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Abstract

This study characterized acid hydrolysates prepared from WSSV-infected (HS-WSSV)
and non-infected (HS-noWSSV) Penaeus (Litopenaeus) vannamei Boone, 1931 muscle and
evaluated immune-related transcript abundance and survival following WSSV challenge.
Hydrolysates were maintained at pH 3.8 for 20 d, and their soluble protein profiles were as-
sessed by SDS-PAGE. Shrimp received selected hydrolysate supernatants by intramuscular
injection, and transcript abundance of Dorsal, Relish, Rab6, proPO, and PAP was evaluated
at 3, 6, and 12 h post-injection. Survival was assessed after intramuscular and short-term
immersion WSSV challenges. SDS-PAGE showed progressive changes in banding patterns
consistent with protein degradation and distinct soluble protein profiles between HS-WSSV
and HS-noWSSV preparations. Significant differences between HS-WSSV and the corre-
sponding HS-noWSSV preparations were detected for several immune-related transcripts
at specific hydrolysis and sampling times (p < 0.05). Survival was evaluated using Kaplan—
Meier analysis and Cox proportional hazards models with aquarium-clustered robust
standard errors. In the intramuscular challenge, the 10 d HS-WSSV treatment showed
the highest final survival (40.0%) and a lower mortality hazard than the WSSV-positive
control (HR = 0.624, 95% CI: 0.349-1.115), although this difference was not significant
(p =0.112). In the short-term immersion challenge, the 10 d preparation produced the
highest final survival (56.7%) and a significantly lower mortality hazard (HR = 0.472, 95%
CI: 0.367-0.608, p < 0.001). Under the evaluated conditions, the 10 d HS-WSSV preparation
was associated with early transcript-abundance changes and the most favorable survival
profile, particularly following short-term immersion challenge.

Keywords: protein hydrolysate; challenge bioassay; WSSV; innate immunity; gene expression;
survival
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1. Introduction

White spot syndrome virus (WSSV), a large enveloped double-stranded DNA virus of
the family Nimaviridae, remains one of the principal infectious threats to penaeid shrimp
aquaculture [1,2]. Penaeus (Litopenaeus) vannamei Boone, 1931 lacks classical adaptive immu-
nity and relies on cellular and humoral innate responses initiated by pattern-recognition
receptors and regulated by signaling pathways such as Toll and IMD [3,4]. The NF-«kB-
related transcription factors Dorsal and Relish participate in these pathways, whereas
phagocytosis-activating protein (PAP), Rab6, and prophenoloxidase (proPO) are associated
with cellular handling of pathogens and melanization-related defenses [5-7].

Several experimental approaches have been explored to reduce the impact of WSSV,
including inactivated viral preparations, recombinant proteins, and nucleic acid-based
strategies [8-10]. Protein hydrolysates contain soluble protein fragments and peptides
whose biological effects depend on the protein source and hydrolysis conditions. Ex-
perimental studies in aquatic animals, including P. vannamei, indicate that some protein
hydrolysates can modulate innate immune responses and increase resistance to infection;
however, these findings have been obtained mainly with dietary or enzymatically pro-
duced hydrolysates and cannot be directly extrapolated to acid hydrolysates prepared
from WSSV-infected tissue [11,12]. Acid hydrolysis cleaves tissue proteins and changes the
soluble protein profile, but the composition and biological effects of hydrolysates prepared
from WSSV-infected shrimp tissue remain insufficiently characterized [13,14]. Comparing
infected and non-infected tissue hydrolysates may help distinguish responses associated
with the infected tissue from those produced by the shrimp-muscle hydrolysate matrix.
Characterizing the soluble protein profile during hydrolysis provides a first description
of protein degradation and allows subsequent biological responses to be interpreted in
relation to changes in the hydrolysate matrix.

We hypothesized that the soluble fraction obtained from WSSV-infected shrimp muscle
would modify the early abundance of immune-related transcripts and would be associated
with shrimp survival after subsequent WSSV exposure. Therefore, this study character-
ized the soluble protein profile of acid hydrolysates prepared from WSSV-infected and
non-infected P. vannamei muscle, evaluated the relative abundance of Dorsal, Relish, PAP,
Rabé6, and proPO transcripts after intramuscular administration, and assessed cumulative
mortality following intramuscular and short-term immersion WSSV challenges. Specifically,
we investigated whether administration of acid hydrolysates prepared from WSSV-infected
tissue was associated with changes in the abundance of transcripts involved in Toll, IMD,
melanization, and phagocytosis-related pathways, and whether these responses were
associated with altered survival following WSSV challenge.

2. Materials and Methods
2.1. Experimental Shrimp

A batch of Pacific white shrimp, P. vannamei (10 £ 2 g), was obtained from a local
shrimp farm in Sinaloa, Mexico. The source farm was selected based on sanitary surveil-
lance information provided by a representative of the Comité Estatal de Sanidad Acuicola
de Sinaloa (CESASIN) in the northern Guasave zone. This information was used to identify
farms and ponds with no reported detection of the pathogens included in the routine
surveillance program.

Upon arrival at the laboratory, the shrimp were transferred to a 500 L tank containing
seawater at a salinity of 30 g L™}, a temperature of 25 + 2 °C, with constant aeration. The
shrimp were acclimated for one week under these conditions. During acclimation, 50%
of the water was renewed every three days, and the shrimp were fed twice daily, in the
morning and afternoon, with a commercial diet containing 35% crude protein (Nutripec®,
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Purina, Mexico). A 12 h light:12 h dark photoperiod was maintained. Mortality during
acclimation was <5% and occurred predominantly shortly after transport. Shrimp selected
for the bioassays showed no evident external signs of disease.

To assess the WSSV status of the experimental batch, a random sample of 10 shrimp
was analyzed by quantitative real-time PCR (qPCR). WSSV was not detected in the analyzed
shrimp, and the batch was subsequently used in the experimental bioassays.

2.2. Experimental Design

The study was conducted in four main phases under a random allocation scheme
of organisms to the different treatments. In the first phase, the WSSV stock was titrated
in vivo to determine the median shrimp infectious dose (SIDsg mL™1) using five serial
ten-fold dilutions of the viral inoculum (10’2, 1073,107%, 1075, and 1079), with ten shrimp
evaluated per dilution, according to the Reed-Muench method [15].

In the second phase, infected muscle tissue was obtained by intramuscular inoculation
of healthy shrimp with 100 pL of the viral inoculum; shrimp showing clear clinical signs of
disease in a moribund state were subsequently collected.

In the third phase, two acid hydrolysates were prepared: one from WSSV-infected
shrimp muscle (HS-WSSV) and another from non-infected shrimp muscle (HS-noWSSV).
Both hydrolysates were maintained under acid hydrolysis for 20 d. Samples for SDS-PAGE
analysis were collected before acidification (BA), immediately after acidification (AA, time
0), and at 1, 3, 5, 10, 15, and 20 d of hydrolysis. Based on the banding profiles and the
objectives of the subsequent assays, BA, AA, 3 d, 10 d, and 20 d supernatants were selected
for the gene-expression and viral-challenge bioassays.

In the fourth phase, the biological effects of the hydrolysates were assessed through
a gene-expression bioassay and experimental WSSV challenge assays in P. vannamei in-
jected with supernatants from HS-WSSV and HS-noWSSV, as well as through experi-
mental WSSV challenge bioassays conducted by intramuscular injection and short-term
immersion exposure.

The experimental systems were maintained at 28 & 2 °C, 30 g L~! salinity, pH 7.9,
and dissolved oxygen above 5.0 mg L~! by continuous aeration. No water exchange was
performed during the 12 h gene-expression bioassay or the 72 h challenge assays because
of their short duration. Shrimp were offered a commercial diet once daily during the
gene-expression and challenge bioassays. Feed was provided to apparent satiation and
remained available to the shrimp; however, feed consumption progressively decreased
during the WSSV challenge as clinical signs developed. Aquaria were inspected hourly.
Dead shrimp were removed immediately, whereas cumulative mortality was summarized
at 6 h intervals. Shrimp lying persistently on the bottom and unable to resume normal
posture or swimming were classified as moribund.

2.3. Viral Inoculum and Determination of Infectious Titer

The same WSSV strain was used for preparation of the infected hydrolysate and for
the challenge bioassays. Viral titration was performed in vivo by intramuscular injection
in P. vannamei shrimp maintained in 40 L aquaria containing seawater at 30 g L~ salin-
ity, a temperature of 28 &+ 2 °C, and constant aeration. The original WSSV isolate was
obtained and maintained as previously described [16,17]. To generate a fresh viral stock,
healthy P. vannamei shrimp were experimentally infected with WSSV, and gill tissues from
moribund animals exhibiting advanced clinical signs of white spot disease were collected.
The tissues were homogenized in ten volumes (w/v) of sterile 1x PBS and centrifuged
at 3000x g for 20 min at 4 °C. The resulting supernatant was subsequently centrifuged at
13,000 x g for 20 min at 4 °C. The resulting supernatant was filtered through a 0.45 pm
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membrane, aliquoted, and stored at —70 °C until use. The same inoculum batch was used
throughout the study.

Five serial ten-fold dilutions of the WSSV stock (1072, 1073, 1074, 1075, and 10~°)
were prepared in sterile 1 x PBS, and for each dilution, 10 shrimp (8 &+ 1 g) were injected
intramuscularly with 100 uL of the corresponding inoculum into the abdominal muscle
between the third and fourth abdominal segments. Shrimp were monitored every 6 h
for 72 h to record clinical signs and mortality. Mortality was preceded by clinical signs
consistent with WSSV infection, including lethargy and atypical coloration. Dead shrimp
were removed throughout the assay, and surviving organisms were sacrificed at the end
of the observation period. The infectious titer of the WSSV stock was estimated using the
Reed-Muench method [15]. The cumulative mortality percentages immediately above and
below the 50% endpoint were 86.67% at the 10~2 dilution and 38.46% at the 10~ dilution,
respectively. The resulting proportional distance was 0.7606, corresponding to an endpoint
dilution of 1073769 After correction for the 0.1 mL inoculation volume, the estimated
infectious titer of the WSSV stock was 5.76 x 10* SIDsy mL~!. Complete mortality data
and the Reed-Muench calculation are provided in Supplementary Table S1.

2.4. Acid Hydrolysates from Shrimp Muscle
2.4.1. Collection of Infected Muscle Tissue

To obtain infected muscle tissue, P. vannamei shrimp were injected intramuscularly
with 100 puL of the same PBS-adjusted WSSV challenge inoculum used in the intramuscular
bioassays. Shrimp showing clear clinical signs of disease and a moribund state were
collected and stored at —70 °C until use in the preparation of the infected hydrolysate.

2.4.2. Preparation of Acid Hydrolysates

Muscle tissue used to prepare HS-WSSV was obtained from shrimp experimentally
infected with the WSSV stock described above. Moribund shrimp showing evident clinical
signs of white spot disease were collected and stored frozen until processing, which was
performed 3 d after collection. The HS-noWSSV control hydrolysate was prepared from
muscle tissue obtained from non-infected shrimp.

For each hydrolysate, 250 g of shrimp muscle was combined with 125 mL of distilled
water and homogenized using a NutriBullet NB90904 food processor (LLC, Los Angeles,
CA, USA). Acid hydrolysis was initiated by adding 4.0 mL of undiluted 95% formic acid to
each preparation. Additional formic acid was subsequently added as required to maintain
a pH of 3.8 &+ 0.2, resulting in total added volumes of 5.9 mL for HS-WSSV and 6.4 mL for
HS-noWSSV. The hydrolysates were maintained in glass containers at room temperature
for 20 d. The pH was monitored daily, and each preparation was manually homogenized
with a spatula before pH measurement and, when necessary, acid adjustment.

Samples were collected before acidification, immediately after acidification, and after
1,3,5,10,15, and 20 d of hydrolysis. To obtain the soluble fraction used in the subsequent
analyses and bioassays, 40 g of each hydrolysate sample was transferred to a 50 mL conical
centrifuge tube and centrifuged at 2000x g for 20 min. The resulting supernatant was
transferred to 1.5 mL microcentrifuge tubes and centrifuged again at 4 °C for 20 min at
10,000 g. The clear supernatant phase was carefully recovered, aliquoted, and stored at
—70 °C until analysis and use in the bioassays.

2.4.3. Soluble Protein Quantification and SDS-PAGE Analysis

Samples were collected before acidification (BA), after acidification (AA, time 0), and
during the hydrolysis process at 1, 3, 5, 10, 15, and 20 d. Once all samples had been col-
lected, soluble protein concentration was determined using the Bradford method [18], and
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electrophoretic protein profiles were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to Laemmli [19].

For electrophoretic analysis, 150 uL of each sample was mixed with 50 pL of loading
buffer containing deionized water, 0.5 M Tris-HCI (pH 6.8), glycerol, 10% (w/v) SDS,
bromophenol blue, and 3-mercaptoethanol at a final concentration of 5% (v/v). Samples
were heated at 95 °C for 15 min and immediately placed on ice. Proteins were separated
using a 12% resolving polyacrylamide gel prepared with 1.5 M Tris-HCI (pH 8.8) and a 4%
stacking gel prepared with 0.5 M Tris-HCI (pH 6.8). A volume of 10 pL of each prepared
sample was loaded per well. Electrophoresis was performed using a Mini-PROTEAN®
system (Bio-Rad, Hercules, CA, USA), initially at 80 V during migration through the
stacking gel and subsequently at 120 V during separation through the resolving gel, for an
approximate total running time of 90 min.

Following electrophoresis, the gels were stained with Coomassie Brilliant Blue and
destained for 3 h using a water:methanol:acetic acid solution (70:20:10, v/v/v). The gels
were subsequently maintained in distilled water for 12 h under constant agitation. Gel
images were acquired using a Gel Doc XR+ imaging system (Bio-Rad) and processed
using the software supplied with the equipment. The electrophoretic profiles were used to
characterize changes in the soluble protein fractions during hydrolysis and to support the
selection of the hydrolysis times subsequently evaluated in the biological assays.

2.5. Gene Expression Bioassay
2.5.1. Experimental Bioassay

To evaluate the effects of the hydrolysates on the relative abundance of transcripts
associated with the shrimp immune response, the bioassay was conducted in 40 L aquaria
maintained at 28 + 2 °C, 30 g L~! salinity, pH 7.9, dissolved oxygen above 5.0 mg L™},
constant aeration, and mechanical filtration. Supernatants corresponding to BA, AA, 3 d,
10 d, and 20 d from HS-WSSV and HS5-noWSSV were evaluated.

For each treatment, 30 shrimp were randomly distributed among three independent
aquaria, with ten shrimp per aquarium, according to a completely randomized design.
Each shrimp received an intramuscular injection of 100 pL of the corresponding hydrolysate
supernatant, standardized to 50 ug of total soluble protein. At 3, 6, and 12 h post-injection,
two shrimp were randomly sampled from each aquarium. Hemolymph from the two
shrimp collected from the same aquarium was pooled before centrifugation, generating
one pooled aquarium-level biological sample. Thus, three independent pooled samples
were obtained per treatment at each sampling time, with the aquarium considered the
experimental unit (n = 3 aquaria).

2.5.2. Hemolymph Collection and RNA Extraction

Hemocytes were selected for transcript-abundance analysis because they are key
cellular components of the shrimp innate immune response and are relevant to the immune-
related genes evaluated in this study. A volume of 200 uL of hemolymph was collected
from each sampled shrimp using 5% potassium oxalate prepared in sterile 1x PBS as an
anticoagulant. Hemolymph from the two shrimp sampled from the same aquarium was
pooled before centrifugation to obtain the hemocyte pellet. Each pooled pellet represented
one aquarium-level biological sample. Total RNA was extracted from the hemocyte pellet
using TRIzol® reagent (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA), with the
samples maintained on ice throughout the procedure.

RNA concentration and purity were determined using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA). Samples with an A260/A280 ratio
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between 1.8 and 2.0 were considered acceptable. Purified RNA was stored at —80 °C
until use.

2.5.3. cDNA Synthesis

Prior to cDNA synthesis, RNA samples were treated with DNase to remove possible
genomic DNA contamination. Reverse transcription was performed using ImProm-II™
reverse transcriptase (Promega, Madison, WI, USA) and oligo(dT)20, following the man-
ufacturer’s instructions. Reactions were carried out in a Bio-Rad T100™ thermocycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) under the following program: 5 min at
25 °C, 60 min at 42 °C, and 15 min at 70 °C.

2.5.4. qPCR Analysis of Gene Expression

Relative expression of immune response-related genes was evaluated by quantitative
real-time PCR (qPCR) using specific primers (Table 1). Amplification efficiency for each
primer pair was determined from standard curves generated using serial dilutions of cDNA.
The amplification efficiencies were 96.1% for Relish, 105.0% for Dorsal, 98.8% for Rabé,
106.7% for proPO, 106.7% for PAP, 98.8% for EF1e, and 100.1% for B-actin.

EFlx and f-actin were initially evaluated as candidate reference genes. Expression
stability was assessed using RefFinder, and (3-actin was identified as the most stable
candidate reference gene under the experimental conditions and was therefore selected for
normalization. Efficiency-corrected relative transcript abundance was calculated according
to the Pfaffl method [20]. For preparation of the 2x master mix, 1.5 uL of 10x reaction
buffer, 0.75 puL of 50 mM MgCl,, 0.3 puL of 10 mM dNTPs, 0.75 uL of 20x EvaGreen®
(Biotium, Fremont, CA, USA), 0.1 uL of recombinant Taq DNA polymerase (Invitrogen),
and 4.1 pL of ultrapure water were mixed. Each reaction had a final volume of 15 pL and
contained 7.5 uL of this master mix, 0.35 uL of each primer (10 uM), 1.8 pL of ultrapure
water, and 5 pL. of cDNA. Reactions were performed in duplicate in a Bio-Rad CFX96™
qPCR system. Each pooled aquarium-level biological sample was analyzed in duplicate
qPCR reactions. The duplicate reactions represented technical replicates and were not
treated as independent observations. The mean Cq value of the two technical replicates
was used for relative-quantification calculations after assessment of replicate agreement.

Table 1. Primers used for immune response gene expression analysis.

Immune s . ) al Product Accession
System Gene Abbreviation Primer Sequence 5'-3 Size (bp) Reference Number
PvReli927-F GCTGCACAACAAAGAGACA .
IMD path i i This stud
pathway Relish Relish PvReli927-R TCCACCTTTCTGCTGGAGAT 158 iostudy | ER4s27341
PvDors467-F AGGCCCTTCGTTTTCGTTAT
Toll path This stud :
o7 paway Dorsal Dorsal PvDorsd67R | AGIGACACAGGACACCACCA 146 sstudy | FJ9982021
) LvPPO-F CTGGGCCCGGGAACTCAAG
ProPO syst Prophenoloxid PO ! 7
roPO system rophenoloxidase pro 4LYPPOR GOTGAGCATGAAGAAGAGCTGGA 125 [71 AY723296.1
Phagocytosis- qLvPAP-F CGAAGTTCAGGTTGTGCGTG
Phagocytosis activating protein pAp qLvPAP-R ACTGATGCACCATTGGCCTT 126 71 EF363696.1
8oy Rt e qLvRab6-F ATCACTGCCTCGCTCTGTTC 1 - IX0736792
a 7 qLvRab6-R GGCAAAATCCATCATCTTCC '
Elongation factor qLVEf-F CTGTGGTCTGGTTGGTGTTG
21
Reference sencs 1-alpha EFla qLVEf-R TCAGATGGGTTCTTGGGTTC 1 211 GU136230.1
8 Betaacti factin qLvActin-F CCACGAGACCACCTACAAC " 2] AF300705.2
cla-actin qLvActinR AGCGAGGGCAGTGATTTC :

2.6. WSSV Challenge Bioassays
2.6.1. Intramuscular Challenge

To evaluate the effect of prior hydrolysate administration on mortality after intramus-
cular WSSV challenge, shrimp were randomly distributed among 40 L aquaria containing
seawater maintained at 30 g L1 salinity, 28 £ 2 °C, pH 7.9, and dissolved oxygen above
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5.0 mg L~!. Each treatment consisted of three independent aquaria with ten shrimp
per aquarium.

The evaluated groups included BA, AA, 3 d, 10 d, and 20 d HS-WSSV treatments; their
corresponding HS-noWSSV controls; a WSSV-positive control; and an unchallenged nega-
tive control. All groups underwent the same number of handling and injection procedures
to standardize injection-related stress. Before injection, each supernatant was diluted with
sterile 1x PBS to a final soluble-protein concentration of 0.5 mg mL~}, so that the 100 uL
injection volume contained 50 pg of total soluble protein. During the first injection, shrimp
assigned to the hydrolysate treatments received 100 pL of the corresponding HS-WSSV
or HS-noWSSV supernatant. Shrimp in the WSSV-positive and negative control groups
received 100 uL of sterile 1x PBS. Three hours later, all challenged groups, including the
WSSV-positive control, received a second intramuscular injection of 100 pL of the same PBS-
adjusted WSSV challenge inoculum. The same inoculum preparation and injection volume
were used for all challenged groups. Shrimp in the unchallenged negative control received
a second injection of 100 pL of sterile 1 x PBS. The 3 h interval between hydrolysate admin-
istration and WSSV challenge was selected based on a preliminary transcript-abundance
assay in which several post-administration sampling times were evaluated. Overall, the
most pronounced early changes in transcript abundance were observed at 3 h; therefore,
this interval was selected for hydrolysate administration before WSSV exposure.

Aquaria were inspected hourly. Dead shrimp were removed immediately, and cumu-
lative mortality was recorded and summarized at 6 h intervals for 72 h. The equivalent
number and timing of injections across treatments allowed injection-related handling stress
to be standardized among experimental groups. At the end of each assay, water and dis-
posable materials potentially exposed to WSSV were disinfected with sodium hypochlorite
before disposal.

2.6.2. Short-Term Immersion Challenge

The short-term immersion challenge was conducted using three independent 30 L
aquaria per treatment, with ten shrimp per aquarium. Seawater was maintained at 30 g L~}
salinity, 28 + 2 °C, pH 7.9, and dissolved oxygen above 5.0 mg L~! by continuous aeration.
Treatments included the 3 d, 10 d, and 20 d HS-WSSV preparations, a WSSV-positive
control, and an unchallenged negative control.

Shrimp assigned to the hydrolysate treatments received an intramuscular injection
of 100 pL of the corresponding supernatant, standardized to 50 ng of total soluble protein.
Shrimp in the WSSV-positive and negative control groups received 100 pL of sterile 1 x PBS.
Three hours later, shrimp were transferred to exposure aquaria containing 10 L of a suspen-
sion prepared from WSSV-infected shrimp muscle in saline water at a final concentration of
0.2 g L~1. Thus, each exposure aquarium received the equivalent of 2 g of WSSV-infected
muscle. Shrimp were maintained in the suspension for 1 h. The unchallenged negative
control underwent a corresponding 1 h mock immersion in 10 L of saline water without
WSSV-infected muscle.

After exposure, shrimp were transferred to aquaria containing previously chlorinated
and dechlorinated seawater. Aquaria were inspected hourly, dead shrimp were removed
immediately, and cumulative mortality was recorded at 6 h intervals for 72 h.

2.7. Statistical Analysis

Transcript-abundance data were analyzed using STATISTICA version 7.0 (StatSoft Inc.,
Tulsa, OK, USA). For the transcript-abundance bioassay, the aquarium was considered the
experimental unit. Hemolymph from two shrimp sampled from the same aquarium was
pooled to generate one aquarium-level biological sample, resulting in three independent
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biological samples per treatment and post-injection sampling time (n = 3 aquaria). Duplicate
qPCR reactions were treated as technical replicates, and the mean Cq value was used
for relative quantification after assessment of agreement between technical replicates.
Relative transcript abundance was calculated using the efficiency-corrected Pfaffl method,
with (-actin as the reference gene. Each H5-WSSV preparation was compared with its
corresponding HS-noWSSV preparation at the same hydrolysis time and post-injection
sampling time using Student’s t-test. These comparisons were predefined to evaluate
matched HS-WSSV versus HS-noWSSV preparations within each gene, hydrolysis time,
and post-injection sampling time. Because multiple planned comparisons were performed,
the transcript-abundance analysis was considered exploratory. No formal adjustment for
multiple testing was applied to these comparisons; therefore, the probability of Type I error
across the set of tests is increased, and individual significant p-values should be interpreted
cautiously as exploratory rather than confirmatory evidence. Statistical significance for
individual comparisons was established at p < 0.05.

Survival analyses were performed in R version 4.6.1 [23] using the survival package
version 3.8-12 and the survminer package version 0.5.2. Kaplan—-Meier estimators were
used to describe survival during the 72 h observation period, and global log-rank tests were
used to assess overall differences among survival curves. When the global log-rank test
was significant, pairwise log-rank comparisons were performed with Benjamini-Hochberg
adjustment for multiple comparisons. Mortality hazard was further evaluated using Cox
proportional hazards models with aquarium-clustered robust standard errors to account for
the non-independence of shrimp maintained within the same aquarium. The WSSV-positive
control was used as the reference category. Results are reported as hazard ratios (HRs) with
95% confidence intervals (CIs) and corresponding p-values. Statistical significance was
established at p < 0.05.

3. Results

3.1. Characterization of the Hydrolysates
3.1.1. pH and Soluble Protein

Following acidification, the pH of both hydrolysates decreased to 4.0 and reached 3.8
after 24 h, remaining stable through day 20. Soluble protein concentrations ranged from 1.8
to 2.5 mg mL~! in both hydrolysates throughout the evaluated period.

3.1.2. Electrophoretic Analysis of the Hydrolysates

The 12% SDS-PAGE profiles (Figure 1) differed visually between HS-WSSV and HS-
noWSSV during hydrolysis. Before acidification, both preparations showed similar banding
patterns. As hydrolysis progressed, high-molecular-weight bands decreased in HS-WSSV
but remained comparatively stable in HS-noWSSV. Consequently, bands above approxi-
mately 20 kDa became markedly less evident in HS-WSSV by the end of the monitoring
period. Because the bands were not analytically identified, these results are limited to a
descriptive comparison of the electrophoretic profiles.

3.2. Relative Abundance of Immune-Related Transcripts in Shrimp Injected with HS-WSSV and
HS-noWSSV

3.2.1. Transcriptional Response at 3 h Post-Injection

At 3 h post-injection, shrimp receiving HS-WSSV showed higher Relish transcript
abundance than those receiving the corresponding HS-noWSSV preparation at BA, 3 d,
10 d, and 20 d, whereas no significant difference was detected at AA. Dorsal and Rab6
transcript abundance was higher in shrimp receiving HS-WSSV at all evaluated hydrolysis
times. Higher proPO transcript abundance was detected in the HS-WSSV groups at AA,
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3 d, and 20 d. For PAP, significantly higher transcript abundance in the HS-WSSV groups
was observed at 3 d and 20 d (Figure 2A).

Figure 1. Coomassie Brilliant Blue-stained 12% SDS-PAGE profiles of the soluble protein fractions
of acid hydrolysates prepared from WSSV-infected shrimp muscle (HS-WSSV) and non-infected
shrimp muscle (HS-noWSSV) during 20 d of hydrolysis. Supernatants were analyzed before acid-
ification (BA), immediately after acidification (AA, time 0), and after 1, 3, 5, 10, 15, and 20 d of
hydrolysis. M, BenchMark™ Protein Ladder (Invitrogen); molecular mass markers are indicated
in kDa. HS-noWSSV and HS-WSSV samples were analyzed on separate gels run under identical
electrophoretic conditions, and the resulting gel images were assembled for comparative presentation.
No quantitative comparison of band intensity between gels was performed.

3.2.2. Transcriptional Response at 6 h Post-Injection

At 6 h post-injection, the direction of the transcriptional response varied among genes
and hydrolysis times. Relish transcript abundance was higher in shrimp receiving HS-
noWSSV at AA, whereas higher abundance was observed in the HS-WSSV groups at 3 d
and 10 d. Dorsal transcript abundance was higher in the HS-noWSSV groups at AA, 3 d, and
20 d, whereas the 10 d HS-WSSV group showed the higher value. A similar bidirectional
pattern was observed for Rab6, with higher transcript abundance in the HS-noWSSV groups
at AA and 3 d and in the HS-WSSV group at 10 d. For proPO, higher transcript abundance
was detected in the HS-WSSV groups at BA, 3 d, 10 d, and 20 d, whereas the HS-noWSSV
group showed the higher value at AA. No significant differences were detected for PAP
(Figure 2B).

3.2.3. Transcriptional Response at 12 h Post-Injection

At 12 h post-injection, Relish and Dorsal transcript abundance was higher in shrimp
receiving HS-WSSV at BA, AA, 3 d, and 10 d, whereas no significant difference was detected
at 20 d. For Rab6, higher transcript abundance was observed in the HS-noWSSV groups at
AA, 10d, and 20 d, whereas the HS-WSSV group showed the higher value at 3 d. proPO
transcript abundance was higher in the HS-WSSV groups at all evaluated hydrolysis times.
PAP showed a bidirectional response, with higher abundance in the HS-WSSV groups at
BA, AA, and 3 d and in the HS-noWSSV groups at 10 d and 20 d (Figure 2C).
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Figure 2. Relative abundance of immune-related transcripts (Relish, Dorsal, Rab6, proPO, and PAP)
in P. vannamei at 3 h (A), 6 h (B), and 12 h (C) after intramuscular injection of acid-hydrolysate
supernatants. BA, before acidification; AA, immediately after acidification (time 0); hydrolysis times
of 3, 10, and 20 d. Data are presented as mean + SEM from three independent aquarium-level
pooled samples per treatment (n = 3 aquaria). Asterisks indicate significant differences between
HS-WSSV and the corresponding HS-noWSSV preparation within the same gene, hydrolysis time,
and post-injection sampling time (p < 0.05, Student’s ¢-test).

3.3. Survival Following WSSV Challenge
3.3.1. Intramuscular Challenge

Kaplan-Meier analysis revealed significant overall differences in survival among
experimental groups following WSSV challenge by intramuscular injection (global log-
rank test: x2 =101.25, df = 6, p < 0.001). Final survival at 72 h was 0.0%, 10.0%, 13.3%,
40.0%, and 6.7% in the HS-WSSV BA, AA, 3 d, 10 d, and 20 d treatments, respectively.
Final survival in the WSSV-positive control was 20.0%, whereas the unchallenged negative
control maintained 100% survival throughout the observation period (Figure 3).

https://doi.org/10.3390/aquacj6040046


https://doi.org/10.3390/aquacj6040046

Aquac. . 2026, 6, 46 11 of 19
1.00 T
|
| |
0.75
strata
EY — HS-WSSV (BA)
5 HS-WSSV (AA)
.5 == HS-WSSV (3d)
a 0.50
= HS-WSSV (10 d)
E HS-WSSV (20 d)
5’) == WSSV-positive control
== Unchallenged negative control
0.25
Global log-rank p < 0.001 |
0.00 I
0 12 24 36 48 60 72
Time post-challenge (h)
Number at risk
- 30 30 30 30 5 1 0
30 30 27 26 26 10 3
- 30 30 30 29 24 14 4
30 30 30 29 21 16 12
30 30 29 29 14 5 2
—-— 30 30 28 28 22 12 6
- 30 30 30 30 30 30 30

Figure 3. Kaplan-Meier survival curves of P. vannamei previously administered HS-WSSV prepara-
tions and subsequently challenged with WSSV by intramuscular injection. Shaded areas represent
95% confidence intervals, and censoring marks indicate shrimp that remained alive at the end of
the 72 h observation period. The number of shrimp at risk is shown below the graph. The global
log-rank test indicated significant differences among the survival curves (p < 0.001). Aquaria were
the experimental units, with shrimp clustered within aquaria.

Pairwise log-rank comparisons adjusted using the Benjamini—-Hochberg procedure
indicated that survival in the HS-WSSV 10 d treatment differed significantly from that in
the BA and 20 d treatments. However, no significant differences were detected between
the 10 d treatment and the AA, 3 d, or WSSV-positive control groups after adjustment
for multiple comparisons. Thus, although the 10 d preparation achieved the highest final
survival among the challenged groups, its superiority was not statistically supported
relative to all treatments.

The Cox proportional hazards model with aquarium-clustered robust standard errors,
using the WSSV-positive control as the reference group, showed that the HS-WSSV 10 d
treatment was associated with a lower mortality hazard (HR = 0.624, 95% CI: 0.349-1.115,
p = 0.112), corresponding to an approximate 37.6% reduction in mortality hazard relative to
the positive control. Nevertheless, this reduction was not statistically significant (p = 0.112).
The HS-WSSV 3 d treatment exhibited a mortality hazard similar to that of the positive
control (HR =1.01, 95% CI: 0.813-1.26, p = 0.911). In contrast, the HS-WSSV 20 d (HR =1.94,
95% CI: 1.54-2.43, p < 0.001), AA (HR = 1.20, 95% CI: 1.15-1.25, p < 0.001), and BA prepara-
tions (HR = 3.54, 95% CI: 2.61-4.79, p < 0.001) were associated with significantly greater
mortality hazards than the positive control.

3.3.2. Short-Term Immersion Challenge

Kaplan-Meier analysis demonstrated significant overall differences among survival
curves following WSSV challenge by short-term immersion (global log-rank test: x? = 40.25,
df =4, p <0.001). Final survival at 72 h was 33.3%, 56.7%, and 26.7% in the HS-WSSV 3 d,
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10 d, and 20 d treatments, respectively. Final survival in the WSSV-positive control was
30.0%, whereas the unchallenged negative control maintained 100% survival (Figure 4).
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Figure 4. Kaplan-Meier survival curves of P. vannamei previously administered HS-WSSV prepara-
tions and subsequently challenged with WSSV by short-term immersion. Shaded areas represent
95% confidence intervals, and censoring marks indicate shrimp that remained alive at the end of
the 72 h observation period. The number of shrimp at risk is shown below the graph. The global
log-rank test indicated significant differences among the survival curves (p < 0.001). Aquaria were
the experimental units, with shrimp clustered within aquaria.

Pairwise log-rank comparisons showed that survival in the HS-WSSV 10 d treatment
was significantly higher than that observed in the HS-WSSV 3 d and 20 d treatments
and the WSSV-positive control after adjustment for multiple comparisons. No significant
differences were detected among the 3 d, 20 d, and WSSV-positive control groups.

Consistent with these findings, the aquarium-clustered Cox proportional hazards
model, using the WSSV-positive control as the reference group, indicated that the HS-WSSV
10 d treatment was associated with a significantly lower mortality hazard (HR = 0.472, 95%
CI: 0.367-0.608, p < 0.001). This hazard ratio corresponds to an approximate 52.8% reduction
in mortality hazard relative to the positive control. In contrast, neither the HS-WSSV 3 d
treatment (HR = 1.05, 95% CI: 0.821-1.352, p = 0.680) nor the HS-WSSV 20 d treatment
(HR =1.07, 95% CI: 0.868-1.321, p = 0.524) differed significantly from the positive control.

4. Discussion

The cleavage of peptide bonds modifies the buffering capacity of the system, making
pH monitoring and control relevant variables during hydrolysis [24]. This cleavage gener-
ates new amino (-NH;) and carboxyl (-COOH) groups that can transfer protons (H*) and
alter the acid-base balance of the medium [25]. In the present study, pH was approximately
4.0 following the addition of formic acid and during the first day of hydrolysis, after which
it stabilized at 3.8. Higher pH values, ranging from 7.21 to 7.38, have been reported for low-
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salt shrimp paste [26]; however, these values correspond to a different processing system.
The low and stable pH recorded in the present study resulted from intentional acidification
and created conditions favorable for the hydrolytic modification of tissue proteins.

Soluble protein concentration varied only slightly, remaining between 1.8 and
2.5mg mL~! in both hydrolysates throughout the 20 d period. This limited variation
indicates that the amount of soluble protein recovered remained relatively stable. However,
total soluble protein concentration does not provide information about changes in the
molecular size or composition of the protein fragments, which were more clearly reflected
in the SDS-PAGE profiles.

Some bands observed in HS-WSSV occurred within molecular-weight ranges reported
for WSSV structural proteins [27]. However, correspondence in apparent molecular weight
is insufficient for protein identification, and SDS-PAGE alone cannot establish whether
these bands were viral or host-derived. Therefore, the electrophoretic profiles should be
interpreted as comparative evidence of changes in the soluble protein matrix rather than as
evidence of the presence or preservation of specific viral proteins.

The progressive disappearance of high-molecular-weight bands was more evident in
HS-WSSV than in HS-noWSSV, suggesting differences in protein degradation dynamics
between hydrolysates derived from infected and non-infected tissues. In HS-WSSV, the
band with the highest apparent molecular weight progressively decreased until it was
almost undetectable, whereas the HS-noWSSV profile remained comparatively stable. The
physiological and structural alterations described in WSSV-infected shrimp tissues may
have contributed to differences in the initial protein matrix and its susceptibility to hydrol-
ysis [1,28]. Thus, the electrophoretic results indicate that the soluble protein profiles of the
infected- and non-infected-tissue hydrolysates changed differently during acid hydrolysis
and provide physicochemical context for the subsequent bioassays. Nevertheless, they do
not identify the compounds responsible for the observed biological responses.

As penaeid shrimp lack classical adaptive immunity, their response to WSSV depends
primarily on innate immune mechanisms mediated by hemocytes and signaling pathways
that coordinate cellular and humoral defenses [29]. The Toll and IMD pathways are
particularly relevant because they involve the NF-kB-related transcription factors Dorsal
and Relish, respectively, which regulate antimicrobial peptides and other immune effectors
associated with the response to WSSV [3,30]. The genes evaluated in the present study
represent complementary components of this response: Dorsal and Relish are associated
with immune signaling, PAP and Rab6 with cellular processes and pathogen handling, and
proPO with the melanization cascade. This set of genes therefore provided markers of
signaling, cellular, and humoral components involved in the shrimp response to WSSV [6].

Administration of HS-WSSV was followed by early changes in Dorsal and Relish
transcript abundance. Changes in Dorsal transcript abundance were consistent with
modulation of Toll-related signaling, whereas changes in Relish transcript abundance were
consistent with modulation of IMD-related signaling. Toll- and IMD-related responses can
occur in a coordinated manner during WSSV infection, with Dorsal and Relish acting as
interconnected transcriptional regulators of immune defenses [3,31,32]. Relish has also been
associated with apoptosis, hemocyte homeostasis, and phenoloxidase-related responses
during WSSV infection [33]. Nevertheless, changes in transcript abundance alone do not
demonstrate functional activation of either pathway or the production of downstream
effectors. The results should therefore be interpreted as evidence of an early transcriptional
response associated with Toll- and IMD-related immune signaling.

PAP and Rab6 extended the analysis to genes associated with cellular immune pro-
cesses. PAP has been related to immune stimulation and resistance to WSSV and other
pathogens, suggesting a role in hemocyte-mediated defense functions [5]. In the present
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study, PAP showed a comparatively lower response than Dorsal or Relish, with its clear-
est changes occurring at early sampling times. This pattern is compatible with a role in
early cellular immune responses, although the present data do not establish the functional
contribution of PAP to the observed survival outcomes.

Rab6 also showed early increases in transcript abundance after HS-WSSV administra-
tion, particularly at 3 h post-injection. This gene has been associated with phagocytosis-
related responses in shrimp, and RNA interference studies support its participation in
hemocyte-mediated responses against WSSV [34,35]. Rabé has also been related to cellular
events involving the WSSV protein VP466 and reorganization of the actin cytoskeleton
during pathogen internalization [35]. Consequently, the early changes in Rab6 transcript
abundance are compatible with modulation of cellular immune processes, although they
do not demonstrate enhanced phagocytic activity.

The changes in proPO transcript abundance observed after HS-WSSV administration
were consistent with modulation of the prophenoloxidase system, an important humoral
defense mechanism in crustaceans that leads to phenoloxidase activity and melaniza-
tion [29,36]. Although this system is commonly associated with antibacterial and anti-
fungal defenses, its involvement in the response to WSSV has also been documented.
Sutthangkul et al. [37] reported that proPO silencing increased susceptibility to WSSV, sup-
porting the participation of this system in antiviral defense.

Collectively, HS-WSSV administration was associated with an early transcriptional
response involving genes related to immune signaling, cellular processes, and humoral
defenses rather than with changes restricted to a single immune component. Several
significant transcriptional differences were observed across the evaluated hydrolysis and
post-injection sampling times. Given the exploratory nature of these analyses and the
number of pairwise comparisons performed, individual transcript-level differences should
be interpreted cautiously and require confirmation in independent experiments. The 10 d
preparation produced higher transcript abundance than its corresponding HS-noWSSV
preparation for several genes at specific sampling times and was also associated with the
most favorable survival profile in the subsequent challenge assays. However, the specific
compounds responsible for these responses were not identified, and a causal relationship
between transcriptional modulation and lower mortality cannot be established from the
present results.

Across both challenge models, the 10 d HS-WSSV preparation showed the most
favorable survival profile among the evaluated preparations. However, the magnitude
and statistical support of this response differed according to the challenge route. The
concordance between some of the early transcriptional responses and the subsequent
survival patterns suggests that hydrolysis time was associated with differences in the
biological properties of the preparations.

Following intramuscular WSSV challenge, the 10 d HS-WSSV treatment achieved
the numerically highest final survival among the challenged groups, reaching 40.0% at
72 h. The Cox proportional hazards model estimated a 37.6% reduction in mortality hazard
relative to the WSSV-positive control (HR = 0.624, 95% CI: 0.349-1.115, p = 0.112). However,
this difference was not statistically significant, and pairwise log-rank comparisons likewise
did not detect a significant difference between the 10 d treatment and the positive control
after adjustment for multiple comparisons. Therefore, under the intramuscular challenge
conditions, the response associated with the 10 d preparation should be interpreted as a
favorable survival pattern rather than definitive evidence of superior protection.

The HS-noWSSV preparations were included as hydrolysate controls to distinguish
responses potentially associated with the non-infected shrimp-muscle matrix. Because
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these treatments did not show a survival pattern indicating a protective effect, subsequent
analyses focused on the HS-WSSV preparations.

A more clearly supported treatment-associated survival response was observed fol-
lowing the short-term immersion challenge. The 10 d HS-WSSV preparation produced the
highest final survival, reaching 56.7% at 72 h, and was associated with an approximately
52.8% lower mortality hazard relative to the WSSV-positive control (HR = 0.472, 95% CI:
0.367-0.608, p < 0.001). This result was supported by both the pairwise log-rank compar-
isons and the aquarium-clustered Cox model. In contrast, the 3 d and 20 d preparations did
not differ significantly from the positive control. These findings indicate that the favorable
response was specifically associated with the preparation obtained after 10 d of hydrolysis
under the evaluated immersion-challenge conditions rather than being a general character-
istic of all HS-WSSV preparations. However, corresponding HS-noWSSV controls were not
included in the short-term immersion challenge.

The survival response associated with the 10 d preparation differed between challenge
routes. Under intramuscular injection, the estimated reduction in mortality hazard did not
reach statistical significance, whereas under short-term immersion the 10 d preparation
was associated with a significantly lower mortality hazard relative to the positive control.
Direct injection introduces the challenge material into internal tissues and may produce
infection dynamics that differ from those resulting from short-term immersion, which
could contribute to the different survival patterns observed between challenge models.
This explanation remains hypothetical, however, because the study was not designed to
determine the mechanisms underlying route-dependent differences.

The short-term immersion model differs from controlled peroral challenge proce-
dures based on feeding infected tissue or direct oral inoculation. It nevertheless provides
an experimental model of waterborne WSSV exposure. Previous studies have reported
reduced mortality using oral-delivery systems containing recombinant WSSV proteins
or dsRNA [10,38—-40]. However, differences in administration route, formulation, dose,
challenge material, and experimental design prevent direct efficacy comparisons with the
present study.

The comparatively favorable performance of the 10 d preparation in both challenge
models suggests that hydrolysis time influenced the biological characteristics of the soluble
fraction. The 3 d, 10 d, and 20 d treatments represented different stages of hydrolysis,
whereas the interval between hydrolysate administration and WSSV challenge was fixed at
3 h. Therefore, the differences among treatments are more plausibly related to changes in
the composition of the soluble hydrolysate fraction during hydrolysis than to differences
in the administration-to-challenge interval. The 10 d preparation may have contained a
combination or relative abundance of soluble components that differed from those present
at earlier or later hydrolysis times. However, this interpretation remains hypothetical
because individual proteins or peptides were not identified, residual viral material was
not quantified, and the functional mechanisms underlying the survival response were not
directly evaluated.

The survival response observed with the 10 d HS-WSSV preparation is compatible
with previous reports describing altered responses to subsequent WSSV exposure following
administration of virus-related stimuli in crustaceans. Nevertheless, the present study did
not evaluate immune memory, trained immunity, epigenetic regulation, viral load, or the
duration of the induced response. Accordingly, the findings should not be interpreted as
evidence of trained immunity, sterilizing protection, or a specific antiviral mechanism. The
present findings therefore support only an association between administration of the 10 d
HS-WSSV preparation, early changes in immune-related transcript abundance, and a more
favorable survival profile, particularly under short-term immersion challenge.
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Taken together, HS-WSSV administration, particularly the preparation obtained after
10 d of hydrolysis, was associated with early changes in the abundance of transcripts
representing several components of innate immunity and with the most favorable sur-
vival profile among the evaluated preparations. The strength of the survival evidence
differed between challenge models: the intramuscular assay showed a favorable but non-
significant reduction in mortality hazard relative to the WSSV-positive control, whereas
the short-term immersion assay showed a statistically significant reduction in mortality
hazard. However, the compounds responsible for these associations remain unidentified,
and causality between transcriptional modulation and survival was not established. An
additional limitation of the present study is that each hydrolysate was produced as a
single preparation batch. Therefore, batch-to-batch reproducibility of the physicochemical
characteristics and biological responses could not be evaluated and should be addressed
in future studies using independently prepared hydrolysate batches. The 10 d HS-WSSV
preparation cannot currently be recommended for commercial application because residual
WSSV infectivity, biosafety, batch-to-batch reproducibility, dose standardization, and the
identity of the potentially active components remain to be determined. In addition, the
scalability of hydrolysate production, product stability during storage, manufacturing
costs, and overall economic feasibility would need to be established before any practical
application in commercial shrimp farming could be considered.

5. Conclusions

The 10 d HS-WSSV preparation was associated with early changes in immune-related
transcript abundance and the most favorable survival profile among the evaluated hy-
drolysis times. Following intramuscular challenge, the 10 d preparation produced the
highest final survival and a lower estimated mortality hazard than the WSSV-positive
control, although this difference was not statistically significant. Following short-term
immersion challenge, the 10 d preparation produced significantly higher survival and a
lower mortality hazard than the positive control.

These findings suggest that hydrolysis time influenced the biological properties of the
soluble preparations. However, the compounds responsible for the observed associations
remain unidentified, and a causal relationship between transcript-abundance changes and
survival was not established. The results support further investigation of the 10 d HS-
WSSV preparation as a source of potentially bioactive soluble components. Future studies
should evaluate residual viral infectivity, identify and characterize the potentially active
fractions, measure functional immune responses and viral load, confirm batch-to-batch
reproducibility using independently prepared hydrolysate batches, and validate safety and
efficacy under broader experimental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/aquacj6040046/s1, Table S1: In vivo titration of the WSSV stock
in P. vannamei and Reed-Muench calculation of the median shrimp infectious dose (SIDsy).
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