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ABSTRACT  

 

Infectious myonecrosis, caused by infectious myonecrosis virus (IMNV), is an 

important disease of shrimp that has adversely affected the production of cultured 

Litopenaeus vannamei. The studies reported here were centered on development and/or 

validation of alternative diagnostic methods for detection of IMNV. Hence, two 

manuscripts were published in the Journal of Aquaculture and one manuscript was 

published in the Journal of Fish Diseases.  

 

Chapter 2 describes the development of a real-time reverse transcription 

polymerase chain reaction (real-time RT-PCR) method using TaqMan probe. The results 

showed that this real-time RT-PCR assay can detect as little as 10 IMNV copies/µl RNA, 

while the nested RT-PCR can detect 1000 copies/µl RNA. These findings suggest that the 

TaqMan real-time RT-PCR is “the gold standard” for screening shrimp to protect 

aquaculture production systems from losses caused by IMNV, because it provides 

quantification, higher sensitivity and specificity, and because it is less time consuming 

and less prone to contamination compared to conventional gel-based RT-PCR.  

 

In Chapter 3 I evaluated if prolonged storage of infectious myonecrosis virus 

(IMNV) infected shrimp in Davidson’s AFA fixative can degrade its double-stranded 

RNA genome resulting in false negative ISH reactions.   Shrimp were collected at Day 12 

post-injection and fixed in Davidson’s AFA for five different preservation times (1, 2, 4, 
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7 and 10 days).  Hence, in the present report it was found that the length of time (up to 10 

days) in Davidson’s AFA did not have a deleterious effect on the ISH reaction for IMNV.  

 

The Chapter 4 describes the development of a reverse transcription loop-mediated 

isothermal amplification and nucleic acid lateral flow (RT-LAMP-NALF) for detection 

of IMNV. The RT-LAMP-NALF method combines simplified nucleic acid extraction, a 

reverse-transcription loop-mediated isothermal amplification platform, and one-step 

visual colorimetric confirmation of the IMNV amplified sequences using a generic NALF 

qualitative detection test strip. The RT-LAMP-NALF was found to be 100 and 10 times 

more sensitive than one-step RT-PCR and RT-LAMP (two primer pairs), respectively.  

These results clearly demonstrate that the RT-LAMP-NALF method is specific, sensitive, 

can shorten the time for analysis, and has potential application for IMNV diagnosis in 

resource-poor diagnostic settings.   

 

Keywords: Infectious myonecrosis virus; IMNV; Real-time RT-PCR; in situ 

hybridization; RT-LAMP-NALF; Litopenaeus vannamei 
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CHAPTER I: INTRODUCTION 

 

Aim and outline of the dissertation dissertation 

Infectious myonecrosis disease (IMN), caused by infectious myonecrosis virus 

(IMNV), is one of the important factors potentially affecting the sustainability of the 

Brazilian shrimp farming industry. Because there are no therapies or vaccines against 

virus diseases in shrimp, an accurate diagnosis of infection by IMNV is necessary to 

implement appropriate control measures. Perhaps the severity of the negative impact of 

IMNV to the Brazilian shrimp farming industry would have been prevented if the 

Brazilian government and industry had established readily available and appropriate 

pathogen detection methods when interstate transferences of post-larvae and broodstock 

were made from 2002 to 2005. 

The objectives of the research reported in this dissertation were: (1) to develop a 

method to detect and quantify the RNA from IMNV using TaqMan technology for 

clinical diagnosis and surveillance proposals; (2) to apply real-time RT-PCR to a time 

course study in juvenile shrimp experimentally challenged with IMNV; (3) to evaluate if 

prolonged storage of infectious myonecrosis virus (IMNV) infected shrimp in Davidson’s 

AFA fixative can degrade its double-stranded RNA genome resulting in false negative in 

situ hybridization (ISH) using a specific cDNA probe; (4) to develop a simple, specific, 

and sensitive diagnostic platform for detection of IMNV and its application in resource-

poor and “point-of-care” diagnostic settings through the use of a reverse transcription 

loop-mediated isothermal amplification and nucleic acid lateral flow (RT-LAMP-NALF).  
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This dissertation is divided into four chapters. The first chapter covers information that 

provides general background and literature reviews of shrimp diseases and infectious 

myonecrosis virus (IMNV). The format of this dissertation is also explained in that 

chapter. The second chapter describes the development of a real-time reverse 

transcription polymerase chain reaction (real-time RT-PCR) method using TaqMan probe 

which has been published on the Journal Aquaculture. The third chapter describes the 

evaluation of the preservation of shrimp samples with Davidson’s AFA fixative for 

infectious myonecrosis virus (IMNV) in situ hybridization which has been published on 

the Journal Aquaculture. The chapter four describes the development of a reverse 

transcription loop-mediated isothermal amplification and nucleic acid lateral flow (RT-

LAMP-NALF) for detection of IMNV. This full manuscript was published in the Journal 

of Fish Diseases. The fifth chapter includes the references to all publications cited in this 

dissertation. 

 

Literature review  

Shrimp diseases  

The importance of the penaeid aquaculture industry to the global economy is 

reflected by its significant production level and by the millions of persons employed 

directly and indirectly by the industry. Nevertheless, during the growth and development 

of the penaeid aquaculture industries, many of the most significant shrimp pathogens 

were moved to new geographic regions causing negative social and economic impacts 

where shrimp farming constitutes a significant industry (Lightner, 2003, 2005a). Fig. 1.1 
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exemplifies the magnitude of problems in production caused by the emergence and/or 

translocation of significant pathogens such as white spot syndrome from Asia to America 

and Taura syndrome from the Americas to Asia.  

 

Figure 1.1. Examples of infectious agents that have had severe economic effects on 

penaeid shrimp aquaculture in the Americas (Ecuador) and Asia (China) during the 

past 15 years. 

The OIE (Office International des Epizooties; World Animal Health Organization) has 

developed normative documents relating the rules that Member Countries can use to 

protect themselves from health problems currently faced by the shrimp farming industry. 

The OIE has listed White spot syndrome virus (WSSV), Taura syndrome virus (TSV), 

Infectious hypodermal and hematopoietic necrosis virus (IHHNV), infectious 

myonecrosis virus (IMNV),  a complex of yellow head diseases (GAV/YHV), and the 

hepatopancreatic necrotizing bacterium (NHPB) for marine shrimp as diseases that have 
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had severe negative economic consequences (Lightner, 2003, 2005b, 2006; Bernoth, 

2006; OIE 2007).  

 

Infection myonecrosis virus (IMNV)  

Infectious myonecrosis virus (IMNV) is the focus of the studies described in this 

dissertation, therefore the proposal of this section is to review what is presently known 

about IMN disease. More information may be accessed in the manuscripts presented in  

the Chapters II, III and IV.  

 

History (2002-2009) 

In August of 2002, a new infectious disease was identified in farmed stocks of the 

Pacific white shrimp, Litopenaeus vannamei (also called Penaeus vannamei) (Farfante & 

Kensley,1997; Holthuis, 1980) in the coastal zone of the Brazilian Northeast, specifically 

in the Piauí state. Because the marine shrimp industry is relatively new in Brazil, the 

number of individuals performing shrimp disease diagnosis was almost nonexistent. 

However, technicians with different areas of expertise were invited to analyze shrimp 

from the ponds first affected (including the author). The first case was suggested to be 

“cotton shrimp disease”. This disease occurs when a microsporidian (Phylum 

Microsporidia) parasite infects muscle tissue, resulting in a loss of transparency and a 

generalized opacity of the striated muscles. Samples were sent to OIE reference 

laboratory for shrimp diseases at University of Arizona under direction of Dr. Donald V. 

Lightner. Histopathological and PCR/RT-PCR analyses have demonstrated that those 
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shrimp were not infected by microsporidia, or by the penaeid shrimp viruses, White spot 

syndrome virus (WSSV) and Taura syndrome virus (TSV). However, they were positive 

for IHHNV and they were tentatively diagnosed as presenting cramp muscle syndrome 

which is caused by a nutritional deficiency, toxification of their food, or an ion imbalance 

in the water (Andrade, unpublished report; Nunes et al., 2004)  

Subsequent studies done in Brazil and in the USA suggested that the disease 

might be muscle cramp, hemocytic enteritis and/or idiopathic muscle necrosis. At that 

time inconsistencies in diagnostic reports from different diagnostic laboratories and 

continuing shrimp losses led farmers to be confused as to the cause(s) of the disease. 

IMN was previously referred to as “camarão zumbi” (zumbi shrimp) or “camarão morto-

vivo” (half dead shrimp) because advanced affected shrimp presented whiteness in the tail 

muscle and some shrimp showed redness in 5th and/or 6th abdominal segments, telson and 

uropods as the main manifestation of disease (Fig. 1.2). That initial case definition was 

important because other farmers realized that their shrimp shared similar symptoms with 

the camarão morto-vivo. Due to this realization, farmers allowed free access to the 

affected farms for collection of samples and confirmation of the disease. Finally, a new 

theory was developed and the disease was named idiopathic muscle necrosis (in 

Portuguese necrose idiopatica muscular, NIM).  
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Figure 1.2. Post larvae and sub-adult shrimp displaying IMN clinical signs. C.R. Pantoja 

and T.P.D. Andrade took the left and middle upper photographs during a technical visit in 

Piauí state, and the others middle lower and right were taken by G.B. Junior, T.P.D. 

Andrade and M.S. Lima during technical visit in Ceará state. All photographs were taken 

in 2003. 

 

The Brazilian shrimp farm industry had the first important IMN outbreaks from 

November of 2002 to March 2003. Initially, IMN impacted ponds of a large farm located 

at Mexeriqueira (Piauí), then in farms located in Piauí state (Lagoa do Sobradinho, 

Cajueiro da Praia and Barra Grande), Ceará state (Camocim, Acaraú, Piranjí and Aracatí) 

and in Maranhão state (Água Doce). Mortalities were observed due to IMN even in new 

farms during the nursery and growout phases of culture (Fig 1.3) (Andrade, unpublished 

report).  

A performance evaluation on the production of the six largest farms affected by 

IMN during January to June 2002 and 2003 showed a decrease in the average survival 

rate in the affected culture of 34.1% (average in each pond). On other hand, the average 
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rate of survival in these six farms was reduced from 68.5 % to 45.1%. The feed 

conversion ratio (FCR) of the infected ponds increased 24.8%, changing from 1.52 in 

2002 to 2.02 in 2003. However, in some ponds the FCR rose to as high as 4.4 and 

survival rates decreased to as low as 21%. During the first semester of 2003, losses in the 

affected region (Piauí state) were estimated to be 35% of the same period for the previous 

year. This was exactly the period in which the outbreaks were more intense. The total of 

losses in that region have represented 0.8 % of the national production during this first 

outbreak (Andrade, unpublished report). 
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Figure 1.3. The first known occurrence of IMN was in a shrimp farm in Piauí state 

(August of 2002). The disease has spread since then to farms located in Piauí and to 

Maranhão state, Ceará state, Rio Grande do Norte state, Paraíba state and finally reaching 

Pernambuco state in 2004. 

2004 

 Touros 

 Joao Pessoa 

 Goiana 

2005 

From  to  

2002  

 Mexeriqueira 

 Cajueiro da Praia 

 Agua doce 

 Camocim 

 

2003 

 Acarau 

 Piranji 

 Aracati 

 

  
 

 
 

   

 
 

 

SOUTH AMERICA 

Pacific Ocean

Atlantic Ocean

Equator

Tropic of Capricorn

Brazil

BrazilArgentina

 



25 
 

The Brazilian shrimp farmers had never faced an epidemic situation before. 

Environmental factors associated with the new IMN outbreaks often included decreased 

dissolved oxygen levels, rapid temperature and salinity variation in the rainy season and 

high levels of organic materials. IMN was most severe during full and new noon phases 

when molting activity was the highest. The disease was also detected in nurseries with 35 

to 120 postlarvae (PLs)/liter and in ponds with stocking densities higher than 15-shrimp/ 

m2. The disease occurred with all brands of shrimp feed sold in Brazil and in shrimp sold 

from all hatcheries that were producing PLs.  

Groups of farmers and professionals met on July 11, 2003 in Piauí state to 

evaluate the meteorological and biological alterations as possible contributors to IMN 

disease in the affected farming regions. According to Fundação Cearense de 

Meteorologia – Funceme, the levels of precipitation registered at the meteorological 

stations located in different points of the coastal of Ceará state showed a significant 

increase for the rainy season during the months of January, February and March of 2003 

that were above the average for the previous 30 years (Fig. 1.4). 
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Figure 1.4. Precipitation levels registered at three meteorological stations between 

January to May of 2003 in comparison with the average for the previous 30 years 

(Source: Fundação Cearense de Meteorologia). 

 

These alterations changed the previous shrimp farm pond environmental 

conditions dramatically. For instance, a large variation in the temperature of the surface 

of the shrimp ponds, extreme salinity changes, excess build up of organic material on the 

pond bottoms, increases in suspended silt in the water column of the shrimp ponds, and 

the development of atypical phytoplankton communities (Andrade, unpublished report; 

Nunes et al., 2004). 

The impact of IMN on the shrimp farming industry in Brazil has caught the 

attention the industry worldwide. One year after the first outbreak, Nunes et al. (2004) 

estimated approximately US$20 million in losses in 2003 alone. In 2004 the disease 
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spread throughout farms located in the Rio Grande do Norte state, Paraíba state, and 

finally reaching Pernambuco state (Fig. 1.3) (Andrade & Lightner, unpublished data). In 

spite of industry rumors, there have been no confirmed IMN outbreaks in Bahia state, 

Sergipe state and Santa Catarina state.  

At FENACAM (Feira Nacional do Camarão – a national conference on 

aquaculture) 2004, Natal–Rio Grande do Norte–Brazil, preliminary results were 

presented indicating that the causative agent for the new disease was a virus and it was 

named infectious myonecrosis virus (IMNV) (Lightner et al. 2004a,b). Details of the 

biology and taxonomy of IMNV will be discussed in the genome and taxonomy section 

of this dissertation.  

In 2005, strategies were developed to prevent further negative impact caused by 

IMNV and other infectious diseases. The Brazilian Shrimp Farmers Association-ABCC 

(www.abccam.com.br) released two online documents written in Portuguese: Biosecurity 

Program to Marine Shrimp Farming (Programa de Biossegurança para Fazendas de 

Camarão Marinho, 61p.), and a Guidebook for Better Management Practices and 

Prevention of Diseases (Recomendações de Boas Práticas de Manejo na Prevenção de 

Enfermidades, 34p.).  

ABCC’s initiative led farmers to modify their production strategies. These 

changes were based mainly on the reduction of stocking densities and the adoption of 

best management practices in the farming systems. The correct application of these 

measures increased the final survival rates from 35% to over 70% in some farms in the 

affected regions. These measures demonstrated that the impact of IMNV can be 

http://www.abccam.com.br/�
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minimized when a culture system is managed with best management practices, efficient 

biosecurity programs and respect of the environmental conditions of each farming 

system. Results of research together with practical learning experiences have combined to 

stimulate some farmers in 2006 to restock their ponds in the regions previously affected 

by IMN.  

A variety of factors have decreased total Brazilian production of farmed shrimp 

from 90,000 MT in 2003 to 65,000 MT in 2007. However, while the Brazilian farmers 

learned to manage shrimp in the presence of IMNV with some success, other factors not 

related to IMN were also adversely affecting the Brazilian shrimp farmers. Along with 

production losses associated with reduction in stocking densities for IMN management, 

economic damages from the U.S. antidumping action and the low marginal return of 

investment due to the dollar devaluation against the Brazilian currency were responsible 

for the difficult times experienced by the Brazilian shrimp farming industry over the last 

8 years (Rocha, 2005a,b; Madrid, 2005a,b; Maia, 2006) (Fig. 1.5).  

To survive dollar devaluations, farmers stocked ponds at higher densities. 

However, since IMNV appeared that practice has been less productive. The direct and 

indirect impacts of IMNV have led farmers into bankruptcy and to massive 

unemployment in the Brazilian Northeast since 2003. It is estimated that IMNV caused 

serious social impacts and an economic impact of more than US$120 million in losses 

since its first occurrence. Because of its impact on the Brazilian shrimp farming industry, 

IMNV is the most recent shrimp viral disease listed by the World Animal Health 

Organization (OIE) (OIE, 2007).  
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Figure 1.5. Brazilian shrimp farming production between 1997 and 2007. IMNV impact 

is among the main reasons for the decline after 2003 (source: Brazilian Shrimp Farmers 

Association-ABCC). 

 

Some farmers still refer to Infectious Myonecrosis Disease or “IMN” by Necrose 

Idiopatica Muscular “NIM”. Usually, Brazilians refer to IMNV as NIM for language 

reasons. However, in March of 2006 the author was invited to give a paper on IMN at a 

conference in Brazil, and at that time it was realized that ‘part’ of the farmers are still 

referring to IMN as Idiopathic Muscle Necrosis (Necrose “Idiopatica” Muscular “NIM” 

(Portuguese). There may be two reasons that can be given for this: 1) some farmers still 

do not believe that a virus causes IMN, and 2) the absence of printed updates on IMNV 

research in Portuguese. Therefore, it is suggested that the abbreviations “IMN” and 
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“NIM” should be used together during technical visits to Brazilian farms or in 

publications for the foreseeable future.  

In 2006, the Brazilian government approved ABCC’s request to import new 

genetic lines and certified specific pathogen–free (SPF) L. vannamei to aid in the 

recuperation of the industry. This is a significant change of the policy by the Brazilian 

government because the importations of crustaceans and fresh aquaculture feeds have 

been forbidden since 1998. In 2005, the president of ABCC (Dr. Itamar de Paiva Rocha) 

presented technical documentation to Brazilian Agricultural Ministry (MAPA) requesting 

a variance in importation policy. The document was entitled: Program/Strategy of the 

Brazilian Shrimp Farmers Association – ABCC for Importation of New Lines/Broodstook 

of L. vannamei. Quarantine and Production of Specific Pathogen Free (SPF) and High 

Health Shrimp  ((HHS) (Andrade T.P.D., unpublished technical project). ABCC and the 

representatives of the Federative Republic of Brazil will be responsible for the accuracy 

and the success of the project. The importation of certified SPF shrimp lines and the 

establishment of a task force are necessary to mitigate further losses to the Brazilian 

shrimp farming industry caused by infectious diseases such as IMNV (Andrade et al. 

2006).  

In May 2006, IMNV spread to SE Asia when the disease was reported from 

Indonesia.  IMNV was confirmed in Indonesia by the National Coordinator (Wilkinson 

2006).  Because of the ever increasing importance of L. vannamei in the Asia-Pacific and 

the large scale trans-boundary movement and culture of the species, IMNV was 

considered important for the region and it was added in January 2006 to the 
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NACA/FAO/OIE (Asian Region) Quarterly Aquatic Animal Disease Report list for the 

purpose of surveillance and reporting.  Although IMNV was recommended to the World 

Animal Health Organization (OIE) for full listing by the Crustacean Diseases Ad Hoc 

Group, the disease was shown as “under study” in the OIE Aquatic Animal Health Code 

(OIE, 2006); Furthermore, IMNV was also confirmed in Southeast Asia, including Java 

and Sumatra islands of Indonesia (Senapin et al. 2007; Lightner et al. unpublished 

report). IMN was fully added to the list of crustacean diseases notifiable to the Office 

International des Epizooties - World Organization for Animal Health (OIE 2007). 

Moreover, anecdotal cases of IMNV were also reported in other SE Asia countries (i.e 

South of Thailand and Hainan Island – China), but have not been officially confirmed by 

the affected countries or in the scientific literature. 

The Brazilian government reported the first IMNV occurrence in Brazil to the 

World Organization for Animal Health in 2008 (OIE 2008). Nonetheless, results of a 

preliminary survey of shrimp disease diagnostic laboratories located in Brazil revealed 

that seven of nine laboratories associated with university or research institutions 

participated in a survey using  reverse transcription-polymerase chain reaction (RT-PCR) 

for detection of IMNV in 2005 (Andrade et. al. 2006a,b). The timing of the Brazil's first 

official report of IMN is much more a function of when the government’s veterinary 

services was able to set-up collaborative shrimp disease diagnostic laboratories than a 

reflection of the impact of the disease on their shrimp industry.  

By the end of May of 2009, IMNV was reported in nine of nine states of 

Northeast of Brazil, and there is a non-confirmed case from farms located in the Espirito 
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Santo State (Southeast of Brazil). Moreover, IMNV has not been confirmed in the Santa 

Catarina State (South of Brazil). 

 

IMNV known Transmission and Host Range  

IMNV remains infectious after frozen storage, even after one or several cycles of 

freezing and thawing (Lightner, unpublished data). Moreover, IMNV has been 

demonstrated to be transmitted from shrimp to shrimp by cannibalism (Lightner et al., 

2004, Poulos et al., 2006a), and transmission via water. Vertical transmission from 

broodstock to progeny probably occurs (Lightner, in press).  Some members of 

populations of L. vannamei that survive IMNV epizootics may carry the virus for life 

and, although not documented scientifically, are thought to pass the virus onto their 

progeny by vertical transmission. Nevertheless, it is not known if the mode is 

transovarium or by contamination of the spawned eggs (Lightner, unpublished).  

The penaeid shrimp: L. vannamei, Farfantepenaeus subtilis, Penaeus monodon 

and L. stylirostris were found experimentally to become IMNV positive by RT-PCR in 

bioassays when challenged with semi-purified virus (Tang et al., 2005; Gouveia et al., 

2007; Coelho et al., in press). Although not confirmed by molecular diagnostic methods, 

wild F. brasiliensis and L. schimitti present in shrimp ponds where L. vannamei was the 

principal species being cultured, have been suspected as potential hosts for IMNV due to 

their presenting gross signs of the disease (Andrade, unpublished report) (Table 1.1). 

 The infectivity of IMNV to other crustaceans such as crabs, artemia and 

copepods is not known. Using nested RT-PCR, IMNV was detected in bivalve mollusks 
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and polychetes collected from farms during active IMN epizootics (Andrade, 

unpublished). However it is not known if they were true hosts or if they were positive 

because they had ingested and accumulated the virus from contaminated pond water 

(Table 1.1).  

 

Table 1.1. List of known hosts for infectious myonecrosis virus – IMNV. Results are 

from samples collected from shrimp ponds and from experimental studies. 

 

Viral host 

Diagnostic method 

Gross 

signs 

Bioassay H&E TEM ISH RT-

PCR 

Real-

time 

Penaeid shrimp species        

Litopenaeus vannamei + + + + + + + 

Farfantepenaeus subtilis + + +   +  

F. brasiliensis* +       

Litopenaeus schimitti* +       

Penaeus monodon  + +  + +  

Litopenaeus stylirostris  + +  + +  

Others        

Bivalve mollusk*      +  

Polychetes*      +  

* Suspected as a potential host.  
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IMNV isolation   

A fundamental step for molecular pathology studies of IMNV was the 

isolation of the agent (Fig 1.6). The semi-purification method published by Tang et al. 

(2005) and the purification method described by Poulos et al. (2006a) are described 

bellow. The purification protocol was modified from Bonami et al. (1997).  

 

a) Semi-purification of IMNV  

1. Tail muscles of infected shrimp from a shrimp farm located in Ceará State (Brazil) 

were used for semi-purification of IMNV virions. The infected tissue was minced, 

homogenized in TN buffer (10mM Tris-HCL, pH 7.4, 400 mM NaCl), and clarified at 

2987 g for 20 min in a Sorval RC-5B centrifuge. 

 

2. The super natant fluid was centrifuged at 205,000 g for 3 h in a Sorval TH641 rotor. 

The resulting pellet was suspended in TN buffer. 

 

b) Purification of IMNV 

1. Twenty-five shrimp with confirmed IMNV infections were used as source material 

for IMNV. From each frozen shrimp the eyestalks, hepatopancreas, carapace, 

periopods and pleopods were removed and discarded. The resulting tissues (mostly 

striated muscle) was minced using a clean razor blade and homogenized in a blender. 

Four ml of sterile TN buffer (20 mM Tris-HCL, 0.4 M NaCl) were add for each gram 

of tissue and homogenized until the tissue was liquefied.  
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2. Low speed clarifications were done at 2500 rpm (IEC) for 10 min; 6000 rpm 

(SS34=4,302 g) for 15 min; and 10,000 rpm (SS34=11,950 g) for 20 min. 

 

3.  Delipidation was performed using fumed silica (2 g in 300 ml homogenate, 30 min 

stirring at RT) and centrifuged 9,000 rpm (GSA=13,180 g) for 20 min and 15 min. 

 

4.  A high speed pelleting was done at 43,000 rpm (T647.5=205,100 g) for 3 h. 

 

5.  The pellets were re-homogenized in TN buffer and a second delipidation with fumed 

silica was done (100 mg in 50 ml homogenate, 30 min stirring RT). 

 

6. After centrifuging out the silica (SS34, 10K rpm, for 20 min), 1g of activated 

charcoal was added and stirred for 10 min. The resulting mixture was then passage 

through celite, followed by another high-speed pelleting at 43K rpm (T647.5) for 3 h. 

 

7.  After pouring off supernatant fluid, the orange, lipid pellet slid off exposing the clear 

hard pellet on the side of the tube. The two pellets (the soft lipid one and the hard 

clear one) were kept separate for use in a sucrose gradient. 

 

8. The two pellets were re-homogenized in TN buffer and each was put over a 10 ml 

sucrose gradient: for the first run, a 15-40% gradient (9 ml) with a 1 ml cushion of 

50% sucrose, and in the second run, with a 10 ml 15-45% sucrose gradient.  
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9. The gradient was centrifuged in TH641 rotor at 41K rpm (=286,200 g) for 2 h. Bands 

came off at about the same place; in tubes 9-10 and 20 drops per tube were collected 

using a fraction collector.  

 

10. The gradient prepared with the hard clear pellets was much cleaner than those that  

used the soft lipid pellets. Both pellets created a band on top of the 50% cushion, and 

another band about 5 mm above the cushion. The clear pellet gradient also produced a 

band much higher in the gradient, but much weaker than the one seen 5 mm above the 

50% cushion. 

 

11.  The gradients were collected with the fraction collector at about 1 ml (20 drops) per 

tube, and absorbance peaks were in fractions 5-6 (upper band), fractions 8-9 (lower 

band), and in fractions 10-11 (top of 50% cushion). Each fraction was centrifuged in 

TN buffer (41K rpm, 2 h). 

 

12. The preparations from fractions 8-9 and 10-11 were placed over 15-45% CsCl 

gradient and centrifuged at 35K rpm (=135,900 g) overnight. In the CsCl gradients, a 

high band (weak) and a lower doublet (very intense) near botton of tubes were 

visible. When drawn off, the absorbance peaks were in tubes 5 (higher band), 8-9 

(lower band) and in tubes 11-13 where there was an increase in absorbance. In 

negatively stained preparations prepared from the various fractions, virus particles 

were observed from fractions 8-9.  
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13. In a subsequent CsCl gradient, a 20-50% gradient was run, to separate the virus peak 

from the one coming off the bottom of the gradient. The peak was in fractions 8-9, 

and there was better separation than was obtained with the 15-45% gradient. 

 

 

Figure 1.6. Transmission electron micrograph of negatively stained IMNV 40 nm 

diameter hexagonal appearing particles isolated from naturally infected shrimp. 

Acceleration 60KV, scale 50 nm. IMNV purified by B.T. Poulos, and EM photo taken by 

T.P.D. Andrade.  

 

IMNV genome organization and taxonomy  

Poulos et al. (2006a) demonstrated that a virus is the causative agent of Infectious 

Myonecrosis Disease that is affecting cultured Litopenaeus vannamei in the Brazilian 

shrimp farming industry. Rivers’ postulates (Rivers, 1937) were used to demonstrate that 
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the causative agent is infectious by preparing a tissue homogenate from infected shrimp 

and passing the disease on to SPF (specific pathogen-free) (Moss et al. 2005) L. 

vannamei. Moreover, analysis of the purified agent revealed virus particles in the infected 

tissue.   

Icosahedral viral particles with a 40 nm diameter were purified and portions of the 

nucleic acid (RNA) genome were extracted, cloned and sequenced. Virions had a buoyant 

density of 1.366 g ml-1 in cesium chloride. The IMNV genome consists of a single, 

double-stranded RNA molecule of 7560 bp. Sequence analyses revealed two non-

overlapping open reading frames (ORFs). The ORF1 encodes a putative RNA binding 

protein and a capsid viral protein. The first half of the ORF1 encodes a RNA-binding 

protein (nt 315-2248) and the second half encodes the capsid protein (nt 2248-4953), 

suggesting formation of a fusion protein translation, which should then be cleaved by a 

protease and the capsid protein assembled into a virion. The ORF2 encodes a putative 

RNA-dependent RNA-polymerase (nt 5241-7451) (Fig. 1.7) (Poulos et al., 2006a). 
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Figure 1.7. Organization and conserved regions of the IMNV genome. The coat protein 

(CP) and the RNA-dependent RNA-polymerase (RdRp) are located between nucleotides 

2248-4953 and 5241-7451 respectively (Poulos et al., 2006a). 

 

The viral genome was sequenced from cDNA clones prepared from RNA 

extracted from the purified virions obtained from infected shrimp from Brazil. The base 

composition of the 7560 bp genome is available in the GenBank no. AY570982 (Poulos 

et al., 2006a). Phylogenic analysis based on the RNA-dependent polymerase showed 

IMNV to cluster with members of the family Totiviridae, including Giardia lamblia virus 

(GLV), Helicobasidium mompa (HmV), Eimeria brunetti virus (EbRV 1), Sphaeropsis 

sapinea (SsRV 1), Trichomonas vaginalis virus (HvV), and Gremmeniella abietina RNA 

virus L1 (GaRV) (Fig. 1.8). However, IMNV appears to be distinct from this virus 

family. Hence, further analysis will be required to determine if IMNV is a novel member 

of the Totiviridae or an unique unclassified dsRNA virus that infects other invertebrate 

hosts such as the penaeid shrimp. 
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Figure 1.8. Alignment of the IMNV putative sequence of RNA-dependent RNA 

polymerase (RdRp) with the RNA polymerases of 16 members of the family Totiviridae. 

Note that IMNV clustered most closely with GLV (Giardia lamblia virus) with a 

bootstrap value of 83% (Poulos et al., 2006a). Abbreviations: HmV (Helicobasidium 

mompa virus), EbRV 1 (Eimeria brunetti virus), SsRV 1 (Sphaeropsis sapinea virus), 

HvV (Helminthosporium victoriae virus), TVV (Trichomonas vaginalis virus), GaRV 

(Gremmeniella abietina RNA virus L1), LRV (Leishmania RNA virus), ZbV Z 

(Zygosaccharomyces bailii virus Z), ScV (Saccharomyces cerevisiae virus L), UmV H1 

(Ustilago maydis virus H1), MgV 1 (Magnaporthe grisea virus 1). 
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Surface structure of IMNV  

In April 2006, Dr. Max Nibert (Harvard University) contacted the UAZ-APL 

requesting samples of purified IMNV for use in a collaborative research project with Dr. 

Tim Baker and Wendy Ochoa at University of California (U.C.) San Diego involving 

surface characterization of totiviruses and related agents.  A highly purified and 

concentrated preparation of IMNV was sent to U.C. San Diego for electron 

cryomicroscopy and 3D image reconstruction to examine the IMNV virion at 8.0-Å 

resolution was used.  

“A totivirus-like, 120-subunit T = 1 capsid, 450 Å in diameter, but with fiber 

complexes protruding a further 80 Å at the fivefold axes, was indentified” (Fig. 1.9). 

Most totivirus transmit vertically during cell division, but these unique protrusions 

present by IMNV may be important to permit extracellular transmission and establish 

infection and diseases on the affected shrimp. “The IMNV structure is also notable in that 

the genome is centrally organized in five or six concentric shells. Within each of these 

shells, the densities alternate between a dodecahedral frame that connects the threefold 

axes vs. concentration around the fivefold axes, implying certain regularities in the RNA 

packing scheme” (Tang et al, 2008).  

 

 

 



42 
 

 

Figure 1.9. Fiber-like protrusions at 5f axes of IMNV virion. (A) Radially color-coded 

surface view of IMNV virion, in stereo, with complex protrusions evident at the 5f axes. 

(B) Close-up view of one protrusion and the surrounding capsid. Reprinted with 

permission from: Tang et.al. (2008) PNAS; Copyright (2008) National Academy of 

Sciences, U.S.A. 

 

Detection of IMNV   

Infection by IMNV can be demonstrated by histopathology (using routine paraffin 

methods) and hematoxylin and eosin (H&E) staining (Bell & Lightner, 1998; Lightner et 

al., 1996, 2004a,b). By light microscopy, shrimp with acute phase IMN disease present 

lesions with coagulative muscle necrosis, often with edema. In shrimp recovering from 

the acute phase of the disease, or those in the chronic phase of the disease, the 

myonecrosis appears to progress from coagulative to liquefactive necrosis. This 

progression of myonecrosis is accompanied by hemocytic infiltration and fibrosis. 

Significant lymphoid organ spheroid (LOS) formation is typically present, and ectopic 

lymphoid organ spheroids (ELOS) are often found in the hemocoel and loosed connective 
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tissues, especially in the heart lumen and in the hemocoel adjacent to antennal gland 

tubules. In some histological preparations, perinuclear pale basophilic to darkly 

basophilic inclusion bodies were evident in muscle cells, connective tissue cells, 

hemocytes, and in cells that comprise LOS (Figs. 1.10 & 1.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Lymphoid organ spheroids (LOS-arrows) (Figs. a & b) showing 

infection severities between low to moderate grades. Ectopic lymphoid organ 

spheroids (ELOS-arrow) (Figs. c & d) found in the hemocoel and loosed connective 

tissues, especially in the heart lumen (c) and adjacent to antennal gland tubules (b) 

(modified from D.V. Lightner, unpublished). Scale bars: 50 µm. 

d 
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Figure 1.11. Severe necrosis due to IMNV in the striated muscle of the abdomen (Figs. a, 

b, c d & e). The progression of myonecrosis is accompanied by coagulative muscle 

necrosis giving affected muscle fiber a hyaline appearance (1) of the muscle fibers, 

nuclear pyknosis (2), edema (3) between the adjacent muscles fibers, hemocytic 

infiltration (4) and fibrosis (5). Multiple basophilic inclusion bodies can also be 
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distinguished in the cytoplasm (6) (modified from D.V. Lightner, unpublished; Tang et 

al. 2005). Scale bars: 50 µm.  

IMNV can also be detected using the in situ hybridization method described by 

Tang et al (2005). According to these authors, a DNA probe was designed and prepared 

from the cDNA clone IMNV-317 by polymerase chain reaction (PCR) labeling with 

digoxigenin(DIG)-11-dUTP as described by Mari et al. (1998). The primers used in the 

labeling reaction were IMNV993F (5’AAC ACA AAA TCT GCC AGC AA-3’) and 

IMNV993R (5’ CCC AAC CAC CCA AAT TCA TA-3’) which generated a 993 bp 

amplicon (Fig. 1.13). Following PCR, the DIG-labeled DNA probe was precipitated with 

ethanol, re-suspended in water, and stored at –20ºC. 

Samples of infected shrimp were preserved using an “RNA friendly fixative (RF-

Davidson’s fixative)” (Hasson et al., 1997). Samples were then processed and embedded 

in paraffin in accordance with standard methods (Bell & Lightner 1998). Four µm 

sections were put onto positively charged microscope slides and rehydrated, thinly 

covered with 500 µl proteinase K prepared in TNE buffer, and washed in 4% 

formaldehyde and 2x SSC solution at room temperature (RT). Next, each slide was 

prehybridized using 500 µl of hybridization buffer (50% formamide, 0.02% ficoll, 0.02% 

polyvinylpyrolidone, 0.02 % bovine serum albumin, 5% dextran sulfate, 4x SSC, 0.5 

mg/ml salmon sperm) and incubated for 30 min at 42°C in a hybridization chamber. A 

volume of 500 µl for DIG-labeled IMNV probe was pipetted onto each slide, and the 

double strand RNA was denatured by heating at 85 °C for 7 min. Soon after, the slide 

was quenched on ice for 5 min and incubated overnight at 42°C in a hybridization 
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chamber. Then, the slides were washed in 2X SSC (2 x 15 min), 1X SSC (2 x 5min), 0.5 

SSC (2 x 5min) and one time in TBS buffer (0.1 M Tris-HCL, 0.15 M NaCl, PH 7.5) for 

5 min. Next, the slides were incubated at 37°C for 30 min with 500 µl of a blocking 

buffer (2% normal sheep serum, 0.3% Triton X-100) covering the tissue. After that, the 

tissue was overlaid with anti-DIG-AP antibody diluted into 250 µl, incubated at 37°C for 

30 min and washed with TBS buffer and blocking buffer with Ab dilution buffer. A 

volume of 500 µl of development solution (nitroblue tetrazolium, bromochloroindoyl 

phosphate and 1% polyvinyl alcohol) was added onto each slide and incubated for 3 h in 

a dark chamber at RT. Soon after, the color reaction was stopped (0.01 M Tris-HCL, 

0.001 M EDTA, pH 8.0) for 5 min at RT. Each slide was counterstained with 0.5% 

Bismarck brown, dehydrated with a series of graded ethanol (3x in 95% ethanol, 3x in 

100% ethanol) and 1x in xylene, cover slipped, and examined using a light microscopy 

(Fig. 1.12). 

 

                                                       

 

 

 

 

 

Figure 1.12. Section of tail muscle of an experimentally infected juvenile Litopenaeus 

vannamei showing characteristic lesions of IMN by histopathology (left) and in situ 
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hybridization with a specific DIG-labeled probe (right) developed by Tang et al. (2005) 

(Photos: Lightner et al., unpublished data). Scale bars: 50 µm. 

A nested reverse transcription polymerase chain reaction (RT-PCR) was 

developed by Poulos et al. (2006b) to detect IMNV. This nested RT-PCR has been used 

by the Aquaculture Pathology Laboratory for detection of the virus for the last 2 years.  

Two sets of primers IMNV4587F-IMNV4914R and IMNV4725NF-

IMNV4863NR were used to detect IMNV using the Gene Amp EZ rTth PCR kit 

(Applied Biosystems). The first set of primers (IMNV4587F: 5’- CGA CGC TGC TAA 

CCA TAC AA-3’ and IMNV4914R: 5’- ACT CGG CTG TTC GAT CAA GT -3’) 

produced a 328 bp fragment and the second set of primers (IMNV4725NF: 5’- GGC 

ACA TGC TCA GAG ACA -3’) and IMNV4863NR: 5’- AGC GCT GAG TCC AGT 

CTT G -3’) produced a 139 bp fragment (Fig. 1.13). The first step contained 6.5 µl of 

sterile Double distilled H2O, 5 µl 5X EZ Buffer, 3 µl of dNTP mix (300 µM each dNTP), 

1 µl of each of the external forward and reverse primers (100 ng/µL), 2.5µl of 25 mM 

from Mn(OAc)2, 1µl of rTth enzyme at 2.5 U, 5 µl of the RNA template in a final volume 

of 25 µl. The transcription reaction was carried at 60°C for 30 min followed by 95°C for 

2 min. This was followed by two cycling protocols: First, 40 cycles of 95°C for 45 s; 

60°C for 45 s and 60°C for 7 min. For the second step, 22 µl of double distilled H2O, 1 µl 

of each internal forward and reverse primer and 1 µl of the product from the first step 

were added in a tube with a puReTaq Ready-To-Go PCR bead (Amersham Biosciences). 

The first product was amplified by the second cycling protocol 95°C for 2 min, 40 cycles 

of 95°C for 30 s, 65°C for 30 s, 72°C for 30 s and 72°C for 2 min. Then, 5 µl of the RT-
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PCR amplified product was stained with ethidium bromide (0.5 mg-1), placed in a 1.5% 

agarose gel, electrophoresed in a 0.5% TBE (Tris, boric, acid, EDTA) and the fragment 

size was confirmed by comparison with a 1 kb marker. 

Farming IntelliGene Corporation (http://www.iq2000kit.com/eng_imnv.htm) has 

acquired from the University of Arizona Office of Technology Transfer this methodology 

and developed a commercial IMNV RT-PCR kit to be easily used by technicians in the 

industry. The new product in the IQ2000™ viral detection series was developed with an 

internal control and with a semi-quantitative design. The internal control eliminates false 

negative possibilities, and the semi-quantification features measures the degree of 

infection. The introduction of this commercial kit in Brazil was considered to be one of 

the most important steps in helping control and prevent IMNV from spreading further 

within and beyond Brazil. However, six of the seven diagnostic laboratories for shrimp 

diseases in Brazil (most at universities) have been unable to import the Farming 

IntelliGene IMNV kits due to bureaucratic hurdles, as well as the devaluation of the 

Brazilian currency in relation to the US dollar (Andrade et al., 2006ab). 

The Chapter II and IV describe a real time RT-PCR and a reverse transcription 

loop-mediated isothermal amplification and nucleic acid lateral flow (RT-LAMP-NALF) 

for diagnosis of IMNV infection.  

 

http://www.iq2000kit.com/eng_imnv.htm�
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2700 ACTGTACAGT TAAATACAAA CATATCACAA AAAGATCTTT CAATGGACAC TGCTTTGACA AAGCTTATGT TGTTGTACCA GCTAACAACA CAAAATCTGC 

2800 CAGCAACACA ATTACCATCA AGCATTTATT CTGCATTTGA TTCAAGAACA CAGCCTACTT TACAGGATGG AATTTGGGGT ATAAATAATG GTGTTAATAT 

2900 ATTTGGTGAA CAATGCGGTG GATTAGCCGC GCCAGTCTTT CCATTCAGTG GGGGCACCGG AGAAATTACT TTCCATCTTA CTTTACAATC TGTTCCACAG 

3000 GAATTTCAAG AATCAGCAAT TTTCGTACCA GCAACTGCAC TACAAGCTGC AAAAGAGGGT GCTCGAACAT TGGCAATGTA TGTTTTAATG TTTGCAGAA 

3100 TGGCCATTTG GTATGTATAC AAAAACTAAA CAAACAACAG ACAATGCTGG TAATAATCAA TCAGATCAAA TTTTCATTCA CTCCGAATCT ACTGTACATA 

3200 TTCCAGGACA AAAACAAATG CATATTGTGC TGCCAAGAAA AGTGAACATG GTGAACCCCA CTACAATTGC AGAAGCAAAT GCACGTGTAG TAATTCAACC 

3300 AACATACGGT ACAGTGGCAG CTGGGGCAGG TGTCGCAAAT GGTAATATTA ACGTAGCTGC TGTTGGTGTG GCCCTGCCAA CTGTAAATTT GACTGACTAT 

3400 CTTGTATCCT GGGCAACCGA TTTCACACTT GGCGACATAA AACAATTGGT TGAAAGAATG AAAACAACAC TGCCAATTAG TCGAGACTTG ATGGCAGCAC 

3500 GTCAAAATGC TATGTTATTG AGTACTCTAT TTCCTCCACT AATTCAGAGC AATGTGGCTT CAGACACAAA GGAAGTCCC AGGAACAGC TGGAGCATA 

3600 CACTGCATG TCTTGCAAA CTTAGGTAT TCCTGAAAC ACTAACAGTT AACTGGGGAG TAGATATAAA TGTTCAGCCA TTGTATCAGC TACTTGAAA 

3700 CGGACATCAC AGCCCACAAT CGGTACGTA TTAAACCTG TTCAAAAGA GAAGAAGTGG TAGCAGGTGC ATATGAATTT GGGTGGTTGG GACACATGGC 

3800 CAGTTATATG ATGGGACTCC TTCTAACAAT GAATATATCA TCAGTGTTTA ACGTTTGGTA TTCAACAAGA CGTATTTCAA CAAAGGCGTG GGACACAGCA 

3900 TATGATAGTA ACATCCAAGC ATATCAGGAC ATGCATTATC AAATGTTTTC GTGGAGTTCA ATGCAAGGTA GTATTGCACC AGCAATGGTG GACGAAATTC 

4000 TTCATAACCT TTGTGGCCAA ATGTTTGGGT TCAGCTTACC ATTGAGACAA GTCTTATTTA ACGCATTGCC AATCACTTTT TCATCGTTTG GAAGTTGGAT 

4100 GTTGCCTAGA GTTTCTGATG GTTTCCAAAC TGTAAGGTAT TATGATGTAG GTCCACCAGT CATTAATGCA AAACGTGATG GGGAAGTACC AGTAAGTAT 

4200 GATTGACGCA TGGACCTATA AATTTACAGA AAAATTGCCA AAAAGTTTTT TGCCATGGCC AATGCCAGAA GGAAAGGACA GTACAATGGG ATATGATCCG 

4300 GAAAAAGAAC CAGCACTAAT TGATAATTCA AATGAGACAG GCAATGTATT CAGACCATTT ATGGCAAGAA ATGGCAACAA TTCTAATTAT TTGCCAACCA 

4400 ACTACACAAT TGACGTATCA CAGAATGGTC ATGATGAGAG TTGTATTAAT GTTGACCTTT TTAACAATGT TGCAGGAGTA ACACTAACAA ATTATGATGG 

4500 AACCGCAACA AACGCAGACG TCGTACCAAC AGGATCATAT ATTAAGCAGA GAGCAATGCC TATCAATGCA AATGCGGTAC GACCAACTGA AACACTCGAC 

4600 GCTGCTAACC ATACAAAACC TTTTGCTATT GAAGGAGGAA GACTCGTATA TTTGGGTGGA ACAATTGCAA ATACAACCAA TGTGGTAAAC GCAATGCAGA 

4700 GGAAACAAAG GCTTTCAAAA CCGGCATTCA AGTGGGCACA TGCTCAGAGA CAACGTGTAT ATGACAGCAG TCGTCCAGGG ATGGACGCAA TCACAAAGTT 

4800 GTGTGCACGA AAGTCGGGTT TTATGAATGC CCGTTCCACA GCAATGATGG CACCCAAGAC TGGACTCAGC GCTGTTATAG ATCAAGCACC AAATACATCT 

4900 CAAGACTTGA TCGAACAGCC GAGTCAGCAA GAGGTTATGG ATATGCAAGC GACAGCAACA GTATAAATCA GATATATCAA ATTGCATTGC ATAGAAAGGC 

Figure 1.13. Infectious myonecrosis virus capsid protein nucleotide sequence (GenBank no. AY570982) and 

binding sites for diagnostic primers (Tang et al., 2005; Poulos et al., 2006b).

IN SITU IMNV983F 

IN SITU IMNV983R   ATACTTAAA     CCCACCAACC    C 

RT-PCR IMNV F 

RT-PCR IMNV NF 

GTTCTG     ACCTGAGTCG    CGA  RT-PCR IMNV NR 
 

  CTGAACT    AGCTTGTCGG    CTCA  RT-PCR IMNV R 
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Abstract 

Infectious myonecrosis, caused by Infectious myonecrosis virus (IMNV), is an 

important emerging disease of shrimp that has affected the production of cultured 

Litopenaeus vannamei in Northeast Brazil. In this study we report the development of 

a real-time reverse transcription polymerase chain reaction (real-time RT-PCR) 

method using TaqMan probe to detect this virus in shrimp. The real-time RT-PCR 

showed a strong linear correlation (r2 = 0.986) between threshold cycles (CT) and 

RNA quantities. The assay gave negative results for other viruses, including Yellow 

head virus (YHV), Taura syndrome virus (TSV), Infectious hypodermal and 

hematopoietic necrosis virus (IHHNV), and White spot syndrome virus (WSSV) and 

the necrotizing hepatopancreatic bacterium (NHPB). This real-time RT-PCR assay 

can detect as few as 10 IMNV copy numbers/µl RNA, while the nested RT-PCR can 

detect no fewer than 1000 IMNV copy numbers/µl RNA. Specific-pathogen-free L. 

vannamei were used in the infectivity assay. There were one control group (Group 1) 

and one viral challenged group (Group 2), from which shrimp were sampled for RT-

PCR and histological analysis. The RNA from dead shrimp was extracted and tested 

for IMNV by nested and real-time RT-PCR. The shrimp in Group 1 showed 100% 

survival, while those in Group 2 showed a 0% survival. The first mortality in the 

Group 2 was observed at Day 8 post-inoculation (p.i.); and the mortalities 

dramatically increased after Day 40 p.i. Histological sections from Group 2 shrimp 

taken at intervals throughout the study exhibited acute to chronic phase lesions of 

IMNV infection, and consecutive tissue sections reacted to the IMNV-specific cDNA 

probes by in situ hybridization. The real-time RT-PCR detected the presence of 
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IMNV in all 30 of the challenged specimens in Group 2. In contrast, the nested RT-

PCR detected the presence of IMNV in 23 of the 30 specimens. The real-time RT-

PCR revealed that the 7 specimens not detected by nested RT-PCR contained 

relatively low IMNV copy numbers compared to the other 23 specimens. These 

results demonstrate that the real-time RT-PCR developed in this study is a sensitive 

diagnostic method for IMNV. 

 

Keywords: Infectious myonecrosis virus; IMNV; Real-time RT-PCR; Litopenaeus 

vannamei 

_____________________________________________________________________
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Introduction 

Infectious myonecrosis (IMN) is an emerging disease of cultured penaeid 

shrimp. It was first recognized in Brazil in August 2002 (Poulos et al. 2006a). The 

outbreaks were first observed in coastal areas of the Piauí state, and later it spread to 

other states, including Ceará, Maranhão, Rio Grande do Norte, Pernambuco, and 

Paraíba (Fig. 2.1). The economic impact of IMN to Brazil has been significant.  

According to a report from the Brazilian Shrimp Farmers Association (ABCC, 2004), 

production estimates for farmed shrimp for the 3-year period (2003-2005) were 

projected to reach 380,000 metric tons.  This is the period when IMN was emerging 

and spreading across most of the shrimp farms of NE Brazil (Nunes, 2005).  The 

actual production achieved for 2003-2005 was 231,000 metric tons, some 150,000 

metric tons less than projected.  While not all of this production shortfall was due to 

IMN (also affecting production and exports of shrimp were the devaluation of the 

Brazilian currency and the U.S. Antidumping Initiative - Rocha, 2005a,b) the actual 

losses to IMN may have reached U.S. $ 440 million by the end of 2005.  This 

estimate is based on the assumption that 60 to 70% of the production shortfall was 

due to IMN and that the average value of the lost production was U.S. $ 4.25/kg 

(Madrid, 2005a, b).  

IMN is caused by Infectious myonecrosis virus (IMNV), which is a non-

enveloped icosahedral virus with a diameter of 40 nm and a double-stranded RNA 

genome of 7560 bp, which comprised of two open reading frames (ORF1 and ORF2) 

(Lightner et al., 2004, Poulos et al., 2006a). The ORF1 codes for a capsid protein, 

whereas ORF2 codes for a putative RNA-dependent RNA polymerase (RdRp). 
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Phylogenetic analysis of the RdRp revealed that IMNV is similar to members of the 

family Totiviridae. 

Mortalities from IMN ranged from 40 to 70% in cultivated Litopenaeus 

vannamei, and increased food conversion ratios (FCR) of infected ponds from normal 

(~1.52) to 4.4 or higher (Andrade T.P.D., unpublished data). Four shrimp species, i.e. 

L. vannamei, L. stylirostris, Penaeus monodon, and Farfantepenaeus subtiltis 

(Farfante and Kensley, 1997) have been shown to be susceptible to IMNV (Lightner 

et al., 2004, Tang et al., 2005; Andrade T.P.D., unpublished report). In L. vannamei, 

striated muscles are the principal target organ, but gills and lymphoid organ can also 

be affected (Lightner et al., 2004). Muscles show severe necrosis, grossly seen as 

opaque, whitish discolorations in the abdominal muscles. Histological examination 

reveals severe coagulative necrosis of skeletal muscles that may be accompanied by 

edema, hemocytic infiltration, and fibrosis. 

Shrimp breeding companies are now adopting more effective strategies to 

develop disease-resistant populations of shrimp. It has been suggested that higher 

survival rates may be associated with lower viral loads in selected families (Moss et 

al., 2005). To determine if IMNV-resistant shrimp can be distinguished by their 

relative virus load, we report here the development of real-time reverse transcription 

polymerase chain reaction (real-time RT-PCR) method using TaqMan assay to detect 

and quantify IMNV in a laboratory challenge bioassay. 

 

Materials and methods 

 IMNV isolate 
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The IMNV used in this study was obtained from L. vannamei collected in 

2003 from a farm in the state of Ceará, Brazil in which mortalities were observed. The 

specimens were stored at –70°C in the Aquaculture Pathology Laboratory at the 

University of Arizona. A tissue homogenate was prepared in TN buffer (0.02 M Tris-

HCl, pH 7.2, 0.4 M NaCl) as described by Hasson et al. (1995) and diluted 1:10 with 

2% saline prior to inoculation. We detected the presence of IMNV by nested RT-PCR 

and did not detect any other pathogens of penaeid shrimp likely to be present in 

shrimp from the region in Brazil where this inoculum originated (i.e. Taura syndrome 

virus-TSV, Infectious hypodermal and hematopoietic necrosis virus-IHHNV, and 

White spot syndrome virus-WSSV, and the necrotizing hepatopancreatic bacterium-

NHPB) (data not shown).  

Real-time RT-PCR  

Primer Express software (Applied Biosystems) was used to design primers 

and TaqMan probe from ORF1 region of the IMNV genome (GenBank accession no. 

AY570982) (Poulos et al., 2006a). Primers IMNV412F (5’-GGA CCT ATC ATA 

CAT AGC GTT TGC A-3’) and IMNV545R (5’-AAC CCA TAT CTA TTG TCG 

CTG GAT-3’) produced a fragment of 134 bp. The probe, IMNVp1 (5’-6FAM CCA 

CCT TTA CTT TCA ATA CTA CAT CAT CCC CGG TAMRA-3’), which 

corresponds to the nucleotides 467 to 500, was synthesized and labeled with 

fluorescent dyes 5-carboxyfluoroscein (FAM) on the 5’ end and N,N,N’,N’-

tetramethyyl-6-carboxyrhodamine (TAMRA) on the 3’ end. The IMNV genome 

fragments were amplified using an ABI GeneAmp 5700 sequence detection system 

with TaqMan One-Step RT-PCR master mix (Applied Biosystems). Prior to real-time 
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RT-PCR assay, extracted RNA were boiled at 100°C for 5 min to denature dsRNA 

and then placed on ice. The reaction mixture contained 1 µl of RNA sample, 12.5 µl 

of TaqMan Master mix (2x), 0.625 µl of Multiscribe mix (40x), 300 nM each of 

forward and reverse primers, 200 nM TaqMan probe in a final volume of 25 µl. The 

RT-PCR profile was 30 min at 48°C and 10 min at 95°C followed by 40 cycles of 15 

s at 95°C and 1 min at 60°C. The viral copy number of the samples was determined 

using Gene Amp 5700 sequence detection software. 

 
To generate an RNA standard for the real-time RT-PCR assay, the primers 

IMNV218F and IMNV682R (5’-GCT GGA CTG TAT TGG TTG AG-3’ and 5’-

AAC CAA GTT CTT CTT CTC CAG TT-3’, respectively) were used to generate an 

amplicon of 464 bp from the IMNV genome. The RT-PCR product was cleaned using 

a QIAquick PCR Purification kit (Qiagen). The fragments were then ligated to 

pGEM-T Easy Vector and transformed into Escherichia coli JM109 cells (Promega). 

A recombinant plasmid, pIMNV-1, was confirmed by an ABI Prism automated DNA 

sequencer (Applied Biosystems) at the University of Arizona. Then, pIMNV-1 was 

linearized by PstI digestion and used as the template for an in vitro transcription with 

T7 RNA polymerase. One µg of plasmid was used in a 50 µl reaction at 37°C for 2 h, 

followed by DNase I digestion at 37°C for 30 min. The synthesis of the RNA standard 

was confirmed by electrophoresis in a 1.5% agarose gel containing ethidium bromide. 

The RNA standard was cleaned using a Qiaquick PCR purification kit, quantified by a 

spectrophotometer, and stored at –70°C. 

 

Experimental challenge  
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Experimental challenge of L. vannamei with IMNV was performed to 

determine changes in the viral load during the progression of IMNV. The shrimp used 

were specific-pathogen-free (SPF) Kona stock, obtained from the Oceanic Institute, 

Oahu, Hawaii, USA. These shrimp were confirmed to be free of IMNV prior to use by 

RT-PCR using specific primers for the virus (Poulos et al., 2006b). There was one 

uninfected control group (Group 1) and one viral challenged group (Group 2). Each 

group contained 30 shrimp (avg. wt 1 g), and 1 shrimp was stocked per 1 L aquarium. 

Each shrimp in Group 1 was injected with 2% saline (~100 µl). Each shrimp in Group 

2 was injected in the third abdominal segment with ~100 µl of the diluted tissue 

homogenate (1.0 x 104 IMNV copy numbers/µl RNA, data not shown) to challenge 

the experimental shrimp. All of the shrimp were fed once a day with a commercial 

pelleted feed (Rangen 35%, Buhl, Idaho) for 52 d. All of the aquaria were checked 

daily for moribund and dead shrimp. 

 

Sample collection 

Shrimp samples were collected for real-time RT-PCR, nested RT-PCR, 

histology, and in situ hybridization (ISH). In Group 1, mortality was not observed and 

all of the shrimp were sacrificed and analyzed by real-time RT-PCR at termination. 

For Group 2, dead shrimp were collected for nested and real-time RT-PCR analyses; 

these shrimp were not used for histology and ISH. Total RNA was extracted from the 

abdominal muscles using a High Pure RNA tissue extraction kit (Roche Biochemical) 

and stored at –70°C. In addition, 2 moribund shrimp from Group 2 were collected at 

Day 44 post-inoculation (p.i.) and analyzed by real time RT-PCR, nested RT-PCR, 
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hematoxylin and eosin (H&E) staining, and ISH using standard methods (Lightner, 

1996). Probe IMNV-317 that hybridizes the IMNV genome was used for ISH (Tang 

et al., 2005). 

 

Nested RT-PCR 

Two pairs of primers were used to detect IMNV in shrimp samples by nested 

RT-PCR as described by Poulos et al. (2006b). The first pair of primers, 4587F and 

4914R (5’-CGA CGC TGC TAA CCA TAC AA-3’ and 5’-ACT CGG CTG TTC 

GAT CAA GT-3’, respectively), produced an IMNV fragment of 328 bp with a 

GeneAmp EZ rTth RNA PCR kit (Applied Biosystems), whereas the second pair of 

primers, 4725NF (5’-GGC ACA TGC TCA GAG ACA-3’) and 4863NR (5’-AGC 

GCT GAG TCC AGT CTT G -3’), produced a fragment of 139 bp with puReTaq 

Ready-To-Go PCR beads (GE Health Bio-sciences). Prior to nested RT-PCR assay, 

extracted RNA were boiled at 100°C for 5 min to denature double-stranded RNA and 

then placed on ice. The first reaction mixture contained 5 µl of RNA sample, 5 µl of 

5x EZ buffer, 300 µM of each dNTP, 0.465 M of each of primers 4587F and 4914R, 

2.5 mM of Mn(OAc)2, and 0.1 U/µl of rTth Enzyme in a final volume of 25 µl. The 

RT-PCR program was 30 min at 60°C and 2 min at 95°C followed by 39 cycles of 45 

s at 95°C; 45 s at 60°C and a final extension step for 7 min at 60°C. For the second 

step, the reaction mixture contained a puReTaq Ready-To-Go PCR bead, 1 µl of the 

RT-PCR product from the first step, 0.465 M each of primers 4725NF and 4863NR 

in a final volume of 25 µl. The PCR profile consisted of 2 min at 95°C followed by 39 

cycles of 30 s at 95°C, 30 s at 65°C and 30 s at 72°C, and a final extension step for 2 
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min at 72°C. An aliquot of amplified products was analyzed in 1.5% agarose gel 

containing ethidium bromide. 

 

Results 

Real-time RT-PCR 

A TaqMan real-time RT-PCR was used for detection of IMNV. A strong 

linear correlation (r2 = 0.986) was obtained between threshold cycles (CT) and RNA 

quantities over a 7-log range from 108 to 100 copy numbers per reaction, indicating 

that this real-time RT-PCR assay has a large dynamic range (Fig. 2A, B). To 

determine the reproducibility of the real-time assay, 5 standard curves were compared 

from 100 to 108 copy numbers of the IMNV RNA standard. The coefficient of 

variations (CVs) within each run were between 0.17 and 1.59% for 108 copy numbers 

and increased to 1.1 to 2.35% for 100 copy numbers (Table 1). The CVs were 3.7% 

for 108 copy numbers and 2.76% for 100 copy numbers, indicating that the assay had 

little variation between runs. The assay gave negative results for RNA extracted from 

YHV-infected shrimp, TSV-infected shrimp, WSSV-infected shrimp, and SPF shrimp 

(CT = 40). 

The real-time assay demonstrated that IMNV could be detected in abdominal 

muscle tissues of all 30 challenged L. vannamei (Group 2) (Table 2.2). Dead shrimp, 

experimentally infected with IMNV, showed a range of 45 to 2.27 x 108 IMNV copy 

numbers/µl RNA. IMNV was not detected in any specimens of the negative control 

group (Group 1) at the end of the experiment (Day 52 p.i.). 
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Nested RT-PCR 

The 30 RNA samples that had been tested by the real-time RT-PCR were used 

for detection of IMNV by the nested RT-PCR. Results showed that this nested RT-

PCR assay was only capable of detecting IMNV when the virus copy number was 

relatively high (over 1,500 ; Table 2.2). Specifically, the presence of IMNV was not 

detected in 7 specimens, while IMNV was detected by nested RT-PCR in 23 

specimens. By real-time RT-PCR, these 7 specimens contained lower IMNV copy 

number (less than 1,500 copy number) compared to the 23 positive specimens (Table 

2.2). The presence of IMNV was not detected in samples from the negative control 

group (Group 1).  

 

 Survival 

Survival of IMNV-challenged L. vannamei was determined at the termination 

of the study (Day 52 p.i.) (Fig. 2.3). Shrimp in the negative control (Group 1) showed 

100% survival, whereas shrimp challenged with IMNV (Group 2) had a 0 % survival 

at Day 52 p.i. In Group 2, the first mortality was observed at Day 8 p.i. The 

mortalities dramatically increased after Day 40 p.i., and the last two shrimp were 

found dead at Day 52 p.i. The median lethal time at level for 50% (LT50) mortality 

was observed at Day 43 p.i. 

 

Histopathology and ISH 

The IMNV-infected L. vannamei (Group 2), sampled at Day 44 p.i., exhibited 

characteristic lesions of IMNV as described by Lightner et al. (2004) (Fig. 2.4). These 
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shrimp displayed severe diffuse necrosis of striated muscles in various parts of 

specimens, including cephalothorax, pleopods, periopods, and abdomen. Consecutive 

tissue sections reacted with the IMNV-specific probe by ISH (Fig. 2.4B) to lesions 

observed in the H&E stained sections. 

 

Discussion 

Because there are no drugs or vaccines for virus diseases in shrimp, a sensitive 

diagnosis is necessary to implement appropriate control measures. The use of RT-

PCR/PCR technology has been employed to screen broodstock and post-larvae for the 

presence of viruses before stocking. However, the quantity of the virus may be lower 

than the detection limit of the method, resulting in false negative test results (Hsu et 

al., 1999; Withyachumnarnkul, 1999).  

In the present study, real-time IMNV RT-PCR had a greater sensitivity than 

did the nested RT-PCR method. The real-time RT-PCR assay detected as few as 10 

IMNV copy numbers/µl RNA, while nested RT-PCR detected 1500 copy numbers of 

IMNV-RNA. While the real-time assay is capable of detecting of IMNV in virtually 

all samples, the nested RT-PCR is only capable of detecting of IMNV at a relatively 

high viral copy number. Hence, it may be suggested that real-time RT-PCR be used as 

a detection method for developing IMNV-free populations of L. vannamei.  

Other RNA viruses of shrimp, e.g. YHV and TSV, are more virulent than 

IMNV, reaching 100% cumulative mortality within 3 to 10 days after challenge in 

laboratory studies (Lightner, 1996). For IMNV, the survival reached 0 % at Day 52 

p.i. Skeletal muscle is the principal target tissue for IMNV and it may not be as vital 
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as other tissues/organs for shrimp. During pre-acute and acute phases, a migration of 

hemocytes to muscle tissues was observed by histopathology, suggesting that the 

hemocytes may be the prime precursors in regenerating muscle fibers as has been 

reported in crayfish (Uhrik et al., 1989). 

Considering the requirements for the development of a pathogen detection 

method, it was concluded that the TaqMan real-time RT-PCR assay described in this 

study is a rapid, specific and sensitive method for clinical diagnosis of IMNV. This 

method can also be applied to challenge studies of IMNV free and/or tolerant shrimp 

lines and for studies of viral replication in experimentally infected shrimp. 
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Table 2.1. Reproducibility of the TaqMan real-time RT-PCR. CV: coefficient of 

variation; CT: threshold cycle. 

IMNV 

copies/ 

µl 

Intra-assay CV (%) (mean CT from duplicate measurements) Inter-assay 

CV (%) 

(mean CT) 1 2 3 4 5 

108 1.59(17.02) 1.31(16.09) 1.07(15.85) 0.17(16.17) 1.37(15.37) 3.70(16.10) 

107 2.36(19.09) 1.41(18.48) 1.50(18.65) 0.38(18.47) 0.22(17.93) 2.21(18.52) 

106 1.58(23.99) 0.70(22.85) 0.31(22.57) 2.39(23.00) 0.45(22.17) 2.92(22.91) 

105 1.66(26.41) 0.46(26.08) 2.05(25.89) 0.46(26.16) 0.67(25.36) 1.50(25.98) 

104 0.93(30.01) 0.99(29.36) 1.23(29.29) 3.09(30.13) 0.77(28.49) 2.20(29.45) 

103 1.94(34.52) 1.15(35.79) 1.93(34.23) 0.20(35.10) 1.29(33.22) 2.77(34.57) 

102 1.11(38.86) 1.10(38.92) 2.35(37.50) 1.97(36.56) 1.48(37.18) 2.76(37.80) 
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Table 2.2. Summary of test results from assays using real-time RT-PCR and a nested 

RT-PCR for IMNV within pleopods of Litopenaeus vannamei after challenge by 

intramuscular inoculation. 

Shrimp no. Collection day 
post-injection 

Nested RT-PCR Real-time RT-PCRa 
(IMNV copies/µl 

RNA) 
1 8 + 2.6 x 103 
2 11 + 1.1 x 105 
3 21 + 2.5 x 104 
4 28 + 5.0 x 104 
5 34 + 1.8 x 106 
6 37 + 7.0 x 105 
7 37 + 4.9 x 105 
8 41 + 2.8 x 104 
9 41 + 8.2 x 105 
10 43 – 8.0 x 102 
11 44 – 9.0 x 102 
12 44 + 5.2 x 105 
13 44 + 3.1 x 105 
14 44 + 8.6 x 105 
15 44 + 4.0 x 104 
16 45 + 1.5 x 103 
17 46 + 2.27 x 108 
18 46 – 1.0 x 103 
19 46 + 4.8 x 105 
20 47 + 1.0 x 108  
21 47 + 1.8 x 104 
22 48 + 1.6 x 103 
23 48 – 4.5 x 101 
24 48 + 6.4 x 105 
25 51 + 6.4 x 103 
26 51 + 6.7 x 103 
27 51 – 1.2 x 102 
28 51 + 4.9 x 104 
29 52 – 2.9 x 102 
30 52 – 3.6 x 102 

aMeans of duplicate copy numbers 
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Fig.2.1. Geographical distribution and year of occurrence of infectious myonecrosis 

(IMN) outbreaks in northeastern Brazil from the first outbreaks (1) in 2002 to the 

most recent (10) in 2004. 
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Fig. 2.2. TaqMan real-time RT-PCR. (A) Amplification plot and (B) standard curve 

from 10-fold serial dilutions of an IMNV RNA standard in duplicate measurements. 

Numbers near lines: IMNV copy numbers; Rn: normalized fluorescent intensity; CT: 

threshold cycle; Log C: logarithm values of IMNV copy numbers; r2: coefficient of 

determination. 
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Fig. 2.3. Survival curve of Litopenaeus vannamei after challenge by intramuscular 

inoculation with IMNV. Shrimp in the negative control (solid line; Group 1) were 

injected with 2% saline, while shrimp in the test group (dashed line; Group 2) were 

injected with IMNV. 

 



68 
 

 

Fig. 2.4. Photomicrographs of consecutive tissue sections of the striated abdominal 

muscle from a shrimp, Litopenaeus vannamei, examined for IMNV lesions by 

hematoxylin and eosin (H&E) staining (A) and in situ hybridization (B). In the H&E 

stained section, acute coagulative necrosis the muscle fibers is illustrated. The 

consecutive section, reacted by ISH with an IMNV-specific probe, shows foci of dark 

blue precipitate (arrows), which indicates a positive reaction. Scale bars: 50 µm. 
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Abstract 

The potential negative effect of prolonged storage of shrimp tissues in 

Davidson’s AFA fixative on in situ hybridization (ISH) signal was demonstrated 

previously for Taura syndrome virus (TSV), which has a single-stranded RNA 

genome. In this study we evaluated if prolonged storage of infectious myonecrosis 

virus (IMNV) infected shrimp in Davidson’s AFA (Alcohol, Formaldehyde, Acetic 

acid) fixative will degrade its double-stranded RNA genome resulting in false 

negative ISH reactions.   Twenty-one shrimp (3 g) specific-pathogen-free Litopenaeus 

vannamei were used in this study. Three shrimp were used as negative control and 18 

shrimp were inoculated with a tissue homogenate prepared from frozen IMNV-

infected L. vannamei obtained from Brazil in 2003 (positive control). Shrimp were 

collected at Day 12 post-injection and fixed in Davidson’s AFA for five different 

preservation times (1, 2, 4, 7 and 10 days).  After the different fixation times, the 

Davidson’s AFA was replaced with several changes of 70% ethanol until the pH was 

stable.  IMNV lesions were confirmed in all positive control shrimp by routine H & E 

histology and ISH. Myonecrosis lesions were strongly positive by ISH at all five 

preservation times evaluated. Hence, in the present report it was found that the length 

of time (up to 10 days) in Davidson’s AFA did not have a deleterious effect on the 

ISH reaction for IMNV.  

Keywords: Infectious myonecrosis virus; IMNV; in situ hybridization; Litopenaeus 

vannamei 
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Introduction 

Infectious myonecrosis disease (IMN), caused by infectious myonecrosis virus 

(IMNV), is an important disease that has adversely affected the shrimp farming 

industry. Since its discovery in August 2002 in Piaui state - Brazil (Lightner et al., 

2004; Poulos et al., 2006a), the geographical distribution of IMNV has expanded 

dramatically through the coastal areas of the Northeast of Brazil (Andrade et al., 

2007). Further, IMNV has spread to southeast Asia when the disease was reported in 

east Java (Indonesia) (Senapin et al., 2007) and in Hainan (China) (Dr. Chen Su, 

personal communication, Farming IntelliGene Technology Corporation, 2-1, Gungye 

Seventh Road, Taichung Industrial Park, Taichung City 407, Taiwan).  Because the 

large scale trans-boundary movement cultured species, IMNV was added to the 

Quarterly Aquatic Animal Disease Report List (Asia and Pacific Region) for propose 

of surveillance and reporting (NACA/FAO, 2006), and it was added to the list of 

notifiable crustacean diseases in the most recent Aquatic Animal Health Code of the 

World Animal Health Organization (OIE, 2007).   

IMNV is a non-enveloped icosahedral virus with a diameter of 40 nm. The 

genome is a single molecule of double-stranded RNA, 7560 bp long, and comprised of 

two open reading frames. The ORF1 codes for a capsid protein, whereas ORF2 codes 

for a putative RNA-dependent RNA polymerase (RdRp) (Poulos et al., 2006a). Newly 

reported features of its genome revealed that IMNV is related to members of the 

family Totiviridae (Nibert, 2007). 

Histological and molecular diagnostic methods have indicated that 

Litopenaeus vannamei, L. stylirostris, Penaeus monodon, and Farfantepenaeus 

subtiltis (taxonomy according to Farfante and Kensley, 1997) have been shown to be 
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susceptible to IMNV (Tang et al., 2005; Gouveia et al., 2007). Mortalities may range 

up to 70% in cultivated L. vannamei, and increased food conversion ratios (FCR) are 

also common features of infected ponds. Striated muscles in infected shrimp show 

severe necrosis, grossly seen as opaque, whitish discolorations in the abdominal 

muscles. Histological examination reveals severe coagulative necrosis of striated 

muscles that may be accompanied by edema, hemocytic infiltration, and fibrosis 

(Lightner et al., 2004).  

Available diagnostic techniques for the detection of IMNV has been applied to 

select breeders free of IMNV for development of specific pathogen free and/or 

resistant (SPF and/or SPR) stocks of shrimp and to routine surveillance protocols 

(Poulos et al., 2006b; Andrade et al., 2007; Senapin et al., 2007). In situ hybridization 

(ISH) using a specific cDNA probe is another technique available for detection of 

IMNV (Tang et al., 2005). However, it is not known if IMNV infected shrimp 

preserved with Davidson’s AFA (Alcohol, Formaldehyde, Acetic acid) fixative might 

result in false negative ISH test results if IMNV infected specimens are over-fixed. 

Over-fixation in Davidson’s AFA resulted in false negative ISH test results with 

TSV-infected shrimp (Hasson et al. 1997) due its low pH (~3-4).   We evaluated here 

if over-fixation in Davidson’s AFA results in loss of IMNV signal in ISH after shrimp 

presenting signs of IMN disease were fixed for 1, 2, 4, 7 and 10 days prior to 

processing. 

Materials and methods 

Experimental infection and fixation 
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Experimental infection of L. vannamei with IMNV was performed to generate 

samples of infected shrimp for detection of the double-stranded RNA genome of 

IMNV by ISH. The shrimp used were specific-pathogen-free (SPF) Kona stock 

(Lightner, 2005), obtained from the Oceanic Institute, Oahu, Hawaii, USA. Twenty-

one shrimp (3 g) were used in this study. Three shrimp were used as negative control 

and 18 shrimp were inoculated with a tissue homogenate prepared from frozen 

IMNV-infected L. vannamei from Brazil in 2003 (positive control); for details of the 

inoculation method, see Andrade et al. (2007). Shrimp were housed in two 90L tanks 

each fitted with a biological filter. Salinity was set at 25ppt, temperature 27°C, and 

the shrimp were fed once a day with a commercial pellet feed (Rangen 35%, Buhl, 

Idaho).  To speed the development of the infectious myonecrosis disease, 

experimentally infected shrimp were stressed by a sudden reduction in salinity to 6ppt 

(from 7 to 10 day post-injection). When all of the experimental shrimp were 

exhibiting characteristic lesions of IMNV, they were collected for fixation.  

A total of 18 shrimp (three negative control and 15 IMNV infected) were fixed 

with Davidson’s AFA (330 ml 95% ethanol, 220 ml 100% formalin, 115 ml acid 

acetic, 335 ml distilled water and pH ~3.0-4.0) following the method outlined in Bell 

and Lightner (1988). Following injection of the hepatopancreas with Davidson’s 

AFA, the cuticle was cut to allow the fixative’s penetration and three whole shrimp 

were immersed in Davidson’s AFA  (~10:1 fixative to tissue ratio by volume) for 

each of five different preservation times (1, 2, 4, 7 and 10 days). After each 

preservation time, the Davidson’s AFA was removed and replaced with equal volume 

of 70% ethanol to aid in removing residual Davidson’s AFA from the samples. The 
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pH was monitored at 24h intervals and always found to be below pH 6.5-7.0. The 

70% ethanol was replaced when needed to maintain the pH above 6.5.  

2.2 Histopathology and in situ hybridization for IMNV 

For histological preparation, two sets of consecutive 4 µm thick section 

paraffin-embedded tissues were prepared. Each shrimp was sectioned to include 

different regions of the striated muscles known to be a target tissue for IMNV (i.e. 3rd 

and 6th segment of the abdomen, cephalothorax, and appendages), as well as gills and 

lymphoid organ. One set of sections were stained using Mayer-Bennett hematoxylin 

and eosin (H & E) for analysis of the tissue pathology and examined using bright field 

light microscopy.   

The second set of consecutive paraffin tissue sections were subjected to ISH 

using the IMNV-specific gene probe that hybridizes the IMNV genome reported by 

Tang et al. (2005). Sections of known IMNV negative and positive (controls) were 

tested by ISH simultaneously with those of the five different preservation times in 

Davison’s AFA fixative 

 The ISH protocol used in this study was modified from the method described 

by Lightner (1996). The modifications included the following changes: The 1x TNE 

wash was not performed after tissue rehydration; the prehybridization was increased 

to 42°C; 2x SSC washes were increased to 15 min, and the 0.1x SSC wash was not 

performed; the incubation time using Blocking Buffer II was increased to 30 min and 

the Buffer I to 10 min, and 1x Buffer IV (1 mM Tris-base, 0.1 mM EDTA-2H2O, pH 

8) was replaced by water. The final protocol was performed as follows: 4-mm 

sections were placed on positively charged microscope slides, incubated at 65°C for 

45 min, deparaffinized, rehydrated to distilled water, thinly covered with 500 ml 
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proteinase K prepared in TNE buffer (0.5 M Tris Base, 100mM NaCl, 1mM EDTA-

2H2O and DDH2O) for 15 min at 37°C. The slides were washed in cold 4% 

formaldehyde for 5 min and 2x SSC solution at room temperature (RT) for 30 min. 

Then, each slide was prehybridized using 500 ml of hybridization buffer (50% 

formamide, 0.02% ficoll, 0.02% polyvinylpyrolidone, 0.02% bovine serum albumin, 

5% dextran sulfate, 4x SSC, 0.5 mg/ml salmon sperm) and incubated for 30 min at 

42°C in a hybridization chamber. A volume of 600 µl for denatured DIG-labeled 

IMNV-317 probe was pipetted onto each slide, a cover slip was added and the slides 

were heated at 85°C for 7 min. The slide was quenched on ice immediately for 5 min 

and incubated overnight at 42°C in a hybridization chamber. Then, the slides were 

washed in 2X SSC (2 x 15 min), 1X SSC (2 x 5 min), 0.5 SSC (2 x 5 min) and one 

time in Buffer I (0.1 M Tris-HCL, 0.15 M NaCl, pH 7.5) for 5 min. Next, the slides 

were incubated at 37°C for 30 min with 500 µl of a blocking buffer (Genius Reagent 

11 and 1x Buffer I) covering the tissue. After that, the tissue was overlaid with anti-

DIG-AP antibody diluted into 250 µl, incubated at 37°C for 30 min and washed with 

Buffer I and blocking buffer (Buffer II) with Ab dilution buffer. A volume of 500 µl 

of development solution (nitroblue tetrazolium salt, bromochloroindoyl phosphate and 

10% polyvinyl ethanol) was added onto each slide and incubated for 3 h in a dark 

chamber at RT. Soon after, each slide was counterstained with 0.5% Bismarck Brown 

Y, dehydrated with a series of graded ethanol (3x in 95% ethanol, 3x in absolute 

ethanol) and 4x in ClearRite, cover slipped with Permount (Fisher Scientific), and 

examined using light microscopy. Lesions with positive hybridization signal showed 

blue-black precipitate.  
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To facilitate the comparative interpretation results for H & E and ISH in this 

study, the severity of IMN disease analyzed by both H & E and ISH was graded as 

either strongly positive (+++), moderately positive (++), weakly positive (+) or 

negative (−). 

Results 

Experimental challenge and fixation 

All challenged L. vannamei developed gross lesions of IMN disease when 

injected with a tissue homogenate prepared from IMNV-infected shrimp.  Seven 

shrimp began to display mild white foci in striated muscles at Day 5 p.i. When 

salinity was reduced from 25 to 6ppt at 7 to 10 Day p.i., the shrimp went into extreme 

stress. At Day 12 p.i., one shrimp was found dead and the others were displaying 

moderate focal to generalized white muscle (necrosis) in the abdomen and pleopods. 

At this time, all experimental shrimp were fixed in Davidson AFA, in equal numbers 

per group for 1, 2, 4, 7 and 10 days.  

Histopathology and in situ hybridization for IMNV 

Histological examination of the challenged L. vannamei, collected at Day 12 

p.i., confirmed IMNV infection by H & E in all 15 shrimp in all five different 

preservation times. Shrimp in transition from sub-acute to chronic phase presented 

strongly positive lesions. The striated muscles showed multifocal coagulative necrosis 

often, but not always, accompanied by hemocytic infiltration and fibrosis (Table 3.1, 

Fig. 3.1a,c, and e). The myonecrosis lesions were predominantly located in the 

striated abdominal muscles and mainly in the proximity of the virus injection site. 

Severe formation and accumulation of lymphoid organ spheroids (LOS) was also 

among the main lesions (Table 3.1, Fig. 3.2a, c, and e).  
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By ISH, the IMNV digoxigenin-labeled probe reacted positively in all 15 L. 

vannamei in all five of the different preservation times. IMNV ISH signals were 

predominantly located in the striated abdominal muscles and lymphoid organ 

spheroids. Typically, the myonecrotic lesions were strongly positive and lymphoid 

organ spheroids were weakly positive (Table 3.1, Figs. 3.1 and 3.2b, d, and f). All 

histological sections simultaneously used as IMNV positive and negative controls 

functioned optimally.  

Discussion  

Hasson et. al. (1997) reported false negative ISH results due to apparent acid 

hydrolysis of the single-stranded RNA genome when TSV infected shrimp were 

preserved in Davidson’s AFA for more than 6 days. The acid hydrolysis of the single-

stranded RNA genome of TSV was thought to be due to the acidic pH (~3-4) of 

Davidson’s AFA.  In this study we demonstrated that storage of IMNV infected L. 

vannamei in Davidson’s AFA up to 10 days did not inhibit or prevent hybridization of 

the IMNV-specific cDNA probe with the viral genome during ISH analysis. We 

hypothesize that the double-stranded RNA genome of IMNV may resist acid 

hydrolysis, thus preventing its degradation by the low pH of Davidson’s AFA 

fixative, even at extended fixation times.  

Acknowledgements 

Gulf Coast Research Laboratory Consortium Marine Shrimp Farming 

Program, CSREES, USDA, Grant no. 2002-38808-01345 supported this work. 

 

 

 



78 
 

 

Table 3.1. Comparison of histological and in situ hybridization results of individual 

Litopenaeus vannamei juveniles experimentally infected with IMNV. To determine if 

over-fixation in Davidson’s AFA results in loss of IMNV signal in ISH, shrimp 

presenting signs of IMN disease were fixed for 1, 2, 4, 7 and 10 days prior to 

processing.  

 

 
Fixation exposure (days) in Davidson AFA 

 
No. of shrimp 

evaluated 

 
LOSa 

 
Muscleb 

 
H & Ec 

 
ISHc 

 
H & E 

 
ISH 

 
Negative control 

 
3 − − − − 

 
1 

 
3 

 
+++ 

 
+ 

 
+++ 

 
+++ 

 
2 

 
3 

 
+++ 

 
+ 

 
++ 

 
++ 

 
4 

 
3 

 
++ 

 
+ 

 
++ 

 
++ 

 
7 

 
3 

 
+++ 

 
+ 

 
++ 

 
++ 

 
10 

 
3 

 
+++ 

 
+ 

 
+++ 

 
+++ 

 
 a LOS = lymphoid organ spheroids. 
 b Striated abdominal muscles.  
 c H&E and ISH was graded as either strongly positive (+++), moderately positive 

(++), weakly positive (+) and negative (−). The grade values show the average of 
three shrimp evaluated for each fixation period. 
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Fig. 3.1. Photomicrographs of consecutive tissue sections of striated abdominal 

muscles of Litopenaeus vannamei stained with H & E (left column) and reacted by in 

situ hybridization (ISH) using a Digoxigenin-labeled infectious myonecrosis virus 

(IMNV) probe (right column).  Specimens were fixed in Davidson’s AFA using 

different preservation times: 1 day (a,b), 7 days (c,d) and 10 days (e,f). ISH IMNV-

probe positive signals were observed in all specimens (arrows). Scale bars: 50 µm. 
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Fig. 3.2. Photomicrographs of the consecutive tissue sections of H & E - stained (left 

column) and in situ hybridization (ISH) (right column) of lymphoid organ of 

Litopenaeus vannamei infected with infectious myonecrosis virus (IMNV). 

Specimens were fixed in Davidson’s AFA for 1 day (a,b), 7 days (c,d) and 10 days 

(e,f). Note foci of dark blue precipitate (arrows) in the ISH reaction, which indicates 

IMNV-probe-positive signal. Scale bars: 50 µm.  
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A bstr act 

We report the development of a reverse transcription loop-mediated isothermal 

amplification and nucleic acid lateral flow method (RT-LAMP-NALF) for detection 

of infectious myonecrosis virus (IMNV). The RT-LAMP-NALF method combines 

simplified nucleic acid extraction, a reverse-transcription loop-mediated isothermal 

amplification platform, and one-step visual colorimetric confirmation of the IMNV 

amplified sequences using a generic NALF qualitative detection test strip. The 

sensitivity of RT-LAMP (using two and three primer pairs) and nested RT-LAMP 

(using three primer pairs) was compared by real-time reverse transcription-

polymerase chain reaction (RT-PCR) using TaqMan probe. The detection of RT-

LAMP (three primer pairs) products was accomplished by using a NALF test strip. 

The RT-LAMP-NALF showed equivalent sensitivity to RT-LAMP (using three 

primer pairs), and it was found to be 100 and 10 times more sensitive than one-step 

RT-PCR and RT-LAMP (two primer pairs), respectively.  On the other hand, the RT-

LAMP-NALF was 10 and 100 times less sensitive than nested RT-PCR and real-time 

RT-PCR, respectively. The simplified RNA extraction method ranged from 4.4×106 

to 2.2×108 IMNV copy numbers μL-1  RNA, and it was similar with the standard 

RNA extraction (from 1.2×106 to 6.3×107 IMNV copy numbers μL-1 RNA). These 

results clearly demonstrate that the RT-LAMP-NALF method is specific, sensitive, 

can shorten the time for analysis, and has potential application for IMNV diagnosis in 

resource-poor diagnostic settings.   

Keywords: Infectious myonecrosis virus (IMNV); RT-LAMP; NALF; lateral flow 

assay; Litopenaeus vannamei 
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Introduction 

Infectious myonecrosis disease (IMN) was first detected in 2002 in a shrimp farm 

located in the coastal area of Piauí State, Brazil. IMN was considered to be infection 

with infectious myonecrosis virus (IMNV) (Lightner, Pantoja, Poulos, Tang, Redman, 

Andrade & Bonami 2004; Poulos, Tang, Pantoja, Bonami & Lightner 2006a). Since 

this first outbreak, the geographical distribution of IMN has expanded through other 

states of Northeast Brazil (Andrade, Srisuvan, Tang & Lightner 2007). Furthermore, 

IMNV was also reported in Southeast Asia, including Java and Sumatra in Indonesia 

(Senapin, Phewsaiya, Briggs & Flegel 2007; Lightner et al. unpublished report). IMN 

was added to the list of crustacean diseases notifiable to the Office International des 

Epizooties - World Organization for Animal Health (OIE 2007).  

Infectious myonecrosis virus is a non-enveloped icosahedral virus with a 

diameter of 40 nm. The genome is a single molecule of double-stranded RNA, 7560 

bp long, comprised of two open reading frames (ORF). The ORF1 codes for a capsid 

protein, whereas ORF2 codes for a putative RNA-dependent RNA polymerase 

(RdRp) (Poulos et al. 2006a). IMNV is most closely related to Giardia lamblia virus, 

a member of the family Totiviridae (Nibert 2007). 

Infections with IMNV result in a slowly progressive disease, with low daily 

mortality rates that persist throughout the entire culture cycle causing high cumulative 

mortalities (up to 70%) and increased food conversion ratios (FCR). Environmental 

(salinity and temperature), nutritional and genetic factors have been strongly 

associated with IMNV outbreaks. Sometimes only one, but sometimes multiple stress 

factors are associated with the onset of acute episodes of IMN (Lightner et al. 2004).  

Litopenaeus vannamei, L. stylirostris, Penaeus monodon, and Farfantepenaeus 
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subtiltis (Farfante & Kensley 1997) are susceptible to IMNV (Lightner et al. 2004; 

Tang, Pantoja, Poulos, Redman & Lightner 2005; Andrade unpublished technical 

report; Gouveia, Freitas & Galli 2007).  

 

Conventional molecular diagnostic methods are widely used for routine 

diagnosis of IMNV. These include methods such as in situ hybridization (ISH) using 

an IMNV-specific gene probe (Tang et al. 2005), one-step RT-PCR, semi-nested RT-

PCR (Farming IntelliGene Technology Corporation), nested RT-PCR (Poulos et al. 

2006b; Senapin et al. 2007),  and real-time RT-PCR using TaqMan probe (Andrade et 

al. 2007). The latter is “the gold standard” for detection of IMNV, because it provides 

quantification, higher sensitivity and specificity, and because it is less time consuming 

and less prone to contamination compared to conventional gel-based RT-PCR.  

  

Loop-mediated isothermal amplification (LAMP) is a specific, sensitive, 

rapid, and cost-effective method for the detection of pathogenic microorganisms with 

promising application for resource-poor and “point-of-care” diagnostic settings. 

LAMP was first developed by Notami, Okayama, Masubuchi, Yonekawa, Watanabe, 

Amino & Hase (2000) for DNA amplification; however, this method can also be used 

for amplification of RNA. The reverse transcription-LAMP (RT-LAMP) reaction 

requires both an avian myeloblastosis virus (AMV) reverse transcriptase and Bacillus 

stearothermophilus (Bst) DNA polymerase to amplify the target-RNA with high 

strand displacement activity (Notami et al. 2000). The RT-LAMP products can be 

analyzed by visualization of white pyrophosphate precipitate and/or by agarose gel 

electrophoresis and validated by restriction enzyme digestion, by dot blot 
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hybridization, or by addition of cationic polymers (Notami et al. 2000; Nagamine, 

Kuzuhara & Notomi 2002; Mori, Hirano & Notomi 2006). An intercalating dye such 

as PicoGreen and real-time RT-LAMP turbidimetry amplification (Mori, Kitao, 

Tomita & Notomi 2004) can also be used for detection of RT-LAMP products.  An 

improved simple visual detection system was recently developed by adding 

manganous ion and calcein (a fluorescent metal indicator) in the reaction solution. 

The solution changes to green in the presence of LAMP/RT-LAMP amplicons, while 

it remained orange if no amplification occurred (Tomita, Mori, Kanda & Notomi 

2008). LAMP and RT-LAMP have two weaknesses that make their application 

difficult:  1) they require two or three primers pairs designed to avoid the formation of 

primer dimers and/or hairpins, which is complex and difficult, and 2) the final 

amplified product is a mixture of amplicons of different sizes, which makes 

confirmation difficult. False-positive or aberrant amplification products have been 

reported for Macrobrachium rosenbergii nodavirus (MrNV)/Extra small virus (XSV) 

and Taura syndrome virus (TSV) (Pillai, Bonami & Sri Widada 2006; Teng et al. 

2007). The adoption of a validation step is a good strategy to confirm the results, but 

this requires time consuming electrophoresis and restriction enzyme digestion or dot 

blot hybridization. Recently, the use of nucleic acid lateral flow assay (NALF) has 

been reported as a practical alternative for visualization and validation of PCR, 

LAMP and HAD amplicons (Takada, Sakaguchi, Oka & Hirasawa 2005; Suzuki, 

Tanaka, Otani, Matsuura, Sakaguchi, Nishimura, Ishizaka & Hasegawa 2006; Horng, 

Soo, Shen, Hung, Lo, Su, Wei, Hsieh, Hsueh & Lai 2006; Soo, Horng, Hsueh, Shen, 

Wang, Tu, Wei, Hsieh, Huang & Lai 2006; Kalogianni, Goura, Aletras, 

Christopoulos, Chanos, Christofidou, Skoutelis, Ioannou & Panagiotopoulos 2007; 
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Goldmeyer, McCormac, Cook, Stratton, Lemieux, Kong, Tang & Tang 2008; Chow, 

McCloskey, Tong, Hu, You, Kelly, Kong, Tang & Tang 2008; Kiatpathomchai, 

Jaroenram, Arunrut, Jitrapakdee & Flegel 2008; Srisala et al. 2008; Posthuma-

Trumpie, Korf & van Amerongen 2008).     

We report here an IMNV RT-LAMP-NALF method for detection of IMNV-

infected shrimp that does not require specialized equipment (e.g.  thermocycler, 

agarose gel electrophoresis, ultraviolet transilluminator, restriction enzyme digestion 

and dot blot hybridization) and carcinogenic ethidium bromide. The RT-LAMP-

NALF method combines simple nucleic acid extraction, reverse-transcription 

isothermal amplification platform, and the one-step validation and detection of the 

amplified product by a generic nucleic acid lateral flow qualitative detection test strip. 

This IMNV detection method provides user-friendly operation and short analysis 

time, and it has potential applications for IMNV diagnosis in resource-poor diagnostic 

settings, which include many shrimp-farming areas.  

Materials and methods 

Study design  

The development of the IMNV RT-LAMP-NALF method was divided into six 

different stages of development and validation: 1) a total of seven sets of primers were 

designed (each set contained three primer pairs required to run RT-LAMP; data not 

shown). Separate work stations were defined for sample preparation, amplification 

and detection of amplicons. The best set of primers was selected, and a dot blot 

hybridization protocol using a digoxigenin (DIG)-labelled pIMNV-1 probe was 

developed and tested; 2) the RT-LAMP protocol parameters and optimal reagent 

concentrations were standardized; 3) the performance characteristics of the detection 
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method were evaluated for specificity and sensitivity between RT-LAMP (using two 

and three primer pairs), nested RT-LAMP (using three primer pairs), one-step RT-

PCR, nested RT-PCR, and real-time RT-PCR;  4) the RT-LAMP (using three primer 

pairs) was modified for NALF validation and detection of its amplified products; 5) a 

reduced extraction time of RNA was combined with the RT-LAMP-NALF method; 

and 6) the performance of RT-LAMP-NALF method was evaluated. A schematic 

diagram of IMNV RT-LAMP-NALF is illustrated in Fig. 4.1. 

 

IMNV isolates 

The different isolates of IMNV were obtained from the archives of diagnostic 

materials of the Aquaculture Pathology Laboratory at the University of Arizona 

collected from 2003 to 2008 (Table 4.1).  

 

Isolation of nucleic acids 

Standard extraction  

Total RNA or DNA was extracted from pleopods of shrimp samples using a High 

Pure RNA or DNA tissue extraction kit (Roche Biochemicals) according to the 

manufacturer’s recommendations for standard reaction and stored at –70°C. One µL 

of the extracted nucleic acid was used as template for detection and amplification. 

 

Simplified extraction of RNA 

For quick extraction of RNA limited steps were attained: a)  25 mg of pleopods and 

600µL of lysis buffer  (4.5 M guanidine-HCl, 100 mM sodium phosphate, pH 6.6) 

were added into the tube and crushed with a disposable wood chopstick; b) the 
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solution was left to stand at room temperature for 5 min with occasional mixing by 

inversion of the tube; c) any undissolved tissue was allowed to settle (± 5 min); d) 2 

µL of the supernatant was transferred to a fresh tube containing 40 µL of double-

distilled water (ddH2O).  The solution was immediately mixed by inverting the tube 

several times and placed on ice prior to assay; and e) a volume of 1 µL of the 

supernatant was used as template.  

 

IMNV RT-LAMP development 

Primer design for RT-LAMP 

RT-LAMP was developed for detecting the structural capsid protein gene of IMNV. 

IMNV-specific RT-LAMP primers were designed according to the published 

sequence of IMNV (GenBank accession no. AY570982) using Primer Explorer 

version 3 (http://primerexplorer.jp/e/v3_manual/index.html). For purposes of 

comparison, efforts were made to design RT-LAMP primers that amplify the region 

between 365-568 bp, which encompasses the region amplified by a previously 

reported real-time RT-PCR (412-545 bp) (Andrade et al. 2007). We designed two 

outer primers, required for strand displacement, and these were designated IMNVF3 

(forward outer primer) and IMNVB3 (backward outer primer). The inner primers 

were designated as forward inner primer (IMNVFIP) and backward inner primer 

(IMNVBIP). Each primer has two distinct sequences corresponding to the sense and 

anti-sense sequence targets; one for priming in the first stage and other for self-

priming in later stages. IMNVFIP contains the IMNVF1c region (complementary to 

IMNVF1), a TTT spacer and the IMNVF2 region. IMNVBIP contains the IMNVB1c 

region (complementary to IMNVB1), a TTT spacer and the IMNVB2 region. Two 
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loop primers (IMNVLoopF and IMNVLoopB) were also designed to enhance the 

sensitivity and specificity of the method. These six primers recognize eight distinct 

regions of the capsid protein of IMNV. For more details see Table 4.2 and Fig. 4.2.  

 

RT-LAMP reaction and optimization 

The IMNV RT-LAMP reaction was optimized in a final volume of 25 µL containing 

0.2 µM each of IMNV-F3 and IMNV-B3, 2.0 µM each of IMNV-FIP and IMNV-

BIP, 1.0 µM each of  IMNVLoopF and IMNVLoopB primers, 1xThermopol Buffer 

(New England Biolabs Inc.), 50 µM Calcein (Sigma-Aldrich), and 1 mM of 

manganese chloride tetrahydrate (Fisher Scientific Company). Experiments were 

performed to optimize the method by varying the concentration of dNTP mix (0.7 – 

2.8 mM; Promega), Betaine (0.6 – 1.4 M; Sigma-Aldrich), MgSO4 (6 – 16 mM), Bst 

DNA polymerase (4 – 12 U; New England Biolabs Inc.), and AMV transcriptase 

reverse (0.125 – 0.37 U, New England Biolabs Inc.). One µL of the target extracted 

RNA, and 24 µL of ddH20 were also added to the reaction tube. Prior to starting, the 

extracted template was boiled at 95 °C for 5 min to denature dsRNA and then placed 

on ice just before addition to the RT-LAMP reaction tube.  The reaction temperature 

was optimized by incubating the mixture at 55, 57, 60, 63, 65 and 68 ºC for a 

predetermined time (60 min). The reaction time was optimized by incubating the 

mixture for 30, 45, 60 and 75 min at a predetermined temperature (63 ºC). The RT-

LAMP reaction was terminated by heating at 80 ºC for 5 min. 

 

Nested RT-LAMP reaction 
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For the nested RT-LAMP, the reaction components were as described for the one step 

RT-LAMP. The template of the nested RT-LAMP step was 0.5 L of the product 

from the first step, 50 L of mineral oil were added in each tube to seal and to prevent 

cross contamination.   

 

Sensitivity and specificity of RT-LAMP  

The sensitivity of the RT-LAMP method was determined by the analyses of serial 

dilutions of extracted RNA from IMNV-infected shrimp ranging from 100 to 10-8 

using RT-LAMP with two and three primer pairs, nested RT-LAMP (using three 

primer pairs), and real-time RT-PCR. Total RNA from pools of five pleopods of 

IMNV-infected shrimp were extracted following the standard extraction described 

above. Then, seven sets of 10-fold serial dilutions of the same RNA-extract were 

prepared and stored at –70°C until use. One µL of each dilution was used as template 

for the different diagnostic methods.  Finally, the results from the amplification 

methods were compared. The specificity of the RT-LAMP method was determined 

using total RNA or DNA extracted from infected shrimp with Taura syndrome virus 

(TSV), infectious hypodermal and haematopoietic necrosis virus (IHHNV), white 

spot syndrome virus (WSSV), hepatopancreatic necrosis virus (HPV), yellow head 

virus (YHV), and  Penaeus vannamei nodavirus (PvNV) (Table 4.1). 

 

Preparation of IMNV-RT-LAMP validation probe  

Using the pIMNV-1 clone a probe IMNVLp for dot blot hybridization was generated; 

for details of the pIMNV-1 construction, see Andrade et al. (2007). The probe 

IMNVLp hybridizes with the IMNV genome (GenBank accession no. AY570982) at 
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nucleotides 218 to 682. The gene probe was labelled with digoxigenin-11-

deoxyuridine triphosphate (dUTP) (Roche Applied Biosystems) in a polymerase chain 

reaction (PCR) according to the manufacturer’s instructions. The primers used for the 

labelling reaction were IMNV218F and IMNV682R (see Table 4.2). Following the 

PCR reaction, 99 μL of the probe were precipitated with 1 μL of 20 mg mL-1 

glycogen, 10 μL of 200 mM EDTA (pH 8.0), and 11 μL of 4 M LiCl and 360 μl of 

absolute ethanol. The probe suspension was mixed well, placed at –20 °C overnight, 

and centrifuged at 4 °C and 13 000 g for 30 min. The  pellet was washed with 0.5 ml 

of ice cold 70% ethanol, followed by centrifugation for 10 min at 4 °C. The resultant 

pellet was air-dried for 20 min. Finally, each probe was re-suspended in 100 μL of 

HPLC water, placed at 37 °C for 10 min, and stored at –20 °C. 

 

Detection and validation of RT-LAMP products 

The IMNV RT-LAMP amplified products were observed by electrophoretic analysis 

and confirmed by dot blot hybridization. For electrophoresis, 2 µL of the product was 

stained with 1 µL ethidium bromide and loaded in a 2% agarose gel and run for 40 

min at 130 mV. Then, the gel was analyzed photographically under ultraviolet (UV) 

light.  

The presence of IMNV amplified products was confirmed by dot blot 

hybridization. The RT-LAMP amplified product was denatured at 95 °C for 5 min 

and quenched on ice for 2 min.  Then, it was micro-centrifuged at 4 °C and kept on 

ice. After that, 1 µL was dotted onto positively-charged nylon membrane (Millipore), 

air-dried for 5 min, and fixed by UV cross-link using a transilluminator for 3 min. 

While RT-LAMP amplified product was being bound to membranes, the Dig-labelled 
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detection probe (2 µL mL-1) was diluted in hybridization buffer (5× SSC), boiled for 

10 min, and then quenched on ice. The dotted membrane was placed into a heat-

sealed bag with the Dig-labelled detection probe in hybridization buffer  (~5 mL) and 

placed in a water bath at 68 °C. The bag was occasionally shaken. After 60 min, the 

membrane was washed twice in wash buffer (1× SSC + 1% SDS) at RT for 5 min. 

Using a new bag, the membrane was incubated with alkaline anti-Dig Ap antibody 

(Roche Applied Biosystems) (1 µL diluted in 1 mL buffer) in 3 mL of blocking buffer 

I (0.1 M Tris–HCl, pH 7.5, 0.15 M NaCl) at 25 °C (RT) for 15 min on a shaker 

platform. After incubation, the membrane was washed twice in wash buffer (1× SSC 

+ 1% SDS) for 5 min at RT, developed in a new bag using 2 mL of development 

solution [4.5 µL NBT (nitroblue tetrazolium) and 3.5 µL X-phosphate 

(bromochloroindoyl phosphate) for each 1 mL of Buffer III (1% polyvinyl alcohol, 

0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5, 0.05 M MgCl2)] and incubated in the dark at RT 

until the appearance of a coloured precipitate. The reaction was stopped in Buffer IV 

(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and the membrane was dried on 3 mm filter 

paper. Finally, the developed membranes were photographed and the dry membranes 

stored in heat-sealed bags. 

 

IMNV one-step RT-PCR and nested RT-PCR   

IMNV RT-PCR was performed as previously described by Poulos et al. (2006b). The 

extracted RNA was boiled at 95 °C for 5 min to denature dsRNA and then placed on 

ice prior to use. For one-step RT-PCR, a 328 bp fragment was amplified using the 

IMNV-4587F and IMNV-4914R primer pair, and 1 μL of RNA template. The 

amplification was carried out in a 25 μL reaction using the rTth DNA polymerase and 
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5x EZ buffer system (Applied Biosystems), 1x EZ buffer, 300 μM each dNTP, 0.465 

μM of each primer, 2.5 mM manganese acetate and 2.5 U rTth DNA polymerase. The 

following thermocycling conditions were used: 1 cycle of 60 °C for 30 min and 95 °C 

for 2 min followed by 39 cycles of 95 °C for 45 s and 60 °C for 45 s and ending with 

a 7 min extension at 60 °C. The nested RT-PCR was performed using 0.5 μL from the 

one-step RT-PCR reaction. PCR Beads  (puReTaq Ready-To-Go, Amersham 

Biosciences, GE Healthcare) were suspended in distilled water to 25 μL total volume, 

for a final concentration of  200 μM of each dNTP, 1.5 mM magnesium chloride and 

2.5 U of puRe Taq DNA polymerase. The primers IMNV-4725NF and IMNV-

4863NR (amplify a 139 bp fragment) were added at a final concentration of 0.465 μM 

each. The following thermocycling conditions were used: 1 cycle at 95 °C for 2 min 

followed by 39 cycles of 95 °C, 65 °C and 72 °C for 30 s each and a final extension at 

72 °C for 2 min. The RT-PCR products were mixed with 1 μL loading dye, analyzed 

by electrophoresis on a 2% agarose gel containing ethidium bromide alongside a 1 Kb 

ladder (Fermentas), and visualized with a UV transilluminator.   

 

IMNV real-time RT-PCR 

The IMNV genome fragments were amplified using TaqMan One-Step RT-PCR 

master mix (Applied Biosystems) with an Eppendorf Mastercycler EP Realplex 

sequence detection apparatus as described by Andrade et al. (2007). The viral copy 

number of the samples was determined using Realplex 2.0 sequence detection 

software.  The extracted RNA was boiled at 95 °C for 5 min to denature dsRNA and 

then placed on ice as described for the above method. Every sample was tested in 

triplicate in each assay. Briefly, 25 µL of RT-PCR mixture for each reaction  
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contained 1 µL of RNA sample, 12.5 µL of 2x TaqMan Master mix, 0.625 µL of 40x 

Multiscribe mix, 300 nM of each IMNV412F and IMNV545R primers, and 200 nM 

TaqMan probe. The following thermocycling conditions were used: 30 min at 48 °C 

and 10 min at 95 °C followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Each 

run included an RNA standard dilution for quantification of the template. 

 

IMNV RT-LAMP-NALF development 

For specifically detecting IMNV RT-LAMP products using an NALF test strip, we 

made three significant modifications to the IMNV RT-LAMP protocol:  first, the 

IMNVFIP primer was labelled with biotin at the 5’end (B-IMNVFIP primer); second, 

the pIMNV-1 probe used for dot blot hybridization was shortened to hybridize a 

segment between IMNVB1c and IMNVB2 primers, and labelled with fluorescein 

isothiocyanate (FITC) at the 5’end (IMNVp-NALF probe). The optimum 

concentration of IMNVp-NALF probe for hybridization was determined (data not 

shown); the biotin-labelled primer and FITC-labelled probe were synthesized and 

labelled by Bio Basic Inc. (see sequences in Table 4.2 and Fig. 4.2), and third, the 

biotin-labelled IMNV RT-LAMP amplicons hybridized to the FITC-labelled IMNV 

probe were detected using a Milenia® GenLine HybriDetect kit (Milenia Biotec 

GmbH) following the manufacturer’s recommendations.  

The schematic diagram of IMNV RT-LAMP-NALF is illustrated in Fig. 4.1. 

The simplified method for RNA extraction was carried out as described in isolation of 

nucleic acids. For IMNV RT-LAMP-NALF the optimized profile described for 

IMNV RT-LAMP was used with the addition of the B-IMNVFIP primer (Table 4.3). 

The termination of the reaction and denaturation of the amplified product was attained 
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by heating at 93 °C for 5 min. Then, a 2 µL aliquot of IMNVp-NALF probe was 

added to the RT-LAMP reaction tube followed by incubation at 63 °C for 5 min.  

After incubation, 10 µL of hybridized product was transferred to a new tube 

containing 100 µL of NALF running buffer. Then, the NALF test strip was placed 

with the side of the sample application into the RT-LAMP reaction tube and 

incubated for 5-15 min in an upright position. Finally the NALF test strip was 

removed from the reaction tube for interpretation and left to dry. A positive result was 

recorded when both red control and test lines stained red. If only the control line 

stained red, the sample was regarded as negative.   

 

Performance of IMNV RT-LAMP-NALF 

The sensitivity of the IMNV RT-LAMP-NALF method was compared with RT-

LAMP (using two and three primer pairs), nested RT-LAMP (using three primer 

pairs), one-step RT-PCR, nested RT-PCR, and real-time RT-PCR using the same 

predetermined conditions described for sensitivity and specificity of RT-LAMP.  

 

Evaluation of RNA extraction methods 

Real-time RT-PCR (TaqMan) and RT-LAMP-NALF assays were used for 

comparison between the simplified RNA extraction and the standard RNA extraction 

method. For this, an IMNV-infected homogenate tissue was used for extraction of 

total RNA and 1 µL of extracted material was added to the reaction tube.  

 

Results and discussion 

Optimization of the RT-LAMP reaction  
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When RT-LAMP was performed to determine the optimal temperature and time of 

reaction, LAMP-ladders formed at 55, 57, 60, 63 and 65 °C. However, no 

amplification was seen at 68 °C. The Bst DNA polymerase was heat-inactivated at 

temperatures greater than 67 °C (i.e. at 69 °C and 70 °C; data not shown). The 

optimal temperature for the reaction was 63 °C because of the more intense signal 

produced and validated by dot blot hybridization (see Fig. 4.3). Product amplification 

was obtained for reaction times of 30, 45, 60 and 75 min. Although IMNV-amplified 

product could also be detected as early as 30 and 45 min, the LAMP-ladders were 

more intense at 60 and 75 min, as confirmed by dot blot hybridization.  Thus, the 

protocol parameters and optimal reagent concentration were optimized for 60 min at 

63 °C for the next assays. The initial reagent concentration described by Notami et al. 

(2000) was adopted to optimize the IMNV RT-LAMP reaction for detection of 

IMNV. The optimal concentration for betaine, dNTP, MgSO4, Bst DNA polymerase 

and AMV reverse transcriptase were defined as the lowest concentration that produced 

strong positive signals (Fig. 4.4). As the concentration of betaine increased from 0.6 

to 1.4 M, the intensity of the LAMP-ladder intensity also increased, while 1 M was 

optimal.  High dNTP concentrations failed to produce specific LAMP-ladders; 

however, the intensity of LAMP-ladders optimally increased using 1.4 mM. The 

effects of MgSO4 concentration remained high up to 8 mM, but failed to produce 

LAMP ladders at 12 and 16 mM. When the concentration of Bst DNA polymerase 

increased from 4 to 8 U, the intensity of the LAMP-ladders improved. However no 

amplification was noted at 12 U. For AMV reverse transcriptase, improved 

amplification was obtained using 0.25 U AMV reverse transcriptase, but it was faint 

when 0.125 and 0.37 U were used (for details see Figs 4.3 & 4.4).  
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The IMNV RT-LAMP protocol parameters and optimal reagent concentrations 

were standardized as listed in Table 4.3. The amplification was carried out in a 25 μL 

reaction volume. Two reaction mixes, A and B, were made up. The reaction mix “A” 

was prepared on the day of assay, stored at -20 °C, and combined just prior to 

amplification as suggested by Tomita et al. (2008). The reaction mix A contained  1x 

Thermopol buffer (20 mM Tris-HCL; 10 mM KCl; 10 mM (NH4)2SO4; 2 mM 

MgSO4; 0.1% Triton x-100; pH 8.8), 1.4 mM dNTP, 1 M betaine, 6 mM  MgSO4 , 50 

µM calcein, and 1 mM MnCl2.  Reaction mix B contained 12.28 µL of the reaction 

mix A, 0.2 µM each of IMNV-F3 and IMNV-B3, 2.0 µM  each of IMNV-FIP and 

IMNV-BIP, 1.0 µM each of IMNVLoopF and IMNVLoopB primers, 8 U Bst DNA 

polymerase, and 0.25 U AMV reverse transcriptase;  double-distilled water was added 

to 24 µL. Prior to starting the method, the extracted template was boiled at 95 °C for 5 

min to denature dsRNA and then placed on ice. Then, 1 µL of the target extracted 

RNA was added to the reaction tube.  

 

Sensitivity and specificity among RT-LAMP profiles 

The sensitivity of RT-LAMP (using two and three primer pairs) and nested RT-

LAMP (using three primer pairs) was compared by real-time RT-PCR using TaqMan 

probe. Serial dilution of the same extracted RNA from IMNV-infected shrimp, 

ranging from 100 to 10-8, was used for analysis. The real-time RT-PCR showed a 

range of 48 to 1.9 × 109 IMNV copy numbers μL-1 RNA, and IMNV was not detected 

in any of the negative controls, specific pathogen free (SPF) and no template controls 

(NT). The different amplification fluorescence curves represented the threshold cycles 

(CT) and RNA quantities over a 9-log ranging from 100 to 10-8 serial dilutions as 
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20.32 (1.9 × 109), 22.52 (1.8 × 108), 26.74 (6.0 × 106), 30.51 (2.0 × 105), 34.31 (1.2 × 

104), 38.10 (4.9 × 102) and 39.91 (4.8 × 101), respectively. The 10-7 and 10-8  dilutions 

were not detected by real-time RT-PCR, RT-LAMP (using two and three primer 

pairs) and nested RT-LAMP (Fig. 4.5D). 

Determination of the detection limits for the IMNV RT-LAMP reaction was 

performed under optimal conditions of concentration reagents, temperature and time 

of reaction. The RT-LAMP using three primers pairs was 10 times more sensitive 

than when two primers pairs were used. Moreover, the LAMP-ladders at 10-3 and 10-2 

dilutions were more intensely amplified by RT-LAMP using three primer pairs then 

when using two primer pairs (Fig. 4.5A,B). The addition of loop primers (use of the 

third primer pair) to the reaction tube increased sensitivity and specificity, and this 

same result was obtained in other assays (data not shown). Whether or not the 

addition of loop primers speed the reaction time was not evaluated in this study. 

The sensitivity of nested RT-LAMP (using three primer pairs) was also carried 

out to determine if the assay sensitivity could be increased. As a result, the nested RT-

LAMP was not selected for adaptation to NALF, although it was found to be 

equivalent in sensitivity to real-time RT-PCR [10-6 or 4.8 x 101] (Fig. 4.5D). Initially, 

cross-contamination was obtained with nested RT-LAMP. The larger amount of DNA 

generated, combined with the need of open-tubes to transfer amplified products to a 

second tube, increased the risk of cross-contamination to a degree that was much 

higher than with nested RT-PCR. The inclusion of mineral oil to seal the reaction 

tube, the careful collection and transfer of amplified product from the first to second 

steps, and from the latter to agarose gel gave good results. Nevertheless, aberrant 

amplifications were obtained again, and the residues of mineral oil from the reaction 
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tubes may cause interference with production detection of the NALF test strip (as 

informed by the supplier of the NALF test strip).   

The specificity of the RT-LAMP method was determined by analyses of 13 

different IMNV control isolates, six other shrimp viruses (HPV, WSSV, IHHNV, 

YHV, TSV and PvNV), two no template (NT) controls and one SPF shrimp tissue.  

The products were also confirmed by dot blot hybridization using a DIG-labelled 

IMNVL probe. Only IMNV showed both a typical  LAMP-ladder pattern and dot blot 

hybridization positive reactions, while no amplification was detected in any other 

viruses, SPF shrimp tissue or the NT control (Fig. 4.6). 

 

Performance evaluation of IMNV RT-LAMP-NALF 

The RT-LAMP-NALF showed equivalent sensitivity to RT-LAMP (three primer 

pairs). On the one hand, the RT-LAMP-NALF was found to be 100 and 10 times 

more sensitive than one-step RT-PCR and RT-LAMP (two primer pairs), respectively.  

On the other hand, the RT-LAMP-NALF was 10 and 100 times less sensitive than 

nested RT-PCR and real-time RT-PCR respectively (Table 4.4). The specificity of the 

RT-LAMP-NALF method resulted only in detection of IMNV (Table 4.6). 

 

Comparison of RNA extraction methods 

The simplified and the standard RNA extraction methods were tested by the real-time 

RT-PCR in parallel with RT-LAMP-NALF with results summarized in Table 4.5. The 

real-time RT-PCR and the RT-LAMP-NALF detected IMNV in all RNA extracted by 

the simplified and standard RNA extraction methods. Inhibition of real-time RT-PCR 

and RT-LAMP-NALF was noticed when undiluted samples of the simplified RNA 
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extracted were used (data not shown). The inhibition was expected due to the high 

concentration of guanidine-HCl in those samples, however, good tolerance was noted 

in the real-time RT-PCR to guanidine-HCl with higher IMNV copy numbers μL-1 in 

the simplified RNA extraction in comparison with the standard RNA extraction 

method. The real-time RT-PCR showed a range of 4.4 × 106 to 2.2 × 108 IMNV copy 

numbers μL-1 RNA for samples of the simplified extraction method, and from 1.2 × 

106 to 6.3 × 107 IMNV copy numbers μL-1 RNA for the standard extraction method. 

IMNV was not detected in the NT control.  

These results clearly demonstrate that the RT-LAMP-NALF method is 

specific, sensitive and user-friendly. The method also can shorten the time for analysis 

and has potential application for IMNV diagnosis.  Additional studies will be 

necessary to determine the feasibility for this method for commercial use. For 

example, increasing the method’s sensitivity and lyophilizing of the amplification 

reagents may be a further simplification of the RT-LAMP-NALF method, leading to a 

detection system that can be easily used for IMNV diagnosis in resource-poor 

diagnostic settings or non-laboratory environments.  
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 Table 4.1 The isolates of IMNV, HPV, WSSV, IHHNV, YHV, TSV and PvNV-

infected tissue used in this study. 

Isolate Virus Origin Year 

1 IMNV Brazil 2003  

2 IMNV Brazil 2003  

3 IMNV Brazil 2004  

4 IMNV Brazil 2005 

5 IMNV Brazil 2005 

6 IMNV Brazil 2006 

7 IMNV Brazil 2006 

8 IMNV Brazil 2006 

9 IMNV Brazil 2006  

10 IMNV Brazil 2006  

11 IMNV Brazil 2007  

12 IMNV Brazil 2007  

13 IMNV Brazil 2008  

14 HPV Malasia 2007 

15 WSSV China 1996  

16 IHHNV USA  2005  

17 YHV Thailand 2003 

18 TSV USA 2003 

19 PvNV Belize 2007 
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Table 4.2 Oligonucleotide primers designed for detection of capsid protein gene of IMNV by RT-LAMP. The sequences of RT-PCR, 

nested RT-PCR and real-time RT-PCR primers are also detailed.  

Method Primer Sequence (5’ to 3’) Length (bp) Genome position a 
 

   
 

RT-LAMP IMNVF3 TGCCACCTCCAGACCTTACATCG 23 365-387 

and IMNVB3 CTGCTGCAAGTAAAACAGAA 20 548-568 

nRT-LAMP IMNVFIP AAGGTGGCAGGTGTCCATACtttCCTGGACCTATCATACATAGC 44 454-473/TTT/409-429 
 IMNVBIP CTTTCAATACTACATCATCCCCGGtttAACCCATATCTATTGTCGCTG 48 476-499/TTT/525-545 

 IMNVLoopF TGAACCAGTTCTTGC 15 438-453 

 IMNVLoopB GTAGACTGCAAGTACA 16 500-515 

  
  

 

pIMNV-1 IMNV218F GCTGGACTGTATTGGTTGAG 20 218-238 

 IMNV682R AACCAAGTTCTTCTTCTCCAGTT 23 659-682 

  
  

 
NALF B-IMNVFIP BIOTIN-AAGGTGGCAGGTGTCCATACTTTCCTGGACCTATCATACATAGC 44 454-473/TTT/409-429 

 IMNVp-ICT FITC-ATGACATTTGTACTTGCAGTCTA 23 501-523 
  

  
 

real-time IMNV412F GGACCTATCATACATAGCGTTTGCA 25 412-436 

RT-PCR IMNV545R AACCCATATCTATTGTCGCTGGAT 24 545-568 

 IMNVp1 6FAM -CCACCTTTACTTTCAATACTACATCATCCCCGG-TAMRA 33 467-499 

     
RT-PCR 4587F CGACGCTGCTAACCATACAA 20 4587-4607 

and 4914R ACTCGGCTGTTCGATCAAGT 20 4914-4934 

nRT-PCR 4725NF GGCACATGCTCAGAGACA 18 4725-4743 

 4863NR AGCGCTGAGTCCAGTCTTG 19 4863-4882 

a Position on genomic sequence is based on GenBank accession no. AY570982.  
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Table 4.3 Optimized profile for IMNV RT-LAMP-NALF at 63 °C for 60 minutes. 

Reaction A  Final concentration 

Betaine (5 M) 1.0 M 

dNTP MIX (25 mM) 1.4 mM 

MgSO4 (60 mM) 6 mM 

Thermopol Buffer (10x)  1x 

Important: All these reactions were prepared on the day of essay and 

stored at –20 °C.    

 
Reaction B  

R. mixture A  11.4 L 

IMNV F/B3 mix (10 M) 0.2 µM 

IMNV BIP (25 M) 2.0 µM 

Biotin-IMNV FIP (25 M)  2.0 µM  

IMNVLoopF/B mix (25 M)  1.0 µM  

Bst DNA pol (8 U/L) 8 U 

AMV Trans reverse (10 U/L)  0.25 U  

ddH2O  Added to 24 L 

Important: An FITC at 5’end labeled IMNVp-NALF probe was used to 

hybridize the RT-LAMP products  
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Table 4.4 Comparative detection sensitivities of amplified product from RT-LAMP (two and three primer pairs), RT-LAMP (using three 

primer pairs), nested RT-LAMP, RT-PCR, nested RT-PCR, real-time RT-PCR, and RT-LAMP-NALF. 

Isolate  Method  SPF  10-8  10-7  10-6  10-5  10-4  10-3  10-2  10-1  10-0  

6 (2006)  

RT-LAMPa  –  –  –  –  –  –  +  +  +  +  

RT-LAMPb  –  –  –  –  –  +  +  +  +  +  

nRT-LAMP  –  –  –  +  +  +  +  +  +  +  

RT-PCR  –  –  –  –  –  –  –  +  +  +  

nRT-PCR  –  –  –  –  +  +  +  +  +  +  

qRT-PCR  –  –  –  4.8x101  4.9x102  1.2x104  2.0x105  6.0x106  1.8x108  1.9x109  

RT-LAMP-NALF 

 

a  two primer pairs ; b three primer pairs; c NALF test band (specific IMNV) and  d NALF control band 
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Table 4.5 Comparative detection of IMNV by real-time RT-PCR (TaqMan) and RT-LAMP-

NALF assay using two different RNA extraction methods. An IMNV-infected homogenate 

tissue was used as template and 1µl of extracted material was added into reaction tube. A) RT-

LAMP-NALF using Rapid extraction of RNA . B) RT-LAMP-NALF using High Pure RNA 

tissue extraction kit (Roche Biochemicals, Indianapolis, IN). Lane NT, no template control 

(water). ND, no detected. 

Method  Sample No.  
Real-time RT-PCR TaqMan  

RT-LAMP-NALF  
Ct  Copies / µl  Mean copies / µl  

 NT - - 
ND  

 

 NT - - 

A  

1-DIL-RAP  25.33 3.340 x 107  
2.830 x 107  1-DIL-RAP  24.71 4.710 x 107  

1-DIL-RAP  28.99 4.470 x 106  
2-DIL-RAP  22.39 1.690 x 108  

1.460 x 108  2-DIL-RAP  22.91 1.270 x 108  
2-DIL-RAP  22.69 1.430 x 108  
3-DIL-RAP  21.84 2.290 x 108  

2.080 x 108  3-DIL-RAP  21.97 2.130 x 108  
3-DIL-RAP  22.26 1.810 x 108  

B  

1-ROCHE 25.78 2.610 x 107  
2.760 x 107  1-ROCHE 25.91 2.430 x 107  

1-ROCHE 25.40 3.230 x 107  
2-ROCHE 24.50 5.280 x 107  

5.770 x 107  2-ROCHE 24.37 5.680 x 107  
2-ROCHE 24.17 6.360 x 107  
3-ROCHE 24.65 4.860 x 107  

5.060 x 107  3-ROCHE 24.46 5.410 x 107  
3-ROCHE 24.64 4.900 x 107  
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Table 4.6 Results of specificity from assays using real-time RT-PCR and RT-LAMP-NALF 

for IMNV within pleopods of L. vannamei. ND, no detected. 

 
Isolate Real-time RT-PCRa  

(IMNV copies/µl RNA)  
RT-LAMP-NALF  

IMNV 8.78 x 104  

 

IMNV 5.99 x 104  
IMNV 2.33 x 104  
IMNV 3.44 x 104  
IMNV 4.42 x 107  
IMNV 5.34 x 106  
IMNV 7.96 x 105  
IMNV 1.99 x 106  
IMNV 3.28 x 106  
IMNV 9.19 x 106  
IMNV 3.92 x 105  
IMNV 4.48 x 106  
IMNV 3.15 x 104  
HPV ND  

WSSV ND  
IHHNV ND  

YHV ND  
TSV ND  

PvNV ND  
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Figure 4.1 Schematic diagram of  RT-LAMP-NALF assay for detection  of  infectious 

myonecrosis virus. 
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Figure 4.2 Schematic representation of primers used for reverse transcriptase loop-mediated 

isothermal amplification (RT-LAMP). A) Two inner primers (IMNV-FIP and IMNV-BIP), two 

outer primers (IMNV-F3 and IMNV-B3), and two loop primers (IMNVLoopF and 

IMNVLoopB) were designed to amplify eight regions of IMNV. B) Sequence of the capsid 

protein gene of IMNV used to design the IMNV-specific RT-LAMP primers (GenBank 

accession no. AY570982). The region amplified by Real-time RT-PCR is between the two 

dotted vertical lines.  
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Figure 4.3 Effects of temperature (left) and time intervals (right) on the IMNV RT-LAMP 

reaction generated at 55, 57, 60, 63, 65 and 68 °C (60 min) and for 30, 45, 60 and 95 minutes 

(63 °C) respectively. Extracted RNA from IMNV infected shrimp was used as template. The 

amplified products were analyzed by agarose gel electrophoresis and validated by dot-blot 

hybridization using a DIG-labeled IMNVLp probe. Lane M, 1-Kb DNA ladder; Lane NT, no 

template control (water), Lane SPF, specific pathogen free.  
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Figure 4.4 Optimization of RT-LAMP reaction for detection 
of IMNV. A) Effects of Betaine concentration on RT-LAMP 
using 0.6, 1 and 1.4 M. B) Effects of DNTP concentration on 
RT-LAMP using 0.7, 1.4, 2.1 and 2.8 mM. C) Effects of 
MgSO4 concentration on RT-LAMP using 6, 8, 12 and 16 
mM. D) Effects of Bst DNA polymerase concentration on RT-
LAMP using 4, 8 and 12 U. E) Effects on concentration of 
AMV transcriptase reversa on RT-LAMP using 0.125, 0.25 
and 0.37 U. Lane M, 1-Kb DNA ladder; Lane NT, no 
template control (water).  
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Figure 4.5 Determination of 
the sensitivities of RT-LAMP 
assay. A) RT-LAMP using two 
primer pairs, generated 
amplicons without loop-
primers (IMNVLoopF and 
IMNVLoopB). B) RT-LAMP 
using three primer pairs. C)  
Nested RT-LAMP (with three 
primer pairs). The amplified 
products were analyzed by 
agarose gel electrophoresis and 
validated by Dot-blot 
hybridization using DIG-
labeled IMNVLp probe (blots 
are shown below respective 
lane in gel). Lane M, 1-Kb 
DNA ladder; Lane NT, no 
template control (water), Lane 
SPF, specific pathogen free. D)  
Real-time RT-PCR using 
TaqMan probe.  
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Figure 4.6 Determination of the specificity of  the RT-LAMP (using three primer pairs) assay. Lane M, 1-Kb DNA ladder; Lane NT, no 

template control (water), Lane SPF, specific pathogen free tissue. Lanes 1 to 13 contain  RNA extracted from IMNV-infected pleopod of 

penaeid shrimp collected from 2003-2008 (see Table 1). Lane 14, HPV-infected tissue. Lane 15, WSSV-infected tissue. Lane 16, IHHNV-

infected tissue. Lane 17, YHV-infected tissue. Lane 18, TSV-infected tissue. Lane 19, PvNV-infected tissue. The amplified products were 

analyzed by agarose gel electrophoresis (top) and validated by dot-blot hybridization using DIG-labeled IMNVLp probe (bottom).   
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