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Abstract: Viral diseases have seriously restricted the healthy development of aquaculture, and deca-
pod iridescent virus 1 (DIV1) has led to heavy losses in the global shrimp aquaculture industry. Due
to the lack of effective treatment, early detection and regular monitoring are the most effective ways
to avoid infection with DIV1. In this study, a novel real-time quantitative recombinase polymerase
amplification (qRPA) assay and its instrument-free visualization improvement were described for the
rapid detection of DIV1. Optimum primer pairs, suitable reaction temperatures, and probe concentra-
tions of a DIV1-qRPA assay were screened to determine optimal reaction conditions. Then, its ability
to detect DIV1 was evaluated and compared with real-time quantitative polymerase chain reactions
(qPCRs). The sensitivity tests demonstrated that the limit of detection (LOD) of the DIV1-qRPA assay
was 1.0 copies µL−1. Additionally, the presentation of the detection results was improved with SYBR
Green I, and the LOD of the DIV1-RPA-SYBR Green I assay was 1.0 × 103 copies µL−1. Both the
DIV1-qRPA and DIV1-RPA-SYBR Green I assays could be performed at 42 ◦C within 20 min and
without cross-reactivity with the following: white spot syndrome virus (WSSV), Vibrio parahaemolyti-
cus associated with acute hepatopancreatic necrosis disease (VpAHPND), Enterocytozoon hepatopenaei
(EHP), and infectious hypodermal and hematopoietic necrosis virus (IHHNV). In conclusion, this
approach yields rapid, straightforward, and simple DIV1 diagnoses, making it potentially valuable
as a reliable tool for the detection and prevention of DIV1, especially where there is a paucity of
laboratory equipment.

Keywords: decapod iridescent virus 1; recombinase polymerase amplification; Penaeus vannamei;
white leg shrimp

1. Introduction

With a growing global population and improved nutritional awareness, the aqua-
culture industry has been developing rapidly [1]. Penaeus vannamei is presently the most
important cultured shrimp in the world [2,3]. However, serious diseases affecting this
species, especially the ones caused by viral infections, pose a severe threat to the global
shrimp industry. Decapod iridescent virus 1 (DIV1) is a novel pathogen discovered in 2016
that has a substantial impact on the global aquaculture industry and has drawn public
attention in recent years [4–7]. DIV1 is an icosahedral symmetric virus with approximately
166k bp of double-stranded DNA and has a wide host range. Susceptible species that have
been reported include the following: Fenneropenaeus chinensis; Macrobrachium rosenbergii;
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Procambarus clarkia; Penaeus monodon; Macrobrachium nipponense; Exopal aemon carinicauda;
and two species of crab, Eriocheir sinensis and Pachygrapsus crassipes [4,5,8–11]. The infected
shrimp generally show an empty stomach and intestinal tract, pale hepatopancreas, and
a soft shell [5]. Additionally, diseased shrimp sink to the bottom of the aquaculture pool
due to their weakened swimming ability. Furthermore, dead individuals accumulate at the
bottom of the aquaculture pool, and the cumulative mortality may reach 80% [12]. Because
effective treatment is still unavailable for shrimp infected with DIV1, rapid and effective
early pathogen detection plays a crucial role in controlling the spread of the virus in farms
and reducing production losses [13].

The target sequences for the detection of DIV1 include MCP, ATPase, ribonucleotide re-
ductase (RNR), and DNA methyltransferase genes [5,13]. Focusing on these targets, various
methods have been described for the detection of DIV1, including the nested polymerase
chain reaction (nested PCR), real-time quantitative PCR (qPCR), quantitative loop-mediated
isothermal amplification (qLAMP), and in situ hybridization assay [12,14,15]. However,
most approaches require expensive laboratory equipment, professional operation, and a
relatively long amplification time. These disadvantages limit their role in rapid field detec-
tion. As a novel isothermal-amplification method, recombinase polymerase amplification
(RPA) applies the complex formed by UvsX recombinase, UvsY protein, signal-stranded
oligonucleotides (30–35 nt primers), and single-strand binding proteins (SSBs) to assist the
site-specific D-loop strand invasion of dsDNA, and then amplifies the target DNA frag-
ments rapidly and efficiently at ambient temperatures within less 30 min [16]. Compared
to other DNA amplification methods, RPA exhibits high efficiency, rapid detection speed,
simple operation, and affordable price in basic laboratory and field applications. Addi-
tionally, RPA has now been wildly used to detect bacteria, viruses, parasites, genetically
modified crops, cancer, and so on [17–23]. Real-time quantitative recombinase polymerase
amplification (qRPA), developed on the basic RPA, does not require post-amplification pu-
rification or gel electrophoresis. qRPA can analyze products quantitatively in a completely
closed tube, preventing cross-contamination and false positives caused by aerosolized
products [24].

In the present study, an effective real-time quantitative recombinase polymerase
amplification (qRPA) assay (DIV1-qRPA assay) was described to address the current lack
of rapid DIV1 field detection methods. Compared with basic RPA, the sensitivity and
specificity of qRPA are higher, and qRPA does not need product purification and gel
electrophoresis. The amplified products could be quantitatively analyzed in real-time with a
simple fluorescence detector, which is more suitable for on-site detection [16]. Additionally,
an equipment-free visual optimization of DIV1-detection results was developed in this
study (DIV1-RPA-SYBR Green I assay), which is also expected to serve as novel technical
guidance for the prevention and rapid on-site diagnosis of DIV1 infection.

2. Materials and Methods
2.1. Pathogen Samples and Recombinant Plasmid Construction

White spot syndrome virus (WSSV), Vibrio parahaemolyticus associated with acute
hepatopancreatic necrosis disease (VpAHPND), and Enterocytozoon hepatopenaei (EHP) were
supplied by the Institute of Oceanology, Chinese Academy of Sciences. Additionally, the
pathogenic liquid of infectious hypodermal and hematopoietic necrosis virus (IHHNV) was
provided by the Guangxi Academy of Fishery Sciences, Nanning, China. The full length of
the DIV1 ATPase gene (GenBank Accession Number: KY681040.1) was synthesized and
cloned into the pUC-57 vector; then, the insert sequence was confirmed by sequencing. The
recombinant plasmids were extracted by a TIANprep Mini Plasmid Kit (DP103, Tiangen,
Beijing, China), and the concentration of the plasmid was then determined with a NanoDrop
One spectrophotometer (Thermo Scientific, Waltham, MA, USA). The DNA copy number
of the DIV1 recombinant plasmid was calculated using the following equation:

DNA copy number(copies/µL) =
concentration (ng/µL)× 10−9

clone size (bp)× 660 (g/mol/bp)
× 6.022× 1023 (copies/mol)
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The recombinant plasmid was 434 ng µL−1, equal to 1.0 × 1011 copies µL−1, then
diluted serially tenfold from 1.0 × 1011 to 1.0-copies µL−1.

2.2. Primer and Probe Design

Five primer pairs and probes for the DIV1-qRPA assay were designed based on the
conserved regions of the ATPase gene of DIV1. These primer pairs and a probe were blasted
against the NCBI nucleotide database (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 18 June 2021) to ensure no homology with other organism sequences. The DIV1-qPCR
assay was carried out using the previously designed primer pairs and probe [14]. All
primers and probes above are listed in Table 1.

Table 1. Primer and probe sequences of DIV1-qPCR, DIV1-qRPA, and DIV1-RPA-SYBR Green I assay.

Assay Primer/Probe Sequence (5′-3′) Product Size (bp)

qPCR
FP AGGAAAGGAAACGAAAGAAATTATACC

87RP GCTTGATCGGCATCCTTGA
PP FAM-CACATGATTTGCAACAAGCTTCCAGCA-BHQ1

qRPA

FR1 GGTATCTTATTCAGAGATGGAAGACTATCAGG
137RR1 CTCTTGATGGATACACTGATCTTCGAATTG

FR2 GTGAAATTGTAGAGCCAGAGATTGTAACGGTAG
190RR2 CTGATTGGGATGGTCATATTAGGATACTCTTC

FR3 GGAAGACTATCAGGAAGTGTGAAATTGTAGAG
117RR3 CTTGATGGATACACTGATCTTCGAATTGCTTG

FR4 GAAATTGTAGAGCCAGAGATTGTAACGGTAG
182RR4 GGGATGGTCATATTAGGATACTCTTCTTTG

FR5 GTGTGAAATTGTAGAGCCAGAGATTGTAAC
190RR5 GATTGGGATGGTCATATTAGGATACTCTTC

PR

TAGAGCCAGAGATTGTAACGGTAGCTACATCT[dT-
FAM]C[THF][dT-BHQ1]ACCGAAACGAAAACG

(C3 spacer)

2.3. DIV1-qPCR and DIV1-qRPA Assay

Schematic diagram of DIV1-qRPA assay and DIV1-RPA-SYBR Green I assay is shown
in Scheme 1. The DIV1-qPCR reactions were performed in a 25 µL reaction mixture
consisting of 12.5 µL of 2 × Premix Ex Taq (TaKaRa, Japan), 0.5 µL of PCR forward
primer FP (10 µM), 0.5 µL of PCR reverse primer RP (10 µM), 1 µL of probe PP, 2 µL of
DIV1 recombinant plasmids and supplementary ddH2O. The thermal cycling procedure
included denaturation at 95 ◦C for 30 s and 40 cycles of amplification at 5 s at 95 ◦C
and 30 s at 60 ◦C. The DIV1-qRPA reaction was executed at 35 ◦C for 20 min in a 50 µL
volume, including 20 µL of rehydration buffer, 2.1 µL of forward primer (10 µM), 2.1 µL of
reverse primer (10 µM), 0.6 µL of probe PR (10 µM), 2 µL of DIV1 recombinant plasmid,
20.6 µL of ddH2O, and 2 µL of magnesium acetate using GenDx fluorescent kits (KS103,
GenDx Biotech, Suzhou, China). To optimize the reaction conditions of DIV1-qRPA assay,
seven different temperatures (30 ◦C, 32 ◦C, 35 ◦C, 37 ◦C, 40 ◦C, 42 ◦C, and 45 ◦C) and five
different probe volumes (0.6 µL, 0.8 µL, 1.0 µL, 1.2 µL, and 1.4 µL) were screened. The
DIV1-qPCR assay and DIV1-qRPA assay were carried out in a Fluorescence Quantitative
PCR Detection System (CFX96, Bio-Rad, Hercules, CA, USA), and each experiment was
repeated three times. All data were given as means ± standard deviation (SD) (n = 3).
Obtained data were subjected to one-way analysis of variance (one-way ANOVA) followed
by Tukey’s multiple comparisons test via GraphPad Prism 7.00, and p < 0.05 was considered
statistically significant.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Scheme 1. Schematic diagram of the DIV1-qRPA assay and DIV1-RPA-SBYR Green I assay.

2.4. DIV1-RPA-SYBR Green I Assay

DIV1-RPA-SYBR Green I assay was performed using GenDx Basic kits (KS101, GenDx
Biotech, Suzhou, China). The 50 µL reaction system contained 20 µL of rehydration buffer,
5 µL of best primer pair, 2 µL of DIV1 recombinant plasmid, 21 µL of ddH2O, and 2 µL of
magnesium acetate. The reactions were performed in a VeritiPro Thermal Cycler (Thermo
Fisher Scientific, Waltham, MA, USA) at optimum reaction temperature screened from
the process above for 20 min. Then, 2 µL of obtained production was verified by 1.5% gel
electrophoresis, and the remaining products were mixed with 2 µL of SYBR Green I nucleic
acid dye (1:10 dilution of 10,000× stock solution, Solarbio, Beijing, China). Then, their
fluorescence intensities were observed with a 302 nm UV. To optimize the ideal visualization
conditions, five different final primer concentrations of 0.3 µM, 0.2 µM, 0.1 µM, 0.05 µM,
and 0.025 µM were designed to avoid the false positive caused by the dimer.

2.5. Evaluation of Sensitivity and Specificity

To compare the sensitivity among DIV1-qPCR, DIV1-qRPA, and DIV1-RPA-SYBR
Green I assay, the gradient diluted DIV1 plasmid sample with a concentration from
1.0 × 105 to 1.0 copies µL−1 was used as a template in the positive control group and
the equivalent volume of ddH2O was used as template in the no-template control (NTC)
group to estimate the LOD of the three assays. Standard curves of DIV1-qPCR and DIV1-
qRPA were created versus the concentration gradient of the diluted plasmid, and their Ct
values were calculated and expressed as mean ± SD.

To determine the specificities of DIV1-qRPA and DIV1-RPA-SYBR Green I assay, the
DIV1 plasmid sample with a concentration of 1.0 × 105 copies µL−1 and the other DNA
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samples for the specificity assays containing WSSV, IHHNV, EHP, and VpAHPND were used
as templates in the positive control group, and the equivalent volume of ddH2O was used
as a template in the NTC group for experiments.

3. Results
3.1. Primer Screening

To optimize subsequent reaction conditions, five different sets of primers were screened
based on the threshold time. According to the amplification curve after reacting at 35 ◦C
for 20 min, all five sets of primers showed good amplification efficiency. All primer pairs
reached the detection threshold within 7 min and showed a plateau period after that. Even
the lowest end-point relative fluorescence unit (End-RFU) was almost higher than 1000
(Figure 1A). Among all the primer pairs, the fifth group of primers (FR5 and RR5) first
reached the detection threshold less than 4 min after the reaction began, and the End-RFU
was significantly higher than that of other groups, at 2385.5 ± 64.6 (Figure 1A,B). Therefore,
the fifth set of primers was selected for use in the following assays.
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3.2. Optimizing the Reaction Temperature of DIV1-qRPA Assay

To improve the conditions for subsequent assays, seven different temperatures (30 ◦C,
32 ◦C, 35 ◦C, 37 ◦C, 40 ◦C, 42 ◦C, and 45 ◦C) were screened based on the End-RFU and
the threshold time. For all the tested temperatures, the target fragments were effectively
amplified, reached the detection threshold within seven minutes, and showed a subsequent
plateau period (Figure 2A). Particularly, the amplification curve at 42 ◦C first reached the
detection threshold at 1.14 ± 0.146 min, p < 0.05, and arrived at the platform stage at the
8th minute (Figure 2B). Meanwhile, a relatively high average End-RFU with a value of
3277.2 ± 143.9, p < 0.05, was observed at 42 ◦C, really close to the maximum End-RFU of
3557.6 ± 137.8, p < 0.05, at 40 ◦C (Figure 2C). Thus, 20 min and 42 ◦C were chosen as the
subsequent testing reaction conditions.
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In the range of 37–45 ◦C, the threshold time was relatively shorter than other groups
(Figure 2B). When the set temperature was lower than 42 ◦C, the threshold time was
shortened as the reaction temperature gradually increased. However, when the reaction
temperature reached 45 ◦C, the detection threshold time suddenly lagged behind that at
40 ◦C. An interesting finding is that the End-RFU obtained at 37–42 ◦C was comparatively
higher than other sets, and the End-RFU of 45 ◦C (2006.2 ± 131.7) was the lowest among
all the setting temperatures (Figure 2C). Hence, by taking the intersection of these two
temperature ranges, we concluded that the best temperature range for the DIV1-qRPA
assay is 37–42 ◦C.

3.3. Optimizing the Probe Consumption of the DIV1-qRPA Assay

To optimize the probe consumption, four different probe volumes (0.6 µL, 0.9 µL,
1.2 µL, and 1.8 µL) with a concentration of 10 µM were respectively added to the reaction
system. All groups were successfully amplified except the NTC group (Figure 3A). When
the probe volume was no more than 1.2 µL, the corresponding End-RFU increased with the
increase in probe volume, and the End-RFU of 1.4 µL (3038 ± 245.0) was similar to that
of 1.2 µL with 3267.5 ± 159.0, p < 0.05 (Figure 3B). Hence, we finally utilized 1.2 µL of the
10 µM probe in the subsequent sensitivity experiments.
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3.4. Sensitivity Evaluation of qPCR and qRPA Assays

To test the sensitivity, six sets of gradient-diluted DIV1 plasmid samples with concen-
trations from 1.0 × 105 to 1.0 copies µL−1 and the equivalent volume of ddH2O were used
to analyze the DIV1-qPCR, DIV1-qRPA and DIV1-RPA-SYBR Green I assays. Analyzing
the amplification curve in the DIV1-qRPA assay, we observed that the six sets were all
successfully amplified except for NTC, and all sets reached the detection threshold in
10 min (Figure 4A).
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qRPA assay using positive plasmid samples in a concentration range of 1.0× 105 to 101 copies·µL−1.
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The standard curve showed that the DIV1-qRPA assay had a high correlation coef-
ficient (R2 = 0.9891) within the range of 1.0 × 105–1.0 DNA copies µL−1 (Figure 4B). The
regression equation was Ct = −3.517 log n + 21.34 (n = DIV1 DNA copies). In the mean-
time, the standard curve of the DIV1-qRPA assay also showed a high correlation coefficient
(R2 = 0.9985) within the range of 1.0 × 107–1.0 × 101 DNA copies µL−1 (Figure 5A), and
the regression equation of qPCR was Ct = −3.221 log n + 39.78 (n = DIV1 DNA copies).
Compared with the DIV1-qPCR assay, the DIV1-qRPA assay has a more stable amplification
effect at a low input template concentration (Figure 5B), and the LOD of the DIV1-qRPA
assay was 1.0 copies µL−1 higher than the LOD of the qPCR (10 copies µL−1).
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3.5. Optimizing the Primer Concentrations of DIV1-RPA-SYBR Green I Assay

To prevent false positives caused by dimers, five alternative final primer concentra-
tions (0.3 µM, 0.2 µM, 0.1 µM, 0.05 µM, and 0.025 µM) were set to select the optimum
concentration based on the fluorescence results and electrophoresis images. The fluores-
cence results indicated that when the primer concentration was higher than 0.025 µM, the
difference between the NTC and the positive sample was too small to distinguish between
them, while the NTC had the lowest background value at 0.025 µM and its dimer was also
the lightest in the corresponding electrophoresis image (Figure 6A). Therefore, 0.025 µM
was selected as the optimal primer concentration for DIV1-RPA-SYBR Green I.
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3.6. Sensitivity Evaluation of RPA-SYBR Green I Assay

The sensitivity of the DIV1-RPA-SYBR Green I assay was determined by observing the
fluorescence results of each tube after the reaction was completed. The results show that
reducing the primer concentration indeed affected the detection limit, and the sensitivity of
the DIV1-RPA-SYBR Green I assay was still high. When the input template concentration
was lower than 1.0 × 103 copies µL−1, there was little difference between the positive and
NTC samples to the naked eye under UV light, indicating the LOD of the DIV1-RPA-SYBR
Green I assay was 1.0 × 103 copies µL−1 (Figure 6B).
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3.7. Specificity Evaluation of qRPA and RPA-SYBR Green I Assay

To test the specificity, the DIV1 plasmid sample with a concentration of 1.0 × 105

copies µL−1, the ddH2O, and the DNA templates of WSSV, IHHNV, EHP, and VpAHPND
were used to determine the DIV1-qRPA assay and the DIV1-RPA-SYBR Green I assay.
The amplification curves or green fluorescence were only observed from positive plasmid
samples, suggesting that the DIV1-qRPA assay and DIV1-RPA-SYBR Green I assay both
had good specificity (Figures 4C and 6C).

4. Discussion

DIV1 is a recently identified pathogen in crustaceans and poses a severe threat to the
aquatic industry in China and around the world [8]. Because the onset of DIV1 is currently
difficult to treat effectively, it is, therefore, urgent to develop a rapid and sensitive field
detection method to prevent this virus in advance [13,15]. RPA, as a newly emerged isother-
mal molecular detection method, has gained popularity in pathogen detection, especially
since it is rapid, simple, sensitive, specific, and affordable to use. In the present study,
the novel DIV1-qRPA assay and the DIV1-RPA-SYBR Green I assay we developed could
rapidly detect DIV1 with high sensitivity and specificity and are suitable for field detection.

Previous studies have shown that the RPA reaction could operate at temperatures
ranging from 22 ◦C to 45 ◦C [25]. In this study, we established that the optimal temperature
range for the RPA reaction was 37–42 ◦C based on the End-RFU and the threshold time.
The amplification efficiency at all temperatures of this range was good. This result was
consistent with previous studies showing that the RPA reaction does not require precise
temperature control in this range [25]. Moreover, from the abnormally low End-RFU of 45 ◦C
(2006.2 ± 131.7) (Figure 2C), we inferred that a high reaction temperature might lead to the
inactivation of enzymes in the system and thus greatly reduce the amplification efficiency
of RPA. In addition, it was also proven that the RPA reaction could be carried out at body
temperature, so the requirement for external heating equipment might be reduced [19].
According to a previous report, the threshold fluorescence value could be reached within
5–8 min with agitation beginning at the fourth minute of the reaction; otherwise, the time
it takes to reach a detectable level without agitation is between 8 and 14 min [26]. In our
operation, a stable amplification curve was more likely to form when agitation was fully
performed at the beginning of the process and the third or fourth minute of the reaction.
Moreover, when the concentration of the input template was low, the LOD might be improved
by taking out the reaction mixture and fully mixing it several times in the fluorescence
measurement gap. In addition, the LOD could also be improved by appropriately increasing
probe consumption when the template input concentration was low.

Compared with the DIV1-qPCR assay, the DIV1-qRPA assay saved almost half of
the DIV1-qPCR’s reaction time and obtained a higher sensitivity of 1.0 copies µL−1. The
LOD of the DIV1-qPCR was also higher than that of all current detection methods for
DIV1. Although the qLAMP assay could be performed at a constant temperature too, the
six intricate oligonucleotide primers, a hot reaction temperature of 60 ◦C, and a lengthy
reaction period of 45 min were necessary [27]. In addition, it has been reported that the
repeatability of the qLAMP assay could be poor when template concentration was lower
than 103 DNA copies µL−1 [14]. Compared with the qLAMP, the DIV1-qRPA assay required
a lower reaction temperature and shorter amplification time and showed a more stable
amplification effect at a low input template concentration. Therefore, the DIV1-qRPA assay
could not only be used as an alternative method for detection in the laboratory, but it is
also suitable for rapid detection in the field with simple equipment.

RPA products can be equipment-free and visually analyzed using a variety of methods.
In addition to the qRPA method mentioned in this study, the recombinase polymerase
amplification and a lateral flow dipstick (RPA-LFD) method are also frequently used
to detect pathogens [28,29]. However, a drawback of using the RPA-LFD test for the
identification of pathogens is the potential post-amplification contamination of samples in
field settings [24]. Moreover, the use of gold nanoparticles, fluorescence-labeled probes,
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biotin, biotin–ligand complexes, and antibodies has resulted in a large increase in the cost
of evaluating high-throughput clinical samples. Hence, we employed the SYBR Green
I to optimize an affordable visual analysis method for DIV1-qRPA detection results that
eliminated the risk of potential sample contamination. The DIV1-RPA-SYBR Green I assay
could also maintain a high level of specificity and sensitivity that achieved a LOD of
1.0 × 103 copies µL−1. This is the first study to develop a DIV1-RPA-SYBR Green I assay
for rapid and sensitive DIV1 detection. The potential flaw of the RPA-SYBR Green I assay
for DIV1 is that SYBR Green I dye can nonspecifically bind to any double-stranded DNA.
Therefore, when there is a lot of template DNA or primers present, the specificity of DIV1
detection would be decreased. Previous studies have attempted to limit the amount of
DNA templates or primers in the reaction system to ensure the specificity of RPA-SYBR
Green I assay [30,31]. In this study, we optimized the concentration of primers in the
reaction system with the other conditions fixed and also assisted gel electrophoresis results
in avoiding subjective judgment. False positives might also occur with high DNA content,
and false negatives could conversely occur with low DNA content. A total amount of
300 ng to 2 µg of DNA template in a 50 µL reaction system has been recommended to
avoid false negative and positive detection results in clinical testing in the field [30]. In this
study, false positives due to primer dimers were not observed when 2 µL templates with
concentrations of 1.0 × 105 copies µL−1 or less were added to the mixture system at a final
primer concentration of 0.025 µM. Moreover, low-cost commercial nucleic acid extraction
methods for field samples, such as magnetic bead-based technology and heated NaOH
method, could be used to further reduce the cost of RPA detection [32].

5. Conclusions

We developed a highly sensitive and specific real-time quantitative RPA assay and
improved its instrument-free visualization for rapidly detecting DIV1. The LOD of the
DIV1-qRPA assay reached 1.0 copies µL−1, which was higher than the LOD of qPCR
and qLAMP, and the visual detecting limitation of the instrument-free DIV1-RPA-SYBR
Green I assay was 1.0 × 103 copies µL−1. Both assays could be performed at 42 ◦C
within 20 min and had no cross-reactivity with WSSV, VpAHPND, EHP, or IHHNV. These
two methods offer straightforward, eye-catching, and equipment-free approaches for
DIV1 detection in shrimp farms, quarantine stations, and basic laboratories with limited
resources, especially in remote and rural regions; the most appropriate method can be
chosen based on the practical conditions of the testing site. Furthermore, the results of this
study may promote the wide application of DIV1 detection methods based on nucleic acid
amplification technology and provide a reference value for monitoring and controlling this
new virus in the aquaculture industry.

Author Contributions: Conceptualization, M.W.; methodology, Y.X.; software, Y.X.; validation, Y.X. and
Y.W.; formal analysis, Y.X.; investigation, Y.X.; resources, M.W.; data curation, Y.X.; writing—original
draft preparation, Y.X.; writing—review and editing, Y.W.; visualization, Y.X.; supervision, Z.B.;
project administration, J.H.; funding acquisition, Y.X., Z.B. and M.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China, grant number 2021YFD1200805; the Key Research and Development Project of Shandong
Province, grant number 2021ZLGX03; and the Fundamental Research Funds for the Central Universi-
ties, grant number 202112019 and 202161023.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to all the laboratory members for their technical support and
helpful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2022, 14, 2752 13 of 14

References
1. Sharawy, Z.Z.; Ashour, M.; Labena, A.; Alsaqufi, A.S.; Mansour, A.T.; Abbas, E.M. Effects of Dietary Arthrospira platensis Nanopar-

ticles on Growth Performance, Feed Utilization, and Growth-Related Gene Expression of Pacific White Shrimp, Litopenaeus
vannamei. Aquaculture 2022, 551, 737905. [CrossRef]

2. Mansour, A.T.; Ashour, M.; Abbas, E.M.; Alsaqufi, A.S.; Kelany, M.S.; El-Sawy, M.A.; Sharawy, Z.Z. Growth Performance,
Immune-Related and Antioxidant Genes Expression, and Gut Bacterial Abundance of Pacific White Leg Shrimp, Litopenaeus
vannamei, Dietary Supplemented with Natural Astaxanthin. Front. Physiol. 2022, 13, 1245. [CrossRef]

3. FAO. The State of World Fisheries and Aquaculture 2020; Food and Agriculture Organization of the United Nations: Rome, Italy, 2020.
[CrossRef]

4. Xu, L.; Wang, T.; Li, F.; Yang, F. Isolation and Preliminary Characterization of a New Pathogenic Iridovirus from Redclaw Crayfish
Cherax Quadricarinatus. Dis. Aquat. Org. 2016, 120, 17–26. [CrossRef] [PubMed]

5. Qiu, L.; Chen, M.M.; Wan, X.Y.; Li, C.; Zhang, Q.L.; Wang, R.Y.; Cheng, D.Y.; Dong, X.; Yang, B.; Wang, X.H.; et al. Characterization
of a New Member of Iridoviridae, Shrimp Hemocyte Iridescent Virus (SHIV), Found in White Leg Shrimp (Litopenaeus vannamei).
Sci. Rep. 2017, 7, 11834. [CrossRef] [PubMed]

6. Chinchar, V.G.; Hyatt, A.; Miyazaki, T.; Williams, T. Family Iridoviridae: Poor Viral Relations No Longer. Curr. Top. Microbiol.
Immunol. 2009, 328, 123–170. [CrossRef]

7. NACA Network of Aquaculture Centres in Asia-Pacific. Diseases of Crustaceans–Infection with Decapod Iridescent Virus 1
(DIV1). 2020. Available online: https://www.researchgate.net/publication/341600253_Disease_Advisory_Decapod_iridescent_
virus_1_DIV1_an_emerging_threat_to_the_shrimp_industry (accessed on 18 June 2021).

8. Chen, X.; Qiu, L.; Wang, H.; Zou, P.; Dong, X.; Li, F.; Huang, J. Susceptibility of Exopalaemon Carinicauda to the Infection
with Shrimp Hemocyte Iridescent Virus (SHIV 20141215), a Strain of Decapod Iridescent Virus 1 (DIV1). Viruses 2019, 11, 387.
[CrossRef] [PubMed]

9. Pan, C.K.; Yuan, H.F.; Wang, T.T.; Yang, F.; Chen, J.M. Study of Cherax Quadricarinatus Iridescent Virus in Two Crabs. J. Appl.
Oceanogr. 2017, 1, 82–86.

10. Qiu, L.; Chen, X.; Zhao, R.H.; Li, C.; Gao, W.; Zhang, Q.L.; Huang, J. Description of a Natural Infection with Decapod Iridescent
Virus 1 in Farmed Giant Freshwater Prawn, Macrobrachium rosenbergii. Viruses 2019, 11, 354. [CrossRef] [PubMed]

11. Srisala, J.; Sanguanrut, P.; Thaiue, D.; Laiphrom, S.; Siriwattano, J.; Khudet, J.; Powtongsook, S.; Flegel, T.W.; Sritunyalucksana,
K. Infectious Myonecrosis Virus (IMNV) and Decapod Iridescent Virus 1 (DIV1) Detected in Captured, Wild Penaeus monodon.
Aquaculture 2021, 545, 737262. [CrossRef]

12. Qiu, L.; Chen, X.; Guo, X.M.; Gao, W.; Zhao, R.H.; Zhang, Q.L.; Yang, B.; Huang, J. A TaqMan Probe Based Real-Time PCR for the
Detection of Decapod Iridescent Virus 1. J. Invertebr. Pathol. 2020, 173, 107367. [CrossRef] [PubMed]

13. Qiu, L.; Chen, M.M.; Wan, X.Y.; Zhang, Q.L.; Li, C.; Dong, X.; Yang, B.; Huang, J. Detection and Quantification of Shrimp
Hemocyte Iridescent Virus by TaqMan Probe Based Real-Time PCR. J. Invertebr. Pathol. 2018, 154, 95–101. [CrossRef] [PubMed]

14. Gong, H.-y.; Li, Q.-y.; Zhang, H.; Ye, L.; Shi, L.; Feng, Y. hui Development and Comparison of QPCR and QLAMP for Rapid
Detection of the Decapod Iridescent Virus 1 (DIV1). J. Invertebr. Pathol. 2021, 182, 107567. [CrossRef]

15. Qiu, L.; Chen, M.M.; Wang, R.Y.; Wan, X.Y.; Li, C.; Zhang, Q.L.; Dong, X.; Yang, B.; Xiang, J.H.; Huang, J. Complete Genome
Sequence of Shrimp Hemocyte Iridescent Virus (SHIV) Isolated from White Leg Shrimp, Litopenaeus vannamei. Arch. Virol. 2018,
163, 781–785. [CrossRef] [PubMed]

16. Piepenburg, O.; Williams, C.H.; Stemple, D.L.; Armes, N.A. DNA Detection Using Recombination Proteins. PLoS Biol. 2006, 4,
1115–1121. [CrossRef] [PubMed]

17. Abd El Wahed, A.; El-Deeb, A.; El-Tholoth, M.; Abd El Kader, H.; Ahmed, A.; Hassan, S.; Hoffmann, B.; Haas, B.; Shalaby,
M.A.; Hufert, F.T.; et al. A Portable Reverse Transcription Recombinase Polymerase Amplification Assay for Rapid Detection of
Foot-and-Mouth Disease Virus. PLoS ONE 2013, 8, e71642. [CrossRef]

18. Amer, H.M.; Abd El Wahed, A.; Shalaby, M.A.; Almajhdi, F.N.; Hufert, F.T.; Weidmann, M. A New Approach for Diagnosis of
Bovine Coronavirus Using a Reverse Transcription Recombinase Polymerase Amplification Assay. J. Virol. Methods 2013, 193,
337–340. [CrossRef] [PubMed]

19. Crannell, Z.A.; Rohrman, B.; Richards-Kortum, R. Equipment-Free Incubation of Recombinase Polymerase Amplification
Reactions Using Body Heat. PLoS ONE 2014, 9, e112146. [CrossRef]

20. Crannell, Z.A.; Cabada, M.M.; Castellanos-Gonzalez, A.; Irani, A.; White, A.C.; Richards-Kortum, R. Recombinase Polymerase
Amplification-Based Assay to Diagnose Giardia in Stool Samples. Am. J. Trop. Med. Hyg. 2015, 92, 583–587. [CrossRef]

21. Euler, M.; Wang, Y.; Nentwich, O.; Piepenburg, O.; Hufert, F.T.; Weidmann, M. Recombinase Polymerase Amplification Assay for
Rapid Detection of Rift Valley Fever Virus. J. Clin. Virol. 2012, 54, 308–312. [CrossRef]

22. Loo, J.F.C.; Lau, P.M.; Ho, H.P.; Kong, S.K. An Aptamer-Based Bio-Barcode Assay with Isothermal Recombinase Polymerase
Amplification for Cytochrome-c Detection and Anti-Cancer Drug Screening. Talanta 2013, 115, 159–165. [CrossRef] [PubMed]

23. Xu, C.; Li, L.; Jin, W.; Wan, Y. Recombinase Polymerase Amplification (RPA) of CaMV-35S Promoter and Nos Terminator for
Rapid Detection of Genetically Modified Crops. Int. J. Mol. Sci. 2014, 15, 18197–18205. [CrossRef] [PubMed]

24. Babu, B.; Ochoa-Corona, F.M.; Paret, M.L. Recombinase Polymerase Amplification Applied to Plant Virus Detection and Potential
Implications. Anal. Biochem. 2018, 546, 72–77. [CrossRef]

http://doi.org/10.1016/j.aquaculture.2022.737905
http://doi.org/10.3389/fphys.2022.874172
http://doi.org/10.4060/ca9229en
http://doi.org/10.3354/dao03007
http://www.ncbi.nlm.nih.gov/pubmed/27304867
http://doi.org/10.1038/s41598-017-10738-8
http://www.ncbi.nlm.nih.gov/pubmed/28928367
http://doi.org/10.1007/978-3-540-68618-7_4
https://www.researchgate.net/publication/341600253_Disease_Advisory_Decapod_iridescent_virus_1_DIV1_an_emerging_threat_to_the_shrimp_industry
https://www.researchgate.net/publication/341600253_Disease_Advisory_Decapod_iridescent_virus_1_DIV1_an_emerging_threat_to_the_shrimp_industry
http://doi.org/10.3390/v11040387
http://www.ncbi.nlm.nih.gov/pubmed/31027252
http://doi.org/10.3390/v11040354
http://www.ncbi.nlm.nih.gov/pubmed/30999644
http://doi.org/10.1016/j.aquaculture.2021.737262
http://doi.org/10.1016/j.jip.2020.107367
http://www.ncbi.nlm.nih.gov/pubmed/32251642
http://doi.org/10.1016/j.jip.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29660347
http://doi.org/10.1016/j.jip.2021.107567
http://doi.org/10.1007/s00705-017-3642-4
http://www.ncbi.nlm.nih.gov/pubmed/29181623
http://doi.org/10.1371/journal.pbio.0040204
http://www.ncbi.nlm.nih.gov/pubmed/16756388
http://doi.org/10.1371/journal.pone.0071642
http://doi.org/10.1016/j.jviromet.2013.06.027
http://www.ncbi.nlm.nih.gov/pubmed/23811231
http://doi.org/10.1371/journal.pone.0112146
http://doi.org/10.4269/ajtmh.14-0593
http://doi.org/10.1016/j.jcv.2012.05.006
http://doi.org/10.1016/j.talanta.2013.04.051
http://www.ncbi.nlm.nih.gov/pubmed/24054573
http://doi.org/10.3390/ijms151018197
http://www.ncbi.nlm.nih.gov/pubmed/25310647
http://doi.org/10.1016/j.ab.2018.01.021


Viruses 2022, 14, 2752 14 of 14

25. Lobato, I.M.; O’Sullivan, C.K. Recombinase Polymerase Amplification: Basics, Applications and Recent Advances. TrAC-Trends
Anal. Chem. 2018, 98, 19–35. [CrossRef]

26. Wambua, L.; Schneider, B.; Okwaro, A.; Wanga, J.O.; Imali, O.; Wambua, P.N.; Agutu, L.; Olds, C.; Jones, C.S.; Masiga, D.; et al.
Development of Field-Applicable Tests for Rapid and Sensitive Detection of Candidatus Phytoplasma Oryzae. Mol. Cell. Probes
2017, 35, 44–56. [CrossRef] [PubMed]

27. Pradeep, P.J.; Suebsing, R.; Sirithammajak, S.; Kampeera, J.; Turner, W.; Jeffs, A.; Kiatpathomchai, W.; Withyachumanarnkul, B. Vertical
Transmission and Concurrent Infection of Multiple Bacterial Pathogens in Naturally Infected Red Tilapia (Oreochromis Spp.). Aquac.
Res. 2017, 48, 2706–2717. [CrossRef]

28. Mabrok, M.; Elayaraja, S.; Chokmangmeepisarn, P.; Jaroenram, W.; Arunrut, N.; Kiatpathomchai, W.; Debnath, P.P.; Delamare-
Deboutteville, J.; Mohan, C.V.; Fawzy, A.; et al. Rapid Visualization in the Specific Detection of Flavobacterium Columnare, a
Causative Agent of Freshwater Columnaris Using a Novel Recombinase Polymerase Amplification (RPA) Combined with Lateral
Flow Dipstick (LFD) Assay. Aquaculture 2021, 531, 735780. [CrossRef]

29. Wang, H.; Dong, J.; Zhang, T.; Wang, F.; Yang, R.; Zhang, Y.; Zhao, X. A Novel Rapid Detection of Senecavirus A Using
Recombinase Polymerase Amplification (RPA) Coupled with Lateral Flow (LF) Dipstrip. Anal. Biochem. 2022, 646, 114627.
[CrossRef]

30. Liu, Y.; Lei, T.; Liu, Z.; Kuang, Y.; Lyu, J.; Wang, Q. A Novel Technique to Detect EGFR Mutations in Lung Cancer. Int. J. Mol. Sci.
2016, 17, 792. [CrossRef]

31. Zheng, Y.; Hu, P.; Ren, H.; Wang, H.; Cao, Q.; Zhao, Q.; Li, H.; Zhang, H.; Liu, Z.; Li, Y.; et al. RPA-SYBR Green I Based
Instrument-Free Visual Detection for Pathogenic Yersinia Enterocolitica in Meat. Anal. Biochem. 2021, 621, 114157. [CrossRef]

32. Chen, Z.; Huang, J.; Zhang, F.; Zhou, Y.; Huang, H. Detection of Shrimp Hemocyte Iridescent Virus by Recombinase Polymerase
Amplification Assay. Mol. Cell. Probes 2020, 49, 101475. [CrossRef]

http://doi.org/10.1016/j.trac.2017.10.015
http://doi.org/10.1016/j.mcp.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28647581
http://doi.org/10.1111/are.13102
http://doi.org/10.1016/j.aquaculture.2020.735780
http://doi.org/10.1016/j.ab.2022.114627
http://doi.org/10.3390/ijms17050792
http://doi.org/10.1016/j.ab.2021.114157
http://doi.org/10.1016/j.mcp.2019.101475

	Introduction 
	Materials and Methods 
	Pathogen Samples and Recombinant Plasmid Construction 
	Primer and Probe Design 
	DIV1-qPCR and DIV1-qRPA Assay 
	DIV1-RPA-SYBR Green I Assay 
	Evaluation of Sensitivity and Specificity 

	Results 
	Primer Screening 
	Optimizing the Reaction Temperature of DIV1-qRPA Assay 
	Optimizing the Probe Consumption of the DIV1-qRPA Assay 
	Sensitivity Evaluation of qPCR and qRPA Assays 
	Optimizing the Primer Concentrations of DIV1-RPA-SYBR Green I Assay 
	Sensitivity Evaluation of RPA-SYBR Green I Assay 
	Specificity Evaluation of qRPA and RPA-SYBR Green I Assay 

	Discussion 
	Conclusions 
	References

