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A B S T R A C T

Hemocyanin, a multifunctional oxygen-carrying protein, has critical effects on immune defense in crustaceans.
To explore the role of hemocyanin in anti-pathogen mechanism, effects of Vibrio harveyi (V. harvey) and
Staphyloccocus aureus (S. aureus) on hemocyanin synthesis and innate immune responses were investigated in
Litopenaeus vannamei (L. vannamei) during infection in vivo. Results showed that 105 and 106 cells mL−1 V.
harveyi and 106 cells mL−1 S. aureus significantly affected plasma hemocyanin concentration, hepatopancreas
hemocyanin mRNA and subunits expressions, plasma phenol oxidase (PO), hemocyanin-derived PO (Hd-PO),
antibacterial, and bacteriolytic activities during the experiment under bacterial stress, while these parameters
did not change remarkably in control group. The concentration of hemocyanin in plasma fluctuated, with a
minimum at 12 h and a maximum at 24 h. Moreover, the expression of hemocyanin mRNA peaked at 12 h, while
the level of hemocyanin p75 and p77 subunits reached maximum at 24 h. Besides, plasma PO and Hd-PO ac-
tivities peaked at 24 h, and antimicrobial and bacteriolytic activities peaked at 12 h and 24 h, respectively. In
addition, 105 cells mL−1 S. aureus had no significant effect on the synthesis of hemocyanin and prophenoloxidase
activating (pro-PO) system, but significantly increased antimicrobial activity at 12 h and bacteriolytic activity at
24 h. Therefore, these results suggest that the hemocyanin synthesis was initiated after invasion of pathogen, and
the newly synthesized hemocyanin, acted as an immune molecule, can exerts PO activity to regulate the immune
defense in L. vannamei in vivo.

1. Introduction

As a result of invertebrates lack an adaptive immune system, they
mainly rely on innate immunity to resist the invasion of pathogenic
microorganisms [1,2]. It is generally cognized that there are two dis-
tinct pathways for innate immunity in invertebrates: cellular defense
pathway and humoral defense pathway [3,4]. Hemocyanin, a critical
non-specific immune molecule in humoral defense pathway, is one of
the three respiratory functional proteins (hemerythrins, hemoglobins
and hemocyanins) that can bind with metal ions and act as affinity
oxygen carriers, which has a variety of physiological functions in-
cluding oxygen transportation, metal carrier, storage protein, regula-
tion melanin synthesis, and immune functions [5–9]. Recently, more
and more scholars have begun to focus on the immune function of
hemocyanin.

Invertebrate hemocyanin, which accounts for more than 90% of
total hemolymph protein, is a copper-containing respiratory protein

that has an important effect on immune function [10–12]. Studies have
shown that hemocyanin can exert immune function by influencing
phenoloxidase (PO) activity [13,14], antimicrobial activity [7,15], an-
tiviral activity [16], agglutination activity [17], and hemolytic activity
[18]. For example, several reports showed that hemocyanin exhibits PO
activity both in vivo and in vitro in crustaceans, such as Kuruma prawns
(Penaeus Japonicus) [19], Limulus Polyphemus [20,21], Panulirus Argus
[22], Erimacrus isenbeckii [23], and Litopenaeus vannamei (L. vannamei)
[13]. Besides, crustacean hemocyanin subunits including p73, p75, and
p77 subunits have been shown to function in anti-pathogenic bacteria
[16,24,25]. Zhang et al. reported that p73 and p75 subunits of hemo-
cyanin from Penaeus monodon have antibacterial activity [16]. In ad-
dition, they also found that hemocyanin p75 and p77 subunits in the
serum of L. vannamei could be directly combined with pathogenic
bacteria in vitro [24]. However, the information on how hemocyanin
subunits of crustaceans exert their immune functions in vivo under
bacterial stress is still limited.
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There have been many reports on the immune response and viru-
lence in crustaceans under the pressure of pathogens, especially re-
garding the prophenoloxidase activating system (pro-PO system)
[26–29]. It is well known that pro-PO system is an important innate
immune defense cascade system in invertebrates of non-self-recogni-
tion, which can be activated by slight components of microorganism
cell walls, such as LPS and β-1,3-glucans, and are mediated by pattern
recognition protein [30–35]. Therefore, pro-PO system is very im-
portant to defend against pathogen invasion, especially for pathogenic
microorganisms in crustaceans. Besides, as mentioned earlier, hemo-
cyanin is a vital immune protein that is related to the anti-pathogen
process under bacterial stress and also exhibits PO activity induced by
endogenous or exogenous substances in crustaceans [36–40]. However,
the relationship between hemocyanin and pro-PO system and how they
regulate the immune defense of crustaceans remain unclear. In addi-
tion, many studies are relatively simple, generally focusing on the
change in hemocyanin gene expression and hardly on its comprehen-
sive synthesis including gene, subunit and protein level under bacterial
stress. Thus it is necessary to further investigate the synthesis and im-
mune function of hemocyanin under pathogen invasion.

White shrimp, L. vannamei, has been a worldwide aquatic animal
with important economic benefits in the Asia-Pacific area [41]. In re-
cent years, however, the large-scale massive outbreaks of diseases have
seriously affected the shrimp farming [42]. At present, the major pa-
thogens of L. vannamei included Vibrio alginolyticus, Vibrio harveyi (V.
harvey), Vibrio parahaemolyticus and so on, causing significant losses in
aquaculture industry [43–45]. Therefore, increasing attention has been
paid to the regulation of immune defense in shrimp. To the best of our
knowledge, studies on the immune defense mechanism of hemocyanin
under bacterial stress are limited. In the present study, we investigated
effects of different bacteria (Gram-negative pathogen V. harveyi and
Gram-positive non-pathogen Staphyloccocus aureus, S. aureus) on he-
mocyanin synthesis and immune response of white shrimp L. vannamei,
in order to: (1) acquire a better understanding of how did hemocyanin
synthesis involve in the white shrimp immune defense against pathogen
aggression; (2) lay a theoretical foundation for the innate immunity of
shrimp to the pathogenic mechanism of V. harveyi infection.

2. Materials and methods

2.1. Experimental animals

The L. vannamei were purchased from a shrimp breeding farm in
Shazikou Town, Qingdao. The shrimps including males and females had
average body length of 10.8 ± 1.2 cm and an average body weight of
15.7 ± 2.3 g, acclimated one week in tanks (50 cm×60 cm×40 cm),
containing aerated filtered sea water (salinity 34, pH 8.0) with an air
pump at 22.9 ± 0.5 °C before formal experiment. Apparently healthy
(physical integrity without injury, normal color and good viability) and
intermolt stage shrimps were used during the experiment, which were
identified by examining the uropod in which partial retraction of the
epidermis could be distinguished. Water was changed twice a day about
3−1 volume of the tank and the shrimp-oriented compound feed was
given during the acclimation period until 48 h before the experiment.
All the experiments were following the guidelines on animal experi-
ments of Ocean University of China.

2.2. Preparation of stress bacteria

Bacterial suspensions for V. harveyi and S. aureus (obtained from the
Laboratory of Pathology and Immunology of Aquatic Animals, Ocean
University of China) were prepared with conventional method. They
were cultivated on trypsin soy broth (TSB) solid medium and soy broth
solid nutritional medium overnight at 37 and 28 °C. The suspensions
were obtained by dip washing the bacteria gently with shrimp saline
solution (SSS, 50mM NaCl, 10mM KCl, 10mM HEPES, pH 7.3), and

then concentrations of the two bacterial suspensions were adjusted to
105 cells mL−1 and 106 cells mL−1, respectively.

2.3. Experimental design and sampling

The experiment had five treatment groups: SSS injection group
(control group), 105 cells mL−1 V. harveyi injection group (group I),
106 cells mL−1 V. harveyi injection group (group II), 105 cells mL−1 S.
aureus injection group (group III) and 106 cells mL−1 S. aureus (group
IV), with each treatment group having 3 parallel tanks. 375 shrimps
including males and females were randomly allocated to 15 tanks (25
shrimps per tank). The injection was carried out on the telson muscle of
the shrimp with bacterial suspension volume of 50 μL shrimp−1. The
shrimps were no death during the experiment and were sampled at 0,
12, 24, and 48 h after injection, accordingly. Hemolymph and hepato-
pancreas were sampled from 5 shrimps at every sampling time-point in
each tank (15 shrimps/group).

Hemolymph was collected from the cardiocoelom at the posterior
margin of carapace from L. vannamei with a medical sterile 5th needle
and syringe of 1mL. Before the hemolymph drawing, 0.3mL improved
pre-cooling anticoagulant of L. vannamei (0.34M NaCl, 0.01M KCl,
0.01M EDTA-Na2 and 0.01M HEPES, pH 7.45 and 780 mOsm. kg−1)
was pumped into the syringe [46]. The hemolymph was collected with
a 1:1 ratio to the anticoagulant. 1.0 mL hemolymph was pipetted in
Eppendorf tube and centrifuged at 800 g for 10min (4 °C), and then the
blue supernatant was collected into a new tube and stored as plasma
sample at −80 °C. Hepatopancreas were flash frozen in liquid nitrogen
and stored at −80 °C.

2.4. Plasma hemocyanin concentration assay

The concentration of hemocyanin was investigated as previously
described with a little modification [47,48]. Briefly, 30 μL of the
thawed plasma sample was pipetted into a 96-well ELISA plate, and
then 270 μL of distilled water was added into the same well with the
microplate reader shaking for a while to avoid the formation of little
bubbles. Afterwards, the OD335 nm value of the plasma sample was read
and recorded, and hemocyanin concentration could be calculated by
the following formula: E335 nm (mg mL−1)= 2.3×OD335 nm (E re-
presents hemocyanin concentration, 2.3 is the extinction coefficient of
hemocyanin for mg mL−1).

2.5. Hemocyanin mRNA expression in hepatopancreas

Total hepatopancreas RNA was extracted following instructions of
Trizol® (Invitrogen™). The quantity of RNA was determined using
electrophoresis with 1% agarose and the optical density absorption
ratio at wavelengths of 260 nm and 280 nm were assayed by nucleic
acid and protein detector (Ultrospec 2100 pro). The high-quantity RNA
with A260 nm•A280 nm

−1 equaling 1.8–2.0 and A260 nm•A 230 nm
−1> 2.0

was used for cDNA synthesis. Then, the cDNA was synthesised using the
PrimeScript™ RT Reagent Kit (Takara, Dalian, China).

Relative expression of hemocyanin gene (GenBank: X82502) was
studied with β-actin gene (GenBank: AF300705) as the internal re-
ference. The forward and reverse primers of hemocyanin and β-actin
genes were designed by Primer premier 5.0 and Oligo 6, and synthe-
sized by Sangon Biotech Ltd (Shanghai). Primers sequences were listed
in Table 1 and PCR procedures were used as previously described [49].
The annealing temperature Tm was 53.0 °C for hemocyanin gene or
60.3 °C for β-actin gene. After PCR, the product was electrophoresed
with 1% agarose. Then the gel was observed and photographed under
UV with the electrophoresis imager (Peiqing JS-680D) and then the
gray levels of PCR product bands were determined semi-quantitatively
using the bands analyzing software AlphaEaseFC with the relative gray
value of hemocyanin gene, i.e. the ratio of gray value from hemocyanin
gene fragment to gray value of β-actin gene fragment designated as the
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expression level of hemocyanin mRNA. Moreover, the expression of
hemocyanin gene in hepatopancreas was also detected by real-time
quantitative PCR (qPCR), and the primers are shown in Table 1 and the
PCR procedures were used as Zhang et al. described [50]. This study
used β-actin (Primers: β-actin-qF, β-actin-qR; Table 1) as the reference
gene. For all standard curves, the primer amplification efficiencies of
genes were 98.3 and 99.1%, and R2 were 0.975 and 0.992, respectively.
The hemocyanin gene were normalized to the reference gene and ex-
pression level was compared with the relative Ct method [51].

2.6. Hemocyanin p75-subunit and p77-subunit levels in hepatopancreas

The total hepatopancreas protein extraction was also strictly carried
out according to instructions of Trizol® (Invitrogen™). The concentra-
tion of total hepatopancreas protein was assayed according to dye
binding method from previous investigation (Bradford 1976) and then
the levels of subunits from hemocyanin (p75 and p77) were determined
by SDS-PAGE using the same buffer system as investigated [52]. Protein
samples (60 μg total protein of hepatopancreas) were electrophoresed
with 3% stacking gel and separated with 12% gel. After SDS-PAGE, the
gel was dyed with 0.025% Coomassie Brilliant Blue (CBB) R-250 and
then destained until the background was transparent and the target
protein bands (p75 and p77) were clear enough in the gel. Eventually,
the gel was photographed and saved under the electrophoresis imager
(Peiqing JS-680D) and then the gray levels of target protein bands were
determined by using the bands analyzing software AlphaEaseFC.

2.7. Hemocyanin-derived PO activity assay

Hemocyanin is a hexamer composed of 70–80 kDa heterologous
subunits with the approximate molecular weight of 450 kDa [53]. The
assay of hemocyanin-derived PO (Hd-PO) activity in plasma was de-
termined and modified as preciously described [22]. Native-PAGE
method was adopted and 4-methyl catecholamine was used as the
substrate PO activity. Protein concentrations of plasma samples were
assayed by Bradford's method. Plasma samples were taken for Native-
PAGE electrophoresis (3% stacking gel; 5% separating gel). After the
electrophoresis, the gel was dyed with 10mM 4-methyl catecholamine
(0.3% MBTH and 25% ethanol) in the dark overnight. When the gel was
colored to the fullest, the gel was scanned and photographed with Gel
Imagining System (JS-680D, Peiqing). Then, the gel was dyed with
0.025% CBB R-250, decolored with 10% acetic acid till the gel back-
ground became transparent and the protein bands became clear en-
ough. Similarly, the gel was scanned and photographed with Gel Ima-
gining System. The gray value of target protein bands in the
electrophoretogram were analyzed by the software AlphaEaseFC and
the change of Hd-PO activity was recorded as the change of the gray
value of target protein bands (about 450 kDa) in the electro-
phoretogram.

2.8. Plasma immune parameters assay

PO activity was assayed spectrophotometrically on the formation of

dopachrome from L-DOPA as previously described and modified further
[54]. 100 μL of plasma sample and 100 μL of L-DOPA (3mgmL−1) were
added into a 96-well ELISA plate and the plate was put into the mi-
croplate reader and shaken for several seconds, and next OD490 nm was
read and recorded at an interval of 110 s 15 times altogether. The ab-
sorbance of blank control was assayed with 100 μL SSS instead of
100 μL plasma sample. One unit of PO activity was defined by the in-
crease of 0.001 in OD490 nm minute−1 mL−1 plasma.

Antibacterial and bacteriolytic activities of plasma were assayed as
previously described [32,55–57]. Shrimp pathogenic bacteria V. harveyi
were used for antibacterial activity, and the bacteria Micrococcus lyso-
leikticus for bacteriolytic activity. In brief, antibacterial and bacter-
iolytic activities were determined as follows: 300 μL bacterial suspen-
sion and 10 μL plasma sample were pipetted into 96-well ELISA plate
and the plate was put into microplate reader and shaken for a little
while, and OD570 nm was read and recorded as A0. Then the plate was
incubated in the microplate reader in dark at 37 °C for 30min and
OD570 nm was read and recorded as A. In order to eliminate the inter-
ference of hemocyanin, the absorbance of blank plasma control was
assayed with 10 μL 0.1M PSB (pH 6.4) instead of 10 μL plasma sample
to revise A0 and A. Antibacterial (Ua) and bacteriolytic (UL) activities
were calculated from the following equations respectively:

= −U (A0 A)/Aa

UL=(A0-A)•A−1

2.9. Statistical analysis

All data were expressed as mean ± SD and carried out via ANOVA.
Supposing that significance differences were figured out at P < 0.05
level, the Duncan Multiple Range test were employed to recognize
significant differences among the different treatment groups at the
same time point. All measurements were made in triplicate and all data
were analyzed using SPSS software, Version 21.0 (Chicago, IL, USA).

3. Results

3.1. Effects of bacterial stress on the concentration of hemocyanin in plasma
of L. vannamei

The changes in plasma hemocyanin concentration of experimental
infected shrimps are shown in Fig. 1. The results showed that hemo-
cyanin concentration was significantly decreased in 105 and 106 cells
mL−1 V. harveyi groups (Group I and Group II) at 12 h in a dose-de-
pendent manner, but those changes were reversed at 24 h and re-
covered to the control level at 48 h (P < 0.05, Fig. 1). Similarly,
106 cells mL−1 S. aureus (Group IV) obviously reduced the concentra-
tion of hemocyanin in plasma after 12 h stress, while remarkably up-
regulated after 24 h injection and returned to the control level
(P < 0.05, Fig. 1). There was no significant change in the concentra-
tion of hemocyanin in 105 cells mL−1 S. aureus group (Group III)
compared to the control group (Fig. 1).

3.2. Effects of bacterial stress on the expression of hemocyanin mRNA in
hepatopancreas of L. vannamei

The effect of bacterial stress on the expression of hemocyanin mRNA
in L. vannamei hepatopancreas was detected by semi-quantitative
method. The results showed that 105 and 106 cells mL−1 V. harveyi
(Group I and Group II) and 106 cells mL−1 S. aureus (Group IV) re-
markably increased the mRNA level of hemocyanin at 12 h and 24 h as a
dose-dependent pattern in hepatopancreas of L. vannamei, and then
recovered to stable level at 48 h (P < 0.05, Fig. 2A–C). In addition,
105 cells mL−1 S. aureus group (Group III) had no significantly effect on

Table 1
The sequences of primers of hemocyanin and β-actin gene.

Primer name Primer sequence (5′ to 3′) Product length (bp)

hemocyanin-F CCCTTCTGGTGGAATGAT 445
hemocyanin-R CAATATGGGCAGTGTTATGT
β-actin-F GCCCAGAGCAAGCGAGGTAT 439
β-actin-R CGGTGGTCGTGAAGGTGTAG
hemocyanin-qF TTTGCTCCCCACACCACTT 172
hemocyanin-qR TGTGTTTGCCCTCACTGTCA
β-actin-qF TGGACTTCGAGCAGGAGATG 138
β-actin-qR GGAATGAGGGCTGGAACAGG

L. Pan, et al. Fish and Shellfish Immunology 93 (2019) 659–668

661



the expression of hemocyanin compared to the control group during the
experiment (Fig. 2A–C). Moreover, the results of relative expression of
hemocyanin by qPCR showed similar pattern with that of semi-quanti-
tative results. V. harveyi significantly increased the expression of

hemocyanin at 12 h and 24 h in a dose-dependent pattern (Fig. 2 D).
Furthermore, S. aureus remarkably increased the expression of hemo-
cyanin mRNA at 12 h and 24 h on the concentration at 106 cells mL−1,
which has no significant difference compared to 105 cells mL−1 V.

Fig. 1. Effects of V. harveyi and S. aureus infection
on hemocyanin concentration in infected L. van-
namei plasma. Comparisons were made among the
control group (uninfected), Group I (105 cells
mL−1 V. harveyi challenged), Group II (106 cells
mL−1 V. harveyi challenged), Group III (105 cells
mL−1 S. aureus challenged) and Group IV
(106 cells mL−1 S. aureus challenged). Data
(mean ± SD) at the same exposure time marked
with different letters are significantly different
(P < 0.05).

Fig. 2. Agarose gel electrophoresis (AGE) analysis
of hemocyanin and β-actin genes fragments in in-
fected L. vannamei hepatopancreas (A: AGE ana-
lysis for hemocyanin gene; B: AGE analysis for β-
actin gene). M: Molecular weight marker of DNA;
C: Control group (uninfected); I, II, III, IV: Group I
(105 cells mL−1 V. harveyi challenged), Group II
(106 cells mL−1 V. harveyi challenged), Group III
(105 cells mL−1 S. aureus challenged), Group IV
(106 cells mL−1 S. aureus challenged); 0, 12, 24,
and 48 h: Time post infection. C: Effects of V.
harveyi and S. aureus infection on relative expres-
sion of hemocyanin mRNA in infected L. vannamei
hepatopancreas by semi-quantitatively PCR. D:
Relative expression of hemocyanin mRNA in in-
fected L. vannamei hepatopancreas by qPCR. Data
(mean ± SD) at the same exposure time marked
with different letters are significantly different
(P < 0.05).
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harveyi group (Fig. 2 D).

3.3. Effects of bacterial stress on the protein expression of hemocyanin
subunits in hepatopancreas of L. vannamei

In this study, V. harveyi and high dose of S. aureus significantly af-
fected the expression of hemocyanin subunits (p75-subunit and p77-
subunit) in L. vannamei hepatopancreas. The protein level of hemo-
cyanin p75-subunit increased significantly in a concentration-depen-
dent pattern after 12 h and 24 h of V. harveyi injection (Group I and
Group II), and it returned to the control group level at 48 h (P < 0.05,
Fig. 3 A, B). However, the level of hemocyanin p75-subunit only in-
creased remarkably at 24 h after S. aureus stress (Group III and Group
IV) in a dose-dependent manner, but did not fluctuate significantly at
12 h and 48 h (P < 0.05, Fig. 3 A, B). In contrast, 105 and 106 cells
mL−1 V. harveyi and S. aureus significantly upregulated the protein
level of hemocyanin p77-subunit at 24 h, while only 106 cells mL−1 V.
harveyi (Group II) significantly increased hemocyanin p77-subunit at
12 h (P < 0.05, Fig. 3 A, C). The protein level of hemocyanin p77-
subunit returned to the stable level at 48h in each treatment group
(Fig. 3 A, C). In addition, the expression of hemocyanin p75-subunit
and p77-subunit protein did not change significantly throughout the
experiment in the control group (Fig. 3A–C).

3.4. Effects of bacterial stress on plasma PO and hemocyanin-derived PO
(Hd-PO) activities in L. vannamei

To explore the relationship between hemocyanin and pro-PO system
under bacterial stress, this study investigates the plasma PO activity and
Hd-PO activity after 105 and 106 cells mL−1 V. harveyi and S. aureus
injection. The results showed that 106 cells mL−1 V. harveyi (Group II)
significantly increased plasma PO activity at 12 h, while plasma PO
activity enhanced significantly in dose-dependent manner after 24 h of
V. harveyi (Group I and Group II) injection (P < 0.05, Fig. 4). In ad-
dition, plasma PO activity was also remarkably upregulated at 24 h
when L. vannamei was stressed by 106 cells mL−1 S. aureus (Group IV),
but it was lower than that of V. harveyi groups (Group I and Group II;
P < 0.05, Fig. 4). Finally, the PO activity of each group in L. vannamei
plasma returned to the control group level at 48 h (Fig. 4).

The change pattern of Hd-PO activity was similar to that of plasma
PO activity during the experiment. V. harveyi significantly upregulated
the activity of Hd-PO in a dose-dependent pattern at 12 h and 24 h
(Group I and Group II), and then returned to the stable level at
48 h (P < 0.05, Fig. 5). Furthermore, S. aureus obviously increased Hd-
PO activity only at 24 h when the injection dose was 106 cells mL−1

(Group IV; P < 0.05, Fig. 5). There was no significant change in
plasma PO activity and Hd-PO activity in 105 cells mL−1 S. aureus group
and control group during the experiment (Figs. 4 and 5).

Fig. 3. SDS-PAGE analysis of total hepatopancreas
protein obtained (A). Hemocyanin p75-subunit
and p77 subunit were marked out by their mole-
cular weights. M: Molecular weight marker of
protein; C: Control group (uninfected); I, II, III, IV:
Group I (105 cells mL−1 V. harveyi challenged),
Group II (106 cells mL−1 V. harveyi challenged),
Group III (105 cells mL−1 S. aureus challenged),
Group IV (106 cells mL−1 S. aureus challenged). 0,
12, 24, and 48 h: Time post infection. Effects of V.
harveyi and S. aureus infection on levels of hemo-
cyanin p75-subunit and p77-subunit in infected L.
vannamei hepatopancreas (B, C). Data
(mean ± SD) at the same exposure time marked
with different letters are significantly different
(P < 0.05).
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3.5. Effects of bacterial stress on the antibacterial activity and bacteriolytic
activity of plasma in L. vannamei

This study examined the antimicrobial and bacteriolytic activities of
L. vannamei plasma under bacterial stress to explore the immune reg-
ulatory function of hemocyanin. The results showed that antimicrobial
activity of plasma enhanced significantly in a dose-dependent manner

at 12 h and 24 h after V. harveyi injection and stabilized at 48 h that has
no significant difference among V. harveyi injection groups and control
group (Group I and Group II; P < 0.05, Fig. 6 A). Similarly, S. aureus
remarkably upregulated the antimicrobial activity in a dose-dependent
pattern at 12 h, but it returned to the control level at 24 h (Group III and
Group IV; P < 0.05, Fig. 6 A). The results of bacteriolytic activity
showed that it was significantly increased in a dose-dependent manner

Fig. 4. Effects of V. harveyi and S. aureus infection
on PO activity in infected L. vannamei plasma.
Comparisons were made among the control group
(uninfected), Group I (105 cells mL−1 V. harveyi
challenged), Group II (106 cells mL−1 V. harveyi
challenged), Group III (105 cells mL−1 S. aureus
challenged) and Group IV (106 cells mL−1 S. aureus
challenged). Data (mean ± SD) at the same ex-
posure time marked with different letters are sig-
nificantly different (P < 0.05).

Fig. 5. Native-PAGE analysis of infected L. van-
namei plasma protein. PO-like protein bands were
stained with 4-methyl catecholamine (A), while
common protein bands were stained with
Coomassie Brilliant Blue G-250 (B). Hd-PO and PO
were marked out by their molecular weights. M:
Molecular weight marker of protein; C: Control
group (uninfected); I, II, III, IV: Group I (105 cells
mL−1 V. harveyi challenged), Group II (106 cells
mL−1 V. harveyi challenged), Group III (105 cells
mL−1 S. aureus challenged), Group IV (106 cells
mL−1 S. aureus challenged). 0, 12, 24, and 48 h:
Time post infection. Effects of V. harveyi and S.
aureus infection on gray value of Hd-PO activity in
infected L. vannamei plasma (C).
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at 24 h induced by V. harveyi and S. aureus and recovered to the control
group level at 48 h, while it obviously enhanced at 12 h only after
106 cells mL−1 V. harveyi injection (P < 0.05, Fig. 6 B). During the
experiment, there was no significant change in plasma antimicrobial
activity and bacteriolytic activity in the control group (Fig. 6).

4. Discussion

4.1. Effects of V. harveyi and S. aureus stress on hemocyanin synthesis in L.
vannamei

Hemocyanin, a respiratory protein mainly exist in arthropods and
mollusks, has been an important immune molecule in invertebrate in-
nate humoral immunity. Ample evidences have been reported that
crustacean hemocyanin could be converted into PO-like molecule under
the stimulation of a variety of substances [38–40], and split out its C
terminus or agglutinate pathogens to show its antimicrobial activity
under pathogen infection or viral stress [7,58,59]. Moreover, it was
reported that hemocyanin would be up-regulated transcriptional and
translational levels in shrimp immune tissues under pathogen infection
[36,37,60–63]. Although hemocyanin synthetic site in crustaceans has
previously been confirmed in hepatopancreas [64,65], comprehensive
hemocyanin synthesis from gene expression to post-transcriptional
processing to protein expression under pathogen invasion have not
been studied. Therefore, effects of pathogen V. harveyi and non-pa-
thogen S. aureus stress on hemocyanin synthesis in L. vannamei were
investigated in the present study, including hemocyanin gene and sub-
units expressions in hepatopancreas and hemocyanin concentration in
plasma.

The results showed that different bacterial injection had different
degrees of effects on the synthesis of hemocyanin. This study showed
that two bands can be seen in the regions of 75 and 77 kDa, which were
changed under bacterial stress. Previous studies have reported that
these two bands are hemocyanin subunits (p75 -subunit and p77-sub-
unit) [16,24,25]. Therefore, these two bands are considered to be two
subunits of hemocyanin. Under pathogen stress, hemocyanin con-
centration in plasma reached the lowest value at 24 h, while hemo-
cyanin subunits expression was highest at 24 h and hemocyanin mRNA

expression was highest at 12 h in hepatopancreas post-infection. Simi-
larly, it was also reported that the expression of hemocyanin mRNA was
significantly increased in hepatopancreas of L. vannamei under the
stress of Vibrio fluvialis, Vibrio parahaemolyticus, Vibrio alginolyticus, and
S. aureus [66,67]. The results of this study demonstrated that hemo-
cyanin synthesis had different temporal variations under pathogen in-
vasion, indicating that hemocyanin mRNA was rapidly synthesized at
the early stage of infection, following translated into hemocyanin
subunits, and finally hemocyanin subunits were folded into active he-
mocyanin secreted into plasma. However, non-pathogen S. aureus with
high concentration had the same effect on pathogen with weaker in-
fluence than pathogen V. harveyi stress, but low concentration non-
pathogen did not have significant effect on hemocyanin synthesis.
Consistent with the results of present study, high concentration of S.
aureus (107 or 3× 108 cells mL−1) significantly increased the expres-
sion of hemocyanin mRNA in Chinese mitten crab (Eriocheir sinensis)
[68], red swamp crayfish (Procambarus clarkii) [69], Rapana venosa [6],
and Helix aspersa [6]. It seems that hemocyanin plays a key role in
nonspecific humoral immunity of L. vannamei under bacterial stress.
The nonspecific immune function of hemocyanin has also been reported
in Mariculture keyhole limpet (Megathura crenulata) [70], horseshoe
crab (Carcinoscorpius rotundicauda) [71], Concholepas [72], and Fis-
surella latimarginata [73]. In addition, Hd-PO was significantly affected
by 106 cells mL−1 V. Harveyi and S. aureus stress in this study, sug-
gesting that V. harveyi and S. aureus with high concentration triggered
immune function of hemocyanin as foreign matters in shrimp, further
improving the significant hemocyanin synthesis. Therefore, these above
results indicate that pathogen and non-pathogenic bacteria with high
concentration can stimulate the synthesis of hemocyanin, and the new
synthetic hemocyanin may regulate shrimp immunity by its PO-like and
antibacterial activities.

4.2. Effects of V. harveyi and S. aureus stress on immune responses in L.
vannamei

In recent years, some studies have focused on the immune response
of white shrimp and its susceptibility to Vibrio alginolyticus under dif-
ferent environmental stresses [44,74–76]. Many researchers have been

Fig. 6. Effects of V. harveyi and S. aureus infection
on antibacterial (A) and bacteriolytic (B) activities
in infected L. vannamei plasma. Comparisons were
made among the control group (uninfected),
Group I (105 cells mL−1 V. harveyi challenged),
Group II (106 cells mL−1 V. harveyi challenged),
Group III (105 cells mL−1 S. aureus challenged)
and Group IV (106 cells mL−1 S. aureus chal-
lenged). Data (mean ± SD) at the same exposure
time marked with different letters are significantly
different (P < 0.05).
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closely monitoring the application of antibacterial agents and immune
stimulants into shrimp aquaculture to investigate their effectiveness
against potential pathogens and role in shrimp growth [45,77,78].
Meanwhile, it is believed that PO activity was directly related to pa-
thogen infection in crustaceans [79–81]. However, there have been no
studies on the relationship between Hd-PO activity and pathogen in-
fection or the relative regulatory function of antibacterial and bacter-
iolytic activities. In addition, we all know that most PO activity in
plasma is derived from pro-PO system. Compared with pro-PO system,
the PO activity of hemocyanin is indeed weak, so researchers often
ignore the PO activity of hemocyanin. Therefore, this study detected the
plasma PO, Hd-PO, antibacterial, and bacteriolytic activities under
bacterial stress in L. vannamei.

The present study showed that high concentration of pathogen (V.
harveyi) and non-pathogen (S. aureus) significantly improved PO, Hd-
PO, antibacterial and bacteriolytic activities, while low concentration
of non-pathogen could only stimulate the change of antibacterial and
bacteriolytic activities. In this study, Native-PAGE was used to detect
the Hd-PO activity, which showed significant bands in the reign around
the weight of hemocyanin (450 kDa) and pro-PO (76 kDa). Although
several researchers believe that the majority of PO activity is produced
by pro-PO system (76 kDa), the present study showed that the band at
450 kDa can obviously display the PO activity of hemocyanin. Similar
to this study, several researchers also used this method to explore Hd-
PO [82,83]. Therefore, the results of this study showed obviously Hd-
PO activity, but the function of Hd-PO needs further study. Similarly,
Coates and Talbot reported that Hd-PO reaction products had anti-
microbial properties involving in the innate immunity of horseshoe
crab (Limulus polyphemus) [20]. Moreover, hemocyanin with potent PO
activity has also been reported in giant freshwater prawn (Macro-
brachium rosenbergii) [83] and Japanese spiny lobster (Panulirus japo-
nicus) [84]. Besides, several reviews have described the regulation of
PO in invertebrates’ immune defense, such as crustaceans and bivalves
[5,85,86]. In addition, recent reports showed that hemocyanin has
critical antimicrobial and bacteriolytic activities to resist the invasion of
external microorganisms, which was reported in Fenneropenaeus chi-
nensis [87], Haliotis tuberculate [88], Rapana venosa [6], Helix aspersa
[6], Scylla paramamosain [89,90], and L. vannamei [91–93]. Therefore,
combining these reports with the results of this study indicate that
pathogen can induce an increase in the relevant humoral immune
parameters in shrimp, whereas the non-pathogen may be treated as
foreign matters with quick different responses in antibacterial and
bacteriolytic activities, revealing different interactions between mi-
croorganisms and antibacterial or bacteriolytic substances in shrimp
plasma. It was concluded that pathogen invasion caused significant
changes in immune responses of shrimp plasma and non-pathogen was
basically internalized into foreign matters. Besides, abnormal changes
in immune parameters probably indicate specific interaction patterns
between immune molecules and foreign microorganisms, which re-
quires further probe into immune regulation mechanism. Overall, this
study demonstrates that the immune defense response is regulated by
plasma PO and Hd-PO activities as well as antimicrobial and bacter-
iolytic activities in L. vannamei under bacterial stress.

5. Conclusion

In conclusion, the present study documented that the initiation of
hemocyanin synthesis and induction of hemocyanin gene expression in
hepatopancreas of L. vannamei under bacterial stress (pathogen or non-
pathogen), while the new synthetic hemocyanin showed its immune
function like Hd-PO taking part in immune defense in the hemolymph
of shrimp. Moreover, high concentration of non-pathogen had the same
effects as the pathogen. This study reports the combination of hemo-
cyanin synthesis (mRNA and protein), plasma PO and Hd-PO, and im-
mune defense parameters of antimicrobial and bacteriolytic activities of
L. vannamei after bacterial infection in vivo. It provides a theoretical

basis for further investigating the regulation mechanism of hemocyanin
in innate immune of crustaceans in vivo. Future studies need to explore
the mechanism of hemocyanin exerting PO activity and the signal
transduction mechanism of PO under bacterial stress in crustaceans, in
order to have a better understanding of their immune defense function.
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