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Abstract

High and sudden mortalities of Penaeus vannamei post-larvae stage 14in Latin American
hatcheries are attributed to a species of Vibrio carrying VpPirAB genes. Mortalities occa-
sionally occurred within 2 h from presenting a normal appearance to experiencing 100%
mortality. This study analyzed historical samples of diseased and healthy P. vannamei
from commercial shrimp hatcheries that had experienced sudden and significant mortal-
ity rates, to investigate the matter. Post-larvae samples (PL1-PLS5) of P. vannamei were
collected from a total of 22 tanks located in six distinct commercial shrimp hatcheries in
Latin America that had reported occurrences of mortality among their shrimp. The sam-
ples underwent microbiological, molecular-biological, and histopathological analyses. His-
topathology revealed massive sloughing and detachment of hepatopancreocytes. Disease
progression can be categorized into two phases: an early phase characterized by a light
infiltration of hemocytes prior to the sloughing of cells, followed by the acute-terminal
phase where there is massive sloughing of hepatopancreatic epithelial cells, necrosis, a loss
of hepatopancreatic architecture, cell debris in the lumen, and the loss of the peritrophic
membrane. The rapid onset and progression of the early phase is frequently missed and, in
most cases, was difficult to observe; the subsequent pronounced hepatopancreatic infiltra-
tion of hemocytes, massive sloughing, and absence of the peritrophic membrane can be
used as an indication that a similar pathology is present. Molecular studies in combination
with histological evidence are needed to confirm disease etiology. This condition is tenta-
tively termed as post-larvae acute hepatopancreatic necrosis disease (PL-AHPND) to dif-
ferentiate this from other pathologies affecting post-larval shrimp.
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Introduction

Since the advent of shrimp farming in the 1970s, commercial hatchery production has
needed to expand rapidly to accommodate the demand for post-larvae. The lack of appro-
priate biosecurity measures during this expansion has, however, left the industry vulner-
able to infections from viruses, bacteria, and fungi (Lightner 1996; Garibay-Valdez et al.
2020). Infections caused by Vibrio species are the primary bacterial diseases that pose a
challenge to shrimp production, and they have been identified as the root cause of these
syndromes and illnesses. Failure to address these infections can lead to high mortality
rates, as reported in studies such as Baticados et al. (1990), Lavilla-Pitogo et al. (1990),
Karunasagar et al. (1994), Morales-Covarrubias et al. (2018), and Zou et al. (2020). Vari-
ous health conditions caused by Vibrio have been reported, including “bolitas syndrome”
in zoea 2 caused by V. alginolyticus, V. campbellii, V. harveyi, V. mimicus, and V. para-
haemolyticus (see Soto-Rodriguez et al. 2006a, b; Cuéllar-Anjel et al. 2014; Kumar et al.
2017); septic hepatopancreatic necrosis (SHPN) with or without luminescence caused by
V. alginolyticus, V. campbellii, V. harveyi, V. parahaemolyticus, V. penaeicida, and V. vul-
nificus (see Morales-Covarrubias and Gomez-Gil 2014; Stern and Sonnenholzner 2014;
Morales-Covarrubias et al. 2018); and glass post-larvae (GPD) or translucent post-larvae
disease (TPD) caused by V. parahaemolyticus (see Zou et al. 2020). A review of these dis-
eases and their etiological agents can be found in de Souza Valente and Wan (2021).

Interestingly, all these epizootics impact the health and normal functioning of the
hepatopancreas. Zoea 2 syndrome aka “bolitas syndrome” is characterized by high mortali-
ties of stock 36—48 h after the metamorphosis from zoea 1 to zoea 2. Following cell detach-
ment of hepatocytes (“bolitas”), the “bolitas” can be seen traveling along the intestine; ani-
mals experience anorexia, a rapid evacuation of intestinal contents, and lethargy coupled
with bouts of erratic swimming (Robertson et al. 1998). Zoea 2 syndrome described from
shrimp hatcheries in India is reported to have a pathology that also includes impacts to the
hepatopancreas with sloughing of the hepatopancreatic epithelial cells (Kumar et al. 2017).

Green luminescence in juvenile stock is characterized by the presence of luminescent
Vibrio, the presence of bacterial colonies in the lumen of the hepatopancreatic tubules,
hemocyte infiltration, and hemocytic nodules in the appendages, digestive tract, intestines,
and hepatopancreas (Vandenberghe et al. 1998).

Shrimp affected by septic hepatopancreatic necrosis can display empty intestines, erratic
swimming, organic matter accumulation in the gills, and melanization and necrosis of the
appendages and cuticle. Hemocytic infiltration forming nodules around the affected hepato-
pancreatic tubules can be observed with H&E staining. Some nodules show melanization.
The presence of bacteria is common. Other Vibrio spp. infections can also affect differ-
ent organs, such as the heart, gills, lymphoid organ, antennal gland, tissue and nerve cord,
connective tissue, telson, stomach, esophagus, appendages, muscle, and hepatic cecum, as
documented by Lightner (1996).

“Translucent post-larvae disease” (TPD) or “glass post-larvae disease” (GPD) of P. van-
namei is characterized by a pale or colorless hepatopancreas and digestive tract. A highly
virulent strain of V. parahaemolyticus has been isolated from China and is the cause of
TPD. Vibrio parahaemolyticus causing TPD, however, differs from the strains that have
resulted in acute hepatopancreatic necrosis disease (AHPND) (Zou et al. 2020). Histo-
pathological analysis of diseased samples indicated that these strains caused severe necro-
sis and sloughing of epithelial cells of the hepatopancreas and midgut in shrimp individu-
als both naturally and experimentally infected (Zou et al. 2020; Yang et al. 2022).
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AHPND caused typically by pathogenic isolates of V. parahaemolyticus carrying the
virulence plasmid and that codes for the Pir-toxin has resulted in significant economic
losses to the shrimp industry, principally during the early part of grow-out production
in ponds (Tran et al. 2013; Shinn et al. 2018; Prachumwat et al. 2019; Tang et al. 2020).
AHPND known colloquially within the farming community as “early mortality syn-
drome (EMS)” generally occurs within the first 20 to 30 days of pond culture that can
result in mortalities of up to 100% in affected populations (Tran et al. 2013; Santos et al.
2020). AHPND has been found in Asia as well as in the Americas (Santos et al. 2020).
Vibrio parahaemolyticus, V. campbellii, V. owensii, V. punensis, and a strain close to V.
harveyi have all been shown to harbor the pVA-1-type plasmid causing AHPND (see
Dong et al. 2017; Dong et al. 2019; Santos et al. 2020). Other Vibrio bacteria includ-
ing V. campbellii (see Han et al. 2017), V. harveyi (see Kondo et al. 2015), V. owensii
(see Xiao et al. 2017), and V. punensis can carry these pathogenic plasmids (Restrepo
et al. 2018). pVA1-like plasmids contain two genes for AHPND’s main virulence factors
which are PirA and PirB toxins (Han et al. 2015; Xiao et al. 2017). Temperature and
salinity have been shown to affect PirA gene expression and regulate virulence (L6pez-
Cervantes et al. 2021).

The main histopathological feature of AHPND is that during the early to middle
stage of the infection, there is sloughing and massive rounding of hepatopancreatic
tubule epithelial cells but no detectable causative pathogen. Also, there is a characteris-
tic medial to distal dysfunction of B (blister-like), F (fibrillar), and R (resorptive) cells,
prominent karyomegaly, and a lack of mitotic activity in E cells (Tran et al. 2013). In
contrast to this, the final stages of infection can be characterized by a huge aggregation
of hemocytes and emergence of melanized granulomas, accompanied by an infection
of many bacterial colonies of different types in the lumen of tubules. These late mani-
festations in infected shrimp cannot be easily distinguished from other serious and con-
ventional infections brought about by non-AHPND isolates of various bacterial species
(Tran et al. 2013). This is supported by the recent report regarding the histopathology of
chronic survivors of previous AHPND events (Aranguren et al. 2020).

Since 2015, several different shrimp hatcheries in Latin America have reported out-
breaks of sudden and acute mortalities during the larval rearing phase of production.
The outbreaks typically occur over a period of 2 h (pers. obs.). The condition of the
larvae, usually starting at post-larvae 1 (PL1), changes from an active and apparently
healthy state to moribund and dead. The speed and virulence at which these massive
mortalities have occurred have been observed in many laboratories (pers. obs.). Tra-
ditional disinfections and dry-out periods appear to be insufficient as many hatcheries
report continuous outbreaks, sometimes up to four continuous cycles. This has resulted
in recommendations surrounding the use of stronger concentrations of disinfection
agents and extended dried-out periods.

To investigate this, the current study analyzed historical samples of diseased and
moribund shrimp as well as healthy animals from commercial shrimp hatcheries that
had reported sudden and high rates of mortality. All samples were analyzed using a
combination of histopathology, PCR, and microbiology to determine the origin of these
mortalities.

In the present study, we provide evidence to demonstrate that the cause of these mortali-
ties was a Vibrio sp. bacterium carrying the same plasmids as the Vp,ppnp reported caus-
ing AHPND in culture ponds elsewhere. The condition is tentatively named post-larvae
AHPND (PL-AHPND) to differentiate it from other pathologies affecting penaeid shrimp
larvae.
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Materials and methods
Sample collection

Samples of Penaeus vannamei originating from six different commercial shrimp hatcher-
ies in Latin America (details withheld due to confidentiality) throughout a period spanning
August 2015 until May 2021 were analyzed. Approximately 4 g of PL (i.e., ca. 1500 PL)
at stages ranging from PL1 to PL5 from a total of 22 different tanks were collected. The
affected tanks were those that showed white animals, without food in the intestine and with
mortality. Larvae from non-affected tanks were taken simultaneously as controls. Addi-
tional samples were taken from shrimp farms and hatcheries within the same area to com-
pare between sites (details withheld due to confidentiality).

Histopathology

From the sample of post-larvae taken from each tank (approximately 1500 post-larvae),
more than half of the animals (i.e., 750+) were subsequently fixed in Davidson’s AFA
(i.e., alcohol, formalin, acetic acid) for 24 h and then processed for routine histology; i.e.,
5-um-thick sections were cut and stained with hematoxylin and eosin (H&E) following the
procedures outlined by Bell and Lightner (1988). From each tank, 4 tissue sections were
cut from each paraffin block; each paraffin block contained approximately 35 to 50 PL. The
percentage of larvae that presented histopathological changes such as infiltration of hemo-
cytes or sloughing of tissue was calculated from the total number of larvae examined in all
the paraffin sections examined for each case.

Molecular biology
DNA extraction

One gram of shrimp larvae (approximately 400 PL) was fixed in 90% alcohol and used for
PCR analysis. Bacteria DNA was extracted using an Omega (Bio-Tek) E.Z.N.A.® Tissue
DNA kit following the manufacturer’s guidelines. In brief, each sample of PL was minced
with sterilized scissors and then ground using a microcentrifuge pestle. About 30 mg of
shrimp was then moved to a clean 1.5-mL Eppendorf tube. To this, 200 pL of tissue lysis
buffer (TL) and 25 pL of Omega Bio-Tek (OB) protease solution were added, and the mixture
was vortexed and then incubated at 55 °C for approximately 3 h with vortexing every 30 min.
RNA was removed by adding 4 pL of RNase A (100 mg/mL), and after mixing, the sample
was kept at room temperature for 2 min. The sample was then centrifuged at 13,500 rpm for
5 min, and the supernatant was carefully transferred to a new 1.5-mL Eppendorf tube. To
this, 220 pL of BL buffer was added, and the mixture was vortexed and incubated at 70 °C
for 10 min. Next, 220 pL. of 100% ethanol was added, and the mixture was vortexed; the
contents were passed through a HiBind® DNA Mini Column into a 2-mL collection tube.
The columns were then centrifuged at 13,500 rpm for 1 min, and the filtrate was discarded.
Subsequently, 500 pL of HBC buffer (diluted with 100% isopropanol) was added to the col-
umn, and the sample was spun at 13,500 rpm for 30 s. The filtrate was discarded, and the
column was washed twice with 700 pL. of DNA wash buffer diluted with 100% ethanol, and
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the sample was spun at 13,500 rpm for 30 s. The filtrate was discarded. This wash step was
repeated. The column was then centrifuged at 13,500 rpm for 2 min to dry it out. The dried
column was placed in a new nuclease-free 1.5-mL Eppendorf tube, and 100 pL of elution
buffer, which was heated to 70 °C, was added to the column. The sample was allowed to sit
for 2 min before being centrifuged at 13,500 rpm for 1 min. This elution step was repeated.
The eluted DNA was then stored at — 20 °C until needed.

AP4 nested PCR method for the detection of VpPirAB genes

PirAB toxin genes in both larvae and in all the presumptive Vibrio spp. isolated were assayed
using the nested AP4 method of Dangtip et al. (2015) and the OIE manual (2019), Chap-
ter 2.2.1. In brief, the samples were prepared in a volume of 25 pL with 2 pLL of DNA template
(50-100 ng/pL), 12.5 pL of DreamTaq Green PCR Master Mix (2X) (Thermo Scientific™),
0.5 pL of 10 pM AP4-F1 (5'-ATGAGTAACAATATAAAACATGAAAC-3'), 0.5 pL of 10 pM
AP4-R1 (5'-ACGATTTCGACGTTCCCCAA-3'), and 9.5 pL of nuclease-free water. The sam-
ples were subjected to PCR using a ProFlex™ 3x32-well-GeneAmp 9700 cycler (Thermo
Fisher Scientific), which involved an initial denaturation step of 2 min at 95 °C, followed by 30
cycles of denaturation for 30 s at 95 °C, annealing for 30 s at 55 °C, and extension for 90 s at
72 °C, and a final extension step of 2 min at 72 °C. Then, a second PCR was performed using
2 pL of the first PCR product and the same volumes of other reagents except for 0.375 pL of
10 pM AP4-F2 (5" TTGAGAATACGGGACGTGGG-3) and 0.375 pL of 10 uM AP4-R2 (5'-
GTTAGTCATGTGAGCACCTTC-3'). The second PCR involved an initial denaturation step
of 2 min at 94 °C, followed by 25 cycles of denaturation for 20 s at 94 °C, annealing for 20 s at
55 °C, and extension for 20 s at 72 °C, and a final extension step of 2 min at 72 °C.

Detection of antibiotic resistant genes by conventional PCR

In addition, all presumptive Vibrio strains were tested for the presence of toxR, tet(A),
tet(B), tet(C), tet(D), tet(E), and tet(G) genes by conventional PCR following the methodol-
ogy given by Aguilera-Rivera et al. (2019); this was conducted to determine if antibiotic
resistant genes were associated with the pathogenic strains. The testing of each sample was
performed using a 25-uL reaction containing 2 uL. of DNA sample, 12.5 pL. of DreamTaq
Green PCR Master Mix (2X) (Thermo Scientific™), 0.5 pL of each gene-specific forward
and reverse primers (as listed in Table 1), and 9.5 pL of nuclease-free water. The PCR
was conducted using a ProFlex™ 3 x32-well-GeneAmp 9700 cycler (Thermo Fisher
Scientific). The amplification conditions for toxR involved an initial denaturation step at
94 °C for 5 min, followed by 30 amplification cycles consisting of denaturation at 94 °C for
1 min, alignment at 58 °C for 1 min, and extension at 72 °C for 1 min. For tet(A), tet(B),
tet(C), tet(D), tet(E), and tet(G), the amplification conditions were an initial denaturation
step at 94 °C for 3 min, followed by 30 amplification cycles consisting of denaturation at
94 °C for 30 s, alignment at 55 °C for 30 s, and extension at 72 °C for 30 s.

Microbiology of the larvae

The total concentration of bacteria in the larvae was determined by first bathing the larvae
(i.e., 1 g or approximately 400 PL9) held in a 500-pm nylon sieve for 5 min in a solution
of 50 ppm active chlorine made up with 35 ppt seawater and then rinsed with excess sterile
seawater. The larvae were weighed using a digital balance (Mettler) accurate to 0.01 g and
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Table 1 The PCR primers used in the study

Pathogen/genes Name Sequence Size, bp Ref
AHPND AP4-F1 ATGAGTAACAATATAAAACATGAAAC 1269 1
AP4-R1 ACGATTTCGACGTTCCCCAA
AP4-F2 TTGAGAATACGGGACGTGGG 230
AP4-R2 GTTAGTCATGTGAGCACCTTC
Genes toxR 5'-GAAGCAGCACTCACCGAT-3’ 382 2
5'-GGTGAAGACTCATCAGCA-3’
tet(A) 5'-GCGCTNTATGCGTTGATGCA-3' 387
5'-ACAGCCCGTCAGGAAATT-3'
tet(B) 5'-GCGCTNTAGCGTTGATGCA-3' 171
5'"TGAAAGCAAACGGCCTAA-3'
tet(C) 5'-GCGCTNTATGCGTTGATGCA-3' 631
5'-CGTGCAAGATTCCGAATA-3'
tet(D) 5'-GCGCTNTATGCGTTGATGCA-3' 484
5'-CCAGAGGTTTAAGCAGTGT-3'
tet(E) 5'-GCGCTNTATGCGTTGATGCA-3' 246
5'-ATGTGTCCTGGATTCCT-3'
tet(G) 5'-GCGCTNTATGCGTTGATGCA-3' 803

5'-ATGCCAACACCCCCGGCG-3'

1=Dangtip et al. (2015), 2= Aguilera-Rivera et al. (2019)

then placed in a mortar with approximately 1 g of autoclaved beach sand and 10 mL of
sterile seawater which was used to facilitate the grinding of the bulk of larvae. Once the
sample had been ground, the volume and weight were recorded again, then the samples
were sequentially diluted in test tubes with sterile seawater to 1 X 10% 10%, and 10*. Then,
100 pL of the relevant dilution was placed on Petri dish plates containing either tryptic soy
agar (TSA, Difco), thiosulfate-citrate-bile-sucrose agar (TCBS, Difco), or CHROMagar™
Vibrio and then incubated for 24-48 h at 30 °C. Thereafter, the number of colony-forming
units (CFU) on each plate was recorded. Dilutions were based on obtaining > 20 to <200
colonies per plate. Bacteria were also isolated and then enriched by picking 10 colonies
from an overnight culture in TSA (30 °C). Identification of bacteria was performed using
an API 20E Kit (Buller 2004).

LC50 studies

Live samples of different stages of P. vannamei larvae taken from a local hatchery (i.e.,
PL1-2, PL3-4, and PL9-10) and were placed (i.e., 10 larvae of each PL stage per flask) in
250-mL flasks containing 100 mL media, for each bacterial concentration under evaluation.
Five replicates were used in each experiment. The medium was composed of 95% full-
strength (35 ppt) seawater with 5% of culture of the centric diatom Thalassiosira weiss-
flogii (Bigelow Laboratory). The final average cell concentration of the diatoms ranged
from 6000 to 7000 cells per milliliter. This was done to mimic the culture conditions in
hatchery tanks and to provide a food source for the larvae during the experimental trials.
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The LC50 trials were conducted at two temperatures of 30 °C and 34 °C over a period of
24 h. The flasks were placed in a microbiological incubator (LABTOP) fed with a source
of light (Silvana 50-W LED bulb). Light intensity was recorded using a LI-COR (model
LI-1500-UW); av. reading was 2.83 umol/m?® s. Five concentrations of a V. parahaemo-
Iyticus-AHPND positive strain “Vp+418” were tested, i.e., O (control), 103, 10%, 10°, and
10° CFU per milliliter. The Vp+418 strain was isolated from a local outbreak of AHPND
in 2016 and characterized by API (see Table 2). Vp+418 were grown overnight in a shaker
using tryptic soy broth (TSB) with half-strength seawater (16 ppt) at 30 °C at 100 rpm;
cells were harvested by centrifugation at 10,000 x g for 15 min, rinsed with sterile seawa-
ter, and re-suspended with sterile seawater before adding the desired concentration into
each flask. The bacteria were rinsed in sterile seawater to avoid the transfer of toxins gener-
ated during the flask culture. The density of the bacteria was determined by epifluorescent
microscopy using acridine orange (Hobbie et al. 1977) and Sybr Green (Noble and Fuhr-
man 1998).

Results
Histopathology

Samples of post-larvae were collected from each of the control tanks (n=11; throughout
2015-2021), with the sample size ranging from 16 to 108 post-larvae per tank. The PL
sampled from these tanks presented normal histology of the hepatopancreas with an abun-
dance of lipids, normal structural integrity of the tissue (Fig. 1a), and the presence of a
well-defined peritrophic membrane in the intestine surrounding fecal material (Fig. 1b).

The post-larvae sampled from ten of the 11 “affected” tanks displayed typical AHPND
lesions with a prevalence of between 8 and 97%. Prevalence was calculated by counting
the total number of post-larvae within the tissue sections and then by dividing the num-
ber of disease-affected sections by the total number of post-larvae examined from a total
of four tissue sections per case. In those cases, two clear phases were observed. The first
phase was a mild to moderate hemocytic infiltration in the hepatopancreas tubule cells with
the presence of a few sloughed cells in the hepatopancreas lumen. The percentage of this
infiltration depended on the timing of when the post-larvae were sampled and the onset of
the mortality event; the observed infiltration rate ranged from 5 to 20% (Fig. lc, d). The
remaining samples processed from the “affected” tanks displayed the typical acute phase
of AHPND infection characterized by severe sloughing of the hepatopancreas tubule cells
(Fig. 2a—d).

Figure 2 shows samples of post-larvae displaying the acute phase characterized by a
severe sloughing of hepatopancreatic tubule cells in the hepatopancreas (Fig. 2b, d). At this
stage, hemocytic infiltration is present in the hepatopancreas inter-tubular space, accompa-
nied with moderate to massive epithelial cells sloughing into the lumen of several tubules
(Fig. 2b—d).

The progression of necrosis and cell sloughing in the tubules of the hepatopancreas, in
some cases, was so rapid that the only histopathological observations were the presence of
sloughed cells in the lumen of the tubules and very little evidence of infiltrating hemocytes
in affected areas (Fig. 2b, d). At this stage, there was a lack of peritrophic membrane and
the presence of sloughed cells in the intestine (Fig. 2a). Melanosis was never present in
any of the larvae that were examined, confirming the rapid onset of the AHPND infection.
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Fig. 1 a Histology of normal Penaeus vannamei larvae from an unaffected/control tank—the hepatopan-
creas is structurally intact (arrow), and the peritrophic membrane is complete with digested food inside
(thin arrow). b Close-up of a showing the intestine and the intact peritrophic membrane (arrow). Note the
normal columnar cells of the intestine (thin arrow). ¢ Infiltration of hemocytes in the area surrounding the
hepatopancreatic tubules (arrow). d Close-up of ¢ showing the infiltration of hemocytes (arrow) with com-
mencement of sloughing of hepatopancreatic epithelial cells into the lumen of the hepatopancreas. All sec-
tions are stained with H&E. Scale bars: a, ¢=200 um; b=40 um; d =50 um

Bacterial masses were present in the lumen of some, but not all, affected hepatopancreas
tubules (Fig. 2d).

Molecular biology and phenotypic analysis

Table 2 provides a summary of molecular testing characterizing each isolate of bacteria
based on the presence or absence of the PirAB plasmid, tox(R) gene, and the tetracycline
resistant genes tet(A) to (G). Table 2 also provides a summary of some phenotypic charac-
teristics of the isolated strains. Only one strain, Sem3, isolated in 2021, showed the pres-
ence of the tox (R), while isolate VP+418 collected in 2015 was the only strain carry-
ing the tet(B) gene. Biochemical-based identification using API 20E found that all strains
except Sem2 and 5, both of which were isolated in 2021, were beta-galactosidase negative.
Only Vibrio strains collected from grow-out farms could utilize citrate and ferment melibi-
ose. The first strain isolated in 2015 was the only one found that could utilize citrate, tryp-
tophan, inositol, sorbitol, amygdalin, and rhamnose. Three strains, Seml, 2, and 5, were
luminescent; all three, however, presented different colorations on CHROMagar. In gen-
eral, there were slight differences between the strains isolated from the hatcheries and those
from the farms.
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Fig.2 a Intestine with a high level of sloughed cells and tissue debris (thin arrows); the intestinal epithelial
cells are also affected (arrow). b Hepatopancreas with severe cell sloughing in the epithelium of the hepato-
pancreatic tubules (arrow). An infiltration of hemocytes in the area (thick arrow). ¢ Moderate sloughing of
cells (arrow) with the presence of hemocytic infiltration surrounding the affected hepatopancreatic tubules.
d severe sloughing of epithelial cells into the lumen (arrow). All sections are stained with H&E. Scale bars:
a, b=40 um; ¢, d=50 pm

Microbiology

While this study places an emphasis on the pathology associated with infection, from a
microbiological viewpoint, there was not a clear difference between the concentration of
bacteria per gram from healthy and AHPND-affected larvae. Table 3 shows a high coeffi-
cient of variation between the samples in culture media. The only clear difference between
the healthy and diseased larvae was the higher percentage of the Vibrio population that was
found in the diseased larvae when grown on TCBS or on CHROMagar. No relationship in
colony color across the isolates and culture media was found.

LC50

Table 4 shows the results of the 24-h LC50 test determined by probit analysis and the mor-
tality rates presented in Fig. 3a, b. In general, VP418 +was more virulent in the early PL
stages. Interestingly, VP 4418 did not increase during the experiment at any of the temper-
atures that were explored (Fig. 4a, b). In general, there was no increase between 6 and 12 h
after inoculating the Vibrio in the flask. The cells were washed before the inoculum, and
beside the organic matter generated by the algae and the excretion of the PL, there was no
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Table 4 Summary of the 24-h LC50 probit analysis conducted on various stages of Penaeus vannamei chal-
lenged with VP+418. The table provides the concentration of CFU VP +418/mL required to kill 50% of
the population

PL1-2 PL3-4 PL9-10
30 °C 6.3x10° 3.2x10* 2.7%x10°
34°C 2.2x10* 1.7%x10° 1.0x10°

organic carbon available for the Vibrio, which suggests that it is more likely that the Vibrio
thrive on the feed added to the larviculture tanks.

Discussion

Vibrio is a genus of ubiquitous highly abundant bacteria in aquatic and sediment environ-
ments that can be present in high concentrations in a variety of marine organisms (Thomp-
son et al. 2004). They can also form partnerships with zooplankton while attaching in large

Fig.3 Toxicity studies using a
different stages of Penaeus van- 100%
namei post-larvae (i.e., PL1-2,
PL3-4, and PL 9-10) exposed 80%
to different Vp+418 concentra-
tions. a At 30 °C for 24 h. b At 60%
34 °C for 24 h. Each concentra-
tion represents 5 replicates o
P P 3 a0%
5
s 20%
=
0% @&
0 1.0x10* 1.0x10° 1.0x10° 1.0x107
CFU Vp+418 /mL
—A—PL1-2 ~E-PL3-4 —©-PL9-10
b 100%
80%
X
> 60%
£
£
§° 40%
20%
0%

0 1.0x10? 1.0x103 1.0x105 1.0x107
CFU of Vp418 /mL
—A—PL1-2 —0O-PL3-5 —O—PL9-10
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Fig.4 a TSA and b TCBS plate a
counts CFU/mL sampled at 6

and 12 h after adding different 1.0x107
concentrations of VP +418 at 30

and 34 °C 1.0x10° T

1.0x10%

}_4
TTTH

"
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1.0x10%

1.0x10*

T

CFU/mL
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0
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Concentration of VP418+ in the LC50
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numbers to chitinous surfaces (Heidelberg et al. 2002). Garcia and Olmos (2007) found
that marine high G+ C and y-Proteobacteria were dominant on the different shrimp life
sub-stages from nauplii to mysis, suggesting that they represent a large and significant frac-
tion of the total picoplankton biomass in P. vannamei larval culture. In this context, Vibrio
spp. in hatcheries can be introduced or enhanced through several pathways, for example,
through infected shrimp nauplii, by contaminated water, and from microalgae, feed, Arte-
mia nauplii, or contaminated farm water pipelines (Hoj et al. 2009; Yang et al. 2018; Heyse
et al. 2021). The disinfection of water prior to use is a common practice in larval shrimp
production, but it can lead to increased nutrient availability, reduced microbial number,
lack of competition, and predation induced by the recolonization of bacteria (r strategists)
(Hess-Erga et al. 2010). Chitin, a polymer of N-acetyl glucosamine, is a key component of
the shrimp’s exoskeleton; chitin-rich shrimp molts can encourage and support the growth
of Vibrio, which can survive sub-optimal conditions and harmful environments by forming
biofilms (Gode-Potratz and McCarter 2011; Nahar et al. 2012). Pathogenic bacteria levels
present in the feces might also reach high numbers and eventually could reach the proper
environmental conditions and produce enough toxins to cause the pathology.

Kumar et al. (2019) demonstrated that the PirABY? toxins can attach to the epithelial
cells in the digestive tract of brine shrimp larvae. The intention of the present study is not
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to determine the mechanisms of virulence of AHPND in larvae but to report this disease
in the larvae stages. In contrast to many studies, we eliminated the toxins in the growth
media by washing the cells, thus eliminating the possibility that other metabolites and
toxins other than the ones produced by PirABYF could enhance the mortality. According
to the current study, the strain used is pathogenic to larvae and is more virulent in the ini-
tial post-larvae stages. It also showed that the population of the pathogenic Vibrio used in
the LC50 tests did not increase. It is interesting to speculate that this Vibrio could not use
the dissolved organic carbon of the algae or exudates of the larvae, as there was no growth
after 24 h in any of the concentrations tested. The carbon source in the larvae tanks, there-
fore, must have come from other sources, most likely from the particulate diets used to
feed the larvae.

Shrimp larvae are active filter feeders; therefore, free-living or attached bacteria may enter
the stomach where bacterial toxins could be released. The microfilter in the gastric mill,
which functions to filter particles down to 1 pm (Pattarayingsakul et al. 2019), is not effective
in the larval stages. Until larval penaeids reach PL35, particles between 10 and 15 pm can
bypass this structure (Lovett and Felder 1990), meaning that shrimp are exposed to a broad
range of microorganisms, including Vibrio spp. bacteria (Zou et al. 2020), which can make
direct contact with the hepatopancreatic epithelium (Robertson et al. 1998). It is important
to stress that while Vibrio spp. are approximately 0.7 1.5-2.5 pm and may be able bypass
the gastric mill, this passage occurs less readily in PL35 +shrimp. In addition, bacteria can
also colonize the feeding apparatus and/or the rich chitin surfaces of the stomach, forming
bacterial plaques in heavily infected larvae, and therefore, the mouth could become the per-
fect niche of pathogenic bacteria (Lavilla-Pitogo et al. 1990; Soto-Rodriguez et al. 2003;
Soto-Rodriguez et al. 2006b; Soonthornchai et al. 2015). Among other factors, the extent of
sloughing will depend on the concentration and strain of bacteria.

Hatcheries that reported PL-AHPND described massive and sudden mortalities, which
on several occasions were observed to be within few hours. The small size and number
of cells within the larval hepatopancreas is a key factor linked to the speed of the mortal-
ity event. It was not possible to repeat the timing or the exact time the mortality events
occurred in some, but not all, of the cases observed (2 h), due to the fact that the bacteria
in the hatchery tanks had more time (all or most of the development cycle of larval shrimp,
from nauplii to PLS5) to reach quorum sensing before expressing the toxin, while in the
bioassay, they had a shorter time to do so. Bioassays using bacteria, however, struggle to
exactly replicate the conditions found in the field, especially the dynamics of toxin produc-
tion in a particular strain of bacteria and the interactions that have been described among
them (Tran et al. 2020). One of the key histopathology observations in larvae affected by
PL-AHPND is the lack of an intact peritrophic membrane and the presence of sloughed
cells in the intestine (Fig. 2a). This histopathology is shared with zoea 2 syndrome
described from hatcheries in India (Kumar et al. 2017). In contrast to this, Robertson et al.
(1998) described the histopathology of “las bolitas syndrome,” where the peritrophic mem-
brane of the zoea 3 stage was reported as looking intact, while bundles of necrotic tissue
form in the hepatopancreas. Bacteria were also present during the sloughing of cells in PLs
affected by TPD (Zou et al. 2020; Yang et al. 2022), close to the necrotic bundles described
for “las bolitas” (Robertson et al. 1998). The separation of the hepatopancreatic cells from
the basal lamina in cases of vibriosis in larger-sized penaeid shrimp was described by Jira-
vanichpaisal et al. (1994), where the presence of invading bacteria was observed, which is
a marked contrast to AHPND infections where there is a notable absence of bacteria in the
hepatopancreas (Tran et al. 2013). Vibrio bacteria have been reported to cause detachment
of cells from the midgut trunk of penaeid shrimp under experimental conditions (Martin
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et al. 2004). Another interesting histopathological feature of PL-AHPND is that, occasion-
ally, an infiltration of hemocytes is present as cell sloughing starts (see Fig. 1d), while in
tubules where sloughing has resulted in a complete loss of cells, a layer of hemocytes sur-
rounding the tubules is occasionally present (Fig. 2¢). No early phase (i.e., an infiltration of
hemocytes) has yet been reported for TPD. In some sections, what appeared to be bacteria
colonizing the surface of the hepatopancreas was observed, and although direct confirma-
tion of this event was not possible, this does not exclude the possibility that this can occur.

Given the small size of the larval hepatopancreas, all the tissue starts to slough from the
tubules (Figs. 1d and 2b, c) and pathology does not progress from proximal to the distal
area of tubules—this is a key difference in the histopathology of PL-AHPND from that
described in larger-sized animals having AHPND (Tran et al. 2013). It is difficult, there-
fore, to find an equivalent classification in PL-AHPND to the acute, early terminal, and
terminal phase for the progression of the histopathology seen for AHPND. We found
two stages for larval PL-AHPND histopathology: an early and an acute-terminal phase.
During the early phase, there is an infiltration of hemocytes, and the sloughing of cells
starts (Fig. lc, d); with the onset of the acute-terminal phase, massive sloughing occurs
(Fig. 2b—d), while at the same time there are also, occasionally, empty tubules with few or
no cells attached surrounded by an infiltration of hemocytes (Fig. 2¢c). These events occur
in a relatively short time; the early phase could be defined only after examining numerous
tissue sections and larvae. As the first samples submitted to the diagnostics laboratory were
sampled from tanks just before they were discarded, it was common to observe only the
tissue debris and sloughed cells in the tubule lumen along with the loss of tissue structural
integrity (Fig. 2b—d), equivalent to the acute-terminal phase. As multiple individuals are
prepared in tissue blocks, it is common to have partial sections from both diseased and
healthy individuals in the same section. The presence of sloughed cells in the intestine
(Fig. 2a) may indicate the presence of PL-AHPND; nevertheless, confirmation of the pres-
ence of the plasmids producing PirAB by PCR is always necessary.

As the dynamics of PirAB toxin—producing Vibrios and their interactions with other
pathogenic bacteria present in the environment is strain dependent, PirABYY toxins can
increase the virulence of other Vibrio while in other cases can have no effect and work
antagonistically (Tran et al. 2020). The histopathology in other similar events in larvicul-
ture might not necessarily be the same as that described here. The presence of other inter-
acting bacteria, the speed of toxin production, and the levels and variety of the different
toxins produced, might obscure some of the histopathology and progression of the phases.

The detection of the PirAB plasmid by PCR should not be considered as the only diag-
nostic tool for AHPND, as mutant bacteria carrying this plasmid have been described, but
presenting a different histopathology in larger-sized animals to the classical one described
for AHPND elsewhere (Phiwsaiya et al. 2017), and that virulence does not rely on gene
copy numbers but on secreted proteins (Tinwongger et al. 2016). AHPND—causing V. para-
haemolyticus strains have been reported to carry tetracycline resistant genes, namely tet(A)
to tet(E) (Han et al. 2015; Dong et al. 2017). The present study found that beside the one
tet(B)-positive strain, Vp+418, which was collected in 2015, no other strains carrying
these genes have been found since. Of the 16 strains reported in this work, the Tox(R) was
present in only one strain, and even though they are a wide range of culture characteristics
(i.e., in colony color when grown on TCBS and on CHROMagar), it is tempting to suggest
that there are very few phenotypic differences.

Shrimp larvae have different susceptibilities to the pathogenic agents produced by Vibrio
bacteria (Goarant et al. 1998, 2000), and these agents produced by bacteria are mainly a
variety of toxins (Harris and Owens 1999). The present study tests the pathogenicity of a
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strain of Vibrio isolated in 2015 carrying the PirAB plasmid. The present work has demon-
strated that AHPND can be as damaging for penaeid shrimp larviculture and the aquacul-
ture farming business as it is for animals in the grow-out phase of production. This study
demonstrates that the histopathology tentatively classified here as “PL-AHPND” differs
from that in larger-sized animals in that infection is sudden and acute, i.e., in a matter of
few hours on several occasions, resulting in the destruction of all hepatopancreatic epi-
thelial cells and tubules. To determine the health of the larvae and for a correct diagnosis
during routine evaluations, the industry needs to use all available tools and not only rely on
plate counts and PCR.

Conclusion

This study demonstrates that: (1) the Vibrios isolated from the 2015 and 2021 samples
caused mortality; (2) that AHPND was detected by PCR; and (3) that sick PL displayed
acute necrosis as evidenced by the H&E histopathology. Given these key points, the study
concludes that there is sufficient evidence to support a strong association/causality.
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