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Houttuynia cordata (HC) has antitumor, antileukemic, antioxidant, antiviral and other
biological activities. However, despite the emergence of severe diseases, few studies have
explored the effects of HC on crustaceans. We evaluated the effects of HC on growth
performance, antioxidant capacity, the immune response, immune-related gene
expression and disease resistance in red swamp crayfish (Procambarus clarkii). A total of
1800 healthy crayfish were randomly divided into six groups: the basal diet group (0%),
HC10 (1.0%) group, HC15 (1.5%) group, HC20 (2.0%) group, HC25 (2.5%) group, and
HC30 (3.0%) group. The feeding experiment lasted for 8 weeks. Compared with the
crayfish fed the control diet, the crayfish in all the groups fed HC-supplemented diets
exhibited no increase in final body weight (FBW), specific growth rate (SGR) or weight
gain (WG) and exhibited a decrease in the feed conversion ratio (FCR) (P < 0.05). The
total antioxidant capacity (T-AOC) and catalase (CAT), total superoxide dismutase
(T-SOD), glutathione peroxidase (GPx), lysozyme (LZM), acid phosphatase (ACP) and
alkaline phosphatase (AKP) activities were significantly greater and the reactive oxygen
species (ROS) and malondialdehyde (MDA) contents were lower in the hemolymph and
hepatopancreas of the crayfish fed a diet supplemented with 1.5% to 3.0% HC than in
those of the crayfish fed the control diet. The phenoloxidase (PO) content increased in
the hemolymph of the crayfish fed a diet supplemented with 1.5% to 3.0% HC compared
with that in the hemolymph of the crayfish fed the control diet (P < 0.05). Furthermore,
dietary supplementation with 1.5% to 3.0% HC upregulated Rab5, Rab6,
pro-phenoloxidase (proPO), crustin 1, ferritin and metallothionein expression (P < 0.05).
In addition, dietary supplementation with 1.5% to 3.0% HC decreased crayfish mortality
from white spot syndrome virus (WSSV) infection. These findings indicate that dietary
HC supplementation at an optimum dose of 2.0% to 2.5% may effectively improve the
immune response and immune-related gene expression in crayfish.

INTRODUCTION nomic aquatic animals. Some farmers supply chemical feed
additives to increase the stress resistance and survival rate
of aquatic animals. When a disease emerges, the large-scale
use of antibiotics leads to problems such as high levels
of drug residues in aquatic animals, increased drug resis-
tance, and water pollution. These issues severely restrict
the healthy development of the aquatic industry.

Most aquaculture farms adopt high-density aquaculture.
Owing to a lack of scientific management experience and a
lack of disease prevention and control, these high-density
conditions often cause problems such as frequent disease,
prolonged growth cycles and inconsistent quality of eco-
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Procambarus clarkii, commonly known as crayfish, is an
important economic aquaculture species in China. It is
deeply loved by consumers because of its rich nutrition
and delicious meat. At present, it is the most economically
important freshwater crustacean in China.! With intensive
aquaculture, the yield tends to increase, as does the aqua-
culture utilization rate. On the one hand, density, which af-
fects the growth of aquatic animals, also has an effect on
the physiology and quality of aquatic animals. While under
high-density conditions for long durations, cultured vari-
eties are subjected to stress, which has a negative impact
on physiological and biochemical functions and weakens
immunity, resulting in the occurrence of diseases, particu-
larly in crustaceans, which are protective of their domain
and may exhibit fighting behaviors. Density-related factors
have a significant effect on survival and growth. On the
other hand, an increase in aquaculture density can lead to
an increase in the water quality index of aquaculture water
bodies, and the accumulation of ammonia nitrogen and ni-
trite nitrogen produced by aquatic animal metabolism can
worsen the quality of aquaculture water bodies, resulting
in large-scale disease outbreaks and death in aquaculture
animals,? such as outbreaks of white spot syndrome virus
(WSSV).3 During the process of traditional shrimp culture,
antibiotics are often used to treat diseases, but this leads to
the production of drug-resistant pathogens and to residues
of antibiotics in cultured products, which affects the quality
and food safety of adult shrimp. In response to environ-
mental protection policies, and in light of catering to con-
sumers’ green consumption concept and improving the ef-
ficiency of aquaculture, many scholars at home and abroad
have conducted abundant research on the application of
Chinese herbal feed additives in aquaculture.# Houttuynia
cordata (HC) is an herb with a distinct fish-like smell; it is
known as “the first natural antibiotic” and is widely dis-
tributed in China, Japan, Korea, and Southeast Asia.> HC
is known to have important drug activities, such as antitu-
mor, antileukemic, antioxidant, and antiviral activities, and
it can also be a supplement. There are still many unknown
factors related to the different biological functions of the
main components of HC. Although studies on humans and
livestock with HC have attracted increasing attention, there
is little research on the application of HC in aquaculture.

MATERIALS AND METHODS

EXPERIMENTAL ANIMALS

Healthy crayfish were purchased from Jiangsu Jinfeng Agri-
cultural Technology Co., Ltd., with an average weight of
6.80 £ 0.04 g. A total of 1800 crayfish were randomly allo-
cated to eighteen pools (200 cm x 100 cm x 20 ¢cm, polyvinyl
chloride (PVC) pool). A small amount of Hydralla verticillata
was included in the aquaculture pools to allow the crayfish
to hide and isolate them from one another to increase their
survival rate. After the crayfish were maintained under
aquaculture conditions for one week, they were randomly
divided into six groups (i.e., 100 crayfish-tank'l, 3
pools-group™!). The water temperature was 25.0 * 1.0 °C,
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the pH ranged from 7.70-8.50, and the dissolved oxygen
content was > 6.6 mg-L1.

FEED PREPARATION AND EXPERIMENTAL GROUPS

The crayfish were fed basal feed, and the composition is
shown in Table 1. Experimental HC was obtained from the
Jiangsu Hospital of Traditional Chinese Medicine. The feed
was stored at -20 °C. The experiment was divided into six
groups: the basal diet group (0%), the 1.0% HC group, the
1.5% HC group, the 2.0% HC group, the 2.5% HC group,
and the 3.0% HC group (Table 1, produced by Sheyang Li-
uhe Feed Co., Ltd.). Each group was divided into three par-
allel trials, in which 50 crayfish were randomly placed. Dur-
ing the experiment, the water temperature was 25 * 2 °C,
and the pH value was 8.0 * 0.1. One-third of the aquacul-
ture water was replaced by a filter screen membrane every
day.

SAMPLE COLLECTION AND PROCEDURES

After the 8-week feeding experiment, the crayfish in each
pool were fasted for 24 h and compressed on ice for 10 min
to maintain hypothermic anesthesia. Before sampling, each
individual crayfish was weighed to calculate growth perfor-
mance parameters (weight gain, WG; specific growth rate,
SGR; feed conversion ratio, FCR; survival rate, SR). After-
ward, 3 crayfish were randomly selected from each pool to
evaluate their antioxidant capacity and immune responses,
and another fifty were randomly selected and used for sub-
sequent challenge experiments. To evaluate the antioxi-
dant capacity and immune response, hemolymph was col-
lected from each group and mixed with anticoagulant (20
mM EDTA, pH 5.6) at a 1:1 ratio, with the continued appli-
cation of ice. In addition, the hepatopancreas was rapidly
frozen in liquid nitrogen and preserved at -80 °C for RNA
isolation and subsequent analysis.

A whole hepatopancreas homogenate was prepared from
approximately 0.3 g of hepatopancreas tissue. The crushed
hepatopancreas tissue was homogenized with an Ultra-Tur-
rax homogenizer (Tekmar Company, Cincinnati, Ohio, USA)
in a 0.86% frozen normal saline solution (W/V, 1:9) and
centrifuged for 10 min at 5000 r/min and 4 °C to obtain
the supernatant for further analysis. The biuret method was
used to determine the total protein content of the hemo-
cyte and hepatopancreas supernatants.

MEASUREMENT OF THE ANTIOXIDANT ENZYME
ACTIVITIES IN THE HEMOLYMPH AND
HEPATOPANCREAS

Before the enzyme activities or contents were analyzed, the
aggregated hemolymph and hepatopancreas were stored at
-80 °C. In accordance with the manufacturer’s guidelines,
the total antioxidant capacity (T-AOC), catalase (CAT), total
superoxide dismutase (T-SOD), and glutathione peroxidase
(GPx) activities and reactive oxygen species (ROS) and mal-
ondialdehyde (MDA) contents were assayed using the cor-
responding detection kits (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, Jiangsu, China).
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Table 1. Basal diet and nutrient levels.

Ingredients (% dry weight)

Nutrient levels (%)3

Fish meal 3.00
Soybean meal 31.30
Rapeseed meal 14.00
Cottonseed meal 8.00
Soybean oil 2.50
Flour 27.00
Rice bran 6.00
a-Starch 4.00
Ca(H,POy), 2.00
Vitamin premix? 1.00
Mineral premix2 1.00
Lys 0.15
Met 0.05

Crude protein 27.18+0.33
Crude lipid 5.96+0.02
Energy/(MJ-Kg-1) 11.37+£0.17

1 Vitamin premix supplied the diet with (mg-kg! diet) the following compounds: retinyl acetate, 12,500 IU; vitamin D3, 2800 IU; vitamin K, 5.5; vitamin B1, 3.5; vitamin B2, 21; vita-

min B120.4, DL-a-tocopherol acetate, 65; calcium pantothenate, 48; inositol, 870; nicotinic acid, 200; biotin, 1.8; folic acid, 3.4.
2 Mineral premix (mg-kg’1 diet): FeSO,-H,0, 80; CuSO4-5H,0, 10; MnSO4-H,0, 45; KI, 60; MgS0 4-7H,0, 1200; ZnS04-H,0, 50; CoCl,-6H,0, 50; Na2SeOs, 20.
3 Nutrient levels: the protein, lipids and ash levels are presented as the mean percentages of dry matter (n = 3).

IMMUNE-RELATED PARAMETERS IN THE HEMOLYMPH
AND HEPATOPANCREAS

In accordance with the manufacturer’s guidelines, the lyso-
some (LZM), acid phosphatase (ACP), alkaline phosphatase
(AKP) activities and phenoloxidase (PO) in the hemolymph
and hepatopancreas activities were assayed using the corre-
sponding detection kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, China). in the hemolymph was
determined using spectrophotometry according to Ashida.

HEPATOPANCREAS IMMUNE-RELATED GENE
EXPRESSION MEASUREMENTS

The expressions of Rab5, Rab6,® pro-phenoloxidase (proPO),
crustinl,! ferritin (fer), metallothionein” and 18S rRNA (B-
actin)® in the hepatopancreas tissue of crayfish were an-
alyzed via real-time PCR. The primers, which are shown
in Table 2, were synthesized by Shanghai Invitrogen Corp.
cDNA was generated from 500 ng of DNase-treated RNA
using an ExScript RT-PCR Kit (Takara Co., Ltd., Dalian,
China), and reverse transcription PCR and real-time PCR
were performed as previously described. The mRNA ex-
pression level was determined by real-time PCR (Applied
Biosystems 7300 real-time PCR system, USA) using a SYBR
Green I fluorescence kit. Relative Rab5, Rabé6, proPO,
crustinl, ferritin and metallothionein mRNA levels were
quantified using the 2-2ACT method, and PCR efficiency
was measured using serial dilutions of cDNA according to a
standard curve: AAC= (Cy, target - Cp, B-actin)pe x - (Cp
target - Cp, B-actin)y; e o- TRIZol reagent, RQ1 RNase-Free
DNase and the ExScript RT-PCR Kit were obtained from
Dalian Takara Co., Ltd.
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CRAYFISH CULTURE FOR THE CHALLENGE EXPERIMENTS

Crayfish with WSSV were purchased from Yellow Sea Fish-
eries Research, Qingdao, China. WSSV in crayfish was puri-
fied by differential centrifugation. WSSV was injected into
the last abdominal segment of crayfish (2.6 x 107 virions
per crayfish) for each experimental group. Mortality was
recorded at 0, 24, 48, 72, 96, 120 and 168 h after WSSV in-
fection. The challenge experiment was conducted in a sep-
arate tank.

The cumulative mortality (%) was calculated based on

the following formula: cumulative mortality (%) =
total mortality for each treatment after challenge % 100
total number of crayfish challenged for the same treatment

STATISTICAL ANALYSIS

Statistically significant differences were determined using
Duncan’s multiple range test and independent sample t
tests using SPSS (version 18.0) software. The data are ex-
pressed as X = SEM. The data were tested for homogeneity
and subjected to an analysis of variance before the post hoc
test.

RESULTS

EFFECT OF HC ON CRAYFISH GROWTH

Table 3 shows the effects of HC on crayfish growth. Com-
pared with the control diet, all five HC-supplemented diets
(HC10, HC15, HC20, HC25, and HC30) produced no signif-
icant increases in final body weight (FBW), WG or SGR and
no significant decreases in the feed conversion ratio (FCR)
(P > 0.05). There were no significant differences in survival
among the five treatment groups and the control group (P >
0.05).
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Table 2. Primers used in this study.

Name Sequence (5-3') Reference

Rab5-F GCCTTCTTGACACAAACAGTATGCT 6

Rab5-R GGAGTTCCTTTACCCAAGTTTTAGC

Raé-F TATGATTCCTTTGACAACACCTACC 6

Raé-R TAAGACGGAATAAGACTACGGAAT

proPO-F TTCTACCGCTGGCATAAGTTTGT 1

proPO -R TATCTGCCTCGTCGTTCCTCAC

crustinl-F CCACAGATGGCAATCGGAGTC 1

crustinl1-R AGGGAACGAACGCTGGAAAGT

ferritin-F GCACCAACAGTGCAAGAATGG 5

ferritin-R CTCGATGGACTCCACCTGCTC

metallothionein-F CGAGGGCGGGTGCAAGACT -

metallothionein-R CTTGGAGCAGGTCTTGGCAC

18SrRNA -F CTGTGATGCCCTTAGATGTT 8

18SrRNA-R GCGAGGGGTAGAACATCCAA

Table 3. Effects of Houttuynia cordata (HC) on the growth of crayfish.
Group IBW (g) FBW (g) WG (%) SGR (%) FCR SR (%)
Control 6.87 £0.06 30.41+0.594 342.93 + 12.344 2.48 +0.054 2.89+0.072 97.332

HC10 6.77 £0.06 30.55 +0.59¢<d 351.51+6.52¢d 2.51+0.02¢d 2.87 +0.052 98.002
HC15 6.77+0.12 30.85+0.51b¢ 356.03 + 15.14bc 2.52+0.06b¢ 2.83+0.08P 98.672
HC20 6.83+0.06 30.79+0.572 350.56 +4.632 2.51+0.022 2.83+0.114 99.332
HC25 6.80+0.10 31.25+0.69° 359.59 +5.352 2.54+0.022 2.87+0.074 99.332
HC30 6.77 £0.06 30.44 +0.452b 349.81+6.152b 2.51+0.023b 2.84+0.16¢ 97.332

1 Values labeled with different superscripted lowercase letters in the same column are significantly different according to Duncan’s multiple range test and the independent samples

t-test (P < 0.05); data are expressed as X * SEM (n = 3).

2 [BW: initial body weight (g); FBW: final body weight (g); SR: survival (%).
3 WG (weight gain) = 100 x [(FBW - IBW) / IBW].

4 SGR (specific growth rate) = 100 x [In (FBW) - In (IBW) / test days].

5 FCR (feed conversion ratio) = total feed consumption / total weight gain.
6 SR (survival) = 100 x (final number of fish / initial number of fish).

EFFECT OF HC ON HEMOCYTE AND HEPATOPANCREAS
ANTIOXIDANT CAPABILITIES IN CRAYFISH

The hemocyte antioxidant capabilities of the crayfish are
presented in Fig. 1. The T-AOC and T-SOD and GPx activ-
ities were significantly greater and the MDA content was
lower in the hemolymph from the crayfish fed the HC15,
HC20, HC25, and HC30 diets than in the hemolymph from
the crayfish fed the control diet (P < 0.05) (Fig. 1A, C, D
and F). Compared with the control diet, all five HC-supple-
mented diets (HC10, HC15, HC20, HC25 and HC30) signif-
icantly increased CAT activity and decreased the ROS con-
tent (P < 0.05) (Fig. 1B and E).

The hepatopancreas antioxidant abilities of the crayfish
are presented in Fig. 2. The T-AOC and CAT and GPx activ-
ities were significantly greater in the hemolymph from the
crayfish fed the HC15, HC20, HC25, and HC30 diets than
in the hemolymph from the crayfish fed the control diet
(P < 0.05) (Fig. 2A, B and D). All five HC-supplemented di-
ets (HC10, HC15, HC20, HC25 and HC30) significantly in-

creased T-SOD activity (Fig. 2C) and decreased the MDA
and ROS contents (Fig. 2E and F).

EFFECTS OF HC ON HEMOCYTE AND HEPATOPANCREAS
IMMUNE-RELATED PARAMETERS IN CRAYFISH

The immune-related parameters of the crayfish are pre-
sented in Fig. 3. Compared with the control diet, the five
HC-supplemented diets (HC10, HC15, HC20, HC25 and
HC30) significantly increased LZM, ACP and AKP activities
(P < 0.05) (Fig. 3A, B and C). The hemocyte PO content was
greater in the crayfish fed the HC15, HC20, HC25, and HC30
diets than in the crayfish fed the control diet (P < 0.05) (Fig.
3D).

The hepatopancreas immune-related parameters of the
crayfish are presented in Fig. 4. LZM and AKP activities
were significantly greater in the hemolymph from the cray-
fish fed the HC15, HC20, HC25, and HC30 diets than in the
hemolymph from the crayfish fed the control diet (P < 0.05)
(Fig. 4A and C). Compared with the control diet, all five HC-
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Figure 1. The activities of T-AOC (A), CAT(B), T-SOD (C), GPx (D) and the contents of ROS (E) and MDA (F) in
crayfish hemolymph subjected to different levels of dietary Houttuynia cordata. Each datum represents the mean
of ten replicates. Bars assigned with different superscripts are significantly different (P < 0.05).

supplemented diets (HC10, HC15, HC20, HC25 and HC30)
significantly increased ACP activity (P < 0.05) (Fig. 4B).

EFFECTS OF HC ON THE EXPRESSION OF GENES
RELATED TO ANTIOXIDANTS AND IMMUNITY IN THE
CRAYFISH HEPATOPANCREAS

Compared with the control diet, all five HC-supplemented
diets (HC10, HC15, HC20, HC25 and HC30) produced sig-
nificantly increased hepatopancreas-relative Rab5, Rabé,
proPO, crustinl and ferritin mRNA levels (P < 0.05) (Fig. 5, A,
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B, C, D and E). The hepatopancreas-relative metallothionein
mRNA expression levels were significantly greater in the
hemolymph from the crayfish fed the HC15, HC20, HC25,
and HC30 diets than in the hemolymph from the crayfish
fed the control diet (P < 0.05) (Fig. 5F).

EFFECT OF HC ON THE CRAYFISH CHALLENGE TEST
RESULTS

The cumulative mortality rate after WSSV infection is
shown in Fig. 6. The greatest increase in the cumulative
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Figure 2. The activities of T-AOC (A), CAT(B), T-SOD (C), GPx (D) and the contents of ROS (E) and MDA (F) and in
crayfish hepatopancreas subjected to different levels of dietary Houttuynia cordata. Each datum represents the
mean of ten replicates. Bars assigned with different superscripts are significantly different (P < 0.05).

mortality rate occurred 48 to 120 h after infection, and the
total cumulative mortality rates at the end of the experi-
ment were 100.00%, 98.00%, 95.00%, 79.67%, 78.00% and
80.00% for the control diet and five HC-supplemented di-
ets (HC10, HC15, HC20, HC25 and HC30), respectively. The
cumulative mortality rates were significantly greater at 72,
96, 120 and 168 h after infection in the control crayfish and
in the crayfish fed the HC10 diet than in the crayfish fed the
HC15, HC20, HC25 and HC30 diets (P < 0.05, Fig. 6).
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DISCUSSION

EFFECT OF HC ON CRAYFISH GROWTH

Chinese herbal medicine feed additives promote the growth
performance of aquatic animals by improving digestive en-
zyme activities and the intestinal microbial community
structure.” There are relatively few studies on HC as a feed
additive for aquatic animals. Studies have shown that
adding 2% HC to feed can promote the growth of juvenile
grass carp (Ctenopharyngodon idellus).10 However, some

173



Effects of the medicinal herb Houttuynia cordata on growth performance, antioxidant capacity, immune res...

alll]

15 4

Hemolymph AKP (King's Unit-100ml-')
>

7
HC25 HC30

HC20

B)

ml')
g e S
S N & & ®

Hemolymph ACP (King's Unit- 100
%

(=T ")

HC25  HC30

Hemolymph PO (U-ml")
=

(¥

CON

HC10 HC1S  HC20  HC25 HC30

Figure 3. The activity of LZM (A), ACP (B), AKP (C) and PO (D) in crayfish hemolymph subjected to different
levels of dietary Houttuynia cordata. Each datum represents the mean of ten replicates. Bars assigned with

different superscripts are significantly different (P < 0.05).

studies have shown that HC has no effect on the growth
of Cobia (Rachycentron canadum)!! or Nile tilapia (Ore-
ochromis niloticus).> All five HC-supplemented diets did not
significantly increase the growth of the crayfish (P < 0.05).
However, the diets supplemented with HC significantly re-
duced the mortality rate after infection with WSSV in this
study, which is consistent with results from studies of gly-
cyrrhizic acid,? hesperidin,!? and Astragalus polysaccha-
rides.13 Therefore, as a natural antibiotic, HC plays an im-
portant role in resisting WSSV. Furthermore, the main
reasons for the improved growth in juvenile grass carp
(Ctenopharyngodon idellus) may be improved intestinal flora
structure and function. We also speculate that the reason
for the lack of improvement in the growth of crayfish may
be the poor palatability of HC, which is not conducive to the
attractiveness of the food.

EFFECTS OF HC ON THE ANTIOXIDANT CAPABILITIES OF
CRAYFISH

When crustaceans are under emergency stress, such as en-
vironmental stress and disease-induced stress, the accu-
mulation of ROS exceeds the body’s self-regulation ability
and damages the body’s physiological and immune func-
tions. Lipid peroxidation is the result of the oxidation of
polyunsaturated fatty acids in the lipid membrane. As one
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of the products of lipid peroxidation, MDA can aggravate
cell membrane damage. Therefore, the MDA content re-
flects the degree of ROS damage in tissue cells and indi-
rectly reflects the antioxidant capacity of the body.14 To re-
move toxic ROS, aquatic animals have their own effective
antioxidant defense system to protect tissues from oxida-
tive damage. Antioxidant enzymes and proteins play im-
portant roles in resolving stress and neutralizing excess
ROS. The T-AOC is a comprehensive index that has been re-
cently applied to measure the function of the antioxidant
system. It reflects the compensatory ability of antioxidant
enzymes and nonenzymatic systems to detoxify external
stimuli and promote the health of the body.!> The SOD
system provides the first line of defense against oxidative
stress by converting 02°~ to H,0, to prevent direct damage
induced by 02*~ to the body.!® The toxic compound H,0,
is further eliminated by GPx and CAT, which catalyze the
conversion of H,0, to H2O.17 Therefore, the three enzymes
SOD, CAT and Gpx cooperate with one another to inhibit
lipid oxidation in the cell membrane and reduce oxidative
damage.

Studies have shown that hesperidin from dried tangerine
peel can increase the cellular antioxidant capacity and en-
hance the antioxidant status in broiler chicks by increasing
T-AOC and GPx activities and reducing the MDA content.12
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Figure 4. The activity of LZM (A), ACP (B) and AKP (C) in crayfish hepatopancreas subjected to different levels of
dietary Houttuynia cordata. Each datum represents the mean of ten replicates. Bars assigned with different

superscripts are significantly different (P < 0.05).

Other studies have shown that astaxanthin,!8 chitosan
oligosaccharide!® and Astragalus polysaccharide!3 can in-
crease the SOD activity of crayfish. Kelp powder can also in-
crease SOD and GPx activities and decrease the MDA con-
tent of crayfish, and glycyrrhizic acid can increase T-AOC
and T-SOD and GPx activities and decrease the MDA and
SOD contents of crayfish.” Other studies have shown that
icariin can alleviate oxidative stress caused by duck hepati-
tis A virus by increasing SOD and GPx activities and reduc-
ing the MDA content in ducks29; furthermore, icariin can
significantly improve cisplatin-induced oxidative stress by
reducing MDA and ROS levels in HEK-293 cells in vitro.2!
Accordingly, we speculate that feeding crayfish an appro-
priate amount of HC improved the CAT and GPX activities
in the hemolymph and hepatopancreas, which improved
the ability to decompose residual H,O, via increased SOD
activity. Thus, the T-AOC ultimately improved, and the
contents of ROS and MDA in the crayfish decreased. These
findings may help us understand the physiological mecha-
nism of the effects of HC supplementation in crayfish diets.

EFFECTS OF HC ON IMMUNE-RELATED PARAMETERS IN
CRAYFISH

Lysozyme is an important nonspecific immune factor in an-
imals and has a strong killing effect on gram-positive bac-
teria. The activity and antibacterial abilities of lysozyme in
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animals are directly related to the immune function and
health of the fish. ACP is an enzyme similar to lysozyme
that can catalyze the hydrolysis of phosphate monoesters.
Previous studies have shown that ACP release is accompa-
nied by an immune response, specifically crustacean blood
cell phagocytosis and engulfment. Research has shown that
the immunity of aquatic animals increases with increasing
lysozyme and ACP activities.2? AKP is an important meta-
bolic regulatory enzyme in organisms. It can directly par-
ticipate in phosphate group transfer and calcium and phos-
phorus metabolism. AKP plays an important role in the
absorption and utilization of nutrients by fish and shrimp
and improves their disease resistance.23 Studies have
shown that fructooligosaccharides2# can increase the LZM,
ACP, and AKP activities in Litopenaeus vannamei, that As-
tragalus polysaccharide can increase the LZM activity of
crayfish,13 that kelp powder can increase the AKP activity
of crayfish, and that astaxanthin!® and chitosan oligosac-
charidel? can increase the AKP and ACP activities of cray-
fish. In addition, studies have shown that HC can increase
the AKP, ACP and LZM activities of sea cucumber (Aposti-
chopus japonicus) and increase the LZM activity of juvenile
grass carp (Ctenopharyngodon idellus).10

PO, one of the key immune components in the inverte-
brate innate immune system, usually does not have bac-
tericidal or antibacterial activity but can catalyze the con-
version of phenolic substrates to quinones, which are

175



Effects of the medicinal herb Houttuynia cordata on growth performance, antioxidant capacity, immune res...

(A)

1 g
A (=]

Ling
-]

Rab5 mRNA expression levels
= G

o
LS

S
o

CcoN HC10 HCI15 HC20 HC25 HC30

(©)

levels

CON HC10 HCI5 HC20 HC25 HC30

CON HC10

HC15 HC20 HC25 HC30

3

w
=
Z

Rab6 mRNA expression levels
— — [
o n =)

=
n

e
(=

CON HC10 HC135 HC20 HC25 HC30

(D)

Crustinl mRNA expression levels

CON HC10 HC15 HC20 HC25 HC30

levels

CON HC10

HC15

HC20  HC25  HC30
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0.05).

ultimately converted to melanin through a series of nonen-
zymatic reactions. Quinones have been reported to have
bactericidal and bacteriostatic effects, while melanin has
also been found to agglutinate pathogens, repair damage
and mediate phagocytosis.25 Studies have shown that Un-
caria tomentosa2® can increase PO and AKP activities in Pa-
cific white shrimp (Litopenaeus vannamei), that glycyrrhizic
acid can improve PO activity in crayfish.? In addition, stud-
ies have shown that a floating bed of HC can increase PO
activity in aquacultured genetically improved farmed
tilapia (GIFT) (Oreochromis niloticus).2”

Therefore, we speculate that Houttuynia cordata, as a
feed additive used in Chinese herbal medicine, can improve

Israeli Journal of Aquaculture - Bamidgeh

the phagocytosis and engulfment of blood cells and en-
hance bactericidal ability in vivo by increasing the activities
of lysozyme and ACP in crayfish. Moreover, it can catalyze
the conversion of its phenolic substrate to quinone species
and improve immunity. In addition, it can improve the ac-
tivity of AKP in crayfish, promote nutrient absorption and
increase disease resistance. Thus, LZM, ACP, and AKP ac-
tivities were significantly increased in the hemolymph and
hepatopancreas, and PO activity was increased in the he-
patopancreas of crayfish fed the HC15, HC20, HC25 and
HC30 diets, which indicates that dietary HC could enhance
immunity in crayfish.
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EFFECTS OF HC ON THE EXPRESSION OF GENES
RELATED TO IMMUNE FUNCTION IN CRAYFISH

Rab proteins represent the largest branch of the Ras-like
small GTPase superfamily. To date, more than 70 Rab genes
have been successfully identified in the human genome.
Most Rab proteins play important roles in regulating mem-
brane transport at different levels in all eukaryotic cells.
Rab5 and Rabé are important members of the Rab family
and play regulatory roles in the interaction between phago-
somes and other intracellular compartments. These two
genes are generally expressed in various tissues, and
changes in Rab5 (or Rab6) expression are related to various
diseases.28 Recent studies have shown that Rab5 and Rabé
are involved in the innate immune response of aquatic ani-
mals. Studies have shown that Rab5 mRNA expression lev-
els are significantly increased in large yellow croaker
(Larimichthys crocea) spleens after infection with Vibrio
parahaemolyticus?® Rabé is reportedly involved in the reg-
ulation of antibacterial and antiviral phagocytosis by Mar-
supenaeus japonicus blood cells. The phagocytic percentage
and phagocytic index of blood cells have been found to be
positively correlated with the expression of Rab6.39 In ad-
dition, the expression levels of the Rab5 and Rabé genes in
the crayfish hepatopancreas, gills, and intestines are sig-
nificantly increased after Aeromonas hydrophila and WSSV
infection, respectively.® These results indicate that Rab5
and Rabé play important roles in the immune response to
viruses and bacteria. It is speculated that Houttuynia cor-
data can promote lysozyme and ACP enzyme activities in
crayfish blood cells, the hepatopancreas and other tissues
by increasing the gene expression of Rab5 and Rabé, result-
ing in high phagocytosis and bactericidal ability. Therefore,
increased Rab5 and Rab6 mRNA levels could enhance cray-
fish immunity.
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The proPO activation system involves a variety of en-
zyme cascade reactions. When bacteria or fungi infect
shrimp, the system is activated, and proPO is activated into
the active PO. Studies have shown that proPO in shrimp
exists mainly in inactive GCs, which are released through
exocytosis and then transformed into PO.3! Crustin 1 is
an invertebrate antimicrobial protein that widely exists in
shrimp, crabs, lobsters and other crustaceans. Studies have
shown that proPO and crustin 1 mRNA expression levels
are significantly increased in crayfish after infection with
WSSV.1 These results indicate that the increase in PO activ-
ity in this study was closely related to the high expression
of the proPO gene. Houttuynia cordata may increase the ac-
tivity of PO by increasing the expression of the proPo gene
and inducing exocytosis in GCs. Ferritin is a cellular an-
tioxidant that regulates the availability of iron ions for the
Fenton reaction to control the production of ROS.32 Metal-
lothioneins act as antioxidants by scavenging free radicals.
Studies have shown that ferritin and metallothionein mRNA
expression levels are significantly increased in crayfish after
exposure to nitrite and sulfide stress.” Therefore, the high
expression of the ferritin and metallothionein genes in this
study was closely related to the decrease in the ROS content
in the hepatopancreas. Houttuynia cordata may improve the
ability of free radical scavenging by increasing the expres-
sion of the ferritin and metallothionein genes to control
the production of ROS and ultimately reduce the content of
ROS. Thus, as a result of the upregulation of proPO, crustin
1, ferritin and metallothionein expression, the immunity of
crayfish may be increased.

In summary, the upregulated expression of Rab5, Rabé,
proPO, crustin 1, ferritin and metallothionein in crayfish
could lead to increased immunity in crayfish due to feeding
with the HC15, HC20, HC25 and HC30 diets. However, the
mechanism of this effect requires further study.
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In conclusion, HC has antitumor, antileukemia, antioxi-
dant, antiviral and other biological activities. In this study,
dietary supplementation with HC significantly improved
the antioxidant activity, immunity and disease resistance of
crayfish. Therefore, HC is an important immunopotentia-
tor and will be used in crayfish aquaculture in the future.
Under our research conditions, the optimal dose of dietary
HC was present in the HC15, HC20, HC25, and HC30 diets
(1.5%-3.0%, w/w). However, further studies in different ani-
mal and cell models are necessary to comprehensively eval-
uate the immunopotentiation and antioxidant activity of
HC and the exact molecular mechanisms involved.
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