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Moribund shrimp affected by acute hepatopancreatic necrosis disease (AHPND) from farms in northwestern Mexico were sam-
pled for bacteriological and histological analysis. Bacterial isolates were molecularly identified as Vibrio parahaemolyticus by
the presence of the tlh gene. The tdh-negative, trh-negative, and tlh-positive V. parahaemolyticus strains were further character-
ized by repetitive extragenic palindromic element-PCR (rep-PCR), and primers AP1, AP2, AP3, and AP and an ems2 IQ2000 de-
tection kit (GeneReach, Taiwan) were used in the diagnostic tests for AHPND. The V. parahaemolyticus strains were used in im-
mersion challenges with shrimp, and farmed and challenged shrimp presented the same clinical and pathological symptoms:
lethargy, empty gut, pale and aqueous hepatopancreas, and expanded chromatophores. Using histological analysis and bacterial
density count, three stages of AHNPD (initial, acute, and terminal) were identified in the affected shrimp. The pathognomonic
lesions indicating severe desquamation of tubular epithelial cells of the hepatopancreas were observed in both challenged and
pond-infected shrimp. The results showed that different V. parahaemolyticus strains have different virulences; some of the less
virulent strains do not induce 100% mortality, and mortality rates also rise more slowly than they do for the more virulent
strains. The virulence of V. parahaemolyticus strains was dose dependent, where the threshold infective density was 104 CFU
ml�1; below that density, no mortality was observed. The AP3 primer set had the best sensitivity and specificity. Field and experi-
mental results showed that the V. parahaemolyticus strain that causes AHPND acts as a primary pathogen for shrimp in Mexico
compared with the V. parahaemolyticus strains reported to date.

Shrimp farming in Mexico has developed rapidly in recent years.
In 2005, Mexico produced a total of 90,041 tons (39) (http://

www.conapesca.sagarpa.gob.mx/wb/cona/cona_produccion
_pesquera_y_acuicola_2005), and the volume of production in 2011
showed an increase of 18% to 109,815 tons. Mexican shrimp produc-
tion depends mainly on the northwestern states, and Sonora, Sinaloa,
Nayarit, and Baja California reported a joint production in 2011 of
105,218 tons, which was worth 4.263 billion Mexican pesos (40)
(http://www.conapesca.sagarpa.gob.mx/wb/cona/anuario_2011). Un-
fortunately, the rapid growth of this industry has increased the
number of epizootics associated with infectious diseases in Mex-
ico and other countries in Latin America, and significant losses of
shrimp production have occurred because of disease caused by
viruses, such as infectious hypodermal and hematopoietic necro-
sis virus (IHHNV), Taura syndrome virus (TSV), and white spot
syndrome virus (WSSV) (1), and bacteria, such as the necrotizing
hepatopancreatitis bacterium (NHP-B) (2, 3) and Vibrio (4).
Vibriosis is a disease caused by bacteria belonging to the Vibrio
genus that produce necrotic lesions in the tissues of infected or-
ganisms (5, 6). This disease is important for the Sinaloa shrimp
farms because of recurrent infectious outbreaks in recent years
(4). In most cases, however, Vibrio bacteria are considered oppor-
tunistic pathogens for shrimp. In addition, there are emerging
infectious diseases that have appeared recently or experienced
rapid increases in geographic range, and the risk of disease may
increase in the future. In 2013, shrimp farms from northwest
Mexico were affected by atypical mortalities that occurred primar-
ily in the first days after stocking. In the first culture cycle of the
Nayarit State shrimp farms, atypical mortalities were registered in
the first 30 days of culture. Mortalities with the same characteris-
tics were subsequently observed in Sinaloa and Sonora states, and

they affected regional production and produced economic losses
of over 2.5 million pesos (Julio Cabanillas, personal communica-
tion, 29 May 2013). The industry in Mexico was deeply affected
because of the large scale of the mortalities and lack of response to
antibiotics commonly used in shrimp farming (7), such as enro-
floxacin, oxytetracycline, and florfenicol. Between 0.2 and 2.5 g of
diseased shrimp was collected from affected ponds, and a prelim-
inary assessment revealed clinical signs that included anorexia,
lethargy, and discoloration of the hepatopancreas (HP); more-
over, a histological analysis revealed damage to the hepatopan-
creas characterized by severe necrosis of the tubular epithelium,
with certain animals showing a heightened inflammatory re-
sponse and melanization of the tubular tissue. In addition, micro-
biological analyses indicated a low presence of bacteria in the
hemolymph (HL) and HP and a high load of Vibrio bacteria in the
stomach (ST). Field and laboratory observations have been similar
to those in reports from Asia for early mortality syndrome (EMS)
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(8). In 2011, a more descriptive name was proposed for the disease
that affects Litopenaeus vannamei and Penaeus monodon shrimp,
which is now referred to as acute hepatopancreatic necrosis syn-
drome (AHPNS) (18) and has been reported in Mexico as acute
hepatopancreatic necrosis disease (AHPND) (10).The goal of this
study was to obtain evidence that Vibrio parahaemolyticus is the
causal agent of AHPND in shrimp farms from northwest Mexico
through the use of field studies in farms and with laboratory assays
that fulfill Koch’s postulates.

MATERIALS AND METHODS
Sample collection and bacterial isolation. To fulfill Koch’s first postulate
(the microorganism or other pathogen must be present in all cases of the
disease), field samples were taken to isolate the bacteria. Ten sample col-
lections were conducted on 20 farms from Angostura, Eldorado, Ahome,
El Rosario, and Escuinapa. In addition, wild shrimp were collected from
two coastal lagoons of Sinaloa: Cospita (24°6=13.36�N, 107°7=27.30�W)
and Huizache-Caimanero (two sites, at 22°52=51.54�N, 106°3=58.69�W,
and 22°54=0.55�N, 106°0=47.22�W).

Shrimp affected by AHPND presented clinical signs based on the se-
verity of infection, including empty gut, anorexia, lethargy, expanded
chromatophores, and pale HP with discoloration. Diseased shrimp were
collected and transported inside iceboxes in plastic bags filled with pond
water. The samples were immediately transported to a bacteriology labo-
ratory. Ice was placed around the bags to lower the temperature during the
transportation when the time to the laboratory was more than 4 h.

Bacteriology, virology, and histopathology analyses were performed
and samples prepared for wet mount for 175 shrimp from 26 April to 24
September 2013.

The shrimp were analyzed individually; each shrimp was disinfected
with 70% ethanol, and the abnormalities and weight were recorded. HL
was withdrawn from the ventral sinuses of �1 g shrimp using a 1.0-ml
syringe and inoculated onto thiosulfate-citrate-bile-sucrose (TCBS) agar
(Difco, Lawrence, KS, USA). Subsequently, the shell was removed and the
intestine (IN), ST, and HP were dissected aseptically. The IN and pieces of
the ST and HP (depending on the size of the tissue) were fixed in 96%
ethanol for metagenomic analysis. The remainder of the ST and HP were
weighed and homogenized in 10 or 1.0 ml sterile saline solution (SSS)
(2.5% NaCl). Serial 10-fold dilutions of the supernatant with SSS were
produced; 0.1 ml of the solution was inoculated onto TCBS agar to enu-
merate the Vibrio spp., and 0.1 ml was inoculated onto marine agar for the
heterotrophic bacteria. All of the plates were incubated at 30°C for 24 h,
and then the CFU were counted and yellow colonies (YCs) and green
colonies (GCs) were recorded. The results are reported as CFU ml�1 and
CFU g�1 for HL and HP, respectively, and as percent GC HL and GC HP.
Four to six shrimp were analyzed from each sampled pond, and the re-
maining HP was fixed for histology.

Histological analysis. The hepatopancreas lesions related to the dis-
ease were identified by histopathological analysis. Hepatopancreatic tis-
sue was excised from 6 to 12 shrimp per pond and preserved in Davidson’s
fixative for 48 h before processing by routine histology (11). The tissue
sections were stained with hematoxylin and eosin (H&E).

Isolation of bacteria. To fulfill Koch’s second postulate (the pathogen
can be isolated from the diseased host and grown in pure culture), bacteria
were isolated from shrimp samples. The GCs from the TCBS agar plates
were further purified in TCBS, CHROMagar Vibrio (CHROMagar, Paris,
France), and tryptic soy agar (TSA) (Bioxon) supplemented with 2.0%
NaCl. The plates were incubated at 30°C for 18 to 24 h, and selected pure
isolates were then cryopreserved at �80°C in tryptic soy broth (TSB)
(Bioxon) with 15% (vol/vol) glycerol.

DNA was extracted from the bacterial isolates with the Wizard DNA
purification kit (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions, and the DNA was spectrophotometrically adjusted to
50 ng �l�1.

Molecular identification and characterization of the isolates. All of
the suspected colonies were analyzed for the presence of the molecular
markers of V. parahaemolyticus, i.e., the thermolabile hemolysin (tlh),
thermostable direct hemolysin (tdh), and thermostable direct hemolysin-
related (trh) genes, as described by Bej et al. (12). Only isolates positive for
tlh but negative for tdh and trh were further analyzed by PCR following the
previously described methodology (13, 14) with AP1, AP2, and AP3 prim-
ers; these primers target contigs that belong to a plasmid in pathogenic
strains isolated in Thailand. Another set of primers that target contig
JALL01000078 of a potentially conjugative plasmid (AP) of strain M06-05
(15) was also tested. Primers 39132f (CTTCGCGGCAGCTTGAACGG)
and 39627r (CGCTGCTTGTGTTTGGCGGTT) were used in PCRs run at
95°C for 5 min followed by 35 cycles of 95°C for 35 s, 60°C for 35 s, and
72°C for 90 s and a final extension at 72°C for 10 min with an Axygen PCR
plate (Corning, Tewksbury, MA, USA). A commercial ems2 IQ2000 kit
(GeneReach, Taiwan) was also used according to the manufacturer’s in-
structions to test the strains.

The sensitivity, specificity, and predictive values for each diagnostic
test were estimated using bacterial pathogenicity (strains that cause mor-
tality associated with the typical histological lesions of the disease) as the
standard. For this analysis, only strains confirmed as pathogenic (nine
strains) or nonpathogenic (eleven strains) were used. The true-positive,
true-negative, false-positive, and false-negative values were analyzed us-
ing the software Working in Epidemiology (http://www.winepi.net/uk
/index.htm).

For the genomic characterization of the tlh-positive, tdh-negative, and
trh-negative isolates, DNA fingerprinting was performed with repetitive
extragenic palindromic element-PCR (rep-PCR) using the GTG5 primer
or enterobacterial repetitive intergenic consensus (ERIC) (16) with Taq
polymerase (5 U; Promega) in a MyCycler thermal cycler (Bio-Rad, Her-
cules, CA, USA). The PCR products were electrophoresed in 2.25% 20- by
20-cm agarose gels (Promega) in 0.5� Tris-acetate-EDTA (TAE) buffer
for 260 min at 70 V and 4 to 8°C. The gels were stained with GelRed
(Biotium, Hayward, CA, USA) and visualized in a gel documentation
system (UVP, Upland, CA, USA). The resulting TIFF files were analyzed
using the GelCompar II software (version 4.5; Applied Maths, Austin, TX,
USA). The similarity matrix was calculated with the Jaccard coefficient as
recommended by Kosman and Leonard (17), and the dendrogram was
constructed using the Ward algorithm. The isolates were considered to be
from the same strain if they had over 95% similarity.

Experimental infections. (i) Bacterial inocula. The bacterial inocula
were obtained from EMS-positive (EMS�) and EMS-negative (EMS�)
isolates (ems2 IQ2000; GeneReach, Taiwan). The bacteria were recovered
from the cryovials, inoculated in 10 ml of TSB (Bioxon, Mexico) supple-
mented with 2.0% NaCl, and incubated overnight at 30°C. One hundred
microliters was inoculated into flasks containing 30 ml of sterile TSB plus
2.0% NaCl, and the flasks were then placed in a rotary shaker and incu-
bated for 18 h at 30 to 31°C. After 18 h of incubation, the TSB suspensions
were checked using a spectrophotometer at an optical density (OD) of 600
nm to determine the bacterial density, which was between 107 and 108

cells ml�1. These suspensions were plated onto TCBS (Bioxon, Mexico)
after serial dilution to determine the CFU ml�1 of the isolates.

(ii) Bath challenges with the isolates. Koch’s third postulate (the
pathogen from the pure culture must cause the disease when inoculated
into a healthy, susceptible laboratory animal) was fulfilled by immersion
challenge with healthy shrimp. The challenges were conducted as de-
scribed by Tran et al. (18) with certain modifications, and selected EMS�

and EMS� isolates were used. Briefly, 5 to 7 shrimp weighing from 1.0 to
4.0 g were immersed for 15 min and aerated in a flask containing 300 ml or
500 ml of sterile seawater (control group), sterile TSB plus 2.0% NaCl
(negative-control group), or the previously prepared bacterial suspen-
sion. Following immersion, the bacterial suspension including shrimp
was added directly into an experimental tank that was filled with filtered
seawater (10 �m) at a salinity of 35 ppt and aerated. The experiment was
conducting under a 12-h light/dark photoperiod. The water temperature
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was maintained at approximately 29 � 1°C, the dissolved oxygen was
maintained above 5 ppm, and the pH was 8.1 � 0.2. The final bacterial
density in the tank was approximately 106 cells ml�1 with three replicates.
Eleven EMS� and three EMS� isolates were tested with this procedure.

(iii) Observation and sampling. The shrimp were fed a pelleted
shrimp feed (35% protein; Purina) twice daily during the bioassay period
and the were checked every hour until all of the shrimp died. Moribund
shrimp were disinfected with 70% ethanol, and the IN, HP, and ST were
dissected aseptically for the bacteriological and histological analyses as
previously described.

(iv) Reisolation of bacteria and molecular identification. To assess
Koch’s fourth postulate (the pathogen must be reisolated from the new
host and shown to be the same as the originally inoculated pathogen),
the HP, IN, and ST samples from moribund organisms with pale HP
were collected within 24 h postinfection (p.i.). The samples were in-
oculated on TCBS agar and incubated at 30°C for 24 h. GCs were plated
on CHROMagar Vibrio, and the DNA of the mauve-colored colonies
was fingerprinted by rep-PCR (19) for subsequent comparisons with
the tested isolates.

(v) Infectious dose. To find the bacterial density below which no mor-
tality was observed, an infection density assay was done. A modification to
the challenges described by Tran et al. (18) was performed using the
pathogenic strain M09-04. Bacterial inocula were added directly into an
experimental tank containing 10 shrimp weighing 1.15 � 0.04 g. The
tanks were filled with filtered seawater (10 �m) at a salinity of 35 ppt and
then aerated. Six bacterial densities were tested: 7.80 � 101, 7.85 � 102,
7.85 � 103, 8.20 � 104, 8.26 � 105, and 8.10 � 106 CFU/ml. For the
control group, sterile TSB plus 2.0% NaCl was used. Three replicates were
performed for the treatments and control groups, and the experiment was
conducted under a 12-h light/dark photoperiod. The water temperature
was maintained at 29 � 1°C, the dissolved oxygen was maintained above
5 ppm, and the pH was 8.1 � 0.2.

RESULTS
Gross signs in farmed shrimp infected with AHPND. The aver-
age body weight of the affected shrimp ranged from 0.1 to 8.0 g on
the day of sampling. Moribund shrimp collected from farms af-
fected with AHPND presented slightly expanded chromato-
phores, lethargy, erratic swimming, and empty guts. Diseased
shrimp typically presented HP discoloration and an organ with an
aqueous consistency (Fig. 1), and as the infection developed, the
organ consistency became rubbery. After the dark membrane that
overlays the HP was removed, a pale-colored organ was observed.

Histopathology of the disease from shrimp farms. Symptom-
atic shrimp showed a severe necrosis of the HP tubules with a
massive sloughing of epithelial cells that caused disorganization
and a total loss of tissue structure (Fig. 2). The histological analysis
determined three stages of AHPND: initial, acute, and terminal. In

the initial stage, the epithelial cells are elongated into tubular lu-
men and look like “drops” (Fig. 2b and c). In addition, there is a
reduction of the vacuole size from R and B cells as the infection
progresses (Fig. 2d), and there is also an increased desquamation
of tubular epithelial cells through the acute stage (Fig. 2e to h).

In the acute stage of the disease, the tubular epithelium is ne-
crotic with a severe desquamation of the cells, which accumulate
in the lumen as dead cells (Fig. 2e and f). As the infection develops,
an increase in the number of damage tubules is observed until the
entire organ is affected (Fig. 2g). Severely affected tubules show
hemocytic infiltration as a response to the necrotic epithelium
(Fig. 2h).

In the terminal stage of the disease, the intertubular tissue from
the HP tubules shows a severe inflammatory response, and the
tubular epithelium becomes entirely necrotic, with dead cells at
different phases of lysis (Fig. 3a), which causes a proliferation of
bacterial masses inside the tubule lumens (Fig. 3b). The interstitial
spaces from these tubules show an increased hemocytic infiltra-
tion that develops hemocytic capsules around the tissues. As the
infection proceeds, certain tubules present melanization from the
necrotic material, and the tissues develop more severe lesions and
increased bacteria inside the tubular lumen (Fig. 3c), which results
in an inflammatory response and melanization (Fig. 3d).

Densities of Vibrio spp. and total heterotrophic bacteria in
farmed shrimp. The highest mean bacterial densities were deter-
mined in the STs of the shrimp (Table 1) for both heterotrophic
bacteria and Vibrio spp. No significant differences were observed
between the bacterial densities on TCBS and marine agars among
the shrimp at the disease stages for the ST (TCBS agar, P 	 0.109;
marine agar, P 	 0.113) or HP (TCBS agar, P 	 0.131; Marine
agar, P 	 0.074).

An increase in Vibrio sp. density was observed as the infection
progressed from normal shrimp appearance to the terminal stage,
and there was a dominance of YCs; however, the GCs on TCBS
were from 20 to 38% for the HP and from 13 to 42% for the ST
(Table 2). As Tran et al. (18) reported, V. parahaemolyticus is the
causal agent of AHPNS/EMS in Asia, and our strategy was to col-
lect samples for diagnosis; therefore, only shrimp in the early days
of stocking with clear signs of the disease and in the initial stages of
infection were sampled. From these samples, GCs on TCBS and
mauve colonies on CHROMagar were selected to obtain the bac-
terial isolates that were later characterized by molecular methods.

Characterization and identification of isolates from shrimp
farms affected by AHPND. In total, 294 bacterial isolates were

FIG 1 (a) Photographs of hepatopancreases from healthy L. vannamei shrimp and shrimp naturally infected with AHPND (arrows). (b) The hepatopancreas
without external membrane shows atrophy and white color.
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recovered from the diseased shrimp and pond water. Of these, 37
were positive for tlh and negative for the human-toxigenic genes
tdh and trh; therefore, V. parahaemolyticus was presumably non-
toxigenic to humans (Table 3). V. parahaemolyticus isolates were
obtained from the HL (1 isolate), HP (14 isolates), ST (20 isolates),
and pond water (1 isolate) from May (21 isolates), June (2 iso-
lates), July (5 isolates), August (8 isolates), and one undetermined
date.

The 37 tlh-positive, tdh-negative, and trh-negative isolates
were fingerprinted using ERIC-PCR, and several clones were de-
tected (Fig. 4a, b, and c). Clonal group a includes four isolates that
were obtained from the pond water and the STs and HPs from two

different shrimp collected in the same pond. Clonal group b was
obtained from the STs of two shrimp from the same pond, and
clonal group c was obtained from the HPs of two shrimp from
different farms. All other isolates produced different results and
were considered strains; in total, 31 strains were obtained.

The AP primer set produced a 495-bp amplicon in an inter-
genic region that was present in all pathogenic strains tested (Ta-
ble 3) and in three nonpathogenic strains. The AP1 and AP2 also
targeted what appeared to be the same plasmidic contig.

The highest sensitivity and specificity were for the AP3 primers
used to detect AHPND (Table 3), which presented positive and
negative predictive values of 90 and 100%, respectively, meaning
that an organism with a positive result obtained with this test had
a 90.0% probability of being a diseased organism, whereas an or-
ganism with a negative result had a 100.0% probability of being a
healthy organism. The worst diagnostic test was for AP1, at posi-
tive and negative predictive values of 20 and 46.7%, respectively.
The ems2 IQ2000 diagnostic kit showed positive and negative pre-
dictive values of 61.5 and 85.7%, respectively.

Bacterial challenges. The shrimp were challenged with 14 tlh-
positive, tdh-negative, and trh-negative bacterial strains through
direct inoculation of the strain in the aquaria.

The gross signs in shrimp challenged with pure strains in-
cluded the same characteristics of infected L. vannamei from
shrimp farms. Challenged shrimp showed expanded chromato-
phores, anorexia, and erratic swimming within the first hour
postinfection. Subsequently, the shrimp showed pale and aqueous
HP, empty gut, and lethargy. Discoloration and atrophy of the HP
increased throughout the infection process.

Certain strains, such as M09-04 at 2.20 � 10 6 CFU ml�1,
caused shrimp mortality after 4 h p.i. (Fig. 5), whereas other
strains, such as M06-07 at 7.28 � 106 CFU ml�1, caused mortality
after 10 h p.i.

FIG 2 Microphotographs of hepatopancreases (HPs) from L. vannamei nat-
urally infected by AHPND. (a) Transversal view of HP with a clear lumen (L),
R and B cells, and a normal tubular epithelium. (b to d) Initial stage of infec-
tion. (b and c) Transversal view of tubules with elongation of epithelial cells
(arrows) toward the lumen. (d) Tubular epithelium with strong reduction of
vacuoles in R and B cells (arrows). (e to h) Acute stage of infection. (e) Tubules
with a reduction of vacuoles in R and B cells (arrowheads) and severe desqua-
mation of the epithelium (arrows). (f) Magnification of panel e, showing a
tubular epithelium necrosis with dead cells inside the lumen (arrows). (g)
Severe organ disorganization caused by desquamation of the tubular epithe-
lium. (h) Incipient hemocytic infiltration (arrowhead) in the interstitial spaces
of the tubules and loss of continuity of the epithelium due to the necrotic
process (arrows). Hematoxylin and eosin staining was used. Microphoto-
graphs by S. Abad.

FIG 3 Microphotographs of hepatopancreases (HPs) from L. vannamei nat-
urally infected by AHPND in the terminal stage of infection. (a) Transversal
view of HP with severe hemocytic infiltration in the interstitial spaces as a
response to epithelium necrosis (arrows). (b and c) Hepatopancreas tubule
shows hemocytic infiltration, with necrotic cells (asterisk) and bacterial masses
inside the lumen (arrowheads). (d) Transverse view of HP with severe hemo-
cytic infiltration (arrow) and melanization of necrotic material inside the tu-
bules. Hematoxylin and eosin staining was used. Microphotographs by S.
Abad.
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Koch’s postulates were corroborated by bacterial DNA finger-
printing patterns (Fig. 6). When M09-04 was inoculated, the same
DNA pattern was observed in three organs within the shrimp 1
sample (ST, 1; HP, 1; and IN, 1) and two organs in the shrimp 2
sample (ST, 2; and IN, 2). M06-03 showed the same DNA pattern
as HP in the shrimp 2 sample and IN in the shrimp 3 sample. A
100% similarity was obtained with the isolates from the STs of
shrimp samples 1 and 2. These values clearly demonstrate that the
two inoculated strains (M09-04 and M06-03) were recovered
from moribund shrimp.

Histopathology of AHPND from challenge tests. Shrimp
challenged with the pure V. parahaemolyticus strains presented
histopathological lesions that are associated with AHPND-in-
fected shrimp in farms, whereas shrimp from the control group
and challenged with nonpathogenic strains did not show any no-
ticeable alteration in their HPs.

The acute stage of the disease was observed from 3 to 18 h p.i.,
which presented as a typical disorganization of the HP tubules
caused by a desquamation of epithelium (Fig. 7a). Moribund or-
ganisms presented with severe necrosis of the tubular epithelium
(Fig. 7b), a reduction of R and B cell vacuoles, and accumulation
of necrotic cells in the lumen (Fig. 7c). As a response to the lesions,
the intertubular space of certain tubules presented hemocytic in-
filtration, which increased as the infection progressed (Fig. 7d).

Between 18 and 24 h p.i., the shrimp showed typical lesions
associated with the terminal stage of the disease (Fig. 7e to h). The
HP presented severe hemocytic infiltration around affected tu-
bules that caused melanization (Fig. 7e). The tubular epithelium
was necrotic, and the lumen had a massive proliferation of bacte-
ria (Fig. 7f), which was observed over time.

The surviving organisms after 27 h p.i. showed clear signs of
melanization and hemocytic capsules (Fig. 7g). Certain tubules

were fully necrotic and absent the tubular epithelium, whereas
other tubules were melanized with bacterial masses in their lu-
mens (Fig. 7h).

Infectious density. In challenges with the M09-04 strain, the
median lethal times (TL50) for densities of 106, 105, and 104 CFU
ml�1 were 3, 21, and 46 h p.i., respectively (Fig. 8). A density of 104

CFU ml�1 caused only 63% mortality at 104 h p.i.; below that
density (101, 102, and 103 CFU ml�1) and in the control group, no
mortality was observed during the test period (167 h). Moribund
shrimp presented characteristic clinical signs and histopathologi-
cal lesions observed in shrimp affected by AHPND.

DISCUSSION

In general, visible signs in dying shrimp (expanded chromato-
phores, lethargy, and empty ST and midgut) were consistent with
what has been described for AHPND occurring in Asia (www
.enaca.org) and, recently, in Mexico (10). However, the HP pre-
sented characteristics that are inconsistent with previous reports
and showed an aqueous consistency during the first stages of the
disease and a rubbery consistency in later stages of the infection
(http://www.oie.int/en/) (18), which is presumably associated
with organ atrophy. The massive mortality observed in farms in-
dicates that changes in color and consistency and organ atrophy
are possibly determined by the infection stage.

Similar clinical signs have been reported in cases of infec-
tion by the necrotizing hepatopancreatitis bacterium (NHP-B)
(3, 20) and septic vibriosis (21), where the atrophy of the HP
together with the immunological response of the shrimp is
associated with necrotic lesions and tubular melanization in
the HP tissue. Although certain signs are the same as those
associated with diseases and syndromes caused by bacteria of
the genus Vibrio and NHP-B found in cultured shrimp around

TABLE 1 Bacterial density in hemolymph, hepatopancreases, and stomachs of shrimp collected from seven affected farms with AHPND in
northwest Mexico

Parameter

Bacterial density in:

Hemolymph (CFU ml�1) Hepatopancreas (CFU g�1) Stomach (CFU g�1)

Marine agar TCBS agar Marine agar TCBS agar Marine agar TCBS agar

Mean 3.65 � 102 1.19 � 101 6.62 � 107 2.59 � 107 1.00 � 108 3.27 � 107

Maximum 1.60 � 103 2.05 � 102 1.86 � 109 1.42 � 109 5.47 � 108 5.43 � 108

Minimum 0 0 1.60 � 102 0 2.25 � 102 0
SD 5.84 � 102 4.90 � 101 2.68 � 108 1.76 � 108 1.65 � 108 1.08 � 108

n 14 27 89 107 33 55

TABLE 2 Bacterial density in shrimp at different stages of AHPND collected from seven different affected shrimp farms

Phase

Hepathopancreas Stomach

n

CFUa g�1

Green colonies
(%)

n

CFUa g�1

Green colonies
(%)

Mean SD Mean SD Mean CFU g�1 SD Mean SD

Normal 6 5.93 � 105 8.94 � 105 38.02 48.91 6 2.23 � 106 4.85 � 106 36.35 46.62
Initial 26 1.78 � 106 3.59 � 106 25.89 43.38 27 2.95 � 107 1.01 � 108 30.70 46.56
Acute 9 1.65 � 108 1.65 � 108 20.50 27.40 8 2.93 � 106 4.87 � 106 42.84 39.92
Terminal 4 2.88 � 108 5.75 � 108 25.00 35.36 4 1.54 � 108 2.61 � 108 13.50 19.09
NDb 10 1.95 � 106 4.20 � 106 32.53 44.88 10 3.49 � 107 9.74 � 107 33.42 37.43
a In TCBS medium.
b ND, no determinate phase of disease.
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the world (3), a notable difference in the size of the affected
shrimp is observed. For the disease described here, the majority
of affected shrimp weighed less than 1 g during the first 4 weeks
of shrimp culture, whereas in the case of NHP-B, the infectious
outbreaks have been observed in juvenile shrimp of L. vannamei
from 5 to 9 weeks of cultivation that weigh between 4 and 9 g
(22). Another difference is the shorter time required to develop
lesions. In the present study, the organisms experimentally in-
fected by pure strains showed lesions and mortality in the ini-
tial hours postinfection; however, in NHP-B infections, the
course of the disease is slower. Vincent and Lotz (23) studied
NHP-B and observed that the initial symptoms of the disease
appeared after 6 days p.i. and mortality occurred after 15 days
p.i. (24).

Organisms affected by the pathology described in this study
presented low or no levels of heterotrophic bacteria and Vibrio sp.
densities in the HL in general, presented low densities of Vibrio
spp. in the HP, and presented high Vibrio sp. densities in the ST. In
systemic vibriosis, however, the Vibrio sp. loads were higher than
103 CFU ml�1 (4) in the HL; the HP is normally the target organ,
and it showed widespread atrophy and the development of hemo-
cytic nodules, with a portion that were melanized.

In the present study, three stages of the disease were identified
in the affected shrimp from farms: initial, acute, and terminal. In
the initial stage, an elongation of the HP tubular epithelium cells
toward the inside of the lumen was observed, along with a drastic
reduction in the number of vacuoles in the R and B cells, notably
without hemocytic infiltration. Shrimp can reduce high densities

of viable bacterial cells rapidly (15 min) (9). Alday-Sanz et al. (26)
found a hemocytic response in P. monodon of less than 20 min
during an infection by immersion with V. vulnificus. This behavior
was not observed in the initial stage described here, indicating that
the bacterial attack was quicker than the activation of the cellular
defense system. This result is particularly relevant because innate
responses in crustaceans can be triggered by minimum quantities
of molecules associated with pathogens, such as bacterial lipo-
polysaccharides (27). Hemocytes are the first line of defense in
shrimp, and upon the initial introduction of a foreign agent
(pathogen or not), the cellular defense system is activated (28, 29).
In the acute stage, the histopathological damages are characterized
by severe desquamation of the epithelial cells of the HP tubules,
which has been previously described by Tran et al. (18); in this
stage, distinctive histological lesions (pathognomonic) of AH-
PND can be observed (which was not previously reported for syn-
dromes associated with bacteria of the genus Vibrio or NPH-B). In
the terminal stage of the disease, an increase in the Vibrio sp.
counts was consistently observed, with a predominance of YCs
(70%) on TCBS agar. This can be attributed to a secondary infec-
tion by opportunistic Vibrio spp. that proliferate in a weakened
system where the HP is completely necrotic, atrophied, and pos-
sibly dysfunctional.

When the infection has become systemic, hemocytes migrate
to other tissues (antennal gland, heart, lymphoid organ, and stri-
ated muscle) to fight other bacteria (25, 30). This response might
explain why GCs were replaced by YCs in the TCBS as the infec-
tion progressed (unpublished data), which was observed in labo-

TABLE 3 Vibrio parahaemolyticus strains isolated from shrimp farms affected with AHPND in northwestern Mexicoa

Strain (n 	 20) or
parameter

Isolation date
(day/mo/yr) Source Organ or tissue Pathogenic

Result with:

ems2 IQ2000 AP1 AP2 AP3 AP

M03-E39 27/05/2013 Shrimp ST N � � � � �
M03-E48 27/05/2013 Shrimp ST N � � � � �
M03-E49 27/05/2013 Shrimp ST N � � � � �
M03-E55 27/05/2013 Shrimp ST N � � � � �
M03-E60 27/05/2013 Shrimp ST N � ? ? � �
M03-E66 27/05/2013 Shrimp ST N � ? � � �
M05-28 26/06/2013 Shrimp ST N � � � � �
M06-03 22/07/2013 Water WA Y � � � � �
M06-04 22/07/2013 Water WA N � � � � �
M06-05 22/07/2013 Shrimp ST Y � � � � �
M06-06 22/07/2013 Shrimp HP Y � � � � �
M06-07 22/07/2013 Shrimp HP Y � � � � �
M07-02 23/08/2013 Shrimp ST N � � � � �
M08-01 24/08/2013 Shrimp ST Y � � � � �
M08-02 24/08/2013 Shrimp ST Y � � � � �
M08-03 24/08/2013 Shrimp HP Y � � � � �
M09-03 27/08/2013 Shrimp HP N � � � � �
M09-04 27/08/2013 Shrimp HP Y � � � � �
M09-05 27/08/2013 Shrimp ST Y � � � � �
MSG-21 ND Shrimp HP N � ? � � �

Sensitivity (%) 88.9 11.1 100.0 100.0 100.0
Specificity (%) 54.5 63.6 72.7 90.9 72.7
Positive predictive

value (%)
61.5 20.0 75.0 90.0 75.0

Negative predictive
value (%)

85.7 46.7 100.0 100.0 100.0

a HP, hepatopancreas; ST, stomach; N, no; Y, yes; HE, hemolymph; WA, water; ?, doubtful result; ND, no determinate phase of disease. Confidence level, 99.5%.
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ratory assays in which the pathogen strain M09-04 was used, and
why YCs were predominant in shrimp from farms as well as in
challenge assays during the terminal stage of the disease. Addi-
tional research is required to identify the predominant type of
bacteria during the terminal stage and the cause of the decrease of
GCs, and such research should presumably include the inoculated
pathogen V. parahaemolyticus strain.

During the experiments with pure strains of pathogenic V.
parahaemolyticus, the shrimp stopped feeding almost immedi-
ately postinfection (unpublished data). Subsequently, a lethargic
behavior was observed, and they began to die after 4 h p.i., in
certain cases with a mortality rate of 100% after 17 h p.i. (2.20 �
106 CFU ml�1). The visible signs observed in dying shrimp were
similar to those observed in infected shrimp from farms, and the
results from the challenge assays indicated that the isolated strains
had a higher virulence than the strains previously reported by

Tran et al. (18), where mortality occurred at 18 h p.i. and reached
100% at 48 h p.i. Similarly, Nunan et al. (10) reported shrimp
mortality that persisted for up to 4 days p.i. in immersion assays.
In both studies, the methodology described by Tran et al. (18) was
applied, and the approximate density in the experimental tank was
2 � 106 cells ml�1.

Although the three stages of the disease were histologically ob-
served in per os infection and cohabitation assays (unpublished
data), the initial stage could not be observed in experiments in
which pure V. parahaemolyticus strains were used, which indicates
that V. parahaemolyticus could release a potent toxin capable of
causing severe effects on the HP in a short period of time, such as
epithelium necrosis and death during the first stages of the infec-
tion. Recently, Sirikharin et al. (14) identified two proteins (58
and 12 kDa) from extracts without cells from pathogenic strains of
V. parahaemolyticus from Asia; these proteins were homologous

FIG 4 ERIC-PCR fingerprinting of Vibrio parahaemolyticus isolated from shrimp and water from ponds affected by AHPND. N, nonpathogenic; P, pathogenic.
Letters in the dendrogram denote clonal groups (�95%). Band position tolerance, 1%; optimization, 0.2%.
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to bacterial toxins against insects (www.enaca.org) and are the
basis upon which the first AP3 primers were developed (T. W.
Flegel, personal communication). These proteins were also iden-
tified in the genome of isolated strains in the present study (15)
and had significant homology to bacterial delta endotoxins PirA
and PirB of Photorhabdus luminescens, which are highly active
against insects (32).

Additionally, Tran et al. (18) distinguished three stages of the
disease (acute, early terminal, and terminal) by using pure strains
related to V. parahaemolyticus and a mixture of strains in immer-
sion assays, and lesions similar to those reported in the present
study were observed. However, these authors did not report the
initial stage of the disease, which was possibly because they sam-
pled after 48 h p.i., presumably when the initial stage had come to
an end and the HP had already been severely damaged.

The acute and terminal stages that were registered experimen-
tally showed the characteristic pathology of shrimp from farms
affected by AHPND. Dying organisms in the experiment showed
an acute necrosis of the HP that progressed with the disease until
the organ was completely damaged and dysfunctional. In the
acute stage, unlike in the initial stage, a rapid inflammatory re-
sponse was observed. In the terminal stage, the HP was atrophied
and completely necrotic with marked hemocytic infiltration and
bacterial proliferation within the lumen of tubules. In the shrimp
used in the experiments and from farms, histopathological lesions
were not observed in any other organ or tissue; however, in shrimp
used in experiments in which other pathogenic Vibrio spp. were
used, the lymphoid organ, antennal gland, gills, heart, and muscle
were affected (6, 21, 34). This result suggests that the epithelial
cells of the HP tubules of shrimp have specific receptors for the V.
parahaemolyticus strains that cause AHPND; therefore, research is
required to determine if these receptors are located only in the
HPs of the shrimp or if they are also located in the HPs of other
species, which would make the species carriers of the disease.

During the challenge assays, differences in the virulence of the
strains were observed. V. parahaemolyticus strains from clonal
group a had increased virulence and exhibited the maximum lev-
els of virulence between 7 and 10 h p.i., with mortality rates of 50%
on average. In the less virulent strains (group b), the highest mor-
tality rate was observed at 17 h p.i. A similar tendency was ob-
served by Joshi et al. (13) in isolates of V. parahaemolyticus from
shrimp affected by AHPND in Vietnam. The authors reported
that certain strains caused 100% mortality within 24 h p.i.,
whereas other strains did not cause 100% mortality until 96 h p.i.;
they also found that the 2HP isolate caused 75% of the mortality
and produced a pathology different from that of ANHPD, such as
a thinning of HP tubules and vacuolization of E cells. It is highly
probable that this isolate represents a false-positive result, because
it is likely that the thinning of the HP tubules is not associated with
actual pathology. In addition, the AP2 system used to identify the
V. parahaemolyticus has a low positive predictive value (75%).
Therefore, two strains of V. parahaemolyticus AP2� (M09-03 and

FIG 5 Example of cumulative mortality of juvenile shrimp challenged with Vibrio parahaemolyticus strains. M05-28, 1.20 � 107 CFU ml�1; M09-04, 2.20 � 106

CFU ml�1; M08-02, 3.30 � 106 CFU ml�1; M06-07, 7.82 � 106 CFU ml�1. Control, TSB plus 2.0% NaCl. Bars indicate standard deviations.

FIG 6 DNA fingerprinting of bacterial isolates obtained from challenged
shrimp infected with the pathogenic V. parahaemolyticus strain M09-04. The
organ of isolation and number of shrimp samples are shown. M09-04, strain
inoculated; M06-03, strains not inoculated but used as outgroup in the GTG5

PCR. Band position tolerance, 0.5%; optimization, 0.13%.
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MSG21) were used in the present study, and they did not show
pathogenicity in the challenge assays.

In the present study, a high diversity of pathogenic strains was
observed (31 strains differentiated with rep-PCR), which suggests
that the virulence of these strains or their regulators is encoded in
mobile elements that might have been transferred between V.
parahaemolyticus strains. Additional research should be per-
formed to determine if the aforementioned transference occurs in

this case and if it occurs in other strains of the Harveyi clade or
other bacteria.

The diagnostic tests are important because a positive predictive
value indicates the true probability of an organism being diseased,
whereas a negative value indicates the true probability of an or-
ganism not being diseased. The evaluation of these tests clearly
showed that the diagnostic tests based on the first AP3 had the
highest degree of differentiation between the pathogenic and non-
pathogenic strains of V. parahaemolyticus. However, AP3 showed
a false-positive result in this study (strain M06-04) and produced
a predictive positive value of 90%. These results differ from those
reported by Sirikharin et al. (14), who showed predictive values of
100% using Asian strains. However, it is important to note that the
ems2 IQ2000 diagnostic test is capable of detecting 61.5% of pos-
itive samples. Therefore, further research is required to improve
the diagnostic tests and identify different regions between the ge-
nomes of nonpathogenic strains and pathogenic strains to identify
false positives. If such work is achieved, proper sanitary and con-
trol measures can be implemented to prevent or halt the spread of
the disease.

The results obtained in the present study demonstrate that the
virulence of the V. parahaemolyticus strains is associated with
multiple factors. In general, virulence is dependent on the strain,
density, infection route, exposure time, species considered, and
age and general condition of the shrimp (26, 30, 37). In this case,
the virulence of the V. parahaemolyticus AHPND strains was
clearly dependent on density, time, and type of exposure. For in-
stance, in the immersion method when shrimp were exposed for
15 min at a high bacterial density, the M09-04 strain caused 50%
mortality at 46 h p.i. with a density of 104 CFU ml�1, whereas 93%
mortality was observed with a density of 105 CFU ml�1. This result
is relevant because the water used to culture shrimp in Sinaloa
normally has Vibrio sp. densities higher than 105 CFU ml�1 (un-
published data). It is clear that alternative strategies are required to
maintain V. parahaemolyticus levels in tanks below density values
that could be potentially pathogenic, thus minimizing the toxi-
genic effect of these strains. Parallel experiments (data not shown)
showed that the disease is transmitted orally through the digestive
tract, by cannibalism of ill shrimp, and through particulate matter
located at the bottom of ponds containing affected shrimp. These
results are consistent with those reported by the Food and Agri-
culture Organization (FAO) of the United Nations (38) and indi-
cate that the bacteria spread through the pond water during its
infectious period. Preliminary experiments also showed that mor-
tality associated with the disease ceases when organisms are trans-
ferred to clean water, despite the organisms showing clear symp-
toms of the disease. However, these shrimp showed an important
reduction in the size of vacuoles in the tubular epithelium and
desquamated cells in the tubule lumen after the fifth day, which
was presumably related to a process of reinfection.

In addition, preliminary experiments using water and detritus
from affected ponds taken 41 h after an epidemic event did not
cause death in healthy shrimp, which suggests that detritus from
the bottom of the pond plays a major role in bacterial infection. It
is likely that after 41 h, bacterial multiplication stops, and then
densities fall below the infective threshold. This explanation is
consistent with observations made by shrimp farmers, who re-
ported a sudden reduction in pond mortality after an infectious
outbreak.

The results of this study show clear evidence that the V. para-

FIG 7 Microphotographs of L. vannamei hepatopancreases (HPs) in the acute
(a to d) and terminal (e to h) stage of AHPND. (a and b) Hepatopancreas from
a shrimp challenged with strain M09-05 at 3 h p.i., showing a general disorga-
nization of the tubules due the epithelium necrosis; the lumen is full of dead
cells produced by the epithelium desquamation. (b) Magnification of panel a.
Epithelium desquamation and hemocytic infiltration were observed (arrow-
head). (c) Hepatopancreas from a shrimp challenged with strain M08-01 at 10
h p.i., showing hemocytic infiltration (arrowhead) and reduction of R and B
vacuole cells (arrow). (d) At 16 h p.i. with the same strain, the HP had a larger
hemocytic infiltration (arrowhead) and accumulations of necrotic cells inside
the tubular lumen (arrow). (e and f) Hepatopancreas from a shrimp chal-
lenged with strain M06-06 at 24 h p.i., with severe hemocytic infiltration (ar-
rowhead), epithelium necrosis, deposits of melanin inside the tubular lumen,
and bacterial masses (arrow). (g) Hepatopancreas from a shrimp challenged
with strain M09-05 at 28 h p.i., with the largest melanization of necrotic tissue
inside the tubular lumen (arrow). (h) Hepatopancreas from a shrimp chal-
lenged with strain M06-05 at 41 h p.i., showing necrotic tubules without epi-
thelium (arrow) and tubules with hemocytic capsules (arrowhead). Hematox-
ylin and eosin staining was used. Microphotographs by S. Abad.
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haemolyticus AHPND strains isolated in Mexico act as a primary
pathogen in shrimp; in addition, these strains are transmitted
orally during their infectious period, and they are found primarily
in the HP and ST and cause the same pathognomonic lesions in
both cultured shrimp and shrimp subjected to experimentation.
Similar to other pathogenic bacteria, pathogenic V. parahaemo-
lyticus uses the quorum-sensing system (15), likely to maintain an
infective density (above 104 CFU ml�1) at which a toxin that
causes lesions and dysfunction of the HP (14) is presumably re-
leased. As the infection progresses, the HP is atrophied to such a
degree that it causes the death of the organism, but the population
of bacteria decreases (which could be associated with the interven-
tion of lytic phages of bacteria). Apparently, a certain bacterial
density must be reached to express pathogenicity, which might
occur through the release of a toxin. Additional studies are re-
quired to test this hypothesis and determine if the toxin can re-
main active in water. The focus of subsequent studies can also
include determining host-pathogen interactions as well as isolat-
ing and characterizing the toxin that causes the disease. Improve-
ments in diagnostic field tests may permit monitoring farm out-
breaks in detail and identifying the main environmental factors
that cause outbreaks of bacterial diseases.
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