
University of Rhode Island University of Rhode Island 

DigitalCommons@URI DigitalCommons@URI 

Open Access Master's Theses 

2017 

Biocontrol of Acute Hepatopancreatic Necrosis Disease (AHPND) Biocontrol of Acute Hepatopancreatic Necrosis Disease (AHPND) 

Jason LaPorte 
University of Rhode Island, jlaporte0487@gmail.com 

Follow this and additional works at: https://digitalcommons.uri.edu/theses 

Terms of Use 
All rights reserved under copyright. 

Recommended Citation Recommended Citation 
LaPorte, Jason, "Biocontrol of Acute Hepatopancreatic Necrosis Disease (AHPND)" (2017). Open Access 
Master's Theses. Paper 1134. 
https://digitalcommons.uri.edu/theses/1134 

This Thesis is brought to you by the University of Rhode Island. It has been accepted for inclusion in Open Access 
Master's Theses by an authorized administrator of DigitalCommons@URI. For more information, please contact 
digitalcommons-group@uri.edu. For permission to reuse copyrighted content, contact the author directly. 

https://digitalcommons.uri.edu/
https://digitalcommons.uri.edu/theses
https://digitalcommons.uri.edu/theses?utm_source=digitalcommons.uri.edu%2Ftheses%2F1134&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.uri.edu/theses/1134?utm_source=digitalcommons.uri.edu%2Ftheses%2F1134&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons-group@uri.edu


 

 

BIOCONTROL OF ACUTE HEPATOPANCREATIC 

NECROSIS DISEASE (AHPND) 

BY 

JASON LAPORTE 

 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

IN  

CELL AND MOLECULAR BIOLOGY 

 

 

 

 

UNIVERSITY OF RHODE ISAND 

2017 



 

MASTER OF SCIENCE THESIS 

OF 

JASON LAPORTE 

 

 

 

APPROVED:  

Thesis Committee: 

 

Major Professor       David R. Nelson 

    

              Jodi Camberg 

   

             David C. Rowley 

    

                    Nasser H. Zawia 

DEAN OF THE GRADUATE SCHOOL 

 

 

 

UNIVERSITY OF RHODE ISLAND 

2017 

 



ABSTRACT 

Acute hepatopancreatic necrosis disease (AHPND) causes mass mortalities in 

farmed penaeid shrimp and has proven difficult to control using typical disease control 

measures.  The causative agent of AHPND has been identified as Vibrio 

parahaemolyticus strains possessing the 69 kbp plasmid pVPA3-1 containing genes 

homologous with Photorhabdus insect-related (Pir) toxin-like genes (pirA- and pirB-

like).  Probiotics have been used successfully in shrimp aquaculture to control disease 

outbreaks caused by pathogenic Vibrio, but there are currently no probiotics available 

that have been proven to control AHPND.  The goal of this study was to screen and 

characterize marine bacterial isolates as potential agents to prevent Artemia nauplii 

and Litopenaeus vannamei post-larvae (PL) mortality by the pathogen Vibrio 

parahaemolyticus.  Twelve candidate probiotic organisms were tested in an Artemia 

sp. model.  Phaeobacter inhibens was the only candidate probiont that significantly 

increased the survival of Artemia nauplii challenged with AHPND V. 

parahaemolyticus (p<0.001).   Candidate probionts Pseudoalteromonas piscicida, 

Pseudoalteromonas flavipulchra, and Pseudoalteromonas arabiensis were lethal to 

Artemia nauplii (p<0.001).  Six species of candidate probiotic organisms were tested 

in L. vannamei.  P. inhibens was the only candidate probiont tested which was not 

harmful to L. vannamei PLs and significantly increased the survival of PLs challenged 

with AHPND V. parahaemolyticus (p<0.001).  Genome analysis of V. 

parahaemolyticus PSU5579 revealed the presence of the multiple putative virulence 

genes including nine hemolysins, six secreted proteases, and six secretion systems 

including one T3SS and two T6SS.  The genome also contains the 69 kbp pVPA3-1 



plasmid encoding the pirA- and pirB-like toxin genes.  Genome analysis of 

Bowmanella denitrificans JL63 revealed several gene clusters potentially involved in 

the production of the following antibacterial compounds: colicin V (or bacteriocin), 

lanthionine, the broad-spectrum antibacterial protein marinocine encoded by the 

lodAB operon, a secreted hemolysin-type calcium-binding bacteriocin, lantipeptide, 

bacteriocin, and a nonribosomal peptide. 
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PREFACE 

The following thesis has been prepared in manuscript format according to the 

guidelines of the Graduate School of the University of Rhode Island.  This thesis 

contains a literature review and three manuscripts. 

The first manuscript “Biocontrol of acute hepatopancreatic necrosis disease 

(AHPND)” will be submitted to BMC Microbiology. 

The second manuscript “Draft genome sequence of Vibrio parahaemolyticus 

PSU5579, isolated during an outbreak of acute hepatopancreatic necrosis disease 

(AHPND) in Thailand.” will be submitted to Genome Announcements. 

The third manuscript “Draft genome sequence of Bowmanella denitrificans 

JL63, a bacterium isolated from whiteleg shrimp (Litopenaeus vannamei) that can 

inhibit the growth of Vibrio parahaemolyticus” will be submitted to Genome 

Announcements. 
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Introduction 

 

In 2009 an emerging disease now known as acute hepatopancreatic necrosis 

disease (AHPND) began to affect penaeid shrimp farms in southern China [1, 2].  The 

disease has spread to Vietnam, Malaysia, Thailand, and Mexico and global losses from 

AHPND are estimated to amount to more than one billion US dollars annually [2-5].  

AHPND causes serious production losses in affected areas which negatively impacts 

local employment, social welfare, and international markets [6].  The causative agent 

of AHPND has been identified as Vibrio parahaemolyticus strains possessing the 69 

kbp plasmid pVPA3-1 containing genes homologous with Photorhabdus insect-related 

(Pir) toxin-like genes (pirA- and pirB-like) [2, 7, 8].  AHPND has proven difficult to 

control using typical disease control measures such as water disinfection and antibiotic 

treatment [9, 10]. 

Beneficial microbes known as probiotics have been used to improve the health 

and disease tolerance of terrestrial farm animals since the 1940s, and research on 

probiotics in aquaculture has continued to increase since the late 1980s [11-14].  

Studies have shown that probiotics can be used in aquaculture to prevent diseases in a 

variety of farmed species while also improving harvest yields [14-21].  Probiotics can 

provide various benefits in aquaculture including improvement of water quality, 

enhancement of nutrition of host species, reduced incidence of diseases, higher 

survival rates, and improved host immune response [15, 16, 22].  Probiotics have been 

used successfully in shrimp aquaculture to control disease outbreaks caused by 

pathogenic Vibrio spp. [14-18] and may have the potential to control AHPND.  

Probiotics provide an alternative to the use of antibiotics in aquaculture, which have 
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become increasingly controversial and ineffective due to the emergence of antibiotic 

resistance in bacteria [15, 23-25].  Members of the genus Phaeobacter have been 

shown to be effective probiotic organisms by protecting cod and turbot larvae from the 

pathogen Vibrio anguillarum [26, 27], as well as eastern oyster (Crassostrea 

virginica) larvae from the pathogens Aliiroseovarius crassostreae CV919-312
T
 and 

Vibrio coralliilyticus RE22 [19, 28].  The marine bacterium Phaeobacter inhibens 

S4Sm is an excellent biofilm former [28], produces the broad-spectrum antibiotic 

tropodithietic acid (TDA) [28], can quench/inhibit the quorum sensing-dependent 

production of the virulence factor protease in V. coralliilyticus RE22 [29], and is non-

toxic to eukaryotic organisms [30], which makes it an ideal candidate for the control 

of bacterial diseases in aquaculture such as AHPND. 
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Main Body 

Acute Hepatopancreatic Necrosis Disease (AHPND) 

Aquaculture is the world’s fastest growing food production sector with 

cultured shrimp increasing at an annual rate of 16.8 % [31].  In 2007, shrimp harvested 

from aquaculture surpassed wild-caught shrimp, and in 2013, aquaculture produced 

4.45 million metric tons of shrimp [32].  As of 2012, the shrimp farming industry was 

worth an estimated $19.4 billion [32].    Southeast Asia and China have the largest and 

most productive shrimp farming regions in the world with 77% of globally produced 

shrimp coming from Asia [32].  In 2009 an emerging disease first called early 

mortality syndrome (EMS) began to affect shrimp farms in southern China [1].  The 

disease has recently been given a more descriptive name, acute hepatopancreatic 

necrosis disease (AHPND) [2].  Since its emergence, the disease has spread to 

Vietnam, Malaysia, Thailand, and Mexico [2-4].  AHPND affects both whiteleg 

shrimp (Litopenaeus vannamei) and black tiger shrimp (Penaeus monodon) and can 

lead to 100% mortality in affected populations [3].  The causative agent of AHPND 

has been identified as V. parahaemolyticus strains possessing the 69 kbp plasmid 

pVPA3-1 containing genes homologous with Photorhabdus insect-related (Pir) toxin-

like genes (pirA- and pirB-like) [2, 7].   

Initial studies determined that the pathology of AHPND is limited to the 

hepatopancreas (HP) which suggests that the disease may have a toxin-mediated 

etiology [19, 33].  It has also been shown that cell-free supernatant from V. 

parahaemolyticus strains possessing pVPA3-1 can cause AHPND, supporting the 

conclusion that a toxin is associated with the disease [19].  AHPND develops 
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approximately eight days after ponds are stocked with shrimp post-larvae (PLs) and 

severe mortalities occur within the first 20-30 days [19, 33].  Early signs of AHPND 

include a pale to white HP, reduced HP size, empty stomach, and empty midgut 

(Figure 1) [19].  Histological analysis of the HP has revealed three stages of AHPND: 

initial, acute, and terminal.  In the initial stage, the epithelial cells of the HP are 

elongated into tubular lumen and there is a reduction of the vacuole size in R 

(resorptive) and B (blister like) cells [33].  In the acute stage, the tubular epithelium is 

necrotic with severe desquamation of the cells showing hemocytic infiltration as a 

response to the necrotic epithelium [33].  In the terminal stage of the disease, the HP 

tubules show a severe inflammatory response and the tubular epithelium becomes 

entirely necrotic with massive sloughing of epithelial cells (Figure 2) [33-35].  At this 

stage, low levels of Vibrio can be found in the necrotic tissue in the HP and higher 

loads of Vibrio can be found in the stomach [33].  Additionally, there is increased 

hemocyte infiltration and black streaks or spots develop in the HP due to melanin 

deposition from hemocyte activity [19-33].  The absence of an inflammatory response 

that is usually elicited by a pathogen during the early stages of AHPND strongly 

supports the conclusion that this disease has a toxin-mediated etiology [2]. 
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Figure 1. (a) Photographs of hepatopancreases from healthy L. vannamei shrimp 

(upper two) and shrimp naturally infected with AHPND (arrows). (b) The 

hepatopancreas without external membrane shows atrophy and white color [33]. 

 

 

Figure 2. Histopathological analysis of hepatopancreas of shrimp challenged by 

immersion with AHPND V. parahaemolyticus. Necrosis and sloughing (arrows) of 

hepatopancreas were observed when challenged at 10
5
 CFU/ml (c), and these signs 

were more severe at 10
6
 CFU/ml (d); however, non-AHPND pathology was found at 

10
3
 CFU/ml (a) and 10

4
 CFU/ml (b) [35].  Sloughing can be observed as cells round 

up and detach into the tubule lumens. 



7 

 

AHPND causes serious production losses in affected areas which negatively 

impacts local employment, social welfare, and international markets [6].  Global 

losses from shrimp disease are estimated to amount to around three billion US dollars 

annually [31] with losses from AHPND amounting to more than one billion US 

dollars annually [5].  Disease prevention can be challenging for shrimp farmers 

because most farmers do not have the resources to treat seawater before it is used to 

fill their ponds [36] and by the time shrimp are showing signs of AHPND, it is 

difficult to treat as antibiotic treatment has proven unsuccessful in most cases [10].  

Additionally, treating water sources with chlorine, ozone, or UV before stocking does 

not provide total sterility [9].  Further, disinfection of water perturbs the natural 

microbial balance and leaves the environment open to opportunistic bacteria which 

survived disinfection.  This can actually favor the growth of Vibrio as Vibrio grow 

rapidly after their competitors are removed [37].  V. parahaemolyticus has been 

reported to have a generation time as short as 12 minutes [38]. 

Current recommendations to prevent AHPND outbreaks in shrimp farms 

include the use of greenwater systems [39] or the application of biocontrol strategies 

such as probiotics [5], phage [40], or Bdellovibrio-and-like organisms (BALOs) [41].  

It has been observed that AHPND is less prevalent in ponds colonized by copepods 

[39].  Copepods require a constant supply of phytoplankton and bacteria as feed, so 

their presence in an indicator of a mature ecosystem [42].  The use of greenwater 

systems has also been observed to reduce the incidence of AHPND [39].  Greenwater 

systems are characterized by a mature micro-algal and bacterial community.  These 

systems have been shown to maintain decreased Vibrio levels and decreased animal 
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mortality [43, 44].  The beneficial effect of greenwater systems can be attributed to the 

algal and bacterial production of antibacterial substances [45, 46] and compounds 

which quench/inhibit quorum sensing-dependent production of virulence factors in 

pathogens [47].  Additionally, the bacteria in greenwater systems compete with 

pathogens for available nutrients and occupy niches which would otherwise be left 

open for invading pathogens [46].  Occurrences of overgrowth of pathogenic bacteria 

such as Vibrio spp. in shrimp grow-out ponds can be reduced by minimizing 

disturbances such as water disinfection which lead to sudden variations in nutrient 

levels, and by colonizing pond water with nonpathogenic bacteria and/or algae [48]. 

Probiotic bacteria have been used successfully in shrimp aquaculture to control 

disease outbreaks caused by pathogenic Vibrio spp. [14-16].  A recent study 

determined that the probiotics which are currently commercially available to shrimp 

farmers in Malaysia are not effective at controlling AHPND [49].  More research 

needs to be conducted to develop and test new probiotic formulations which may have 

the potential to control AHPND.  The use of phage has also been proposed as a 

potential strategy to control AHPND, and a virulent Siphoviridae phage, pVp-1, has 

been shown to have effective bacteriolytic activity against 74% of AHPND strains of 

V. parahaemolyticus tested, but has yet to be tested in an aquaculture setting [40].  

Another promising biocontrol strategy to prevent AHPND involves the use of BALOs.  

A recent study isolated a BALO, identified as Bacteriovorax sp. BV-A, from a 

sediment samples in a shrimp farm in Thailand, which could kill all AHPND strains of 

V. parahaemolyticus tested as well as Vibrio vulnificus, Vibrio cholerae, and Vibrio 

alginolyticus [41].  Bacteriovorax sp. BV-A was also shown to increase the survival of 
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L. vannamei PLs challenged with AHPND V. parahaemolyticus by 50% [41].  In field 

studies, BALOs in combination with photosynthetic bacteria have been shown to 

provide increased survival rates of Chinese mitten crab (Eriocheir sinensis) and 

decreased Vibrio concentrations in cultured pufferfish (Fugu obscurus) [50].  The use 

of BALOs is a promising prospect for the control of diseases caused by bacterial 

pathogens in aquaculture. 

 

Vibrio parahaemolyticus 

Vibrio is a genus of Gram-negative motile marine bacteria of the family 

Vibrionaceae within the Gammaproteobacteria [51].  Members of this genus are 

facultative anaerobes with a curved-rod shape [52].  Vibrio species can be found in a 

wide range of aquatic environments, including the water column, in association with 

hosts (both pathogenic and symbiotic), and even in extreme habitats (hydrothermal 

vents) [53].  Pathogenicity in Vibrio is not species dependent, but rather strain specific 

as different strains of the same species can cause diseases in different hosts, or can be 

nonpathogenic [54, 55].  Many species of Vibrio are pathogenic and can cause disease 

in humans (e.g. V. cholerae, V. parahaemolyticus, V. vulnificus, V. alginolyticus) [53, 

56, 57], fish (V. anguillarum, V. alginolyticus, V. harveyi) [53, 58], bivalves (V. 

coralliilyticus, V. tubiashii, V. parahaemolyticus, V. harveyi, V. alginolyticus) [59], 

coral (V. coralliilyticus) [60], or shrimp (V. parahaemolyticus, V. harveyi, V. 

campbellii, V. alginolyticus) [53].  The aquaculture industry suffers multibillion-dollar 

losses due to these pathogens annually [5, 53, 61]. 
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Vibrio spp. are known to possess a number of virulence factors including 

enterotoxins, cytotoxins such as the multifunctional-autoprocessing repeats-in-toxin 

(MARTX) toxins which use a type I secretion system (T1SS), siderophores, adhesion 

factors/biofilm formation (type I pili), extracellular polysaccharides, hemagglutinins, 

type III secretion systems (T3SS), type VI secretion systems (T6SS), and lytic 

enzymes including hemolysins, proteases, lipases, and chitinases, most of which use 

type II secretion systems (T2SS) [53, 62-64].  Virulence gene expression in Vibrio is 

regulated by quorum sensing and has been studied extensively in V. harveyi [53, 64].  

V. harveyi uses a three-channel quorum-sensing system (Figure 3), secreting chemical 

signal molecules that include HAI-1 (Harveyi autoinducer 1), AI-2 (Autoinducer 2), 

and CAI-1 (Cholera autoinducer 1) [53].  The concentration of these molecules in the 

extracellular environment is proportional to cell density.  These autoinducers are 

detected at the cell surface by membrane bound histidine sensor kinase proteins that 

feed a phosphorylation ⁄ dephosphorylation signal transduction pathway which 

controls the production of the quorum-sensing master regulator protein LuxR (V. 

harveyi)/OpaR (V. parahaemolyticus) [53].  LuxR/OpaR directly activates the Lux 

operon, whereas most of the other genes regulated by quorum sensing are controlled 

indirectly [53].  Several species of Vibrio, including V. cholerae and V. 

parahaemolyticus, have virulence factors which are controlled by the ToxR regulon 

[53].  In V. cholerae, the ToxR regulon controls the expression of the ctx gene 

encoding the cholera toxin [53].  In V. parahaemolyticus the toxR operon controls the 

expression of the thermostable direct hemolysin gene (tdh) as well as the T3SS [65, 
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66].  The toxR operon is found in both clinical and environmental isolates of V. 

cholerae and V. parahaemolyticus [67]. 

 

 

Figure 3. Quorum sensing in Vibrio harveyi. The LuxM, LuxS and CqsA enzymes 

synthesise the autoinducers HAI-1, AI-2 and CAI-1, respectively. These autoinducers 

are detected at the cell surface by the LuxN, LuxQ and CqsS two-component receptor 

proteins, respectively. Detection of AI-2 by LuxQ requires the periplasmic protein 

LuxP. (a) In the absence of autoinducers, the receptors autophosphorylate and transfer 

phosphate to LuxO via LuxU. Phosphorylation activates LuxO, which together with 

σ
54

 activates the production of five small regulatory RNAs (sRNAs). These sRNAs, 

together with the chaperone Hfq, destabilise the mRNA encoding the transcriptional 

regulator LuxRVh. Therefore, in the absence of autoinducers, the LuxRVh protein is not 

produced. (b) In the presence of high concentrations of the autoinducers, the receptor 

proteins switch from kinases to phosphatases, which results in dephosphorylation of 

LuxO. Dephosphorylated LuxO is inactive and, therefore, the sRNAs are not formed 

and the transcriptional regulator LuxRVh is produced. P, phosphotransfer [53]. 

 

Vibrio parahaemolyticus is commonly found in marine coastal waters and 

estuarine environments including water, sediment, suspended particles, plankton, fish 
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and shellfish [53].  Strains of this species are a leading cause of seafood-associated 

bacterial gastroenteritis globally and can also cause eye, ear, and wound infections 

[68].  While most environmental strains of V. parahaemolyticus are not pathogenic to 

humans, strains possessing the tdh and trh genes and the T3SS2 gene cluster are 

pathogenic [69, 70].  Strains of V. parahaemolyticus are also an important shrimp 

pathogen and have been identified as the causative agent of AHPND.  One of the 

challenges of preventing and treating AHPND is the high frequency of antibiotic 

resistance found in V. parahaemolyticus isolates.  Jiang et al. [71] found that 100% of 

the V. parahaemolyticus strains they isolated in China were resistant to ampicillin and 

cephazolin and 43.7% were resistant to streptomycin.  Shaw et al. [72] found that 68% 

of V. parahaemolyticus strains isolated in Maryland, USA were resistant to penicillin 

and Al-Othrubi et al. [73] found that 21.5% of V. parahaemolyticus strains isolated in 

Malaysia were resistant to ciprofloxacin.  Additionally, Kongrueng et al. [74] tested 

AHPND strains of V. parahaemolyticus isolated in Thailand and found that all of these 

isolates were resistant to ampicillin and erythromycin. 

AHPND strains of V. parahaemolyticus have been identified as those 

possessing the 69 kbp plasmid pVPA3-1 containing genes homologous with 

Photorhabdus insect-related (Pir) toxin-like genes (pirA- and pirB-like) [2, 7, 8].  

These genes are located within a 3.5 kbp fragment flanked by inverted repeats of a 

transposase-coding sequence (1 kbp) which is a mobile genetic element that can 

induce horizontal gene transfer [2].  The GC content of the pirA- and pirB-like genes 

is only 38.2%, which is considerably lower than that of the rest of the plasmid 

(45.9%), suggesting that these genes were recently acquired [2].  Similar to the Pir 
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toxins that affect insects, the Pir-like toxins act as binary proteins, which form a 

heterodimer and both pirA- and pirB-like genes are required for pathogenesis [2, 8, 

75].  The crystal structure of the PirAB-like heterodimer has similar structural 

topology to that of the Bacillus Cry insecticidal toxin-like proteins, despite the low 

sequence identity (<10%), which suggests that the putative PirAB-like toxin might 

emulate the functional domains of the Cry protein and its pore-forming activity [75].  

While the PirA- and PirB-like toxins affect the hepatopancreas in shrimp, the Pir 

toxins primarily affect the midgut of insects, which may suggest different mechanisms 

of action [2]. 

While AHPND strains of V. parahaemolyticus have been shown to possess 

between 1 and 121 copies of the pVPA3-1 plasmid per cell [2, 8], the copy number of 

this plasmid does not correlate with virulence [8].  Instead, the amount of secreted 

PirA- and PirB-like proteins determines virulence to shrimp [8].  AHPND strains of V. 

parahaemolyticus have been shown to possess other virulence factors as well, 

including T3SS1, T6SS1, and T6SS2 genes [74].  Additionally, a unique sequence 

encoding a type IV pilus has been found in the genomes of AHPND strains of V. 

parahaemolyticus isolated in Thailand and Mexico [7, 76], but was not detected in 

strains isolated in India [34].  It has also been shown that AHPND strains of V. 

parahaemolyticus lack the tdh and trh genes [7, 8, 19, 33, 34] as well as the T3SS2 

gene [7, 34, 74] required for pathogenesis in humans, indicating that these strains are 

not human pathogens.  The role of virulence factors other than the PirA- and PirB-like 

toxins in the pathogenesis of AHPND strains of V. parahaemolyticus to shrimp has yet 

to be determined. 
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Probiotics in aquaculture 

 For more than 70 years, beneficial microbes known as probiotics have been 

used to improve the health and disease tolerance of terrestrial farm animals such as 

swine and chickens [11-13].  Probiotics are defined as “live microorganisms, 

conferring a healthy benefit to the host when being consumed in adequate amounts” 

[77].  Probiotics are now widely used for enhancing production of land animals due to 

the fact that they are better, cheaper, and more effective in promoting animal health 

than antibiotics or chemical substances [21].  Research on the use of probiotics in 

aquaculture dates back to the late 1980s and has continued to increase since then [14].  

Studies have shown that probiotics can be used in aquaculture to prevent diseases in 

bivalves (oysters, scallops), fish (salmon, cod, trout, halibut, turbot, catfish), and 

crustaceans (shrimp, Artemia spp.) [14-18, 20, 21].  Although probiotics can prevent 

disease when applied prophylactically, they are not meant to be used therapeutically 

and are unlikely to cure animals which are already infected with a pathogen [78, 79]. 

Currently the main rate limiting factor in the shrimp aquaculture industry is 

disease control.  Intensive (high-density) shrimp culture systems have become 

common practice because they produce substantially higher shrimp yields than do 

semi-intensive systems [80].  This intensification comes at a cost however, and results 

in stressful environmental changes which can cause problems for shrimp [81] and also 

increase their susceptibility to disease [82].  Although vaccines have been developed 

against several bacterial diseases in fish, such vaccines are not successful in shrimp or 

any other invertebrates due to the lack on an adaptive immune system [20].  In 

aquaculture, bacterial disease is generally controlled through water disinfection and 
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the application of antibiotics both prophylactically and therapeutically.  The use of 

antibiotics in aquaculture has become increasingly controversial and ineffective due to 

the emergence of antibiotic resistance in bacteria [15, 23-25].  Water disinfection also 

has limited success and in some cases may actually increase the likelihood of an 

outbreak, most notably in controlling diseases caused by Vibrios spp. such as AHPND 

[9, 10, 39].  Additionally, disinfecting water with chlorine has been shown to increase 

the proportion of multiple antibiotic resistance bacteria [83]. 

 The overuse of antibiotics in aquaculture has become a major concern due to 

the emergence of antibiotic resistance in bacteria and the potential for residual 

contamination in harvested fish and shellfish.  The aquaculture industry uses massive 

quantities of antibiotics which are released into the environment [24, 37].  For 

example, antibiotic usage in shrimp farms in Thailand in 1994 was estimated to be as 

much as 500 – 600 tonnes [37].  The leaching of these antibiotics into the environment 

contributes to the development of antibiotic resistance determinants in bacteria which 

can be spread to other species by horizontal gene transfer [24, 84].  These 

determinants can spread by horizontal gene transfer to bacteria of the terrestrial 

environment as well, including human and animal pathogens [24].  Studies have 

shown that antibiotic resistance determinants of Salmonella enterica serotype 

Typhimurium DT104, which caused several outbreaks of salmonellosis in humans and 

animals in Europe and the USA, likely originated in aquaculture settings of the Far 

East [24].  One study found that in the presence of tetracycline concentrations below 

the minimum inhibitory concentration (MIC), the rate of gene transfer between V. 

cholerae and Aeromonas salmonicida increased 100-fold [84].  Celli et al. [85] 
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proposed a molecular mechanism which may explain this increased rate of gene 

transfer in the presence of tetracycline.  Transfer of the conjugative transposon Tn916, 

possessing the tetracycline resistance determinant tetM, requires excision of the 

element and is dramatically increased in the presence of tetracycline [85].  

Tetracycline-based transcriptional attenuation of palorf12 allows for transcription of 

orf7 and orf8 from the tetM promoter [85].   ORF7 and ORF8 then activate the 

promoter Porf7 which directs the expression of the transfer functions in the transposon 

allowing for transfer of the element [85]. 

There is also public health concern over potential exposure of human 

consumers to antibiotic residues or other chemical contaminants in shrimp harvested 

from aquaculture [86].  Undetected consumption of antibiotics in food can cause 

allergy and toxicity problems, alter normal flora and increases susceptibility to 

infections, and select for antibiotic-resistant bacteria [24].  In 2006, there was an 

antibiotic residue crisis in the flatfish industry in China where 25,000 tonnes of turbot 

could not be sold, costing the industry an estimated 200 million Euro [50].  For these 

reasons, the use of probiotics in aquaculture is becoming an increasingly popular 

alternative to the use of antibiotics [15]. 

Probiotics provide several benefits in aquaculture including improvement of 

water quality, enhancement of nutrition of host species, reduced incidence of diseases, 

higher survival rates, and improved host immune response [15, 16, 22].  Although 

there have been many studies on probiotics in aquaculture, they are still not widely 

used.  Greenwater systems are a new water management strategy which use mature 

microalgal and bacterial communities and have been shown to have reduced Vibrio 
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levels and increased animal survival rates [43, 44].  Probiotics can be used not only as 

a biocontrol strategy, but can also be used in conjunction with algae treatment to make 

greenwater systems.  In aquaculture, probiotics are typically added to the feed or 

directly into the culture water [15].  Probiotics have been used successfully in shrimp 

aquaculture to control disease outbreaks caused by pathogenic Vibrio spp. while also 

improving harvest yields [14-18].  The most common probiotics used in aquaculture 

are photosynthetic bacteria (purple non-sulfur bacteria), antagonistic bacteria 

(Pseudoalteromonas spp., Flavobacterium spp., Alteromonas spp., Phaeobacter spp., 

Bacillus spp.), microorganisms for improving digestion (lactic acid bacteria and 

yeast), bacteria for improving water quality (nitrifying bacteria, denitrifiers), and 

predatory bacteria that kill other bacteria (e.g. BALOs) [50]. 

 Candidate probiotic organisms are typically selected based on their ability to 

produce antibacterial and/or antivirulence compounds.  These compounds give an 

ecological advantage to the producing bacteria against other microorganisms, and may 

also provide an advantage against bacteriovorous eukaryotic predators [30].  Some 

organisms that have been shown to inhibit the growth of bacterial pathogens also 

produce compounds that are toxic to eukaryotic organisms [30, 87, 88].  These 

organisms should tested thoroughly before being applied in aquaculture as they might 

cause adverse effects on the farmed animals, their prey species (algae, rotifers, or 

Artemia spp.), or the humans who consume them.  Therefore, the toxicity of the live 

bacterial cultures on the target organisms should be tested for any adverse effects 

before being applied commercially.  The candidate probiotics should be used to 
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challenge the target species under conditions which mimic the aquaculture setting 

before being tested in large scale.   

Artemia spp. have been used as a model organism not only for toxicology 

studies but also to test the effectiveness of probiotic bacteria and the role of quorum 

sensing in pathogenesis [30, 89-93].  Artemia spp. are useful model organisms because 

they adapt easily to changes in nutrients, salinity, temperature, and oxygen, are easy to 

culture, are resistant to manipulation, and have a short life cycle [94].  Toxicology 

studies using Artemia sp. to evaluate potential probiotic organisms have shown that 

both P. inhibens and Ruegeria mobilis are innocuous to these organisms while 

Pseudoalteromonas piscicida, Pseudoalteromonas rubra, Photobacterium 

halotolerans, and V. coralliilyticus are lethal and therefore should not be used as 

probiotics in aquaculture [30]. 

 The success of probiotic organisms can be attributed to several specific 

properties: 1) Improvement of water quality through the reduction of ammonia, nitrate, 

nitrite, phosphate, and carbon [95].  2) Antagonistic activity through the production of 

compounds which inhibit the growth of pathogenic bacteria.  Antagonistic bacteria 

have been shown to significantly decrease the concentration of Vibrio in shrimp ponds 

[96].  The production of inhibitory compounds against pathogens in vitro does not 

guarantee that potential probiotic organisms will be effective in vivo [97], but is still 

an important property of probiotic organisms which are effective [28, 95].  3) 

Competition for attachment sites which is likely to serve as the first barrier of defense 

against invading pathogenic bacteria [28, 95].  4) Competition for nutrients or 

available energy.  Verschuere et al. [89] showed that pre-colonization of Artemia sp. 
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culture water with non-antagonistic probiotic bacteria protected Artemia sp. from the 

pathogenic effects of a Vibrio proteolyticus and hypothesized that this protection may 

be due to competition with the pathogen for available nutrients.  5) Enhancement of 

host digestion through the production of enzymes which can break down chitin, starch, 

protein, cellulose, and lipids [16].  6) Stimulation of host immune response [15].  

Although shrimp lack an adaptive immunity, they still possess an innate immune 

system that effectively protects them from harmful microorganisms and probiotic 

treatment has been shown to modulate the cellular and humoral immune responses in 

shrimp [95].  7) Production of siderophores which compete with pathogens for ferric 

iron in the iron-limited environment of the host [15].  8) Production of acyl-

homoserine lactones (AHLs) which quench/inhibit the quorum sensing-dependent 

production of virulence factors in pathogens [29, 95].  Quorum sensing has been 

shown to be one of the virulence mechanisms of many pathogenic bacteria, including 

V. harveyi and V. parahaemolyticus [53, 98].  Organisms that are not harmful to host 

species and possess some, if not all, of these properties make ideal candidates for use 

as probiotics in aquaculture. 

 

Phaeobacter inhibens S4Sm 

The Roseobacter clade consists of organisms that occupy diverse marine 

niches and colonize both biotic and abiotic surfaces including sediments, 

phytoplankton, invertebrates, and vertebrates [28, 99-102].  This clade is an important 

member of the marine microbiota, accounting for ~4 % to as much as ~40 % of 

bacterial DNA from the ocean depending on location, and plays an important role in 
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the organic sulfur cycle of the ocean by degrading dimethylsulfoniopropionate 

(DMSP) [100, 103-106].  Roseobacter clade members are also dominant primary 

surface colonizers [102, 107, 108] and are known to produce biologically active 

secondary metabolites [28, 109-112].  These secondary metabolites play an important 

role in the symbiotic relationship between Phaeobacter gallaeciensis and some marine 

algae species such as Emiliania huxleyi [109-111].  Algae provide a carbon and sulfur 

source for P. gallaeciensis in the form of DMSP and in return, the bacteria produce an 

algal growth promoter, phenylacetic acid, as well as a broad-spectrum antibiotic, 

tropodithietic acid (TDA), which suppresses the growth of parasitic bacteria [28, 109-

112].  The bacteria switch from a mutualist to an opportunistic pathogen however, 

when the algae begin to senesce [109, 110].   Under these conditions the algae release 

p-coumaric acid, which triggers the bacteria to produce potent algaecides, 

roseobacticide A and B [109, 110]. 

Phaeobacter inhibens S4Sm, formerly classified as P. gallaeciensis S4Sm 

[107], is a member of the α-Proteobacteria from the Roseobacter clade.  P. inhibens 

S4Sm is a pleomorphic rod with 1-2 flagella on one or both poles and can elongate 

and form rosettes in stationary phase [107].  It is a heterotrophic strict aerobe and 

grows optimally at temperatures between 18 and 30 °C [107].  P. inhibens S4Sm is a 

probiotic organism that can protect eastern oyster (C. virginica) larvae from bacterial 

pathogens [28, 107].  Pretreating oyster larvae with P. inhibens S4Sm significantly 

increases their survival after challenge with either A. crassostreae CV919-312
T
 or V. 

coralliilyticus RE22 (Figure 4) [107].  P. gallaeciensis can also protect cod and turbot 

larvae from V. anguillarum, the causative agent of vibriosis [26, 27]. 
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Figure 4. Effect of preincubation of larval oysters with candidate probiont P. inhibens 

S4Sm at 10
4
 CFU/ml on survival (% ±SD) 24 h after challenge with bacterial 

pathogens A. crassostreae CV919-312
T
 and V. coralliilyticus RE22 at 10

5
 CFU/ml.  

The candidate probionts were introduced 24 h before larvae were challenged.  

Different letters indicate statistical significance among groups (1-way ANOVA, p < 

0.05) [107]. 

 

The probiotic activity of P. inhibens S4Sm can be attributed to at least three 

factors: 1) excellent biofilm forming ability [28]; 2) production of TDA [28]; and 3) 

ability to quench/inhibit the quorum sensing-dependent production of the virulence 

factor protease in V. coralliilyticus RE22 [29].  Toxicology studies using Artemia sp. 

and Caenorhabditis elegans have shown that both P. inhibens as well as purified TDA 

are innocuous for these organisms [30].  P. inhibens S4Sm produces a more robust 

biofilm than the fish pathogen V. anguillarum or the oyster pathogens A. crassostreae 

or V. coralliilyticus (Table 1) [28].  Knockout mutants of P. inhibens S4Sm which 
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were deficient in biofilm formation (exoP) or antibiotic production (clpX) were shown 

to provide significantly less protection to oyster larvae after challenge with V. 

coralliilyticus RE22 compared to wild-type P. inhibens S4Sm, demonstrating the 

importance of these activities for probiotic function (Figure 5) [28].  Additionally, 

TDA knockout mutants of P. gallaeciensis do not protect cod larvae challenged with 

V. anguillarum as well as wild type P. gallaeciensis [26] and do not reduce cell 

densities of V. anguillarum as well as wild type P. gallaeciensis [113].  P. inhibens 

S4Sm has also been shown to produce acyl-homoserine lactones (AHLs) which down-

regulate the virulence factor protease activity in V. coralliilyticus by disrupting the 

quorum-sensing pathway that activates protease transcription of V. coralliilyticus [29]. 

 

Table 1. Quantification of biofilm formation by measuring optical density at 580 nm 

(OD580) of crystal violet dye attached to the cells forming biofilms on glass tubes at 27 

°C under static conditions at 60 h [28]. 

     OD580 

P. inhibens S4Sm  3.89±0.06 

  

A. crassostreae CV919  0.52±0.08
b
 

  

V. anguillarum NB10  0.58±0.02
b
 

  

V. coralliilyticus RE22  0.54±0.02
b
 

 

b
Statistically significant difference (p <0.05) compared to S4Sm. 
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Figure 5. Oyster larvae survival in the presence of P. inhibens strains after challenge 

with V. coralliilyticus RE22. The P. inhibens S4Sm strains (10
4
 CFU/ml) were 

introduced 24 h before larvae were challenged with V. coralliilyticus RE22 (10
5
 

CFU/ml). Oyster larvae survival (% ±SD) was determined 24 h after challenge with 

RE22. Bars marked with an asterisk (*) show significant differences (p <0.05). Error 

bars represent one standard deviation [28]. 

 

TDA is effective against a range of both Gram-positive and Gram-negative 

bacteria [114] and acts as a protonophore, which collapses the proton motive force in 

target cells [115].  It has also been shown that resistance to TDA is hard to select [114] 

and the tdaR3 gene, which is predicted to encode for a γ-glutamyl-cyclotransferase, is 

required for TDA resistance [115].  In the TDA resistance model proposed by Wilson 

et al. [115], TdaR3 facilitates the glutamate-dependent acid-response system by 

converting glutathione to 5-oxo-proline, which is then hydrolyzed to glutamate via a 
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5-oxoprolinase.  This glutamate is then decarboxylated to form γ-aminobutyric acid 

(GABA), which is exchanged by an antiporter for glutamate, resulting in the export of 

1 H
+
 per glutamate [115].  The strong biofilm forming ability combined with 

production of antivirulence compounds (AHLs) and a broad-spectrum antibiotic 

(TDA) which pathogens are unlikely to become resistant to, make P. inhibens S4Sm a 

promising candidate for use as a probiotic to control bacterial diseases in aquaculture 

such as AHPND. 

 

Goals of this study 

The overall goal of this study was to isolate and characterize bacteria 

inhibitory towards the growth of V. parahaemolyticus and determine if they can be 

used to prevent or reduce losses due to the AHPND strains of V. parahaemolyticus in 

aquaculture systems.  AHPND causes significant losses in the shrimp aquaculture 

industry and current strategies to control the disease are not effective [9, 10].  The use 

of probiotics has the potential to control AHPND, but new formulations are needed as 

it has been shown that probiotics which are currently available to shrimp farmers in 

Malaysia are not effective at controlling AHPND [49]. 

The first aim of this investigation was to isolate potential probiotic bacteria 

from the environment which can inhibit the growth of V. parahaemolyticus, quantify 

their biofilm formation, and identify their species.  More than 300 bacterial isolates 

were cultured from a variety of sources and used in a zone of inhibition assay to 

determine if they could inhibit the growth of V. parahaemolyticus on an agar surface.  
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Biofilm formation was then quantified using the crystal violet method.  The 16S rRNA 

gene for each isolate was sequenced for species-level identification. 

The second aim of this study was to determine if any of the candidate probiotic 

organisms can increase the survival of Artemia nauplii challenged with AHPND V. 

parahaemolyticus.  A model system using Artemia nauplii challenged with AHPND V. 

parahaemolyticus PSU5579 was developed and used to test candidate organisms for 

probiotic activity. 

The third aim of this study was to determine if any of the candidate probiotic 

organisms can increase the survival of L. vannamei PLs challenged with AHPND V. 

parahaemolyticus.  An assay using L. vannamei PLs challenged with AHPND V. 

parahaemolyticus PSU5579 was developed and used to test candidate organisms for 

probiotic activity. 

The fourth aim was to obtain the genomic sequence of V. parahaemolyticus 

PSU5579 and Bowmanella denitrificans JL63.  Prior to this research, no whole 

genomic sequences were available for any organisms in the Bowmanella genus and no 

bioactive secondary metabolites produced by members of this genus had been 

identified.  The genomes of these organisms were sequenced and subsequently 

annotated by various software programs.  The genome of V. parahaemolyticus 

PSU5579 was analyzed for potential virulence factors and the genome of B. 

denitrificans JL63 was analyzed for genes responsible for the production of 

compounds which can inhibit the growth of V. parahaemolyticus. 

 



26 

 

References 

1. NACA-FAO (Network of Aquaculture Centers in Asia-Pacific—Food and 

Agriculture Organization of the United Nations). 2011. Quarterly aquatic animal 

disease report (Asia and Pacific Region), 2011/2, April-June 2011. NACA, 

Bangkok. 

2. Han JE, Tang KFJ, Tran LH, Lightner DV. 2015. Photorhabdus insect-related (Pir) 

toxin-like genes in a plasmid of Vibrio parahaemolyticus, the causative agent of 

acute hepatopancreatic necrosis disease (AHPND) of shrimp. Dis Aquat Org. 

113:33-40. 

3. Lightner DV, Redman RM, Pantoja CR, Noble BL, Tran LH. 2012. Early mortality 

syndrome affects shrimp in Asia. Glob Aquacult Advocate Jan/Feb 2012: 40. 

4. Flegel TW. 2012. Historic emergence, impact and current status of shrimp pathogens 

in Asia. J Invertebr Pathol. 110: 166−173. 

5. Zorriehzahra MJ, Banaederakhshan R. 2015. Early Mortality Syndrome (EMS) as 

new emerging threat in shrimp industry. Adv. Anim. Vet. Sci. 3(2s): 64-72. 

6. Bondad-Reantaso MG, Subasinghe RP, Josupeit H, Cai J, Zhou X. 2012. The role of 

crustacean fisheries and aquaculture in global food security: past, present and 

future. J Invertebr Pathol. 110:158−165. 

7. Kondo H, Tinwongger S, Proespraiwong P, Mavichak R, Unajak S, Nozaki R, 

Hirono I. 2014. Draft genome sequences of six strains of Vibrio parahaemolyticus 

isolated from early mortality syndrome/acute hepatopancreatic necrosis disease 

shrimp in Thailand. Genome Announc 2: e00221-14. 

8. Tinwongger S, Nochiri Y, Thawonsuwan J, Nozaki R, Kondo H, Awasthi SP, 

Hinenoya A, Yamasaki S, Hirono I. 2016. Virulence of acute hepatopancreatic 

necrosis disease PirAB‐like relies on secreted proteins not on gene copy number. 

Journal of Applied Microbiology. 1;121(6):1755-65. 

9. Holstrom C, Kjelleberg S. 1999. Marine Pseudoalteromonas species are associated 

with higher organisms and produce biologically active extracellular agents. 

FEMS Microbiol Ecol 30:285–293. 

10. Defoirdt T, Boon N, Sorgeloos P, Verstraete W, Bossier P. 2007. Alternatives to 

antibiotics to control bacterial infections: luminescent vibriosis in aquaculture as 

an example. Trends Biotechnol. 25:472–479. 

11. Dilworth BC, Day EJ. 1978. Lactobacillus cultures in brooder diets. Poultry 

Science. 57:1101. 

12. Fuller R. 1989. Probiotic in man and animals. J Appl Bacteriol. 66:365-378. 

13. Baird DM. 1977. Probiotics help boost feed efficiency. Feedstuffs. 49:11-12. 



27 

 

14. Farzanfar A. 2006. The use of probiotics in shrimp aquaculture. FEMS Immunol 

Med Microbiol. 48: 149–158. 

15. Verschuere L, Rombaut G, Sorgeloos P, Veerstraete W. 2000. Probiotic bacteria as 

biological control agents in aquaculture. Microbiol Mol Biol Rev. 64:655–671. 

16. Vine NG, Leukes WD, Kaiser H. 2006. Probiotics in marine larviculture. FEMS 

microbiology reviews. 30(3):404-427. 

17. Tinh NTN, Dierckens K, Sorgeloos P, Bossier P. 2008. A review of the 

functionality of probiotics in the larviculture food chain. Marine Biotechnology. 

10(1): 1-12. 

18. Balcázar JL, de Blas I, Ruiz-Zarzuela I, Cunningham D, Vendrell D, Múzquiz JL. 

2006. The role of probiotics in aquaculture. Vet. Microbiol. 114: 173–186. 

19. Tran L, Nunan L, Redman RM, Mohney LL, Pantoja CR, Fitzsimmons F, Lightner 

DV. 2013. Determination of the infectious nature of the agent of acute 

hepatopancreatic necrosis syndrome affecting penaeid shrimp. Dis Aquat Org. 

105:45−55. 

20. Ninawe AS, Selvin J. 2009. Probiotics in shrimp aquaculture: avenues and 

challenges. Critical reviews in microbiology. 35(1):43-66. 

21. Rengpipat S, Rukpratanporn S, Piyatiratitivorakul S, Menasveta P. 1998. 

Probiotics in Aquaculture: A case study of probiotics for larvae of the black tiger 

shrimp (Penaeus monodon). In Flegel TW (ed) Advances in shrimp 

biotechnology. National Center for Genetic Engineering and Biotechnology, 

Bangkok. 

22. Boyd CE, Massaaut L. 1999. Risks associated with the use of chemicals in pond 

aquaculture. Aquac Eng. 20:113–132. 

23. Buschmann AH, Tomova A, López A, Maldonado MA, Henríquez LA, Ivanova L, 

Moy F, Godfrey HP, Cabello FC. 2012. Salmon aquaculture and antimicrobial 

resistance in the marine environment. PloS one. 7(8):e42724. 

24. Cabello FC. 2006. Heavy use of prophylactic antibiotics in aquaculture: a growing 

problem for human and animal health and for the environment. Environmental 

microbiology. 8(7):1137-1144. 

25. Hill JE, Baiano JC, Barnes AC. 2009. Isolation of a novel strain of Bacillus 

pumilus from penaeid shrimp that is inhibitory against marine pathogens. Journal 

of Fish diseases. 32(12):1007-1016. 

26. D'Alvise PW, Lillebo S, Prol-Garcia MJ, Wergeland HI, Nielsen KF, Bergh O, 

Gram L. 2012. Phaeobacter gallaeciensis reduces Vibrio anguillarum in cultures 

of microalgae and rotifers, and prevents vibriosis in cod larvae. PLoS One. 

7:e43996. 

 



28 

 

27. Planas M, Pérez-Lorenzo M, Hjelm M, Gram L, Uglenes Fiksdal I, Bergh Ø, 

Pintado J. 2006. Probiotic effect in vivo of Roseobacter strain 27-4 against Vibrio 

(Listonella) anguillarum infections in turbot (Scophthalmus maximus L.) larvae. 

Aquaculture. 255:323-333. 

28. Zhao W, Dao C, Karim M, Gomez-Chiarri M, Rowley D, Nelson DR. 2016. 

Contributions of tropodithietic acid and biofilm formation to the probiotic activity 

of Phaeobacter inhibens. BMC microbiology. 16(1):1. 

29. Zhao W. 2014. Characterization of the probiotic mechanism of Phaeobacter 

gallaeciensis S4 against bacterial pathogens. University of Rhode Island. 

30. Neu AK, Månsson M, Gram L, Prol-García MJ. 2014. Toxicity of bioactive and 

probiotic marine bacteria and their secondary metabolites in Artemia sp. and 

Caenorhabditis elegans as eukaryotic model organisms. Applied and 

environmental microbiology. 80(1):146-153. 

31. Frazanfar Ali. 2006. The use of probiotics in shrimp aquaculture. FEMS Immunol 

Med Microbiol 48:149–158. 

32. FAO (Food and Agriculture Organization). 2015. “Wild and Aquaculture Capture 

Production 1950–2013.” FishStat J software and databases. 

33. Soto-Rodriguez SA, Gomez-Gil B, Lozano-Olvera R, Betancourt-Lozano M, 

Morales-Covarrubias MS. 2015. Field and experimental evidence of Vibrio 

parahaemolyticus as the causative agent of acute hepatopancreatic necrosis 

disease of cultured shrimp (Litopenaeus vannamei) in northwestern Mexico. Appl 

Environ Microbiol. 81:1689 –1699. doi:10.1128/AEM.03610-14. 

34. Kumar BK, Deekshit VK, Raj JR, Rai P, Shivanagowda BM, Karunasagar I, 

Karunasagar I. 2014. Diversity of Vibrio parahaemolyticus associated with 

disease outbreak among cultured Litopenaeus vannamei (Pacific white shrimp) in 

India. Aquaculture. 433:247-251. 

35. Hong XP, Xu D, Zhuo Y, Liu HQ, Lu LQ. 2016. Identification and pathogenicity 

of Vibrio parahaemolyticus isolates and immune responses of Penaeus 

(Litopenaeus) vannamei (Boone). Journal of fish diseases. 39(9):1085-1097. 

36. Munasinghe MN, Stephen C, Abeynayake P, Abeygunawardena IS. 2010. Shrimp 

Farming Practices in the Puttallam District of Sri Lanka: Implications for Disease 

Control, Industry Sustainability, and Rural Development. Vet Med Int, 2010: 

Article ID 679130, 7 pages. 

37. Moriarty DJW. 1999. Disease control in shrimp aquaculture with probiotic 

bacteria. Proceedings of the 8th International Symposium on Microbial Ecology, 

pp 237–243. Atlantic Canada Society for Microbial Ecology, Halifax, Canada. 

38. Ulitzur S. 1974. Vibrio parahaemolyticus and Vibrio alginolyticus: Short 

generation-time marine bacteria. Microbial ecology. 1(1):127-135. 



29 

 

39. De Schryver P, Defoirdt T, Sorgeloos P. 2014. Early Mortality Syndrome 

outbreaks: a microbial management issue in shrimp farming? PLoS Pathog 10(4): 

e1003919. doi:10.1371/journal.ppat.1003919. 

40. Jun JW, Han JE, Tang KF, Lightner DV, Kim J, Seo SW, Park SC. 2016. Potential 

application of bacteriophage pVp-1: Agent combating Vibrio parahaemolyticus 

strains associated with acute hepatopancreatic necrosis disease (AHPND) in 

shrimp. Aquaculture. 457:100-103. 

41. Kongrueng J, Mitraparp-arthorn P, Bangpanwimon K, Robins W, Vuddhakul V, 

Mekalanos J. 2017. Isolation of Bdellovibrio and like organisms and potential to 

reduce acute hepatopancreatic necrosis disease caused by Vibrio 

parahaemolyticus. Diseases of Aquatic Organisms. 124(3):223-232. 

42. Støttrup JG. 2003. Production and nutritional value of copepods. In: Støttrup JG, 

McEvoy LA, editors. Live feeds in marine aquaculture. Oxford:Blackwell 

Science Ltd. pp. 145–205. 

43. Lio-Po GD, Leano EM, Penaranda MD, Villa- Franco AU, Sombito CD, Guanzon 

NG Jr. 2005. Anti-luminous Vibrio factors associated with the green water grow-

out culture of the tiger shrimp Penaeus monodon. Aquaculture. 250:1–7. 

44. Tendencia EA, Dela Pena MR. 2010. Effect of different sizes of saline red tilapia 

hybrid Oreochromis niloticus x O. mossambicus on the growth of luminous 

bacteria Vibrio harveyi. Philipp Agric Sci. 93:463–467. 

45. Kokou F, Makridis P, Kentouri M, Divanach P. 2012. Antibacterial activity in 

microalgae cultures. Aquac Res. 43:1520–1527. 

46. Natrah FMI, Bossier P, Sorgeloos P, Yusoff FM, Defoirdt T. 2014. Significance of 

microalgal-bacterial interactions for aquaculture. Reviews in Aquaculture. 6:48–

61. 

47. Natrah FMI, Kenmegne MM, Wiyoto W, Sorgeloos P, Bossier P, Defoirdt T. 

2011. Effects of micro-algae commonly used in aquaculture on acyl-homoserine 

lactone quorum sensing. Aquaculture. 317:53–57. 

48. Skjermo J, Salvesen I, Øie G, Olsen Y, Vadstein O. 1997. Microbially matured 

water: a technique for selection of a non-opportunistic bacterial flora in water that 

may improve performance of marine larvae. Aquac Int. 5:13–28. 

49. Chu KB, Ahmad I, Siti Zahrah A, Irene J, Norazila J, Nik Haiha N, ... Teoh TP. 

2016. Current status of acute hepatopancreatic necrosis disease (AHPND) of 

farmed shrimp in Malaysia. In R. V. Pakingking Jr., E. G. T. de Jesus-Ayson, & 

B. O. Acosta (Eds.), Addressing Acute Hepatopancreatic Necrosis Disease 

(AHPND) and Other Transboundary Diseases for Improved Aquatic Animal 

Health in Southeast Asia: Proceedings of the ASEAN Regional Technical 

Consultation on EMS/AHPND and Other Transboundary Diseases for Improved 

Aquatic Animal Health in Southeast Asia, 22-24 February 2016, Makati City, 

Philippines (pp. 55-59). Tigbauan, Iloilo, Philippines: Aquaculture Department, 

Southeast Asian Fisheries Development Center. 



30 

 

50. Qi Z, Zhang XH, Boon N, Bossier P. 2009. Probiotics in aquaculture of China—

current state, problems and prospect. Aquaculture. 290(1):15-21. 

51. Autin B, Austin DA. 1999. Characteristics of the pathogens. Bacterial fish 

pathogens: disease of farmed and wild fish, 3rd ed. Praxis Publishing Co., 

London, United Kingdom. 

52. Madigan, Michael, Martinko, John (editors). 2005. Brock Biology of 

Microorganisms (11th ed.). Prentice Hall. ISBN 0-13-144329-1. 

53. Ruwandeepika D, Arachchige H, Sanjeewa Prasad Jayaweera T, Paban Bhowmick 

P, Karunasagar I, Bossier P, Defoirdt T. 2012. Pathogenesis, virulence factors and 

virulence regulation of vibrios belonging to the Harveyi clade. Reviews in 

Aquaculture. 4(2):59-74. 

54. Austin B, Zhang XH. 2006. Vibrio harveyi: a significant pathogen of marine 

vertebrates and invertebrates. Letters in Applied Microbiology. 43:119–124. 

55. Ruwandeepika HAD, Defoirdt T, Bhowmick PP, Shekar M, Bossier P, 

Karunasagar I. 2010. Presence of typical and atypical virulence genes in vibrio 

isolates belonging to the Harveyi clade. Journal of Applied Microbiology. 

109:888–899. 

56. Faruque SM, Albert MJ, Mekalanos JJ. 1998. Epidemiology, genetics, and ecology 

of toxigenic Vibrio cholerae. Microbiology and molecular biology reviews: 

MMBR. 62(4):1301–1314. 

57. Farmer JJ. 1979. Vibrio ("Beneckea") vulnificus, the bacterium associated with 

sepsis, septicaemia, and the sea. Lancet. 314 (8148):903. 

58. Toranzo AE, Barja, JL. 1993. Virulence factors of bacteria pathogenic for 

coldwater fish. Annual Review of Fish Diseases. 3:5-36. 

59. Kimes NE, Grim CJ, Johnson WR, Hasan NA, Tall BD, Kothary MH, Kiss H, 

Munk AC, Tapia R, Green L, Detter C. 2012. Temperature regulation of virulence 

factors in the pathogen Vibrio coralliilyticus. The ISME journal. 6(4):835. 

60. Ben-Haim Y, Thompson FL, Thompson CC, Cnockaert MC, Hoste B, Swings J, 

Rosenberg E. 2003. Vibrio coralliilyticus sp. nov., a temperature-dependent 

pathogen of the coral Pocillopora damicornis. International journal of systematic 

and evolutionary microbiology. 53(1):309-315. 

61. Thompson FL, Iida T, Swings J. 2004. Biodiversity of Vibrios. Microbiology and 

Molecular Biology Reviews. 68:403–431. 

62. Aguirre‐Guzmán G, Mejia Ruíz H, Ascencio F. 2004. A review of extracellular 

virulence product of Vibrio species important in diseases of cultivated shrimp. 

Aquaculture Research. 35(15):1395-1404. 

63. Shinoda, S. 1999. Protein toxins produced by pathogenic Vibrios. J Nat Toxins. 

8:259–269. 



31 

 

64. Yildiz FH, Visick KL 2009. Vibrio biofilms: so much the same yet so different. 

Trends in Microbiology. 17:109–118. 

65. Lin Z, Kumagai K, Baba K, Mekalanos JJ, Nishibuchi M. 1993. Vibrio 

parahaemolyticus has a homolog of the Vibrio cholerae toxRS operon that 

mediates environmentally induced regulation of the thermostable direct 

hemolysin gene. Journal of Bacteriology. 175:3844–3855. 

66. Kodama T, Gotoh K, Hiyoshi H, Morita M, Izutsu K, Akeda Y et al. 2010. Two 

regulators of Vibrio parahaemolyticus play important roles in enterotoxicity by 

controlling the expression of genes in the VP-PAI region. PLoS One 5: e8678. 

67. Oliver JD, Kaper JB. 1997. Vibrio species. In: Doyle MP, Beuchat LR, Montville 

TJ (eds) Food Microbiology: Fundamentals and Frontiers. 228–264. ASM Press, 

Washington, DC. 

68. Levin RE. 2006. Vibrio parahaemolyticus, a notably lethal human pathogen 

derived from seafood: a review of its pathogenicity, characteristics, subspecies 

characterization, and molecular methods of detection. Food Biotechnology. 

20:93–128. 

69. Nishibuchi M, Kaper JB. 1995. Thermostable direct hemolysin gene of Vibrio 

parahaemolyticus: a virulence gene acquired by a marine bacterium. Infection 

and Immunity. 63:2093–2099. 

70. Makino K, Oshima K, Kurokawa K, Yokoyama K, Uda T, Tagomori K, Iijima Y, 

Najima M, Nakano M, Yamashita A, Kubota Y, Kimura S, Yasunaga T, Honda 

T, Shinagawa H, Hattori M, Iida T. 2003. Genome sequence of Vibrio 

parahaemolyticus: a pathogenic mechanism distinct from that of V. cholerae. 

Lancet. 361:743–749. 

71. Jiang Y, Yao L, Li F, Tan Z, Zhai Y, Wang L. 2014. Characterization of 

antimicrobial resistance of Vibrio parahaemolyticus from cultured sea cucumbers 

(Apostichopus japonicas). Letters in applied microbiology. 59(2):147-154. 

72. Shaw KS, Goldstein RE, He X, Jacobs JM, Crump BC, Sapkota AR. 2014. 

Antimicrobial susceptibility of Vibrio vulnificus and Vibrio parahaemolyticus 

recovered from recreational and commercial areas of Chesapeake Bay and 

Maryland Coastal Bays. PLoS One. 9(2):e89616. 

73. Al-Othrubi SM, Kqueen CY, Mirhosseini H, Hadi YA, Radu S. 2014. Antibiotic 

resistance of Vibrio parahaemolyticus isolated from cockles and shrimp sea food 

marketed in Selangor, Malaysia. Clin Microbiol. 3:148-154. 

74. Kongrueng J, Yingkajorn M, Bunpa S, Sermwittayawong N, Singkhamanan K, 

Vuddhakul V. 2015. Characterization of Vibrio parahaemolyticus causing acute 

hepatopancreatic necrosis disease in southern Thailand. Journal of fish diseases. 

38(11):957-966. 

 



32 

 

75. Lee CT, Chen IT, Yang YT, Ko TP, Huang YT, Huang JY, Huang MF, Lin SJ, 

Chen CY, Lin SS, Lightner DV. 2015. The opportunistic marine pathogen Vibrio 

parahaemolyticus becomes virulent by acquiring a plasmid that expresses a 

deadly toxin. Proceedings of the National Academy of Sciences. 112(34):10798-

10803. 

76. Gomez-Gil B, Soto-Rodríguez S, Lozano R, Betancourt-Lozano M. 2014. Draft 

genome sequence of Vibrio parahaemolyticus strain M0605, which causes severe 

mortalities of shrimps in Mexico. Genome Announc. 6, 2. 

77. FAO/WHO. 2001. Health and Nutritional Properties of Probiotics in Food 

including Poser Milk with Live Lactic Acid Bacteria. Food and Agriculture 

Organization of the United Nations and World Health Organization Expert 

Consultation Report. 

http://www.who.int/foodsafety/publications/fs_managment/en/probiotic.pdf 

78. Austin B, Baudet E, Stobie M. 1992. Inhibition of bacterial fish pathogens by 

Tetraselmis suecica. J Fish Dis. 15:55-61. 

79. Gildberg A, Johansen A, Bogwald J. 1995. Growth and survival of Atlantic 

salmon (Salmo salar) fry given diets supplemented with fish protein hydrolysate 

and lactic acid bacteria during a challenge trial with Aeromonas salmonicida. 

Aquaculture. 138:23. 

80. Rosenberry B. 1996. World shrimp farming, an annual report. Shrimp News 

International, San Diego, CA, USA. 

81. Lightner DV, Redman RM. 1998. Shrimp diseases and current diagnostic methods. 

Aquaculture. 164:201-230. 

82. Primavera JH. 1994. Environmental and socio-economic effects of shrimp 

farming: the Philippine experience. INFOFISH International 1:44-49 

83. Murray GE, Tobin RS, Junkins B, Kushner DJ. 1984. Effect of chlorination on 

antibiotic resistance profiles of sewage related bacteria. Appl Environ Microbiol. 

48:73-77. 

84. Kruse H, Sørum H. 1994. Transfer of multiple drug resistance plasmids between 

bacteria of diverse origins in natural environments. Appl Environ Microbiol. 

60:4015-4021. 

85. Celli J, Trieu‐Cuot P. 1998. Circularization of Tn916 is required for expression of 

the transposon‐encoded transfer functions: characterization of long tetracycline‐
inducible transcripts reading through the attachment site. Molecular 

microbiology. 28(1):103-17. 

86. Reilly A, DosSantos CL, Phillips M. 1998. Food safety and products from 

Aquaculture. FAO Aquacult. NewsLett. 19: 3–7. 



33 

 

87. Holmström C, Kjelleberg S. 1999. Marine Pseudoalteromonas species are 

associated with higher organisms and produce biologically active extracellular 

agents. FEMS microbiology ecology. 30(4):285-923. 

88. Bowman JP. 2007. Bioactive compound synthetic capacity and ecological 

significance of marine bacterial genus Pseudoalteromonas. Marine Drugs. 

5(4):220-241. 

89. Verschuere L, Rombaut G, Huys G, Dhont J, Sorgeloos P, Verstraete W. 1999. 

Microbial control of the culture of Artemia juveniles through preemptive 

colonization by selected bacterial strains. Appl Environ Microbiol. 65:2527–

2533. 

90. Verschuere L, Heang H, Criel G, Sorgeloos P, Verstraete W. 2000. Selected 

bacterial strains protect Artemia spp. from the pathogenic effects of Vibrio 

proteolyticus CW8T2. Appl Environ Microbiol. 66:1139–1146. 

91. Defoirdt T, Crab R, Wood TK, Sorgeloos P, Verstraete W, Bossier P. 2006. 

Quorum sensing-disrupting brominated furanones protect the gnotobiotic brine 

shrimp Artemia franciscana from pathogenic Vibrio harveyi, Vibrio campbellii, 

and Vibrio parahaemolyticus isolates. Applied and environmental microbiology. 

72(9):6419-6423. 

92. Defoirdt T, Bossier P, Sorgeloos P, Verstraete W. 2005. The impact of mutations 

in the quorum sensing systems of Aeromonas hydrophila, Vibrio anguillarum and 

Vibrio harveyi on their virulence towards gnotobiotically cultured Artemia 

franciscana. Environmental microbiology. 7(8):1239-1247. 

93. Vinoj G, Vaseeharan B, DavidJayaseelan B, Rajakumaran P, Ravi C. 2013. 

Inhibitory effects of Bacillus licheniformis (DAB1) and Pseudomonas aeruginosa 

(DAP1) against Vibrio parahaemolyticus isolated from Fenneropenaeus indicus. 

Aquaculture international. 21(5):1121-1135. 

94. Nunes BS, Carvalho FD, Guilhermino LM, Stappen GV. 2006. Use of the genus 

Artemia in ecotoxicity testing. Environ Pollut. 144:453–462. 

95. Lazado CC, Lacsamana JI, Caipang CM. 2015. Mechanisms of probiotic actions in 

shrimp: Implications to tropical aquaculture. In Biotechnological Advances in 

Shrimp Health Management in the Philippines. Research Signpost. 89-114. 

96. Boonthai T, Vuthiphandchai V, Nimrat S. 2011. Probiotic bacteria effects on 

growth and bacterial composition of black tiger shrimp (Penaeus monodon). 

Aquacult Nutr. 17:634-644. 

97. Gram L, Lovold T, Nielsen J, Melchiorsen J, Spanggaard B. 2001. In vitro 

antagonism of the probiont Pseudomonas fluorescens strain AH2 against 

Aeromonas salmonicida does not confer protection of salmon against 

furunculosis. Aquaculture. 199:1–11. 

98. Lilley BN, Bassler BL. 2000. Regulation of quorum sensing in Vibrio harveyi by 

LuxO and Sigma-54. Molec Microbiol. 36:940-954. 



34 

 

99. Thole S, Kalhoefer D, Voget S, Berger M, Engelhardt T, Liesegang H, Wollherr 

A, Kjelleberg S, Daniel R, Simon M, Thomas T. 2012. Phaeobacter gallaeciensis 

genomes from globally opposite locations reveal high similarity of adaptation to 

surface life. The ISME journal. 6(12):2229-2244. 

100. Wagner-Döbler I, Biebl H. 2006. Environmental biology of the marine 

Roseobacter lineage. Annu Rev Microbiol. 60:255-280. 

101. Porsby CH, Nielsen KF, Gram L. 2008. Phaeobacter and Ruegeria species of the 

Roseobacter clade colonize separate niches in a Danish turbot (Scophthalmus 

maximus)-rearing farm and antagonize Vibrio anguillarum under different growth 

conditions. Applied and environmental microbiology. 74(23):7356-7364. 

102. Buchan A, González JM, Moran MA. 2005. Overview of the marine Roseobacter 

lineage. Appl Environ Microbiol. 71:5665-5677 

103. Howard EC, Henriksen JR, Buchan A, Reisch CR, Bürgmann H, Welsh R, Ye W, 

González JM, Mace K, Joye SB, Kiene RP. 2006. Bacterial taxa that limit sulfur 

flux from the ocean. Science. 314(5799):649-652 

104. Slightom RN, Buchan A. 2009. Surface colonization by marine roseobacters: 

integrating genotype and phenotype. Appl Environ Microbiol. 75:6027-6037. 

105. Bruhn JB, Nielsen KF, Hjelm M, Hansen M, Bresciani J, Schulz S, Gram L. 

2005. Ecology, inhibitory activity, and morphogenesis of a marine antagonistic 

bacterium belonging to the Roseobacter clade. Applied and environmental 

microbiology. 71(11):7263-7270. 

106. Brinkhoff T, Giebel HA, Simon M. 2008. Diversity, ecology, and genomics of 

the Roseobacter clade: a short overview. Archives of microbiology. 189(6):531-

539. 

107. Karim M, Zhao W, Rowley D, Nelson D, Gomez-Chiarri M. 2013. Probiotic 

strains for shellfish aquaculture: protection of eastern oyster, Crassostrea 

virginica, larvae and juveniles against bacterial challenge. Journal of Shellfish 

Research. 32(2):401-408. 

108. Dang H, Li T, Chen M, Huang G. 2008. Cross-ocean distribution of 

Rhodobacterales bacteria as primary surface colonizers in temperate coastal 

marine waters. Appl Environ Microbiol. 74:52-60. 

109. Seyedsayamdost MR, Case RJ, Kolter R, Clardy J. 2011. The Jekyll-and-Hyde 

chemistry of Phaeobacter gallaeciensis. Nat Chem. 3:331–335. 

110. Seyedsayamdost MR, Carr G, Kolter R, Clardy J. 2011. Roseobacticides: small 

molecule modulators of an algal-bacterial symbiosis. Journal of the American 

Chemical Society. 133(45):18343-18349. 

111. Rao D, Webb JS, Holmström C, Case R, Low A, Steinberg P, Kjelleberg S. 2007. 

Low densities of epiphytic bacteria from the marine alga Ulva australis inhibit 

settlement of fouling organisms. Applied and environmental microbiology. 

73(24):7844-7852 



35 

 

112. Geng H, Bruhn JB, Nielsen KF, Gram L, Belas R. 2008. Genetic dissection of 

tropodithietic acid biosynthesis by marine roseobacters. Applied and 

environmental microbiology. 74(5):1535-1545. 

113. D'Alvise PW, Melchiorsen J, Porsby CH, Nielsen KF, Gram L. 2010. 

Inactivation of Vibrio anguillarum by attached and planktonic Roseobacter cells. 

Appl Environ Microbiol. 76:2366-2370. 

114. Porsby CH, Webber MA, Nielsen KF, Piddock LJ, Gram L. 2011. Resistance and 

tolerance to tropodithietic acid, an antimicrobial in aquaculture, is hard to select. 

Antimicrobial agents and chemotherapy. 55(4):1332-1337. 

115. Wilson MZ, Wang R, Gitai Z, Seyedsayamdost MR. 2016. Mode of action and 

resistance studies unveil new roles for tropodithietic acid as an anticancer agent 

and the γ-glutamyl cycle as a proton sink. Proceedings of the National Academy 

of Sciences. 113(6):1630-1635. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

 

Manuscript I 

 

Publication status: Preparing to submit to BMC Microbiology 

 

Title: Biocontrol of acute hepatopancreatic necrosis disease (AHPND)  

 

Authors: Jason P. LaPorte
1
, Marta Gomez-Chiarri

2
, David C. Rowley

3
, David R. 

Nelson
1
 

 

Author affiliation: 
1
Department of Cell and Molecular Biology, 

2
Department of 

Fisheries, Animal and Veterinary Sciences, 
3
Department of Biomedical and 

Pharmaceutical Sciences, University of Rhode Island, Kingston, RI 02881, USA 

 

Key Words: Acute hepatopancreatic necrosis disease (AHPND), probiotics, 

aquaculture, Vibrio parahaemolyticus, Phaeobacter inhibens, Litopenaeus vannamei 

 

 

 



37 

 

Abstract 

Acute hepatopancreatic necrosis disease (AHPND) causes mass mortalities in 

farmed penaeid shrimp and has proven difficult to control using typical disease control 

measures.  The causative agent of AHPND has been identified as Vibrio 

parahaemolyticus strains possessing the 69 kbp plasmid pVPA3-1 containing genes 

homologous with Photorhabdus insect-related (Pir) toxin-like genes (pirA- and pirB-

like).  Probiotics have been used successfully in shrimp aquaculture to control disease 

outbreaks caused by pathogenic Vibrio spp., but there are currently no probiotics 

available that have been proven to control AHPND.  The goal of this study was to 

screen and characterize marine bacterial isolates as potential agents to prevent Artemia 

nauplii and Litopenaeus vannamei post-larvae (PL) mortality by the pathogen V. 

parahaemolyticus.  Twelve candidate probionts were tested in an Artemia sp. model.  

Phaeobacter inhibens was the only candidate probiont tested that could significantly 

increase the survival of Artemia nauplii challenged with AHPND V. parahaemolyticus 

(p<0.001).   Candidate probionts Pseudoalteromonas piscicida, Pseudoalteromonas 

flavipulchra, and Pseudoalteromonas arabiensis caused mortality in Artemia nauplii 

(p<0.001).  Six species of candidate probionts were tested in L. vannamei.  P. inhibens 

was the only candidate probiont tested which was not harmful to L. vannamei PLs and 

significantly increased the survival of PLs challenged with AHPND V. 

parahaemolyticus by 41% (p<0.001). 
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Introduction 

In 2009 an emerging disease now known as acute hepatopancreatic necrosis 

disease (AHPND) began to affect penaeid shrimp farms in southern China [1, 2].  The 

disease has spread to Vietnam, Malaysia, Thailand, and Mexico with global losses 

from AHPND estimated to be more than one billion US dollars annually [2-5].  

AHPND affects both whiteleg shrimp (Litopenaeus vannamei) and black tiger shrimp 

(Penaeus monodon) and can lead to 100 % mortality in affected populations [3].  The 

disease causes serious production losses in affected areas, which negatively impacts 

local employment, social welfare, and international markets [6].  The causative agent 

of AHPND has been identified as Vibrio parahaemolyticus strains possessing the 69 

kbp plasmid pVPA3-1 containing genes homologous with Photorhabdus insect-related 

(Pir) toxin-like genes (pirA- and pirB-like) [2, 7].  AHPND has proven difficult to 

control using typical disease control measures such as water disinfection and antibiotic 

treatment [8, 9]. 

Disease prevention can be challenging for shrimp farmers because most 

farmers do not have resources necessary to treat seawater before it is used to fill their 

ponds [10]. Further, by the time shrimp show signs of AHPND, it is difficult to treat 

as antibiotic treatment has proven unsuccessful in most cases [9] and antibiotic 

treatment will select for antibiotic resistant bacteria.  Additionally, treating water 

sources with chlorine, ozone, or UV before stocking does not provide total sterility 

[8].  Further, disinfection of water perturbs the natural microbial balance, leaving the 

environment open to opportunistic bacteria that survive disinfection, and can actually 

favor the growth of Vibrio species, which grow rapidly after their competitors are 
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removed [11].  Occurrences of overgrowth of pathogenic bacteria such as Vibrio in 

shrimp grow-out ponds can be reduced by minimizing disturbances such as water 

disinfection that can lead to sudden variations in nutrient levels, and by colonizing 

pond water with nonpathogenic bacteria and/or algae [12]. 

Current recommendations to prevent AHPND outbreaks in shrimp farms 

include the use greenwater systems [13] or the application of biocontrol strategies 

such as probiotics [5], phage [14], or Bdellovibrio-and-like organisms (BALOs) [15].  

Studies have shown that probiotics can be used in aquaculture to prevent diseases in a 

variety of farmed species while also improving harvest yields [16-23].  Probiotics 

provide several benefits in aquaculture including improvement of water quality, 

enhancement of nutrition of host species, reduced incidence of diseases, higher 

survival rates, and improved host immune response [16, 18, 24].  Probiotics have been 

used successfully in shrimp aquaculture to control disease outbreaks caused by 

pathogenic Vibrio spp. [16-18, 20, 21] and may have the potential to control AHPND.  

Probiotics provide an alternative to the use of antibiotics in aquaculture, which have 

become increasingly controversial and ineffective due to the emergence of antibiotic 

resistance in bacteria [16, 25-27].  Currently there are no probiotics commercially 

available to shrimp farmers that have proven to be effective at preventing AHPND.  A 

recent study determined that the probiotics which are available to shrimp farmers in 

Malaysia are not effective at controlling AHPND [28]. 

Before potential probiotic organisms can be used in aquaculture, they must be 

tested to confirm that no pathogenic effects can occur in the host.  Artemia spp. have 

been used as a model organism not only for toxicology studies but also to test the 
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effectiveness of probiotics and the role of quorum sensing in pathogenesis [29-36].  

Artemia spp. are useful model organisms because they adapt easily to changes in 

nutrients, salinity, temperature, and oxygen, are easy to culture, are resistant to 

manipulation, have a short life cycle, and are inexpensive [35]. 

In this study, ten newly isolated potential probionts, as well as two oyster 

probionts, Phaeobacter inhibens S4Sm and Bacillus pumilus RI06-95, were identified 

as having in vitro antibiotic activity against an AHPND strain of V. parahaemolyticus.  

These 12 candidate probionts were tested in vivo for their ability to protect Artemia 

nauplii or L. vannamei post-larvae (PL) from AHPND V. parahaemolyticus challenge.  

It was found that P. inhibens S4Sm was the only candidate probiont tested which 

significantly increased the survival of Artemia nauplii challenged with AHPND V. 

parahaemolyticus.  All species of Pseudoalteromonas tested were found to be 

pathogenic to Artemia sp.  P. inhibens S4Sm was also the only candidate probiont 

which was not harmful to L. vannamei PLs and significantly increased the survival of 

PLs challenged with AHPND V. parahaemolyticus. 

 

Materials and Methods 

Bacterial strains and growth conditions 

  Candidate probionts used in this study are listed in Table 1.  All bacteria were 

grown for 24 h at 27 °C with shaking.  All Bacillus strains were grown in 2×LB30IOS 

(20 g/L tryptone, 10 g/L yeast extract, 30 g/L Instant Ocean
®
, pH 7).  P. inhibens 

S4Sm, Bowmanella denitrificans JL63, and all Pseudoalteromonas strains were grown 
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in LB30IOS (10 g/L tryptone, 5 g/L yeast extract, 30 g/L Instant Ocean
®
, pH 7).  V. 

parahaemolyticus strains were grown in LB20 (10 g/L tryptone, 5 g/L yeast extract, 20 

g/L NaCl, pH 8).  Spontaneous streptomycin-resistant mutants were selected by 

passing on increasing concentrations of streptomycin, up to 200 µg/ml.  These strains 

are indicated by “Sm” at the end of their strain name.  All bacterial strains were 

maintained and stored in 25% glycerol stocks at -80 °C. 

 

Isolation of candidate probiotic bacteria 

  Environmental samples, such as seawater or small marine invertebrates, such 

as shrimp, were collected for the isolation of bacteria (Table 1.).  Seawater collected 

from Narragansett Bay, Rhode Island, USA was serially diluted in sterile artificial 

seawater (ASW) (30 g/L Instant Ocean
®
, pH 8, autoclaved) and 100 µl of each 

dilution was spread on YP30IOS agar (5 g/L peptone, 1 g/L yeast extract, 30 g/L 

Instant Ocean
®
, 15 g/L agar, pH 7.5) and incubated at 27 °C for 24-48 h.  Small 

marine invertebrates were blended in sterile ASW in a sterile blender, serially diluted 

in sterile ASW, and 100 µl of each dilution was spread on YP30IOS agar and 

incubated at 27 °C for 24-48 h.  Isolated bacterial colonies were picked from the 

YP30IOS agar and inoculated into LB30IOS and incubated at 27 °C with shaking for 

24-48 h before being used in zone of inhibition assays. 
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16S rRNA gene sequencing 

  Genomic DNA was isolated using the Bio Basic EZ-10 Spin Column Bacterial 

Genomic DNA Miniprep Kit.  Primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) 

and 1525R (5’-AAGGAGGTGWTCCARCC-3’) were used to amplify the 16S rRNA 

gene [37].  Extracted gDNA (1 µl at a concentration of 10-60 ng/µl) was combined 

with 1 µl of each primer (stock solution, 10 µmol), 9.5 µl nuclease-free water, and 

12.5 µl of QIAGEN Taq PCR master mix.  Reaction conditions were 95 °C for 2 min, 

followed by 35 cycles of 94 °C for 15 s, 53 °C for 30 s, and 72 °C for 1.5 min; and a 

final extension at 72 °C for 5 min.  PCR products were sequenced at the University of 

Rhode Island Genomics and Sequencing Center. 

 

Zone of inhibition assay 

  Zones of inhibition were quantified using a modification of a method described 

previously [38].  V. parahaemolyticus PSU5429 was grown for 24 h in LB20, diluted 

10
3
-fold, and 100 µl of this diluted culture was spread on YP30IOS agar.  The 

candidate probionts (10 µl of a 24 h culture) were then spotted on the same plate.  

Plates were incubated at 27 °C for 24-48 h.  Inhibition zones were measured between 

growth of the candidate probiont (edge of spot) and the V. parahaemolyticus lawn 

(edge of lawn).  Each candidate probiont was tested three times. 
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Biofilm assay 

  Biofilm formation was quantified using a modification of the crystal violet 

staining method [39].  Bacteria were grown for 24 h before being diluted 10
3
-fold into 

200 µl of YP30IOS in a polystyrene 96-well plate which was then incubated at 27 °C 

for 24 h under static conditions.  Biofilms in the wells were washed with ASW twice, 

stained with 0.2% crystal violet for 20 min, washed twice with ASW, and biofilm-

bound crystal violet was eluted with 95% ethanol for 30 min before being measured at 

OD580.  Each candidate probiont was tested in three wells per experiment and each 

experiment was repeated twice. 

 

Characterization of V. parahaemolyticus strains using duplex PCR for the 

detection of pirA- and pirB-like genes 

  Ten strains of V. parahaemolyticus isolated from shrimp farms located in 

Pattani and Songkla provinces, southern Thailand during an AHPND outbreak were 

screened for pirA- and pirB-like genes.  These V. parahaemolyticus strains were gifted 

to us from Wenjing Zhao at the Mekalanos Lab, Harvard Medical School.  Genomic 

DNA was isolated using the Bio Basic EZ-10 Spin Column Bacterial Genomic DNA 

Miniprep Kit.  Primers VpPirA-284F (5’-TGACTATTCTCACGATTGGACTGR-3’), 

VpPirA-284R (5’-CACGACTAGCGCCATTGTTA-3’), VpPirB-392F (5’-

TGATGAAGTGATGGGTGCTC-3’), and VpPirB-392R (5’-

TGTAAGCGCCGTTTAACTCA-3’) were used to amplify the pirA- and pirB-like 

genes [2].  1 µl of extracted gDNA (10-60 ng/µl) was combined with 1 µl of each 
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primer (10 µmol), 7.5 µl nuclease-free water, and 12.5 µl of QIAGEN Taq PCR 

master mix.  Reaction conditions were 94 °C for 3 min, followed by 35 cycles of 94 

°C for 30 s, 60 °C for 30 s, and 72 °C for 30 s; and a final extension at 72 °C for 7 

min.  PCR products were separated on a 2% agarose gel containing ethidium bromide 

(0.4 µg/ml) and visualized on a UV transilluminator.  Presence of pirA-like is 

indicated by a band at 284 bp, while presence of pirB-like is indicated by a band at 

392 bp. 

 

Artemia challenge 

  Artemia cysts (0.075 g) were hatched in an inverted 60 ml syringe, covered 

with perforated plastic wrap, containing 60 ml HEPPS-buffered (10 mM, pH 8.2) 

sterile ASW at 28 °C for 24 h with constant aeration and fluorescent light.  To 

maintain pH and maximize Artemia hatching rate, an increased buffer capacity is 

required to avoid a drop in the pH due to the acid produced by cysts during hatching 

[40].  Hatched nauplii (2 ml, containing approximately 400 nauplii) were transferred 

to 50 ml centrifuge tubes containing 26.3 ml HEPPS-buffered (10 mM, pH 8.2) ASW.  

Nauplii were fed autoclaved Escherichia coli K-12 cells at a final concentration of 10
7
 

cells/ml during hatching and every 24 h.  Candidate probionts were washed twice in 

sterile ASW by centrifugation at 6,000 × g for ten minutes at 4 °C.  Nauplii were 

treated with candidate probionts after hatching and every 24 h.  The centrifuge tubes 

were placed on a rotator set to 4 rpm at 30 °C.  After incubation for 24 h, 1.6 ml 

YP30IOS was added to each tube and nauplii were challenged with 1×10
5
 CFU/ml 

washed V. parahaemolyticus cells.  V. parahaemolyticus cells were washed twice in 
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sterile ASW by centrifugation at 5,000 × g for five minutes at room temperature.  To 

count nauplii, the tubes were inverted five times to mix the nauplii suspension, 1 ml of 

the nauplii suspension was transferred into each well of a tri-well petri dish containing 

5 ml of ASW with 0.05% agar (to slow nauplii movement during counting), and 

nauplii were viewed under a dissecting microscope.  Nauplii were counted at 24 h and 

72 h to quantify survival.  Nauplii which showed any signs of movement were counted 

as alive.  Each treatment was tested in three tubes and was repeated twice.  Water in 

each tube was not changed during the experiment. 

 

Whiteleg shrimp (Litopenaeus vannamei) post-larvae challenge 

  Litopenaeus vannamei PLs were purchased from Miami-Aquaculture (Boynton 

Beach, Florida, USA) and maintained at room temperature in ASW in a 20 L 

aquarium tank with filtration (Hagen
®
 AquaClear

®
 50 power filter, Mansfield, MA) 

and weekly water changes.  PLs (approximately 10 mm – 20 mm in length) were fed 

Hagen
®
 Fluval

®
 (Mansfield, MA) Shrimp Granules daily.  Six PLs were transferred to 

250 ml bottles with 200 ml ASW containing 200 µg/ml streptomycin and provided 

aeration through a sterile air stone.  Streptomycin-resistant candidate probionts were 

washed twice in sterile ASW by centrifugation at 6,000 × g for ten minutes at 4 °C.  

PLs were treated with probiotics at 1×10
6
 CFU/ml at the beginning of the experiment 

and every 24 h.  After a 24 h pretreatment period, PLs were challenged with 1×10
6
 

CFU/ml washed streptomycin-resistant V. parahaemolyticus PSU5579Sm cells. V. 

parahaemolyticus PSU5579Sm was washed twice in sterile ASW by centrifugation at 

5,000 × g for five minutes at room temperature.  PLs were incubated at 30 °C and 
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survival was quantified 48 h post-challenge.  Each treatment was tested in three bottles 

and the experiment was repeated twice.  Water in each bottle was not changed during 

the experiment. 

 

Statistical analysis 

Statistical data analysis was performed using the Student’s t-test. Data with 

p<0.05 was considered to be statistically significant. 

 

Results 

Isolation of candidate probiotic bacteria and 16S sequencing 

More than 300 bacterial isolates were screened for antibiotic activity against V. 

parahaemolyticus PSU5429 by zone of inhibition (ZOI) assay.  A total of 30 isolates 

were found to inhibit the growth of V. parahaemolyticus PSU5429.  The 16S rRNA 

genes of these isolates were sequenced to identify their species, and these data 

combined with the ZOI and biofilm data were analyzed to rule out strains that were 

isolated more than once.  This analysis revealed that of the 30 original isolates, 10 

were unique strains (Table 1), while the remaining 20 isolates were duplicates.  Two 

oyster probiotic organisms, P. inhibens S4Sm and B. pumilus RI06-95, previously 

identified by Karim et al. [41], were also tested by ZOI and found to inhibit the growth 

of V. parahaemolyticus PSU5429.  B. pumilus HR1 was gifted to us by Hilary Ranson 

at the Rowley lab, University of Rhode Island. 
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Table 1. Candidate probiotic organisms that produce a zone of inhibition against V. 

parahaemolyticus PSU5429. 

Candidate Probiont Source Location of collection Reference 

Phaeobacter inhibens S4Sm Oyster shell Rhode Island Karim et al. [41] 

Bacillus pumilus RI06-95 Marine sponge Narrow River, RI Karim et al. [41] 

Pseudoalteromonas 

piscicida GR1 

Seawater Galilee, Narragansett, RI This study 

Pseudoalteromonas 

flavipulchra GR4 

Seawater Galilee, Narragansett, RI This study 

Pseudoalteromonas 

flavipulchra JL1 

Seawater Upper Pond, South Kingstown, 

RI 

This study 

Pseudoalteromonas 

piscicida JL12 

Seawater Upper Pond, South Kingstown, 

RI 

This study 

Pseudoalteromonas 

piscicida JL15 

Brine shrimp Critter Hut, Wakefield, RI This study 

Pseudoalteromonas 

flavipulchra JL18 

Brine shrimp Critter Hut, Wakefield, RI This study 

Pseudoalteromonas 

arabiensis JL29 

Brine shrimp Critter Hut, Wakefield, RI This study 

Bowmanella denitrificans 

JL63 

Whiteleg 

shrimp 

SKy8 Shrimp Farm, Stoughton, 

MA 

This study 

Bacillus pumilus JL70 Gulf shrimp 

hindgut 

Gulf of Mexico This study 

Bacillus pumilus HR1 Lobster shell Narragansett Bay, RI This study 

 

 

Zone of inhibition assay 

Zones of inhibition (ZOI) produced by candidate probionts against V. 

parahaemolyticus PSU5429 were quantified to evaluate each organism’s ability to 

inhibit V. parahaemolyticus growth on an agar surface.  ZOIs are areas around the 

candidate probiont spot where V. parahaemolyticus was plated, but was not able to 

grow due to the presence of growth-inhibiting compound(s) secreted by the candidate 

probiont.  Of the 12 candidate probionts, Pseudoalteromonas flavipulchra JL1 and 
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GR4 and  Pseudoalteromonas piscicida JL15 produced the largest ZOIs (6.4 mm, 4.6 

mm, and 5.9 mm, respectively) (Figure 1).  P. inhibens S4Sm, Ps. piscicida GR1 and 

JL12, and Ps. flavipulchra JL18 produced moderate ZOIs (1.5 mm, 1.7 mm, 2.2 mm, 

and 1.2 mm, respectively) (Figure 1).  Pseudoalteromonas arabiensis JL29, B. 

denitrificans JL63, and B. pumilus RI06-95, JL70, and HR1 produced the smallest 

ZOIs (0.1 mm, 0.3 mm, 0.4 mm, 0.7 mm, and 0.6 mm, respectively) (Figure 1). 
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Figure 1. Zones of inhibition produced by candidate probionts against V. 

parahaemolyticus PSU5429.  100 µl of a 10
3
-fold diluted stationary phase V. 

parahaemolyticus culture was spread on YP30 agar and 10 µl of a stationary phase 

culture of each candidate probiont was spotted over the V. parahaemolyticus lawn.  

Plates were incubated at 27 °C for 24-48 h.  Inhibition zones were measured between 

growth of the candidate probiont and the V. parahaemolyticus lawn.  Representative of 

three independent experiments.  Error bars equal one standard deviation. 

 

Biofilm assay 

 The biofilm forming ability of each candidate probiont, as well as V. 

parahaemolyticus PSU5579, was quantified to determine if any of the candidate 

probionts can form stronger biofilms than V. parahaemolyticus.  Of the 12 candidate 

probionts, P. inhibens S4Sm, B. pumilus RI06-95, Ps. piscicida GR1, Ps. flavipulchra 
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JL1, Ps. piscicida JL12, and Ps. flavipulchra JL18 produced the strongest biofilms 

(OD580 = 3.7, 3.3, 3.2, 3.2, 3.0, and 3.4 respectively) (Figure 2).  Ps. flavipulchra GR4, 

Ps. piscicida JL15, B. denitrificans JL63, and B. pumilus JL70 produced moderate 

biofilms (OD580 = 2.3, 2.1, 2.4, and 2.6 respectively) while Ps. arabiensis JL29 and B. 

pumilus HR1 were the weakest biofilm formers (OD580 = 1.3 and 0.8 respectively) 

(Figure 2).  V. parahaemolyticus PSU5579 produced a weak biofilm (OD580 = 0.7) 

(Figure 2).  The only candidate probiont that did not produce a significantly stronger 

biofilm than V. parahaemolyticus PSU5579 was B. pumilus HR1 (p=0.565) (Figure 2).  

The eleven other candidate probionts all produced significantly stronger biofilms than 

V. parahaemolyticus PSU5579 (p<0.006) (Figure 2). 
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Figure 2. Biofilm formation quantified by the crystal violet method.  Cultures were 

grown, as described in the Methods, in 96-well plates for 24 hours at 27 °C.  Biofilms 

in the wells were washed with ASW, stained with 0.2% crystal violet, washed again, 

and biofilm-bound crystal violet was eluted with 95% ethanol before the optical 

density was measured at 580 nm (OD580).   Representative of three independent 

experiments with three technical replicates per experiment.  Error bars equal one 

standard deviation.  * indicates statistically significant difference from V. 

parahaemolyticus PSU5579 (t-test, p<0.05). 
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pirA- and pirB-like genes by duplex PCR.  Six of these strains (PSU5429, PSU5495, 

PSU5501, PSU5507, PSU5520, and PSU5579) possess both pirA- and pirB-like genes 

(Figure 3).  Three of these strains (PSU5580, PSU5585, and PSU5599) possess only 

pirA-like and one strain (PSU5587) lacks both pirA- and pirB-like genes (Figure 3).  

Strains which possess both pirA- and pirB-like genes have the potential to cause 

AHPND.  All six strains possessing both pirA- and pirB-like genes were used in a 

preliminary experiment to challenge Artemia nauplii.  Of the six strains tested, V. 

parahaemolyticus PSU5579 induced the highest mortality rate in Artemia nauplii 

(Figure S1) and was chosen as the strain to be used in future experiments.  For this 

preliminary experiment, Artemia were not fed during hatching and were challenged 

with V. parahaemolyticus strains immediately after hatching without the 24 h 

pretreatment period used in other experiments.  This protocol was later modified (as 

described in the Materials and Methods) to allow for a 24 h pretreatment period. 
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Figure 3. Duplex PCR detection of pirA- and pirB-like genes found on the pVPA3-1 

plasmid. PCR amplification was performed using primers VpPirA-284F/R and 

VpPirB-392F/R and was viewed on a 2% agarose gel containing ethidium bromide 

(0.4 µg/ml) as described by Han et al. [2].  Presence of a pirA-like amplicon is 

indicated by a band at 284 bp, while presence of a pirB-like amplicon is indicated by a 

band at 392 bp. 

 

Artemia challenge studies 

To determine if any of the candidate probiotic organisms have the potential to 

prevent AHPND, an assay was developed to test if candidate probionts could protect 

Artemia nauplii from AHPND V. parahaemolyticus challenge.  This assay also served 

as a test to determine if any of the candidate probionts can be harmful to crustaceans, 

such as Artemia sp., under certain conditions.  For this assay, the addition of 1.6 ml 
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YP30IOS allowed for V. parahaemolyticus PSU5579 to consistently induce a 53% - 

71% mortality rate in Artemia nauplii when applied at 10
5
 CFU/ml 24 h after hatching 

(Figure S2).  When V. parahaemolyticus PSU5579 was applied at 10
4
 CFU/ml 24 h 

after hatching, the mortality rate was lower (39% - 49%) (Figure S2).  The higher 

mortality rate induced by V. parahaemolyticus PSU5579 when applied at 10
5
 CFU/ml 

provides a range of survival between the challenged and unchallenged controls where 

a level of protection provided by probiotic organisms can be detected, which is why 

this concentration was used for these experiments.  Without the addition of YP30IOS, 

challenging Artemia nauplii 24 h after hatching with V. parahaemolyticus PSU5579 at 

10
6
 or 10

7
 CFU/ml only induced 0% or 28% mortality, respectively (Figure S3). 

Twelve candidate probiotic organisms were tested for their potential ability to 

kill Artemia nauplii, as well as their ability to protect nauplii from challenge with V. 

parahaemolyticus PSU5579.  Artemia nauplii pretreated with 10
6
 CFU/ml P. inhibens 

S4Sm for 24 h exhibited a statistically significant 1.8-fold increase in survival (70% 

survival) when challenged with V. parahaemolyticus PSU5579 (p<0.001) compared to 

the Artemia challenge control (38% survival) (Figure 4).  Artemia nauplii pretreated 

with P. inhibens S4Sm at 10
6
 CFU/ml had 32% higher survival after challenge with V. 

parahaemolyticus PSU5579 than those pretreated with P. inhibens S4Sm at 10
5
 

CFU/ml (Figure S4).  None of the other eleven probiont candidate isolates were able 

to protect Artemia nauplii from infection and death when challenged with V. 

parahaemolyticus PSU5579 (Figures 5 and 6).  Artemia nauplii treated with P. 

inhibens S4Sm at 10
6
 CFU/ml daily for 72 h (probiotic control) exhibited a 17.6% 
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decline in survival (to 75%) compared to the untreated control (91%) (p=0.001) 

(Figure 4). 

Candidate probionts B. pumilus strains RI06-95, JL70, and HR1 tested at 10
4
, 

10
5
, and 10

6
 CFU/ml did not have any significant effect on the survival of Artemia 

nauplii challenged with V. parahaemolyticus PSU5579 (p>0.094) (Figure 5).  Survival 

of Artemia challenged with V. parahaemolyticus PSU5579 averaged 33%, while 

survival of Artemia treated with the various B. pumilus strains and then challenged 

ranged from 32-42%.   In contrast, Ps. piscicida strains GR1, JL12, and JL15, Ps. 

flavipulchra strains GR4, JL1, and JL18, Ps. arabiensis JL29, and B. denitrificans 

JL63 tested at 10
4
 CFU/ml all significantly decreased (0% vs. 37%) the survival of 

Artemia nauplii challenged with V. parahaemolyticus PSU5579 (p<0.001) (Figure 6). 

In all cases, the Artemia treated with these candidate probionts and then challenged 

with PSU5579 showed 100% mortality. Further, Artemia treated only with the 

candidate probionts Ps. flavipulchra JL1, Ps. piscicida JL15, and Ps. arabiensis JL29 

at 10
5
 CFU/ml daily (with no V. parahaemolyticus challenge) exhibited significantly 

decreased survival (p<0.001) (with only 0%, 5%, 4% survival, respectively) (Figure 

7). The untreated control Artemia exhibited 85% survival.  Treating Artemia nauplii 

daily with B. denitrificans JL63 at 10
5
 CFU/ml for 72 h reduced survival to 62%, but 

this decline (compared to the control) was not significant (p=0.063) (Figure 7). 
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Figure 4. Effect of preincubation of Artemia nauplii with P. inhibens S4Sm at 10
6
 

CFU/ml for 24 h on survival 48 h after challenge with V. parahaemolyticus PSU5579 

at 10
5
 CFU/ml.  P. inhibens S4Sm was added at the start of the experiment and every 

24 h.  Representative of three independent experiments with three technical replicates 

per experiment.  Error bars equal one standard deviation.  Different letters indicate 

statistical significance among groups (t-test, p<0.05). 
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Figure 5. Effect of preincubation of Artemia nauplii with B. pumilus RI06-95, JL70, 

and HR1 at 10
4
, 10

5
, and 10

6
 CFU/ml for 24 h on survival 48 h after challenge with V. 

parahaemolyticus PSU5579 at 10
5
 CFU/ml.  Candidate probionts were added at the 

start of the experiment and every 24 h.  Representative of three independent 

experiments with three technical replicates per experiment.  Error bars equal one 

standard deviation. * indicates statistically significant difference from the V. 

parahaemolyticus PSU5579 treatment (t-test, p<0.05). 
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Figure 6. Effect of preincubation of Artemia nauplii with Ps. piscicida GR1, JL12, 

and JL15, Ps. flavipulchra GR4, JL1, and JL18, Ps. arabiensis JL29, and B. 

denitrificans JL63 at 10
4
 CFU/ml for 24 h on survival 48 h after challenge with V. 

parahaemolyticus PSU5579 at 10
5
 CFU/ml.  Candidate probionts were added at the 

start of the experiment and every 24 h.  Representative of three independent 

experiments with three technical replicates per experiment.  Error bars equal one 

standard deviation. * indicates statistically significant difference from the V. 

parahaemolyticus PSU5579 treatment (t-test, p<0.05). 
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Figure 7. Survival of Artemia nauplii treated with Ps. flavipulchra JL1, Ps. piscicida 

JL15, Ps. arabiensis JL29, and B. denitrificans JL63 at 10
5
 CFU/ml daily for 72 h.  

Representative of three independent experiments with three technical replicates per 

experiment.  Error bars equal one standard deviation. * indicates statistically 

significant difference from the Control (t-test, p<0.05). 
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preincubation period, which then compete with V. parahaemolyticus for available 

nutrients.  This 24 h preincubation period is important because probiotics usually 

require a pretreatment period to effectively protect animals from pathogen challenge 

[42, 43].  This issue was resolved through the addition of 200 µg/ml streptomycin to 

the PL water at the start of the experiment which allowed for a 24 h preincubation 

period without a reduced V. parahaemolyticus-induced mortality rate when applied at 

10
6
 CFU/ml (67%) (Figure S5).  Challenging L. vannamei PLs with 10

5
 CFU/ml V. 

parahaemolyticus PSU5579Sm after a 24 h preincubation period with streptomycin 

only induced a 5% mortality rate (Figure S5). 

In order to determine if any of the candidate probionts are harmful to shrimp, 

L. vannamei PLs were treated with each species of candidate probiont at 10
6
 CFU/ml 

daily for 72 h.  PLs treated with P. inhibens S4Sm, Ps. piscicida JL15Sm, Ps. 

arabiensis JL29Sm, B. denitrificans JL63Sm, or B. pumilus RI06-95Sm daily for 72 h 

did not exhibit any significantly decline in survival that ranged from 92-98% when 

compared to untreated control PLs with 97% survival (p>0.187) (Figure 8).  The only 

species that significantly decreased the survival of L. vannamei PLs was Ps. 

flavipulchra JL1Sm with 83% survival compared to 97% in the untreated control 

(p=0.008) (Figure 8). 

In an effort to determine if any of the candidate probionts can protect L. 

vannamei PLs from V. parahaemolyticus challenge, PLs were pretreated with 

candidate probionts at 10
6
 CFU/ml for 24 h before V. parahaemolyticus PSU5579Sm 

challenge and, as described previously, the candidate probionts were also added every 

24 h.  Both P. inhibens S4Sm and Ps. flavipulchra JL1Sm significantly increased the 
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survival of L. vannamei PLs challenged with V. parahaemolyticus PSU5579Sm to 

87%, 80%, respectively (p<0.001).  Infection control PLs exhibited only 46% survival 

(Figure 9).  As seen with the Artemia challenge experiments, treatments with P. 

inhibens S4Sm increased survival by nearly 2-fold.  Ps. piscicida JL15Sm, Ps. 

arabiensis JL29Sm, B. denitrificans JL63Sm, and B. pumilus RI06-95Sm did not 

significantly affect the survival of L. vannamei PLs challenged with V. 

parahaemolyticus PSU5579Sm with survival of PLs ranging from 35-54% (p>0.051) 

(Figure 9).  These results indicate that P. inhibens S4Sm is the only candidate 

probiotic organism tested which is not harmful to L. vannamei PLs and can 

significantly increase the survival of PLs challenged with AHPND V. 

parahaemolyticus. 
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Figure 8. Survival of L. vannamei PLs treated with P. inhibens S4Sm, Ps. 

flavipulchra JL1Sm, Ps. piscicida JL15Sm, Ps. arabiensis JL29Sm, B. denitrificans 

JL63Sm, and B. pumilus RI06-95Sm at 10
6
 CFU/ml daily for 72 h.  Representative of 

three independent experiments with three technical replicates per experiment.  Error 

bars equal one standard deviation. * indicates statistically significant difference from 

the Control (t-test, p<0.05). 
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Figure 9. Effect of preincubation of L. vannamei PLs with P. inhibens S4Sm, Ps. 

flavipulchra JL1Sm, Ps. piscicida JL15Sm, Ps. arabiensis JL29Sm, B. denitrificans 

JL63Sm, and B. pumilus RI06-95Sm at 10
6
 CFU/ml for 24 h on survival 48 h after 

challenge with V. parahaemolyticus PSU5579Sm at 10
6
 CFU/ml.  Candidate probionts 

were added at the start of the experiment and every 24 h.  Representative of three 

independent experiments with three technical replicates per experiment.  Error bars 

equal one standard deviation. * indicates statistically significant difference from the V. 

parahaemolyticus PSU5579Sm treatment (t-test, p<0.05). 
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characteristic is an important property for probiotics used for disease control [38, 44], 

and is commonly used as a primary test in selecting candidate probionts, but does not 

necessarily guarantee that candidate probionts will be effective at protecting live host 

organisms such as shrimp [45].  Candidate probionts were characterized and tested for 

their ability to protect both L. vannamei and Artemia sp. from AHPND V. 

parahaemolyticus challenge.  This study identified P. inhibens S4Sm as a bacterial 

candidate, which has the potential to be used as a probiotic for control of AHPND in 

penaeid shrimp aquaculture.  This study also showed that Artemia sp. can be used to 

identify probionts that protect L. vannamei from AHPND V. parahaemolyticus 

challenge.  Under the conditions used in this study, Artemia sp. were also shown to 

have a higher sensitivity than L. vannamei to organisms which are harmful to 

crustaceans and, therefore, can be used to identify organisms that should not be used 

in shrimp aquaculture. 

Twelve bacterial strains were selected as candidate probionts for control of 

AHPND because of their antagonistic properties against V. parahaemolyticus.  Two of 

these strains, P. inhibens S4Sm and B. pumilus RI06-95, were oyster probionts 

previously identified by Karim et al. [41].  The other ten strains were isolated during 

this study based on their ability to inhibit the growth of V. parahaemolyticus and were 

identified by 16S rRNA genes sequencing.  The production of antimicrobial 

compounds by these organisms, as determined by ZOI assay, suppresses the growth of 

V. parahaemolyticus, allowing them to outcompete V. parahaemolyticus for nutrients 

and energy sources.  Probiotics with known antagonistic activity have been shown to 

decrease the concentration of Vibrio spp. in black tiger shrimp (P. monodon) rearing 
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water [46, 47].  Antagonistic probionts have also been shown to inhibit the 

colonization of P. monodon by V. harveyi through competitive exclusion [48]. 

The biofilm forming ability of the twelve candidate probionts as well as V. 

parahaemolyticus PSU5579 was quantified by the crystal violet method using 

polystyrene 96-well plates.  Biofilm formation is an important characteristic for 

probiotic activity because competition for attachment sites within the host is likely to 

serve as the first barrier of defense against invading pathogenic bacteria [16, 38, 44].  

Eleven of the twelve candidate probionts produced significantly stronger biofilms than 

V. parahaemolyticus PSU5579 under the conditions tested (p<0.006).  The only 

candidate probiont that did not produce a significantly stronger biofilm than V. 

parahaemolyticus PSU5579 was B. pumilus HR1 (p=0.565).  The biofilm assay used 

in this study provides insight into the biofilm forming ability of the organisms tested, 

but is not comprehensive and may not be predictive of how well organisms will be 

able to colonize a host.  Some of the organisms tested may form stronger biofilms on a 

biotic surface than on an abiotic surface, and the biofilm forming ability of these 

organisms may be underestimated using this assay.  However, other organisms may 

form strong biofilms on a variety of surfaces. For example, P. inhibens S4Sm, which 

formed the strongest biofilm on polystyrene of any of the organisms tested in this 

study, has also been shown to form a strong biofilm on borosilicate glass [38].  Zhao 

et al. [38] made an exoP-knockout mutant of P. inhibens S4Sm to study the 

contribution of biofilm forming ability to the probiotic activity of this organism.  The 

P. inhibens S4Sm exoP mutant had 60% reduced biofilm forming ability and oyster 

larvae pretreated with this mutant before Vibrio coralliilyticus challenge had 30% 
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lower survival than larvae pretreated with wild-type P. inhibens S4Sm, indicating that 

biofilm formation is important for the probiotic activity of P. inhibens S4Sm [38]. 

All twelve candidate probionts demonstrated antagonistic activity against V. 

parahaemolyticus on an agar surface and eleven of the twelve candidate probionts also 

form stronger biofilms than V. parahaemolyticus on a polystyrene surface.  Organisms 

with both of these characteristics may be able to competitively exclude the pathogen 

from colonizing the host and the surrounding environment, thereby limiting the 

proliferation of the pathogen and reducing the likelihood of disease.  Attachment to 

the host and production of antimicrobial compounds are critical factors for the ability 

of lactic acid bacteria to exclude pathogens in both humans [49, 50] and fish [51].  

Verschuere et al. [31] quantified the colonization of Artemia nauplii by nine candidate 

probionts as well as the ability of these organisms to protect Artemia nauplii from 

Vibrio proteolyticus challenge and observed a correlation between colonization 

potential and the protective ability of the candidate probionts [31].  All twelve 

candidate probionts used in this study showed promising results in vitro; however, 

these results were not predictive of their effectiveness in vivo, possibly due to toxicity 

to the host or other undetermined factors. 

Artemia spp. are an advantageous model organism to test the effectiveness of 

probiotics at reducing pathogen-induced mortality [31, 34, 36].  Verschuere et al. [31] 

found several probionts that provide total protection to Artemia nauplii from V. 

proteolyticus.  Pretreatment of Artemia nauplii with yeast (Saccharomyces boulardii) 

also provides total protection from Vibrio harveyi challenge [36].  Bacillus 

licheniformis and Pseudomonas aeruginosa have also been shown to provide nearly 
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maximum survival (78%) to Artemia nauplii from non-AHPND V. parahaemolyticus 

[34].  This study is the first to test candidate probionts in an AHPND V. 

parahaemolyticus-challenged Artemia sp. model. 

An AHPND strain of V. parahaemolyticus was identified which caused rapid 

mortalities in both Artemia nauplii and L. vannamei PLs.  Animal models using 

Artemia nauplii and L. vannamei PLs challenged with V. parahaemolyticus PSU5579 

were optimized to produce high survival rates (83% – 97%) in unchallenged controls 

and significantly decreased survival rates (33% – 46%) in AHPND V. 

parahaemolyticus-challenged controls (p<0.001).  It is important for experiments 

testing the effect of probiotic treatment on pathogen-challenged animals to have 

healthy animals and a significant pathogen-induced mortality rate in order for a level 

of probiotic protection to be detectable [52]. 

Pretreatment of Artemia nauplii with the twelve candidate probionts before V. 

parahaemolyticus PSU5579 challenge revealed that P. inhibens S4Sm was the only 

candidate probiont that significantly increased Artemia nauplii survival.  None of the 

other eleven probiont candidates were able to protect Artemia from V. 

parahaemolyticus PSU5579 under the conditions tested.   It was observed that Artemia 

nauplii treated with P. inhibens S4Sm at 10
6
 CFU/ml daily for 72 h had reduced 

survival (75%) compared to the untreated control (91%).  It should be noted however, 

that of the candidate probionts tested in this model as probiotic controls, P. inhibens 

S4Sm produced the smallest decline in Artemia nauplii survival.  P. inhibens S4Sm is 

a strict aerobe [53] and may have depleted the oxygen level in the sealed tubes when 

applied daily at 10
6
 CFU/ml.  Neu et al. [29] found that P. inhibens is innocuous to 
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Artemia sp. however.  Neu et al. [29] treated Artemia nauplii with 10
7
 CFU/ml P. 

inhibens only once and 100 ml of the nauplii solution was incubated in 250 ml bottles 

with shaking at 90-100 rpm at 25 °C for 48 h.  The decline in survival of Artemia 

nauplii treated with P. inhibens observed in this study but not observed by Neu et al. 

[29] may be due to any one or combination of the following factors: the addition of 

YP30IOS to the nauplii solution, the additional 24 h of incubation, or the sealed tubes 

used in this study. 

Candidate probionts B. pumilus strains RI06-95, JL70, and HR1 were tested at 

10
4
 – 10

6
 CFU/ml, but did not significantly affect the survival of Artemia nauplii 

challenged with V. parahaemolyticus PSU5579 at 10
5
 CFU/ml (p>0.094).  It was not 

determined if B. pumilus strains could protect Artemia nauplii from lower 

concentrations of V. parahaemolyticus PSU5579.  Although B. pumilus did not have a 

significant effect on the survival Artemia nauplii challenged with AHPND V. 

parahaemolyticus in this study, there still remains the possibility that B. pumilus may 

have an effect if applied to L. vannamei PLs in an aquaculture setting where the 

concentration of AHPND V. parahaemolyticus may be lower than the concentration 

used in this study. 

The remaining candidate probionts, Ps. piscicida strains GR1, JL12, and JL15, 

Ps. flavipulchra strains GR4, JL1, and JL18, Ps. arabiensis JL29, and B. denitrificans 

JL63 when applied at 10
4
 CFU/ml all significantly decreased the survival of Artemia 

nauplii challenged with V. parahaemolyticus PSU5579 (p<0.001).  In all cases, the 

Artemia nauplii treated with these candidate probionts and then challenged with V. 

parahaemolyticus PSU5579 showed 100% mortality.  Artemia treated only with B. 
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denitrificans JL63 daily at 10
5
 CFU/ml reduced survival to 62%, but not significantly 

(p=0.063).  Additionally, Artemia treated only with candidate probionts Ps. 

flavipulchra JL1, Ps. piscicida JL15, and Ps. arabiensis JL29 at 10
5
 CFU/ml daily 

(with no V. parahaemolyticus challenge) exhibited 95% mortality.  All three species of 

Pseudoalteromonas when applied at 10
5
 CFU/ml daily for 72 h induced a higher 

mortality rate in Artemia nauplii than V. parahaemolyticus PSU5579 when applied 

once at 10
5
 CFU/ml.  Results similar to these were shown by Neu et al. [29] who 

determined that Ps. piscicida and Pseudoalteromonas rubra are lethal to Artemia 

nauplii when applied at 10
7
 CFU/ml and induced 95-99% mortality in 48 h. 

A L. vannamei challenge assay was developed to test if any of the candidate 

probionts could protect L. vannamei PLs from AHPND V. parahaemolyticus.  This 

assay involved a 24 h probiotic pretreatment period, which is usually required for 

probiotics to effectively protect animals from pathogen challenge [42, 43].  This 24 h 

pretreatment period allows the probionts to colonize the host and begin producing 

antimicrobial compounds before the pathogen can take hold.  During this period, the 

probiont cells may begin to divide and reach a higher density, allowing them to 

compete with fast growing pathogens such as V. parahaemolyticus, which has been 

shown to have a generation time as short as 12 minutes [54].  For example, the oyster 

probiont P. inhibens S4Sm (generation time = 1.9 h [41]) can inhibit the oyster 

pathogen V. coralliilyticus RE22 from colonizing glass coverslips, but only when P. 

inhibens S4Sm is allowed to precolonize the coverslip for 24 h prior to the 

introduction of the pathogen [38]. 
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For the L. vannamei challenge assay an initial experiment determined that a 24 

h preincubation period prior to 10
6
 CFU/ml V. parahaemolyticus challenge reduced V. 

parahaemolyticus-induced L. vannamei mortality from 67%, when L. vannamei were 

challenged at 0 h, to 33% even without the addition of candidate probionts.  This assay 

uses a much higher PL density than that of even super-intensive shrimp farming 

practices which use a maximum density of 7 PLs per 10 L [55].  Due to this high PL 

density, commensal bacteria from the shrimp likely grew to a high density during the 

24 h preincubation period.  These commensal bacteria then compete with V. 

parahaemolyticus for available nutrients, which may explain why V. 

parahaemolyticus-induced L. vannamei mortality was reduced.  To inhibit the growth 

of commensal bacteria from the PLs, streptomycin (200 µg/ml) was added to the 

shrimp culture water.  The addition of streptomycin restored V. parahaemolyticus-

induced L. vannamei mortality to 67% when applied at 10
6
 CFU/ml (Figure S5).  A 

similar approach using streptomycin treatment is used in mouse models to allow both 

pathogenic and nonpathogenic bacteria to colonize the gastrointestinal tract [56-59].  

Streptomycin treatment renders mice highly susceptible to enteric pathogens due to the 

elimination of commensal facultative intestinal bacteria [59].  This study showed that 

streptomycin treatment has the same effect on L. vannamei by increasing their 

susceptibility to AHPND V. parahaemolyticus. 

 Representatives of each species of candidate probiont were tested to determine 

if they were harmful to L. vannamei PLs.  Ps. flavipulchra JL1Sm was the only 

species tested that significantly decreased the survival of L. vannamei PLs (p=0.008), 

but survival was only reduced from 97% to 83% during the 72 h treatment period.  
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Extending this treatment period further or applying Ps. flavipulchra to L. vannamei in 

an aquaculture setting could potentially reduce L. vannamei survival beyond the level 

found in this study.  Ps. flavipulchra was also found to induce 100% mortality in 

Artemia nauplii under the conditions used in this study.  Ps. flavipulchra should not be 

used in crustacean aquaculture due to the harmful effect this organism has on both 

Artemia sp. and L. vannamei identified in this study.  Ps. piscicida and Ps. arabiensis 

also induced 95% mortality in Artemia nauplii.  The harmful effect these organisms 

had on Artemia was not detected in L. vannamei, but is an indication that these 

bacteria could be harmful under different conditions or during an extended treatment 

period. 

Pretreatment of L. vannamei PLs with the six candidate probiont species before 

V. parahaemolyticus PSU5579Sm challenge revealed that both P. inhibens S4Sm and 

Ps. flavipulchra JL1Sm significantly increased PL survival compared to the 

challenged control (p<0.001).  Similar to the Artemia challenge experiments, 

pretreatment of PLs with P. inhibens S4Sm increased survival by 1.9-fold.  

Interestingly, while Ps. flavipulchra JL1Sm exhibited a small increase in mortality to 

L. vannamei PLs, this bacterium also increased the survival of PLs challenged with V. 

parahaemolyticus PSU5579Sm.  Of the candidate probionts tested, Ps. flavipulchra 

JL1 produced the largest ZOI against V. parahaemolyticus.  Although Ps. flavipulchra 

JL1Sm may negatively affect L. vannamei, it also appears to prevent V. 

parahaemolyticus from causing AHPND.  Ps. flavipulchra was far more harmful to 

Artemia nauplii than to L. vannamei PLs, which explains why a level of protection 

from V. parahaemolyticus was not detected in the Artemia sp. model.  As in the 
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Artemia sp. model, Ps. piscicida JL15Sm, Ps. arabiensis JL29Sm, B. denitrificans 

JL63Sm, and B. pumilus RI06-95Sm did not significantly increase the survival of L. 

vannamei PLs challenged with V. parahaemolyticus PSU5579Sm (p>0.051). 

These results indicate that the Artemia sp. model used in this study makes a 

good substitute for L. vannamei to study the effects of probiotics on AHPND.  The 

Artemia sp. model successfully identified P. inhibens S4Sm as being the only 

candidate probiont tested that is not harmful to crustaceans and can prevent AHPND.  

The Artemia sp. model also identified B. pumilus as having no effect on AHPND.  

Artemia were also more sensitive to the harmful effects of Pseudoalteromonas spp. 

and B. denitrificans than L. vannamei, demonstrating that these organisms may be 

harmful to shrimp if used under different conditions and/or long-term. 

Phaeobacter inhibens S4Sm is the only candidate probiont tested that is not 

harmful to L. vannamei PLs and can significantly increase the survival of both L. 

vannamei PLs and Artemia nauplii challenged with AHPND V. parahaemolyticus.  

Although twelve strains of candidate probionts produced promising results in vitro, 

our study showed that biofilm formation and growth-inhibiting activity toward a 

particular pathogen in vitro are not necessarily predictive of how a candidate probiont 

would perform in vivo.  This study found that under the conditions used, Ps. 

flavipulchra, Ps. piscicida, and Ps. arabiensis were lethal to Artemia sp. and Ps. 

flavipulchra was also harmful to L. vannamei.  It has been shown that some 

organisms, such as Pseudoalteromonas spp., that produce compounds inhibitory 

toward the growth of bacterial pathogens are also toxic to eukaryotic organisms [29, 

60, 61].  Neu et al. [29] determined that Pseudoalteromonas luteoviolacea strains 



73 

 

S2607 and S4060 produce the antibacterial compound pentabromopseudilin which is 

lethal to Artemia nauplii.  Ps. piscicida S2049 has also been shown to produce several 

bromoalterochromides [62] which are inhibitory toward Bacillus subtilis [63] and 

toxic to sea urchins [62].  Ps. rubra produces prodigiosin [64] which is antagonistic 

toward bacteria [65] and toxic to algae [66] and eukaryotic parasites [67]. 

Bowmanella denitrificans did not significantly decrease the survival of Artemia 

sp. or L. vannamei in probiotic controls, but did decrease the survival of these animals 

when challenged with V. parahaemolyticus, indicating that this organism potentiates 

V. parahaemolyticus infection.  V. parahaemolyticus possess two type VI secretion 

systems (T6SS) [68] which may allow V. parahaemolyticus to kill other bacteria and 

potentially mediate host colonization.  This effect has been shown for Vibrio cholerae 

which uses a T6SS to perturb the host’s natural microbiota and enhance the pathogen’s 

colonization of the host [69].  By killing bacteria colonizing the host’s gastrointestinal 

tract, V. cholerae opens up space which it can then colonize.  Gildberg et al. [70] 

demonstrated potentiation of the fish pathogen Aeromonas salmonicida by lactic acid 

bacteria.  The lactic acid bacteria were able to colonize the intestine of Atlantic salmon 

(Salmo salar) fry, but surprisingly increased the mortality of fry challenged with A. 

salmonicida [70]. 

Bacteria belonging to the genus Bacillus are some of the most common 

organisms used as probiotics in aquaculture, have been shown to be effective 

probiotics for penaeid shrimp, and can reduce incidence of disease caused by Vibrio 

spp. [16, 22, 71, 72].  However, this study found that in the conditions used in these 

experiments, B. pumilus was not able to reduce the mortality rate of Artemia sp. or L. 
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vannamei challenged with AHPND V. parahaemolyticus.  This lack of in vivo 

protection by a candidate probiont with promising in vitro activity has been shown 

before.  For example, Pseudomonas fluorescens can protect rainbow trout 

(Oncorynchus mykiss) from Vibrio anguillarum [73] but does not protect salmon (S. 

salar) from A. salmonicida, even though P. fluorescens can inhibit the growth of A. 

salmonicida in vitro [45].  This emphasizes the need to test candidate probionts for 

each unique host-pathogen combination in vivo before application in aquaculture. 

Members of the genus Phaeobacter have been shown to be effective probiotic 

organisms for the protection of cod and turbot larvae from the pathogen V. 

anguillarum [74, 75], as well as eastern oyster (Crassostrea virginica) larvae from the 

pathogens Aliiroseovarius crassostreae CV919-312
T
 and V. coralliilyticus RE22 [19, 

38].  This study demonstrated that P. inhibens S4Sm can also protect Artemia sp. and 

L. vannamei from AHPND V. parahaemolyticus.  The probiotic activity of P. inhibens 

S4Sm has been studied and can be attributed to at least three factors: 1) excellent 

biofilm forming ability [38]; 2) production of the broad-spectrum antibiotic 

tropodithietic acid (TDA) [38]; and 3) ability to inhibit the quorum sensing-dependent 

production of the virulence factor protease in V. coralliilyticus [76].  It has also been 

shown that resistance to TDA is hard to select [77], making it unlikely that pathogens 

with develop resistance to this probiotic over time. 

 In conclusion, P. inhibens S4Sm has great potential for application in whiteleg 

shrimp (L. vannamei) aquaculture for prevention of AHPND.  P. inhibens S4Sm is a 

strong biofilm former, showed antibiotic activity against V. parahaemolyticus in vitro, 

and provided protection to both Artemia sp. and L. vannamei in vivo.  Application of 
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P. inhibens S4Sm as a probiotic in shrimp aquaculture provides an advantageous 

alternative to the use of antibiotics for disease control. 
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Supplemental Data 

 

 

 

Figure S1. Survival of Artemia nauplii challenged immediately after hatching with 

suspected AHPND V. parahaemolyticus strains at 10
6
 CFU/ml.  Representative of one 

independent experiment with three technical replicates. 
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Figure S2. Survival of Artemia nauplii challenged 24 h after hatching with V. 

parahaemolyticus PSU5579 at 10
4
 or 10

5
 CFU/ml.  Representative of three 

independent experiments with three technical replicates per experiment.  Error bars 

equal one standard deviation. 

 

 

 

Figure S3. Survival of Artemia nauplii challenged 24 h after hatching with V. 

parahaemolyticus PSU5579 at 10
6
 or 10

7
 CFU/ml.  *, without the addition of 

YP30IOS.  Representative of one independent experiment with three technical 

replicates. 
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Figure S4. Effect of preincubation of Artemia nauplii with P. inhibens S4Sm at 10
5
 or 

10
6
 CFU/ml for 24 h on survival 48 h after challenge with V. parahaemolyticus 

PSU5579 at 10
5
 CFU/ml.  P. inhibens S4 was added at the start of the experiment and 

every 24 h.  Representative of one independent experiment with three technical 

replicates. 
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Figure S5. Survival of L. vannamei PLs 48 h post-treatment with V. parahaemolyticus 

PSU5579Sm applied at 10
5
 or 10

6
 CFU/ml at the start of the experiment (0 h), 24 h 

after the start of the experiment (24 h), or 24 h after the start of the experiment with 

the addition of 200 µg/ml streptomycin (24 h + Sm).  Representative of one 

independent experiment with three technical replicates. 
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Abstract 

Acute hepatopancreatic necrosis disease (AHPND) causes high mortalities in 

shrimp farms around the world (1-6).  We announce here the draft genome sequence 

of one AHPND strain of V. parahaemolyticus and describe virulence factors that may 

play a role in its pathogenicity. 

 

Body 

In 2009 an emerging disease now known as acute hepatopancreatic necrosis 

disease (AHPND) began to affect shrimp farms in southern China and has since spread 

to Vietnam, Malaysia, Thailand, and Mexico (1-6).  AHPND causes serious 

production losses in affected areas which negatively impacts local employment, social 

welfare, and international markets (5).  The causative agent of AHPND has been 

identified as Vibrio parahaemolyticus strains possessing the 69-kbp plasmid pVPA3-1 

encoding genes homologous to the Photorhabdus insect-related (Pir) toxin-like genes 

(pirA- and pirB-like) (6-8).  V. parahaemolyticus PSU5579 was isolated from shrimp 

farms located in southern Thailand during a disease outbreak and has been shown to 

induce high mortality rates via bath immersion at 10
5
 CFU/ml against whiteleg shrimp 

(Litopenaeus vannamei). 

V. parahaemolyticus PSU5579 was grown overnight in yeast-tryptone broth 

supplemented with 2% NaCl (LB20) at 27°C.  Genomic DNA was isolated using the 

Promega Wizard genomic DNA purification kit, and DNA was resuspended in 2 mM 

Tris-HCl buffer (Bio Basic).  Sequencing was performed at the Rhode Island 
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Genomics and Sequencing Center using an Illumina MiSeq Sequencer.  Sequence 

trimming was performed using CLC Genomics Workbench (version 9.5.3) resulting in 

2,743,364 paired-end reads averaging 192 bp in size.  Contigs with a coverage of ≥34 

were assembled using SPAdes genomic assembler (version 3.1.1) (9). The resulting 

contigs were processed using CLC Microbial Genome Finishing module using V. 

parahaemolyticus RIMD 2210633 as a reference genome. The draft genome consists 

of 44 contigs, with a total sequence length of 5,229,426 bp and a G+C content of 

45.3%. The draft genome included the complete 69,150 bp pVPA3-1 plasmid with a 

G+C content of 45.9%. Gene annotation was performed using Rapid Annotations 

using Subsystems Technology (RAST) and resulted in 4,840 open reading frames (10-

12). 

The genome of V. parahaemolyticus PSU5579 encodes a number of lytic 

enzymes including two secreted collagenases, one chitinase, one extracellular lipase, 

phospholipases A and C, nine hemolysins including cytolysin, leukocidin, and delta-

VPH, and six secreted proteases including an extracellular serine protease, three 

secreted trypsin-like serine proteases, and two extracellular zinc proteases including 

Vibriolysin.  Three adherence systems were identified: a type IV pilus, a mannose-

sensitive hemagglutinin type IV pilus system, and a symbiotic colonization and sigma-

dependent biofilm formation gene cluster.  Several iron acquisition systems were 

annotated including hemin, enterobactin, vibrioferrin, ferrichrome, and TonB, 

including the full complement of proteins responsible for the formation of the TonB-

ExbB-ExbD complex.  Three quorum-sensing systems are present: LuxMN, LuxSPQ, 

and CqsAS.  Six secretion systems were identified: one type I secretion system 
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(T1SS), one T2SS, one T3SS, one T2/4SS, and two T6SS.  The genome also encodes 

a capsular polysaccharide, one RTX toxin, and one beta-lactamase.  The 69 kbp 

pVPA3-1 plasmid encodes a conjugation system as well as the pirA- and pirB-like 

genes located on a 3.5 kbp fragment flanked by transposases.  The genome does not 

contain the tdh or trh genes associated with pathogenicity in humans (13). 

 

Nucleotide sequence accession numbers. This whole-genome shotgun project has 

been deposited in DDBJ/ENA/GenBank under the accession no. PEBT00000000.  The 

version described in this paper is the first version, PEBT01000000. 
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Abstract 

Bowmanella denitrificans JL63 was isolated from a whiteleg shrimp 

(Litopenaeus vannamei) and was determined to have antibacterial activity against an 

acute hepatopancreatic necrosis disease (AHPND) strain of Vibrio parahaemolyticus.  

Here we report the draft genome sequence of this strain and identify genes potentially 

involved in its antibacterial activity. 

 

Body 

Bowmanella is a genus of bacteria of the family Alteromonadaceae within the 

Gammaproteobacteria which was first identified in 2006 (1).  Currently, only three 

species belonging to this genus have been described: Bowmanella denitrificans, B. 

pacifica, and B. dokdonensis.  B. denitrificans is a chemoorganotrophic bacterium 

capable of respiratory, but not fermentative metabolism (1).  B. denitrificans BD1
T
 

was the first strain of this species to be identified and is capable of anaerobic growth 

by carrying out denitrification while B. denitrificans S088 has been shown to produce 

a potent, heat-stable algicidal compound (1, 2).  B. denitrificans JL63 was isolated 

from a whiteleg shrimp (Litopenaeus vannamei) and can inhibit the growth of an acute 

hepatopancreatic necrosis disease (AHPND) strain of Vibrio parahaemolyticus on an 

agar surface, as determined by a zone of inhibition assay (3).  The B. denitrificans 

JL63 genome reported here is the first draft genome sequence of a Bowmanella. 

B. denitrificans JL63 was grown overnight in yeast-tryptone broth 

supplemented with 3% artificial sea salts (LB30IOS) at 27 °C.  Genomic DNA was 



95 

 

isolated using the Promega Wizard genomic DNA purification kit, and DNA was 

resuspended in 2 mM Tris-HCl buffer (Bio Basic).  Sequencing was performed at the 

Rhode Island Genomics and Sequencing Center using an Illumina MiSeq Sequencer.  

Sequence trimming was performed using CLC Genomics Workbench (version 9.5.3) 

resulting in 2,641,396 paired-end reads averaging 180 bp in size.  Contigs with a 

coverage of ≥34 were assembled using SPAdes genomic assembler (version 3.1.1) (4). 

The resulting contigs were processed using CLC Microbial Genome Finishing module.  

The draft genome consists of 39 contigs, with a total sequence length of 5,478,087 bp 

and G+C content of 50.4%.  Gene annotation was performed using Rapid Annotations 

using Subsystems Technology (RAST) and resulted in 4,980 open reading frames (5-

7).  The 16S rRNA gene of B. denitrificans JL63 is 99.8% similar to B. denitrificans 

BD1
T
, 99.0% similar to B. pacifica W3-3A, and 95.0% similar to B. dokdonensis 

UDC354.  B. denitrificans JL63 gyrB and rpoD are 98.6% and 98.3% similar to B. 

denitrificans BD1
T
 and 81.2% and 80.8% similar to B. pacifica W3-3A, respectively. 

The genome of B. denitrificans JL63 encodes several gene clusters potentially 

involved in the production of the following antibacterial compounds: colicin V (or 

bacteriocin), lanthionine, and the broad-spectrum antibacterial protein marinocine 

encoded by the lodAB operon.  The genome also encodes a secreted hemolysin-type 

calcium-binding bacteriocin, an antibiotic biosynthesis monooxygenase, a type VI 

secretion system (T6SS), and two iron acquisition systems, hemin and TonB, including 

the full complement of proteins responsible for the formation of the TonB-ExbB-ExbD 

complex.  Gene clusters for a type IV pilus as well as a mannose-sensitive 

hemagglutinin type IV pilus system are also present.  The genome contains gene 
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clusters for denitrification as well as nitrate/nitrite ammonification.  Three secondary 

metabolic gene clusters in the JL63 genome were predicted using antiSMASH (8).  

Gene clusters predicted to synthesize lantipeptide, bacteriocin, and a nonribosomal 

peptide were identified. 

 

Nucleotide sequence accession numbers. This whole-genome shotgun project has 

been deposited in DDBJ/ENA/GenBank under the accession no. PEBU00000000. The 

version described in this paper is the first version, PEBU01000000. 
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