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This research aimed to evaluate the impact of hydrolyzable tannin on immune responses, intestinal morphology, and resistance to
Vibrio alginolyticus in whiteleg shrimp (Penaeus vannamei). In preliminary in vitro experiments, shrimp hemocytes were exposed
to different concentrations of hydrolyzable tannin. The findings indicated that hydrolyzable tannin exhibited nontoxic character-
istics and could stimulate respiratory burst activity. For the subsequent in vivo trial, shrimp (11.83Æ 0.98 g) were subjected to a
28-day oral administration of diets containing diverse hydrolyzable tannin concentrations (0, 1, 2, 4, and 8 g/kg denoted as control,
T1, T2, T4, and T8, respectively). Immune parameters, antimicrobial peptide genes, and intestinal morphology were measured.
Significant enhancements were observed in total hemocyte count (THC), phagocytic activity, respiratory burst activity, and
phenoloxidase activity (PO) across all treatment groups compared to the control group, particularly in T2 and T4 groups (p<0:05).
The gene expressions of Penaeidin-2, Penaeidin-3, Penaeidin-4, crustin, and lysozymeweremarkedly higher in the treatment groups,
especially in T2 (p<0:05). Additionally, hydrolyzable tannin contributed to increased intestinal wall thickness after the 28-day
feeding trial (p <0:05). In a separate challenge experiment, shrimps (11.36Æ 0.66 g) were exposed to V. alginolyticus after 7 days of
culture. Notably, T2 and T4 exhibited enhanced resistance, resulting in survival rates of 66.67% and 69.70%, respectively. To
conclude, administering 4 g of hydrolyzable tannin per kilogram of feed proved effective in enhancing nonspecific immune
responses, improving intestinal morphology, and augmenting resistance to V. alginolyticus in whiteleg shrimp.

1. Introduction

Whiteleg shrimp (Penaeus vannamei) have many advan-
tages, such as a short growth period and a high tolerance
to various salinity ranges and high density farming; thus, it is
a major species for aquaculture in Taiwan [1]. However,
disease outbreaks due to increased culture density have
caused considerable losses in farming ponds. Vibrio is a
common pathogen, and Vibrio alginolyticus is a lethal path-
ogen in aquaculture [2, 3]. Whiteleg shrimp infected with
V. alginolyticus have many symptoms such as poor growth
performance, reduced food intake, and decreased activity. To

prevent economic losses from disease outbreaks, antibiotics
and drugs are used [4, 5]. However, the overuse of antibiotics
and drugs not only reduces pathogens but also leads to resi-
due in aquatic animals. Therefore, antibiotics and drugs have
become regulated and prohibited [6].

Plants contain compounds with potential pharmacologi-
cal activity, such as tannins, flavonoids, polyphenols, triter-
penes, sterols, and alkaloids [7]. In addition, plants are safe
and have minimal side effects on aquatic animals [8]. Many
studies have reported that plants, such as Moringa oleifera
leaves, Psidium guajava leaves, Bidens alba, and Plectranthus
amboinicus, can be used to promote growth and enhance
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immunity and resistance to pathogens for whiteleg shrimp
[9–12]. Plants synthesize aromatic substances, such as terpe-
noids, tannins, and quinones [13]. Plants use these substances
in defense against predators. Tannins are polyphenolic com-
pounds that exist in many plants and fruit [14]. Tannins are
classified into two types according to their structure: hydro-
lyzable tannins and condensed tannins [15]. Hydrolyzable
tannins exhibit stronger antioxidant and antibacterial prop-
erties compared to condensed tannins [16]. Studies have indi-
cated that hydrolyzable tannins promote biological growth,
inhibit bacterial growth, antioxidation, and enhance immu-
nity [17–21]. Therefore, hydrolyzable tannins are widely used
as feed additives for pigs, chickens, and bovines [22]. Hydro-
lyzable tannins can enhance growth performance, total hemo-
cyte count (THC), and lysozyme activity in whiteleg shrimp
[23]. According to Zhu et al. [21] dietary supplementation of
0.15% hydrolyzable tannins increased the gene expression
level of catalase, glutathione peroxidase, and Cu/Zn super-
oxide dismutase in whiteleg shrimp [21]. Accordingly, the
current study examined the immunostimulant ability of
hydrolyzable tannins on whiteleg shrimp and identified the
protective effects of these supplements as the prophylactic
agents against V. alginolyticus infection. This study was con-
ducted to assess the cytotoxicity, phagocytic activity, respira-
tory burst activity, and phenoloxidase (PO) activity of shrimp
hemocytes in vitro and to examine the immune parameters,
antimicrobial peptide genes, intestinal morphology, and dis-
ease resistance toV. alginolyticus in whiteleg shrimp fed a diet
containing various doses of hydrolyzable tannin.

2. Materials and Methods

2.1. Experimental Animals. Ethical approval was not required
for invertebrates according to the guidelines of the Animal
Use Protocol of the Institutional Animal Care and Use
Committee (IACUC) of National Taiwan Ocean University.
Whiteleg shrimp were obtained from the Aquatic Animal
Center of National Taiwan Ocean University. Throughout
both the acclimatization and experimental periods, the shrimp
were fed with commercial shrimp feed (Tairoun Products Co.,
Ltd., Taiwan) three times a day, with orwithout the incorporation
of hydrolyzable tannin. The commercial feed has a composition
of 45% crude protein, 16% ash, 8% crude lipid, and 3% crude
fiber. Water conditions were maintained at the following
parameters: temperature at 27Æ 1°C, pH at 8.2Æ 0.2, and
salinity at 33%Æ 1%.

2.2. Diet Preparation. The commercial diet underwent crush-
ing and was then divided into five distinct groups. Hydrolyz-
able tannin was introduced into the diets at concentrations of
0 (control), 1 (T1), 2 (T2), 4 (T4), or 8 (T8) g/kg, resulting in
a proportional reduction in the quantity of the commercial
diet. Subsequently, the feed was sifted to attain a diameter of
2mm and then allowed to air-dry at 25°C. The feed were
securely stored in sealed plastic containers in a dark environ-
ment at 4°C. The nutritional composition of diets containing
hydrolyzable tannins is detailed in Table 1.

2.3. In Vitro Effect of Hydrolyzable Tannin. Hemolymph was
obtained from the ventral sinus of the whiteleg shrimp using
a 3mL syringe equipped with a 23G needle containing
an anticoagulant (0.34M sodium chloride, 0.12M glucose,
30mM trisodium citrate, and 10mM ethylenediaminetetraa-
cetic acid (EDTA); pH 7.4). The THC of the hemolymph was
determined using a hemocytometer (Marienfeld™, Marien-
feld, Germany). For subsequent utilization in assays evaluat-
ing cell viability, phagocytosis, respiratory burst, and PO
activity, THC was adjusted to 1× 106 cell/mL.

2.4. Cell Viability Assay. The assay was measured using a
previously described method [24]. In this assay, 100 μL of
hemocytes were loaded into 96-well plate with modified
complete Hank’s balanced salt solution (MCHBSS) alone
or with MCHBSS containing different concentrations of
hydrolyzable tannin (0, 100, 250, 500, 1,000, 2,000, 4,000,
6,000, 7,000, 8,000, and 9,000mg/L). The 96 well plates
were centrifuged at 800x g for 20min at 4°C after 1 hr
incubation at 25°C. The supernatant was removed, and
then 100 µL of (3-(4,5-dimethylthiazol-2-yl)]-2,5-diphenyl
tetrazolium bromide; MTT) solution (0.5mg of MTT/mL
in MCHBSS) was introduced to the cells, followed by a
4hr incubation period in darkness. After incubation, 100 µL of
dimethyl sulfoxide (DMSO) were added to theMTT formazan
product. Absorbance was immediately recorded at an optical
density (OD) of 570 nm on an enzyme-linked immunosorbent
assay reader (ELISA reader). The cell viability percentage was
calculated using the following formula:

Cell viability ð%Þ ¼ ODvalue of treated cells
OD value of control cells

× 100: ð1Þ

2.5. Phagocytosis Assay. Phagocytic activity was measured
using a previously described method [9]. In this assay, 100μL
of hemocytes were loaded onto a glass coverslip. The hemo-
cytes were incubated with MCHBSS alone or with MCHBSS
containing different concentrations of hydrolyzable tannin (0,
100, 250, 500, 1,000, 2,000, and 4,000mg/L) for 1 hr. The fluid
containing unattached cells was removed. The attached cells
were incubated with 100 μL of latex beads (3× 107 beads/mL,

TABLE 1: Proximate composition of diets containing hydrolyzable
tannins.

Ingredients (g/Kg)
Group

Control T1 T2 T4 T8

Commercial feed 1,000 999 998 996 992
Hydrolyzable tannin 0 1 2 4 8
Proximate composition (%)∗

Crude protein 45 44.96 44.91 44.82 44.64
Crude lipid 8 7.99 7.98 7.97 7.94
Ash 16 15.98 15.97 15.94 15.87
Crude fiber 3 3 2.99 2.99 2.98

∗Analyzed based on dry weight.
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0.8mm; Sigma–Aldrich) in MCHBSS for 1 hr at 25°C. The
cells were rinsed with MCHBSS and then treated with 100%
methanol for 5min to fix them. Five percent Giemsa was
applied to the stained cells for 20min and examined under
a microscope. Phagocytic activity was characterized as the
phagocytic rate (PR), and the phagocytic index (PI). Phagocytic
activity was counted using the following formula:

PR %ð Þ ¼ Numbers of phagocytic cells
100 hemocytes

× 100; ð2Þ

PI¼ Total beads in phagocytic cells
100 phagocytic cells

: ð3Þ

2.6. Respiratory Burst Activity. The respiratory burst activity
of hemocytes was quantified using the method outlined by
Abidin et al. [9]. In this assay, 100 μL of hemocytes were
loaded into a 96-well plate and cocultured with various con-
centrations of hydrolyzable tannin, as described in Section
2.3.2, for 30min at 25°C. The 96-well plate was subjected to
centrifugation at 800x g for 20min at 4°C, and the liquid was
removed. Cells in each well were then incubated with 100 μL
of zymosan (0.1% in MCHBSS; Sigma–Aldrich) for 30min at
25°C. The liquid above the sedimented cells was aspirated,
and the cells subjected to incubation with 100 μL of 0.3%
nitro-blue tetrazolium chloride (NBT; Sigma–Aldrich)
solution at 25°C. After 30min, the solution was aspirated.
Methanol was added to stop the reaction. Following a 5min
incubation, methanol was removed. The cells were rinsed
thrice with 100 μL of 70% methanol, followed by air drying
for 30min. One hundred twenty microlitres 2M potassium
hydroxide and 140μL dimethyl sulfoxide were added to
dissolve the insoluble formazan crystals, and absorbance was
measured with an ELISA reader at 630 nm. The quantity of
respiratory burst produced was calculated using the following
formula:

Respiratory burst¼ ODvalue of sample −ODvalue of background
ODvalue of background

:

ð4Þ

2.7. Phenoloxidase Activity. The PO activity was measured
using a previously described method [9]. In this assay, 1mL
of the hemocyte solution were subjected to centrifugation at
800x g for 20min at 4°C. The liquid above the sedimented
cells was removed, and the cells were resuspended in differ-
ent concentrations of hydrolyzable tannin, as described in
Section 2.3.2, for 30min at 25°C. The mixed solutions were
subjected to centrifugation at 800x g for 20min at 4°C. The
liquid were removed, and 1mL of cacodylate citrate buffer
solution (0.45M sodium chloride, 0.01M sodium cacodylate,

and 0.01M trisodium citrate; pH 7.0) was added. The plate
was subjected to centrifugation at 800x g for 20min at 4°C.
The supernatant was discarded, and the pellet was resus-
pended in 200 µL of cacodylate buffer solution (0.45M sodium
chloride, 0.26M magnesium chloride, 0.01M sodium cacody-
late, and 0.01M calcium chloride; pH 7.0). Subsequently,
100µL of each supernatant was subjected to incubation with 50
µL of 1mg/mL trypsin (Sigma–Aldrich) for 10min at 25°C,
followed by an additional incubation with 50 µL of 3mg/mL
L-dihydroxyphenylalanine (L-DOPA) (Sigma–Aldrich) for
5min. Finally, 800 µL of cacodylate buffer was added. The
absorbance of the samples was measured using a spectropho-
tometer at 490 nm.

2.8. InVivo Effects ofHydrolyzable Tannin.A total of 180 shrimp,
initially weighing 11.83Æ 0.98 g, were randomly allocated into
five groups. In each group, there were 35 shrimp maintained
within a 120 L tank. The diet of each group is described in
Section 2.2. Each group received the experimental diet,
amounting to 5% of body weight, administered three times
daily. Immune assays were performed on shrimps at 0, 1, 2, 4,
7, 14, 21, and 28 days. Hemolymph was withdrawn from the
ventral sinus and then mixed with an anticoagulant solution
at a ratio of 1 : 9. The anticoagulant solution comprised 0.34M
sodium chloride, 0.12M glucose, 30mM trisodium citrate,
and 10mMEDTA with a pH of 7.4. Using a mixture of hemo-
lymph and anticoagulant, two parts were used: one was for
immune experiments, and the other for gene-related immune
tests. Phagocytic activity, respiratory burst, and PO activity
were measured using the methods described in Section 2.3.

2.9. Expression of Genes Related to the Immune System. The
hemolymph were subjected to centrifugation at 800x g for
10min at 4°C, and the liquid was removed. The cell was
lysed with EasyPure Total RNA Reagent (Bioman), followed
by chloroform extraction in accordance with the manufac-
turer’s guidelines. The lysed cell solution was subjected to
centrifugation at 12,000x g for 10min at 4°C. The upper layer
was moved to 1.5mL microtube, and after the adding 2-pro-
panol, the combination was subjected to centrifugation at
12,000x g for 15min at 4°C. The RNA pellet was rinsed
with 75% ethanol and left to air-dry. The RNA was dissolved
in diethylpyrocarbonate (DEPC)-treated water. The concen-
trations of RNA were analyzed using spectrophotometry.

One microgram of RNA was subjected to incubation
with 2U of DNase I (Bionovas) for 30min at 37°C, followed
by an additional incubation at 70°C for 5min to deactivate
the DNase. The treated RNA was denatured through heating
at 65°C for 5min in 12 µL of ddH2O containing Oligo (dT)18
primer and 2× Fast Premix (Bionovas). The synthesis of the
first-strand cDNA involved the addition of 1 µL of HiScript I
Reverse Transcriptase. The reaction advanced at 42°C for
30min and then terminated by heating at 85°C for 5min.

Five immune related genes of shrimp were analyzed.
(Table 2). Quantitative polymerase chain reaction (PCR)
was performed with SYBR Green on a real-time PCR system
(Applied Biosystems). Amplification was carried out in a 96-
well plate using a 20 µL reaction mixture comprising 1 µL of
20 ng cDNA, 0.4 µL of 10 µm forward, 0.4 µL of 10 µm
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reverse primers, and 10 µL of SYBR Green 2×Master Mix
(Agilent Technologies), with the remaining volume adjusted
to 20 µL using ddH2O. qPCR was performed at 95°C for 30 s,
followed by 40 cycles for 15 s at 95°C, and finally for 1min at
60°C. All the samples were analyzed in triplicate. The nor-
malized expression level of the target gene was determined
relative to the expression level of elongation factor 1-α. Data
analysis was performed using the 2−ΔΔCT method, and the
relevant equations are listed below:

(1) CT is the threshold cycle value for the amplified gene.
(2) ΔΔCT= (Ct target gene of treated sample−Ct elongation factor

1-α of treated sample)− (Ct target gene of control sample−
Ct elongation factor 1-α of control sample).

(3) The relative target gene transcript level= 2−ΔΔCT.

2.10. Vibrio alginolyticus Challenge Experiment. A total of
132 shrimp (11.36Æ 0.66 g) were divided into four groups.
In a 120 L tank, each group consisted of 33 shrimp. Group 1
and Group 2 were fed a commercial diet. Group 3 received
the T2 diet, while Group 4 was provided with the T4 diet.
Shrimp were fed 5% of their body weight three times a day.
After 7 days of the experimental diet, the shrimps were
placed in seawater containing 40mL of V. alginolyticus solu-
tion (1× 107 cfu/mL), except for the shrimps in Group 1. The
Group 1 shrimp were placed in seawater containing 40mL of
phosphate buffer saline (PBS). At 12, 24, 48, 72, 96, 120, 144,
and 168 hr after the challenge, survival rates were recorded.
The survival rate was calculated using the formula:

Surival rates ð%Þ ¼ surviving shrimp½ �
number of shrimp injected½ �

� �
× 100%:

ð5Þ

2.11. Statistical Data Analysis. Statistical analysis was carried
out utilizing SAS (Statistical Analysis System) Software Ver-
sion 9.4. To assess the normality of the data and homogene-
ity of variance, Shapiro–Wilk tests and Levene tests were
conducted, respectively. The data were subjected to one-
way analysis of variance, and differences among treatment
means were evaluated using Tukey’s multiple range test. Sta-
tistical significance was considered at a p value below 0.05.
For the V. alginolyticus challenge experiment ’s survival data,
Kaplan–Meier methods in SPSS software version 22.0 were

employed, and group differences were evaluated using the
Mantel–Cox test. Statistical significance (Sig.) was denoted
by p values less than 0.05.

3. Results

3.1. Effect of Hydrolyzable Tannin on Cell Viability In Vitro.
Cell viability exceeded 95% at concentrations of 100, 250,
500, 1,000, 2,000, 4,000, 6,000, 7,000, and 8,000mg/L, with
no noteworthy distinctions observed between the treatment
groups and the control group (Figure 1(a)). However, at a
concentration of 9,000mg/L, cell viability dropped to 70%,
displaying a significant decrease compared to the control
group (0mg/L; p<0:05).

3.2. Effect of Hydrolyzable Tannin on Nonspecific Immune
Responses In Vitro. There were no significant differences
observed in PR (Figure 1(b)) and PI (Figure 1(c)) between
the treatment groups and the control group. Additionally,
respiratory burst activity was not significantly affected
between 100 and 250mg/L treatment groups and the control
group (p>0:05; Figure 1(d)). Notably, significant increases
were detected in the 500, 1,000, 2,000, and 4,000µg/L treat-
ment groups compared to the control group (p<0:05; Figure 1
(d)), with hydrolyable tannin demonstrating a dose-dependent
increase in respiratory burst activity. However, PO activity
exhibited no significant differences between the treatment
groups and the control group (p>0:05; Figure 1(e)).

3.3. Effect of Hydrolyzable Tannin on Immune Parameters of
Whiteleg Shrimp. Figure 2(a) presents the THCs. There were
no significant differences in THCs among the groups on
days 1, 2, 4, 7, and 28. The THCs significantly increased
in all treatment groups in comparison with that in the con-
trol group on days 14 and 21. Figure 2(b) presents the PR.
No significant increases in the PRs of the experimental
groups compared to the control group were observed on
days 1, 2, 4, and 28. On day 7, the PR in the T1, T2, and
T8 groups showed a significant increase compared to the
control group. On day 14, the PR of the T2 group exhibited
a significant increase. The PR of the T4 group was notably
higher than that of the control group on day 21. Figure 2(c)
presents the PI results. No significant differences in the PI
were observed between the experimental groups and the
control group on days 1, 2, 4, 14, 21, and 28. On day 7, the
PI of the T8 group had significantly increased. Figure 2(d)
presents respiratory burst activity. On day 1, no significant
increases were found in the respiratory burst activity of the

TABLE 2: Primers of AMP genes.

Gene Forward (5’⟶3′) Reverse (5’⟶3′) Reference

Antimictobial peptide

Penaiedin2 TCGTGGTCTGCCTGGTCTT CAGGTCTGAACGGTGGTCTTC
Penaiedin3 CACCCTTCGTGAGACCTTTG AATATCCCTTTCCCACGTGAC
Penaiedin4 GCCCGTTACCCAAACCATC CCGTATCTGAAGCAGCAAAGTC [25]
Crustin GAGGGTCAAGCCTACTGCTG ACTTATCGAGGCCAGCACAC
Lysozyme GAAGCGACTACGGCAAGAAC AACCGTGAGACCAGCACTCT

Internal control Elongation factor-α ATGGTTGTCAACTTTGCCCC TTGACCTCCTTGATCACACC [26]
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experimental groups compared with that of the control
group. On days 2, 14, 21, and 28, the respiratory burst
activity of all treatment groups had significantly increased.
On day 4, the respiratory burst activity in the T1 group
showed a significant increase. The respiratory burst activity
of the T2 and T4 groups was notably higher than that of the
control group on day 7. Figure 2(e) presents PO activity.
There was no significant difference in PO activity between
the treatment and control groups on days 1 and 2. On day
4, the PO activity in the T2 group showed a significant
decrease. On day 7, the PO activity of the T4 and T8 groups
showed a significant increase. On day 14, all the treatment
groups exhibited significantly increased PO activity. On day
21, PO activity was significantly higher in the T1 group
compared with the control group. On day 28, both the T1
and T2 groups showed a significant increase in PO activity
compared to the control group.

3.4. Effects of Hydrolyzable Tannin on Antimicrobial Peptide
(AMP) Gene Expression ofWhiteleg Shrimp. The study also eval-
uated the expression of five AMP genes, namely Penaeidin-2,
Penaeidin-3, Penaeidin-4, crustin, and lysozyme (Figure 3).
The T2 group exhibited upregulated Penaeidin-2 expression
from day 4 to 21, and T4 group exhibited upregulated Penaei-
din-2 expression from day 14 to 21 (Figure 3(a)). Penaeidin-3
expression was significantly increased in all treatment groups
compared with the control group on days 4 and 7 (Figure 3(b)).
The T2 group exhibited upregulated Penaeidin-4 expression
from day 2 to 14 (Figure 3(c)). On days 4 and 7, crustin was
significantly upregulated in the T2 group than in the control
group, whereas all treatment groups exhibited upregulated crus-
tin expression on days 21–28 (Figure 3(d)). Lysozyme expression
was significantly higher in the T2 group than in the control group
on days 1, 4, 7, 21, and 28, and the T4 group exhibited upregu-
lated lysozyme expression on days 2, 14, 21, and 28 (Figure 3(e)).
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FIGURE 3: Continued.
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3.5. Effects of Hydrolyzable Tannin on Intestinal Histology of
Whiteleg Shrimp. Figure 4 presents the intestinal histology of
the shrimp. The wall thickness was significantly (p<0:05)
increased in all treatment group compared with the control

group (Figure 4(a)–4(e), and the T2 group had the highest
wall thickness (Figure 4(f)). No significant difference was
observed in the height of the intestine between the treatment
and control groups (Figure 4(g)).
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FIGURE 3: Gene expressions of antimicrobial peptides in the hemocytes of whiteleg shrimp fed with different concentrations of hydrolyzable
tannin over 28 days: (a) Penaeidin-2, (b) Penaeidin-3, (c) Penaeidin-4, (d) Crustin, and (e) Lysozyme. Results are presented as meanÆ
standard error of the mean (n= 5). Significant differences (p<0:05) between the gene expression of groups are indicated by the different
letters above the bars.
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3.6. Effects of Hydrolyzable Tannin on the Resistance ofWhiteleg
Shrimp to Vibrio alginolyticus. Figure 5(a) show the survival
rate (SR) of shrimp subjected to the experimental diet for
7 days and subsequently challenged with V. alginolyticus.
The PBS group (negative control) showed nomortality during
the 168-hr period, while mortality was observed 24 hr after
immersion withV. alginolyticus in the control group (positive
control). The pairwise comparison analysis of survival among
experimental groups is depicted in Figure 5(b). Although
there was no significant difference between the infected groups
(p>0:05), the T2 and T4 groups exhibited higher SRs com-
pared to the positive control group.

4. Discussion

Many secondary metabolites have pharmacological proper-
ties. Among them, hydrolyzable tannins exist in many plants
and herbs [14]. Studies have reported the antibacterial and
antioxidant effects of hydrolyzable tannin on whiteleg
shrimp [21], but these effects on whiteleg shrimp are poorly
understood. Therefore, the purpose of this study was to eval-
uate the potential advantages of using hydrolyzable tannins
in aquaculture as an immunostimulant to enhance shrimp
immunity. The hydrolyzable tannins are secondary plant
metabolites, which can be divided into gallic acid derivatives,
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FIGURE 4: Intestinal tissue of whiteleg shrimp fed with different concentrations of hydrolyzable tannin over 28 days. Transverse sections of
intestinal tissue of the whiteleg shrimp with (a) 0 g/kg, (b) 1 g/kg, (c) 2 g/kg, (d) 4 g/kg, and (e) 8 g/kg hydrolyzable tannins. (A) Intestinal wall
thickness and (B) intestinal villi height. Scale bar= 40 µm. Original magnification: ×200. The effect of hydrolyzable tannins in the diet (C, T1,
T2, T4, and T8) on (f ) wall thickness and (g) intestinal villi length of whiteleg shrimp. Data are expressed as meanÆ standard error of the
mean (n= 5). Significant differences (p<0:05) between treatments are indicated by the different letters above the bars.
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gallotannins and ellagitannins according to their structure
([27]. Ellagitannins and gallotannins are toxic to brine shrimp
(Artemia salina), and the LC50 is 37–71 and 7–15 μg/mL,
respectively [28]. Examining the safety of hydrolyzable tan-
nins for the host cell and their cytotoxicity is crucial. In a
previous study, the cytotoxicity of hydrolyzable tannins in
whiteleg shrimp hemocyte was evaluated using an MTT assay
[10], and the cell survival rate of hemocyte treated with
0–9,000mg/L hydrolyzable tannins was higher than 70%.
This result indicates that hydrolyzable tannins are safe for
shrimp hemocyte at concentrations lower than 9,000mg/L,
and that it can be used as an additive for subsequent in vitro
and in vivo experiments.

Dewi et al. [10] reported that a guava (P. guajava) leaf
extract enhanced the PO activity, phagocytic activity, and
O2

− production of whiteleg shrimp hemocytes in in vitro
experiments. The phagocytic activity, O2

− production, and
PO activity of whiteleg shrimp hemocytes increased after an
in vitro culture with a hot-water extract of Bidens alba and
P. amboinicus [11]. Therefore, this in vitro hemocyte experi-
ment was performed to determine whether hydrolyzable tan-
nins affect the nonspecific immunity of shrimp. Hydrolyzable
tannins increased respiratory burst activity, but no significant
difference in phagocytosis and PO activity (p>0:05) was

observed. Furthermore, hydrolyzable tannins inhibited PO
activity in a dose-dependent manner. Hydrolyzable tannins
are polyphenolic compounds that can be oxidized by PO. The
amount of PO in the PO cascade decreased after treatment
with hydrolyzable tannins. Therefore, the downstream pro-
ducts of the PO promotion cascade decreased, and data for
promoting PO activity decreased.

The hemocytes of crustaceans are involved inmany immune
responses, including phagocytosis, reactive oxygen species (ROS)
generation, wound healing, melanization, and encapsulation
[29]. Therefore, the THC is considered an indicator of crus-
tacean health. Whiteleg shrimp administered 0.3% hydrolyz-
able tannins for 60 days exhibited increased THC [23]. In
Figure 2(a), the THC increased with 1–8 g/kg hydrolyzable
tannins, and on day 21, the treatment groups displayed sig-
nificantly higher THCs than the control group. This result
was consistent with previous results. Moreover, the THCs
of whiteleg shrimp fed hydrolyzable tannins increased in a
concentration- and time-dependent manner. Phagocytosis is
essentially a defensive reaction against infection and invasion
of the body by foreign substances [30]. ROS, such as superox-
ide anion (O2

−), are released rapidly during phagocytosis, and
this process is called respiratory burst [31]. Moderate quanti-
ties of ROS are beneficial for several physiological processes,
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FIGURE 5: (a) Kaplan–Meier survivorship curves of whiteleg shrimp fed with experiment diets for 7 days followed by Vibrio parahaemolyticus
challenge (n= 33 per group). (b) The pairwise comparisons between the groups were analyzed using the Mantel–Cox test.
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such as killing pathogens, promoting wound healing, and
repairing tissue. The proPO cascade is a key immune defense
mechanism in crustaceans and produces melanin to kill
pathogens [32]. Many plants, such Phyllanthus amarus and
Gynura bicolor, contain phenolic compounds. The P. amarus
extract was demonstrated to increase the THC, phagocytosis,
respiratory burst activity, and proPO activity of whiteleg
shrimp [33]. G. bicolor-supplemented feed could enhance the
THCs, respiratory burst activity, and proPO activity of hemo-
cytes in whiteleg shrimp [34]. The present study reported that
shrimp, when fed diets enriched with hydrolyzable tannins,
displayed improved phagocytic activity, respiratory burst
activity, and proPO activity. Therefore, it is speculated that
hydrolyzable tannins of phenolic compounds can enhance the
nonspecific immune response of whiteleg shrimp. In addition,
some time points in the treatment periods have resulted in a
promotion of immunoparameters, but not all. This phenom-
enon may be attributed to the process of “immunomodula-
tion” [35]. A continuous immune stimulation could result in
inflammation. Thus, immunomodulation would be used to
maintain homeostasis [36].

The health of animals rely on the digestion and nutrient
absorption of the gut [37]. Gut morphology is crucial for
maintaining gut function [38]. When the height of the intes-
tinal villi increases, the surface area for absorbing nutrients
increases. Therefore, the ability of the intestinal tract to
absorb nutrients increases [39]. Well-functioning peristalsis
ability of the intestinal wall can enhance the mixing of diges-
tive enzymes and chyme in the gut and improve digestion
efficiency [40, 41]. Hydrolyzable tannins are highly bioavail-
able in the intestine [42], and hydrolyzable tannins were
could effectively increase the thickness of the intestinal wall
and improve nutritional absorption. More nutrition was ben-
eficial to growth performance. Therefore, hydrolyzable tannins
could improve the growth performance of whiteleg shrimp by
increasing the thickness of the intestinal wall [21, 23].

When whiteleg shrimp are infected by pathogens, hemo-
cytes undergo degranulation to release antimicrobial peptides
against pathogens. Whiteleg shrimp has many antimicrobial
peptides, including penaedin, crustin, anti-LPS factor, and
lysozyme [43]. Whiteleg shrimp have three types of penaedin:
Penaedin-2, Penaedin-3, and Penaedin-4, which can inhibit
the activity of gram-positive bacteria and fungi [44]. Crustin is
a cationic cysteine-rich antimicrobial peptide that mainly
serves as a defense against gram-positive bacteria. Lysozyme
can inhibit the activity of bacteria and viruses [15, 45]. Guava
leaf extract added to the diet enhanced the gene expression of
antimicrobial peptides in whiteleg shrimp, leading to a high
survival rate when the shrimp were challenged with V. para-
haemolyticus. [10]. The M. oleifera-containing diet increased
the gene expression of AMPs and improved the survival rate
after challenge with V. alginolyticus in whiteleg shrimp [9].
The extracts of guava leaf and M. oleifera contain hydrolyz-
able tannins. This result indicates that the diet containing
hydrolyzable tannins could increase the gene expression of
AMPs. Therefore, it can be speculated that hydrolyzable tan-
nins will increase the expression of AMPs in whiteleg shrimp.

When a respiratory burst occurs, many pathogens will be
killed by oxygen free radicals [31]. The in vivo experiment
showed that respiratory burst was improved in T2 and T4
groups than T1 and T4 at day 7. Moreover, all treatments
increased the expression of AMPs. Therefore, the V. algino-
lyticus challenge experiment was performed to determine the
optimal hydrolyzable tannin dosage. Figure 5 show that
whiteleg shrimp fed 2 and 4 g/kg hydrolyzable tannins for
7 days exhibited an increased survival rate after the V. algi-
nolyticus challenge, especially in the T4 group. Therefore,
4 g/kg hydrolyzable tannin is the optimal concentration for
resistance to V. alginolyticus.

5. Conclusions

This study demonstrated that hydrolyzable tannins, particu-
larly a diet with 2 and 4 g/kg hydrolyzable tannins, have the
potential to boost the nonspecific immunity of whiteleg
shrimp. This is evidenced by increased levels of PR, respira-
tory burst activity, PO activity, AMP gene expression, and
enhanced resistance to V. alginolyticus infection. These find-
ings propose the feasibility of incorporating hydrolyzable
tannins as a dietary supplement in shrimp aquaculture.
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