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The global aquaculture has shown an impressive growth in the last decades contributing with a major part of
total food ﬁsh supply. However, it also helps in the spread of diseases that in turn, causes great economic losses.
The White Spot Syndrome Virus (WSSV) is one of the major viral pathogen for the shrimp aquaculture industry.
Several attempts to eliminate the virus in the shrimp have been addressed without achieving a long-term effectiveness. In this work, we determine the capacity of the commercial non-toxic PVP-coated silver nanoparticles
to promote the response of the immune system of WSSV-infected shrimps with or without an excess of iron ions.
Our results showed that a single dose of metallic silver in the nanomolar range (111 nmol/shrimp), which is
equivalent to 12 ng/mL of silver nanoparticles, produces 20% survival of treated infected shrimps. The same
concentration administered in healthy shrimps do not show histological evidence of damage. The observed
survival rate could be associated with the increase of almost 2-fold of LGBP expression levels compared with
non-treated infected shrimps. LGBP is a key gene of shrimp immunological response and its up-regulation is most
probably induced by the recognition of silver nanoparticles coating by speciﬁc pathogen-associated molecular
pattern recognition proteins (PAMPs) of shrimp. Increased LGBP expression levels was observed even with a 10fold lower dose of silver nanoparticles (1.2 ng/shrimp, 0.011 nmol of metallic silver/shrimp). The increase in
LGBP expression levels was also observed even in the presence of iron ion excess, a condition that favors virus
proliferation. Those results showed that a single dose of a slight amount of silver nanoparticles were capable to
enhance the response of shrimp immune system without toxic eﬀects in healthy shrimps. This response could be
enhanced by administration of other doses and might represent an important alternative for the treatment of a
disease that has still no cure, white spot syndrome virus.

1. Introduction
Penaeus (Litopenaeus) vannamei is the most common shrimp species
grown in the world today. The characteristics of domestication of this
species have made it widely accepted [1]. However, its extensive cultivation and management practices have allowed the generation of
bacterial and viral diseases that for more than two decades have halted
the growth of the cultivated shrimp industry [2]. The white spot
∗

syndrome virus (WSSV) is the causative agent of shrimp white spot
disease that has aﬀected seriously the shrimp industry [3–5]. In Mexico,
the WSSV was detected in 1999, but it was not until 2004 that it was
reported as a disease in the shrimp farms of the northwest coasts of
Mexico [6]. During all these years, has not been developed an antiviral
or immunostimulant agent capable of decimating the viral infections
against this serious shrimp disease, that year after year seem to increase, even though some antivirals have been introduced in the market
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and immunostimulants factors have been reported by other biopharmaceuticals [7–9].
Some of these antiviral agents have given encouraging results such
as dsRNA and recombinant protein vaccines [10,11]. Recently, was
reported the use of silver nanoparticles (AgNPs) as a promising resource
to counteract viral diseases in humans, animals and plants, and more
recently the AgNPs against aquatic organisms pathogens [12,13]. Argovit® is one of the nanoparticles whose broad-spectrum results as a
disinfecting agent has been widely accepted for evaluation. Argovit®
administration in other animals has achieved remarkable antiviral effects [14]. Dogs positively diagnosed with distemper disease and
treated with AgNPs reached more than 85% of recovery rates [15]. On
the other hand, these nanoparticles reduce the infectivity of Rift Valley
virus on mice administered with a lethal dose of the virus [16]. Previously, our group has used the same AgNPs in Argovit® to protect
shrimp against a WSSV inoculum, obtaining survival rates up to 85% by
the end of treatment [17]. In this work, we are reporting the application
of nano molar doses of Argovit® in shrimp intramuscularly as a prophylactic activity against WSSV infection. The Argovit® has been assessed in a challenge bioassay with juvenile shrimp exposed to WSSV
viral inoculum. We have also included the presence of iron ions because
this metal has been recognized as one of the factors that trigger epizootics when the WSSV is present under proliferation conditions
[18,19].

Table 1
Physicochemical characteristics of Argovit® AgNPs (reported in JuarezMoreno et al., 2017).
Properties

Mean

Content of metallic silver (% wt.)
Content of PVP (% wt.)
Content of water (% wt)
Average diameter of metallic silver particles by TEM data (nm)
Morphology of silver nanoparticle
Size interval of metallic silver particles by TEM data (nm)
Hydrodynamic diameter: metallic Ag together with PVP (nm)
Zeta potential (mV)
Surface plasmon resonance:
PVP structure by FTIR

1.2
18.8
80.0
35
spheroid
1 to 90
70
−15
420 nm
conﬁrmed

embedding of tissue in paraﬃn was made with a Tissue-Tek Processor
(Sakura Americas, Torrance, CA, USA.). Each sample was locked,
stained with hematoxylin and eosin in Harris' solution. Samples were
mounted on glass slides and studied under a microscope.
2.5. Therapeutic treatment with AgNPs after WSSV infection
Shrimps were acclimated in a tank with ﬁltered seawater at
26 ± 1 °C and constant aeration for 24 h. VIMIFOS® commercial diet
(35% [w/w] protein) was provided in three daily portions corresponding to 5% of shrimp total mass weight. Six experimental groups
were prepared with 3 replicates (18 tanks with 6 individuals each). The
ﬁrst 5 groups (S1-S5) were inoculated with WSSV by injection at the
dorsal region between third and fourth abdominal segment. Groups S1
and S3 treated with 100 μL of the previously prepared dilution of
120 ng/mL of AgNPs (metallic silver) while for groups S2 and S4 the
dilution used was 12 ng/mL. The ﬁnal concentration of AgNPs (metallic
silver) administered to infected shrimps was 12 ng/shrimp (0.111
nmol/shrimp) in groups S1 and S3 and 1.2 ng/shrimp (0.011 nmol/
shrimp) in groups S2 and S4. Group S2 and S4 were kept in presence of
0.1 mM of iron (Fe+2) sulfate (Table 2). Mortality data for each group
were recorded every 6 h for 4 days.

2. Materials and methods
2.1. Shrimp samples and culture
A batch of shrimp (P. vannamei) sizes 8 ± 0.5 g from Acuacultura
Mahr, Baja California Sur, Mexico, was transported to a research laboratory in Bácum, State of Sonora, and placed in 1500 L tanks containing ﬁltered seawater at 26 ± 1 °C. Shrimps were maintained under
these conditions until they reached 10 g, fed with a 35% (w/w) protein
commercial diet.
2.2. White spot syndrome virus inoculum
Inoculum of WSSV (Isolated-2008, Sonora, Mexico), was provided
by the Aquaculture Laboratory from ITVY (Instituto Tecnológico del
Valle del Yaqui). The WSSV viral inoculum was prepared from infected
shrimp cephalotorax tissue, digestive gland, and eyestalk. Brieﬂy,
500 mg of tissue was homogenized in PBS buﬀer. Homogenized samples
were clariﬁed by centrifugation at 3000×g's for 20 min at 4 °C. The
supernatant was ﬁltered through a 0.45 μm pore size ﬁlter and placed
on ice until used. It was then diluted (1:10, with PBS buﬀer); 100 μL
(∼2500 SID50) of diluted supernatant was injected into the third abdominal segment of the shrimp before treatment with AgNPs.

2.6. Treatment with ferrous sulfate
Ferrous sulfate (FeSO4·7H2O) at 0.1 mM (30 mg/L) (Sigma:
FeSO4·7H2O) was added to each tank containing 56 L of seawater
(1.68 g/tank) of groups S3 and S4. FeSO4 was chosen because it is one
of the most available salts found in shrimp ponds. The high extreme
concentration was selected according with the acid pH of the shrimp
pond with worst possible water found condition [32]. After 24 h, all
shrimp received the same treatment: WSSV viral inoculum followed by
AgNPs injection. The bioassay concluded when the total number of
shrimp in the group inoculated with the WSSV virus (positive control)
died.

2.3. Preparation of silver nanoparticle doses
The AgNPs doses were prepared taking 1 mL from Argovit® (No.
1324458) stock solution [C = 1.2 wt. % equivalent to 12 mg/mL of
metallic silver], diluted in 99 mL with PBS and gently stirred for 30 s.
This stock solution was used to carry out serial dilutions until reach
ﬁnal concentrations of 120 ng/mL (1.11 μM) and 12 ng/mL (111 nM) of
metallic silver. Physicochemical properties of the Argovit® employed in
this study are summarized in Table 1.

2.7. WSSV-diagnosis and immune system-related genes expression by qRTPCR analysis
The VP24 gene of WSSV encodes for the envelope main structural
Table 2
Experimental treatments and Controls for injection shrimps.
Group

2.4. Preparation of samples for histological analysis

S1
S2
S3
S4
S5
S6

The cephalothorax of shrimp was ﬁxed with Davidson's solution for
histology injecting 10 mL of the solution into each sample and kept in a
container of the same solution for 72 h. Samples were transferred to a
container with 70% (v/v) ethyl alcohol. A dissection was performed by
longitudinal cut into the cephalothorax. A 12 h inﬁltration and
1084

Sample name
AgNP-1
AgNP-2
AgNP-3
AgNP-4
Positive control
Negative control

Treatment
−1

120 ng μl
12 ng μl−1
120 ng μl−1 + 0.1 mM FeSO4
12 ng μl−1 + 0.1 mM FeSO4
WSSV inoculum 1:10
PBS 1 at pH 7.0

WSSV Inoculum
+
+
+
+
+
–
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Table 3
Primers used to amplify speciﬁc sequences from WSSV and Penaeus vannamei genes.
Gene

Primer name

Sequence

PCR product (bp)

Reference

Vp24

VP24 F1
VP24 R1
b-actin F1
b-actin R1
LvCuSOD F
LvCuSOD R
LGBP F1
LGBP R1

AGGACCCGATCGCTTACTTTG
CTCCCTCCCTTGCGAACTT
GAAGTAGCCGCCCTGGTTG
CGGTTAGCCTTGGGGTTGAG
CGCGGGAGACACAGCTGATTTC
GAAATCCAGGGTGCCGGAGA
CGGCAACCAGTACGGAGGAAC
GTGGAAATCATCGGCGAAGGAG

240

This paper

416

[38]

164

[38]

222

[38]

Pvβ-actin
Cu,Zn-SOD
LGBP

hand, WSSV infected shrimp (group S5) showed nuclear hypertrophy or
inclusion bodies, among other signiﬁcant damage. Similar damage it
was determined on WSSV-infected shrimp treated with high and low
concentrations of iron sulfate in the tank (S3 and S4), but with AgNPs
added (Fig. 2). Interestingly, although the lack of diﬀerences regarding
cellular damage on WSSV-infected organisms treated or no with AgNPs,
survival time was deﬁnitely diﬀerent. The shrimp treated only with
AgNPs, but without iron sulfate, in its tank died almost 14 hpi after
those not-injected with AgNPs.

protein of the virus, which is located in the mature virion envelope, its
expression is early in infected shrimp and is important for its ﬁnal infection. The WSSV viral load for all samples was determined by qRTPCR absolute quantiﬁcation, using VP24 F/R WSSV speciﬁc primers
(Table 3).
For gene expression analysis the following protocol was carried out:
TRIzol reagent (Thermo Fisher Scientiﬁc, Waltham, MA, U.S.A.) was
used to extract total RNA from Gills of shrimps, dead or sacriﬁced individuals. For qRT-PCR analysis, RNA was treated with DNase I (1 U·μg1 DNA, Thermo Fisher Scientiﬁc, Waltham, MA, U.S.A.). The absence of
DNA was conﬁrmed by performing PCR (40 cycles, like the real-time
PCR program) on the DNase I treated RNA using Taq-DNA polymerase.
A CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, U.S.A.) was used for real-time PCR quantiﬁcations. qRT-PCR was
performed according to the standard ImProm-IITM Reverse
Transcription System® (Promega, Madison, WI, U.S.A.) kit with the
Ssofast™ EVAGreen® Super Mix kit protocol (BioRad, Hercules, CA,
U.S.A.). A “no DNA” template control was used in each analysis. The
results presented are from four independent (n = 4) biological replicates, and statistical signiﬁcance was determined with a two-way
ANOVA followed by Tukey's test. Data were normalized to the Pvβ-actin
the shrimp reference gene (Table 3). The sequence of the speciﬁc primers for immune system-related genes (LGBP and CuSOD) from P.
vannamei are summarized in Table 3. The method used to analyze the
data from real-time PCR experiments corresponds to the relative
quantiﬁcation method, or 2-ΔΔCT method, where the ΔΔCT value =
((CT1Target – CT1Reference) – (CT0Target – CT0Reference)) [19]. The mean CT
values for both the target and the reference genes were determined and
the fold change in the target gene normalized to Pvβ-actin gene and
relative to the expression in the control sample.

3.2. WSSV challenge bioassay
The WSSV challenge bioassay was conducted on previously infected
shrimp, recording mortality every six hpi after the AgNPs administration until the death of the last individual of the positive control group
(S5), which was reached at 96 hpi after the viral infection. WSSV-inoculated shrimp did not show discomfort signs at 24 hpi, but mortality
began at 30 h of viral infection (Fig. 3).
Groups S3 and S4 were the ﬁrst where shrimp died, precisely those
groups with iron sulfate added in the tank. At the end of the experiment, groups S5 (positive control), S3 and S4 present 100% mortality.
Shrimp of groups S3 and S4 showed yellowing gills (probably due to the
excess of iron ions); nonetheless, they showed a normal behavior before
they died.
At the end of the experiment, a reduction in shrimp mortality was
registered in groups S1 and S2, with 20% and 10%, respectively
(Fig. 3). The negative control group S6 (non WSSV-infected and injected with PBS) showed 0% mortality (Fig. 3). Shrimps of group S6
were kept in the same laboratory under the same experimental conditions as the other treatments. No cross-contamination was determined
by qRT-PCR absolute quantiﬁcation analysis. Lifespan enhancement
was observed with the AgNPs highest dose administered (group S1) at
48 hpi (Fig. 3).

3. Results
3.1. Histologic analysis

3.3. qRT-PCR WSSV-diagnosis
In order to identify tissue damage produced by the administration of
AgNPs on key tissues of shrimp, such as lymphoid organs, gills and
stomach, a histopathologic analysis was performed. Results revealed
that AgNPs at the concentrations employed in this work, did not produce any signiﬁcant damage in healthy shrimp (Fig. 1). On the other

The WSSV viral load was determined by qRT-PCR absolute quantiﬁcation in shrimp through several time (30, 36, 42, 48 and 72 hpi)
points, for each sample treated with the concentrations of AgNPs
without iron sulfate (S1 and S2); or with iron sulfate added (S3 and S4);

Fig. 1. Healthy tissues treated only with AgNPs, the images correspond to diﬀerent tissues of shrimp a) lymphoid organ, b) gill and c) stomach to a 40X approach. The
apparently healthy cells appear in the image, indicated by yellow arrows showing well-deﬁned nuclei in normal-sized cells. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 2. The tissues treated with AgNP and with WSSV are shown where the inclusion bodies (yellow arrows) are seen characteristic of the virus a) antennal gland b)
stomach and c) lymphoid organ, with clearly hypertrophied cells with marginal chromatin. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)

On the other hand, Cu,Zn-SOD expression levels showed a continuous decrease respect to time (Fig. 4B). The most important diﬀerence in the expression levels for this gene was observed between 30 and
36 hpi, with an even lower expression in those groups with added iron
(S3 and S4) (Fig. 4B). At 42 hpi, groups S1, S2, S5 and S6 showed
similar expression levels meanwhile groups S3 and S4 showed lower
values compared with the other groups. For this gene, its expression
levels were 2-fold than that found in non WSSV-infected shrimps at the
ﬁrst time of measurement (30 hpi). Altogether, this gene had shown
similar expression levels for all treatments associated with WSSV infection, excepting 36 and 48 hpi with higher expression levels of groups
S1 and S2 (Fig. 4B).
4. Discussion
The widespread applications of diﬀerent AgNPs are present in
aquaculture [12,13]. Recently, several research groups focused their
eﬀorts on the knowledge of toxicological eﬀects of metal and metal
oxides nanoparticles in marine organisms [16]. Despite this growth in
the ﬁeld and with the remarkable antiviral and/or immunostimulant
activity observed for AgNPs in other organisms [14,15,17,22], it is
surprising the scarce investigation regarding their use in the treatment
of other shrimp diseases, such as white spot syndrome virus [17]; whilst
has been widely assessed for diseases from bacterial origin [23]. In this
study, we determined the potential antiviral activity of previously infected shrimps with WSSV, determining their defensive response
against viral infection [24]. We follow the expression of LGBP and
Cu,Zn-SOD, two key enzymes of the innate immune system of arthropods, that play an important role for growth, development, survival, and adaptation to the environment [33]. LGBP and Cu,Zn-SOD
gene expression analysis of WSSV-infected shrimp was determined in
two experimental conditions: (i) with only AgNPs treatment, and (ii)
with ferrous sulfate addition to facilitate the WSSV viral proliferation.
The LGBP gene encode for a lipopolysaccharide and β-1,3-glucan
binding protein (LGBP) that is part of the pathogen-associated molecular patterns (PAMPs) recognition proteins, to recognize molecules
associated to bacterial and fungal pathogens, and WSSV viral infection,
and plays an essential role for crustacean innate immune system
[21,25,26]. Furthermore, iron ions availability in shrimp ponds is indispensable for WSSV viral proliferation [19]. For this reason, the virus
ensures its availability inhibiting the iron sequester capacity of ferritin
and apoferritin. This is achieved by a direct protein-protein interaction
between the viral protein kinase 1 (PK1) and the host ferritin [19,20].
Recently, we have shown the non-toxic eﬀects of PVP-coated AgNPs
in the concentration range of 0.5–20 mg/mL and the prophylactic eﬀect
of these concentrations inhibiting the WSSV infection of shrimp [17].
The absence of cellular damage (Fig. 1), conﬁrms the lack of toxicity
previously determined by the evaluation of biochemical parameters
(oxygen consumption and total hemocyte count) in healthy shrimps
[16]. Moreover, diﬀerences in the cellular damage observed on WSSV
infected shrimp treated with AgNPs with iron ions (Group S3 and S4)
and those of the positive control (group S5), suggest a systemic response of the shrimp, probably triggered by the activation of their
immunologic system (Fig. 2). In spite of adverse eﬀects that has been

Fig. 3. Mortality kinetic between treatments. Treatments: S1 (solid circle, pink
line, WSSV + 12 ng/shrimp AgNPs), S2 (solid square, orange line,
WSSV + 1.2 ng/shrimp AgNPs), S3 (solid triangle, black line, FeSO4
100 nM + WSSV + 12 ng/shrimp AgNPs), S4 (inverted solid triangle, green
line, FeSO4 100 nM + WSSV + 1.2 ng/shrimp AgNPs), S5 (solid diamond, red
line, WSSV virus [positive control]) and S6 (cyan solid circle, cyan line, No
WSSV virus [negative control]). The results presented are means ± SD from
three independent (n = 3) experiments, and statistical signiﬁcance for every
time-point was. determined with an unpaired two-tailed Student's t-test (*,
P < 0.05; **, P < 0.01; ****, P < 0.0001). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version
of this article.)

or only infected with WSSV (S5), and non WSSV-infected and nontreated (S6). WSSV-infection was conﬁrmed for shrimp of S1-S5 treatments (Fig. 4C), and viral load absence on S6 group (Fig. 4C). The
WSSV viral load of shrimp for groups S1-S4 was signiﬁcantly higher
(> two orders of magnitude) than the determined for the infected
shrimps without any treatment (S5) (Fig. 4C).

3.4. Immune system-related genes expression by qRT-PCR analysis
Immune system-related (LGBP and Cu,Zn-SOD) genes expression
analysis of shrimp was performed through time (30, 36, 42, 48 and 72
hpi) by qRT-PCR. The LGBP expression levels reaches its maximum at
36 hpi in groups S1 and S2 (Fig. 4A). And after 36 h, the expression
levels were decreased until reaching values comparable with those
found at the initial time (Fig. 4A). For those groups with added iron (S3
and S4), a similar behavior to that described for groups S1 and S2 was
observed. However, the expression levels of LGBP at 30 and 36 hpi
seems to be lower for group S4, which has the lower concentration of
AgNPs in the presence of iron sulfate (group S4). After that, LGBP expression levels were quite similar for S1-S4 groups. For all groups
treated with AgNPs, either in the presence or absence of iron sulfate,
their LGBP expression levels were 2-fold higher than that determined
for the infected shrimp without treatment (positive control, group S5).
In the case of non WSSV-infected shrimps (S6, negative control), the
expression levels of this gene were always lower compared with the
other groups and without signiﬁcant changes through time (Fig. 4A).
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worth noting that iron concentration in a shrimp pond can reach more
than 0.5 g/L [32], while in this work the concentration used was
0.03 g/L.
Our results have shown that, as expected, the LGBP expression on
WSSV-infected shrimp (S1-S5) was signiﬁcantly higher than non WSSVinfected shrimp (S6). Interestingly, in the four groups of WSSV-infected
shrimp treated with AgNPs with (S3, S4) or without (S1, S2) an excess
of iron ions, the expression levels of this gene was 2-fold higher compared with WSSV-infected shrimp without AgNPs treatment (S5). This
outstanding behavior with very small amounts of injected metallic
silver suggests a possible interaction of AgNPs with recognition proteins
present in the cellular membrane. Both the virus and silver nanoparticles activate the immune response of shrimp leading to a higher
production of PAMPs recognition proteins, such as LGBP. We could
suggest a possible mechanism, which AgNPs might compete or even
interfere with the virus attachment to the cell, occupying the interaction sites of PAMPs recognition proteins and triggering immune response to cope against virus proliferation, or through an interaction
with speciﬁc proteins of the virus, and even with those proteins essential for viral infection [33–35].
According to Beer and coworkers [36], free silver ions in AgNPs
preparations could play a considerable role in the toxicity of AgNPs
suspensions. However, we previously demonstrated that release of
silver ions from our nanoparticles was not toxic [18] and then, did not
contribute in the redox unbalance to induce the expression of Cu,ZnSOD gene. Therefore, further studies have to be done to explore the
proposed interaction of AgNPs with membrane proteins, such as LGBP.
Interestingly, we determined a decrease in Cu,Zn-SOD gene expression
at 36 hpi of WSSV-infected shrimp without AgNPs and without iron ions
(S5). These results can be comparable with the data reported by Parrilla-Taylor and coworkers [37], which shows that shrimp infected with
WSSV after 24 to 48 hpi showed a dramatic enzymatic activity decrease
of the redox system (SOD, CAT, GPX, GR, and GST) that eventually led
to shrimp death [38]. Altogether, these data might suggest that the
slight amounts of metallic silver administered as AgNPs may induce the
shrimp immunological response, possibly through their molecular interaction with recognition of speciﬁc membrane proteins of shrimp,
such as LGBP and even others, or blocking epitopes of viral proteins
[24–26]. Our experimental results also suggest that these nanoparticles
could fulﬁll the requirements to improve the immune system of the
shrimp.
It is very important to highlight the survival rate reached on WSSVinfected shrimp with a very small amount of metallic silver administered (nanomolar range/shrimp), compared with results obtained with
other strategies against to WSSV infections that include feed supplementation, vaccination with an inactive virus, immunomodulators, and
antiviral agents [27,39,40]. Vaccination with inactive WSSV produces
30–33% of mortality decrease, while 20% decrease was obtained with
the antiviral agent Cidofovir® with a concentration of 200 mg/kg
(5.73 μmol Cidofovir®/shrimp) [41]. Immunostimulant agents such as
GSH needs from 30 to 95-fold higher concentration to obtain the eﬃcient activation of the immunological system of P. vannamei compared
with AgNPs [42]. Additionally, feed supplementation with a commercial formulation Viusid® administered for seventeen days prior the
WSSV infection or 30-day feeding prior infection with the probiotic
Bacillus PC465 isolated from the gut of Fenneropenaeaus chinensis [43],
had a decrease mortality of 20% for the former and 26–29% by the
latter.
Therefore, those results have shown that Argovit® is capable to induce the shrimp innate immune system response to decrease the mortality rate compared to that found in WSSV-infected non-treated organisms. No toxicity was observed with the concentration employed.
Thus, further experiments with higher AgNPs concentrations must be
done to determine whether these nanoparticles are capable to eliminate
the virus conserving their biocompatibility or not [44]. This study represents the ﬁrst attempt to test the eﬀect of non-toxic AgNPs in the

Fig. 4. Expression levels analysis for immune system-related 577 genes LGBP
and CuZn-SOD from P. vannamei and presence of WSSV in shrimp subjected to
diﬀerent treatments (S1-S6) and at diﬀerent time-points (30, 36, 42, 48 and 72
hpi). Treatments: S1 (WSSV + 12 ng/shrimp AgNPs), S2 (WSSV + 1.2 ng/
shrimp AgNPs), S3 (FeSO4 100 nM + WSSV + 12 ng/shrimp AgNPs), S4
(FeSO4 100 nM + WSSV + 1.2 ng/shrimp AgNPs), S5 (WSSV virus [positive
control]) and S6 (No WSSV virus [negative control]). The results presented are
means ± SD from four independent (n = 4) biological replicates, and statistical signiﬁcance was determined with a two-way ANOVA followed by Tukey's
test. Means with the same letter are not signiﬁcantly diﬀerent.

reported on shrimps by exposure to heavy metals [29] and other
transition metals such as copper and nickel [30,31], in this work, high
iron concentrations did not contribute to the oxidative stress damage.
Unfortunately, this response was not enough to avoid the proliferation
of the virus that leads to the death of the host. This is consistent with
the highest mortality ratio observed on infected shrimp, which were
treated with AgNPs but in presence of high concentrations of iron ions
(Fig. 3). Similar survival eﬀects have been recorded in other WSSV
challenge experiments with low initial viral loads [28]. And also, is
1087
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survival of shrimp for treatment of WSSV viral infection.
[14]

5. Conclusions
AgNPs treatment in WSSV-infected Penaeus vannamei had an immunostimulant eﬀect, using non-toxic concentrations, by the induce of
shrimp innate immune response. Our results have shown that AgNPs
promotes the expression increase of LGBP, a key component in the innate immune system of arthropods. We suggest that these occurs
through the recognition of metallic silver of AgNPs or by their interaction with the WSSV viral envelope to trigger the PAMPs recognition
proteins activation. Both suggested processes, acting independently or
concomitantly, decrease mortality of infected shrimps.
LGBP up-regulation was observed both with or without available
iron ions in solution, therefore, it could be possible that increasing the
amount of AgNPs reduces the mortality of infected shrimp even in
conditions where the proliferation of the virus is favored. Further experiments with higher concentrations of AgNPs to determine its capacity to eliminate the virus is needed. Finally, the non-toxic eﬀects and
its capacity to induce the innate immune system of WSSV-infected
shrimps, make these AgNPs an excellent alternative for the treatment of
white spot disease of shrimp, a disease that causes enormous economic
losses and that still has no cure.
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