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Abstract

Decapod iridescent virus 1 (DIV1) has caused huge losses to the shrimp
breeding industry in recent years as a new shrimp virus. In this study, white
leg shrimp, Litopenaeus vannamei, were cultured at different temperatures (26
+ 1 °C and 32 £ 1 °C) and the same salinity, then infected with DIV1 by
intramuscular injection to determine the effects of water temperature on viral
infection. The DIV1 copy counts in the gills, hepatopancreas, pleopods,
intestines, and muscles of L. vannamei were measured in samples collected at
6, 12, and 24 h post-infection (hpi), and the survival rate of L. vannamei was
assessed every 6 h after infection. At 96 hpi, the survival rates of L. vannamei
in the high (32 + 1 °C) and standard (26 = 1 °C) water temperature groups were
2.22% and 4.44%, respectively. The peak time of mortality in the high-water
temperature group was 6 h earlier than in the standard water temperature
group. After 24 hours of DIV1 infection, the DIV1 copy counts in the standard
water temperature treatment group were significantly higher than those in the
high-water temperature treatment group. The tissues with the highest virus
copy counts in the standard and high-temperature groups were the intestines
(2.9x 10 copies/g) and muscles (7.0x 108 copies/g). The effect of temperature
on the pathogenicity of DIV1 differs from that of other previously studied
viruses, such as white spot syndrome virus, Taura syndrome virus, and
infectious hypodermal and hematopoietic necrosis virus, because the high-
water temperature did not mitigate the damage caused by DIV1 infection.
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Introduction

Litopenaeus vannamei is an important and the most farmed aquaculture species globally
(Hernandez-Palomares M. L. E. et al., 2018). In China, the current annual shrimp
production exceeds 1.5 million metric tons, accounting for almost one-third of global
shrimp output (Li C. et al. 2019). As shrimp production has grown, outbreaks of various
diseases caused by protozoa, fungi, bacteria, and viruses have also increased significantly
(Thitamadee S. et al., 2016). Viral infections are the most serious of all shrimp illnesses.
White spot disease and Taura syndrome are widespread viral illnesses that affect shrimp
(Walker P. J. et al., 2009). Viral diseases cause enormous economic aquaculture losses
and severely affect aquaculture development (Lightner D. V. et al., 1999). Thus,
understanding shrimp viral infections is essential both now and in the future of aquaculture.
In 2014, many L. vannamei died in dense farming areas in Pinghu City, Zhejiang Province.
The symptoms of the diseased shrimp included empty stomachs and guts, a slight loss of
surface color, hepatopancreas damage, and fragile shells in some infected shrimps. Nested
PCR results showed that they were infected with decapod iridescent virus 1 (DIV1) of the
family Iridoviridae (Qiu L. et al., 2017).

Iridoviridae have broad host ranges and infect both vertebrates and invertebrates.
Iridoviridae can infect insects, amphibians, and fishes. They are widely distributed among
aquatic species and can result in massive losses (Chinchar V. G. et al., 2009). In 2017, the
Yellow Sea Fisheries Research Institute of the Chinese Academy of Fishery Sciences
isolated a novel virus from collected samples. Histopathology revealed phlegm inclusion
bodies and pyknosis in hematopoietic tissues and the blood cells of the gills,
hepatopancreas, pleopods, and muscles. Polygenetic analysis of the amino acid sequence
of its major capsid protein (MCP) and ATPase showed that it belonged to the family
iridoviridae but not to any known category (Xu L. et al., 2016). As a result, this virus was
given the temporary designation DIV1 (Qiu L. et al., 2019). Researchers found that infected
farmed L. vannamei had a significant death rate, with 100 percent death occurring within
15 days. The ill shrimp sunk to the bottom due to weak swimming abilities. Researchers
have sequenced the complete genome of DIV1 and established TagMan-based real-time
PCR assays to detect and quantify DIV1 (Qiu L. et al., 2018). The detection limit of this
method is 4 copies/ul. With the advantages of high sensitivity and specificity, it is a
convenient assay to quantify DIV1 accurately (Qiu L. et al., 2017).

Shrimp are poikilothermic creatures, which means they have no systems for controlling
their body temperature. As a result, the ambient temperature determines their body
temperature (Suantika G., 2013). Many key enzymatic activities are affected by body
temperature. Heat shock proteins (HSPs) are induced in response to changes in ambient
temperature, a process known as the heat shock stress response (Parsell D. A. et al.,
1993). Although heat shock responses are up-regulated by heat exposure, they are
universal to all cells and stressors, including heat, toxins, protein degradation, hypoxia,
and microbial infection (Becker J. et al., 1994). Temperature fluctuations can also affect
shrimp's physiological activities, such as growth (Wyban J. et al., 1995), disease resistance
(Cheng W. et al., 2005), and metabolic rates (Allan E. L. et al., 2006). Furthermore,
investigations have revealed that temperature influences the replication rates of various
shrimp viruses (Kan L. I. et al., 2013).

Scholars in China and elsewhere have investigated the impact of water temperature on
shrimp, including the effect of water temperature on shrimp development and eating, as
well as changes in immunological responses. Fluctuations in water temperature can make
shrimp more susceptible to illness by decreasing their resistance. According to Wyban et
al., the ideal water temperature for shrimp is 23-30 °C (Wyban J. A. et al., 1995). The
shrimp were shocked when the water temperature was reduced to 15-22 °C or raised to
30-33 °C. Researchers also have studied the effect of temperature on epidemic viruses in
shrimp. As a result, warm water reduced the mortality of shrimp infected with white spot
syndrome virus (WSSV) (Vidal O. M. et al., 2001) and Taura syndrome virus (TSV) (Coté
I. et al., 2010). It inhibited the multiplication of WSSV (Moser J. R. et al., 2012), TSV (Coté
I. et al., 2010), and infectious hypodermal and hematopoietic necrosis virus (IHHNV)
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(Montgomery-Brock D. et al., 2007). When the water temperature was maintained at 21-
30 °C, the virus multiplied rapidly, but it was inhibited to some extent at the other
temperatures examined (Kan L. I. et al., 2013).

There have been no studies on the effect of temperature on L. vannameij infected with
DIV1. Therefore, the purpose of this study was to determine whether high water
temperature affected the function of DIV1. Viral multiplication in different tissues and the
survival rate of L. vannamei were assessed in this study. Previous studies showed that
increasing the temperature of aquaculture water inhibits the growth and survival of WSSV,
TSV, and IHHNV. Therefore, this study investigated the effects of high-water temperature
on DIV1[Os proliferation and pathogenicity.

Materials and Methods

Rearing condition

L. vannamei (mean body length, 6.70 + 0.67 cm and mean body weight, 3.58 + 1.0 g)
were purchased from Guangdong Haimao Aquatic Seed Industry Technology Co., Ltd.
(Zhanjiang, Guangdong, China). They were randomly sampled and tested by PCR to ensure
they were free from IHHNV, WSSV, and DIV1. Shrimp naturally infected with DIV1 were
obtained from a farm in Wuchuan, Guangdong, China, and the virus was extracted from
the tissues of an infected L. vannamei (Ye T. et al., 2012). The shrimp were fed commercial
feed twice a day for 1 week in 0.3 m? tanks with aerated and filtered freshwater at East
Island Marine Biological Research Base, Guangdong Ocean University (Zhanjiang,
Guangdong, China). The water temperature was adjusted to the experimental
temperatures (26 + 1 and 32 + 1 °C).

DIV1 extractive and sample collection

DIV1 was extracted from naturally infected L. vannamei. Briefly, 5-10 g of tissue from
naturally infected L. vannamei was diluted 1:2 with sterile PBS and then homogenized at
1000 x g for 5-10 s in an ice bath. The homogenate was transferred to a centrifuge tube
and then centrifuged for 10 min at 8000 x g. The supernatant was filtered through a 0.45
pm filter and intramuscularly injected into healthy L. vannamei. The experimental groups
(maintained at 26 £ 1 and 32 + 1 °C) were administered 50 pL of DIV1 extract (containing
1.0 x 10* copies/ul) by intramuscular injection. The control groups, maintained at the
same temperatures, were injected with 50 pL of PBS. Three parallel groups were incubated
at each temperature, and each group contained 30 shrimp. During the experiment, shrimp
were fed commercial feed twice a day, and water was renewed at ~50% daily. At 6, 12,
and 24 h post-infection (hpi), three shrimp from each temperature were randomly removed
for sample collection. The gills, hepatopancreas, pleopods, intestines, and muscles were
collected. The collected samples were immediately placed into a -80 °C freezer (Fouzi M.
et al., 2010). Dead L. vannamei were removed as soon as possible. The survival rate of
each group was calculated every 6 h.

DNA extraction and DIV1 nested PCR assay

According to the manufacturer's instructions, total shrimp genomic DNA was extracted
from 30 mg of a sample using the EasyPure Marine Animal Genomic DNA Kit (TransGen,
Beijing, China). After extraction, the DNA concentration was determined with a SimpliNano
spectrophotometer (GE Healthcare, USA). Primers were designed using Primer Premier 5
software (Table 1). Each 20 L nested PCR contained 10 uL of 2xPCR Taq Mastermix, 7
ML of ddH20, 1 pL of Primer F, 1 uL of Primer R, and 1 pL of a template. The PCR program
was as follow 95 °C for 5 min, followed by 34 cycles of 95 °C for 30 s, 55 °C for 45 s, and
72 °C for 1 min, and a final extension step at 72 °C for 10 min. The amplification products
were evaluated by 1.5% agarose gel electrophoresis.
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Table 1 The primers and TagMan probes for decapod iridescent virus 1 (DIV1).

Primer names Sequences (5'-3")
DIVI-F GGGCGGGAGATGGTGTTAGAT
DIVI-R TCGTTTCGGTACGAAGATGTA
qRT-DIV1-F ATGAAACAGAAAACATTCCCCA
gqRT-DIV1-R TTTCACACTTCCTGATAGTCTTCCAT
TaqMan Probe TCACAGAAAAGATTCCCGAAATGGTAAAAC

TagMan-based quantitative real-time PCR

DIV1 genomic DNA was used as the template for gPCR. The primers used in the analysis
are listed in Table 1. Each gPCR reaction mix contained 10 pL of Probe qPCR Mix (2x),
0.4 pL of PCR forward primer (10 uM), 0.4 pL of PCR reverse primer (10 uM), 0.8 uL of the
probe, 2 pL of template, and 6.4 L of H20. The qPCR was conducted in a LightCycler 96
as follows: preincubation at 95 °C for 30 s, followed by 40 cycles of 2 step amplification at
95 °C for 5 s and 55 °C for 30 s and then 95 °C for 5 s, 60 °C for 60 s, and 95 °C for 1 s.
The final step was cooling at 50 °C for 30 s.

According to the published method, a standard curve for quantification was constructed
(Qiu L. et al., 2018). The target plasmid was serially diluted (10-fold, 4x108-4x10). Then,
the plasmid copy count was calculated using a formula. The diluted plasmid solutions were
used as a DNA template for gPCR. Finally, a standard curve of the relationship between
the Ct value and copy count was generated.

Statistical analysis

The average percent survival and virus genome copy counts are the mean, standard
deviation (SD). For the real-time PCR, the results of three replicates of each sample are
expressed as the mean + SD. The data were analyzed by one-way ANOVA followed by
Dunnett’s test. P values less than 0.05 were considered statistically significant.

Results

Standard curve of quantitative real-time PCR

Based on the relationship between the plasmid copy count and the Ct value, we
generated the following standard curve: Ct = -3.3358X+44.362 (X is the Logio
concentration (DNA copies)). The correlation index (R?) was 0.9996 (Figure 1 and 2).
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Figure 1 Real-time quantitative PCR amplification curves of a 10-fold dilution series. The target
plasmid was serially diluted 10-fold (4x108-4%x10) and subjected to Real-time quantitative PCR.
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y =-3.3358x +44.362
10 R2=0.9996
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Figure 2 Standard curve of quantitative PCR. Ct = -3.3358X + 44.362 (X is the logio concentration
(DNA copies)). The correlation index (R?) is 0.9996. The copy count of the recombinant
plasmid=plasmid concentrationxAvogadro's number/recombinant plasmid molecular weight.
Avogadro's number is 6.02 x 1023, The molecular weight of recombinant plasmid = average
molecular weight of 1 base pair (660 g/mol) O total length of recombinant plasmid (bp).

Survival rate

During the experimental period, the survival rate of L. vannamei continuously
decreased. There was a highly significant difference between the experimental (infected)
and control (uninfected) groups at the same water temperature (P < 0.01). The survival
rates of the experimental groups at 96 hpi were significantly lower than those of the control
uninfected groups. The survival rate of the 26 + 1 °C infected group was 4.44%, while that
of the 26 + 1 °C control group was 78.89%. The survival rate of the 32 + 1 °C infected
group was 2.22%, while that of the 32 + 1 °C control group was 86.67%. The survival
rates of the 26 + 1 °C and 32 + 1 °C infected groups showed no significant difference (P >
0.05), and both of them were less than 5%. The peak dying time of the 32 + 1 °C infected
group, at 12 hpi, was 6 h earlier than that of the 26 + 1 °C infected group (18 hpi). The
former decreased from 94.44% to 10.00%, and the latter decreased from 94.44% to
2.22%. The survival rate of the low temperature (26 + 1 °C) infected group stabilized at
48 hpi, and that of the 32 + 1 °C infected group stabilized at 30 hpi (Figure 3).
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Figure 3 Effect of temperature on the survival rate of L. vannamei infected with DIV1. After an

acclimation at either 26 = 1 °C or 32 = 1 °C, L. vannamei was injected intramuscularly with DIV1.
The mortality in each group (n = 30) was recorded every 6 hpi. Kaplan-Meier log-rank x2 tests
analyzed differences in cumulative mortality between the experimental and control groups.

The proliferation of DIV1 under different water temperatures in gill, hepatopancreas,
pleopod, intestine, muscle

gPCR analysis showed that the DIV1 copy counts in other tissues of the infected shrimp
constantly accumulated. At 26 + 1 °C, the DIV1 copy counts in each infected tissue differed
remarkably at 6 and 24 hpi (P < 0.01). DIV1 replicated fastest in the intestines, where it
was detected in the highest quantity. It increased from 2.9x107 copies/g at 6 hpi to
2.9x10 copies/g at 24 hpi (Figure 4). Correspondingly, each tissue sampled at 32 + 1
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°C also differed significantly at 6 and 24 hpi (P < 0.01). Among these tissues, the muscles
showed the highest viral load (Figure 5).
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Figure 4 DIV1 copy counts in the gills, hepatopancreas, pleopods, intestines, and muscles at

different time points at 26 £ 1 °C. The virus copy counts in each tissue were measured in samples
collected at 6, 12, and 24 hpi.
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Figure 5 DIV1 copy counts in the gills, hepatopancreas, pleopods, intestines, and muscles at

different time points at 32 £ 1 °C. The virus copy counts in each tissue were measured in samples
collected at 6, 12, and 24 hpi.

DIV1 replicated at different rates in the two different water temperatures. Except in the
intestine, the DIV1 copy counts in the sampled tissues were higher at 32 + 1 °C than at 26
+ 1 °C at 6 hpi. The differences in the DIV1 copy counts in the gills, pleopods, and muscles
were highly significant (P < 0.01). At 12 hpi, the copy counts in the intestines and muscles
were significantly higher at 32 + 1 °C than at 26 + 1 °C (P < 0.01). However, at 24 hpi,
the DIV1 copy counts in the gills, hepatopancreas, pleopods, and intestines at 26 + 1 °C
were much higher than those at 32 + 1 °C (P < 0.01), whereas the DIV1 copy count in the
muscles was much higher at 32 £+ 1 °Cthan at 26 + 1 °C (P < 0.01).

Discussion

In recent years, various diseases in farmed L. vannamei have led to massive economic
losses in China (Tran L. et al., 2013). In this study, we investigated the effects of
temperature on the infection of a new iridovirus, DIV1. The results indicated that DIV1 is
extremely harmful to L. vannamei. Remarkable differences were observed in survival and
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viral copy count between the DIV1-infected and PBS-treated groups at the two tested water
temperatures. For both high and normal water temperatures, the survival of DIV1-infected
shrimp fell to 5% by 30 hpi. This result does not contradict previous studies of DIV1
reported as a highly pathogenic virus (Qiu L. et al., 2017). The possible explanations for
the high pathogenicity of DIV1 might be related to the immune responses.

The host immune responses consist of both innate and adaptive immunity. However,
adaptive immunity is only found in vertebrates. Thus, crustaceans, such as shrimp, do not
have immunoglobulins (Namikoshi A. et al., 2004), and immune protection is mainly
provided by the blood cells (Noonin C. et al., 2012). The blood cells are distributed
throughout the body via circulation and play various immune defense functions, such as
phagocytosis and the formation of nodules and cysts. Previous studies of artificially DIV1-
infected shrimp demonstrated the highest viral load in the hemolymph (Qiu L. et al., 2017).
Immune cell damage in the shrimp led to decreased immune resistance and, as a result,
large-scale death. The death peak of sick shrimp reared at 32 + 1 °C was 6 h earlier than
that at 26 = 1 °C is probably related to an increased susceptibility of the shrimp at high
water temperature, making them more vulnerable DIV1 infection. However, once a series
of adaptation mechanisms occurred in the shrimp, the death rate stabilized.

gPCR showed that in the early stage of DIV1 infection, the viral copy count in most
tissues was higher in the 32 + 1 °C group than in the 26 + 1 °C group, which is similar to
the finding that L. vannamei were more sensitive to Vibrio alginolyticus infection within the
first 24 h after transfer from 27 or 28 °C to 34 or 32 °C (Cheng W. et al., 2005). After
adaptive mechanisms were induced, the shrimp could resist DIV1. In the 26 = 1 °C group,
DIV1 multiplied rapidly.

This study differed from previous studies on three other major shrimp viral pathogens,
WSSV, IHHNV, and TSV. In this study, DIV1 was continually replicated at standard and
high-water temperatures. The DIV1 copy counts in all tested tissues at 6 hpi were marked
differently from the copy counts at 24 hpi. DIV1 infection at 26 + 1 °Cand 32 + 1 °C led to
high mortality rates of up to 95%. In contrast, studies showed that warm water could
inhibit the replication rates of WSSV, IHHNV, and TSV and decrease the associated
mortality rates. One explanation for the inhibition is that the hyperthermic conditions
facilitated apoptosis of virus-infected shrimp cells (Granja C. et al., 2003). Thus, the
mechanisms of DIV1 replication in shrimp might differ from these other epidemic viruses.
The conclusions that could be drawn from the results of this study are that the resulting
damage to the gills and hemocytes caused by DIV1 reduced the oxygen exchange rate and
immune resistance of L. vannamei (Rahman M. M. et al., 2007), and this damage could
not be reduced by raising the water temperature. However, DIV1 replication and
pathogenesis mechanisms have not yet been reported. Thus, further study is required to
find appropriate solutions to DIV1 infection.

Conclusion

This study showed that transferring L. vannamei to a higher water temperature had no
beneficial effect against the damage caused by DIV1 infection. The survival rate of DIV1-
infected L. vannamei dropped to 4.44% within 48 h at 26 + 1 °C and to 2.22% within 30
h at 32 + 1 °C. L. vannamei cultured at a high-water temperature presented a low viral
load and were more susceptible to DIV1. At 32 + 1 °C, almost all tissues reached the
threshold viral load in the primary stage of infection. However, at 26 + 1 °C, there was a
significant increase from 6 to 24 hpi, during which the copy count in each tissue increased
by 10% In conclusion, the underlying mechanism of DIV1 infection was different from
WSSV, TSV, and IHHNV.
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