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ABSTRACT 

Biological and molecular characteristics of the pathogenic mollicute, Spiroplasma 

penaei, isolated from the hemolymph of infected Pacific white shrimp, Penaeus 

vannamei, were investigated. The doubling times of a S. penaei were 6.13 h (2% NaCl) 

and 3.43 h (no salt) under aerobic conditions, and 6.63 h (2% NaCl) and 3.22 h (no salt) 

under anaerobic conditions. Small diffuse white colonies with granular centers, 

surrounded by small satellite colonies that appeared embedded in the agar matrix, were 

detected on solid M1D medium (2% Noble agar) under aerobic conditions at 28°C. The 

genome size of the S. penaei was 1778 Kb, as determined by pulsed-field gel 

electrophoresis using undigested DNA. Reduction of virulence of S. penaei was not 

detected in serial passage 24 and 76 isolates but passage 131 isolate was attenuated as 

indicated by the number of surviving shrimp and histological findings of challenged P. 

vannamei. Toxicity was not detected in supernatant fractions of M1D medium cultures of 

S. penaei isolates. The most predominant host responses to the S. penaei reference isolate 

and to serial passage isolates were hemocytic nodules and hemocytic infiltration observed 

in hematoxylin and eosin-stained histological sections. Transmission electron microscopy 

of the lymphoid organ of experimentally infected P. vannamei depicted S. penaei without 

cell wall and free in the cytoplasm of lymphoid organ cells. The lesions observed in 

histological sections were verified by in situ hybridization using a digoxigenin (DIG)-

labeled probe specific to the spiralin gene of Spiroplasma spp. Evolutionary relationship 
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trees, based on five partial DNA sequences of 16S rDNA, 23S rDNA, 5S rDNA, gyrB, 

rpoB genes and two complete DNA sequences of 16S-23S and 23S-5S ISR, were 

constructed using the distance-based Neighboring-Joining method with Kimura-2-

parameter substitution model. The NJ trees based on all DNA sequences investigated in 

this study positioned S. penaei in the Citri-Poulsonii clade and corroborates the 

observations by other investigators using the 16S gene. Pairwise genetic distance 

calculation between sequences of spiroplasmas showed S. penaei to be closely related to 

S. insolitum and distantly related to Spiroplasma sp. SHRIMP from China.  
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CHAPTER 1 

 

INTRODUCTION 

 

Literature review. 

Spiroplasmas are associated with insects as commensals, pathogens, or symbionts, and 

are transmitted to plant surfaces by defecation and/or regurgitation of fluids on plant 

surfaces or are introduced into the phloem by plant-sucking insects (Gasparich, 2002). 

Experimental infection in chick embryo, new-born rodents, and adult rabbits by 

Spiroplasma mirum that originated from rabbit ticks has been described (Bové, 1997). 

 

The genera Spiroplasma, Mycoplasma and Acholeplasma in the class Mollicutes are 

described as the smallest and simplest free-living and self-replicating forms of life. They 

are without cell walls or flagella, but have internal cytoskeletons, are motile and 

chemotactic, and have a cholesterol-containing unit membrane that envelops the bacteria 

(Trachtenberg, 2004).  
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The Mollicutes are described as phylogenetically related to gram positive bacteria, 

characterized by small genome sizes, 580 to 2,200 kbp, and low G+C content of 24 to 41 

mol % (Boutareaud et al., 2004). The genus Spiroplasma is one of the largest genera of 

the class Mollicutes and all of the spiroplasmas are characterized by helical morphology 

and motility. Although most of them are found only in arthropod hosts, especially in 

insects, three spiroplasmas, Spiroplasma citri, S. kunkelii, and S. phoeniceum, are 

described as pathogenic also in plants. 

 

The spiroplasmas that are infectious agents of plants, arthropods and vertebrates were 

reviewed by Bové (1997). The citrus pathogen has been known as Spiroplasma citri since 

1973. The corn stunt agent was cultured in 1975 and fully characterized as S. kunkelii in 

1986. The third phytopathogenic spiroplasma is S. phoeniceum, cultured from naturally 

infected periwinkle plants in Syria and described in 1986. These three spiroplasmas are 

restricted to the phloem sieve-tubes of the infected plants and are transmitted from plant 

to plant by various phloem feeding leafhopper vectors which act as the reproductive 

hosts. Since the work on S. citri and S. kunkelii was done, 50+ other spiroplasma species 

or proposed species have been discovered. Spiroplasmas have been isolated from insects, 

ticks, and plants. Insects are particularly rich sources of spiroplasmas. Some spiroplasmas 

from insects are pathogenic, and, for example, S. melliferum and S. apis are honey bee 

pathogens. They cross the insect gut barrier and reach the hemolymph, where they 

multiply abundantly and kill the bee. S. poulsonii, also called sex ratio spiroplasma, 
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infects the neotropical species of Drosophila, and the agent is transmitted transovarially 

and kills the male progeny of an infected female fly. Some spiroplasmas from insects are 

also found on flower surfaces. For instance, S. apis was cultured from the surfaces of 

flowers growing nearby the affected beehives. Many insect spiroplasmas are not 

pathogenic, often restricted to the gut, and may be regarded as symbionts or incidental 

commensals. Of the three known tick spiroplasmas, only S. mirum (SMCA) obtained 

from rabbit ticks is pathogenic to chick embryo, new-born rodents, and adult rabbits by 

experimental infection. Strain SMCA induces high incidence of cataracts in newborn 

rodents. 

 

Two studies have described infection by mollicute-like bacteria inside hepatopancreatic 

epithelial cells of two different marine shrimp species, one from the Americas and the 

other from a native of Japan. An infection by filamentous and helical forms of mollicute-

like bacteria in hepatopancreatic cells of farmed Pacific white shrimp Penaeus vannamei 

was described by Krol et al. (1991). The filamentous mollicute was described as masses 

of short, branched filaments 60 nm wide with terminal blebs. The helical mollicute was 

described as blunt at its wide end and no flagella were present. A subclinical infection by 

a filamentous form of mollicute-like bacteria was described in the hepatopancreatic 

epithelial cells of the kuruma shrimp Penaeus japonicus by Choi et al. (1996) using 

transmission electron microscopy. The bacteria were 60 nm in diameter and 0.3-1 µm in 

length, filamentous and branched with terminal blebs. No pathology was detected by 
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gross examination of the kuruma shrimp and tissue sections observed under light 

microscopy appeared to be normal. 

Ghadersohi and Owens (1999) investigated filterable agents that might be involved in 

mid-crop mortality syndrome (MCMS) and the possible role of mycoplasma in this 

syndrome. Two strains of mycoplasma were isolated from moribund shrimp, P. 

monodon, during an outbreak of MCMS from two affected shrimp farms in northern 

Queensland, Australia. These agents were isolated from the gill filaments, brain and eyes 

of the moribund shrimp but did not cause high mortalities in experimentally infected 

shrimp. 

 

Zbinden and Cambon-Bonavita (2003) investigated the diversity of the gut microbial 

population in the hydrothermal Alvinocarid shrimp Rimicaris exoculata. DNA was 

isolated from the hindgut of the hydrothermal shrimp and several 16S rDNA sequences 

found were associated with the genus group of Spiroplasma. These marine shrimp are the 

dominant megafauna at the Mid-Atlantic Ridge vent sites and are particularly abundant 

around the chimney walls. An important characteristic of R. exoculata is an unusually 

enlarged gill chamber, housing epibiotic bacteria which are most abundant on 

mouthparts, bacteriophore structures, and the inner surface of the gill chamber. The role 

of Spiroplasma species in the gut of R. exoculata is unknown. However, since these 

spiroplasmas were isolated from apparently healthy shrimp, they are probably non-

pathogenic to the shrimp. 
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The epidemic of tremor disease in Chinese mitten crabs, Eriocheir sinensis, which is an 

important species in freshwater aquaculture in China, has resulted in great economic 

losses (Wang et al. 2004). The disease appeared in 1994 in the southeast provinces of 

China, with mortality rates ranging from 30% to 90%. The disease had spread to most 

aquaculture facilities growing mitten crabs in China by 1998 and the prevalence was 

34.3%. The disease occurs seasonally, associated with high water temperatures of 19–

28°C during July and August. Infected crabs display signs of weakness, anorexia, intense 

tremors, and death. The agent was found in hemocytes, muscles, nerves and connective 

tissues. This pathogen was previously considered to be a rickettsia-like organism. 

Sequence analysis of the 16S rRNA gene found 98% homology with that of S. mirum. 

This pathogen could be cultured by inoculating the yolk sac of chick embryos and in 

M1D medium. Rotary motion and flexional movement were observed by light 

microscopy. Helical morphology and the absence of cell wall were depicted by 

transmission electron microscopy. This organism produced small colonies with a 

diameter of 0.4–0.5 mm after 17–25 days of incubation on solid M1D medium. Doubling 

times of 69 h within 10 passages were estimated using M1D broth at 25-30°C. 

Experimental infections were conducted by Wang et al. (2003) in crayfish, mice, and 

chick embryos by injecting spiroplasmas isolated from chick embryos which were 

inoculated with the hemolymph of the Chinese mitten crab with tremor disease. No 

infection was detected in mice or crayfish tissues by light microscopy or transmission 

electron microscopy 38 days after inoculation but, the pathogen was detected only in the 
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brain of chick embryos. Later, Wang et al. (2005) described a systemic infection of 

spiroplasmas in the red swamp crayfish, Procambarus clarkii, in the summer of 2004 in 

freshwater aquaculture in China. The sick crayfish were in the same ponds as the Chinese 

mitten crab affected by tremor disease. Healthy crayfish were experimentally infected by 

injection with hemolymph from diseased crayfish and cultured isolate in M1D medium, 

and by cohabitation with diseased crayfish. Most recently, Bi et al. (2008) described 

severe infection of spiroplasmas and significant mortalities in the Pacific white shrimp, P. 

vannamei, raised in freshwater aquaculture in the same region of China. 

 

Nunan et al. (2004) described the first pathogenic spiroplasma in marine shrimp. The 

characterization of this organism was based on histological evaluation, in situ 

hybridization assays, transmission electron microscopy, 16S rRNA sequence homology, 

and injection infectivity bioassays. Molecular methods were developed for the detection 

of this agent. The disease agent was isolated from the hemolymph of the Pacific white 

shrimp, P. vannamei, raised in a shrimp farm in Colombia that was suffering high 

mortalities. Standard histological methods and in situ hybridization assays confirmed that 

P. vannamei was infected with this pathogenic spiroplasma. Histological analysis 

detected systemic inflammatory reactions in affected organs/tissues. Samples of frozen 

infected P. vannamei were used to sequence the 16S rRNA gene and develop molecular 

detection methods. The sequence data analysis revealed a 98% homology with S. citri, a 

pathogen of citrus trees. PCR primers deve1oped for the spiralin gene of the Spiroplasma 



22 

 

sp. were species-specific. Nunan et al. (2005) conducted several studies for the 

characterization and identification of this pathogenic spiroplasma. This organism was 

helical in form, variable in length, and serologically different from other spiroplasma 

species. Transmission electron microscopy revealed bacteria without a cell wall, with a 

single cytoplasmic membrane. The organism grew well in M1D medium supplemented 

with 2% sodium chloride at temperatures ranging from 20-37°C, and optimum growth 

was at 28°C. This strain catabolized glucose and hydrolyzed arginine, but did not 

hydrolyze urea. The guanine-plus-cytosine content of the DNA was 29±1 mol%. This 

novel pathogen was named Spiroplasma penaei strain SHRIMP (ATCC BAA- 1082; 

CIAM 1252), which represents a new species and a new subgroup (1-9) of the group I 

spiroplasmas. 

 

The histopathology of experimentally-induced infections of S. taiwanense in Anopheles 

stephensi mosquitoes was described by Phillips and Humphery-Smith (1995). Light 

microscopy showed extensive degradation of the thoracic flight muscle and 

polysaccharide depletion. Transmission electron microscopy showed spiroplasmas in 

hemolymph, and both extra- and intra-cellularly in thoracic flight muscle, glial cells, 

neural lamella, hemocytes, connective tissue surrounding diverticulum and midgut, 

trophocytes, and tracheocytes. Nerve cord axons surrounded by infected glial cells were 

distended by swollen mitochondria. The pathologies within thoracic flight muscle were 

attributed to intracellular replication of spiroplasmas. The authors suggested that 
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additional pathogenic determinants like toxic metabolites may contribute to these 

pathologies. 

 

The ability of the spiroplasma to adapt from the phloem sap of the host plant to the 

hemolymph and salivary gland cells of the insect vector was investigated by Andre et al. 

(2003). Genes encoding permease enzymes II of the S. citri were characterized in order to 

further study the sugar metabolism. Glucose and fructose are present in the plant sieve 

tubes, and trehalose is the major sugar in the leafhopper hemolymph. Earlier studies 

determined that fructose utilization was a key factor in spiroplasmal pathogenicity. 

 

Bové et al. (2003) proposed several possible mechanisms of phytopathogenicity by S. 

citri. Toxins and lactic acid production have been suggested as possible factors. S. citri 

infection was shown to reduce auxin levels, and it was proposed that utilization of plant 

sterols by S. citri resulted in a shortage of growth regulators. Plant spiroplasmas are 

acquired by leafhoppers, through feeding on infected plants. In order to be transmitted to 

a plant, the mollicutes need to multiply within the vector. Replication requires crossing 

the gut wall barrier, multiplying to high titers (106–107/CFU/insect) in the hemolymph, 

and subsequently infecting other organs, including the salivary glands. Spiroplasma 

adhesion proteins were also investigated to explain the mechanism of pathogenicity. 

Spiroplasmas adhere to insect host and non-host cells in tissue culture. Adherence was 

significantly reduced by prior treatment of the spiroplasmas with proteinase K or pronase, 
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a treatment that removes a major membrane protein, P89, from the spiroplasma surface. 

Regeneration of P89 by the treated spiroplasmas was directly associated with the 

restoration of the attachment capability of the spiroplasma. These results suggest that P89 

is involved in spiroplasma-insect cell interaction. P89 was designated SARP1 

(spiroplasma adhesion related protein 1). 

 

Spiralin is the most abundant protein at the surface of the plant pathogen S. citri and the 

role in the interactions of the spiroplasma with its host plant and/or its insect vector was 

investigated by Duret et al. (2003). Mutants were produced by inactivating the spiralin 

gene through homologous recombination to investigate the spiralin function. The result 

was that spiralin is not essential for helicity, motility, or pathogenicity, but is required for 

efficient transmission of S. citri by its insect vector. 

 

Davis et al. (2005) cloned a cryptic plasmid of S. kunkelii CR2-3X and the plasmid 

sequence was analyzed. The 14,615 bp plasmid has a nucleotide content of 28 mol% G + 

C, and contains 18 open reading frames (ORF) of which six encode proteins that exhibit 

virulence similarity to proteins involved in cell-to-cell adhesion or DNA transfer. One 

ORF encodes a 96 kDa protein, SkARP1, which is highly similar to SARP1 adhesin 

involved in attachment of S. citri to the insect vector gut membrane. Five ORFs encode 

proteins similar to TraE which are involved in the temporary fusion of two cells, leading 

to the transfer of genetic material. Presence of domains similar to proteins of the Type IV 



25 

 

secretion system in pathogenic bacteria suggests that spiroplasma possesses a related 

translocation system. Zhao (2004) identified a set of 21 ATP-binding cassette domains, 

ABC transporters, during the annotation of S. kunkelii genome sequence. These 

transporters cross a wide variety of substrates, and are critical for nutrient uptake, multi-

drug resistance, and perhaps virulence. 

 

Ye et al. (1992) constructed a physical and genetic map of the S. citri genome using 

several restriction enzymes and pulse field gel electrophoresis (PFGE). The genome size 

of the spiroplasma was estimated from restriction fragments to be 1780 kbp. It was 

described to contain many insertions of spiroplasma virus 1 (SpVl) sequences. 

 

Verdin et al. (2000) have reported a nested PCR assay for the detection and 

quantification of Mycoplasma hyopneumoniae directly in tracheobronchiolar washings 

from pigs living in field conditions. They estimated the number of mycoplasma cells in 

the tracheobronchiolar washings. Quantification was performed by comparing the PCR 

signal intensity of the specific M. hyopneumoniae template with known concentrations of 

S. citri. The titer in tracheobronchiolar washings ranged from 104 to 108 cells per ml of 

clinical specimen. 
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Fletcher et al. (1996) investigated four lines of S. citri strain BR3 derived from different 

conditions over several years. These lines differed in their ability to be transmitted by the 

beet leafhopper Circulifer tenellus. The lines included BR3-T (transmissible), maintained 

in turnip by leafhopper transmission; BR3-G (non-transmissible), maintained in plants by 

periodic graft transmission; BR3-P (rarely transmissible), sub-cultured in artificial 

medium over 130 times; and BR3-M (transmissible), sub-cultured 43 times. Although all 

four lines had similar overall protein profiles, the two transmissible lines each contained 

two proteins (144 or 146 kDa and 92 kDa) missing in the non- or rarely transmitted lines. 

 

Biological and molecular characteristics of the pathogenic S. penaei reference isolate 

were investigated in this study. In Chapter 2, the goals were to determine growth in M1D 

medium without NaCl, growth on solid M1D medium with 2% Noble agar, growth under 

anaerobic conditions, doubling time, and to determine genome size by pulse field gel 

electrophoresis. Bacteria were also enumerated in liquid M1D medium (2% NaCl) by 

fluorescence microscopy with a hemacytometer chamber using fluorochromes and 

compared to bacteria enumerated on solid M1D medium (2% NaCl). In Chapter 3, 

attenuation of the S. penaei reference isolate was investigated after a series of passages in 

M1D medium (2% NaCl) and toxicity of supernatant fractions from culture M1D 

medium supplemented with 2% NaCl and without salt was investigated. Intramuscular 

injection of the third abdominal segment of specific pathogen free (SPF) P. vannamei 

was conducted to overcome the midgut epithelium barrier in this study. SPF shrimp were 
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injected with cell suspension of S. penaei reference isolate and subcultured isolates (serial 

passages 24, 76, and 131). Chapter 4 reports the results of time course infectivity and 

attenuation studies in which the feeding of abdominal tissues infected with the pathogenic 

S. penaei reference isolate and serial passage 131 were investigated using SPF P. 

vannamei. Attachment to microvilli and presence inside the cytoplasm of midgut 

epithelial cells of S. penaei reference isolate were investigated by transmission electron 

microscopy and in situ hybridization. Survival and histopathology of SPF shrimp fed 

infected abdominal tissues were investigated. Chapter 5 reports on the phylogenetic 

analysis that corroborates the phylogenetic position of Spiroplasma penaei into the Citri-

Poulsonii clade. Five partial DNA sequences of 16S, 23S, 5S, gyrB, rpoB genes and two 

complete DNA sequences of 16S-23S and 23S-5S intergenetic spacer regions (ISR) were 

investigated to build phylogenetic trees and understand evolutionary relationships.  
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CHAPTER 2 

 

BIOLOGICAL AND MOLECULAR CHARACTERISTICS OF  THE 

PATHOGENIC  Spiroplasma penaei ISOLATED FROM THE HEMOLYMPH OF 

THE PACIFIC WHITE SHRIMP Penaeus vannamei 
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Abstract: Biological and molecular characteristics of the pathogenic mollicute, 

Spiroplasma penaei, isolated from the hemolymph of the Pacific white shrimp, Penaeus 

vannamei, were investigated. The doubling times of the pathogenic S. penaei isolate were 

6.13 h (2% NaCl) and 3.43 h (no salt) under aerobic conditions, and 6.63 h (2% NaCl) 

and 3.22 h (no salt) under anaerobic conditions. Small diffuse white colonies with 

granular centers, surrounded by small satellite colonies that appeared embedded in the 

agar matrix, were detected on solid M1D medium (2% Noble agar) under aerobic 

conditions at 28°C. The genome size of the pathogenic S. penaei strain was estimated to 

be 1778 Kb by pulsed-field gel electrophoresis using undigested DNA.  
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________________________________________________________________________ 

 

Introduction 

 

Most members of the genus Spiroplasma are commensals, pathogens, or symbionts of 

insects. Spiroplasmas in arthropods are transmitted to plant surfaces by defecation and/or 

regurgitation of fluids onto plant surfaces or are introduced into the phloem by sap-

sucking insects (Gasparich, 2002). Experimental infection has been described in 

vertebrates (chick embryos, newborn rodents, and adult rabbits) by Spiroplasma mirum 

obtained from rabbit ticks (Bové, 1997). 

 

Of great interest are the recent descriptions of spiroplasma in crustacean hosts. Zbinden 

and Cambon-Bonavita (2003) isolated DNA from the hindgut of the hydrothermal 

Alvinocarid shrimp, Rimicaris exoculata, and analyzed several 16S rDNA sequences that 

were associated with the phylogenetic group of Spiroplasma. Wang et al. (2004) 

investigated an epizootic of tremor disease that has been a serious problem in mitten 

crabs in China in recent years. The Chinese mitten crab, Eriocheir sinensis, is an 

important species in freshwater aquaculture in China. Infected crabs exhibit weakness, 

anorexia, intense paroxysmal tremors, and death. The agent was found in hemocytes, 

muscles, nerves and connective tissues. Sequence analysis of the 16S rRNA gene from 
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the tremor disease agent revealed 98% similarity to that of  Spiroplasma mirum. Wang et 

al. (2005) also described a Spiroplasma pathogen causing systemic infection in the 

crayfish Procambarus clarkii grown in freshwater aquaculture in China. The same 

spiroplasma agent has been identified in all three crustaceans: Chinese mitten crab, 

crayfish, and Pacific white shrimp cultured in freshwater in China (Bi et al. 2008). 

 

Nunan et al. (2005) identified Spiroplasma penaei, which was isolated from the 

hemolymph of the Pacific white shrimp, Penaeus vannamei, cultured in very low salinity 

brackish water in Colombia. This organism was helical in shape, variable in length and 

serologically different from other spiroplasma species. Electron microscopy revealed 

bacteria with a single cytoplasmic membrane and no cell wall. The organism grew well in 

M1D medium supplemented with 2% sodium chloride at temperatures ranging from 20-

37°C, and the optimum growth was at 28°C under aerobic conditions. This strain 

catabolized glucose and hydrolyzed arginine, but did not hydrolyze urea. The guanine-

plus-cytosine content of the DNA was 29 ± 1 mol%. 

 

In the present study, biological and molecular characteristics of the novel pathogenic 

intracellular bacteria S. penaei were investigated to characterize growth in M1D medium 

without NaCl, growth on solid M1D medium with 2% Noble agar, growth under 

anaerobic conditions, doubling time, and genome size. Bacteria were also enumerated in 

liquid M1D medium (with 2% NaCl) by fluorescence microscopy with a hemacytometer 
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chamber using fluorochromes and compared to bacteria enumerated on solid M1D 

medium (with 2% NaCl).  

 

Materials and Methods 

 

Bacteria isolate. A pathogenic Spiroplasma penaei strain obtained in pure form by 

filtration and limiting dilution was isolated by Nunan et al. (2004) from the hemolymph 

of moribund Pacific white shrimp, Penaeus vannamei, originated from a shrimp farm 

near Cartagena, Colombia. The isolate was stored at -70°C in M1D medium 

supplemented with 2% NaCl. Briefly, a modified limiting dilution procedure was used to 

obtain a pure isolate from the hemolymph of a moribund shrimp. Hemolymph filtered 

through a 0.22 µm filter was serially diluted. Microtiter plates of 96 wells containing 

growth medium were inoculated with the serial dilutions. The highest serial dilution with 

the lowest number of S. penaei, that showed growth indicated by the color change of the 

M1D medium, was selected as the pure form. This pathogenic isolate was used at 

logarithmic growth and it is referred as the reference isolate in this study. 

 

Culture medium and cultivation techniques. M1D medium supplemented with 2% 

NaCl and without NaCl were prepared as described by Hackett and Whitcomb (1995). 

Cultures were maintained using tenfold serial dilutions in M1D liquid medium. Both 
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M1D broths without salt or supplemented with 2% NaCl were used. The BBL® GasPak® 

jars and anaerobic system envelopes that generate H2 and CO2 (Becton Dickinson No. 

270304) were used for the anaerobic studies. Incubation was at 28°C under aerobic and 

anaerobic conditions. The time required for acidification of M1D broth as indicated by a 

color change was recorded and the calculation of doubling time was according to the 

mathematical formulas described by Konai et al. (1996). Solid medium were prepared by 

adding Noble agar to sterile M1D broth (2% NaCl) to a final concentration of 2%. A 

reference isolate culture at logarithmic phase was ten-fold serially diluted and inoculated 

onto solid medium plates. Inocula of 100 µl from dilutions 10-5 and 10-6 were used. Plates 

were incubated at 28°C aerobically for 7 d after which small white diffuse colonies were 

enumerated. 

 

Fluorescence labeling and quantification using fluorescent microscopy. A 

commercially available kit (Live/Dead BacLight, Molecular Probes) with a mixture of 

fluorochromes (SYTO® 9 and propidium iodide) was used to stain nucleic acid of the 

reference isolate cells for quantification of live and dead cells by fluorescence 

microscopy using a hemacytometer chamber. The bacterial suspensions were prepared 

according to the manufacturer’s instructions with some modifications. One milliliter of 

reference isolate culture at logarithmic phase was centrifuged at 10000 × g for 3 min. The 

supernatant fluid was removed and the pellet was resuspended in 1 ml of 1% NaCl 

solution.  The staining of bacterial cells was accomplished by the addition of 1.5 µl of 

3.34 mM SYTO 9, 1.5 µl of 30 mM propidium iodide, and 10 µl of bacterial suspension 



33 

 

to 987 µl of saline solution (1% NaCl). The sample was incubated for 15 min at room 

temperature in the dark, loaded into both sides of the hemacytometer chamber, and 

examined via fluorescence microscopy. Bacteria with intact cell membranes that 

fluoresced green were counted inside 25 squares with a total surface area of 1 mm2. 

 

Pulsed-field gel electrophoresis (PFGE). A S. penaei reference isolate culture in 

logarithmic phase was centrifuged at 6000 × g for 5 min. The supernatant fluid was 

discarded and the pellet resuspended with 1 ml of TES (100 mM Tris, pH 7.2, 10mM 

EDTA and 100 mM NaCl). The resuspended bacteria were heated at 70°C for 10 min to 

inactivate DNases. The suspension was centrifuged and the supernatant fluid discarded. 

The pellet was resuspended with 50 µl of TES at 56°C and mixed with 50 µl of 2 % 

CleancutTM Agarose (Biorad). One hundred µl were added to a plug mold and solidified 

at 4°C for 10 min. The agarose plug was placed into a microtube with 1000 µl of 

proteinase K reaction buffer (0.5 M EDTA, pH 8.0, 0.2% sodium deoxycholate, 1% 

sodium lauryl sarcosine, 1mg ml-1 of proteinase K), incubated overnight at 56°C, and 

washed four times with 25 ml TE (10 mM Tris, 1 mM EDTA, pH 8) for 40-60 min at 

room temperature. PMSF (phenylmethylsulfonyl fluoride, Sigma) was added during the 

second wash to a final concentration of 1 mM to inactivate proteinase K. The plug was 

incubated in 0.66× TBE (58.7 mM Tris, 58.7 mM boric acid, 16.5 mM EDTA) for 30 

min with gentle agitation at room temperature before the PFGE gel preparation. The 

agarose plug with bacteria and Saccharomyces cerevisiae chromosomal DNA (225-2200 

Kb, DNA size markers, Biorad) were cut to size (1 mm in thickness) using a razor blade 
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and the agarose pieces were placed on the comb. The comb was placed inside the casting 

chamber and 100 ml of 1% CertifiedTM Megabase Agarose (Biorad) in 0.5× TBE with 

thiourea (200 µM) was added. The gel was allowed to set and the comb was removed, 

and 50 ml of 1% CertifiedTM Megabase Agarose was poured over the gel to fill and cover 

the wells. Electrophoresis was performed on the CHEF-DR® II pulsed field 

electrophoresis system at 200 V (6 V cm-1) at 10°C. Switch time was ramped from 60 

seconds to 120 seconds at 120° for 24 h. Analysis of the banding pattern was done by 

using AlphaimagerTM and AlphaViewTM Stand Alone Software. 

 

Results 

 

Doubling time. Doubling time of S. penaei was estimated using M1D medium with 2% 

NaCl and without salt under aerobic and anaerobic conditions at 28°C. The calculation of 

doubling time was performed according to the mathematical formulas described by Konai 

et al. (1996). The results are the average of triplicate readings under aerobic conditions 

and the average of duplicate readings under anaerobic condition. The doubling times of 

the reference isolate were 6.13 h (2% NaCl) and 3.43 h (no salt) under aerobic conditions 

and 6.63 h (2% NaCl) and 3.22 h (no salt) under anaerobic conditions.  
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Growth on solid M1D medium (2% Noble agar). Small diffuse white colonies with 

granular centers about 1-2 mm in diameter and surrounded by small satellite colonies that 

appeared embedded in the agar matrix were detected on the fourth day of culture at 28°C 

under aerobic conditions (Fig. 1). The solid M1D medium (2% Noble agar) turned yellow 

due to acidification on the seventh day. 

  

Quantification by fluorescence microscopy versus quantification on solid medium 

(M1D, 2% Noble agar). Enumeration of bacteria by using fluorochromes under 

fluorescence microscopy resulted in 5.25 × 108 ± 0.92 × 108 cells ml-1 and by 

enumeration of colonies grown on solid M1D (2% Noble agar) resulted in 8.20 × 108 ± 

1.73 × 108 cells ml-1. The results were the average of seven assays per technique and each 

assay consisted of duplicate readings. 

 

Genome size determination by PFGE. The genome size of S. penaei was estimated to 

be 1778 Kb from the average of three replicates after analysis of the undigested DNA by 

using AlphaimagerTM and AlphaViewTM Stand Alone Software (Fig. 2). 
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Discussion 

 

This study shows that the doubling time period of S. penaei was significantly shorter 

without salt in the liquid M1D medium under aerobic conditions at 28°C (3.43 ± 0.3 h 

without salt compared with 6.13 ± 0.34 h with salt in medium; mean values ± SEM, n=3, 

P < 0.01, Student’s t-test). The implication from the doubling time study indicates that 

this spiroplasma strain may originate from a non-marine environment reinforced the 

information implied by the 16S rDNA sequence analysis and comparison with other 

spiroplasmas. The M1D medium adjusted with 2% NaCl was used for the primary 

isolation of this pathogen because the host is a marine crustacean that originated from a 

shrimp farm in the Caribbean coast of Colombia. However, the outbreaks in these shrimp 

ponds were reported to coincide with the rainy season resulting in pond water with very 

low salinity. These events are consistent with outbreaks in three species of crustacean 

cultured in freshwater in China (Bi et al. 2008). 

 

Konai et al. (1996) described a wide range of doubling times at optimal temperatures of 

0.6 h, 7.2 h, and up to 36.7 h for S. velocicrescens (MQ-4), S. insolitum (M55), and S. 

kunkelii (B655), respectively. Doubling time of S. penaei under anaerobic conditions was 

similar to aerobic conditions, which indicates the ability of this pathogen to adapt equally 

to either condition. A similar observation was made by Williamson et al. (1997) in a 
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study with Spiroplasma platyhelix isolated from the gut of a dragonfly. The organism 

grew well in liquid M1D medium under either aerobic or anaerobic conditions.  

 

The reference isolate used in this study was grown on solid M1D medium (2% Noble 

agar, 2% NaCl) in our laboratory. Small diffuse white colonies with dense centers were 

detected on the fourth day of culture at 28°C under aerobic conditions (Fig. 1). Similar 

colony morphology was described by Williamson et al. (1996) for S. diminutum when the 

organism was grown on solid M1D medium and incubated aerobically. Fletcher et al. 

(2006) also described slow growing, tiny colonies characterized by distinct edges and 

satellite colonies that travel into the agar matrix for several spiroplasma species. The 

relevance of S. penaei colonies grown on solid medium is the ability to investigate 

mutants that may differ from wild type colonies in color or shape that may allow the 

identification of attenuated bacteria and genes involved in pathogenicity. Jacob et al. 

(1997) transformed Spiroplasma citri using a transposon Tn4001 to produce nonmotile 

mutants. The nonmotile mutants were identified by smooth and fried-egg-shaped 

(umbonate) appearance on solid medium, in contrast to fuzzy colonies with satellites that 

were formed by motile wild-type strains. 

 

Two methods for enumeration of bacteria were evaluated for consistency and speed. The 

method using fluorochromes requires less than 2 h to perform. There was no significant 

difference in bacterial counts compared to the values obtained by colony counts after 
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growth on solid M1D medium that required 5-7 days of incubation under aerobic 

conditions (5.25 × 108 ± 0.92 × 108 cells ml-1 by fluorescent microscopy compared with 

8.20 × 108 ± 1.73 × 108 cells ml-1 by solid M1D medium; mean values ± SEM, n=8, P > 

0.05, Student’s t-test). This relatively low-cost, rapid technique requires only a 

hemacytometer chamber and a fluorescence microscope, and allows for quantification of 

bacteria grown in broth culture that can subsequently be used for determining appropriate 

dosage levels for infectivity studies and estimation of lethal doses. Other methodologies 

allow rapid quantification of mollicutes, but these methods have drawbacks. Assunção et 

al. (2005) used the flow cytometry (FC) technique to quantify Mycoplasma 

hyopneumoniae, the cause of porcine enzootic pneumonia, in broth medium by using the 

fluorochromes Syto 9 and propidium iodide (PI). Anbutsu & Fukatsu (2003) investigated 

the population dynamics of male-killing and non-male-killing spiroplasmas in 

Drosophila melanogaster by using a quantitative PCR technique. The flow cytometer can 

differentiate viable and non-viable bacteria, but it is a high-cost instrument. The 

disadvantage with quantitative PCR technique is that it does not differentiate between 

viable and non-viable bacteria. 

 

The genome size of S. penaei was determined to be 1778 Kb by PFGE using undigested 

DNA (Fig. 2). This is in the range of genome sizes reported for other spiroplasma 

species. Carle et al. (1995) determined the genome sizes of 20 type strains of the genus 

Spiroplasma, which ranged from 940 to 2220 Kb, by PFGE using full-length, non-
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restricted chromosomes that were linearized by random breakage during sample 

preparation. In the same study, the genome sizes of S. kunkelii E-275T and S. insolitum 

M-55T were determined to be 1610 and 1810 Kb, respectively. The genome size 

described for S. insolitum is relatively similar to S. penaei determined in this study. In the 

latest minimal standards by Brown et al. (2007), it is pointed out that the informative 

value of genome size in mollicutes may be less important because genome sizes vary 

within the same species. However, the same authors argued that genome sizes are 

discrete and provide an important informative characteristic for morphometric analysis. 

Ye et al. (1995) investigated the distribution of viral insertions at multiple sites in the 

Spiroplasma citri genome to explain the chromosomal heterogeneity among various S. 

citri strains with genome sizes that ranged from 1,650 to 1,910 kbp. Melcher and Fletcher 

(1999) described that a circular chromosome, plasmids, and virus sequences make up the 

total genetic information in spiroplasmas; the authors concluded that genetic variation 

observed in S. citri originated from variation in extrachromosomal DNA, DNA 

replication, repair processes, and recombination.  

 

The information generated from this study will be useful to determine lethal or infectious 

doses of S. penaei in infectivity studies. Other future study will involve finding 

attenuated-pathogenic bacteria that can be used to identify virulent genes which are 

present in the pathogenic bacteria, S. penaei, but absent from the attenuated-pathogenic 

bacteria by subtractive hybridization analysis. Another approach is to compare protein 
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profiles of potentially attenuated-pathogenic isolates and pathogenic bacteria for 

detection and characterization of proteins that may be involved in the pathogenicity of the 

Pacific white shrimp Penaeus vannamei. The identification of the source of infection or 

alternative host from a non-marine environment, suggested from the faster doubling time 

without salt addition to M1D medium, genome size and 16S rDNA high similarity to S. 

insolitum described in terrestrial plants, is of great interest to shrimp farming 

management in order to control the vector and eliminate future outbreaks. 
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Tables and Figures 

 

Table 2.1. Preparation of M1D culture medium (300 ml)1 for Spiroplasmas species.  

 

 

 

 

 

 

 

Step 
Stock 

solution 
Ingredients Quantity 

1 A 

Mycoplasma broth base 
Tryptone 
Peptone 
Glucose 
Fructose 
Sucrose 
Sorbitol 
Sodium chloride 

2.0 g 
1.0 g 
0.8 g 
0.1 g 
0.1 g 
1.0 g 
7.5 g 
3.0 g 

Dissolve above ingredients in 80 ml Milli-Q water and 
adjust to pH 7.8. Bring to final volume of 90 ml with 
Milli-Q water. Autoclave for 30 min (15-17 lb/in2) and 
cool to room temperature. 

2 B Schneider’s insect medium (Table 3.2) 160 ml 
3 C Fetal bovine serum 50 ml 
4 D K-Penicillin G (105 U/ml) 2.5 ml 
5 E Phenol red (0.5%) 1.2 ml 
6 Mix B,C,D and E and filter the final solution using 0.22 µm filters 
7 Add filtered solution to A under sterile conditions. 

1 Hackett and Whitcomb, 1995. 
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Table 2.2. Preparation of Schneider’s insect medium (Schneider, 1972). 

 

Stock Step Ingredients Quantity 

B 

1 Milli-Q water 140 ml 
2 Add Schneider’s insect medium 4.41 g 
3 Add Sodium bicarbonate 0.072 g 
4 Adjust pH to 9.0 with NaOH and stir for 10 min 
5 Adjust pH to 6.9 with HCl while stirring 

6 

Calcium chloride dihydrate solution: 
Mix 0.081 g of CaCl2-2H2O in 9 ml of Milli-Q 
water 
Add solution slowly with rapid stirring 

 9.0 ml 

7 Adjust pH to 7.3 using HCl or NaOH 
8 Add Milli-Q water to final volume of 160 ml 
9 Sterilize immediately by filtration using 0.22 µm filter 
10 Aseptically dispense medium into sterile container 

 

 

 

 

 

 

 

 

 



 

Fig. 2.1. Culture medium and colonies growth.

agar) uninoculated (A); pH change of medium indicative of bacterial growth (B); small 

diffuse white colonies embedded in the agar matrix (C); a colony of 

with dense granular center surrounded by small satellite colonies [Magnification, 50×] 

(D) incubated at 28°C under aerobic condition for 5 d.

 

 

 

 

 

 

 

 

 

 

Culture medium and colonies growth. Solid M1D medium (2% NaCl, 2% Noble 

agar) uninoculated (A); pH change of medium indicative of bacterial growth (B); small 

diffuse white colonies embedded in the agar matrix (C); a colony of Spiroplasma penaei

with dense granular center surrounded by small satellite colonies [Magnification, 50×] 

(D) incubated at 28°C under aerobic condition for 5 d. 
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Solid M1D medium (2% NaCl, 2% Noble 

agar) uninoculated (A); pH change of medium indicative of bacterial growth (B); small 

Spiroplasma penaei 

with dense granular center surrounded by small satellite colonies [Magnification, 50×] 

 



 

Fig. 2.2. Genome size determination. 1778 Kb as determined by PFGE performed in a 

1% CertifiedTM Megabase Agarose on the CHEF

with switch time was ramped from 60 sec to 120 sec at 120° for 24 h. 

penaei (undigested DNA): lanes 1, 4, 5; 

size standard: lane 2. 

 

 

 

Fig. 2.2. Genome size determination. 1778 Kb as determined by PFGE performed in a 

base Agarose on the CHEF-DR® II at 200 V (6 V cm

with switch time was ramped from 60 sec to 120 sec at 120° for 24 h. 

(undigested DNA): lanes 1, 4, 5; ApaI digested DNA: lane 3; yeast chromosomal 
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Fig. 2.2. Genome size determination. 1778 Kb as determined by PFGE performed in a 

DR® II at 200 V (6 V cm-1) at 10°C 

with switch time was ramped from 60 sec to 120 sec at 120° for 24 h. Spiroplasma 

I digested DNA: lane 3; yeast chromosomal 
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Abstract: Reduction of virulence of Spiroplasma penaei was not detected in serial 

passage 24 and 76 isolates, but passage 131 isolate was attenuated as indicated by the 

number of surviving shrimp and histological findings of challenged Penaeus vannamei, 

Pacific white shrimp. Toxicity was not detected in supernatant fractions of M1D medium 

from S. penaei reference isolate supplemented with 2% NaCl and from serial passage 142 

isolate with or without 2% NaCl. Shrimp were challenged by intramuscular injection of 

the bacterial suspensions and supernatant fractions into the third abdominal segment. The 

most predominant host responses to S. penaei reference isolate and to serial passage 

isolates were hemocytic nodules and hemocytic infiltration observed in hematoxylin and 

eosin-stained histological sections. The lesions observed in histological sections were 

verified by in situ hybridization using a digoxigenin (DIG)-labeled probe specific to 
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spiralin gene of Spiroplasma spp. Cultures of S. penaei and infected abdominal tissue 

were verified by PCR using spiroplasma-specific primers that amplify a fragment from a 

variable region of the 16S rDNA gene sequence. Transmission electron micrographs 

depicted S. penaei without a cell wall free in the cytoplasm of lymphoid organ cells. 

 

Keywords: Spiroplasma penaei; Penaeus vannamei; Infectivity; Toxicity; Culture; 

Supernatant; Histology; H&E; ISH 

________________________________________________________________________ 

 

Introduction 

 

Earlier studies of the class Mollicute, that include members of the genera Mycoplasma 

and Spiroplasma, demonstrated the ability to produce attenuated or avirulent isolates by 

serial in vitro passages. Collier et al. (1985) attenuated Mycoplasma pneumoniae after 

169 serial passages in broth and pneumonia was not produced in hamsters by this 

attenuated isolate, which lost its ability to attach to the respiratory epithelium, failed to 

adsorb to chicken erythrocytes, and lost motility, when compared to the virulent wild 

type isolate. Interestingly, the hemolytic activity was similar in attenuated and virulent 

isolates. Another group of investigators demonstrated that M. hyopneumoniae strain J 

failed to produce pneumonia in swine after 60 serial passages (Zielinski et al. 1990). A 

later study investigated the effect of in vitro passage of M. hyopneumoniae on adherence 
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using a microtiter plate adherence assay that uses purified cilia from specific pathogen 

free pigs (Zhang et al. 1994); the cultures were collected at serial passages 3, 10, 20, 30, 

40, 50, 60, and 70, and it was observed that adherence decreased significantly starting at 

passage 50 (P <0.01). The authors speculated that increase passage level may result in 

selective variations in mycoplasmal adhesins. A recent study investigated the adherence 

of low, moderate, and high virulence strains of M. hyopneumoniae field isolates to 

immobilized cilia from swine tracheal epithelial cells in a microtiter plate adherence 

assay (Calus et al. 2009); the authors did not detect significant differences in adherence 

among all seven isolates after 8 to 21 passages and concluded that no correlation exists 

between in vivo virulence of field isolates and corresponding in vitro adhesion ability to 

cilia. 

 

Fletcher et al. (1996) investigated four lines of Spiroplasma citri strain BR3, which 

originated from different cultural conditions over several years, with different 

transmissibility by the beet leafhopper Circulifer tenellus. The four lines were BR3-T 

(transmissible), maintained in turnip by leafhopper transmission; BR3-G (non-

transmissible), maintained in plants by periodic graft transmission; BR3-P (rarely 

transmissible) cultured in artificial medium over 130 serial passages; and BR3-M 

(transmissible) cultured over 43 serial passages. All four lines had similar overall protein 

profiles, but the two transmissible lines each contained two proteins missing in the rarely 

or non-transmitted lines. One protein was unique to BR3-M and another to BR3-P. Even 

though the profiles of extrachromosomal DNA and restricted total DNA were similar, 
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some differences occurred among the four lines. The genome size of line BR3-G was 

larger than the other isolate lines. The authors suggested that molecular differences 

among these spiroplasma lines may reflect the selection pressures of the different culture 

conditions in which they were maintained and may indicate genes and proteins that may 

be involved in the biological phenotypes of these lines.  

 

Mollicutes are not known to produce classical toxins like many bacterial pathogens. 

Earlier studies of mollicutes investigated mycoplasma lysates, cell fractions, and culture 

supernatant fractions, and found potential pathogenic factors such as the neurotoxins of 

Mycoplasma neurolyticum and M. gallisepticum, the mitogenic component of M. 

arthritidis, the arginine deiminase of M. orale, and the galactans of M. mycoides 

(Gabridge et al., 1985). Several vaccine studies reported that heat-inactivated M. 

mycoides caused anaphylaxis and arthritis in calves, and heat-inactivated M. 

gallisepticum and M. melegridis increased the activity of ceruloplasmin, suggesting that 

these pathogens contain heat-stable toxins (Brown, 2003). A virulence factor in M. 

pneumoniae was reported to have ADP-ribosyltransferase activity similar to pertussis 

toxin and to cause vacuolization and death in mammalian cells (Kannan and Baseman, 

2006). The agent of citrus stubborn disease, Spiroplasma citri, causes necrosis and 

degeneration of the plant roots in citrus, horseradish and periwinkle, and a spiroplasma 

toxin may be involved in these pathologies (Fletcher et al., 2006). Daniels (1979) 

observed that drops of either S. citri culture or medium free of spiroplasmas, obtained by 

centrifugation at 8000 g for 20 min, on the leaves of broad bean plants rapidly caused 
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necrosis followed by blackening due to polyphenoloxidase action, and described the toxic 

substance in the culture as an unstable, acidic, polar compound of low molecular weight.  

The role of toxin in the pathology of plants by S. citri remains to be verified. 

 

The purpose of this study was to attenuate the S. penaei reference isolate via a series of 

passages in M1D medium (2% NaCl) and to investigate toxicity in supernatant fractions 

from culture M1D medium supplemented with 2% NaCl and without salt. Intramuscular 

injection of the third abdominal segment of specific pathogen free (SPF) P. vannamei 

was conducted to overcome the midgut epithelium barrier in this study. SPF shrimp were 

injected with the S. penaei reference isolate, serial passage isolates 24, 76, and 131, and 

with cell free supernatant fractions from a culture of S. penaei reference isolate with salt 

and from cultures of serial passage isolate 142 with and without salt. The numbers of 

surviving shrimp were recorded and moribund shrimp were fixed for routine histology in 

H&E. The observation of typical bacterial lesions and severity was recorded and graded. 

The presence of S. penaei in the lesions observed in histological sections was verified by 

ISH assays using specific DNA probe that detects the spiralin gene of spiroplasmas. 

Lymphoid organs were removed from moribund shrimp and fixed for transmission 

electron microscopy for demonstration of spiroplasmas free in the cytoplasm of cells. 

 

 

 

 



50 

 

Materials and Methods 

 

Bacteria isolate. A pathogenic Spiroplasma penaei strain obtained in pure form by 

filtration (0.22 µm) and limiting dilution was isolated by Nunan et al. (2004) from the 

hemolymph of moribund Pacific white shrimp, Penaeus vannamei, that originated from a 

shrimp farm near Cartagena, Colombia. The pathogenic isolate was stored at -70°C in 

M1D medium supplemented with 2% NaCl. This pathogenic isolate was used at 

logarithmic growth and it is referred as the reference isolate in this study. 

 

Culture medium. M1D medium was prepared as described by Hackett and Whitcomb 

(1995) and supplemented with 2% NaCl. The Schneider’s insect medium component was 

added to M1D medium under aseptic condition (see Chapter 2).  

 

Bacterial suspension preparation. The preparations of test saline solution and bacterial 

suspensions for this study are described next. The saline solution (2% NaCl) was 

prepared by adding 200 mg of NaCl to 10 ml of pure water (Milli-Q) and filtered using a 

0.2 µm syringe filter. The bacterial suspensions of S. penaei reference isolate and serial 

passages were prepared by removing one ml of each culture medium at logarithmic phase 

(approx. 72 h at 28°C) and centrifuged at 16,300 × g for 3 min. The supernatants were 

discarded and the bacterial pellets were resuspended to a final 1 ml suspension with 

sterile 2% saline solution. The final working bacterial suspensions were adjusted to a 

final dilution of 1:100 with sterile 2% saline solution. The shrimp in each test group 
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received a single injection of 100 µl of test material into their third abdominal segment on 

Day 0.  

 

Serial passages. The serial passage was started by transferring 10 µl of culture medium 

of the S. penaei reference isolate, at logarithmic phase (approx. 72 h) as indicated by a 

color change caused by acidification of the culture medium, into 1 ml of M1D medium 

supplemented with 2% NaCl in glass test tubes (16 × 100 mm) with metal caps. 

Incubation was at 28°C under aerobic condition. The serial passage was subcultured 

every 72 h (approx.) to passages 24 (72 days), 76 (228 days), 131 (393 days), and 142 

(426 days) which were used for the infectivity and toxicity studies. 

 

Supernatant fractions preparation.  

 

Part 1 - Spiroplasma penaei reference isolate. The culture supernatant fraction was 

prepared by adding 2 ml of culture M1D medium of S. penaei reference isolate at 

logarithmic phase into a 0.5-3 ml dialysis cassette (Pierce, 10K MWCO) using a syringe 

with hypodermic needle according to the instructions provided by the manufacturer 

(Pierce). The dialysis cassette was placed into a 500 ml beaker containing 300 ml of 

sterile M1D medium supplemented with 2% NaCl. The beaker was covered on top with 

aluminum foil under aseptic techniques and incubated for 72 h at 28°C. The dialysis 

culture medium (2 ml) was removed and centrifuged at 16,300 × g for 3 min. The 

supernatant was removed and centrifuged at 40,900 × g for 30 min. The final cell-free 
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supernatant was carefully removed and adjusted to a final dilution of 1:2 with sterile 2% 

saline solution. Sterile M1D medium supplemented with 2% NaCl was diluted to a final 

dilution of 1:2 with sterile 2% saline solution. The shrimp in each group received a single 

injection of 100 µl of saline solution, sterile M1D medium, and culture supernatant 

fractions into their third abdominal segment on Day 0. 

 

Part2 - Serial passage 142 isolate. The culture supernatant fractions were prepared by 

removing 1 ml from each culture of serial passage isolate 142 with and without salt, at 

logarithmic phase (72 h at 28°C), into separate 1.5 ml microtubes followed by 

centrifugation at 2,300 × g for 5 min. The supernatants were discarded and the bacterial 

pellets were resuspended with 2 % NaCl and sterile H2O respectively to a final volume of 

1 ml each. The resuspended bacteria were introduced into a 0.5-3 ml dialysis cassette 

(Pierce, Slide-A-Lyzer, 10K MWCO) using a 5 ml syringe with hypodermic needle 20G1 

according to the instructions by manufacturer, and air bubbles trapped inside the dialysis 

cassette were removed carefully. The dialysis cassettes with resuspended bacteria pellets 

containing salt and without salt were placed inside sterile Whirl-Pak® bags containing 80 

ml M1D medium supplemented with 2% NaCl and without salt respectively. The bags 

were incubated at 28°C for 85 days. Culture supernatant fractions were prepared by 

removing 1 ml from each culture medium inside dialysis cassettes and centrifuged at 

16,300 × g for 30 min. The culture supernatant fractions were removed and collected into 

15 ml concentrators (100K MWCO, Millipore) and centrifuged at 16,300 × g for 30 min. 
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The final working culture supernatant fractions were adjusted to a final dilution of 1:2 

with sterile 2% saline solution. 

 

Polymerase chain reaction. Cultures of S. penaei and infected abdominal tissues were 

verified by PCR using spiroplasma-specific primers that amplify a fragment from a 

variable region of the 16S rDNA gene sequence (Nunan et al., 2004). 

 

Histology. Whole healthy and moribund shrimp were fixed overnight with Davidson’s 

fixative, transferred to 70% alcohol, later embedded in paraffin and sectioned for routine 

hematoxylin and eosin (H&E) histological analysis using standard methods according to 

Lightner (1996) and in situ hybridization (ISH) technique according to Poulos et al. 

(1994). Consecutive histological sections were stained with H&E for routine histology 

and assayed by ISH. The ISH assay for Spiroplasma penaei was developed by Nunan et 

al. (2004) using digoxigenin (DIG)-labeled gene probe specific to spiralin gene, which 

expresses a protein present in the membrane of Spiroplasma spp., to verify the cause of 

bacterial lesions observed in histological sections. 

 

Transmission electron microscopy. Lymphoid organs were removed from moribund 

shrimp and were placed in 1 ml of 6% buffered glutaraldehyde, prepared with 0.15 M 

Millonig’s phosphate buffer (pH 7.0) and supplemented with 1% NaCl and 0.5% sucrose 

(Lightner, 1996) for transmission electron microscopy (TEM). Following overnight 

refrigeration (4°C), the glutaraldehyde buffer was replaced with cold Millonig’s 
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phosphate buffer (0.15 M) and maintained at 4°C until post-fixation. The tissues were 

post-fixed with 1% phosphate-buffered osmium tetroxide, dehydrated in ethyl alcohol 

and embedded in Spurr’s resin (Ladd Research Inc.). The embedded tissues were 

sectioned to 75–90 nm thickness, stained with lead citrate and uranyl acetate. The grids 

were examined by using a Phillips CM12 transmission electron microscope operated at 

80 kV. 

 

Aquaria preparation . Aquaria of 90 L capacity filled with artificial marine water 

(Crystal Sea Marine-Mix, Marine Enterprises International, Baltimore, Maryland) at 

25ppt salinity and 28°C were prepared. 

 

Shrimp. Specific pathogen free (SPF) Penaeus vannamei shrimp (avg. wt = 2 g), that 

originated from the Oceanic Institute in Hawaii, and were used for all the bioassays 

described below. Shrimp were fed once daily ad libitum with a commercial pelleted feed 

(Rangen, 35% protein, Buhl, Idaho). 

 

Bioassays - Infectivity studies by injection: 

 

Bioassay #1 - Serial passage 24 isolate. The bioassay was conducted with three test 

groups of 10 SPF shrimp each and run for 8 days. These test groups were assigned as a 

negative control group (sterile 2% saline solution), a positive control group (S. penaei 

reference isolate), and sub-culture test group (serial passage 24 isolate). Mortalities were 
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recorded daily and stored frozen at -70°C for later per os transmission studies (see 

Chapter 4). Moribund shrimp were fixed for routine histology and ISH assay. 

 

Bioassay #2 - Serial passage 76 isolate. The bioassay was conducted with three groups 

of 10 SPF shrimp each and run for 4 days. These test groups were assigned as negative 

control group (sterile 2% saline solution), a positive control group (S. penaei reference 

isolate), and sub-culture test group (serial passage 76 isolate). Moribund shrimp were 

fixed for routine histology and ISH assay.  

 

Bioassay #3 - Serial passage 131 isolate. The bioassay was conducted with three groups 

of 10 SPF shrimp each and run for 15 days. The three test groups were assigned as a 

negative control group (sterile 2% saline solution), a positive control group (S. penaei 

reference isolate), and sub-culture test group (serial passage 131). Moribund shrimp were 

fixed for routine histology and ISH assay. 

 

Bioassays - Toxicity studies by injection: 

 

Bioassay #4 – Supernatant fraction from Spiroplasma penaei reference isolate. The 

bioassay was conducted with three groups of 10 SPF shrimp each and run for 4 days. The 

three test groups were assigned as a negative control groups (sterile 2% saline solution 

and sterile M1D medium supplemented with 2% NaCl), and toxicity test group (reference 
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isolate supernatant fraction). Moribund shrimp were fixed for routine histology and ISH 

assay. 

 

Bioassay #5 – Supernatant fraction from serial passage 142 isolate. The bioassay was 

conducted with three groups of 10 SPF shrimp each and run for 11 days. The three test 

groups were assigned as a negative control group (2% saline solution) and two toxicity 

test groups (supernatant fractions with 2% NaCl and without salt). 

 

Results and Discussion 

 

Bioassays - Infectivity studies by injection. 

 

In these infectivity studies, reduction of virulence was not observed in the serial passage 

24 and 76 isolates as indicated by lower number of surviving shrimp (Fig. 3.1 & 3.2) and 

histological findings  (Tables 3.1 & 3.2). Moderate to high grade levels of hemocytic 

nodule lesions were detected in these test groups by routine histology (Fig. 3.5 & 3.6) and 

moderate to strong positive reactions were detected by ISH assays (Fig. 3.5 & 3.6). 

 

Reduction of pathogenicity was observed in the serial passage 131 isolate as indicated by 

a higher number of surviving shrimp (Fig. 3.3 & 3.4) and histological findings (Table 

3.3). Low grade level of hemocytic nodule lesions were detected in this test group by 

routine histology (Table 3.3) and very weak positive reactions were observed in the ISH 
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assays (Fig. 3.7) in the gill filaments and heart. A strong ISH reaction was observed in 

the skeletal muscle of the abdominal region that suggests the site of injection of the 

inoculum (Table 3.3). A massive infection was indicated by strong positive ISH reaction 

and not as apparent by H&E in the lymphoid organ in the group injected with the S. 

penaei reference isolate (Fig. 3.8). ISH reactions were moderate in gill filaments and 

heart (Fig. 3.8). Transmission electron photomicrographs (TEM) depicted S. penaei 

without a cell wall free in the cytoplasm of lymphoid organ cells (Fig. 3.9). 

 

Bioassays - Toxicity studies by injection. 

 

The purpose of this study was to determine the presence of toxins in the culture 

supernatant fraction. No mortality was recorded among the test groups injected with 

sterile saline solution, sterile M1D medium (2% NaCl) and supernatant fraction (2% 

NaCl) from a culture of S. penaei reference isolate (Fig. 3.10). Histological findings are 

detailed in Table 3.4. No lesions were detected in sectioned tissues from test groups 

injected with sterile 2% NaCl solution, sterile M1D medium (Fig. 3.11), and culture 

supernatant fraction. 

 

A second toxicity study was conducted to determine the effect of no salt supplementation 

on the expression of toxicity in the culture supernatant fraction. Supernatant fractions that 

originated from cultures of serial passage 142 isolate in M1D medium supplemented with 

2% NaCl and without salt were investigated. No mortality was detected in the test group 
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injected with supernatant fraction without salt, two dead shrimp were recorded in the test 

group injected with supernatant fraction supplemented with salt, and one dead shrimp 

was recorded in the negative control group injected with sterile 2% NaCl solution (Fig. 

3.12). These results suggest no evidence of toxicity from either culture supernatant 

fractions supplemented with salt or without salt. A summary of the histological findings 

are found in Table 3.5. No lesions were detected in histological sections (H&E) from 

shrimp injected with supernatant fraction with salt, but consecutive tissue sections were 

weakly positive by ISH (Fig. 3.13). This positive ISH reaction could be a product of non-

specific probe binding to the cuticular covering of the gill filaments. The positive ISH 

reactions observed in the hemocytes present in the gill filaments, the skeletal muscle and 

hindgut, suggest that culture supernatant fractions were not free of S. penaei. The 

concentration of contaminants was low indicated by the low infection severity. No 

lesions were detected in histological sections (H&E) and ISH reactions were negative in 

the test group injected with supernatant fraction without salt. 

 

In conclusion, reduction of virulence was not observed in serial passage 24 and 76 

isolates. Virulence was reduced in the serial passage 131 isolate when compared to the S. 

penaei reference isolate. No indication of toxicity was detected from supernatant 

fractions from cultures of S. penaei reference isolate in M1D medium (2% NaCl) and 

serial passage 142 isolate in M1D medium with salt or without salt. The most 

predominant host inflammatory responses to S. penaei were hemocytic nodules and 

hemocytic infiltration observed in H&E stained histological sections from shrimp 
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injected with S. penaei reference isolate and serial passage 24, 76, and 131 isolates. The 

cause of lesions observed in histological sections was verified by ISH using DNA probe 

specific to spiralin gene of Spiroplasma spp. Bacteria cultures and infected tissues were 

verified by PCR using spiroplasma-specific primers that amplifies a fragment from a 

variable region of the 16S rRNA gene sequence.  

 

In future studies, potentially attenuated-pathogenic isolates could be investigated by 

comparing their protein profiles against S. penaei reference isolate for detection and 

characterization of proteins that may be involved in the pathogenicity of S. penaei in the 

Pacific white shrimp, Penaeus vannamei. Another approach is to identify virulent genes 

which are present in the S. penaei reference isolate but absent from the attenuated-

pathogenic strain by subtractive hybridization analysis. Infectivity studies should be 

conducted at very low salinity (5 ppt) to emulate the conditions of the affected shrimp 

farms at the time of outbreaks. The dosage of bacteria injected into SPF shrimp should be 

quantified to estimate lethal doses and to standardize the infectivity study. 
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Tables and Figures 

 

Bioassays - Infectivity studies by injection. 

 

Table 3.1. Histological findings from infectivity study by injection of serial passage 24 

isolate. SPF Penaeus vannamei were injected with 2% saline solution, and bacterial 

suspensions (2% NaCl) of serial passage 24 and Spiroplasma penaei reference isolates. 

Severity grading of H&E stained and ISH assayed tissue sections were recorded. ND = 

not detected, NS = not sectioned, NA = not assayed, Hen = hemocytic nodules, G1 to G4 

= severity grade, low to high. 
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Table 3.2. Histological findings from infectivity study by injection of serial passage 76 

isolate. SPF Penaeus vannamei were injected with 2% saline solution, and bacterial 

suspensions (2% NaCl) of serial passage 76 and S. penaei reference isolates. Severity 

grading of H&E stained and ISH assayed tissue sections were recorded. ND = not 

detected, NS = not sectioned, Hen = hemocytic nodules, Hinf = hemocytic infiltration, 

G1 to G4 = severity grade low to high. 
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Table 3.3. Histological findings from infectivity study by injection of serial passage 131 

isolate. SPF Penaeus vannamei were injected with 2% saline solution, and bacterial 

suspensions (2% NaCl) of serial passage 131 and Spiroplasma penaei reference isolates. 

Severity grading of H&E stained and ISH assayed tissue sections was recorded. NS = not 

sectioned, ND = not detected, Hen = hemocytic nodules, Hnec = hemocytic necrosis, G1 

to G4 = severity grade low to high. 
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Figure 3.1. Effect of bacterial suspension on survival from infectivity study by injection 

of serial passage 24 isolate and reference isolate. Shown in the graph is the number of 

surviving SPF Penaeus vannamei after being injected with 2% saline solution, and 

bacterial suspensions of serial passage 24 and Spiroplasma penaei reference isolate. 
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Figure 3.2. Effect of bacterial suspension on survival from infectivity study by injection 

of serial passage 76 isolate and reference isolate. Shown in the graph is the number of 

surviving SPF Penaeus vannamei after being injected with 2% saline solution, and 

bacterial suspensions of serial passage 76 and Spiroplasma penaei reference isolate.  
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Figure 3.3. Effect of bacterial suspension on survival from infectivity study by injection 

of serial passage 131 isolate and reference isolate. Shown in the graph is the number of 

surviving shrimp of SPF Penaeus vannamei injected with 2% saline solution, and 

bacterial suspensions of serial passage 131 and Spiroplasma penaei reference isolate. 
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Figure 3.4. Summary of the toxicity and attenuation studies. Shown in the figure is the 

number of surviving shrimp from the toxicity and infectivity studies. Reduction of 

virulence was observed in serial passage 131 isolate as indicated by higher number of 

surviving shrimp when compared to serial passage isolates 24 and 76. 
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Figure 3.5. Histology from infectivity study by injection of serial passage 24 isolate. SPF 
Penaeus vannamei were injected with bacterial suspension of serial passage 24 isolate. 
Photomicrographs of H&E stained (left column) and
sections demonstrate bacterial lesions (arrows in H&E) and positive ISH reactions 
indicated by blue-black precipitates in all three tissues sampled. (A, B) Lymphoid organ. 
(C, D) Gill filaments. (E, F) Heart. Scale bar = 
 

Figure 3.5. Histology from infectivity study by injection of serial passage 24 isolate. SPF 
were injected with bacterial suspension of serial passage 24 isolate. 

Photomicrographs of H&E stained (left column) and ISH assayed (right column) tissue 
sections demonstrate bacterial lesions (arrows in H&E) and positive ISH reactions 

black precipitates in all three tissues sampled. (A, B) Lymphoid organ. 
(C, D) Gill filaments. (E, F) Heart. Scale bar = 50 µm 
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Figure 3.5. Histology from infectivity study by injection of serial passage 24 isolate. SPF 
were injected with bacterial suspension of serial passage 24 isolate. 

ISH assayed (right column) tissue 
sections demonstrate bacterial lesions (arrows in H&E) and positive ISH reactions 

black precipitates in all three tissues sampled. (A, B) Lymphoid organ. 

 



 

Figure 3.6. Histology - Infectivity study by injection of serial passage 76 isolate.
Penaeus vannamei were injected with bacterial suspension of serial passage 76 isolate. 
Photomicrographs of H&E stained (left column) and ISH
demonstrate bacterial lesions and positive ISH reactions indicated by blue
precipitate. Non-specific probe binding (ISH) is observed to the cuticle of the gill 
filaments. (A, B) Antennal gland. (C, D) Gill filaments. (E, F) Heart. Sca
 

Infectivity study by injection of serial passage 76 isolate.
were injected with bacterial suspension of serial passage 76 isolate. 

Photomicrographs of H&E stained (left column) and ISH (right column) 
demonstrate bacterial lesions and positive ISH reactions indicated by blue

specific probe binding (ISH) is observed to the cuticle of the gill 
filaments. (A, B) Antennal gland. (C, D) Gill filaments. (E, F) Heart. Sca
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Infectivity study by injection of serial passage 76 isolate. SPF 
were injected with bacterial suspension of serial passage 76 isolate. 

(right column) tissue sections 
demonstrate bacterial lesions and positive ISH reactions indicated by blue-black 

specific probe binding (ISH) is observed to the cuticle of the gill 
filaments. (A, B) Antennal gland. (C, D) Gill filaments. (E, F) Heart. Scale bar = 50 µm 

 



 

Figure 3.7. Histology - Infectivity study by injection of serial passage 131 isolate.
Penaeus vannamei were injected with bacterial suspension of serial passage 131. 
Photomicrographs of H&E stained (left column) and ISH assayed (right
sections demonstrate minor lesions and weak ISH reactions indicated by blue
precipitate (narrow arrows). Non
gill filaments (wide arrow). (A, B) Antennal gland, (C, D) Gill fila
Scale bar = 50 µm 
 

Infectivity study by injection of serial passage 131 isolate.
were injected with bacterial suspension of serial passage 131. 

Photomicrographs of H&E stained (left column) and ISH assayed (right
sections demonstrate minor lesions and weak ISH reactions indicated by blue
precipitate (narrow arrows). Non-specific probe binding is observed to the cuticle of the 
gill filaments (wide arrow). (A, B) Antennal gland, (C, D) Gill filaments, (E, F) Heart. 
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Infectivity study by injection of serial passage 131 isolate. SPF 
were injected with bacterial suspension of serial passage 131. 

Photomicrographs of H&E stained (left column) and ISH assayed (right column) tissue 
sections demonstrate minor lesions and weak ISH reactions indicated by blue-black 

specific probe binding is observed to the cuticle of the 
ments, (E, F) Heart. 

 



 

Figure 3.8. Histology - Infectivity study by injection of 
isolate. SPF Penaeus vannamei 
reference isolate. Photomicrographs of H&E s
column) tissue sections demonstrate bacterial lesions (arrows in H&E) and positive ISH 
reactions indicated by blue
indicated by ISH (B) and not as ap
is observed to the cuticle of the gill filaments. (A, B) Lymphoid organ. (C, D) Gill 
filaments. (E, F) Heart. Scale bar = 50 µm
 

Infectivity study by injection of Spiroplasma penaei
Penaeus vannamei were injected with bacterial suspension of 

reference isolate. Photomicrographs of H&E stained (left column) and ISH assayed (right 
column) tissue sections demonstrate bacterial lesions (arrows in H&E) and positive ISH 
reactions indicated by blue-black precipitate in all tissues sampled. Massive infection is 
indicated by ISH (B) and not as apparent by H&E (A). Non-specific probe binding (ISH) 
is observed to the cuticle of the gill filaments. (A, B) Lymphoid organ. (C, D) Gill 
filaments. (E, F) Heart. Scale bar = 50 µm 
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Spiroplasma penaei reference 
were injected with bacterial suspension of S. penaei 

tained (left column) and ISH assayed (right 
column) tissue sections demonstrate bacterial lesions (arrows in H&E) and positive ISH 

black precipitate in all tissues sampled. Massive infection is 
specific probe binding (ISH) 

is observed to the cuticle of the gill filaments. (A, B) Lymphoid organ. (C, D) Gill 

 



 

Figure 3.9. Transmission electron photomicrographs of 

cytoplasm (S) of cells in the lymphoid organ.

serial passage 76 isolate and sampled on Day 4 post injection. S = spiroplasma; SH = 

semigranular hemocyte; P = phagolysosome; N = nucleus; SG = secretory gra

mitochondrion; Scale bar (A) 2 µm, (B) 500 nm (C) 500 nm, (D) 100 nm. 

 

Figure 3.9. Transmission electron photomicrographs of Spiroplasma penaei

cytoplasm (S) of cells in the lymphoid organ. SPF Penaeus vannamei were injected with 

serial passage 76 isolate and sampled on Day 4 post injection. S = spiroplasma; SH = 

semigranular hemocyte; P = phagolysosome; N = nucleus; SG = secretory gra

mitochondrion; Scale bar (A) 2 µm, (B) 500 nm (C) 500 nm, (D) 100 nm. 
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Spiroplasma penaei free in the 

were injected with 

serial passage 76 isolate and sampled on Day 4 post injection. S = spiroplasma; SH = 

semigranular hemocyte; P = phagolysosome; N = nucleus; SG = secretory granule; M = 

mitochondrion; Scale bar (A) 2 µm, (B) 500 nm (C) 500 nm, (D) 100 nm.  
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Bioassays - Toxicity studies by injection. 

 

Table 3.4. Histological findings from toxicity studies by injection of supernatant fraction 

from Spiroplasma penaei reference isolate. SPF Penaeus vannamei shrimp were injected 

with 2% saline solution, sterile M1D medium (2% NaCl) and supernatant fraction from 3 

days old culture of S. penaei reference isolate in M1D medium (2% NaCl). The 

supernatant fraction was subjected to dialysis and centrifugation. Severity grading of 

H&E stained and ISH assayed tissue sections was recorded. NS = not sectioned, ND = 

not detected, G1 to G4 = severity grade low to high. 
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Table 3.5. Histological findings from toxicity study by injection of supernatant fraction 

from serial passage 142 isolate. SPF Penaeus vannamei were injected with 2% saline 

solution and supernatant fractions from 85 days old cultures of serial passage 142 in M1D 

medium supplemented with 2% NaCl and without salt. The supernatant fractions were 

subjected to dialysis and centrifugation. Severity grading of H&E stained and ISH 

assayed tissue sections was recorded. NS = not sectioned, ND = not detected, G1 to G4 = 

severity grade low to high. 
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Figure 3.10. Effect of culture supernatant fraction on survival from toxicity study by 

injection. Shown in the graph is the number of surviving SPF Penaeus vannamei after 

being injected with 2% saline solution, sterile M1D medium, and supernatant fraction 

from a culture of S. penaei reference isolate in M1D medium (2% NaCl) subjected to 

dialysis and centrifugation. 
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Figure 3.11. Histology of toxicity study by injection of sterile M1D medium (negative 
control). SPF Penaeus vannamei were injected with sterile M1D medium (2% NaCl). 
Photomicrographs of H&E stained (left column) and ISH assayed (right column) tissue 
sections demonstrate normal histology and negative reaction for S. penaei by ISH assay. 
(A, B) Lymphoid organ. (C, D) Gill filaments. (E, F) Heart. Scale bar = 50 µm 
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Figure 3.12. Effect of supernatant fractions on survival from toxicity study by injection of 

supernatant from serial passage 142 isolate. Shown in the graph is the number of 

surviving shrimp of SPF Penaeus vannamei injected with 2% saline solution and 

supernatant fractions from 85 days old cultures of serial passage 142 in M1D medium 

supplemented with 2% NaCl and without salt. The supernatants were subjected to 

dialysis and centrifugation. 
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Figure 3.13. Histology from toxicity study by injection of 
Penaeus vannamei were injected with supernatant fraction which originated from a 
culture of serial passage 142 isolate in M1D medium (2% NaCl). Photomicrographs of 
H&E stained (left column) tissue sections show no bacterial lesion
positive ISH reactions were indicated by blue
column) and may suggest that supernatant fractions were not free of bacteria
specific probe binding (ISH) is observed to the cuticle of the
filaments. (C, D) Hindgut. (E, F) Abdominal skeletal muscle. Scale bar = 50 µm
 

Figure 3.13. Histology from toxicity study by injection of supernatant fraction. SPF 
were injected with supernatant fraction which originated from a 

culture of serial passage 142 isolate in M1D medium (2% NaCl). Photomicrographs of 
H&E stained (left column) tissue sections show no bacterial lesions. Unexpected weak 
positive ISH reactions were indicated by blue-black precipitates in all three tissues (right 

may suggest that supernatant fractions were not free of bacteria
specific probe binding (ISH) is observed to the cuticle of the gill filaments. (A, B) Gill 
filaments. (C, D) Hindgut. (E, F) Abdominal skeletal muscle. Scale bar = 50 µm
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supernatant fraction. SPF 
were injected with supernatant fraction which originated from a 

culture of serial passage 142 isolate in M1D medium (2% NaCl). Photomicrographs of 
s. Unexpected weak 

black precipitates in all three tissues (right 
may suggest that supernatant fractions were not free of bacteria. Non-

gill filaments. (A, B) Gill 
filaments. (C, D) Hindgut. (E, F) Abdominal skeletal muscle. Scale bar = 50 µm 
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CHAPTER 4 

 

TIME COURSE INFECTIVITY STUDIES BY FEEDING INFECTED TISSUE S 

WITH PATHOGENIC AND ATTENUATED Spiroplasma penaei ISOLATES 
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Abstract: Time course infectivity studies were conducted by feeding tissues infected 

with pathogenic Spiroplasma penaei reference isolate and serial passage 131 attenuated 

isolate to SPF Penaeus vannamei. Reduction of virulence was not observed in the shrimp 

group fed abdominal tissues infected with serial passage 131 isolate as indicated by the 

lower number of surviving shrimp. This observation is contrary to the result from a 

previous bioassay conducted by injecting a suspension of serial passage 131 isolate into 

SPF shrimp that resulted in a higher number of surviving shrimp compared to SPF shrimp 

injected with the pathogenic reference isolate. The presence of S. penaei bacteria attached 

on microvilli or inside the cytoplasm of midgut epithelial cells at the selected sampling 
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time was not detected in transmission electron micrographs and in tissue sections assayed 

by in situ hybridization. 

 

Keywords: Spiroplasma penaei; Penaeus vannamei; Attenuation; Infectivity; per os; 

Histology; H&E; ISH 

________________________________________________________________________ 

 

 

Introduction 

 

Spiroplasma citri moves from the gut lumen through the midgut wall, hemolymph, and 

salivary glands of phloem-feeding leafhoppers (Fletcher et al. 1998), and non-

transmissible lines of S. citri were deficient or unable to cross the salivary gland cell 

walls. The non-transmissible lines were obtained by multiple sequential subcultures (4-40 

or more passages) in artificial medium.  

 

The invasion of cells in beet leafhopper, Circulifer tenellus, by S. citri was investigated 

by transmission electron microscopy by Kwon et al. (1999). It was observed that cells of 

the salivary glands and adjacent muscles were colonized by the spiroplasmas. The 

spiroplasmas were observed usually in membrane-bound cytoplasmic vesicles of the 

midgut epithelia and salivary gland cells.  
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The infection sites by S. kunkelii in the midgut of the leafhopper, Dalbulus maidis, were 

investigated by Özbek et al. (2003). Spiroplasmas were detected between microvilli and 

inside endocytic vesicles of the midgut epithelium cells. In another study, in thin 

sectioning transmission electron microscopy of the midgut lumen of the leafhopper, 

Dalbulus elimatus, S. kunkelii were detected in between microvilli and perpendicular to 

the apical plasma membrane of epithelial cells (Ammar et al. 2004).  

 

Ammar and Hogenhout (2005) investigated the distribution of S. kunkelii, the corn stunt 

spiroplasma, inside the leafhopper vector via immunofluorescence confocal laser 

scanning microscopy (iCLSM). Leafhopper sample preparation included dissected 

whole-mount organs, thick sections of paraffin-embedded tissues, and smears of 

hemocytes. S. kunkelii was depicted in the midgut, filter chamber, Malpighian tubules, 

hindgut, fat tissues, hemocytes, muscles, tracheae, and in lobes of the salivary glands. 

Interestingly, S. kunkelii was not detected in nerve cells of the brain or other nerve 

ganglia. 

 

Feeding (per os) of spiroplasma-infected shrimp abdominal tissues and time course 

infectivity studies were conducted to investigate the mechanism of infection by the 

pathogenic and attenuated S. penaei reference isolates. 
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Materials and Methods 

 

Bacteria isolate. A pathogenic Spiroplasma penaei strain obtained in pure form by 

filtration (0.22 µm) and limiting dilution was isolated by Nunan et al. (2004) from the 

hemolymph of moribund Pacific white shrimp, Penaeus vannamei, that originated from a 

shrimp farm near Cartagena, Colombia. The virulent isolate was stored at -70°C in M1D 

medium supplemented with 2% NaCl. This pathogenic isolate was used at logarithmic 

growth and it is referred as the reference isolate in this study. 

 

Culture medium and cultivation techniques. M1D medium as described by Hackett 

and Whitcomb (1995) supplemented with 2% NaCl was prepared (see Chapter 3).  

 

Serial passage. The serial passage was started by transferring 10 µl of medium from the 

reference isolate at logarithmic phase at 28°C under aerobic condition, and subcultured 

every 72 h to passage 131 (see Chapter 3).  

 

Aquaria preparation . Aquaria of 90 L capacity filled with artificial marine water 

(Crystal Sea Marine-Mix, Marine Enterprises International, Baltimore, Maryland) at 

25ppt salinity and 28°C were prepared. 

 

Shrimp. Specific pathogen free (SPF) Penaeus vannamei shrimp (avg. wt = 2 g), 

originated from the Oceanic Institute in Hawaii, and were used for all the bioassays 
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described below. Shrimp were fed once daily ad libitum with a commercial pelleted feed 

(Rangen, 35% protein, Buhl, Idaho). 

 

 Generation of abdominal infected tissue. Spiroplasma-infected tissue was generated 

by injecting either 50 µl or 100 µl of the pathogenic S. penaei reference isolate 

suspension depending of the shrimp size. The inoculum was injected into the third 

abdominal segment of SPF P. vannamei shrimp (avg. wt = 2.6 g, population No. 16-05, 

Oceanic Institute, Hawaii). A total of 50 shrimp was injected. Moribund and dead shrimp 

were removed and stored at -70°C for later per os infectivity and time course studies. The 

bacterial culture for the inoculum was started by transferring 50 µl of the pathogenic 

reference isolate kept at -70°C into 1 ml of M1D medium (2% NaCl) and incubated at 

28°C for 72 h. A second passage was started by inoculating 2 ml of M1D medium with 

50 µl of the initial culture and incubated under similar conditions. A third passage was 

started repeating the preparation of the second passage. The final 2 ml bacterial 

suspension was prepared by centrifugation at 16,300 × g for 3 min of the third passage 

culture. The supernatant was discarded and the bacterial pellet was resuspended to a final 

volume of 2.5 ml with sterile 2% saline solution. Abdominal tissues infected with serial 

passage 131 isolate (originating from moribund and dead shrimp which were infected by 

injection in the Bioassay #3 described in Chapter 3) were stored at - 70°C for later per os 

studies. 
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PCR. The infected tissues from frozen samples were tested by PCR amplification. Total 

DNA was extracted using ‘High Pure PCR Template Preparation Kit’ (Roche 

Diagnostics) from abdominal muscle tissue of spiroplasma-infected shrimp (reference 

isolate and passage 131) and SPF shrimp (negative control). Spiroplasma-specific PCR 

primer pair (CSF: 5’ TAG CCG AAC TGA GAG GTT GA 3’ and CSR 5’ GAT AAC 

GCT TGC CAC CTA TG 3’) that amplify a 269 bp fragment from a variable region of 

the 16S rRNA gene sequence developed by Nunan (2004) was used to verify the S. 

penaei infection in abdominal muscle tissues. PCR beads (illustraTM PuReTaqTM, Ready-

To-GoTM, 0.5 ml tubes) were used for PCR reaction mixture of 25 µl volume that 

contained 23.5 µl of sterile HPLC H2O, 0.5 µl of CSF, 0.5 µl of CSR, and 0.5 µl of DNA 

template. The thermal cycling program was set at an initial denaturing step for 2 min at 

95°C, followed by 35 cycles of annealing for 30 s at 60°C, extension for 30 s at 72°C, 

denaturation for 30 s at 95°C, ending with 1 cycle at 60°C for 1 min and 72°C for 2 min 

(Nunan, 2004). A 0.8% agarose gel was prepared in 0.5X TBE containing 0.5 µg/ml of 

ethidium bromide.  A 1 Kb DNA ladder was included for estimating band size. The gel 

was run at 128 V for 35 min for depicting electrophoretic bands (Fig. 4.1).  

 

Bioassays – Feeding (per os) infectivity studies: 

 

Bioassay #1 – Time course infectivity study (29 h) – SPF shrimp fed Spiroplasma 

penaei reference isolate-infected tissue. The bioassay was carried out with 1 group of 

10 SPF P. vannamei shrimp and was run for 3 days. Spiroplasma-infected tissues were 
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prepared by mincing the abdominal muscle tissues from 4-5 frozen shrimp into very 

small pieces using a sharp razor blade on a cutting board under aseptic conditions. 

Shrimp were not fed their normal ration on Day 0 and Day1 of the bioassay. The group of 

shrimp was fed at 10% of body weight per day in two feedings per day on Day 2 and Day 

3. No commercial pelleted feed was fed in this group. Shrimp were removed and fixed 

with Davidson’s solution at 1.5 h, 2.5 h, 3.5 h, 24 h, and 29 h post first feeding on Day 2. 

Normal routine histology (H&E) and ISH assays were conducted according to the 

protocols in Chapter 3. 

 

Bioassay #2 – Time course infectivity study (30 d) – SPF shrimp fed S. penaei 

reference isolate-infected tissue. The bioassay was carried out with one group of 25 SPF 

P. vannamei shrimp and was run for 30 days. Spiroplasma-infected tissues were minced 

as described in Bioassay #1. Shrimp were not fed on Day 0 of the bioassay. The group of 

shrimp was fed at 10% of body weight per day in two feedings on Day 1 and Day 2. On 

Day 3 until the end of the bioassay the group of shrimp was fed once daily ad libitum 

with a commercial pelleted feed (Rangen, 35% protein, Buhl Idaho). Shrimp were 

removed and fixed overnight with Davidson’s solution on Day 0, 2, 3, 5, 13, 19, 24 and 

30 of the bioassay, and processed for histology (H&E) and ISH according to the 

protocols described in Chapter 3. Midguts were removed from live shrimp on the second 

day post first feeding of spiroplasma-infected tissue and fixed in 6% buffered 

glutaraldehyde for TEM according to the protocol described in Chapter 3. 
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Bioassay #3 – Time course/attenuation study (39 d) – SPF shrimp fed serial passage 

131 isolate-infected tissues. Feeding of spiroplasma-infected tissues was conducted to 

investigate the pathogenicity of S. penaei reference isolate and serial passage 131 isolate 

(attenuated). The bioassay was carried out with three groups of 10 SPF P. vannamei 

shrimp and was run for 39 days. These groups were assigned as a negative control group 

(SPF shrimp tissues), a positive control group (S. penaei reference isolate-infected 

tissue), and a test group (serial passage 131 isolate-infected tissue). Spiroplasma-infected 

tissues and SPF tissues were minced as described in Bioassay #1. The shrimp was fed 

tissues at 10% of body weight per day in two feedings on Day 1 and Day 2 of the 

bioassay. On Day 3 until the end of the bioassay the shrimp were fed once daily ad 

libitum with a commercial pelleted feed (Rangen, 35% protein, Buhl, Idaho). Shrimp 

were sampled from the test group on Day 35 and negative/positive control groups on Day 

39 of the bioassay and fixed overnight with Davidson’s solution, and processed for 

histology (H&E) and ISH according to the protocols described in Chapter 3. 

 

Results and Discussion 

 

Generation of abdominal infected tissue and PCR. Spiroplasma-infected tissues and a 

culture of pathogenic Spiroplasma penaei reference isolate were verified by PCR. The 

PCR amplification resulted in a band size of 269 bp.  S. penaei-specific primers were 
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used to amplify a 269 bp DNA fragment from a variable region of the 16S rDNA (Fig. 

4.1). 

 

Bioassay #1 – Time course infectivity study (29 h) – SPF shrimp fed Spiroplasma 

penaei reference isolate-infected tissue – Histological findings.  No lesions were 

detected in the gill filaments and heart in tissue sections stained by H&E and assayed by 

ISH in shrimp sampled at 1.5 h and 2.5 h after one-time feeding (Table 1). No lesions 

were detected in the gill filaments and heart tissue sections stained with H&E in shrimp 

sampled at 3.5 h, 24 h, and 29 h after one-time feeding. ISH assays of parallel sections 

were weakly positive in fixed phagocytes of the heart and non-specific reaction of the gill 

filament cuticle was observed in all tissue sections (Table 1; Fig. 4.2). 

 

Bioassay #2 – Time course infectivity study (30 d) – SPF shrimp fed Spiroplasma 

penaei reference isolate-infected tissue – Histological findings. Moderate level of 

hemocytic infiltration was detected in the nerve cord in tissue sections stained with H&E 

from shrimp sampled on Day 19 and Day 24 of the bioassay (Table 1; Fig. 4.3). The ISH 

assays on parallel sections were negative for spiroplasma. These results indicate that the 

cause of these lesions in the nerve cord may be from a bacterial pathogen other than 

spiroplasma. No bacteria were detected attached to the microvilli or inside the epithelial 

midgut cells in transmission electron micrographs from shrimp sampled on second day 

post first feeding of spiroplasma-infected tissues.  
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Bioassay #3 – Time course/attenuation study (39 d) – SPF shrimp fed serial passage 

131 isolate-infected tissue. The group of shrimp fed serial passage 131 isolate-infected 

tissue did not show reduction of virulence indicated by lower number of surviving shrimp 

(50%) when compared to the number of surviving shrimp (70%) in the group fed virulent 

reference isolate-infected tissue (Fig. 4.4). This observation is contrary to the results from 

Bioassay #3 in Chapter 3 showing significant reduction of virulence in serial passage 131 

isolate indicated by the higher number of surviving shrimp. Unexpected histological 

findings, indicated by absence of lesions, were observed in tissue sections stained by 

H&E and assayed by ISH in the shrimp group fed infected tissues with pathogenic S. 

penaei reference isolate (Table 4.2). Unexpected histological findings, indicated by 

absence of lesions, were observed in gill filaments and nerve cord in tissue sections 

stained by H&E, but lymphoid organ spheroid lesions were detected at low level in the 

group fed tissues infected with serial passage 131 isolate and sampled. Parallel sections 

were negative by ISH assays (Table 4.2; Fig. 4.5). The cause of mortalities is unknown 

since the ISH assay was negative for S. penaei. 

 

In summary, time course infectivity studies by feeding tissues infected with pathogenic S. 

penaei reference isolate and serial passage 131 isolate resulted in a lower number of 

surviving shrimp in the latter group contrary to the result observed in the Bioassay #3 

conducted by injecting a suspension of serial passage 131 isolate into the abdominal 

muscle described in the previous Chapter 3. The presence of S. penaei bacteria attached 

on microvilli or inside the cytoplasm of midgut epithelial cells at the selected sampling 
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time was not detected in transmission electron micrographs and in tissue sections assayed 

by in situ hybridization. Bacteria cultures and tissue infected with S. penaei reference 

isolate were verified by PCR using a S. penaei-specific PCR primer pair that amplifies a 

fragment from a variable region of the 16S rRNA gene sequence. Additional studies, that 

involve potentially less virulent or avirulent isolates, as serial passage 131 isolate 

(attenuated S. penaei reference isolate) described in Chapter 3, might help to identify 

virulence genes by comparing their protein profiles against pathogenic S. penaei 

reference isolate for detection of proteins that may be involved in the pathogenicity in the 

reference isolate and that are absent in the spiroplasma-attenuated isolate. Finally, 

sequencing and annotation of these proteins will help identify potential virulence genes in 

pathogenic S. penaei reference isolate. 
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Tables and Figures 

 

Figure 4.1. PCR amplification of Spiroplasma penaei. Agarose gel (0.8%): Lane 1 = non-

template and Lane 2 & 3 = abdominal muscle of SPF Penaeus vannamei juvenile, as 

negative controls; Lane 4 = abdominal muscle infected with serial passage 131 isolate; 

Lane 5 = abdominal muscle infected with pathogenic S. penaei reference isolate; Lane 6 

= S. penaei reference isolate culture, as positive control; Lane 7 = 1 kb ladder 
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Table 4.1. Histological findings from time course infectivity studies by feeding 

abdominal tissues infected with Spiroplasma penaei reference isolate. SPF1 Penaeus 

vannamei shrimp were fed abdominal tissue infected with pathogenic S. penaei reference 

isolate. Histopathology findings from H&E2 and ISH3 sections are described.  
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G4 severity grade low to high; 10 = hour; 11 = day 

 

 



 

Figure 4.2. Photomicrographs of 

Spiroplasma penaei reference isolate

feeding. No lesions are depicted in H&E sections. A weak positive reaction by ISH assay 

is depicted in the fixed phagocytes of the heart (narrow arrows

binding is observed in the cuticle (broad arrow) of the gill filaments. T

stained by H&E are on the left column and assayed by ISH are on the right column: (A, 

B) Gill filaments. (C, D) Heart. Scale bar = 50 µm

 

 

 

 

 

Photomicrographs of tissue sections from SPF Penaeus vannamei

reference isolate-infected tissues and sampled 3.5 h after the first 

feeding. No lesions are depicted in H&E sections. A weak positive reaction by ISH assay 

is depicted in the fixed phagocytes of the heart (narrow arrows) and non

binding is observed in the cuticle (broad arrow) of the gill filaments. T

stained by H&E are on the left column and assayed by ISH are on the right column: (A, 

B) Gill filaments. (C, D) Heart. Scale bar = 50 µm 
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eus vannamei fed 

infected tissues and sampled 3.5 h after the first 

feeding. No lesions are depicted in H&E sections. A weak positive reaction by ISH assay 

) and non-specific probe 

binding is observed in the cuticle (broad arrow) of the gill filaments. Tissue sections 

stained by H&E are on the left column and assayed by ISH are on the right column: (A, 

 



 

Figure 4.3. Photomicrographs of 

Spiroplasma penaei reference isolate

infection. Moderate level of hemocytic infiltration was detected in the nerve cord in H&E 

stained sections (arrows). The ISH assays on parallel sections were negative for 

spiroplasma. Tissue section stained by H&E is on the left column and assayed by ISH is 

on the right column from: (A, B,) Nerve cord. Scale bar = 50 µm

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Photomicrographs of tissue sections from SPF Penaeus vannamei

reference isolate-infected tissues and sampled on Day 24 post 

infection. Moderate level of hemocytic infiltration was detected in the nerve cord in H&E 

d sections (arrows). The ISH assays on parallel sections were negative for 

spiroplasma. Tissue section stained by H&E is on the left column and assayed by ISH is 

on the right column from: (A, B,) Nerve cord. Scale bar = 50 µm 
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Penaeus vannamei fed 

infected tissues and sampled on Day 24 post 

infection. Moderate level of hemocytic infiltration was detected in the nerve cord in H&E 

d sections (arrows). The ISH assays on parallel sections were negative for 

spiroplasma. Tissue section stained by H&E is on the left column and assayed by ISH is 
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Table 4.2. - Histological findings from time course infectivity/attenuation studies by 

feeding abdominal tissues infected with serial passage 131 isolate. SPF1 Penaeus 

vannamei shrimp were fed SPF abdominal tissues and tissues infected with serial passage 

131 isolate and pathogenic S. penaei reference isolate. Histopathology findings from 

H&E2 and ISH3 sections are described. NS = not sectioned, ND = lesions not detected, 

LOS = lymphoid organ spheroid, G1 to G4 = severity grade low to high. 
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Figure 4.4. Number of surviving shrimp from a time course infectivity/attenuation studies 

in which Penaeus vannamei were fed SPF abdominal tissues and infected abdominal 

tissues. SPF shrimp were fed SPF abdominal tissues and tissues infected with pathogenic 

S. penaei reference isolate and serial passage 131 isolate, and the number of surviving 

shrimp was 100%, 70%, and 50%, respectively by day 39 of the bioassay. 
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Figure 4.5. Photomicrographs of tissue sections from SPF Penaeus vannamei fed tissues 
infected with passage 131 and sampled on Day 35 post infection. No lesions were 
detected in gill filaments and nerve cord in tissue sections stained by H&E, but lymphoid 
organ spheroid lesions were detected at low level. Parallel sections were negative by ISH 
assays. Tissue sections stained by H&E are on the left column and assayed by ISH on the 
right column: (A, B) Gill filaments. (C, D) Nerve cord. (E, F) Lymphoid organ. Scale bar 
= 50 µm 
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ABSTRACT 

 

A pathogenic Spiroplasma penaei strain was isolated from the hemolymph of moribund 

Pacific white shrimp, Penaeus vannamei. The shrimp sample originated from a shrimp 

farm near Cartagena, Colombia, that was suffering from high mortalities in ponds with 

very low salinity and high temperatures. This new emerging disease in a marine 

crustacean in the Americas is described as a systemic infection. The multilocus 

phylogenetic analysis suggests that S. penaei strain has a terrestrial origin. Evolutionary 
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relationship trees, based on five partial DNA sequences of 16S rDNA, 23S rDNA, 5S 

rDNA, gyrB, rpoB genes and two complete DNA sequences of 16S-23S rDNA and 23S-

5S rDNA intergenic spacer region, were reconstructed using the distance-based 

Neighboring-Joining (NJ) method with Kimura-2-parameter substitution model.  The NJ 

trees based on all DNA sequences investigated in this study positioned Spiroplasma 

penaei in the Citri-Poulsonii clade and corroborate the observations by other investigators 

using the 16S rDNA gene. Pairwise genetic distance calculation between sequences of 

spiroplasmas showed S. penaei to be closely related to S. insolitum and distantly related 

to Spiroplasma sp. SHRIMP from China.  

 

Keywords: Spiroplasma penaei; Penaeus vannamei; phylogenetic analysis; multilocus 

 

 

Introduction 

 

Nunan et al. (2004) described for the first time a novel spiroplasma pathogenic to marine 

shrimp Penaeus vannamei cultured in ponds from Colombia and indicated that a partial 

DNA sequence of the 16S rDNA gene (1492 bp) from this pathogen had a 98% similarity 

to Spiroplasma citri, which is a citrus tree pathogen. Later, Nunan et al. (2005) confirmed 

this pathogen to be a new bacterial strain, designated Spiroplasma penaei, which had a 

99% similarity to S. insolitum by BLAST search of 16S rDNA.  
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The minimal standards accepted in 1995, by the International Committee on Systematics 

of Prokaryotes Subcommittee on the Taxonomy of Mollicutes, for assigning spiroplasma 

to species level were based only on phenotypic and genotypic characteristics (Regassa & 

Gasparich, 2006). Later in 2007, these minimal standards were revised and a mandatory 

polyphasic taxonomy that not only includes phenotypic and genotypic characteristics but 

also phylogenetic characteristics was adopted (Brown et al. 2007). The 16S rDNA gene 

has been the most accepted sequence by microbiologists for phylogenetic and 

evolutionary relationship analysis of the Mollicutes. This conserved ribosomal DNA 

sequence has proved to be reliable for species designation, but recently diverged or 

rapidly evolving species that exhibit >97% similarity may not easily be differentiated by 

16S rDNA sequence analysis (Gasparich, 2002). Regassa and Gasparich (2006) 

suggested that a multilocus sequence analysis may be necessary to complement the 

limited information provided by 16S rDNA phylogenetic analysis in cases of recently 

diverged or rapidly evolving species and recommended alternative sequences like the 

16S-23S rDNA intergenic region, gyrB gene, and the translated sequence of the 

metabolic gene pgk.  

 

In recent phylogenetic studies of spiroplasmas from three freshwater crustaceans in 

China, Bi et al. (2008) used four partial DNA sequences of 16S, 23S, gyrB and rpoB, and 

one complete DNA sequence of 16S-23S intergenic spacer region (ISR) to enhance the 

differentiating capability of 16S rDNA sequence. It was concluded that these spiroplasma 

strains isolated from all three freshwater crustaceans were identical and highly similar to 
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Spiroplasma mirum. Wang et al. (2004, 2005) indicated that Spiroplasma spp. isolated 

from mitten crab and crayfish from freshwater ponds in China have 98-99% similarity by 

partial 16S rDNA sequence BLAST searches to S. mirum. 

 

This study presents supporting data and robust phylogenetic analysis that corroborates the 

phylogenetic position of S. penaei into the Citri-Poulsonii clade. Five partial DNA 

sequences of 16S rDNA, 23S rDNA, 5S rDNA, gyrB, rpoB genes and two complete 

DNA sequences of 16S-23S rDNA and 23S-5S rDNA ISR were investigated to build 

phylogenetic trees and understand evolutionary relationships of S. penaei to other 

spiroplasmas. The percent sequence divergence and genetic distances were calculated in 

order to confirm identification. 

 

Materials and Methods 

 

Bacteria isolate. A pathogenic Spiroplasma penaei strain obtained in pure form by 

filtration and limiting dilution was isolated by Nunan et al. (2004) from the hemolymph 

of moribund Pacific white shrimp, Penaeus vannamei. The shrimp sample originated 

from a shrimp farm near Cartagena, Colombia, and the bacteria isolate was stored at -

70°C in M1D medium supplemented with 2% NaCl. This pathogenic isolate was used for 

the phylogenetic analysis using multiple DNA sequences and it is the reference isolate in 

this study. 
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Isolation of nucleic acids from bacteria. Total DNA was extracted from the reference 

isolate culture at logarithmic growth phase using High Pure PCR Template Preparation 

Kit (Roche Diagnostics). A bacteria suspension in saline solution was prepared by using 

3 ml of a reference isolate culture at logarithmic phase (~ 72 h) indicated by the 

acidification of the M1D medium. The bacterial culture was centrifuged at 16,300 × g for 

3 min. The supernatant was discarded and the bacterial pellet was resuspended to a total 

volume of 200 µl with sterile 2% saline solution. The DNA concentration and quality was 

determined using a BioPhotometer (Eppendorf) set at 260 nm for absorbance and 

A260/A280 ratio respectively. 

 

PCR amplification of genes. The 16S rDNA, 16S-23S ISR, 23S rDNA, 23S-5S ISR, 5S 

rDNA, gyrB, and rpoB genes were sequenced using primers described previously (Nunan 

2003; Bi et al. 2008; Yamamoto and Harayama 1995), in addition to primers designed for 

completing the sequences in this study (Table 1). PCR amplification was carried out 

using Mastercycler gradient (Eppendorf). PCR beads (illustraTM PuReTaqTM, Ready-To-

GoTM, in 0.5 ml tubes) were used for PCR reaction mixture of 25 µl volume that 

contained 23.5 µl of sterile HPLC H2O, 0.5 µl of forward primer (16-18 µM), 0.5 µl of 

reverse primer (16-18 µM), and 0.5 µl of S. penaei DNA template (25-30 ng/µl). The 

thermal cycling programs are described in Table 2 for amplification of 16S to 5S region 

(Nunan, 2003), rpoB region (Bi et al., 2008), and gyrB region (the authors’ laboratory). 

A 0.8% agarose gel was prepared in 0.5X TBE, containing 0.5 µg of ethidium 

bromide/ml.  The band size was estimated a using the 1 Kb DNA ladder.  
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Sequencing of genes. Products from the PCR amplification depicted by electrophoretic 

bands in agarose gels were excised and eluted using QIAquick Gel Extraction Kit 

(Qiagen) and following the manufacturer’s protocol using a microcentrifuge. The PCR 

products were sequenced at the University of Arizona Research Laboratory DNA 

Sequencing Facility using the eluted DNA with their corresponding primers (Table 1). 

The PCR fragments were sequenced in one direction, and sequences were visually 

inspected and corrected using chromatogram files. Partial DNA sequences of 16S rDNA, 

23S rDNA, 5S rDNA, gyrB, and rpoB genes, and complete DNA sequences of 16S-23S 

ISR and 23S-5S ISR of Spiroplasma penaei, were deposited in the GenBank and assigned 

the accession numbers described in Table 1. Additional DNA sequences from related 

Spiroplasma species and outgroup species were downloaded from the National Center for 

Biotechnology Information (NCBI) using the Megablast search program for highly 

similar sequences (Fig. 1-7). 

 

Phylogenetic analysis. Phylogenetic and molecular evolutionary analyses were 

conducted using MEGA version 4 (Tamura et al. 2007). Alignment Explorer/CLUSTAL 

in MEGA 4.0 was used for alignment of DNA sequences found in the GenBank and from 

this study. A 1000-replicate bootstrap test was performed by using the Neighboring-

Joining (NJ) method for phylogenetic tree inference. Branches corresponding to less than 

50% bootstrap replicates were collapsed. The tree was drawn to scale, with branch 

lengths in the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. The tree root was placed on the out group branch (Escherichia coli, 



102 

 

O157:H7). The Kimura-2-parameter nucleotide substitution model was used for 

computing evolutionary distances. All positions containing gaps and missing data were 

eliminated from the dataset “Complete deletion option”. The percent sequence 

divergence that provides information on how rapidly each DNA locus is evolving and 

genetic distances between sequences of spiroplasmas were calculated with Kimura 2-

parameter method in MEGA 4.0 (Domanico & Phillips, 1995). The nomenclature for 

clades proposed by Gasparich et al. (2004) and Regassa & Gasparich (2006) was used in 

this study for grouping Spiroplasma spp. 

 

Results and Discussion 

 

Phylogenies, based on five partial DNA sequences of 16S rDNA, 23S rDNA, 5S rDNA, 

gyrB, rpoB genes and two complete DNA sequences of 16S-23S ISR and 23S-5S ISR 

(Fig. 1-7), were reconstructed for each locus individually using the distance-based 

Neighboring-Joining (NJ) method with Kimura-2-parameter nucleotide substitution 

model. The trees could not be concatenated because of limited availability of sequences 

in the GenBank at each locus. The NJ trees based on all DNA sequences investigated in 

this study positioned Spiroplasma penaei in the Citri-Poulsonii clade, in many cases with 

strong bootstrap support (over 95%). The similarities among the NJ trees were indicated 

by the grouping of S. penaei most closely with S. insolitum where sequences are 



103 

 

available. The same observation was indicated by pairwise genetic distance calculation 

between sequences of S. penaei and S. insolitum (16S rDNA = 0.0041, gyrB = 0.0153 

and rpoB = 0.0028, Table 3). Of all the loci, the rpoB tree provided the most resolution 

among the spiroplasma clades with strong bootstrap support. The percent sequence 

divergence in between S. penaei and S. insolitum showed that 16S-23S ISR (0.0), rpoB 

(0.26), and 16S (0.47) are evolving the slowest compared to 23S-5S (20.0) that is 

evolving the fastest (Table 4). 

 

The spiroplasmas in the Citri-Poulsonii clade are present in a wide range of hosts and 

habitats [e.g., Phylum Arthropoda/Class Insecta (Apis honeybees, and Drosophila and 

Eristalis flies), Subphylum Crustacea/Class Malacostraca (Penaeus marine shrimp), and 

plant and flower surfaces (Citrus trees and periwinkle flowers)]. Regassa and Gasparich 

(2006) suggested that a predecessor for Citri-Poulsonii clade may have arisen from a 

plant phloem/sucking insect habitat. The first S. penaei outbreak was described during 

heavy rainy season in early 2002, resulting in very low water salinity (less than 5 ppt) in 

shrimp ponds that normally have average salinities of 20-30 ppt, and which are 

influenced by a river and marine coastal waters near Cartagena, Colombia (L.F. 

Aranguren, personal communication). These observations suggest that plants and insects 

are washed into the ponds and shrimp could acquire the spiroplasma by ingestion. 

Spiroplasma sp. outbreaks were also described as early as 1999 in Chinese mitten crab 

and later in the summer of 2004 in crayfish and shrimp cultured in freshwater ponds in 
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China, and the sequence analysis of the 16S rDNA of this agent was found to have 98% 

similarity with Spiroplasma mirum (Wang et al., 2004; Bi et al., 2008). NJ trees showed 

S. penaei distantly related to the Spiroplasma sp. SHRIMP described from China. This 

observation was corroborated by pairwise genetic distance calculation between sequences 

of S. penaei and Spiroplasma sp. SHRIMP (16S rDNA = 0.0372, gyrB = 0.6369 and 

rpoB = 0.1540, Table 3). Interestingly, the disease signs caused by both pathogens 

appeared to be similar in nature. Both cause a systemic infection, which produces severe 

mortalities in crustaceans raised in hyposaline or in fresh water ponds.  

 

Further studies are needed to establish the distribution of Spiroplasma penaei in other 

regions of the Americas where marine shrimp farming activities are influenced by 

seasonal heavy rains and inland shrimp farm operations which are managed with 

freshwater. It is possible that earlier histopathology studies of shrimp sampled from such 

regions led to a diagnosis of bacterial infection, but the bacterial agent was never verified. 

A history of spiroplasma infections may be revealed by examining archived histological 

paraffin sections and paraffin blocks, looking specifically of cases that came from 

freshwater or very low water salinity ponds that presented unusual mortalities or low 

survival rates and bacterial histopathological lesions. The cause of the lesions may be 

confirmed by in situ hybridization with probes specific to Spiroplasma penaei spiralin 

gene which expresses a protein present in the membrane of Spiroplasma spp. 
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Tables and Figures 

Table 5.1. Sequence of PCR oligonucleotide primers, 5’ to 3’ that recognize DNA 

fragments from the regions of 16S rDNA1, 23S rDNA1, 5S rDNA1, gyrB2, rpoB3 genes 

and 16S-23S1 and 23S-5S1 ISR in Spiroplasma penaei and their corresponding accession 

numbers in GenBank. 

Gene 
region 

Primer 
type4 

Primer Sequence 5’-3’ 

F
ragm

ent 
size 
(bp) 

S
ource

 

16S 
 

23S 

16F 
 

23R 

CCGAATTCGTCGACAACAGA 
GTTTGATCCTGGCTCAG ~2,000 

 

Nunan 
(2003) 

TTCGCTCGCCGCTACTAAG Bi (2008) 
23S 
5S 

23F 
5R 

GAATGGGGAAACCCGGTGAG ~3000 
 

Bi (2008) 
TCGGGATGGGAACGGGTG 

16S-23S  
16/23F 
16/23R 

CGCGGTAATACATAGGTGGC 
~900 This study 

CGGCTTCCTCCTTACGGTTA 

16S-23S 
16/23F1 
16/23R1 

CGCGGTGAATACGTTCTCGG ~900 
 

This study 
 TTAGCCTTACGCGGTGGTCC 

23S-5S 
23F1 
5R 

ACTCGGCAGTCAGTACATGG ~1400 
 

This study 
TCGGGATGGGAACGGGTG 

23S-5S 
23F2 
5R 

TAGCGTCGAGGTTAGCAAGT ~1400 
 

This study 
TCGGGATGGGAACGGGTG 

23S-5S 
23F3 
5R 

CCTAAGGCAAGCGAGATAAC ~1400 
 

This study 
TCGGGATGGGAACGGGTG 

23S-5S 
23F4 
5R 

TGTCGGCTCATCGCATCCTG ~1300 
 

This study 
TCGGGATGGGAACGGGTG 

gyrB 
gry2F 

 
gry2R 

GAAGTCATCATGACCGTTCTGCAY
GCNGGNGGNAARTTYGA ~1200 

 

Yamamoto 
(1995) 

 AGCAGGGTACGGATGTGCGAGCCR
TCNACRTCNGCRTCNGTCAT 

rpoB 
rpoF 
rpoR 

AGTTATCACAATTTATGGATCAAA 
~1400 Bi (2008) 

GCTCAHACTTCCATTTCHCCAAA 

rpoB 
rpoF1 
rpoR 

TGCGTAGTAATCAAGGAACTTCA 
~1400 

This study 
Bi (2008) GCTCAHACTTCCATTTCHCCAAA 

Accession numbers: 1 EU544545, 2 EU547492, 3 EU623978. 
Primer type: 4PCR & sequence of fragments, F-sense, R-antisense 
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Table 5.2. Amplification cycles. 

 

Step 
16S to 5S rDNA region gyrB gene rpoB gene 

Temp. (°C) Time Temp. (°C) Time Temp. (°C) Time 
1 95 2 min 94 2 min 95 6 min 
2 45 30 sec 94 1 min 95 1 min 
3 72 2 min 60 1 min 56 1 min 
4 95 30 sec 72 2 min 68 2 min 
5 Go to 2 29 cycles Go to 2 39 cycles Go to 2 44 cycles 
6 45 1 min 72 7 min 68 10 min 
7 72 2 min     
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Table 5.3. Estimates of evolutionary divergence between sequences from Spiroplasma 

penaei, S. insolitum and Spiroplasma spp. Shrimp from China. Pairwise genetic distance 

calculation between sequences that is based on the number of base substitutions per site 

from analysis between sequences is shown. Values that approach zero are the most 

closely related. 

 

DNA loci and  
fragment size (bp) 

16S  
rDNA 
(1217)  

16S-23S 
ISR 

(137) 

23S  
rDNA 
(2758) 

23S-5S 
ISR  
(36) 

gyrB 
(1059) 

rpoB 
(1454) 

S. penaei – S. insolitum 0.0041 0.0000 0.0136 0.1217 0.0153 0.0028 
S. penaei - 
Spiroplasma sp. SHRIMP 

0.0372 0.2373 0.0240 1.8212 0.6369 0.1540 

 

 

Table 5.4. Percent sequence divergence between spiroplasmas of interest. Percentage 

sequence divergence was calculated by dividing the number of variable sites by the total 

number of sites (Domanico and Phillips, 1995). Values that approach zero are the most 

closely related. 

 

DNA loci and  
fragment size 

16S 
 rDNA 
1503 bp 

16S-23S 
ISR 

 325 bp 

23S  
rDNA 

2933 bp 

23S-5S 
ISR 

 70 bp 

gyrB 
1224 bp 

rpoB 
1532 bp 

S. penaei - S. insolitum 0.47 0.00 1.81 20.00 1.31 0.26 
S. penaei -  
Spiroplasma sp. SHRIMP 

3.79 17.23 2.52 48.57 38.07 13.38 
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Fig. 5.1. Evolutionary history of 21 taxa based on 16S rDNA gene was inferred using the 
Neighbor-Joining method based on comparison of 1217 bases. 
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Fig. 5.2. Evolutionary history of 15 taxa based on 16S-23S rDNA ISR was inferred using 
the Neighbor-Joining method based on comparison of 137 bases.  
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Fig. 5.3. Evolutionary history of 11 taxa based on 23S rDNA gene was inferred using the 
Neighbor-Joining method based on comparison of 2758 bases. 
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Fig. 5.4. Evolutionary history of 9 taxa based on 23S-5S rDNA intergenetic spacer region 
was inferred using the Neighbor-Joining method based on comparison of 36 bases. 
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Fig. 5.5. Evolutionary history of 8 taxa based on 5S rDNA gene was inferred using the 
Neighbor-Joining method based on comparison of 39 bases. 
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Fig. 5.6. Evolutionary history of 15 taxa based on gyrB gene was inferred using the 
Neighbor-Joining method based on comparison of 1059 bases. 
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Fig. 5.7. Evolutionary history of 15 taxa based on rpoB gene was inferred using the 
Neighbor-Joining method based on comparison of 1454 bases. 
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ABSTRACT: Shrimp were challenged with a suspension of a pathogenic isolate of 

Spiroplasma penaei prepared from a 72 h culture. The route of challenge was by 

intramuscular injection of the bacterial suspension into the third abdominal segment. 

Lesion development was evaluated in moribund shrimp collected and fixed in Davidson’s 

fixative 96 h post challenge. The most predominant host response to infection by S. 

penaei observed by histological examination was the generally systemic development of 

hemocytic nodules (often melanized) and poorly organized hemocytic infiltration. Such 
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lesions were most prevalent in the lymphoid organ, gill filaments, heart, connective 

tissue, antennal gland, and skeletal muscle. The presence of S. penaei in the lesions was 

verified by in situ hybridization using a digoxigenin (DIG)-labeled probe specific to 

spiralin gene of Spiroplasma spp. Transmission electron micrographs showed S. penaei 

cells free in the cytoplasm of lymphoid organ cells. The cultures of S. penaei used for this 

study and infected abdominal tissue were verified by PCR using spiroplasma-specific 

primers that amplify a fragment from a variable region of the 16S rDNA gene sequence.  

 

Keywords: Spiroplasma penaei; Penaeus vannamei; systemic infection; hemocytic 

nodules; histology; H&E; ISH; TEM 

 

 

INTRODUCTION 

 

Nunan et al. (2004) described the first pathogenic spiroplasma to be found in marine 

shrimp. The disease agent was isolated from the hemolymph of the Pacific white shrimp, 

P. vannamei, raised in a shrimp farm with very low salinity brackish water located in 

Colombia that was suffering from high mortalities. Histological analysis detected 

systemic inflammatory reactions in affected organs/tissues. This organism was found to 

be pleomorphic, but often helical in shape, and variable in length. S. penaei was 
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serologically different from other spiroplasma species. Electron microscopy revealed 

bacteria with a single cytoplasmic membrane and no cell wall (Nunan et al. 2005). 

 

The epidemic of tremor disease in Chinese mitten crabs, Eriocheir sinensis, which is an 

important species in freshwater aquaculture in China, has resulted in great economic 

losses (Wang et al. 2004). Infected crabs display signs of weakness, anorexia, intense 

tremors, and death. The agent described as Spiroplasma spp. was found in hemocytes, 

muscles, nerves and connective tissues of cardiac and pereiopod muscles. Wang et al. 

(2005) described a systemic infection of spiroplasmas in the red swamp crayfish, 

Procambarus clarkii, in the summer of 2004 in freshwater aquaculture in China. The sick 

crayfish were in the same ponds as the Chinese mitten crab affected by tremor disease. 

Healthy crayfish were experimentally infected by injection with hemolymph from 

diseased crayfish or a cultured isolate in M1D medium, and by cohabitation with diseased 

crayfish. The spiroplasmas were detected by TEM in hemolymph and the connective 

tissues of the gonads, the pereiopods, gut, hepatopancreas, nerves, heart and gills. 

The histopathology of experimentally induced infections of Spiroplasma taiwanense in 

Anopheles stephensi mosquitoes was described by Phillips & Humphery-Smith (1995). 

Light microscopy showed extensive degradation of the thoracic flight muscle in sections 

stained with hematoxylin and eosin and polysaccharide depletion in sections stained with 

Periodic Acid Schiff. Transmission electron microscopy showed spiroplasmas in 

hemolymph, and both extra and intracellularly in thoracic flight muscle, glial cells, neural 
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lamella, hemocytes, connective tissue surrounding diverticulum and midgut, trophocytes, 

and tracheocytes. Nerve cord axons surrounded by infected glial cells were distended by 

swollen mitochondria. The pathologies within thoracic flight muscle were attributed to 

intracellular replication of spiroplasma bacterial cells.  

 

MATERIALS AND METHODS 

 

Bacteria isolate. A pathogenic Spiroplasma penaei isolate, obtained in pure form by 

filtration and limiting dilution, was isolated by Nunan et al. (2004) from the hemolymph 

of moribund Pacific white shrimp, Penaeus vannamei, that originated from a shrimp farm 

near Cartagena, Colombia. The culture had been stored at -70°C in M1D medium 

supplemented with 2% NaCl until used in this study. This pathogenic isolate was used at 

logarithmic growth and it is referred as the reference isolate in this study. 

 

Bacterial suspension. The bacterial suspension of Spiroplasma penaei reference isolate 

was prepared by removing one ml of culture medium at logarithmic phase (~ 72 h at 

28°C) and centrifuged at 16,300 × g for 3 min. The supernatant was discarded and the 

bacterial pellet was resuspended to a final 1 ml suspension with sterile 2% saline 

solution. The final working bacterial suspension was adjusted to a final dilution of 1:100 

with sterile 2% saline solution. The shrimp received a single injection of 100 µl of the 

bacterial suspension into their third abdominal segment. 
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Histology. Moribund shrimp were fixed with Davidson’s fixative 96 h post challenge, 

transferred to 70% alcohol, later embedded in paraffin and sectioned for routine 

hematoxylin and eosin (H&E) histological analysis using standard methods according to 

Lightner (1996) and in situ hybridization (ISH) technique according to Poulos et al. 

(1994). Consecutive histological sections were stained with H&E for routine histology 

and assayed by ISH. The ISH assay for Spiroplasma penaei was developed by Nunan et 

al. (2004) using digoxigenin (DIG)-labeled gene probe specific to spiralin gene, which 

expresses a protein present in the membrane of Spiroplasma spp., to verify the presence 

of S. penaei in the bacterial lesions observed in histological sections. 

 

Transmission electron microscopy (TEM). Lymphoid organs were removed from 

moribund shrimp and were placed in 1 ml of 6% buffered glutaraldehyde, prepared with 

0.15 M Millonig’s phosphate buffer (pH 7.0) and supplemented with 1% NaCl and 0.5% 

sucrose (Lightner, 1996) for TEM. Following overnight refrigeration (4°C), the buffered 

glutaraldehyde was removed and replaced with cold Millonig’s phosphate buffer (0.15 

M) and maintained at 4°C until post-fixation. The tissues were post-fixed with 1% 

phosphate-buffered osmium tetroxide, dehydrated in ethyl alcohol and embedded in 

Spurr’s resin (Ladd Research Inc.). The embedded tissues were sectioned to 75–90 nm 

thickness, stained with lead citrate and uranyl acetate. The grids were examined using a 

Phillips CM12 transmission electron microscope operated at 80 kV. 
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Negative stained preparation for TEM. Negative staining for TEM is described by 

Nunan et al. (2004). A drop of resuspended bacterial pellet was placed on a clean piece of 

parafilm. A clean Formvar/carbon coated copper grid was place on the surface of the 

drop for 3 min. The grid was transferred and placed on the surface of a drop of 2% 

aqueous phosphotungstic acid (PTA), pH 7.0, for 3 min. The grid was air-dried for 

several hours and was examined using a Phillips CM12 transmission electron microscope 

operated at 80 kV. 

 

Aquaria preparation . Aquaria of 90 L capacity filled with artificial marine water 

(Crystal Sea Marine-Mix, Marine Enterprises International, Baltimore, Maryland) at 

25ppt salinity and 28°C were prepared. 

 

Shrimp. Specific pathogen free (SPF) Penaeus vannamei shrimp (avg. wt = 2 g) 

(Lightner & Redman 2009), which originated from the Oceanic Institute in Hawaii, and 

were used for all the bioassays described below. Shrimp were fed once daily ad libitum 

with a commercial pelleted feed (Rangen, 35% protein, Buhl Idaho). 

 

RESULTS AND DISCUSSION 

 

The most predominant host inflammatory response observed in H&E stained histological 

sections from shrimp infected by injection with Spiroplasma penaei were hemocytic 

nodules, hemocytic infiltration, and melanization of many of these hemocytic lesions. 
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The lesions were generally systemic and often observed in lymphoid organ, gill 

filaments, heart, antennal glands, ganglion, skeletal muscle, posterior caecum, and 

hindgut (Fig. 1 & 2). Similar lesions were detected, as well, in connective tissues and 

nerve cord. The presence of S. penaei in the lesions observed in histological sections was 

verified by ISH using DNA probe specific to spiralin gene of Spiroplasma spp. (Fig. 1 & 

2). 

 

Transmission electron micrographs (TEM) showed S. penaei without cell wall free in the 

cytoplasm of lymphoid organ cells (Fig. 3). The S. penaei cells in the lymphoid organ 

presented several shapes including helical form. TEM of negatively stained bacterial 

suspension from an inoculated medium showed filamentous morphology with a vesicular 

bleb and a single cytoplasmic membrane without a cell wall (Fig. 4). 

 

In summary, the lesions observed by light microscopy were the generally systemic 

development of hemocytic nodules (often melanized) and poorly organized hemocytic 

infiltration. Such lesions were most prevalent in the lymphoid organ, gill filaments, heart, 

connective tissue, antennal gland, and skeletal muscle. Transmission electron 

micrographs showed S. penaei cells free in the cytoplasm of lymphoid organ cells. 
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FIGURES 

Fig. 1. Histopathology. SPF Penaeus vannamei were injected with bacterial suspension of 

a 72 h culture of pathogenic Spiroplasma penaei. Moribund shrimp were sampled and 

fixed in Davidson’s fixative 96 h post challenge. Photomicrographs of H&E stained (left 

column) and ISH assayed (right column) tissue sections demonstrate bacterial lesions and 

positive ISH reactions indicated by blue-black precipitates. Hemocytic nodules and 

hemocytes with pyknotic nuclei are indicated by narrow arrows and broad arrows, 

respectively. (A, B) Lymphoid organ. (C, D) Gill filaments. (E, F) Heart, (G, H) Antennal 

glands. Scale bar = 50 µm 
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Fig. 2. Histopathology. SPF Penaeus vannamei were injected with bacterial suspension of 

a 72 h culture of pathogenic Spiroplasma penaei. Moribund shrimp were sampled and 

fixed in Davidson’s fixative 96 h post challenge. Photomicrographs of H&E stained (left 

column) and ISH assayed (right column) tissue sections demonstrate bacterial lesions and 

positive ISH reactions indicated by blue-black precipitates. Hemocytic nodules and 

hemocytes with pyknotic nuclei are indicated by narrow arrows and broad arrows, 

respectively in plates A, E, and G. Hemocytic infiltration and melanization are indicated 

by narrow arrows, and a fragment of necrotic, hemocyte inflamed skeletal muscle is 

indicated by broad arrow. (A, B) Ganglion. (C, D) Skeletal muscle. (E, F) Posterior 

midgut caecum, (G, H) Hindgut. Scale bar = 50 µm 
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Fig. 3. Transmission electron micrographs of 

(arrows) of cells in the lymphoid organ.

abdominal segment with a bacterial suspension of pathogenic 

72 h culture. Moribund shrimp was sampled and fixed in Davidson’s fixative 96 h post 

challenge. S = spiroplasma; SH = semigranular hemocyte; P = phagolysosome; N = 

nucleus; SG = secretory granule; M = mitochondrion; Scale bar (A) 2 µm, (B)

(C) 500 nm, (D) 100 nm. 

 

Fig. 3. Transmission electron micrographs of Spiroplasma penaei in the cytoplasm 

(arrows) of cells in the lymphoid organ. SPF Penaeus vannamei were injected in the third 

abdominal segment with a bacterial suspension of pathogenic Spiroplasma penaei

72 h culture. Moribund shrimp was sampled and fixed in Davidson’s fixative 96 h post 

challenge. S = spiroplasma; SH = semigranular hemocyte; P = phagolysosome; N = 

nucleus; SG = secretory granule; M = mitochondrion; Scale bar (A) 2 µm, (B)

(C) 500 nm, (D) 100 nm.  
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in the cytoplasm 

were injected in the third 

ma penaei from a 

72 h culture. Moribund shrimp was sampled and fixed in Davidson’s fixative 96 h post 

challenge. S = spiroplasma; SH = semigranular hemocyte; P = phagolysosome; N = 

nucleus; SG = secretory granule; M = mitochondrion; Scale bar (A) 2 µm, (B) 500 nm 
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Fig. 4. Transmission electron micrographs of Spiroplasma penaei from inoculated M1D 

medium after 72 h at 28°C. Negatively stained bacterial suspension showing filamentous 

morphology and a vesicular bleb (narrow arrows). A single cytoplasmic membrane 

(broad arrow) is depicted and a cell wall is absent. Scale bar (A) 500 nm, (B) 100 nm.  
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