (v/v) Tween 20, 1.5
mM MgCl,, 100 mM of each dNTP, 0.2 miVL.of caeh specific primers, 1 unit of Taq
DNA polymerase (Fermentas, USA) and 1 pl of each first-strand cDNA. The thermal
cycling conditions censisted 0f94.°C for 1 minute, followed by 25 cycles of 94 °C for
30 seconds, 55 °C for80 seeonds, 72 “C for 30 seconds and 72 °C for 5 minutes. The
PCR product was analyzed by TBE-1.5% (w/v) agarose gel electrophoresis and
visualized by UV transillumination after ethidium bromide staining.

2.6.5 Hemolymph phenoloxidagé (PO) activity assay in the knockdown
shrimps o

Hemolymph was WithdfaV\}n WithoUt-':thé use of any anti-coagulant from the
ventral sinus of the randomly selected expefrfﬁérltal silenced and control shrimps at 48
hours after the second dsRNA"injection (Se@or’{-"z.G.s). Total protein concentration
was determined by a Quick Start"M Bradford.prgtgjn assay kit (Bio-Rad). Hemolymph
phenoloxidase (PO) activity was assayed by using L-3,4-dihydroxyphenylalanine (L-
DOPA) (Fluka) &5 a substrate according to Liu et al. (Liu et al’, 2007). Briefly, 2 mg
of hemolymph proteins in 435 pl of 10 mM Tris-HCI butfer(pH 8.0) were incubated
with 65 pl of freshly prepared L-DOPA (3 mg/ml) (Fluka) atroom temperature for 30
minutes. The reactionswas stopped by 500l of 10% (v/v) acetic acid and the
remaining PO activity was spectrophotometrically monitored at 490 nanometres. The
hemolymph PO activity was defined as AAsq0/mg total protein/minute. Control
samples were prepared using distilled water instéad of shrimp hemalymph. The
experiment was done in triplicate with 2-3 shrimps per group. Statistical ‘analysis was
performed using the one-way analysis of variance (ANOVA) followed by Duncan’s
test.
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2.6.6 Cumulative mortality assay in the knockdown shrimps post V.

harveyi infection

Pathogenic Gram-negative bacteria, Vibrio harveyi isolate 639, was revived
from a glycerol stock previously stored at -80 °C using a sterile tryptic soy agar
(TSA) plate. The plate was incubated at 30.°C.for 18 hours. A single colony was
picked and resuspended in4 m! of tryptilc soy broth-(TSB) overnight at 30 °C and 40
Ml was subsequently moculated into 8 rr;I of TSB-and cultured at 30 °C. The bacterial
concentration was then.established by measuring the optical density (OD) at 600
nanometres using spectrephotometer. Folur different concentrations 10°, 10°, 10* and
10° colony forming uniis (CFUs) Were‘_ assessed as a preliminary experiment for
determining the appropriate .dose for mogr'.tality assay experiments. The bacterial
suspension of 2 x'10° @FUs which could %Jill_,_40-50% of the shrimps within 2-3 days

was selected as the injection dose for the m":o_‘rtality assays.

SPF shrimps (210 g, fresh weight) We{e -.i'htramuscularly injected with 25 pl of
saline solution containing 20 pg-o6f PmPPAEf_L‘,:_Pm_PPAEZ, PmproPO1 and PmproPO2
dsRNAs (2 pg of dsRNA per-1 g shrimp). 'I;V,v,ér’jr{y-four hours after the first dSRNA
injection, shrimps were again-injected intramqs’gylarly with 25 pl of saline solution
containing dsRNAs and V. harveyi 639 (2 x 10°> CFUs). Shrimps injected with GFP
dsRNA were included as a control for non-specific dsSRNA injections and shrimps
injected with séline solution alone were done as an additional control group for
monitoring the effect of handling and injection induced mertality. The number of
dead shrimps was recorded daily for 5 days post V. harveyi infection. The experiment
was performed in triplicate with 9-10 healthy shrimps per group. Statistical analysis
of the cumulative mortality test was performed using a one-way ANOVA followed by

Duncan’s test.
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2.6.7 Viable bacterial count in hemolymph of the knockdown shrimps

post V. harveyi infection

Viable bacterial count was carried out according to Liu et al. (Liu et al., 2007)
with some modifications. Briefly, SPE shrimps (~10 g in size) were intramuscularly
injected with 20 pg of PmPPAEL, PmMPPAEZ, PmproPOl1 and PmproPO2 dsRNAs.
Shrimps injected with GFP dsRNA were included as a control for non-specific
dsRNA injections. Twenty-four hours after the first dSRNA injection, shrimps were
re-injected with 20°"g of dsRINAs together with 2 x 10° CFUs of V. harveyi 639.
Hemolymph sampies wege individually: collected from the knockdown shrimp at 6
hours post V. harveyl injection. The cbllected hemolymph samples were serially
diluted in phosphate buffer.saline (PBS, pH 7.4) and dotted onto the LB-agar plate (10
pl/dot). The plateawas incubated overnight'at 30 "C and the number of bacterial cells
in the knockdown shrimp hemolymph Wjas Jdetermined by counting of V. harveyi
CFUs. All experimental tests were condu?:_ted___in triplicate with three shrimps per
replicate. Statistical /analysis was analﬁed by one-way ANOVA followed by

"

Duncan’s test.

2.7 Recombingint protein expression of proPmPPAE1 “and serine proteinase

(SP) domain of PmPPAEL in Escherichia coli expression system
2.7.1 Censtruction of expression vector

The eDNA, sequence ;encoding ~for~the, mature; peptide, (pro-form) and the
serine proteinase (SP) demain of PmPPAE1 were amplified by Pfu DNA polymerase
(Promega)’ using the expression .primers NcolFull-ppA-F and NotlppA-R and
NeolSP-ppA=F,and; NotlppA=R;respectively(Table2:3)sFar convenienee ofcloning,
an Ncol site'and 6xhistiding tag encoded nucleotidesiwere added to the5-end of the
NcolFull-ppA-F and NcolSP-ppA-F primers and a Notl site was added to 5’-end of
the NotlppA-R primer after the stop codon (Table 2.3). The Pfu based PCR
amplification was performed at 94 °C for 3 minutes followed by 35 cycles of 94 °C

for 1 minute, 55 °C for 1 minute, 72 °C for 2 minutes and the final extension was
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carried out at 72 °C for 10 minutes. The PCR products of expected molecular sizes
were gel purified and cloned into the cloning vector pGEM®-T Easy (Promega) before
being transformed into E. coli JM109 competent cells by heat shock method.
Individual colonies grown on LB agar plates containing 50 pg/ml ampicillin were
then randomly picked and used as templatesdn ihe colony PCR screening with M13
forward and reverse primers. The PCR reacwon.was performed in 25 ul reaction
volume containing each. single colony,«#5 mM Tris-HCI pH 8.8, 20 mM (NH4),SOs,,
0.1% (v/v) Tween 20445 mM-MgCl,, 100 mM of each dNTP, 0.2 mM of M13 each
primer and 1 unit gisTaq DNA polymerase (Fermentas, USA). The thermal cycling
conditions were 94 “Cifor 3'minute, followed by 35 cyeles of 94 °C for 1 minute, 55
°C for 1 minute-and 72:°C for 2 minuies:followed by 10 minutes of incubation at 72
°C. The PCR produets vere analyzed by i.O% (w/v) agarose gel electrophoresis and
visualized by UV transillumination after‘“!ethidium bromide staining. Recombinant
plasmid DNAs were then extracted from‘the positive clones using a QIAprep spin
miniprep kit (Qiagen)according fo the manufacturer’s protocols and further verified

by restriction enzyme digestion and DNA se'q‘iuencing (Macrogen).

Jdd

To construct the expression vectors, Tﬁer r-écombinant pGEM®-T Easy vector
containing the corrected Sequences- of maflj"‘ré“’ah‘d’SP-domain of PmMPPAE1 were
chosen for restriction enzymes digestion with Ncol and Noth(Biclabs) and ligated into
the same sites"#*pET28b expression vector (Novagen) before being transformed into
E. coli JIM109. Single colony was randomly picked and used as a template in a 25 pl
colony PCR reaction containing 75 mM Tris-HCI pH 8.8, 20 mM (NH,),SO4, 0.1%
(v/v) Tween,20; 1.5 mM.MgCl,, 400 mM of.each dNTR, 02 mM of.specific primers
for each constriict and 1 unit of Tag DNA palymerase (Fermentas, USA). The thermal
cycling conditions were 94 °C for 3 minute, followed by 35 cycles of 94 °C for 1
minute, /55 °@<for & minute-and-72 ¢ G+for 2, minutes-fallowed final.extensionaty72 °C
for'10 minutes, The PCR products were analyzed by a TBE-1.0% (w/\V) agarose gel
electrophoresis and visualized by UV transillumination after ethidium bromide
staining. Plasmid DNA from the cultures containing the correct mature and SP
domain of PmPPAEL constructs (as confirmed by colony PCR) were isolated with a

QIAprep spin miniprep kit (Qiagen) according to the manufacturer’s instructions. The



35

acquiring recombinant plasmids were further examined by restriction enzyme
digestions and DNA sequencing (Macrogen) to verify the correct reading frame and
lack of any mutations before transformed into the chemically competent E. coli
Rosetta (DE3) pLysS for recombinant protein expression. The parental pET28b vector

without any inserts was included as a negative control.
2.7.2 Recombinant protein expresston

For recombinant proetein” expression, positive transformants screened by
colony PCR reactions (as.above) and negative control cells were grown overnight at
37 °C in 5 ml LB medium¢Containing-50 pg/ml kanamyein. Subsequently, 500 pl of
an overnight culture was inoculated in-500 ml fresh LB/kanamycin medium and
grown at 37 °C under agitation at 260 rpmr until the culture reached an ODeo 0f 0.6.
The expression of the recombinant PmMPPAEL (rPmPPAEL) and recombinant SP
domain of PmPPAEL (tSP-domain) were th'er) ipduced by addition of isopropyl-B-D-

thiogalactopyranoside (IPTG) tb a final conbéptrétion of 1 mM.

Jia

Time course analysis.was performed to find out the optimal induction time for
recombinant protein expression.-One millilitr_?of-the bacterial cell culture was time-
interval taken every hour until 5 hours post.I'P".I:G-j induction. The bacterial cells were
harvested by “eemtrifugation.at.8000 rpm. for S minutes.at4#°€. The bacterial cell
pellets were restspended in 1x SDS sample buffer (45 mM Tris-HCI, 10% (v/v)
glycerol, 1% (w/v) SDS, 50 mM dithiothrertol and 0.01% (w/v) bromophenol blue;
pH 6.8), boiled for 10 min. and the expressed proteins were analyzed by a reducing
sodiumydadetyl sulfate’polyacrylamide gelelectropharesis(SDS-PAGE) followed by
western blotting.

To determine the solubility of the_ expressed_protein, the cultures were
harvested at.4 hours (for .rSP-domain) and 5 hours (for rPmPPAEL) post! IPTG
induction and cells were centrifuged at 8000 rpm for 5 minutes at 4 °C. The bacterial
cell pellets were then washed twice with 20 mM Tris-HCI buffer (pH 8.0) and
resuspended in the same buffer. To determine whether native or denaturing conditions

were necessary for protein purification, the cell suspensions were disrupted by
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sonication for 10 minutes at 0 °C and cell lysates were then centrifuged at 11000 rpm
for 20 minutes at 4 °C. Soluble and insoluble fractions were collected and subjected to
SDS-PAGE analysis and the protein bands were visualized by Coomassie brilliant
Blue R-250 staining.

2.7.3 Protein purification

After analysis-of-the protein fractions, both rPmPPAE1 and rSP-domain were
expressed in an insoluble form.Therefore, the pellets containing insoluble protein
(inclusion bodies) were subjecied to purify by a nickel-nitrilotriacetic acid (Ni-NTA)
affinity chromatography celtmn (Qiageﬂ) under the denaturing conditions according
to the manufacturer’s stiggestions. Briefly, inclusion bodies were washed twice in 20
mM Tris-HCI (pti#8.0) and dissolvee-in-a‘denaturing buffer (50 mM NaH;PO,, 300
mM NaCl, 10 mM imidazole, 8M Urea; pH 8:0). The solutions were applied to a Ni-
NTA agarose column (Qiagen), washed W:Tth a_denaturing buffer containing 20 mM
imidazole, and eluted. by a denétufing buffér-:‘;cd.r'itaining 250 mM imidazole. Purified
proteins were resolved electrophioreticatly Oﬁ_‘(fédqcing SDS-PAGE and visualized by

b ir
L

Coomassie brilliant blue R-250 staining.

2.7.4 PRrotein refolding

For recormjbinant protein refolding, 1ml of elution fractions containing the
recombinant protein were collected and pooled fractions were dialyzed against 50
mM Tris-HCI pH 8.0 overnight at 4 °C. The dialyzed protein sample was then
centrifuged at 13000 fpm for 20 min at 4-°C to remove unfolded or aggregated
proteing“and analyzed by a reducing SDS-PAGE. The protein concentration was
determinéd using a Quick Start” Bradford protein assay kit (Bio-Rad) according to
the manufacturer’s_instructions. The protein_molecular weight was_estimated by co-

resolution with standard markers through a reducing SDS-PAGE gel.
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2.7.5 Production of rabbit polyclonal antibody

For preparation of anti-SP-domain antisera, the affinity-purified recombinant
rSP-domain protein was further dialyzed against the phosphate buffer saline (PBS; pH
7.4) and the obtained protein was used as an immunogen for preparing a rabbit anti-
rSP-domain polyclonal antiserum by a commercial service at Biomedical Technology

Research Unit, Chiang Mai-University, Thailand.
2.7.6 SDS=PAGE and western blot analysis

Protein samplesswere mixed with 2x SDS sample buffer (90 mM Tris-HCI,
20% (v/iv) glycerol, 2% J(wiv) SDS, 0.I M dithiothreitol and 0.02% (w/v)
bromophenol blue; pH 6.8) and denatured’p§/ boiling for 10 minutes. The SDS-PAGE
was carried out'in 1x Tris-glycine elect‘xrophoresis buffer (25 mM Tris, 192 mM
glycine and 0.1% (w/v) SDS; pH 8.3) at 20 mA/gel for 90 minutes. The prestained
protein ladder (Fermentas) was included as-zthe? standard protein marker. Gels were
stained in 0.1%(w/v) Caomassie brilliant Blue R-250 in 45%(v/v) methanol and
10%(v/v) acetic acid and then de-stained-in 10%(v/v) methanol and 10%(v/v) acetic

acid.

For western blot analysis, protein samples from unstained SDS-PAGE gel
were electro-transferred to a polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences) in a transfer buffer (48 mM Tris-HCI, 39 mM glycine and
20% (v/v) methanol; pH 9.2) using Trans-Blot® SD (Bio-Rad) at 100 mA for 1 hour.
The membrane was then blocked with 5% (w/v) skim milk powder in Tris buffered
saline-Tween (ITBST; 20 mM Tris-HCI, 150 mM'NaCl and 0.05%_(v/v) Tween 20;
pH 7.5) "at 4°C overnight followed by washing three times with the same buffer.
Western..blot. analysis. was. carried .out using.anti=His antisera_.(1:3000 _dilution;
Amersham Biosciences) oranti-rSP-domain’ (1:1000 dilution) followed by incubation
at 37°C for 1 hour. After washing three times with TBST buffer, the membrane was
then incubated with alkaline phosphatase-conjugated anti-mouse immunoglobulin G
(1gG) antibodies (1:5000 dilution; Jackson ImmunoResearch Laboratories, Inc.) for

anti-His antisera or alkaline phosphatase-conjugated anti-rabbit 1gG antibodies
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(1:20000 dilution; Promega) for anti-rSP-domain at 37°C for 1 hour. After washing
three times with the same buffer, antibody binding was visualized by a color reaction
using 5-Bromo-4-chloro-3-indolyl Phosphate/Nitroblue Tetrazolium (BCIP/NBT)
(Sigma) as chromogenic substrate.

2.8 Recombinant-protein expression of proPmPPAEL in insect cells using

BAC-to-BAC® BaculloVirus-EXpression System
2.8.1 Preparation of signal peptide for recombinant protein secretion

For an efficient secretion/of the recombinant protein produced in insect cells
using the plasmidpFastBag” 1 (Invitrogen Life Technologies), the synthetic DNA
fragment encoding #for the 'signal peptide-'-of Manduca sexta proPO-activating
proteinase-2 (PAP-2) was generated using 't\!\(o olinucleatides Signal-F and Signal-R
(Table 2.3). Signal-Frcontained the BamHil :‘_‘restKriction site fused with the sequence
encoding for Met-Asn—IIe-VaI-Leu—AIa-Lea,;éys:Val-Phe-Ala-Val-Ser-AIa—Ser-Phe-
Ala-Ser-Gly-GIn-Ala-Met-Glu-His-Met-Glu-Phe Jfbllowed by Ncol, Ndel and EcoRl
restriction sites. Signal-R-included the same restriction sites, but fused with the
reverse complement sequence of the PAP-2 signal peptides Two oligonucleotides
(Signal-F and Sighal-R) were annealed by incubated at 70 “C for 1 minute followed
by slowly cooled t© room temperature for 30 minutes. The fragments were further
ligated into pGEM®-T Easy (Promega) according to the manufacturer’s instruction
followed by transformation into the chemically competent E. coli JM109 cells as
described ' above. ‘Colony PCR 'screening .was then performed and the positive
recombinant clone was selected followed by plasmid DNA extraction using a
QIAprep. spin.miniprep kit (Qiagen). according, to the manufacturer’s instructions.
Restriction enzyme digestion and DNA 'sequencing were carried out to, confirm that
the signal sequences were corrected. The recombinant plasmid containing the signal
peptide fragment was digested with BamHI and Ncol overnight at 37 °C. The digested
products were resolved by 1.5% (w/v) agarose gel and purified using NucleoSpin®
Extract Il (MACHEREY-NAGEL) according to the manufacturer’s instructions. The



39

BamHI-Ncol signal peptide fragments were kept at -20 °C until required for fusing
with the pFastBac' 1.

2.8.2 Construction of recombinant transfer vector

To produce the recombinant PmPPAEL (fPmPPAE1L) proteins using a site-
specific transposition baculovirus expression” system (Bac-to-Bac, Invitrogen Life
Technologies), a cDNA-seguence encoding for the-mature peptide of PmPPAEL with
6% histidine tag attached at.ithe C-terminus was amplified by Pfu DNA polymerase
(Promega) using the'expression primer pairs BacPPA-F and BacPPA-R with a Ncol
and Xhol sites atuthe 5'-end’ of each primer, respectively (Table 2.3). The
amplification conditions consisted.of an-initial denaturation at 94 °C for 3 minutes
followed by 35 cyelés of denaturation-at 94 °C for 1 minute, annealing at 55 °C for 1
minute, extension at #2 °Cfor2 minutes.and final extension at 72 °C for 10 minutes.
The PCR produets were ‘separated through a TBE-1.0% (w/v) agarose gel
electrophoresis and the expected DNA fragrﬁ;e.n'g‘was cut from the gel and purified by
the NucleoSpin® Extract I (MACHERE';Y?NAGEL) following the instruction
protocols. The purified DNA-fragment was;cflcjxﬁéd into the pGEM®-T Easy vector
(Promega) and then transformed into E. coliuJM:LQQ by heat shock method. The single
colony grown on LB agar plates containing 50 pg/ml ampicillin were randomly
selected for colony PCR screening using the PmPPAEL géne specific primers as
described above. The positive clones were selected for plasmid DNA extraction using
a QIAprep spin miniprep kit (Qiagen) according to the mantfacturer’s instructions.
Plasmid DNA was themaverified by restriction’ enzyme digestion followed by DNA
sequencing (Macrogen). The recombinant plasmid containing/the correct PmPPAE1
sequencexwas digested with Ncol and Xhol (Biolabs) and PmPPAEL DNA fragment
was then gel purified using the NlcleoSpin® Extractsll kit (MACHEREY:NAGEL)

accotding to/the respective manufacturers mstructions.

To construct the recombinant pFastBac 1 containing PAP-2 signal peptide
and the mature PmPPAE1L, the BamHI-Ncol signal peptide fragment and the Ncol-
Xhol mature PmPPAEL1 fragment were inserted into BamHI-Xhol sites of pFastBac " 1

by using a three-fragment ligation reaction. The ligation product was then transformed
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into E. coli JM109 by heat shock method and the resulting transformants were
checked by colony PCR as described above. The plasmid DNA was extracted from
the positive clone using a QlAprep spin miniprep kit (Qiagen) and further verified by
restriction enzyme digestion and DNA sequencing (Macrogen).

2.8.3 Preparation of recombinant bacmid DNA for BAC-to-BAC®

Baculovirus Expression System

Recombinant'pFastBae "1 was transformed into MAX Efficiency® DH10Bac
E. coli competent gells (lavittogen Life Technologies). In vivo transposition of the
Signal-PmPPAE1 expression cassette-into bacmid DNA in E. coli DH10Bac™ and
selection of the colonigs containing: recombinant bacmid was performed according to
the manufacturer’s instetiction for BACftO-BAC® Baculovirus Expression System
(Invitrogen Life TechAologies) (Figure 2.1). Briefly, 5 ng of recombinant pFastBac ™1
construct was incubated with 25 ul of DHlOBa_cTM E. coli competent cells in a 2 ml
round-bottom tube for 30 mihutés. Tranéféjlrn;étion was performed by heat-shock
method. The transformed cells were incubat'e‘l:jl at 37 “C for 4 hours with shaking. Ten-
fold serial dilution of cells (10 and 109 w"%s then prepared and 100 pl from each
dilution was plated on an_ LB agar plate cqnt_ai:riing 50 pg/ml kanamycin, 7 pg/mi
gentamicin, 10 pg/ml tetracycline, 100 pg/ml Bluo-gal andf40 pg/ml IPTG. The
plates were incubated at 37 “C for 48 hours. Ten white colonigs were then picked, re-
streaked on the fresh LB agar plates containing the same components and further
incubated overnight at 37 °C. To verify the successful of transposition, single colonies
from each re-streak {plate,was picked for colony PCR screening using M13 forward
and reverse primers. The positive clone was inoculated-in a LB:medium containing 50
pg/ml kanamycin, 7 pg/ml gentamicin and 10 pg/ml tetracycline for recombinant
bacmid DNA isolation using S.N.A.P."" MidiPrep Kit«(Invitrogen Life Té€chnologies)

accotding to/the respective manufacturer’s protocals.
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Recombinant baculoviruses harboring PmPPAEL geﬂ was generated in vivo
using lipi -mediate(ftﬁﬁfection reaction following the instruction provided for the
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(Figure 2:1). Insect cell line Spodoptera frugiperda 9 (Sf9) 9 x 10° cells were seeded

in to each well of the 6-well cell cu{ure lates. The ﬁ;\sfection reaction was repared
b Ak 1 ] ] o s sk o o
1nsupplemeﬁted Grace’s insect medium with 8 ul of Cellfectin® I Reagent
(Invitrogen Life Technologies) dissolved in 100 pl of unsupplemented Grace’s insect
medium at room temperature for 30 minutes. The bacmid DNA:lipid complex was

diluted with 0.8 ml of the antibiotic-free unsupplemented Grace’s insect medium
before added to the Sf9 cells followed by incubation at 27 °C for 4 hour.
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Subsequently, the DNA:lipid complex was completely removed followed by addition
of 2 ml of the Sf-900 Il (Invitrogen Life Technologies) containing 5% fetal bovine
serum (FBS; Sigma) and 1x antibiotic-antimycotic (100 units of penicillin (base), 100
pg of streptomycin (base), and 0.25 pg/ml of amphotericin B utilizing penicillin G
(sodium salt), streptomycin sulfate and amphotericin B; Invitrogen Life Technologies)
to the cells and the transfected cells were maintained'in a 27 °C humidified incubator

for 7 days or until the sign.of late state of viral infection.was observed.
2.8.5 Amplification.ef the recombinant viral stock

The P1 viral.stock.was obtained by collected the medium from each well at
days 7 post transfection. The baculoviral stock harvested from the culture medium
was filtered through a.0.45 um fikier.-Fhe P1 wviral stock was used for further
amplification of the vifus stock. Sf9 2 x 10° cells were seeded into each well of the 6-
well cell culture plate and cells were infected with an appropriate amount of P1 viral
stock for 72 hours at 27 “C. The medium contwéir}ing P2 viral stock was then harvested
and filtered through a 0.45 um fitter. Produ'cf:i.b'hjof the high-titer P3 viral stock which
used as a working viral stock-was performed"as described for P2 viral stock, but Sf9
cells were infected the with the P2 instead of P1 giral stock. Viral stock was kept at 4

°C under light pretected conditions.
2.8.6 Viral plaque assay

Viral plaque assay was performed to determine titers of the working
recombinant PmPPAE1 viral stocks. Sf9 cells-«were prepared at the cell density of 5 x
10° cells/ml 'in’ Sf900 Il SFM (Invitragen' Life: Technologies) and 2 ml of cell
suspensions were seeded into each well of the 6-well cell culture plate. An 8-log serial
dilution (10™ to 10°®) of the working viral stock was prepared by diluted the P3 viral
stock in an @appropriate amount of the Sf-900 11'SFM. One millilitre of the diluted
virus (10 to 10®) and the negative control (no virus) were added into each well of the
6-well plates and cells were further incubated at room temperature for 1 hour. The
medium containing viruses were then removed and cells were substituted with 2 ml of
the plaquing medium (30 ml of 1.3x Sf-900 Medium and 10 ml of the melted 4%
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(w/v) agarose gel). The plaquing overlay was left for hardening at room temperature
for 1 hour before placing into the 27 °C humidified incubator for 10 days. Plaques
were visualized by Neutral red solution staining (1 mg/ml in cell-culture grade,
distilled water) and the viral titer was calculated by using the following formula and

expressed as plaque forming units (pfu)/ml.

Titer (pfu/ml) = number of plaques x dilution factor x 1

ml of inoculums/well

2.8.7 Optimizationsof the recombinant PmPPAEL production

To optimizethe expression of rPmPPAEL in insect cells, Sf9 2 x 10° cells
were seeded into eaeh well of/a 6-Weil cell culture plate and infected with the
recombinant virus at a multiplicity of inféétig_n (MOI) ranging from 0.01 to 5 (0.01,
0.1. 0.5, 1, 2.5 and 5) for 3-4 days. Wholé cell lysates and the culture medium were
subjected to analyze by SDS:PAGE. Aiﬁ_r_ne...course analysis of the rPmPPAE1
production was then perfarmed by infected W_,2 x 10° §f9 cells with the desired MOI
(MOl of 0.5). Cells and media were harveste_d_-;t'.ZjL_}, 48, 72 and 96 hour post-infection
and the proteins were resolved electrophctetizt!:élly on reducing SDS-PAGE and

visualized by Coomassie brithant biue R-250,§taiﬂing.
2.8.8 Recombinant protein production

To produce rPmPPAEL in insect cells, Sf9 2x10° cells were infected with the
recombinant baculoviruses at MOI of 0.5. The infected cells were maintained at 27 °C
for 96 hoeurs-before being harvested: Fhe culture medium was.aspirated and the cells
collected from:each well were pooled together and centrifuged atf5000 rpm for 5
minutes at' 4 °C. The cell pellet was washed once with 50 mM sodium phosphate
buffer'containing 300:mM:NaCly(pH i7.4) and, resuspendedrwith the'samesbuffer. Cell
disruption: was performed by Sonication for 5 minutes at 0 °C. The cell lysate was
centrifuged at 11000 rpm for 5 minutes at 4 °C. The supernatant and pellet were
analyzed by SDS-PAGE.
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2.8.9 Recombinant protein purification

The rPmPPAE1 was purified under denaturing conditions. Briefly, the
infected cells were suspended in lysis buffer (50 mM Na;HPO,, 50 mM NaH,PO, and
300 mM NaCl and 8 M Urea; pH 7.4) and the insoluble material was removed by
centrifugation at 11000 rpm for 20 min at 4 °C._#he clear supernatant containing the
rPmPAPE1 was then loaded. onto a HislPur Cobaliwresin column (Pierce) previously
equilibrated with the same buffer unde; the gravity flow. The flow-through fraction
was collected and re-applied to'the column again. The column was then washed twice
with 4 ml of wash buffer (50'miM NazH‘IPO4, 50 mM NaH,PO,4, 300 mM NaCl, 8 M
Urea and 10 mM.imidazole; pH 7.4). The rPmPPAEL was eluted from the column
with elution buffer (50 mM Na,HPOz, 50 mM NaH»P0Oy4, 300 mM NaCl, 8M Urea
and 150 mM imidazole; pH 7.4). The eluteT_éI fractions were analyzed by SDS-PAGE.

Table 2.3 Nucleotide sequence of primers used for recombinant protein expression.

3 N "
Primer Sequence (5- 3’)

o

Bacterial expression system

NcolFull-ppA-F 5*=CATGCCATCCGCCATCATCATCATCATCATGCTGTGGGTG
ATGAACAGCTCTCAAG -3’

NcolSP-ppA-F 5’- CATGCCATGGGCCATCATCATCATCATCATCGCATCGTGG
GCGGAAAGGACGCCGA -3’

NotlppA-R 5" ATAAGAATGCGGCCGCTTAGACTGCATTATTTTTAATCC
AGTC 3’

Insect cell expression system

BacPPA-E 5’- CATGCCATGGCTGTGGGTGATGAACAGCTCTCAAG -3’
BacPPA-R 5’- CGCCTCGAGCTAATGATGATGATGATGATGGACTGCA
TTATTTTTAATCEAGTC 3’

Signal-F 5- GGATCCATGAATATCGTACTCGCELITGTGTGICTTCGC

GGTTAGTGCAAGCTTTGCGAGTGGACAAGCCATGGAGCA
TATGGAATTC -3’

Signal-R 5’- GAATTCCATATGCTCCATGGCTTGTCCACTCGCAAAGG
CACTAACCGCGAAGACACACAAAGCGAGTACGATATTCA
TGGATCC -3’
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2.9  Functional characterization of the recombinant protein
2.9.1 Proteinase activity assay

The proteinase activity of recombinant PmPPAEL protein on the hydrolysis of
synthetic chromogenic substrates was assayed iaa 100 pl reaction volume of 50 mM
Tris-HCI (pH 8.0) containing different amounis«of recombinant protein incubated
with the synthetic ehremogenic substrate speeifie for trypsin and subtilisin (N-
benzoyl-Phe-Val-Arg-p-nitroanilide; 150 and 300 mM, respectively), chymotrypsin
(N-succinyl-Ala-Ala=Pro-Phe-p=nitroanilide; 150 miM) and elastase (N-succinyl-Ala-
Ala-Ala-p-nitroanilide! 450 mM) at-30 °C for 20 minutes. The reaction was
terminated by 50%" agetic ‘acid. The formation of p-nitroaniline was
spectrophotometrigally measured aé-405+nanometres and one unit of proteinase

activity was defined as AAuos/minute, )

2.9.2 Phenolgxidase (PO) activity-assay

To prepare the hemocyte tysate suﬁgrﬁatqnt (HLS) for phenoloxidase (PO)
activity assay, hemolymph was-individually xlafitﬁj.d:rawn from the ventral sinus cavity
of the normal shrimp using-the anticoagulant"s'dluﬁon (0.45 M NacCl, 0.1 M glucose,
26 mM citric acid, 30 mM trisodium citrate, 10 mM EDTA,; pH 4.6) (Soderhall and
Smith, 1983). ATter centrifugation at 800 x g for 10 minutes at 4 °C, the hemocyte
pellet was washed twice and homogenized in the cacodylate (CAC) buffer (10 mM
sodium cacodylat€; pH 7.0) before being centrifuged at 25000 x g for 20 minutes at 4
°C to obtain the HLS.

To examine-the biological-activity of the recombinant PmPPAEL protein on
activation of shrimp proPO system, the HLS and. the recombinant gpretein was
preincubated with"LPS (from Escherichia eohi 0111:B4;'Sigma) and laminarin (-1,3-
glucan chain with some B-1,6-linked glucose units; Sigma) at room temperature for 30
minutes. The reaction mixtures were further incubated with L-DOPA for 30 minutes
at room temperature. PO activity was measured at 490 nanometres. HLS preincubated
with the buffer was done as a negative control. PO activity was defined as an increase

in Asgo/mg total protein/minute.
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2.10 Detection of an endogenous PmPPAEL expression in shrimp hemolymph

In an effort to investigate the expression of an endogenous PmPPAEL,
hemolymph was withdrawn from the ventral sinus in an anticoagulant solution (0.45
M NaCl, 0.1 M glucose, 26 mM citric acid, /30 mM trisodium citrate, 10 mM EDTA,
pH 4.6) (Soderhall and Smith, 1983) and centrifuged at 800 x g for 10 min at 4 °C.
The supernatant was used as cell-free plasma. The-hemocyte pellet was washed twice
and homogenized in 150..mM NaC,:I containing 2 mM EDTA followed by
centrifugation at 25000 x«g for20 minutes at 4 “C. The resulting supernatant was kept

on ice and used as'the hemocyte lysate supernatant (HLS).

Approximately20 ug of shrimp HLS and 100 lg of cell-free plasma protein
were separated ong@ 15% (w/v) redueing 8DS-PAGE gel and visualized by staining
with Coomassie brilliant blue or identifijgd "by western blotting. For western blot
analysis, separated proteins from SDS—PAC—:E._geI were electro-transferred to the
PVDF membrane (Amersham‘Bibscienceé)-';us;i'ng Trans-Blot® SD (Bio-Rad). The
membrane was blocked with 5% (w/v) nb‘r‘:f-,fqt dry milk in Tris Buffered Saline-
Tween (TBST; 20 mM Tris-HCI, 150 mM N&Ijand 0.05% (v/v) Tween 20; pH 7.5)
at 4°C overnight followed-by-washing three--thes with the same buffer. Rabbit
polyclonal antisera against the SP-domain of PmPPAEL (1:1000 dilution in TBST)
was used as the Primary antibody and membrane was further incubated at 37°C for 1
hour. After washing three times with TBST buffer, the membrane was incubated with
alkaline phosphatase-conjugated to goat anti-rabbit immunoglobulin G (IgG)
antibodies (1:20000 dilation in TBST; Promega) at 37°C for 1 hour. After secondary
antibody: incubation  and’ washing, the alkaline phosphatase fantibody-protein band
complexiiwas visualized by a color reaction using 5-Bromo-4-chloro-3-indolyl
Phosphate/Nitroblue Tetrazolium (BCIP/NBT) (Sigmia) as chromogenic 'substrate for

alkaline phosphatase.
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RESULTS

3.1 Characterization.of the proPQ.systemi-associated genes from P. monodon
3.1.1 Charactgrization of PmPPAEL and PmPPAE?2 genes

In the black #iger shrimp Penaeﬁs monodon, two putative prophenoloxidase
(proPO)-activating enzymes (PPAESs) designated as PmPPAEL and PmPPAE2 were
identified from hemocytes of the normal shrimp by using the degenerate primer pairs
designed from the gonserved se‘quences‘:‘.‘of‘ ‘the. PPAE genes reported in several
arthropod species® (Charoensapsri - et aI.;:"LZOOQ, 2011). The cDNA sequence of
PmPPAE1 and PmPPAE2 ger-]es-were mosat similar fo the crustacean and insect
PPAEs, respectively. Consequently, these “iw‘o PmPPAE genes were selected for

b ir
L

further characterization.

A full-length cDNA'sé’quence of the 'bdféf;l{lé PmPPAEZL-(GenBank accession
number FJ59%2#5)_obtained by rapid_amplification o cDMNA¢ end (RACE)-PCR,
comprised of 1515 bp, including a 55 bp of 5’-untranslated region (UTR), a 1392 bp
open reading frame (ORF) and a 68 bp of 3*-UTR (Figure 3.1) (Charoensapsri et al.,
2009). The ORF encoded a predicted polypeptide of 463 amino acid residues with a
potential signal peptide-cleavage site, as‘identified bysthe enline'SignalP 3.0 program,
located between amino &cid pasition 18 and 19 (AA=AV). The calculated molecular
mass of the mature protein (445 amino acids) was 50.54 kDa with an estimated
isqelectric, point, (ph). of ©7:46," The predicted “protein domain /0f PMPRAE1, as
identified ‘by" SMART program, consists ‘of" an ‘N-terminal ‘elip domain and a C-
terminal serine proteinase (SP) domain. Two potential N-glycosylation sites NGS and
NAT were identified at the amino acid position 42 and 192, respectively, suggesting it

might be a glycosylated protein.
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GAGTGAGCGGCCGATTGCTGTGGGGCGAAGGCAGGGCACAAGGCGCAGCTCCAGCATGAA 60
M K
GGGCGTGACGGTGGTTCTATGGGTGTGCGTCGTGGCGTGGGCGGCAGCGGCTGTGGGTGA 120
G VvV T V VL WV CVVAWA® AARBANR AUV G D
TGAACAGCTCTCAAGAAAGAAGAGGGAGCCCCAGCAACCCAACTTCAATTTTGGTCCCAA 180
E 0 L S R XK KR EUPQOQPNTFNTFG P N
CGGTAGCTTCCGTCCTTCCAACAATCGGCGETEGETTCACCCCGGCCGGCCAATCCGACTG 240
G S F R P ‘ D C
_— &% J A
300
T G N R R ;
TGGACAGGGAGGAGGE \AGCAGTGCCT AGC! [ 360
G Q G G G A
CAGAGACCAACAGAACC ATTCCAAATETGCCGAAGACEC 'CGGGCGGGGCTCA 420
R D Q "o D P — G A Q
—l
GAACCGCTTCTTC GRECECACEGCAAAGCCCGACG CCRBECAGCAGTGCGTGAC 480

N R F L g, KIP sDW : =NC
GCCCAGGTTCCAACEERECCAETG ,i '7 36 Sl gu ‘ GCGGAGTTCAC 540
CAACAAC 16T f(l A GTC CT &é\e&‘ TACGTCGGCGT 600

GTGCTGC calicalig we CA decece ~; ACGCC 660
PR D F E i 2 ) p ‘T P

GAAGCCCACGAEE " ole¥ ol C AG GG GACTAAT 720
K P / o . ' G L I

J f F r A"
CGCCAAGAGGCCGE ! C ATGGCC 780
A K R P

GTGGATGGCAG 840

CGACAGTCACATT@CACEBCEECEeARTEoCH Fm@‘{ ACACGATCAC 900
TGTGCGTCTGCECCACTA ﬂ@ﬁ: \GGACACCGEAEACGTGGACTTCAR 960

GGTGGCCGACATACG N Xeer AGEACGA@C TACGTGAACGACATCGC 1020
CATCATCAAGCTGCAAGGAAGCACCAACTTCAACGTCGACATCTGGCCCGTGTGCCTCCC 1080

GGGCACCATCTA 1140
1200
GGee JEJ,.-W BEa0G 1260
GGACGGCGGARAGGATTCETECE J00CETCCTCCTCOABCAGGS 1320

TTCGGAGAA_AGGTGGGCGGTTGTGGGCGTCGTCTCGTGGGGCATCCGGTGCGCGGAGCC 1380

GGCAACCCCGGT 'ACACGAGGGTCAGCAAGT!? TGACTGGATTAAAAATAATGC 1440

ﬂ 1N-
GTGAGCTTGAA 1500

%AGAGGGAGAATAGAAAAAAAAAAAAAA 1529

AR AN UBITNUING. .

Qeduced amino acid sequence is shown by a single abbreviation below the second nucleotide of each

codon. The signal peptide is indicated with boldfaced and underlined. The clip-domain and serine
proteinase domain are shown by grey and dark grey highlight, respectively. Two putative N-
glycosylation sites are boldfaced and italicize-underlined. The catalytic residues at the active site are
labeled with a circle. The cysteine residues are marked with the arrowheads.
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A full-length cDNA sequence of the putative PmPPAE2 (GenBank accession
number FJ620685) obtained by RACE-PCR, comprised of 1557 bp, including a 29 bp
of 5’- UTR, a 1116 bp open reading frame (ORF) and a 412 bp of 3’-UTR (Figure
3.2) (Charoensapsri et al., 2011). . The deduced ORF of PmPPAE2 encoded for a
predicted protein of 371 amine acid residues with'a putative 25 amino acid residues of
a secretion signal peptide. The deduced maturespepiide of PmPPAE?2 consisted of 346
amino acid residues with.a calculated molecular mass.of 36.52 kDa and an estimated
pl of 7.49. SMART analysis revealed that the predicted protein domain of PmPPAE2
consists of an N-terminale clip-domain and a C-terminal SP domain. One N-
glycosylation site (NWT) was identified at the amino acid position 84 in the N-
terminal part of the J/PmPPAEZ , polypeptide chain suggesting it might be a

glycoprotein.

Database searching using the Blast}"gpf‘ogram revealed that PmPPAE1L is most
similar to the crustacean PPAE: with 70%-;.am—ino acid sequence similarity to the
freshwater crayfish ‘Pacifastacus leniuscdlyﬂsﬂ PPAE (AJO07668). PmPPAE1 also
showed the sequence similarity of 62% 1o me::!gpidopteran insects Manduca sexta
hemocyte protease-1 (AF017663), followed*e‘?fk;e Bombyx mori hemocyte protease
(61% similarity; NM._001046950) and the r"!.ht'ir'sé'sﬁoe crab Tachypleus tridentatus
proclotting enzyime (59% similarity; M58366), respectively. “On the other hand,
sequence analysis showed that PmPPAEZ2 is more similar to the insect than those of
the crustacean PPAEs with 51% amino acid sequence similarity to the proPO-
activating proteindse 1 (PAP1) of the tobacco hornworm Manduca sexta (AF059728),
followed«bysthe Biston-betularia, proP© activating proteinase«1 (GU953224; 51%
similarity) and¢the Aedes aegypti serine pratease (XM _001647815;:50% similarity),

respectively.
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ACGCGGGAGGGAGCAGCTACGCCATCAGAATGCACTACCGGGTTCCCACGATCTCTTGCG 60
M HY RV P T I S C
CGGCGGCGGTCACGCTCCTTGTTCTTGTGACATC TGGAGGGGCGACGAGAGATCGAAGGC 120
A A AV TLULVULVTSGGATTRTDR R
AAGCCAGGTGCAGTGCCGGGGCACCATGCGTCCTCGTCGACTCCTGCCCCCCTGTGARAG 180
240
300
360
P I
CAAACTGCGGACAE] _ : 420
s N
TT——
GCGRATTTC CTGEIT L@EcGTA TRACAGTEGEIETCTGOAC \GTGTG 480

GAGGAGCTCTCAMBAR CCAGEC LA gl # G TGAC AGCTGCTCACTGECCOBATCEAGATT 540
TTCTGTTTGGCTGMATTC RéACIECAATCCGTCRCGGECAATA CGAC TTCICCAAGAGCA 600
AGGACTGERRCTCAGETGCabA i dTGC M GEaC GETGIGEAAGACTTOACGCOTGAGC 660
AAGTCGTCOT@EATCCAICCHICARCAACCCTGEOCCCCABAGTEACCATATICECCTCA 720
TCAGACTGAACAGERGGGHECARETEAA CEE TGEAC TAGACCEEATET GECTCCCTGCCG 780
CTGGCTTAAAGET COGTCCICCTTANGGCAGABACGC TATCEE GATEGCEIBCCGAC 840
ATACAGAGAGGGGUMCAAMIACEEAGE PECT CONGRARGTERC GCTECCT MECGTTGATC 900
TCGGCACCTGCARAAGARITCACGCAGEAEAAACAGTEGETAACGARGAGGTETGTTTCG 960
GCGGAAGGGCGGGACHAGACH QATCQAATGGTCACHS GCCTETCTTCTTGAACG 1020

CTGTCCCTGGCACCATCCTGGGCATCETCTCCARCEEEEEEGCCTGTGGGAGTCCCGECE 1080
TGCCTGCGATCTA ‘OTCETAGAGGGEETC! AATCTCAAAC 1140
o i
CTTA - AAAGTCGCTTATTTTTTCTACGGCCTGTGGTGTAGGCGACT TACA] m 3 1200
P * f—————————————————————————————e
CTTT w , 1260
TTTATTGTZGIC PTTGTIATTC 1320
TTTTATTTCATTTAT ATGAAAGAGCTTTAT 1380
ATAATGTGGGEAATGARATGCATAGAAACAR ATCTTGTGATTGATGTCITEIGAT 1440
CAATTTATCETAATCAGGCCTATCTAGTTATCTGTTTACTTATCAATTTTCAGACGTTTT 1500
AAGCATCCATGTTTTTTTTTCTCCAGAAATGTAATCTAAATAAAAAACAGATAGTTTAAA 1560
1578

Figure32 Nucleotide and deduced” amino acid sequences of P. monodon WAEZ The

sr:m::rmzfr W0l o 3

aroteinase domain are shown by grey and dark grey highlight, respectively. Two putative N-

glycosylation sites are boldfaced and italicize-underlined. The catalytic residues at the active site are

labeled with a circle. The cysteine residues are marked with the arrowheads.



o1

Multiple amino acid sequence alignment of PmPPAE1 and PmPPAE2 with
other insect and crustacean PPAEs using the ClustalW2 program indicated that both
PmPPAEL and PmPPAE2 shared the common structural domain features of the clip-
domain serine proteinase family to .those of insect and crustacean PPAEs with an N-
terminal clip domain followed by a linker sequence and a C-terminal trypsin-like
serine proteinase (SP) domain (Figure 3.3): Six_cysteine residues that formed three
disulfide bridges (Cysl-CysS, Cys2-Cysd, Cys3-Cys6) within the N-terminal clip
domain of PmPPAEL-and PmPRPAE2 were strictly conserved and three conserved
catalytic triad (His2#2; Asp320 and Ser413 for PmPPAEL and His165, Asp227 and
Ser323 for PmPPAEZ2) were located at *'Ihe C-terminal trypsin-like serine proteinase
domain (Figure 3.4). JFhe additional Néterlminal olycine-rich (glycine 13.2%) and
proline-rich (proline 31.8%) domains Wer;;observed within the complete sequence of
shrimp PmPPAEL and these twa domain'§ were similar to the glycine-rich (glycine
18.5%) and proling=rich (proline 31.8%) domains of the crayfish PPAE, respectively.
However, PmPPAE2 showed & rather dlfferent overall sequence from the PmPPAE1
and crayfish PPAE due t0 the twe addltloné{-glycme rich and proline-rich domains
were not detected. Nevertheless, PmPPAE2 il—ll—hés a broad similar domain structure
to that of PPAEs reported in many insect and crustacean species. Taken together, the
PmPPAE1 was identified as a crustacean PPAE whllst the PmPPAE2 which is more
similar to the |nsecrﬂmn1mhosemmmsmtvﬁrf??ﬁﬁswas cIassrfred as a second
class of the shrimp-PPAE. .

Glycine- Proline-

peptide rich rich
PmPPAE1
His Asp Ser 463 amino acids
LmPPAE2
His Asp Ser 371 amino acids
Figure 3.3 A schematic diagram representation of the domain structure of P. monodon

PmPPAEL and PmPPAE2. The clip-domain and serine proteinase domain are illustrated by green and
blue boxes, respectively. Dark grey boxes indicate the putative signal peptides. Glycine-rich and

proline-rich domains of the PmPPAEL are denoted by orange and pink boxes, respectively.
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PmPPAE2
MsPAP1
HAPPAFI
DmMP1
PmPPAE1L
P1PPAE

PmPPAE2
MsPAP1
HJPPAFI
DmMP1

PmPPAE1 :‘7‘ O LLIPNLPKTPSGGAQNRFFLLGTGKP
P1PPAE ] LT KGLPRLPLRQAQNTFFQLGVGQP
Clip domai

PmPPAE2 | DSEEPVKALFESPNAG- ~DKHRA
MsPAP1 E@POMLSAFEQRPLPS PV —ﬁ
HAPPAFI } AREVP Y DSVLESDP-~EVLR
DmMP1 D NERFEEYYFET. T OSEEVTEQDRR
PmPPAEL ] p
PIPPAE

PmPPAE2 : - ) SNLN-- z N--SGSLD
MsPAP1 ; P ; ) ‘ LEGYLTRTGSTT
HAPPAFI A - ) - NG IGYKNSSNFEQ

DmMP1 [ T —“NBG F G P! LIEMTKPGNVKG
PmPPAE1 F 7 SO ¢ GKD QEWP! RDGA----S
PIPPAE B R 7 PK A / E { PADRREWPWV. LRQGS--—--T

PmPPAE2 , 1 : NS
MsPAP1 ¢ . AVEREVGK D===—-D
HAPPAFT AHOW BT RVVGANNKER i ¥ G---AVR
DmMP1 ‘ B TG

PmPPAET
PIPPAE

PmPPAE2 HISFNKRAP S-DD¥ ‘ NRR¥@ HRI G NVGSFLNERDAIVIGWGH —TNTQVL
MsPAP1 HSGMSDNNKNRKDD I'fiisVisis $ INNERLAT@NDVEFVAGWG LS —-KS P KL L
HAPPAFI VDGSKDRYHDIA s N E'_ PV} —QPNEIVQ QRLIVVGWG —QY] T
DmMP1 PGNSRDQLEDIATERLRDEND L PV T QHNNIFLERKVVVAGWG TN FT N
PmPPAE1L ——DTTTY Vs L : I | GDESYE TG GWGTIYY STL E
PI1PPAE —-DTTTY' C D QG TIYY SVLME|

PmPPAE2 : KR——THAS AB-OPSEN == —PGTILGIVSKEGA
MsPAP1 \ —PEGIfieffic1vsFenE-
HJPPAFI - ——~ANOQFFLEGLVSFGAT-
DmMP1 TP TS D GNSNYYIAG SYGPTP)
PmPPAEL i EQN SEN G SWGI
PIPPAE Bl DA---HYBODT IDRO DSEOGDSGGPLM Q SWGI

PmPPAE2 SYRGWIVQILKP——— 371

ﬁuﬁﬁ%“ééﬁw 1103

Figure 3. 4 Multiple sequence allgrghent of P. monodothmPPAEl and PmPP@ with other

sext 9728)

TR e B R E
elanogaster elanization protease 1 141193); and crayfish Pacifastacus leniusculus
proPO activating enzyme (PIPPAE: AJ007668). The signal peptides are indicated with boldfaced and
underlined. The conserved cysteine residues are shown in pink highlights. The disulfide linkages are
shown in black lines, whereas a blue dash line indicates the disulfide linkage that found only in the
insect PPAEs and shrimp PmPPAE2. Identical amino acid residues are grey shaded, whilst those

conserved among three or more species are dark grey shaded. The catalytic triads are indicated by red
stars.




53

3.1.2 Characterization of PmproPO1 and PmproPO2 genes

Two distinct homologous P. monodon proPO genes named PmproPO1 and
PmproPO2 were found to be present in the black tiger shrimp P. monodon EST
database (http://pmonodon.biotec.or.th) (Tassanakajon et al., 2006). PmproPO1 gene
displays the same sequence and thus likely.40 e the same proPO gene with that
previously reported by Sritunyaluckgana et _ale(GenBank accession number
AF099741) (Sritunyalucksanaet al., 1959), whereas PmproPO2 gene is suggested to
be a novel P. monodon proPO.0ene. Therefore, the twio shrimp PmproPO genes were

subjected to further characterization.

The full-length.€DNA sequence of the novel PmproPO2 (GenBank Accession
number FJ025814)Which was obtained by'RACE-PCR comprised of 2513 bp with a
predicted 2070 bp ORF encoding for a poljypébtide of 689 amino acids (Amparyup et
al., 2009) (Figure8.5). Fhe €DNA contained a 5°-UTR of 113 bp and a 3’-UTR of
330 bp. Like other arthropod‘ perOs and-':sﬁ.r'imp PmproPO1, no putative signal
peptide cleavage site was predicted-at the N'-T‘:érfnjir_lal part of the PmproPO2, hence the
predicted molecular mass and-the theoretical%pr of this protein were 79.21 kDa and
6.69, respectively (Table 3.1). Based on ther.-'s_quen,ce comparison with the putative
cleavage site of PmproPO1 (Sritunyalucksana et al., 1999), the proteolytic cleavage
site of PmproPQ2 was predicted to be located between Arg45 and Leu46 and
cleavage at this site generates a putative active enzyme of 74.0 kDa. Five putative N-
glycosylation sites‘including NET, NET, NNS, NIS and NES were presented in the
PmproPO2 sequence atwthe amino acid position 119, 172, 275, 375 and 432,
respectively and ‘a RGD like motif was found in .the N-terminal region of the
PmproP@2. Structurally, the conserved copper-binding sites A and B and a thiol ester-
like motif (GCGWPQHM) were also identified inihe PmproPO2 sequence (Figure
3.6):
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AAAAAAAAAAAAAAAA

60
120

180

240

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

2100

2160

2220

2280
2340
2400
2460
2520
2536

54



55

Figure 3.5 Nucleotide and deduced amino acid sequences of P. monodon PmproPO2. The
deduced amino acid sequence is shown by a single abbreviation below the second nucleotide of each
codon. The arrowhead indicates a putative cleavage site for the zymogen activation. The copper-
binding sites A and B are shown by grey ad dark grey highlights, respectively. The six conserved

Table 3.1 oPO2 cDNA sequences

Characteristics & / _, 0PO2

Genbank accession number SAF099 L . F025814
Complete coding sequence ) v 1 0 bp
Predicted protein ' I i : 689 amino acids
Molecular weight 67 kiDa 79.21 kDa
Isoelectric point (pl) 80 A 21N 6.69
e -~ by ‘:_ I |

Predicted cleavage / 1 and ‘ Arg45 and Leu46
19(NET), 172(NET),

, 357(NIS) and 432(NLS)]

Putative N-glycosyatinmEoMESites FLIZINET), 1Z0(NO T e LV

5
L)
s N

Thiol ester-like motif m G ) GWPQHM
Copper-binding site Copper-binding site A (3 conserved  Coppeér-binding site A (3 conserved
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Similarity searching using the BlastX program showed that PmproPO2 is more
similar to the proPO2 of the pacific white shrimp Litopenaeus vannamei (EF565469
and EU373096; 91% similarity) than that of the proPO1 from P. monodon (AF521948
and AF099741; 81% similarity). and proPO1 from L. vannamei (EU284136,
EF115296 and AY723296; 81-82% similarity). Multiple amino acid sequence
alignment of PmproPO2 sequence with other ciustacean proPO genes including
PmproPO1 (AF099741), proPO1 of the L. vannamei (LvproPO1: EU284136), proPO2
of L. vannamei (LvproPO2: EF565469), proPO of the kuruma shrimp Marsupenaeus
japonicus (MjproPOABO#3223), proRO of the freshwater crayfish P. leniusculus
(PlproPO: X83494), proPQ of the euroa,ean lobster Homarus gammarus (HgproPO:
AJ581662) and proPO of the mud crab Seylle serrata (SsproPO: DQ435606) revealed
that the highly comserved gegions jncluzjjng two sites coding for copper-binding
(copper-binding sites A and B) and a thio'!;l ester-like motif were presented within the
PmproPO2 sequence. The six conserved histidine residues which are likely to be
involved in copper-binding of the PmproPOZ sequence were presented within the
annotated copper-binding site A’ (H209 H2~IS-'and H235) and copper-binding site B
(H369, H373 and H409) ahd-a"conserved 'thl(-IL ester-like motif was found to be
located between Gly584 to. Met591 (Flgure,‘S 7) Pair-wise alignment showed that
PmproPO2 exhibited 67% sequence identity to the P. monodon proPOl (AF099741)
and all of the‘ceppermnmng—regmns—mtmdﬂmmmnmnq site A and copper-

binding site B wereialso highly conserved with 67% and 72% iJentity, respectively.

Copper-A Copper-B Thiol ester-
binding site binding site like motif
BN i Qo gfPmproPO1
Predicted proteolytic 688 amino acids
cleavage site
Copper-A Copper-B Thiol ester-
binding site binding site like motif
HN T Ty coon | PruproPO2
A
Predicted proteolytic 689 amino acids
cleavage site
Figure 3.6 Schematic representation of P. monodon PmproPO1 and PmproPO2. The pink and

green boxes indicate the copper-binding sites A and B, respectively. The arrowhead indicates the

predicted proteolytic cleavage site. The thiol ester-like motif is shown by yellow boxes.
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PmproP02 L FNYHLQVSNSG--KGI FNARSQEMT 523
LvproPO2 L FNYHLQVSNSG--RG LNARGQEMS 523
LvproPOl I FDYHIQINNDL--REP FNGREQEMN 520
PmproPO1 L FDYHIQINNDL--REP FGDREKEMD 520
MjproPO L FNYHLQLNNRG--RT FNARGLKMN 520
PIproPO L CTLHLPSPDNKQHRKP HNERGLEMG 530
HgproPO I FNYHIEVTNTE--PKP HNGSGAEMP 516
SsproPO L Y STKLOAANSGSLP LNERGVEMS 503
PmproP02 ] [TNTEEL ENF--NIDPASPATTP 579
LvproPO2 K ; - HVVRSEK LINAEEL ENA--NIDPASPEATG 579
LvproPOl ET. VHLKPGT : NLEEL ENS--GPGNSS-EQSA 575
PmproPOl WAE! TVLLK RSEKE ENS--GPGNTS-EQDA 577
MjproPO D} ; ‘ ] 1 ENS--GTDPASPEATA 576
PlproPO ' ’ SLl EAVN-PANPGPPANAE 587
HgproPO , ' T DSK--PMTSETEA-TE 571
SsproPO - TSS:! SNEEEERDLEERPNPDNPGAPENTL 561
PmproPO2 ge T4 FOLHEME §VOE-ATRR 638
LvproP02 ¢ e 638
LvproPOl 635
PmproPO1 637
MjproPO ) 635
PlproPO ’i 647
HgproPO I"#j 631
SsproPO \ C 621
PmproP02 D YIHDISTKELAEKLN--—----— 689

LvproPO2 \RLENA LAERLNRD----- 691

LvproPOl F \ LGDKLN------- 686

PmproPO1 NA] LGEKLN------- 688

MjproPO T LADELKLN----- 688

PIproPO RLS LTTASRSRHDGPT 705

HgproPO [ TLADKLVK--——-— 683

SsproPO TNAQITQ-—————— 673

Figure 3.7 Multiple amin 10 SEC ali P. monodon PmproPO2 (AF099741)

with other crustacea
(LvproPO1: EU2 m;“s “Marsupenaeus japonicus
(MjproPO: ABO {omarus gammarus (HgproPO:

AJ581662) and Scylla serrata (Sspro identical amino acid residues are shown by

itgpenaeus vannamei proPO1

grey highlights. The copper-binding sites A and B and the thiol ester-like motif are boxed. The
conserved histidine resic‘eﬂthe copper-binding sités.A and B are indicated by black highlights. The

Putativeﬁiyﬂa&ﬂs' es rﬂ)ﬁﬂﬁhﬂ Wﬂjﬂ head indicates the
predicted proteolytic vage site f ymogen activation. R ike motif of PmproPO?2 is

representeﬂy boldfaced. ‘-
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3.2  Tissue expression analysis of the proPO system-associated genes using

semi-quantitative RT-PCR

In order to examine the tissue distribution of the PmPPAE1l, PmPPAE?2,
PmproPO1 and PmproPQO2 transcripts, total RINA was extracted from different shrimp
tissues, including hemocytes, hepatopancreas, gill, lymphoid organ, intestine and
heart and semi-quantitative RT-PCR a&alysis Was-employed to assess the transcript
expression levels by using.an elongation factor 1-o (EF1-0) gene as an internal

control.

The results gdemonstrated thatl PmPPAEL, PmPPAE2, PmproPOl and
PmproPO2 mRNA transcripts were mainly: expressed in shrimp hemocytes and no
signal was detected in all other tissues-tested (Figure 3.8). However, the relative
expression pattern petween / them wasI:;slfghtly different. The PmPPAEl and
PmproPO1 mRNA transcrlpts were abun_d'antly expressed in shrimp hemocytes,

whereas PmPPAE2 and PmproPOZ MRNA transcrlpts were expressed at a moderate

add : ..r.'..
to low level. -
2-s 2k
a: ‘q -
PmPPAEL1 « 628 bp
PmPPAE2 <€ 667 bp
PmproROL < 443bp
PmproPO2 <« 226 bp
EFla < 150,bp
Figure 3.8 Tissue distribution‘analysisiofithe PmPPAEL, PmPPAE2,-PmproPOL and PmproPO2

transcripts by semi-quantitative RT-PCR in hemocytes (HC), hepatopancreas (HP), gills (G), lymphoid
organ (L), intestine (I) and heart (HT) of P. monodon. The amplification reaction yielded a single
amplicon of 628, 667, 443 and 226 bp of gene-specific cDNA fragments for PmPPAE1, PmPPAE?2,
PmproPO1 and PmproPO2, respectively. EFl-a was used as a control housekeeping gene to
standardize the amount of cDNA template in each RT-PCR.
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3.3  Developmental expression analysis of the proPO system-associated genes

using semi-quantitative RT-PCR

Semi-quantitative RT-PCR approach was performed to elucidate the
expression level of PmPPAEL, PmPPAE2, PmproPO1 and PmproPO2 transcripts
during four larval developmental stages of P+ menodon, including nauplius 3 (N3),
protozoea 2 (Z2), mysis2(M2) and pg§t-larvae 15(PL15). Amplification of EFl-a

was included as an internal control for cDNA template normalization.

As shown_in*Figuse 3.9, the obtained results indicated that PmPPAE1 and
PmproPO2 transcripis showed a broadly similar expression pattern as they were
detected in all four larval developmental stages, but their relative expression level
were slightly different. The PmPPAEL transcript was expressed at low level in the
early stages (N3) and the expression wasl‘:;the’h increased in the later stages (Z2, M2
and PL15), whereas the expression of Pi:ﬁ_‘p.t:ol?_oz transcript remained at the same

medium level in all of the four stages of Iary_kd!} development.
: * A

In contrast, the PmPPAEZ transcript exhibited a broadly related expression
pattern to the PmproPO1 transcript and thﬁpression pattern was different from
those of PmPPAE1 and PFﬁp’fdPOZ transcri.éfé“_i'r'i thatitheir mMRNA transcripts were
not detected at théneau%u&slageaMmmeLﬁno PmPPAEZ transeript was observed in
Z2 stage of lafval development. However, a slight increase in“the transcript level of
the PmMPPAE2 was detected when the larvae were developed to the stage of M2 and
PL15, whilst the PmproPO1 transcript was expressed at low level in the Z2 larval
developmental stage!andyfound to berexpressedsat:hight levelsinythestwo later stages
(M2 and PL15) ofilarval‘development.
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N3 Z2 M2  PL15

PMPPAE2 _ «s67bp
PmproPO1 <« 443bp
PmproPO2 <« 226bp
Figure 3.9 Developmerntad expression ﬁ,rofile of PmPPAELl, PmPPAE2, PmproPOl and

PmproPO2 transcripts b.y,.,sefni-quantitative RT-I;CR analysis during four larval developmental stages
of P. monodon, includirng natplius 3 (N3), protozoea 2 (22), mysis 2 (M2) and post-larvae 15 (PL15).
The amplification reac}je‘h; yiglded'a sindlti'amp'ﬁﬁoln of 628, 667, 443 and 226 bp of gene-specific
cDNA fragments for PmPPAEL, PmPPAEZ, Pman‘)PO% and PmproPO2, respectively. EF1-a was used

as a control housekeeping gene to standérdize the af_nount of cDNA template in each RT-PCR.
3.4  Functional characterization of the __-ﬁrﬂPO system-associated genes by

m—

RNA interference —

A '_':.l!:_'u. -
2 -

3.4.1 Determination of the gene silencing efficier]Ey_and specificity by

semi-quantité;t_i\;j‘e RT-PCR Y}

3.4.1.1 The| effective and specific gene silencing of the two PmPPAE

transcripts

To characterize the ' crucial roles of the itwo PmPBRAE  gene products
(PmPPAEL and PmPPAE2) in shrimp immune system, systemic dSRNA mediated
gene_silencing of PmPPAE1, PmPPAE2, or co-siiencing of both PmPPAEl and
PmPPAE2 was performed. Shrimps (=.2 g)/Wwere intramuscularly injected twice with
S pg of PmPPAELl or PmPPAE2 dsRNAs, whereas shrimps injected with GFP
dsRNA or saline solution alone were included as the control groups and it was
showed that injection of either PmPPAEL, PmPPAE2 or GFP dsRNAs or injection of
the saline solution alone had no effect on shrimp mortality rate during the period of 5

days post injection (data not shown).
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The gene knockdown efficiency was then carried out by using semi-
quantitative RT-PCR analysis and the results revealed that injection of PmPPAE1
dsRNA significantly decreased the PmPPAEL transcript levels in the PmPPAE1
silenced shrimp at 48 hours after the second }stNA injection as compared to the GFP
dsRNA-injected controls (Figure 3.10). The’ ,sp;gificity of gene knockdown was
further verified by examining the transcript levelssof the other known clip-domain
serine proteinases (clip-SPs) (PMPPAE2, PmCIipSPi and PmClipSP2) and clip-
domain serine proteinase homologues {cllp -SPHs) (PmMasSPH1, PmMasSPH2 and
PmMasSPH3) in the.saffe.

the results showed

’ monodon Eamples using semi-guantitative RT-PCR and

MRPAEL tr‘nscrlpts were specifically silenced by its
corresponding dsRNA and no suppressive effect on the expression of other clip-SP
and clip-SPH gene trans serve
3.10). These results

the systemic dsRN

ipts was observed in the PmPPAEX silenced shrimp (Figure

gene'snencmg technigue is sequence-specific.

e
W "F
...‘.a" .i'.fi"
PMPPAET dsRNA— GEPASRNA

o
Jr— - - i ‘ri.'

1 2 S 3

PmPPAE1

=——————
— Pmehffsm

PmClipSP2
PmMasSPH1

PmMasSPH?2

PmMasSPH3

EFla

Figure 3.10 The effective and specific gene silencing of the PmPPAEL transcript levels in
hemocytes of P. monodon at 48 hours after the second dsRNA injection. The effect of PmPPAE1
dsRNA injection on the transcript expression levels of PmPPAEL, and other shrimp clip-SPs
(PmPPAE2, PmClipSP1 and PmClipSP2) and clip-SPHs (PmMasSPH1, PmMasSPH2 and
PmMasSPH3) in PmPPAE1 dsRNA- or GFP dsRNAs-injected shrimps was examined by RT-PCR
using each gene-specific primer. EF1-a. was used as a control housekeeping gene to standardize the
amount of cDNA template in each reaction. Each lane represents cDNA from an individual shrimp.
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The efficiency and specificity of gene silencing by the PmPPAE2 dsRNA
were also determined by semi-quantitative RT-PCR analysis and the result
demonstrated that injection of PmPPAE2 dsRNA significantly reduced the PmPPAE2
transcript levels in the PmPPAE2 knockdown shrimp at 48 hours after the second
dsRNA injection and expression of the PmPRAE2 was not affected by GFP dsRNA-
or saline-injections (Figure 3.11). Moreover, o suppressive effect on the expression
of other known clip-SPs (PmPPAEL,.PmClipSP1 and PmClipSP2) and clip-SPHs
(PmMasSPH1, PmiMasSPH?2 and PmMasSPH3) genes was observed in the PmPPAE?2
silenced shrimp, as compared tothe GFP dsRNA- and saline-injected controls (Figure
3.11). These results glearly showed tha}; gene silencing of PmPPAE2 by using the
systemic dsSRNA=mediated gene silgncing: technique is sequence-specific.

- il

II
! #

dSRNA'Injected shrimp ““*  NaCl

£, ““injected
PmPPAE2 GEP . .shrimp

MR T ™
PMPPAEL

=
-

r B
N — e  PmClipsp1

Figure 3.11 The, effective and .specific. gene silencing of the PmPPAE2 franscript levels in

hemocytes of P. monodon at 48 hours after the second dsRNA injection. The effect of PmPPAE2
dsRNA injection on the transcript expression levels of PmPPAE2, and other shrimp clip-SPs
(PmPPAE1, PmClipSP1 and PmClipSP2) and clip-SPHs (PmMasSPH1, PmMasSPH2 and
PmMasSPH3) in PmPPAE2 dsRNA-, GFP dsRNAs- or saline injected shrimps was examined by RT-
PCR using each gene-specific primer. EF1-o was used as a control housekeeping gene to standardize

the amount of cDNA template in each reaction. Each lane represents cDNA from an individual shrimp.
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3.4.1.2 The effective and specific gene silencing of the two PmproPO

transcripts

In order to elucidate the essential role of the PmproPO1 and PmproPO2 in
shrimp immune system, systemic dsRNA-mediated gene down-regulation of
PmproPO1, PmproPO2 or both PmproPO1 .and«PmproPO2 genes was performed.
Shrimps (~ 2 g, fresh weight) were iptramuscularly injected twice with 5 pg of
PmproPO1 or PmproPO2 dsRNAs. Sﬁrimp injected with GFP dsRNA or saline
solution alone were dope«as the control groups. Semi-quantitative RT-PCR was then
performed to examinesthe efficiencyaland specificity of gene silencing in the
knockdown shrimaps ™ using /the ‘gene-specific primer pairs for PmproPOl and
PmproPO2. =

=

The RT-PCRyresults showed thaé;. the specific reduction of the PmproPO1
MRNA transcript (but not PmproPO2) bj‘Pmp_roPOl dsRNA (Figure 3.12A1) and
specific reduction of PmproPOé miRNA traﬁ%c\ribt (but not PmproPO1) by PmproPO2
dsRNA (Figure 3.12B2) were gbserved in ‘tﬁié__‘silgnced shrimps at 48 hours after the
second dsRNA injection, whereas injection %(jﬁfs dsRNA or saline solution did not
affected the transcription levels of either l?mp'[QE?Ol or PmproPO2 (Figure 3.12).
These results indicate that gene silencing of the two shfimp PmproPO genes
(PmproPO1 and ‘PmproPO2) were sequence-specific and‘dsRNA-mediated gene
down-regulation: of PmproPO1 and PmproPO2 gene transcripts was accomplished.
Although the mRNA levels of PmproPO1 and PmproPO2 were not entirely silenced,
the levels of PmprfoRO1 and PmproPO2:mRNA transcripts were significantly

suppressed.
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PmproPOl dsRNA Pmpr0P02 dsRNA GFPdsRNA 150mM NaCl

Figure 3.12 The effﬂ:rency and spemﬂmty% of dsRNA-mediated gene silencing of the PmproPO1
and PmproPO2 in hemo’qy-tefof RafC
quantitative RT-PCR. EF1-

romg@an lndlwdual shrlmp Al-A4 represents the expression level of the

onodon at 48 hours after the second dsRNA injection using semi-

as seryedias an internal control for cDNA template normalization. Each
lane represents cDN

PmproPO1 transcript after inj t|on of PmproPQl PmproP02 or GFP dsRNAs or saline solution

alone, respectively. -B4 & pre nt the expression level of the PmproPO2 transcript after injection
of PmproPO1, PmproPO

expression level of th

rG a RI\TAs or sali solution alone, respectively. C1-C4 represent the
F1-a transcript aﬁer mjedfabn of PmproPO1, PmproPO2 or GFP dsRNAs or

s o iRk f.--l
‘ - r

saline solution alone, respectively.

r__..‘.i' : ‘-‘:-_I{j-n '
(e e
3.4.2 Determlnatlon ofhemolymﬁﬁ phenoIOX|dase (PO) activity in the
1 =] -.-"'
knockdown shrimps

3.4.2. LHEmonmph PO activity of the PmPPAE knogktljown shrimps

= |

In order 40’ investigate the involvement of two PmPPAE (PmPPAE1 and
PmPPAEZ2) gene produgts in shrimp proPO system, hemolymph was withdrawn from
the PmPPAE knockdown shrimps at 48 hours after the secand*dsRNA injection and
the hemolymph PO activity was then assayed by using L-DOPA" as a substrate.
Interestingly, dsRNA-mediated géne suppression=of PmPPAE1l andy PmPPAE2
transcripts significantly reduced the ‘hemolymph PO activity in the PmPPAEL and
PmMPPAE2 knockdown shrimps with 36.7% and 41%, respectively, whilst co-
silencing of PmPPAE1l and PmPPAE2 transcripts resulted in non-significant
difference with 41% reduction as compared to control shrimp injected with saline
solution (Figure 3.13). In contrast, no significant change of hemolymph PO activity
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was observed in the GFP dsRNA injected shrimp when compared to the saline-

injected control (p<0.05, ANOVA, Duncan’s test) (Figure 3.13).

PO activity
(AA yo0/m g total protein/min x 10°%)

PmPPAEL ,,:B;il’!l’:AE;.-“
dsRNA “dsRNA /-

R
Figure 3.13 ' Iymg_h PO activity
collected from the PmPPAE (Pm nockdown ﬁimps at 48 hours after the

second dsRNA injection Control groups were shrimps injected with GFP dsRNA or saline solution.
The hemolymph PO acti tyﬁs measured using L- DOPA as a substrate and defined as AA450/mg total

protein/ M n@snﬂni ?j %ﬁre ts meanzstandard
deviatio nt" lower letters™(abo ach bar) are significantly

different at the p<0.05 level.

amaxﬂﬂmumqwmas
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3.4.2.2 Hemolymph PO activity of the PmproPO knockdown shrimps

To elucidate the involvement of two PmproPO (PmproPO1 and PmproPO2)
gene products in shrimp proPO system, hemolymph was collected from the proPO
silenced shrimps at 48 hours after the second dsRNA injection and subsequently
subjected to assay for the hemolymph PO activityby using L-DOPA as a substrate.

As shown in Figure-3:14; dsRNA-mediated-gene silencing of PmproPO1 and
PmproPO2 transcripts signifieanily reduced the hemolymph PO activity in the in the
PmproPO1 and PmproPO2 knockdown shrimps with 75% and 73%, respectively,
whilst co-silencing of PmproRPO4 and ijproPOZ transcripts efficiently reduced the
hemolymph PO activity up.to 88%. as compared to the saline-injected control. On the
other hand, no sigaificant change in-the hemolymph PO activity was observed in the
GFP dsRNA injectedishrimp when compére&; to the saline-injected control (p<0.05,
ANOVA, Duncan’s test) (Figurg 3.14). :

o <l
T

' )
il o

0.5 - PAET o] b
0:4 -
03— .
g ! a
0.2 A a
o1 i | a
00 T T - T T

PO1dsRNA POZdsRNA PO1+PO2Z, GFPdsRNA NacCl
dsRNA

g .1‘_" b

PO activity
(AA/mg total protein/min x 10?%)

Figure3.14 Hemolymph PO activity “of “the’ PmproPO™silenced “shrimps. Hemolymph was
collected from the PmproPO (PmproPO1 and PmproPO2) knockdown shrimps at 48 hours after the
second dsRNA injection. Control groups were shrimps injected with GFP dsRNA or saline solution.
The hemolymph PO activity was measured using L-DOPA as a substrate and defined as AA4g/mg total
protein/minute. The experiments were performed in triplicates and the data represents mean+standard
deviation (error bars). Means with different lower case letters (above each bar) are significantly
different at the p<0.05 level.
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3.4.3 Cumulative mortality assay in the knockdown shrimps post Vibrio

harveyi infection

3.4.3.1 Cumulative mortality assay of the PmPPAE knockdown shrimps

To elucidate the potential role ‘of the two PmPPAE (PmPPAEl and
PmPPAE2) gene products in the shrimp~immune defense against the highly
pathogenic bacterium-ibrio-harveyi inféction; the PmPPAE1 and PmPPAE2 silenced
shrimps were chalienged with-the highly pathogenic bacterium Vibrio harveyi 639 (2
x 10° CFUs) and thesortality rate was rf—:corded twice a day during a period of 5 days

post infection. :

N e

Interestingly,‘the cumulati\)é morfglity of the PmPPAE1 knockdown shrimp
was observed at 75% within 24 hours|(day. 1) and then reached 100% mortality within
day 3 post V. harveyi infection, whereas f'c;ontrol shrimp injected with GFP dsRNA
reached a total mortality of about 61.1%, Whichi was not significantly different from
the cumulative mortality, of the saline irij:ngf;‘tgd control (55.2% mortality) (Figure
3.15). (it

- 80 1

60 -

40
--PmPPAEL1 dsRNA + V. harveyi

-#-GFP dsRNA + V. hanveyi
-%NacCl + V. harveyi

T T T T 1

0 1 2 3 4 )

Days post injection

20

Cumulative mortality-(%0)

Figure 3.15 The cumulative mortality of the PmPPAEL1 silenced shrimps challenged with Vibrio
harveyi. Shrimps were injected with V. harveyi isolated 639 (2x10° CFUs) following the second
injection of dsSRNA. Control groups were shrimps injected with GFP dsRNA or saline solution alone.
Shrimp cumulative mortality was recorded twice each day for 5 days post infection. Percent mortality
in each group (9-10 shrimps/group) is presented as the mean of triplicate independent experiments.
The error bars indicate mean+standard deviation.
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Moreover, a 77% and 83% cumulative mortality of the PmPPAE2 knockdown
shrimp was also observed within day 1 and 2 post V. harveyi infection, respectively,
and the cumulative mortality remained at this level over the remainder period of 5
days post infection, which was significantly greater (3-fold) than that of the GFP
dsRNA (26% mortality) or saline (28% mortality) injected controls (Figure 3.16).

100 +
’ 1 " |
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~#-GFP dsRNA + V. harveyi

=*=NaCl + V. harveyi
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Figure 3.16 The cumulative mertality of the Pm;LjEAEZ'Z silenced shrimps challenged with Vibrio
harveyi. Shrimps were injected with \e*harveyi isp}éte_d '.6,39 (2x10° CFUs) following the second
injection of dsRNA:, Control groupé were shrimps injécfed-With GFP dsRNA"or saline solution alone.
Shrimp cumulative mortality. was.recorded twice each.day for 5 days poseinfection. Percent mortality

in each group (9=1@ shrimps/group) is presented as the mean of triplicate-independent experiments.
The error bars indicate mean=standard deviation.

3.4.3.2. Cumulative mortality assay of the'PmproPO knockdown shrimps

To assess the potential role of two PmproP© (PmproPO1 andéPmproPO2)
genes in the“shrimp immune defense against V. harveyi infection, the PmproPO-
knockdown shrimps were systemically challenged with the viable Gram-negative
pathogenic bacterium V. harveyi isolate 639 (2 x 10° CFUs) and the cumulative
mortality was recorded twice a day during a period of 5 days post infection. As shown
in Figure 3.17, the PmproPOL1 silenced shrimp reached a cumulative mortality of

100% within 24 hours (day 1) post bacterial challenge, whereas the mortality of
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PmproPO?2 silenced shrimp was 96.3% and reached 100% mortality within day 2, as
compared to 61.1% and 55.2% mortality of the control groups injected with GFP
dsRNA and saline solution, respectively. Furthermore, shrimp co-silenced with
PmproPO1 and PmproPO2 dsRNA:
day 1 post-infection (Figure .

wed a high mortality rate of 100% within

NA + V. harveyi
/. harveyi
\ V. harveyi
A+ V. harveyl

Cumulative mortality (%)

Figure 3.17 I it challenged with Vibrio
harveyi. Shrimps wese | : 0 ; Us) following the second
injection of dsRNA._Control groups were shrimps injected with GFP J'CJ A or saline solution alone.

Shrimp cumulative mortality was recorded twice each day for 5 days post infection. Percent mortallty
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3.4.4 Bacterial count analysis in the knockdown shrimps post Vibrio

harveyi infection

To investigate the potential participation of two PmPPAE (PmPPAEL and
PmPPAE2) and two PmproPO (PmproRPO1 and. PmproPO2) gene products in the
bacterial clearance mechanism, the PmPPAES.or PmproPOs knockdown shrimps were
challenged with the pathegenic bacterjum V. harveyi 639 (2 x 10° CFUs) and
hemolymph were collected.at 6 hours-‘post challenge for bacterial colony forming
units (CFUs) determinatien aceording to the modified total plate count method.

Interestingly,«the results demong;trated that the number of viable bacterial
CFUs was significantly‘increased in all of the PmPPAES and PmproPOs knockdown
shrimps as compared with the control shrimp injected with GFP dsRNA (Figure 3.18).
A four-fold increased in the bacterial \CFUs was observed in the PmPPAE1
knockdown shrimp hemelymph, whilst sup:ﬁessi_on of two PmproPO (PmproPOL1 and
PmproPO2) transcripts increase-d the viableibéctgrial CFUs with a 5.7-fold higher than
that of the GFP control shrimp {Figtire 3.18A):_‘Mpreover, the viable bacterial cells in
the PmproPO co-silenced shriimip Was exhibité{i,,i-'iﬁ-fold higher than that of PmPPAEL
silenced shrimp (Figure 3.18A).-The viable b‘a(_;t’e_[';ial,CFUs in the PmPPAE?2 silenced
shrimp hemolymph also showed a 4.4-fold higher than that of control shrimp injected
with GFP dsRNA (Figure 3.188); '

In addition, the high number of viable bacterial cells in these experiments was
corresponded to the previous cumulative mortality data which also showed the high
mortalityrate in the PmPPAE and:PmproPQ@:silenced shrimps after challenged with V.
harveyi. Taken togethel, these lresults ' suggests that' the! PmPPAELl, PmPPAEZ2,
PmproPO1 and PmproPO2 have an essential role in protecting shrimps_from the V.
harveyi« infeCtion,or. at fleast. severe SystemicCjinfections by 'enhancing ‘bacterial

clearance.
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Figure 3.18 Thesnumber of wviable baeterial in the hemolymph of PmPPAEL (A), PmproPOs
(PmproPO1 and PmproP@2) (A) and PmPPAE2 I(P) silenced shrimps at 6 hours post Vibrio harveyi
infection. Shrimp weredinjected with PmPRAEL, PMPPAE2, PmproPO (PmproPO1 and PmproPO2) or
GFP dsRNAs and then challenged with.\A*harveyi 639 (2x10° CFUs). A modified total plate count
method was performed to determine the bactenal celony forming units (CFUs) in shrimp hemolymph.
The data present mean of trlpllcate mdependent expenment.s The error bars indicated mean+standard
deviation. Means with different lower case letters (amee'JEach bar) are significantly different at the
p<0.05. el e o

35  Recombinant protein expression of PmPPAE® in Escherichia coli

expressionsystem
3'5.15 Expression of recombinant:PmPRAEL (rPmPPAEL)

In order to further investigate the biological function of PmPPAE1L, a zymogen
form_ (without signal peptide) of PmPPAE1l (proPmPPAE1) with “N-terminal
6xhistidine tag was | recombinantly expressed in E. coli' expression.system. The
expression of recombinant PmPPAEL (rPmPPAEL) in E. coli strain Rosetta (DE3)
pLysS was performed with 1 mM IPTG induction and cells were collected every hour
until 5 hours post induction for SDS-PAGE analysis. As shown in Figure 3.19A, a
prominent band with an apparent molecular mass of approximately 50 kDa which

corresponded to the predicted molecular mass of rPmPPAEl (49.66 kDa) was
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observed in the whole cell lysate at 1 hour after IPTG induction as compared to the
negative control cells and the amount of rPmPPAEL protein was gradually increased
as the induction time was prolonged and maximum amount of the protein expression
was observed at 5 hours post IRTG induction. Western blotting using anti-His
monoclonal antibody confirmed that the rEmPPAEL1 was successfully expressed in E.
coli expression system (Figure 3.19B). Moreover,.SDS-PAGE analysis revealed that
the rPmPPAEL protein. was existed in.the insoluble fractions (Figure 3.19C). These
results indicate that.the rPmPRAEL protein was expressed as inclusion bodies in the
E. coli Rosetta (DE3)'pLysS. Consequently, only insoluble fraction was selected for

subsequent purification. ‘

3.5.2 Purification and refolding of the rPmPPAEL

In order to pugify the rlPmPPAEL p!rotein, inclusion body was solubilized with
8 M urea overnighisat room temperature. Approximately 90% of the inclusion bodies
were dissolved and only soluble fPmPPAEL was then purified by one-step Ni-NTA
affinity chromatography under denaturing condition (Figure 3.20A). A major protein
band of approximated molecular mass of 50 kDa, which corresponded to the predicted
molecular mass of the rPmPPAEL protein, Was ‘detected in the eluted fractions as
analyzed by SDS-PAGE. However, the er.P'F;KE‘i showed lew affinity binding to
the Ni-NTA colufan-due-to-the-arge-amount-ot-rPmPPAELsilll remained in the flow-
though fraction (Eigure 3.20A). The obtained result might be_suggested that the steric
hindrance of the protein structure perhaps interfered 6xHis tag at the N-terminus from
binding with the Ni-NTA resin. To refold thefPmPPAE1 protein, the elution fractions
containing the recombinant rPmPPAEL protein (as analyzed by SDS-PAGE) were
pooled ‘and dialyzed against 50 mM Tris-HCI (pH 8:0). Unfortunately, most of the
purified rPmPPAEL was completely precipitated even when the pH of the Tris-HCI
buifer was chianging from 6.8 1o 8.8 (data‘not shown): T 'solve this proglem, several
refolding buffer such"as CAC buffer (10 mM cacodylate, 500°'mM NaCl; pH*7.0) or
Tris-refolding buffer (100 mM Tris-HCI, 5 mM EDTA, 15 % (v/v) glycerol, 2 mM -
mercaptoethanol; pH 8.0) were chosen for recombinant protein refolding, but none of
them yields the soluble protein and the degradation products were observed even

when the proteinase inhibitor (PMSF) was added into the refolding buffer (Figure
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3.20B-C). Therefore, the rPmPPAEL protein produced in E. coli system was not

sufficient for further functional analysis.
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hours. (B) Western blot analysis of the rPmPPAEL protein in the crude cell extracts of E. coli Rosetta
(DE3) pLysS detected with anti-His antibody. (C) SDS-PAGE analysis of rPmPPAEL in the crude cell
extract, insoluble and soluble fractions from E. coli Rosetta (DE3) pLysS. The crude cell extract of E.
coli Rosetta (DE3) pLysS transformed with the parental pET28b was included as a negative control.
The SDS-PAGE gels were stained with Coomassie brilliant blue. Lane M indicates the standard protein
markers. The arrowheads indicate band representing the rPmPPAEL protein.
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(A) The ptmied rPmPPAEL1 protein at difffrent stages of purification. Lane E1-E4 indicates the first to
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quffer containing 500 mM NacCl (pH 7.0). (C) The purified rPmPPAEL protein after dialyzed in 100
mM Tris-HCI buffer containing 5 mM EDTA, 15 % (v/v) glycerol and 2 mM B-mercaptoethanol (pH
8.0) with and without PMSF (Lane 1 and Lane 2, respectively). The SDS-PAGE gels were stained with

Coomassie brilliant blue. Lane M indicates the standard protein markers. The arrowheads indicate band

representing the rPmPPAEL protein. The asterisks represent the degradation products of the
recombinant protein.
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3.6  Recombinant protein expression of the serine proteinase (SP) domain of

PmPPAEL in Escherichia coli expression system

3.6.1 Expression of recombinant SP domain of PmMPPAE1L (rSP-domain)

In an effort to study the function of PmPRAEL on activation of shrimp proPO
system, the mature peptide of the pro-PmPPAEL proiein was recombinantly expressed
in E. coli expression system, but the remPPAE1 was failed to renature (section 3.5).
To conquer this problem; only.C-terminal serine proteinase (SP) domain of the P.
monodon PmPPAEL was chesen for expression in the bacterial expression system.
Approximately 750 bp"DNA fragment enceding for the SP domain of PmPPAE1
fused with the 6xhistidine tag at the N-terminus was amplified by PCR using the Pfu
DNA polymerase and the obtained PC'_R' product was cloned into the pET28b
expression vector for production of rechbinant SP-domain of PmPPAE1 (rSP-

domain) in the E. coli expression system. L\_

To over-express the rSP-domain in_‘;bacterial expression system, the E. coli
strain Rosetta (DE3) pLysS was transformed-‘jy\i/iipithe recombinant expression vector
pET28b-SP-domain-PmPPAE1 and-cells wefﬁﬁ;i;?ther induced with 1 mM IPTG for
rSP-domain production. As-shown in Fighré-JS.ZlA, a major protein band of
approximately. 27 kDa, which consistent with the estimated melecular mass of SP-
domain of PmPPAElwas detected only in the IPTG-inducted E. coli Rosetta (DE3)
pLysS carrying the pET28b-SP-domain-PmPPAEL, but not found in the control
culture. This result suggests that the rSP-domain was successfully produced in the E.
coli system. Mareover, SDS-PAGE analysis.revealed that the rSP-domain was existed
in the insoluble fractions, suggesting that rSP-domain was expressed in E. coli as
inclusion’body (Figure 3.21B).
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3.6.2 Purification and functional analysis of the rSP-domain

Purification of the rSP-domain was accomplished by Ni-NTA affinity
chromatography under a denaturing condition. All of the elution fractions containing
the purified rSP-domain (as determined by SDS-PAGE) were pooled and dialyzed
against 50 mM Tris-HCI pH 8.0. After removed.the unfolded and the aggregated
protein by centrifugation, coomassie brilliant.plue staining following SDS-PAGE
analysis indicated that the affinity-puri"fied protein was essentially pure and intact
(Figure 3.21C).

The proteinase aetivity of the pulried rSP-domain was determined against the
synthetic chromogenic substrates including N-benzoyl-Phe-Val-Arg-p-nitroanilide, N-
succinyl-Ala-Ala-Pro=Phe-p-nitreanilide ar;a N-succinyl-Ala-Ala-Ala-p-nitroanilide,
which were speeific for trypsin/subtilisirf chymotrypsin and elastase, respectively.
However, no proteinase @activity was det‘éﬂctéd in all assays (data not shown). To
further examine the ability of rSP-domain on ‘activating shrimp proPO system, the
rSP-domain was pre-incubated with-the Hlf;§ in the presence of LPS and laminarin.
PO activity was assayed by using.L-DOPA as;'aiggbstrate. The result showed that the
rSP-domain cannot activate‘shrimp PO ac’t%‘i?lty under the in vitro experimental

condition as compared with the control (data not shown).

AlthougiTihe=rSP-demain-purifiea-from-E=coti=ineiusion body was able to
refold and the sufficient protein was obtained, no proteolytic_activity or the ability to
activate shrimp proPO system was observed. The purified rSP-domain protein was
then used as an immunaogen to generate the polyclonal anti-rSP-domain antisera in the
immunized Tabbit 'and” western blot ‘analysis confirmed that -the“polyclonal rabbit
antisera reacted speeificaily with the rSP-domain protein (Figure 3.21D).
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) SDS-PAGE analysis of rSP-domain in the insoluble and soluble fractions obtained from E. coli
Rosetta (DE3) pLysS. (C) SDS-PAGE analysis of the purified rSP-domain protein. (D) Western blot
analysis of the purified rSP-domain protein probing with rabbit anti-rSP-domain polyclonal antibody.
The SDS-PAGE gels were stained with Coomassie brilliant blue. Lane M indicates the protein markers.
The arrowhead indicates band representing the rSP-domain protein.
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3.7 Production of recombinant PmPPAEL1 in a baculovirus infected insect cell

expression system

In an attempt to produce the recombinant PmPPAEL (rPmPPAE1) protein for
reconstitution a branch of shrimp proPQ activation cascade in vitro, the zymogen
form (without signal peptide) of PmPPAEL proiein was recombinantly expressed in
insect cell system. In order (0 facilitate secretionsand purification of recombinant
protein in the baculovirus-infected inséct cell expression system, M. sexta PAP2
signal peptide and the Gxhistidine affinity tag were introduced into the N- and C-
terminus of the PMPPAEL protein. The PCR-amplified cDNA fragment of PmPPAEL1
fused with C-terminal 6xhistidine tag together with the signal peptide fragment were
inserted into the transfer vector pFastBac™ 1 and sequence analysis indicated that the
recombinant plasmid centained & correct J;Ser]_ reading frame of PmPPAE1 fused with

signal peptide sequence and the 6><histidine‘!rﬂtag.

To construct fa recombinant bacuiévifus, the recombinant bacmid was
generated via the in vivo transposition and the obtained recombinant bacmid (as
confirmed by PCR approach)-was transfected ;nt'(la'"the Spodoptera frugiperda 9 (Sf9)
cells using lipid-mediated. transfection methqd,,_}The protein band of an apparent
molecular mass of 50 kDa, which corresponded to the calculated molecular mass of
the rPmPPAEL"protein (51.7 kDa) was detected In the SfO cells at day 7 post
transfection as compared to the control cells (Figure 3.22A). The baculoviral stock
received from the-cultures medium was then amplified and the high titer of the virus

was obtained.

TO express the seluble rPmPPAEL protein, SO cells were infected with the
recombinant baculovirus and the secreted protein was then isolated from the culture
media. by, cobalt resin, affinity. chromatoegraphy. However,.no protein band was
observed inthe “conditional 'medias suggesting: that the' recombinant, PmPPAE1
(rPmPPAEL1) protein did not secreted into the cell culture medium (data not shown).
Nonetheless, analysis of the Sf9 cells indicated that rPmPPAEL was produced in the
insoluble fraction. To optimize the rPmPPAEL production, Sf9 cells infected with the

recombinant virus were harvested at 24, 48, 72 and 96 hours after viral infection. Cell
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extracts were analyzed by SDS-PAGE and the results indicated that rPmPPAE1
appeared to express at 48 hours post infection, but the protein level was not abundant
in the insect cells. In addition, the rPmPPAEL level in the cell lysate was not
increased as the infection time was prolong{ed and the dead cells became noticeable
after 72 hours post infection as compare(qjj,.z(-g;the control cells infected with the
recombinant virus harboring the GUS gene Whit‘fh.betfame to die after 96 hours post-
infection. The nature of such observation was not knotrvn but it might be explained
that the rPmPPAEL protein perhaps toxrﬂc to the cells. Therefore, the infected Sf9 cells
were harvested at 7,2.eh'6frr Ost mfectrt;n for recombinant protein purification under

denaturing condition

IsPur /Cobalt resin. A protein band of approximately 50
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Figure3,22 Expression, analysis of the recambinant*PmPPAEL: (rPmPPAEL). protein from insect
cells expressiomsystem. (A) SDS-PAGEanalysis of the rPmPPAEL praduced in the insect cell lysate.
Uninfected Sf9 and Sf9 cell infected with the GUS virus were used as control. (B) SDS-PAGE analysis
of the affinity purified rPmPPAEL. Lane E1-E4 indicated the first to the fourth protein fractions eluted
from the cobalt resin by 150 mM imidazole, respectively. The SDS-PAGE gels were stained with
Coomassie brilliant blue. Lane M indicates the protein markers. The arrowheads indicate band

representing the rPmPPAE1 protein.
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3.8 Expression of an endogenous PmPPAEL in shrimp hemolymph

To detect the expression of the endogenous PmPPAEL, hemolymph was

collected with anticoagulant containing

DTA from the healthy shrimp. Twenty
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were separated on reducing SDS-PAGE and the proteins were stained with Coomassie brilliant blue or
transferred to a PVDF membrane for Western blot analysis and probed with rabbit anti-rSP-domain
polyclonal antibody. Lane 1A and 1B indicate the HLS proteins. Lane 2A and 2B indicate the cell-free
plasma proteins. Lane M indicates the protein markers.



CHAPTER IV

DISCUSSIONS

Melanization.through the activation of prophenoloxidase (proPO)-activating
cascade is known to.pe‘one of the major defense responses that play a crucial role in
invertebrate immunity(Cerenius et al., 2008; Cerenius and Sdderhall, 2004; Gillespie
et al., 1997; Kanost and Gorman, 2008; Labbé and Little, 2009; Rao et al., 2010;
Soderhdll, 1982;"Sritunyalucksana and Soderhéll, 2000). Several proPO and proPO-
activating enzyme (PPAE) genes have beé_n reported in many arthropods (Cerenius et
al., 2008, Cerenius and Soderhall; 2004). i%iochemical studies in crustacean and large
insect species have established a modelf‘ef proPO activation, in which proPO is
cleaved after the activation cascade of cllp domaln serine proteinases (clip-SPs) (An
et al., 2009; Aspan and Soderhall; 1991; Belrﬂ-las Mury, 2007; Castillejo-Lopez and
Hicker, 2005; Jang et al., 2008: Kanost and GOFrh’an 2008; Lee et al., 1998a, 1998b;
Satoh et al., 1999; Tang et al, 2006 Wang et aI 2001b) In Penaeid shrimps, several
proPO genes have been reported (Ai et al., 2008 2009 Lai etsal., 2005; Wang et al.,
2006). Howevei: the potential roles of these proPO gene products and the clip-SPs
that function as-a: terminal proteinase (PPAE) on activation of shrimp’s proPO
cascade in have ot yet been clarified. Moreover, the knowledge on activation and
transcriptional regulation, of the clip-SPs and the proPO genes in the shrimp proPO

activating systemis still elusive and not yet well-elucidated.

In“this study, two putative .clip-domain serine proteinase (clip-SPs) cDNA
sequences, which showedestheshighest sequencessimilarity;tosythearthropody proPO-
activating enzymes (PPAEs) and two homologous praPO igene transcripts that showed
high sequence similarity to the crustacean proPO sequences have been identified from
the hemocytes of the black tiger shrimp P. monodon (Amparyup et al., 2009;
Charoensapsri et al., 2009, 2011).
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Sequence analysis demonstrated that the first clip-SP designated as PmPPAE1
is most similar to the crustacean PPAEs. PmPPAEL contains the structural domain
features of the clip-domain serine proteinase family which composed of a single N-
terminal clip domain and a C-terminal SR domain (Jiang and Kanost, 2000). A
conserved catalytic triad of the trypsin-like SP family, which is present in all trypsin-
like SPs and crucial for the formation andsiabilization of the catalytic site in the
three-dimensional structure of the active enzyime, was also found in the predicted
mature peptide of PmPPAEL enzyme. Analysis of the PmPPAEL sequence revealed
that PmPPAEL exhibited the highest amino acid sequence similarity of 70% to the
PPAE of the freshwater crayfish, Pacifastacus leniusculus, which previously shown to
be the proteinase that Cleaves and activates crayfish proPO" precursor without an
additional protein gofacter (Aspan and Séderhéill, 1991). Moreover, an additional N-
terminal glycine-rich/and proline-rich deain was observed within the complete
PmPPAEL sequenge and these two domaihs_ were also similar to the glycine-rich and
proline-rich domains of the P. ‘Ien‘iusculus‘PF"A:E, respectively (Wang et al., 2001b).
Based on these observations, we' suggest thaftP., monodon PmPPAEL1 is a member of

clip-SP family that might acts'as a PPAE in smmb proPO-activating system.

For the second clip-SP transcript (des'i'.g.jhéTéa as PmPPAE?), sequence analysis
showed that PmPPAE?Z is more closely related to the insect PPAEs than those of the
crustacean PPAES with 51% amino acid sequence similarity to-the lepidopteran insect
tobacco hornworm Manduca sexta PAP1, a terminal PPAE that functions on cleaving
and activating the proPO precursors in the requirement of the clip-domain serine
proteinaser hamologues~(Clip-SPHs), (diang-et al.; 1998). Lhe-predicted amino acid
sequence of PMPPAE2 displays a characteristic of the clip-domainsfamily of serine
proteinase’which composed of a single N-terminal clip-domain followed by a C-
terminal~SP ,domain (Jiang-and-Kanest,; 2000).~The-conserved catalytiestriad jof the
trypsin-like 'SP, family was$ also ‘presented in the predicted mature peptide.of the
PmPPAE2 enzymes. Based on these observations, we suggest that PmPPAE?2 is a new
member of clip-SP family that likely functions as a PPAE in shrimp proPO-activating

system.
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For the two shrimp proPO gene transcripts, sequence analysis revealed that the
first proPO transcript (PmproPO1) has the same sequence (100% identity) and thus
most likely to be the same proPO gene that previously reported by Sritunyalucknana
et al. (Sritunyalucksana et al., 1999), whilst the second proPO transcript homologue
(PmproPQ2) is a novel proPO gene that exhibited a 67% amino acid sequence identity
to the already reported: PmproPO1 (Sritunyalueksana et al.,, 1999). Sequence
comparison also showed. that all of the copper-binding regions including copper-
binding sites A and.B.and a thiol ester-like motif are highly conserved between them.

All arthropod prePOs; with one exception of some proPOs from the hunting
wasp, Pimpla hypechondriaca (Parkinson et al., 2001), are synthesized without a
hydrophobic signal sequence. L ike other aft'.Firopod proPOs, no putative signal peptide
cleavage site was predicted at the N-txérn]inal part of the deduced PmproPO2
sequence. So far, analysis of most arthrb‘pod proPOs showed that cleavage of a
conserved Arg - Phe linkage will-results in the removal of an amino-terminal peptide
containing about 507amino acid ‘residues from the proPO molecule (Cerenius and
Soderhall, 2004). The aming,acids around this cleavage site are highly conserved
among arthropod proPOs, although in most céSéé, Tit remains to be established whether
an endogenous PPAE cleaves-at this site. Bés'"é‘d’ on the predicted proteolytic cleavage
site of PmpraPQ1 (Sritunyalucksana et al., 1999) the proteolytic cleavage site of
PmproPO2 was-predicted to be located between Arg45 and-ifeu46. However, the

actual cleavage site remains to be established biochemically.

Hemocyte is" censidered as a major.tissue that synthesizes and stores the
protein ‘éoamponents; of arthropod proPO system (Cerenius and Soderhall, 2004;
Johanssonand Soderhall, 1985; Perazzolo and Barracco, 1997). POs are primarily
produced by specific hemocytes (blood cells) such @sithe crystal cells of'the fruit fly
D. melanagaster(Rizki et al., 1985), and oenocytoids (anather type ofinseet/blood
cell) in many other insects (Shrestha and Kim, 2008) and the granular and semi-
granular hemocyte types in crustaceans (Johansson and Sdderhall, 1985; Sdderhall
and Smith, 1983). In Penaeid shrimp, enzymes of the proPO system are resided in the
granular and semi-granular circulating hemocytes (Perazzolo and Barracco, 1997;

Vargas-Albores et al., 1993). In the present study, tissue distribution by semi-
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quantitative RT-PCR analysis revealed that PmproPO1 and PmproPO2 transcripts
were mainly expressed in shrimp hemocytes. This is in agreement with the previously
study showing that P. leniusculus and P. monodon proPO mRNAs are expressed only
in hemocytes, but not in the hepatopancreas (Aspan et al., 1995; Sritunyalucksana et
al., 1999). Moreover, the RT-PCR results/also showed that the PmPPAE1l and
PmPPAE2 mRNAs were mainly expressed in"shimp hemocytes, but not in other
digestive tissues including the hepatopancieas .and. intestine. This result also
resembles to the expression of ihe crayfish, P. leniuseulus PPAE transcripts that
detected only in the hemocytes (Wang et al., 2001b).

In many insect species for which data are available, two or more proPO genes
have been reported. ;Fhergrarg two proPO aenes In the tobacco hornworm Manduca
sexta (Hall et al;;"1995; Jiang et al., 19975, the silkworm Bombyx mori (Asano and
Ashida, 2001a, 2001b; Kawabata et al., 19!95) and the beetle Holotrichia diomphalia
(Kim et al., 2002), threg in the fruit fly Drosophila melanogaster (Asada et al., 2003;
Asano and Tekebuchi, 2009; Fujimeto et-al; 1995; Myers et al., 2000) and Pimpla
hypochondriaca (Parkinson et-af.; 2001), nine 1'_;1._‘ the mosquito Anopheles gambiae
(Christophides et al., 2002) and ten-in the mo’sqdifo Aedes aegypti (Waterhouse et al.,
2007). However, only.one type of proPO gér';é has been reported in most crustacean
species including crayfish P. leniusculus (Aspan et al.,1995),/penaeid shrimps P.
monodon (Srituayalucksana et al., 1999) and Fenneropenacus-chinensis (Gao et al.,
2009), lobsters Homarus gammarus (Hauton et al., 2005), giant freshwater prawn
Macrobrachium rosenbergii (Liu et al., 2006; Lu et al., 2006), crabs Cancer magister
(Terwilliger and Ryan,,2006),-Scylla serrata.(Koet al.,2007).and Eriocheir sinensis
(Gai etlal.;, 2008) jand the water flea Daphnia pulex (McTaggart et al., 2009), except
two proPO sequences that reported in the two penaeid shrimps Litopenaeus vannamei
(proPO©l-andproPO2)~(Aiset-al:2008; 2009;1Laietal,, 2005;/\Wanget,ak, 2006) and
Marsupenaeus' japonicus. (In ‘animals with several{proPQ genes, there are' some
evidences showing that these genes are differentially expressed with respect to
developmental stages (embryo to adult) or related to blood-feeding (Christophides et
al., 2002; Li et al., 2005; Mdller et al., 1999; Waterhouse et al., 2007). However, the
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biological significance of these different expression patterns remains to be
established.

Here, P. monodon is the third qut of three reported Penaeid shrimps which
have two distinct proPO genes. In order to elucidate the regulation of proPO system-
associated genes during P. monodon larval development, semi-quantitative RT-PCR
analysis was performed-to-determine th¢ expressiontlevel of PmPPAEL, PmPPAE2,
PmproPO1 and PmproPO2 transcripts auring four larval developmental stages of P.
monodon, including nauplitis 3'(N3), protozoea 2 (Z2), mysis 2 (M2) and post-larvae
15 (PL15). The expression of PmPPAEZ transcripts was not detected in the early
stages of P. monodon lanval developmentl (N3 and Z2), but was detected at increasing
levels in the later developmental stages "',(MZ and PL15). This contrasts to the
expression of PMPPAEL" transcripts tiﬁat_‘_were presented in all four larval
developmental stages examined, even thouéh éxpressed at low levels in the N3 larvae.
In the crayfish, P. leniusculus, proPO and PPAE transcripts were absent and detected
at a low level, respectively, during the middlg phase of crayfish embryo development
(Zhang et al., 2010). In this study, the PmprQPQ;'._‘transcripts were found at very low
to not detectable levels during the N3 develop:mér;tal stage and gradually increased as
the shrimp larval development progressed td'ﬂléiﬁ/‘jait the Z2 stage and high at the M2
and PL15 stages. This finding is similar to the expression Of ‘the proPO transcript
previously reposied by Jiravanichpaisal et al. which showed that-proPO transcript was
expressed of at low levels in the N4 stage and the expression was increased in later
stages of P. monodon larval development (Jiravanichpaisal et al., 2007). In contrast to
PmproPO1, the, mRNA=expression ;of, PmproPO2 ywas jnot, significantly different at
fairly high levels duringrall four larval developmental stages examined. Comparison
between the transcriptional profiles of the different two proPO and two PPAE
transeripts probably suggests that PmPPAE Iyis-likely. teyfunctionas thesactivator of
PmproPO2 during. the 'early 'stage, ‘whist PmPPAE2 might_act as the activating
proteinase of the PmproPOL in the later stages of the P. monodon larval development.
However, the results of this study just provide a basis for developing a comprehensive
understanding of structure/function relationships of the proPOs and PPAEs in shrimp

proPO system.
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To date, gene silencing by using double stranded RNA (dsRNA)-mediated
RNA interference (RNAI) is considered to be an efficient technique that use for
functional investigating of the genes of interested. The RNAI approach in the dipteran
insects Anopheles gambiae and D. melanagaster established the function of the three
Anopheles clip-SPs, CLIPB4, CLIPB8 and €LIPB14, to be involved in the proPO
pathway (Paskewitz et al.; 2006; Volz et al.,.2005¢Volz et al., 2006), and the two
drosophilid clip-SPs, MPL1 and MP2/sp?/PAEL, to.be required for proPO activation
(Castillejo-Lopez and-Hécker, 2005; Tang et al., 2006). Recently, the RNAI technique
has been shown to.pe a _poweriul toal for the investigation of gene function in
crustacean (Amparyup et al., 2010; Liu et al., 2007). In the freshwater crayfish, P.
leniusculus, dsRNA-mediated gene suppression of the proPO transcripts increased
host susceptibility &0 a highly pathogenic;bacterium, Aeromonas hydrophila (Liu et
al., 2007). If the spegific inhibitor of the“‘!crayfish PPAE, pacifastin, is silenced by
RNAI treatment, the higher PO activity‘was observed and the mortality after A.
hydrophila infection was also” reduced (Liu"'et"‘-al., 2007). Recently, suppression of
PmCIlipSP1 by dsRNA-midiated” RINAI 'iﬁi “P. monodon demonstrated that the
PmCIipSP1 is not required. fof -shrimp pébf’b;activation cascade, but plays an
important role in the antibacterial- defense ,agaj(l‘st the highly pathogenic bacterium
Vibrio harveyi (Amparyup et al., 2010). Heré, t—he RNAI technique was applied to
elucidate the role of the two PPAES (PmMPPAEL and PmPPAE2) and two proPOs

(PmproPO1 and PmproPO2) in P. monodon immune system.

So far, the clip-SP that functions as a proPO-activating enzyme (PPAE) in the
Penaeid.shrimps has not,yet been identified.. In, this studys, we-report the functional
characterization of the povel PPAE (PmPRAE1 and PmPPAE?2) by using dsRNA-
mediated‘gene silencing of the respective PPAE transcripts. Semi-quantitative RT-
PCRuanalysiswrevealed, that gene jsilencingsyof=both, PmPPAEL sand /PMPRAE?2 is
sequence-specific. Interestingly, dSRNA-mediated gene suppression of PMPPAE1 and
PmPPAE2 transcripts significantly decreased the hemolymph PO activity in the
PmPPAEL (~37%) and PmPPAE2 (41%) knockdown shrimps, as compared with
saline injected control, suggesting that both PmPPAE1l and PmPPAE2 are the

proteinases that function in shrimp proPO system activation. However, co-silencing of
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PmPPAEL1 and PmPPAE2 transcripts resulted in a non-significant difference with
41% reduction of PO activity as compared to control shrimp injected with saline
solution. These data might suggest that both PmPPAE1 and PmPPAE?2 participate in
shrimp proPO cascade and they might be function as the activating proteinase in the
same branched-pathway for activation of J#hes shrimp proPO system. However,
whether PmPPAE1 or PMPPAEZ are the activatingproteinase that directly cleaves the
PmproPO1 and/or PmproPO2 remains to be resolved by further investigation.
Nonetheless, our data-demonsirated that both PmPPAEL and PmPPAE?2 are required

for shrimp proPO sysiem.

The potential roleof PmPRPAEL and PmPPAEZ2 in the shrimp immune defense
against the bacterialginfegtion was further"".investigated by systemic challenged the
PmPPAEL and PmPPAE?2 knockdown shfimp_ with the highly pathogenic bacterium,
V. harveyi. Interestingly, the PmPPAEL silenced shrimp had a cumulative mortality of
100% within day 3 post \& harveyi infection, as compared to the control shrimps
injected with GFP dsRNA and saline solution. Moreover, knockdown of PmPPAE1
strongly increased the aumber of viable V. :,_hary.(_eyi (4-fold) in PmPPAEL silenced
shrimp, as compared with GFP-dsRNA injected?shrimp. These results suggest that
PmPPAEL functions in shrimp proPO systér‘ﬁ"ahd also.plays an essential role in a

bacterial clearance pathway.

Furthermare, systemic challenge of V. harveyr into the PmPPAE2 silenced
shrimp also resuited in a significant increased in the "etumulative mortality in
PmPPAE2 the knockdewn shrimp with 77%.and 83% cumulative mortality within
day 1 and 2 post infection, respectively, when compared to the GFP dsRNA or saline
injected eantrols. Moreover, the viable V. harveyi CFUs in the PmPPAE2 silenced
shrimp hemolymph also higher than that of control skrimp injected with GFP dsRNA.
These results 'suggest that PmPPAE2 participates in the proPO system in protecting

shrimp from the highly pathogenic bacterium V. harveyi infection.

In an attempt to elucidate the involvement of the two PmproPO gene products
in shrimp proPO system in vivo, shrimps were silenced with PmproPO1, PmproPO2
or both PmproPO1 and PmproPO2 dsRNAs. Semi-quantitative RT-PCR showed that
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the entire dsSRNAs specifically reduced the endogenous expression of the PmproPO1
and PmproPO2 transcripts in the silenced-shrimp hemocytes. Although a complete
silencing of the PmproPO transcripts could not be achieved in the dsRNA-treated
groups, the levels of PmproPO1 and PmproPO2 mRNA transcripts were significantly
suppressed. The incomplete knockdown of the proPO transcript was also reported in
the crayfish P. leniusculus, in which proP@_dsRNA reduced the proPO transcripts
about 57% (Liu et al., 2007).

Even though proPOs have long been considered to be the key enzymes in
shrimp proPO-activating'system; there 1s no direct evidence verifying its role in this
system. In this study, the effect of PmproPO gene knockdown on PO activity was
investigated by in vivo RNAI experimenté": The data clearly showed a significant
reduction of PO“activity in the PmproPOs silenced shrimps, suggesting that both
PmproPO (PmproPQ1 and PmproPO2) gerie products are essential components of the
biochemical pathway that required-for the proP@-activating system in shrimps. This is
the first report on the'in vivo functional characterization of the two proPOs in shrimp

immunity. e by

Crustacean proPQO seguences are hom@Jngus with arthropod hemocyanins,
and a PO-like activity in hemocyanins, the copper-containing proteins that function as
arthropod oxygen transporters, have also been detected in the hemolymph of
crustaceans (Garcfa-Carrefio et al., 2008; Lee et al., 2004; Sellos et al., 1997).
Crustacean hemoeyanin, synthesized in the hepatopancreas and localized in the
plasma, typically represents up to 95% of the total amount of hemolymph protein
(Nagai et al., 2001).: Certainly, hemocyanin is functionally converted into a PO-like
enzyme by some reagents or endogenous molecules in several arthropod species
(Adachi et al., 2003; Decker and Rimke, 1998; Garcia=Carrefio et al., 2008; Lee et al.,
2004; Nagaiet al, 2001; Pless et al., 2003): In the present investigation, knockdown
of two PmproPO genes by co-silencing in P. monodon had the strongest effect on the
PO activity in the hemolymph with a 88% reduction in PO activity after LPS/PGN
and laminarin (B-1,3-glucan) activation. This strongly suggests that the two
PmproPOs are the key enzymes contributing to the PO activity in P. monodon

hemolymph. However, it is unclear if the remaining hemolymph PO activity (12%),
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after partial co-silencing of both PmproPOs is be due to the activity of hemocyanin, or
other proPO isoforms, or simply the incomplete knockdown of PmproPO1 and

PmproPO2 allowing a low level of de novo translation and enzyme synthesis.

The prophenoloxidase-activating system is.an important defense mechanism in
invertebrates against diverse pathogens (Cerenitussand Soderhall, 2004). However, the
important function of proPO system in the defence-against microbial infection is still
highly debated (Cerenius gt-al: 2008).7In the Insects, It has been reported that the
proPO reaction is not important for survival of mierobial infections in Drosophila
(Leclerc et al., 2006) and A: gambiae (Schnitger et al.,, 2007). Drosophila with a
mutant (null) proRP@-activating enzyme (PAEL) gene and A. gambiae with a silenced
non-catalytic serine protease (CLIPAS) geffé both showed depletion of PO activity,
but could survive afigr microbial challéﬁg@, suggesting that melanization is not
essential for defensg against microbial infe‘!(;f[ion (Leclerc et al., 2006; Schnitger et al.,
2007). In contrast, the‘knockdown:of the Drosophila melanization proteases (MP1
and MP2) strongly supperted that-melanization is crucial for the innate immune
system against fungal infections (Tang et al., 2OQ§). Furthermore, it has been shown
in P. leniusculus that knockdows of the ﬁeré transcripts by dsRNA increased
susceptibility to Aeromonas ydrophila infne'é‘t’ib'rf (Liu-et al., 2007), suggesting the
important role OF phenoloxidase in defense against bacterial invasion. In this study,
the obtained cumulative mortality results provide further evidence to support that the
proPO-activating system plays an essential role in the P. monodon shrimp defense
against the pathogenic bacterium, V. harveyi infection. It is noteworthy that partial
silencing-of githersthe PmpreROL.0r PmproRPO2.genesresulted in.a strong PO activity
reduction (73.« 75%) and a very high shrimp mortality after V. harveyi challenge,
despite the appearance that only one type of proPO mRNA was suppressed (as shown
by RT-PER)=lt is possible; ifynot flikely, rthaty they twoPQs might seooperatively
function in the proPQ-activating system and probably acts as heteromer. InIM. sexta
and B. mori, two different proPOs, encoded by separate subunit genes, exist
predominantly as a heterodimer in the plasma and their transcriptional expression are
coordinately regulated (Asano and Ashida, 2001a, 2001b; Jiang et al., 1997; Yasuhara
et al., 1995). Moreover, the obtain crystal structure data confirmed that M. sexta
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proPO is a heterodimer which consists of 2 homologous polypeptide chains, proPO1
and proPO2 (Li et al., 2009). However, further study is required to determine the
structure of the P. monodon proPOs whether they exist as a heteromer of two subunit
types in hemolymph. In addition, the bacterial number in hemolymph of the proPO
co-silenced shrimp (that is pre-injected with twoPmproPO dsRNAs) was shown to be
increased about six-fold at 6 hours post Vi _harveyi infection. Taken together, this
study clearly shown.that both PmproPO1 and. PmproPO2 are likely to be the
important components of the P._monodon shrimp to defense against the pathogenic

bacterium V. harveyidnfection.

In the present siudyy the important role of two proPOs (PmproPO1 and
PmproP0O2) and two/PPAEs (PmPPAEL and PmMPPAEZ2) in the P. monodon shrimp
immune defense against systemic V. hafrvey_i infections have been elucidated. In
contrast to some rgports in Drosophila (Leclerc et al., 2006) and in A. gambiae
(Schnitger et al., 2007); that have questioned the importance of phenoloxidase in the
defence against microbial”infections, this study clearly demonstrated that the two
proPOs and two PPAEs are the essential moleenul_les In the shrimp innate system to
defense against systemic V. harveyi infections. Mbreover, these results are consistent
with those reported in the crayfish where‘brro‘PO gene.knockdown resulted in an
increased bacterial count of about 2.3-fold in proPO-sitenced crayfish (Liu et al.,
2007). Taken “tegether, these data suggest that the genes thai are involved in the
proPO system of crustaceans (shrimp and crayfish) play an important role in the

control of systemic bacterial infections.

Even though the proPO activation hasibeen studied in many arthropod species,
the mechanism on activation of proPO system at protein level in shrimps remains
elusive. To obtain sufficient PmPPAE1 protein for in-vitro functional charaeterization,
recombinant’ proteins produced from the efficient expression- System:' appear to be
highly desirable enough protein for functional analysis. In the present study, the E.
coli expression system is the first choice that selected for production of the
recombinant PmPPAEL (rPmPPAE1) due to its easy to carried out and large amount
of the protein will be obtained (Cabrita et al., 2004). As a result, the rPmPPAE1
proteins were expressed as inclusion bodies and after purified by Ni-NTA affinity
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chromatography under denaturing condition, the rPmPPAEL protein cannot renature
and the degradation products were also observed. These results was similar to the
recombinant proPAP2 of M. sexta produced from the E. coli system, which failed to
renature and the recombinant protein contained significant amount of the degradation

products and also precipitated after storage at=20°C (Ji et al., 2003).

To solve this problem, only C-terminal serine proteinase (SP) domain of the
PmPPAEL was chosen for expression in the baeterial expression system. As a result,
the recombinant SP domain 0f.PmPPAEL (rSP-domain) was successfully expressed in
E. coli system. However, in/vitro experimental assays demonstrated that the rSP-
domain lacks the proteolytic activity and the ability to activate shrimp proPO system.
For the clip-domain family of serine protei'-ﬁase, the clip domain remains covalently
attached to its catalytic/SP domain by an inter-chain disulfide bridge after proteolytic
activation by cleavage between their clip and SP domains (Jiang and Kanost, 2000).
In the present study, the lack of the biological activity of rSP-domain may be due to
the missing of the clip-domain in the recombihant protein. However, the purified rSP-
domain was further used as an-mmunogen to. generate the rabbit polyclonal anti-rSP-
domain antisera and westefn-—biot analysis ?using this polyclonal antiserum
demonstrated that the endogenous PmPPA—Ef ‘was-.presented only in shrimp

hemocytes, but.not in the cell-free plasma.

The bacutovirus-infected insect cell expression system are often used to
produce recombinant proteins that are not successfully expressed in E. coli because
protein folding problemsand the requirement/of glycosylation or post-translational
modification. In many insect species, severalirecombinant PPAE proteins such as M.
sexta praPAP1 and proPAP2 were reported to be successfully expressed in the insect
cell system (Wang et al., 2001c;" Ji et al., 2003)-4n an attempt to “produce the
recombinant PmRPAE1 (rPmPPAEL) protein for reconstitution a branch of-shrimp
proPO activation cascade in vitro, the mature peptide (zymogen) of PmPPAEL protein
was recombinantly expressed in the insect cell system. To facilitate secretion and
purification of recombinant protein, M. sexta PAP2 signal peptide and the 6xhistidine
affinity tag were introduced into the N- and C- terminus of the PmPPAE1L protein.

Unfortunately, the rPmPPAEL1 protein did not secrete into the cell culture medium and
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the rPmPPAEL protein level in the cell lysate was not increased as the infection time
was prolonged and the dead cells became noticeable at day 3 post infection.
Moreover, the rPmPPAEL was produced in the insoluble fraction and the purified
rPmPPAEL obtained from Ni-NTA c !’n as not sufficient for protein refolding.

These results suggest that the rPn A haps toxic to the Sf9 cells, thus
PmPPAE1 was not successfully expres ' cell expression system.
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CHAPTER V

CONCLUSIONS

Two PPAE genes (PmPPAEL and.PmPPAEZ2) and.a novel proPO (PmproP0O2)
gene were identified from.hemocytes of the black tiger shrimp Penaeus monodon.
Sequence comparison .revealed that PmPPAEL and PmPPAE2 exhibited the
highest amino aeid sequence’ similarity of 70% and 51% to the freshwater
crayfish Pacifastagts leniusculus PPAE and the tobacco hornworm Manduca
sexta PAP1, rgspectively, whilst Pmpit:oPOZ exhibited 67% sequence identity to
the previously reported PmproPO1. "

Tissue distribution analysis showed that"PfﬁPPAEl, PmPPAE2, PmproPO1 and
PmproPO2 mRNA franscripts were M'gmly expressed in shrimp hemocytes.
Analysis of these gene.transcripts durigi!‘l.-‘bur stages of larval development
revealed that PmPPAEL and PmproPO_Z..-:fr_@n'_sprripts were expressed in all stages
(nauplius, protozoea, mySis and post-larVaé)Twhereas PmPPAE2 and PmproPO1
transcripts were-mainty-expressed-in-the late stages (mysis and post-larvae) of
larval development. These results possible suggest that: PmPPAEL is likely to
function as the'activator of PmproPO2 during the early-stages, whilst PmPPAE2
might acts as the' activating proteinase of the PmproPOL1 in the late stages of P.

monedon larval development.

Double-stranded RNAs (dsRNAs)-mediated gene silencing of PmRPAE and
PmproPO, transcripts resulted In‘a specific reduction of the respective transcript
levels and significantly reduced the hemolymph PO activity in the PmPPAEL
(36.7%), PmMPPAE2 (41%), PmproPO1 (75%) and PmproPO2 (73%) silenced
shrimps as compared to the control group injected with saline solution. Moreover,
experimental infection of P. monodon with the highly pathogenic bacterium

Vibrio harveyi resulted in a significant increase in the cumulative mortality and
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the bacterial number in the PmPPAE and PmproPO silenced shrimps. These
results suggest that both PmPPAEs and PmproPQOs are the components of proPO
system and also play the crucial roles in protecting shrimp from V. harveyi

infection.
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