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ARTICLE INFO ABSTRACT

The sea vegetable Hizikia fusiforme is not only a good source of dietary fiber but also enhances immunity. In this
study, we investigated the effects of H. fusiforme on innate immunity in invertebrates, using white spot syndrome
virus (WSSV) challenge in the crayfish, Procambarus clarkii. Supplementation with H. fusiforme significantly
reduced mortality caused by WSSV infection and also reduced copy numbers of the WSSV protein VP28.
Quantitative reverse transcription-polymerase chain reaction showed that supplementation of feed with H. fu-
siforme increased the expression of immune-related genes, including NF-kB and crustin 1. Further analysis
showed that supplementation with H. fusiforme also affected three immune parameters, total hemocyte count,
and phenoloxidase and superoxide dismutase activity. H. fusiforme treatment significantly increased hemocyte
apoptosis rates in both WSSV-infected and uninfected crayfish. H. fusiforme thus regulates the innate immunity of
crayfish, and both delays and reduces mortality after WSSV challenge. Our study demonstrates the potential for
the commercial use of H. fusiforme, either therapeutically or prophylactically, to regulate the innate immunity
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and protect crayfish against WSSV infection.

1. Introduction

The freshwater crayfish, Procambarus clarkii, is native to northern
Mexico and the southern and southeastern United States [1]. This
species has now been introduced into many areas of China and has
become commercially important in freshwater aquaculture [2]. With
the rapid development of crayfish pond culture and a comprehensive
rice shrimp breeding industry, white spot syndrome (WSS) has become
increasingly prevalent in crayfish. WSS is devastating to the shrimp
industry and has dramatically reduced shrimp production worldwide
[3,4]. Mortality rates are typically very high, and cumulative mortality
can reach 100% within 3-10 days from the onset of gross visible signs
of disease [3,4]. White spot syndrome virus (WSSV), a rod-shaped virus
belonging to the genus Whispovirus of the Nimaviridae family, has a wide
geographical distribution and host range [5,6]. All major cultivated
species of penaeid shrimp can be naturally infected by WSSV [7-9], and
both natural and experimental infections of other crustaceans have also
been reported [10,11]. WSSV begins replication in host cells soon after
infection and outbreaks of WSS cause extremely high mortality rates,
leading to large economic losses [5]. The clinical symptoms of WSS
include loss of appetite, lethargy, and the appearance of white spots on
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the exoskeleton [12,13]. Because of its economic importance, there is
an urgent need to develop safe new treatments to reduce the mortality
rate following WSSV infection.

Hizikia fusiforme is a sea vegetable that can be eaten fresh, but is
mostly dried and rehydrated before use [14]. H. fusiforme and its extract
show strong anti-tumor, anti-oxidant, anti-inflammatory, anti-melano-
genesis, anti-diabetic and immunomodulatory activity [15-24]. Since
dietary H. fusiforme has been shown to enhance growth and immunity
of juvenile olive flounder, Paralichthys olivaceus [25], we decided to
investigate whether it would inhibit replication of WSSV and reduce
mortality in crayfish. To determine whether H. fusiforme is an effective
antiviral additive, we measured innate immunity and immunological
indicators before and after treatment, as well as copy numbers of the
viral protein VP28 and mortality and apoptosis after WSSV infection.
We found that H. fusiforme regulates innate immunity, inhibits viral
replication and reduces mortality in crayfish challenged with WSSV.
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2. Materials and methods
2.1. Crayfish, H. fusiforme and pathogens preparation

Healthy crayfish (approximately 15 g and 10 cm each) were pur-
chased from a crayfish breeding company in Anhui, China. In order to
adapt the crayfish to the new environment, the crayfish were bred for a
week before the experiment, they were kept in tanks with fresh water
and fed with commercial pellet feed at 5% of body weight per day, the
water temperature were set at 25 °C. Hemolymph and gill tissues from
cultured crayfish were subjected at random to PCR detection with
WSSV-specific primers to ensure that the crayfish were WSSV-free.
Hizikia fusiforme powder used in this study was purchased from
Baiyuheng Biotechnology (Guangzhou, China). The commercial pellet
feed was purchased from South Ranch (Henan, China). The preparation
method of H. fusiforme additive feed is as follows: firstly, commercial
pellet feed is crushed by disintegrator; secondly, crushed pellet feed is
mixed with H. fusiforme in a certain proportion, added super-pure water
to knead into ‘dough’, which is formed in dough press; finally, that is
dried in an oven (40 °C). Oral use, H. fusiforme was added to com-
mercial pellet feed for crayfish at a dose of 50, 60 and 70 mg/kg, stored
at room temperature and kept dry.

WSSV used in this study originated from infected crayfish and was
reserved at —80 °C as described previously [26]. The crayfish were
randomly selected for WSSV challenge from the tanks, which were in-
fected with WSSV. The minced meat of WSSV-infected crayfish used in
the challenge experiments was prepared according to the previous
study [27].

2.2. H. fusiforme treatment and WSSV challenge

Crayfish were randomly transferred into separate tanks as different
groups. In the H. fusiforme treatment experiment, crayfish were fed with
H. fusiforme additive feed every 24 h as the H. fusiforme group. Crayfish
fed with commercial pellet feed as the control group. To determine the
influence of H. fusiforme on the innate immunity of crayfish, the he-
molymph of each group was collected after feeding to analyze gene
expression and immune parameters. To determine the role of H. fusi-
forme in the WSSV infection process, crayfish in each group were fed
with minced meat of WSSV-infected crayfish after 72 h of H. fusiforme
treatment. Crayfish fed with commercial pellet feed alone were defined
as the control group, and those fed with 50, 60 or 70 mg/kg H. fusiforme
additive feed alone were defined as the 50 mg/kg H. fusiforme, 60 mg/
kg H. fusiforme, or 70 mg/kg H. fusiforme groups, respectively. The re-
sults of pre-experiment about the dose of H. fusiforme showed that the
mortality of crayfish fed with 30, 40, 50, 60 or 70 mg/kg H. fusiforme
was 100%, 100%, 70%, 50% and 80% after WSSV challenge. After 72 h
of H. fusiforme treatment, commercial pellet feed + minced meat,
50 mg/kg H. fusiforme additive feed + minced meat, 60 mg/kg H. fu-
siforme additive feed + minced meat, 70 mg/kg H. fusiforme additive
feed + minced meat were challenged with minced meat of WSSV-in-
fected crayfish. Crayfish fed with commercial pellet feed and minced
meat was defined as the WSSV group. Crayfish fed with 50, 60 or
70 mg/kg H. fusiforme additive feed and minced meat were defined as
the WSSV +40 mg/kg H. fusiforme, WSSV +50 mg/kg H. fusiforme, or
the WSSV +60 mg/kg H. fusiforme groups, respectively. Based on the
requirements of different analysis, crayfish samples were collected at
different times after H. fusiforme or WSSV treatment. Experiments de-
scribed above were all repeated three times. The mortality of experi-
mental crayfish was recorded and analyzed according to the previous
study [27].

2.3. WSSV replication analysis

The detection of WSSV copies in hemocytes of crayfish was per-
formed according to the previous study [27].
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Table 1
Real-time quantitative PCR primer sequences of immune signal pathways
related genes in the hemocytes of Procambarus clarkii.

Primer Name Primer Seqgeunce (5’ to 3’)

B-Actin-F ACCACTGCCGCCTCATCCTC
B-Actin-R CGGAACCTCTCGTTGCCAATGG
Toll-like receptor-F TTGCGTAGTGACTTGTGGAGC
Toll-like receptor-R CTACTGTAACGCAGGCGATGG
NF-kappa B-F TAGTGCGTGATGATGGGTCTT
NF-kappa B-R GCTGATTATGGAGGCAGAAAA
crustin 1-F CCACAGATGGCAATCGGAGTC
crustin 1-R AGGGAACGAACGCTGGAAAGT
C-type-lectin-F ACTTTGCTAACGCCAATCCAC
C-type-lectin-R CTACGCTGTCATCGACGAACC

2.4. Expression analysis by real-time quantitative PCR

Crayfish hemocytes were collected from each group 24 h after
feeding with 60 mg/kg H. fusiforme. For detect the expression of im-
mune-related genes, the real-time quantitative PCR was performed
following the previous study [28]. The gene expression level was cal-
culated with the 2724°T method [29], the amplification cycle of B-actin
was used as an internal control to calculate the relative expression level.
Expression levels of genes of the control group were used as index 1.

Five innate immune-related genes, Toll-like receptor (KP259728.1),
proPO (MH156427.1), NF-kappa B (KF662471.1), crustin 1
(GQ301201.1), and C-type-lectin (KC857544.1), were selected to detect
the influence of H. fusiforme treatment on the innate immune system.
The design and synthesis of the RT-qPCR primers were entrusted to the
Generay company (Shanghai, China). The primer sequences are listed in
Table 1.

2.5. Total hemocyte count, phenoloxidase activity, and superoxide
dismutase activity

Three immune parameters, total hemocyte count (THC), phenolox-
idase (PO) activity and superoxide dismutase (SOD) activity were per-
formed to analyze the innate immunity of the experimental crayfish. At
24 and 48 h after WSSV challenge, crayfish hemolymph was collected
from each group and combined at a ratio of 1:1 with an anticoagulant
(20 mM EDTA, pH 5.6), and the hemolymph mixtures were kept on ice
constantly. The hemolymph (100 pL) was withdrawn from the ventral
sinus of each crab into a 1 mL syringe containing 100 pL of 0.45 M NaCl
(10% Methanal) in and transferred to a microfuge tube immediately.
The hemocyte count was performed using a hemocytometer and de-
fined as number of cells mL™', and the data presented as the total
hemocyte count [30]. The PO activity of the experimental crayfish was
quantified in the hemolymph mixture based on the formation of dopa
chrome from L-3, 4-dihydroxyphenylalanine (1.-DOPA), as described
previously [31]. The SOD activity of the experimental crayfish was
quantified in hemocytes isolated from the hemolymph mixture, ac-
cording to the method described by Beauchamp and Fridovich [32].
The data was presented as measurements.

2.6. Apoptosis analysis

An apoptosis assay was conducted using Annexin V (Invitrogen,
USA) according to an optimized method based on the manufacturer's
protocol. The following manipulation steps were according to the pre-
vious study [27]. The apoptosis rate of the control group and the
60 mg/kg H. fusiforme group was measured after feeding the corre-
sponding feed for 72 h. After feeding commercial pellet feed and H.
fusiforme additive feed for 72 h, the apoptosis rate of WSSV group and
WSSV +60 mg/kg H. fusiforme group was detected at 24 h after WSSV
challenge. The data were presented as means * standard deviation
(SD) derived from three independent experiments.
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2.7. Statistical analysis

Every experiment was performed three times as biological repeats to
exclude variation from weather, individual difference, and anthro-
pogenic operation. Quantitative data were expressed as mean =+
standard deviation (SD). The data from three independent experiments
were analyzed by one-way analysis of variance (ANOVA) to calculate
the mean and standard deviation of the triplicate assays. All statistics
were measured using SPSS software version 19 (IBM, USA). The dif-
ferences between the different treatments were analyzed by multiple ¢-
test method. Statistical significance was defined as *P < 0.05,
**P < 0.01.

3. Results
3.1. Effects of H. fusiforme on survival rate of WSSV-challenged crayfish

Crayfish survival rates and viral copy numbers were used to de-
monstrate the protective effect of H. fusiforme in the WSSV challenge
experiment. Crayfish survival was recorded at 12 h post infection. In
uninfected animals, the survival rates in the untreated group and the
group treated with 60 mg/kg H. fusiforme group were 90% and 100%,
respectively, showing that this dose of H. fusiforme has no effect on the
mortality of the crayfish. Crayfish challenged with WSSV were all dead
at 168 h post infection but survival rates were significantly improved
(p < 0.01) by treatment with 50, 60 or 70 mg/kg H. fusiforme. Survival
rates were highest in the group treated with 60 mg/kg H. fusiforme; 50%
of the crayfish in this group were alive at 168 h post infection (Fig. 1).
Further studies were carried using 60 mg/kg H. fusiforme since this dose
gave the highest survival rate in the WSSV challenge experiment.

3.2. Effects of H. fusiforme on WSSV copy numbers

WSSV copy numbers were measured at 0, 24, 48, 72 and 96 h post
WSSV challenge. Viral copy numbers in both untreated crayfish and
crayfish treated with 60 mg/kg H. fusiforme reached 1 x 10° at 24 h
post infection, and then gradually increased from 24 to 96 h. Copy
numbers were significantly lower in the treated group at 24, 72 and
96 h post infection. We concluded that H. fusiforme has some inhibitory
effect on viral replication but that the reduction in crayfish mortality
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Fig. 2. WSSV copy numbers were measured 0, 24, 48, 72 and 96 h after WSSV
challenge. The experiment was repeated three times as biological replicates.
Values are presented as means, with standard deviations shown as error bars.
Asterisks indicatesignificant differences between the untreated group and the
group treated with60 mg/kg H. fusiforme group. *p < 0.05, **p < 0.01,
analyzed by multiple t-test.
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may not be directly due to inhibition of WSSV (Fig. 2).

3.3. Effects of H. fusiforme on expression of immune pathway genes

Analysis of five immune-related genes by real-time reverse tran-
scription-polymerase chain reaction (RT-PCR) showed that expression
of crustin 1 and NF-«kB was significantly up-regulated (p < 0.05) fol-
lowing treatment with 60 mg/kg H. fusiforme, whereas expression of C-
type lectin was significantly down-regulated (p < 0.01) (Fig. 3). There
was no significant change in the expression of proPO or Toll-like re-
ceptor. These results suggest that H. fusiforme may induce certain im-
mune pathways in crayfish.

3.4. Effects of H. fusiforme on immune parameters

Total hemocyte count (THC), together with phenoloxidase (PO) and
superoxide dismutase (SOD) activities, was measured at 24 and 48 h
after administration of commercial feed (control group), commercial

Fig. 1. Survival rates of WSSV-challenged crayfish
with/without Hizikia fusiforme treatment. Crayfish
were fed with commercial feed (control) or feed
containing minced meat from WSSV-infected cray-
fish. H. fusiforme (50, 60 or 70 mg/kg) was added to
the feed as shown above. Each group contained at
least 15 individuals. The survival rate in each group
was recorded every 12 h for 168 h.
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Fig. 3. RT-PCR analysis of expression of immune genes in crayfish. Expression
of immune-related genes (Toll-like receptors (TLR), proPO, NF-kB, crustin 1 and
C-type lectin) in crayfish hemocytes was measured 24 h after treatment with
60 mg/kg H. fusiforme. The mRNA expression was normalized to the B-actin
transcript level. Data are presented as means * standard deviations of three
separate individuals. Asterisks indicate significant differences between the
60 mg/kg H. fusiforme group and the control group. *P < 0.05, **P < 0.01),
analyzed by multiple t-test.

feed + 60 mg/kg H. fusiforme, WSSV-infected feed or WSSV-infected
feed +60 mg/kg H. fusiforme. THC in the 60 mg/kg H. fusiforme group
was significantly increased (p < 0.01) at 24 h, but significantly re-
duced (p < 0.05) at 48 h, compared with the control group (Fig. 4a).
THC was significantly higher (p < 0.05), both at 24 and 48 h, in the
WSSV-infected group compared with the control group (Fig. 4b). From
24 to 48 h after infection, THC in the WSSV +60 mg/kg H. fusiforme
group increased from 1.08 x 105/mL to 1.53 x 10°/mL and THC in the
WSSV group increased from 8.3 x 10°/mL to 1.9 X 10°/mlL.

There was no significant difference in PO activity between the
control group and the 60 mg/kg H. fusiforme group at 24 h after
treatment whereas PO activity in the treated group was significantly
higher (p < 0.01) than in the control group at 48 h after treatment
(Fig. 4c). PO activity was increased after WSSV challenge, indicating
that WSSV infection temporarily enhanced PO activity in hemolymph.
PO activity was significantly reduced (p < 0.01) in the
WSSV + 60 mg/kg H. fusiforme group at 48 h after infection (Fig. 4d),
showing that 60 mg/kg H. fusiforme blocked the effect of WSSV on PO
activity and restored activity to a level similar to that of the control
group.

The control group and the 60 mg/kg H. fusiforme group had similar
SOD activity at 24 h after treatment. The 60 mg/kg H. fusiforme group,
however, showed significantly lower (p < 0.01) SOD activity than the
control group 48 h after treatment (Fig. 4e). SOD activity was sig-
nificantly reduced (p < 0.01) both 24 and 48 h after WSSV challenge
(Fig. 4f). In the WSSV challenge group treated with 60 mg/kg H. fusi-
forme, SOD activity remained at a similar level to that in the control
group, but was significantly higher (p < 0.01) than in the WSSV
challenge group, indicating that 60 mg/kg H. fusiforme may block the
effect of WSSV on SOD activity.

3.5. Effects of H. fusiforme on apoptosis of hemocytes

Rates of hemocyte apoptosis in the presence and absence of 60 mg/
kg H. fusiforme were measured using flow cytometry. The apoptosis rate
in the 60 mg/kg H. fusiforme group was significantly higher (p < 0.01)
than in the control group (Fig. 5a), indicating that H. fusiforme induces
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apoptosis of crayfish hemocytes. Hemocytes from treated crayfish are
very fragile and we tried very hard to minimize damage and apoptosis
caused by centrifugation and the liquid impact associated with pipet-
ting and subsequent re-suspension. In the WSSV-infected group, the
apoptosis rate increased to an average of 59.7%. In the WSSV + H.
fusiforme group, the apoptosis rate was further increased to 69.9%,
which was significantly higher than in the WSSV group (p < 0.01)
(Fig. 5b).

4. Discussion

All animals have gradually evolved a series of mechanisms to pro-
tect themselves from viral attack. In crustaceans, innate immunity plays
an important role in defense against viral infection and apoptosis is an
important component of this response [33]. In the present study, we
showed that H. fusiforme can directly regulate the innate immunity of
crayfish.

We first investigated whether H. fusiforme can protect crayfish from
infection with WSSV, which is the main pathogen for most crustaceans
[5]. We found that the mortality rate of crayfish treated with H. fusi-
forme was significantly lower than that of untreated crayfish after WSSV
infection, and that the best dose of H. fusiforme was 60 mg/kg. Treat-
ment with H. fusiforme also significantly reduced WSSV copy numbers,
although it is unclear whether this is caused by direct inhibition of viral
replication or by an effect on the innate immunity of the crayfish. We
next investigated the effect of adding 60 mg/kg H. fusiforme as a feed
supplement for 24 h on expression levels of four important immune
genes in crayfish. Expression levels of NF-xB and crustin 1 were sig-
nificantly up-regulated, whereas expression of C-type lectin was sig-
nificantly down-regulated. During viral infection, a series of signaling
pathways can be triggered in the host, leading to apoptosis of infected
cells [34,35]. NF-xB is involved in the transcriptional regulation of a
variety of apoptosis-related genes and can either inhibit or promote
apoptosis [36]. Polysaccharides from extracts of H. fusiforme have been
shown to regulate NF-xB signaling pathways in human dermal fibro-
blasts [37]. After WSSV infection in crayfish, treatment with 60 mg/kg
H. fusiforme significantly increased total hemocyte counts and hemocyte
apoptosis rates, which may be associated with upregulation of NF-kB.
H. fusiforme thus enhances apoptosis and also reduces mortality in
WSSV-infected crayfish, suggesting that inhibition of WSSV replication
may be due to regulation of apoptosis. Crustin plays an important role
in innate immunity and could potentially be used as an antibacterial
agents in shrimps [38]. Knockdown of shrimp crustin using RNAi has
been shown to inhibit WSSV replication and to reduce mortality, WSSV
copy numbers and expression of WSSV immediate early genes (IE1, IE2,
DNA polymerase, VP28) [39]. We found that expression levels of
crustin 1 in crayfish were significantly increased by treatment with H.
fusiforme. C-type lectin plays a central role in the host immune response
to pathogens and has been shown to have antiviral and antibacterial
activity in shrimps [40,41]; many other members of the lectin family
have also been shown to be involved in the response to viral infection
[42,43]. The C-type lectin LvCTL1 in Litopenaeus vannamei has been
shown to protect against WSSV infection, possibly by interaction of
LvCTL1 with several viral proteins [43]. We found, however, that
treatment of crayfish with H. fusiforme led to significantly reduced ex-
pression of C-type lectin. This is in agreement with a study that showed
that C-type lectin acts with calreticulin to facilitate WSSV infection in
shrimp [44]. The down-regulation of C-type lectin expression caused by
treatment with H. fusiforme thus seems to be beneficial for the immune
response of crayfish to viral infection.

To investigate the effect of H. fusiforme on the innate immunity of
crayfish, we compared the immunological activity of crayfish fed H.
fusiforme before and after WSSV challenge. Hemocyte, an important
tissue for the innate immunity of crustaceans, is involved in cellular
immunity and humoral immunity, and can directly recognize and en-
gulf foreign pathogens [45]. Treatment with H. fusiforme increased total
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Fig. 4. Effects of WSSV challenge and 60 mg/kg H.
fusiforme on immune parameters. Crayfish received
commercial feed (control), commercial
feed + 60 mg/kg H. fusiforme, WSSV-infected feed,
or WSSV-infected feed+ 60 mg/kg H. fusiforme.
Three immune-related parameters, total hemocyte
count (THC), phenol oxidase (PO) activity and su-
peroxide dismutase (SOD) activity, were compared
before and after WSSV challenge. In the WSSV-in-
fected feed +60 mg/kg H. fusiforme group, the
crayfish were challenged with WSSV-infected feed
72 h after receiving commercial feed +60 mg/kg H.
fusiforme. Effects of 60 mg/kg H. fusiforme on (a)
THC, (c¢) PO activity and (e) SOD activity in healthy
crayfish. Effects of 60 mg/kg H. fusiforme on (b) THC,
(d) PO activity and (f) SOD activity in WSSV-infected
crayfish. Each value at each time point represents
date for at least three individual crayfish. Data are
presented as mean values with standard deviations.
Asterisks indicate a significant difference between
two groups when analyzed by a multiple t-test.
*P < 0.05, **P < 0.01.
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hemocyte counts in crayfish after WSSV challenge. Treatment with H.
fusiforme also increased PO activity showing that treatment with H.
fusiforme promotes the proPO pathway. However, the PO activity of H.
fusiforme treatment was reduced by WSSV infection and showed no
difference with that of the control. PO, the terminal enzyme of the
proPO pathway, converts tyrosine to dihydroxyphenylalanine and then
to dopaquinone and melanin [46]. PO activity is very important for the
innate immune defense of crustacean against invading pathogens [47].
In the WSSV challenge experiments, SOD activity, which is very im-
portant for the stability and health of crayfish, was significantly higher
in crayfish treated with 60 mg/kg H. fusiforme group than in untreated
animals. Although reactive oxygen species (ROS) released during the
innate immune response can destroy bacteria and viruses, large
amounts of ROS can also nonspecifically attack host proteins, lipids and
DNA, leading to cell damage [48]. To avoid ROS self-injury, SOD is
activated as part of the antioxidant defense to remove superoxide an-
ions and maintain homeostasis during the immune response [49]. Our
results indicate that H. fusiforme reduces crayfish mortality mainly by
enhancing innate immunity, rather than by a direct inhibitory effect on
WSSV replication.
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In conclusion, we have shown that supplementation with H. fusi-
forme promotes innate immunity of crayfish, especially cellular im-
munity following WSSV infection, by activating several innate immune
pathways. Treatment with H. fusiforme also inhibited WSSV replication
and reduced mortality in infected crayfish.
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Fig. 5. Apoptosis of hemocytes in crayfish treated with H. fusiforme, analyzed by flow cytometry. Crayfish were treated with commercial feed or 60 mg/kg H.
fusiforme, followed by challenge with WSSV. At 24 h post challenge, hemocyte samples from the different treatment groups were stained with Annexin-V FITC and
propidium iodide (PI) for detection by flow cytometry. Fluorescent 1-Annexin V (FL1-A5) indicates apoptotic cells and fluorescent 3-PI (FL3-PI) indicates dead or
damaged cells. Determination of the threshold was based on the empty control, negative control, and positive control. The percentage of Annexin V-positive cells
indicates the apoptosis rate of the hemocytes. (a) Bar chart showing apoptosis rate of control group, 60 mg/kg H. fusiforme group, WSSV challenge group and WSSV
+60 mg/kg H. fusiforme group. (b) Scatter plots of one of the challenged groups, each column represents the mean value of three isolated repeats. Q1 represents cell
fragments caused by centrifugation and resuspension, Q2 represents late stage apoptosis, Q3 represents early stage apoptosis and Q4 represents normal cells. The
apoptosis rate of the sample was determined by the total fluorescence intensity of Q2 and Q3. Asterisks indicate a significant difference between two groups when
analyzed by a multiple t-test. *P < 0.05, **P < 0.01.
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