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These studies were begun during the summer of 1994, ~ 2 years after the 

recognition of Taura Syndrome (TS), a lethal disease of farm-raised Penaeus 

vannamei in Ecuador of then unknown etiology. 

Utilizing specific pathogen free (SPF) P. vannamei test shrimp, the combined 

results of four initial TS bioassays suggested that the disease had an infectious instead 

of a toxic etiology as originally reported. 

The hypothesis that TS was virus-caused prompted the application of a shrimp 

parvovirus (IHHNV) purification protocol, which resulted in the discovery of Taura 

Syndrome virus (TSV), a previously unrecognized virus that was isolated from TS 

diseased shrimp tissues. 

Three serial infectivity smdies were performed in which purified cell-free 

extracts of TSV were injected into SPF P. vannamei test shrimp and the criteria of 

Rivers' posmlates were fulfilled, establishing that TS has a viral etiology. 

In situ hybridization assays for the detection of TSV resulted in firequent false 

negative gene probe results. This problem was due to fixative-induced acid hydrolysis 

of the TSV RNA genome resulting from tissue fixation with Davidson's solution (Ph 

3.5-4). Development and use of a neutral fixative, R-F (RNA-Friendly) fixative, was 

shown to prevent this problem. 

The pathogenesis of TSV lesions was analyzed in experimentally infected, time 
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course sampled SPF P. vannamei. The TSV disease cycle was found to consist of 

three clinically and histologically distinct overlapping phases; an -7 d acute phase, 

an ~ 5 d transition phase and a long term cyclic chronic phase of at least 8 months 

duration. 

TSV susceptibility smdies of two endemic North American (P. setifenis and P. 

aztecus) and one Asian penaeid species (P. chinensis) showed that P. aztecus and P. 

chinensis juveniles were susceptible, whereas, P. setifenis appeared refractory to TSV 

infection. 

The geographic range of TSV within the Americas was documented based on 

gene probe and histological findings of archived P. vannamei samples dating from 

1992 to 1996. TSV was detectable within P. vannamei submitted from Ecuador when 

the disease was first recognized (1992) and has since spread into 12 other countries. 

The causes and effects of the international controversy of a viral versus a 

toxic etiology for TS are discussed and a solution offered to prevent similar disputes 

in the future. 
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CHAPTER I 

INTRODUCTION 

l.I A Brief Overview of Shrimp farming in the Western Hemisphere 

Marine shrimp farming has been conducted in the western hemisphere for the past 

30 years, rapidly evolving from individual private ventures that were started in Ecuador, 

Panama and Honduras in the late 1960's and early I970's into what is now a large scale 

industry, producing about 30% of the world's farmed shrimp (Villalon 1991; Rosenberry 

1997). The rapid growth of the shrimp farming industry in the western hemisphere 

during the 1980's, particularly in Latin America, is attributed to decreasing yields of 

commercially caught shrimp, the high demand for shrimp in Japan, North America and 

western Europe, the initial availability of inexpensive land and labor, an abundance of 

wild postlarvae, technological achievements leading to the successful breeding of shrimp 

and the lure of a highly profitable product (Jory 1995). Approximately 13 different 

countries in the Americas are presently involved in shrimp aquaculmre, operating a total 

of 350 shrimp hatcheries and 1800 farms, which consist of an estimated 180,000 hectares 

(444,600 acres) of growout ponds (Rosenberry 1997, Jory 1995). During the 1997 

season, the combined production of these 13 countries was estimated at 198,200 MT 

(worth -1.2 billion dollars) with Ecuador being the leading producer (130,000 MT) and 

the U.S. the smallest (1,200 MT) (Rosenberry 1997). Approximately 85% of the shrimp 
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cultured in the Americas are Pacific white shrimp, Penaeus vannamei, followed by the 

Pacific Blue shrimp, P. stylirostris (Rosenberry 1997. Jory 1995). 

During the short history of penaeid shrimp aquaculture in the Americas, one of 

the principle problems continually faced by farmers has been shrimp losses due to a 

variety of disease problems caused by bacteria, fungi, protozoans, rickettsia, possibly 

chlamydia and, most importantly, viral infections (Lightner 1996a, Rosenberry 1997). 

Due to the unnamrally high densities of shrimp that are raised within the limited space 

of a hatchery tank or farm pond, the occasion for suboptimal water quality conditions and 

a heavy reliance on supplementing the shrimp's diet with artificial feeds, the man-made 

conditions of semi-intensive shrimp farming are optimal for the rapid spread of an 

infectious agent through these confined and crowded populations. In the case of viral 

infections, the only recourse open to the shrimp farmer is to either prevent virus 

introduction into his stocks or to culture virus resistant strains of shrimp, as no 

chemotherapeutic agents or treatments exist which can prevent or cure any of the -20 

different viral agents presently known to infect penaeid shrimp (Lightner 1996a). 

Although ill equipped to eliminate viruses once they have entered a shrimp 

crop, the shrimp industry has benefitted from the varied and extensive array of diagnostic 

techniques that are currently available for their detection and used to identify and exclude 

infected shrimp. These diagnostic techniques have been thoroughly reviewed in the 
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literature (Sindermann and Lightner 1988; Lightner 1996a; Brock and Main 1994) and 

only a few are briefly described here. Routine H&E histopathology of paraffin embedded 

tissues is the standard diagnostic tool of most shrimp disease diagnostic labs, followed 

closely by the molecular techniques of dot blot and in situ hybridization analyses. These 

two latter methodologies employ nonradioactive, digoxigenin-labeled CDNA probes that 

are complimentary to a small portion (—1-2 kb) of the viral genome that the 

diagnostician seeks to identify in a given sample and are both highly sensitive and 

disease-specific diagnostic tools. Gene probes have been developed by the University of 

Arizona Aquaculmre Pathology Group (UAZAPG) for the detection of the shrimp DNA 

viruses IHHNV, BP, MBV, HPV, WSSV and the RNA viruses, TSV and, most recently, 

YHV (Lighmer 1996a; Tang and Lighmer, personal communication). The majority of 

these probes are commercially available in both dot blot and in situ hybridization kits to 

the shrimp industry through a private company that specializes in producing veterinary 

diagnostic reagents (DiagXotics, Wilton, CT). 

In conducting a routine histological analysis of a shrimp specimen, working to the 

advantage of the diagnostician is that multiple representative sections of the entire 

organism can often be included in one or two slides. Since the following smdies relied 

heavily on both histological and in situ hybridization analyses of shrimp sections, a brief 

review of shrimp anatomy is warranted for the purpose of orientating the reader. A 

detailed description of shrimp anatomy can be found in Bell and Lighmer (1988) and 
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Brock and Main (1994) and the following is based on these references. Externally, 

penaeid shrimp have a distinct head (cephalothorax) and tail region, the former 

possessing five pairs of walking legs (periopods), paired compound eyes and paired 

antennae and the latter exhibiting paired swimming appendages (pleopods) on the first 

five of six tail segments (somites). The primary organs are located within the 

cephalothorax and include the supraesophageal ganglion (brain analogue), heart, gills, 

mouth, esophagus, anterior stomach, posterior stomach, hepatopancreas or digestive 

gland (liver analogue), lymphoid organ or Oka organ (lymph node/spleen analogue), 

antennal gland (kidney analogue), and multiple hematopoietic nodules (Figure 1.1.1). 

Arteries and veins are present in relatively low numbers when compared to mammals, 

as penaeid shrimp have an open circulatory system (hemocoel). Joining the 

supraesophageal ganglion in the anterior cephalothorax and running the length of the 

ventral plane of the shrimp firom head to tail is the ventral nerve cord (spinal cord 

analogue). Enveloping the exterior of the shrimp (including the appendages and gills) and 

lining the foregut and hindgut is a chitinous exoskeleton or cuticle, which serves to both 

support the body and as a mechanical barrier. Underlying the cuticle is a layer of 

pseudostratified epithelial cells, which secretes the components of each new cuticle 

during the molt cycle and is intimately involved in the Taura Syndrome disease cycle as 

will become evident later. 
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Figure 1.1.1 - Inlernal anatomy of a mid-sagilally sectioned postlarval Penaeus vcmnamei stained with 
hematoxylin and eosin-phloxine (After Hasson, Wilson, Redman and Lightner). 
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In analyzing shrimp for the presence of disease or utilizing them as subjects for 

disease research, the investigator must be familiar with and be able to identify the eight 

different life cycle stages that occur in penaeids. As frequent reference is made to three 

of the different life stages of P. vannamei in this work, a brief description of each is 

warranted. Following release from the egg, newborn shrimp rapidly metamorphose 

through three sequential, morphologically distinct planktonic larval stages; the nauplius 

stage, protozoea stage and mysis stage (Smith et al. 1993). In general, development from 

the nauplius stage through the mysis stage occurs over a 9 d period. Metamorphosis out 

of the mysis stage, during the tenth day following hatch out, results in the formation of 

a postlarval (PL) shrimp, which displays all of the morphological characteristics of an 

adult. Postlarvae are numerically designated by the number of days following their first 

day as a PL (e.g. a 5 day old PL is designated as a PL5). After reaching the PL6 stage, 

the shrimp change firom planktonic to benthic dwellers (Smith et al. 1993). Typically, 

shrimp farms will stock their ponds with postlarvae between the PL8 to PL25 range. 

Shrimp ranging from the PL25 stage up to the onset of sexual maturity are referred to 

as juveniles. Shrimp with maturing reproductive tracts are called subadults (~ 12-35 g 

avg. wt.) and sexually mamre shrimp, generally over 30 g, are designated as adults. The 

life span of P. vannamei is estimated at 2 to 3 years for captive stocks and ~ 14 to 18 

months in wild populations (Maugle 1993). 
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1.2 Personal Notes and Chapter Arrangement 

Taura Syndrome virus (TSV) is one of the most recent penaeid shrimp viral 

diseases to be recognized in farm raised Penaeus vannamei in the western hemisphere 

and it has caused devastating economic losses to shrimp farmers throughout the Americas 

over the past 6 years. The disease, Taura Syndrome (TS), was first observed in shrimp 

farms located in the Province of Guayas, Ecuador during the summer of 1992, ~2 

months prior to beginning my doctoral work in the field of shrimp pathology as a 

member of the UAZAPG under the direction of Dr. Donald V. Lightner. For the past 

25 years, the work conducted by the UAZAPG has focused on the investigation, 

characterization and diagnosis of emerging penaeid shrimp pathogens and is recognized 

as one of the leading laboratories that is dedicated to this task. As a result, when TS 

epizootics first began in earnest in Ecuador, Dr. Lighmer was called upon for assistance 

and our team was directly involved in the investigation of this new shrimp disease almost 

from its inception. 

During late 1992 and all of 1993, there was a steady increase in the number of 

cases consisting of TS diseased P. vannamei that were being submitted for diagnostic 

analysis to the UAZAPG from Ecuador. However, we were, as yet, unaware of the 

scope of the problem. In late 1993, Carlos Pantoja and myself were sent to Ecuador by 

Dr. Lighmer to investigate the unusually high mortalities that were occurring within the 
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five different shrimp farms owned by the El Rosario company, one of the four largest 

shrimp aquaculture enterprises in Ecuador. This company was in the midst of its first 

production trials of specific pathogen free (SPF) P. vannamei (Mexican strain) that had 

been developed by the U.S. Marine Shrimp Farming Consortium (Wyban et al. 1992; 

Pruder et al. 1995). Although hatchery production of SPF postlarvae had greatly 

exceeded original expectations (David Garriques, personal communication), massive die-

offs following stocking of the SPF "seed" in the farms was of grave concern (Rosenberry 

1993). We spent five days preserving samples and analyzing wet mount preparations of 

gills, hepatopancreata and gut contents of representative samples originating from each 

of the afflicted farms, but were unable to determine the cause of the high mortality rate. 

Fortuitously, we had arranged to visit another company's farm to collect samples of 

shrimp known to have TS disease, our knowledge of which, until then, had been limited 

to histological findings of cases submitted from Ecuador. Upon viewing the TS diseased 

shrimp, which were flaccid, lethargic, and displayed an overall reddish lavender 

coloration throughout the body, we realized that the epizootics at the El Rosario farms 

were probably due to TS, as representative samples from two of the five farms had 

displayed these same clinical signs. Upon returning to the U.S., histological analysis of 

preserved El Rosario shrimp samples confirmed this presumptive diagnosis. 

Four years prior to beginning my dissertation work at the UAZ, I had lived in 

Ecuador for six years. During that time, I had spent three years as a Peace Corps 
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volunteer, three years working in shrimp hatcheries, married and began a family. With 

tentative plans of one day returning to Ecuador to live and obtain work in the shrimp 

industry upon finishing my degree I was, naturally, more than just interested in the TS 

problem. Initially, my dissertation topic was to focus on lesion pathogenesis of the 

penaeid shrimp viral disease caused by infectious hypodermal and hematopoietic necrosis 

virus (IHHNV, Lighmer et al. 1996a). However, I was fortunate enough to have a 

mentor and graduate committee who allowed me to deviate from this original plan and 

pursue my interest in TS. The purpose of this introductory section is to review what is 

presently known about Taura Syndrome virus, as it is the focus of the studies described 

in this dissertation. 

Following this introductory section and literature review, the body of the 

dissertation has been divided into eight chapters, each of which represents either a single 

investigation or series of related smdies that are presented, for the most part, in the 

chronological order in which they were performed. The principle research objectives of 

this work was twofold; identify the causative agent of Taura Syndrome and characterize 

the disease in terms of lesion pathogenesis, epizootiology and the susceptibility of other 

penaeid species. Chapters 2 through 4 cover the initial studies which led to the hypothesis 

that TS was an infectious, pathogen-caused disease (Chapter 2), describes the isolation 

and purification of a previously unknown viral agent, named Taura Syndrome Virus or 

TSV (Chapter 3), and ends with a review of the confirmatory work that was performed, 
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which demonstrates that TS has a viral etiology through fulfillment of Rivers' Postulates 

(Chapter 4). This latter work was previously published and a reprint is included in 

Appendix A. Chapter five discusses the development and application of a new RNA-

friendly shrimp fixative (named R-F fixative), whose purpose was to enhance in situ 

hybridization detection of TSV RNA and eliminate the problem of false negative TSV 

gene probe results. This work was also published and a reprint is included in Appendix 

A. Applying the methodologies resulting from the work of Chapter 5, investigations into 

TSV lesion pathogenesis in SPF P. vannamei were performed (Chapter 6) with the goal 

of describing the TSV disease cycle. Chapter 7 details TSV susceptibility studies of two 

endemic North American and one Asian penaeid shrimp species. This is followed by a 

description of the distribution and spread of TSV throughout the Americas, which is 

based on both histological and gene probe analysis of clinical cases submitted to the 

UAZAPG for disease analysis between the years 1992 to 1996 (Chapter 8). To clarify 

the reason for the longstanding controversy as to whether TS has a viral or toxic 

etiology. Chapter 9 provides a synopsis of the causes and effects of this dispute and 

offers suggestions as to how similar circumstances may be avoided in the future. The 

dissertation then concludes with a brief summary (Chapter 10) of the overall findings 

and/or conclusions derived from each of the studies detailed in chapters 2 through 9 and 

lists TSV-related research questions that arose from this work. 
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1.3 Taura S3^droine Literature Review 

1.3.1 TSV History: Viral vs. a Toxic Etiology 

During the summer of 1992, a previously unknown penaeid shrimp disease was 

first recognized in Penaeus vannamei juveniles from farms located near the mouth of the 

Taura River basin in the province of Guayas, Ecuador (Jimenez 1992; Lightner et al. 

1994, 1995a,b; Wigglesworth 1994; Brock et al. 1995, 1997a; Lightner 1996a,b), 

resulting in the disease being called Taura Syndrome (TS). TS epizootics would generally 

begin within 15 to 40 d after stocking ponds with postlarval P. vannamei (Lightner et al. 

1994; Wigglesworth 1994; Brock et al. 1995, 1997a). Cumulative mortalities due to the 

disease ranged from 75 to 95% among affected P. vannamei postlarval and juvenile 

populations, which typically died within a week of disease onset (Lighmer et al. 1994, 

1995a,b, 1996a; Brock et al. 1995, 1997a). The cause of TS was initially attributed to 

the toxic effects of two systemic agricultural fungicides. Tilt* (propicanizole, Ciba-Geigy) 

and Calixin* (tridemorph, BASF), which were being used to control a fungal disease 

known as Black Leaf Wilt disease or "Sigatoka Negra" (Mycosphaerella sp.) in banana 

plantations located in the vicinity of the affected shrimp farms (Lightner et al. 1994; 

Wigglesworth 1994; Stem 1995). Curcumstantial evidence suggesting that TS was linked 

to fungicide toxicity included the following: 
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a) The onset of TS epizootics coincided with periods of heavy rainfall and it was believed 

that banana plantation runoff was contaminating waterways used by the adversely affected 

shrimp farms (Lightner et al. 1994; Wigglesworth 1994, Brock et al. 1995). 

b) Initial epizootics occurred during a period when both of the suspected fungicidal 

agents were being applied with greater frequency and at higher doses in local banana 

plantations (Lightner et al. 1994, Brock et al. 1995). 

c) Both fungicides contained a chitin inhibitor, providing a plausible reason for why TS 

affected shrimp typically died in molt (Lightner et al. 1994; Wigglesworth 1994). 

d) TEM analysis of TS diseased cuticular epithelial cells by the University of Arizona 

Aquaculture Pathology Group (UAZAPG) revealed the presence of putative cytoplasmic 

calcium phosphate crystals, further suggesting fungicide induced molt inhibition (Lightner 

et al 1995a). 

e) Residual amounts of Tilt were found in water, sediment and shrimp tissue samples 

from the affected region (Lightoer et al. 1994; Brock et al. 1995; Wigglesworth 1994). 

f) Failure of the UAZAPG to identify the presence of a pathogen in TS diseased tissues 

by TEM (Lighmer et al. 1994, 1995a) 
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g) Claims by an Ecuadorian-based shrimp farm that carbon filtration of pond water 

prevented or reduced the problem, again, suggestive of a filterable toxin(s) (Stem 1995). 

h) Claims by another Ecuadorian-based shrimp hatchery that they had successfully 

induced TS through waterbome exposure of P. vannamei test shrimp to the two 

fungicides (Lightner et al. 1994; Wigglesworth 1994; Intriago et al. 1995a,b, 1997a,b). 

These promoters of the fungicide etiology theory will, hereafter, be referred to as the 

fungicide theory proponents. 

By the end of 1993, TS had spread throughout most of the P. vannamei farms 

located in the province of Guayas, Ecuador as well as into single or multiple sites located 

in Northern Peru and the Pacific coast of Colombia (Brock et al. 1995, 1997a; Brock 

1997b; Hasson et al. 1995b, 1997a; Lightner 1996b, 1997a). The devastating and 

successive epizootics within farms located in and around the Gulf of Guayaquil had 

forced many into bankruptcy or to close their farms (Rosenberry 1994a,b,c, 1995a) and 

the local outcry against the banana farmers was growing. However, in the case of TS 

affected farms located within Tumaco, Colombia, the absence of both banana farms and 

use of Tilt and Calixin (Dr. Regis Bador, personal communication) had investigators 

baffled, as the circumstantial evidence in favor of the fungicide etiology theory was both 

convincing and, by now, widely accepted. 
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In early and late 1993, the UAZAPG was contracted by members of the 

Ecuadorian Shrimp Producers Association to conduct two toxicity bioassays to determine 

if TS could be induced in SPF P. vannamei test shrimp through waterbome and/or feed 

delivered exposure to the fungicides. One smdy was conducted in Tucson, utilizing Tilt 

and Calixin imported from Ecuador (Williams and Lighmer, unpublished results), and 

the second was performed by myself in Ecuador in collaboration with the fungicide 

theory proponents who had claimed to have experimentally induced the disease. Neither 

of these fungicide exposure smdies induced the clinical signs, acute phase monality 

pattern or pathognomonic histological lesions that were associated with naturally 

occurring TS disease (Hasson and Lighmer, unpublished results: Lightoer et al. 1994). 

Attempts by Brock (Lightner et al. 1994) to induce TS via intramuscular injection of SPF 

P. vannamei with a 1:1 mixmre of the two banana fungicides and Springbom 

Laboratories' (Wareham, Massachusetts) testing of both water and sediment-borne 

fungicide exposure of SPF P. vannamei in a 28 d challenge smdy, also failed to induce 

the disease (Brock et al. 1995, Collins 1994). Although the initial circumstantial evidence 

was extremely compelling, the fungicide etiology theory gradually lost credibility as TS 

continued to spread into new shrimp growing regions where neither of the two fungicides 

were in use and due to the failure of all attempts to experimentally induce TS through 

either intramuscular injection, per os or waterbome exposure of test shrimp to the two 

fungicides (Wigglesworth 1994; Lighmer etal. 1994; Brock etal. 1995, 1997a; Hasson 

et al. 1995b). 
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In early 1994, an international workshop on Taura Syndrome was financed by 

Ciba-Geigy (the manufacturer of Tilt) and hosted by the University of Arizona (Lightner 

et al. 1994). Invited panicipants included most of the world's leading authorities on 

shrimp diseases and shrimp aquaculture, as well as industry representatives firom the two 

principle shrimp growing regions that had been most severely impacted by TS, Ecuador 

and Colombia. The purpose of the meeting was to discuss all that was then known 

concerning the disease, as its etiology still remained unknown. One of the more 

significant results of the workshop was the adoption of a standardized histological 

definition describing the pathodiagnostic lesion type that is observed in P. vannamei with 

acute phase TS disease. Originally described by Jimenez (1992), this expanded definition 

was unanimously approved by the workshop participants, which included Dr. Jimenez, 

who represented the fungicide theory proponents at the workshop (Lighmer et al. 1994). 

The histological definition that was agreed upon reads as follows: "Juvenile P. vannamei 

that have been preserved in Davidson's AFA fixative and which displayed a history and 

gross signs that are suggestive of Taura Syndrome, will show histological lesions of the 

cuticular epithelium and subcutis of the gills, appendages, general body surface, foregut 

and hindgut. Such lesions are characterized by the presence of multifocal necrosis of 

cuticular epithelial cells and supportive fibrous connective tissue cells that most often 

possess pyknotic nuclei, an acidophilic cytoplasm, with usually multiple cytoplasmic, 

generally spherical inclusions that range from eosinophilic to darkly basophilic and give 

such lesions a characteristic "peppered" or "buck shot" appearance" (Lighmer et al. 
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1994). With the establishment of these diagnostic criteria, which were subsequently 

published by Lightner et al. (1995a), shrimp histopathology laboratories throughout the 

Americas now possessed standardized guidelines for definitively diagnosing either 

naturally occurring or experimentally induced TS disease. 

Within five months of the TS workshop, two separate outbreaks of TS occurred 

within two different P. vannamei culture facilities on the island of Oahu, HI. Samples 

of shrimp firom the two epizootics displayed pathodiagnostic acute phase TS histological 

lesions, yet, no banana plantations existed near the affected farms and neither Tilt nor 

Calixin were being used on the island (Jim Brock, personal communication). Shortly 

thereafter, the methodology for experimentally transmitting and inducing TS disease was 

discovered by Dr. Jim Brock (Brock et al. 1995). This was accomplished by feeding 

minced TS infected carcasses to SPF P. vannamei (Mexican strain) indicator shrimp and 

demonstration of TS clinical signs, mortalities, and the development of pathognomonic 

TS histological lesions within 5 to 7 d post-exposure. The possibility that blue-green 

algae toxins were the cause of TS was analyzed by Dr. Brock's lab, whereas, shrimp 

toxicity smdies were performed by UAZAPG to determine if anodier commonly used 

agricultural fimgicide, Benlate™ (benomyl, DuPont), may be the causative agent (Lighmer 

et al. 1996c). However, as with Tilt and Calixin, neither of these potential toxins were 

found to induce TS in SPF P. vannamei. Subsequent per os and injection mediated 

infectivity smdies, conducted independently by Brock and by the UAZAPG, led to the 
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liypothesis of an infectious etiology for TS (Brock et al. 1995; Dissertation Chapter 2), 

which was later demonstrated to be virus-caused through fulfillment of River's postulates 

by Hasson et al. (1995a, Dissertation Chapter 4). In that study, TS was induced in 

juvenile SPF P. vannamei via injection of cell-free suspensions of purified virus, named 

Taura Syndrome virus (TSV), which was isolated from the frozen carcasses of TSV-

infected P. vannamei that had been collected in Ecuador during 1993. 

During 1995, characterization studies of TSV were completed, the virus 

determined to be a member of the Picomaviridae family (Bonami et al. 1997; Hasson et 

al. 1995a), and two TSV-specific genomic probes were developed by Mari et al. "in 

press" at the UAZ. The new gene probes provided research institutions with a highly 

sensitive diagnostic and research tool for this newly described penaeid virus, which, by 

this time, had spread into shrimp farms throughout most of Central America, Mexico and 

Texas (Lighmer et al. 1996b, 1997a; Hasson et al 1997a; Brock et al. 1997a; Brock 

1997b). Analysis of the TSV epizootics that occurred in Texas shrimp farms led to the 

discovery that marine birds are an important transport vector of the disease, shedding 

viable TSV in their feces after feeding on TSV infected shrimp (Garza et al. 1997). 

Overshadowing the advances made concerning this new viral disease during 1994 

and 1995, was the persistent claim by the fungicide theory proponents that the true 

causative agent of TS was the combined toxic effects of the two fungicides (Jimenez 
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1992, 1995a,b; Bamiol 1995a,b; Biock et al. 1995, 1997a; Brock 1997b; Intriago et al. 

1995a,b, 1996, 1997a,b). This contradictory and scientifically unsubstantiated claim not 

only initiated an ongoing dispute between the main elements of the Ecuadorian shrimp 

industry's private sector and U.S. researchers, but the resulting controversy left shrimp 

farmers in other TS affected regions in a state of uncertainty as to the true causative 

nature of the disease. Following recommendations proposed by the U.S. Environmental 

Protection Agency, which resulted from a TS fact finding mission conducted by the EPA 

in Ecuador at the request of that country's government during 1994, researchers working 

in a government-sponsored marine laboratory in Ecuador (CENAIM, Centro Nacional 

de Investigaciones Marinas) repeated the fungicide exposure smdies during 1995 (E.P. A. 

report, 1995; Enriquez et al. 1995). As was found in all of the previous Tilt/Calixin 

toxicity smdies, waterbome exposure of SPF P. vannamei to the two fungicides had no 

adverse effect on the test shrimp. However, they found that per os exposure of the test 

shrimp to TS-diseased shrimp tissues induced TS as originally found by Brock et al. 

(1995). These findings were presented at the 1995 Third Ecuadorian Aquaculmre 

Congress, but, unformnately, were not published. 

Research conducted at UAZ during 1996 established the pattern of the TSV 

disease cycle in P. vannamei, demonstrating that the lymphoid organ of TSV survivors 

is chronically infected with the virus for at least 8 months after the acute phase infection 

had subsided and that these carriers are a potential source of renewed TSV epizootics 
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(Hasson et al. 1997b, Dissertation Chapter 6). Studies of TSV survivors at the Gulf 

Coast Research Laboratory (University of Mississippi) revealed that infectious TSV is 

present within circulating hemoljonph of chronically infected shrimp for up to 12 months 

post-infection (Dr. Jeff Lotz and Ms. Verlee Breland, personal communication). 

By the end of 1996, virtually all of the shrimp growing regions in the Americas 

had suffered losses due to TSV epizootics with cumulative revenue losses estimated at 

— 1.3 billion dollars (Lightner et al. 1995b). The principle exception to this being the 

country of Venezuela and a few shrimp producing island nations located in the Caribbean 

(Hasson et al. 1997a), which, as of this writing, have reported no outbreaks of TSV. 

Industry efforts during 1996 and 1997 focused on the more practical issue of management 

strategies to produce shrimp in TSV infected regions and will be discussed in a later 

section. 

1.3.2. Viral Characterization 

In early 1995, work at the UAZ led to the successful extraction and 

characterization of the TSV genome from both Ecuadorian (1993) and Hawaiian (1994) 

geographic isolates and is, perhaps, the most recently characterized penaeid shrimp virus. 

TSV has been tentatively classified with the Picomaviridae based on its morphology (a 

31-32 nm non-enveloped icosahedron), its cytoplasmic replication, its buoyant density of 
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1.338 g/ml, its genome consisting of a linear, positive-sense ssRNA of approximately 9 

kb in length, the infectivity of its naked genome, and its having three major (55, 40, and 

24 kD) and one minor polypeptides (58 kD) comprising its capsid (Hasson et al. 1995a; 

Lightner 1996a; Lightner 1997a,b,c; Bonami et al. 1997). The Picomavirus family 

consists of five genera {Enterovirus group {Enterovirus), Hepatitis A virus group 

(Hepatovirus), Encephalomyocarditis virus group (Cardiovirus), Common cold virus 

group (Rhinovinis), the Foot-and-mouth disease virus group {Apthovirus)} and a sixth 

group of -30 viruses, mostly of insects, that have not yet been assigned to a genera 

(Francki 1991). Bonami et al. (1997) determined that TSV shares traits of the 

Cardiovinis genera as well as that of cricket paralysis virus and Drosophila C virus, the 

latter two corresponding to the group of unassigned Picomaviruses. Three different 

Picomaviruses have been identified in marine crabs, however, TSV represents the first 

member of this family to be reported in penaeid shrimp (Bonami et al. 1997). 

1.3.3. Diagnostic Techniques 

The current diagnostic and detection methods for TSV that are economically 

feasible and available to the shrimp industry include histopathology, in situ hybridization 

with TSV-specific CDNA probes, and infectivity bioassays with susceptible juvenile SPF 

P. vannamei (Brock et al. 1995; Hasson et al. 1995a,b, 1997b,c; Lighmer 1996a; 

Lighmer et al. 1996b, 1997a,b,c). Detection of the virus by RT-PCR (Nunan et al. 
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submitted) and a TSV-specific monoclonal antibody (Poulos et al. submitted) has been 

recently developed by the UAZAPG, with the latter method currently being field tested 

in preparation for commercial marketing of a diagnostic kit. 

Hematoxylin and eosin (H&E) histopathology may be used to diagnose TS in 

acutely infected shrimp that show gross signs of the disease. Shrimp with either namrally 

acquired or experimentally induced acute phase TSV infections display a distinctive 

histopathology that consists of multifocal areas of necrosis of the cuticular epithelium and 

subcutis of the general body cuticle, gills, appendages, foregut, and hindgut. Infected 

cells characteristically display nuclear pyknosis, extreme cytoplasmic eosinophilia, and 

the presence of several to extremely numerous, variably sized eosinophilic to basophilic 

cytoplasmic inclusion bodies that give advanced acute phase TSV lesions a "peppered" 

or "buckshot" appearance. This lesion type is considered to be pathognomonic for the 

disease (Brock and Main 1994; Brock et al. 1995, 1997a; Brock 1997b; Hasson et al. 

I995a,b, 1997a,b; Lightner et al. 1994, 1995a; Lightner 1996a). 

In early 1995, two TSV-specific, non-radioactive, digoxigenin (DIG) labeled 

cDNA probes were developed and have been shown to provide excellent diagnostic 

sensitivity when used with in situ hybridization assays of fixed tissue. Gene probe 

detection of TSV is through an ELISA based system utilizing an anti-digoxigenin 

antibody-enzyme conjugate. The presence of TSV is revealed through the formation of 
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a blue-black precipitate after enzyme substrate is added to the reaction. Intact cells within 

pathognomonic TS lesions show a very strong reaction with cDNA probes by in situ 

hybridization assays (Marietal. "in press"; Lighmer 1996a,b, Lightner et al. 1997a,b,c; 

Hasson et al. 1995b, 1997a,b,c). While the cDNA probes have been used successfully 

as a diagnostic reagent in dot blot assays with partially purified TS virus, this method has 

not been successfully applied to fresh or frozen tissue homogenates due to frequent false 

positive results. Prior to being used as a routine diagnostic tool, the TSV gene probes 

were rigorously tested against all of the principle penaeid viral pathogens that are 

endemic to the western hemisphere (i.e. IHHNV, BP, HPV), as well as the Yellow Head 

virus of Asia and the causative agent of Necrotizing Hepatopancreatitis (NHP, a 

rickettsial-like organism) (Lightner 1996a). These tests established that the probes were 

TSV-specific and not cross-reactive with these other shrimp pathogens (Mari et al. "in 

press"; Lighmer, Mohney and Hasson unpublished findings). A commercially available 

in situ hybridization kit for TSV detection is currently being marketed (DiagXotics, 

Wilton, CT, USA) and can be employed by facilities equipped with a histopathology 

laboratory. One of the primary advantages of gene probe analysis over routine histology 

for TSV diagnosis is that the former method can detect the virus in asymptomatic, 

chronically infected shrimp, which do not present any pathodiagnostic TSV lesions. 

Refinements to the in situ hybridization assay for TSV have recently been 

developed. Hasson et al. (1997c) found that over-fixation in Davidson's fixative, which 
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is acidic, results in acid hydrolysis and destruction of the TSV ssRNA genome in tissues 

left more than 6 d in Davidson's fixative. Development of a near neutral fixative, dubbed 

the RNA-friendly (R-F) fixative, followed this discovery, and its use has improved the 

diagnostic sensitivity of in situ hybridization assays for TSV. The combination of fixation 

with R-F and in situ hybridization are currently the most rapid and sensitive method 

available for the detection of TSV infections in penaeid shrimp (Hasson et al. 1997c; 

Dissertation Chapter 5). 

1.3.4. TSV Disease Cycle 

The TSV disease cycle was recently redefined through histological and gene probe 

analysis of experimentally infected, time course sampled SPF P. vannamei and consists 

of three overlapping, but distinct phases; a peracute to acute phase, a brief transition 

phase (previously termed the recovery phase), and a long term cyclic chronic phase 

(Hasson et al. 1997b, Dissertation Chapter 6). 

During the peracute to acute phase infection, disease signs include lethargy, empty 

midguts due to anorexia, atactic swimming behavior, soft shells, opaque musculature 

and, in naturally occurring TSV infections, expansion of the chromatophores, imparting 

a lavender to reddish coloration to the shrimp. Infected P. vannamei postlarval (PL) and 

juvenile populations suffer the highest losses during this phase of the disease cycle and. 
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typically, are in the late premolt to early postniolt stage at the time of death (Lightner 

1996a, Brock et al. 1995, 1997a). Histologically, pathognomonic acute phase lesions of 

the cuticular epithelium and subcutis are detectable within the gills, appendages, foregut, 

hindgut and general body cuticle as early as 24 hr post-per os exposure and prevalent for 

up to 7 d after the initial onset of the infection. Infection of the cuticular epithelium 

within these five different regions of the shrimp appears to occur at random, with the 

virus showing no particular preference for one region of cuticular epithelium over 

another (Hasson et al. 1997b, Dissertation Chapter 6). However, it does appear that the 

foregut is infected early on with hindgut involvement occurring only in extremely severe 

infections. Severely infected P. vannamei may display similar lesion development within 

the hematopoietic tissue, striated muscle, antennal gland, and terminal ampoule of the 

male reproductive tract, however, TSV infection of these tissues is considered rare 

(Hasson et al. 1995a, Brock et al. 1995, Lighmer and Hasson, unpublished results). 

Investigators at the GCRL have reported the observation of acute phase TSV lesions 

within the ovaries of experimentally infected P. vannamei, however, no evidence of 

vertical transmission of the disease has yet been found (Ms. Verlee Breland, personal 

communication). 

The transition phase of a TSV infection begins approximately 4 d post-per os 

exposure, overlaps with the acute phase, and lasts for approximately 5 d. This phase has 

three defining characteristics. Grossly, the shrimp display multifocal, variably sized and 
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shaped melanized cuticular lesions throughout both the cephalothorax and abdominal 

regions. Histologically, these lesions consist of melanized hemocytic infiltrates and 

represent resolving acute phase lesions. Occurring concurrently is the continued presence 

of now reduced numbers of acute phase lesions within the cuticular epithelium and the 

onset of lymphoid organ (LO) spheroid formation. Histologically, spheroids appear as 

well delineated, variably sized and variably vacuolated spherical masses of both normal 

appearing and necrotic cells that are presumed to originate from the LO tubules. In situ 

hybridization analysis of P. vannamei in the transition phase demonstrate detectable TS V 

within both morphologically normal appearing LO tubules and spheroids. Infection 

induced mortalities decline greatly during this phase of the disease and survivors will 

typically complete their molt cycle, shedding the melanized lesions along with the old 

cuticle (Hasson et al. 1997b, Dissertation Chapter 6). 

Chronic phase TS V infections begin approximately 6 d post-infection and overlaps 

with both the acute and transition phases (Hasson et al. 1997b, Dissertation Chapter 6). 

P. vannamei entering this phase do not display any clinical signs of disease and behave 

normally. The defining characteristics of chronic phase TSV infection include the 

complete absence of acute phase histological lesions of the cuticular epithelium, cessation 

of mortalities, and the development of numerous LO spheroids, some of which are probe-

positive by in situ hybridization analysis and contain detectable TSV for at least eight 

months after the acute phase infection has subsided. LO spheroid development has been 
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documented for at least four different penaeid shrimp viral infections {LOW (Bonami 

et al. 1992), LPV (Owens et al. 1991), RPS (Nadala et al. 1992) and TSV (Hasson et 

al. 1995a, 1997b)} and may represent a generalized response by this tissue type to 

infection or injury. As a result, histological demonstration of LO spheroids only provides 

a presumptive diagnosis of chronic phase TSV infection and should be verified by gene 

probe analysis. 

1.3.5. Host Range 

Taura Syndrome virus is known to infect a number of penaeid shrimp species. It 

causes serious disease in the postlarval (PL), juvenile, and adult stages of P. vannamei 

(Brock etal. 1995; Lightner et al. 1995a,b, 1997a; Lighmer 1996a; Lotz 1997). In larval 

and early PL P. vannamei, infection by TSV is apparently not expressed or detectable 

until about PL-11 or PL-12 when severe disease and mortalities have been noted in 

infected populations (Lighmer 1996a; Lighmer et. al 1997a; Brock et al. 1995, 1997b). 

The American penaeids P. stylirostris, P. schmitti, P. setiferus, P. duorarum and P. 

aztecus can also be infected by TSV, but serious disease resulting from infection has only 

been reported for the PL and juvenile stages of P. setifenis (Overstreet et al. 1997; 

Hasson Dissertation Chapter 7) as well as in TSV challenged juvenile stage P. schmitti 

(Lighmer 1996a; Brock et al. 1997b). Findings of TSV-tolerant P. setiferus juveniles 

suggest that different strains of this species may be more TSV-resistant than others 



(Overstreet et al. 1997, Erickson et al. 1997a; Hasson Dissertation Chapter 7). 

Preliminary infectivity bioassays with the Asian penaeids, P. monodon, P. japoniciis and 

P. chinensis, suggest that all three species are moderately susceptible to TS V as juveniles 

(Brock et al. 1997b; Dr. Jim Brock, personal communication; Overstreet et al. 1997; 

Hasson, Dissertation Chapter 7). 

TSV has been documented in wild PLs and adult P. vannamei on several 

occasions. The disease has been diagnosed in wild postlarvae collected during mid-1993 

off Puna Island near the mouth of the Gulf of Guayaquil in Ecuador and in wild adult P. 

vannamei collected off the Pacific coast of Honduras and El Salvador, and from coastal 

Chiapas in southern Mexico (Lighmer 1996a,b; Brock et al. 1997a,b). The infected adult 

P. vannamei showed high mortalities and diagnostic lesions of the disease (Lighmer 

1996b). Significantly, this occurrence of Taura Syndrome in wild PLs and adult 

broodstock illustrates the potential for this disease to become established in wild stocks, 

however, its effect on commercial penaeid shrimp fisheries is unknown. 

1.3.6. Geographic Distribution and Dissemination 

Although first recognized in Ecuador in mid-1992 (Jimenez 1992; Lightner et al. 

1994, 1995a,b; Brock et al. 1995; Wigglesworth 1994), retrospective smdies suggest that 

TS may have been present in at least one shrimp farm in the Taura region of Ecuador 



in September 1991 (Lightner unpublished data; Hasson et al. 1997a) and a TS-like 

condition has been reported in preserved P. vannamei samples that were collected in 

Colombia during 1990 (Laramore 1995). During 1993 and 1994, Taura Syndrome 

epizootics occurred in shrimp farms throughout much of Ecuador, as well as in single 

or multiple farm sites in Peru, both coasts of Colombia, western Honduras, El Salvador, 

Guatemala, Brazil, and the United States, occurring at isolated sites in Florida and 

Hawaii (Brock etal. 1995, 1997a,b; Lightner et al. 1995b; Lightner 1996a,b; Hasson et 

al. 1995b, 1997a, Dissertation Chapter 8). By mid-1996 the disease had expanded its 

distribution to include virtually all of the shrimp farming regions of the Americas. 

Regions or countries included in its expansion since 1994 and with documented cases 

include: both coasts of Mexico, Nicaragua, Belize, Costa Rica, Panama, and the U.S. 

states of Texas and South Carolina (Lightner 1996a,b; Brock et al. 1997a, Hasson et al. 

1995b, 1997a; Dissertation Chapter 8). 

Until the development of the TSV gene probes, a definitive diagnosis of TS was 

based solely on the observation of the acute-phase pathodiagnostic lesions in H&E stained 

histological sections. Since the 1992 outbreak of TS in Ecuador, over 100 TSV positive 

cases have been processed and diagnosed by the UAZAPG using routine histological 

methods (Hasson et al. 1995b; 1997a, Dissertation Chapter 8). These cases were 

submitted from shrimp farms and hatcheries throughout the Americas and they provided 

the unique opportunity to track the onset and spread of this new penaeid virus over time. 
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To verify the epizootiology of the disease as determined by routine histology, 

representative archived shrimp samples from each of the TS infected regions were re-

sectioned and analyzed by in-situ hybridization utilizing the TSV-specific gene probes. 

Of the one to twelve samples that were tested from each of 13 shrimp growing countries, 

one to ten samples/country were found to be probe-positive for TSV, including three of 

the earliest samples submitted from Ecuador in 1992. These findings confirmed that both 

the original 1992 TS epizootics that occurred in Ecuador and those documented thereafter 

in 12 other countries, were, in fact, caused by TSV infection (Table 1.3.6.1) (Hasson et 

al. 1995b, 1997a, Dissertation Chapter 8). 

The means by which TSV is disseminated has not been thoroughly investigated 

and is only partially understood at present (Table 1.3.6.2). Based on the behavioral 

patterns of experimentally infected groups of SPF P. vannamei, it appears that the rapid 

spread of the disease through a tank or pond population occurs as a result of healthy, 

uninfected shrimp cannibalizing moribund or dead members of the same population that 

have succumbed to the infection (Hasson, unpublished data). Transmission of TSV from 

pond to pond or between farms has been attributed to an aquatic insect and seabirds 

(Hasson et al. 1995a,b; Lightoer 1996a,b; Lightner et al. 1997a,b; Garza et al. 1997). 

The salinity-tolerant water boatmen, Trichocorixa reticulata (Corixidae), which is a 

common inhabitant of shrimp grow-out ponds in much of the Americas, was noted 

initially at a farm site in Ecuador, which was in the midst of a severe TS epizootic. TSV 
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Table 1.3.6.1- The spread and geographic distribution of TSV over time in cultured 
Penaeus vannamei as determined by both histopathology and in situ hybridization analysis 
of submitted cases from 13 different shrimp growing countries in the Americas between 
the years 1992 to 1996 (After Hasson et al., 1997a). 

Year Country/Region Year Country/Region 

1992 Ecuador 1995 Belize 
Me-xico 

1993 Peru 
Colombia 

Nicaragua 
Panama 
USA- Texas 

1994 Brazil 
EL Salvador 1996 Costa Rica 
Guatemala USA- S. Carolina 
Honduras 
USA- Hawaii 
USA-Florida 

Table 1.3.6.2- Known and hypothesized (*) transport vectors of TSV. 

A) Short Range transmission (Within Ponds) 
- Cannibalism 
- Waterbome virus* 

B) Medium Range transmission (Between Ponds or Farms) 
- Water boatmen (T. reticulata)* 
- Sea birds 
- Chronically infected P. vannamei 
- People/equipment* 
- Waterbome virus* 
- Insects, rodents, reptiles, fish* 

C) Long Range transmission (between Countries) 
- Infected postlarvae or broodstock 
- Frozen infected shrimp 
- Ship ballast (water)* 
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was demonstrated to be present in a sample of ttie insects by bioassay with SPF juvenile 

P. vannamei (Lightner 1996b). In situ hybridization assays run with histological sections 

of water boatmen, collected from ponds in which a severe acute phase TS epizootic was 

ongoing, showed several individuals with TSV positive gut contents, but no indication 

that TSV was infecting or replicating in the insects. Hence, the available data suggest that 

the insect feeds on shrimp that have died from TS and that the winged insect, 

presumably, transmits the virus from pond to pond within affected farms or between 

farms (Lightner 1996a,b; Lightner et al. 1997c; Lightner and Hasson, unpublished data). 

Sea gulls (mostly laughing gulls, Larus atricilla) have been also shown to serve 

as potential vectors of TSV. Gull feces, collected from the levees of a TSV-infected pond 

in Texas during the 1995 epizootic, were found to contain infectious TSV (Lightner 

1996b; Garza et al. 1997). Hence, gulls and other shrimp eating sea birds may transmit 

TSV within affected farms or to other farms within their flight range. What is not known 

is how long TSV remains in the gut contents of gulls or other sea birds and, thus, how 

important these birds might be in spreading this disease beyond a given region. 

Other transport vectors of TSV, which may contribute to the dissemination of the 

virus over short distances include pond or tank water, contaminated equipment and 

personnel (i.e. wet nets, transport tanks, clothing, buckets etc.), micro and macro-

crustaceans, other insect species and, possibly, fish, rodents or reptiles (fecal deposition) 
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living in or within the vicinity of shrimp ponds. Per os exposure studies of red drum, 

{Sciaenops ocellatus), blue crab {Callinectes sapidus), grass shrimp (Palaemontes sp.) 

and sea trout (Cynoscion nebulosus) to TSV infected shrimp tissue by Erickson et al. 

(1997b) indicated that these species, at each of the size/age classes tested, were not 

infected by the virus. However, the possibility of fecal transmission of the virus, 

following consumption of TSV infected shrimp by these species, was not examined. As 

only a few of the above mentioned known or potential vectors have been studied to any 

degree, their possible role in the spread of TSV remains speculatory and warrants further 

investigation. 

Chronically infected P. vannamei contain infectious TSV in both the lymphoid 

organ (Hasson et al. 1997b, unpublished fmdings. Dissertation Chapter 6) and 

hemolymph (Dr. Jeff Lotz, personal communication). Hence, persistence of TSV in a 

given farm or region for extended periods of time may occur due to the presence of 

chronically infected shrimp that are left in undrained ponds after harvest or living in 

water canals and represent potential sources of renewed outbreaks. Recent histological 

and gene probe findings of farm-raised P. stylirostris from Central America indicates that 

this species can become chronically infected with TSV and, thus, may also serve as a 

potential reservoir host for the virus (Hasson and Lightoer, unpublished findings). 

The rapid spread of TSV between countries has been attributed to international 
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transport of acutely or chronically infected postlarvae and adults, transport of infected 

frozen slirimp and inadvertent introduction of these shrimp, or resulting processing plant 

waste products, into water ways and the possible introduction of the disease via water 

used as ballast on oceangoing ships (Lightner 1995b, 1996b, Lightner et al. 1997a,b). 

1.3.7 Econoniic Impact and Disease Management Methods 

During the years 1992-1993, when Taura Syndrome emerged as a major epizootic 

disease of P. vannamei that spread rapidly throughout most of the shrimp growing 

regions of Latin America (Jimenez 1992; Wigglesworth 1994; Brock et al. 1995; Hasson 

et al. 1995a,b; Hasson et al. 1995b, 1997a; Lighmer 1995b, 1996a,b), P. vannamei 

accounted for more than 90% (about 132,000 t) of the farmed shrimp production in the 

Americas or about 15 to 20% of the World's production of farmed shrimp (Rosenberry 

1993, 1994a). Because P. vannamei is the principle penaeid shrimp species used in 

aquaculture in the Americas (Rosenberry 1994c, 1997; Weidner and Rosenberry 1992), 

TS has caused serious losses to the shrimp farming industries (Table 1.3.7.1). The 

economic impact of TS in the Americas, since its recognition in Ecuador in 1992 and 

subsequent spread throughout the Americas, may, as of this writing, exceed 2 billion 

U.S. dollars in cumulative losses. 
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The management strategies for TS by the aquaculture industries of the Americas 

has ranged from total avoidance of the disease through the use of SPF stocks and 

attempting to exclude the TS virus, to modifying farm management methods to reduce 

the impact of the disease, and to the use of TSV resistant species or stocks. In Ecuador 

and much of Central America, where Taura Syndrome became widespread and well 

established before its viral etiology was established in late 1994 (Hasson et al. 1995a; 

Brock et al. 1995), shrimp farmers changed farm management and operational procedures 

in an effort to reduce the impact of the disease (Stem 1995; Brock et al. 1995, 1997a,b). 

The use of wild caught postlarvae (P. vannamei), versus hatchery reared postlarvae, gave 

improved crop survivals at harvest. This is possibly due to increased resistance to TS as 

a result of virus exposiure and natural selection of TSV resistant shrimp in the wild. 

Another management strategy employed to lessen the impact of TS was the practice of 

stocking PLs at two or more times the normal stocking density for normal semi-intensive 

pond culture (Stem 1995, Rosenberry 1997). Farms employing this strategy would 

experience a heavy mortality due to TS early in the culture cycle (before supplemental 

feeding had begun) and then raise the now TS-resistant or tolerant survivors (usually 5 

to 40% of the original number stocked) to harvest size (Stem 1995). Liming of TSV 

affected ponds at 50 kg/Ha during epizootics was reported to reduce TSV-caused 

mortalities in Mexico (Rosenberry 1995b; Jimenez 1997), however, controlled smdies 

verifying this claim have not been published. 
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Table 1.3.7.1.- Estimated economic impact of TSV on the shrimp farming industry in 
the Americas between 1992 to 1996 (After Lightoer 1995b, 1996b). Numbers represent 
millions of dollars. Total losses range between $ 1.3 to 2 billion dollars. Economic losses 
due to TSV epizootics in Costa Rica, Nicaragua, EL Salvador, Belize and Panama have 
not been reported or estimated. 

Country 1992 1993 1994 1995-1996 SUBTOTALS 

Ecuador 200 400 400 100 1100 

Honduras 0 0 64 40 104 

Colombia, 
Peru, Brazil, 0 10 30 10 50 
Guatemala 

Mexico 0 0 0 25 25 

United States 0 0 3 20 23 

SUBTOTALS: 200 410 497 195 1302 

The use of feeds supplemented with immunostimulants (e.g. beta-glucans) has 

been tested in Honduras to reduce TSV-induced losses (Laramore 1997). However, no 

significant increase in survival rate was observed when immunostimulant fed controls 

were compared with non-treated shrimp test groups. The investigators of this study 

concluded that additional testing was needed to determine the merits of this program. 

Another TSV management strategy, which has been implemented in Belize, is to 
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eradicate the virus tiirough combined pond-dryout, pond and farm disinfection, disease 

monitoring and extensive measures to prevent reintroduction of the virus on an industry 

wide basis (Dixon and Dorado 1997). Dixon and Dorado (1997) reported significant 

improvements in crop production in Belize where the eradication plan was 

implemented in 1996 and initial harvest results of 1997 indicate that Belize will enjoy 

a record production year (Dixon and Dorado 1997, Rosenberry 1997). Whether or not 

similar eradication programs can and will be attempted by larger shrimp producing 

nations, that are suffering losses from TSV, remains to be seen. Preventing 

reintroduction of the virus may be difficult if TSV is already established in offshore 

shrimp populations and unless all of the farms/hatcheries in a given country or region 

that undertake this program make a concerted and coordinated effort to remain TSV-

free. 

Other strategies being employed include the development of a TSV-resistant 

strain of P. vannamei at the Oceanic Instimte (Carr et al. 1997) and the use of TSV 

survivors as broodstock in hatcheries. With the goal of developing a TSV resistant 

strain of P. vannamei, researchers at Tufts University are attempting to identify 

molecular markers within the shrimp genome, which can be used to identify potential 

broodstock that are genetically resistant to TSV (Alcivar-Warren et al. 1997). In both 

this case and the breeding of TSV survivors, the assumption being made is that TSV 

resistance is a heritable trait, which will be passed on to subsequent generations of 



shrimp (Bedier et al. 1997). Initial efforts to select and breed TSV resistant strains of 

P. vannamei have resulted in slight improvements in harvest yields with survivals 

ranging from 20 to 40% (Mr. Tom James, Ecuadminsa S.A., Ecuador, personal 

communication). 

At present, one of the principle strategies being employed throughout the 

Americas is the culture of IHHNV-resistant, TSV-tolerant strains of Pacific blue 

shrimp, P. stylirostris), over the TSV-susceptible Pacific white shrimp, P. vannamei 

(Weppe et al. 1992; Jory 1995; Lightner 1996b; Brock et al. 1995, 1997b). In two 

recent reports by Clifford (Rosenberry 1997, Clifford 1998), over 70 shrimp farms in 

eight different TSV-infected countries stocked one of these resistant strains of P. 

stylirostris, commercially marketed under the name Super Shrimp™, during the 1997 

season. In the case of Mexico, the culmre of Super Shrimp in —50 different farms 

has reportedly resulted in a 30-40% increase in survival when compared to previous 

production cycles of P. vannamei. Whether or not the culture of this strain of P. 

stylirostris will prove to be a viable solution in other shrimp growing regions where 

TSV and IHHNV are enzootic, has not yet been determined. 

Although TSV has taken a heavy toll on the shrimp farming industry in the 

Americas, there are encouraging signs of improvement in shrimp production, 

particularly in the case of Ecuador, which derived 800 million dollars in revenue from 



55 

sales of cultured shrimp in 1997 (Rosenberry 1997). Improved harvest results are 

probably attributable to a combination of factors, which may include the 

implementation of one or more of the management strategies described above, 

increased resistance of shrimp to the virus through natural selection or, perhaps, a 

decrease in TSV virulence in regions where the virus has been enzootic for the 

longest period of time. 
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CHAPTER n 

TAURA SYNDROME INFECTIVITY STUDIES 

SUGGESTIVE OF AN INFECTIOUS ETIOLOGY 

INTRODUCTION 

During the summer of 1992, outbreaks of a previously undescribed penaeid 

shrimp disease occurred within Pacific white shrimp, Penaeus vannamei, farms located 

along the Gulf of Guayaquil in the Province of Guayas, Ecuador (Jimenez 1992; Lightner 

etal. 1994, 1995a; Lightner 1995b, 1996a,b; Brock etal. 1995, 1997a). The disease was 

named Taura Syndrome (TS) as the initial epizootics occurred in farms that were located 

near the mouth of the Taura River. Typically, TS epizootics would begin within 15 to 

40 days after direct stocking of growout ponds with P. vannamei postlarvae and would 

result in cumulative mortalities ranging from 75 to 95% within a week of onset of 

clinical signs (Jimenez 1992, Wigglesworth 1994, Lightner et al. 1994, 1995a; Lighmer 

1995b, 1996a, Brock et al. 1995, 1997a). Jimenez (1992) attributed TS to the toxic 

effects of two agricultural fimgicides. Tilt (Propicanizole, CIBA-GEIGY) and Calixin 

(Tridemorph, BASF), which were being utilized with increased frequency in local banana 

farms to control a destructive banana plant fungal disease known as Black Leaf Wilt 

disease or Sigatoka Negra (Wigglesworth 1993, Jimenez 1992, 1995a; Lighmer et al. 

1994). The belief was that rain induced runoff from the banana plantations was entering 
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marine waterways used by nearby shrimp farms and that the fungicide contaminants were 

the direct cause of the epizootics. 

During early 1993, transmission electron microscopy (TEM) of TS diseased 

shrimp tissues was conducted by the University of Arizona Aquaculmre Pathology Group 

(UAZAPG) to determine if the syndrome had an infectious etiology. Finding no 

immediate evidence of a pathogen (Lightner et al. 1994, 1995a) and based on the claims 

that Ecuadorian investigators had successfully induced TS through waterbome and per 

OS exposure of P. vannamei to the two fimgicides (Jimenez 1992; Joe Tabrah and 

Gilberto Escobar to Don Lightner, personal communication), further TEM analyses was 

deemed unnecessary and stopped. In order to confirm the toxic namre of TS, the 

UAZAPG was contracted by the Ecuadorian Shrimp Growers Association to conduct two 

separate bioassays with the objective of inducing the disease in specific pathogen free 

(SPF) P. vannamei test shrimp through waterbome and/or feed delivered exposure to the 

fungicides. One study was conducted in Tucson utilizing Tilt and Calixin imported from 

Ecuador (Williams and Lighmer, unpublished results) and the second was performed in 

Ecuador in collaboration with the proponents of the fungicide etiology theory who had 

claimed to have successfully induced the disease. Both of these fungicide exposure 

smdies failed to induce the clinical signs, cumulative percent mortalities and 

pathognomonic histological lesions associated with namrally occurring TS disease 

(Hasson and Lighmer, unpublished results; Lighmer et al. 1994). Later attempts by 
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Brock (Lightner et al. 1994) to induce TS via intramuscular injection of a 1:1 mixture 

of the two banana fungicides and Springbom Labs testing of water and sediment-borne 

fungicide exposure also failed to induce the disease in SPF P. vannamei test shrimp 

(Collins 1994). 

During this same time period, TS epizootics began to occur outside of Ecuador, 

causing severe losses in shrimp farms located in both Northern Peru and on the Atlantic 

coast of Colombia (Hasson et al. 1995b, 1997a; Brock et al. 1995, 1997a, Lighmer et 

al, 1995a, 1997a). Within weeks of completing the joint UAZAPG/Ecuadorian fungicide 

bioassay, an international workshop on Taura Syndrome, hosted by the UAZAPG and 

sponsored by Ciba-Geigy, was held in Tucson. Participants included leading experts in 

the fields of shrimp pathology, toxicology and water chemistry as well as representatives 

from both the Colombian and Ecuadorian shrimp farming industries. The purpose of the 

meeting was to discuss all TS investigations that had been conducted to date, possible 

etiologies of the disease, if TS had been observed in farms outside of Latin America and, 

finally, to make recommendations to the Ecuadorian government based on the 

information reviewed during the meeting. One of the principle results of the workshop 

was a general agreement that neither a toxic or infectious etiology for TS had yet been 

established and that further investigations were needed (Lighmer el al. 1994). Secondly, 

a histological description of the pathognomonic lesion type caused by TS was defined by 

the workshop participants in order to standardize the criteria for making a definitive 
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diagnosis of the disease (Lightner et. al 1994). TS produces a distinctive peracute to 

acute phase lesion within the cuticuiar epithelium and subcuticular connective tissues of 

the gills, appendages, foregut, hindgut and general body cuticle. The lesion is 

characterized by multifocal to diffuse necrosis and nuclear pyknosis of the cuticuiar 

epithelium, which is the primary cell type initially targeted by the disease (Jimenez 1992, 

Lighmer et al. 1994, 1995a). To date, the only other penaeid shrimp disease known to 

induce similar histopathological lesions within the cuticuiar epithelium is Yellow-head 

Virus (YHV) disease (Boonyaratpalin et al. 1993, Chantanachooklin et al. 1993). 

However, this member of the Rhabdoviridae was, during this time period, limited to 

shrimp farms within the Eastern hemisphere. Furthermore, YHV infected shrimp are 

distinguishable from those with TS disease as the former virus also induces both diffuse 

necrosis throughout the lymphoid organ and multifocal necrosis of the connective tissues 

within the heart and hepatopancreas. 

In May 1994, approximately 4 months after the TS Workshop, two outbreaks of 

TS occurred within two different shrimp farming facilities located on the island of Oahu, 

Hawaii. Utilizing dead and moribund shrimp from the Hawaiian TS epizootic. Dr. Jim 

Brock experimentally induced the disease for the first time by feeding minced carcasses 

to healthy P. vannamei indicator shrimp (Brock et al. 1995). His study demonstrated that 

the test shrimp developed both clinical signs and pathognomonic TS histological lesions 

within 5 to 7 d following per os exposure. Dr. Brock shared his discovery with us at the 
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UAZ and then began investigating the possibility that bioaccumulated blue-green algae 

toxins were the cause of TS. Still believing in the possibility of a toxic fimgicide being 

the causative agent of TS, Lightner et al. (1996c) began a toxicity study to examine the 

effects of another widely used agricultural fungicide, Benlate (Benomyl, DuPont), on P. 

vannamei test shrimp. However, as with Tilt and Calixin, waterbome exposure of shrimp 

to this fungicide did not induce TS (Lightoer et al. 1996c). During this same time period, 

the infectivity smdies described in this chapter were initiated and contributed to the 

discovery that the true causative agent of TS was a previously unrecognized virus. 

Research Objectives. Two years after Taura Syndrome was first recognized as a new 

disease of farm raised P. vannamei, the causative agent was still unknown. However, the 

methodology for inducing the disease via per os exposure had been developed by Dr. Jim 

Brock (Brock et al. 1995). In the present chapter, a total of four sequential Taura 

Syndrome infectivity studies are described. The long term goal of these bioassays was 

to determine the etiology of the disease. Two successive per os bioassays were performed 

with the objectives of experimentally inducing Taura Syndrome in P. vannamei juveniles 

to verify the methodology of Brock et al. (1995) and to demonstrate that experimental 

induction of TS is reproducible. Following the successes of these first two smdies, a third 

per OS bioassay was performed based on the hypothesis that the TS agent was infectious 

and, thus, capable of replicating and inducing disease within a shrimp host when 

administered at low concentrations. To fiirther analyze the effect of reduced dosages of 
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the TS agent on P. vannamei and to insure that all test shrimp were infected, a fourth 

infectivity smdy was conducted. The objective of this final bioassay was to determine if 

the TS agent was filterable and gauge its pathogenicity through intramuscular injection 

of P. vannamei test shrimp with three different dilutions of filtered supernatant derived 

from homogenized TS infected shrimp carcasses. This last study was previously 

published as part of a TS review paper by Brock et al. (1995) and is included here with 

the kind permission from the corresponding publishers (Appendix B). 

In all four of the bioassays performed, successful induction of TS disease was 

achieved and determined by onset of typical TS clinical signs, cumulative percent 

mortalities and demonstration of pathognomonic TS histological lesions equivalent to 

those observed during namrally occurring TS epizootics. 

MATERIALS AND METHODS 

Test Shrimp and Facilities. Approximately 5000 specific pathogen free (SPF) Penaeus 

vannamei postlarvae were air shipped to the UAZ West Campus Agricultural Facility 

from the Oceanic Institute, Hawaii approximately 6 months prior to initiating this series 

of studies. The shrimp were maintained according to modified methods of Williams et 

al. (1992) until reaching the early juvenile stage. Briefly, the shrimp were divided 

between two 1000 L circular fiberglass tanks and maintained on a pelleted diet (Rangen, 
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Boise, ED). Each tank was equipped with six teflon airlines and a 1" diameter PVC 

airlift, which carried artificially prepared saltwater (11-12 ppt) into a filter floss (Blue 

Ribbon Products, Commak, N.Y.) covered 5 gal bucket that contained ~2 gal of 

activated carbon (Fritz Industries Inc., Dallas, TX). The carbon filter was suspended on 

the side of the shrimp holding tank and the bottom of the bucket perforated to facilitate 

water return to the tank via gravity. Each tank also contained a submerged biofilter 

consisting of a five gallon plastic bucket containing 2 to 3 gal of acclimated crushed 

oyster shell (Texas Quality Products, Houston, TX), which was maintained ~4 to 5" 

above the bottom of the bucket by a screened shelf. Water recirculation through the 

biofilter was achieved through a PVC airlift extending down through the center of the 

oyster shell and terminating within the bucket's false bottom from which filtered water 

was drawn and returned to the surface. Prior to use, the oyster shell biofilters were 

acclimated in a separate saltwater tank where they were inoculated with nitrifying 

bacteria (Enviro Reps., Camarillo, CA). Bacterial colonization of the oyster shell was 

accomplished over a one month incubation period during which a 12% ammonia solution 

was added to the tank on a weekly basis to serve as a source of nutrient for the bacteria 

(Lighmer, Williams and White, unpublished results). 

Aquaria preparations and Water Chemistries. All aquaria used in each of the 

following infectivity smdies were disinfected with 200 ppm chlorine for 2 d and fresh 

water rinsed prior to filling with artificially prepared saltwater (Forty fathoms Bio-
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crystals Marinemix, Marine Enterprises International Inc., Baltimore, MD.). Either static 

water renewal or water recirculation through an oyster shell biofilter were used in each 

bioassay and, due to variations in each of the experimental designs of the four studies, 

the methodology of each will be described separately. Water chemistries were monitored 

every two days during each study and had the following average values or ranges; pH 

8.5, 27-29°C, 0.25-0.5 ppm total ammonia, and 0.25-1.25 ppm nitrites. 

Experimental Designs. 

Bioassay I- Four 30 L aquaria were each stocked with 30 SPF P. vannamei early 

juveniles (70 mg avg. wt.). Two aquaria were designated as negative control groups and 

two as treatment groups (Table 2.1). Biofiltered and UV sterilized salt water (11-12 ppt) 

was provided to the two sets of aquaria by two independently recirculating, flow-through 

water systems. The two treatment groups were fed a daily ration of minced, TS positive 

P. vannamei carcasses equivalent to 25% of their biomass (0.53 g) at 8 AM and Rangen 

No. 2 pellets equivalent to 5% of their biomass (0.1 g) at 2 PM for the duration of the 

9 d experiment. The shrimp carcasses used to feed the treatment shrimp were collected 

during TS epizootics in both Ecuador (Courtesy of Acuasemillas, 1993) and Hawaii 

(Courtesy of Dr. Jim Brock, 1994) and maintained frozen (-80°C) until used in this 

bioassay. Twenty grams of shrimp from both regions were thawed, the exoskeletons 

manually removed, the carcasses finely minced using a razor blade and 0.53 g quantities 
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Table 2.1- Experimental designs of four infectivity studies to determine if Taura Syndrome disease could 
be induced in SPF Penaeus vannamei juveniles by per os and injection mediated exposiu^e. 

Aquarium No. No. Shrimp/Aquarium 
and Treatment and Avg. wt. 

Feeding Regime % Biomass of TS+ Tissue 
per day; No. Days fed 

Per OS Bioassay No. 1, 9d duration 

1, Negative Ctrl. 30. 0.07 g Pellet 8AM. Pellet 2PM 0 

2, Negative Ctrl. 30. 0.07 g Pellet SAM. Pellet 2PM 0 

3. TS+ HI/EC tissue 30. 0.07 g TS+ tissue SAM. Pellet 2PM 25%, 9 days 

4. TS+ HI/EC tissue 30. 0.07 g TS+ tissue SAM. Pellet 2PM 25%, 9 days 

Per OS Bioassay No. 2, fid duration 

1. Negative Ctri. 35. 0.07 g Pellet SAM. Pellet 2PM 0 

2, Negative Ctrl. 35. 0.07 g Pellet SAM. Pellet 2PM 0 

3. TS+ HI/EC tissue 35. 0.07 g TS+ tissue SAM, Pellet 2PM 25 %, 6 days 

4, TS+ HI/EC tissue 35. 0.07 g TS+ tissue SAM. PeUet 2PM 25%, 6 days 

Per OS Bioassay No. 3, 5d duration 

I, Negative Ctri. 30. 0.12 g Pellet SAM, Pellet 2PM 0 

2. TS+ HUEC tissue 30. 0.12 g TS+ tissue SAM, Pellet 2PM 14%. 3 days 

3, TS+ Tucson tissue 30. 0.12 g TS+ tissue SAM, Pellet 2PM 14%, 3 days 

4, TS+ Tucson tissue 30. 0.12 g TS+ tissue SAM, Pellet 2PM 14%, 3 days 

5, TS+ Ecuador tissue 30. 0.12 g TS+ tissue SAM, Pellet 2PM 14%, 3 days 

Im'ection Bioassay No. 1, 5d duration 

1,1% Saline 
Negative Control 

15. 1.1 g Pellet SAM, Pellet 2PM 0 

2, 10° TS+ 

HI/EC inoculum 

15. l.I g Pellet SAM, Pellet 2PM 0 

3. 10"^ TS+ 

HI/EC inoculum 

15. 1.1 g Pellet SAM, Pellet 2PM 0 

4, lO"* TS+ 
HI/EC inoculum 

15. 1.1 g Pellet SAM, Pellet 2PM 0 
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of well mixed tissue (1:1 ratio), hereafter referred to as HI/EC TS+ tissue, placed into 

18 separate Whirl-pak™ bags (Nasco, Ft. Atkinson, Wisconsin). The bags of tissue were 

then stored frozen (-20°C) and thawed as needed during each feeding of the treatment 

shrimp. Excess tissue was distributed into additional Whirl-Pak™bags, frozen (-80°C) and 

used in subsequent bioassays. The decision to mix the TS+ tissue from the two different 

regions was based on the Ecuadorian shrimp having been stored frozen for ~ 1 year prior 

to being used in this study and the Hawaiian shrimp having arrived at the lab thawed and 

partially decayed. As a result, it was presumed that the viability of the TS agent within 

both lots of tissue may have been compromised and that it was prudent to combine equal 

amounts of the two in order to insure successful induction of the disease in the test 

shrimp. The negative control shrimp received Rangen No. 2 pellets at a rate equivalent 

to 19% of their biomass divided between two daily feedings (0.2 g/feeding, BAM and 

2PM) and all shrimp were monitored for clinical signs of disease during each feeding 

period. 

Bioassay 2- The experimental design of this bioassay was equivalent to that described in 

Bioassay 1 with the following modifications. Thirty-five SPF P. vannamei juveniles (70 

mg avg. wt.) were stocked into each of four 30 L glass aquaria and the experiment was 

terminated after 6 d (Table 2.1). All other conditions (e.g. water recirculation, salinity, 

monitoring, feed treatments, and feeding rates) were identical to those of Bioassay 1. 
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Bioassay 3- Five 30 L static aquaria were each stocked with 30 SPF P. vannamei 

juveniles (120 mg avg. wt.). Four aquaria were designated as treatment tanks and one 

as a negative control (Table 2.1). Each aquarium was supplied with aeration and 80% 

saltwater (10 ppt) exchanges were conducted daily (10 AM). Three separate minced TS 

positive tissue treatment diets were prepared following the methods previously described. 

One diet, hereafter referred to as Ecuador TS+ tissue, consisted of P. vannamei 

carcasses originating from a naturally occurring TS epizootic in Ecuador (Courtesy of 

Aquasemillas S.A., 1993) and was used to per os expose the test shrimp in one treatment 

aquarium. The second treatment diet consisted of the Hi/Ecuador TS+ P. vannamei 

tissue that was prepared during Bioassay 1 and was used to expose a second group of test 

shrimp in the present study. The third treatment diet consisted of minced tissue prepared 

from the dead treatment shrimp that were collected and frozen during Bioassays 1 and 

2 and will be referred to as Tucson TS+ tissue. This final treatment diet was utilized to 

expose replicate groups of test shrimp in the two remaining treatment aquaria. 

Each of the four groups of treatment shrimp were fed their respective minced 

TS-f- tissue at SAM at a rate of 14% (0.53g) of the overall biomass per aquariimi during 

the first 3 d of this 5 d bioassay. When compared to the quantity of tissue fed in 

Bioassays 1 and 2, this feeding rate was approximately 43 and 33% less than that fed 

during the first three days of the two previous smdies. A pelleted ration (Rangen No. 2), 

fed at 5% (0.2 g) of the overall biomass/aquariimi, was provided at 2 PM each day. As 
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in Bioassays 1 and 2, the negative control shrimp were fed a pelleted ration, twice daily, 

at 9.5 % of their biomass per feeding. After day 3, the feeding of TS + minced tissue was 

terminated and a pelleted ration was substimted at a rate equivalent to that fed to the 

control shrimp. 

Bioassay 4- Four 90 L aquaria were each stocked with 15 SPF P. vannamei juveniles 

(1.1 g avg. wt.) and acclimated for 24 h prior to injection with one of four different 

inocula (Table 2.1). During the course of the 5 d bioassay, the test shrimp were fed a 

ration of Rangen No. 4 pellet at a rate of 8% of the overall biomass divided between two 

daily feedings. Water quality was maintained by suspending a 1 L biological filter, 

containing crushed oyster shell, granular activated carbon and a covering of pillow floss, 

in each aquarium. Water delivery to each filter was provided by a single PVC airlift 

(0.5" tubing) and water discharge to the aquarium was facilitated by gravity return 

through the perforated bottom of the filter container. Each aquarium was covered with 

a plastic sheet to contain aerosols and prevent the shrimp from escaping. 

To prepare the treatment inocula, approximately 8 g of frozen minced TS positive 

tissue (Hi/Ecuador TS+ tissue), which was utilized in all previous smdies and prepared 

during bioassay 1, was diluted with 5 ml of sterile 2% saline and homogenized one day 

prior to initiating die experiment. The homogenate was clarified by centrifugation at 746 

X g (2500 rpm) for 10 min and the resulting supernatant further clarified by a 10 min 



68 

centrifiigation at 11,950 x g (10,000 rpm). The supernatant (~7 ml) resulting from this 

second centrifiigation step was then decanted into a 10 ml syringe and filtered through 

a 0.45 ^m syringe filter (Gelman Sciences, Ann Arbor, MI). The filtrate was then 

serially diluted to 10"^ using sterile 2% saline as the diluent. Three of the diluted tissue 

filtrates (10°, 10 ", 10^) were selected as treatment inocula and sterile 2% saline was used 

as the control inoculum. All four inocula were refrigerated (4°C) overnight and brought 

to ambient temperature just prior to injecting 15 shrimp per treatment group (Table 1). 

Approximately 0.02 ml of inoculum was injected intramuscularly into the third tail 

segment of each shrimp using a 1 ml tuberculin syringe and the shrimp then remmed to 

its respective aquarium. Each group of 15 shrimp received a single injection using 

inoculum from the same lot of serially diluted tissue filtrate or 2% saline. This insured 

that each shrimp, within a given treatment group, would receive the same dose of either 

the TS agent or negative control saline solution. 

Sampling and Histopathology. During each of the four bioassays, the test shrimp were 

monitored twice daily for disease signs. When encountered, dead shrimp were removed 

from the aquaria, placed in labeled plastic bags (Whirlpak) and stored frozen (-20°C). 

Upon termination of a given bioassay, frozen shrimp were transferred to our main 

laboratory and stored at -80°C. All moribund shrimp and those surviving to the 

termination of each study were preserved with Davidson's fixative (Humason 1972), 

midsagittally bisected, paraffin embedded, and 4-5 ^m sections stained with Mayer-
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Bennett hematoxylin and eosin following the standard histological methods of Bell and 

Lightner (1988). The sections were examined by brightfield microscopy and TS lesion 

severity determined using a modified grading method of Bell and Lighmer (1987). 

Briefly, all five regions of the shrimp containing cuticular epithelial cells were examined 

(e.g. gills, appendages, foregut, hindgut and general body cuticle) and TS lesion severity 

per region graded qualitatively. TS-negative shrimp received a severity grade of 0; low 

grade, focal lesions were assigned a severity grade of 1, moderate, locally extensive to 

multifocal lesions received a grade of 2-3; and severe, multifocal to diffuse lesions were 

assigned a severity grade of 4. As TS lesions are typically observed in more than one of 

the five cuticular epithelial regions of affected shrimp, overall lesion severity per shrimp 

was based on the single most severely diseased region or tissue. Prior to initiating each 

study, 5 to 10 test shrimp were randomly sampled from the SPF P. vannamei stock 

population and examined by routine histology to insure their disease-free stams. 
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Per OS Bioassay 1 

Cumulative percent mortalities among the two treatment groups were 60 and 77 % 

as compared to 3 and 1% among the two negative control groups (Table 2.2, Figure 

2.1). In both treatment groups, mortalities began 4 d post-exposure to the HI/EC TS + 

tissue and peaked on day 5. Clinical signs of TS disease included lethargy, anorexia, 

atactic swimming behavior, opaque musculature and expansion of black chromatophores, 

causing the affected shrimp to appear darker. Many of the moribund treatment shrimp 

were observed to hang "head up" in the water column, flip dorsal to ventral and then 

sink to the bottom of the aquarium. This behavior continued until the shrimp remained 

laterally recumbent on the bottom of the aquarium with death ensuing shortly thereafter. 

Reddening of the overall body and uropods was not observed in any of the treatment 

shrimp as is seen in P. vannamei during a namrally occurring TS epizootic. Typically, 

moribund and dead treatment shrimp were found to be in the process of molting or in the 

post-molt stage, resulting in their bodies being very flaccid. Beginning on d 6, two to 

three shrimp per treatment tank were observed with variably sized and shaped multifocal 

melanized lesions covering parts of the tail and cephalothorax of the type observed on 

TS survivors from naturally occurring epizootics. Histological analysis of six moribund 

treatment shrimp, collected between days 4 to 7, demonstrated the presence of low grade 
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Figure 2.1- Bioassay 1. Daily percentage survival of replicate groups of SPF Penaeus 

vannamei juveniles that were fed either minced TS + shrimp carcasses originating from 

naturally occurring TS epizootics in Hawaii and Ecuador (HI/EC la and lb) or TS-fi:ee 

tissue derived from SPF P. vannamei (Neg. Ctrl, la and lb). 
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Table 2.2- Results of four Taura Syndrome infectivity bioassays summarizing daily and cumulative percent 
mortalities, TS lesion severity and the prevalence of induced TS in SPF Penaeus vannamei test shrimp. 

Treatment Daily Mortality Oinmlative % Ho. Examined by Ho. vrith TS 
dO dl d2 d3 d4 d5 dS d7 dS d9 mortality H&E histology and lesion 

(No., Day Sampled) severity (G) 

Per OS Bioassay 1 

Neg. Ctrl. 0 0 0 0 0 1 0 0 0 0 1/30, 3% 5, Day 0 0 of 5 
2, Day 9 0 of 2 

Neg. Ctrl. 0 0 0 0 0 1 0 1 0 0 2/30, 7% 2, Day 9 0 of 2 

HI/EC TS+ 0 0 0 a 1 g I 4 2 3 23/30, 77V 1, Day 7 of 1, G3 
tissue la 

HI/EC TS+ 0 0 0 0 2 10 1 0 0 2 18/30, S0% 2. Day 4 2 of 2, Gl-2 
tissue lb 3 , Day 5 2 of 3, G2-3 

Per OS Bioassay 2 

Neg. Ctrl. 0 0 0 0 0 0 0 - - - 3/3S, 9% 5, Day 0 0 of 5 
3, Day g 0 of 3 

Neg. Ctrl. 0 0 • 0 0 0 0 - - - 2/3S, 6V 3, Day g 0 of 3 

HI/EC TS+ 0 0 0 1 3 3 1 - - - 25/35, 71% 2, Day 4 2 of 2, G3-4 
tissue 2a 1, Day 5 X of 1, G2 

HI/EC TS+ 0 0 I 2 3 3 4 - - - 24/35, 69V 1, Day 4 1 of 1, G3-4 
tissue 2b 1, Day 5 1 of 1, G3 

Per OS Bioassay 3 

Neg. Ctrl. 0 0 0 0 0 0 - - - - 0/30, 0% 5, Day 0 0 of 5 Neg. Ctrl. 
S, Day 5 0 of g 

HI/EC TS+ 0 0 1 3 6 1 _ - - - 23/30, 77V 1, Day 2 1 of 1, G2-3 
tissue 2, Day 4 2 of 2, G3-4 

5, Day 5 3 of 5. Gl-3 

Tucson TS+ 0 0 3 a 8 2 - - - - 27/30, 90V 2. Day 2 2 of 2, G3-4 
tissue 3a 2, Day 4 2 of 2, G4 

3 , Day 5 2 of 3, G3 

Tucson TS+ 0 0 0 3 S 2 - - - - 15/30, 50V 6, Day 5 1 of g. G3-4 
tissue 3b 

Ecuador TS+ 00lgll2--- 2g/30, 87V 1, Day 3 1 of 1, G2-3 
tissue 3 , Day 4 3 of 3, G3-4 

5, Day 5 3 of 5, G3-4 

Injection Bioassay 1 

2V Saline 0 1 0 0 0 0 - - - 1/15, 7V 5, Day 0 0 of 5 
7, Day 5 0 of 7 

lOeO TS+ 0 2 g 2 0 0 - - - 10/15, g7V 2, Day 1 2 of 2, G3-4 
HI/EC Inoculum 3, Day 2 3 of 3, G2-4 

2, Day 5 1 of 2, G2 

lOe-2 TS+ 0 0 7 1 1 0 - - - 9/15, gov 1, Day 3 1 of 1, G3-4 
HI/EC Inoculum 2, Day 5 0 of 2 

lOe-4 TS+ 0 0 5 4 1 0 - - - 10/15, g7V 3, Day 2 3 of 3 , G3-4 
HI/EC Inoculum 3, Day 3 3 of 3, G2-4 

2, Day 5 1 of 2, G1 
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Figure 2.2- Photomicrographs of representative SPF Penaeus vannamei gill lamellae 

histological sections illustrating experimentally induced, moderate to severe acute 

phase Taura Syndrome lesions. Pathodiagnostic TS lesions are characterized by 

cuticuiar epithelial necrosis, nuclear pyknosis and karyorrhexis, which imparts a 

"peppered" or "buckshot laden" appearance to the affected tissue. These sections are 

typical of the moribund treatment shrimp collected during each of the four bioassays 

in which a minimum of three of the five regions containing cuticuiar epithelium (e.g. 

gills, foregut, hindgut, appendages, general body cuticle) were similarly affected. (A) 

Per OS Bioassay 1, (B) Per os Bioassay 2, (C) Per os Bioassay 3, (D) Injection 

Bioassay I. Magnification bars represent 30 /xm. 
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to moderate (Gl-3) TS lesions of the cuticuiar epithelium in all six samples (Figure 

2.2A). Analysis of five day 0 and day 9 negative control shrimp demonstrated that the 

shrimp remained TS-fi:ee for the duration of the smdy. 

Per OS Bioassay 2 

As in Bioassay 1, cumulative mortalities were highest among the two treatment 

groups fed minced HI/EC TS+ tissue and were 69 and 71% (Table 2.2, Figure 2.3). 

The two negative control groups suffered low grade cumulative mortalities similar to 

those seen in Bioassay 1 and had values of 6 and 9%. Mortalities were first observed 

in each of the two treatment aquaria on day 3 and the die-off peaked on day 4, one 

day earlier than was observed in Bioassay 1. Clinical signs of TS were noted in both 

treatment groups and were the same as those described in Bioassay 1. Moderate to 

severe (G2-4) pathodiagnostic TS lesions, within a minimum of three of the five 

regions containing cuticuiar epithelial cells, were detected in each of the five 

treatment that were collected on days 4 and 5 (Figure 2.2B). As in Bioassay 1, 

histological analysis of five negative control shrimp collected on day 0 and six 

collected on day 6 indicated that the test shrimp remained TS-free for the duration of 

the study. 



76 

120 

100 w 

ra 
> 

E 
3 
(0 

0) 
Q. 

1 3 2 5 6 4 0 

Days Post-exposure 

-^Neg. Ctrl.2a —Neg. Ctrl. 2b HI/EC 2a HI/EC 2b 

Figure 2.3- Bioassay 2. Daily percentage survival of replicate groups of SPF Penaeus 

vannamei jw/emlcs that were fed either minced TS+ shrimp carcasses originating 

from naturally occurring TS epizootics in Hawaii and Ecuador (HI/EC 2a and 2b) or 

TS-free tissue derived from SPF P. vannamei (Neg. Ctrl. 2a and 2b). 



Per OS Bioassay 3 

As observed in Bioassay 2, mortalities occurred in each of the four treatment 

groups beginning on day 3 and peaked on day 4. Cumulative percent mortalities were 

90% among the first Tucson TS+ tissue treatment group, 50% in the second Tucson 

TS+ exposed group, 87% in the Ecuador TS+ group and 77% for the HI/EC TS + 

exposed treatment group (Table 2.2, Figure 2.4). No mortalities occurred among the 

negative control shrimp during the five day study. As in the previous two bioassays, 

moribund shrimp displayed the same TS clinical signs as previously described. 

Histological analysis of a total of 11 moribund shrimp from the three tissue treatment 

groups (HI/EC TS+ tissue, Tucson TS+ tissue and Ecuador TS+ tissue), that were 

collected between days 2 to 4, demonstrated that each sample contained moderate to 

severe (G2-4) pathognomonic TS lesions of the cuticular epithelium (Figures 2.2 C 

and 2.5). In contrast, of the 19 treatment shrimp collected on day 5, only nine were 

found to have TS lesions ranging from mild (Gl) to severe (04). 
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Figure 2.4- Bioassay 3. Daily percentage survival of five groups of SPF Penaeus 

vannamei juveniles that were fed equivalent amounts of either minced TS negative or 

TS positive P. vannamei shrimp carcasses. The TS+ treatment tissues were collected 

during either naturally occurring or experimentally induced TS epizootics and caused 

similar mortality patterns among the test shrimp. (Neg. Ctrl) TS-firee SPF P. 

vannamei tissue. (HI/EC) TS+ P. vannamei tissue originating from naturally 

occurring TS epizootics in Ecuador and Hawaii. (Tucson 3a and 3b) TS+ tissue that 

was experimentally induced during Bioassays 1 and 2. (Ecuador) TS+ tissue 

originating from a naturally occurring TS epizootic in Ecuador. 



Figure 2.5- Histological sections of juvenile Penaeus vannamei treatment shrimp 
demonstrating severe acute phase Taura Syndrome lesions within the cuticular 
epithelium of the posterior stomach. These representative sections from Bioassay 3 
illustrate that pathodiagnostic TS lesions were induced by per os exposure to shrimp 
carcasses with either naturally occurring (A) or experimentally induced TS (B). 
Sample A was fed Ecuador TS + tissue and sample B fed Tucson TS + tissue. 
Magnification bars represent 30 (jtm. 
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Injection Bioassay 1 

Peak mortalities and the highest prevalence of moribund shrimp occurred in 

each of the three treatment groups within 48 h post-injection (Table 2.2, Figure 2.6). 

Shrimp injected with the undiluted treatment inoculum (10°) began dying in less than 

24 hr post-injection. Cumulative percent mortalities ranged from 60 to 67% among 

each of the three treatment groups and was 1% for the negative control group. 

Histological analysis of representative moribund treatment shrimp from each of the 

three treatment groups revealed multifocal, moderate to severe (G2-4) TS lesions 

(Table 2.2, Figure 2.2 D) in each of the samples collected between days 1 to 3 post-

injection. As in the case of the treatment shrimp from the previous three bioassays, 

the lesions were characterized by pyknosis and necrosis of the cuticular epithelium 

and contained presumptive basophilic inclusion bodies of varying staining intensity 

and size. Lesion prevalence and severity was highest within the cuticular epithelium 

of the carapace and appendages, whereas those observed in the gills, mouth, 

esophagus and stomachs varied from moderate to severe. Treatment shrimp sampled 

at termination (day 5, Table 2.2) either appeared histologically normal or displayed 

decreased numbers of active, acute phase TS lesions. When observed, these lesions 

were focal and mild in severity. Histological analysis of five negative control shrimp, 

sampled prior to initiating the bioassay (day 0) and seven more collected at 

termination (day 5), demonstrated that these shrimp remained TS free for the duration 
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of the study. Upon terminating the bioassay, approximately 50 to 60% of the 

surviving shrimp in each of the three treatment aquaria displayed multifocal, variably 

sized and shaped melanized lesions covering portions of the cephalothorax and tail. 
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Figure 2.6- Bioassay 4. Daily percentage survival of SPF Penaeus vannamei juveniles 

that were intramuscularly injected with one of three different dilutions (10°, 10'^, 10"*) 

of a 0.45 iJLm filtered TS+ tissue homogenate. Negative control shrimp were similarly 

injected with 2% saline. 
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Two years after the first outbreaks of Taura Syndrome were recognized in 

Ecuadorian P. vannamei farms, the etiology of the disease was still unclear. With the 

spread of the disease into Colombian and Hawaiian shrimp farming regions, where 

neither Tilt nor Calixin were being used and the failure of all attempts to experimentally 

induce TS by exposing test shrimp to the two fimgicides, this indicated that some other, 

as yet, unknown agent was responsible for the disease. 

The results of bioassays I and 2 demonstrated that the per os methodology of 

Brock et al. (1995) for inducing TS was effective and reproducible. Moderate to severe 

TS lesions of the cuticular epithelium within either the gills, appendages, general body 

cuticle, foregut and, to a lesser degree, the hindgut were detected in all treatment 

samples collected between 3 to 5 d post-per os exposure. Low grade mortalities within 

the negative control groups were attributed to cannibalism of recently molted shrimp by 

members of the same population. 

The results of Bioassay 3 demonstrated that feeding 30 to 40% less TS positive 

tissue, originating from shrimp with either experimentally induced (Tucson TS+ tissue) 

or naturally occurring TS (Ecuador TS+ and HI/EC TS+ tissues), also successfully 

induced the disease within the same time frame. These findings suggest that the TS agent 
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was present in the experimentally infected shrimp carcasses used to prepare the Tucson 

TS + tissue and neither diluted out nor made any less viable after passage through three 

separate groups of shrimp. These results are more suggestive of an actively replicating 

pathogen than a fixed amount of toxin, which was further emphasized by the cumulative 

percent mortalities, clinical signs and pathognomonic TS lesions observed in each of the 

three treatment groups of Bioassay 4. In that study, injection of homogenized TS + 

tissue, diluted 1:10,000 with saline, produced results equivalent to that of injecting 

undiluted tissue homogenate. 

In the present smdy, TS was successfully induced in SPF P. vannamei juveniles 

within 2 to 4 days post-per os exposure to minced TS killed shrimp carcasses following 

the methods of Brock et al. (1995) and within 24 to 48 hr post-injection of varying 

concentrations of TS+ tissue homogenates. Slight variations in the time frame of 

mortality onset within the per os studies were attributed to differences in the 

concentration of the presumptive pathogen within the minced TS+ tissues and the 

inability to control the quantity of infectious tissue consumed by individual shrimp. In 

each of the four bioassays, successful induction of the disease was confirmed by the 

detection of pathognomonic TS histological lesions of the cuticular epithelium within 

moribund treatment shrimp and observations of both clinical signs and cumulative percent 

mortalities typical of P. vannamei populations undergoing a naturally occurring TS 

epizootic. None of the present exposure studies induced reddening of the tail nor 
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appendages of the treatment shrimp, which is typically observed during naturally 

occurring TS epizootics. Failure to induce this clinical sign of TS disease was attributed 

to the complete lack of namral foods, phytoplankton and zooplankton, in our bioassay 

systems, the absence of which resulted in test shrimp with carotenoid depleted pigment 

cells and, thus, their inability to change colors. 

This series of infectivity smdies demonstrated that the TS agent is transmissible 

to P. vannamei by either per os exposure or intramuscular injection, remains viable in 

dead and moribund shrimp from either naturally occurring or experimentally induced 

epizootics, is resistant to freezing and thawing, smaller than 0.45 fxm and highly 

pathogenic at low concentrations. Taken together and in view of the two year history and 

spread of TS out of Ecuador into neighboring shrimp farming regions, the present results 

suggest that this disease is caused by an infectious agent. Based on this presumption, 

research efforts were then focused on isolating and characterizing the true causative agent 

of TS. Until this was accomplished, effective management strategies to prevent or combat 

this disease could not have been implemented. 
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CHAPTER in 

THE ISOLATION AND PURIFICATION 

OF A NEW PENAEID SHRIMP VIRUS 

INTRODUCTION 

By mid-1994, two years after Taura Syndrome (TS) was first recognized in 

Penaeus vannamei (Pacific White Shrimp) farms in Ecuador, the disease had now spread 

into shrimp farming regions of Peru, Colombia, Brazil, Guatemala, Honduras and the 

United States (Hawaii) resulting in catastrophic epizootics (Brock et al. 1995, Hasson et 

al. 1997a, Lighmer 1995b, 1996a; Lighmer et al. 1997a). At least four separate attempts 

to experimentally induce the disease by exposing P. vannamei to the two systemic 

fungicides. Tilt (Ciba-Geigy) and Calixin (BASF), held responsible for the epizootics by 

Ecuadorian investigators, had failed (Brock et al. 1995, Lightner et al. 1994). Although 

the etiology of the disease was still unknown. Dr. Jim Brock (Brock et al. 1995) had 

recently discovered that Taura Syndrome (TS) could be induced in specific pathogen free 

(SPF) P. vannamei within four to five days after feeding minced shrimp carcasses 

resulting from a namrally occurring TS epizootic. Infectivity studies, conducted 

independently by Brock (Brock et al. 1995) in Hawaii and at the University of Arizona 

(UAZ) by Hasson et al. (1995a; Dissertation Chapter 2) demonstrated that fi-ozen 

moribund and dead shrimp from successive experimentally induced TS epizootics could 



86 

be used to per os induce the disease when reduced amounts of the tissue were fed to test 

shrimp. These studies demonstrated that the TS agent was resistant to freezing and 

thawing, transmittable per os, present within P. vannamei with both naturally occurring 

and experimentally induced TS disease and suggested that the agent responsible was 

capable of reproducing within the affected host. The successful induction of TS resulting 

firom injecting serially diluted, 0.45 ptm filtrates of homogenized TS+ shrimp carcasses 

(Brock et al. 1995; Hasson, Dissertation Chapter 2) indicated that the TS agent was 

filterable (<0.45 ^m), transmittable by intramuscular injection and highly lethal at low 

concentrations. 

Based on these cumulative findings, the renewed possibility of an infectious 

etiology for TS led UAZ investigators to analyze TS + shrimp carcasses from Ecuador 

to determine if a viral agent was present (Lighmer and Poulos, unpublished data). A viral 

purification protocol, developed by Bonami et al. (1990) for the isolation of Infectious 

Hypodermal and Hematopoietic Necrosis virus (IHHNV), was applied and 

spectrophotometric analysis of the resulting sucrose gradient fractions indicated the 

presence of a virus. However, based on the migration distance of the virus within the 

gradient, which was equivalent to that of IHHNV, and previous observations of IHHNV 

lesions within histological sections of preserved samples firom this same group of 

Ecuadorian P. vannamei (Lighmer and Poulos, unpublished results), the unknown virus 

isolated within the gradient was incorrectly presumed to be IHHNV. Utilizing routine 
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histological analysis, Hasson and Lightner (unpublished results) found that low grade 

EHHNV infections were induced in SPF P. vannamei test shrimp ~7 to 10 d after per 

OS exposure to the same lot of Ecuadorian TS+ tissues used in the viral purification 

analysis, but that only TS and not IHHNV lesions were detectable in moribund test 

shrimp collected within the first five days of the study. Furthermore, intramuscular 

injection of test shrimp with TS + shrimp homogenates (Hasson, Dissertation Chapter 2) 

had demonstrated that induction of TS disease was greatly accelerated using this exposure 

method and resulted in severe TS disease, in the absence of detectable IHHNV 

infections, within 72 h post-injection. The histological findings of these infectivity smdies 

indicated that TS disease was much more acute or induced more rapidly than IHHNV 

infections and, thus, provided a means for producing IHHNV-free, TS diseased shrimp 

for sucrose gradient analysis. 

Research Objectives: Based on the failure of Tilt and Calixin toxicity bioassays to 

induce TS, the devastating spread of the disease into shrimp growing regions outside of 

Ecuador where neither of the two suspect banana fungicides were in use and the 

collective results described above, the existing evidence suggested that TS was caused 

by an infectious and not a toxic agent. In the present study, TS disease was hypothesized 

to be caused by a virus and a standardized viral purification protocol was employed with 

the goal of isolating and characterizing the pathogen from homogenates of both naturally 

and experimentally infected shrimp carcasses. 
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Three separate groups of frozen shrimp carcasses (10 g each) were thawed, peeled 

and minced as previously described in Chapter 2. One lot of minced tissue served as a 

negative control and was prepared from TS-free specific pathogen free (SPF) juvenile 

Penaeus vannamei carcasses, hereafter referred to as the TS-free tissue. These shrimp 

were hatched at the Oceanic Institute, HI and then reared to the juvenile stage at the 

University of Arizona West Campus Agriculmral Center following the methods described 

in Chapter 2. The second batch of tissue consisted of frozen SPF P. vannamei juveniles 

witii experimentally induced TS, hereafter referred to as the "Induced TS+ tissue", and 

were collected postmortem within the first 72 hr post-injection with a 0.45 (im filtered 

TS+ tissue homogenate (Hasson, Dissertation Chapter 2, Injection Bioassay I). 

Histological analysis of preserved samples from this group demonstrated that they 

contained moderate to severe TS lesions, but no detectable IHHNV lesions. The third 

batch of tissue consisted of P. vannamei juveniles that were collected moribund or 

postmortem during a naturally occurring TS epizootic in Hawaii (1994, courtesy of Dr. 

Jim Brock, Honolulu, HI) and will be referred to as the "Namral TS+ tissue". These 

shrimp samples originated from a facility that stocked SPF P. vannamei only and had a 

long history of being IHHNV-free. 
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Tissue Processing- Each of the three groups of minced tissue were individually processed 

to avoid cross-contamination utilizing the viral purification protocol of Bonami et al. 

(1990) with some modifications. Bonami et al. (1990) originally developed this protocol 

for the isolation of the penaeid shrimp Parvovirus, Infectious Hypodermal and 

Hematopoietic Necrosis virus (IHHNV), and the following details the methodology used 

in the present smdy. After mincing, 10 g of a given batch of tissue was mixed with 7 ml 

chilled 2% sterile saline and homogenized using a Potter tissue grinder (glass/teflon 

mortar and pestle). The homogenate was then transferred to a 50 ml centrifuge mbe and 

spun at 746 X g (2500 rpm, RT) for 10 min to pellet and remove cellular debris. The 

resulting supernatant was decanted into a second 50 ml tube (pellet discarded), clarified 

by two sequential centrifugations using a RC-5B Sorvall Refrigerated Superspeed 

centrifuge and SS34 rotor at 2987 x g (5000 rpm) for 10 min (4°C) and, again, at 26,890 

X g (15,000 rpm) for 30 min. The resulting supernatant was then decanted into a 12 ml 

ultracentrifuge mbe (pellet discarded) and the solution centrifuged using a Sorvall TH641 

rotor and Sorvall OTDB ultracentrifuge for 3 hr, 4°C at 233,000 rpm (37,000 rpm) to 

pellet any viral particles that may be present. The resulting supernatant was carefully 

removed and discarded by pipetting, the pellet resuspended in 1.5 ml IX TN buffer (0.02 

M Tris, 0.4 M NaCl, pH 7.4) using a skinny Pasteur pipette, and the mixmre transferred 

to a 10 ml glass Potter tissue grinder. The ultracentrifuge mbe was additionally rinsed 

with 4 to 5 ml IX TN buffer using a skinny pipette to remove excess pellet, the solution 

then added to the tissue grinder and the mixmre homogenized. The resulting homogenate 
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was then placed in a screw top 50 ml Oakridge mbe and an equivalent volume of freon 

(l,l,2-trichloro-l,2,2-trifluoroethane) added under a fimie hood. The solution was then 

manually shaken for 10 min followed by centrifugation at 746 X g (2500 rpm, RT) for 

10 min. The resulting solution contained an upper aqueous layer, a rhin middle layer of 

proteinaceous/cellular debris and a bottom layer of freon. The upper aqueous layer was 

carefully pipetted into another 50 ml Oakland mbe (without disturbing the middle and 

bottom layers) and freon extracted two more times following the same protocol outlined 

above. In cases where the middle layer exceeded 5 mm in depth, the aqueous layer was 

removed and saved, additional TN buffer and freon were added to the Oakland tube and 

the solution extracted again. The aqueous layer resulting from the final (third) freon 

extraction of each tissue group was dien transferred to a 15 ml screw cap mbe, -0.25 

g of activated charcoal added and the solution shaken for 5 min. To remove the charcoal 

from the solution, the mixmre was then vacuum filtered through a 50 ml Buchner funnel 

containing pre-moistened (IX TN buffer) diatomaceous earth (Celite). The resulting 

filtrate was collected in a 100 ml beaker and ~ 20 ml IX TN buffer then passed through 

the Celite to rinse out additional viral particles and increase the total volume of filtrate 

to —30 ml. The filtrate was then distributed between four 12 ml ultracentrifuge tubes and 

centrifuged at 233,000 x g (37,000 rpm) for 3 h, 4°C to pellet the virus. Following 

centrifugation, the supernatant was decanted from each tube, each pellet overlaid with 

—100 ^1 IX TN buffer, the mbes sealed with parafilm and refiigerated overnight. 
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Sucrose Gradient Preparation- Three separate 9 ml, 15 (5.3 ml, w/w in IX TN) to 

40% (4.7 ml, w/w in IX TN) linear sucrose density gradients were prepared in 12 ml 

ultracentrifuge tubes using a Buchler gradient maker (pump speed set at 4) for each of 

the three tissue samples. The four refngerated pellets per tissue sample were resuspended 

using a spamla and skinny Pasteur pipet, combined into one mbe and then overlaid onto 

the surface of one of the gradients. This process was repeated with the four pellets of 

each of the two remaining tissue samples and the three sucrose gradients were then 

centrifiiged at 233,000 x g (37,000 rpm) for 2.5 hr, 4''C. The fractions of each of the 

three gradients were then spectrophotometrically analyzed (253 nm absorbance) using an 

Auto Densi-flow fraction collector (Buchler Instruments) (pump speed of 3, drop 

collection at 20) and a UA-5 absorbance monitor (set at a chart speed of 30 cm/h and a 

sensitivity of 0.2). Fractions containing virus, as indicated by the presence of a steep 

peak in the absorbance curve printout, were transferred to 12 ml ultracentrifuge tubes, 

diluted 1:1 (v/v) with IX TN buffer, shaken to mix and spun at 233,000 x g (37,000 

rpm) for 3.5 hr (4°C) (Beckman SW41 rotor) to pellet the virus. The resulting 

supernatant in each centrifugation tube was carefully removed with a pasteur pipette and 

discarded so as not to disturb the viral pellet. Each pellet was then overlaid with 150 ^tl 

of IX TN buffer, resuspended using a skinny pasteur pipette and refrigerated (4°C). 

Following each use of the fraction collector, all tubing of this equipment was 

thoroughly rinsed and disinfected through three successive washes with 50 ml DI water. 
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50 ml 10% chlorine and 50 ml 70% alcohol to prevent cross-contamination between 

samples. 

Electron Microscopy- The resuspended pellets resulting from each of the three different 

tissue samples were examined by transmission electron microscopy (Hitachi 500) to 

determine if viral particles were present. Each suspension was negatively stained on 

carbon-colloidion coated 300 mesh copper grids using 2% phosphomngstic acid (PTA, 

pH 6.5) according to the methods of Bonami et al. (1990). Briefly, 10-15 fil of a viral 

suspension was placed on a piece of parafilm and a coated grid floated on the surface 

(carbon-colloidion side down) for 3 min. The grid was then transferred to a 15 ^1 drop 

of PTA for 3 min and, subsequently, to a third PTA drop for an additional 3 min. Using 

forceps, excess fluid was removed from the grid by touching an edge to a piece of filter 

paper (wicked off) and the grid then transferred to a filter paper-lined petri dish to air 

dry. 

RESULTS 

Each of the three tissue samples produced a very small pellet following 

ultracentrifugation of the celite filtrate. After combining the four pellets per tissue sample 

and centrifugation in a 15-40% linear sucrose gradient, a total of 11 fractions were 

collected per tissue sample. Spectrophotometric analysis of each of the II fractions/tissue 
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sample produced the three absorbance curves seen in Figure 3.1. Fractions one and two 

of each of the three sucrose gradients produced a similar absorbance peak. This is 

commonly seen when shrimp tissues are processed by ±e methods described and 

represents cellular debris that was not eliminated by the multiple centrifiigation steps of 

the purification process (Bonami, personal conMnunication). No additional particulate 

matter was detected in the TS-free tissue sample as indicated by the flat curve (Figure 

3.1 A). However, gradient fractions 8 to 10 of both the Namral and Induced TS+ tissue 

samples produced substantial absorbance peaks (Figures 3.IB and 3.IC), indicating the 

presence of a possible viral agent in both samples. Fractions 8 to 10 of each of the three 

tissue samples (including the negative control TS-free tissue) were then ultracentrifliged 

and the resuspended pellet negatively stained as previously described. TEM examination 

of grids prepared from each of the three samples revealed that both the Natural and 

Induced TS+ tissue samples contained numerous non-enveloped, icosahedral viral 

particles (Figure 3.2) intermixed with what was interpreted as renmants of shrimp cells 

(e.g. ruptured organelles and membranes). However, no intact cells were observed in any 

of the preparations and no viral particles were detected in the negative control grid (TS-

free tissue sample). 
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Figure 3.1- UV absorbance (^4254) plots of the sucrose density gradient fractions resulting 

from three different samples of Penaeus vannamei. (A) TS-free tissues. (B) 

Experimentally induced TS+ tissues. (C) Namrally induced TS+ tissues originating from 

Hawaii. Large absorbance peaks produced by fractions 8, 9, and 10 of samples B and 

C are indicative of the presence of a possible viral agent. 
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Figure 3.2- Transmission elecfrnnmicrngraph of sucrose gradient-purified viral particles 

isolated from Penaeus vannamei shrimp carcasses (Natural TS + tissue) originating from 

a 1994 Taura Syndrome epizootic in Oahu, Hawaii. Eight uniformly sized, icosahedral 

viral particles are evident amongst cellular debris. Negative stain (2% PTA). 

Magnification bar represents 90 nm. 
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Application of an IHHNV purification protocol to analyze shrimp with either 

naturally occurring (Natural TS -f- tissue) or experimentally induced (Induced TS + tissue) 

TS disease resulted in the isolation of viral particles within fractions 8 to 10 of linear 15 

to 40% sucrose density gradients of both tissue types. The virus particles recovered from 

both samples demonstrated icosahedral morphology, were non-enveloped and were 

estimated to have a point to point diameter of approximately 30 nm based on the 

calculated magnification of the electron micrographs (data not shown). 

Morphologically, the isolated viral particles appeared identical to IHHNV 

particles. However, based on the fact that IHHNV was not present in either the Natural 

TS+ or Induced TS+ tissue preparations, the comparatively large diameter of the 

isolated particles (EHHNV particle diameter is —22 nm, Lighmer 1996a) and that these 

combined characteristics (size and morphology) did not correspond to any of the then 

known penaeid shrimp viruses, these findings suggested that a previously undescribed 

virus had been isolated and was the probable cause of Taura Syndrome. In order to 

verify this hypothesis, studies were inmiediately initiated with the goal of fulfilling the 

criteria of River's posmlates for this new viral agent. 

Upon completing the present smdy, I spoke with Dr. Jun Brock by phone and he 
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informed me that he had recently observed putative viral particles by TEM within TS 

diseased cuticular epithelial cells of naturally infected P. vannamei from Hawaii. This 

news, combined with our having just purified and isolated a similar virus, strongly 

suggested that we had mutually discovered the etiologic agent of TS. The new virus was 

tentatively named Taura Syndrome virus (TSV) by Brock et al. (1995) pending the final 

results of our recently initiated smdy to fulfill the criteria of River's postulates for the 

agent. Subsequent TSV isolation work, conducted by Dr. J.R. Bonami, demonstrated that 

the viral purification protocol described herein could be simplified and accommodate the 

processing of larger quantities of TSV infected tissue with greater virus yield. These 

modifications (e.g. elimination of both the use of activated charcoal and Celite filtration, 

as well as other time saving changes) are described in the work of Bonami et al. (1997) 

and we reconunend that the reader utilize this revised protocol for TSV isolation and 

purification. An additional point worth mentioning is that during the purification process, 

the centrifiigation products collected at any point just prior to the first ultracentrifiigation 

step can be stored frozen and later thawed without adversely affecting the viability of the 

final viral product. The ability to freeze these centrifiigation products provides 

investigators with numerous and convenient stopping points. Furthermore, various freeze-

thaw cycles of the tissue homogenate during this early stage of the purification process 

may acmally aid in increasing virus yield (e.g. rupmre infected cells and liberate viral 

particles). However, we have also observed that numerous freeze-thaw cycles of purified 

TSV results in decreased viability/infectivity and recommend that purified samples be 
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used immediately or simply refrigerated until needed, but not subjected to multiple 

freeze-thaw cycles. 



99 

CHAPTER IV 

TAURA SYNDROME IN PENAEUS VANNAMEI: DEMONSTRATION OF A 

VIRAL ETIOLOGY 

This study was previously published in the peer review journal entitled; "Diseases 

of Aquatic Organisms" (Vol. 23, No. 2, Hasson et al., pp 115-126, 1995) and is 

presented in it's entirety in Appendix A with the kind permission (Appendix B) of the 

publishing firm Inter-Research, Olendorf/Luhe, Germany. The following is a brief 

summary of the work that was conducted and the results obtained. 

INTRODUCTION 

Taura Syndrome (TS) is an economically important disease of the Pacific White 

Shrimp, Penaeus vannamei (Crustacea: Decapoda), and was furst recognized in 

commercial penaeid shrimp farms located near the mouth of the Taura River in the Gulf 

of Guayaquil, Ecuador, in mid-1992 (Jimenez 1992; Lighmer et al. 1994; Wigglesworth 

1994). The disease spread rapidly and, by mid-1995, TS had been reported in most of 

the major shrimp fanning coimtries of the Americas (Lighmer et al. 1996a, 1997a; 

Hasson et al. 1995b, 1997a; Brock et al. 1997a). During the summer of 1994, 

icosahedral viral particles with a diameter of —30 nm were isolated firom Penaeus 

vannamei shrimp carcasses originating from a naturally occurring TS epizootic in Hawaii 
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and from specific pathogen free (SPF) P. vannamei test shrimp that were experimentally 

infected at the University of Arizona (Hasson, Dissertation Chapter 3). These findings, 

in conjunction with the previous bioassay results described in Chapter 2, strongly 

suggested that TS disease had a viral etiology. 

Research Objective: The primary objective of the present smdy was to determine if 

Taura syndrome was virus-caused through fulfillment of the criteria of River's posmlates, 

which is paraphrased as follows: In order to demonstrate a viral etiology for a given 

disease, the pathogen must be isolated from a diseased host and be capable of inducing 

the same disease, with all of its characteristics, when injected in the form of a cell-free 

extract into a disease-free member of the same species (River's 1937). Secondary goals 

were to partially characterize the virus, document clinical signs and histological lesions 

of induced TS disease, and compare the physicochemical characteristics of geographic 

viral isolates originating from Hawaii and Ecuador. 

MATERIALS AND METHODS 

Three consecutive infectivity bioassays were conducted in which SPF Penaeus 

vannamei test shrimp received a single intramuscular injection of either a crude TS 

infected tissue homogenate, a cell-free extract of sucrose gradient-purified virus or one 

of two different negative control solutions. An overview of the experimental design of 
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the three infectivity studies can be seen in Figure 4.1. Briefly, treatment and control 

groups, consisting of 15 SPF P. va/ina/Tie/juveniles (1.75 to 2.1 g avg. wt.) per group, 

were intramuscularly injected with 10 or 20 ^1 of either a viral or control inoculimi at 

the onset of each bioassay. The treatment shrimp of Bioassay 1 were injected with a 

crude tissue homogenate (TSV-1), which was prepared from frozen P. vannamei 

carcasses collected in Ecuador during a naturally occurring TS epizootic in 1993 

(Courtesy of Dr. Sam Stem, DIBS A, Guayaquil, Ecuador). The dead treatment shrimp 

produced during Bioassay 1 were then processed utilizing the sucrose gradient viral 

purification protocol described in Chapter 3. The resulting cell-free viral extract (TSV-2) 

was used to inject the treatment shrimp of Bioassay 2. Following the same methods, dead 

treatment shrimp collected during Bioassay 2 were used to prepare a second cell-free 

viral inoculum (TSV-3), which was subsequently used to challenge the treatment shrimp 

of Bioassay 3. The negative control inocula that were used consisted of either sterile 2% 

saline or a virus and cell-free tissue extract, which was prepared from uninfected SPF 

P. mnnamei and, hereafter, referred to as the SPF control inoculum. The SPF control 

inoculum was used to control for shrimp tissue effects and was prepared utilizing the 

same protocol for viral recovery used to prepare the viral treatment inocula. 

Confirmation of the cell-free and virus positive or negative status of each of the purified 

inocula used was determined by transmission electron microscopy of negatively stained 

(2% PTA) preparations of each inoculum. 
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BIO ASSAY 1 

Virus Source; Ecuadorian Penaeus vannamei with TS (collected in 1993). Preparation of a cmde 
homogenate (TSV-I) and injection of SPF P. vannamei. 

\ 
Moribund Shrimp; Histological confirmation of TS infection. 

Dead Shrimp: Frozen, homogenized, and TSV purified utilizing: 

\ 
A) Sucrose Gradient: ^ B) CsCl Gradient 
- TEM confirmation of virus. - Particle size. 
- Inoculum preparation (TSV-2). - Buoyant density. 

t 
BIOASSAY 2 

Injection of SPF Penaeus vannamei with purified TSV inoculum (TSV-2) fhsm Bioassay 1 and 
two control inocula (2% saline and SPF controD-

Moribund Shrimp: Histological confirmation of TS infecDon. 
Dead Shrimp: Frozen, homogenized, and TSV purified utilizing sucrose gradient: 

- TEM confirmation of virus. 
- Inoculum preparation (TSV-3). 

t 

BIOASSAY 3 

Injection of SPF Penaeus vannamei with purified TSV inoculum (TSV-3) from Bioassay 2 and 
one control inoculum (SPF control). 

Moribund Shrimp: Histological conHrmation of TS infection. 
Dead Shrimp: Frozen, homogenized, and TSV purified utilizing sucrose gradient: 

- TEM confirmation of virus. 

Figure 4,1- Experimental designs of three sequential infectivity studies to demonstrate 
a viral etiology for Taura Syndrome utilizing SPF Penaeus vannamei as the test shrimp. 
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The control and treatment shrimp were maintained in separate 90 L glass aquaria 

(2 to 4 aquaria/bioassay) and monitored for a period of 4 to 5 d post-injection. All 

moribund shrimp observed were preserved with Davidson's fixative and processed 

utilizing the histological methods established by Bell and Lightner (1988). TS lesion 

severity was graded on a scale firom 1 (low grade focal lesions) to 4 (severe multifocal 

to diffuse lesions) based on a modified version of the same system developed for IHHNV 

lesion interpretation by Bell and Lightner (1987). Dead treatment shrimp collected during 

each bioassay were stored firozen (-80°C) and then utilized to prepare the viral inoculum 

for the subsequent bioassay. 

In addition to determining the average particle diameter and buoyant density of 

the Ecuadorian viral isolate as outlined in Bioassay 1 (Fig. 4.1), the same set of analyses 

were performed on viral particles isolated firom TS infected P. vannamei originating from 

a 1994 TS epizootic in Hawaii (Courtesy of Dr. Jim Brock, Hawaii), and a limited 

number of the physicochemical characteristics (buoyant density, diameter, morphology) 

of the two geographic isolates were compared. Isolation and purification of the Hawaiian 

viral isolate was performed following the methods outlined in Chapter 3 and described 

by Hasson et al. (1995a). 
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Cumulative Mortalities 

In each of the three bioassays, peak mortalities occurred among treatment shrimp, 

injected with either the crude TS shrimp homogenate (TSV-1) or purified virus inocula 

(TSV-2 and TSV-3), within 24 to 48 h PI and then rapidly declined by day 3. 

Cumulative mortalities ranged from 73 to 87% among each treatment population. No 

mortalities occurred among the control populations injected with either 2% saline or the 

SPF control inoculum. 

Clinical Signs 

Clinical signs of induced TS were characterized by lethargy, atactic swimming, 

empty midguts due to anorexia, opaque musculature, and laterally recumbent posmre just 

prior to death. Some of the infected shrimp were observed to swim to the surface, rotate 

dorsal to ventral, and sink back down to die bottom, where they remained momentarily 

motionless. This behavior was repeated several times until the animal would remain 

immobile on the bottom with death ensuing within I to 2 h. The majority of the dead and 

moribund shrimp were found to have a soft cuticle, suggesting that die shrimp were in 

pre-ecdysis (stage D-4 of the molt cycle) or that ecdysis had occurred. However, because 
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cast molts were not observed in the treatment aquaria, the former is most likely. Upon 

terminating each bioassay, between 25 to 100% of the treatment survivors displayed 

multifocal, melanized cuticular lesions identical to those reported for or observed on 

pond-reared shrimp that had survived a TS epizootic. In many instances, such shrimp 

were observed to completely resolve these melanized lesions with the next molt. Both the 

saline and/or the SPF control inoculum injected shrimp (Bioassays 2 and 3) behaved and 

fed normally throughout each experiment. 

Histopathology 

Histological analysis of moribund treatment shrimp, sampled on days I to 3 

during each of the three bioassays, revealed moderate to severe (G2-4) pathodiagnostic 

TS lesions within three or more known target tissues, including the cuticular epithelium 

of the general body, appendages, gills, mouth, esophagus, stomach, and hindgut. The 

lesions were characterized by necrosis and nuclear pyknosis of the cuticular epithelial 

cells and subcutis. Present in these lesions were multiple, lightly to darkly staining, 

intracytoplasmic inclusion bodies of varying diameters and karyorrhectic nuclei. 

Moribund shrimp sampled within the first 24 hrs PI typically displayed severe, multifocal 

TS lesions within the gills. Consistent with the declining mortality rates and presence of 

melanized external lesions, none of the virus exposed shrimp sampled at termination of 

each bioassay displayed any active TS lesions. However, chronic phase lesions. 
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characterized by focal meianization and hemocytic infiltrates, were noted in some of the 

treatment survivors. Furthermore, many of the treatment survivors displayed moderate 

to severe lymphoid organ (LO) spheroid development, characterized by well delineated, 

spherical masses of both necrotic and normal appearing LO ceils displaying varying 

degrees of vacuolization. Analysis of all control shrimp sampled on day 0 and at 

termination (d 5), demonstrated that they were not infected with TS at inception of the 

studies and remained free of the disease for the duration of each bioassay. 

Transmission Electron Microscopy 

TEM analysis of the sucrose density gradient-purified viral suspensions (TSV-2 and 

3) showed that each preparation was cell-free and contained numerous hexagonal viral 

particles indicative of cubic symmetry and icosahedral morphology. Cesium chloride 

gradient centrifugation of the sucrose gradient-purified virus, recovered from Bioassay 

1 animals, produced a single opaque band in the gradient. Analysis of this fraction, and 

that of the Hawaiian virus suspension by TEM, revealed that both preparations contained 

large numbers of icosahedral viral particles of identical size. Mean values for the 

maximum (point to point) and minimum (side to side) diameters of the viral particles of 

both samples (n=30) were calculated based on the magnification of the electron 

micrographs as determined using a diffraction grating replica. Using this method, both 

the Ecuadorian and Hawaiian viral particle diameters were equivalent in size, with a 
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mean point to point length of 31 nm and a mean side to side length of 27 to 28 nm. 

Determination of the Hawaiian virus particle dimensions through comparison with 

Tobacco Mosaic Virus showed a negligible difference to the values determined using the 

diffraction grating replica. Utilizing this method, particle diameters were slightly larger, 

with a mean point to point length of 32 nm and a mean side to side length of 28 nm. 

Refractive index analysis established the Ecuadorian virus and Hawaiian isolates as 

having an average buoyant density of — 1.337 g/ml. 

DISCUSSION 

The series of experiments reported here demonstrate that viral particles could be 

isolated and purified from Penaeus vannamei, with either naturally acquired or 

experimentally induced TS infections. In each bioassay, the successful isolation and 

preparation of cell-free viral suspensions was confirmed by TEM. Analysis of both the 

Ecuadorian and Hawaiian TS viral isolates demonstrated virions with icosahedral shape, 

a diameter of 31 to 32 nm, and a buoyant density of —1.337 g/ml. Furthermore, 

intramuscular injection of cell-free suspensions of the isolated virus induces both clinical 

signs and histopathological lesions that are characteristic of TS. Peracute to acute phase 

TS lesions were induced within three or more of the regions of cuticular epithelium, 

which are characteristically infected during namral TS epizootics, in all moribund shrimp 

sampled within 72 h PI during each bioassay. Lesion severities in these samples ranged 
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from grade 2 to 4. T5^ical chronic phase TS lesions were also observed among the 

treatment survivors and it appears that lymphoid organ spheroid development may result 

from TSV infection. Peak mortalities occurred within 48 h PI among all virus-exposed 

treatment groups and cumulative mortalities, ranging from 73 to 87%, were similar in 

magnitude to mortality figures reported from shrimp farms that had experienced natural 

TS epizootics (Wigglesworth 1994, Brock etal. 1995, Lightoeretal. 1994, 1995a). The 

inability to reduce the pathogenicity of the TS agent through serial passage through three 

groups of test shrimp indicates that it replicated in the exposed hosts, and, thus, rules out 

the possibility of a toxic etiology. Complete absence of mortalities or histological lesions 

among the control animals (Bioassays 2 and 3), injected with sterile saline or with the 

acellular, virus-free suspension prepared from SPF shrimp, provides further evidence that 

the viral agent causes the disease. 

Demonstration of a viral etiology helps to explain the rapid spread of TS into 

shrimp growing regions (i.e. Hawaii, Colombia, Honduras, Brazil, Florida, Texas, 

Mexico and two hatcheries in Ecuador) where fungicides, previously suspected as causing 

the disease, were not in use. As the viral isolates from Hawaii and Ecuador were shown 

to be identical in size and morphology, we believe that the same virus is responsible for 

the TS epizootics that have occurred in both of these regions, as well as for those that 

have been reported throughout the Americas. One of the possible reasons for the rapid 

dissemination of TSV is due to the highly stable nature of the virus. This is evidenced 
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by the recovery of viable, infectious virions from dead treatment shrimp showing 

advanced post-mortem change, the virus' ability to withstand the physical stresses 

incurred during viral purification, and its capacity to endure long term freezing and 

multiple freeze/thaw cycles (the TSV positive carcasses from Ecuador had been frozen 

for approximately 1 yr prior to being used in Bioassay 1). Based on the limited 

physicochemical information known at in 1994 and 1995 about this intracytoplasmic 

vims, TSV was tentatively classified as being within either the Picomaviridae or the 

Nodaviridae (Francki et al. 1991). Through further characterization studies, TSV was 

later classified as a member of the Picomaviridae (Bonami et al. 1997). 

Based on these results, the viral etiology for Taura Syndrome has been 

conclusively demonstrated and that the naming of the agent, Taura Syndrome Virus 

(TSV) by Brock et al. (1995), is justified. This disease is not induced by systemic 

fungicides and it is not exclusively a problem of the Ecuadorian shrimp industry, but one 

that has caused catastrophic economic losses to shrimp producers throughout the 

Americas. Potential solutions to the current TSV problem include the development of 

TSV resistant P. vannamei stocks and/or the culture of alternate penaeid species that are 

less susceptible to the disease (i.e. P. stylirostris). 

Having established a viral etiology for TS, fiimre investigations will now focus 

on the susceptibility of other penaeid shrimp species to the disease, lesion pathogenesis 
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in TSV infected P. vannamei and the geographic distribution of the virus. 



Ill 

CHAPTER V 

A NEW RNA-FRIENDLY FIXATIVE FOR THE PRESERVATION OF 

PENAEID SHRIMP SAMPLES FOR VIROLOGICAL DETECTION USING 

cDNA GENOMIC PROBES 

INTRODUCTION 

The present chapter represents an expanded version of the original publication and 

is reprinted from the Journal of Virological Methods (Vol. 66, July, Hasson et al., A 

New RNA-friendly Fixative for the Preservation of Penaeid Shrimp Samples for 

Virological Detection Using cDNA Genomic Probes, pp 227-236, 1997) with the kind 

permission of Elsevier Science- NL Sara Burgerhartstraat 25, 1055 KV Amsterdam, The 

Netherlands (Appendix B). A copy of the original publication is included in Appendix 

A. 

Taura Syndrome virus (TSV) is presently the most economically detrimental viral 

pathogen to affect farm raised Pacific white shrimp, Penaeus vannamei, in the western 

hemisphere (Lighmer 1995b), and it has been tentatively classified as a member of the 

Picomaviridae (Bonami et al. 1997). Taura Syndrome (TS) has been reported from 

virtually every shrimp growing region within the Americas with the exception of Puerto 

Rico and Venezuela (Hasson et al. 1995a, 1997a; Lighmer 1996a,b; Lighmer et al. 
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1997a,c; Brocket al. 1997a). The economic impact of TS on the shrimp farming industry 

throughout the Americas totals in hundreds of millions, if not billions of dollars, but 

accurate estimates of cumulative losses have yet to be reported (Lighmer 1995b; Lightner 

et al. 1997c). 

The first documented outbreaks of TS occurred within shrimp farms along the 

mouth of the Taura river in the province of Guayas, Ecuador, during the summer of 

1992 (Jimenez 1992). The subsequent spread of TSV to shrimp farming regions 

throughout the Americas has been attributed to interregional transport of infected 

postlarvae and broodstock (Lightner 1995b, 1996a; Brock et al. 1995, 1997a), transport 

of infected fi^ozen shrimp (Lightner 1995b, 1996a; Hasson et al. 1995a; Brock et al. 

1997a), transmission between and within farms by the aquatic insect water boatmen, 

Trichocorixa reticulata, (Hasson et al. 1995a; Lighmer 1995b, 1996a), and fecal 

transmission by sea gulls that have fed on TSV infected shrimp (Lightner 1995b; Garza 

et al. 1997). 

Two diagnostic methods are currently available for the detection of TSV in 

penaeid shrimp. Routine hematoxylin and eosin-phloxine (H&E) stained histological 

sections can be used to make a definitive diagnosis of TS when samples contain peracute 

to acute phase lesions of the cuticular epitheliimi, which are considered pathognomonic 

for the disease. These lesions are characterized by necrosis and nuclear pyknosis of the 
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cuticular epithelium and subcutis within the gills, appendages, general body cuticle, 

foregut, and hindgut (Lightner et al. 1994, 1995a; Hasson et al. 1995a; Brock et al. 

1995, 1997a). The second diagnostic method for TSV detection is in situ hybridization 

of histological sections using two non-radioactive, TSV-specific cDNA probes (1.3 and 

1.5 kb) that are complimentary segments of the ~9 kb ssRNA genome and which were 

developed by Mari and co-workers at the University of Arizona (Mari et al., "in press", 

Bonami et al. 1997, Lighmer 1995b, 1996a,b; Hasson et al. 1995b). The probes can be 

used to detect TSV in shrimp with acute phase infections or in asymptomatic carriers 

(e.g. chronically infected TSV survivors), which do not present pathodiagnostic 

histological lesions. During the initial testing phase of the two probes, difficulty in 

obtaining positive in situ hybridization probe signals was attributed to ribonuclease 

(Rnase) degradation of the TSV genome. This problem appeared to be resolved by 

conducting subsequent in situ hybridization analyses under Rnase-free conditions as 

recommended in the literature (Manak 1993; Terenghi and Polak 1994). However, false 

negative genomic probe results were firequently obtained for samples demonstrating 

classic gross signs and pathodiagnostic TSV lesions by routine histology. It was observed 

that prolonged storage of samples in fixative resulted in either probe signal reduction or 

complete loss. Probe signal loss was hypothesized to be due to TSV RNA degradation 

caused by the acidity of Davidson's AFA (acetic acid, formalin, alcohol, pH -3.5 to 4) 

fixative, which is routinely used for the preservation of penaeid shrimp for both 

histological and in situ hybridization analysis (Humason 1972, Bell and Lightner 1988) 
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As a possible solution to this problem, a near neutral (pH ~6 to 7) fixative, henceforth 

referred to as the R-F (RNA-Friendly) fixative, was developed by the authors. 

Research Objectives: The new R-F fixative was compared to Davidson's fixative by 

conducting both routine H&E histology and in situ hybridization analyses on TSV 

infected shrimp that were preserved and maintained in the two fixatives for four different 

time periods. The primary objectives of the study were to determine if the use of R-F 

fixative yields accurate TSV in situ hybridization results and satisfactory fixation for 

histological study. The necessity of RNase-free conditions for TSV in situ hybridization 

analysis was also examined. 

MATERIALS AND METHODS 

Experimental Shrimp. Two 90 L glass aquaria were prepared according to the methods 

of Williams et al. (1992) and each was stocked with 100 specific pathogen-free (SPF) 

Penaeus vannamei juveniles (0.35 g avg. wt.). The SPF shrimp originated from the 

Oceanic Institute, Hawaii, and the methods used to develop and monitor the pathogen 

status of the stock have been reported by Wyban et al. (1992) and Pruder et al. (1995). 

One aquarium was designated as a positive treatment group and the other as a negative 

control. The treatment group was fed minced TSV infected P. vannamei carcasses for 

4 d at a rate of 17% of the total biomass per day. Negative control shrimp were fed 
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TSV-free tissue following the same protocol. The shrimp were monitored every 3 hr for 

7 d and a total of 48 lethargic or moribund treatment shrimp were collected for fixation. 

Fixation and Histological Analysis. Following die methods of Bell and Lightner (1988), 

24 shrimp were injected with —2-3 ml of Davidson's AFA fixative, henceforth referred 

to as Davidson's, and the remaining 24 samples with the R-F fixative. The formulations 

of both Davidson's and the R-F fixative are presented in Table 5.1. Approximate pH 

values of both fixatives were determined using pH paper (Baker-pHIX, J.T. Baker Inc., 

Phillipsburg, NJ) as the organic content of the solutions prevent accurate pH 

measurement with an electronic meter (Saavedra, personal communication). 

Table 5.1- Reagents used to prepare 1 L solutions of Davidson's fixative (Humason 
1972) and the R-F fixative. Determination of pH was done using pH paper (Baker-pHDC, 
J.T. Baker Inc. Phillipsburg, N.J.) 

Reagent Davidson's Fixative 
(pH ~3.5 to 4.0) 

R-F Fixative 
(pH -6.0 to 7.0) 

100% Formalin'^ 220 ml 349 ml 

95% Ethanol 330 ml 407 ml 

Distilled water 335 ml 222 ml 

Glacial acetic acid 115 ml -

Ammonium hydroxide 
(NH^OH)® 

- 22 ml 

^ Saturated aqueous solution of formaldehyde gas, 37-39% solution 
« 28-30% as NHj 
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Following injection, each of the two fixative groups were then equally subdivided 

into four treatment groups, which were maintained for periods of 2, 6, 10 and 14 d in 

their respective fixatives at ~26°C (Table 5.2). Upon completion of each of the fixation 

treatment periods, the samples were transferred to 70% ethanol for 24 hr and then 

paraffin embedded following standard methods (Bell and Lightner 1988; Lightner 1996b). 

Parallel 4-5 fim mid-sagittal sections of each sample were prepared using a manually 

operated microtome (AO "820" microtome, American Optical Corp. Buffalo, N.Y.). 

Each sample was sectioned to include the five regions containing cuticular epithelial cells 

(i.e. gills, foregut, hindgut, appendages and general body cuticle) which are known to 

be targeted by TSV during acute phase infection (Lighmer et al. 1994, 1995a). One 

section per sample was placed on a silane coated slide (Silane-Prep™, Sigma, St. Louis, 

MO) for in-situ hybridization analysis and the other on a poly-L-lysine (Sigma, St. Louis, 

MO) coated slide for routine histological analysis. Coating of slides with poly-L-lysine 

was done following the manufacturer's instructions and the sections were stained with 

Mayer-Bermett hematoxylin and eosin-phloxine (H&E) following standard methods 

(Lightoer 1996a). All 48 H&E stained sections were examined by brightfield microscopy 

and TSV lesion severity was determined following the methods of Hasson et al. (1995a). 

Histological detail and H«&E staining quality of samples preserved with the two different 

fixatives were compared. 

In situ Hybridization. Based on histological results, three representative TSV infected 
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sample sections were selected from each of the four time treatments per fixative group 

(Table 5.2, In situ A). The sections were analyzed by in situ hybridization using two, 

digoxigenin-Iabeled (Genius I kit, Boehringer-Mannheim), TSV-specific cDNA probes 

following the methods outlined by Lightoer (1996a) and under RNase-free conditions. 

Briefly, following rehydration of the sections, all subsequent steps, up through and 

including addition of probe to the samples, were conducted using reagents (e.g. IX PBS, 

10 mg/ml proteinase K, 0.4% formaldehyde, 2X SSC, and hybridization buffer) prepared 

Table 5.2- Experimental design used to compare the effects of Davidson's and R-F 
fixative on TSV RNA within infected Penaeus vannamei juveniles. In situ hybridization 
assays were conducted with and without RNase precautions. 

FIXATION 
PERIOD 

(Days) 

HISTOLOGY 
No. Shrimp 
Analyzed 

IN SITU ^ 
No. Shrimp 
Analyzed 

IN SITU ® 
No. Shrimp 
Analyzed 

FIXATION 
PERIOD 

(Days) 
R-F Dayidson's R-F Davidson's R-F Davidson's 

2d 6 6 3 3 3 3 

6d 6 6 3 3 3 3 

lOd 6 6 3 3 3 3 

14d 6 6 3 3 3 3 

Reagents and glassware prepared with DEPC water to eliminate RNases. 
® No RNase-free glassware or reagents used. 

with DEPC (diethylpyrocarbonate, Sigma Chemical Co., St. Louis, MO) treated water 

and using DEPC treated glassware according to the methods of Janssen (1994). The two 
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cDNA probes used were each diluted to a final concentration of approximately 10 ng/ml 

in hybridization buffer. The sole modification made to the standard protocol (Lighmer 

1996b) was that proteinase K treatment of the sections (100 ^g/ml final concentration) 

was conducted for 10 instead of 15 min at 37°C. 

To determine if exogenous ribonuclease activity was responsible for TSV genomic 

RNA degradation, the same 24 samples analyzed by in situ hybridization under RNase-

free conditions were re-sectioned (Table 5.2, In situ B) and in situ hybridization analysis 

repeated following the methods of Lightner (1996a), but without the RNase-free 

precautions outlined above. TSV positive and negative control slides were included in 

each assay performed. At the end of each in situ assay, the sections were examined by 

brightfield microscopy. Based on probe signal intensity, the slides were qualitatively 

graded as either being strongly positive, moderately positive, weakly positive or negative. 

RESULTS 

Infectivity Bioassay and Histopathology 

Upon terminating the 7 d per os infectivity study, cumulative percent survivals 

among the negative control and TSV exposure groups were 79 and 15%, respectively. 

The majority of the treatment samples were in a moribund state, soft bodied (molting) 
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and laterally recumbent when collected. Dissection of R-F fixative-preserved samples 

revealed that the tissues had hardened within 24 hr post-fixation and demonstrated a 

texmre comparable to that of Davidson's preserved shrimp. Unlike Davidson's preserved 

shrimp, decalcification of the cuticle was not apparent in any of the R-F fixative samples. 

Nonetheless, good paraffin ribbons were obtained during sectioning and the presence of 

calcified cuticle did not pose a significant problem in sectioning the juvenile shrimp used 

in this smdy. 

Forty-two of the 48 treatment shrimp analyzed by routine H&E histology 

demonstrated moderate to severe (Grade 2 to 4), pathognomonic TSV lesions of the 

cuticular epithelium and subcutis within three or more of the five regions of the shrimp 

diat contain this cell type. The remaining six shrimp did not present detectable TSV 

lesions. Analysis of five negative control samples, that were collected prior to the onset 

of the infectivity smdy and at termination, showed that the SPF P. vannamei remained 

TSV negative for the duration of the experiment. 

Sections preserved with the R-F fixative demonstrated morphological detail and 

staining quality comparable to those preserved with Davidson's (Figure 5.1). However, 

the cytoplasm of hematopoietic and cuticular epithelial cells, in R-F preserved tissues, 

lacked the homogeneous appearance and degree of basophilia normally seen in 

Davidson's fixed samples. Another difference between the two fixatives was that 
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Figure 5.1- Photomicrographs of H&E stained sections displaying TSV infected 

cuticular epithelium (arrows) of the foregut in Penaeus vannamei samples preserved with 

Davidson's fixative (A) and R-F fixative (B). Cellular morphology of the R-F preserved 

section is comparable to that of Davidson's fixed tissues. Overall eosinophilia of the R-F 

fixative preserved section is slightly paler when compared to the section preserved with 

Davidson's fixative. Magnification bars represent 50 fim. 



Davidson's 
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eosinophilic tissues (e.g. muscle), preserved with the R-F fixative, stained a paler red. 

In situ Hybridization 

TSV positive and negative control histological sections functioned optimally in 

each in situ assay performed, indicating that the analyses were conducted correctly. 

Under RNase-free conditions, in situ hybridization analysis of Davidson's preserved 

samples showed a weak reaction with the probe in the three samples that were maintained 

in the fixative for 2 d (Table 5.3, Figure 5.2A). No signal was detectable in any of the 

Davidson's preserved samples that were maintained in the fixative for ~6 d (Table 5.3, 

Figures 5.2C, 5.2E and 5.2G). In contrast, strongly positive TSV signals were observed 

in all of the R-F fixative samples up through the 10 d treatment (Figures 5.2B, 5.2D and 

5.2F). Samples maintained for 14 d in the R-F fixative displayed slightly weaker signals 

(Table 5.3, Figure 7.2H). Equivalent in situ hybridization results were obtained when the 

samples were analyzed without RNase-free conditions. Signal intensity was either similar 

or stronger than those obtained when the same samples were run using RNase 

precautions. In general, probe signals were strongest within TSV-infected foci containing 

intact hypertrophied cells (Figure 5.2F). In contrast, foci demonstrating advanced 

cuticular epithelial necrosis (cell lysis, pyknotic and karyorrhectic nuclei) were observed 

to produce a much weaker probe signal (Figures 5.2B and 5.2H). This later observation 

was attributed to the dispersion of virions by hemolymph after cell lysis. 
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Table 5.3- In situ hybridization results of Penaeus vannamei juveniles with 
experimentally induced TSV infections. Gene probe signals were graded as either 
strongly positive (+ +), moderately positive (+•+•/+), weakly positive (+) or negative 
(-). In situ hybridization assays were conducted with and without RNase precautions. 

FIXATION PERIOD 
(Days) 

IN SITU 
No.Shrimp Analyzed, 

TSV Probe Signal 
Intensity 

IN SITU ® 
No. Shrimp Analyzed, 

TSV Probe Signal 
Intensity 

FIXATION PERIOD 
(Days) 

R-F Davidson's R-F Davidson's 

2d 3, ++ 3, + 3, ++ 3, + 

6d 3, ++ 3, - 3, 3, -

lOd 3, ++ 3, - 3, ++ 3, -

14d 3, ++/+ 3, - 3, + +/ + 3, -

^ Reagents and glassware prepared with DEPC water to eliminate RNases. 
® No RNase-free glassware or reagents used. 
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Figure 5.2- Photomicrographs of TSV infected sections of cuticular epithelium and 

subcutis after gene probe analysis by in situ hybridization. Infected Penaeus vannamei 

juveniles were maintained in Davidson's (left column) or the new R-F fixative (right 

column) for 2 d (A and B), 6 d (C and D), 10 d (E and F), and 14 d (G and H) prior 

to gene probe analysis to determine viral RNA stability as a function of fixation time. 

The presence of TSV genomic RNA is indicated by the formation of a blue-black 

precipitate. No reaction is apparent within pathognomonic TSV lesions (foci of cells with 

pyknotic and karyorrhectic nuclei) of the Davidson's preserved samples that underwent 

the 6, 10 and 14 d treatments (C, E and G). Sections were counter-stained with Bismarck 

brown. A= posterior stomach, B= hindgut, C= posterior stomach, D= dorsal 

cephalothorax, E= posterior stomach, F= dorsal cephalothorax, G= pleopod, H= 

posterior stomach. Magnification bars represent 50 ^m. 
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Acid induced hydrolysis of DNA and RNA molecules has been well documented 

and was a technique routinely used during the 1950's and 60's to disassociate nucleic 

acid molecules into their component parts to permit structural analysis (Michelson 1963; 

Lin and Maes 1967). Today, acid hydrolysis is employed during Feulgen's reaction to 

degrade and remove RNA from histological sections being analyzed for DNA content 

(Kieman 1990). According to Kochetkov and Budovskii (1972), the rate of hydrolysis 

of nucleic acids is linearly proportional to the hydrogen ion concentration of the solution 

and is influenced by both temperature and the duration time of the reaction. The 

hydrolytic process causes the cleavage of both N-glycosidic (between ribose and its 

covalently bonded nitrogenous base) and phosphodiester bonds. Cleavage of RNA N-

glycosidic bonds results in the liberation of purines (adenine and guanine) and, to a lesser 

degree, the pyrimidine bases (cytosine and uracil). The breaking of RNA phosphodiester 

bonds results in the formation of mono and polyribonucleotides (Kochetove and 

Budovskii 1972). RNA degradation by either one of these processes is sufficient to 

prevent hybridization from occurring between the affected RNA molecule and a 

homologous cDNA probe (Figure 5.3). 
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TSVssRNA 
R-F Fixative Davidson's 

(Neutral pH) (Acidic pH) 

• • 
FIXATION . 

5' 3' J" / — \ 

No Hydrolytic Effects, Cleavage of Phosphodiester 
RNA Molecule Intact and N-glycosidIc Bonds 

IN SITU HYBRIDIZATION S 

G DIG DIG DIG 
TSV GENE PROBE 1 

5' 3' TSVssRNA / ̂ ^ 
Hybridization Occurs No Hybridization 

Figure 5.3- Hypothesized mechanism of fixative-induced degradation of TSV genomic 

RNA. Hydrolyzed RNA molecules cannot bind with TSV-specific cDNA probes during 

in situ hybridization analysis and false negative results are obtained as a result. 
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Davidson's solution is a rapidly penetrating fixative, which is routinely used to 

preserve penaeid shrimp samples because of die excellent morphological detail that is 

achieved in H&E stained histological sections (Bell and Lightner 1988). Due to the 

glacial acetic acid and formic acid (from formaldehyde) component of Davidson's, this 

preservative is acidic, with a pH range of —3.5 to 4. Until the advent of genomic probe 

detection of penaeid shrimp RNA viruses, such as TSV and Yellowhead Virus 

(Wongteerasupaya et al. 1995a), the use of Davidson's fixative as a primary tool in 

shrimp pathology was unmatched and went unchallenged. In situ hybridization analysis 

of shrimp histological sections for the detection of the principle penaeid shrimp viral 

diseases (e.g. IHHNV, WSSV, BP, MBV, HPV), utilizing digoxigenin-Iabeled genomic 

probes, is a diagnostic technique that has been routinely used by shrimp pathology 

laboratories for the past 5 yrs (Lightner 1996a). Standardization of this technique has led 

to the marketing of conmiercially available in situ hybridization kits (DiagXotics, Wilton, 

CT), which can be employed by most hatcheries and shrimp farms with access to a 

histology lab. Prior to the present study, detection of TSV by gene probe analysis was 

limited to a small number of diagnostic laboratories with the capability of conducting 

RNase-free in situ hybridization assays. The reliability of this technique for TSV 

detection was also in question because of the occurrence of frequent false negative test 

results from sections displaying characteristic TSV histological lesions. In the present 

study, we have demonstrated that the storage of TSV infected Penaeus vannamei samples 

in Davidson's for 2 d results in a weak TSV gene probe signal. Furthermore, Davidson's 
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fixation for ~ 6 d inhibits or prevents hybridization of TSV-specific cDNA probes with 

the viral genome during in situ hybridization analyses, but does not occur when similarly 

infected shrimp are preserved with the near-neutral (pH — 6 to 7) R-F fixative. Since the 

principle difference between the two fixatives is in their pH values, this indicates that the 

false negative test results obtained for Davidson's preserved samples is directly linked 

to both the acidity of this fixative and fixation time. Acidic conditions can lead to viral 

RNA degradation either directly through acid hydrolysis as previously described or 

indirectly through the activation of acidophilic endogenous RNases, which hydrolyze 

RNA. Hydrolysis of RNA by either one of these mechanisms results in the cleavage of 

phosphodiester bonds and formation of soluble oligonucleotides (Kochetove and Budovski 

1972; Kieman 1990), which is sufficiently destructive to the RNA molecule so as to 

prevent hybridization from occurring with a homologous cDNA probe. Although it is 

unclear from the present study which of these two mechanisms are responsible for TSV 

RNA degradation, we speculate that acid hydrolysis (Figure 5.3) is the most likely cause 

since formalin-based fixatives are known to inactivate endogenous ribonucleases (Kieman 

1990, Dr. Gerard Nuovo, personal communication). Furthermore, positive TSV in situ 

hybridization results were obtained in the absence of RNase-free conditions, 

demonstrating that exogenous ribonucleases do not degrade viral RNA in tissues 

preserved with formalin-based fixatives if simple precautions (e.g. wearing gloves) are 

taken. 
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The efficacy of the R-F fixative was demonstrated by both routine H&E histology 

and in situ hybridization analyses (Figures 5.1 and 5.2). The advantages of the R-F 

fixative are that it is easy to prepare, it hardens shrimp tissues and preserves 

morphological detail similar to Davidson's (Figure 5.1) and, most importantly, it does 

not degrade viral RNA to the same extent as Davidson's. As the R-F fixative used in this 

smdy was mildly acidic (pH 6-7), it is likely that the 14 d R-F fixative treatment may 

have resulted in the partial hydrolysis of TSV RNA and that this is possibly why only 

moderate TSV probe signals were observed in those sections. Studies with neutral R-F 

fixative (data not shown) produced the same type of histological and in situ results 

reported here and the increased pH may further limit hydrolysis in samples stored for 

over 14 d. As the quality of distilled water and percent concentration of available 

ammonium hydroxide may vary between countries, it is suggested that investigators 

initially titrate their R-F fixative preparations to determine the actual volume of 

ammonium hydroxide needed to achieve pH 7. If more or less than the recommended 22 

ml ammonium hydroxide/L of fixative is used (Table 5.1), the volume of distilled water 

used should be decreased or increased accordingly to compensate. 

During the course of this smdy and through later histological analysis of R-F 

fixative preserved shrimp submitted by commercial farms, it was found that the standard 

fixation methodology of Bell and Lightner (1988) required slight modification when R-F 

fixative is substituted for Davidson's. When shrimp are preserved for histological 
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analysis, the first organ to be injected with fixative is the hepatopancreas (HP). This is 

done to quickly preserve this organ, which, otherwise, rapidly autolyzes or self-degrades 

upon the death of the shrimp due to the liberation of its digestive enzyme content. In 

severe cases of autolysis, cellular detail of the HP and surrounding organ systems is 

destroyed and cannot be effectively analyzed by routine H&E histology. When injecting 

Davidson's fixative, this organ visually changes color from a brownish-yellow to a 

reddish orange and is indicative of the organ being well fixed. Rapid fixation with 

Davidson's and consequent color change within the HP is probably a result of protein 

denaturation and carotenoid oxidation, which is enhanced by the low pH of this solution. 

In contrast, injection of the near neutral pH R-F fixative into the HP does not cause a 

rapid or distinctive color change. Based on having observed numerous R-F fixative 

preserved samples with autolyzed hepatopancreata during the course of routine diagnostic 

work, these findings suggest that fixation occurs more slowly when this solution is used. 

In order to prevent this problem, it has been found and recommend that hepatopancreata 

be perfused with two to three times the volume of R-F fixative than is normally injected 

when using Davidson's. Although the hepatopancreata of the samples analyzed in the 

present study were well preserved, this was probably due to the author's namral tendency 

to inject excessive amounts of fixative into the HP. If the HP is perfused slowly and 

without excessive force, injection of higher volumes of either R-F fixative or Davidson's 

will result in well preserved samples without any adverse affects to the specimen. 
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In general, when using either Davidson's or R-F fixative, preserved samples 

should be transferred into a 50-70% ethanol solution after 24-48 hr fixation in order to 

limit the potential problem of fixative-induced RNA degradation. As heat is used in 

conjunction with a variety of different acids to vigorously hydrolyze nucleic acids (Lin 

and Maes 1967), it is suggested that preserved shrimp samples be kept cool until 

embedded. Further smdies with Davidson's preserved shrimp have shown that TSV RNA 

degradation can be reduced by strictly adhering to the fixation guidelines of Bell and 

Lighmer (1988) and by paraffin embedding the samples within 24 hr after the prescribed 

fixation times. Following fixation, firequent ethanol changes will aid in removing residual 

Davidson's that leaches out of the samples and will gradually increase the overall pH of 

the solution. Sectioning and slide preparation of Davidson's preserved histological 

sections should be performed on the same day that TSV in situ hybridization analysis will 

be conducted in order to limit renewal of RNA hydrolysis resulting from ambient 

humidity and wetting of the tissue during slide preparation. In contrast, R-F fixative 

preserved histological sections can be prepared and stored at least one month prior to 

conducting TSV gene probe analysis with no apparent loss of probe signal (data not 

shown). 

Staining of R-F fixative preserved shrimp sections with hematoxylin and eosin-

phloxine for routine histological analysis can be accomplished following standard 

methods (Lightner 1996a). Optimum H&E staining is obtained when fresh preparations 
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of hematoxylin and eosin are utilized. When tissue eosinophilia and basophilia appear 

faded following staining of R-F fixative preserved tissues, this is an indication that fresh 

stains should be prepared. 

Another difference between Davidson's and the R-F fixative is that die latter does 

not decalcify shrimp cuticles due to its lack of acidity. This was not found to be a 

problem during the processing of juvenile shrimp samples, but it may adversely affect 

sectioning of adult shrimp or other crustaceans with heavily calcified cuticles. 

Prior to developing the R-F fixative, 10% buffered formalin (pH 7.0), and 

modifications thereof, were tested in an attempt to find a non-acidic fixative that was 

suitable for both H&E histology and gene probe assays. However, preservation of shrimp 

with this fixative resulted in poor fixation, soft tissues, and distorted cellular morphology 

in H&E stained sections (data not shown). As a result, 10% buffered formalin was 

deemed unsuitable for preserving shrimp and work was begun which led to the 

formulation of the R-F fixative. 

The findings of the present study demonstrate that in situ hybridization analysis 

for TSV can be greatly simplified by eliminating RNase precautions and that both 

consistent and accurate results are obtained when shrimp are preserved with a neutral 

fixative. Use of the R-F fixative is recommended when the detection of RNA viruses by 
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in situ hybridization is anticipated and prolonged storage of samples is unavoidable. We 

believe that the application of these techniques and knowledge of fixative-induced RNA 

degradation will benefit both investigators involved in the detection and study of RNA 

shrimp viruses, as well as those working with different RNA species in plant and animal 

systems. 



135 

CHAPTER VI 

LESION PATHOGENESIS IN Penaeus vannamei JUVENILES INFECTED 
WITH TAURA SYNDROME VIRUS: DETERMINATION BY 

HISTOPATHOLOGY AND In situ HYBRIDIZATION USING TSV-SPECIFIC 
cDNA PROBES 

INTRODUCTION 

During the brief 30 year history of penaeid shrimp aquaculture in the western 

hemisphere, loss of crops due to ftmgal, bacterial, protozoan, rickettsial-like and, in 

particular, viral diseases, have been a persistent plague to the shrimp farmer. Although 

a variety of chemotherapeutants have been used to prevent or successfully treat many of 

these pathogens, no vaccines or cures yet exist for shrimp viral infections. Of the —20 

different viral agents presently known to infect penaeid shrimp world-wide (Lightner 

1996a), White Spot Syndrome virus (WSSV, Wongteerasupaya et al. 1995b; Lightner 

1996a), Yellow-Head virus (YHV, Chantanachookin et al. 1993; Boonyaratpalin et al. 

1993; Lightner 1996a), and Taura Syndrome virus (TSV, Brock el al. 1995; Hasson et 

al. 1995a; Lighmer 1996a) are ranked as the most lethal and economically detrimental 

to the shrimp aquaculture industry (Lighmer 1996a; Lightoer et al. 1995b, 1997c; Lotz 

et al. 1995). Originally considered endemic to the eastern hemisphere, at least six 

separate WSSV-caused epizootics have occurred within the United States over the past 

three years (Richman et al. 1997; Lighmer et al. 1997b,c; Lighmer unpublished 
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findings). Awareness of these few isolated WSSV epizootics in the U.S. and self-imposed 

bans on the importation of live Asian penaeids has, perhaps, prevented the spread of this 

infectious disease into Central and South America, thus far. In contrast, TSV, a member 

of the Picomaviridae (Bonami et ai. 1997), is believed to be endemic to the Americas 

and has not yet been reported outside of the western hemisphere. Although TS disease 

was first recognized in farm-reared Penaeus vannamei (the Pacific white shrimp) in 

Ecuador during 1992 (Jimenez 1992), its viral etiology was not determined until two 

years later (Hasson et al. 1995a; Brock et al. 1995). Due to the conflicting and persistent 

claim by investigators in Ecuador that TS disease has a toxic etiology (Jimenez 1992; 

Hiney 1995; Bamiol 1995a,b; Intriago et al. 1997a,b), the resulting confiisionconcerning 

the causative nature of the disease contributed to the failure on the part of many Central 

and South American shrimp farming countries to regulate international distribution of live 

P. vannamei broodstock, postlarvae and frozen product of unknown health status (Brock 

et al. 1995; Lightoer et al. 1997b; Lightoer 1995b, 1996b; Hasson et al. 1995a,b). As 

a result, the virus spread, virtually unimpeded, throughout the Americas between 1992 

to 1996 (Brock et al. I997a,b; Hasson et al. 1997a, Dissertation Chapter 9). As of diis 

writing, TSV epizootics have been documented in both P. vannamei and/or P. stylirostris 

farms from a total of 13 different countries (Ecuador, Mexico, Belize, Brazil, Honduras, 

Nicaragua, Panama, Colombia, Costa Rica, Guatemala, El Salvador, Peru, Untied 

States), with consequent shrimp revenue losses estimated at 1 to 1.3 billion dollars during 

the years 1992-1996 (Lightoer 1995b, 1996b). Cumulative TSV-caused shrimp losses 
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from 1996 to the present have not been determined. 

A definitive diagnosis of TSV disease can be made either through observation of 

the pathodiagnostic acute phase lesion type using routine H&E histology (Lightner et ai. 

1994, 1995a; Lightner 1996a; Brock et al. 1995; Hasson et al. 1995a), in situ 

hybridization analysis with TSV-specific cDNA genomic probes of acutely or chronically 

infected shrimp histological sections (Lightner 1996a; Man et al. "in press"; Hasson et 

al. 1997a,b,c), or through infectivity assays (e.g. per os or injection mediated) of specific 

pathogen free (SPF) P. vannamei indicator shrimp in conjunction with either one of the 

former two diagnostic methods (Brock et al. 1995; Overstreet et al. 1997; Lotz 1997; 

Hasson et al. 1995a, 1997b,c). The recent development of a TSV-specific monoclonal 

antibody for the detection of TSV capsid polypeptides, in both hemolymph and tissue 

homogenate samples, holds the promise of serving as a rapid TSV detection method and 

is currendy being field tested (Poulos et al., submitted). The methodology for detecting 

TSV by reverse transcription (R-T) PCR has also been recently developed at the 

University of Arizona (Nunan et al., submitted) and is, perhaps, the most sensitive TSV 

detection method currently in use for research purposes. 

Of the above mentioned TSV diagnostic techniques, in situ hybridization analysis 

is presently considered the most reliable and sensitive methodology that is currently 

available to the shrimp farming industry (Hasson et al. 1997c, Dissertation Chapter 5). 
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Initial problems with false negative TSV in situ hybridization results were found to be 

caused by fixative-induced acid hydrolysis of TSV RNA in shrimp samples that had been 

preserved with Davidson's AFA solution (Hasson et al. 1997c, Dissertation Chapter 5). 

Subsequent work, conducted by Hasson et al. (1997c), showed that this problem can be 

avoided through the use of a non-acidic fixative (RNA-friendly or R-F fixative), that was 

developed specifically for this purpose, or by strictly adhering to die 24 to 48 hr fixation 

guidelines prescribed by Bell and Lightner (1988) when utilizing Davidson's fixative. 

Following additional modifications to the TSV in situ hybridization protocol (Hasson et 

al. 1997c), a conmiercially available TSV in situ hybridization kit was developed and 

marketed by a U.S. based company that specializes in diagnostic reagents for aquaculture 

(DiagXotics, Wilton, Ct). 

Based on early histological investigations of P. vannamei with namrally occurring 

TSV infections, the TSV disease cycle was originally described as having a distinct 

peracute to acute phase and a separate chronic or recovery phase (Lightner et al. 1994; 

1995a; Hasson et al. 1995a; Brock et al. 1995). During the acute phase of a TSV 

infection, the cuticular epithelium and subcutis of the gills, foregut, hindgut, appendages 

and general body cuticle are targeted by the virus (Jimenez 1992; Lighmer et al. 1994, 

1995a; Brock et al. 1995; Hasson et al. 1995a). The pathodiagnostic lesion type that 

results is characterized by necrotic cuticular epithelial cells, which display cytoplasmic 

eosinophilia, hypertrophied nuclei, nuclear pyknosis and karyorrhexis and the formation 
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of variably sized and variably staining cytoplasmic inclusion bodies (Lightner et. al 1994, 

1995a). This histological definition of the acute phase TS lesion type was adopted, 

unanimously, during an international TS workshop conference held at the University of 

Arizona during early 1994 and whose participants included the founders of the now 

discredited toxic ftmgicide etiology theory for TS (Lighmer et al. 1994). In cases of 

severe acute phase TSV infections, this lesion type has been observed to extend into the 

subcuticular connective tissue and/or striated muscle (Lighmer et al. 1994, 1995a; Brock 

et al. 1995, 1997a). The only other penaeid shrimp viral disease that is presently known 

to induce comparable lesions within the cuticular epithelium is Yellow-head virus 

(Boonyaratpalin et al. 1993; Chantanachookin et al. 1993). However, the two diseases 

are easily distinguished by the severe diffuse lymphoid organ necrosis that is induced by 

YHV disease, but which is absent in TSV infected shrimp (Lighmer et al. 1995a; 

Lighmer 1996a; Hassonetal. 1995a; Chantanachookin et al. 1993; Boonyaratpalin et al. 

1993). 

The clinical signs of an acute phase TSV infection in P. vannamei include 

anorexia, lethargy, atactic swimming behavior, chromatophore expansion (red to lavender 

body coloration in namrally occurring infections and dark grey to black coloration in 

experimentally induced infections) and soft cuticles. In general, death occurs among 75 

to 95% of an infected population within a week of disease onset (Lightner et al. 1994; 

Lighmer 1996a; Brock et al. 1995; Hasson et al. 1995a). Surviving P. vannamei then 
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develop variably sized and shaped melanized cuticular lesions or brown spots, which are 

grossly visible over portions of the tail, cephalothorax and appendages (Lightner et al. 

1994; Lightner 1996a, Hasson et al. 1995a, Brock et al. 1995). These non-specific 

lesions are similar in appearance to those caused by chitinolytic Vibrio sp. (shell disease) 

and were previously considered to be the hallmark of a "chronic" TSV infection 

(Lightner et al. 1994, 1995a; Lightner 1996a; Hasson et al. 1995a; Brock et al. 1995, 

1997a; Brock 1997b). Histologically, these lesions typically consist of melanized foci of 

necrotic cuticular epithelial cells, abimdant hemocytic infiltrates (inflammation) and in 

some, but not all cases, secondary Vibrio sp. colonization of the exocuticle. Subsequent 

histological analyses of experimentally infected P. vannamei juveniles led Hasson et al. 

(1995a) to h)^othesize that these "chronic phase" lesions were representative of resolving 

acute phase TSV lesions and that the term "recovery phase" may be better suited for 

describing this stage of the TSV infection cycle. Furthermore, Hasson et al. (1995) 

speculated that the formation of spheroids within the lymphoid organ was directly 

attributable to TSV infection. This was contrary to the widely held belief that these 

lesions were representative of a concurrent secondary infection by lymphoid organ 

vacuolization virus or LOW (Jimenez 1992; Brock et al. 1995). During the time period 

that these observations were made, TSV-specific genomic probes were recently being 

developed by Mari et al. (in press) and it was decided to postpone further analysis of 

TSV lesion pathogenesis until such time that tiiis new technology could be employed. 

Utilizing the now proven technique of in situ hybridization analysis for the detection of 
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TSV, the present studies were conducted to detail TSV lesion pathogenesis and examine 

the validity of these earlier hypotheses. 

RESEARCH OEWECTIVE: Previous TSV infectivity smdies have demonstrated that a 

lethal infection can be induced in P. vannamei juveniles either through per os or injection 

mediated exposure to the virus (Brock et al. 1995; Hasson et al. 1995a, 1997c; Lotz 

1997; Overstreet et al. 1997). The primary objective of the present smdy was to utilize 

both routine histological techniques and in situ hybridization analysis to document acute 

and chronic phase TSV lesion pathogenesis in experimentally infected, time course 

sampled P. vannamei juveniles. The specific aims of the study were to determine what 

tissues or regions of the shrimp host are initially infected, if specific tissues or regions 

are preferentially infected, if lesion development within known target tissues occurs at 

random or follows a set pattern, the approximate time frame of both the acute and 

chronic phase infections and to document virus-induced morphological changes within 

the cuticular epithelium and lymphoid organ. 
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Experimental Shrimp- Specific pathogen free (SPF) Penaeus vannamei juveniles were 

used in this series of investigations. The test shrimp originated from the Oceanic Instimte 

specific pathogen free (SPF) breeding center and were reared and maintained "disease-

free" or SPF following the criteria of both Wyban et al. (1992) and Pruder et al. (1995). 

Approximately 1 month prior to initiating these studies, the shrimp were air shipped from 

Hawaii to the University of Arizona where they were maintained in two 1500 L 

fiberglass tanks with recirculating, biofiltered artificial seawater (Forty Fathoms 

Biocrystals Marinemix, Marine Enterprises International Inc., Baltimore, MD). 

Experimental Designs- Two separate infectivity studies, hereafter referred to as 

Bioassays 1 and 2, were conducted. Acute phase TSV lesion development was analyzed 

in Bioassay 1 and chronic phase lesion development examined in Bioassay 2. The 

experimental design of each bioassay is simunarized in Table 6.1 and, due to differences 

in the protocols used, will be discussed separately. 

Bioassay 1- A total of 600 SPF P. vannamei early juveniles (0.35 g avg. wt.) were 

equally distributed between six 90 L glass aquaria. Each aquarium was equipped with a 

recirculating 1 L oyster shell biofilter to remove dissolved ammonia and nitrites as 

previously described by Hasson et al. (1995a). The aquaria were filled (~ 80-85 L) with 



143 

artificially prepared seawater (20 ppt salinity) and water temperatures were maintained 

at ~28°C through the installation of a submersible heater in each aquarium. To prevent 

the escape of both aerosols and test shrimp, each aquarium was sealed with a plastic 

sheet. 

One aquarium was designated as a negative control group and the remaining five 

as TSV treatment groups (Table 6.1). All five treatment groups were per os exposed to 

TSV by feeding minced P. vannamei carcasses that had been maintained ft-ozen 

(-80°C) following collection during a naturally occurring TSV epizootic in Texas during 

1995 (Courtesy of Mr. Fritz Jaenike, Harlingen Farms). Infected tissue was fed at a rate 

of 34% of the biomass/aquarium (12 g) divided between two daily feedings (SAM and 

2PM) during the first three days of this 10 d study. Following this same feeding regime, 

the single negative control group was fed TSV-free SPF P. vannamei minced tissue. 

Beginning on d 4, all shrimp were fed a pelleted ration (Rangen No.4), ad lib, twice 

daily. 

Time course sampling was performed on four of the five treatment groups as 

outlined in Table 6.1. Briefly, two shrimp were randomly collected firom each of the four 

aquaria every 3 hr following the first per os exposure at 8 AM on d 1. Sampling was 

then increased to 3 shrimp/aquarium at 3 hr intervals on d 2 and continued through 

the first six of the eight sampling periods of d 3. During the last two 3 hr sampling 



144 

Table 6.1- Experimental designs of two time course infectivity bioassays to document 
acute and chronic phase TSV lesion development in SPF Penaeus vannamei juveniles. 
The test shrimp were per os exposed to minced TSV infected tissue in Bioassay 1 and 
intramuscularly injected with a TSV tissue homogenate in Bioassay 2. SPF P. vannamei 
were used as both positive and negative controls. 

Aquarium No. 
and Treatment 

No. Shrimp/ Exposure 
and Avg. wt Regime 

Time Course 
Sampling Schedule 

Bioassay No. 1, Per os Exposure 

100, 0.35 g 12 g tissue on dO-2 5, dO and dlO 1, SPF tissue 
(Negative Ctrl.) 

2, TSV+ tissue 100, 0.35 g " 2 every 3 hr, dl 
3 every 3 hr, d2 and d3* 
2 every 3 hr, d4 
2 per day, d5 to dlO 

3, TSV-t- tissue 100, 0.35 g " ft tt It ir 

4, TSV+ tissue 100, 0.35 g " ft 11 (1 II 

5, TSV+ tissue 100, 0.35 g " tt M tl II 

6, TSV+ tissue 
(Positive Ctrl.) 

100, 0.35 g " All moribund shrimp 

Bioassay No. 2, Injection mediated exposure 

1, TSV+ inoculum 181, 4.5 g Single injection 3 per week, wks 1-12** 
2 per week, wks 13-16 
2 on weeks 20, 24, 28, 32 
1 on week 40 
1 on week 48 

Sampling of 2 shrimp/aquariuin/3 hr interval was initiated during the seventh 
sampling period of d 3 and continued through d 4. 
Seven shrimp were collected during wk 1 post-injection. 
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intervals of d 3, the number of shrimp collected/treatment aquarium was reduced to two. 

This sampling regime was maintained through d 4. Beginning on d 5 until termination 

on d 10, two shrimp were collected from each of the four treatment aquaria per day. This 

sampling schedule was conducted to obtain the maximum number of shrimp with early 

peracute stage infections without depleting the infected stocks prior to the end of the 10 

d period. The fifth TSV treatment group was sampled only when moribund shrimp were 

observed in order determine the cumulative percent mortality and to monitor daily 

mortalities resulting from the virus-caused epizootic. Five samples of the single negative 

control group were preserved, prior to the onset of the experiment and, again, upon 

termination of the study. Time course sampling of this group was purposefully not done 

in order to determine the cumulative percent mortality of the population in the absence 

of TSV. 

At the time of collection, all shrimp were injected with R-F fixative following the 

methods of Hasson et al. (1997c). For each time course sampling interval, the shrimp 

collected from the four treatment aquaria were pooled following fixation. After being 

stored for 48 hr in R-F fixative, the samples were transferred to 70% ethanol for 24 hr 

and then processed for histological analysis following the methods of Bell and Lightner 

(1988). 



146 

Bioassay 2: A total of 181 SPF P. vannamei juveniles (4.5 g avg. wt.) were 

intramuscularly injected with a crude TSV+ tissue homogenate (Table 6.1). Following 

the methods of Hasson et al. (1995), the inoculum was prepared utilizing TSV infected 

P. vannamei that had been collected during a naoirally occurring TSV epizootic in 

Sonora, Mexico during 1995 (Courtesy of Mr. Albert Bennett, Aqualarvas). Each test 

shrimp received a single injection (~ 10 /xl/g) in the third tail segment at the onset of the 

experiment. Following injection, the shrimp were returned to a 1500 L fiberglass 

saltwater (32 ppt) tank where they were maintained for the duration of this study. One 

week post-injection (PI), a total of 88 surviving shrimp remained in the tank and 

displayed multifocal melanized lesions of the exocuticle. Time course sampling of the 

88 TSV survivors was begun on day 7 PI and continued over a 1 yr period as outlined 

in Table 6.1. Briefly, from week 1 up through week 12 PI, three shrimp were randomly 

sampled per week. From weeks 13 through 16, sampling was reduced to two shrimp per 

week. In order to extend the experiment out to 1 year, the sampling interval was changed 

to once per month. From months 5 through 8 PI, two shrimp were collected per month 

and, on months 10 and 12, only 1 shrimp per sampling period was collected. All of the 

shrimp samples were preserved with Davidson's AFA solution and embedded for 

histological analysis following standard methods (Bell and Lightner 1988). Davidson's 

solution was utilized throughout Bioassay 2 instead of R-F fixative, as the latter solution 

was not developed until Bioassay 2 was already entering its fifth month. 
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Histopathology and In situ Hybridization Analyses. A paraffin block of each shrimp 

sample was prepared to include a portion of the gills and midsagittal sections of both the 

cephalothorax and the sixth tail segment (hindgut location). In preparing each sample for 

embedding, efforts were made to obtain midsagittal sections of die cephalothorax, which 

displayed both the foregut and the lymphoid organ. Cephalothoracic appendages were not 

removed for the purpose of observing ectopic spheroids, if present. Following embedding 

of the dissected tissues, 4-5 fiia parallel sections of each sample were prepared using a 

manually operated microtome. One section per sample was placed on a poly-L-lysine 

coated slide (Sigma, St. Louis, Mo.) for routine histological analysis and the 

corresponding parallel section collected on a silane coated slide (Silane-Prep, Sigma, St. 

Louis, MO) for in situ hybridization analysis. Sections for routine histology were stained 

with Mayer-Bennett hematoxylin-eosin phloxine following standard methods (Bell and 

Lighmer 1988; Lightoer 1996a). In situ hybridization analyses were performed using a 

1:1 mixmre of two TSV-specific, digoxigenin (DIG) labeled cDNA genomic probes 

(Mari et al., in press) following the methods of Hasson et al. (1997c). Briefly, with the 

exception of wearing latex gloves, no RNase-free precautions were used in the 

preparation of the reagents or in conducting the assays. Both probes were DIG-labeled 

following the manufacture's instructions (Genius I kit, Boerhinger-Mannheim) and diluted 

to 10 ng/ml in hybridization buffer prior to use. 
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In situ hybridization assays were conducted on 270 of the 361 shrimp samples 

collected during Bioassay 1 and on all 56 samples resulting from Bioassay 2. A 

maximum of 24 samples were assayed during a given in situ hybridization run and the 

same lot of DIG-labelled TSV probe was used in both smdies. Both TSV negative and 

positive control P. vannamei histological sections were included in each assay to insure 

the integrity of the results. All sections were counter-stained with Bismarck brown, 

coverslipped, and examined by brightfield microscopy following the methods of Lightner 

(1996a). The number of TSV infected tissues or organs present in each Bioassay 1 

specimen was determined based on the observation of a gene probe positive signal (blue-

black precipitate). The presence of TSV, within a given organ or tissue, was qualitatively 

graded from 0 to 4 according to a modified grading system of Bell and Lighmer (1987) 

and Hasson et al. (1995a). Briefly, absence of a TSV gene probe signal was graded as 

0; mild, focal signals were graded as 1; moderate, locally extensive to multifocal probe 

signals were assigned a grade of 2 to 3, and numerous multifocal to diffuse signals were 

assigned a grade of 4. Overall infection severity per shrimp was assigned based on the 

single tissue or region that displayed the most extensive gene probe signal. In analyzing 

the chronically infected samples of Bioassay 2 by in situ hybridization, the lymphoid 

organ tubules, lymphoid organ spheroids and ectopic spheroids were found to be the only 

tissue types that were infected with TSV and gene probe signals were qualitatively graded 

using the same system employed for scoring TSV presence in acute phase lesions. 
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BIOASSAY 1 

Cumulative percent mortalities among the positive and negative P. vannamei 

control groups were 85% and 24%, respectively (Table 6.2). The mortalities which 

occurred in the negative control group were attributed to cannibalism of recently molted 

shrimp as histological and in situ hybridization analyses of five shrimp collected on d 1 

and 10, revealed no detectable viral or bacterial infections. Mortalities among the positive 

control population began within 24 h post-exposure, peaked on d 4 and then rapidly 

declined, ending by d 8 (Figure 6.1). Moribund test shrimp displayed the same clinical 

signs of an experimentally induced TSV infection (e.g. soft shells, lethargy, anorexia, 

atactic swimming behavior, expanded chromatophores, and lateral recumbent posture 

prior to death) as previously reported by Hasson et al. (1995a). Typically, moribund 

treatment shrimp would die during the final stage of molting or immediately post-molt, 

which accounted for their soft shell texmre. Beginning on d 4 post-exposure, a few of 

the remaining treatment shrimp presented grossly visible multifocal, variably sized and 

shaped, brownish-black (melanized) lesions on both the cephalothoracic and tail regions. 

These lesions were observed on shrimp in one or more of the treatment groups from this 

time until the experiment was terminated on d 10. Histological and gene probe analysis 

of five moribund positive control shrimp, collected during the peak die-off on d 4, 
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Table 6.2.- Daily and cumulative percentage mortalities of juvenile Penaeus vannamei 
positive and negative control groups of Bioassay 1. The test shrimp were per os exposed 
to either TSV infected or SPF minced P. vannamei tissue during days 1 through 3 of the 
study. 

Days Post-Exposure Daily Mortality 

SPF Tissue 
Treatment 

TSV+ Tissue 
Treatment 

0.5 1 1 

1 1 1 

1.5 0 1 

2 0 2 

2.5 0 5 

3 0 6 

3.5 0 11 

4 1 26 

5 3 21 

6 1 5 

7 0 1 

8 1 0 

9 0 0 

10 0 0 

Cumulative % Mortality: 23/100», 23% 85/100, 85% 

* = 15 shrimp were unaccounted for and believed to have been lost due to cannibalism. 
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• Negative Control • Positive Control 

Figure 6.1- Daily mortality of Bioassay 1 SPF Penaeus vannamei juveniles following per 

OS exposure to either TSV infected (Positive control group) or pathogen-free (Negative 

control group) minced P. vannamei carcasses. 
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showed that each contained severe (G3-4) pathodiagnostic TSV lesions of the cuticular 

epithelium and indicated that the tissue fed to all of the treatment groups contained 

infectious TSV. 

A total of 270 of 361 time course sampled treatment shrimp were analyzed for 

the presence of TSV by in situ hybridization and 92 were found to be infected (Appendix 

C, Table 6.3). Seventy (76%) of the 92 probe positive samples demonstrated TSV within 

the cuticular epithelial cells of one or more of the five regions of the shrimp that contain 

this cell type and were classified as being acutely infected (Table 6.3). The five regions 

that were TSV infected included the appendages (maxillipeds, antennae, antenules, 

antennal scales, eyestalks, maxillipeds, periopods and pleopods) general body cuticle, 

foregut (mouth, esophagus, anterior stomach, posterior stomach), gills (lamellae and 

mastigobranchiae) and hindgut (Figure 6.2). The first detectable acute phase TSV 

infection was observed within the cuticular epithelial cells of the foregut and gills of one 

of the eight treatment shrimp that were sampled 24 hr following the first per os exposure 

(Appendix C, Table 6.3). An average of three of the five targeted regions displayed low 

grade to severe (Gl-4) TSV infections during the first 2 d post-exposure. Between days 

3 through 5, both the number of TSV infected regions and acute phase lesion severity 

increased, affecting an average of four of the five targeted regions (Table 6.3). 



153 

Table 6.3.- In situ hybridization results of time course sampled Penaeus vannamei 
following per os exposure to TSV infected tissue. Between six to 36 shrimp were 
analyzed per collection period and TSV infected tissues were determined by the formation 
of a blue/black precipitate following gene probe analysis. Six regions of the test shrimp 
were infected by TSV and include the cuticular epithelium of the appendages (AP), body 
cuticle (BC), foregut (FG), gill lamellae (GL), hindgut (HG) as well as the lymphoid 
organ tubule cells (LO). Based on the regions infected per sample, the shrimp were 
assigned to one of three TSV infection categories; Acute Phase, TSV + probe signal 
within the cuticular epithelium; Transition Phase, TSV + signals within the cuticular 
epithelium and Ijonphoid organ; Chronic Phase, TSV + signal within the lymphoid organ 
only. 

No. Shrimp Cummulative No. Tissues % of TSV + Shrimp 
Analyzed by No. TSV Infected per Sampling per Infection Phase 

Dav In situ Positive AP BC FG GL HG LO Acute Transition Qironic 

0.5 d 24 0 0 0 0 0 0 0 0/24, 0% ND ND 

1 d 24 1 0 0 1 1 0 0 1/24, 4% ND ND 

1.5 d 29 2 2 2 2 1 0 0 2/29, 7% ND ND 

2 d 23 4 3 3 3 2 0 0 4/23, 17% ND ND 

2.5 d 28 4 I 2 2 3 0 0 4/28, 14% ND ND 

3 d 36 7 3 3 6 4 1 0 7/36, 19% ND ND 

3.5 d 32 22 13 10 21 8 2 0 22/32, 69% ND ND 

4 d 32 23 12 19 19 15 6 1 22/32, 69% 1/32, 3% ND 

5 d 8 4 1 2 2 2 0 2 2/8, 25% 2/8, 25% ND 

6d 8 7 2 4 1 I 1 4 3/8, 38% 2/8, 25% 2/8, 25% 

7 d 8 4 2 4 4 1 1 1 3/8, 38% 1/8, 13% ND 

8d 6 6 0 1 0 0 0 5 ND 1/6, 17% 5/6, 83% 

9 d 6 3 0 0 0 0 0 3 ND ND 3/6, 50% 

10 d 6 5 0 0 0 0 0 5 ND ND 5/6, 83% 

SUMS: 270 92 39 50 61 38 11 21 70 7 15 
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Figure 6.2- Photomicrographs of gene probed histological sections illustrating the five 

cuticular epithelial regions in Penaeus vannamei that are targeted by TSV during the 

acute phase of the infection cycle. These time course sampled SPF P. vannamei were per 

OS exposed to TSV infected shrimp tissue over a 3 d period. The presence of TSV RNA 

within cuticular epithelial cells is indicated by foci containing a black precipitate. (A) 

Distal end of a periopod (appendage), (B) Dorsal cephalothorax (body cuticle), (C) and 

(D) Esophagus and posterior stomach (anterior and posterior foregut), (E) Gill lamellae, 

and (F) Hindgut. Sections were counter-stained with Bismarck brown. Magnification bars 

represent 50 ^m. 
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The initial site of TSV infection within the samples was not determined, nor was 

a detectable preference shown by the virus for one region of cuticular epithelial cells over 

another. However, the cuticular epithelium of the foregut was found to have the highest 

infection prevalence, followed closely by that of the general body cuticle (Table 6.3). In 

contrast, the cuticular epithelium of the hindgut was found to have the lowest infection 

prevalence and TSV lesions were only apparent in this region when the shrimp displayed 

severe (G3-4) acute phase infections within three or more of the remaining four targeted 

regions. 

Comparison of parallel H&E histological and gene probed sections showed that 

acutely infected cuticular epithelial cells display three stages of necrosis that are 

observable by light microscopy (Figure 6.3). Initially, the infected cells display increased 

eosinophilia of the cytoplasm and basophilic pyknotic nuclei (condensed chromatin. 

Figure 6.3A). In the second stage, cytoplasmic eosinophilia is pronounced, the infected 

cell detaches from the surrounding cell matrix, circularizes and appears hypertrophied 

(Figure 6.3C). In the third and final stage of cell death, the nuclear and cytoplasmic 

membranes are presmned to mpture and the pyknotic nuclei fragment into smaller 

spheres (karyorrhexis. Figure 6.3E). It is during this final stage that TSV infected tissues 

display the characteristic "peppered" or "buckshot laden" appearance that is considered 

pathodiagnostic for the acute phase of the disease. The peppered appearance results, in 

part, from the presence of both highly basophilic pyknotic and karyorrhectic nuclei and 
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Figure 6.3- Photomicrographs of parallel H&E stained (left column) and gene probed 

(right column) histological sections illustrating the three stages of TSV-induced necrosis 

of the cuticular epithelium in acutely infected Penaeus vannamei. The presence of TSV 

RNA within gene probed sections is indicated by foci containing a black precipitate. (A 

and B) Stage 1 necrosis within cuticular epithelial cells located ventral to the nerve cord 

within the cephalothorax (body cuticle). Histologically, the infected cells display pyknotic 

nuclei and cytoplasmic eosinophilia (not apparent). An intense gene probe signal is 

observed within the cytoplasm of these intact cells. (C and D) Stage 2 necrosis within 

cuticular epithelial cells of the esophagus. The infected cells have detached from the 

surrounding cell matrix, are spherical in appearance, remain intact, and continue to 

display nuclear pyknosis and cytoplasmic eosinophilia (not apparent in this B&W photo). 

TSV gene probe signals remain strong as indicated by the black precipitate. (E and F) 

Stage 3 necrosis within cuticular epithelial cells of the esophagus. Cell lysis has occurred 

and pyknotic nuclei have fragmented (karyorrhectic nuclei). This is considered the 

pathodiagnostic lesion type of an acute phase TSV infection, which appears "peppered" 

or buckshot laden by routine histology. By in situ hybridization, the TSV probe signal 

of this lesion is weak or undetectable as the virus has dispersed. Histological sections 

were stained with Mayer-Bennett hematoxylin and eosin. Gene probed sections were 

counter-stained with Bismzu'ck brown. Magnification bars represent 20 /zm. 
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the fonnation of variably sized, variably staining spherical inclusion bodies. However, 

it is unclear by light microscopy whether these inclusion bodies are of viral origin or 

remnants of the host cell. Analysis of the three stages of necrosis by in situ hybridization 

showed that TSV is most readily detected in cuticular epithelial cells during stages 1 and 

2 (Figures 6.3 B and D). Once cell lysis has occurred, it is believed that the liberated 

viral particles are rapidly disseminated by the hemolymph, resulting in either a very low 

grade or undetectable TSV gene probe signal within the affected region (Figure 6.3 F). 

Beginning on day 4 post-exposure, and coinciding with the onset of grossly visible 

melanized lesions within the exocuticle (Figure 6.4 A and B), TSV was detected by in 

situ hybridization analysis within both cuticular epithelial cells and the lymphoid organ 

(LO) of one of the treatment shrimp (Table 6.3). Observation of TSV positive probe 

signals in both the LO and foci of acutely infected cuticular epithelial cells continued up 

dirough d 8 and was detected in a total of seven shrimp (Table 6.3). Histological analysis 

of these seven samples demonstrated a decrease in the number and severity of acutely 

infected regions over this 5 d period and a concurrent increase in the number of sites 

containing infiltrating hemocytes and melanin deposition within foci that once contained 

TSV infected cuticular epithelial cells (Figure 6.4 A). This inflammatory response, and 

the resulting production of melanin, was observed to be the cause of the brown spots 

(melanized lesions) that were grossly visible on the body cuticle and indicative of 

resolving acute phase TSV lesions. In general, these lesions were found to be TSV 
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Figure 6.4- Photomicrographs of parallel H&E stained (left column) and gene-probed 

(right colunm) histological sections illustrating the characteristics of the transitional 

period (transition phase) of TSV lesion development that occurs between the end of the 

acute phase and onset of the chronic phase infection periods in Penaeus vannamei 

juveniles. (A) H«feE stained and (B) gene-probed parallel histological sections of 

melanized, resolving acute phase TSV lesions within the dorsal cuticle of the tail. A 

melanized cap composed of flattened hemocytes is partially visible (arrowhead) along 

with abundant hemocytes (Hem) that have infiltrated a site that previously contained 

acutely infected cuticular epithelial cells. Rarely were these lesions observed to contain 

detectable TSV by gene probe analysis as indicated by the absence of a black precipitate 

within the inflamed wound. (C) H&E stained and (D) gene-probed parallel midsagittal 

histological sections illustrating portions of the lymphoid organ (LO), hepatopancreas 

(BH*) and posterior stomach (PS). Acute phase TSV lesions of the posterior stomach 

cuticular epithelium are apparent both histologically and by gene probe analysis (arrows). 

Histologically, the LO appears normal, however, a TSV + focus is evident by the 

presence of a black precipitate (arrowhead) in the gene probed section. Not visible in 

this photo is the diffuse probe signal present within some of the LO tubules. Gene probed 

sections were counter-stained with Bismarck brown. Magnification bars represent 50 fim. 
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negative by gene probe analysis and only rarely displayed weak TSV positive probe 

signals (Figure 6.4 B). Shrimp surviving this phase displayed characteristic wound repair 

stages (i.e. inflammation, fibrosis), which terminated with the regeneration of the 

cuticuiar epitheliimi. During this same period, the LO in each of these specimens either 

appeared morphologically normal or demonstrated the onset of spheroid development 

(Figure 6.4 C). Comparison of the histological sections of these seven specimens with 

their corresponding parallel gene-probed sections showed the presence of either a diffuse 

TSV positive gene probe signal within the peripheral sheath cells of morphologically 

normal appearing LO tubules and/or intense focal TSV signals within lymphoid organ 

spheroids (LOSs), when present (Figure 6.4 D). 

By d 8, mortalities among the positive control group had ceased and the majority 

of the surviving shrimp had molted, shedding the cuticuiar melanized lesions along with 

the old exocuticle. These survivors appeared healthy; feeding, swimming and, in general, 

behaving like normal P. vannamei. The only histological abnormality observed within 

time course sampled treatment shrimp during this time period was the presence of 

numerous spheroids within the LO, which were found to contain low grade to moderate 

numbers of TSV-infected foci by in situ hybridization analysis (Figure 6.5). This lesion 

type was observed in a total of 15 treatment shrimp that were collected between days 6 

to 10 (Table 6.3). 
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Figure 6.5- Photomicrographs comparing histological sections of a normal Pemeus 

vannamei lymphoid organ (LO) with one that is chronically infected with TSV. (A) H&E 

stained midsagittal histological section of a normal, uninfected LO. Transversely 

sectioned LO mbules (arrowheads) consist of an eosinophilic wall of sheath cells and a 

centralized lumen. (B) H&E stained and (C) gene-probed parallel midsagittal histological 

sections of a chronically infected LO displaying numerous spheroids (S) interspersed 

among normal appearing LO tubules (arrowheads). In situ hybridization analysis 

demonstrates the focal presence of TSV within the LO spheroids as indicated by the 

black precipitate. Gene-probed sections were counter-stained with Bismarck brown. 

Magnification bars represent 50 fjm. 
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The cumulative findings of Bioassay I suggested that there were three 

overlapping, but distinct phases of the TSV disease cycle; a peracute to acute phase, a 

brief transitional period (dubbed the transition phase) that occurs between the acute and 

chronic phases of the disease, and finally, a true chronic phase infection. By in situ 

hybridization analysis, the acute phase disease is characterized by the presence of TSV 

within one or more of the five regions containing cuticular epithelium. Shrimp in the 

transition phase demonstrated TSV positive probe signals in both the cuticular epithelium 

and LO and those specimens displaying TSV positive probe signals solely within the LO 

were considered to be chronically infected. Utilizing these criteria to identify shrimp with 

acute, transition and chronic phase TSV infections, each of the 92 gene probe positive 

treatment samples were classified under one of the three disease phase categories (Table 

6.3). The prevalence of TSV positive shrimp per disease phase was then determined and 

plotted over time (Figure 6.6). Detailed analysis of chronically infected P. vannamei was 

continued in Bioassay 2. 
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IB Acute Phase • Transition Phase B Chronic Phas^ 

Figure 6.6- The daily percentage of Bioassay 1 Penaeus vannamei treatment shrimp that 

were acutely, transitionally or chronically infected with TSV based on the tissue types 

that were probe positive by in situ hybridization. (Acute Phase) TSV+ probe signals 

within the cuticular epithelial cells only. (Transition Phase) TSV + probe signals within 

both the cuticular epithelium and lymphoid organ. (Chronic Phase) TSV + probe signals 

within the lymphoid organ only. Between 6 to 32 shrimp samples were analyzed per time 

period. 
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Bioassay 2 

Of the 181 P. vannamei juveniles that were injected with a crude homogenate of 

TSV infected shrimp tissue, 88 shrimp (43%) remained alive 7 d post-exposure, having 

survived the acute and transition phases of the TSV infection cycle. In total, 56 of the 

88 TSV survivors were sampled over a 1 year period. A steady, low grade die-off 

occurred during the 12 months, which resulted in a loss of 32 shrimp (--2-3 

shrimp/month) from the original population of 88. This mortality was attributed to both 

cannibalism and overcrowding, as the chronically infected shrimp continued to feed and 

grow while being maintained. 

Lymphoid Organ Histopathology 

Routine histological analysis showed that 55 of the 56 samples had developed 

spheroids within the lymphoid organ (Appendix D), displaying the same physical 

characteristics as the lymphoid organ spheroids (LOSs) observed in the chronically 

infected samples collected between d 6 to d 10 of Bioassay 1. With the exception of six 

shrimp specimens (10%), which displayed ectopic spheroids within either the 

maxillipeds, paragnath and/or the tips of the periopods, no other histological 

abnormalities were observed in these samples. 
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Histologically, the LOSs appeared as well delineated, spherical to irregularly 

shaped masses of presumed sheath cells, which were interspersed between 

morphologically normal appearing LO tubules, lacked a centralized lumen and displayed 

varying degrees of vacuolization and varying numbers of necrotic cells (Figure 6.5 B, 

Figure 6.7). The size of the LOS masses was highly variable, but, in general, ranged 

between 50 to 150 ^m in diameter. Microscopic review of all 56 samples suggested that 

the spheroids undergo progressive morphological changes during the course of a chronic 

TSV infection. Three distinct histological LOS morphotj^es were identified, which are 

hereafter referred to as Types A, B, and C (Table 6.4). The earliest spheroid morphotype 

observed. Type A (Figures 6.7 A and B), was characterized by a lightly basophilic, 

homogeneous cell mass containing little or no necrotic cells or cell debris. The cells 

comprising the mass, presimiably LO sheath cells, displayed a cytoplasm to nuclear 

volumetric ratio ranging firom —2:1 to 3:1. Type B spheroids (Figures 6.7 C through F) 

appeared to evolve firom the Type A form, but differed in that they displayed an 

increased number of detectable necrotic cells/debris and the presence of few to moderate 

numbers of cytoplasmic vacuoles. The final LOS morphotype. Type C, displayed an 

overall increase in basophilia, contained highly basophilic nuclei, which were ~ 33 to 

50% smaller than those observed in the T5^e A an B forms, a reduced cytoplasm to 

nuclear volumetric ratio, ranging from ~0.5:1 to 1:1, and contained few to numerous 

cytoplasmic vacuoles (Figures 6.7 G and H). 
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Figure 6.7- Photomicrographs of parallel H&E stained (left column) and gene probed 

(right column) histological sections illustrating the three lymphoid organ spheroid (LOS) 

morphotypes that were observed in Penaeus vannamei juveniles with chronic phase TSV 

infections. A) H&E stained and (B) gene-probed parallel sections showing at least four 

separate examples of the Type A LOS morphotype in a specimen collected 5 wk post-

acute phase infection (PAI). Note the homogeneous appearance of each cell mass, which, 

in this case, are TSV negative by in situ hybridization. (C) An early Type B LOS 

showing vacuolization (white circles) and the presence of necrotic cells with pyknotic 

nuclei (arrowheads) in a specimen collected 7 wk PAI. A portion of a normal mbule is 

located to the immediate right of the LOS. (D) Parallel section of the LOS in Fig. C 

following TSV gene probe analysis. Note the strong TSV probe positive signal (black 

precipitate). (E) A late Type B LOS morphotype displaying increased vacuolization, 

necrotic cell renmants and increased nuclear basophilia as a result of chromatin 

margination. A portion of a normal LO mbule is located to the immediate right of the 

LOS. This shrimp was preserved 8 mo PAI. (F) Gene probed parallel section of the LOS 

seen in Fig. E. Note the focal TSV + probe signal. (G) Type C LOS morphotype 

showing condensed, basophilic nuclei and a high degree of cytoplasmic vacuolization in 

a specimen collected 9 wk PAI. A portion of a normal LO tubule is located immediately 

below the LOS. (H) Gene-probed parallel section of the LOS seen in Fig. G. Unlike 

Type A and B LOSs, the Type C morphotype rarely demonstrated the presence of 

detectable TSV by in situ hybridization analysis. Magnification bars represent 20 nm. 
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Table 6.4 - Histological results of experimentally infected Penaeus vannamei that were time course sampled 
to monitor TSV chronicity and effects on the lymphoid organ (LO). LO spheroid (LOS) morphotypes were 
categorized as follows; Type A. homogeneous cell mass with or without detectable necrotic cells; Type 
B, Type A LOS containing few to moderate numbers of vacuoles; Type C; LOSs with highly basophilic 
nuclei, reduced cytoplasmic volimie and few to numerous vacuoles. The severity grade of each LOS 
morphotype per shrimp section was qualitatively estimated using a scale from 0 to 4; (Grade 0) indicating 
no detectable LOSs, (Grade 1) LOSs comprising < 25% of the LO, (Grade 2) LOSs comprising 25-50% 
of the LO, (Grade 3) LOSs comprising 50-75% of the LO, and (Grade 4) LOSs in > 75% of the LO. 

H&E HISTOLOGY 

Time No. Shrimp 
LOS Morphotype Prevalence 

Severitv Ranee fe) 
No. Shrimp w/LOS, 

Overall 
PI Elxamined Tvoe A Tvoe B Tvoe C Severitv Ranee (G) 

wk I 7 6 of 7. (Gl-3) 3 of 7. (Gl-2) 1 of 7. (Gl) 6 of 7. (Gl-3) 

wk2 3 3 of 3. {G2-3) 3 of 3. (Gl-2) 1 of 3. (Gl) 3 of 3. (G4) 

wk 3 3 3 of 3. (Gl-2) 3 of 3. (G2) 0 of 3. - 3 of 3. (G3-t) 

wk 4 3 3 of 3. (Gl) 3 of 3. (G2) 2 of 3. (Gl) 3 of 3, (G2-3) 

wk5 3 3 of 3. (Gl-2) 3 of 3, (Gl-2) 0 of 3, - 3 of 3. (G2) 

wk6 3 2 of 3, (Gl) 3 of 3, {Gl-2) 3 of 3. (Gl) 3 of 3. (G2-3) 

wk7 3 3 of 3. (Gl-2) 3 of 3. (Gl-2) 3 of 3. (Gl) 3 of 3. (G2-3) 

wk 8 3 3 of 3. (Gl-2) 3 of 3. (Gl-2) 2 of 3. (Gl) 3 of 3. (G2-3) 

wk 9 3 2 of 3. (Gl) 3 of 3. (Gl) 3 of 3. (Gl-2) 3 of 3. (G2) 

wk 10 3 2 of 3. (Gl) 3 of 3. (Gl-2) 3 of 3. (Gl) 3 of 3. (Gl-2) 

wk II 3 3 of 3. (Gl) 3 of 3. (G2) 2 of 3. (Gl) 3 of 3. (G2) 

wk 12 3 3 of 3. (Gl) 3 of 3. (G2) 3 of 3. (Gl) 3 of 3. (G2) 

wk 13 2 1 of 2. (Gl) 2 of 2, (G2) 2 of 2. (Gl) 2 of 2, (G2-3) 

wk 14 2 2 of 2. (Gl) 2 of 2. (G2-3) 2 of 2. (Gl) 2 of 2. (G2) 

wk 16 2 1 of 2. (G2) 2 of 2. (Gl) 2 of 2. (Gl-2) 2 of 2. (G2-3) 

wk 20 2 2 of 2. (Gl) 2 of 2. (Gl) 2 of 2. (Gl) 2 of 2. (Gl-2) 

wk 24 2 2 of 2. (Gl) 2 of 2. (Gl-2) 2 of 2. (Gl) 2 of 2, (G2-3) 

wk 28 2 0 of 2, - 2 of 2, (Gl) 2 of 2. (Gl-2) 2 of 2, (Gl-2) 

wk 32 2 1 of 2, (Gl) 2 of 2. (Gl) 2 of 2. (Gl-2) 2 of 2. (G2) 

wk 40 1 0 of 1. - Oof 1. - 1 of 1. (Gl) 1 of 1. (Gl) 

wk 48 1 1 of 1. (Gl) 1 of 1. (Gl) 1 of 1. (G2) 1 of 1. (G2) 

SUMS: 56 46 Type A 51 Type B 39 Type C 55 
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The described progression from LOS morphotype A through C was based both 

on their sequential appearance in the time course sampled shrimp (Table 6.4) and the 

observation of LOSs that displayed morphological characteristics indicative of a transition 

from one morphotype into another (Figure 6.8). In order to quantify the three LOS 

morphotypes and establish a time frame during which each type was observed, the 

prevalence of LOSs per section was qualitatively graded on a scale from 0 to 4; (Grade 

0) no detectable LOSs, (Grade 1) LOSs comprising < 25% of the organ, (Grade 2) 

LOSs comprising —25-50% of the organ, (Grade 3) LOSs in —50-75% of the organ, 

and (Grade 4) LOSs in > 75% of the organ (Appendix D, Table 6.4). Utilizing this 

same grading system, an overall LOS severity grade was determined for each shrimp 

sample. 

Histological examination of three shrimp sampled 4 d post-injection, showed the 

presence of few to numerous spheroids (Gl-3). Subsequent samples revealed a rapid 

increase in LOSs numbers during weeks 1 through 4 post-injection and a corresponding 

decrease in the number of observable normal LO tubules (Appendix D, Table 6.4). 

During weeks 4 tiirough 32, the LOSs were found to occupy as much as 50 to 75% of 

each shrimp's LO, which had appeared grossly hypertrophied at time of dissection prior 

to embedding. The LOS morphotype with the highest prevalence and severity in the 

samples collected up through week 2 post-injection were of the Type A category. 

Between weeks 3 through 24, the Type B LOS morphotype was the dominant form 

observed in the samples, followed by the Type A morphotype. Type C LOSs were first 
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Figure 6.8- Photomicrographs illustrating intermediate forms of lymphoid organ spheroid 

(LOS) morphotypes in Penaeus vannamei juveniles with chronic TSV infections. 

Observation of these LOS intermediate forms, together with the sequential appearance 

of the three LOS morphotypes (Types A, B and C) observed in the time course sampled 

shrimp, suggested that the LOSs progressively change from the Type A to the final Type 

C form. (A) H&E stained section illustrating two early T5^e B LOSs (tB), two Tj^e C 

LOSs (tC), and an intermediate form (I) displaying characteristics of both the B and C 

morphotypes. This shrimp was collected 9 wk post-acute phase infection. Two normal 

LO tubules can be seen in the lower right comer of the photo. (B) High magnification 

view of the intermediate LOS morphotype seen in Fig. A. The upper half of the spheroid 

displays characteristics of an early Type B LOS and the lower half that of a Type C. (C) 

H&E stained and (D) gene-probed parallel sections showing another intermediate form 

of LOS. The top half of the mass displays cellular characteristics of a late Type B 

spheroid, whereas, the bottom half shows vacuolization and condensed basophilic nuclei 

t)^ical of the type C morphotype. Gene probe analysis shows that TSV is detectable 

within the Type B portion of the LOS intermediate. (E) H&E stained and (F) gene-

probed parallel sections illustrating another group of LOSs consisting of a Type C (tC), 

two Type B forms (tB) and an intermediate form (arrow). The top half of the 

intermediate form displays characteristics of an early Type B LOS and the bottom half 

contains condensed nuclei of a Type C LOS. A TSV + probe signal is evident within 

the larger of the two Type B LOSs. Magnification bars represent 30 fiva.. 
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observed within one of the seven samples collected during week 1 and found to be 

present within 37 of the remaining 49 samples (Table 6.4). The prevalence and severity 

grade of the Type C morphotype was consistently below that of the Type B form and 

equivalent to or below that of the Type A form up through 24 weeks post-exposure. 

However, during week 28 and continuing through the last sampling on week 48, the 

Type C morphotype was observed to be the predominant form of LOS in the shrimp 

samples. Of the 56 shrimp analyzed by routine histology, 46 were found to contain Type 

A LOSs, 51 displayed Type B LOSs and 39 contained Type C LOSs (Table 6.4). 

Observation of all three LOS morphotypes within the same LO was conmion in the 

samples collected between weeks 1 through 24. 

Due to the limited number of samples collected during the last 20 weeks of the 

smdy, it was not possible to determine if chronic phase TSV infections persist for the life 

of the shrimp or if they eventually disappear. However, the LOS findings that resulted 

from the second half of this smdy did suggest at least two possible scenarios. Type C 

LOSs were observed to atrophy and become less prevalent over time with a concurrent 

increase in the number of normal appearing LO tobules (Figures 6.9 A and B). A second 

possible fate of LOSs was observed within the LO of a single specimen collected 16 

weeks post-acute phase infection. In this sample, numerous large LO mbules were 

observed to contain necrotic cell debris and vacuoles within the central portion of the 

tubule that is normally occupied by the tubule lumen (Figures 6.9 C and D). Gene probe 
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Figure 6.9- Photomicrographs of parallel H&E stained (left column) and gene-probed 

(right column) histological sections illustrating two possible end points of lymphoid 

organ spheroid development in Penaeus vannamei with chronic TSV infections. (A) H&E 

stained and (B) gene-probed parallel sections of a lymphoid organ from a shrimp 

collected 40 weeks post-acute phase infection (PAI). Type C LOSs are few in number 

and atrophied (arrowheads), -50-75% smaller than normally seen. Normal appearing 

LO tubules (NT) surround the Type C spheroids, which are located in die intermbular 

coimective tissues. TSV is not detectable in this specimen by gene probe analysis. (C) 

H&E stained and (D) gene-probed parallel sections of a second lymphoid from a shrimp 

collected 4 mo PAI. Necrotic cell debris appears to have migrated and coalesced within 

the center of two mbules (arrows) and is TSV + by gene probe analysis. A normal 

appearing LO tubule with a bifurcated lumen (NT) can be observed in the center of the 

photo for comparison. Gene-probed sections were counter-stained with Bismarck brown. 

Magnification bars represent 50 nm. 
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analysis of this specimen showed the presence of TSV within the necrotic tissue located 

in the central region of the tubules, which were interpreted as undergoing regeneration. 

Lymphoid Organ In situ Hybridization 

Forty-nine of the 56 samples assayed demonstrated the presence of TSV within 

the LO (Table 6.5). Forty-five of the 49 TSV positive samples demonstrated focal TSV 

positive probe signals within Type B LOSs (Figures 6.7 D and F), 14 contained focal 

signals in the Type A morphotj^e (not shown), one sample contained a probe positive 

Type C LOS (not shown) and nine samples displayed a diffuse probe signal within 

morphologically normal appearing LO tubules. TSV probe positive signals were detected 

within LOSs in representative samples from each collection period up through week 32, 

but were not observed in the two samples collected during weeks 40 and 48. 

In contrast to the large numbers of spheroids observed by histological analysis, 

the overall probe signal severity (presence of TSV) was relatively low in the majority of 

the samples, ranging from grade 1 to 2 (Table 6.5). Probe signals were most numerous 

(grade 2-4) in those samples collected within the first 3 weeks post-acute phase infection 

and least severe or undetectable in the samples collected during weeks 24 through 48. 
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Table 6.5 - In situ hybridization results of experimentally infected Penaeus vannamei that were time course 
sampled to monitor TSV chronicity and effects on the Ijmiphoid organ (LO). TSV gene probe signals within 
a given LOS morphotype (A, B, or C) were scored as either positive or negative. The overall TSV gene 
probe signal intensity within each LO was qualitatively graded from 0 to 4; (Grade 0) no detectable TSV 
gene probe signal, (Grade 1) mild, focal signals (Grade 2-3) moderate, locally extensive to multifocal 
signals, and (Grade 4) numerous multifocal to diffuse signals. 

IN SrrU HYBRIDIZATION 
Time No. Shrimp Prevalence of Probe + LOS Morphotvpes No. Shrimp w/Probe + LOS, 
PI Examined TvDe A Tvoe B Tvne C Overall Probe Sienal (G) 

wk I 7 7 of 7 3 of 7 0  o f 7  7 of 7. (G2-4) 

wk 2 3 3 of 3 3 of 3 0 of 3 3 of 3. (G2-4) 

wk 3 3 2 of 3 3 of 3 0 of 3 3 of 3. (Gl-3) 

wk 4 3 O o f  3  3 of 3 0 of 3 3 of 3. (Gl-2) 

wk 5 3 O o f  3  2 of 3 0 of 3 2 of 3, (Gl-3) 

wk 6 3 O o f  3  I of 3 0 of 3 1 of 3. (Gl-2) 

wk 7 3 I of 3 3 of 3 0 of 3 3 of 3, (Gl-2) 

wk 8 3 0 of 3 3 of 3 0 of 3 3 of 3, (Gl) 

wk 9 3 O o f  3  2 of 3 0 of 3 2 of 3. (Gl-2) 

wk 10 3 O o f  3  3 of 3 0 of 3 3 of 3. (GI) 

wk 11 3 O o f  3  3 of 3 0 of 3 3 of 3. (GI-2) 

wk 12 3 1 of 3 3 of 3 0 of 3 3 of 3. (Gl-3) 

wk 13 2 O o f  2  2 of 2 0 of 2 2 of 2. (Gl) 

wk 14 2 0 of 2 2 of 2 0 of 2 2 of 2. (Gl-3) 

wk 16 2 O o f  2  2 of 2 0 of 2 2 of 2. (Gl-2) 

wk 20 2 O o f  2  1 of 2 0 of 2 L of 2. (Gl) 

wk 24 2 O o f  2  2 of 2 0 of 2 2 of 2. (G2) 

wk 28 2 O o f  2  2 of 2 0 of 2 2 of 2, (Gl-2) 

wk 32 2 0 of 2 2 of 2 I of 2 2 of 2. (G2) 

wk 40 I O o f  I  0 of 1 O o f  I  0 of I, (GO) 

wk 48 I O o f  1  O o f  I  0 of 1 0 of 1, (GO) 

SUMS: 56 14 45 I 49 
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In the majority of TSV positive LOSs, ±e probe signals were focal and appeared 

confined to sites within the spheroid that contained necrotic cells (e.g. pyknotic nuclei 

and cytoplasmic eosinophilia). Some of these necrotic cells appeared to be inside of a 

vacuole, possibly the result of having been phagocytized. 

Comparison of parallel histological and gene probes sections demonstrated the 

presence of three distinct TSV probe signal patterns within the LO of samples collected 

between weeks 1 to 3 PI (Figure 6.10). The LO of one of the four d 4 samples contained 

no detectable spheroids by routine histology, but displayed a dispersed TSV gene probe 

signal within morphologically normal appearing LO tubules (Figures 6.10 A and B). 

Eight of the remaining 13 samples, collected during weeks 1 through 3, demonstrated 

both a diffuse signal within histologically normal appearing LO mbules as well as strong 

focal signals within some of the LOSs that were observable in all eight samples (Figures 

6.10 C and D). Of the remaining 43 samples collected after this period, 42 displayed 

probe positive signals within the LOSs only (Figures 6.10 E and F). A single sample, 

collected during week 5, displayed the dispersed and focal probe signal pattern similar 

to that observed in the eight samples from weeks 1 through 3. 

Six of the 56 shrimp analyzed displayed ectopic spheroids (— 10% prevalence), 

which were observed within either the paragnath, maxillipeds or periopod tips. In each 

case, the spheroids were located in sites that are normally occupied by tegmental glands 
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Figure 6.10- Photomicrographs of parallel H&E stained (left column) and gene-probed 

(right column) histological sections illustrating the three patterns of TSV gene probe 

signals observed within the lymphoid organ (LO) of chronically infected Penaeus 

vannamei juveniles. (A) H&E stained and (B) gene-probed parallel histological sections 

illustrating late transition to early chronic phase TSV infections within the LO. 

Histologically, the LO tubules appear normal. Gene probe analysis demonstrates a heavy 

concentration of TSV within the peripheral sheadi cells of the tubules as indicated by the 

black precipitate. (C) H&E stained and (D) gene-probed parallel histological sections 

showing the second TSV gene probe pattern observed in shrimp collected 1 to 3 weeks 

following acute phase TSV infection. A late Type A (tA) and early Type B LOS (tB) are 

evident in the center of the histological section and bordered by two transversely cut, 

normal appearing LO tubules (NT). Gene probe analysis reveals two strong focal TSV-f-

probe signals within the Type A spheroid and a weak, dispersed TSV signal within the 

walls of the two normal LO tubules. (E) H&E stained and (F) gene-probed parallel 

histological sections demonstrating intermediate to late stage chronic phase TSV infection 

of the LO. Histologically, numerous spheroids are present within the LO. In this section, 

a normal LO tubule (NT) is bordered on each side by three Type B LOSs (arrowheads). 

Gene probe analysis shows focal TSV signals within the LOSs, but the dispersed signal 

previously observed within the walls of normal LO tubules is absent. Gene-probed 

sections were counter-stained with Bismarck brown. Magnification bars represent 40 ptm. 



182 



183 

(Figure 6.11 A to C) and appeared to develop de novo widiin tliese glands. Two of the 

six samples displayed strong focal TSV positive probe signals within what were classified 

as Type B ectopic LOSs (Figure 6.11 D). Each of the six samples originated from 

different sampling periods (e.g. wk 4, wk 6, wk 12, wk 14, wk 20 and wk 48) and no 

correlation could be made between the time period following acute phase infection and 

ectopic spheroid development. 
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Figure 6.11- Photomicrographs illustrating ectopic lymphoid organ spheroids (LOS) 

within the third maxilliped of three Penaeus vannamei juveniles that were chronically 

infected with TSV. (A) A portion of the third maxilliped of one sample showing a region 

that contains numerous tegmental glands (arrowheads) as seen in healthy P. vannamei. 

A single LOS (arrow) is present in the field. (B) High magnification view of a focal area 

of another maxilliped from a second shrimp sample with chronic phase TSV. Note the 

two normal tegmental glands (Tg), a single LOS (arrowhead) and an intermediate form 

(arrow). The right side of the intermediate form displays remnants of a normal tegmental 

gland, whereas it appears that the left side of the gland has developed into an early Type 

B spheroid. Similar to LOS development within the LO, it is unclear whether or not 

tegmental glands convert into LOS-like masses of cells or atrophy from compression 

induced by the developing spheroid. (C) H&E stained and (D) gene probed parallel 

histological sections of the third maxilliped of another chronically infected shrimp 

sample. Numerous Type A and B spheroids (arrowheads) are apparent in the connective 

tissue that previously contained tegmental glands (small arrow). A single intermediate 

form, similar to that seen in Fig. B, is also present (large arrow). Gene probe analysis 

shows that one of the spheroids in this maxilliped is TSV positive as indicated by the 

black precipitate. Gene probed sections were counter-stained with Bismarck brown. 

Magnification bars represent 50 /xm. 
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Early histological analyses of TSV lesion pathogenesis in P. vannamei resulted 

in the description of a two phase infection cycle consisting of a peracute to acute phase 

and a separate chronic or recovery phase (Lightner et al. 1994, 1995a; Lightner 1996a; 

Brock et al. 1995; Hasson et al. 1995a). These previous findings were based on the 

observation of lesions in both naturally infected shrimp, that were submitted to the 

University of Arizona for disease diagnosis, and experimentally infected moribund 

shrimp that were collected during short term infectivity smdies. The present set of 

investigations represents the first attempt to analyze the TSV disease cycle, utilizing the 

techniques of both routine H&E histology and in situ hybridization analysis, in 

experimentally infected, time course sampled SPF P. vannamei. Based on the cumulative 

findings of Bioassays 1 and 2, the TSV disease cycle in this penaeid species was found 

to consist of three distinct, overlapping phases; a peracute to acute phase (hereafter 

referred to as the acute phase for the sake of simplicity), a short term transition phase 

and a long term cyclic chronic phase (Figure 6.12). The fate of chronically infected P. 

vannamei was not determined in the present study due to the necessity of ending the 

experiment after 48 weeks for lack of additional test shrimp. However, one can speculate 

that in some instances, the shrimp host rids itself of the virus and returns to a state of 

normalcy. In other cases, a chronic active infection may persist for the life of the shrimp. 

These two possibilities are further discussed below. 
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Figure 6.12- The TSV disease cycle in Penaeus vannamei juveniles. The acute phase 
infection occurs during the first 7 d following per os exposure and is characterized by 
severe mortalities, cuticular epithelial necrosis and infected shrimp typically dying during 
molt. The transition phase infection follows, occurring, approximately, between d 4 to 
d 8 in a per os infected population. Characteristics of this TSV disease phase include 
moderate mortality rates, probe positive TSV signals within the lymphoid organ (LO), 
the onset of LO spheroid development, and the presence of both active and resolving 
acute phase cuticular epithelial lesions, the latter of which present as grossly visible 
melanized lesions of the exocuticle. Following the subsequent molt, the shrimp enter the 
chronic phase of the disease, which is characterized by a cessation of mortalities, 
resumption of normal behavior, severe LO spheroid development and the presence of 
detectable TSV within LO spheroids by gene probe analysis. This phase is detectable in 
a per os exposed P. vannamei population as early as 6 d post-exposure and extends for 
at least 32 weeks. Chronic phase TSV infections may continue for the life of the shrimp 
or be resolved with a return to normalcy. 
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1. Acute Phase TSV Infection 

A) Target tissues 

The TSV disease cycle begins with an acute phase infection, wliich is 

characterized histologically by pathodiagnostic, severe multifocal to diffuse necrosis and 

nuclear pyknosis/karyorrhexis of the cuticular epithelial cells and subcutis located in the 

five targeted regions already described (i.e. appendages, general body cuticle, foregut, 

gills and hindgut. Figure 6.2). These lesions are detectable as early 24 hr post-per os 

exposure by in situ hybridization analysis and were observed for up to 7 d in the time 

course sampled shrimp of Bioassay 1. Notably absent during this phase of the disease 

was a detectable inflammatory response by the shrimp host. Severe lesions were 

occasionally observed to extend into the underlying subcuticular connective tissue or 

striated muscle as previously reported (Lightner et al. 1994, 1995a; Brock et al. 1995). 

In brief, the histological characteristics of the acute phase TSV lesion type observed in 

this study corroborate those previously described by Jimenez (1992), Lightner et al. 

(1994, 1995a), Brock et al. (1995, 1997a) and Hasson et al. (1995a, 1997a,c). 

Although the highest and lowest prevalence of acute phase lesions were observed 

within the cuticular epithelium of the foregut and hindgut, respectively, it appears that 

the virus is not highly site selective, infecting cuticular epithelial cells at random without 
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showing an obvious preference for one region of this cell type over another. One 

plausible reason for the high infection prevalence observed in the foregut is the 

possibility that the virus enters its host through the gut. One can speculate that the 

dispersion of the virus to uninfected regions of cuticular epithelial cells then occurs at 

random and is facilitated by hemolymph circulation. However, neither the mechanism 

involved nor the site of TSV entry into the shrimp were revealed in the present study. 

Although application of in situ hybridization analysis of R-F fixative preserved shrimp 

tissue facilitated the detection of subclinically infected shrimp, one of the limitations of 

the present study was that only a single histological plane per specimen was examined. 

Serial sectioning was not performed for the practical reason of time constraints and 

because the analysis of serial sections was beyond the scope of this smdy. 

Histological and/or gene probe analyses of SPF P. vannamei, that were injected 

with purified TSV or TSV-infected tissue homogenates during previous infectivity studies 

(Hasson et al. 1995a, unpublished findings), have demonstrated that acute phase TSV 

lesions are, occasionally, observed histologically and/or detected by gene probe analysis 

within hematopoietic nodules (Hasson et al. 1995a), the male reproductive tract and the 

antennal gland (Hasson, unpublished findings. Figure 6.13). However, TSV infection of 

these organs were only observed within test shrimp with severe injection-induced TSV 

infections, but were not observed in the per-os exposed test shrimp of the present study 

nor have they been reported in namrally infected P. vannamei. As a result, TSV infection 
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Figure 6.13- Photomicrographs of parallel H&E stained Geft column) and gene-probed 

(right column) histological sections illustrating experimentally induced acute phase TSV 

infections within the terminal ampoule (TA) and antennal gland (AG) of two Penaeus 

vannamei juveniles. Each shrimp was infected with TSV through injection mediated 

exposure, which resulted in a the rapid development of a severe acute phase TSV 

infection. (A) H&E stained and (B) parallel gene-probed sections of the TA of a test 

shrimp following intramuscular injection with purified TSV (Ecuadorian isolate from 

1993). Acute phase TSV lesions are observed within focal areas (arrowheads) of the TA 

lumen epithelium in the H&E section. In situ hybridization analysis demonstrates the 

presence of TSV as denoted by the black precipitate in these focal lesions. (C) H&E 

stained and (D) parallel gene-probed sections of a portion of AG in a second P. vannamei 

juvenile that was injected with a crude homogenate prepared from TSV infected shrimp 

tissues (a Mexican isolate from 1995). No obvious acute phase histological lesions are 

apparent by routine histology, however, TSV presence (black precipitate) within multiple 

AG cells are readily observed following gene probe analysis. Gene-probed sections were 

counter-stained with Bismarck brown. Magnification bars represent 40 iim. 
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of these organs may or may not prove to be of significance (Hasson, unpublished 

findings). 

Acute phase TSV infections result in three stages of cell necrosis that are 

observable by light microscopy (Figure 6.3). During the first two stages, infected 

cuticular epithelial cells display nuclear pyknosis and eosinophilia of the cytoplasm. The 

second stage of necrosis is distinguished firom the first by the presence of hypertrophied 

cells that have detached from the surrounding cell matrix. In both stages 1 and 2, the 

infected cells remain intact and produce a strong TSV probe signal by in situ 

hybridization analysis. The third and final stage of acute phase TSV-induced necrosis 

results in nuclear fragmentation and cell lysis. Viewed as the pathodiagnostic histological 

lesion type of an acute phase TSV infection, this stage of necrosis is the least desirable 

for gene probe analysis as the virus appears to be rapidly dispersed following cell lysis. 

This, in part, helps to explain the inability and difficulty of early investigations into the 

etiology of TS to identify the presence of TSV virions within acute phase lesions by 

transmission electron microscopy (Lighmer et al. 1994, 1995a). In these early 

investigations, it was standard practice to prepare thin sections of tissues containing 

pathodiagnostic acute phase TSV lesions, which we now know contain little or no 

detectable viral particles. 
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B) Clinical Signs 

The clinical signs of acute phase TSV infections have been well documented in 

P. vannamei with either naturally occurring or experimentally induced infections 

(Lightner et al. 1994, 1995a, 1996a; Brock etal. 1995; Hassonetal. 1995a, 1997c). The 

clinical findings of the present smdy coincide with those previously observed in P. 

vannamei following per os or injection mediated TSV exposure and were detailed earlier. 

Typically, acutely infected P. vannamei die during or inmiediately post-molt, suggesting 

that the molt cycle is intimately linked to or affected by an acute phase TSV infection. 

Previous smdies have shown that acutely infected moribund shrimp are, generally, in the 

late D4 to E stage at the time of death (Lighmer 1996a) and it appears that death or 

recovery from the disease is dependent upon the molt stage, molt frequency and the 

inherent viral resistance of the infected shrimp. It is during this stage of the disease cycle 

that TSV infected late postlarval and juvenile P. vannamei populations are decimated, 

with mortalities ranging from 75 to 95 %. In the case of the positive control treatment 

shrimp of Bioassay 1, a cumulative percent mortality of 85% was observed by the end 

of the 10 d experiment with mortalities having peaked on d 4 post-per os exposure. 

Comparison of the positive control shrimp mortality curve (Figure 6.1) with that of the 

graph illustrating the daily percentage of time course sampled treatment shrimp with 

acute phase lesions (Figure 6.6), shows that peak acute phase mortalities coincide with 

peak acute phase lesion prevalence (d 4 post-exposure). These results suggest that the 
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mortalities are directly attributable to, or caused by, the acute phase lesions. 

Depending on the infectious dose of TSV consumed by, or injected into, P. 

vannamei test shrimp, the time frame post-exposure when peak mortalities are observed 

will vary somewhat from one bioassay to another. In Bioassay 1, peak mortality occurred 

on d 4, whereas, previous TSV per os infectivity smdies have reported peak mortalities 

on days 5 or 6 (Brock et al 1995; Lotz 1997; Overstreet et al. 1996). With injection 

mediated TSV smdies, the time frame to peak mortality is even shorter, occurring within 

2 to 3 d post-injection (Brock et al. 1995; Hasson unpublished findings). The feeding rate 

of infected tissue used in Bioassay 1 (34% of the biomass/d for 3 d) greatiy exceeded the 

standard amount (10-20% of the biomass) usually fed in such smdies and was done with 

the objective of infecting the entire population of each aquarium rapidly and in unison. 

This appears to account for the shorter time interval to peak mortality. As a result, the 

time frames for each of the infection cycles described herein should be viewed as 

approximations when considering the cycle of a naturally occurring TSV epizootic. 

n. Transition Phase TSV Infection 

P. vannamei surviving the acute phase disease enter into a transitional infection 

period, which shares histological attributes of both the acute and chronic phases of the 

disease cycle and, in effect, links them together (Figure 6.12). This stage of infection 
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was previously referred to as the chronic or recovery phase by Lightner et al. (1995a) 

and Hasson et al. (1995a). However, since the present findings suggest that TSV infected 

shrimp do not fiiUy recover from the disease during this period and, fiirthermore, 

indicate that a true active chronic infection ensues, it is proposed that the name, 

transition phase, would be more descriptive and accurate. The transition phase begins 

approximately 4 d ^osi-per os exposure, overlaps with both the acute and chronic phases, 

lasts for —5 d and has three defining histological characteristics. Grossly, the shrimp 

display numerous multifocal, variably sized and shaped melanized cuticular lesions 

throughout both the cephalothorax and abdominal regions. Histologically, these lesions 

consist of melanized hemocytic infiltrates, which represent resolving acute phase lesions 

(Figure 6.4). Occurring concurrently, is the continued presence of a few active focal 

acute phase lesions within the cuticular epithelium and the onset of Ijonphoid organ 

spheroid formation. By in situ hybridization analysis, normal appearing LO mbules 

display a diffuse TSV positive gene probe signal, ranging in intensity from weak to 

strong, throughout the periphery of the sheath cell wall (Figure 6.10). When present, LO 

spheroids may display strong focal TSV positive probe signals (Figures 6.4, 6.7, 6.8, 

6.10). TSV is also detectable in the few remaining acute phase lesions that remain, but 

absent in foci displaying advanced melanization. As indicated in Figure 6.2, shrimp 

mortalities still occur during this phase of the infection cycle, but are on the decline. 

Another distinguishing feature of the transition phase is that the molt cycle appears to be 

temporarily suppressed or inactivated during this period as new cuticular epithelial cells 
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regenerate. Surviving shrimp then complete the molt cycle, shedding the melanized 

lesions along with the old cuticle and enter into the chronic phase of the disease cycle 

(Figure 6.12). 

m. Chronic Phase TSV Infection 

Chronic phase TSV infection overlaps with both the acute and transition phases 

and begins ~6 d following per os exposure (Figure 6.12). Chronically infected P. 

vannamei resume normal behavioral patterns, display no observable clinical signs of TSV 

infection and there is a cessation of TSV-induced mortalities. The defining histological 

characteristics of this phase are the complete absence of acute phase histological lesions 

of the cuticular epithelium and marked LO hypertrophy directly resulting from the rapid 

proliferation of numerous LO spheroids, some of which are TSV positive by in situ 

hybridization analysis. 

LO spheroid development has been associated with at least three other penaeid 

shrimp viral infections; Lymphoid organ vacuolization virus (LOW, Bonami et al. 

1992), Lymphoidal parvo-like virus (LPV, Owens et al. 1991), and Rhabdovirus of 

penaeid shrimp (RPS, Nadala et al. 1992). As originally hypothesized by Hasson et al. 

(1995a), the development of LOSs was confirmed to be TSV-induced in the present study 

and not due to LOW infection as originally reported (Jimenez 1992). However, it 
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remains unclear from the present smdy if LOSs represent a host mediated immune 

response to infection, simply a generalized response by this tissue type to infection-

mediated injury, or a combination of the two. As LOS development occurs with a variety 

of infections, a definitive diagnosis of their etiology cannot be made by routine histology, 

but requires the application of virus-specific gene probes. In the case of TSV, we have 

demonstrated herein that diagnosis of chronically TS V-infected shrimp is feasible utilizing 

in situ hybridization analysis and that infected shrimp can be detected for at least 32 

weeks following an acute phase infection (Table 6.5, Figure 6.7). This is significant from 

a shrimp management standpoint, because it indicates that TSV survivors, left in ponds 

or present in shrimp farm waterways, represent a potential source of renewed TSV 

outbreaks. 

Shrimp in the late transition phase and early chronic phase of the TSV disease 

cycle initially demonstrate a diffuse TSV positive probe signal pattern within 

morphologically normal appearing LO mbules as well as the onset of TSV positive LOS 

development. Whether or not this accumulation of virus within the LO tubule walls is 

virus mediated, host cell mediated in an attempt to sequester the virus or a combination 

of both, again, is unclear from the present study. However, this condition appears to 

persist for the first 2 to 3 weeks of the chronic phase infection, during which an 

observable increase in the number of TSV probe positive LOSs occurs with a concurrent 

decrease in the numbers of histologically normal LO tubules that are probe positive. 
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Three distinct lymphoid organ morphotypes (Types A, B and C) were identified, which 

appear to undergo successive morphological changes over time with one form evolving 

into the next. Beginning with the initial Type A form, this homogeneous mass of cells 

is believed to undergo focal TSV-induced necrosis with concurrent vacuole formation, 

producing what is termed a Type B LOS. Increased vacuolization and nuclear 

condensation of the B morphotype then produces the distinctive Type C LOS. 

Histologically, the Type B form was the most prevalent of the three LOS and also 

displayed the highest prevalence of TSV positive probe signals by in situ hybridization 

analysis. The end stage type C form, typically, displayed no evidence of TSV presence 

by gene probe analysis and it became the dominant LOS morphotype during the last 20 

weeks of the chronic phase TSV smdy (Bioassay 2, Table 6.4). 

The lymphoid organ is a bi-lobed strucmre which receives hemolymph from the 

heart via paired afferent vessels branching from the subgastric artery and is considered 

part of the penaeid shrimp's vascular system (Oka 1969; Bell and Lightoer 1988). In a 

brief review documenting the occurrence of LOSs in penaeid shrimp, Bonami et al. 

(1992) found that this is a common-place phenomenon, which has been observed within 

at least eight different penaeid shrimp species (e.g. P. monodon, P. penicillatus, P. 

esculentus, P. vannamei, P. stylirostris, P. chinensis, P. merguiensis and P. orientalis). 

Ultrastrucmral and physiological smdies of the cellular constiments of both LO tubules 

and LOSs by various investigators, though few in number, are also very revealing. In 
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one of the first anatomical descriptions of the LO, Oka (1969) describes "reticular-like" 

cells and "lymph-like" ceUs (hemocytes) as being the principle cellular components of 

the peri-arterial sheath or, what is currently referred to as, simply, a LO tubule. Kondo 

et al. (1994) describe the LO as possessing two primary components, "arteriolar mbules" 

or "sheathed arterioles" (LO tubules) and "nodular structures with many vacuolated cells" 

(LOSs), the latter of which were attributed to the "senile or the degenerating phase" of 

normal LO tubules. Furthermore, ultrastructural analysis by Kondo et al. (1994) showed 

that the major cellular constituent of both the LO tubules and LOSs was a unique cell 

type that was described as being morphologically similar to "dendritic reticulum cells that 

are found in mammalian lymphoid follicles" and highly phagocytic. Light microscopic 

and ultrastructural descriptions of LOSs in LPV-infected P. monodon by Owens et al. 

(1991) included the observation of multinucleate giant cells, nuclear hypertrophy, 

chromatin margination, an increased cytoplasm to nuclear volumetric ratio, a noticeable 

cellular transformation, which was considered anaplastic, but in the near absence of 

detectable mitotic figures and a consequent proliferation of LPV infected LO cells. 

Furthermore, as these cells became more vacuolated, an increase in cellular debris was 

observed. The morphological description of RPS-infected LOSs in experimentally 

infected P. stylirostris by Nadala et al. (1992) is very similar to that of Owens et al. 

(1991). In that study, LOSs were referred to as proliferative centers consisting of 

hyperplastic cells. Although ultrastructural analysis of LOSs was not performed in the 

present study, chronic phase TSV-induced LOSs were found to be morphologically 
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identical to those reported and illustrated in these previously documented investigations 

by light microscopy. 

To analyze the phagocytic capabilities of the LO, Kondo et al. (1994) and 

Takahashi et al. (1995) injected colloidal carbon, horseradish peroxidase and FITC-latex 

into P. japonicus and found that these substances were first detectable within the walls 

of the LO tubules with concurrent onset of LOS development. After 1-3 months post-

injection, the foreign substances were found concentrated in LOSs. This sequence of 

events is virtually identical to that observed during the transition and chronic phases of 

a TSV infection that were observed in the present study and indicative of the LO's 

phagocytic response to both abiotic and biotic substances. The phagocytic ability of the 

LO was further corroborated through a study conducted by Martin et al. (1996) in which 

Ridgeback prawns, Sicyonia ingentis, were injected with radiolabeled Bacillus subtilus. 

In brief, this smdy demonstrated that, within 15 min PI, the majority of the bacteria were 

localized and had been phagocytosed by cells within the LO as determined by both light 

and electron microscopy. 

The findings of the present chronic phase TSV study (Bioassay 2) indicate that 

as the prevalence of spheroids increases, transforming from the A to the C morphotype, 

there is a concurrent, but gradual decrease in detectable TSV within the LO. When 

viewed collectively with the findings cited in the literature, this strongly suggests that one 
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possible fiinction of both the LO and LOSs is the elimination of invading pathogens, 

including some viruses, through the process of phagocytosis (pinocytosis). A speculative 

comparison can be made between this occurrence in shrimp and foreign body-type giant 

cell formation in mammals by activated resident or migrating macrophages (epitheloid 

cells) during a chronic inflammatory response (Cotran et al. 1989). The lack of 

cytoplasmic membranes observed within LOSs and suggestion of giant cell formation by 

Owens et al. (1991), together with the morphological similarity between LOSs and 

foreign body-type giant cells, further supports this possibility. Furthermore, as with other 

chronic inflarmnatory infections, the present findings indicate that this hypothesized 

immune response may or may not be successful in the case of a TSV infection. During 

a chronic TSV infection, there appears to be three possible outcomes to what may be 

viewed as an ongoing battle, which takes place within the LO between the virus and the 

host (Figure 6.14). One possible scenario is that sequestered TSV continues to replicate 

within the Type B LOSs and successfully escapes the confines of the spheroid. The virus 

then either directly infects nearby LO mbules or re-enters the circulatory system and is, 

evenmally, returned to the LO where it accumulates within the remaining normal LO 

mbules. In this case, the cycle of spheroid morphogenesis may begin anew and the 

chronic phase infection persists in this cyclic fashion. This proposed system helps to 

explain the consistent finding of TSV positive Type B LOSs, the continued presence of 

two or more LOS morphotypes within each LO of the majority of the Bioassay 2 test 

shrimp and the presence of TSV within the hemolymph of chronically infected shrimp 
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Figure 6.14- Hypothesized chronic phase TSV cycle in experimentally infected Penaeus 
vannamei juveniles. During the acute phase infection, TSV is released into the host's 
circulatory system and gradually accumulates within normal LO mbule cells (transition 
phase), initiating LOS morphogenesis beginning with the Type A form. Viral replication 
within the Type B LOS results in the release of TSV into the circulatory system, re
initiating the cycle in the LO and resulting in a steady state chronic infection. A second 
possibility is that the virus is eliminated during the evolution of the Type C morphotype. 
In this latter case, the Type C LOSs appear to degenerate and new LO mbules are 
regenerated, resulting in a remm to normalcy. Viral replication within Type B LOS and 
elimination by Type C LOSs may occur concurrently, resulting in a persistent chronic 
phase infection. 
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A second possible scenario is that spheroid morphogenesis progresses to the Type 

C form and the virus is either eliminated or its numbers sufficiently reduced so as to be 

undetectable by gene probe analysis. The fact that the Type C spheroids were foimd to 

be TSV negative by gene probe analysis supports this contention, however, the 

mechanism of viral elimination is not known. During the morphogenesis from the B to 

the C LOS morphotype, there is an observable reduction in size of the spheroid cells, an 

absence of detectable virus within the Type C LOS morphotype, and an absence of an 

inflammatory response during the apparent degradation of this LOS morphotype. These 

characterisitics are similar to those observed in apoptotic cells (Thompson 1995) and one 

may hj^pothesize that, perhaps, these LOS cells are committing suicide via self digestion 

in an attempt to rid the host of TSV. As degeneration of the Type C morphotype occurs, 

the present findings further suggest that normal LO tubules regenerate. Although 

ultrastructural analyses of late stage chronically infected P. vannamei are needed to 

confum or refute these speculations, the end result appears to be the elimination of the 

virus and a return to normalcy for the shrimp host. 

The third and fmal hypothesized outcome of a chronic phase TSV infection is 

simply a combination of scenarios 1 and 2, in which viral replication and elimination 

occur concurrently (Figure 6.14). As with the first scenario, this condition would result 
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in a steady state chronic phase infection. Which of these tiiree possible outcomes will 

occur within a chronically infected P. vannamei is probably dependent upon the overall 

nutritional and health status of the infected shrimp and will, likely, vary from one host 

to another within an infected population. 

IV. Ectopic Spheroids 

Ectopic spheroids were detected in -10% (6 of 56) of the chronically infected 

shrimp samples of Bioassay 2 and found to be TSV positive by gene probe analysis in 

two of the six samples. In each case, these spheroids were observed in foci of the 

appendages that normally contained tegmental glands (Figure 6.11) and were 

morphologically indistinguishable from the Type A and B spheroids observed in the LO. 

Observation of ectopic spheroids in P. monodon and P. pennicillatus from Taiwan 

(Lightoer et al. 1987), P. monodon from Australia (Owens et al. 1991), P. stylirostris 

from Tahiti (Owens et al. 1991) and P. monodon from Indonesia (Tumbull et al. 1994; 

Christofilogiannis, masters thesis, 1993) have been reported. The general hypothesis put 

forward by these studies is that these hyperplastic cellular masses disassociate from their 

point of origin, the lymphoid organ, and metastasize to other sites. In these studies, 

ectopic spheroids were documented within the gills, heart, nerve cord, gonads, muscle, 

antennal gland, hepatopancreas and tegmental glands. Although individual spheroids were 

observed in close proximity to the LO in a few of the chronically infected time course 
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sampled shrimp of the present study, no histological evidence was found to indicate that 

TSV-induced LOSs migrate or metastasize to other locations, but appear to develop de 

novo in sites that previously contained tegmental glands. This contention is supported by 

the observation that ectopic spheroids were absent in the majority of shrimp displaying 

severe LOS development in the present study, and findings of ectopic spheroids, in the 

absence of detectable spheroids within the lymphoid organ proper, of P. vannamei 

samples that were submitted to the University of Arizona for disease analysis (Hasson, 

unpublished findings). Similar to the frequent observation of LOSs in different penaeid 

species, ectopic spheroids have been documented in at least four different species of 

penaeid shrimp, including P. vannamei (present study; Lightner and Hasson, unpublished 

findings). However, the present study represents the first investigation in which both 

LOSs and ectopic spheroids have been experimentally induced by viral exposure and 

monitored over time by gene probe analysis in a penaeid species. Based on the present 

findings and reviewed literature, the cumulative information suggests that both LOSs and 

ectopic spheroids are composed of the same phagocytic cell type, which may proliferate 

in situ and/or migrate to infected sites in response to chronic viral infections or abiotic 

substances diat are too small to be encapsulated. While speculative, this alternate 

hypothesis concerning the origin of both LOSs and ectopic spheroids provides a 

reasonable explanation for the appearance of the latter in multiple or varying tissue tj^es 

during different disease syndromes and supports the correlation found by Lightner et al. 

(1987) between the presence of both ectopic and LO spheroids within shrimp and chronic 
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inflammatory conditions. Whether or not this phenomenon is, in fact, a generalized 

immune response that is common in penaeid shrimp, was not determined in the present 

study. 

V. Summary 

The present study has shown that the TSV disease cycle consists of three distinct 

phases, which includes a cyclic and long term chronic phase infection. Furthermore, I 

have attempted to detail the cellular changes that occur during each infection phase, have 

identified three LOS morphotypes and their role in the chronic phase infection, and 

illustrated the three different gene probe signal patterns encountered during this final 

phase of a TSV infection. The collective findings of the chronic phase TSV study, in 

conjunction with previously published investigations concerning LOSs and ectopic 

spheroids, strongly suggests that these cellular masses consist of a unique phagocytic cell 

type, which proliferate in response to chronic viral infections or abiotic substances that 

cannot be encapsulated and, as first suggested by Kondo et al. (1994), may represent an 

important and previously unexplored branch of the immunodefense system of penaeid 

shrimp. However, it is important to emphasize that this hypothesis, as well as the 

proposed fate of Type C LOSs during a chronic phase TSV infection, are speculative for 

lack of both ultrastmctural analysis and a larger sample pool, resulting in the need for 

further studies. 
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Although TSV has proven to be a devastating plague to the shrimp farming 

industry in the Americas, the underlying benefit of this disease is that it has the potential 

of serving as a model for studying the shrimp host immune response to acute and chronic 

phase viral infections. The fact that a TSV epizootic can be easily induced in P. 

vannamei within the laboratory, that the infection does not evoke a 100% mortality rate 

in the exposed population and results in a persistent chronic phase infection among the 

survivors, makes TSV an ideal candidate for this purpose. 
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CHAPTER Vn 

CHALLENGE STUDIES OF FOUR PENAEID SHRIMP SPECIES WITH 

TAURA SYNDROME VIRUS 

INTRODUCTION 

During 1994, the penaeid shrimp disease, Taura Syndrome (TS), was 

demonstrated to be caused by a previously undescribed virus (Hasson et al. 1995a), 

which was named Taura Syndrome virus or TSV (Brock et al. 1995). Subsequent 

characterization work, conducted by Bonami et al. (1997), established that TSV was a 

member of the Picomaviridae. The Pacific White shrimp, Penaeus vannamei, is 

particularly susceptible to the acute phase viremia caused by TSV, which results in 

cumulative mortalities ranging from 75 to 95% within one week of disease onset among 

pond-reared late postlarval to early juvenile populations (Jimenez 1992; Wigglesworth 

1994; Lightner et al. 1994, 1995a; Brock et al. 1995, 1997a). The infection cycle of 

TSV in P. vannamei has three distinct phases; an acute phase, a transition phase and a 

chronic phase (Hasson et al. 1997b, Dissertation Chapter 6). Histologically, the acute 

phase infection is characterized by pathodiagnostic severe multifocal to diffuse necrosis 

and nuclear pyknosis/karyorrhexis of the cuticular epithelial cells (Lightoer et al. 1994, 

1995a; Lightner 1996a). Overt clinical signs of an acute TSV infection in P. vannamei 

include lethargy, anorexia, expansion of chromatophores, opaque musculature, soft 
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shells, atactic swimming behavior, and is that period of the disease cycle during which 

peak mortalities occur. Shrimp surviving the acute phase infection enter a brief transition 

phase, which is characterized by the histological presence of sparse focal acute phase 

lesions, grossly visible and nimierous multifocal melanized lesions of the cephalothorax 

and tail (resolving acute phase lesions), the initiation of lymphoid organ spheroid 

development (well delineated, variably sized and vacuolated masses of presiuned sheath 

cells without a centralized lumen), and the presence of morphologically normal appearing 

lymphoid organ tubules, which display a diffuse TSV positive gene probe signal when 

analyzed by in situ hybridization. During this 3 to 5 day phase, infected P. vannamei 

may still succumb to the disease, but the mortality rate is greatly reduced compared to 

that resulting from the acute phase infection. Surviving shrimp then enter into the chronic 

phase of the TSV disease cycle. Grossly, chronically infected shrimp behave and appear 

normal (gross melanized lesions absent). Histologically, the lymphoid organ contains 

numerous spheroids which demonstrate concentrated foci of TSV by gene probe analysis. 

In situ hybridization analysis of chronically infected P. vannamei has shown that TSV 

remains present in this organ for up to 8 months following the acute phase infection 

(Hasson et al. 1997b, Dissertation Chapter 6). Furthermore, work conducted at the Gulf 

Coast Research Lab, Mississippi, indicates that infectious TSV is present within the 

hemolymph of chronically infected P. vannamei for up to one year post-infection (Lotz, 

personal communication). Based on the lack of any other detectable histological lesions 

or abnormalities, other than the presence of lymphoid organ spheroids (LOS's) in TSV 
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survivors, it is presumed that these masses are the source of the circulating virus found 

within the hemolymph. Viewed together, these findings illustrate the existence of a long 

term TSV carrier state in P. vannamei TSV survivors and suggest a possible means by 

which the virus is perpetuated within the marine environment. 

In contrast to P. vannamei, the Pacific Blue shrimp, P. stylirostris, appears highly 

refiractory to TSV infection (Brock et al. 1995, 1997a) under optimum culture conditions. 

As of 1996, P. vannamei was the predominant penaeid species cultured in the Americas, 

comprising —85 to 90% of the aquacultured shrimp species in this hemisphere (Jory 

1997; Rosenberry 1996, 1997). However, due to the ongoing TSV panzootic during 

1997, approximately 130 farms in nine different countries (Venezuela, Mexico, 

Nicaragua, Ecuador, Honduras, Costa Rica, Guatemala, Dominican Republic and the 

U.S.) stocked a new strain of P. stylirostris (Supershrimp™) that is refractory to both 

TSV and IHHNV (Clifford 1997; Rosenberry 1997). The purpose of this new farming 

strategy was to improve crop yields in TSV infected regions. Although 1997 production 

data of these numerous P. stylirostris culture trials have not yet been published, the 

general consensus is that this species has performed well in Mexico and the U.S. 

(Clifford 1997; Rosenberry 1997), but did not meet expectations in Central or South 

America (Jeff Petersen, Maritech S.A., Mexico, personal communication). This is 

believed to be due, in part, to differences that exist between shrimp growing regions in 

terms of water quality, management practices, climate and the fact that this shrimp strain 
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is not 100% resistant to TSV as originally believed. Based on the numerous orders 

obtained by Supershrimp S.A. de C.V., Mexico for their P. stylirostris strain for the 

1998 season (Mark Rosenblum, Maritech S.A., Mexico, personnel communication), it 

appears that the trend of culturing this species will continue in an effort to offset TSV-

caused losses. 

Since the initial recognition of TS disease in Ecuador during 1992 (Jimenez 1992), 

TSV has spread into P. vannamei farming regions of 13 different countries throughout 

the Americas (Hasson et al. 1997b; Lightner 1996a,b; Lightner et al. 1997a; Brock et 

al. 1997a) and has been identified in wild P. vannamei stocks from Mexico, Honduras, 

El Salvador and Ecuador (Lightner 1996a,b; Brock et al. 1997a). Cumulative economic 

loss due to TSV epizootics throughout the Americas has been estimated at between 1 to 

2 billion dollars during the years 1992 to 1996 (Lightner 1995b, 1996b). To date, no 

reports of TSV epizootics have been reported from Asia and, for the time being, this 

viral disease appears limited to the Americas. The susceptibility of other penaeid shrimp 

to TSV infection was recently analyzed to access the potential impact of the disease on 

commercial fisheries and native shrimp stocks (Overstreet et al. 1997). In that series of 

studies, postlarval and/or juvenile stages of P. aztecus (Brown shrimp), P. setiferus 

(Northern White shrimpj, P. duorarum (Northern Pink shrimpj and P. chinensis (Chinese 

White shrimp) were infected with TSV by oral and/or injection mediated exposure 

methods. The three former penaeid species are commercially important native species of 
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the U.S. that are endemic to the Atlantic seaboard and Gulf of Mexico, whereas, P. 

chinensis is both a commercially important endemic and aquacultured shrimp species of 

Asia (Dore and Frimodt 1987). The present studies described in this chapter were 

included as part of the work published by Overstreet et al. (1997, Journal of Invertebrate 

Pathology, 69:165-176) and are reproduced here with the kind permission (Appendix B) 

of both the first author and the journal publishers. Academic Press Inc., Orlando, FL. 

Research Objective: Due to the highly virulent and infectious nature of TSV, both 

commercially important and/or native species of penaeid shrimp may be susceptible to 

this viral disease and at risk. To evaluate this possibility, two separate infectivity smdies 

were conducted to determine if P. chinensis, P. asxecus and P. setiferus are susceptible 

to TSV infection following injection with a cell-free extract of the virus. In the original 

published version of the following smdies (Overstreet et al. 1997), the susceptibility of 

these three penaeid species to TSV was solely based on cumulative percent mortality data 

and histological demonstration of induced pathodiagnostic acute phase TSV lesions. With 

the subsequent development of TSV-specific genomic probes (Man et al., in press), in 

situ hybridization analysis was later conducted on representative treatment samples of 

each species in order to confirm the original findings of acute phase disease or to 

determine if the specimens were chronically infected as suggested by the histological 

presence of LOS's. Both the original experiments and subsequent gene probe analyses 

are reported here. 
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Test Shrimp- Two separate infectivity studies were conducted as outlined in Table 7.1 

and will be referred to as Bioassays 1 and 2. In Bioassay 1, six 90 L aquaria were 

utilized with three aquaria designated as negative controls and the remaining three as 

positive treatment groups. The aquaria were filled with artificially prepared sea water 

(Forty Fathoms Bio-Crystals Marinemix, Marine Enterprises International, Baltimore 

MD). Dissolved ammonia, nitrite and oxygen concentrations were maintained at safe 

levels through placement of a recirculating oyster shell biofilter and airline in each 

aquarium as previously described in Chapter 2. Water salinities and average temperatures 

ranged firom 23 to 24 ppt and 25 to 26°C, respectively, during the course of tliis 10 d 

smdy. Each aquarium was covered with a plastic sheet to prevent escape of both aerosols 

and shrimp. Fifteen specific pathogen firee (SPF) P. vannamei (2.1 g avg. wt.), ten P. 

setiferus (3.5 g avg. wt.) and ten P. chinensis (2.1 g avg. wt.) were individually stocked 

into each of the three sets of aquaria and acclimated for 24 h prior to initiating the smdy 

(Table 7.1). The SPF P. vannamei were developed at the Oceanic Institute, Hawaii 

(Kona stock) as previously described by Wyban et al. (1992) and Pruder et al. (1995). 

Upon arrival at the University of Arizona West Campus Agriculmral facility, the shrimp 

were then reared following modified methods of Williams et al. (1992). The P. setiferus 

were generously supplied by a commercial hatchery in Texas (Lone Star Hatchery, 
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Table 7.1- Experimental designs of two infectivity bioassays to determine the 
susceptibility of Penaeus chinensis, P. setiferus and P. aztecus juveniles to purified TSV 
through injection mediated exposure. SPF P. vannamei were used as both positive and 
negative controls. 

Aquarium No. No. Shrimp/Aquarium Vol. Oil) Salinity (ppt), 
and Treatment and Avg. wt. injected/shrimp Avg. Temp. (°C) 
Inoculum 

Injection Bioassay No. 1 

1, SPF Neg. Ctrl. 10 P. chinensis, 2.1 g 20 23 ppt, 26°C 

2, Purified TSV 10 P. chinensis, 2.1 g 20 23 ppt, 26''C 

3, SPF Neg. Ctrl. 10 P. setiferus, 3.5 g 20 23 ppt, 26°C 

4, Purified TSV 10 P. setiferus, 3.5 g 20 23 ppt, 26°C 

5, SPF Neg. Ctrl. 15 P. vannamei, 2.1 g 20 23 ppt, 25°C 

6, Purified TSV 15 P. vannamei, 2.1 g 20 23 ppt, 25°C 

Injection Bioassay No. 2 

1, NaCl Neg. Ctrl. 10 P. aztecus, 7.7 g 80 33 ppt, 28°C 

2, Purified TSV 10 P. aztecus, 7.7 g 80 33 ppt, 28''C 

3, NaCI Neg. Ctrl. 15 P. vannamei, 1.8 g 20 21 ppt, 28°C 

4, Purified TSV 15 P. vannamei, 1.8 g 20 21 ppt, 28°C 
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Port Isabel, TX) and the P. chinensis were obtained from a commercial hatchery in 

Korea (An-Himg hatchery, Taean, S. Korea). Both of these latter penaeid species were 

air shipped to the University of Arizona West Campus Agricultural Center where they 

were maintained in separate 1500 L fiberglass tanks until used in this smdy. All of the 

shrimp used in this smdy were produced in hatcheries from maturation broodstock with 

the exception of the P. chinensis, which were derived from a single spawn of wild gravid 

females. During the smdy, all of the shrimp were fed a pelleted ration (No, 4 pellet, 

Rangen, ID) twice daily, which was equivalent to 4% of the total biomass/aquariiun. 

Feeding rates were reduced to match disease mediated decreases in population numbers. 

In Bioassay 2, four 90 L aquaria were utilized. Two aquaria were each stocked 

with 10 wild P. aztecus late juveniles (7.7 g avg. wt., Gulf of Mexico, courtesy of Texas 

A&M University) and the remaining two with 15 SPF P. vannamei early juveniles (1.84 

g avg. wt.. Oceanic Instimte, HI) as indicated in Table 7.1. One aquarium per species 

was designated as a negative control group and the second as positive treatment group. 

Aeration, biofiltration and feeding regimes were conducted as described for Bioassay 1. 

The substantially higher water salinity used in the P. aztecus aquaria (33 ppt vs. 21 ppt 

of the P. vannamei groups) was done to accommodate these test shrimp, which had been 

shipped and maintained at this higher salinity. 
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Inoculum Preparadon and Injection- Each of the treatment shrimp of both bioassays 

received a single intramuscular injection of a cell-free extract of sucrose gradient-purified 

TSV (~ 10 [il inoculum/g shrimp) in the third tail segment upon the initiation of each 

study. The virus was isolated from naturally infected Ecuadorian P. vannamei that had 

been collected in that country (Courtesy of Dr. Sam Stem, DIBSA, Guayaquil, Ecuador) 

during a naturally occurring TSV epizootic in 1993. Isolation and purification of the 

virus, using a 15 to 40% sucrose density gradient, was done following the methods of 

Hasson et al. (1995) and as described in Chapters 3 and 4. The purified virus was diluted 

1:100 with 2% saline and dispensed using a 1 ml tuberculin syringe. Utilizing the same 

methods, the negative control shrimp of Bioassay 1 were injected with a sucrose gradient 

purified, cell-free extract that was prepared from TSV-free SPF P. vannamei carcasses 

and, hereafter, is referred to as the SPF negative control inoculum. In contrast, the 

negative control shrimp of Bioassay 2 received a single injection of sterile 2% saline. 

Following injection, the negative control and treatment shrimp were returned to their 

respective aquaria. Control and treatment aquaria were physically isolated from one 

another in separate rooms to prevent the possibility of cross-contamination. 

Histopathology- All of the shrimp in each bioassay were monitored twice daily for 

disease signs, collection of moribund samples, and for the purpose of feeding. When 

encountered, moribund treatment shrimp were preserved with Davidson's AFA fixative 

following the methods of Bell and Lightner (1988). Prior to initiating and upon 
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terminating each smdy, between 4 to 10 negative control and all remaining treatment 

slirimp of each species were preserved for histological analysis following standard 

methods. All preserved samples were then paraffin embedded, the resulting sections 

stained with Mayer-Bennett hematoxylin and eosin and then examined by bright-field 

microscopy for the presence of acute or chronic phase TSV lesions. Acute phase lesion 

severity was graded on a scale fi:om grade 0 (none, normal) through grade 4 (severe, 

multifocal to diffuse) following the methods of Hasson et al. (1995a). Specimens 

demonstrating lymphoid organ spheroids (> grade 2-4) were resectioned, placed on 

silane-coated slides (Sigma) and analyzed by in situ hybridization. Two digoxyigenin 

labeled (Boerhinger-Mannheim Genius I kit), TSV-specific cDNA probes (Mari et al., 

in press) were used to detect the presence of the virus following the methods of Lightner 

(1996a) and as described in Chapters 5 and 6. Viral presence was determined by the 

formation of a blue-black precipitate within the cytoplasm of TSV infected cells. 

RESULTS 

Time Course of Mortality 

Bioassay 1: No mortalities occurred among the P. chinensis, P. setiferus or P. 

vannamei negative control groups that were injected with the SPF negative control 

inoculum, nor among the TSV-exposed P. setiferus treatment group. In contrast, 5 d 
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post-injection (PI), cumulative mortalities among both the TSV-injected P. vannamei 

and P. chinensis treatment groups were 87 and 70%, respectively. In both cases, peak 

mortalities occurred within 24 to 48 h PI (Table 7.2, Figure 7.1). Tj^ical clinical 

signs of experimentally induced TSV-infection (e.g. lethargy, expanded black 

chromatophores, soft shells, anorexia, atactic swimming behavior, opaque 

musculamre etc.) were observed in the moribund P. vannamei treatment shrimp, but 

not apparent among the TSV-injected P. chinensis. Due to the high mortality rate 

among these two species, this portion of the study was terminated on d 5 and the 

remaining P. vannamei and P. chinensis control and treatment shrimp were preserved 

for histological analysis. Due to the lack of mortalities among the challenged P. 

setiferus, observation of these shrimp was extended to d 10. 

Bioassay 2: Cumulative percent mortality of the TSV-injected positive control SPF P. 

vannamei group was 67% 5 d post-injection (Table 7.2, Figure 7.2). As observed in 

Bioassay 1, peak mortalities among the P. vannamei treatment group occurred within 

48 h PI and moribund shrimp displayed typical clinical signs of induced TSV 

infection. No abnormal behavior or mortalities were observed among the saline-

injected negative control SPF P. vannamei group nor among either the negative 

control or TSV-injected P. aztecus groups. 
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Table 7.2.- Daily and cumulative percentage mortalities of TSV injected Penaeus 
vannamei, P. chinensis, P. setiferus and P. aztecus juveniles and their corresponding 
negative controls. 

Species and Cumulative 
Treatment Daily Mortality % 
Inoculum dO dl d2 d3 d4 d5 d6 d7 d8 d9 dlO Mortality 

Injection Bioassay No. 1 
P. chinensis 0 0 0  0 0 0 - - - -  -  0 / 1 0 ,  0 %  
SPF Neg. Ctrl 

P. chinensis 0 3 2  1  0 1 - - - -  -  7 / 1 0 ,  7 0 %  
Purified TSV 

P. vannamei 0 0 0  0 0 0 - - - -  -  0 / 1 5 ,  0 %  
SPF Neg. Ctrl. 

P. vannamei 0 4 4  3  2 0 - - - -  -  1 3 / 1 5 ,  8 7 %  
Purified TSV 

P. setiferus 0 0 0  0 0 0 0 0 0 0 0  0 / 1 0 ,  0 %  
SPF Neg. Ctrl. 

P. setiferus 0 0 0 0 0 0 0 0 0 0 0  0 / 1 0 ,  0 %  
Purified TSV 

Injection Bioassay No. 2 
P. aztecus 0 0 0  0 0 0 0 0 0 0 0  0 / 1 0 ,  0 %  
NaCl Neg. Ctrl. 

P. aztecus 0 0 0  0 0 0 0 0 0 0 0  0 / 1 0 ,  0 %  
Purified TSV 

P. vannamei 0 0 0  0 0 0 - - - -  -  0 / 1 5 ,  0 %  
NaCl Neg. Ctrl. 

P. vannamei 0 3 6  0 0 1 - - - -  -  1 0 / 1 5 ,  7 7 %  
Purified TSV 
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Figure 7.1- Bioassay 1. Daily percentage survival of SPF Penaeus vannamei (Vann.), 
P. chinensis (Chin.), and P. setiferus (Seti.) juveniles following intramuscular 
injection with either a sucrose gradient-purified TSV suspension (TSV+) prepared 
from naturally infected Ecuadorian P. vannamei or a sucrose gradient-purified virus-
free suspension (SPF negative control inoculum) prepared from SPF P. vannamei. 
Percent stirvival curves of die three negative control groups and that of the TSV 
injected P. setiferus treatment group are identical (100% survival) and represented by 
a single horizontal line. 
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Figure 7.2- Bioassay 2. Daily percentage survival of SPF Penaeus vannamei (Vann.) 
and P. aztecus (Aztec.) juveniles following intramuscular injection with either a 
sucrose gradient-purified TSV suspension prepared from naturally infected Ecuadorian 
P. vannamei or sterile 2% saline (NaCl negative control inoculum). Percent survival 
curves of the two negative control groups and that of the TSV injected P. aztecus 
treatment group are identical (100% survival) and represented by a single horizontal 
line. 
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Bioassay 1: Routine histological analysis of representative samples of the P. 

vannamei, P. chinensis and P. setiferus negative control groups, that were collected 

on d 0 and upon terminatioa of the bioassay, demonstrated that these test shrimp 

remained negative for TSV infection throughout the course of the study (Table 7.3). 

Histological examination of seven moribund P. vannamei treatment samples, collected 

on d 1 to d 3 PI, showed that each sample contained severe (grade 3-4) 

pathodiagnostic acute phase TSV lesions of the cuticular epithelium within either the 

gills, foregut, appendages, and/or general body cuticle. No acute phase TSV lesions 

were observed in the two P. vannamei treatment samples collected on d 5. However, 

one of the two samples displayed moderate (grade 2) numbers of lymphoid organ 

spheroids (LOSs), which were suggestive of a chronic phase TSV infection. 

Subsequent in situ hybridization analysis of this sample confirmed this speculation, 

revealing the presence of numerous TSV foci within the LOSs. No LOSs were 

observed within either the ten d 0 or ten d 5 P. vannamei negative control samples 

(Table 7.3). 

Examination of two P. chinensis treatment shrimp, that were collected in a 

moribund state on d 1 and d 2 PI, demonstrated that they contained low grade, focal 

TSV lesions within the cuticular epithelium of the gill lamellae and/or gill 
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Table 7.3- Results of two TSV injection bioassays svimmarizing acute and chronic 
phase TSV lesion severity utilizing routine H&E histology and in situ hybridization 
analysis on experimentally infected Penaeus chinensis, P. setiferus and P. aziecus 
juveniles. SPF P. vannamei juveniles were used as both positive and negative 
controls. 

Species/ 
Treatment 
Inoculum 

Ho. Examined by 
H&E histology 

(Ho., Day Seunpled) 

Ho. with acute 
TSV by B&B and 
severity (G) 

Ho. with LOS 
by H&B and 
severity (G) 

Ho. with chronic 
TSV by in situ 
hybridization 

Injection Bioassay Ho. 1 

P. chinensis 
SPF Neg. Ctrl. 

S, do 
10, d5 

ND 
ND 

1 of 6, Gl-2 
8 of 10, Gl-3 

HA 
0 of 4 (-) 

P. cbineasis 
Purified TSV 

1, dl 
1, d2 
3, dS 

1 of 1, 
1 of 1, 
ND 

G1 
G1 

ND 
1 of 1, 
2 of 3, 

G4 
G4 

0 of 1 
1 of 2 

(-) 
( + ) 

P. vaimamei 
SPF Neg. Ctrl. 

10, do 
10, dS 

ND 
ND 

ND 
ND 

P. vannamei 
Purified TSV 

3, dl 
3, d2 
1, d3 
2, dS 

3 of 3, G4 
3 of 3, G3 
1 of 1, G3 
0 of 2 

ND 
ND 
ND 
1 of 2, G2 1 of 1 ( + ) 

P. seciferus 
SPF Neg. Ctrl. 

6, do 
10, dlO 

ND 
ND 

ND 
ND 

p. seciferus 1, d3 HD 1 of 1, Gl-2 
Purified TSV 1, dS HD 1 of 1, G2-3 

8, dlO ND 1 of 8. Gl-2 

Injection Bioassay Ho. 2 

P. azcecus 6, do ND ND -

Nad Neg. Ctrl. 5, dlO ND fJD -

P. azcecus 2, dS ND ND -

Purified TSV 8, dlO ND 3 of 8, G3-4 3 of 3 + 

P. vannamei 10, , do ND ND -

Nad Neg. Ctrl. 10, , d5 ND ND -

P. vannamei 1, dl 1 of 1, G4 ND -

Purified TSV 2, d2 2 of 2, G4 1 of 2, G1 1 of 1 + 

5, dS ND 4 of 5, Gl-3 4 of 4 

LOS= Lymphoid organ spheroids 
NA= Not analyzed 
ND= Not detected 
G= Severity grade of lesions 
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mastigobranchia (Figure 7.3A). The focal lesions were few in number and appeared 

confined to no more than 2 to 4 cells. In situ hybridization analysis of the sample 

collected on d 2 PI produced a low grade TSV positive probe signal within necrotic 

foci of the gill mastigobranchia (Figure 7.3B). No acute phase TSV lesions were 

detected in the 3 P. chinensis treatment samples collected on d 5 PI. However, two of 

the three samples displayed numerous (grade 3-4) numbers of LOSs (Figure 7.3C) as 

did the d 2 treatment sample (Table 7.3). Similarly, the lymphoid organs of nine of 

the 16 P. chinensis negative control shrimp also contained low grade to moderate 

numbers of spheroids. Gene probe analysis of the single d 2 treatment sample and two 

of the d 5 treatment samples demonstrated that TSV was present within the spheroids 

of one of the three samples as evidenced by the formation of few, but distinct probe 

positive signals (Table 7.3, Figure 7.3D). In contrast, in situ hybridization analysis 

for the presence of TSV within the LOSs of four of the negative control P. chinensis 

samples demonstrated that these lesions were TSV negative. Incidental histological 

findings included the observation of Hepatopancreatic Parvovirus (HPV) intranuclear 

inclusion bodies (Bonami et al. 1995; Lighmer and Redman 1985; Lightner 1996a) 

within the hepatopancreata of three of the 16 P. chinensis negative control shrimp 

(grade 2-4), as well as in the hepatopancreata of three of the five P. chinensis 

treatment samples (grade 1-4). 
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Figure 7.3- Photomicrographs of parallel H&E stained and gene probed histological 

sections illustrating acute and chronic phase TSV lesions within an experimentally 

infected Penaeus chinensis late juvenile. The shrimp received a single intramuscular 

injection of sucrose gradient-purified TSV. (A) Gill mastigobranchiae showing a 

single necrotic focus of cells (arrow) by H&E histology. (B) Parallel section of the 

gill epipodite in photo A after TSV gene probe analysis. Note that the lesion (arrow) 

is TSV-positive as indicated by the black precipitate (TSV probe signal). (C) 

Lymphoid organ 5 d PI demonstrating numerous spheroids (S). (D) Parallel section of 

the lymphoid organ shown in photo C after TSV gene probe analysis. Note the single 

prominent TSV positive signal within one of the spheroids. Magnification bars 

represent 40 ^m. 



226 



Ill  

No acute phase lesions were detected in any of the P. setiferus negative 

control or treatment shrimp by routine H&E histology. Three of the 10 treatment 

samples were found to contain low grade to moderate numbers of LOSs (Table 7.3), 

however, in situ hybridization analysis of two of the three samples was negative for 

the presence of TSV. 

Bioassay 2: Histological analysis of 20 SPF P. vannamei and 11 P. aztecus negative 

control samples, that were collected on d 0 and upon termination of the bioassay, 

demonstrated that these test shrimp remained TSV-free throughout the course of this 

second smdy. No LOSs were detected in any of the negative control samples. 

Incidental histological findings observed among the 11 P. aztecus negative control 

shrimp included the presence of a severe microsporidiosis (Agmasoma sp., Lightner 

1996) within the striated muscle and hepatopancreas of two of the 11 samples and the 

presence of moderate numbers of encysted cestode larvae within the hepatopancreas of 

five of the 11 samples. 

Histological analysis of three moribund TSV-injected P. vannamei 

treatment shrimp, collected 1 to 2 d post-injection, revealed the presence of severe 

(grade 4) pathodiagnostic acute phase TSV lesions within the cuticiilar epithelium as 

seen in the corresponding treatment shrimp of Bioassay 1. No acute phase TSV 

lesions were detected among the four P. vannamei treatment survivors collected on d 
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5 nor among any of the 10 TSV-injected P. aztecus treatment samples that were 

collected between d 5 to 10. However, low grade to moderate (Gl-3) LOSs were 

observed in five of the seven TSV-exposed P. vannamei collected between d 2 to 10 

and nimierous (grade 3-4) LOSs were detected in three of the eight P. aztecus 

treatment samples collected on d 10 (Table 7.3, Figure 7.4A). In situ hybridization 

analysis of the three P. aztecus samples and the five P. vannamei samples 

demonstrated the presence of focal TSV positive probe signals within the LOSs of 

each sample. Approximately 10 to 20% of the spheroids observed in the P. aztecus 

samples were probe positive (Figure 7.4B) as compared to almost 100% in the P. 

vannamei samples. 
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Figure 7.4- Photomicrographs of parallel H&E stained and gene probed histological 
sections of the lymphoid organ of a Penaeus aztecus juvenile with an experimentally 
induced chronic TSV infection. This shrimp received a single intramuscular injection of 
sucrose gradient-purified TSV. (A) Lymphoid organ 10 d PI demonstrating numerous 
spheroids (S) by routine H&E histology. (B) Parallel section of the lymphoid organ 
shown in photo A after TSV gene probe analysis. Note numerous TSV positive foci 
(arrowheads) within the spheroids as indicated by the presence of the black precipitate. 
Magnification bars represent 40 fim. 
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Taura Syndrome virus is currently the most widespread and detrimental viral 

disease to affect farm raised penaeid shrimp in the Western Hemisphere. The geographic 

range of the disease extends from shrimp farms in South Carolina south to Brazil on the 

Atlantic seaboard, from northern Mexico (Sonora) south to northern Peru (Tumbes) on 

the Pacific Coast and has been detected in farms along the Gulf of Mexico and Caribbean 

Sea from Texas south to Colombia (Lightner 1996a; Lightner et al. 1997a,c; Hasson et 

al. 1997a, Dissertation Chapter 9). Apart from documented reports of TSV being 

detected in wild P. vannamei from Mexico, Honduras, El Salvador, and Ecuador (Brock 

et al. 1995, 1997a; Lightner 1996a,b; Lighmer et al. 1997a,c), the effect of the disease 

on wild penaeid shrimp populations is virmally unknown. In the present smdy, two 

separate bioassays were conducted in which P. setiferus, P. aztecus and P. chinensis 

juveniles were exposed to purified TSV through intramuscular injection to determine if 

these species can be infected by TSV and their degree of susceptibility. Due to the high 

susceptibility of SPF P. vannamei to TSV infection, this species was utilized as positive 

and negative control test shrimp in both bioassays. Cumulative percent mortalities of 87 

and 67%, observation of typical TSV-induced clinical signs and both histological and/or 

gene probe confirmation of acute or chronic phase TSV lesions within the P. vannamei 

treatment groups of both bioassays, indicate that the purified TSV inocula utilized were 

infectious. 
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The present findings suggest that both P. aztecus and P. chinensis can be infected 

by the virus at the juvenile stage, but that juvenile P. setiferus appear to be TSV 

resistant. Although TSV exposure of P. aztecus did not cause any deaths or induce 

detectable acute phase lesions in this treatment group, three representative samples were 

found to be chronically infected with TSV. As occurs in chronically infected P. 

vannamei, the presence of numerous spheroids within the lymphoid organs of the three 

d 10 P. aztecus treatment shrimp was suggestive of chronic TSV infection, which was 

then confirmed by in situ hybridization analysis using TSV-specific cDNA gene probes 

(Figure 7.4). Following the present smdy, additional TSV infectivity bioassays were 

conducted on postlarval and juvenile P. aztecus, P. setiferus and P. duorarum in a 

collaborative effort between the University of Arizona, the Waddell Mariculture Center 

and the Gulf Coast Research Laboratory (Overstreet et al. 1997). The results of those 

studies confirmed the present finding that P. aztecus can be chronically infected with 

TSV and that this species can serve as a reservoir host for the virus. In contrast to the 

present finding that P. setiferus is unaffected by TSV exposure, Overstreet et al. (1997) 

showed that both postlarval and juvenile members of this species can develop moderate 

to severe acute phase TSV lesions and suffer mortalities, comparable to TSV exposed P. 

vanruimei, following injection mediated or per os TSV exposure. Furthermore, their 

results show that injection of SPF P. vannamei with homogenized P. setiferus carcasses, 

collected 14 to 20 d post-TSV exposure, induced lethal TSV infections in the test shrimp. 

As established for P. vannamei and P. aztecus, the results of Overstreet et al. (1997) are 
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suggestive of a chronic phase TSV infection having been established in the P. setiferus 

used in that study. Although lymphoid organ spheroids were detected in the P. setiferus 

treatment shrimp of the present smdy, TSV was not detected in diem by in situ 

hybridization analysis. Some possible explanations as to why no acute phase TSV lesions 

were observed in the P. setiferus treatment shrimp of the present smdy include lack of 

time course sampling, small sample size (10 shrimp) and the possibility that the volume 

of purified TSV injected was below the necessary infectious dose to establish a lethal 

infection. Failure to detect TSV within the lymphoid organ spheroids observed in the P. 

setiferus test shrimp may also have resulted from prolonged fixation of the specimens in 

Davidson's fixative prior to embedding. At the time of this study, it was not known that 

prolonged storage of TSV infected shrimp samples in Davidson's fixative causes 

hydrolysis of TSV RNA and results in false negative TSV in situ hybridization results 

(Hasson et al. 1997c, Dissertation Chapter 5). 

Injection-mediated TSV exposure of P. chinensis resulted in a 70% cumulative 

mortality over a 5 d period. However, only low grade, focal TSV lesions were detected 

in these shrimp by routine H&E histology and these appeared to be limited to the 

cuticular epithelium of the gill filaments and gill mastigobranchia. Although subsequent 

in situ hybridization analysis confirmed the presence of TSV in both the observed acute 

phase lesions of the cuticular epithelium and within lymphoid organ spheroids, the low 

grade TSV infections do not appear to be responsible for the severe die-off within this 



233 

treatment group. One possible explanation is that the moderate to severe HPV infections, 

detected in —30% of the P. chinensis analyzed, or some other undetected adverse 

condition or disease, may have sufficiently predisposed the test shrimp so that the 

induction of a low grade TSV infection proved lethal. The combined histological and 

gene probe findings of this smdy show that P. chinensis can develop both acute and 

chronic phase TSV infections. However, to confirm the present results and further 

explore the susceptibility of this species to TSV, additional challenge smdies should be 

performed on both HPV-free P. chinensis as well as on varying age/size classes of this 

penaeid species. 

At the time this study was originally conducted, the relationship between 

lymphoid organ spheroids and TSV chronicity was not known, nor had TSV-specific 

gene probes yet been developed. In retrospect, the combined findings of this smdy, 

together with those reported by Overstreet et. al (1997), emphasize the necessity of 

performing time course sampling and, when possible, in situ hybridization to fully 

evaluate the susceptibility of a given penaeid species to a new viral disease. This is 

especially important when observable clinical signs of disease or consequent mortalities 

do not occur following viral challenge. Findings based strictly on the observation of 

clinical signs and histological analysis, which may be too general or lack the necessary 

sensitivity to detect the pathogen of interest, may lead to incorrect interpretations as 

occurred with this smdy prior to conducting TSV gene probe analyses. 



234 

The development of both TSV-specific gene probes (Mari et al., in press) and the 

methodology of TSV detection through in situ hybridization analyses, made possible ±e 

deciphering of the TSV infection cycle in juvenile SPF P. vannamei test shrimp (Hasson 

et al. 1997b, Dissertation Chapter 6). The occurrence of separate acute and chronic 

infection phases, each of which induces a distinct pathology, may make TSV disease 

unique among the known penaeid shrimp viral diseases. The development of spheroids 

within the lymphoid organ during chronic TSV infection has raised new questions 

concerning the fimction of this organ. Is spheroid development a generalized response 

by lymphoid organ sheath cells to infection mediated injury, part of an immune response 

mounted to sequester and destroy pathogens circulating in the hemolymph, or a 

combination of the two? The presence of lymphoid organ spheroids has been docimiented 

in shrimp infected with Rhabdovirus of penaeid shrimp (RPS, Nadala et al. 1992) and 

Lymphoidal Parvo-like virus (LPV, Owens et al. 1991), is the defining histological 

characteristic of Lymphoid Organ Vacuolization virus (LOW, Bonami et al. 1992) 

infection, and occurs in at least five different penaeid species (P. aztecus, P. vannamei, 

P. stylirostris, P. chinensis and, probably, P. setifems) that are chronically infected with 

TSV (Overstreet et al. 1997; Hasson et al. 1997b, Dissertation Chapter 6; Lighmer and 

Hasson unpubl. findings). To date, investigators have evaluated the susceptibility of nine 

different penaeid species to TSV (Table 7.4). These collective findings (Table 7.4) 

indicate that eight of the nine species are TSV susceptible (e.g. develop detectable 

lesions) and that the disease induces severe mortalities in four of them (e.g. P. vannamei. 



Table 7.4- Susceptibility of naturally exposed (N) and experimentally infected (E) penaeid shrimp hosts 
to TSV in relation to life stage. Development and severity of acute and/or chronic phase TSV infections 
in postlarvae (PL), juveniles (Juv.) and adults (AD) is indicated by the number of (+) symbols. (+++)= 
severe diffuse lesions, (++)= moderate focal to multifocal lesions, (+)= low grade focal lesions, (R)= 
resistant without detectable lesion development. Bold (+) symbols indicate that severe mortalities result 
following infection. 

Species Acute Infection Chronic Infection References * 

PL JV AD PL JV AD 

AMERICAS 

P. vannamei E/N +++ E/N +++ E/N 7 +++ E/N +++ E/N 1 to 

P. styliroaCris ? +/++ E/N ? 7 ++/+++ N 7 1, 8 

P. setiferus ++/+••*+ E ++/+++ E 7 ? 7 7 5, 7 

P. aztecus + E + E ? ? + / + + E 7 5, 7 

P. duorarum R R ? 7 7 7 5 

P. schmitti ? B 7 7 7 7 2, 4, 

ASIA 

P. monodon 7 + /++ E 7 ? ? 7 2, 9 

P. japonicus 7 + /++ E 7 ? 7 ? 2, 9 

P. chinensis ? + E 7 7 •F / + + E 7 5, 7 

* REFERENCES 
1. Brock et al. 1995 4, Lightner 1996a 7. Hasson, Dissertation 
2. Brock et al. 1997a 5. Overstreet et al. 1997 8. Lightner and Hasson, unpub. findings 
3. Lightner et al. 1995a 6, Lotz 1997 9. Or. Jim Brock, personal communication 

N) W 
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P. setiferus, P. schmitti, and P. chinensis). However, not all life stages of the species 

examined have been challenged and emphasis has been primarily focused on utilizing 

routine histological methods to identify acute, but not chronic phase infections. 

Determination of TSV chronicity in early postlarval stages may not be feasible due to the 

lack of a developed and detectable lymphoid organ at this life stage. In contrast, gene 

probe analysis to detect chronic TSV infections, in juvenile and adult shrimp stages, is 

both feasible and necessary to fully document the effect of TSV infection in a given 

penaeid species. As indicated by the lack of information in Table 7.4, concerning the 

presence or absence of chronic TSV infections in the listed penaeid species, this is an 

area of TSV research that has yet to be fully explored. 
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CHAPTER Vin 

THE GEOGRAPHIC DISTRIBUTION OF TAURA SYNDROME VIRUS IN 

THE AMERICAS: DETERMINATION BY HISTOPATHOLOGY AND In situ 

HYBRIDIZATION USING TSV-SPECIFIC cDNA PROBES 

INTRODUCTION 

Six years following the recognition of Taura Syndrome (TS) in farm-reared 

Pacific white shrimp, Penaeus vannamei, in Ecuador (Jimenez 1992), this lethal shrimp 

disease has spread into virtually every major shrimp growing region in the Americas 

(Lightoer 1996a,b; Lightner et al. 1997a,c; Brock et al. 1997a; Hasson et al. 1997b). 

Although originally attributed to ftmgicide toxicity, TS was conclusively shown to be 

virus caused through fulfillment of River's postulates in late 1994 (Hasson et al. 1995a). 

The causative agent, Taura Syndrome virus (TSV), has been classified as a picomavirus 

(Family Picomaviridae) based on its 31-32 nm diameter, icosahedral morphology, 

cytoplasmic replication, buoyant density of 1.338 g/ml, linear ~9 kbp ssRNA genome 

and possession of three major (55, 40 and 24 kDa) and one minor (58 kDa) capsid 

polypeptides (Brock et al. 1995; Hasson et al. 1995a; Bonami et al. 1997). 

Prior to 1995, a definitive diagnosis of TSV disease was based on routine 

histological detection of the pathognomonic lesion type that is observed within the 
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cuticular epithelium and subcutis of acutely infected P. vannamei (Lightner et al. 1994; 

Lightner et al. 1995a; Lightner 1996a). The five principle anatomical regions that are 

infected by TSV in P. vannamei include the cuticular epithelium of the gills, appendages, 

foregut, hindgut and general body cuticle. 

In early 1995, two non-radioactive, TSV-specific, digoxigenin (DIG) labeled 

cDNA genomic probes were developed by Mari et al. (in press) at the University of 

Arizona (UAZ). This highly sensitive diagnostic tool is capable of detecting TSV 

genomic ssRNA in both acutely infected penaeid shrimp and asymptomatic, chronically 

infected TS survivors through in situ hybridization analysis of infected shrimp 

histological sections (Lighmer 1996a; Hasson et al. 1997b,c). Gene probe detection of 

TSV is through an ELISA-based system utilizing an anti-DIG antibody-enzyme conjugate 

(Genius I Kit, Boerhinger-Mannheim). The presence of TSV in an infected cell is 

revealed through the formation of a blue-black precipitate following addition of an 

enzyme substrate (NBT, X-PHOS) to the section being assayed. 

Prior to their use as a routine diagnostic tool, the reactivity of the TSV gene 

probes was tested against the principle penaeid shrimp viral pathogens (e.g. WSSV, 

YHV, IHHNV, BP, HPV) that are found in the western hemisphere (Lightoer 1996a; 

Lightner et al. 1997b,c) and with the rickettsial-like organism that is the causative agent 

of necrotizing hepatopancreatitis (NHP) (Mari et al., in press; Lighmer 1996a, Lighmer, 
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Mohney and Hasson, unpublished results). These studies confirmed that the gene probes 

were TSV-specific and not cross-reactive with these other shrimp pathogens. 

Experimental use of the TSV gene probes as a diagnostic tool during 1995 and 

early 1996 revealed occasional false negative in situ hybridization results. This diagnostic 

problem was found to be caused by fixative-induced acid hydrolysis of TSV RNA and 

a direct result of overfixation of shrimp samples in Davidson's AFA solution (Hasson et 

al. 1997c). Subsequent work demonstrated that TSV RNA degradation in preserved 

samples could be prevented through fixation with a new, neutral pH fixative, dubbed R-F 

fixative (RNA-fnendly), or, alternatively, through short term fixation (24-48 hrs) of 

samples in Davidson's solution (Hasson et al. 1997c, Dissertation Chapter 5). As a result 

of these findings and additional modifications to the TSV in situ hybridization protocol 

by Hasson et al. (1997c), a commercially available TSV in situ hybridization kit was 

made possible and is currently being marketed by DiagXotics (Wilton, CT). 

Utilizing the newly developed TSV gene probes as a research tool, Hasson et al. 

(1997b, Dissertation Chapter 6) smdied TSV lesion pathogenesis in experimentally 

infected P. vaAi/iamer juveniles. The findings of that smdy indicate that the TSV infection 

cycle has three distinct phases; an acute phase, a transition phase and a long term chronic 

phase. Histologically, the acute phase infection is characterized by pathodiagnostic severe 

multifocal to diffuse necrosis and nuclear pyknosis/karyorrhexis of the cuticular epithelial 
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cells and subcutis (Lightner et al. 1994,1995a, 1996a). Morphologically, acutely infected 

cuticular epithelial cells initially display condensing of nuclear chromatin (pyknosis) and 

extreme eosinophilia of the cytoplasm. The final stages of cell death, that are observable 

by light microscopy of fixed tissues, include the disassociation of the pyknotic nucleus 

into smaller basophilic spheres (karyorrhexis) and fragmentation of the cell (Lightner et 

al. 1995a; Hasson et al. 1995a, Dissertation Chapter 6). The presence of cytoplasmic 

inclusions, pyknotic nuclei and karyorrhectic nuclei in the later stages of TSV-induced 

cell death, produces the distinctive "peppered" or "buckshot" laden appearance of the 

pathodiagnostic lesion type (Lightoer et al. 1994, 1995a; Hasson et al. 1995a). Another 

distinguishing characteristic is that no inflammatory response (hemocytic infiltrates) is 

observed during this stage of the infection. Overt clinical signs of an acute TSV infection 

in P. vannamei include lethargy, anorexia, expansion of chromatophores, opaque 

musculature, soft shells, atactic swimming behavior, and is that period of the disease 

cycle during which peak mortalities occur. Shrimp surviving ±e acute phase infection 

enter a brief transition phase (previously referred to as the recovery phase, Hasson et al. 

1995a, 1997b; Lightner et al. 1995a; Lighmer 1996a), which is characterized by the 

histological presence of sparse focal acute phase lesions, grossly visible and numerous 

multifocal melanized lesions of the cephalothorax and tail (resolving acute phase lesions), 

the initiation of lymphoid organ spheroid development (well delineated, variably sized 

and vacuolated masses of presumed sheath cells without a centralized lumen), and the 

presence of morphologically normal appearing lymphoid organ tubules, which display a 
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diffuse TSV positive gene probe signal when analyzed by in situ hybridization. During 

this 3 to 5 day phase, infected P. vannamei may still succumb to the disease, but the 

mortality rate is greatly reduced compared to that resulting from the acute phase 

infection. Surviving shrimp complete the molt cycle and shed their melanized 

exoskeleton. It is at this point that the shrimp enter into the chronic phase of the TSV 

disease cycle. Grossly, chronically infected P. vannamei behave and appear 

morphologically normal (gross melanized cuticular lesions absent). Histologically, the 

lymphoid organs of these shrimp contain numerous spheroids, which demonstrate 

concentrated foci of TSV by in situ hybridization analysis. Time course sampling and 

gene probe analysis of chronically infected P. vannamei demonstrated that TSV remains 

present within lymphoid organ spheroids (LOSs) for up to 8 months following the acute 

phase infection (Hasson et al. 1997b, Dissertation Chapter 6). Furthermore, work 

conducted at the Gulf Coast Research Lab, Mississippi, has shown that infectious TSV 

is present within the hemolymph of chronically infected P. vannamei for up to one year 

post-infection (Dr. Jeff Lotz, personal communication). Based on the lack of any other 

detectable histological lesions or abnormalities in chronically infected TSV survivors, it 

is presimied that LOSs are the source of TSV found within the hemolymph. Taken 

together, diese findings indicate the existence of a long term TSV carrier state in affected 

P. vannamei populations and suggest a possible means by which the virus is perpemated 

within the marine environment. 
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The means by which TSV is disseminated has not been thoroughly investigated 

and is only partially understood. Based on the behavioral patterns of experimentally 

infected groups of SPF P. vannamei, it appears that the rapid spread of the disease, 

within a tank or pond population, occurs through cannibalization of infected moribund 

and dead shrimp by healthy members of the same population (Brock et al. 1995; Hasson 

et al. 1995a). Transmission of TSV from pond to pond or between farms has been 

attributed to an aquatic insect and seabirds (Hasson et al. 1995a; Lightner 1996a,b; 

Lightner et al. 1997a; Garza et al. 1997). The frequent observation of the salinity-

tolerant water boatmen, Trichocorixa reticulata {Corixidae), within TSV infected shrimp 

grow-out ponds in Ecuador, suggested that this insect was involved in the epizootiology 

ofTS (Hasson etal. 1995a; Lighter 1996a,b; David Garriques, personal communication). 

Subsequent per os bioassays, utilizing SPF P. vannamei indicator shrimp, demonstrated 

that TSV was present in a sample of the insects originating from Ecuador (Lightoer et 

al. 1997a). In situ hybridization analysis of water boatmen histological sections, collected 

from ponds in which a severe acute phase TSV epizootic was ongoing, showed several 

individuals with virus positive gut contents, but no indication that TSV was infecting or 

replicating within the insects. Hence, the available data suggest that the insect feeds on 

shrimp that have died from TS and that the winged insect, presimiably, transmits the 

virus from pond to pond within affected farms or between farms. 

Sea gulls (mostly laughing gulls, Larus atricilla) have been also shown to serve 
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as potential vectors of TSV. Gull feces, collected from the levees of a TSV-infected pond 

in Texas during the 1995 epizootic, were found to contain infectious TSV (Lighmer 

1996b; Lighmer et al. 1997a; Garza et al. 1997). Hence, gulls and other shrimp eating 

sea birds may transmit TSV within affected farms or to other farms within their flight 

range. It is unknown how long TSV remains in the gut contents of gulls or other sea 

birds and, thus, how important these birds might be in spreading this disease beyond a 

given region. 

Other transport vectors of TSV, which may contribute to the dissemination of the 

virus over short distances include pond or tank water, contaminated equipment and 

personnel (i.e. wet nets, transport tanks, clothing, buckets etc.), micro and macro-

crustaceans, other insect species and, possibly, rodents or reptiles (fecal deposition) 

living in the vicinity of farms. None of these potential vectors have been smdied to any 

degree and their possible role in the spread of TSV is speculative. Long term persistence 

of TSV in a given farm or region may occur due to the presence of chronically infected 

shrimp that are left in partially filled ponds after harvest or that are living in water canals 

and represent potential sources of renewed outbreaks (Hasson et al. 1997b; Dr. Jeff Lotz, 

personal communication). 

The rapid spread of TSV between countries has been attributed to international 

transport of acutely or chronically infected postlarvae and adults, use of TSV infected 
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frozen shrimp as bait or the inadvertent introduction of imported shrimp packing plant 

waste products into water-ways, and the possible introduction of the disease via water 

used as ballast on oceangoing ships (Lightner 1995b, 1996b; Lightner et al. 1997b). The 

unhindered dissemination of TSV occurred, in part, because of the disagreement 

concerning the etiology of TS (toxic versus a viral etiology) between Ecuadorian and 

North American investigators and the consequent failure on the part of the industry to 

appropriately respond to this infectious disease (Brock et al. 1995; Brock 1997a, Lighmer 

et al. 1994; Hasson, Dissertation Chapter 9). As a result, the shrimp industry throughout 

the Americas is now faced with the serious problem of a TSV panzootic, which is the 

focus of this paper. 

Research Objective: The goal of the present study is to document the spread and 

current geographical distribution of TSV utilizing both histological and gene probe 

findings of representative archived juvenile and adult P. vannamei samples. These 

samples were either collected by or submitted to the University of Arizona Aquaculture 

Pathology Group for disease diagnosis and originated from 13 different shrimp growing 

countries between the years 1992 to 1996. This chapter represents an updated and 

extended version of a similar paper that was presented in both Ecuador (October 1995, 

3rd Ecuadorian Aquaculture Congress, Guayaquil) and in Honduras (April 1997, 4th 

Central American Aquaculmre Symposium, Tegucigalpa). 
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Shrimp Samples. From 1992 until late 1996, a total of 99 Penaeus vannamei cases, each 

consisting of ~ 1 to 50 preserved shrimp samples, were collected by or submitted to the 

UAZ for disease analysis and representative samples of each were diagnosed with acute 

phase TSV infections by routine H«&E histology (Appendix E). All of the submitted 

shrimp samples had been preserved with Davidson's AFA solution prior to shipment to 

the UAZ from both shrimp farms and hatcheries located in 13 different countries. Two 

additional cases of frozen P. vannamei carcasses, one originating from Hawaii (1994) and 

the other from Florida (1995), were also submitted for TSV analysis. Utilizing SPF P. 

vannamei juveniles as indicator shrimp, two separate per os infectivity smdies were 

conducted to assay the frozen shrimp, which conclusively demonstrated that both lots 

were TSV infected. The latter case was unique in that the frozen mamration broodstock 

being tested from Florida had been imported live from El Salvador and were responsible 

for the subsequent TSV epizootic that occurred in the Florida maturation facility. As a 

result, this rare case, which documents the introduction of TSV from one country into 

another, was considered representative of two distinct TSV epizootics. Together with the 

Hawaiian case, this increases the total number of TSV positive cases, submitted to the 

UAZ between 1992 to 1996, from 99 to 102. 
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Initially, routine H&E histology was the principle diagnostic method used in the 

analysis of these 102 cases. Beginning in mid-1995, in situ hybridization assays were 

used to confirm TSV histological findings. Each of the 102 cases contained samples that 

displayed pathodiagnostic peracute to acute phase TSV lesions of the cuticular epithelium 

and subcutis as originally defined by Jimenez (1992) and later by Lightner et al. (1994, 

1995a). Of the 102 cases, 95 consisted of juvenile to adult P. vannamei and the 

remaining seven of postlarval samples. For ease of logistics, only cases containing early 

juvenile to adult P. vannamei samples were selected for this smdy, postlarval samples 

were excluded. For similar reasons, cases containing histologically presumptive or gene 

probe confirmed chronic TSV infections were also excluded from the present analysis. 

As previously described, the defining characteristic of a chronic phase TSV infection is 

the presence of spheroids within the lymphoid organ (LOS). However, due to the varied 

number of viral pathogens capable of inducing LOSs {lymphoid organ vacuolization virus 

(LOW; Bonami et al. 1992), lymphoidal parvo-like virus (LPV; Owens et al. 1991) and 

rhabdovirus of penaeid shrimp (RPS; Nadalaetal. 1992)}, the relatively high prevalence 

of this lesion type observed in routine case work (Lightoer and Hasson, unpublished 

results), and the necessity of conducting in situ hybridization analysis to confirm the 

presence of TSV within LOSs, analysis of the numerous numbers of samples displaying 

LOSs was deemed impractical. Although gene probe positive cases of TSV infected 

postlarvae and chronically infected juveniles/adults were encountered during the course 

of routine diagnostic work, their omission from the present smdy did not skew the 
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outcome, as the majority of submitted cases consisted of acutely infected juvenile to adult 

P. vannamei. 

Histological and in situ Hybridization Analyses. The results of those cases that had 

been previously analyzed by both H&E histology and in situ hybridization analysis were 

summarized from our laboratory's diagnostic log books and incorporated into the data 

table found in Appendix E. Archived paraffin embedded, midsagittal shrimp samples, 

that were diagnosed with acute phase TSV infections by histopathology prior to the 

development of the TSV gene probes, were re-sectioned and 4-5 fim parallel ribbons 

placed on either positively charged (Superfrost-plus slides. Fisher Scientific) or silane-

coated slides (Silane-Prep slides, Sigma Diagnostics). Following the methods of Lightoer 

(1996a) one slide per shrimp sample (silane-coated slide) was stained with Mayer-Bennett 

hematoxylin and eosin-phloxine for routine histological analysis and the other (silane-

coated or positively charged slide) was analyzed by in situ hybridization utilizing the 

methods of Hasson et al. (1997c). Briefly, two TSV-specific cDNA clones (P15 and Ql) 

were digoxigenin labelled following the manufacturer's instructions (Genius I kit, 

Boehringer-Mannheim). In situ hybridization analysis of the sections was conducted 

utilizing a final probe concentration of 10 ng/ml of hybridization buffer and without 

RNase precautions. Samples were then graded as either TSV negative or positive 

(presence of blue-black precipitate within TSV histological lesions) by light microscopy. 

In total, in P. vannamei samples, representing 49 of the 95 submitted acute phase TSV 
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Photomicroscopy. Representative H&E stained and gene probed parallel histological 

sections of submitted P. vannamei with naturally induced TSV infections were 

photographed using a camera-mounted brightfield microscope (Vanox, Olympus) and T-

MAX 100 black and white 35 mm film (Kodak). To compare naturally occurring with 

experimentally induced TSV infections and to illustrate false negative gene probe findings 

resulting from over-fixation of samples in Davidson's AFA solution, photomicrographs 

were taken of P. vannamei sections that were experimentally infected and preserved 

during two previous studies (Hasson et al. 1997c; Bonamei et al. 1997). 

RESULTS 

Of the 117 P. vannamei samples that were originally diagnosed as being TSV 

infected by routine H&E histology, 76 (65%) were found to be TSV positive and the 

remaining 41 (35 %) TSV negative by in situ hybridization analysis (Table 8.1). On a per 

country basis, between 1 to 15 samples were assayed and 1 to 10 samples per country 

were found to be probe positive for TSV, including three of the earliest samples 

submitted from Ecuador in 1992 (Table 8.1, Figure 8.1). In each of these cases, cuticular 

epithelial cells within pathognomonic TS lesions of the gills, appendages, foregut, general 

body cuticle and, to a lesser degree, the hindgut, were found to react with the probe as 
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Table 8.1- The geographic distribution of TSV in farm-raised Penaeus vannamei based on routine 
histopathology and confirmed by in situ hybridization assays using two TSV-specific cDNA probes. 
A total of 95 acute phase TSV cases, consisting of juvenile to adult P. vannamei, were submitted 
for disease analysis from 1992 to late 1996 from 13 different countries. Italicized bold print 
indicates that TSV was first recognized in this region or country during that year. 

H&E Histoloev In Situ Hvbridizadon Assays 
Year Coantiy/Region No. Acute Phase No. Shiimp 

TSV Cases  ̂ FTamniml No. TSV+ 

1992 ECUADOR - Guayas 6 4 3 

1993 COLOMBIA - Tumaco 2 4 3 
ECUADOR 14 1 1 
PERU - Tumbes I I 1 

1994 BRAZtL-Penumbuco I 5 4 
COLOMBIA 3 4 4 
ECUADOR 6 10 10 
EL SALVADOR 1 1 1 
GUATEMALA I 2 2 
HONDURAS 4 8 5 
USA - Oahu, HI 3 1 1 

Florida 1 1 1 

1995 BELIZE 3 12 5 
ECUADOR 3 2 2 
EL SALVADOR 2 2 2 
HONDURAS 3 I 1 
MEXICO- Sonora 9 7 5 

Sinaloa 5 7 2 
Guerrero 1 3 0 
Chiapas 1 NA^ -

NICARAGUA 1 2 1 
PANAMA I 1 1 
USA - Texas 6 12 8 

1996 BELIZE I NA 
COSTA RICA 2 1 1 
GUATEMALA 1 NA -

MEXICO - Sonora 2 2 1 
Sinaloa 1 NA -

Tamaulipas 2 1 1 
PANAMA 5 15 3 
USA - Texas 2 4 4 

S. Carolina I 3 3 

TOTALS: 95 117 76 

I Each case consists of 1 to 50 shrimp 
2 NA = Not analyzed by in situ hybridization 
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Figure 8.1- Low and high magnification photomicrographs of parallel H&E stained (left 

column) and gene probed (right column) histological sections illustrating the base of a 

TSV-infected antennal scale. This juvenile Penaeus vannamei sample was submitted firom 

an Ecuadorian shrimp farm undergoing a TS epizootic during September 1992, three 

months following the first recognition of the disease in Ecuador (and in the western 

hemisphere). (A) Low magnification H&E section of the appendage displaying nuclear 

pyknosis in the majority of the cuticular epithelial cells, which is typical of acute phase 

TSV infections prior to cell lysis. Not apparent in this B&W photo is that the necrotic 

cells display extreme eosinophilia of the cytoplasm. (B) Parallel section of the same 

tissue seen in Figure A following in situ hybridization analysis with two TSV-specific 

genomic probes. The presence of TSV genomic RNA is indicated by the formation of a 

black precipitate within infected cuticular epithelial cells. (C) High magnification view 

of the H&E stained lower left region of the section picmred in Figure A, which better 

illustrates the presence of pyknotic nuclei (arrows). Morphologically normal appearing 

cuticular epithelial cells are not present in this section due to TSV infection. (D) Parallel 

section of Figure C demonstrating a very strong TSV positive probe signal within 

infected cuticular epithelial cells following in situ hybridization analysis. Magnification 

bars represent 80 fim (Figs. A & B) and 25 /xm (Figs. C & D). 
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indicated by the formation of a diffuse to intense black precipitate (Figure 8.2 A through 

F). Lack of a probe positive signal within pathognomonic TSV lesions of 41 of the 113 

samples was interpreted as false negative results due to fixative-induced acid hydrolysis 

resulting from over-fixation (Figure 8.2 G and H). In some gene probe positive sections, 

probe signals were observed within both the cuticular epithelium and lymphoid organ, 

indicative of shrimp in the transitional period that occurs between acute and chronic 

phase TSV infections. In each of the probe positive samples, binding of the probe was 

limited to the cytoplasm and not the nucleus of the infected cells. 

In a previous smdy conducted by the authors (Bonami et al. 1997), P. vannamei 

juveniles were experimentally infected with TSV through intramuscular injection with a 

CsCl gradient-purified TSV isolate, which was recovered from farm-reared Hawaiian P. 

vannamei that were collected during the 1994 TSV epizootic that occurred on the island 

of Oahu (Table 8.1). Comparison of experimentally infected P. vannamei histological and 

gene probed sections from that study (Figure 8.2 E and F) to comparable sections of P. 

vannamei juveniles originating from TS epizootics in both Texas and Mexico during 1995 

(Figures 8.2 A through D), demonstrate that namrally occurring and experimentally 

induced TSV infections are indistinguishable. 
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Figure 8.2- Photomicrographs of parallel H&E stained Geft coiumn) and gene probed 

(right columji) histological sections of the posterior stomach of Penaeus vannamei 

juveniles with either namrally occurring (A to D) or experimentally induced (E to H) 

acute phase TSV infections. (A) H&E section illustrating a severe TSV lesion extending 

from the cuticular epithelium into the subcuticular connective tissue. This sample was 

submitted from a Texas shrimp farm during that state's 1995 TSV epizootic. (B) Parallel 

section of Figure A demonstrating the presence of TSV (black precipitate) following in 

situ hybridization analysis. (C) H&E section illustrating a severe TSV lesion in a sample 

that was submitted from a Mexican (Sonora) shrimp farm undergoing a TSV epizootic 

during 1995. Cell lysis has not yet occurred and intact cells with pyknotic nuclei are 

apparent. (D) Parallel section of Figure C displaying a weak TSV+ probe signal 

following in situ hybridization analysis. (E) H&E stained and (F) gene probed parallel 

sections displaying an experimentally induced TSV infection resulting from injection with 

purified TSV (1994 Hawaiian isolate). Target tissues, lesion morphology, and TSV+ 

gene probe signal are identical to that seen in P. vannamei with naturally occurring TSV 

infections. (G) H&E stained and (H) gene probed parallel sections displaying an 

experimentally induced acute phase TSV infection. This sample was per os exposed to 

minced TSV+ tissue (1995 Texas isolate) and preserved in Davidson's solution for 6 d 

prior to embedding. As in Figure E, target tissues and TSV lesion morphology in this 

section are identical to that seen in naturally infected P. vannamei. Absence of a TSV+ 

probe signal in Figure H is the result of over-fixation. Magnification bars = 40 /xm. 
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Since 1992, the geographical range of Taura Syndrome (TS) has expanded to 

include virtually all of the major Penaeus vannamei aquaculture regions in the Americas. 

In the present study, in situ hybridization analysis of archived shrimp samples, utilizing 

TSV-specific genomic probes, demonstrated that the virus was present within 

pathognomonic acute phase TSV lesions in three of the four Ecuadorian P. vannamei 

samples dating from 1992 when the disease was first recognized. Furthermore, 1 to 10 

representative P. vannamei samples from 12 other shrimp growing countries (Belize, 

Brazil, Colombia, Costa Rica, El Salvador, Guatemala, Honduras, Mexico, Nicaragua, 

Panama, Peru, United States), which were originally diagnosed as being TSV infected 

by routine histopathology, were also confirmed to be TSV infected by gene probe 

analysis. Comparison of gene probed sections of naturally infected P. vannamei with 

those containing experimentally induced infections, demonstrate that the same target 

tissues are infected and contain cytoplasmic TSV RNA in both cases. We feel that these 

fmdings (Table 8.1) strongly support the proposed geographic distribution of TSV 

illustrated in Figure 8.3 and indicate that the same virus, or very closely related TS viral 

strains, are responsible for the TSV epizootics that have occurred throughout the 

Americas since 1992. Furthermore, these findings definitively negate the claims by 

Mexican fishery authorities that the Mexican shrimp aquaculture industry has suffered 

from a "disease similar to Taura Syndrome" (Jimenez 1995) and those made by an 
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Figure 8.3- A map of the Americas illustrating the spread and geographic distribution 

of Taura Syndrome virus (TSV) in Penaeus vannamei shrimp farms between the years 

1992 to 1996. TSV epizootics were first recognized in conmiercial shrimp farms in 

Ecuador in 1992 and, subsequently, spread into 12 other coimtries. Confirmation of the 

presence of the virus in each shrimp growing region indicated on the map was done 

through in situ hybridization assays of archived P. vannamei samples that had been 

collected by or submitted to the University of Arizona Aquaculture Pathology Group for 

disease analysis. Two shrimp growing regions (Oahu, Hawaii; Florida) and one country 

(Belize) have reported successful eradication of the virus from their shrimp farming 

facilities, which is indicated by the star symbol (•). The year that TSV was first detected 

in a given shrimp growing region or country, based on either routine histology and/or 

gene probe confirmation, is denoted by one of five different symbols (See map legen 
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anonymous source from Ecuador that the 1995 shrimp epizootics in Texas were due to 

intracellular bacteria (Anonymous I995a,b). The present results inequivocably confirm 

that TSV was responsible for the documented epizootics in both of these regions. 

The 117 P. vannamei samples that were analyzed to document the initial outbreak 

of TSV in a given country were either collected by UAZ personnel or submitted to our 

laboratory by private sector farms and hatcheries for the purpose of disease analysis. In 

most instances, the clinical histories of these cases indicated that the affected shrimp 

populations were suffering severe unexplained mortalities, demonstrated reddening of the 

overall body and/or exhibited multifocal melanized lesions or brown spots on both the 

head and tail. Based on the lack of either verbal reports or receipt of previous cases with 

similar histories, it was assumed that these specific cases were representative of the first 

documented TSV outbreaks for that particular region. Having to rely on submitted 

samples to study the spread of TSV is the main limitation of the current study and it is 

probable that the virus was present in one or more of the 13 identified countries prior to 

the time period we have reported herein. Retrospective microscopic analyses of archived 

P. vannamei histological sections, collected prior to 1992, suggest that TSV may have 

been present in Ecuador in mid-1991 (Lightoer and Hasson, unpublished findings) and, 

possibly, in Colombia as early as 1990 (Laramore 1995). However, in situ hybridization 

analysis of the single 1991 Ecuadorian sample failed to detect the virus within 
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presumptive transition phase TSV lesions. Unfortunately, in the case of Dr. Laramore's 

1990 Colombian samples, the paraffin embedded tissues were discarded prior to the 

possibility of any further analyses being conducted. Perhaps the examination of pre-1992 

P. vannamei samples by other investigators, or existing samples by other detection 

methods presently in development (e.g. in situ PGR, immunohistochemistry), will 

provide additional information concerning the distribution and origin of TSV, the latter 

of which remains unknown. 

Forty-one (35%) of the 117 samples analyzed in this study did not react with the 

TSV gene probes by in situ hybridization. This problem was identified (Hasson et al. 

1997c) as being caused by fixative-induced acid hydrolysis of the viral RNA genome and 

occurs during prolonged storage of samples in Davidson's AFA fixative (pH~3.5 - 4.0). 

The resulting RNA degradation prevents gene probes from hybridizing with the viral 

genome and produces false negative results. Acid hydrolysis can be prevented by strictly 

adhering to the fixation protocol of Bell and Lightner (1988) and embedding Davidson's 

preserved samples within 24 to 48 hrs post-fixation. Another alternative is to use a 

neutral pH, RNA-friendly fixative, which was developed specifically for TSV cases at 

the UAZ (Hasson et al. 1997c). This new fixative is reconmiended when prolonged 

storage of samples is unavoidable and gene probe analysis for the detection of TSV is 

anticipated. 
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To date, the only shrimp growing regions in the western hemisphere, which 

appear to have remained TSV-free, include Venezuela, Puerto Rico, Jamaica and the 

Dominican Republic. Eradication programs, aimed at eliminating TSV from previously 

infected areas, have been attempted with some degree of success. Following the 

outbreaks of TSV within two shrimp farms on the island of Oahu, HI, in 1994 and that 

which occurred within the maturation facility of a Florida-based shrimp hatchery during 

1995 (Table 8.1, Figure 8.3), either subsequent disinfection of the facilities, cultivation 

of TSV-refractory P. stylirostris or, in one case, permanent closure of the facility, 

successfully terminated further TSV-caused epizootics. Following the implementation of 

one or more of these measures, no further TSV epizootics have been reported from either 

Hawaii or Florida (Dr. Jim Brock, personal communication, Lighmer and Hasson 

unpublished findings). The most ambitious and dramatic TSV eradication program was 

undertaken by the shrimp farming industry in Belize during 1996. Through a coordinated 

effort by all members of this shrimp farming community, hatcheries and farms were 

disinfected on a country-wide basis. According to Dixon and Dorado (1997), no TSV 

outbreaks occurred in Belize during the 1997 season and they attribute their industry's 

excellent harvest results to the exclusion of TSV. While this news is very encouraging, 

similar disinfection programs may not be feasible in countries with large scale and widely 

dispersed shrimp farms, such as those found in Ecuador and Mexico. Furthermore, it is 

currently unknown if TSV is present in wild shrimp populations located offshore of 

Belize, Hawaii and Florida, nor does extensive information yet exist on possible vectors 
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or intermediate hosts of the virus. As a result, until such information becomes available, 

claims of TSV eradication should be guarded and farmers who have attempted such 

measures must remain vigilant to prevent reintroduction of the virus. Apart from Belize, 

no other country has reported any attempt to eliminate TSV from its environs and we 

believe that the geographic distribution of TSV, as illustrated in Figure 8.3, is 

representative for the year 1997 as well. 

The etiology of TS disease has been a controversial issue since the discovery of 

TSV in 1994 (Brock et al. 1995; Hasson et al. 1995a). Over the course of the past 4 

years, the methodology for experimentally inducing TS disease has been demonstrated 

(Brock et al. 1995), the etiological agent (TSV) was conclusively shown to be a 

previously undescribed virus through fulfillment of River's postulates (Hasson et al. 

1995a), the viral agent has been characterized (Bonami et £il. 1997), both gene probes 

and monoclonal antibodies have been developed for the detection of TSV (Mari et al., 

in press; Hasson et al. 1997c, Poulos etal., submitted), TSV vectors have been identified 

(Garza et al. 1997; Lightoer 1997a,b; Lightner et al. 1997c), the TSV disease cycle has 

been described (Hasson et al. 1997b, Dissertation Chapter 6), investigations into the 

susceptibility of P. vannamei and other penaeid shrimp species to the viral disease have 

been published (Overstreet et al 1997; Lotz et al. 1997) and, through the present study, 

the geographic range of TSV has been documented. Notwithstanding the irrefutable 

scientific evidence supporting a viral etiology for TS (Brock et al. 1995; Hasson et al. 
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1995a,b, 1997a,b), nor, by default, the subsequent TSV research cited above, two private 

laboratories in Ecuador, Aqualab S.A. and Acuatecnos C. Ltda., have maintained that 

TS is caused by the combined effects of two banana plant fungicides. Tilt™ 

(Propicanizole, Ciba-Geigy) and Calixin™ (Tridemorph, BASF). Furthermore, they have 

categorized TSV-induced infections together with a scientifically unsubstantiated 

rickettsial infection of the cuticular epithelium under the collective names of both NIEC 

and NMEC ("Necrosis Infeccioso del Epiteleo Cuticular and Necrosis Multifocal del 

Epiteleo Cuticular"), reserving the name of Taura Syndrome for the non-existent disease, 

which they attribute to fungicide toxicity (Anon. 1995a,b; Intriago et al. 1995a,b, 1996, 

1997a,b; Jimenez et al. 1995a,b; Jimenez 1992, 1996; Bamiol 1995a,b; Hiney 1995). 

Although the initial circumstantial evidence linking fungicide toxicity to TS was 

compelling during 1992 and 1993, this theory was later discounted due to the spread of 

TS into shrimp farming regions where neither Tilt nor Calixin were being utilized (Brock 

et al. 1995, 1997a; Brock 1997b; Hasson et al. 1995a; Lightner et al. 1995a; 1996a) the 

inability of the two fungicides to induce TS in experimentally challenged P. vannamei 

test shrimp (Brock et al. 1995; Collins et al. 1995; Enriquez et al. 1995; Lightner et al. 

1994; Lightner and Hasson, unpublished findings), and as a result of the discovery and 

demonstration of the true causative agent, TSV (Brock et al. 1995; Hasson et al. 1995a). 

Choosing to disregard this evidence, both Aqualab and Acuatecnos have persisted in their 

claims of a toxic etiology for TS and the existence of NIEC/NMEC. This discredited and 

misleading information has been disseminated through the popular press (e.g. trade 
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magazines and newspapers) and vocalized at aquaculture conferences by both of these 

groups over the past six years (Jimenez 1992, 1996; Anon. 1995a,b; Intriago et al. 

1995a,b, 1996, 1997a,b; Jimenez etal. 1995a,b; Bamiol 1995a,b; Hiney 1995), but has 

yet to appear in a peer reviewed scientific journal. Due to the misinformation spread 

through the writings and presentations of both Aqualab and Acuatecnos, they have 

succeeded in maintaining a state of confusion concerning the true causative nature of TS 

within the shrimp farming community of many parts of Central and South America. In 

so doing, they have directly influenced and contributed to the delayed response or 

inaction taken on the part of many shrimp growing countries to both limit the spread of 

the disease and develop appropriate TSV management strategies. During the critical years 

of 1994 to 1996 (Table 8.1, Figure 8.3), shrimp farmers in Central and South America 

wasted precious time and resources in analyzing and developing management strategies 

against a non-existent toxicity problem. In the interim, the true causative agent, TSV, 

freely traversed the western hemisphere, completely unimpeded by shrimp importation 

and quarantine regulations that either came into being too late, were unenforceable and, 

thus, ignored, or have yet to be implemented. 

With cumulative TSV-caused revenue losses to the shrimp industry in the 

Americas ranging from at least 1 to 2 billion dollars (Lightner 1995b, 1996b) and in the 

midst of an ongoing TSV panzootic, the fungicide etiology theory fiasco has been a 

costly lesson. To prevent similar circumstances in the future, the shrimp industry of the 
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Americas should consider how it will respond to, contain and, hopefully, prevent the next 

lethal shrimp pathogen to surface from becoming an international disease crisis. As 

importantly, consideration should be given to the idea of an international certification 

program for disease diagnostic labs and pathologists so that industry members have no 

doubts as to whom can be entrusted with the important work of disease characterization 

and diagnosis. 

Based on the cumulative scientific knowledge we now possess about TSV and the 

present finding that TSV was present within pathodiagnostic TS lesions of Ecuadorian 

P. vannamei dating from 1992, it is my sincere hope that the etiology question for this 

disease has been laid to rest. Taura Syndrome disease is not induced by systemic 

ftmgicides nor is it exclusively a problem of the Ecuadorian shrimp industry, but one that 

has caused catastrophic economic losses to shrimp producers throughout the Americas. 
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CHAPTER IX 

CAUSES AND EFFECTS OF THE TAURA SYNDROME ETIOLOGY 

CONTROVERSY 

9.1. Xntroduction 

To date, Taura Syndrome (TS) is both one of the most devastating and 

controversial viral diseases to affect shrimp farming in the western hemisphere. For the 

past six years, a single association of shrimp farmers (Aqualab S.A. and Acuatecnos) in 

Ecuador has argued that TS is caused by the toxic effects of two banana plant fungicides. 

Tilt™ (Ciba-Geigy) and Calixin™ (BASF). This claim persisted in spite of irrefutable 

scientific evidence to the contrary. In concluding this treatise on TS, I wish to provide 

a more detailed account of the events which both initiated and perpetuated a bitter 

controversy over the etiology of TS. The dispute centered on the conflicting viewpoints 

as to whether TS was caused by an infectious agent (viral) or toxic banana plant 

fimgicides. The information presented here is based on first hand experience, published 

work and personal communications from other colleagues who were also directiy 

involved. I wish to add this section to the historical account of Taura Syndrome virus 

(TSV) because the chronicled events reveal some important, yet, resolvable problems that 

continue to hinder the shrimp aquaculture industry in the Americas. 
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In late 1993, representatives from both Ciba-Geigy (the manufacturers of Tilt™) 

and an Ecuadorian shrimp hatchery (Aqualab S.A., the originators of the fiingicide 

etiology theory who, hereafter, will be referred to as the fungicide theory proponents) 

met with Dr. Lightner, our staff toxicologist. Rod Williams, and myself in Tucson to 

discuss the results of our first fungicide exposure bioassay. We had been contracted by 

the Ecuadorian Shrimp Producers Association (ESPA, Camara de Productores de 

Camaron) to conduct the smdy in order to verify the fungicide theory proponent's recent 

claim that the two banana plant fungicides were the cause of TS disease in farm-raised 

P. vannamei. The ESPA had sent commercially purchased, agriculmral grade samples 

of both fimgicides for use in the study. However, the ESPA was unable to obtain a copy 

of the original protocol that was developed by the fimgicide theory proponents. The 

reluctance of the fungicide proponents to share this information openly may have been 

due to the self-limiting and illadvised perception that their recorded activities might 

provide other shrimp farmers with a competitive advantage. As a result, it was necessary 

for us to design the experiment based on the limited information obtained and provided 

by the ESPA. 

The toxicity bioassay conducted at the University of Arizona failed to induce TS. 

After the results were presented to the ESPA, the fungicide theory proponents believed 
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that TS was not induced because we had used insufficient concentrations of the two 

fungicides. To settle the toxic etiology question, it was decided that I would participate 

in a collaborative fungicide exposure bioassay to be conducted at the fungicide theory 

proponent's shrimp hatchery in Ecuador. My trip to Ecuador was financed by the ESPA, 

whose members were very interested and concerned about the outcome of the smdy as 

many were being forced out of business because of TS-caused shrimp losses. The 

experimental design of the bioassay that we conducted in Ecuador was prepared by the 

fungicide theory proponent team and I was informed that the plan and methods used were 

equivalent to previous protocols that they had used to successfully induce TS. My 

responsibilities were to oversee the setting up and execution of the experiment, monitor 

the treatment and control tanks three times per day, administer the Tilt/Calixin 

treatments, and preserve moribimd and/or time cciurse sampled shrimp for histological 

analysis. Approximately one week into the three week smdy, not only were the treatment 

shrimp dying, but so were the negative control animals as well. The gross clinical signs 

of the dying shrimp were suggestive of a vibriosis (Lighmer 1996a) and 1 was very 

concerned as to whether or not there would be sufficient numbers of survivors to 

complete the experiment. 

Prior to leaving for Ecuador to begin the joint bioassay and, again, upon my 

arrival, I had requested permission to review the histological sections from the fungicide 

theory proponent's previous bioassays so that I could familiarize myself with 
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experimentally induced TS lesions. There were numerous delays in my seeing the slides 

because of apparent misunderstandings of communications and difficulty in locating the 

slides. When the slides were finally sent to the hatchery, I discovered that none of them 

contained detectable acute phase TS lesions. These findings were very unsettling and I 

informed my hosts of the problem. The next day, I was flown to Guayaquil to meet with 

their diagnostician to discuss the slides. I found that he was interpreting non-specific 

cuticular epithelial necrosis, which occurs with a variety of both infectious and non

infectious shrimp diseases, as diagnostic for TS. After explaining the histological criteria 

used in our lab for diagnosing TS, I asked if any of dieir previous bioassays had induced 

such lesions. At that point, an unlabeled slide was produced, which did contain 

pathodiagnostic TS lesions. I then returned to the hatchery to complete the remaining 

days of the bioassay, after which, I packed up my samples and returned to the U.S. 

These samples also failed to show pathodiagnostic TS lesions. In fact, many of the test 

shrimp from the joint bioassay were found to be suffering from at least two different 

viral diseases (IHHNV, BP), an infection of the hepatopancreas caused by a rickettsial-

like bacterium (NHP) and a systemic vibriosis (see Lighmer 1996a for detailed 

information on these pathogens). This was a result of not having used specific pathogen 

free test shrimp in any of their toxicity bioassays, a very major flaw in the fungicide 

theory proponent's experimental design. Describing and interpreting the histological 

characteristics of a new disease, whether toxic or infectious, is difficult enough without 

having to further contend with lesions induced by unrelated concurrent or secondary 
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infections. 

As described and illustrated throughout this dissertation, TSV induces a very 

distinctive and unique acute phase lesion within the cuticular epithelium and subcutis of 

infected shrimp. Determination of whether or not TS was successfully induced during a 

given bioassay or present in either farm-reared or wild shrimp cannot be made based on 

outward clinical signs or cumulative percent mortalities, but is dependent on histological 

observation of this lesion type or demonstration of viral presence by gene probe analysis. 

It is likely that TS was actually induced during at least one of the ftmgicide theory 

proponent's earlier smdies as a result of their having intentionally fed TS diseased shrimp 

carcasses to their test shrimp. This so-called per os "conditioning" step was mistakenly 

interpreted as a means of acclimating the test shrimp to residual amounts of Tilt and 

Calixin that were believed to have bioaccumulated within the TS diseased shrimp 

carcasses. Following this acclimation step, the test shrimp were then exposed (i.e. 

waterbome or per os exposure) to higher doses of these same fimgicides. In hindsight, 

it is apparent that the "conditioning" step only served to expose the test shrimp to TSV 

and illustrates how the introduction of multiple treatment variables, in the absence of 

appropriate controls, can easily lead to erroneous conclusions. Sadly, an entire industry 

was led to believe that their shrimp losses were due to ftmgicide toxicity because of 

superficial evidence, the inexperience of a single diagnostician and his company's blind 

faith in their bioassay results. 
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It is also worth noting that the results of the initial TS research conducted at the 

University of Arizona between 1992 and 1993 also added further credibility to the 

fiingicide etiology theory. Initial TEM analysis of TS infected cuticular epithelial cells, 

which had been preserved with phosphate buffered glutaraldehyde, demonstrated the 

presence of intracj^oplasmic needle-like structures that were interpreted as calcium 

phosphate crystals. No pathogens were detected and it was speculated that the crystals 

were a result or byproduct of the hypothesized molt inhibiting effects that the two banana 

fungicides presumably caused in exposed shrimp. One of the fungicidal properties of both 

Tilt and Calixin is that they contain sterol biosynthesis inhibitors, which prevent chitin 

formation in fimgi. Since TS affected shrimp typically died during molt, it was assumed 

that the molt-inducing hormone of shrimp (ecdysterol, a sterol) was blocked or 

inactivated by the sterol inhibitors of the fungicides. In light of the accumulated 

circumstantial evidence (see Chapter 1) and because the fimgicide theory proponents had 

claimed to have successfully induced TS through experimental exposure of shrimp to the 

two fungicides, further TEM analysis of TS infected tissues for the detection of potential 

pathogens was deemed unnecessary and not resumed until mid-1994 by Dr. Jim Brock 

(State Aquaculmre Pathologist, Honolulu, HI). Using tissues preserved in cacodylate 

buffered glutaraldehyde. Dr. Brock found that the TS infected cells did not contain 

cytoplasmic calcium phosphate crystals and that viral particles were present. Apparently, 

the cytoplasmic crystals originally observed in the UAZ samples were an artifact induced 

by the use of phosphate buffered glutaraldehyde and possibly resulting from a reaction 
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of phosphate ions with calcium ions that had accumulated within TSV infected cells. 

Interestingly, uninfected cells of the same sections did not demonstrate these cytoplasmic 

structures (Lighmer et al. 1995a). Although this fixative had been routinely used to 

prepare shrimp tissues for TEM analysis without the prior appearance of cytoplasmic 

crystals, we have since switched to using the cacodylate-bufTered solution in order to 

avoid similar problems in the future. 

Two other, then unknown and unpredictable difficulties in observing TSV within 

infected cells, is that the virus is quite small (31-32 nm, Hasson et al. 1995a) and it does 

not appear to form paracrystalline arrays, whose presence would have aided in the 

detection of the virus. Furthermore, due to the small size of the viral particles, they are 

easily mistaken for host cell ribosomes (Brock et al. 1995; 1997a). Another unforeseen 

problem was that the tissues being selected for TEM analysis displayed severe cuticular 

epithelial necrosis and nuclear pyknosis/karyorrhexis, typical of acute phase TSV 

infections. Later in situ hybridization analysis, of similarly infected tissues with TSV-

specific genomic probes, demonstrated that intact necrotic cells produce a strong TSV 

positive probe signal, whereas, viral presence is almost undetectable in severely 

necrotized cells that have already lysed (Hasson et al. 1997c, Dissertation Chapter 6). 

This suggested that the virus is rapidly dispersed after cell lysis and, thus, the tissue 

samples that were examined by TEM were not optimal for the purpose of visualizing 

TSV particles. Further contributing to the toxic etiology theory were the findings of 
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Hasson and Lightner (1993, unpublished results) that per os exposure of P. stylirostris 

to minced TSV infected shrimp carcasses did not induce any mortalities in the indicator 

shrimp. These results appeared contrary to the possibility of an infectious etiology and 

did not corroborate reports by Ecuadorian shrimp farmers that juvenile shrimp of both 

species, P. vannamei and P. stylirostris, were equally affected and vanished from TS 

inflicted nursery ponds (Lightoer, personal conmiunication). Later work by Brock et al. 

(1995) showed that P. stylirostris is highly tolerant to TSV infection and that this species 

sustains low or no mortalities when experimentally infected with TSV in the laboratory. 

It is clear how our early findings both supported and contributed to the toxic etiology 

theory in light of the other existing circumstantial evidence, which linked the fungicides 

to TS. In short, unforeseeable errors and incorrect assumptions were made on both sides 

during the first two years after TS was discovered. However, during the summer of 

1994, hard scientific evidence was produced by our lab, which demonstrated that TS was 

virus-caused (Hasson et al. 1995a). 

9.3. 1994 Taura Syndrome Workshop 

As previously mentioned, the samples brought back to Tucson from the joint 

bioassay were processed and analyzed, but no pathodiagnostic TS lesions were found. As 

the international TS workshop was scheduled to be held at the University of Arizona 

within two weeks after my return from Ecuador, I called the ftmgicide theory proponents 
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and explained that we had no hard histological evidence from our joint bioassay to 

support their theory and to bring representative slides from their previous studies. 

Uncertain if the fungicide theory proponent representatives had brought 

histological evidence to the TS Workshop to support their theory or not, I presented the 

few (12 in total) joint bioassay samples in our possession, which contained single foci 

of cuticular epithelial necrosis. Although the lesions were not diagnostic for TS, I was 

asked to present our findings and vainly hoped that the similarity of these lesions to those 

induced by TS would, at least, partially save our Ecuadorian guests some embarrassment. 

Although the circumstantial evidence in favor of the fimgicide theory was strong, I 

believed they had misinterpreted the histological results of their smdies and did not want 

to see insult added to injury. In the end, our joint bioassay evidence was correctly 

deemed inconclusive due to both the focal and non-specific natore of the lesions (TS 

causes severe multifocal to diffuse lesions during acute phase infection) as well as the 

presence of other unrelated diseases. Although the fungicide theory proponent 

representatives presented their histological findings at the workshop, it was not possible 

to discern if they contained TS lesions or not due to the poor quality of their 

photomicrographs. At the close of the TS workshop, the general conclusion of the 

participants was that, although it appeared that the fungicides were the most likely cause, 

no clear evidence supporting a toxic etiology for TS existed and further studies were 

needed. Although a formal letter was drafted by die Workshop participants to the 
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Ecuadorian government recommending an immediate moratorium on the use of sterol 

biosynthesis inhibiting fungicides in the Guayas River basin pending further TS 

investigations, what collaborative relationship had existed between the fungicide theory 

proponents and our lab, abruptly ended with this meeting. 

Four months after the TS Workshop meeting and, coincidentally, during the same 

time period that TS outbreaks occurred for the first time on U.S. soil (Oahu, Hawaii, 

Brocket al. 1995), the U.S. Environmental Protection Agency (EPA) began a 13 day TS 

fact-finding mission in Ecuador with the goal of offering technical assistance to the 

Ecuadorian government at the request of the U.S. State Department and Inter-American 

bank (EPA Reconnaissance Team, 1994). The bottom line conclusion arrived at by the 

EPA was identical to that resulting from the TS Workshop and is as follows: " there 

is not a clear cause and effect relationship between the identified fungicides. Tilt 

(propicanizole) and Calixin (Tridemorph), and the observed shrimp production failures. 

However, more scientific work in this area needs to be conducted". Included among the 

many recommendations made by the EPA to resolve the TS etiology question were the 

suggestions to repeat the fungicide exposure studies using SPF P. vannamei test shrimp 

and to per os challenge SPF P. vannamei test shrimp with frozen, TS-positive shrimp 

tissues. These smdies were conducted by Enriquez et al. (1995) in Ecuador during 1995 

and are discussed in a later section. 
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Prior to our publication that TS had a viral etiology in 1995 (Hasson et al. 

1995a), this information was released to members of the Ecuadorian shrimp industry and 

the smdy fulfilling the criteria of River's postulates for TSV was presented at the 1995 

World Aquaculture Society (WAS) meeting held in San Diego. Although I was not 

scheduled to speak during this meeting, the conference organizers felt that our findings 

were important enough to warrant a time slot for the presentation. In both cases, I 

delivered the information believing that it would be welcomed in Ecuador and, together 

with the corroborating findings of Dr. Brock, would provoke the implementation of 

management strategies to contain and combat this viral problem now that the true 

etiology of the disease was known. Much to our surprise, the fimgicide theory proponents 

rejected a viral etiology, not withstanding our irrefutable evidence. The reason for this 

unexpected reaction became clear when we learned that sometime during late 1993 or 

early 1994 (probably just prior to or shortly after the ill-fated joint bioassay in Ecuador), 

a multimillion dollar law suit was filed in a Florida court by a U.S. law firm, which 

represented the fungicide theory proponents together with a growing number of other 

Ecuadorian shrimp companies. The suit claimed damages against the manufacturers of 

Tilt and Calixin, the company contracted to spray the banana plantations and the U.S. 

fhiit company which purchased bananas from the plantations that were using these 

fungicides in Ecuador. The lawsuit was primarily based on the misinterpreted bioassay 
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and histological findings of the fimgicide theory proponents, as well as other 

circumstantial evidence described in the introduction of this dissertation. 

During the 1995 WAS meeting, the fimgicide theory proponents presented their 

arguments in support of their theory. Again, they insisted that exposure of P. vannamei 

test shrimp to Tilt and Calixin induced the histological lesions typical of namrally 

occurring TS disease. They admitted to the existence of a new virus, which they felt had 

been inappropriately named Taura Syndrome Virus (TSV) as TS disease was clearly due 

to fungicide toxicity. As a result, they renamed the viral agent Cuticular Epithelial 

Necrosis Virus (CENV) and explained, that, although this new virus induced Taura 

Syndrome-like lesions, it had not been present in Ecuador prior to 1994. Accordingly, 

the shrimp epizootics experienced in Ecuador during 1992 and 1993 were, again, due to 

fimgicide toxicity. This argument was successfully countered by the fact that the viral 

isolate, used in our study to fulfill River's postulates for TSV, had originated from 

infected shrimp that were collected in Ecuador during 1993, one year prior to the 

admitted appearance of the virus by the fimgicide theory proponents. With the advent of 

in situ hybridization detection of TSV using virus-specific gene probes, we later 

demonstrated that TSV was present in preserved P. vannamei samples that had been 

collected in Ecuador just a few months after the first TS outbreaks were recognized in 

mid-1992 (Hasson et al. 1997a, Dissertation Chapter 
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Near the end of the 1995 WAS conference, members of the law firm representing 

the fungicide theory proponents met with Dr. Lightner and offered to finance all of our 

TS research for an unspecified amovmt of time as long as we did not publish our findings 

until the lawsuit was resolved. After the WAS conference, the same proposition was 

again made to Dr. Lightner by one of the fungicide theory proponent's lawyers during 

a phone conversation (Lightner, personal communication). These direct attempts to buy 

our silence were turned down by Dr. Lighmer and, in so doing, our position on the 

etiology issue was clearly defined. 

Prior to 1994, our lab had maintained an excellent working relationship with the 

Ecuadorian shrimp farming industry that was mutually beneficial. We had numerous 

technical assistance agreements with this industry, consistent attendance of our annual 

shrimp pathology short course by both Ecuadorian students and scientists, and received 

a steady flow of diagnostic case work from this country. However, after the TS 

workshop during early 1994, the case work began to dwindle, no representatives from 

Ecuador attended our simmier course and technical assistance agreements were not 

renewed. This was due, in part, to the fact that many of our previous clients were forced 

out of business due to TSV-caused losses. However, after the 1995 WAS meeting, 

virtually all contact between the Ecuadorian shrimp industry and our lab had ceased. 

Apparently, the fungicide theory proponents were actively and successfiilly recruiting 

other Ecuadorian shrimp producers to join them as plaintiffs in the lawsuit and they were 
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to refrain from having any contact with our lab. 

9.5. 1995 Third Ecuadorian Aquacuiture Congress 

In late 1995, the Third Annual Ecuadorian Aquacuiture Congress was held in 

Guayaquil and an entire day of the conference was dedicated to the topic of TS. Dr. 

Lightner was invited to participate in the meeting, but could not attend due to a schedule 

conflict and I went in his place. I was informed by several friendly sources before and 

during the conference that most Ecuadorian shrimp farmers generally believed that TS 

was virus-caused, but that they still supported the lawsuit in order to recover some of 

their losses. I was assured that the lawsuit did not imply that our research and laboratory 

diagnostic services were no longer credible. However, the papers presented at the 

meeting suggested that the influence exerted by the fungicide theory proponents extended 

greatly beyond that of the shrimp farmers who had been recruited to participate in the 

lawsuit. 

The day that was dedicated to presentations on TS at the Ecuadorian conference 

contained a series of talks by the fungicide theory proponents that were primarily 

editorials or pro-fungicide etiology arguments without hard evidence. The final pro-

fungicide theory presentation that I attended discussed the histological aspects of TS, 

again, without presenting any scientific data to support their latest claims. The talk 
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differed from that wliich was presented at the 1995 WAS meeting in San Diego in that 

they introduced the idea that they had recently discovered a rickettsial disease of the 

cuticular epithelium, which, like the virus (CENV or TSV), caused TS-like histological 

lesions. However, as in San Diego, the speaker emphasized that the true cause of Taura 

Syndrome was fimgicide toxicity and that the cuticular epithelial lesions induced by both 

the viral and rickettsial agents (dubbed NIEC, Necrosis Infeccioso del Epiteleo Cuticular) 

were easily confused with those caused by the fungicides. The methodology used to 

discover this so-called new pathogen was through light microscopic analysis of sections 

prepared with Steiner and Steiner's silver stain. Steiner's is a non-specific stain, which 

tints cellular membranes. It is not only problematic to correctly stain tissue sections with 

Steiner's, but histological diagnosis of rickettsial infections within Steiner's stained 

tissues is extremely difficult without the aid of a similarly prepared positive control 

section for comparison. This is due to the staining of normal cellular organelles and 

phagocytized particles by Steiner's, which can be easily misinterpreted for intracellular 

bacteria. The photomicrographs of Steiner stained histological sections that were 

displayed were, in my opinion, unconvincing. The low magnification electronmicrographs 

that followed were poorly focused and did not illustrate any discemable rickettsia either. 

However, in contrast to all of the previous photomicrographs, the high magnification 

electronmicrographs that followed were sharply in focus and illustrated a rickettsial-like 

organism that was morphologically identical to the causative agent of Necrotizing 

Hepatopancreatitis (NHP). I doubted the authenticity of these excellent photographs 
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because of the poor quality of all the others. I asked whether Koch's postulates had been 

fulfilled and the negative response was followed by no further discussion. It is worth 

mentioning that, to date, there is no documentation in the literature of any known 

rickettsia or rickettsia-like organisms to infect the cuticular epithelial cells of marine 

penaeid shrimp and those rickettsial infections that have been reported occur in the 

hepatopancreatic connective tissues and tubule epithelial cells of the hepatopancreas, 

connective tissues, hemocytes, fixed phagocytes and subcutis (Fryer et al. 1994; Bower 

et al. 1996; Jory 1997). 

During the afternoon session of the TS presentations, an official of the Mexican 

government presented his laboratory's findings on what they called a TS-like virus, 

which was plaguing many of Mexico's shrimp farms at the time. The lesion morphology, 

clinical signs, and viral particle characteristics that he presented were all identical to that 

of TSV. However, contrary to our reported findings of TSV in Mexico, which we had 

confirmed by routine histology, bioassay and gene probe analysis, the Mexican official 

refiised to identify the disease with TSV. During a later break in the meeting, he 

apologized to me by saying that they knew the disease problem in Mexico was due to 

TSV, however, he was not permitted to publicly admit this for two reasons. First, 

because of the fear that once the problem was known by the Mexican banking 

community, loans to the shrimp aquaculture sector would be cut off. Secondly, due to 

both Ecuadorian holdings in Mexico and direct political pressure from the Ecuadorian 
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government, his agency had been instructed not to identify the problem as being TSV-

caused. 

The only Ecuadorian presentation in support of a viral etiology was conducted by 

Dr. Lucia Carrera (Enriquez et al. 1995). Dr. Carrera was a veterinarian from Spain 

who was living in Ecuador and working for CENAIM (Centre Nacional de Acuicultura 

e Investigaciones Marinas), Ecuador's principle marine biological research and training 

center, which specializes in marine shrimp. Dr. Carrera's presentation covered a series 

of TS bioassays that she and her colleagues had conducted at CENAIM. The studies had 

been partially financed by UNESCO and closely followed the reconmiendations made in 

the EPA Reconnaissance Team report (1994). A brief summary of their findings follows. 

Exposure of SPF P. vannamei to a waterbome mixture of Tilt and Calixin did not induce 

the histological lesions, clinical signs nor the mortalities typical of naturally occurring 

TS disease. Secondly, per os exposure of SPF P. vannamei to minced, TS diseased tissue 

successfully induced the disease, with all of its characteristics, in the SPF test shrimp. 

The combined findings of the two smdies suggested that TS was caused by an infectious 

agent and not the fungicides. Finally, per os exposure of SPF P. vannamei test shrimp 

to TS diseased tissue, in the presence of Tilt and Calixin contaminated water, resulted 

in lower mortalities than in test shrimp fed diseased tissue alone. The results of this final 

bioassay were interpreted as suggesting that the two fungicides acted as an 

immunostimulant, which invoked some degree of protection against the "infectious agent" 
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being transmitted by the ingested tissue, and were directly responsible for the improved 

survivals among this treatment group. Although no mention was made of the possibility 

that the infectious agent was a virus, the message that fungicide exposure had no effect 

on the test shrimp was clear. 

The last session of the TS presentations was an open forum, which permitted the 

audience the opportunity to question three of the fungicide theory proponents and the 

three of us who had espoused that TS was virus-caused (Dr. Jim Brock, Dr. Roland 

Laramore and myself). Sitting together on the stage, we were each required to give a five 

minute speech summarizing our position on the etiology of TS before the questions 

began. I started with a brief summary of the River's postulates and TSV gene probe work 

that I had discussed during my presentation earlier that morning and then reminded the 

audience of the presentations covering the TSV work conducted in Mexico as well as the 

findings presented by Dr. Carrera. The question period began with die representative 

from the Mexican government refuting my synopsis of his work by restating that their 

problem was caused by a TS-like virus and not TSV. He was followed by Dr. Carrera, 

who stated that I was putting too much weight on CENAIM's TS findings, which they 

considered preliminary pending confirmation by additional work. Thereafter, the majority 

of the people who asked questions were obviously fungicide theory proponents whose 

questions were primarily directed at me in a successful ploy to keep the focus of 

discussion on both the fimgicides and environmental issues, but not the virus or possible 
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management strategies. 

During tlie closure ceremony on the final day of the conference, the moderators 

of each of the daily sessions were called upon to summarize the highlights of the 

presentations they had monitored. The speech given by the gentlemen who monitored the 

TS session was extremely revealing and began with the following quote; "I am a 

foreigner living and working in Ecuador, I have an Ecuadorian wife and child and I wish 

to continue living and working in Ecuador." He then went on to praise the good works 

of the fungicide theory proponents, neglecting to mention anything significant about the 

viral etiology evidence. This same sort of performance was repeated by both the 

Ecuadorian Minister of Agriculture during his closing speech, as well as by the local 

newspapers that were covering the TS story. The existence and significance of TSV was 

downplayed or completely ignored. My only consolation was that the moderator of the 

TS session later leaned over and apologized to me for the speech he had given. I hope 

that my reply to him conveyed that I understood his cncumstances. 

I was later approached by a North American who was currently one of the 

executives of a major shrimp company in Ecuador and an active member of the 

Ecuadorian Shrimp Growers Association. Surprisingly, he asked that Dr. Lighmer and 

I accept his apology for the way in which the TS session had been conducted and wanted 

us to know that he had neither prior knowledge of or involvement in the events that had 
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been orchestrated by the fungicide theory proponents. This gesture was overshadowed 

by the fact that not one of the six or seven hundred people in attendance at the 

conference either questioned or voiced any opposition to the fungicide theory proponents 

during the TS session. 

9.6. 1996 WAS Bangkok Meeting and UNESCO Taura Syndrome Meeting 

The year 1996 began with the annual WAS meeting being held in Bangkok, 

Thailand. None of the members of our lab were able to attend, however. Dr. Brock did 

present an overview paper discussing the TS controversy and the scientific evidence 

supporting a viral etiology. Representative members of the fungicide theory proponent 

group also presented at the meeting. One of their talks discussed the role of biogenic 

amines in TS and, inevitably, concluded that the disease did not have an infectious, but 

a toxic etiology (Intriago et al. 1996). Their second talk described the presence and 

deleterious effects of the rickettsial-like disease, known as NHP (Necrotizing 

Hepatopancreatitis), in Ecuadorian shrimp farms. As you will recall, this was one of the 

four infectious diseases that we diagnosed in the samples from the joint 1993 

UAZ/fungicide theory proponent bioassay and its presence in Ecuador was old news to 

the scientific community. However, as no one had yet described the Ecuadorian strain 

of NHP, the presentation was justified. However, as occurred during the 1995 

Ecuadorian Aquaculture Congress, the presentation moved away from NHP and centered 
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on the topic of a cuticular epithelial rickettsial disease (NIEC), which caused TS-like 

lesions (Dr. Jim Brock, personal communication). It is worth pointing out that no 

mention of this organism was made in the presenter's abstract (Jimenez et al. 1996) nor 

in the paper included within the published proceedings (Jimenez et al. 1997) and that 

information disclosing this "new rickettsial disease" still remains unpublished in a peer 

reviewed journal. 

Near the end of summer 1996, our group was invited to Guayaquil to participate 

in a closed door session on TS that was requested by the Ecuadorian government and was 

to be arbitrated by members of UNESCO. The objective was to bring an end to the TS 

controversy by having UNESCO representatives review the conflicting evidence and pass 

judgement on the TS etiology question. I was granted permission by Dr. Lightoer to 

attend the meeting, which I believed would finally end the 3 year conflict. A few days 

after I had formally agreed to attend this meeting, I was shocked to leam that Dr. Lucia 

Carrera had been murdered in Ecuador, reportedly the victim of a random act of drunken 

violence perpetrated by an individual who was later captured and incarcerated. We 

learned that Dr. Carrera had been directly involved in organizing this meeting and was 

scheduled to present CENAIM's TS findings. The suspicion of foul play led the invited 

viral etiology guest speakers to recommend to UNESCO that the meeting be held in a 

neutral country for reasons of personal safety. UNESCO responded by canceling the 

meeting. 
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Our lab was strongly represented at the 1997 WAS meeting held in Seattle, WA. 

Dr. Lightner gave an overview paper on the four major viral diseases adversely affecting 

shrimp aquaculture in the Western (TSV, IHHNV) and Eastern (YHV, WSSV) 

hemispheres, I presented my research findings on TSV lesion development and we had 

two posters concerning the topic of TSV. Contrary to the meetings of the previous two 

years, although the fungicide theory proponents were physically present, none of them 

participated in the meeting. Two months later, we attended another WAS sponsored 

conference, which was held in Tegucigalpa, Honduras. As in Seattle, all of the papers 

presented on TS indicated widespread acceptance that the disease was virus-caused and, 

surprisingly, none of the usual fimgicide theory proponents were present. Later that 

week, we learned that the longstanding lawsuit had been dismissed from court in the U.S. 

Although there was still a chance that the suit would be refiled elsewhere, for the time 

being, it appeared that the 3 year controversy had finally come to an end. Ironically, the 

lawsuit was dismissed because the issue was deemed an Ecuadorian problem, which 

should be tried in an Ecuadorian court, and not because of its scientific failings. 
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9.8. Summary 

During 1993 and 1994, it was estimated that the Ecuadorian shrimp industry lost 

-200 to 400 million dollars per year due to TSV epizootics (Lightoer 1995b, 1996b; 

Rosenberry 1994b). Individual losses incurred by the other 12 countries where farmed 

shrimp were subsequently infected by the disease are only partially known. However, the 

overall cost to the industry between 1992 to 1996 has been conservatively estimated at 

between 1.3 to 2 billion dollars. This figure does not take into account the adverse 

economic effects suffered by the industries and small businesses that service and are 

dependent upon the shrimp farming industry for their income, nor the hardships 

experienced by shrimp farm and hatchery employees who were suddenly left jobless. 

The early investigations of the difficult problem of TS etiology were severely 

handicapped by a small group of individuals who were inadequately trained in pathologic 

diagnosis and in the scientific method. This led to misinterpretation of histological 

material and inconclusive fungicide toxicity studies. The filing of a lawsuit against the 

manufacturers of the fungicides and its promise of recovering huge monetary losses, 

increased the bias towards the fungicide etiology theory with a progression from bad 

science to no science on the part of the fungicide theory proponents. In late 1994, Hasson 

et al. (1995a) demonstrated that TS was virus-caused through fulfillment of the criteria 

of River's posmlates. In mid-1995, in situ hybridization analysis of archived samples of 
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Ecuadorian P. vannamei, dating from some of the earliest known TS outbreaks that had 

occurred in 1992, established that these shrimp were infected with TSV (Hasson et al. 

1995b, Dissertation Chapter 8). These findings, in conjimction with the fact that TS 

continued to spread into fimgicide-free shrimp growing regions, should have been 

sufficient to end the etiology question. Instead of honorably acknowledging this evidence 

and withdrawing their lawsuit, the fungicide theory proponents remained steadfast in their 

clauns, which resulted in the series of imprecedented and unfortunate events previously 

described. Although the fungicide theory proponent's principle lawsuit was dismissed in 

the U.S. during early 1997, similar lawsuits are presently pending in Ecuadorian courts. 

Thankfully, it appears that most of the TSV infected shrimp growing countries are 

obtaining satisfactory harvest results due to a variety of different management strategies 

that were implemented over the past two years. However, the question remains as to how 

the shrimp industry will respond to similar pathogen-caused disasters in the future. 

During the past three years, at least six known outbreaks of White Spot Syndrome 

virus have occurred within the U.S. (Lightner et a. 1997b,c; Richman et al. 1997; 

Lighmer, personal communication). The pathogenicity and lethality of this penaeid 

shrimp baculovirus surpasses that of TSV and has wreaked havoc in the Asian shrimp 

industry for the past six years. With it's entry into the U.S., the spread of WSSV 

throughout the Americas is no longer viewed as a remote possibility, but simply a matter 

of time. Taken together with the probability that other, as yet, undiscovered pathogens 
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will negatively impact shrimp farming in the future, the shrimp industry is in need of 

diagnostic laboratories staffed by well trained and competent pathologists. For the past 

eight years, the University of Arizona has offered an intensive two week summer course, 

which focuses on shrimp histopathology and disease diagnosis. The course serves the 

purpose of presenting a general overview of the known shrimp diseases, but does not 

graduate qualified pathologists. Upon completion of the course, some of our smdents 

have gone on to set up successM private histopathology labs, whereas the diagnostic 

work of others has resulted in disastrous consequences for their clientele. Ironically, a 

case in point is that of the fimgicide theory proponents, whose sole diagnostician received 

the extent of his pathology training during one of our 2 week courses. This is not to 

imply that excellent shrimp diagnostic facilities and capable pathologists do not exist in 

Latin America, but their numbers are few due to the lack of standardized educational 

programs in this field of study. Many of the better labs are headed by certified 

veterinarians, who now apply their skills and knowledge of animal disease to the 

diagnosis and treatment of marine shrimp. However, competency as a pathologist cannot 

be measured by the type or number of advanced degrees one holds in other fields of 

smdy. One solution to this problem would be for an international organization, such as 

the World Aquaculture Society, to organize and administer certification exams for 

potential shrimp pathologists. This is a common practice in veterinary and clinical 

medicine, but does not yet exist in our field. In light of the TS etiology fiasco and the 

steady growth of shrimp farming worldwide, some form of quality control or certification 
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program for diagnosticians is long overdue and could only serve to benefit the industry. 

In speaking with Mexican shrimp farmers during 1995 and 1996 when TSV 

epizootics were causing severe losses to this country's shrimp industry, it was clear that 

they were not sure if their shrimp were dying from a virus, agricultural pesticides or 

rickettsial infections. The pity of it was that some of the TSV epizootics that had 

occurred in Mexico induced low grade instead of typically severe cumulative mortalities. 

This suggested that, perhaps, some environmental factor, management practice, 

difference in viral strain or difference in shrimp strains may exist, which could be 

exploited to reduce TSV-induced losses. However, due to the political atmosphere and 

confusion that had been fostered by the fungicide theory proponents, collaborative work 

could not be initiated to investigate these different possibilities. 

Due to the misinformation spread by the fungicide theory proponents in an attempt 

to discredit our findings and strengthen their lawsuit, they succeeded in maintaining a 

state of confusion concerning the causative nature of TS throughout much of Latin 

America. In so doing, they directly influenced and contributed to the inaction taken on 

the part of many TSV infected countries to contain the virus and develop management 

strategies aimed at reducing TSV-caused shrimp losses. To date, no evidence 

substantiating the fungicide etiology theory has been forthcoming. This is because it is 

not scientifically sound and does not hold up to peer review scrutiny. 
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On a positive note, the TS etiology controversy appears to have stimulated 

increased communication between shrimp farmers, taught the importance and necessity 

of reliable histological analysis for disease diagnosis and, most importantiy, has made 

shrimp farmers in the Americas conscientious of the fragile and unpredictable nature of 

the marine environment on which their livelihoods depend. If nothing else, the fimgicide 

scare served to focus attention on marine pollutants and the necessity of protecting this 

precious resource. 
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DISSERTATION SUMMARY 

During the summer of 1992, Taura Syndrome disease (TS) was first recognized 

among juvenile Penaeus vannamei populations that were being reared in shrimp farms 

located in the province of Guayas, Ecuador (Jimenez 1992). Within a week of disease 

onset, affected populations of P. vannamei would typically suffer cumulative mortalities 

ranging from 75 to 95% (Lightoer et al. 1994, 1995a,b; Wigglesworth et al. 1994; Brock 

et al. 1995). Histologically, the disease was found to induce severe, acute phase necrosis 

and nuclear pyknosis within regions of the shrimp that contained cuticular epithelial cells 

and produced a morphologically distinct lesion type (Jimenez et al. 1992; Lighmer et al. 

1994, 1995a; Brock et al. 1995). The etiology of TS was originally attributed to the toxic 

effects of two agricultural banana plant fungicides which were conomercially sold under 

the trade names of Tilt and Calixin (Lightoer et al. 1994). This toxic etiology hypothesis 

was based on both circumstantial evidence and claims by a group of investigators in 

Ecuador that they had experimentally induced TS in P. vannamei test shrimp through 

waterbome and per os exposure to a mixture of the two fungicides (Jimenez 1992, 

1995a,b; Bamiol 1995a,b; Brock et al. 1995, 1997a; Brock 1997b; Intriago et al. 

1995a,b, 1996, 1997a,b; Lightner et al. 1994). 
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During the remainder of 1992 and throughout 1993, TS rapidly spread and 

devastated the majority of the P. vannamei shrimp farms of the Guayas province. This 

region of Ecuador was, and remains, the heart of the Ecuadorian shrimp aquaculture 

industry and cumulative shrimp losses due the disease were estimated at —600 million 

dollars after 1.5 years of successive epizootics (Lightoer 1995b). By the end of 1993, TS 

had been diagnosed and had induced severe epizootics in P. vannamei farms located in 

both southern Colombia and northern Peru. During 1994, the geographic range of the 

disease expanded further and now included single or multiple shrimp farming sites within 

Brazil, EI Salvador, Guatemala, Honduras, and the U.S. (Lighmer 1995b, 1996a,b; 

Lighmer et al. 1997a,c; Brock et al. 1995, 1997a; Hasson et al. 1997a). 

Two years after the recognition of TS disease in P. vannamei farms in Ecuador, 

the combination of the spread of the disease into regions where neither Tilt nor Calixin 

were being utilized and the failure of at least five separate attempts by independent 

laboratories to induce TS through fiingicide exposure, indicated that the true etiology of 

the disease was still unknown and that TS represented a serious threat to the shrimp 

farming industry of the western hemisphere (Lighmer et al. 1994; Brock et al. 1995, 

1997a; Hasson et al. 1995a). This combination of factors, together with the recent 

outbreak of TS in U.S. shrimp facilities, spurred increased efforts on the part of the U.S. 

shrimp aquaculture conmiunity to investigate and resolve the true causative nature of this 

problem. The TS investigations described in this dissertation were begun in earnest 
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during niid-1994 and the following summarizes the principle findings that were obtained. 

Initial TS bioassay results revealed that the disease could be experimentally 

induced in SPF P. vannamei within 5 to 6 d utilizing the per os infectivity method of 

Brock et al. (1995). Further investigation demonstrated that the agent was filterable, 

smaller than 0.45 nm, present in both naturally and experimentally diseased shrimp, 

transmissible by intramuscular injection of TS-diseased shrimp tissue homogenates, 

capable of inducing disease at low concentrations, and highly resistant to freezing and 

thawing. Collectively, these findings suggested that the TS etiological agent was 

infectious and not toxic (Chapter 2). 

Application of a viral purification protocol, originally designed for the isolation 

of IHHNV by Bonami et al. (1990), led to the isolation of icosahedral viral particles 

from P. vannamei with either experimentally induced or naturally occurring TS disease. 

The average virion diameter was —30 nm, which did not correspond to any known 

penaeid shrimp virus and suggested that this was a previously undescribed pathogen. This 

finding further strengthened the growing evidence that TS had an infectious etiology 

(Chapter 3). Based on the isolation of this new virus and TEM observations by Brock of 

the same particles within the cytoplasm of TS infected cuticular epithelial cells, the virus 

was named Taura Syndrome virus or TSV (Brock et al. 1995). 
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To demonstrate that the newly discovered TSV was, in fact, the causative agent 

of TS, three sequential bioassays were conducted to fulfill the criteria of River's 

postulates (Chapter 4). This study definitively showed that injection of purified, cell free 

extracts of TSV into SPF P. vannamei test shrimp induced the clinical signs, cumulative 

mortalities and histological lesions associated with naturally occurring TSV, that the virus 

was recoverable from experimentally and naturally infected shrimp and suggested that 

lymphoid organ spheroid (LOS) development was induced by the disease in P. vannamei 

that had survived an acute phase TSV infection. Limited physicochemical analysis of 

CsCl gradient purified TSV showed that the virus was non-enveloped, had icosahedral 

symmetry, a -31-32 nm diameter, and a buoyant density of 1.337 g/ml. These traits 

resulted in TSV being tentatively classified as either a member of the Nodaviridae or 

Picomaviradae. Furthermore, TSV isolates recovered fi-om P. vannamei collected during 

naturally occurring TS epizootics in both Ecuador and Hawaii demonstrated the same 

physicochemical characteristics, suggesting that a single TSV strain, or very similar 

strains of the virus, were responsible for the TS epizootics that were continuing to spread 

in South America. As a result of the identification of a viral etiology for TS, realistic 

strategies could now be tested and implemented with the intent of preventing or reducing 

the effects of the disease. 

By mid-1995, Man et al. (in press) had developed a pair of TSV-specific, 

digoxigenin labeled, cDNA genomic probes for the detection of the virus using in situ 
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hybridization. However, analysis of Davidson's preserved, TSV-infected P. vannamei 

led to the discovery that long term fixation resulted in false negative TSV in situ 

hybridization results. This problem was hypothesized to be caused by acid hydrolysis of 

the TSV RNA genome, directly resulting from the acidity (pH 3.5-4) of Davidson's 

fixative. This diagnostic problem was resolved by developing a neutral pH fixative, 

named R-F (RNA-firiendly) fixative, whose efficacy was demonstrated through direct 

comparisons with Davidson's preserved P. vannamei by both routine H&E histology and 

in situ hybridization analysis (Chapter 5). This study demonstrated that fixative induced 

acid hydrolysis was a plausible reason for the occurrence of false negative TSV in situ 

assay results in Davidson's preserved, TSV-infected P. vannamei; that the problem of 

false negative TSV gene probe results did not occur when infected shrimp were preserved 

with R-F fixative; that RNase-free conditions were not necessary for conducting gene 

probe analyses of TSV infected shrimp, thus, greatly simplifying the TSV in situ assay 

protocol and, as a result, made possible the marketing of a TSV in situ hybridization kit 

for industry use. 

The application of routine H&E histological methods and TSV in situ 

hybridization analysis of time course sampled, experimentally infected P. vannamei led 

to a better understanding and redefining of the TSV disease cycle. The cycle was found 

to consist of three overlapping, yet, distinct infection phases; a peracute to acute phase 

of -7 d duration, a brief transition phase of —4-5 d duration and a long term, cyclic 
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chronic phase of at least 8 months duration. The histological, gene probe, and clinical 

characteristics of each of the three infection phases were thoroughly described (Chapter 

6). Some of the more significant findings of this study included illustrated descriptions 

of the following: 

a) Three stages of TSV-induced, acute phase cuticular epithelial necrosis, which are 

observable by light microscopy. 

b) A previously unrecognized, histologically and clinically distinct intermediate 

infection phase, named the transition phase, which represents a progression from 

an acute phase TSV infection to a state of TSV chronicity. 

c) Three distinct gene probe signal patterns within the lymphoid organ of TSV-

infected P. vannamei as they pass from the transition into the chronic phase 

infection of the disease cycle. 

d) Three histologically distinct LOS morphotypes and their sequential 

morphogenesis from one form into the next. The collective findings of this portion 6 

the smdy strongly suggests that the fimction of LOSs is to sequester and 

eliminate foreign material. Gene probe analysis findings indicated that TSV can 

replicate within LOS cells, resulting in a persistent chronic TSV infection. 
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e) Confirmation that LOSs are not only a direct result of TSV infection, but the 

hallmark of a TSV chronic phase infection. 

f) Ectopic LOSs appear to form de novo, suggesting that they do not metastasize 

from the LO to other tissues. Their appearance in tissues distant from the LO 

may be the result of activated proliferative resident phagocytes or circulating 

phagocytes that migrate to the site of infection. 

g) Further demonstration of the efficacy of R-F fixative, which was used to preserve 

all of the shrimp collected in the first of the two bioassays performed during this 

investigation. 

h) The cyclic patterns of both the overall TSV disease cycle and the chronic 

infection phase were described. Significantly, these findings, together with the 

results of previously published literamre concerning the ultrastructure and 

physiology of the LO, ectopic spheroids and LOSs, strongly suggest that LO 

tubules consist of a unique phagocytic cell type, which transform, proliferate and 

form LOSs in response to chronic viral infections or abiotic substances that 

cannot be encapsulated. The characteristics of this response in shrimp appears 

analogous to foreign body-type giant cell development in manmials during a 

chronic inflammatory reaction and, as first suggested by Kondo et al. (1994), may 
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represent an important and previously unexplored branch of the immunodefense 

system of penaeid shrimp. 

Two TSV infectivity studies were conducted to analyze the susceptibility of two 

endemic American (P. setiferus and P. aztecus) and one Asian penaeid species {P. 

chinensis) to the virus (Chapter 7). Initial histological findings suggested that both P. 

aztecus and P. chinensis can be infected by TSV at the juvenile stage, but that juvenile 

P. setiferus appear to be TSV resistant. Subsequent in situ hybridization confirmed the 

presence of TSV in chronically infected P. aztecus and demonstrated the occurrence of 

both acute and chronic phase TSV infections in P. chinensis. The significance of this 

study was that it provided evidence that one endemic American shrimp species and one 

important Asian aquaculture species are both susceptible to TSV and can serve as 

potential carriers of the disease. The conclusion that P. setiferus were TSV resistant was 

later refuted by Overstreet et al. (1997) and reasons for these conflicting findings were 

presented. Review of the literature concerning TSV susceptibility of penaeid shrimp 

indicates that emphasis has been primarily placed on examining test shrimp for the 

presence of acute phase infections, but not of long term chronic TSV infections. 

Representative archived P. vannamei samples (117 total), that were either 

collected by or submitted to the UAZ between 1992 to 1996 from 13 different countries, 

were analyzed by in situ hybridization to confirm the presence of TSV within 



300 

pathodiagnostic acute phase histological lesions (Chapter 8). This investigation showed 

that TSV was present in one to 10 of the one to 15 samples analyzed from each country, 

thus, confirming the original histological diagnosis of TSV infection in these samples. 

The false negative in situ hybridization results obtained for 35% of the samples assayed 

were attributed to overfixation with Davidson's fixative and consequent acid hydrolysis 

of TSV genomic RNA within pathodiagnostic TSV lesions. The results of this survey 

both assisted in documenting the spread and current distribution of TSV over a five year 

period and definitively established the presence of TSV within TS diseased shrimp 

originating from Ecuador when the disease was first recognized in 1992. These findings 

further strengthened the existing evidence that TS has a viral and not a toxic etiology and 

indicate that either a single TSV strain or very similar strains of the same virus are 

responsible for the TSV epizootics that have been documented in the Americas since 

1992. 

A review of the circumstances which initiated and perpemated the Taura 

Syndrome etiology controversy was presented (Chapter 9). The belief that TS could be 

experimentally induced in P. vannamei through fungicide exposure (Tilt and Calixin) was 

due to the failure on the part of the investigators who promoted this theory to utilize 

specific pathogen free P. vannamei test shrimp in their toxicity experiments, the 

introduction of multiple treatment variables in these experiments, and misinterpretation 

of the histological findings. Together with other circumstantial evidence supporting a 
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toxic etiology for TS at the time, the fimgicide etiology theory proponents felt justified 

in filing a major lawsuit (— $I billion in damages) against both the manufactures and 

groups utilizing these agricultural fimgicides in order to recover TS-caused monetary 

losses. Subsequent definitive scientific evidence that TS was virus-caused was ignored 

by the fungicide etiology theory proponents who were in favor of pursuing the lawsuit. 

This set of circumstances led to the ongoing TS etiology controversy, contributed to the 

occurrence of the present TSV panzootic in the Americas, and emphasizes the need for 

both certified shrimp disease laboratories and diagnosticians. 

Although the spread of TSV through the western hemisphere has been 

economically disastrous for many of the affected regions, from an academic standpoint 

this viral pathogen is an ideal model for smdying the progression of and shrimp host 

response to a viral infection. The advantages that TSV possesses over other crustacean 

pathogens is that infection is easily induced under laboratory conditions within a 1 to 3 

d period by either per os or injection mediated exposure; both gene probe and RT-PCR 

techniques have been developed for TSV detection; the acute phase of the disease runs 

its course within a week's time, and, in general, 15-20% of the affected population 

survives, permitting analysis of the long term chronic infection that ensues. 

Following the discovery of TSV, the goal of the remaining series of studies that 

were described herein was to uncover as much practical information as possible 
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concerning the threat and nature of TSV so that this shrimp viral disease could be rapidly 

diagnosed and managed, if not prevented. Some of the research questions that were 

generated from the present TSV investigations include the following: 

1. Why are cuticular epithelial cells not susceptible to TSV in chronically infected 

P. vannameil Is this resistance to infection the result of a physiological change 

that has occurred in these cells or that of an immune mediated response? Can this 

immunity be artificially induced in previously unexposed (TSV naive) shrimp 

populations? 

2. Are LOSs composed of activated phagocytic cells and what is the regulatory 

mechanism that results in their transformation and evenmal disappearance? Along 

this same line of thought, how do LOS cells eliminate TSV? 

3. Do chronically infected P. vannamei populations recover from the disease or 

remain persistently infected for life? If the outcome does vary from one shrimp 

to another as hypothesized, what are the factors which permit some shrimp to 

recover from a chronic TSV infection while others remain infected? 

4. Do different strains of TSV exist? 

5. Are there additional vectors or hosts of TSV? 
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6. Do penaeid species that appear resistant to TSV develop chronic phase infections? 

Although the work described in this dissertation has contributed to our further 

understanding of TSV, as indicated by the above series of research questions, much more 

still remains to be explored and learned about this shrimp pathogen as well as its host. 
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ABSTRACT: Taura syndrome (TSt was hypothesized to be caused by a virus and proven expenmen-
taily by meeting the cntena of Rivers' postulates. This was accomplished through 3 senal in/ecnviry 
studies utilizing spedhc-pathogen-free Penaeus vaxwamei as the host (or the TS virus ITSV). Test ani
mals were in/ected via intramuscular mjection with either a crude or cell-free suspension of the virus. 
The source of the crude homogenate was TSV-infected Ecuadonan P vannamet. which were collected 
during August 1993. Both types of viral uiocuJa caused ciunuiative mortalities of 73 to 87% among 
treatment groups. Diagnosis of TS was based on histological analysis of monbund shrunp collected dur-
uig each experiment All monbund shnmp. collected between 1 to 3 d post-mjection. demonstrated 
moderate to severe pathognomomc TS lesions. Both gross external and histological lesions, character
istic of chrome phase TS. were observed m 25 to 100% of all survivors. Virions with a buoyant density 
ot approximately 1.337 g ml'*, icosahedral morphology, and a diameter of 31 to 32 nm. charactensucs 
which suggest that TSV is a member of either the Picomavindae or Nodavindae. were recovered Irom 
the dead shnmp collected durmg each of the 3 infectivity studies. Comparisons of TSV samples isolated 
from naturally infected P vannamei from Hawau (USA) and Ecuador indicate that the same virus was 
responsible for the TS epizooDcs m both of these shrunp growmg regions. 

KEY WORDS: Taura syndrome • Taura syndrome virus • TSV • Rivers' postulates • Penaeid shrunp 

INTRODUCTION 

Since its discovery tn 1992. determination of the 
etiology of Taura syndrome (TS) has eluded investiga
tors. The disease often causes mortalities of 80 to 85 % 
among infected, pond-reared Penaeus vannaxnej 
populauons lUghtner et al. 1994). "Per os" transnus-
sion studies conducted with Penaeus stybrostns have 
shown this species to be TS resistant. However, it is 
presently unknown if a carrier state exists in this 
species (Brock et al. 1995). TS lesions are primarily 
observed in the cuUcular epithelium and subcuticular 
connective tissues of the gills, mouth, esophagus, 
stomach, tiindgut. appendages and general body of 
P. vannamei when examined usmg routine histological 

*E-mai]: aquapath@cat.anzDna.edu 
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methods (Ughtner et al. 1995). Typical TS lesions are 
characterized by necrosis and nuclear pyknosis of the 
cuticular epithelium and subcutis within the afore-
menuoned target organs. Such lesions often appear 
•peppered' or 'buckshot' laden due to the presence of 
karyorrhectic nuclei and multiple, variably stainmg 
and sized, intracytoplasmic inclusion bodies (Lightner 
et al. 1995). Survivors of both naturally occurring and 
induced TS epizootics typically have grossly visible, 
multifocal melaruzed lesions of the cuticle and histo
logical lesions characterized by hemocytic infiltration 
and melanization (Brock et al. 1995, Lightner et al. 
1995). At present, the only reliable and accepted 
method for makmg a definitive diagnosis of TS ts 
through histological demonstration of pathognomonic 
lesions (Brock et al. 1995, Ughmer et al. 1995). 

The history, economic importance, clinical signs, 
histopathology, and lesion ultrastructure of TS have 
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been reviewed in recent publications (Brock et al. 1993. 
Lightner et al. 1995). The geographical range of TS has 
expanded to include most of the sbnmp growing areas 
of Ecuador, as well as single or multiple sites in Peru, 
Colombia. Honduras. Brazil. Hawaii (USA), Guatemala. 
Mexico, and part of the southeastern United States. 
The disease was first recognized in samples from 
shrimp farms located at the mouth of the Taura River 
in the province of Guayas. Ecuador (Jimenez 1992. 
Ughmer et al. 1994. Wigglesworth 1994. Brock et al. 
1995). The cause of TS was initially attributed to fungi-
ade toxicity resulting from the use of 2 systemic 
fungicides. Tilt® (Ciba-Geigy) and Calixin® (BASF), on 
banana plantations adjacent to affected shrimp farms 
(Lighmer et al. 1994. Wigglesworth 1994). However, 
these fungicides do not mduce histological lesions 
charactenstjc of TS when experimentally administered 
to P. vannamei by injection, 'per os' or through water-
borne exposure (Lightner et al. 1994. Wigglesworth 
1994. Brock et al. 1995). In addition. TS epizootics of 
pond-reared P. vannamei have been reported and con
firmed m areas where bananas are not grown and nei
ther of these chermcals is employed (Wigglesworth 
1994. Brock et al. 1995). A recent static renewal study 
demonstrated that Benlate O.D.® (DuPont). another 
commonly used fungiade m TS affected regions, was 
also found to be incapable of mducing TS in vajt-
namei after continuous waterbome exposure to 3 dif
ferent concentrauons (1, 0.1. and 0.01 ppm) for a period 
of 30 d (Lightner et al. m press). 

Durmg summer 1994. 'per os" infectivity studies, 
onginally conducted m Hawau and later repeated at 
the University of Arizona's .Aquaculture Pathology-
Center lU.^ZAPCl. demonstrated that TS could be m-
duced m specific-pathogen-free (SPF) Penaeus van
namei after 5 to 6 d of feedmg on minced. TS infected 
tissue (Brock et al. I995|. Analysis of TS infected 
shnmp tissues by transmission electron microscopy 
(TEMi showed the presence of putative cytoplasimc 
wus particles (Brock et al. 1995. Lightner & Redman 
unpubl. data). Further evidence that TS was virus-
caused was demonstrated at UA2APC during a subse
quent mfectivity study in which SPF P. vannamei were 
intramuscularly injected with diluted filtrates (10". 10'-. 
10"'') prepared from previously frozen. TS posiuve 
shnmp carcasses. This study demonstrated that the TS 
agent was smaller than 0.45 yra. transmissible by in
jection. resistant to freezing and thawing, and highly 
virulent at both low and high concentrations (Brock et 
al. 1995). Icosahedral viral particles (approx. 31 nm m 
diameter) were isolated from carcasses of moribimd 
and dead shnmp collected dunng the study utilizmg 
a modified IHHNV (mfectious hypodermal and 
hematopoietic necrosis virus! purification protocol 
(Bonami et al. 1990) and obser\'ed by TEM (Hasson un

publ. data). Based on these findings. Brock et al. (1995) 
hypothesized that the disease was virus mduced. that 
the virvis was possibly a member of the family No-
davindae. and named the agent Taura syndrome virus 
(TSV). Further studies at UAZAPC showed that nu
merous virus particles demonstrating the same size 
and shape could be isolated and purified from natu
rally infected P. vaaaamei onginatmg from both 
Ecuador and Hawaii (J. R. Bonami unpubL). To confirm 
the viral etiology of TS. 3 sequential mfectivity bioas-
says were conducted at UAZAPC with the objective of 
fulfilling the crltena of Rivers' postulates (Rivers 1937). 
This report describes those studies, which demonstrate 
that TS is caused by a newly recognized penaeid virus. 

MATERIALS AND METHODS 

Experimental shrimp. Approximately 5000 SPF 
Penaeus vannamei postlarvae (Mexican stram) were 
air-shipped to the UA21APC. from the Oceamc Insutute. 
Hawau. The SPF stock was developed as previously de
scribed by Wyban et al. (1992) and Pruder et al. (1995). 
The postlarvae were reared using a modification of the 
methods reported by Williams et al. (1992) until they 
reached the early juvenile stage (1.75 to 2.1 g). In each of 
the 3 bioassays performed. 2 to 4 glass aquana (901 each) 
were stocked with 15 shnmp tank"'. and shnmp were ac
climated for 24 h pnor to being injected. Each bioassay 
was conducted for a penod of 4 to 5 d. durmg which the 
shnmp were fed a daily ration of Rangen No. 4 pellet at 
a rate of 4 of the overall biomass divided between 2 
feedings. 

All aquana were disinfected 1200 ppm chlonne from 
calaum hypochlonte) for 2 d pnor to use. tresh-water 
rmsed. and filled with 85.5 1 of prepared sea water 
(Forty Fathoms Bio-Crystals Mannemix. .Manne Enter
prises International. Inc.. Baltimore. MD. USA|. Water 
chemistnes/condiUons were momtored on Days 0. 2. 
and 4 durmg each of the 3 studies and had the follow
ing values or ranges: pH 8.5, 24 ppt saUnity. 25 to 28''C. 
0.25 to 0.5 mg T' total ammonia, and 0.10 to 0.25 mg 1"' 
mtnte. Each aquanum was mdividually outfitted with 
two 11 biological filters contaimng crushed oyster shell 
and granular acuvated carbon, with water recircula
tion provided by an airlift to each filter. Aeration was 
generated by an electnc air pump and delivered to 
each tank by 3 teflon air Unes (2 for the airlifts and 1 for 
water aeration). Control aquana were physically iso
lated from the virus exposed treatment aquana and the 
top of each was sealed with a plastic sheet to contain 
aerosols. Individual nets and pipettes (for shnmp and 
water sampUng) were assigned to each aquanum to 
maintain sanitary condiuons and prevent cross-conta-
mmation. 
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Inoculum preparation and injection. A crude homo-
genate of TS infected Pendeus vannamei. viral suspen
sions purified by sucrose density gradient centrifuga-
uon. and appropriate control solutions (described 
below) were utilized as inoctila in 3 sequential bioas-
says (Fig. 1). Test shrimp were intramuscularly injected 
(0.01 or 0.02 ml) m the third abdominal segment using 
a sterile 1 ml tuberculin syringe. Each member of a 
given control or treatment group received only 1 injec
tion of inoculum of the same lot of either control solu
tion or viral preparation. Injected shnmp were tem
porarily transferred to a bucket containing 10 1 of 
siphoned aquarium water with aeration. The treated 
shrimp were thus maintained until all 15 experimental 
shnmp had been mjected and were then returned to 

Histolog>- and TS\' recovery as in Bioassays 1 and 2. 

Injection of SPF E vannamei with purified 
TSV inoculum (TSV-3) from Bioassay 2 and one 

control inoculum (SPF control). 

BIOASSAY 3 

Moribund shrimp: Histological confinnation of TS. 
Dead shnmp: Frozen, homogemzed. and TSV 

purifi^ utilizing sucrose gradient; 

Injection of SPF E vannamei with punfied 
TSV inoculum ;TS\'-2i from Bioassay 1 and rwo 

control mocuia (2°o saline and SPF control). 

- TEM confirmanon of virus. 
- Inocuium preparanon (TSV-3). 

BIOASSAV 

Moribund shrimp: Histological confirmation of TS. 
Dead shnmp; Frozen, homogenized, and TSV 

punfied utilizing; 

•A.) Sucrose gradient; 
- TEM confirmation of virus. 
- Inoculum preparation (T5\'-2). - Buoyant densit>'. 

Ecuadorian FenaeuS vannamei with TS. 
Preparation of a crude homogenate (TSV-1) 

and injection of SPF £. vannamei. 

BIOASSAY 1 

B) CsQ gradient; 
- Pamcle size. 

Fig. I. Expenmentdl design of 3 sequenUal mfectivity studies 
performed with the objecuve of demonstratmg a vual euo-
logy (or Taura syndrome utilizmg specific-pathogen-free (SPF1 

Penaeus vannamei as the host for the virus 

their aquarium along with the siphoned water. Prior to 
imtiatmg each of the 3 bioassays. S to 10 randomly 
selected shrimp were preserved in Davidson's AFA fix
ative and their SPF status verified by routine histology 
foUowmg standard methods (Bell & Lightner 1988). 
Bioassay I: uijecOoa of a crude bomogenate: A crude 

inoculum (TSV-l) was prepared from frozen (-BO'C), 
TS positive Penaeus vannamei. which ongmated from 
a shnmp farm in Ecuador and were collected during 
August 1993. Approximately 60 g of shrimp heads was 
nunced. diluted 1:3 with sterile TN buffer (0.02 M Tns-
Ha. 0.4 M NaQ. pH 7.4) and homogenized (Fig. 1). The 
homogenate was clarified by 3 low-speed centiifuga-
tion steps [746 x g (lo min). 4302 x g (10 mm), and 
30590 X g (30 mm)) and the resulting supernatant 
diluted 1:10 with sterile 2% saline (NaCl) to produce a 
crude inoculum. Thirty SPF P. vannamei (1.75 g avg 
wt) were mjected with 0.01 ml of inocuium (TSV-11 and 
then equally distributed between two 90 I aquana. The 
shrimp were observed twice daily for disease signs 
over 4 d. at which time the expenment was terminated 
and survivors harvested. During the course of the 
study, moribund shnmp and all survivors at termi
nation were preserved m Davidson's fixative (Bell & 
Lightner 1988). Records of daily mortalities and obser
vations were mamtamed. Any shnmp found dead were 
frozen (-80°C) and later processed for virus recovery 
and preparation of the treatment moculum used m 
Bioassay 2. 
Bioassay 2: first preparation and injection of puri

fied rims: .Approximately 20 g of TS infected Penaeus 
vannamei carcasses, collected between 24 to 72 h post-
mjecUon (PI) dunng Bioassay 1. was mmced and 
homogenized with 14 ml TN buffer (Fig. t|. Viral 
punficauon. utilizing a 15 to 40"b (w/w) linear sucrose 
density gradient, was conducted according to the 
methods of Bonami et al. (1990) with shght modifica-
uons. Bnefly. all ultracentnfugation steps were per
formed at 233 000 * g for the penods descnbed m 
Bonami et al. (1990). Fractions containing vinons from 
the sucrose density gradient were isolated using an 
Auto Densi-flow fracuon collector (Buchler Instru
ments!. diluted with TN buffer, and pooled. The sus
pension was centnfuged at 233 000 x g for 3.5 h to pel
let the virus, which was then resuspended in 150 ul of 
TN buffer, and the presence of virus was confirmed by 
TEM. Approximately 120 jil of the final viral suspen
sion was saved for CsCl gradient centnfugauon to fur
ther punfy the virus. To prepare the treatment inocu
lum (TSV-2). 10 pi of the viral suspension was diluted 
1:100 with stenle 2% sahne m distilled water. 

Two different control inocula were prepared. A 
homogenate of umnfected shnmp was prepared using 
approximately 20 g of SPF Penaeus vannamei car
casses and then processed for virus recovery- as de
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scribed above (Bonami et al. 1990). The resulting virus-
free and cell-free suspension was diluted 1;100 with 
sterile 2% saline and is hereafter referred to as the SPF 
control inoculum. The second control inoculum con
sisted of heat sterilized 2% saline m distilled water. 

A total of 60 SPF Penaeus vannamei (1.80 g avg wt) 
were each injected with 0.02 ml of either the purified 
virus inoculum (ISV-2J or 1 of the 2 control inoctild. 
Thirty shrimp were injected virith the purified virus in
oculum and divided equally between two 90 I aquaria. 
In like fashion. 15 shrimp were injected with 2% saline 
and another 15 with the SPF control inoculum. Control 
groups were maintained in separate aquana. Observa
tions. preservation of dead shrimp by freezing, and fix-
ation'of moribund shrimp were performed as described 
for Bioassay 1. The experiment was termmated on Day 
5 PI and survivors were preserved for histological 
analysis using Davidson's fixative. 
Bioassay 3: second preparation and injection of 

puTiOed virus: Approximately 17 g of shnmp car
casses. collected 24 to 72 h PI during Bioassay 2. was 
homogenized with 12 ml TN buffer and processed 
for virus isolation and purification as previously de
scribed. As in Bioassay 2. 10 pi of the final viral sus
pension was diluted 1:100 with 2% saline to prepare a 
cell-free viral moculum (TSV-3). Samples of the undi
luted suspension were analyzed by TEM to confirm 
virus presence. 

Fifteen SPF Penaeus vannamei (2.1 g avg wt) were 
mjected with 0.02 ml of the treatment inoculum as in 
the previous experiment (Fig. 1). To serve as controls. 
15 shrimp were injected with the SPF control inoculum 
prepared and used in Bioassay 2. The expenment was 
conducted for 5 d with all samplings conducted as 
before. The resultmg dead treatment shnmp (12.5 g) 
were processed for virus recovery and analyzed by 
TEM foUowang the same protocol previously described. 

Hlstopathology. All moribund shnmp sampled were 
injected wth Davidson's fixative, processed, and 
stained with hematoxylin and eosm-phloxme (H&E) 
usmg routine histological methods of Bell & Lightner 
(1988). Sections were analyzed by hght microscopy for 
the presence of pathognomonic TS lesions within the 
organs and tissues normally affected by the disease. 
Lesion seventy', graded from 1 to 4. was determined 
accordmg to a modified grading method of Bell & 
Lightner (1987). TS-negative shnmp received a 
seventy grade of 0: mild, focal TS lesions were 
assigned a grade of 1; moderate, locally extensive to 
multifocal lesions received a grade of 2 to 3; and 
severe, multifocal to diffuse TS lesions were assigned a 
grade of 4. As lesion seventy often varied between 
tissue types within a given sample, the overall seventy 
grade per shrimp was based on its most severely 
affected organ or tissue. 

Buoyant density of vinis particles. Approximately 
120 (il of viral suspension, which was purified by 
sucrose density gradient centrifugation prior to Bioas
say 2 (Fig. 1). was overlaid onto a 25 to 50% CsQ den
sity gradient (w/w) and centrifuged at 233 000 x g- for 
16 h. Fractions contaimng vinons from the CsCL gradi
ent were processed and the virus isolated following the 
protocol of Bonami et al. (1990). The resulting pelleted 
virus was resuspended in 100 (il of TN buffer and the 
presence of virus particles confirmed by TEM. Deter-
nunation of the refractive index and buoyant density of 
the virus was done following the methods of Bonami et 
al. (1990). 

Transmission electron microscopy. Sucrose- and 
CsO-gradient-purified viral suspensions were examined 
by TEM to estiiblish the presence of virions and deter
mine whether other pathogens or cells were present m 
the preparations. Viral suspensions were negatively 
stained on carbon-collodion-coated. 300 mesh copper 
grids utilizing 2% phosphotungsnc aad (pH 6.5) as de
scribed by Bonami et al. (1990). All observations were 
made usmg either a Hitachi H-500 or a Jeoul lOOCX 
transmission electron microscope. Two suspensions of 
CsCl-gradient-purified virions, one prepared from the 
resultant dead treatment shnmp of Bioassay 1 (Ecua-
donan isolate) and another from naturally infected 
Hawaiian Penaeus vannamei (Hawaiian isolate), were 
negatively stained as previously descnbed and photo
graphed at a magnification of approximately 26 000 x. A 
stock solution of tobacco mosaic \Trus (TMV. 10 mg ml"') 
was diluted I;20 with TN buffer and mixed 4:1 with the 
Hawaiian virus sample pnor to preparing the gnd. Ad
dition of TMV to the Hawauan virus sample served as an 
mtemal size reference as TMV has a Icnowm diameter of 
18 nm (Francki et al. 1991). A 3 mm diffraction grating 
repUca. contairung 2160 parallel hnes mm ' (no. 606. Ted 
Pella. Inc.. Redding. CA. USA), was also photographed 
at approximately 26 000 x and used to calculate the 
actual magnification of each electron micrograph. Thirty 
viral parucles per geographic isolate were measured to 
detenmne both the mean values and ranges of the 
particles' maximum Ipomt to point) and mimmum (side 
to side) diameters using the corrected magnification 
value. Dimensions of the Hawauan viral isolate were also 
detemuned by comparison to TMV. 

RESLT.TS 

"Hme course of mortality 

In each bioassay. peak mortalities occurred among 
treatment shnmp. mjected with either the crude TS 
shnmp homogenate (TSV-l) or purified virus mocula 
(TSV-2 and TSV-3). withm 24 to 48 h PI and then 
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Table 1. Penaeus vannamet. Results of 3 infectivity studies summarmng daily and cumulative percentage mortalities, slinmp 
lesion seventy, and prevalence of expenmentally induced Taura syndrome (TSI in SPF juvenile shnmp. Each treatment mdi-
vidual receiv^ a single intramuscular injection of either a crude TS positive tissue bomogenate (TSV-1) or 1 of 2 cell-free viral 
suspensions fTSV-2andTSV-3|. Control mocula consisted of either stenle 2% saline or a punfied cell-free suspension made from 
SPF P. vanaamei (SPF control). All shnmp removed from the tanks (dead or moribund) were counted as mortalities. Lesion 

seventy was graded (C) from I (mild, (ocal) to 4 (severe, multifocal to dillusel 

Inoculum/Replicate Daily mortality Cumulative % No. examined by No. with TS 
Day Day Day Day Day Day mortality on H&E histology and lesion 

0 1 2 3 4 S Day 4 or 5 ino.. day sampled) seventy (G) 

Bioassay I 
TSV-l/a 0 4 4 3 0 - n/15. 73% 5. Day 0 Oof 5 

1. Day 1 1 of 1. G. 2-3 
2. Day 2 2 of 2. G; 2-4 
1. Day 4 Oof 1 

TSV-l/b 0 6 5 I 0 - 12/15. 80% 5. Day 0 0 of 5 
3. Day 1 3 of 3. G: 3-4 
I. Day 4 Oof 1 

Bioassay 2 
2% salme 0 0 0 0 0 0 0/15. 0% 8. Day 0 0 of 8 

8. Day 5 Oof 8 
SPF control 0 0 0 0 0 0 0/lS. 0% 8. Day 5 Oof 8 
TSV-2/a 0 2 7 0 2 0 11/15, 73% 1. Dav I 1 of 1. G. 3-4 

2. Day 2 2 of 2. G. 3-4 
4. Day 5 Oof 4 

TSV-2/b 0 5 5 n 0 0 12/15. 80 3. Day 1 3 of 3. G. 3-4 
2. Day 2 2 of 2. G; 3-4 
3. Day 5 O o f  5  

Bioassay 3 
SPF control 0 0 0 0 0 0 0/15. 0% 10. Day 0 Oof 10 

10. Day 5 Oof 10 
TSV-3 0 4 4 3 2 0 13/15. 87% 3. Day 1 3 of 3. G. 4 

3. Day 2 3 of 3. G. 2-4 
1. Day 3 1 of 1. G: 3 
2. Day 5 Oof 2 

rapidly declined (Table 1. Figs. 2 to 4). Cumulative 
mortalities ranged from 73 to 87 % among each treat
ment populauon. .No mortalities occurred among the 
control populations injected with either 2% saline or 
the SPF control moculum. 

Clinical and gross signs 

Clmical signs of mduced TS were characterized by 
lethargy, atactic swimming, empty midguts due to 
anorexia, opaque musculatvire. and laterally recum
bent posture just prior to death. Some of the infected 
shrimp were observed to swim to the surface, rotate 
dorsal to ventral, and sink back down to the bottom, 
where they remamed momentarily motionless. This 
behavior was repeated several times until the shnmp 
would remam immobile on the bottom with death 
ensiimg withm I to 2 h. The majonty of the dead and 
monbtmd shnmp were found to have a soft cuticle, 
suggestmg that ecdysis had occurred; however, cast 

molts were not observed in the treatment aquana. 
Upon tenmnation of each bioassay. 25 to 100"o of the 
treatment sur\wors had multifocal, melamzed cuticu-
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20 

0 2 3 1 4 

Days Poct>ln|tetion 

Fig. 2. Penaeus vannamet. Daily percentage survival of Bio
assay 1 SPF juvenile shnmp injected wath a crude homogenate 
(TSV-1) prepared from TS infected P vannaraei ongmating 

from Ecuador. TSV-l/a and TSV-I/b; treatment replicates 
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Fig. 3. Penaeus vdiuidmeL Daily percentage survival of Bio-
assay 2 SPF juvenile stinmp uiiected with either a sucrose-
gradiem-punfied TSV suspension (TSV-2) prepared from 
Bioassay I TS fatalities, a sucrose-gradient-punfied virus-free 
suspension (SPF control) prepared from SPF P. vannaniei. or 
stenle 2% saline. TSV-2a and TSV-2/b: treatment replicates. 
Percent survival curves of the SPF control and 2°i saline in
jected groups are identical (100% survival) and are repre

sented by a single horizontal line 

lar lesions identical to those seen on pond-reared 
shnnip that had survived a TS epizootic (Fig. 3a. b). In 
many instances, such shnmp were observed to com
pletely resolve these meiani2ed lesions with the next 
molt (Fig. 5c). Both the saline and/or the SPF control 
inoculum injected shrimp (Bioassays 2 and 3) behaved 
and fed normally throughout each experiment. 

(grade 2 to 4) TS lesions writhm 3 or more knovtrn target 
tissues, indudiiig the cuticular epithelium of the general 
body, appendages, gills, mouth, esophagus, stomach 
and hindgut (Table 1). The lesions were characterized 
by necrosis and nuclear pyknosis of the cuticular 
epithelial cells and subcutis. Present in these lesions 
were multiple. lightly to darkly stainmg. basophilic 
spheres of varying diameters, which were interpreted 
as intracytoplasmic inclusion bodies and karyorrhectic 
nuclei (Figs. 6 to 8). Moribund shnmp sampled within 
the first 24 h PI typically displayed severe, multifocal 
TS lesions within the gills. Mild TS lesions were noted 
within a nodule of hematopoieQc tissue located in the 
epigastric region of a few^ severely infected shnmp. 
Consistent with the declining mortality rates and 
observation of melanized external lesions, none of the 
virus exposed shnmp sampled at termination of each 
bioassay (Table 1) displayed any acnve TS lesions. 
However, chronic phase lesions, characterized by focal 
melanization and hemocytic infiltrates, were noted m 
some of the treatment survivors. Moderate to severe 
lymphoid organ lesions, charactenzed by poorly to 
highly vacuolated spheroids and similar to those 
described by Bonami et al. (1992). were commonly 
observed in treatment survivors, but absent from the 
control animals. Analysis of all control shnmp sampled 
on Day 0 and at termination (Day 3) demonstrated that 
they were not infected with TS at the inception of the 
studies and remamed free of the disease for the dura
tion of each bioassay. 

SPr Control 

TSV-2y« 

TSV-2/b 

Histopathology 

Histological analysis of monbund treatment shnmp. 
sampled on Days I to 3. revealed moderate to severe 

t o o  
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0«)rf Post*ln^cetlon 

Fig. 4. Penaeus vanaajnei. Daily percentage survival of Bio
assay 3 SPF juvenile shnmp mjected with either a sucrose-
gradient-punfied TSV suspension (TSV-31 prepared from 
Bioassay 2 TS fatalibes or a sucrose-gradient-punfied virus-
free suspension (SPF control) prepared from SPF P. vaanames 

Virus particle size and buoyant density 

TEM of the viral suspensions punfied by sucrose 
density gradient centnfugauon showed that each 
preparation was cell-free and contamed numerous 
hexagonal viral particles indicauve of cubic symmetr>' 
and icosahedral morphology. CsCl gradient centnfu
gauon of the sucrose-gradient-punfied virus, recov
ered from Bioassay 1 shnmp. produced a single 
opaque band m the gradient. Analysts of this fraction 
and that of the Hawaiian virus suspension by TEM 
revealed that both preparations contained large 
numbers of icosahedral viral particles of similar size. 
Mean values for the maximum (point to point) and 
immmum (side to side) diameters of the viral parucles 
of both samples |n = 30) were calculated based on 
magnificauon of the electron rmcrographs deternuned 
using a diffraction gratmg repUca. The Ecuadorian and 
Hawaiian viral particle diameters were equivalent in 
size, with a mean pomt to pomt length of 31 nm and a 
mean side to side length of 27 to 28 nm (Table 2. Fig. 9a 
and inset). Determination of the Hawauan virus 
particle dimensions through comparison with TMV 
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Kdison fciuM -ivntlronie in Pemi^us vanntime: 

Ftij > fVfMHiis v,inn>imfi hiv»*njl»? >hrnnp with ''Ktirrmtl that ir-' 
• h.ir.ic f.Tisfir •»! " hrtinir ;)h«iN*' TS uu Survivors ol ••xpfrimenteillv induced fS. 
I 'l .ilN»r wiih .i rr«id»* TS mortjhini rrsV-I i Nc>r.» miiltitnr.il. 
• t*'smn*» ;hi Crn.uttin.m. pi)ntI-r»*.ir*Mi >hrunp ••iin*frt»'d 'lunnti -i TS •»p»-
.;i)»»nr ' MMriil.jr l»»>nin> .»r»» •'vifj»*nt .ind -ir*- m di>-
'riiuition »tu! tpi»'.ir.in< »• *»» -hosi' Jh«* >hruTip in ..n u-} moUs 
.vttli :>rfnnin**nt mMi,irn/*'d !tJ».inns Th**s«' rimits -.VHrtr rerovHrecl trorn .m 
M|«j.triijru « oiu.uninrf vjruN-ini»*' tffi v.i/jn»un»*i -.vni'-h h^d Mirviv^ft ih»» inl»'rtmn 

tnfl v.»T»' r»»rov«'nn<i 

iFiff ')b\ show»^fi <1 t!i({er»»nrM to the vrilnes 
del€^rmint*fl iisinq th»? ciittnictjon 'jniiiny renlirrt. uiili/-
incj this mi^thiirl shovvorl (ii.irni»ters to h*» sLicjhtlv larcjer. 
vvifh a mean poinf to point lencjth ot V2, nm and a medn 
sule to sjfle ien^jth ni 28 nm iTablo 2|. R»^irficliv<? index 
anctlysis ostrtblish»Hl the Ecuadorian virus <is havinq an 
dvpraqe buoyant dtinsity ot 1.337 (j ml 

DISCUSSION" 

The n^sults ot pri»vinus siuches ronfiurteri in Hawaii 
.jnd at :h«? L'AZAPC diinnq summ^^r w^rt; Mifj-
'jestive .>t in intiTtioiis ^^tioiocjy tor TS .inci attnbuiod 

rht» liispdse :o vi putative virai agent 
named Taura Nvncirome virtis TSVl 
iRrnrk al '.SNdi T1u» purpose "t *he 
[jresent stutiv '.vas 'o determuu* ;I 
TS :ms a vir<d ^^tioingv bv tuitiMmeni 

the '"ntena ot Rivers postulates 
whirh stipulate that :h».' viral auent 
must he is»)laietl inmi it «liseasi^<l ho^t 
anii that it he rapal^ln ot •nducimt the 
same disease, with .*11 ot its i:haract^^r-
istics. when injected m 'he U)rm ot a 
cell-tree extr.ict :nlo a di>erise-;reM 
member iK the same >peries i Rivers 
I937j. Tile series ot experiments 
reptirted her»- dHmonstrai»^d that viral 
particles rtm hi* isf>l,jf»^jl .tnil punned 
trtjm Penaer/s '/an/Ja/ne/. with either 
natur<dlv accpiin'd or »»xpenmentdllv 
induced TS mte<*tions In each bn>as-
say. the successtul isoldtit)n and 
preparatum ot rMll-tren vir»il suspen-
sums was conlirmed i)v TEN-l m«ilv-
sis. Observations ot virions with 
iri)sahedr«d sh«ipe. atliamelerol M to 
32 nm. and approximatt.» buovant 
density ot I 337 tj ml o)rr«»borat^' 
the prevtousK reported tindincfs ol 
Brork et .ti. ilMMSi Furthermon' 
mtrcunusridar inieitujn oi .-eiNtree 
siisptensions ot th*? isoiattnl virus 
indiireil both rhniral sujn?» and 
histopatholocpcai lesions that .ire 
rhiirarterisfir of TS iFuis. "> fo HI PfC-
.iculi? to .tcule phase TS lesmns wi»re 
miluced within 3 or ni<>r»» -)t tlie 
known orrjan systems tarqeted hv TS 
m .ill rnoribund -shrimp sampleti 
within 72 h PI tlurincj each hioassav. 
with lesion severities rHnfpnq Imm 
fjracle 2 to 4 (Table li Peak nmrtali-
ti»?s occurrerl wifhin -48 h Pf cimonq a)J 

virus-exposeti treatment cjroups and cumulative mor
talities. ranrjiny from 73 to 87 were simil»ir m mati-
nitudo to mortality figures reported trnm shnmp tarms 
that had expenenced TS epizootics iVVicjglesworth 
IM94. Brock et ai. 1995. Lightner al. 19ft5i. That iht; 
TS agent was unaffected by the inherent dilution fac
tor. caused by senal passage through 3 groups of test 
shnmp. indicates that it replicated in the exposed hosts 
and. thus, rules out the possibility of a toxic etiology 
Complete tibsence of mortalities or histological lesions 
among the control shnmp (Bioassays 2 and 3). injected 
with stenle saline or with the acellular. virus-free sus
pension prepared from SPF shnmp. provides further 
evidence that the viral agent Ciiuses the disease Based 
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Figs. 6 to 8. Penaeus vamiajnei. Histological sections o( juvenile shnmp vnth TS showing lesions which are pathognomomc for 
the disease and present a charactenstic 'peppered' or 'buckshot' appearance. Fig. 6. Gill lamellae displaying (a) experimentally 
mduced and |bl naturally acquired peracute to acute TS lesions of the cuticular epithelium. Affected foa contain necrotic cuuc-
ular epithelial cells. The predominant features of the lesions are the multiple, pale to darldy stainmg. often sphencal inclusions 
of varying diameters larrowheads). that are pyknodc and karyorrhecQc nuclei and cytoplasmic inclusion boidies. Hematoxylin 
and eosin. Scale bars = 20 lun. Fig. 7. Sagittal sections of the esophagus displaymg (a| experimentally mduced and (b| naturally 
acquired peracute to acute TS lesions of the cuticular epithelium. Normal cuUcular epithelium (N| is adjacent to locally extensive 
TS lesions [upper left half of (a|. upper nght half of (b||. L; Esophagus lumen. Hematoxylin and eosm. Scale bars - 50 |im. 
Fig. 8. Higher magnification photomicrographs of TS lesions m tbe cuQcular epithelium of pieopods from siinmp with (a| exper
imentally mduced or (b| naturally acquired TS disease. Both sections illustrate the charactenstic 'peppered' or 'buclcshot' ap
pearance of TS lesions. At this magnificauon. pylcnotic nuclei (Pi and hypertrophied nuclei (Hi. as well as multiple, variably stam-

ing. cytoplasmic mclusions (I) are readily apparent. Hematoxylin and eosm. Scale bars = 16 um 

on our present findings, we conclude that a viral etiol
ogy for TS has been firmly established and that the 
naming of the agent as Taura syndrome virus by Brock 
et al. (1995) is justified. Furthermore, demonstration of 
a viral etiology helps to explain the rapid spread of TS 
into shnmp growing regions (i.e. Hawaii, Colombia, 
southeastern U.S.. Mexico and 2 hatcheries in 
Ecuadorl where fungiades, previously suspected as 
causing the disease, were not in use. As the viral iso
lates from Hawaii and Ecuador were shown to be iden
tical in size and morphology, we believe that the same 
virus is responsible for the TS epizootics that have 
occurred throughout tr.° .Americas. One of the possible 
reasons for the rapid c. emination of TSV is the highly 
stable nature of the virus. This is evidenced by the 
recovery of viable, infectious virions from dead shrimp 
shovmig advanced post-mortem change, the virus' 
ability to withstand the physical stresses mctirred dur
ing viral purification, and its capaaty to endure long-
term freezing and multiple freeze/thaw cycles (the 
TSV positive carcasses from Ecuador had been frozen 
for approximately I yr prior to bemg used in Bioassay 
I). Although experimentally induced and naturally 
occurring TSV epizootics result m excessive losses, 
cumulative mortalities among affected P. vannamei 
populations do not appear to greatly 
exceed 85 to 90 "/i. This suggests that a 
small percentage of each population is 
resistant to infecuon, or that they are 
capable of recovermg from the disease. 
The atmbutes or characteristics which 
either con/er resistance or enable some 
shnmp to recover from the disease are 
unknown and require further investiga
tion. 

Treatment shnmp with experimentally 
mduced TS were observed to be lethargic, 
anorexic, soft bodied, and immobile pnor 
to death, clinical signs which are similar to 
those of naturally infected farm-raised 
Penaeus vannamei (Brock et al. 1995). 
However, reddening of the abdomen and 

tail fan. commonly seen in naturally occurring 
TS infections and attributed to infection mediated 
expansion of the chromatophores, was not observed in 
our laboratory studies. We believe that this condition 
may be linked to the diet of pond-reared shrimp and 
the incorporation of carotenoids resulting, directly or 
indirectly, from the consumption of phytoplankton. 
Absence of such natural foods in our experimental sys
tem and the feedmg of a pelleted ration probably 
account for the lack of chromatophore pigmentation 
and reddening of the tail in our experimentally 
induced infections. 

The observation of moribund, TS infected animals 
swimnung slowly to the tank's surface, rotatmg dorsal 
to ventral, and smking back to the bottom, has not 
been previously reported for tfus disease. This behav
ior IS a climcal sign of IHHNV infected Penaeus 
stylirostns (Ughmer et al. 1983); however. IHHNV 
lesions were not detected in any of the moribund treat
ment shnmp or those surviving to termmation. .As a 
result. It appears that this behavior may also be charac
teristic of temunal TS infections m Penaeus vannamei. 

In all 3 bioassays. chronic phase TS lesions among 25 
to 100% of the treatment survivors were essenually 
identical, both grossly and histologically, to those seen 

Table 2. Comparison of the maximum (pomt to pomtl and minimum iside to 
sidel parucle diameters between Ecuadonan and Hawauan virus isolates 
In = 30i as determined by TEM ol negatively stained (2°o PTAl. CsCl 

gradient-punfied samples. TMV: tobacco mosaic virus 

Lengths Diffraction gratmg replica method Itimi TMV method inmi 
measured Hawaiian virus Ecuadonan virus Hawauan virus 

Pomt to pomt 
Min 30 30 31 
Max 34 34 34 
Mean 31 31 32 

Side to side 
Mm 26 24 26 
Max 30 30 31 
Mean 28 27 28 
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Fki Trctn.snu>sn»n »*l>'riron :iucftKir»i[)hs illii>tr(UincT f''>CI-<irii<li»*nt-piiriliH(l viriil isoiat*^ troiii both Ertujclor and Hawdu 
i«j iMsi'ti EruiMiorum vii.ti isoldUr Nhovvinti nian»'r«uiN :iill .met d li'W ••mpK i<irio\v>t uosdhcdrdl vir»»I pttrlicifs -.vith <t ciwttnctMr 
'»! i! N' ill nin 'lii rUjvv.iiuiii viinl isnUil** riiixi'it wjth tob.jct«. ciiosuir virus st.un tll " • {T-Vi Si cil»' = fti niii 

• ri nin. Ih»'Ml nm 

ftiiinnu f)nncl-r^•clf^•(^ >hrimp which hcicl survivott <t 
iictliircti TS •?pu«HJtir Bti^-d «>n hisiDltKiiCtil observ»i-
tiun?> «)t Pntittfiis wtnruinu^i with 'Jxp^Tinu'nUillv in-
fjiirpfl ulp .inri rJunnjf piutM* TS (lis«*»ist.v ir appvar^ 
fluil TS iesion fMthuciHiieMN cinci ri'nii?>M<»n .tninnrj Mir-
vivors tollnw a ^el pdttern P«*r*icijtt* to <icute ph*!S»* 
npcrniir :«ici ot rutiriiiar fpithelutl rolls .ir*' romovi'd. 
pcissihlv l)v orruUilimi fieniolyinph and innltralinti 
iienuirvtes ont»-rinci thf lesion, tollowini by m»?Uinin 
cleposuion wtlhin tht? (iamacjed aroa Dunnu this 
proc ess. thK* altecleti »?pithelial cell lavnr rec|eneratt?s 
ami nieiani/.H(i tuci are ^Jilher resorbed or cast ntt with 
tlu' riiticU? during the next molt Bdst?d -m this pro
posed course ol the disease process, we now believe 
rijdl chronic phase TS lesions are mtiicative ol a re
covery phase <md the onset ot tissue reqeneration in 
survivors ot a TS epr/oolic. 

The t3bservdtiun ol nuld TS lesions wuhin the 
hemato[)oietic nodules iHEOi ol a few severeiv in
jected treatment shrimp iias not been previously 
reported tor naturally occurrina cases t)l TS inleclion. 
We believe that these lesions may be a consequence 
of mjection-mduced disease, occurring in shrimp that 

.ir<' hitihU susCMpiible *») TS .mti prnbabk oi :iunnr 
Mcrnincfincf' 

Mndfratf to M'ver»' Ivmphnid ora.in iesumN 
• >r)s»'rved ;n :hf :ii,i|t>nlv «il tr*'atrn*'nt survivors •): .'tich 
bio.»ss,i\ hut wer»' not dei»«cTe<i in th»' control shrimp 
Tliese U'smriN w«>r»* cnar«icterize<i by poorlv Uy hujhlv 
vacuolated sph».'rt»ids ot thi» tvpe associated with •« 
knt>wn p»'naeui viral tiisi?ases. specilicadv those 
( .iused i)v Ivinphoirl .)rgan vacuolr/aiion virus (LO\'V, 
Bonanu -'t ai vellow head virus lYHV. Boon-
var*iip»din et <il iM'-JJi. rhabdoviriis ot penaeid shrimp 
iRPS N'.tdala >}l al U)^>2l. and lyniphoidal parvovirus 
I LP\ Ov. »'ns ••t til 11 Siuitnp Nurvivmg a TS tnlec-
tion niav be sulticieiUlv weakened to permit activation 
ot iidditional viral mtections. such as LO\'\'. which was 
reported liy Jimenez to he commonly tound ui 
shrimp with naturally occurrinrj TS mlections How
ever. another possible explanalion is that the morpho
logical changes seen in the lymphoid organ (LG? are a 
result ot phagocytosis and clectrmg ol TS\' particles, 
spent hemocytes. and necrotic cell debris from the 
heniolymph by the LO cells Thus, spheroid lormation 
may be directly caused by TS\' or it may be represen
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tative of a generalized physiological response mounted 
by the host during the final stages of a TS infection. 
Once a TSV-specific gene probe is deveioped. in situ 
hybridization analysis of these shrimp should help to 
clarify the nature of these lesions. 

Waterbome exposure and "per os' transmission, re
sulting from cannibalism of infected carcasses by previ
ously healthy shrimp, appear to be among the natural 
modes of TSV transmission (Brock et al. 1995. Brock un-
publ. data). The aquatic insect Tricboconxa reticulata 
(commonly known as the water boatman) may also be 
invotved in the spread and transmission of TSV. Reports 
of excessive numbers of these insects in TSV infected 
shrimp ponds have been received from Ecuador. Hon
duras. and Colombia's Pacific coast (D. Garriques. El 
Rosario. Ecuador, pers. cotmn.. Wigglesworth. Ecuad-
minsa. Ecuador, pers. comm.. R. Bador. Acuanal. Colom
bia, pers. comm.) and observed by 2 of the present 
authors (D. V. Ughtner & J. A. Brock). Preliminary stud
ies conducted by some of the shrimp growers in Ecuador 
(D. Gamques & J. Wigglesworth pers. comm.) indicate 
that elimination of these insects prevents the onset of TS 
epizootics, suggesting that T. reticulata may serve as a 
source or vector of TSV. Confirmation of such an epi-
zoouological pathway could hasten the development of 
management strategies for controlling ttus disease. 

Based on the limited physiochemical information 
presently known about this mtracytoplasmic virus. 
TSV shows charactensucs that justify its tentative 
placement within either the Picomavindae or the 
-Vodavindae (Francki et al. 19911. Further studies are 
under way to better define the structure, genomic 
make-up. pathogenesis, and host range of TSV. The 
possibility that asymptomatic survivors of a TS epi
zootic are earners of or latently mfected with TSV and 
capable of vertically transmitting the virus are topics 
wbuch urgently need to be investigated. To this end. 
work on both a TSV polyclonal antibody and TSV-
specific gene probes are in progress. Development of 
these potenually sensitive diagnostic tools may permit 
rapid detection of TSV and further our understandmg 
of this new viral pathogen ot penaeid shnmp. 
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Abstract 

In situ hybridiziitton analysis ol" shrimp histological sections, utilizing Taur.i syndrome virus (TSV) specific cDNA 
probes, is the most sensitive diagnostic technique presently available for the detection ol'ihis penaeid shrimp viral disease. 
However, false negative genomic probe results are obtained Irequently from samples of Pacific white shrimp, Paiueux 
uaimaniL'i. that have been preserved with Davidson's AFA (acetic acid, Ibrmaldehyde. alcohol) fixative and that, 
otherwise, demonstrate pathognomonic TSV lesions by routine histology. This problem was linked to prolonged storage 
of shrimp samples in Davidson's fixative, which is highly acidic (pH ~ 3.5-4). Degradation ol'TSV genomic RNA 
was hypothesized to be due to either fixative- induced acid hydrolysis and/or acidophilic endogenous ribonuclease 
activity. Routine H and E histology and in situ hybridization analyses were conducted on equal numbers of TSV infected 
P. ounnaniei juveniles that were preserved for four different lime periods (2, 6. 10 and 14 days) with either Davidson's 
fixative or a new. near neutral (pH ~ 6.0-7.0). RNA-friendly fixative (R-F) that was developed by the authors. In 
situ hybridization iissays were conducted with and without RNase precautions and all of the samples tested contained 
moderate to severe TSV lesions by routine histology. Davidson's preserved samples produced weak TSV probe signals 
after 2 days fixation, but did not react with the probes in those samples that were stored for > 6 days in the fixative. 
In contrast. TSV was detectable by gene probe in all of the time treatment .samples preserved with the new R.-F fixative. 
Equivalent in situ hybridization results were obtained when the same samples were analyzed in the absence of RNase-free 
conditions. These findings suggest that TSV RNA is degraded when samples arc stored in an acidic fixative, such as 
Davidson's, for more than 2 days and that this problem can be prevented through preservation of shrimp samples with 
R-F fixative. The efficacy of this new fixative is demonstrated and the results show that RNase-free conditions are not 
necessary for conducting TSV in situ hybridization analyses. O 1997 Elsevier Science B.V. 

Keywords: Taura syndrome virus; Viral RNA; Fixation; In situ hybridization; Acid hydrolysis; Ribonucleases 
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I. (ntroduction 

Taurd syndrome virus (TSV) is presently the 
most economiailly detrimental viral pathogen to 
atTect farm raised pacific white shrimp, Penuciis 
uunnunwi and it has been tentatively classified as 
a member of the Picarmwiridae (Bonami et al.. 
1997). Taura syndrome (TS) has been reported 
from virtually every shrimp growing region 
within the Americas with the exception of Puerto 
Rico and Venezuela (Hasson et al., 1995a; Light-
ner. 1996a; Hasson et al., 1997). The economic 
impact of TS on the shrimp farming industry 
throughout the Americas totals in hundreds of 
millions, if not billions of dollars, but accurate 
estimates of cummulative losses have yet to be 
reported (Lightner, 1995a). 

The first documented outbreaks of TS oc
curred within shrimp farms along the mouth of 
the Taura river in the province of Guayas, 
Ecuador, during the summer of 1992 (Jimenez, 
1992). The subsequent spread of TSV to shrimp 
farming regions throughout the Americas has 
been attributed to interregional trjinsport of in
fected postlarvae and broodstock (Lightner. 
1995a, 1996a). transport of infected frozen 
shrimp (Lightner, 1995a, 1996a; Hasson et al., 
1995b), transmission between and within farms 
by water boatmen, Trichocorixu reticulata (Has
son et al.. 1995b; Lightner. 1995a. 1996a), and 
feail transmission by sea gulls that have fed on 
TSV infected shrimp (Lightner, 1995a; Garza et 
al., in press). 

Two diagnostic methods are currently avail
able for the detection of TSV in penaeid shrimp. 
Routine hematoxylin and eosin-phloxine (H and 
E) stained histological sections can be used to 
make a definitive diagnosis of TS when samples 
contain peracute to acute phase lesions of the 
cuticular epithelium, which are considered 
pathognomonic for the disease. These lesions are 
characterized by necrosis and nuclear pyknosis of 
the cuticular epithelium and subcutis within the 
gills, appendages, general body cuticle, foregut 
and hindgut (Lightner et al., 1995b; Hasson et 
al., 1995b; Brock et al., 1995). The second diag
nostic method for TSV detection is in situ hy
bridization of histological sections using two 

non-radioactive, TSV-specific cDNA probes (1.3 
and 1.5 kb) that arc complimentary segments of 
the ~9 kb ssRNA genome and which were de
veloped by Mari and co-workers at the Univer
sity of Arizona (Mari et al., in preparation; 
Bonami et al., 1997; Lightner, 1995a. 1996a.b; 
Hasson et al.. 1995a). The probes can be used to 
detect TSV in shrimp with acute phase infections 
or in asymptomatic carriers, e.g. chronically in
fected TSV survivors, which do not present 
pathodiagnostic histologiail lesions. During the 
initial testing phase of the two probes, difficulty 
in obtaining positive in situ hybridiziition probe 
signals was attributed to ribonuclease (RNase) 
degradation of the TSV genome. This problem 
appeared to be resolved by conducting subse
quent in situ hybridiztuion analyses under 
RNase-free conditions as recommended in the 
literature (Manak, 1993; Tcrenghi and Polak, 
1994). However, false negative genomic probe 
results were obtained frequently for samples 
demonstrating classic gross signs and pathodiag
nostic TSV lesions by routine histology. It was 
observed that prolonged storage of samples in 
fixative resulted in either probe signal reduction 
or complete loss. Probe signal loss was hypothe
sized to be due to TSV RNA degradation caused 
by the acidity of Davidson's AFA (iicetic acid, 
formalin, alcohol, pH ~ 3.5-4) fixative, which is 
routinely used for the preservation of penaeid 
shrimp for both histological and in situ hy
bridization analysis (Humason, 1972; Bell and 
Lightner, 1988). As a possible solution to this 
problem, a near neutral (pH ~ 6-7) fixative, 
henccforth referred to as the RNA-friendly fixa
tive (R-F) was developed by the authors. The 
new R-F fixative was compared to David.son's 
fixative by conducting both routine H and E 
histology and in situ hybridization analyses on 
TSV infected shrimp that were preserved and 
maintained in the two fixatives for four dilTerent 
time periods. The primary objectives of the study 
were to determine if the use of R-F fixative 
yields accurate TSV in situ hybridization results 
and satisfactory fixation for histological study. 
The necessity of RNase-free conditions for TSV 
in silu hybridization analysis was also examined. 
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Tabic 1 
lluugcnts used to prepare I I solulions of Davidson's lixativc (Humason. 1972) and the R-F lixativc 

Reagent Davidson's li.\alivc (pH -3.5-4.0) (ml) R-F li.\ativc (pH -.6.0-7.0) (ml) 

100% Ibrmalin'' 220 .M9 
95% ethanol 330 407 
Distilled water .335 
Glacial acetic acid 115 -

Ammonium hydroxide (NH^OH)" — 
n 

Oclcrmination ol" pH was done usini; pH paper (Bakcr-pHIX. J.T. Baker. Pliillipsburg. NJ). 
•• Saturated aqueous solution of Ibmialdchyde gas, 37 -39% solution. 
"28 - 30% as NH,. 

2. Materials and methods 

2.1. Exparimanictf xhrimp 

Two 90 1 gluss aquaria were prepared according 
to the methods of Williams et al. (1992) and each 
was stocked with 100 specific pathogen-free (SPF) 
P. oannamci juveniles (0.35 g avg. wt.). The SPF 
shrimp originated from the Oceanic Institute. 
Hawaii, and the methods used to develop and 
monitor the pathogen status of the stock have 
been reported by Wyban et al. (1992) and Pruder 
et al. (1995). One aquarium was designated its a 
positive treatment group and the other as a nega
tive control. The treatment group was fed minced 
TSV infected P. vannamci carcasses for 4 days at 
a rate of 17% of the total biomass per day. 
Negative control shrimp were fed TSV-frec tissue 
following the same protocol. The shrimp were 
monitored every 3 h for 7 days and a total of 48 
lethargic or moribund treatment shrimp were col
lected for fixation. 

2.2. Fixation and hi.\to logical analysis 

Following the methods of Bell and Lightner 
(1988), 24 shrimp were injected with Davidson's 
AFA fixative, henceforth referred to as David
son's, and the remaining 24 samples with the R-F 
fixative. The formulations of both Davidson's and 
the R-F fixative are presented in Table I. Approx
imate pH values of both fixatives were determined 
using pH paper {Baker-pHIX. J.T. Baker. 
Phillipsburg, NJ) as the organic content of the 
solutions prevent accurate pH measurement with 

an electronic meter (Saavedra, personal communi
cation). 

Following injection, each of the two fixative 
groups were then equally subdivided into four 
treatment groups, which were maintained for peri
ods of 2, 6, 10 and 14 days in their respective 
fixatives at ~26''C (Tabic 2). Upon completion 
of each of the fixation treatment periods, the 
samples were transferred to 70% ethanol for 24 h 
and then paraffin embedded following standard 
methods (Bell and Lightner, 1988; Lightner, 
1996b). Parallel 4-5 /ttn mid-sagittal .sections of 
each sample were prepared using a manually op
erated microtome (AO 820 microtome, American 
Optical, BulTalo, NY). Each sample was sectioned 
to include the five regions containing cuiicular 
epithelial cells, i.e. gills, foregut, hindgut, ap
pendages and general body cuticle, which arc 
known to be targeted by TSV during acute phase 
infection. One scction per sample was placed on a 
silane coated slide (Silane-Prep™, Sigma, St. 
Louis, MO) for in situ hybridization analysis and 
the other on a poly-L-lysine (Sigma, St. Louis, 
MO) coated slide for routine histological analysis. 
Coating of slides with poly-L-lysine was done 
following the manufacturer's instructions and the 
sections were stained with Mayer-Bennett hema
toxylin and eosin-phloxine (H and E) following 
standard methods (Lightner, 1996b). All 48 H and 
E stained sections were examined by Brightfield 
microscopy and TSV lesion severity was deter
mined following the methods of Hasson et al. 
(1995b). Histologiail detail and H and E staining 
quality of samples preserved with the two differ
ent fixatives were compared. 



322 
230 K.IM. Hassan et at. /Joiinial of l^irnlogical Mei/iotls 66 (1997) 227-236 

Table 2 
Experimental design used to compare the elTects of Davidson's and R-F lixulivc on TSV RNA within inlrcted Pemteus canmmei 
juveniles 

Fi-talion period (days) Histology In siW In siiu*" 
No. of shrimp analyzed No. ol' shrimp analyzed No. ul' shrimp analyzed 

R-F Davidson's R-F Davidson's R-F Davidson's 

t 6 6 3 3 3 3 
6 fi 6 3 3 3 3 

10 6 6 3 3 3 3 
14 6 6 3 3 3 3 

In :iitu hybridization assays were conducted with and without RNasc precautions. 
''Reagents and glasswiirc prepared with DEPC water to eliminate RNases. 
•"No RNase-lree glassware or reagents used. 

2.3. In situ hyhricUzation 

Based on histological results, three representa
tive TSV infected sample sections were selected 
from each of the four time treatments per fixative 
group (Table 2). The sections were analyzed by in 
situ hybridization using two, dioxigenin-Iabeled 
(Genius I kit, Boehringer-Mannheim), TSV-spe-
cific cDNA probes following the methods out
lined by Lightner (1996b) and under RNase-free 
conditions. Briefly, following rehydration of the 
sections, all subsequent steps, up through and 
including addition of probe to the samples, were 
conductcd using reagents (e.g. 1 x PBS, 10 mg/ml 
proteinase K., 0.4% formaldehyde, 2 x SSC, and 
hybridiziition buffer) prepared with DEPC (di-
ethylpyrocarbonate. Sigma. St. Louis. MO) 
treated water and using DEPC treated glassware 
according to the methods of Janssen (1994). The 
two cDNA probes used were each diluted to a 
final concentration of approximately 10 ng/ml in 
hybridization buffer. The sole modification made 
to the standard protocol (Lightner. 1996b) was 
that proteinase K. treatment of the sections (100 
/tg/ml final concentration) was conducted for 10 
instead of 15 min at 37°C. 

To determine if exogenous ribonuclease activity 
was responsible for TSV genomic RNA degrada
tion, the same 24 samples analyzed by in situ 
hybridization under RNase-free conditions were 
re-sectioned (Table 2) and in situ hybridization 
analysis repeated following the methods of Light

ner (1996b). but without the RNase-free precau
tions outlined above. TSV positive and negative 
control slides were included in each assay under
taken. At the end of each in situ assay, the 
sections were examined by Brightfield microscopy. 
Based on probe signal intensity, the slides were 
qualitatively graded as cither being strongly posi
tive, moderately positive, weakly positive or nega
tive. 

3. Results 

3.1. fnjl'cliuily hioa.isay and /iistopcillwlot;y 

Upon terminating the 7 days per os infectivity 
study, cumulative percent survivals among the 
negative control and TSV exposure groups were 
79 and 15%, respectively. The majority of the 
treatment samples were in a moribund state, soft 
bodied (molting) and laterally recumbent when 
collected. Dissection of R-F fixative-preserved 
samples revealed that the tissues had hardened 
within 24 h post-fixation and demonstrated a 
texture comparable to that of Davidson's pre
served shrimp. Unlike Davidson's preserved 
shrimp, decalcifiaition of the cuticle was not ap
parent in any of the R-F fixative samples. 
Nonetheless, good paraffin ribbons were obtained 
during sectioning and the presence of calcified 
cuticle did not pose a significant problem in sec
tioning the juvenile shrimp used in this study. 
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Forty-two of the 48 treatment shrimp analyzed 
by routine H and E histology demonstrated mod
erate to severe (Grade 2-4), pathognomonic TSV 
lesions of the cuticular epithelium and subcutis 
within three or more of the five regions of the 
shrimp that contain this ceil type. The remaining 
six shrimp did not present detectable TSV lesions. 
Analysis of five negative control samples, that 
were collected prior to the onset of the infectivity 
study and at termination, showed that the SPF P. 
vanmnud remained TSV negative for the duration 
of the e.xperiment. 

Sections preserved with the R-F fixative demon
strated morphological detail and staining quality 
comparable to those preserved with Davidson's 
(Fig. 1). However, the cytoplasm of hematopoietic 
and cuticular epithelial cells, in R-F preserved 
tissues, lacked the homogeneous appearance and 
degree of basophilia normally seen in Davidson's 
fixed samples. Another dilTerence between the two 
fixatives was that eosinophilic tissues (e.g. mus
cle), preserved with the R-F fixative, stained a 
paler red. 

3.2. In .litii hyhndizution 

Positive and negative control histological sec
tions functioned optimally in each in situ assay 
performed. Under RNasc-free conditions, in situ 
hybridization analysis of Davidson's preserved 
samples showed a weak reaction with the probe in 
the three samples that were maintained in the 
fixative for 2 days (Table 3. Fig. 2A). No signal 
was detectable in any of the Davidson's preserved 
samples that were maintained in the fixative for 
> 6 days (Table 3, Fig. 2C,E,G). In contnist, 
strongly positive TSV signals were observed in all 
of the R-F fixative samples up through the 10 
days treatment (Fig. 2B,D,F). Samples main
tained for 14 days in the R-F fixative displayed 
slightly weaker signals (Tabic 3, Fig. 2H). Equiva
lent in situ hybridiziition results were obtained 
when the samples were analyzed without RNasc-
free conditions. Signal intensity was cither similar 
or stronger than those obtained when the same 
samples were run using RNase precautions. In 
general, probe signals were strongest within TSV-
infected foci containing intact hypertrophied cells 

ill 

(Fig. 2F). [n contrast, foci demonstniting ad
vanced cuticular epithelial necrosis (cell lysis, py-
knotic and karyorrhectic nuclei) were observed to 
produce a much weaker probe signal (Fig. 2B.H). 
This later observation was attributed to the dis
persion of virions by hemolymph after cell lysis. 

4. Discussion 

Davidson's AFA solution is a rapidly penetrat
ing fixative, which is used routinely to preserve 
penaeid shrimp samples because of the excellent 
morphological detail that is achieved in H and E 
stained histological sections (Bell and Lightncr. 
1988). Due to the glacial acetic acid and formic 
acid (from formaldehyde) component of David
son's. this preservative is acidic, with a pH range 
of ~ 3.5-4. Until the advent of genomic probe 
detection of penaeid shrimp RNA viruses, such as 
TSV and Yellowhead virus (Wongteerasupaya et 
al.. 1995). the use of Davidson's fixative as a 
primary tool in shrimp pathology was unmatched 
and went unchallenged. In situ hybridiziition anal
ysis of shrimp histologiail sections for the detec
tion of the principle penaeid shrimp viral disca.ses 
(e.g. IHHNV, WSSV, BP, MBV, HPV), utilizing 
digoxigenin-labeled genomic probes, is a diagnos
tic technique that has been used routinely by 
shrimp pathology laboratories for the past 4 years 
(Lightner, 1996b). Standardization of this tech
nique has led to the marketing of commercially 
available in situ hybridization kits (DiagXotics, 
Wilton, CT), which can be employed by most 
hatcheries and shrimp farms with access to a 
histology laboratory. Prior to the present study, 
detection of TSV by gene probe analysis was 
limited to a small number of diagnostic laborato
ries with the capability of conducting RNase-free 
in situ hybridization tissays. The reliability of this 
technique for TSV detection was also in question 
because of the occurrence of frequent false nega
tive test results from sections displaying character
istic TSV histological lesions. In the present study, 
we demonstrated that the storage of TSV infected 
P. ocmnaniei samples in Davidson's for ^ 6 days 
inhibits or prevents hybridization of TSV-specific 
cDNA probes with the viral genome during in situ 
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Fig. I Pholomicnii-raphs of II ami E slainctl sections displaying TSV inlcctcd cniicular opillicliuni (arruwsi nl ilic Icircgut in 
PiMiiicii.t rtmiumici samples preserved with Davidson's fixative (A) and the :uitliors° R-l" lixative (B(. Cellular niorpliolOBy of the R-l" 
preserved section is eumpanible to that nl' Davidsim's lixed lissiies. Over:ill eusuiupliilia of ihe RT-lixaiive prcservetl section is 
slightly paler when compared to the section preserveil with Davidstin s lixative. Magnilication bars represent 511 //m. 

hybridization analyses, but does not occur wiien 
similarly infected shrimp are preserved with the 
near-neutral (pH ~6-7) R-F lixative. Since the 
principle dilTercnce between the two fixatives is in 
their pH values, this suggests that the laLse nega
tive test results obtained for Davidson's preserved 

s;imples is directly linked to both the acidity ol' 
this lixative and fixation time. Acidic conditions 
can lead to viral RNA degradation either directly 
through acid hydrolysis or indirectly through the 
activation of acidophilic endogenous RNa.ses. 
which hydrolyzc RNA. Hydrolysis of RNA by 
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Table 3 
In silu hybridization results of Peituetis i-aimanid juveniles with experimentally inducud TSV infections 

Fixation period In situ'' In situ" 
(days) No. or shrimp analyzed. TSV probe signal intensity No. ol" shrimp analyzed. TSV probe signal intensity 

R-F Davidson's R-F Davidson's 

2 3. + + 3. + .V 4- + 3. + 
6 3. + + 3. - 3. -1- + 3. -

10 3. -t- 4- 3. - 3. + + 3. -
14 3. + ' 3. - 3. •>-+/•¥• 3. -

Gene probe signals were graded as either strongly positive {-(-+). moderately positive ( + +. -r). wetikly positive ( +) or negative 
( —). In situ hybridization iissiiys were conducted with and without RNasc prcciiutions. 
•* Re:igents and glassware prepared with DEPC water to eliminate RN:iscs. 

No RNiuse-rree glassware or reagents used. 

either one of these mechanisms results in the 
cleavage of phosphodiester bonds and formation 
of soluble oligonucleotides (Kochetkov and Bu-
dovskii. 1972; Kiernan, 1990), which is sufficiently 
destructive so as to prevent hybridization from 
occurring with a homologous cDNA probe. Al
though it is unclear from the present study which 
of these two mcchanisms are responsible for TSV 
RNA degradation, we speculate that acid hydrol
ysis is the most likely aiuse since formalin-based 
fixatives are known to inactivate endogenous ri-
bonucleascs (Kiernan, 1990; Dr Gerard Nuovo, 
personal communication). Furthermore, positive 
TSV in situ hybridization results were obtained in 
the absence of RNase-free conditions, demon
strating that exogenous ribonucleases do not de
grade viral RNA in tissues preserved with 
formalin-based fixatives if simple precautions (e.g. 
wearing gloves) are taken. 

The efficacy of the R-F fixative was demon
strated by both routine H and E histology and in 
situ hybridization analyses (Figs. 1 and 2). The 
advantages of the R-F fixative are that it is easy 
to prepare, it hardens shrimp tissues and preserves 
morphological detail similar to Davidson's (Fig. 
1) and, most importantly, it does not degrade 
viral RNA to the same extent as Davidson's. As 
the R-F fixative used in this study was mildly 
acidic (pH 6-7), we believe that the 14 day R-F 
fixative treatment may have resulted in the partial 
hydrolysis of TSV RNA and that this is possibly 
why only moderate TSV probe signals were ob

served in those sections. Studies with neutral R-F 
fixative produced the same type of histological 
and in situ results reported here and the increased 
pH may further limit hydrolysis in samples stored 
for over 14 days. As the quality of distilled water 
and percent concentnition of available ammo
nium hydroxide may vary between countries, we 
suggest that investigators initially titrate their R-F 
fixative preparations to determine the actual vol
ume of ammonium hydroxide needed to achicve 
pH 7. If more or less than the recommended 22 
ml ammonium hydroxidc/l of fixative (Table I) is 
used, the volume of distilled water u.sed should be 
decreased or increa.sed accordingly to compensate. 

In general, when using either Davidson's or 
R-F fixative, preserved samples should be trans
ferred into a 50-70% ethanol solution after 24-48 
h fixation in order to limit the potential problem 
of fixative-induced RNA degradation. Further 
studies with David.son's preserved shrimp have 
shown that TSV RNA degradation can be re
duced by strictly adhering to the fixation guideli
nes of Bell and Lightner (1988) and fay paraffin 
embedding the samples within 24 h after the 
prescribed fixation times. Following fixation, fre
quent ethanol changes will aid in removing 
Davidson's that leaches out of the samples and 
will increase the overall pH of the solution. As 
heat is used in conjunction with a variety of 
different acids to vigorously hydrolyze nucleic 
acids (Lin and Maes, 1967), we also suggest that 
preserved shrimp samples be kept cool until em
bedded. 
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Another difTerence between Davidson's and the 
R-F fixative is that the latter does not decalcify 
shrimp cuticles. This was not found to be a prob
lem during the processing of juvenile shrimp sam
ples. but it may adversely alTect sectioning of 
adult shrimp or other crustaceans with heavily 
calcified cuticles. Testing of a non-acidic decalcifi
cation protocol for shrimp is now underway. 

The findings of the present study demonstrate 
that in situ hybridization analysis for TSV can be 
greatly simplified by eliminating RNase precau
tions and that both consistent and accurate results 
arc obtained when shrimp are preserved with a 
neutral fi.xative. Use of the R-F fixative is recom
mended when the detection of RNA viruses by in 
situ hybridization is anticipated and prolonged 
storage of samples is unavoidable. We believe that 
the application of these techniques and knowledge 
of fixative-induced RNA degradation will benefit 
both investigators involved in the detection and 
study of RNA shrimp viruses, as well as those 
working with different RNA species in plant and 
animal systems. 

Acknowledgements 

The authors wish to thank Dr Gerard Nuovo 
(ENZO Laboratories, Farmingdale. NY), Dr Bar
bara Fishel, Dr Scott Saavedra, Dr Steve Wilson, 
Brenda White, and David Purwin (University of 
Arizona) for their assistance with this study. Par
tial support for this re,scarch was provided by the 
Gulf Coast Research Laboratory Consortium 
Marine Shrimp Farming Program. CSRS. USDA 
under Grant No. 88-38808-3320, the National Sea 
Grant Program. USDC under Grant No. 
NA56RG0617, the National Marine Fisheries 
Service (Saltonstall-Kennedy Act), USDC under 

235 

Grant No. NA56FD0621, and a special grant 
from the National Fishery Institute. 

References 

Bell. T.A.. Liglilner. D.V.. I'JSS. A Handbook of Nomial 
Pcnaeid Shrimp Histology. World Aquaculture Society. 
Baton Rouge. Li\. 

Bonami. J.R.. Ha.sson. K.W.. Mari. J.. Puiilos. B.T.. Ligluner. 
D.V.. l'W7. Taura Syndrome of marine pcnaeid shrimp: 
ehanicterization ol" the viral agent. J. Gen. Virol. 78. 
.il.1-.1l9. 

Brock. J.A.. Gosc. R.. Lightiicr. D.V.. Hasson. K.W.. l'W5. 
An iiverview ui' Taiini Syndrome, an important di.sea.sc ol" 
fanned P. rtniiitmici. In; Browdy. C.I Hopkins. J.S. 
(Ed.s.). Swimming Tlirough Troubled Water. Proc. Spccial 
.Session on Shrimp Rimiuig. World Aquaculture Society. 
Baton Rouge. U\. pp. S4 -')4. 

GarTa. J.R.. Lightiicr. D.V.. Ha.sson. K.W.. Poulos. B.T.. 
Redman. R.M.. White. B.I in press. Demonstration of 
inlectious Tauni Syndrome virus in the Icces of sea gulls 
collected during an epizootic in Te.\as. J. Aqua. An. 
Health, (in press). 

I'hLsson. K.W.. Lightner. D.V.. Poulos. B.T.. Redman. R.M.. 
White. B.I Brock. J.A.. Bonami. J.R.. I'WSa. Taura 
Syndrome in marine iienacid shrimp: demonstration of a 
viral etiology. Proc. Third Gcuadoreiin Aquaculture Con
gress. Guayaquil. Ilcuador. 

lla.s.son. K.W,. Lightner. D.V.. Poulos. I5.T.. Redman. R.M.. 
White. U.I Brock. J.A.. Bonami. J.R.. l'W5b. Taura 
Syndrome in P. rmiiiiinici: demonstration ol" .i vir:il etiol
ogy. Di.s. Aqua. Org. i.1. 115 I2f>. 

llas.son. K.W.. Lightner. O.V.. Man. J.. Bonami. J.R.. Poulos. 
B.T.. Mohney. L.L.. Redman. R.iVt.. Brock. J.A.. IW. 
Tlie geographic distribution ol" Tauni Syndrome virus in 
the Ainericii.s: detenniiiation by liistopatluilogy and in situ 
hybridi7.:ition using TSV-spccilic cDNA probes. In: Alston. 
D.Ii.. Green. B.W.. ClilTord. H.C. (tids.). IV .Symposium 
on aquaculture in Central Ameriai: focusing on shrimp 
and tilapia. 22 24 April I'J*)?. Tegucigalpa, Honduras. 
A.ssociacion Nacional de Acuicultores dc Hondunis ;iiid 
the Liitin Americsin Chapter of the World Aquaculture 
Society, pp. 154 156. 

Humason. G.I 1972. Animal "Tt-ssue Techniques. .Ird ed. 
W.I I. Freeman, San Franci.sco. CA. 

Fig. 2. Photomicrographs of TSV infected sections of cuticular epithelium and subeutis after gene probe analysis by in-situ 
hybridization. Infectcd Pcmiciix vtiiiiianiei juveniles were maintained in Davidson's (left column) or the new R-F lixative (right 
column) for 2 days (A and B), (i days (C and D), 10 days (E and F), and 14 days (G and H) prior to gene probe analysis to 
determine vintl RNA stability as a function of li.iation time. "Tlie presence of TSV genomic RNA is indictted by the formation of 
a bluc-bluck precipitate. No reaction is apparent within pathognomonic "TSV lesions (foci of cells with pyknotic and kitryorrhcctic 
nuclei) of the David.son's preserved s;imples that undenvent the 6. II) and 14 day trcatmenLs (C, E and G). Sections were 
counter-stained with Bismarck brown. A. posterior stomach. B. hindgtit. C. posterior stomach. D. dorsal cephalothonix. E. posterior 
stomach, F. dorsal eephalothorax. G. picopod. H. posterior stomach. Magnilicition bars represent 50 /;m. 



328 
236 K.IV. Husxau et at. Journal of yiro/ogiral Melliatlx 66 (1997) 227-236 

Jansscn. K.. I9')4. Preparation and analysis of R.NA. In: 
Jansscn. K. cl a!.. Current Protocols in Molecular Biology, 
vol. I. Wiley Interscience. New York. pp. 4.01 -4.10.11. 

Jimenez. R.. 1992. Sindrome de Taura (Resumen). Aquacul-
luni del Ecuador. II 16. 

Kieman. J.A.. 1990. Histologiail and Histochemical Methods: 
Tlieor)' and Practice. Pergamon. Elmslbrd. NY. 

Kochelkov. N.K.. Budovskii. E.I.. 1972. Hydrolysis of iV-gly-
cosidic bonds in nucleosides, nucleotides and their deriva
tives. In: Kochelkov. N.K... Budovskii. E.1. (Eds.). Organic 
Chemistry ol" Nucleic Acids. Part Q. Plenum. New York, 
pp. 425-44S. 

Lightner. D.V.. iyV5a. Taura Syndrome: an economically 
important vinU disease impacting the shrimp farming in
dustries of the .-\mericus including the United Slates. Proc. 
Annu. Meeting USAHA. Reno. NV. 

Lighlner. D.V.. Redman. R.M.. llasson. K.W.. Pantoja. C.R.. 
1995b. Taura Syndrome in P. mnimmci: histopathology 
and ultrastructure. Dis. Aqua. Org. 21. 53-59. 

Lightner. D.V.. 1996a. Epizootiology. distribution and the 
impact on international trade of two penaeid shrimp 
viruses in ihe .•\meriais. Rev. Sci. Tech. OIT. Int. Epiz. 15, 
579 601. 

Lightner. D.V.. 1995b. A Handbook of Shrimp Pathology and 
Diagnostic Procedures for Di-scases of Cultured Penueid 
Shrimp. World Aquaculture Society. Baton Rouge. LO. 
304 p. 

Lin. T.H.. Maes. R.F.. 1967. Nucleic acid degradation and 
separation. In: Maramorosch, K. and Kovvprowski. H. 
(Ed.s.). Methods in Virology. Academic Press. New York. 
Vol. 2, 547 -606. 

Manak. M.M., 1993. In situ analysis. In: Keller. G.H.. 
Manak. M.M (Ed."i.). DNA Probes. Stockton Press, New 
York. pp. 299 - 32.3. 

Mari. J.. Bonami, J.R.. Lightner. D.V., in preparation. Taura 
syndrome of Penaeid shrimp: cloning of the viral genome 
and construction of gene probes (in press). 

Pruder, G.D., Brown, C.l Sweeney. J.N., Carr, W.H.. 1995. 
High health shrimp systems: seed supply, theory and prac
tice. In: Browdy. C.I Hopkins, J.S. (Eds.), Swimming 
through Troubled Water. Proc. Special Session on Shrimp 
Farming. World Aquaculture Society. Baton Rouge, LA, 
pp. 40- 52. 

Terenghi, G.. Polak, J.M.. 1994. Detecting mRNA in tissue 
sections with digo.xigenin-labeled probes. In: Isaac, P.G. 
(Ed.), Protocols for Nucleic Acid Analysis by Nonradioac
tive Probes. Humana Press. Towtowa, NJ, pp. 193 -199. 

Williams, R.R.. Dehdushti, 8.. Lighlner. D.V.. 1992. Perfor
mance of an aquatic multispecies system in evaluating the 
elTecls of a model microbial pest control agent on non-
target organisms. J. Toxicol. Environ. Health 37. 247-264. 

Wongtcerasupay:i, C.. Sriurainitana, S.. Vickers. J.E.. Akra-
jamom. A., Boonsiieng. V.. Panyim. S., Tassanakajon, A., 
Withyjichumnamkul. B., Flegel, T.W.. 1995. Yellow-heiid 
vims of Peiiaciis nummlon is an RNA virus. Dis. Aqua. 
Org. 22, 45 50. 

Wyban, J.A., Swingle. J.S.. Sweeney. J.N.. Pruder, G.D.. 1992. 
Development .md commercial performance of high health 
shrimp using specilic pathogen free (SPF) broodstock P. 
vamuiwei. In: Wyban, J.A. (Ed.). Proc. Special Session on 
Shrimp Farming. World Aquaculture Society. Baton 
Rouge, L/\, pp. 254 259. 



329 

APPENDIX B 

LETTERS OF PERMISSION TO INCLUDE 

PREVIOUSLY PUBUSHED RESEARCH 



330 

VaS Hone Office 
Phooc '•1-504-388-3137 

Fdk •1-504-388-3493 
E-Miil: WASMAS9AOL.COM 

AQUACULTURE 
SOCIETY 

MuUttf AddrciK 
143 JJbC Parker Coliactim. LSU 
Bmoo Roofe. LA 70803 USA 

August 11. 1997 

Ken Hasson. Graduaie Research Associate 
University of Arizona 
Vet Science/Microbiology 
PO Box 210090 
Tucson. AZ 85721-0090 

Dear Ken; 

In reply to your request for permission to utilize the work discussed in Figure 6 and Table 6 (page 89) of the 
paper written by Dr. Jim Brock, this is to authorize you to proceed with your plan to include this work in 
your dissertation. I assume Or. Brock has agreed to this also. 

I checked with Dr. Craig Browdy. one of the editors of the book. Swimming through Troubled Waters, and 
he also agrees that you may use this material for the purposes you have listed in your request dated August 

This permission extends to microfilming and publication of the dissertation by University Microfilms 
Incorporated fUMT) and the World .Aquaculture Society is aware that UMI may selL on demand, single copies 
of the dissertatioiL including the copyrighted materials, for scholarly purposes. 

This permission is granted contingent upon your providing complete citation that is normally 
acceptable for references of this nature, listing the source of this original copyrighted material in your 
dissertation's reference area. 

Good luck with you work and let me know if I may be of further help to you in this matter. 

11. 1997 

Sincerely. 

J 
World Aquaculture Society 
Home OfiBce 

Established 1970 



331 
t5-08''t997 12:4S UOH O.Ktnn* Qld^ndorf 6019296216366 

•oMTf Sdcnec/Microbioio^ 
L. i'40 Room 201 
PO Box 210090 
Tuoofi. AmotB 6^21-0000 
Telephone (520) 621-235^ 
TAX: C520) 021-6366 

TXEUMVUSTTYOT 

ARIZONA. 
TUCSON ARIZONA 

VuG 0 7 '93"^ 

UUitflblZU. \ ib 
2831 N. ricLwai 
V>10 at Pctzice Rocd Exit 
Tuooo, Aramu 8570S 
Tekphonc: (920) 621-2396 
FAX: C920> 626-8696 

TO: Dr. Otto Kinoe, Managing Editor 
Diseases of Aquatic Organisms 
Ecology Institute 
Notdbunte 23. D-2138S 
Oldendorf/Ltihe. Germany 

niOM: Ken Hasson, Graduate Researcli Associate 

SUBJECT: Use of copyrighted material in dissertation 

FAX: 49̂ 132-8883 

August?, 1997 

Dear Dr. Kinne, 

In the October 1995 issue (Vol. 23, No. 2: 115-126) of Diseases of Aqoaiic Organisms 
you kindly published a paper thai I authored, wiiich is entitled, Taura Syndrome in Penaeus 

camamd: demonstration of a viral enoiogy". I am a graduate student at the University of 
Arizona and this published woric represents an important pan of my dissertation on Taura 
Syndrome, which I am in the process of writing. As 1 transferred the copyrights of the paper to 
your journal prior to its publication, I would like to formally request your company's per^ssion 
to use this information in my dissertation. The highlights of the paper will be summarized in a 
brief chapter and a photocopy of the actual published version will be placed in an appendix at 
the end of the dissertation. I would greatly appreciate your authorization to proceed with this 
plan and hope to reccive a positive written response from you at your earliest convenience. The 
release letter should indicate that permission extends to microfilming and publication of the 
dissertation by University Microfilms Incorporated (UMI) and thatlnter-Research/DAO is aware 
that UMI may sell, on demand, single copies of the dissenadon, including the copyrighted 
materials, for scholarly purposes. Please contact me by &x (520-621-4899) or e-mail 
(aquapath vetsci.microvet.arizona.edu) if there is anything that I have overiooked or if you 
require any additional infbrmatioa. A hard copy of this letter will be sent to you by mail using 
the above address. Thanking you in advance for your help and consideradon. 

Sincerely, 



14/09 Di uv:£u 'ai3i iu 493^72:: e.L^e.> itA euA 332 
<|UU1 

ELSEVIER 
SCIENCE i 

aanwMm-NL 

Mr K. Hasson 
Arizona Veterinary Oiagnastic Lab 
P.O. Box 210090 
Tucson. AZ 85721-0090 
USA 
Fax. 001 520 621 6366 

p.aBoxat 
1000 AM Amsttidim 

TbeNelhcriaadl 

Sizx BuQotomrrut 25 
1035 KV Amsterrian 

TbcNcttettmds 

Ttl f->.11)31«SHD 
Fnt-rSDZOOOZTB 

Direct Line: (20) 4852 751 
Direct Fax : (20) 4-852 722 

;o;in.clK«icr^ 
uTtU Jtup://www.£beTKrjti 

Amsterdam. August 14. 1997 

Re: Journal of Virological Methods 66 (1997) pgs. 227-236 
Your lettar August 7th. 1997 

We hereby grant you permission to reprint the material specified in your letter (copy enclosed) for 
the purpose you have indicated therein, at no charoe provided that: 

1. The material to be used has appeared in our publication without credit or acknowledgement to 
another source. 

2. Suitable acknowledgement to the source is given as follows: 

For Books: "Repnnted from (Author/Title). (Copynght Year), (Page Nosi, with kind permission from 
Elsevier Science - NL. Sara Burgerhanitrsat 25, 1055 tCV Amsterdam. The Netherlands' 
Par Journals: "Repnnted from (Journal). IVolumeXIssueKAuthor). (Title of Article),(Page 
Nos),(Copyright Year) with kind permission of Elsevier Science - NL, Sara Burgerhartstraat 25, 1055 
KV Amsterdam. The Netherlands". 

3. Reproduction of this matenal is confined to the purpose for which permission is hereby given. 
4. This permission is granted for non-exclusive world English rights only. For other languages, 

please reapply separately for each one required. 
5. Permission EXCLUDES use in an electronic form. Should you have a specific project in mind, 

please reapply for permission. 
6. Your dissertation is not published commercially. 

Yours sincerely, 
ELSEVIER Sap^ 
Publishing,<6uro Department 

jrfs^antinaye^nnema 
Rights andPegptesrSni 

Impmts: 
tlxrtcr 
Pirpumtui 
Vardhfioiland 
Kretnu Atn^tee 



333 

Orlando. FL 32887 
Tel 407-345-2000 
Fix 407-345-4058 

Acadcmic Press. Inc 
G27~ Sea Harbor Drive 

ACADEMIC 
PRESS 

August 19, 1997 

Mr. Ken Hasson 
Graduate Research Associate 
The University of Arizona 
Arizona Veterinary Diagnostic Lab 
2831 N. Freeway 
I-IO at Prince Road Exit 
Tucson. AZ 85705 

Re: Toumal of Invertebrate Pathology. 69:165-176 (1997) 

Dear Mr. Hasson: 

PERMISSION GRANTED to include material from the above-referenced article which you 
co-authored in your dissertation, provided that 1) complete credit is given to the source, 
including the Academic Press copyright notice; 2) the material to be used has appeared in our 
publication without credit or acknowledgment to another source and 3) if commercial 
publication should result, you must contact Academic Press again. 

Optional: You may wish to indicate our web site address: http://v* « w.apnet.com. 

We realize that University of Microfilms must have permission to sell copies of your 
dissertation, and we agree to this. However, we must point out that we are not giving 
permission for separate sale of your anicle. 

Date: 
Ana D. Merced 
Paralegal Department 
Academic Press - Permissions 
407 345 3994 (tel) 
407 345 4058 (fax) 
amerced@harcounbrace.com 



334 

APPENDIX C 

CHAPTER VI TSV IN SITU HYBRIDIZATION RESULTS OF PER OS EXPOSED 

Penaeus vannamei JUVENILES THAT WERE TIME COURSE SAMPLED TO 

MONITOR ACUTE PHASE LESION DEVELOPMENT 



335 

Appendix C.- Chapter VI TSV in situ hybridization results of per os exposed Penaeus vannamei 
juveniles that were time course sampled to monitor acute phase lesion development. AP= appendages, 
BC= body cuticle, FG= foregut, GL= gill lamellae, HG= hindgut, LO= lymphoid organ. TSV lesion 
severity was graded (G) from 1 (focal probe signal) to 4 (multifocal to diffiise probe signals). 

SUde# Coilection Time Post-exposure TSV Probe+ Tissues 
(Day (d), hour(h)} and lesion severity (G) 

I d 1, 3 h ND 
2 d I, 3 h ND 
3 d 1, 3 h ND 
4 d 1, 3 h ND 
5 d 1. 3 h ND 
6 d 1, 3 h ND 
7 NA -

8 NA -

9 d 1, 6 h ND 
10 d 1. 6 h ND 
11 d 1, 6 h ND 
12 d 1, 6 h ND 
13 d 1, 6 h ND 
14 d 1, 6 h ND 
15 NA -

16 NA -

17 d 1, 9 h ND 
18 d 1, 9 h ND 
19 d 1. 9 h ND 
20 d 1, 9 h ND 
21 d 1, 9 h ND 
22 d 1, 9 h ND 
23 NA -

24 NA -

25 NA -

26 d 1. 12 h ND 
27 d 1, 12 h ND 
28 d I. 12 h ND 
29 d 1. 12 h ND 
30 d 1, 12 h ND 
31 d 1, 12 h ND 
32 NA, 12 h -

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

SUde# Collection Time Post-exposure TSV Probe-I- Tissues 
{Day (d), hour(h)} and lesion severity (G) 

33 d 1, 15 h ND 
34 d 1, 15 h ND 
35 d 1, 15 h ND 
36 d 1, 15 h ND 
37 d 1, I5h ND 
38 d 1. 15 h ND 
39-40 NA, 15 h -

41 d I, 18 h ND 
42 d 1. I8h ND 
43 d 1, 18 h ND 
44 d 1. 18h ND 
45 d 1, 18 h ND 
46 d 1, 18 h ND 
47-48 NA, 18 h -

49-50 NA, 21 h 
51 d 1, 21 h ND 
52 d 1, 21 h ND 
53 d 1, 21 h ND 
54 d I, 21 h ND 
55 d 1, 21 h ND 
56 d I, 21 h ND 

57 d 1, 24h ND 
58 d 1, 24h ND 
59 d 1, 24h FG, GL (Gl-2) 
60 d 1, 24h ND 
61 d 1. 24h ND 
62 d 1, 24h ND 
63-64 NA, 24 h -

65 d 2. 27 h ND 
66 d 2, 27 h ND 
67 d 2, 27 h ND 
68-70 NA, 27 h -

71 d 2, 27 h ND 
72 d 2, 27 h ND 
73 d 2, 27 h ND 
74 d 2, 27 h ND 
75-76 NA, 27 h -

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

Slide # Collection Time Post-evposure TSV Probe+ Tissues 
{Day (d), hour(h)} and lesion severity (G) 

77 d 2, 30 h AP, BC, FG, GL (G3-4) 
78 d 2, 30 h ND 
79 d 2, 30 h ND 
80 d 2, 30 h ND 
81 d 2, 30 h ND 
82 d 2, 30 h ND 
83-86 NA, 30 h -

87 d 2, 30 h ND 
88 d 2, 30 h ND 
89 d 2, 30 h ND 

90 NA, 33 h 
91 d 2, 33 h ND 
92 d 2, 33 h ND 
93 NA. 33 h -

94 NA, 33 h -

95 d 2, 33 h ND 
96 NA, 33 h -

97 NA, 33 h -

98 d 2, 33 h ND 
99 d 2, 33 h ND 
100 d 2, 33 h ND 
101 NA, 33 b -

102-104 NA, 36 h -

105 d 2, 36 h ND 
106 d 2, 36 h ND 
107 d 2, 36 h ND 
108 d 2, 36 h ND 
109 d 2, 36 h ND 
110 d 2, 36 h ND 
111 d 2, 36 h ND 
112 NA, 36 h -

113 d 2, 36 h AP, BC, FG (Gl-2) 

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

Slide if Collection Time Post-exposure TSV Probe-t- Tissues 
{Day (d), hour(b)} and lesion severity (G) 

114 d 2. 39 h AP, BC, FG (G2) 
115 d 2, 39 h ND 
116 d 2. 39 h ND 
117 d 2, 39 h ND 
118-121 NA, 39 h -

122 d 2, 39 h ND 
123 d 2, 39 h ND 
124 d 2. 39 h ND 
125 d 2, 39 h ND 

dl, 42 h sampling not performed 

126 d 2, 45 h ND 
127 d 2, 45 h ND 
128 d 2, 45 h ND 
129 d 2, 45 h ND 
130-144 NA, 45 h -

145 d 2, 45 h BC (Gl) 
146 d 2, 45 h ND 
147 d 2, 45 h ND 
148 d 2, 45 h AP, BC, FG (G3-4), GL (G2) 
149 NA, 45 h -

150 NA, 48 h _ 

151 d 2, 48 h ND 
152 d 2, 48 h ND 
153 d 2, 48 h ND 
154 d 2, 48 h ND 
155-158 NA, 48 h -

159 d 2, 48 h ND 
160 d 2, 48 h AP. FG, GL (G2) 
161 d 2, 48 h ND 

162 d 3, 51 h ND 
163 d 3, 51 h ND 
164 d3, 51 h BC, FG (G2) 
165 d 3, 51 h ND 
166 d3, 51 h GL (Gl) 
167 d3. 51 h ND 
168-173 NA, 51 h -

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

SUde# Collection Time Post-exposure TSV Probe+ Tissues 
{Day (d), hour(h)} and lesion severity (G) 

174-175 NA, 54 h -

176 d 3, 54 h ND 
177 d 3, 54 h ND 
178 d 3, 54 h ND 
179 d 3, 54 h ND 
180 d 3, 54 h ND 
181-184 NA, 54 h -

185 d 3, 54 h ND 

186 d 3, 57 h ND 
187 d 3. 57 h ND 
188 d 3, 57 h ND 
189-194 NA, 57 h -

195 d 3, 57 h ND 
196 d 3, 57 h ND 
197 d 3, 57 h ND 

198 d 3, 60 h ND 
199 d 3, 60 h ND 
200 d 3, 60 h AP, BC, GL (Gl-2) 
201 d 3, 60 h ND 
202 d 3. 60 h ND 
203 d 3, 60 h ND 
204 d3, 60h ND 
205 d3, 60li ND 
206 d 3, 60 h FG (G3), GL (Gl-2) 
207 d 3, 60 h ND 
208-209 NA, 60 h -

210 d 3, 63 h ND 
211 d 3, 63 h ND 
212 d 3, 63 h ND 
213 d 3, 63 h ND 
214 NA, 63 h -

215 d 3, 63 h ND 
216-218 NA, 63 h -

219 d 3, 63 h ND 
220 d 3, 63 h FG, GL (Gl) 
221 d 3. 63 h ND 

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

SUde# Collection Time Post-exposure TSV Probe+ Tissues 
{Day (d), hour(h)} and lesion severity (G) 

222 d 3, 66 h ND 
223 d 3. 66 h ND 
224 d 3, 66 h ND 
225 d 3. 66 h FG (Gl) 
226 d 3, 66 h AP, BC, FG (G2), GL (G3), HG (Gl) 
121 d 3, 66 h ND 
228 d 3, 66 h ND 
229 d 3, 66 h ND 
230 d 3, 66 h ND 
231 d 3, 66 h ND 
232 d 3. 66 h BC, FG (G3-4) 
233 d 3, 66 h ND 

234 d 3, 69 h BC, FG (Gl) 
235 d 3, 69 h ND 
236 d 3, 69 h ND 
237 d 3, 69 h ND 
238 d 3, 69 h AP, FG (G2) 
239 d 3. 69 h ND 
240 d 3. 69 h ND 
241 d 3, 69 h ND 

242 d 3. 72 h ND 
243 d 3, 72 h AP, GL (Gl) 
244 d 3. 72 h ND 
245 d 3, 72 h ND 
246 d 3, 72 h ND 
247 d 3, 72 h ND 
248 d 3, 72 h ND 
249 d 3, 72 h Hepatopancreas (Gl?) 

250 d 4, 75 h AP, FG (Gl) 
251 d 4, 75 h AP, FG, HG (Gl) 
252 d 4, 75 h AP (Gl), BC (G4). FG (Gl) 
253 d 4, 75 h ND 
254 d 4, 75 h FG (G3) 
255 d 4, 75 h AP, FG, GL (G3-4), HG (Gl) 
256 d 4. 75 h AP, FG (G3^) 
257 d 4. 75 h ND 

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

SUdej^ Collection Time Post-exposure TSV Probe+ Tissues 
(Day (d), hourOi)} and lesion severity (G) 

258 d 4, 78 h ND 
259 d 4, 78 h BC, FG (G3) 
260 d 4, 78 h ND 
261 d4 78 h AP (Gl-2). BC, FG (G3) 
262 d 4, 78 h FG (Gl-2) 
263-265 d 4, 78 h ND 

266 d4, 81 h AP (Gl-2), FG (G3) 
267 d4, 81 h AP (Gl-2), FG (G3) 
268-269 d4, 81 h ND 
270 d4, 81 h AP (Gl), FG (Gl) 
271 d4. 81 h ND 
272 d4, 81 h AP, BC, FG, GL (Gl-2) 
273 d4, 81 h BC, FG (G2-3) 

274 d4, 84h AP, BC, FG, GL (Gl-2) 
275 d4, 84h AP, BC, FG, GL (G3) 
276 d 4, 84 h AP (Gl-2), FG (G2-3) 
277 d 4. 84 h AP (Gl-2). BC, FG (G2-3) 
278 d 4, 84 h BC (G4), FG (G3-4), GL (G2-3) 
279 d 4, 84 h GL (Gl-2) 
280 d 4. 84 h BC (GI-2), FG (G2-3) 
281 d 4. 84 h FG. GL (Gl) 

282 d 4, 87 h AP, BC. FG (G3), GL (Gl) 
283 d 4, 87 h ND 
284 d 4, 87 h AP (G2), FG (G3) 
285 d 4, 87 h AP, BC, FG. GL, HG, (G4) 
286 d 4, 87 h ND 
287 d 4. 87 h GL (Gl) 
288 d 4, 87 h BC (G2), FG (G3-4), GL (Gl) 
289 d 4, 87 h ND 

290 d4. 90 h AP, BC, FG (G4). GL (G2-3). HG (G4) 
291 d4, 90 h BC (G2-3) 
292 d4, 90 h ND 
293 d4. 90 h BC. FG (G3-4). GL (Gl-2) 
294 d4, 90 h ND 
295 d4, 90 h AP. BC. FG (G4). GL (Gl-2) 
296-297 d4, 90 Ii ND 

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

Slide # Collection Time Post-exposure TSV Probe+ Tissues 
{Day (d), hour(h)} and lesion severity (G) 

298 d 4, 93 h AP, BC, (G4) 
299-300 d 4, 93 h ND 
301 d 4, 93 h BC (G3), FG (Gl) 
302 d 4, 93 h AP (Gl). BC, FG (G3-4), LO (G2) 
303 d 4, 93 h BC (G2-3). FG (3) 
304 d 4, 93 h AP (G3), BC, FG (G4), GL (G3) 
305 d 4, 93 h AP, BC. FG (G3), GL, HG (G2) 

306 d 4, 96 h BC. FG. GL (G3-4) 
307 d 4. 96 h AP (Gl), BC (G3), FG (G3), HG (Gl) 
308 d 4. 96 h AP, BC. GL (G3-4), FG (Gl) 
309 d 4, 96 h FG (G2), GL (G3), HG (G2) 
310 d 4, 96 h BC (G3), FG (G3-4). GL (Gl). HG (Gl-2) 
311 d 4. 96 h BC. FG (G3) 
312 d 4, 96 h AP, BC (G4), GL (G2-3) 
313 d 4. 96 h BC (G4). FG, GL (G3) 

314 d5 99 h ND 
315 d 5, 99 h BC (Gl), GL (G2), LO (Gl) 
316 d 5, 99 h ND 
317 d 5, 99 h BC (G2). LO (Gl) 
318 d 5. 99 h FG (Gl) 
319 d 5. 99 h ND 
320 d 5, 99 h AP, FG (G3), GL (G2) 
321 d 5, 99 h ND 

322 d 6, 123 h ND 
323 d 6, 123 h LO (Gl-2) 
324 d 6, 123 h BC (Gl). LO (Gl-2) 
325 d 6. 123 h AP (Gl-2) 
326 d 6, 123 h BC (G3) 
327 d 6, 123 h LO (G2-3) 
328 d 6, 123 h BC, FG (Gl) 
329 d 6, 123 h AP. BC (G4), GL (G2-3). HG (Gl), LO (G2) 

330-331 d 7, 147 h ND 
332 d 7, 147 h AP, BC, FG (G3) 
333 d 7, 147 h BC (G2). FG (G3). HG (Gl). LO (G2-3) 
334-335 d 7, 147 h ND 
336 d 7. 147 h AP, BC, FG (G2-3), GL (Gl) 
337 d 7, 147 h FG (G3) 

NA= Not analyzed 
ND= Not detected 
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Appendix C.- {Continued) 

SUde# Collection Time Post-exposure TSV Probe+ Tissues 
{Day (d), hour(b)} and lesion severity (G) 

338 d 8, 171 h LO (G2) 
339 d 8, 171 h LO (Gl) 
340 d 8. 171 h BC (G2), LO (Gl) 
341-342 NA, 171 h -

343 d 8, 171 h LO (G2-3) 
344 d 8. 171 h LO (Gl) 
345 d 8, 171 h LO (Gl) 

346 d 9, 195 h LO (G3) 
347 NA, 195 h -

348 d 9, 195 h LO (G3) 
349 d 9. 195 h ND 
350 d 9, 195 h LO (G2-3) 
351 d 9, 195 h ND 
352 NA, 195 h -

353 d 9. 195 h ND 

354 d 10, 219 h LO (G2) 
355 d 10, 219 h LO (G2) 
356 d 10, 219 h LO (G2-3) 
357 d 10, 219 h LO (Gl-2) 
358-359 NA, 219 h -

360 d 10, 219 h ND 
361 d 10, 219 h LO (Gl) 

NA= Not analyzed 
ND= Not detected 
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APPENDIX D 

CHAPTER VI HISTOLOGICAL AND TSV IN SUV HYBRIDIZATION RESULTS 

OF EXPERIMENTALLY INFECTED Penaeus vannamei THAT WERE TIME 

COURSE SAMPLED TO MONITOR TSV CHRONICITY AND 

EFFECTS ON THE LYMPHOID ORGAN (LO) 
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Appendix D.- Chapter VI histological and TSV in situ hybridization assay results of 
experimentally infected Penaeus vannamei that were time course sampled to monitor TSV 
chronicity and effects on the lymphoid organ (LO). Lymphoid organ spheroid (LOS) 
morphotypes were categorized as follows; Type A, homogeneous cell mass with or 
without detectable necrotic cells; Type B, Type A LOS containing few to moderate 
numbers of vacuoles; Type C; LOSs with highly basophilic nuclei, reduced cytoplasmic 
volume and few to numerous vacuoles. The presence of each LOS morphotype within 
H&E histological sections was qualitatively graded on a scale from 0 to 4; (Grade 0) 
indicating no detectable LOSs, (Grade 1) LOSs comprising < 25% of the LO, (Grade 
2) LOSs comprising 25-50% of the LO, (Grade 3) LOSs comprising 50-75% of the LO, 
and (Grade 4) LOSs in > 75% of the LO. The percentage of morphologically normal 
appearing LO mbules (NT) was graded using the same system. TSV gene probe signals 
within a given LOS morphotype or normal appearing LO tubules (NT) were scored as 
either + or -. The overall TSV gene probe signals within a given LO was qualitatively 
graded from 0 to 4; (Grade 0) no detectable TSV gene probe signal, (Grade 1) mild, 
focal signals (Grade 2-3) moderate, locally extensive to multifocal signals, and (Grade 
4) numerous multifocal to diffuse signals. (*) Indicates that normal appearing LO mbules 
of TSV infected shrimp display a dispersed TSV + probe signal. 

H&E EGstoIogy Overall In situ Hybridization Overall 
LOS Tvoe, LOS LOS Type, Probe 

Slide Time Severity Grade (G) Severity Probe + or - Signal 
# PI A B C NT fG) A B C NT (G) 

1 d4 1 2 0 2 3 + + 2-3 
2 d4 1 0 0 4 1 - - +* 2-3* 
3 d 4 1 0 0 4 I + - 2 
4 d4 1 1 0 4 1 - + +* 2-3* 

5 d 7 1 2 0 2 2 + + 3 
6 d7 3 0 1 2 3 + + +* 3 
7 d 7 2 2 0 2 2 + - 2 

8 2 wk 2 2 1 1 4 + 4- +* 3-4 
9 2 wk 3 2 0 1 4 + -1- - 3 

10 2 wk 3 1 0 1 4 + + 2-3 

11 3 wk 2 2 0 1 4 + + - 1-2 
12 3 wk 1 2 0 2 3 + + +* 3 
13 3 wk 1 2 0 3 3 - + - 2-3 

14 4 wk 1 2 0 2 3 4- - 1 
15 4 wk 1 2 1 2 2 - + - 1 
16 4 wk 1 2 1 2 3 - + - 2 
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Appendix D.- {Continued) 

H&E Histology Overall In situ Hybridization Overall 
LOS Tvoe. LOS LOS Type, Probe 

Slide Time Severity Grade (G) Severity Probe + or - Signal 
# PI A B C NT (G) A B C NT fG) 

17 5 wk 2 1 0 3 2 0 
18 5 wk 2 1 0 2 2 - +  1 
19 5 wk 1 2 0 3 2 - +  -  + *  3 

20 6 wk 1 1 I 2 2 - - - - 0 
21 6 wk 1 2 I I 3 - + 1-2 
22 6 wk 0 1 1 3 2 - - 0 

23 7 wk 1 2 I 1 3 +  +  2 
24 7 wk I 2 I 2 3 - +  1 
25 7 wk 2 1 1 2 2 - +  1 

26 8 wk 2 1 2 3 - +  1 
27 8 wk 1 2 1 2 2 - +  1 
28 8 wk 2 1 1 2 2 - +  1 

29 9 wk 1 1 1 2 2 _ +  2 
30 9 wk 1 1 1 3 2 - +  I 
31 9 wk 0 I 3 2 - - 0 

32 10 wk 1 2 I 3 2 - +  I 
33 10 wk 1 2 I 3 2 - +  I 
34 10 wk 0 1 1 3 1 - +  1 

35 11 wk 1 2 I 2 2 +  1 
36 11 wk 1 2 I 2 2 - +  2 
37 11 wk 1 2 2 2 - +  2 

38 12 wk 1 2 1 2 2 +  2 
39 12 wk 1 2 1 2 2 - +  I 
40 12 wk 1 2 1 2 2 - +  3 

41 13 wk 0 2 I 3 2 - +  1 
42 13 wk 1 2 I 2 3 - +  1 

43 14 wk 1 2 1 2 2 - +  I 
44 14 wk 1 3 1 1 2 - +  -  - 3 

45 16 wk 0 1 2 3 2 - + 1-2 
46 16 wk 2 1 1 1 3 - +  1-2 
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Appendix D.- {Continued) 

H&E Histology Overall In situ Hybridization Overall 
LOS Tvue. LOS LOS Type, Probe 

SUde Time Severity Grade (G) Severity Probe + or - Signal 
ff PI A B C NT fG) A B C NT (G) 

47 20 wk 1 I 1 3 1 0 
48 20 wk I I 1 3 2 + - 1 

49 24 wk I I 1 2 3 + _ 2 
50 24 wk 1 2 1 2 2 + - 2 

51 28 wk 0 1 2 2 2 + - 1-2 
52 28 wk 0 I I 3 1 + - 2 

53 32 wk 1 1 1 2 2 + + 2 
54 32 wk 0 1 2 3 2 + - 2 

55 40 wk 0 0 1 3 1 - - 0 

56 48 wk 1 I 2 2 2 - - 0 
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APPENDIX E 

CHAPTER vm CASES OF Penaeus vannamei THAT WERE COLLECTED BY OR 

SUBMITTED TO THE UNIVERSITY OF ARIZONA FOR DISEASE DIAGNOSIS 

FROM 1992 TO 1996 AND FOUND TO CONTAIN ACUTE PHASE TSV 

INFECTIONS BY ROUTINE H&E HISTOLOGY 
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Appendix E.- Cases of Penaeus vannamei that were collected by or submitted to the 
University of Arizona for disease diagnosis from 1992 to 1996 and foimd to contain acute 
phase TSV infections by routine H&E histology. Representative samples from these cases 
were analyzed for the presence of TSV RNA utilizing in situ hybridization in conjvmction 
with two TSV-specific cDNA probes. PL= Postlarvae, JUV= Juvenile, SA= Subadult 
and AD= Adult. 

Year/Case Origin, Life KG. Shrin^ No. TSV+ 
No. Date Sampled ox Received Stage by in situ by in situ 

1991 

91-219 Ecuador, 9/27/91 JUV/SA 1 0 

1992 

92-93 Ecuador, 8/4/92 JUV 1 1 
92-111 Ecuador, 9/9/92 JUV NA^ -

92-126 Ecuador, 9/25/92 JUV 2 2 
92-127 Ecuador, 10/5/92 JUV/SA 1 0 
92-157 Ecuador, 12/4/92 PL/JUV NA -

92-213 Ecuador, 10/31/92 JUV NA ~ 

1993 

94-5 Colombia, 12/30/93 JUV 1 0 
98-21 Colombia, 1993 case JUV 3 3 

93-20 Ecuador, 2/26/93 PL 3 3 
93-51 Ecuador, 5/21/96 AD NA -

93-73 Ecuador, 5-23-93 JUV NA -

93-75 Ecuador, 5/10/93 JUV 1 1 
93-88 Ecuador, 7/15/96 SA NA -

93-105 Ecuador, 8/17/93 JUV NA -

93-115 Ecuador, 8/30/93 JUV NA -

93-131 Ecuador, 10/1/93 JUV NA -

93-132 Ecuador, 9/27/93 JUV NA -

93-210-216 Ecuador, 6/15/93 JUV/SA NA -

93-217 Ecuador, 6/21/93 PL NA -

93-231 Ecuador, 7/4/93 JUV NA -

93-232 Ecuador, 7/5/93 PL/JUV NA -

93-233 Ecuador, 6/28/93 JUV/SA NA -

93-235 Ecuador, 7/5/93 SA NA -

93-238 Ecuador, 7/7/93 PL/JUV NA -

93-228 Peru, 7/2/93 JUV 1 1 

NA= Not analyzed by in situ hybridization 
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Appendix E.- {Continued) 

Year/Case 
No. 

Origin, 
Date ScU^led or Received 

Life 
Stage 

No. Shrimp 
by in situ 

No. TSV+ 
by in situ 

1994 

94-155 Brazil, 10/20/94 JUV 5 4 

94-12 Colombia, 1/26/94 JUV 3 3 
94-21 Colombia, 2/5/94 JUV 1 1 
94-78 Colombia, 7/1/94 JUV NA -

94-37 Ecuador, 12/93 JUV NA _ 

94-S6 Ecuador, 6/10/94 JUV 6 6 
94-79 Ecuador, 7/1/94 JUV 1 1 
94-89 Ecuador, 7/27/94 JUV 3 3 
94-118 Ecuador, 8/30/94 SA NA -

94-214 Ecuador, 9/20/96 JUV NA -

94-148 El Sal./Florida, 10/12/94* JUV 2 2 

95-90 Guatemala, 1994 JUV 2 2 

94-61 Hawaii, 5/26/94 JUV NA _ 

94-63 Hawaii, 6/6/94 JUV NA -

95-65 Hawaii 1994* JUV 1 1 

94-39 Honduras, 4/25/94 JUV NA _ 

94-126 Honduras, 8/5/94 JUV NA -

94-154 Honduras, 11/6/94 JUV 3 0 
94-170 Honduras, 12/5/94 PL/JUV 5 5 

IIA.= Not analyzed by in sicu hybridization 
* = TSV infections experimentally induced in P. vaimamei indicator shrimp 

using frozen shrimp from the indicated region or covintry 
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Appendix E.- {Continued) 

Year/Case Origin, Life No. Shrimp Mo. TSV+ 
No. Date Sampled or Received Stage by in situ by in situ 

1995 

95-225 Belize, 11/15/95 JUV 3 1 
95-231 Belize, 11/15/95 JUV 7 2 
96-203 Belize, 1995 slides JUV 2 2 

95-125 Ecuador , 6/1/95 JUV 2 2 
95-156 Ecuador , 7/14/95 PL 3 3 
95-192 Ecuador , 9/8/95 JUV NA -

95-202 Ecuador , 9/13/95 JUV NA -

95-317 Ecuador , 9/9/95 PL 9 4 

95-214 El Salvador, 10/24/95 AD 1 1 
95-217 El Salvador, 10/26/95 JUV 1 1 

95-9 Honduras, 1/12/95 SA 1 1 
95-36 Honduras, 2/24/95 JUV NA -

95-239 Honduras, 11/3 0/95 JUV NA -

95-15 Chiapas , Mexico, 1/23/95 AD NA -

95-199 Guerrero, Mexico, 9/18/95 SA 3 0 
95-185 Sinaloa , Mexico, 8/30/95 JUV NA -

95-187 Sinaloa , Mexico, 8/25/95 JUV NA -

95-240 Sinaloa , Mexico, 12/1/95 JUV/SA 4 0 
95-243 Sinaloa , Mexico, 12/7/95 JUV/SA 2 2 
95-246 Sinaloa , Mexico, 12/7/95 JUV 1 0 
95-1 Sonora, Mexico, 1/1/95 AD NA -

95-39 Sonora, Mexico, 3/1/95 PL NA -

95-59 Sonora, Mexico, 3/19/95 PL/JUV NA -

295-109 Sonora, Mexico, 5/20/95 JUV NA -

95-157 Sonora, Mexico, 7/19/95 SA 3 3 
95-161 Sonora, Mexico, 7/17/95 SA 2 2 
95-303 Sonora, Mexico, 8/8/95 JUV/SA 1 0 
95-206 Sonora, Mexico, 10/14/95 JUV NA -

95-190 Sonora, Mexico, 9/8/95 SA NA -

95-303 Sonora, Mexico, 8/8/95 JUV 1 0 

95-189 Nicaragua, 9/1/95 JUV 2 1 

95-180 Panama, 8/22/95 JUV 1 1 

95-93 Texas, 5/10/95 JUV NA -

95-96 Texas, 5/11/95 JUV 4 0 
95-99 Texas, 5/14/95 PL 122 40 
95-100 Texas, 5/16/95 JUV 2 2 
95-101 Texas, 5/16/95 JUV 1 1 
95-102 Texas, ! 5/19/95 JUV 3 3 
95-126 Texas, i S/12/95 JUV 2 2 
95-209 Texas?, 10/16/95 JUV 1 1 
95-242 Texas ?, 12/7/95 SA 2 2 

NA= Not analyzed by in situ hybridization 
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Appendix E.- {Continued) 

Year/Case Origin., Life No. Shrimp No. TSV-i-
No. Date Saji^led or Received Stage by in situ by in situ 

1996 

96-200 Belize, 10/23/96 JtJV NA -

96-186 Costa Rica, 9/25/96 SA 1 1 
96-193 Costa Rica, 10/11/96 JUV NA -

96-159 Guatemala, 8/4/96 JDV NA -

96-4 Sinaloa, Mexico, 12/18/95 JUV NA _ 

96-103 Sonora, Mexico, 5/22/96 JUV NA -

96-133 Sonora, Mexico, 6/4/96 PLS 76 0 
96-146 Sonora, Mexico, 7/10/96 JUV/SA 2 1 
96-93 Taraaulipas, Mexico, 5/7/96 JUV 1 1 
96-163 Tamaulipas, Mexico, 8/2/96 JUV NA -

96-24 Panama, 2/7/96 JUV NA _ 

96-26 Panama, 2/8/96 JUV 2 2 
96-141 Panama, 7/10/96 JUV 5 0 
96-155 Panama, 7/26/96 SA 2 1 
96-164 Panama, 6/28/96 JUV 6 0 

96-107 S. Carolina, 5/31/96 JUV 3 3 

96-136 Texas, 7/5/96 JUV 2 2 
96-168 Texas, 8/19/96 SA 2 2 

NA= Not analyzed by in situ hybridization 
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