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ABSTRACT 

 
Over the past decade, shrimp industry has experienced billions of dollars of losses due to 

Acute Hepatopancreatic Necrosis Disease (AHPND), and AHPND is now posing a threat to the 

sustainability of shrimp industry worldwide. The disease is caused by Vibrio spp which carries a 

plasmid containing two toxin genes, PirA and PirB. Although AHPND is a bacterial disease, 

antibiotic-based therapy is not feasible due to the potential for development and dissemination of 

antimicrobial resistance, environmental issues, and rejection of consignment of commodity shrimp 

by many importing countries in Europe and North America for antibiotic residues. This study 

aimed to evaluate plant-derived extracts as potential therapeutics in controlling AHPND. The 

overall goal of the project is to enhance shrimp production through control of AHPND by 

delivering natural extracts (NEs) via feeds. The antibacterial activities of twenty-three NEs (NE01-

NE023) were initially screened against Vibrio parahaemolyticus causing AHPND using a paper 

disk diffusion assay. Five (NE01 to NE05) out of 23 extracts showing anti-AHPND activity 

comparable to a commercial antibiotic, Doxycycline Hyclate were taken for further screening. 

Minimal inhibitory concentration (MIC) assay showed that NE01, NE02, NE03, NE04, and NE05 

were effective at 0.15%, 0.15%, 0.075%, 0.04%, and 0.02% concentrations (expressed as v/v%), 

respectively. Subsequently NMR were performed to determine the purity of these five compounds. 

While NE05 showed 100% purity, other NEs have varying levels of impurities.  

Scanning electron micrographs of V. parahaemolyticus cells treated with sub-inhibitory 

concentration of five candidate natural extracts, NE01 to NE05 revealed that all five NEs arrested 

cell growth and displayed clumping of cells. In addition, cells treated with extracts NE03, NE04 

and NE05 showed leaking of cell content. This suggests all five NEs have anti-bacterial properties. 

The natural extract, NE05 that showed the highest inhibition against V. parahaemolyticus in in 
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vitro assays and had the highest level of purity was subsequently taken to evaluate the efficacy in 

controlling AHPND in in vivo experimental challenge using Specific Pathogen Free (SPF) 

Penaeus vannamei shrimp. Following an immersion challenge, the survival was found to be 

significantly higher in shrimp fed with a commercial diet containing NE05 at a 20% incorporation 

level (93% survival) compared to shrimp fed with the same diet containing 10% of NE05 (15% 

survival) or the commercial diet alone (3% survival). Shrimp raised on diet containing 20% NE05 

neither displayed any clinical signs nor they developed any histopathological lesions in 

hepatopancreas that are hallmarks of AHPND infection. However, the animals raised on a diet 

containing 10% NE05 or a commercial diet developed clinical signs upon AHPND challenge and 

showed pathognomonic lesions of AHPND infection in hepatopancreas tissue. The data showed 

that NEs such as NE05 could be used as a potential therapeutic at 20% incorporation level in diets 

for controlling AHPND in shrimp. The feasibility of administering NE05 through oral route opens 

an opportunity for developing a NE-based therapy against AHPND.   
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CHAPTER 1. GENERAL INTRODUCTION 

Aquaculture is the fastest growing food animal production sector and one of the sustainable 

source of animal protein in the world (Thornber et al., 2019). Since 1970, aquaculture has become 

an essential benefactor to national economic growth in many countries especially those with large 

coastal boundaries in Asia and the Latin Americas (Marc Antonyak et al., 2018). The contribution 

of Asian countries to global aquaculture production accounts to approximately 89 percent of 

volume and 77 percent of value (FAO, 2019 ; Flegel, 2019). Among many different aquatic species 

farmed worldwide, shrimp is referred to as the most economically valued species accounting for 

24.1 % of total value of aquaculture production (FAO, 2018). In the global fish trade, shrimp 

represented 6.2% of the total volume but accounts for 16.1% of the total product value of the fish 

market.  Shrimp is the second largest aquaculture export species in terms of market value (SOFIA, 

2018). The increase in global demand of shrimp coincided with the declining harvest from capture 

fisheries. The increased growth of shrimp farming has been due to the development of captive 

breeding program in Pacific white shrimp (Penaeus vannamei), and availability of genetically 

superior Specific Pathogen Free (SPF) broodstock and post-larvae (PL) at a commercial scale, 

availability of high quality commercial diet and the development of management strategies 

including biosecurity. Despite these developments, infectious disease caused by viruses, bacteria 

and fungi are now threatening the growth and sustainability of shrimp farming worldwide. A recent 

survey by Global Aquaculture Alliance showed that shrimp farmers both in Asia and in Latin 

America consider diseases as the number one threat to shrimp farming  (Anderson et al., 2017). 

Over twenty-five diseases have been reported in farmed shrimp and most of these diseases are 

caused by viruses (~60%) followed by bacteria (~30%) and then fungi and other microscopic 

agents (~10%) (Flegel, 2012; , (Lightner et al., 2012). Since the first report of a viral disease in 
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shrimp Baculovirus penaei, (Karunasagar, 2012) in 1974, viral diseases remain a bottleneck in the 

growth of shrimp farming. However, in recent years the emergence of a bacterial disease, acute 

hepatopancreatic necrosis disease (AHPND), also known as Early Mortality Syndrome (EMS), 

has changed the disease landscape in shrimp aquaculture. The disease emerged in China in 2009, 

and since then AHPND has caused losses over US $10 billion. Acute hepatopancreatic necrosis 

disease is now considered as one of the top two diseases along with white spot disease caused by 

the White Spot Syndrome Virus (WSSV) as major threats to shrimp aquaculture. While antibiotics 

can be used to control bacterial diseases, use of antibiotics in shrimp aquaculture has many 

negative impacts including the emergence of antimicrobial resistance, accumulation of antibiotic 

residues in commodity shrimp and the suppression of immune system in shrimp (Pope et al., 2011). 

In recent years, many countries in Europe have rejected consignments of commodity shrimp due 

to antibiotic residues (Thornber et al., 2019). There is now a growing consensus worldwide to 

develop alternative therapeutics to antibiotics. The World Health Organization (WHO) recognizes 

the therapeutic potential of herbal medicines and other conventional health treatments especially 

for use in aquaculture (Morales-Covarrubias, 2016).  

The long-term goal of this project is to reduce the impact of bacterial diseases in shrimp 

aquaculture in the US and elsewhere in the world through the development of natural extracts- 

based therapeutic that could be adopted by the industry for a commercial application. In the 

following section, a comprehensive review of AHPND including efforts to developing therapies 

to mitigate the impact of this disease is presented.      
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1.1 Literature review 

1.1.1 Current Status of Shrimp Aquaculture  

 
The aquaculture production of various marine shrimp species has grown tremendously over 

the past four decades. Currently, shrimp aquaculture contributes to more than 50 percent of the 

world's production (nearly 4.5 million metric tons, MMT) (Anderson et al., 2018) and shrimp ranks 

third in the value chain of total aquaculture production after salmon and tilapia (FAO 2018).  In 

many developing nations in Asia and the Latin Americas, exports of commodity shrimp to Europe 

and North America contribute to a major source of revenue earnings for these nations. Apart from 

generating billions of dollars of revenue, shrimp aquaculture also provides livelihood to millions 

of people directly and indirectly. In the Western Hemisphere, the major shrimp producing 

countries include Ecuador, Mexico, Brazil and Honduras, and in Asia, the leading producers of 

shrimp include China, Thailand, Vietnam, Indonesia, and India (Marc Antonyak et al., 2018). 

Among many species of shrimp that are being farmed worldwide, Pacific white shrimp, P. 

vannamei and black tiger shrimp, P. monodon are the two most cultivated penaeid shrimp. 

Currently, P. vannamei accounts for approximately 73% of farmed shrimp globally. The 

worldwide expansion of Pacific white shrimp farming has been possible due to the ease of farming 

this species in a wide range of salinity levels, development of captive breeding programs, and 

availability of genetically superior brood stock and post-larvae (PL). Unlike P. vannamei, captive 

breeding program is not well established in P. monodon. As a result, despite high commercial 

value of this species, farming of P. monodon remains restricted to some countries in Asia (e.g. 

India, Bangladesh, Thailand, Taiwan) and East Africa (e.g. Madagascar) (Thornber et al., 2019). 

As shrimp farming expanded from a backyard small farming to a major industrial operation, it 

faces myriads of challenge, and infectious diseases caused by viruses, bacteria and fungi remain 
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as the primary bottleneck for further expansion of the industry. In fact, emerging diseases are now 

threatening the long-term sustainability of the shrimp industry worldwide. 

 

1.1.2 Shrimp Diseases  

 
One of the most critical issues in aquaculture is the incidence of various diseases that 

threaten the health of aquatic animals. Virtually, aquatic animals swim in a microbial soup that 

make them vulnerable to viruses, bacteria, fungi, and protozoa (Santos et al., 2019). In shrimp, it 

is estimated that about 60% of the losses are due to viruses and 20% due to bacteria with the 

remaining losses attributed to fungi and parasites (Flegel, 2012). Viruses that have caused serious 

economic losses since their emergence include  white-spot syndrome virus (WSSV), infectious 

hypodermal and hematopoietic necrosis virus (IHHNV), shrimp hemocyte iridovirus (SHIV), 

yellow-head virus (YHV), and Taura syndrome virus (TSV)  (Lightner et al., 2012, Karunasagar 

and Ababouch, 2012, Santos et al., 2019), and almost 80% of these economic losses have occurred 

in Asia (Santos et al., 2019). Among bacterial diseases acute hepatopancreatic necrosis disease 

(AHPND), also known as Early Mortality Syndrome (EMS), and Necrotizing Hepatopancreatitis 

(NHP) are the two most important diseases that have caused major economic losses (Tran et al., 

2013). In fact, since its emergence in 2009 in China, AHPND has caused over USD $10 billion to 

shrimp aquaculture worldwide and today White spot syndrome disease AHPND are the two most 

economically important diseases threatening shrimp aquaculture worldwide. Among fungal 

disease, Enterocytozoon hepatopenaei (EHP), a microsporidium is the most economically 

important disease that has caused serious losses in recent years (Kv et al., 2016). 
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1.1.3 Acute Hepatopancreatic Necrosis Disease (AHPND) 

 
Acute Hepatopancreatic Necrosis Disease, also known as early mortality syndrome (EMS), 

emerged in China in 2009 (Lightner et al. 2012, Tran et al. 2013, Flegel 2014, Joshi et al. 2014, 

Hong et al. 2016).  The disease caused large scale mortalities in China. Subsequently the disease 

spread to Vietnam in 2010 (Tran et al. 2013), Malaysia in 2011 (FAO 2013), Thailand in 2012 

(Joshi et al. 2014), Mexico in 2013 (Nunan et al. 2014), the Philippines in 2014 (de la Peña et al. 

2015), and more recently in Bangladesh (Eshik et al. 2017), Myanmar (Tun et al. 2017), USA (in 

Texas, 2017, Dhar et al., 2019), and in South Korea in 2019 (Hun et al., 2020).  

 

1.1.4 Clinical signs and histopathology 

 
The clinical signs of AHPND include lethargy, spiral swimming, and empty or interrupted 

digestive tracts. Infected shrimp display an abnormal hepatopancreas (HP) (emaciated, undersized 

distended, pale, or black coloration) and sink to the pond bottom before dying (Lightner et al., 

2013; Tran et al., 2013). Generally, AHPND outbreak occurs within the initial 20-30 days after 

stocking a pond with post-larvae (PL), although there is a report that the disease can occur in late 

stage juveniles even at 94-day post-culture (de la Peña et al. 2015). 

The main histological features of AHPND in the early to middle stage of the disease are 

progressive degeneration of HP tubule from medial to distal end of the tubule. Prominent necrosis 

& sloughing of the tubule epithelial cells is observed with no detectable causative pathogen (Loc 

Tran et al., 2013)(Lightner et al., n.d.). At the initial stages of AHPND, the disease is characterized 

by medial to distal dysfunction of HP tubule cells such as B (blister like), F (fibrillar), and R 

(resorptive) cells, prominent karyomegaly, and lack of mitotic activity in E cells (embryonic). In 

the terminal stage, massive secondary infections occur. This is characterized by a massive 
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accumulation of hemocytes and the formation of melanized granulomas followed by infection in 

tubule lumen with opportunistic bacteria. It is difficult to distinguish such manifestations in 

terminal stage in shrimps due to severe infections by non-AHPND causing bacteria (Hong et al., 

2016). 

 

1.1.5 Etiologic agent of AHPND  

 
The etiologic agent of AHPND was originally shown to be a specific strain of Vibrio 

parahaemolyticus called the AHPND-causing V. parahaemolyticus (VPAHPN) (Han et al., 2017; 

Lee et al., 2015). Vibrio parahaemolyticus, is a Gram-negative, halophilic, rod-shaped bacterium 

which is widely present in marine environments. Vibrio parahaemolyticus becomes virulent after 

acquiring a plasmid (pVA1) that expresses a deadly binary toxin PirVP (Dong et al., 2017). The 

toxin consists of two subunits, PirA and PirB, and is homologous to the Pir (Photorhabdus insect-

related) binary toxin (Dong et al., 2017). The plasmid pVA1 that carries the toxin genes is ~70 kb 

in size and was found to contain a cluster of genes related to conjugative transfer indicating that 

the plasmid may potentially be able to transfer not only among V. parahaemolyticus strains, but 

also to different bacterial species (Lee et al., 2015). In fact, since the isolation of AHPND-causing 

V. parahaemolyticus, number of other Vibrio species causing AHPND were isolated including V. 

harveyi, V. campbellii, V. owensii, and V. punensis (Kondo et al., 2015; Liu et al., 2015, 2018; 

Dong et al., 2017b; Han et al., 2017; Restrepo et al., 2018). The tertiary structure of PirA and PirB 

toxins have similarity to Cry insecticidal toxin-like protein that has a pore-forming activity leading 

to cell deaths in insects (Prachumwat et al., 2019). It is believed that AHPND-causing Vibrio 

parahaemolyticus colonizes shrimp stomach and releases binary toxin which enters HP via the 



 

 

17 

gastric sieve. The molecular mechanism by which toxins induce cell necrosis and severe sloughing 

in hepatopancreas tissue in shrimp is yet to be determined. 

 

1.1.6 AHPND diagnosis by molecular methods 

 
It can’t be denied that AHPND is threatening the sustainable of global shrimp culture (Lee 

et al., 2015). Thus, early AHPND detection is necessary to prevent further spread and disease 

outbreaks. Since 2013, several methods have been developed to detect AHPND. Initially, AHPND 

has been detected by histopathology (Tran et al., 2013). Later, molecular methods were developed 

to detect AHPND. Detection of AHPND using molecular method initially targeted pVA1 plasmid 

as a marker (Flegel and Lo, 2014). However, when pirA and pirB genes encoding binary toxin, 

PirAB were identified as virulent factors in V. parahaemolyticus, efforts were made to develop  a 

PCR-based assay to detect the toxin genes causing AHPND (Han et al., 2015). Since then, pirA 

and pirB genes have become molecular markers in AHPND detection. Both conventional PCR 

(Dangtip et al., 2015; Han et al., 2015; Tinwongger et al., 2014) and real-time PCR (Cruz-Flores 

et al., 2019; J. E. Han et al., 2015) methods were developed for the detection of AHPND. More 

recently, point-of-care diagnostic methods including a loop-mediated isothermal amplification 

(LAMP) and a recombinase polymerase amplification (RPA)-based detection methods have been 

reported for AHPND detection on pond-site (Koiwai et al., 2016; L. Liu et al., 2017). Apart from 

DNA based detection, polyclonal and monoclonal antibodies against PirA and PirB have been 

employed to detect AHPND at a protein level via ELISA and Western-blot assays (Wangman et 

al., 2017). 
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1.1.7 Potential Treatments and Therapies 

 

Unlike vertebrates, invertebrates like shrimp do not have adaptive immunity. As a result, 

conventional vaccination approaches are not feasible, although in recent years increasing evidence 

of innate immune memory (quasi immune) have been documented in invertebrates (Mohammed 

and Asely, 2017). This sort of primitive immune memory gives some hope for developing vaccine 

against viral and bacterial diseases in shrimp in the near future. Until this happens, biosecurity and 

preventing entry of pathogen into a production system remain as the corner stones of disease 

management in shrimp aquaculture. To complement biosecurity approaches, efforts have been 

made to stock ponds with genetically superior and pathogen free post-larvae, enhance general 

immunity, and maintain healthy shrimp and pond microbiome. In the following section a brief 

overview of strategies being developed to control bacterial diseases in shrimp aquaculture is 

summarized. By no means, this is a comprehensive review instead it highlights some of the major 

developments in recent years with a special emphasis on efforts to develop natural extracts (NE) 

based antimicrobial therapeutics against vibriosis, and AHPND in particular, in shrimp 

aquaculture.  

 

 

1.1.8 Phage therapy 

 
Bacteriophage therapy is a promising method for the prevention and treatment of vibriosis, 

a major concern in shrimp hatcheries. Acute hepatopancreatic necrosis disease, introduced in a 

pond, progresses rapidly and therefore, repeated applications of phages could be an appropriate 

means of controlling AHPND. An experimental phage therapy, recently performed in P. vannamei 

shrimp has shown strong efficacy and safety against V. parahaemolyticus causing AHPND (Jun et 
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al., 2018). In this study, therapeutic effect of virulent Siphoviridae phage pVp-1 against AHPND-

V. parahaemolyticus was tested.  Shrimp treated with phage therapy displayed significant 

protection from AHPND and high survival rate. One of the major limitations in commercial 

application of phage therapy in aquaculture is developing a cocktail of phages that will enable to 

avoid developing phage-resistant bacteria and thus, overcoming the beneficial effect of phage 

therapy. 

 

1.1.9 Probiotics 

 
 “Probiotics” is defined as live microbial food supplement that can provide beneficial 

health effects in host (human & animal) by improving the intestinal microbial balance (Hai, 2015). 

It has been identified that bacteria (Gram‐positive and Gram‐negative), bacteriophages, 

microalgae and yeasts are used as a source for antibiosis. Many studies have unequivocally 

demonstrated that probiotics improve nutrient absorption and immune response. Various studies 

have shown that probiotics are positive promoters of aquatic animal growth, survival, and general 

health. These beneficial functions are facilitated through altering the host‐associated microbial 

community in the gut,  improving the usage of feed, enhancing the nutritional value of  feed, 

improving immune response against microbial pathogens, and improving the quality of ambient 

environment (Hai, 2015). Identifying species-specific probiotics for developing an appropriate 

mode of administration are critical in obtaining a beneficial role for probiotics. Most common 

routes of probiotic administrations in shrimp aquaculture are immersion and feed additives. To 

further improve the efficacy of probiotics, mixed culture of microorganism or combination of 

probiotics with other immunostimulants have been demonstrated (Hai, 2015). Administration of 

probiotics were shown to provide health benefits through disease resistance in Japanese flounder 
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(Heo et al., 2013), shrimp (Hai et al., 2010) and Nile tilapia (Aly et al., 2008).  Supplementation 

of diet with probiotics were shown to improve  overall gut health, inhibit pathogenic bacteria from 

colonization and increase marketable traits in shrimp (Lakshmi et al., 2013). Pinoargote and 

colleagues showed application of probiotics, such as Lactobacillus casei, Rhodopseudomonas and 

Saccharomyces cerevisiae through feed and water  improved survival rates in P. vannamei shrimp 

in experimental challenge with AHPND (Pinoargote et al., 2018). Bioactive compounds produced 

by the probiotic bacterium, Rhodobacter spihaeroides have been reported to be effective against 

V. fischeri and V. harveyi in shrimp (Chumpol et al., 2017). Similarly, lactic acid bacteria (LAB) 

such as Lactobacillus plantarum strain SGLAB01 and Lactococcus lactis strain SGLAB02 were 

shown to have immunomodulatory functions in shrimp and inhibited AHPND (Chomwong et al., 

2018). A recent study showed Pseudoalteromonas isolates CDA22 and CDM8 as promising 

biocontrol agents against V. parahaemolyticus causing AHPND (Wang et al., 2018). These authors 

showed that the probiotic bacteria reduce copy number of the binary toxin gene, PirA (Wang et 

al.,2018). Future research based on the molecular study of metabolic pathways and their interaction 

with pathogen virulence factors  could  provide a clear  understanding of the role of probiotic 

bacteria  in the environment and marine animal health (Wang et al., 2018). 

 

1.1.10 Immune priming  

 
  It has been traditionally believed that invertebrates primarily depend on innate immune 

system for defense against pathogen. However, recent work on improving invertebrate immunity 

upon delivering the antigen led to the idea of possible existence of adaptive immunity. Immune 

priming is a memory like phenomenon which seems to be present in invertebrate taxa (Netea et 

al., 2016).  
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In recent years, a number of studies related to immune priming in shrimp were published 

(Santos et al., 2019). For example, after introduction of recombinant viral protein from WSSV 

within spores of Bacillus subtilis, high phagocytic activity was observed against WSSV in P. 

vannamei through the priming. Vaccination of P. monodon shrimp with formalin-killed Vibrio 

resulted in immunity against vibriosis and a higher survival. Similarly, improved resistance to 

bacterial pathogens was also observed on both P. vannamei post-larvae and larger juveniles 

(Santos et al., 2019). Further research studies concentrated on developing vaccines against 

APHND causing V. parahaemolyticus. Recently, OMPs (outer membrane proteins) were  extracted 

and identified  from V. parahaemolyticus, extracted OMPs were used to immunize hens to obtain 

specific IgY antibodies, which were effectively inhibited V. parahaemolyticus growth and 

provided passive immunity to shrimps against APHND causing V. parahaemolyticus (Santos et 

al., 2020)). V. parahaemolyticus has recently been attenuated by knocking out the LpxD gene 

which is responsible for bacterial virulence. Vaccination using the mutant strain was shown to 

provide considerable defense when challenged with the wild type pathogenic strain in shrimps 

(Tsai et al., 2019) . 

 

1.1.11 Natural extracts  

 

For more than 2000 years, medicinal plants have been used against a wide array of 

pathogenic agents (Sivasankar et al., 2015). Use of natural antimicrobials, such as extracts from 

spices and herbs for food preservation purposes or antibiotic replacement has been well 

documented. It is now well known that essential oils or their active components from wild plants 

that are components of plants natural defense systems can act as effective antimicrobials. 

Researchers have searched for natural compounds that can be employed as a bactericidal treatment 
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in aquaculture (Morales-Covarrubias, 2016). The potential of using medicinal plants such as 

seaweeds and common herbs as natural immunostimulants in aquatic animals and as an alternative 

to antibiotics has been well established (Sudaryono et al., 2018).  Plants are the storehouses and 

sources of safer and cheaper chemicals, hormones, antibiotics, vitamins, and several other 

substances that have an array of applications in aquaculture (Rajeev et al., 2016). Plant therapeutics 

have been proven to be more productive and safer than chemotherapeutics and their efficacy has 

become more potent than vaccination. In shrimp aquaculture, antibiotics usage has led to 

biomagnifications of antibiotic residues in commodity shrimp, causing rejection of consignments 

from Asia to Europe.  

There is a growing need to identify antimicrobial compounds of plant origin. In fact, 

numerous studies have been conducted to identify new compounds from natural sources that are 

cheap and have potential for aquaculture applications (Sivasankar et al., 2015). The World Health 

Organization (WHO, Rome) recognizes the therapeutic potential of herbal medicines and other 

conventional treatments especially in aquaculture (Torres et al. 2007). Even the Environmental 

Protection Agency (EPA, USA) has emphasized the need for further research to develop natural 

replacements to synthetic antibiotics and their application in aquaculture production for human 

use.  

 

1.1.12 Usage of Natural Extracts 

 
Several natural extracts from both terrestrial and marine origin have been tested to 

determine the immunostimulant properties and efficacy against microbial diseases in shrimp 

aquaculture (Sivasankar et al., 2015). For instances, two essential oils from Cinnamoma  fragrans, 

an endemic plant in Madagascar, when directly added in the rearing water of P. monodon hatchery, 
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caused  serious economic losses reduction in total heterotrophic aerobic bacteria and the Vibrio 

populations (Randrianarivelo et al., 2009). However, the adverse effects of those herbs to human 

and environment have not been fully understood. The potential of bioactive polysaccharide 

immunostimulants extracted from macroalgae such as carrageenan, laminarin, alginate, and 

fucoidan were proven to increase growth and innate immunity in penaeid shrimp and fish 

(Sudaryono et al., 2018). Gliricidia fisheri is a viable source of the antibacterial substance that 

could be used as a feed supplement in shrimp diet to protect against or prevent AHPND (Boonsari 

et al.,2017).  In a recently published study, it was shown that cinnamon, cloves, garlic, oregano, 

curry, ginger, rosemary, turmeric and thyme have potent antimicrobial activity against V. 

parahaemolyticus at low-temperature conditions (Filipović et al., 2016). It has been reported that 

Aloe vera does not affect shrimp growth and protects it against white spot syndrome virus (WSSV) 

and V. parahaemolyticus. This suggests Aloe vera has the potential to be used prophylactically as 

an antiviral and antibacterial agent in cultured Penaeus vannamei (Trejo-Flores et al., 2016). In 

another study, cinnamaldehyde, the major active component in cinnamon oil was shown to 

inactivate V. parahaemolyticus within ten days in, a small species of shrimp common to estuaries 

along the Atlantic coast in the US (Zhang et al., 2017).  

Jha and colleagues developed a formulation using a combination of blended natural 

essential oils from 10 different plants including Lavandula latifolia, Pinus sylvestris, Jasminum 

officinale, Citrus limon, Prunus avium, Viola odorata, Gardenia jasminoides, Cocos nucifera, 

Rosa damascene and Eucalyptus globulus. Penaeus vannamei shrimp fed diet containing a mixture 

of essential oils when challenged with AHPND developed no clinical signs and provided 100% 

survivability compared to animals maintained on a commercial diet that developed clinical signs 

and suffered 50% mortality (Jha et al., 2016).  Despite promising results, it is unknown if all or 
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some of the essential oils have antimicrobial properties. Like many essential oils, green tea has the 

potential for use as an antibacterial substance in AHPND control during the nursery phase of P. 

vannamei shrimp. It is also possible that the extract can be utilized for the treatment of vibriosis in 

general that is caused by non-AHPND causing Vibrio spp. in penaeid shrimps (Kongchum et al., 

2016). Colloidal silver containing oregano and neem infusions can also inhibit the growth of the 

pathogenic bacteria of shrimp and could potentially be used as an alternative therapeutic treatments 

for the prevention of APHND (Morales-Covarrubias et al., 2016a). It is safe to conclude that 

despite laboratory-scale success in controlling AHPND using natural extracts, the efficacy of these 

extracts in controlling shrimp diseases need to be further validated and tested at a grow-out pond 

level before any of these products become a commercial success. A list of essential oils that were 

used in aquaculture for the control of microbial pathogens is presented in Table 1. 
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Table 1.  A list of natural compounds used in aquaculture for the control of viral and bacterial 
diseases. 

 

 

 

Plant species Source of natural 
Extracts 

Tested in 
(Aquatic 
species) 

Biological effects in 
aquaculture 

Reference 

Oenothera biennis Seeds, flowers, 
and root 

Fish Antiviral and bacterial (Shangliang et al, 1990 

Solanum trilobatum Whole plant Fish Antibacterial and 
immunostimulant 

(Sivasankar et al., 2015) 

Stellaria aquatic Whole plant Fish Antiviral and 
antibacterial 

(Shangliang et al., 1990) 

Acorus calamus Rhizome Fish Antibacterial 
and immunostimulant 

(Sivasankar et al., 2015) 

Calophyllum inophyllum Bark, leaves and 
seed 

Fish Antiviral (Direkbusarakom, 2004) 

Tinospora crispa Root and leaves Fish Antiviral (Direkbusarakom, 2004) 
Momordica charantia Fruits, seeds, and 

leaves 
Fish Antiviral (Direkbusarakom, 2004) 

Piper betle Leave extract Shrimp Antibacterial 
(AHPND) 

(Kua et al., 2014) 

Cynodon dactylon Aqueous extracts Shrimp Antiviral (WSSV) (Sivasankar et al., 2015) 
Sargassum weighti Whole part 

(Aqueous extract) 
Shrimp Antiviral (WSSV) (Sivasankar et al., 2015) 

Azadirachta indica Leaf extract 
(Aqueous extract) 

Shrimp Antibacterial (Vibrio 
parahaemolyticus) 

(Morales-Covarrubias et 
al., 2016) 

 
Sargassum polycystum Whole plant 

(Aqueous extract) 
Shrimp Antiviral (WSSV) (Sivagnanavelmurugan et 

al., 2015) 
Aloe vera Whole leaf 

(Powdered 
extract) 

Shrimp Antiviral (WSSV) 
Antibacterial 

(AHPND) 

(Trejo-Flores et al., 2016) 

Lavandula latifolia, 
Pinus sylvestris, 

Jasminum officinale, 
Citrus limon, 

Prunus avium, 
Viola odorata, Gardenia 

jasminoides, Cocos 
nucifera, 

Rosa damascene and 
Eucalyptus globulus 

Different parts 
(Seeds, flower, 

roots, bark) 
 

Shrimp Antibacterial 
(AHPND) 

(Rajeev et al., 2016) 

Origanum vulgare 
(Carvacrol) 

Leaf 
(Oil extract) 

Oyster Antibacterial 
(Salmonella enterica) 

in oyster 

(Ravishankar et al., 2010) 

Cinnamomum verum  
(Cinnamaldehyde) 

Bark 
(Oil extract) 

 

Oyster Antibacterial 
(Salmonella enterica) 

in oyster 

(Ravishankar et al., 2010) 
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OBJECTIVES 

The objectives of this project were to: 

1. Screen natural extracts (NEs; N=23) to determine antibacterial properties against 

V. parahaemolyticus causing AHPND by disk diffusion assay and select the five 

best NEs for determining the minimum inhibitory concentration (MIC) in liquid 

culture assay. 

2. Culture V. parahaemolyticus causing AHPND in liquid medium and determine 

the minimum inhibitory concentration (MIC) for each of the five NEs.  

3. Determine the purity of candidate NEs (N=5) by nuclear magnetic resonance 

(NMR) method. 

4. Perform scanning electron microscopy to determine any effect of five candidate 

NEs on AHPND-causing V. parahaemolyticus cells 

5. Evaluate the efficacy of the most promising NEs in controlling AHPND through 

an in vivo assay by delivering the NE through diet followed by an AHPND 

challenge. 
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CHAPTER 2. METHODOLOGY 

  

The antimicrobial activities of natural extracts (NEs) against AHPND-causing V. 

parahaemolyticus was tested in vitro by using a paper disk diffusion assay. The minimum 

inhibitory concentration (MIC) of top five candidate NEs was identified following a previously 

published method with minor modifications (Mith et al., 2014). The purities of the top five NEs 

were determined by Nuclear Magnetic Resonance (NMR). The effect of NEs on V. 

parahaemolyticus was determined by examining the bacterial cells under a Scanning Electron 

Microscope (SEM). Finally, the efficacy of the best candidate NE, NE05 was evaluated in vivo by 

oral administration of NE05 through diet to Specific Pathogen Free (SPF) shrimp (P. vannamei) 

followed by an immersion challenge of V. parahaemolyticus. The details for each of these 

experiments are described below. 

 

2.1 VPAHPND strain 

VPAHPND (13-028/A3) was revived from glycerol stock kept in -800C in Aquaculture 

Pathology Laboratory following a previous publication (Han et al., 2015). Briefly, 800 ml of 

Tryptic Soy Broth (TSB) containing 2% NaCl (TSB+) medium was prepared and autoclaved. The 

bacterial stock was thawed on ice and briefly vortexed before transferring 250 µl of the bacterial 

culture to 5 ml TSB + in a 50 ml flask. The flask was incubated at 280C in a shaker incubator 

(CORNING, Model LSE) (120 rpm) for 2 h. After the incubation, the broth was transferred into 

50 ml TSB+ in a 250 ml flask before incubating at 280C in a shaker incubator (120 rpm) for 2 h. 

After 2 h., the bacterial culture was mixed with 300 ml TSB and incubated for 24 h at 280C. After 

24 h, the optical density (OD) of the culture was measured at 600 nm. Under these culture 
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conditions, the OD values should exceed 2.8. The broth was diluted to 1×107 CFU/ml based on the 

OD reading. A 10-fold serial dilution of the bacterial culture was prepared and the live bacterial 

count upon overnight growth was determined by plating the culture on Tryptic Soy Agar (TSA) 

containing 2% NaCl (TSA+) plates. 

 

2.2 Natural Extract 

A total of 23 NEs were screened against VPAHPND (13-028/A3). Thirteen of these 23 NEs 

(Numbered NE01 to NE13) were kindly provided by Dr. Sadhana Ravishankar, School of Animal 

& Comparative Biomedical Sciences, College of Agriculture & Life Sciences, The University of 

Arizona, and the remaining ten NEs (NE 14 to NE 23) was provided by Dr. Leslie Gunatilaka, 

Natural Resources and the Environment, Arid Lands Studies, The University of Arizona. These 

extracts were stored at 4°C until use.  

 

2.3 Disk diffusion assay 

The antibacterial activities of the NEs were tested using a paper disk diffusion assay 

following a previously published method with some modifications (Mith et al., 2014). Briefly, the 

extracts were diluted with fish oil (NE01- NE013) or DMSO (NE14 to NE23) at the following 

concentrations: 1:1, 1:2, 1:4, and 1:8. The VPAHPND (13-028/A3) culture lawns were created on   

TSA+ plates by thoroughly streaking the culture over the entire surface of the plate with a cotton 

swab. Meanwhile, 2 µL of each concentration of the NEs was soaked on to a paper disk for 15 min 

before placing in the center of the bacteria inoculated TSA+ plates. Fish oil and DMSO were used 

as controls. For each dilution of the NE two replicates were done.  The plates were then incubated 

at 28°C for 24 hr. The efficacy of the extract in inhibiting bacterial growth was determined by 
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measuring the diameter of clear zones for each concentration to the nearest millimeter (mm). The 

diameter of the inhibitory zone <7 mm was considered as having no antimicrobial activity (Mith 

et al., 2014). The experiments were repeated four times for all 23 NEs, and the average was taken 

to calculate the diameter of the inhibitory zone. A schematic representation of the disk diffusion 

assay is presented in Fig. 1. 

 

2.4 Determination of minimum inhibitory concentration (MIC) of natural extracts 

Five extracts that exhibited the highest antimicrobial activity in the paper disk diffusion 

assay, NE01, NE02, NE03, NE04 and NE05 were selected to assess the minimum inhibitory 

concentration (MIC).  Initially extracts were diluted up to 50% with diluent fish oil, then a serial 

dilution of extracts was prepared Concentrations of extracts range between [0.3 - 0.0937% (v/v)], 

which was prepared in TSB+ (Tryptic soy broth) medium. The culture medium TSB+ (2 ml) 

containing NEs was inoculated with 100 µL (approx. 1×107 CFU/mL) of an overnight culture of 

the pathogen and briefly mixed by vortexing before incubating at 28 0C. The OD600 values was 

recorded at 12, 24 and 48 h post-incubation (Fig. 2.). In addition, at each time point and for each 

concentration of the NEs, aliquots of bacterial suspension were inoculated on TSA+ plate before 

incubating overnight at 28 0C. The MIC for each NE was determined by recording OD600 values 

and taking bacterial count. For each NE, the MIC assay was repeated three times on different days, 

and the average OD600 value was taken to determine the MIC for each concentration of a 

corresponding NE. A schematic representation of the MIC assay is shown in Fig. 2.   
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Fig. 1.  A schematic representation of disk diffusion assay (1) and Minimum Inhibitory 
Concentration (MIC) assay (2) to assess the efficacy of natural extracts tested in this study. 
SEM: Scanning Electron Microscopy, NMR: Nuclear Magnetic Resonance. TSA+: Tryptic 
Soy Broth, TCBS: Thiosulfate Citrate Bile Slat Sucrose 

 

Fig.  2. A schematic diagram describing the steps taken to prepare a serial dilution of natural extracts. 
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2.5 Scanning Electron Microscopy (SEM) of NE treated VPAHPND cells 

The effect of NEs on bacterial cells was determined by culturing VPAHPND in medium 

containing NEs and examining the cells under a scanning electron microscope (SEM). The 

subinhibitory concentration of extracts used in the medium was MIC. The control treatment was 

VPAHPND grown in the presence of fish oil. Samples were fixed by following a protocol described 

by Lv et al. (2011) and McQuade et al. (2012) with some modifications. Briefly, 25 µl of 8% 

glutaraldehyde solution (Electron Microscopy Sciences, Hatfield, PA) was added to 200 µl of the 

overnight culture of bacteria. After 40 minutes of incubation at room temperature, samples were 

washed three times with 1x phosphate-buffered saline (PBS, pH 7.0). Subsequently, samples were 

washed with water and stained with 1% osmium tetroxide (Ted Pella, Inc., Redding, AZ). Finally, 

samples were washed in water and dehydrated in a series of ethanol solutions with concentrations 

ranging from 30% to 90% (v/v). The slides with fixed bacterial cells were mounted, sputter-coated 

in gold under vacuum, and examined using a Hummer S-4800 field emission scanning electron 

microscope (ANATECH, USA). The SEM work was done at The University of Arizona’s Keck 

Center located in the Chemical Sciences Building. 

 

2.6 NMR analysis of the most effective NEs   

  The 1H NMR spectra of NEs, NE01, NE02, NE03, NE04 and NE05 were recorded in 

CDCl3 with a Bruker AVANCE III 400 spectrometer at 400 MHz using CHCl3 as an internal 

reference. The 1D and 2D NMR spectra were recorded in CDCl3 with a Bruker AVANCE III 

instrument at 400 MHz for 1H NMR and 100 MHz for 13C NMR using residual CHCl3 as an 

internal standard. The chemical shift (δ) values are given in parts per million (ppm), and the 

coupling constants (J values) are in Hz. 
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2.7 AHPND bioassay 

 
2.7.1 Preparation of shrimp diet containing natural extract 

 

The efficacy of NE05 in preventing AHPND was evaluated by using an in vivo assay. The 

NEO5 was mixed with a commercially pelleted shrimp diet at concentrations of 20% and 10% 

(v/w). Commercial diets containing 20% and 10% fish oil were used as controls. The feed was 

prepared using a standard feed maker (CORNING, Model LSE) and dried in a chemical hood for 

24 h at room temperature.  The feed was coated with fish oil dried for an additional 12 h to prevent 

the smell and increase palatability. 

 

2.7.2 Tank Preparation for the bacterial challenge study 

  

Ten 37 L glass tanks were used in this study. Seawater was prepared following a SOP used 

in Aquaculture Pathology Laboratory. Approximately 800 g of sea salt (Marinex, Baltimore, 

Maryland) was mixed with 30 L of tap water to get 20-25 ppt of salinity.  After the marine salt 

was dissolved, salinity was checked using a refractometer (SPER SCIENTIFIC, Model # 300011). 

The salinity level of the water was adjusted by adding water until the range needed for the study 

was reached (20-25 ppt). Throughout the experiment, the room temperature was maintained at 

29±2 0C using a heater. Before starting the bioassay, the tanks were held for two days without any 

animal to equilibrate the water temperature to that of the room. The water temperature was 

maintained at 29±2oC. Each tank was equipped with an air pump having an air capacity of 2.5 

liters/min connected to two air stones. One air stone was directly immersed into the tank, and the 
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other one was connected to the filters. Disinfected weight was kept above each air stone. The heater 

was kept inside the room during the experiment.  

 

2.7.3 Immersion challenge of Specific Pathogen Free shrimp (Penaeus vannamei) with 

AHPND-causing Vibrio parahaemolyticus 
 

Specific Pathogen Free shrimp (P. vannamei) (avg. weight 1-2 g) were stocked at a density 

of 10 shrimps/tank. In total there were two treatments and two controls: shrimp fed diet containing 

20% NE05, 10% NE05, a positive and a negative control (shrimp fed diet containing fish oil). 

Each treatment and control had two replicates. Animals in all treatments except the negative 

control were subjected to an immersion challenge with V. parahaemolyticus. In the negative 

control tanks, sterilized TSB+ medium was added instead of bacterial suspension. Throughout the 

experiment, shrimps were fed corresponding diets daily at 5% of their body weight. The 

experiments were repeated three times. On day 6 post-feeding of the experimental diets, shrimps 

were challenged with V. parahaemolyticus at a dose of 106 CFU/ml (500 ml of V. 

parahaemolyticus culture grown for 24 h, OD600 of 5). After the bacterial challenge, tanks were 

monitored several times a day, and mortalities were recorded, and dead shrimps were removed 

immediately. Hepatopancreas tissue from moribund shrimp was dissected, half of the tissue was 

preserved in Davidson’s fixative for histopathology, while the remaining half of hepatopancreas 

was stored at -20 0C for PCR detection of V. parahaemolyticus. In dead animals, hepatopancreas 

tissue gets autolyzed and hence not taken for histopathology, instead stored at -20 0C for the PCR 

detection of V. parahaemolyticus. At the termination of the bioassay, average mortality for each 

treatment was calculated, and one-way ANOVA was performed to determine any significant 

difference among different treatments. A (p-value <0.05) between treatments was considered 

significant. 
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Table 2. Experimental design for evaluating the efficacy of natural extract, NE05 in controlling 
AHPND in an experimental challenge using Penaeus vannamei shrimp.   

Group Replicates 

Av. 
Body 

Weight 
(g) 

Density 
Animal/ 

Tank 

Bacterial 
Density 
CFU/ml 

Challenge 
Method Feed 

Positive 
Control 

 
2 

 
1-2 

 
10 

 
106 

AHPND Regular feed coated 
with fish oil 

Negative 
Control 

 
       2 

 

 
1-2 

 
10 

 
106 

 
Sterile TSB 

Regular feed coated 
with fish oil 

Treatment 1 2  
1-2 

 
10 106 AHPND 

Feed treated with 
NE05 at 10% and 

coated with Fish oil  

Treatment 2 2 1-2 10 106 AHPND 

Feed treated with 
NE05 at 20% and 

coated with Fish oil 
 

 

2.7.4 Detection of pirA and pirB genes in AHPND-causing Vibrio parahaemolyticus using 

DNA Extraction and Conventional PCR 

Total genomic DNA was isolated from hepatopancreas using a DNA easy blood and tissue 

kit (Qiagen, Valencia, CA, USA) following manufacture’s protocol. The pirA and pirB genes were 

detected by a duplex PCR using PuReTaq ready-to-go PCR beads and following a published 

protocol (Han et al., 2015).. The primers used for the amplification of a 284 bp amplicon of pirA 

gene were VpPirA-284F: VpPirA-284F TGA CTA TTC TCA CGA TTG GAC TG / R VpPirA-

284F TGA CTA TTC TCA CGA TTG GAC TG, and the primers VpPirB-392F TGA AGT GAT 

GGG TGC TC /R VpPirB-392R TGT AAG CGC CGT TTA ACT CA were used to amplify a 392 

bp region of the pirB gene. Amplifications were performed with the following parameters: an 

initial denaturation at 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. Following PCR, the amplicons were 
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analyzed in a 2% gel containing 1:1000 Gelred (Biotium, USA), and the gel was photographed 

using a BIORAD Gel Doc XR+ imaging system (Hercules, USA).  

2.7.5 Histopathology Analysis of moribund shrimp 

 
Moribund shrimp were fixed in Davidson’s alcohol-formalin-acetic acid (AFA). The 

samples were processed, embedded in paraffin, and sectioned (5 μm thick) following a standard 

protocol (Lightner, 1996). The sections were stained with hematoxylin and eosin (H&E) and 

examined using a light microscope for histological lesions of AHPND (Tran et al., 2013). 
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CHAPTER 3. RESULTS 

 
3.1. Antimicrobial activities of natural extracts as determined by the disk diffusion assay 

                               Antibacterial activities of 23 natural extracts against Vibrio parahaemolyticus 

causing AHPND (VPAHPND) were assessed by a disk diffusion assay. The zones of inhibition 

measured for all 23 NEs varied between 0 to 26. Only those extracts that provided a zone of 

inhibition that is significantly higher than 7 mm (p<0.05) were selected for subsequent assay. 

Accordingly, Five out of 23 NEs, NE01, NE02, NE03, NE04 and NE05 were taken for minimum 

inhibitory concentration (MIC) assay. The inhibition zones produced by these five extracts against 

ranged from approximately 11.8 to 26 mm in diameter (Table 3, Fig. 3). These five NEs 

consistently provided strong inhibition against V. parahaemolyticus in all four independent assays 

performed. The zones of inhibition measured for the remaining 18 NEs were not significantly 

higher than 7 mm (varied between 0 to 8.1 mm, Table 3). These 18 NEs were not taken for further 

evaluation. No inhibition zone was observed in negative control. It was interesting to note that 

among the five most effective   NEs, NE05 showed significantly higher inhibition compared to 

NE01, NE02, NE03 and NE04, (P<0.05), and even higher than the positive control antibiotic 

reference standard, Doxycycline Hyclate (26±1.8 vs. 24.43±0.57). 

 

Table 3. Efficacy of plant extracts (N=23) in inhibiting AHPND-causing Vibrio parahaemolyticus 
growth as measured by the diameter of inhibition zone (in mm) formed after performing a disk 
diffusion assay 

Natural 
Extracts  

 Average diameter of inhibitory zone (mm) 
   CNE 1/2  CNE 1/4 CNE 1/8 CNE 1/16 

NE01 17.75 ± 1.4 12.53 ± 0.50 9.36 ± 0.58 7.48±0.42 
NE02 11.8 ± 0.90 10 ± 0.54 8.56 ± 0.62 6.76±0.60 
NE03 20.51 ± 0.97 16 ± 0.77 13.53 ± 0.42 8.53±0.16 
NE04 18.98 ± 0.56 14.13 ± 0.68 11.35 ± 0.49 8.18±0.31 
NE05 26 ± 1.8 18.66 ± 0.98 14.03 ± 0.80 9.36 ± 0.32 
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NE06 9.1 ± 0.11 7.4 ± 0.16 ND ND 
NE07 7.1 ± 0.11 6.9 ± 0.15 ND ND 
NE08 ND ND ND ND 
NE09 ND ND ND ND 
NE010 ND ND ND ND 
NE011 ND ND ND ND 
NE012 6.2 ±0.34 ND ND ND 
NE013 ND ND ND ND 
NE014 ND ND ND ND 
NE015 ND ND ND ND 
NE016 ND ND ND ND 
NE017 7.1 ±0.11 6.5 ±0.14 ND ND 
NE018 8.1 ±0.11 6.9 ±0.15 ND ND 
NE019 ND ND ND ND 
NE020 ND ND ND ND 
NE021 ND ND ND ND 
NE022 ND ND ND ND 
NE023 ND ND ND ND 

(+) Control   ND ND ND ND 
(-) Control ND ND ND ND 
Antibiotic 24.43 ± 

0.57 
ND ND ND 

Diameter of inhibition zone <7 mm was considered as no antimicrobial activity. ND: not detected, 
CNE: Concentrations of Natural Extracts (1/2, 1/4, 1/8, 1/16; v/v) used. Values are mean diameter 
of inhibitory zone (mm) ± SD of replicates, (+) Control = V. parahaemolyticus strain A3 with fish 
oil, (-) Control = Tryptic Soy Agar, Antibiotic = (Doxycycline Hyclate) (10 µg). 
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The concentration-dependent anti- V. parahaemolyticus activity at different concentrations 

of each of the five most effective candidate NEs is shown in Fig. 4. Overall there was a declining 

trend in inhibition as the concentration of the compounds decreased (Fig. 4). Thus, the inhibitory 

effect of each extract showed a positive correlation with concentration. An analysis of variance 

among different concentrations of the five NEs revealed that the antimicrobial activity varied 

significantly among the five NEs and among the different concentrations within each NEs (P < 

0.05). Among the five NEs, the inhibition zone produced by NE05 was significantly larger 

compared to the remaining four NEs for any specific concentration (P<0.05). The five most 

effective NEs were, therefore, selected for performing the minimum inhibition concentration 

(MIC) assay. 

NE01  NE02 NE03 NE05 NE04 

(+) Control Doxycycline Hyclate  (-) Control 

Fig. 3. Inhibition of Vibrio parahaemolyticus (Strain A3) growth as measured by a zone of inhibition 
using a paper disk diffusion assay. Natural extracts, NE01, NE02, NE03, NE04, and NE05 were 
tested to determine their efficacy against V. parahaemolyticus growth. A clear zone around the paper 
disk in each Tryptic soy agar containing 2% sodium chloride plate indicates the zone of inhibition. 
(+) Control = Paper disk soaked in fish oil, (-) Control = Tryptic Soy Agar and a commercial 
antibiotic Doxycycline Hyclate at 10 µg was used as an antibiotic reference standard for the assay. 
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3.2. Minimum Inhibitory Concentration (MIC) of natural extracts 

           The MIC was determined by measuring the bacterial growth at OD600 and counting bacterial 

colonies after 24 h and 48 h of incubating V. parahaemolyticus in TSB (Tryptic soy broth) 

Containing different concentrations of NE01, NE02, NE03, NE04, and NE05. Fig. 5 shows the 

antibacterial effect of NE01, NE02, NE03, NE04 and NE05 at different concentrations at 24 h and 

48 h post-incubation of V. parahaemolyticus. As evidenced by OD600 values, the positive control 

had an OD600 value of 3.25 at 24 hr. During the same time, the OD600 of NE01 was 2.5 at a 

concentration of 0.0983% and it reached zero at 0.15% (v/v). Like NE01, no survivors are detected 

in NE02 at 0.15% (v/v).  No survivors are detected in NE03 and NE04 at 0.075% and 0.04% (v/v), 

respectively. Unlike the other four NEs, no survivors are detected in   NE05 at 0.02% (v/v). 

Fig. 4. Antimicrobial activity of natural extracts, NE01, NE02, NE03, NE04 and NE05 against 
Vibrio parahaemolyticus (Strain A3) tested at different concentrations using a disk diffusion assay. 
(+) Control = V. parahaemolyticus strain A3 with fish oil, (-) Control = Paper disk soaked in 
Tryptic Soy Broth containing 2% Sodium Chloride, Antibiotic = Doxycycline Hyclate at 10 µg 
was used as an antibiotic reference standard. Similar letters represent no significant difference 
between those treatments (P <0.05) 
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Therefore, the MICs of NE01, NE02, NE03, NE04, and NE05 were 0.15%, 0.15%, 0.075%, 

0.04%, and 0.02% (v/v%), respectively (Fig. 5).  

 

 

Fig.  5. Bacterial population of Vibrio parahaemolyticus strain A3 in Tryptic Soy Broth containing 
2% Sodium Chloride in presence of natural extracts, NE01, NE02, NE03, NE04, and NE05 at 
different concentrations. Panel A represents growth curve at 24 h and Panel B represents growth 
curve at 48 h. 

 

The viable bacterial counts at 48 h for all five NEs treatments are shown in Fig. 6. Total 

bacterial colony count in the positive control treatment reached 2.25 ×109 CFU/ml at 48 hr. and 

there was no growth in the negative control treatment. In contrast, in NE01 treatment bacterial 

count was 2.5 × 109 CFU/ml at the lowest extract concentration (0.0983%) and it reached down to 

zero at 0.15% (v/v) concentration. The treatment with NE02 also had a bacterial count of 2 × 109 

CFU/ml at 0.0983% (v/v) concentration and the total count reduced to zero at extract concentration 



 

 

41 

0.15% (v/v). The treatments NE03 and NE04 exhibited no survivors at extract concentration of 

0.075% and 0.04% (v/v%), respectively. No survivors are detected in extract NE05 at very low 

concentration, 0.02% (v/v). Therefore, among five NEs tested, NE05 had the lowest MIC value as 

determined by OD600 values in liquid culture and by bacterial colony count on TSA+ plates (Fig. 

6).  

 

 

Fig. 6. Vibrio parahaemolyticus (Strain A3) colony count after 48 h of culture in Tryptic Soy Broth 
containing 2% Sodium Chloride and different natural extracts, NE01, NE02, NE03, NE04, and 
NE05. Colony count was expressed as Colony Forming Unit/ ml (CFU/ml) of culture. 

 

Based on the initial MIC data of five natural extracts, NE03, NE04, and NE05 were tested 

in different combinations to determine the efficacy of the extracts against V. parahaemolyticus. 

Figure 7 shows all combinations of NEs, i.e. NE05+NE03 (1:1, Combination A), NE03+NE04 

(1:1, Combination B), NE05+NE04 (1:1, Combination C), NE03+NE04+NE05 (1:1:1, 
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Combination D) were effective in reducing bacterial growth in liquid culture assay and MIC was 

below 0.05% for all four combinations. All four-combinations showed significantly higher 

bactericidal effects compared to positive control (P<0.05), and there was no significant difference 

among the combinations A, B, and D. However, Combination D had a greater Antimicrobial effect 

than the remaining combinations.  

 

 

Fig. 7. Vibrio parahaemolyticus (Strain A3) colony count after 48 hr. of culture in Tryptic Soy 
Broth containing 2% Sodium Chloride and natural extracts NE03, NE04, and NE05, and different 
combination of these three extracts. A = NE05+NE03 (1:1), B = NE03+NE04 (1:1), C = 
NE05+NE04 (1:1), D= NE03+NE04+NE05 (1:1:1) Colony count was expressed as Colony 
Forming Unit/ ml (CFU/ml) of culture. 
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3.3 Nuclear magnetic resonance spectroscopy (NMR) of natural extracts 

 
 Figures 8, and 9 showed NMR analysis of the five most effective NEs with their structure 

and purity percentage. The data revealed that among the five NEs tested, only NE05 has 100% 

purity. The remaining four NEs have varying levels of impurities. The purity percentage of each 

of these extracts NE01, NE02, NE03, and NE04 were below 66%, 66%, 85%, 80% respectively. 

Each extract has different functional groups (Figs. 8 and 9). A benzene ring attached to an 

unsaturated aldehyde was identified as a main active ingredient in NE03, whereas phenol which is 

a natural monoterpene derivative of cymene was identified as an active ingredient in NE05. 

 

Fig. 8. Nuclear Magnetic Resonance (NMR) profiles of five natural extracts (NE01 and NE02) 
used in the current study to assess antibacterial activity against Vibrio parahaemolyticus (Strain 
A3) causing AHPND. 1H NMR (400 MHz) spectra of five natural extracts are shown in in CDCl3. 
Purity percentage of each extracts with name, A = NE01(< 66%), B = NE02 (66%) 
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Fig. 10. Nuclear Magnetic Resonance (NMR) profiles of five natural extracts (NE03, NE04, and 
NE05) used in the current study to assess antibacterial activity against Vibrio parahaemolyticus 
(Strain A3) causing AHPND. 1H NMR (400 MHz) spectra of five natural extracts are shown in in 
CDCl3. Purity percentage of each extracts with name, C = NE03 (80%), D = NE04 (85%), F = 
NE05 (100%) 
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3.4. Scanning Electron Microscopy (SEM) of VPAHPND cells exposed to the NEs 

The effects of NEs on VPAHPND cells were determined by growing the bacteria in the 

presence of a sub-inhibitory concentration of each of the five most effective NEs and examining 

the bacterial cell morphology under a scanning electron microscope (SEM). Representative SEM 

images obtained for V. parahaemolyticus cells with or without any treatment of the five NEs at 

different magnifications are shown in Figs. 10 and 11. Untreated bacteria appeared to have regular 

morphology (i.e. curved rod-shaped) with a smooth and intact surface. The cell surface did not 

display any damage or pores (Fig. 10, Panels A1, A2).  

SEM analysis of bacterial cells treated with NE01 showed a few irregular wrinkled cells 

but also had a lot of intact cells in any viewing field (Fig. 10, Panel B1, B2). Bacterial cells treated 

with NE02 did not exhibit any changes. The cells had a regular morphology and a high number of 

bacterial cells could be seen in a viewing field (Fig. 10, Panels C1, C2). SEM analysis of bacterial 

cells treated with NE03 showed non-intact lysed cells with possible leaking out of cytoplasmic 

constituents (Fig.11, Panels D1, and D2). SEM analysis of bacterial cells treated with NE04 

revealed damaged bacterial cells releasing intracellular components and cell surface ruptures (Fig. 

11, Panels E1, E2). Bacterial cells treated with the natural extract NE05, showed extensive cell 

wall damage, and possible leaking out of intracellular components caused due to   cell lysis (Fig.11, 

Panels F1, F2).  The cell morphology was also substantially altered as the cells became elongated 

or completely deformed (Fig. 11, Panel F1).  

Overall, the SEM images revealed that the bacterial cells treated with NE03, NE04, and 

NE05 displayed disruption of cell surface and leaking of cytoplasmic components than NE01 and 

NE02.  
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 Fig. 11. Scanning electron micrographs of Vibrio parahaemolyticus bacterial cell treated with 
subinhibitory concentration of natural extracts after 24 h. incubation. (A1, A2) Untreated cells, 
(B1, B2) Cells treated with NE01 extract, (C1, C2) treated with NE02 (A1, B1 & C1= 
Magnification ×20000, A2, B2 & C2 = Magnification × 40000).   
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Fig. 12. Scanning electron micrographs of Vibrio parahaemolyticus bacterial cell treated with 
subinhibitory concentration of natural extracts, NEO3, NE04 and NE05 after 24 hr. incubation. 
(D1, E1 & F1= Magnification ×20000, D2, E2 & F2= Magnification × 40000). Red arrows indicate 
damaged and deformed bacterial cells. 
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3.5 AHPND bioassay: Clinical sign, mortality, PCR and histopathology 

 
 The efficacy of the natural extract, NE05 in controlling AHPND was evaluated in vivo by 

feeding SPF P. vannamei shrimp with diet containing 10% and 20% NE05 followed by an 

immersion challenge of V. parahaemolyticus causing AHPND. The gross clinical signs of AHPND 

in bacterial immersion challenged animals maintained on experimental diets are shown in Fig. 12. 

Animals maintained on a commercial diet displayed an empty gastrointestinal tract, whitish or pale 

appearance of the stomach, and atrophied hepatopancreas. Animals with disease showed lethargy 

and exoskeleton of the moribund animals were soft. Shrimp fed diet containing NE05 at 10% 

appeared clinically similar to the animals fed commercial diet (Fig. 12C). In contrast, animals fed 

diet containing 20% of NE05 did not display any clinical sign of AHPND and appeared clinically 

similar to unchallenged animals maintained on a commercial diet (Fig. 12D). The results showed 

that diet containing 20% NE05 were effective in protecting shrimp from AHPND 

 

Fig. 13. Clinical signs of acute hepatopancreatic necrosis diseases (AHPND) in P. vannamei 
shrimp.  (A) Healthy shrimp - unchallenged (Negative Control), (B) Clinical signs of AHPND-
infected shrimp raised on a commercial diet, Positive Control. Pale, atrophied hepatopancreas 
(HP), and an empty stomach (ST) and midgut (MG) can be seen in the infected animal. (C) Shrimp 
fed diet containing NE05-10% and, (D) Shrimp fed diet containing NE05-20%. In Panel C, HP 
appeared pale and gut empty, whereas in Panel D, the HP looked brown colored and the gut 
remained full. 
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The effect of feeding diet containing the natural extract, NE05 to shrimp following 7 days 

post-AHPND challenge is shown in Fig. 13A. The percent survival of P. vannamei shrimp 

maintained on a diet containing NE05-20% and challenged with V. parahaemolyticus strain A3 

had a significantly higher survival (93%, P <0.05) when compared to animals fed diet containing 

NE05-10% (15% survival) as well as animals fed commercial diet (3% survival). Shrimp from 

negative treatment group, i.e. shrimp fed commercial diet and not challenged with AHPND had a 

100% survival.  

 

 

Fig. 14. (A) percentage survival (%) in P. vannamei shrimp upon challenge with acute 
hepatopancreatic necrosis disease (AHPND) at 7 days post-challenge. (B) Progression of shrimp 
survival over seven days after AHPND challenge. (+) Control = Positive Control, shrimp fed a 
commercial diet and challenged with AHPND, (-) Control = Negative Control, shrimp fed a 
commercial diet and remain unchallenged, NE05-10%= Shrimp fed a commercial diet containing 
NE05-10% (w/w), NE05-20% = Shrimp fed a commercial diet containing NE05-20% (w/w), 
Survival% are mean ± SE of the results of three independent experiments, N= 10 shrimps per 
replicate per treatment, and there were two replicates in each treatment. 
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                      The occurrence of mortality in various treatments following AHPND challenge is 

shown in Fig.13B. Mortality in the positive control began at 8 hours post-challenge and within 48 

h reached 80%. By day 3 post-challenge mortality reached 97%. In NE05-10% treatment, mortality 

began at 10 h post-challenge and continued for another 62-h reaching 85% mortality by day 3. No 

additional mortalities were observed after day 3. Shrimp fed diet containing NE05-20% did not 

show mortality during the first 24 h post-challenge. By day 2, mortality reached 4%, and thereafter 

no mortality occurred. No mortality was observed in the negative control treatment.  

  Histopathology of hepatopancreas tissue derived from positive control treatment, 

i.e. shrimp fed commercial diet and collected at 24 h. post-challenge with AHPND showed 

sloughing of epithelial cells of hepatopancreas tubule into the lumen. Mild sloughing of epithelial 

cells in hepatopancreatic tubule were also observed in animals from NE05-10% treatment. 

Histopathology of AHPND-challenged shrimp collected at 48 h post-infection from positive 

control and NE05-10% treatments showed hallmark of AHPND infection which include sloughing 

of epithelial cells into hepatopancreatic tubule lumen, hemocytic filtration and bacterial lesion 

(Figs.14 B, C, D, F).  The severity of infected shrimp collected from these two treatments were G4 

(severe damage in HP tissues). In contrast, histopathology of AHPND-challenged shrimp collected 

at 24 & 48 h post-challenge from NE05-20% and healthy shrimp (negative control) treatments did 

not show any lesions that are considered pathognomonic of AHPND (Figs. 14 G, H). 
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Fig. 15. Hematoxylin and eosin (H&E) stained histological sections of hepatopancreatic (HP) 
tissue of P. vannamei shrimp in different magnification. (Panels A & B) Cross section of HP tissue 
from a healthy shrimp showing normal hepatopancreatic tubule with B, F, and R cells. (Panels C 
& D) Cross section of HP tissue from a shrimp maintained on a commercial diet and challenged 
with AHPND, acute phase lesions displaying sloughing of HP tubule epithelial cells (White 
arrow). (Panels E & F,) Cross section of HP tissue from a shrimp maintained on a diet containing 
NE05-10% and challenged with AHPND. Terminal phase lesions displaying sloughing of necrotic 
HP tubule epithelial cells, sloughing of cells in the HP tubule lumens along with hemocytic 
infiltration and massive bacterial colonization (Red arrow).(Panels E & F,) Cross section of HP 
tissue from a shrimp maintained on a diet containing NE0520% and challenged with AHPND. 
Hepatopancreatic tubule appear similar to healthy animals with B, F, and R cells, as in Panels A 
& B. Scale bars = (A, C, E, G) 50 µm, (B, D, F H) 100 µm 
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Fig.  16. Detection of pirA and pirB genes in AHPND-causing Vibrio parahaemolyticus by using 
Conventional PCR, L= DNA ladder; P = AHPND positive, N = Non-template control, Samples 
from Bioassay: NE05-10%, NE05-20%, (+) Control=Positive control, (-) Control = Negative 
control 

 

A conventional duplex PCR performed using total genomic DNA isolated from P. vannamei 

hepatopancreatic tissue from the bioassay successfully detected pirA and pirB genes in samples 

from the positive control, NE05-10%, and NE05-20% treatments. For NE05 -20% group sample 

were collected from healthy shrimp. This indicates that the animals challenged with V. 

parahaemolyticus were successfully infected with the pathogenic bacteria. The binary toxin genes 

were not detected in the animals from the negative control treatment (Fig. 15). 
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CHAPTER 4. DISCUSSION 

Diseases remain as a bottleneck for the growth and sustainability of shrimp aquaculture 

worldwide. Until 2009, viral diseases remained as the major causes of economic losses in shrimp 

farming (Flegel, 2012; Lightner et al., 2012). However, emergence of AHPND in 2009 in China 

turned out to be a game changer. Since its emergence, the disease has caused 1 billion dollars  in 

annual losses, and AHPND became a threat to the aquaculture industry (Kumar et al., 2018). All 

of a sudden, economic losses caused by AHPND put the disease in almost equal importance 

compared to the white spot disease caused by the White Spot Syndrome Virus (WSSV) that has 

also caused losses worth  billions of dollars worldwide in shrimp farming (Arun K Dhar et al., 

2019). Therefore, efforts were made to develop strategies to contain AHPND as the disease started 

spreading from China to many counties in Asia and beyond. AHPND outbreaks in the US in 2017 

(Dhar et al., 2019) and South Korea in 2019 (Han et al., 2020) are two recent events that highlight 

(Arun K. Dhar et al., 2019) the economic importance of this diseases for the shrimp industry 

globally.   

The etiologic agent of AHPND was originally identified as Vibrio parahaemolyticus 

carrying  plasmid borne binary toxin genes, pirA and pirB (Han et al., 2015). Since Vibrio spp. is 

a marine, halophilic bacterium that survives in pond sediment, removing sediment from the pond 

bottom was found to be an effective strategy in managing the disease (Yang et al., 2019). However, 

Vibrio spp. being ubiquitous in the marine environment, pond management strategy alone is not 

enough to contain the disease. Antibiotics are known to be effective in controlling Vibrio spp., 

however, emergence of antimicrobial resistance and antibiotic residues in commodity shrimp are 

major concerns (Newman, 2019). Hence antibiotic-based therapy is not feasible by any means. As 

a result, alternative strategies are being attempted to develop therapies against AHPND (Campa-
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Córdova et al., 2017; Jha et al., 2016; Jun et al., 2018). Therapies based on natural extracts of plant 

origin are considered as a promising approach for AHPND treatment.  

Natural extracts were found to have antimicrobial activities against pathogenic bacteria, 

fungi and viruses (Cowan, 1999). In shrimp aquaculture, antimicrobial compounds of plant origin 

were used to control pathogenic Vibrio spp. including V. harveyi (AftabUddin et al., 2017; Raja 

Rajeswari et al., 2012) and V. parahaemolyticus (Karnjana et al., 2019; Kongchum et al., 2016; 

Morales-Covarrubias et al., 2016b). However, there are few studies using plant-derived 

compounds to control VPAHPND. In the present study, we screened 23 NEs and 5 of 13 NEs showed 

antimicrobial activities against VPAHPND in a disk diffusion assay with diameters of inhibitory 

zones ranging from 11.80±0.90 to 26.00±1.80 mm (Fig. 4, Table 3). These results were consistent 

with published studies in which V. parahaemolyticus (1 x 106 cfu/ml) growth was shown to be 

inhibited by plant extracts such as green tea extract that showed diameters of inhibition zones 

ranging from 14.4 - 16.4 mm in independent assays (Kongchum et al., 2016). In disk diffusion 

assay, V. parahaemolyticus growth was shown to be inhibited by natural extracts from plants such 

as Syzygium cumini, Saraca indica, Terminalia belerica, Datura stramonium, Lawsonia inermis, 

and Allium sativum with diameters of inhibition zones ranging from 10-19 mm (Sharma et al., 

2009).  

In liquid culture assay, the MIC values of NE01, NE02, NE03, NE04 and NE05 were found 

to be 0.15%, 0.15%, 0.075%, 0.04% and 0.02% (v/v%), respectively. This shows that NE03, NE04 

and NE05 have higher efficacy against VPAHPND than NE01 and NE02. This could be due to the 

level of purity of these extracts, as determined by NMR analyses (Figs.8 and 9). For example, 

among the five extracts tested NE03, NE04 and NE05 had much higher levels of purities (85%, 

80% and 100%, respectively) compared to NE01 and NE02 (66% purity for each of these 
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compounds). In a recent publication, Phung and colleagues determined the MIC values of dried 

Phyllanthus amarus against VPAHPND as 12.5% which was much higher than MIC values found in 

this study (Phung et al., 2019). Phyllanthus amarus is a small herb with known medicinal 

properties against gastrointestinal diseases (Patel et al., 2011). Phung and colleagues used dry 

powder derived from the whole plant biomass instead of active ingredient(s) isolated from the 

plant. It is likely this resulted in a high level of incorporation (i.e. 12.5%) of plant biomass rather 

than incorporating the active ingredients only. Whole plant extract is known to provide nutrients 

to the microbes which may reduce the effectiveness of natural extracts and induce the growth of 

pathogen.    

There were two interesting observations that were made while analyzing the data from the 

MIC assay. First, there was a declining trend in VPAHPND count with NE05 at 24 and 48 h post-

incubation, suggesting that NE05 may have bactericidal effect and is likely to be a promising 

natural extracted for AHPND treatment. Second, a combination of the three most effective NEs 

(NE03, NE04 and NE05) had lower MIC values than each of these extracts applied alone, 

suggesting a combination of these three extracts could be used to control VPAHPND. 

NMR analysis revealed that the five compounds, NE02 through NE05 consisted of the 

active ingredient phenol (Fig. 9). whereas NE03 contained a different active ingredient unsaturated 

aldehyde (Fig 8).  Among the four compounds (NE01 through NE04), the proportion of the active 

ingredient was higher in NE03 in comparison to that of the remaining three compounds, NE01, 

NE02 and NE04. As a result, NE03 showed the stronger antimicrobial activities compared to 

NE01, NE02 and NE04. It is known that the antimicrobial activities of natural extracts is attributed 

to the types and proportion of their active ingredient (Q. Liu et al., 2017). Indeed, a different active 
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ingredient found in NE05 coupled with its higher level of purity could be attributed to the strongest 

antimicrobial activity of this extract compared to the remaining four extracts. 

Antimicrobial activities of natural extracts could contribute  to their bacteriostatic or 

bactericidal properties that may affect bacterial cell wall and enzymes involved in the metabolism 

of bacteria (Calvo and Martínez-Martínez, 2009). Scanning electron micrographs showed that 

NE03, NE04 and NE05 affected bacterial cell wall resulting in its disruption and leaking of 

intracellular components (Fig. 11). It is unknown if the mechanism of action  of NE03, NE04 and 

NE05 is similar to that of  the  antimicrobial peptides that directly disrupt bacterial cell walls 

(Corrêa et al., 2019).  

Since NE05 showed the best antimicrobial properties among the five NEs tested, this 

extract was chosen for assessing the in vivo efficacy against VPAHPND using an experimental 

AHPND bioassay. In this bioassay, shrimp were fed diets containing two different levels of NE05 

(10% and 20%) for 7 days before challenging the animals with VPAHPND using an immersion 

challenge model. Altogether, three independent VPAHPND challenge experiments were conducted. 

The average survival rate was significantly higher in shrimp fed the diet containing NE05-20% 

(93% survival) than shrimp fed a diet containing NE05-10% (15% survival) or a commercial diet 

(3% survival), suggesting that a 20% incorporation level of NE05 in a commercial diet could be a 

viable option in developing a diet for controlling AHPND. Animals maintained on a diet 

containing NE05-20% displayed no clinical signs, and histopathology of hepatopancreas showed 

no lesions that are pathognomonic of AHPND (Fig. 12D and Fig. 14 G, H). In contrary, animals 

maintained on a diet containing NE05 (20%) or a commercial diet alone developed clinical signs 

and lesions in hepatopancreas that are hallmarks of AHPND. Jha and colleagues reported that 

feeding shrimp (P. vannamei) with a mixture of 10 different essential oils for 10 days protected 
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these animals from a subsequent experimental challenge with VPAHPND (Jha et al., 2016). These 

authors recorded no mortality in the experimentally challenged animals. Although in the current 

study, an analogous finding was observed, there were several differences between the two studies. 

In the study published by Jha and colleagues (2016), the authors used a mixture of 10 different 

essential oils unlike one extract (NE05) with high purity (100%) as used in the current study. In 

addition, SEM photographs provided some clues on the potential mechanism of bactericidal 

activity of NE05. In the paper published by Jha and colleagues (2016) neither the purity of the 

essential oils nor any potential mechanism of antimicrobial properties were discussed.  

Upon the termination of AHPND bioassay, hepatopancreas samples were collected for the 

detection of pirA and pirB genes by PCR. The results showed that pirA and pirB genes were 

successfully detected in shrimp fed commercial diet (positive control) as well as in shrimp fed 

commercial diet containing 10% or 20% NE05. However, pirA and pirB genes were not detected 

in healthy shrimp that were fed a commercial diet and were not AHPND challenged. The detection 

of pirA and pirB genes in animals fed a commercial diet or a diet containing NE05-10% was 

expected since animals in these two groups developed clinical signs and showed high mortality. 

However, the detection of pirA and pirB genes in animals maintained on a diet containing NE05-

20% suggest that the pVA1 plasmids carrying the binary toxin genes was present in 

hepatopancreas although no histopathology induced by the toxin could be seen. It has been 

hypothesized that V. parahaemolyticus causing AHPND colonizes the gut and release binary toxin 

that reaches hepatopancreas through the gastric sieve that connects the gut to hepatopancreas 

(Prachumwat et al., 2019). Since SEM photograph revealed that NE05 disrupts bacterial cell wall 

and intracellular contents probably leak out of the cells, it is possible that pVA1 plasmid DNA 

released in the gut upon disruption of bacterial cell wall reaches the hepatopancreas through gastric 
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sieve. As a result, when genomic DNA is isolated from hepatopancreas tissue, PCR positive result 

were obtained for the binary toxin genes pirA and pirB. It is possible that the amount of toxins was 

not enough to cause pathological changes in the hepatopancreas Irrespective of these findings, it 

is quite apparent that plant derived natural extract NE05 is effective in controlling AHPND that 

has caused enormous losses in shrimp aquaculture over the past decade.   
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CHAPTER 5. CONCLUSION 

 
Acute Hepatopancreatic Necrosis Disease (AHPND), caused by V. parahaemolyticus and 

other Vibrio species expressing plasmid-borne binary toxins, PirA and PirB, is a threat to the 

sustainability of shrimp farming globally. There is no therapeutic against AHPND and the use of 

antibiotics is not feasible due to the presence of potential residues in commodity shrimp, 

development of drug resistant bacteria, and other environmental issues 

  In the present study, 23 NEs were evaluated to determine their efficacy in inhibiting V. 

parahaemolyticus causing AHPND in vitro and in vivo. Five of the 23 NEs showed antimicrobial 

activities in disk diffusion assay as well in liquid culture as determined by their MIC values. 

Analyses of these five compounds using NMR revealed that these five NEs have varying levels of 

purity with NE05 exhibiting the highest purity. Scanning electron micrographs showed that the 

cell damage was more evident in NE03, NE04 and NE05 treated cells than those treated with NE01 

and Ne02. Subsequently, an in vivo assay was performed to determine the efficacy of NE05 by 

delivering this extract through diet at two different concentrations, 10% and 20% (v/w) and 

conducting an AHPND challenge. The results showed that shrimp fed a diet containing NE05 at 

20% did not develop any clinical signs of AHPND, showed no pathognomonic lesions 

characteristic of AHPND, and demonstrated a 93% survival. In comparison, animals fed a 

commercial diet or a commercial diet containing 10% NE05 developed clinical signs, had 

hallmarks of AHPND lesions in hepatopancreas tissue and had a lower than 10% survival. This 

suggests that NE05 is a promising natural extract that could potentially be used to develop a 

commercial diet in controlling AHPND.  

As of now, there is only one commercially available functional feed against AHPND that 

was developed by an animal feed producing company, Skretting (Stavanger, Norway) in 2017.       
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The function diet was reported to provide  50% survival in laboratory challenge experiments using 

AHPND (https://www.aquaculturealliance.org/advocate/evaluating-commercial-functional-

diet-ahpnd-infected-juvenile-pacific-white-shrimp/). The chemical nature of the active ingredient 

that provide protection against AHPND was not disclosed for proprietary reasons. Irrespective of 

the active ingredient, it is obvious that there is a need to further develop diets that can provide 

higher level of protection against AHPND. Therefore, the current research is, very timely and has 

a promise in developing a functional diet in controlling AHPND. A provisional patent application 

covering the use of NEs described in this project was filed by Tech Launch Arizona, UA, recently.  

In the near future, large-scale tank trials involving more animals and different combinations of the 

NEs, as described earlier (Fig. 7) will be conducted to validate the current findings. If the results 

are promising, efforts will be made to conduct field trials in AHPND endemic areas and license 

the technology to an aquaculture feed company. Because of the organic nature of the NEs, it is 

likely that an AHPND therapeutic will be appealing to shrimp farmers. This will enable us to 

address a real-life problem with a major economic implication that shrimp farmers around the 

world are facing today and will also help the shrimp industry to be sustainable in the long run. 
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