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Complementary (c)DNA encoding novel protein kinase C (PKC) messenger (m)RNA of the white shrimp
Litopenaeus vannamei, consisted of 2454-bp cDNA containing an open reading frame (ORF) of 2232 bp, belonging
to the novel (n)PKC family of proteins characterized by their containing two phorbol ester/diacylglycerol-
binding domains (C1 domain), a C2 domain, and a catalytic domain of the serine/threonine kinase, designated
LvnPKC. A comparison of amino acid sequences showed that LvnPKC was closely related to arthropod nPKC.
LvnPKC cDNA was detected in all tested tissues with a real-time PCR including the hepatopancreas, gills,
muscles, subcuticular epithelium, abdominal nerve, thoracic nerve, brain, the stomach, heart, and especially in
hemocytes and the intestines. Moreover, significantly upregulated LvnPKC expression was only observed in the
eyestalk, brain, and hepatopancreas of shrimp transferred from 28 °C to 18 °C for 30 min. Induction of LvhPKC
expression in hemocytes of L. vannamei injected with Vibrio alginolyticus at 10° cfu shrimp ~ ! was detected earlier
than in those injected with 10° cfu shrimp ~'. Shrimp received LvnPKC-dsRNA for 1 days specifically depleted
the expression of LvnPKC mRNA in hemocytes compared those of diethylpyrocarbonate water treatment. After
that, significantly decreased expressions of lipopolysaccharide - and B-1,3-glucan-binding protein, propheno-
loxidase-activating enzyme, peroxinectin, prophenoloxidase I, and prophenoloxidase II in the prophenoloxidase-
activating system; lysozyme and cytosolic manganese superoxide dismutase and mitochondrial manganese su-
peroxide dismutase in the antioxidant system were observed. We therefore concluded that LvnPKC is involved in

immune defense of L. vannamei exposed to hypothermal stress or infected with V. alginolyticus.

1. Introduction

Nishizuka and colleagues identified a novel protein kinase in 1977,
and the activated form triggered cell responses to signals through
phosphorylation of critical targeted proteins following triggering the
turnover of inositol phospholipids (IPs), which generates diacylglycerol
(DG), mobilizes Ca2™, and leads to cell activation [1-3]. Further, fol-
lowing the dependence on calcium and the regulation by DG and other
lipids, at least 10 mammalian PKC isotypes encoded by nine genes were
found, and each of them was expressed in a cell type-specific manner
[4]. Ohno and Nishizuka [4] reviewed that upon elucidating the pri-
mary structure and biochemical properties, three classes including
classical or conventional (c)PKC, novel (n)PKC, and atypical (a)PKC
isotypes were reported, and the characteristic sequence motif C1 and a
serine/threonine-protein kinase domain were detected in all PKC iso-
types. cPKC isotypes (a, (3, and v), which share structural motifs C1 and
C2, can be activated by DGs or phorbol esters in the presence of Ca**
and acidic phospholipids such as phosphatidylserine (PS). nPKC
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isotypes (8, €, i, n, and 6) also have the C1 and C2 domains, and the
nPKC-C1 domain binds DG and phorbol ester as is the case with cPKCs;
however, the sequence of the C2 domain somewhat diverges from that
of cPKC-C2. Purified nPKC isotypes can be activated by DGs or phorbol
esters in the presence of PS, but this activation does not require Ca>*, in
clear contrast to cPKC isotypes. aPKC isotypes share structural motifs
C1 and octicosapeptide repeat. The C1 sequences of aPKC isotypes (&,
and 1/A) are not repeated, unlike in the ¢cPKC and nPKC isotypes. Pur-
ified aPKC isotypes do not bind to nor are they activated by DGs or
phorbol esters.

PKC isotypes differ in their tissue distributions and localization
within the cell, suggesting that each isotype plays a specific role in
specific signal transduction pathways, which indicate they play key
regulatory roles in multiple cellular processes that include differentia-
tion, cell growth, secretion and muscle contraction [5-8]. In mollusks,
different isotypes of cPKC (DG- and Ca“-dependent) and nPKC (DG-
dependent and Ca®*-independent) were detected in the cytosolic
fraction in the adductor and retractor muscles of Mytilus galloprovincialis
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[9], and their roles in the neuroendocrine-immune network in hemo-
cytes were further reviewed [10]. In crustaceans, the role of methyl
farnesoate in regulating vitellogenin uptake in the ovary of Cherax
quadricarinatus mediated by PKCa (a cPKC isotype) activation as
identified by rabbit polyclonal anti-PKC isoenzyme antibodies was si-
milar to the mode of action suggested for the juvenile hormone in in-
sects [11]. PKC38 (a nPKC isotype) was purified from the hepatopancreas
of Penaeus monodon using mammalian PKC antibodies [12]. An aPKC of
Macrobrachium rosenbergii was isolated using designed degenerate pri-
mers and the rapid amplification of cDNA ends, which consists of
structural domains similar to those of an aPKC homologue [13].

In the innate immune response of mammals, the potential role of
PKC isotypes was examined in lots of research. In macrophages, PKCs
are purported to regulate processes such as cell adhesion and spread
[14], phagocytosis [15], and the production of reactive oxygen/ni-
trogen intermediates [16,17]. In mollusks, PKCs are also purported to
be involved in mechanisms of the hemocyte innate immune response
including regulation of phagocytosis [10,18]. Ng et al. [19] reported
that extracellular traps (ETs) for phagocytosis were revealed in Litope-
naeus vannamei responding to phorbol myristate acetate (PMA, a PKC
activator), live Escherichia coli, and lipopolysaccharide (LPS) stimula-
tion. Furthermore, the generation of human neutrophil ETs was iden-
tified via activation of cPKC by various pharmaceuticals [20]. Recently,
an aPKC of M. rosenbergii was found to be involved in modulation
during molting, and in mediation of a signaling pathway responding to
epizootic or opportunistic pathogen infections [13]. These isolation
procedures revealed that antibodies against mammalian PKCs are cross-
reactive in a very diverse group of organisms, and also demonstrate
similar modes of action, which strongly point to conservation of PKC
sequences in evolution and their importance in living organisms from
invertebrates to vertebrates.

The culture of penaeid shrimps had been limited by epidemic in-
fectious diseases such as Vibrio alginolyticus, which resulted in whitish
musculature in diseased L. vannamei to cause mortality [21]. Water
temperature fluctuation was the most general stressor of aquatic or-
ganisms, and hypothermal stress was found to induce the catechola-
mine biosynthesis then weaken immunocompetence in L. vannamei
[22-24], and the same phenomena were observed in V. alginolyticus
infected shrimp [24]. Zhang et al. [25] indicated that tyrosine hydro-
xylase activity, the first and rate-limiting enzyme in the catecholamine
biosynthetic pathway, and dopamine synthesis were modulated
through PKC. These suggested that PKC might play crucial role in
shrimp immunocompentence under stress. PKC has been a model for
analyzing cellular signal transduction mechanisms [10,14-18], how-
ever, less emphasis on its potential role in immunocompetence of
shrimp. The aims of the present study were to present a characteriza-
tion of L. vannamei nPKC (LvnPKC), and evaluate its expression in he-
mocytes after they were challenged with V. alginolyticus or exposed to
hypothermal stress. Furthermore, LvnPKC gene silencing was con-
ducted to investigate its possible roles in immune modulation of
shrimp.

2. Materials and methods
2.1. Animals

White shrimp L. vannamei (10-20 g) obtained from a shrimp farm in
Pingtung, Taiwan were acclimated in 10 recirculating water tanks.
Fifteen shrimp in each tank containing 120L of seawater were fed
commercial pellet feed (Shinta Feed, Pingtung, Taiwan) daily for 2
weeks. Only shrimp in the intermolt stage were used for the study. The
molt stage was determined by examining the uropods, in which partial
retraction of the epidermis could be distinguished [26]. During the
acclimation period, salinity was maintained at 20%o, and the water
temperature was 28 = 1°C.

There were 127 shrimp in total sampled in this study, and they were
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divided into four parts. (1) One shrimp was used for cloning potential
PKC isotypes from hemocytes, and six shrimp were used for the tissue
distribution test under hypothermal stress. (2) Sixty shrimp were used
to analyze LvnPKC gene expression of hemocytes in L. vannamei chal-
lenged with V. alginolyticus. (3) Forty-eight shrimp were sampled to
evaluate the efficiency and specificity of LvihPKC gene silencing. (4)
Twelve shrimp were used for an assessment of immune gene expres-
sions in hemocytes of LvihPKC-silenced shrimp.

2.2. Cloning and characterization of LynPKC

2.2.1. Sampling

Hemolymph (500 pl) from one shrimp was withdrawn, and hemo-
cytes were collected according to a previously described method [27].
The resulting hemocyte pellet was homogenized in liquid nitrogen, and
re-suspended in Tris-EDTA buffer (50 mM Tris-HCl and 1 mM EDTA; pH
7.4) to extract and purify total RNA. Total RNA was extracted and
further purified using the Quick-RNA™ MiniPrep Kit (R1055, Zymo
Research, USA) following the manufacturer's instructions. First-strand
complementary (c)DNA in reverse transcription was synthesized using a
Tool Script MMLV RT kit (TGKRA04, Tools Biotechnology, New Taipei
City, Taiwan). Reaction conditions recommended by the manufacturer
were followed. A polymerase chain reaction (PCR) and subcloning of
LvnPKC cDNA were performed. Full-length LvnPKC cDNA of L. van-
namei was obtained by a reverse-transcription (RT)-PCR, and SMARTer”
RACE 5’/3kit (cat. no. 634858, Takara, USA) following the manufac-
turer's methods. Degenerate primers were designed based on the highly
conserved PKC amino acid sequences of Apis mellifera (NP_001128420),
Drosophila  melanogaster ~ (AAA28817), Zootermopsis  nevadensis
(XP_021920016), and Lucilia cuprine (KNC31888) in the GenBank da-
tabase [28] using the Clustal program [29]. Amplification primer pairs
for LvnPKC cDNA are shown in Table 1. Primers of PKC1F and PKC1R
were used for the first fragment of partial LvinPKC cDNA, and the first
cloned LvnPKC fragment was used to designate specific primer sets
named Lv-Q-nPKC1F and Lv-Q-nPKC1R for rapid amplification of cDNA
(RACE) methods and a real-time PCR assay with Primer Express Soft-
ware (vers. 3.0., Applied Biosystems, Lincoln, NE, USA). Lv-Q-nPKC1R
and PKC1R were used for the 5-RACE, and Lv-Q-nPKC1F and PKC1F
were used for the 3’-RACE. Details of the procedures were described
previously [30], and PCRs were performed as follow: 30 cycles of de-
naturation at 94 °C for 45s, annealing at 60 °C (65 °C was used for
RACE) for 45, and elongation at 72 °C for 70s, followed by a 10-min
extension at 72 °C and cooling at 4 °C.

The PCR products from the previous step were purified using the
Zymoclean Gel DNA recovery (Zymo Research, CA, USA) and cloned
into a pGEM T-Easy vector (Promega, WI, USA) following the manu-
facturer's instructions. The ligation product was transformed into
Escherichia coli strain JM 109 on Luria Bertani (LB) agar containing
ampicillin (0.01 gml™?), X-gal-IPTG ready solution (Amresco, Inc.
USA). The positive clones containing target inserts were extracted using
a ZR Plasmid Miniprep-classic (Zymo Research, CA, USA) and then was
used as a template for DNA sequencing.

2.2.2. Nucleotide sequence analysis

A nucleotide sequence analysis was performed using the dideox-
ynucleotide chain termination method [31] on a DNA sequencer (Model
373A, Applied Biosystems). Plasmid DNA (1 pg) was used for sequen-
cing with a Dye Terminator Cycle Sequencing Kit (Applied Biosystems)
and was subjected to electrophoresis on 6% denaturing gels. Clones
were sequences with the SP6 and T7 primers. The LvnPKC gene se-
quence was analyzed and compared using the BLASTX and BLASTP
search programs (htt://blast.genome.ad.jp) with a GenBank database
search. Multiple sequence alignment of the LvnPKC gene was created
using the Clustal W analysis program (http://searchlauncher.bcm.tme.
edu). The calculated molecular mass and theoretical isoelectric point
were predicated with the ExXPASy proteomics server (http://tw.expasy.
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Table 1
Degenerate and specific primers, and sequences for gene silencing used in the experiment.
Items/genes Primer name Sequence 5’-3’ Amplicon Reference/GenBank
LvnPKC cloning PKC1F AAAGTCCTNGGMAAAGGCAGTTTTGG Present study
PKCIR ACGCCNAGWGCCCACCAGTCNA
Lv-Q-nPKCF CCTTACGTGACGCTGGAGGT
Lv-Q-nPKCR GATCTTGAGGCCGAGCTGGA
Gene silencing 609-dsRNA GGUCACAAAUUCAUGGCAATT Present study
UUGCCAUGAAUUUGUGACCTT
1208-dsRNA GGACAAGAAGAUGAAGGAATT
UUCCUUCAUCUUCUUGUCCTT
2348-dsRNA GCACAGUACAAAGUGCUAATT
UUAGCACUUUGUACUGUGCTT
GAPDH-dsRNA UGACCUCAACUACAUGGUUTT
AACCAUGUAGUUGAGGUCATT
LGBP Lv-Q-LGBP-F CGGCAACCAGTACGGAGGAAC 115 bp [66]
Lv-Q-LGBP-R GTGGAAATCATCGGCGAAGGAG
PPAE Lv-Q-ppA-F CTAGAGACGTCGGTGTCA TCACC 151 bp [67]
Lv-Q-ppA-R AACTTGCCGTCCGAAGTGCG
a2-M Lv-Q-a2M-F GCACGTAATCAAGATCCG 204 bp [67]
Lv-Q-a2M-R CCCATCTCATTAGCACAAAC
PE Lv-Q-PE-F ATCCAGCAGCCAGGTATG 147 bp [54]
Lv-Q-PE-R CAGACTCATCAGATCCATTCC
proPOI Lv-Q-proPOI-F ACGTCACTTCCGGCAAGCGA 156 bp [67]
Lv-Q-proPOI-R CCTCCTTGTGAGCGTTGTCAG G
proPOIL Lv-Q-proPOII ACCACTGGCACTGGCACCTCG TCTA 161 bp [67]
Lv-Q-proPOII TCGCCAGTTCTCGAGCTTCTGCAC
cytMnSOD Lv-Q-cytMnSOD-F TGACGAGAGCTTTGGATCATTCC 155 bp [67]
Lv-Q-cytMnSOD-R TGATTTGCAAGGGATCCTGGTT
mtMnSOD Lv-Q-mtMnSOD-F CAGACTTGCCCTACGATTAC 216 bp [67]
Lv-Q-mtMnSOD-R AGATGGTGTGATTGATGTGAC
Lysozyme Lv-Q-Lys-F GGACTACGGCATCTTCCAGA 97 bp [68]
Lv-Q-Lys-R ATCGGACATCAGATCGGAAC
B-actin Lv-Q-BactinF GCTCGTCCGCCCTTTTAGTA 91 bp AF300705
Lv-Q-BactinR ACAATGGCTCCGGCATGTGCAA

LvnPKC: Litopenaeus vannamei novel protein kinase C; PE: peroxinectin; ppAE, prophenoloxidase activating enzyme; proPO, prophenoloxidase; a2-M: a2-macro-
globulin; cytMnSOD, cytosolic manganese superoxide dismutase; mtMnSOD, mitochondrial MnSOD; LGBP, lipopolysaccharide- and [3-1,3-glucan-binding protein.

org/tools/pi_tool.html). Potential domains were searched for using
Conserved Domain Search Service (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi).

2.2.3. Phylogenetic analysis

Phylogenetic trees were constructed on the basis of the proportion
of amino acid differences (p-distances) by the Neighbor-joining (NJ)
method [32] using MEGA 4 software [33]. To construct the phyloge-
netic tree, indels were removed from multiple alignments. The relia-
bility of the tree obtained was assessed by boot-strapping using 1000
bootstrap replications [34]. The following proteins were used in the
alignment: novel protein kinase C of L. vannamei (MF683955), Daphnia
magna (KZS12886), Z. nevadensis (XP_021920016), Aplysia californica
(AAA27771), Caenorhabditis elegans (NP_001256396), Oryctolagus cu-
niculus (AAA31426), Mus musculus (BAA14288); classical protein kinase
C of Apis mellifera (NP_001128420), Neogonodactylus oerstedii
(AUC64088), D. melanogaster (AAA28817), Bos taurus (AAA30706),
Rattus norvegicus (alpha type, NP_001099183); atypical protein kinase C
of M. rosenbergii (ARV85772), D. melanogaster (NP_001036541), A. ca-
lifornica (NP_001191516), Danio rerio (AAK91291), R. norvegicus (iota
type, NP_114448), Xenopus laevis (iota type, NP_001084068); different
isoform of PKC in Homo sapiens including epsilon type (NP_005391), eta
type (NP_006246), gamma type (NP_001303258), beta type
(NP_997700) and iota type (NP_002731).

2.2.4. Quantification of LvnPKC gene expression in tissues of shrimp under
hypothermal stress by a real-time RT-PCR

The tissue distribution of expression was analyzed with a real-time
RT-PCR. Twelve shrimp were placed in a 0.5-metric ton fiberglass-re-
inforced plastic (FRP) tank containing 0.4 metric tons of recirculating
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aerated seawater at 20%o salinity and 28 = 0.5 °C for 3 days, and then
were randomly transferred to 18 or 28 °C for 30 min of exposure. To
assess LvnPKC expression in tissues under hypothermal stress, each of
two thermal regimes consisted of three tanks as triplicates, and each
replicate was comprised of two shrimp kept in a 60-L glass aquarium
containing 40L of recirculating aerated seawater at 20%o salinity,
which was adjusted with a heater or cooler to the desired temperatures
of 18 and 28 °C. Two groups (two temperature exposures regimes for
30 min) were conducted, and each group was carried out on three
shrimp. In this test, there were six shrimp sampled for determining
LvnPKC mRNA expression. After 30 min of exposure, LvnPKC mRNA
transcription levels in different tissues were determined. The eyestalk,
stomach, muscle, brain, hepatopancreas, heart, intestines, abdominal
nerve, gills, subcuticular epithelium, thoracic nerve, and hemocytes
were excised, homogenized in liquid nitrogen, and resuspended in Tris
EDTA buffer (50 M Tris Cl and 1 M EDTA; pH 7.4), and total RNA was
extracted. LvnPKC transcript levels were measured using an SYBR green
I real-time RT-PCR assay in an ABI 48-well StepOne™ Real-Time System
(Applied Biosystems), and checked following directions of Bustin et al.
[35]. A real-time PCR was performed in a total volume of 20 ul con-
taining 10 pl of 2 X power SYBR Green PCR Master mix (Applied Bio-
systems), 0.4l (each) of forward/reverse primers (10 uM), 2l of a
cDNA template, and 7.2l diethylpyrocarbonate water (DEPC-H,0,
AMRESCO). The thermal profile for the SYBR Green PCR was initial
denaturation at 95 °C for 10 min followed by 40 cycles of denaturation
at 95°C for 15s and primer annealing at 60 °C for 1 min. The specific
primers of Lv-Q-nPKC1F and Lv-Q-nPKC1R, and Lv-Q-PactinF and Lv-
Q-PactinR (Table 1) were used for the quantitative RT-PCR. After am-
plification, data acquisition and analysis were performed using Ste-
pOne™ software (vers. 2.0, Applied Biosystems).
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The 27 24¢T method was chosen as the calculation method [36]. The
difference in the cycle threshold (CT) value of the LvihPKC gene and its
housekeeping gene (B-actin), called ACT, was calculated. In tissue ex-
pression, AACT = (ACT of shrimp for the LvihPKC gene in each sample
tissue at 18 or 28 °C treatment) - (ACT of those in the hepatopancreas at
28°C). The LvnPKC mRNA expression was expressed as multiples of
change compared to the hepatopancreas of shrimp exposed to 28 °C
(mean, n = 3).

2.3. LynPKC gene expression of hemocytes in shrimp challenged with V.
alginolyticus

Litopenaeus vannamei in the intermolt stage was injected with 20 pl
of a bacterial suspension at 5 X 10° and 5 x 10* colony-forming units
(cfu) ml1~? of V. alginolyticus into the ventral sinus, resulting in 10° and
10® cfu shrimp ~ !, respectively. The preparation and injection of V. al-
ginolyticus followed descriptions by Liu et al. [27] and Yeh et al. [37].
After the injection, shrimp were placed in six tanks (six replicates).
Each aquarium contained 100 L of aerated seawater at 28 + 1°C and a
salinity of 20%o, and ten shrimp were reared in each one. The same
treatment of shrimp injected with 20 pl of saline served as the control.
At 15, 30, and 60 min after the injection, six shrimp were sampled from
each of the six tanks, and another six shrimp without injection served as
the initial control. LvnPKC mRNA expression of hemocytes was then
determined. Hemocytes were sampled, and total RNA was isolated and
measured using an SYBR green I real-time RT-PCR assay as described
above. In this test, 60 shrimp were sampled to determine LvnPKC
mRNA expression.

The 2722€T method was used as described above. In the challenge
test, AACT = (ACT of bacteria- or saline-injected shrimp for the LvhPKC
gene at each time point) - (ACT of the initial control). The LvnPKC
mRNA expression was expressed as the multiples of change compared
to hemocytes of shrimp injected with saline (mean, n = 6).

2.4. Immune gene expressions in LynPKC-silenced L. vannamei

2.4.1. Double-stranded (ds)RNA preparation and gene silencing

Three dsRNAs corresponding to LvnPKC (609-, 1208-, and 2348-
dsRNA) transcripts and the control which consisted of human glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH)-dsRNA were chemi-
cally synthesized and purified with high-performance liquid chroma-
tography (HPLC) by GenePharma (Shanghai, China). The sequence
information is shown in Table 1. The three potential LvnPKC-dsRNA,
GAPDH-dsRNA, and DEPC-H,0 treatments were conducted, and shrimp
without treatment served as the initial group. Hemocytes were collected
from silenced shrimp (15 * 0.2g) injected with different dsRNAs
(Table 1) at a concentration of 15 g shrimp ~?! before and 1, 2, and 3
days after the injection. The efficiency and specificity of LvnPKC gene
knockdown were subsequently examined using a real-time RT-PCR as
described above. Three shrimp were used for each dsRNA fragment test
and the controls. The three fragments of 609-, 1208-, and 2348-dsRNA
specifically suppressed the expression of LvnPKC mRNA at day 1 post-
injection by 52.1%, 29.5%, and 23.8%, respectively, and therefore,
2348-dsRNA was used for the LvnPKC mRNA silencing gene test
(Supplementary Fig. 1). Forty-eight shrimp were sampled for the eva-
luation of efficiency and specificity of LvnPKC gene silencing.

2.4.2. Effect of silencing of LynPKC on immune gene expressions by
hemocytes of L. vannamei

Litopenaeus vannamei (15 * 0.3 g) received DEPC-H,O, GAPDH-
dsRNA, and 2348-dsRNA following the same method described above.
Another three shrimp without treatment served as the initial control.
There were four treatments, and each treatment was carried out on
three shrimp. After the injection, shrimp were kept in a separate glass
aquaria containing 40 L of aerated seawater at 20%o and 28 * 1°C.
There were 12 shrimp sampled for the gene expression assessment.
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At 1 day after the injection, hemolymph (200 ul) was individually
withdrawn, and care was taken to avoid any contamination from sea
water or generation of air-bubbles in the hemolymph. Hemolymph
added to a 1-ml sterile syringe (25 gauge) containing 0.8 ml of an an-
ticoagulant solution (30 mM trisodium citrate, 0.34 M sodium chloride,
and 10 mM EDTA, at pH 7.55, with the osmolality adjusted with NaCl
to 780 mOsm kg~ 1) was used to assess immune gene expressions. The
hemocyte pellet for the subsequent test was prepared from a hemo-
lymph mixture centrifuged at 400 x g and 4 °C for 20 min followed by
two washes with saline.

The immune gene mRNA transcriptions in hemocytes, including the
prophenoloxidase (proPO)-activating system (prophenoloxidase I
(proPOI), proPOlIl, lipopolysaccharide- and [3-1,3-glucan-binding pro-
tein (LGBP), peroxinectin (PE), prophenoloxidase-activating enzyme
(ppAE), and a2 macroglobulin (a2M)), antioxidant system (cytosolic
manganese superoxide dismutase (cytMnSOD) and mitochondrial SOD
(mtMnSOD), and an antimicrobial agent (lysozymes) were measured
using an SYBR green I real-time RT-PCR assay as described above.
Specific primer pairs of immune genes and a housekeeping gene
(Table 1) were used for the quantitative real-time PCR, and data ac-
quisition, analysis, and calculation method were as described above.
AACT = (ACr of dsRNA-injected shrimp for the test gene) - (ACr of the
initial control).

2.5. Statistical analysis

A t-test was conducted to examine significant differences in LvnPKC
expression between 18 and 28 °C for each sampled tissue. Data of the
multiple of change in LvnPKC expression are presented as the
mean * standard error (SE) and were analyzed with a one-way ana-
lysis of variance (ANOVA). When significant differences were indicated
at the 0.05 level, then a multiple-comparison (Tukey's) test was con-
ducted to examine significant differences among treatments at the same
sampling time in challenge tests, evaluation of the efficiency and spe-
cificity of gene silencing, and immune gene expressions in LvnPKC-si-
lenced shrimp, wusing Sigmastat computer software (Jandel
Scientific,CA, USA).

3. Results
3.1. cDNA sequence analysis of LvnPKC

cDNA encoding PKC mRNA of the white shrimp L. vannamei, was
obtained from hemocytes by an RT-PCR and RACE (accession number:
MF683955). The 2454-bp c¢DNA contained an open reading frame
(ORF) of 2232 bp and encoded a 744-amino acid (aa) protein with a
predicted molecular mass of 84.4kDa and a pI of 6.25. A search of
functional domains revealed the presence of two phorbol ester/dia-
cylglycerol-binding domains (C1 domain), a C2 domain, and a catalytic
domain of the serine/threonine kinase, which were as found in nPKC
(Fig. 1), and was therefore designated LvnPKC.

3.2. Lv-nPKC amino acid sequence comparison and phylogenetic analysis

Sequence comparison of the LvnPKC deduced amino acids
(MF683955) showed identities of 63.4%, 61.8%, 56.7%, 55.2%, and
52.7% to nPKCs of D. magna (KZS12886), A. californica (AAA27771), M.
musculus (BAA14288), Z. nevadensis (XP_021920016) and H. sapiens
(NP_005391), respectively (Supplementary Fig. 2). A molecular phylo-
genetic tree was constructed to further analyze evolutionary relation-
ships among these animal LvnPKC sequences. Based on a MEGA 4
analysis, members of the LvihPKC protein can be classified into three
groups of nPKCs, aPKCs, and cPKCs, and the parallel evolution between
PKCs of shrimp and other animals was statistically supported. Genetic
distances among the penaeid LvnPKC clade were rather short and close
to arthropod nPKCs (Fig. 2).
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cgget 5
tacagtcacttttgeccccatttccctatgecactactgggacctattggtgaggtgagacggggettgtgagecacctgagcagagagaacacgggeg 101
atgttcacgggcagccttaaagtgaaaatatgecgaagctaccgatctccgecttaccgactgtatgaccecgetatgtcggagtagecaggggtggga 197

M F TGSLKVKI GCEATDLRLTDC GCMTIRYV GV AGVSG 32
aaaggtcctcaagaccaaaccctggatccttacgtgacgetggaggtggacgaggtacactggaccaagacgcaggecccgacagaagaccttcacg 293
K G P Q@DQ@TLDPYVITLEVDEVHWTIKTAQ@ARGQKTEFT 64
cccatatggaacgagagctttgagcaagacgtgatgggegecgtccageteggectcaagatcttccatgactececgeggtcggcaacgatgactte 389
P I WNZESFEQDVMGAVOQLGLI K1 F HDSAVGNDDF 96

gtggeccgacgetteccttgetcttcgaggaaatatgtgecgagaaccagacccatgecgacatectgggtggacttagaacctcaggggaagetacat 485

VADASTILTILTFEETI CAEN THADTIWVDILEZPAGQGIKTLH 128
gtggtgattgaactaaaatgggcaccaccagaagatggaggecgtccgeccacgagaattcagggaacggecagggettcaaccggegacggggtegee 581

vVVI ELKWAPPEDS GGV RPREFRERI QGTFNR RIR RIR RS GA 160
atgaggaggcgggttcatcaggtcaatggtcacaaattcatggcaacgttcctacgacaacctacatcctgetecgecattgtcgagaattcatatgg 677

M RRRVHQVNGHI KT FEFMATT FEFLR RA QPTS S GCSHTE GCRTETFEFTIW 192
ggtctagggaaacaaggatatcaatgtcaagtatgtacttgegtagtccacaagecgetgecaccaatecggttgtcacacgatgteccgggaagecaag 773

G LGKAQGY@CGCAQ@V CTOCVVHIKRT CHA OSVVTRGEGCPSGS SK 224
agtgaaaccatcaatgaggaaccgtacagtccagggaagttgtcaaccacgattcaacgtcaatgtgeccacatcggttttctgttcactecctcaaa 869

S ETI NEEPYSPGKLSTTI Q@RQGATS SVFGCSLILK 256
cggtttacattctgtgaccattgtggectcattactttatggecttattecgtcagggtctccaatgtgaagtatgcaacatgaatgttcacaagaga 965

R FTFOGCDUH HTG GCGSTLLY GL I RQGLIGQCEVY CNMMNVHTEKR 288
tgccaaaagaatgtagccaacaattgtgggatagacgtaaaacagttatcagaaattctagccaccatgggtatacggeccccaagatgaageggec 1061

C Q K NVANNGGIDVKAOAQLSEILATMGTIRUPAOQOQDTEAA 320
aaacgcaagaagaagtctgttagtgagacaaggttatcatcggccaccgececctgttagtgtecccaggaatcatcggagaagtggaagteccaggt 1157

K R K KKSVSETWRLS S SATAPYVSVPGI I GEVEVZPSG 352
gaaatgaatgaggaagagctaagactaaggattgaagctcagecgtatcatggacaagaagatgaaggaacgectgtgcagaagaaggactagatgee 1253

EMNETETETLIRILIRIEAQRTI MDI KT KMKTERT GCATETETGTLDA 384
aagtcaaagccacacgatacttctttagatgtcatgcttggtgggaagaaggtagacctggatgacttctcattcattaaagtgecttggcaaagga 1349

K S KPHDT SLDVMLGG K KV DLUDTUDTFSF I |K V L G K G | 416
agttttggaaaagtaatgctagctgaactgaaagggacagatgaagtctatgccataaaggtgecttaagaaagatgtgatcctacaagatgatgat 1445
|S F G K VMLAELIKGTDEVYAI KVLKI KDV I L QDUDTD | 448
gtagaatgtacaatgactgagcggeggatcttagegatggectgeccaccaccecttectcactgecctecactecttgetttcaaaccaaggatega 1541
[VECTMTERRILAMAAHUHPFLTALUHSGCEFAQQTKTDR]|] 48
ttattctttgttatggaatatgttaatggtggcgacctaatgttccaaattcagaaggectcgcaagttcacagagtcacgtgcaagattttatgea 1637
| L FFVMEYVNSGGDILWMFAGQI Q K ARKTFTEZ SR RARTFYA | 512
gctgaggtcacgttggeccttacagttcctccataaaaatggtgttatttacagagatttgaagttagataatattctactagacagtgaaggacat 1733
| AAEV TLALAGQQFILHIKNSGVYVY I YRDILIKTLTUDNIULLUDTSTETSGH | 544
tgtaaaatagctgattttggtatgtgtaaggaaggcatcagggataatattacaacaaccaccttctgtggaacaccagattacattgecgecagag 1829
| Cc K1 ADFGMCGCKEGIR RDNITTTTEFG GCGTUPDY I APE | 576
attcttaaagagttggactatggtgcaagtgttgactggtgggcactaggagttctcatgtatgaaatgatggcaggacageccaccatttgagget 1925
| |l L K ELDYGASVDWWALGVLMYEMMAGA GPZPTFTEA | 608
gataatgaagatgatctctttgaatccatcctgcatgaagaagttttatatccagtgtggetttcaaaggaagcagtttctatactgaaagggttt 2021
| DNEDODL FES I LHEEVLY®PVWILSKEAVS I L KSGF | 640
atgacaaaggaaccatccaagecggttgggetgtgtcgecagagegtggaggagaattggecaattcgtaaccacaaattctteccgagagatagactgg 2117
|M T K EPS KRLGGCVAERUGGETLAIRNHIKTFFRETI DW | 672
gaggcccttgagcagecgcaaagttaaaccaccatttacacctaagataaagggacgtaaggatacagtcaactttgatgecgagtttactaaggaa 2213
|E AL EQRIKVKPPFT®PIKI KGRI KUDTVNTFDAETFTKE | 704
gagccaactctcacctttattaatgaagaagttgttcgtgctatcgaccaggacgagtttagaggattttcttttgttaatcgtgaatttaagtce 2309
|E P TLTF 1 NEEVVRAIDA GQDTETFIRSGFSF VN |R E F K S 736
atggcggectgecaccatgtcaaacctaagtgcaaatgcagcacagtacaaagtgetaaagtctecccaggaagettgatgtgecagactatatgagag 2405

M A A APCAOQT 744
gattctttagggaagaaagcaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 2454

Fig. 1. Nucleotide sequence and deduced amino acid sequence of Litopenaeus vannamei novel protein kinase C (LvnPKC). C2 domain in protein kinase C epsilon is
underline. Two phorbol esters/diacylglycerol binding domains (C1 domain) are shaded grey with black bold letter. Catalytic domain of the serine/threonine kinase is
in box.

3.3. Tissue distribution of LvnPKC in hypothermally stressed shrimp 30 min. In the real-time PCR study, the specific primer pair, Lv-Q-
nPKC1F and Lv-Q-nPKC1R, was used to amplify 112-bp fragments of
Tissue expressions of LvinPKC in various tissues of L. vannamei were cDNA from hemocytes, the hepatopancreas, gills, muscles, subcuticular

examined after transfer from 28 to 28°C and from 28 to 18°C for epithelium, intestines, abdominal nerve, thoracic nerve, brain,
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Litopenaeus vannamei
Zootermopsis nevadensis (n)
Daphnia magna (n)

Aplysia californica (n)
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Fig. 2. Phylogenetic tree for Litopenaeus vannamei novel
protein kinase C (LviPKC) and 22 other members of the PKC
family based on ClustalW alignment of amino acid sequences
including novel protein kinase C of L. vannamei (MF683955),
Daphnia magna (KZS12886), Zootermopsis nevadensis

(XP_021920016), Aplysia californica (AAA27771),
Caenorhabditis elegans (NP_001256396), Oryctolagus cuni-
culus (AAA31426), Mus musculus (BAA14288); classical
protein kinase C of Apis mellifera (NP_001128420),
Neogonodactylus oerstedii (AUC64088), Drosophila melanoga-
ster (AAA28817), Bos taurus (AAA30706), Rattus norvegicus
(alpha type, NP_001099183); atypical protein kinase C of
Macrobrachium rosenbergii (ARV85772), D. melanogaster
(NP_001036541), A. californica (NP_001191516), Danio rerio
(AAK91291), Rattus norvegicus (iota type, NP_114448),
Xenopus laevis (iota type, NP_001084068); different isoform
of PKC in Homo sapiens including epsilon type (NP_005391),
eta type (NP_006246), gamma type (NP_001303258), beta
type (NP_997700) and iota type (NP_002731) in Genbank.
The values for each internal branch determined by bootstrap
analysis with 1000 replications is based on the Neighbor-
joining method. The numbers at the nodes are bootstrap
values in percentage. (n), (c) and (a) represent novel, clas-
sical and atypical protein kinase C, respectively.

Caenorhabditis elegans (n)

100[ Oryctolagus cuniculus (n)

Homo sapiens epsilon (n)
94 Mus musculus (n)
100[ Homo sapiens eta (n)

Apis mellifera (c)

Neogonodactylus oerstedii (c)

Drosophila melanogaster (c)

Homo sapiens gamma (c)

Homo sapiens beta (c)

78 Bos taurus (c)
1 [

00L Rattus norvegicus alpha (c)

27 Macrobrachium rosenbergii (a)
‘-I: Drosophila melanogaster (a)

100 Aplysia californica (a)

Danio rerio lambda (a)
Xenopus laevis iota (a)

Homo sapiens iota (a)

84l Rattus norvegicus iota (a)

0.20

Table 2

The LvnPKC expression in different tissues of Litopenaeus vannamei exposed to
28°C and 18°C including eyestalks (E), stomach (ST), muscle (M), hepato-
pancrea (HP), intestine (I), heart (H), abdominal nerve (AN), gills (G), sub-
cuticular epithelium (SE), thoracic nerve (TN), brain (B), hemocyte (HC)
(n = 3). The relative expression of tissues detected with SYBR green real-time
PCR using a 2~ **“T calculation method are compared to hepatopancrea. Data
with different letters among tissues at the same temperature and with asterisk
between different temperatures in the same tissue significantly differ

18 °C showed significantly higher levels than the other tissues, respec-
tively (Table 2).

3.4. LynPKC expressions in hemocytes of shrimp challenged with V.
alginolyticus

Significantly increased LvnPKC expression was observed in hemo-
cytes of shrimp infected with 10° cfu shrimp~?! for 30 and 60 min re-

(p < 0.05). !
i vealing 1.3- and 1.6-fold changes or with 10°cfu shrimp™ ! for
Tissues/Temperature wc 18c 15minat a 1.4-fold change, compared to the control at each sampling
E 869.1 + 58.4 c* 3206.20 + 754.6 x time (Fig. 3).
ST 1498.3 * 367.1 b* 13.95 + 2.9y
M 1501.3 + 271.5 b* 5.93 + 2.4y 3 4 - i i X _—
HP 1.0 + 03 e 6.45 + 1.1y* Vibrio alginolyticus concentration (cfu shrimp-?)
I 2378.0 = 97.4 a* 9.92 = 09y S 0o |10 m10°
H 44.3 + 13.6 e* 13.32 = 1.5y a
AN 536.5 + 118.6 cd* 38.54 + 4.4y g
G 366.2 = 63.1 de* 101.31 + 12.8y g 21
N 9915 = 77.1 c* 5.43 = 13y °
B 438 + 149 78.42 *+ 10.0 y* .;
HC 2290.9 + 233.6 a* 11.93 + 1.2y o
SE 3435 + 68.2 de* 81.70 + 22.1y g 14
g
(-9
<
stomach, and heart, and (3-actin was used as a positive control. LvhPKC =
mRNA was widely distributed in all tissues of shrimp exposed to 28 °C. 0 T
Hypothermally stressed shrimp exhibited a significant increase in 0

LvnPKC expression in the brain, eyestalks, and hepatopancreas, and a
significant decrease levels in the stomach, muscles, intestines, heart,
abdominal nerve, gills, thoracic nerve, brain, hemocytes, and sub-
cuticular epithelium, compared to those transferred from 28 to 28 °C.
LvnPKC expression in intestines and hemocytes of shrimp transferred
from 28 to 28°C and in the eyestalk of those transferred from 28 to

Time elapsed (min)

Fig. 3. Litopenaeus vannamei novel protein kinase C (LvnPKC) expression in
hemocytes of shrimp injected with 0, 10 and 10° cfu shrimp ~! of Vibrio algi-
nolyticus for 0, 15, 30 and 60 min. Each bar represents the mean value from 6
shrimp with the standard error. Bars with different letters significantly differ
(p < 0.05) among treatments.

595



Z.-W. Chang and C.-C. Chang

15 o

0.5 o

Relative gene expression of LGBP
=

Initial control DEPC-H,0  GADPH-dsRNA LvnPKC-dsRNA

Treatments

1.5 +

0.5 o

Relative gene expression of a2-M
=Y

0
Initial control DEPC-H,0 GADPH-dsRNA LvnPKC-dsRNA
Treatments

2 -
o
o
o
2 15
.
o
c
o
F]
g 17
o
x
[}
@
c
& 0.5 1
[
g b
2
o
3 h
€ g

Initial control ~ DEPC-H,O  GADPH-dsRNA LvnPKC-dsRNA

Treatments

Fish and Shellfish Immunology 87 (2019) 590-599

15

0.5

Relative gene expression of ppAE

ch_

DEPC-H,0  GADPH-dsRNA LvnPKC-dsRNA

Initial control

Treatments

1.5 o

0.5 o

Relative gene expression of PE
[y

Initial control ~ DEPC-H,0  GADPH-dsRNA LvnPKC-dsRNA

Treatments

1.5 »

0.5 «

Relative gene expression of proPOIl

Initial control ~ DEPC-H,O  GADPH-dsRNA LvnPKC-dsRNA
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Fig. 4. Lipopolysaccharide- and B-glucan-binding protein (LGBP) (A), prophenoloxidase activating enzyme (ppAE) (B), and a2-macroglobulin (a2-M) (C), perox-
inectin (PE) (D), prophenoloxidase I (proPOI) (E), proPOII (F), gene expression in hemocytes of Litopenaeus vannamei after receiving DEPC-H,0, glyceraldehyde-3-
phosphate dehydrogenase dsRNA (dsGAPDH), and dsLvnPKC for 1 day. Statistical descriptions are the same as those in Fig. 3.

3.5. Immune gene expressions in hemocytes of LynPKC-silenced shrimp

In all the immune gene expression assessments, there was no sig-
nificant difference among the initial control, DEPC-H,0, and GADPH-
dsRNA treatments. Expressions of genes involved in the proPO system,
including LGBP, ppAE, PE, proPOI, and proPOII significantly decreased
in LvnPKC-silenced shrimp compared to those in the initial control or
those injected with DEPC-H,0 and GADPH-dsRNA (Fig. 4A-F). In the
antioxidant system of LvnPKC-silenced shrimp, cytMnSOD and
mtMnSOD expressions had significantly decreased by 0.30- and 0.31-
fold, respectively, compared to those injected with DEPC-H,O (Fig. 5A
and B). The antimicrobial agent, lysozyme, revealed significant de-
creases in LvnPKC-silenced shrimp compared to the other treatments
(Fig. 6).
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4. Discussion

The PKC family of serine/threonine kinases can be subdivided into
three groups including classical isotypes (calcium and diacylglycerol
dependent), novel isotypes (calcium independent and diacylglycerol
dependent), and atypical isotypes (nonresponsive to diacylglycerol)
[4]. A receptor for activated PKC (RACK), required in protein-protein
interactions between each activated isozyme and a specific, isozyme-
selective anchoring protein, must be involved in targeting activated
PKCs and other signaling proteins and in localization of each activated
PKC isozyme [38], which possesses diverse functions including in cell
signaling pathways, cell development, cell growth, cell adhesion and
movement, and immune responses [39]. In L. vannamei, RACK1 was
identified and found to be involved in immune defense and signaling
transduction in hemocytes, when they were infected with V. alginoly-
ticus [30]. In the present study, a potential PKC isotype possessing a
phorbol ester/diacylglycerol-binding domain (Cl1 domain), a C2



Z.-W. Chang and C.-C. Chang

1.5

0.5

Relative gene expression of cytMnSOD
-

Initial control ~ DEPC-H,O  GADPH-dsRNA LvnPKC-dsRNA

Treatments

Fish and Shellfish Immunology 87 (2019) 590-599

2
a B
[e]
a
c
215
£
“
o
c
2
e 1
[
=
=)
X
a
[
c 05
[
&0
o
2
=
o HEH
v O
e Initial control ~ DEPC-H,O0  GADPH-dsRNA LvnPKC-dsRNA
Treatments

Fig. 5. Cytosolic manganese superoxide dismutase (cytMnSOD) (A) and mitochondrial (mt)MnSOD (B) expression in hemocytes of Litopenaeus vannamei after
receiving DEPC-H,0, glyceraldehyde-3-phosphate dehydrogenase dsRNA (dsGAPDH), and dsLvnPKC for 1 day. Statistical descriptions are the same as those in Fig. 3.
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Fig. 6. Lysozyme expression in hemocytes of Litopenaeus vannamei after re-
ceiving DEPC-H,O, glyceraldehyde-3-phosphate dehydrogenase dsRNA
(dsGAPDH), and dsLvnPKC for 1 day. Statistical descriptions are the same as
those in Fig. 3.

domain, and a catalytic domain of the serine/threonine kinase was
isolated from hemocytes of L. vannamei as LviPKC, which shared 52.7%
similarity with the epsilon type of PKC (nPKC) of H. sapiens. Further-
more, in a phylogenic analysis, LvnPKC was found to be involved in a
group of nPKCs, and similar to those in invertebrates. These results
suggested that LvnPKC possessed well-preserved catalytic and reg-
ulatory domains revealed in nPKCs of vertebrates or invertebrates, in-
dicating the potential function in mediating signaling pathways of
physiological and immunological responses.

In the assessment of tissue distribution, LvhPKC was detected in all
tested tissues in shrimp exposed to 28 or 18 °C, and those in the eyestalk
at 18 °C treatment and intestines and hemocytes at 28 °C treatment
were significantly higher than levels in other tissues. Furthermore, ex-
cept to eyestalk, hepatopancreas and brain, when L. vannamei was ex-
posed to hypothermal stress, LvnPKC expressions in the other sampled
tissues significantly decreased compared to those at 28 °C. These results
implied that LvnPKC possesses a dual role in mediating signaling
pathways against a stressful environment; however, its role in reg-
ulating physiological or immunological responses remains largely un-
known. Interestingly, in the present study, significantly upregulated
LvnPKC expressions were observed in the eyestalk, hepatopancreas, and
brain of hypothermally stressed shrimp in the meantime. In decapods,
the crustacean hyperglycemic hormone (CHH, a neuropeptide), which
is synthesized, stored, and released in the brain and eyestalk, partici-
pates in several mechanisms including glucose level regulation
[40-42]. The hyperglycemic effect of CHH secreted from eyestalk is
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correlated with glycogenolysis primarily in hepatopancrea [43,44].
Those results suggested that upregulation of LvnPKC in the eyestalk,
brain, and hepatopancreas of hypothermally stressed shrimp might be
part of the induction of stress responses to hyperthermia. Redundancy
of function in different isotypes of PKCs in various tissues hampered the
identification of definitive roles of individual family members, and
therefore, to highlight the essential non-redundant roles of LvinPKC in
different systems necessarily should be clarified in future studies.

In the present study, within 60 min of V. alginolyticus being injected
into L. vannamei, LvnPKC expression was upregulated in hemocytes,
and the increased expression in those receiving a high challenge dosage
occurred earlier than with a low dose. Lipopolysaccharides (LPS) are
found in the outer membrane of gram-negative bacteria. In mammalian
macrophages, PKC was suggested to respond to LPS challenge [45,46],
and in mollusks, Walker and Plows [47] reported an LPS-mediated PKC
pathway in molluscan immune cells (hemocytes). In response to pa-
thogenic stimulation, extracellular traps (ETs) are formed to trap in-
vading pathogens and then kill them extracellularly by vertebrate im-
mune cells [48] or L. vannamei hemocytes [19]. Ng et al. [19] reported
that ET formation was strongly stimulated by PMA by activating the
PKC signal pathway in a dose-dependent manner in hemocytes of L.
vannamei. Those results indicated that V. alginolyticus inducing LvnPKC
expression in hemocytes play crucial roles in mediating shrimp cellular
defense against invading pathogens.

In a review, Amparyup et al. [49] stated that the proPO-activating
system as a non-self-recognition system participates in innate immune
responses accompanying cellular responses via hemocyte attraction and
induces phagocytosis, melanization, cytotoxic reactant production,
particle encapsulation, and the formation of nodules and capsules, and
these therefore revealed that cellular defense plays an important role in
crustacean immunity. In invertebrates, phagocytosis is a process carried
out by hemocytes (phagocytes) that have the capacity to recognize and
ingest non-self molecules, such as bacteria, spores, or senescent cells of
the organism itself; this process had been preserved during evolution as
a precursor of vertebrate innate immunity [50]. PKCs in macrophages
were reported to mediate cell adhesion and spread, phagocytosis, and
the production of reactive oxygen/nitrogen intermediates in mammals
[14-17]. Castrillo et al. [17] reported that PKCe, a novel PKC, was
critically involved at an early stage of LPS-mediated signaling in acti-
vated macrophages of mice, and an increased incidence of mortality
was observed in mice deficient for PKCe against bacterial infection. In a
review, Ramos Martinez et al. [10] stated that in molluscan hemocytes,
phagocytosis, activation of respiratory bursts, and synthesis of anti-
microbial peptides employed protein phosphorylation/depho-
sphorylation as a mechanism to transmit information between different
cellular compartments to elicit distinct physiological responses, im-
plicating the roles of PKC enzymatic activities. RACK1, an anchoring
protein as a receptor for activated PKC, was identified in L. vannamei,
and was claimed to potentially be involved in cellular immunity
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signaling transduction [30]. To clarify the roles of LvnPKC in signaling
pathways of immune modulation, hemocytes from LvnPKC-silenced
shrimp were further applied in the present study.

In L. vannamei, Phupet et al. [51] reported that LGBP functioned as a
pattern recognition receptor to recognize microbial pathogens to acti-
vate shrimp immune defense against invading pathogens through the
agglutination, binding, enhancing encapsulation and the activation of
PO activity in proPO system in the hemocytes. After binding to the li-
gands, LGBP engages in activation of the proPO system that plays a
prominent role in non-self recognition, hemocyte communication, and
melanin production. Following activation, hemocytes are degranulated
and release granules containing proPO, which is converted to its active
form as PO by a serine proteinase (also termed ppAE) [52]. In addition,
PE, a protein associated with the proPO system for mediating hemocyte
attachment and spread, is a multifunctional protein and is essential in
crustacean cellular defense reactions for enhancing encapsulation
[53,54]. The alpha-2-macroglobulin, a broad range serine proteinase
inhibitor, regulating the proPO-activating system in L. vannamei [55]
showed no significant difference on gene expression in hemocytes of
LvnPKC silenced shrimp in the present study. These might indicate that
alpha-2-macroglobulin was not regulated through LvnPKC. The sig-
nificantly reduced LGBP, ppAE, PE, proPOIl, and proPOII expressions
involving in the proPO-activating system were detected in hemocytes of
LvnPKC-silenced shrimp, which implied that the proPO system in he-
mocytes was modulated through LvnPKC. Furthermore, the obvious
decrease of lysozyme expression in hemocytes of LvnPKC-silenced
shrimp was also investigated. These indicated that not only proPO
system but also lysozyme in hemocytes of L. vannamei might be regu-
lated via LvnPKC. Xie et al. [56] reported that in L. vannamei, LPS in-
duced an increase in degranulation and extracellular PO activity as well
as a decrease in intracellular PO activity, all of which were mediated
through a PKC signaling pathway. Lysozyme were found to be released
within semigranular and granular hemocytes in many marine in-
vertebrates following a process of degranulation of hemocytes during
the immune response [57,58], and then they assist in breaking down
foreign materials through membrane destabilization [59-61]. These
studies implied that proPO system, lysozyme and/or degranulation
might be modulated through PKC pathway. Direct evidence of the re-
lation between LvnPKC and degranulation in hemocytes should be
clarified in future studies.

SODs, including iron (Fe)SOD, MnSOD, and copper/zinc (Cu,Zn)
SOD, are classified depending on the metal content [62], and are es-
sential antioxidant enzymes that rapidly eliminate reactive oxygen
species (ROS) and reactive oxygen intermediates (ROIs) resulting from
oxidative stress or during defense reactions in oxygen-respiring organ-
isms [63]. In human lung adenocarcinoma cells, the tumor-promoting
TPA and tumor necrosis factor (TNF)-a were implicated in stimulating
expression of the mitochondrial manganese-dependent isoform of SOD
(MnSOD) mediated through PKC signaling pathways [64]. Cell sig-
naling in oxidation and activation through PKC was reviewed by Co-
sentino-Gomes et al. [65]. In the present study, cyMnSOD and
mtMnSOD expressions significantly decreased in hemocytes of LvihPKC-
silenced shrimp, and these results implied that LvnPKC plays an im-
portant role in mediating oxidation to maintain homeostasis.

In conclusion, a potential PKC isotype containing the classical
phorbol ester/diacylglycerol-binding domain (C1 domain), C2 domain,
and catalytic domain of the serine/threonine kinase was cloned from L.
vannamei termed LvnPKC, sharing similarity with novel PKCs in ver-
tebrates and invertebrates. LvnPKC expression in eyestalks, hepato-
pancreas, and brain of shrimp exposed to hypothermal stress sig-
nificantly increased, and those in stomach, muscle, intestines, heart,
abdominal nerve, gills, thoracic nerve, hemocytes, and subcuticular
epithelium significantly decreased. In addition, LvihPKC expression in
hemocytes of shrimp injected with V. alginolyticus at 10° cfu shrimp ~*
was significantly elevated earlier than those at 10°cfu shrimp .
Moreover, after silencing LvnPKC in hemocytes, the downregulated
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proPO system- and antioxidant system-related genes as well as lyso-
zyme were investigated. These results suggest that LvnPKC is crucially
involved in shrimp immunity against invading pathogens and hy-
pothermal stress, and plays an important role in mediating the proPO
and antioxidant systems.
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