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Abstract

Outbreaks of the crown-of-thorns starfish, Acanthaster planci (L.), represent one of the most
significant biological disturbances on coral reefs, contributing greatly to widespread habitat
degradation across the Indo-Pacific. While the cause(s) of outbreaks are still being debated, an
equally important question is what causes population declines at the end of outbreaks. Like all
echinoderms, 4. planci appear to be susceptible to disease, which may explain sudden declines in
abundance that have been observed in the wild, as well as providing a unique opportunity to
potentially control starfish populations. The purpose of this thesis was to document potentially
pathogenic organisms that are normally associated with 4. planci, as well as describing the
pathological progression of artifially-induced disease, following injection of Thiosulfate-citrate-

bile-sucrose (TCBS).

Thiosulfate-citrate-bile-sucrose (TCBS) agar is a selective media culture that inhibits
gram-positive organisms, suppresses coliforms, and allows selective growth of Vibrio bacteria.
These bacteria constitute an important part of the bacterial microflora of numerous marine
animals, and are also recognized as important pathogens of echinoderms and other estuarine
animals. This study showed that injection of TCBS broth into A. planci organs induced disease
characterized by skin lesions, loss of body turgor, matting of spines, and accumulation of mucus
on spine tips. All starfish then died within 24 hours. TCBS broth promoted population growth of
naturally occurring Vibrio spp., leading to an imbalance in natural symbiont communities.
Moreover, diseased starfish often infected seemingly healthy 4. planci that were either in direct

contact or in very close proximity.
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To identify potential causative agents of observed disease, and specifically identify all
naturally occurring bacteria associated with A. planci, starfish were collected from two distinct
locations in the western Pacific; Lizard Island (Great Barrier Reef, Australia) and Guam (USA,
Western Pacific Ocean). A polyphasic approach, involving histology, scanning electron
microscopy (SEM), biochemical profiling using the bacterial API identification system, PCR
amplification and sequencing of 16S rRNA, fopA4 (topoisomerase I) and mreB (rod shaping
protein MreB) genes, was used to identify all bacterial isolated. The most significant bacteria
isolated from A. planci were V. rotiferianus, V. harveyi, V. owensii, Photobacterium
eurosenbergii, V. fortis, V. natriegens with sequences identities of 99%-100% for 16S rRNA,
topA, and mreB. Specific bacteria isolated from infected tissues were V. rotiferianus, V. owensii
and V. harveyi, which are considered as the most likely causative agents of observed disease.

Histological changes in tissues of A. planci following TCBS injection were assessed
using conventional and scanning electron microscopy (SEM). Digestive glands were processed
and stained with hematoxylin and eosin (H&E) to describe the histological architecture of the
intestinal epithelium. Subsequent comparison of healthy versus infected tissues and Gram stains
were carried out to confirm bacterial occurrence on infected tissues, characterize the structural
changes induced by bacterial communities in COTS tissues and to determine if the
histopathological changes of intestinal tissues were consistent with Vibrio infection. TCBS
injections induced marked epithelial desquamation, hypertrophy and hypersecretion of glandular
cells, epithelial cell destruction, pyknosis, reduction of thickness and disorganization of
connective tissue and associated nerve plexus, presence of bacterial colonies, irregular

eosinophilic foci in glandular cells, brush border disruption, atrophy and detachment of intestinal



microvilli and cell debris in the lumen. All these changes were attributed to a fulminating
systemic dysbiosis and were consistent with Vibrio infections.

Standard histological procedures used to test for the presence of bacteria are often
ineffective for marine organisms. As such, this study developed modified techniques to assess
the presence of Vibrio bacteria and the preservation of 4. planci delicate tissues. Detection of
Vibrio bacteria was improved by the (1) use of short washes before fixation (2) the
implementation of short cycles in the processing step; (3) embedding samples in agar prior to
automated processing. The use of short cycles also decreased the amount of epithelial
desquamation of COTS digestive glands. The study contributes to the standardization of
histological techniques and biochemical test (API strips) for partial identification of marine
bacteria, ensuring more accurate results, improving performance, enhancing reproducibility and
increasing efficiency compared to standard operating procedures.

In order to reverse sustained and ongoing degradation of reef habitat, increasing attention
is being given to management and control of 4. planci outbreaks. Previous control methods, such
as hand collecting individual starfish, are extremely labour intensive and often ineffective in
either eradicating the coral-feeding starfish or preventing extensive coral loss. As a first step
towards assessing whether injections of thiosulfate-citrate-bile-sucrose agar (TCBS) culture
medium could be used to eradicate 4. planci, especially during population outbreaks, we exposed
a range of echinoderms to diseased starfish within a closed environment, and also compared
naturally occurring bacteria across these echiinoderms. Vibrio rotiferianus, which was reported
as a likely pathogen isolated from experimentally infected A. planci, was recovered from Linckia
guildingi. Moreover, several L. guildingi exhibited skin lesions after several days of direct

contact with sick Acanthasther planci. However, unlike infected 4. planci, which all died within



48 hrs, all L. guildingi starfish fully recovered after 53 days. Further studies need to be carried
out to test for cross-infection of Vibrio bacteria isolated from sick 4. planci to corals, fishes and
other echinoderms.

To better understand the specific effects of thiosulfate-citrate-bile-sucrose agar (TCBS)
on A. planci, we tested responses of A. planci to individual components of TCBS culture
medium. Four out of nine TCBS chemical ingredients tested induced allergic reactions and
death in A. planci. Peptone 10 g 1" and oxgall 8 g 1" induced 100% mortality, while yeast
extract and agar induced death in 40 % and 20% of starfish, respectively, 48 h after injection.
Peptone was evaluated at three different concentrations (10g, 5g, and 1g 1"). Peptone 10 g 1"
induced 100% mortality, peptone 5 g I"' killed 60% of injected starfish, and peptone 1 g 1"
induced death in only 20% of starfish, indicating that toxicity of peptone is concentration-
dependent. Sodium citrate induced moderate mucus production, but disease did not progress
and all starfish completely recovered after 52 h. The remaining chemicals tested, sodium
thiosulfate, ferric citrate, mix of sodium thiosulfate + ferric citrate, sucrose and sodium
chloride did not produce any kind of clinical signs of disease. This study reported four new
components that induced disease and death in A. planci. Peptone, oxgall, and yeast are
potentially useful in controlling outbreaks because these simple protein extracts can be safer to
use compared to previously used noxious chemicals. In addition, lowered concentrations are
required to kill 4. planci, potentially increasing efficiency and effectiveness of established

control programs.
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CHAPTER 1: General Introduction — Vibrio bacteria: pathogens of growing
significance

1.1 Abstract

This review describes the historical, clinical, ecological and epidemiological features of the most
important and emerging pathogenic Vibrio. We highlight the increased pathogenic potential of
Vibrio bacteria toward humans and marine animals due to the resultant environmental
conditions, which have bred an abundance of pathogens that are naturally present in the
environment. The review illustrates the main adaptive response mechanisms that play important
roles in the virulence of Vibrio species, which allow vibrios to persist in hostile environments

and summarize the more reliable identification methods.

1.2 Introduction

Vibrio bacteria are generally associated with gastrointestinal diseases and septicemia in humans
and are recognized as one of the most important pathogens of marine and estuarine animals,
causing substantial losses in both aquaculture and wild populations (Kaysner et al., 2004). Vibrio
bacteria are naturally widespread, and occupy a variety of ecological niches, such as the human
and animal gut, the mucus layer of corals and the surface of chitinous organisms, predominantly
copepods, amphipods and other crustaceans (Sawabe et al., 2007). During the last decade there
has been significant improvements in Vibrio taxonomy, largely due to increased use of molecular
techniques that have not only established the phylogenentic relationships among well-studied
species, but also revealed several new species of Vibrio bacteria, mostly in marine environments

(Gurtler & Mayall, 2001; Yoshizawa et al., 2009; Cano-Gomez et al., 2010).
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Scientific interest in Vibrio bacteria has been further stimulated by a number of factors,
including the growing problems of antibiotic resistance among pathogens (Zbinden, 2006;
Vlieghe et al., 2009), the emergence of numerous infectious diseases in the marine environment
worldwide (Bossart, 2007; Schaefer et al., 2009), the potential threat of bioterrorism (Horton et
al., 2002; Azad, 2007) and the effects of global climate change (Lipp et al., 2002; Bossart, 2007;
Sganga, 2009). The Center for Disease Control and Prevention estimates that average annual
incidence of all Vibrio infections in the United States increased by 41 percent between 1996 and
2005 (CDC, 2006) and there are similar reports of increased incidence in Europe (Schets et al.,
2006; Wilkins, 2008). At least 30 new diseases have emerged during the last two decades in
North and South America, Asia, Australia, Europe and the Middle East (Bossart, 2007; Igbinosa
& Okoh, 2008), most of which have been linked to Vibrio bacteria.

With rapid growth of human populations, especially in coastal environments, exposure to
pathogenic Vibrio is increasing. Coastal ecosystems are becoming important reservoirs of
infectious organisms due to agricultural, animal, industrial and medical waste which coupled
with higher temperatures due to global warming allowed proliferation and diffusion of
opportunistic Vibrio pathogens to higher latitudes (Sganga et al., 2009) and induced changes in
host-pathogen relationships leading to susceptibility of animals to epidemic diseases (Rosenberg
et al., 2007). Early detection and treatment of Vibrio infections is particularly important as they
can rapidly cause septic shock and death (Wilkins, 2008). Diagnosis may be difficult because
special techniques are required for identification and sensitivity testing (Duthie et al., 1990;
Wilkins, 2008). However, rapid and accurate means of identification are essential in ensuring
appropriate treatment (Duthie, 1990). Importantly, due to the increment in the trades of Seafood

worldwide, Vibrio infections are not limited to endemic areas (CDC, 2004). Pathogenic vibrios,
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in combination with a stressed population, habitat loss, elevated temperature due to climate
change and anthropogenic pollution can result in severe economic loses and disease outbreaks
which can ultimately affect human health and lead to the extinction of endangered species.

The objectives of this review are four-fold: 1) describe the historical, clinical, ecological
and epidemiological features of the major emerging and reemerging pathogenic vibrios; 2)
highlight the increased pathogenic potential of vibrios toward humans and marine animals due to
the resultant environmental conditions which have bred an abundance of pathogens that are
naturally present in the environment; 3) explore the main adaptive response mechanisms that
play important roles in the virulence of Vibrio species which allow vibrios to persist in hostile

environments; and 4) describe recent advances in the identification of Vibrio bacteria.

History of Vibrio
Human populations throughout history have been affected by devastating outbreaks of Vibrio
cholerae. Hippocrates (460-377 BC), a surgeon of Roman gladiators, in his Corpus
Hippocraticum and Galen of Pergamum (120-201 AD), described an illness that might well have
been cholerae (Kohn, 1995; Cox, 1996). Epidemic Vibrio cholerae was described in 1563 at
Goa, Southwestern India by Garcia de Orta (1501-1568), a Spanish physician pioneer of tropical
medicine, who performed the first recorded autopsy of cholerae in India. The population at Goa
was roughly 200,000 in 1543 and was reduced to only 1,500 by 1775 as a result of malaria and
cholerae (Roddis, 1931; Boxer, 1963).

The modern history of cholerae began in 1817 when cholerae spread out of India in what
is described as the first of seven pandemics: (1) pandemic 1817-1823; (2) pandemic 1829-1851;

(3) pandemic 1852-1859; (4) pandemic 1863-1879; (5) pandemic 1881-1896; (6) pandemic 1899
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to 1923 and (7) pandemic that began in Asia in the 1960s, and then spread westward in the next
decade to the Middle East and Africa. The African continent is believed to have been struck
harder at this time than ever before; In 1990, Africa was the origin of more than 90 percent of all
cholerae cases reported to the World Health Organization. In July 2009, Zimbabwe reached
98,000 cases, including over 4000 deaths, and showed no signs of abating (WHO, 2010). A total
of 19 African nations reported nearly 140,000 cases in 1991 and the outbreak also appeared
unexpectedly in Peru, which suffered 3,000 deaths in the first year. The disease rapidly spread to
Ecuador, Colombia, Brazil, and Chile and further northward to Central America. More than
396,000 cases were reported in the Americas during 1991 (PAHO, 2006). From January 2000 to
December 2003 over 130,000 cases of cholerae were reported in South Africa (WHO, 2009). In
2005 cholerae had been reported in nearly 120 countries and continues today in many parts of the
world (WHO, 2010).

During the cholerae epidemics in Florence (1854-1855), the Italian physicians Filippo
Pacini (1812 -1883) and Francesco Magni (1828-1887), who were primarily interested in
microscopical research, examined the blood and feces of cholerae victims as well as the changes
of the intestinal mucosa of cholerae corpses. Their findings were published in a report,
“Osservazioni microscopiche e deduzioni patalogiche sul cholera asiatico”. Pacini discovered
that cholerae is a contagious disease characterized by the destruction of the intestinal epithelium,
followed by an extreme loss of water from the blood. These investigations proved the presence
of millions of rod-shaped living microorganisms, of which he called "vibrions", that were
responsible for the intestinal injuries common to the disease and he also provided the first
drawings of the vibrions that were observed microscopically in the intestine of cholerae victims

(Pacini & Magni, 1854).
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In 1849, John Snow (1813-1858) a founding member of the London Epidemiological
Society, tracked the incidence and geographical distribution of cholerae in London and other
cities and developed the first statistical mapping methods (Vinten-Johansen, 2003). In 1883,
Robert Koch (1843-1910), a German physician considered as one of the founders of
microbiology, successfully isolated Vibrio cholerae from the intestinal discharges of cholera
patients. Koch and his colleagues developed and improved methods for staining bacteria,
introduced the use of gelatin and agar as growing media for bacterial colonies, recommended the
implementation of filters to remove bacteria from the water supply systems and also found that
Vibrio bacteria were ubiquitous in aquatic environments (Thompson et al., 2004, 2006).
Considerable advances were then made by Martinus Willem Beijerinck (1851-1931) and Sergei
Winogradsky (1856—1953), who established the basic principles of virology. They formulated an
enrichment media culture that allowed the cultivation of a wide range of microbes with different
physiologies and successfully isolated the first nonpathogenic Vibrio species, i.e., V. fischeri, V.
splendidus, and Photobacterium phosphoreum from the aquatic environment (Postgate, 2000;

Thompson et al., 2004).

Definition and classification

Vibrio bacteria are gram-negative, non-sporing, straight or curved rods that can undergo both
respiratory and fermentative metabolism (facultative anaerobes). Vibrios are heterotrophic
organisms and obtain nutrients from their mutualistic, parasitic, or pathogenic relationships with
other organisms and reproduce through asexual division (Kaysner et al., 2004). Cells are
generally 1 pm in width and 2 to 3 um in length. They are motile organisms with monotrichous
or peritrichous flagellum for travelling. They are largely halophilic but a few species are

nonhalophilic, for example V. cholerae may be halophilic or nonhalophilic depending on their
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sodium chloride requirements. Most Vibrio species have a broad temperature range from 18 to
37°C and most are chemo-organotrophic, oxidase positive and ferment glucose with the
production of acid but no gas (Kaysner et al., 2004;Thompson et al., 2006). Recent taxonomic
descriptions place Vibrio bacteria within the Kingdom: Bacteria; Phylum: Proteobacteria; Class:
Gamma Proteobacteria; Order: Vibrionales; Family: Vibrionaceae with 80 species described

until now.

Media cultures

Vibrio bateria can grow in a wide variety of culture media (Thompson ef al., 2004; Sawabe et al.,
2007). The concentration of salt for optimum growth and the range of salt tolerance differ with
each species. In addition the concentration of salt for optimum growth may be influenced by the
nature of the medium and the temperature of incubation. The majority of vibrios can grow over
a pH range of 5.6 - 9.6, but the optimum pH is between 7.0- 9.0 (Barua & Grennough, 1992;
Desmarchelier, 1997). Vibrio species associated with human diseases flourish at 30-37 °C. Most
Vibrio species show poor or no growth in nutrient broth that has less than 0.5% sodium chloride.
Even for V. cholerae and V. mimicus, better growth is obtained in nutrient broth with 1% salt
than in broth with lower concentrations (Barua & Greenough, 1992).

The predominant media used to culture Vibrio include: Thiosulfate-citrate-bile-sucrose
(TCBS), HiCrome Vibrio agar, ZoBell's Marine Agar, MacConkey’s agar, Vibrio harveyi agar,
Marine broth, Heart infusion broth (HIB), Johnson's Marine Agar, Vibrio Recovery Medium,
Colistin-polimyxin B-cellobiose agar, MicroKwik® culture. In addition, enriched media such
sheep blood agar or brain heart infusion agar that usually support good development of vibrios

without the need of additional salt, and Cary Blair Medium, which is routinely used as a
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transport media (Kobayashi et al., 1963; Barua & Greenough, 1992; Harris et al., 1996; Cerda-

Cuellar et al., 2001; Kaysner et al., 2004).

1.3 Epidemiology and pathogenesis

Recent interest in the occurrence of potentially pathogenic Vibrio is very high, owing to major
changes in environmental conditions that may promote increased incidence of disease. Terrestrial
and aquatic habitats have been significantly altered, and often degraded, due to direct
anthropogenic disturbances, the effects of which are now being further compounded by global
climate change (Walther et al. 2002). These changing biological and environmental conditions
have resulted in an increased abundance of naturally occurring but potentially pathogenic
organisms (Lipp et al., 2002) affecting humans and marine animals (Lipp ef al., 2002; Orozco-
Noriega et al., 2007; Lee et al., 2008). Vibrio bacteria are responsible for the majority of non-
viral infections in the USA, arising mostly from consumption of shellfish or exposure of open
wounds to seawater. The incidence of Vibrio wound infections has increased 51% over six years
in the USA (Forres, 2007) and also increased significant in several European countries (Schets et
al., 2006). Natural Resources News Service survey (USA) showed that Vibrio wound infections
have increased each year and are being reported further northward, probably because Vibrio
bacteria thrive in warm waters of moderate salinity (Lipp et al., 2002; Forres, 2007). If so, the
geographic range of these important pathogens will change in accordance with global warming,
and there is a greater risk of increased exposure and infections. The ecology is changing not
only due to anthropogenic influences, but also because of changes in plankton populations, and
other hosts for which Vibrio are commensals or symbionts, which alter the ecology of these

pathogens (Colwell, 1996; Lipp et al., 2002).
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Adaptive response mechanisms

Vibrio bacteria are well equipped with a series of adaptive response mechanisms that allow them
to persist in hostile environments. Chemotaxis is one phenomenon in which bacteria integrate
environmental signaling to modulate behavior by biasing movements toward more favourable
conditions or away from unfavourable environments. Motility and chemotaxis greatly influence
the infectivity of Vibrio (Butler & Camilli, 2004; Larsen et al., 2004). Members of the genus
Vibrio are brackish-water or marine organisms and many require higher concentrations of
cations, particularly sodium (Na), potassium (K) and magnesium (Mg?) that are usual for
terrestrial organisms such as Aeromonas, Pleasiomonas and Enterobacteriaceae (Barua &
Greenough, 1992). Concentration of these cations influences motility and growth in different
ways. For example, low concentrations of magnesium decrease the number of polar flagella in V.
fisheri, which affects swimming motility (Kawagishi et al., 1996; Muramoto et al., 1996; O’shea
et al., 2005). The energy required to power flagellar rotation is derived from the transmembrane
electrochemical potential of sodium ions (Imae et al., 1986). Therefore, theses Vibrio require
Na' for growth and movement (Barua & Greenough, 1992). Environmental conditions also
influence the type of flagellation. For example, some species including V.cholerae, when grown
planktonically display polar flagella while others such as V. parahaemolyticus when grown on
solid medium produce both polar and lateral flagella (Thompson et al., 2006).

Chemotaxis to a variety of aminoacids and carbohydrates has been reported in numerous

Vibrio species, including: (1) Serine (Sar ef al., 1990); (2) N-acetylneuraminic acid (Deloney-
Marino et al., 2003); (3) Chitin oligosaccharides, considered the second most abundant organic
compound in nature that provides a food source for vibrios, enhances survival under starvation
conditions, and also offers protection at low temperatures and under acidic conditions (Yu et al.,

1993; Lipp et al., 2002); (4) algal products (Sjoblad & Mitchel, 1979); and (5) generally Vibrio
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species display movement toward mucus. For example V. anguillarum and V. alginolyticus
undergo chemotaxis to mucus collected from fish skin and intestines (Bordas et al., 1998). V.
shiloni, a coral pathogen, migrates towards coral mucus (Banin et al., 2001); V. coralliilyticus
exhibited chemotaxis towards the mucus of Pocillopora damicornis (Meron, 2009) and V.
cholerae moves into intestinal mucus (Freter ef al., 1981)

Horizontal gene transfer, genetic reassortment, clonal diversity and plasticity have also
been key mechanisms involved in the pathogenicity and emergence of new virulent Vibrio
strains (Simidu et al., 1971; Ochman et al., 2000; Lipp et al., 2002; Gomez-Gil et al., 2004).
Moreover, Vibrio has a selective advantage in their ability to enter a dormant stage when
environmental conditions are unfavorable for active growth and cell division. This stage known
as the viable but non-culturable (VBNC) state occurs when metabolically active cells cannot be
cultured on microbiological media. VBNC is induced by changes in environmental conditions,
mainly a decrease in water temperature and salinity. These cells can remain viable in the
environment for years and proliferate rapidly when conditions improve, subsequently continuing
to pose a risk of causing disease (Colwell et al., 1985; Firth et al., 1994). Other mechanisms that
play important roles in the virulence of Vibrio species are bacteriophage infection (Oakey &
Owens, 2000); sucrose fermentation (Alavandi ef al., 2006); and quorum sensing in which
vibrios produce, release and detect signal molecules called autoinducers. Quorum sensing is
responsible for controlling a plethora of virulence genes in several Gram-negative bacteria, by
the N-acylhomoserine lactones (AHLs)-dependent quorum sensing (QS) mechanism (Fangfang
et al., 2008; Park et al., 2008). AHL-based quorum-sensing systems ensure that certain
phenotypic traits are expressed only when a particular population density has been attained.

These regulatory systems control various functions, including bioluminescence, conjugative
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plasmid transfer, biofilm formation that confer resistance to disinfectants, antibiotics and protect
against detrimental environmental conditions (Karunasagar et al., 1994), antibiotic synthesis,
motility and production of virulence factors in animal, plant and human pathogens (Peters et al.,
2003; Henke & Bassler, 2004). Most important vibrios as opportunistic species that can evolve
and recombine under high microbial contact in animal guts or as part of aquatic biofilms
transferring or inducing expression of virulence genes in less or non-pathogenic populations
(Thompson et al., 2004).

Microbes have developed a number of different strategies to utilize iron, which is a vital
element for most pathogenic Vibrio bacteria (V. cholerae, V. vulnificus, V. parahaemolyticus, V.
anguillarum) to establish infection. Nevertheless this element is not always readily available
from the environment making these organisms heavily dependent on their ability to use the host-
complexed iron (Koster, 2001). A key feature which enable pathogenic bacteria to survive and
multiply within the host is the production of siderophores, iron-sequestering compounds, and the
synthesis of their cognate transport systems, which are crucial in overcoming the defense
mechanisms of the host (Neilands 1981, 1995; Crosa & Walsh, 2002). Moderate levels of iron
increase the expression of the cholera toxin (CT) virulence factor. The introduction of iron into
the environment by agricultural practices and industrial pollution may lead to increased survival
and virulence of Vibrio bacteria (Patel & Isaacson, 1999).

Among the numerous physical factors the influence Vibrio bacteria, temperature has the
most direct and significant effect on their biology and ecology. It is generally recognized that
high densities of Vibrio organisms occur during the warmer months, a finding that is consistent
with seasonal distribution of clinical cases and fatalities traced to the consumption of

contaminated seafood (Levine & Griffin, 1993; Lipp et al., 2002). Warmer temperatures in
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combination with elevated pH and plankton blooms, can also influence Vibrio attachment,
growth, and multiplication in the aquatic environment. Sunlight and UV intensity increase the
rates of induction and propagation of the CTX phage, and promote viability and culturability of
vibrios. For instance, V. cholerae remains stable in full sunlight compared to enteric bacteria

such as E. coli, which gives vibrios a clear advantage at tropical latitudes (Mezrioui et al., 1995).

In addition to temperature, elevated sunlight can stimulate the growth of indigenous
heterotrophic bacteria within water bodies. For example, sunlight increases nutrient availability
through the photochemical breakdown of complex polymers releasing organic metabolites
(Eilers et al., 2000). Such sunlight induced nutrient enrichment in seawater samples and
sediments have been correlated with increases in the relative abundance of Vibrio populations
(La Rosa et al., 2001). Sea level rises following higher temperatures increase saltwater intrusion
in coastal lands and exposes human population to vibrios. Sunlight, temperature and nutrients
influence the growth of phytoplankton and aquatic plants, which consequently alter the dissolved
oxygen (O,) and carbon dioxide (CO;) content of the water and therefore, the pH of the
surrounding water. These direct and indirect effects on algal growth subsequently influence the
population of vibrios in a given environment.

Vibrio spp are closely associated with aquatic invertebrates and can be found highly
concentrated on zooplankton carapaces and in their gut, sediments and suspended detritus.
Vibrios significantly affect nutrient cycling in these habitats and often comprise a major portion
of aquatic animal’s natural flora (Cano-Gomez et al., 2009; Lipp et al., 2002). Generally non-
fermenting bacteria such as Pseudomonas are found in association with phytoplankton, whereas
Vibrios and Aeromonas are more likely to be associated with zooplankton (Simidu ez al., 1971).

High phytoplankton production increases food for zooplankton grazers. Once Vibrio is attached
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to zooplankton, they are protected from the external environment and begin to proliferate and
take advantage of the increased surface area and improved conditions of nutrition (Huq et al.,
1983). All these environmental triggers are epidemiologically important for the prevalence and
virulence of Vibrio bacteria, which results in shorter onset times and lower infectious doses

(Lipp et al., 2002).

1.4 Emerging and re-emerging Vibrio pathogens

Recent increases in the incidence of diseases, and emergence of new diseases, are linked with
numerous factors, including declines in the physiological condition of potential hosts, habitat
loss, climate change, pollution, and globalistion. In marine systems, declining water quality due
to sedimentation, eutrophication and pollution causes localised outbreaks of disease that are then
rapidly spread. Marine animals have few boundaries to dispersal and the spread of pathogenic
organisms is futher enhanced by international shipping (Bogomolni ef al., 2008). These factors
coupled with adaptive mechanisms in Vibrio and potential new environmental conditions due to
climate change, are predicted to have significant ramifications for marine systems and humans
alike. The best known of these bacteria, along with their epidemiololgy and ecology, are

described in turn.

1. Vibrio cholerae - V. cholerae, along with V. parahaemolyticus and V. vulnificus are the most
significant human pathogens (Tantillo ef al., 2004; Thompson et al., 2006) V. cholerae colonizes
the small intestine and releases enterotoxins to produce an abrupt onset of vomiting and watery
diarrhea which leads to profuse loss of fluids and electrolytes (sodium, potassium, bicarbonate),
and subsequent cardiac arrhythmia and renal failure. Cholerae toxins block uptake of sodium and
chloride from the lumen of the small intestine and produces death due to hypovolemic shock and

metabolic acidosis. The mechanisms of transmission for cholerae include water, unwashed
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contaminated food, and seafood from Vibrio cholerae estuaries (Griffit et al., 2006).
Environmental reservoirs include oysters (Alexander et al., 1998); zooplankton and
phytoplankton from various aquatic environments (Islam et al., 2002); brackish and salt waters
(Forbes et al., 2002); Acanthamoeba castellanii protozoa (Jain et al., 2006); and Chironomids

generally known as the non-biting midges (Diptera Chironomidae) (Halpern et al., 2004).

V. cholerae display more than 200 serogroups based on somatic O antigen. O1 and O139
serogroups are responsible for the classic epidemic cholerae. The O1 serogroup is subdivided
into two biotypes: El Tor and classical (or cholerae). There are three serotypes: Ogawa, Inaba,
Hikojima. Some O1 strains do not produce cholerae enterotoxin (atypical or nontoxigenic O1 V.
cholerae). Other strains are identical to O1 strains but do not agglutinate in O1 antiserum (non-
cholera (NCV) or nonagglutinating (NAG) vibrios). Cholerae is endemic in regions of southern
and south eastern Asia (the origin of pandemic cholerae outbreaks) (Mezrioui et al., 1995;

Buttler & Camilli, 2004; Thompson et al., 2006).

2. Vibrio vulnificus - V. vulnificus is a marine bacterium found as a contaminant in oysters as
well as other seafood (Daniels & Shafaie, 2000; Igbinosa & Okoh, 2008). Brackish waters are
considered as a natural reservoir of these bacteria. It is one of the most invasive and lethal human
pathogens (Igbinosa & Okoh, 2008) and it shows different levels of pathogenicity. Even with
prompt diagnosis and aggressive therapy, the case-fatality rate is more than 40 percent and the
taste, appearance, and odor of seafood are not affected by V. vulnificus contamination (CDC,
2004). In people with pre-existing conditions, consumption of the pathogens can produce a
rapidly fulminating primary septicemia. People who have liver disease, alcoholism, diabetes,
hemochromatosis, or a compromised immune system are at particular risk of developing a

septicemia that can be fatal within 48 hours in approximately 50% of the cases (Daniels &
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Shafaie, 2000; Grau 2006). Males are more vulnerable because estrogens protect women against

V. vulnificus endotoxin (Merkel et al., 2001).

A second serious illness induced by this species is wound infections resulting from
contact with contaminated seawater or shellfish. These infections can progress quickly and may
require surgical debridement or amputation of the affected limb unless treatment is initiated
promptly. V. vulnificus is responsible for 95% of seafood-related deaths (Oliver, 2005;
Chatzidaki et al., 2006; Grau, 2006). The primary virulence factors are a capsular polysaccharide
(CPS) that allows the bacteria to evade the host immune system and lipopolysacharidae (LPS),
which is associated with shock and death (McPherson et al., 1991; Grau, 2006). Two phenotypic
forms were previously known to exist, opaque (virulent) and translucent (avirulent), and have
been shown to undergo spontaneous phase variation, each switching to the other phenotype.
Researchers found a third phenotype, rugose, that is dry and wrinkled compared to the smooth
colony (Grau, 2006). V. vulnificus has been recovered from recurrent outbreaks of diseased eels
(Anguilla anguilla) in Spain and Denmark (Lise et al., 1998); from Japanese eels (Anguilla
Jjaponica) (Nishibuchi ef al., 1980); and from fish and shrimps inducing a major outbreak of
systemic V. vulnificus infections among Israeli fish market workers and fish consumers during
the summer of 1996 (Bisharat et al., 1996). In addition, it was reported to cause illness in

humans after handling of eels (Mertens et al., 1979).

3. Vibrio parahaemolyticus - Since the first report in 1950, V. parahaemolyticus has been
recognized as the leading cause of human gastroenteritis associated with seafood consumption
(Daniels & Shafaie, 2000; Cabrera-Garcia et al., 2004). It is also related with wound infections
and septicemia (Fujino et al., 1953). Outbreak characteristics depend on the species of shellfish,

the season, the location and the level of fecal pollution (Walkins & Cabelli, 1985). Clinical
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symptoms include diarrhea, headache, vomiting, nausea, abdominal cramps and low grade fever,
and the disease has an incubation period ranging from 4 to 96 hours (Daniels & Shafaie, 2000).
V. parahaemolyticus pathogenicity is mediated by different mechanisms such as expressions of
adhesins (Lijima et al., 1981; Robert-pillot et al., 2004) and production of a cell-associated
Shiga-like cytotoxin (O'Brien et al., 1984). V. parahaemolyticus display the thermostable direct
hemolysin (TDH) and TDH-related hemolysin (TRH) as the main virulence factors (Cabrera-
Garcia et al., 2004; Tyagi et al., 2009). Epidemiological studies have revealed an association
between the Kanagawa phenomenon (KP) and gastroenteritis. KP is a type of beta-hemolysis
induced by the thermostable direct hemolysin (TDH) in Wagatsuma agar (Cabrera- Garcia et al.,
2004). V. parahaemolyticus has been recovered from an ample range of environmental sources.
An estuarine neritid gastropod, Clithon corona, is recognized as a reservoir of thermostable
direct hemolysin-produced by V. parahaemolyticus (Aiyamperumal et al., 2005). V.
parahaemolyticus has been recovered from Spartina alterniflora, the dominant plant in salt
marshes along the Atlantic and northern Gulf coasts of temperate North America (Criminger et
al., 2007). It was also isolated from the lung of one of a group of stranded Pacific pilot whales
(Globicephala macrorhynchus = G. scammoni) (Hall et al., 1971). This bacterium displays a
very high prevalence in Asian warm coastal waters as well as fish and shellfish (Davies et al.,

2001).

4. Vibrio alginolyticus - This species derives its name from its ability to utilize alginate. It is the
most salt-tolerant among the pathogenic Vibrio species and can even grow in high salt
concentrations up to 10% (Neill ez al., 2005). Its virulence is related to its ability to produce
hemolysis, hemagglutination, and proteolytic extracellular enzymes colagenasa and alkaline

proteases (Reid et al., 1980; Zanetti et al., 2000). It forms large, yellow (sucrose fermenting)
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colonies on TCBS medium. V. alginolyticus has been etiologically associated with cellulitis,
wound infections, necrotizing soft tissue infection and acute otitis media or externa but also with
gastroenteritis and bacteraemia in immunocompromised patients (Patterson et al., 1988; Schets
et al., 2006). The route of infection is direct contact with contaminated seawater or ingestion of
raw seafood. There are reports of septic shock in a cirrhotic patient after eating raw fish (Lee et
al., 2008), necrotizing fasciitis following a soft tissue injury from a coral reef to the leg
(Patterson et al., 1988), conjunctivitis (Lessner et al., 1985), articular infections in old patients
(Schets et al., 2006), myringitis (Lee & Choi, 1995), peritonitis associated with ambulatory
peritoneal dialysis (Taylor, 1981), and intracranial infection by Vibrio alginolyticus following
injury in salt water (Opals & Ramsey, 1986). V. alginolyticus is considered an occupational
hazard for people who fish or are in constant contact with seawater like divers, and fishermen
(Janda ef al., 1987). Furthermore, this bacteria was reported as a causal agent of yellow band
disease in corals Montastraea spp (Cervino et al., 2004); V. alginolyticus was isolated from
necrotic stomatitis in a captive bottlenose dolphin Tursiops truncates (Colgrove et al., 1975);
recovered from blowhole and gastric samples from a captive bottlenose dolphin with sinusitis
(Wright et al., 1979) and was also reported on the successful treatment of skin disease caused by
V. alginolyticus in a bottlenose dolphin held in an open ocean pool (Schroeder et al., 1985).
Vibrio alginolyticus in specific association with copepods like Tigropus filvus and other plankton
organisms are the most plausible reservoir from which epidemic, fully virulent strains could

flourish (Carli et al., 1993).

5. Vibrio mimicus - This pathogen is a non-halophilic Vibrio named because of its similarity to V.
cholerae. V. mimicus is a causative agent of gastroenteritis, food poisoning, wound and ear

infections (Janda, 1987; Campos et al., 1996). It has been considered a secondary invader of red
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claw crayfish (Cherax quadricarinatus) (Eaves & Ketterer, 1994). V. mimicus secretes a 63 kDa
enterotoxic hemolysin as the most potent virulence factor. Enterotoxic hemolysin targets
intestinal epithelial cells which affect ion transport to produce watery diarrhea, vomiting, and
severe dehydration but no fever (Campos et al., 1996; Takahashi et al., 2007). V. mimicus
hemolysin (VMH) possess both hemolytic and enterotoxic activities (Sultan et al., 2007). V.
mimicus has also been isolated from a number of environmental sources including oysters, fish,
prawns, bivalves, rivers, and brackish waters. From April 1991 to December 1994, 33 cases of
diarrhea caused by V. mimicus were reported by the emergency units of hospitals of the Costa
Rican National Health Security System due to the consumption of raw turtle eggs (Lepidochelys
olivacea) (Campos et al., 1996). Countries as far apart as Bangladesh, Calcutta (India), and the
United States reported that between 10 to 35% of the V. mimicus found in clinical specimens
produced Cholerae Toxin (CT). These data may explain why most of the patients studied (60 to
80%) presented a mild form of diarrhea, were treated as outpatients, with oral rehydration

solutions only (Sanyal ef al., 1983).

6. Vibrio fluvialis - This organism is a halophilic Vibrio first identified in 1975 in a patient with
diarrhea in Bahrain (Furniss et al., 1977). The virulence factor is a Cytotoxin labile toxin and
also can produce an enterotoxigenic El Tor-like cytotoxin (Kothary et al., 2001; Igbinosa &
Okoh, 2008). It is biochemically similar to Aeromonas hydrophila but can be differentiated from
this organism by its ability to grow well on media containing 7% sodium chloride. The two
species can be identified by a salt tolerance test (Seidler et al., 1980). V. fluvialis causes wound
infections or primary septicemia (Hlady & Klontz, 1996). The largest series of V. fluvialis
infections involved 500 patients in Bangladesh; most of them were young children. Patients

presented with diarrhea (75% bloody), vomiting (97%), abdominal pain (75%), dehydration
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(67%), and fever (35%) (Huq et al., 1980; Daniels & Shafaie, 2000). V. fluvialis was also
responsible for an outbreak of food poisoning in India which led to gastro-enteritis during 1981.
The stools of 9/14 individuals revealed the presence of the organism (Thekdi et al., 1990). Also,
it has been reported as a cause of wound infection leading to haemorrhagic cellulitis and
cerebritis. The source of this infection was thought to be multiple fire-ant stings and brackish
water (Huang & Hsu, 2005). Acute infectious peritonitis caused by V. fluvialis has also been
reported (Lee Young et al., 2008). This organism is not only isolated from humans but also from
marine and estuarine environments (Seidler ez al., 1980; Morris & Black, 1985). V. Fluvialis
have been implicated as the cause of limp lobster disease of the American lobster, Homarus
americanus and pustule disease of the abalone (Tall et al., 2003) and also was isolated from a tail
lesion in Gray whale Esrhrichtius robustus and from skin lesion, vagina, anus and blowhole of

Belukha whales Delphinapterus Leucas (Buck et al., 1986).

7. Photobacterium damselae subsp. Damselae - This organism was first described in 1981 as a
cause of granulomatous ulcerative dermatitis and death of saltwater damselfish - Chromis
punctipinnis in California coastal waters (Love ef al., 1981). It is similar to V. vulnificus but
causes soft tissue infections following exposure of wounds to brackish water or injury by
saltwater animals (Fraser et al., 1997; Barber & Swygert, 2000). P. damsela infections can be
fulminating and are frequently fatal even in immunocompetent hosts. P. damselae display some
special characteristics: (1) they have two hemolytic phenotypes, and (2) do not produce diarrhea
(Kreger et al., 1987). Sixteen cases of P. damsela infection were reported between 1982 and

1996 of which four were fatal (Fraser et al., 1997).

P. damselae has been recovered from a wide range of other marine animals including

sharks, turbot (Scophthalmus maximus), yellowtail (Seriola quinqueradiata) and red-banded sea
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bream (Pagrus auriga) (Austin & Austin, 2007). The main virulence factors are: (1) Damselysin
toxin, a phospholipase D with sphingomyelinase activity (Cutter & Kreger, 1990); (2) A
neurotoxic acetylcholinesterase (Perez et al., 1998); (3) Extracellular products (ECPs) with low
proteolytic activity (Fouz et al., 1993) and (4) A Siderophore-mediated iron sequestering system

(Fouz et al., 1997).

8. Vibrio metschnikovii - This organism was first described in 1888 (Daniels & Shafaie, 2000). It
is often isolated from the environment in a variety of farm animals showed cytotoxin production.
V. metschnikovii have been cultivated from aborted cattle, swine, and horses as well as the brain
tissue of ducks and geese in different parts of Germany (Kuehn, 2001; Stephan et al., 2002 ).
This Vibrio has also been found in the intestines of chickens together with E. coli in cases of
infectious hepatitis of fowl (Gerlach & Gylstorff, 1967a, b). V. metschnikovii is potentially
pathogenic to larval giant clams, 7Tridacna gigas with infection leading to general disintegration
of the tissues and total mortality (Sutton & Garrick, 1993). V. metschnikovii was isolated from
52.9% of fish samples, and from seven out of eight species of fish studied in Brazil; Pargo
(Snapper), Sardinha (Sardine), Cherne (Grouper), Pescada (Weakfish), Betara (Kingfish),
Carapau (Mackerel), and Bagre (Sea catfish) resulting in forty-eight isolates of V. metschnikovii
recovered (Matte et al., 2007). Furthermore V. metschnikovii was found in raw fish and shellfish
in markets and shops (Buck, 1991) V. metschnikovii is a zoonotic organism that can be
transmitted to humans via the food chain. In humans V. metschnikovii was isolated from the
blood of a diabetic woman with acute cholecystitis (Jean-Jacques et al., 1981). V. metschnikovii
was recovered from 5 infants with diarrhea during a cholerae surveillance program in Peru and

from the stool of 6 diarrheal patients in Recife, Brazil (Daalsgard et al., 1996; Magalhaes et al.,
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1996). Also was found in a postoperative wound infection on the lower right leg of a patient after

saphenectomy (Linde ef al., 2004) and in a patient with pneumonia (Wallet et al., 2005).

Several virulence factors have been described reflecting the presence of hemolysins and
verotoxins (Matte et al., 2007). A cytolysin was found from one strain of V. metschnikovii
isolated from diarrheic feces (Miyake ef al., 1988). The presence of plasmids also has been
described (Dalsgaard et al., 1996). A gene encoding an extra cellular alkaline serine protease was

cloned and characterized from V. metschnikovii strain RH530 (Kwon et al., 1995).

9. Vibrio (Grimontia) hollisae was first described in 1982 in patients with diarrhea. V. hollisae
most commonly causes gastroenteritis but rare cases of septicemia and wound infections have
been reported (Hickman et al., 1982; Rank et al., 1988; Hlady & Klontz, 1996; Hinestrosa et al.,
2007). V. hollisae isolation from environmental samples is limited, since it grows poorly on
selective TCBS media and MacConkey agar. It needs to be isolated from colonies on a blood
agar plate and identification by biochemical test is also difficult because it is biochemically inert
(Hickman et al., 1982). Four cases of septicemia associated with V. hollisae have been reported.
Three cases occurred in patients with underlying liver disease (Rank et al., 1988; Gras-Rouzet et
al., 1996; Hinestrosa et al., 2007). V. hollisae virulence is related to a hemolysin similar to the
thermostable direct hemolysin (TDH) of V. parahaemolyticus. Nonetheless the hemolysin is
heat-labile. V. hollisae also produces a heat labile factor that elongates CHO cells and induces
intestinal fluid accumulation in suckling mice but it is different from cholerae toxin (Kothary et

al., 1995).

10. Vibrio cincinnatiensis was isolated from the cerebrospinal fluid and blood in a 70 year old

patient with confusion, showed positive results to biochemical tests included oxidase, sensitivity
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to 0/129, O-nitrophenyl-I-D-galactopyranoside, lysine decarboxylase and fermentation of
glucose, salicin, n-inositol, sucrose, L-mannose, L-arabinose, and arbutin. Negative to indole,
ornithine decarboxylase, arginine dihydrolase fermentation of lactose, and production of
gelatinase and urease; grew poorly on TCBS media culture (Brayton et al., 1986). V.
cincinnatiensis is a halophilic Vibrio that also has been isolated from diarrheal stool in a 67 year
old patient suffering enteritis and from two aborted bovine fetuses of different herds.
Nevertheless these strains grew on TCBS, CIN, MacConkey and XLD plates. Their biochemical
activities were dependent on NaCl concentration, in particular the formation of indole, lysine and
ornithine decarboxylases, arginine dihydrolase, the reduction of nitrate and behaviour in the
Voges-Proskauer test. Moreover, lysine decarboxylase and nitrate reductase were temperature-
dependent (Wuthe et al., 1993). In addition V. cincinnatiensis were isolated from different fresh
water environments as the Ohta River, Hiroshima, Japan, which demonstrated hemolytic and
cytotoxic activities (Venkateswaran et al., 1989); in water samples collected from the Choptank
River in Chesapeake Bay, USA in 1999. V. cincinnatiensis was present in much smaller numbers
than other Vibrio species, with the highest counts being found in July and September (Heidelberg
et al.,2002). V. Cincinnatiensis also was found in Mytilus galloprovincialis (mussels) harvested

from Adriatic Sea, Italy (Ripabelli et al., 1999)

11. Vibrio furnissii - This bacterium was originally considered as an aerogenic strain of V.
Sfluvialis. In 1983, however, V. furnissii genetic analysis showed it to be a distinct species, which
have lateral flagella, produce gas from glucose and are differentiated into various O serogroups
for epidemiological studies (Brenner ef al., 1983; Shinoda et al., 1992). This organism has been
isolated from the environment and from stool samples. V. furnissii was implicated with diarrheal

disease in 16 patients in Brazil (Magalhaes et al., 1993); in an outbreak of gastroenteritis
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occurring on an aircraft in 1969 (CDC, 1969). V. furnissii was also isolated in 14 patients, 6 with
diarrhea and 8 without symptoms during a cholerae surveillance program in Peru during 1994
(Dalsgaard et al., 1997). V. furnissii has been associated albeit tenuously with eel disease in
Spain (Austin & Austin, 2007). The virulence factor is related to a hemolytic factor; ECPs
damaged HeLa cells (Magalhaes et al., 1993); and with Phosphomannomutase (PPM) that

induces intestinal damage within 3 days in mice after oral uptake (Kim et al., 2003).

12. Vibrio harveyi - This monotrichous bioluminescent Vibrio was originally named as
Achromobacter harveyi. Then, at various times, it has been named as Lucibacterium harveyi,
Beneckea harveyi, Achromobacter harveyi, Pseudomonas harveyi, Photobacterium harveyi,
Vibrio carchariae, Vibrio trachuri (Austin & Zhang, 2006; Thompson, 2006). Its current
taxonomic position as V. harveyi is due to the isolation from a shark that died in captivity in
Baltimore, USA in 1982 (Grimes et al., 1984). It can be found globally in marine environments,
either in a free-living state or in symbiosis with marine life. It is a common pathogen to many
marine organisms. V harveyi has been isolated from necrotic enteric tissues of cultured flounder,
Paralichthys dentatus in USA (Gauger et al., 2006); from common snook, Centropomus
undecimalis (Kraxberger-Beatty et al., 1990); black sea bream, Acanthopagrus schlegeli,
yellowfin sea bream, Acanthopagrus latus, Japanese sea bass, Lateolabrax japonicus and red
drum, Sciaenops ocellatus (Lee et al., 2002); It is one of the main pathogenic bacteria recognized
in crown-of-thorns starfish (Sutton et al., 1988; Rivera-Posada et al., 2011); cultured brown
spotted grouper, Epinephelus tauvina in Kuwait (Saeed, 1995). In humans was reported from a
leg wound resulting from a shark bite, USA (Pavia et al., 1989). Vibrio harveyi pathogenicity
mechanism are related with extracellular products like cysteine protease, phospholipase,

haemolysins, ADP-ribosylating toxins (Liu ef al., 1996; Soto-Rodriguez et al., 2003);
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lipopolysaccharide (Montero & Austin, 1999); Bacteriophage (Oakey & Owens, 2000);
bacteriocin-like substance (Prasad et al., 2005); Quorum-sensing factors (Henke & Bassler,
2004); capacity to bind iron (Owens et al., 1996); ability to attach and form biofilms
(Karunasagar et al., 1994). Proteases and hemolysins are considered to play a major role in host

tissue liquefaction (Deanne, 2005).

Coral reef pathogens

On coral reefs, Vibrio bacteria have been implicated in coral bleaching and coral diseases
(Bourne et al., 2008). Reports on coral disease continue to rise with currently 29 reported
syndromes in the Caribbean and 7 from the Indo-Pacific (Banin et al., 2000; Rosenberg & Loya,
2004; Sussman et al., 2008). Until now 5 Vibrio species have been directly related with coral
diseases. Modern studies have demonstrated that host, pathogen and environment form a
constantly evolving disease equilibrium contributing to a growing list of newly emerging
infectious diseases (Sussman et al., 2008). Understanding the specific ways in which Vibrios
influence coral diseases and how they affect reef function will allow a better prognosis of the
conditions under which outbreaks and diseases flourish in the marine environment.

13. Vibrio shiloi - This bacterium was characterized as a new Vibrio species on the basis of 16S
rDNA sequence, DNA-DNA hybridization and phenotypic properties which incorporate the
cellular fatty acid profile (Kushmaro et al., 2001). V. shiloi is closely related to V. mediterranei.
Nonetheless the major fatty acids found in V. mediterranei are hexadecane and octadecane, both
of which are not present in V. shiloi AK1T. Another important difference is that Vibrio
mediterranei does not infect corals while V. shiloi does (Kushmaro ef al., 2001). This coral-

bleaching species with type strain AK1" (=ATCC BAA-91'=DSM 13774") was named Vibrio
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shiloi because of the Russian microbiologist Moshe Shilo (1920-1990) pioneer of microbial
ecology in Israel, which is also well known for his work in aquatic microbiology (Kushmaro et
al., 2001; Keynan, 2008). This non-spore-forming rods measure 2.4 x 1.6 um, are motile by a
single polar, displayed sheathed flagellum when grown on solid or liquid medium and their
colonies are light yellow on marine agar after 48 h incubation at 30 °C. Furthermore they have
slightly serrated edges, do not luminescence and cannot survive in corals at temperatures below
20 °C requiring a fresh infection every year. The Bearded fireworm Hermodice carunculata is a
vector and winter reservoir of V. Shiloi.

This Vibrio was the first bacterium recognized as a causative agent of coral bleaching in
the Mediterranean coral Oculina patagonica (Kushmaro et al., 1996, 1997, 1998; Banin et al.,
2000,). V. shiloi produces death of the endosymbiotic zooxanthellae and bleaching of corals at
temperatures ranging from 20 to 32 °C. The virulence factors involved are related to extracellular
P toxins that block photosynthesis, bleach and lyse zooxanthellae (Ben-haim et a/., 1999; Banin
et al.,2001). This organism causes the obliteration or loss of algae, and produces both a heat-
stable extracellular toxin that inhibits the photosynthesis of zooxanthellae and also heat-sensitive
toxins that bleach and lyse algal cells isolated from corals (Banin ef al., 2001). V. shiloi
penetrates into the coral epidermis following adhesion to the coral surface, multiply in the tissue
and enter a state in which they fail to form colonies on media that normally sustain the growth of
V. shiloi (Banin et al., 2000).

14. Vibrio coralliilyticus (coral dissolving bacteria) is closely related to Vibrio tubiashii and
Vibrio shiloi. It is a Gram-negative, motile, rod-shaped bacterium which measures 1.5 x 0.8 pm
has a single polar, sheathed flagellum. Colonies are pale colored on marine agar and yellow on

TCBS agar after 48 h incubation at 30 °C, have smooth edges and do not have luminescence.
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The main cellular fatty acids are 16: 0 and 18: 1w7c¢. Vibrio coralliilyticus was reported as the
causative agent of temperature induced bleaching of Pocillopora damicornis in the Indian Ocean
and also was isolated from three different diseased P. damicornis colonies on the Eilat coral reef,
Red Sea. In addition was isolated from diseased oyster larvae in Kent, United Kindom and from
bivalve larvae in Brazil (Ben-Haim & Rosenberg, 2002; Ben-Haim et al., 2003)

15. Vibrio corallilyticus was linked with white syndrome disease in Indo-Pacific corals. It was
isolated from Montipora aequituberculata fragments collected in Nelly Bay, Great Barrier Reef;
from Acropora cytherea corals in Marshall Islands and from P. speciosa sections of Nikko Bay
Palau (Sussman et al., 2008; Meron, 2009). This organism is present in different hosts, probably
including bivalve larvae (Ben-Haim et al., 2003). The virulence factor is related to zinc-
metalloproteinases at temperatures > 26 °C that caused quick photoinactivation of predisposed
Symbiodinium endosymbionts followed by lesions in coral tissue (Ben-Haim et al., 2003;
Sussmann et al., 2008).

16. Vibrio tasmaniensis was identified using fluorescent amplified fragment length
polymorphism patterns. The type strain of this species is LMG 20012”sup T" (CAIM 634"sup
T7) isolated from Atlantic salmon (Salmo salar) in Tasmania. Cells are slightly curved and 1 um
width by 2-3 um length. They appear as translucent, curved, non-swarming, smooth-rounded
colonies with entire margin, beige in color and about 4 mm in diameter on TSA after 48 h
incubation at 28 °C. Strains formed green, translucent, smooth-rounded colonies of 4 mm on
TCBS plates. V tasmaniensis have a facultative anaerobic metabolism and ferment glucose,
mannitol and amygdalin, but not inositol, sorbitol, sucrose, melibiose and arabinose. Grow
between 4 — 35 °C but no growth is observed in the absence of NaCl or in media with > or = 8%

(w/v) NaCl. Abundant growth occurs at 28 °C in media containing 2.5% (w/v) NaCl. Vibrio
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tasmaniensis 1s positive to oxidase, catalase, tryptophane deaminase, indole and Voges-
Proskauer reaction. Vibrio tasmaniensis is a cold-water adapted organism which does not enter in
the VBNC state at 4°C. This bacterium was recognized as part of the biota associated with
marine organisms and also was isolated from necrotic tissue of the gorgonian octocoral Eunicella
verrucosa from cool temperate waters with range temperatures of 7.5 to 17°C during an outbreak
at Lundy Island, Devon, England in 2003 (Vattakaven et al., 2006).

17. Photobacterium eurosenbergii - This bacterium was isolated from the mucus of the
Caribbean elkhorn coral Acropora palmate (Ritchie, 2006). That study showed that antibiotic
properties of coral mucus, and the mucus potential to select a set of commensal bacteria, were
lost at increased temperatures during the 2005 bleaching event in Florida. These findings implied
a temporal shift in the protective qualities of coral mucus, and a composition shift from
beneficial bacteria to Vibrio dominance under conditions of increased temperature (Ritchie,
2006). Photobacterium eurosenbergii was also recovered from mucus and water surrounding
bleached Barabattoia amicorum corals at Magnetic Island, GBR. P. eurosenbergii CC022 strain
showed the highest superoxide dismutase activity displaying an important antioxidant defense

(Colin et al., 2008).

1.6 Identification methods

The characterization of pathogenic isolates plays an essential role in the epidemiology of
infectious diseases, producing the information necessary to identify, track, and potentially
disease outbreaks (Urwin et al., 2003). Biochemical bacterial identification test like API 20E and
NE kits (BIOMERIEUX SA, Marcy-I'Etoile, France) identify Vibrio bacteria based on carbon
source utilization patterns that can be compared to a database of known organisms to allocate the

best match. These tests are easily performed, readily available, and relatively inexpensive.
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However, the discriminatory power of this test is limited for environmental strains and the
identification of Vibrio species is problematic, largely because of genetic plasticity (Cano-
Gomez et al., 2009). Most members of the genus are halophilic and the addition of NaCl is often
required for enzymatic activity; however the concentration of NaCl can affect (1) the
biochemical profile (2) and lead to erroneous identification. In addition, the characteristics
shared by Aeromonas and Vibrio resulted in the classification of isolates in the wrong genus
(Ohara et al., 2003). Identification is further complicated because of the color and size of the

colonies in vary greatly in media cultures, depending on temperature, salinity, and food source.

Molecular techniques have significant advantages over biochemical techniques for
identifying bacteria, providing data that are objectively scored to provide an unambiguous
identification. Methods that utilize the polymerase chain reaction (PCR) can lead to
identification of an isolate within hours as opposed to days, and can be used on small quantities
of cells, including those that are not viable or are otherwise unculturable, and can be designed to
be specific for genus, species, or allele. A range of different molecular methods have been used
for identification and typing of Vibrio isolates such as Repetitive Extragenic Palindromic (REP-
PCR), Multilocus sequence analyses (MLSA), DNA-DNA hybridization, Arbitrarily primed
polymerase chain reaction (AP-PCR), Amplified fragment length polymorphism (AFLP),
Random amplified polymorphic DNA (RAPD), Ribosomal restriction fragment length
polymorphism (RFLP) (Thompson et al., 2007; Cano-Gomez et al., 2009). The highest

resolution power and reproducibility are achieved with:

Multilocus sequence analysis (MLSA)

MLSA is a molecular technique for the typing of multiple loci that characterises isolates of

bacterial species using the DNA sequences of internal fragments of multiple housekeeping
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genes. For each housekeeping gene, the different sequences present within a bacterial species are
assigned as distinct genotype and, for each isolate, the alleles at each of the loci define the allelic
profile or sequence type (Maiden et al., 1998; Thompson et al., 2007; Cano- Gomez et al.,
2009). MLSA uses PCR amplification followed by DNA sequencing and the nucleotide
differences between strains can be checked at a variable number of genes depending on the
degree of discrimination desired. MLSA is highly clear, portable, reproducible and scalable with
an electronic taxonomy database option (Sawabe et al., 2007; Thompson et al., 2007). MLSA is
becoming popular due to the ease of data analysis and has the advantage that it gives information
about the clonal relationships of isolates that other technique as PFGE does not (Johnson ef al.,
2007). The application of MLSA is massive, and provides a resource for the scientific, public
health, microbiologist, veterinary, epidemiology and food industry communities (Urwin et al.,

2003).

DNA-DNA hybridization (DDH)

This technique has been used by bacterial taxonomists since the 1960’s to determine relatedness
between strains and is still the most important criterion in the delineation of bacterial species
(Goris et al., 2007). DNA Hybridization measures the degree of genetic similarity between pools
of DNA sequences and it is one of the few universally applicable techniques available that could
offer truly genome-wide comparisons between organisms. A value of 70% DDH is the gold
standard for delineating species (Wayne et al., 1987), although 80% DNA— DNA similarity is
suggested for species definition within the family Vibrionaceae (Gomez-Gil ef al., 2004). Some
disadvantages of this technique are the relatively large quantities of DNA required when
compared with PCR techniques, it is labour intensive, time consuming, no incremental databases

can be built, in contrast to sequence analysis (Cho &Tiedje, 2001; Gevers et al., 2005; Goris et
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al., 2007). Because of these drawbacks and the decreasing cost of DNA sequencing it is likely
that DNA-DNA hybridization will be replaced by sequence techniques like MLST in the near

future.

Repetitive Extragenic Palindromic (REP-PCR)

This technique uses DNA primers complementary to naturally occurring, highly conserved
repetitive DNA sequences, present in multiple copies in the genomes of most Gram-negative
bacteria. Three families of repetitive sequences have been identified: (1) REP sequence; (2)
ERIC sequence (Enterobacterial repetitive intergenic consensus); (3) BOX element (Versalovic
et al., 1991). These sequences are located in distinct, intergenic positions around the genome.
Appropriate PCR primers directed at these repeated sequences generates multiple amplification
of distinct genomic regions located between these elements and are referred to as REP-PCR,
ERIC PCR and BOX PCR respectively and as REP-PCR genomic fingerprinting collectively.
Then, a gel matrix is created with the REP-PCR fingerprint and used to differentiate bacterial
isolates at the species and strain level (Versalovic et al., 1991, 1994). One advantage of Rep-
PCR is that the primers work in a variety of Gram-negative and Gram-positive bacteria. This
means that no previous knowledge of the genomic structure is necessary and by passes the need
to identify suitable arbitrary primers by trial and error. In addition, the technique discriminated
closely related vibrios such as V. harveyi, V. alginolyticus, V. campbellii, V. parahaemolyticus,
and V. rotiferianus, and also suggested the existence of new Vibrio species (Cano-Gomez et al.,
2009). PCR with primers based on REP PCR sequences has been successful in differentiating
bacterial strains from diverse species (De Bruijn, 1996; Bennasar ef al., 2002; Bruant ef al.,
2003; Hahm et al., 2003). BOX-PCR is quicker, cheaper, and in many cases more discriminatory

than pulsed field gel electrophoresis (PFGE). Furthermore, patterns are not affected by the
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culture age of the strain to be analyzed and fingerprinting output can be easily analyzed by
computer-assisted methods. Nonetheless, it is generally less reproducible (Kang et al., 2003).
These features make BOX PCR a frequently selected tool in biogeography studies in
environmental microbiology. On the other hand, ERIC-PCR is the most widely adopted of the
above three REP PCR typing methods and has been applied to the typing of many species,
including V. cholera and V. parahaemolyticus (Wong & Lin, 2001). Following outbreaks on
Canada’s Pacific coast, 38 clinical strains of V. parahaemolyticus were analyzed by ERIC-PCR,
ribotyping, PFGE, and restriction fragment length polymorphism. Six ERIC PCR patterns were
identified by a single primer for the amplification, and showed that ERIC-PCR and ribotyping
were helpful in evaluating genetic and epidemiological relationships among V. parahaemolyticus
strains (Marshall et al., 1999). Nonetheless, REP-PCR is preferable to ERIC-PCR because of the
greater reproducibility of its fingerprints (Wong & Lin, 2001.). Basically, all three REP-PCR
typing methods described here could differentiate Vibrio from other species and effectively

differentiate intraspecific strains.

Amplified fragment length polymorphism (AFLP)

It is a polymerase chain reaction (PCR) based genetic fingerprinting technique developed in the
early 1990’s by Keygene (Vos et al., 1995). AFLP has high reproducibility, resolution,
sensitivity and could amplify between 50 and 100 fragments at one time. In addition, no prior
sequence information is needed for amplification. As a result, AFLP has become beneficial in the
study of new taxa including bacteria, fungi and plants and is widely accepted as an effective tool
for identifying genomic differences among closely related species. Nonetheless it is time
consuming and expensive. The procedure of this technique follow 3 steps: First there is a total

cellular DNA digestion with one or more restriction enzymes and ligation of restriction half-site
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specific adaptors to all restriction fragments. Then a selective amplification of some of these
fragments with two PCR primers that have corresponding adaptor and restriction site specific
sequences is produced and finally a electrophoretic separation and amplicons on a gel matrix,
followed by visualization of the band pattern through autoradiographic or fluorescence
methodologies (Vos et al., 1995; Mueller & Wolfenbarger, 1999; Thompson et al., 2001). The
key feature of AFLP—PCR is its capacity for the simultaneous screening of many different DNA
regions distributed randomly throughout the genome (Mueller & Wolfenbarger, 1999; Thompson

etal.,2001).

1.7 Conclusions

Vibrio bacteria are a normal component of aquatic micro biota, common in water and a variety of
different host organisms. Vibrio do not pose a risk to the health of most host, except when the
organism possess nutritional, immunological or genetic deficiencies and/or when subject to
significant environmental stress. Vibrio are opportunistic pathogens that can take advantage
under ecological changes produced by factors like climate change, dense aggregations (culture
environments), contaminated waters, high temperatures, light, salinity and others. Vibrio
constitute an important element of the bacteria flora within the organism and their surrounding
environment being a constant source of infections.

A better understanding of the ecology of infectious diseases of marine animals, which
share marine resources and Vibrio pathogens, and knowledge about reservoirs and modes of
transmission which have been useful in the past for developing technologies or mechanisms to
control the spread of diseases and their cure, will improve the comprehension of marine diseases
and the prediction of human health risks. Special awareness of the full-scale ocean iron

fertilization scheme is required because iron could trigger the virulence factors of vibrios which



Chapter 1 | 32

significantly affect nutrient cycling in these habitats, and comprise a major portion of aquatic
animal’s natural flora and the increase of incidences of emerging pathogens such as Vibrio
species has been generally underestimated. Pathogens and environment are closely related and
form a balance in nature. Disease and outbreaks are induced by multi-factorial mechanisms that
need to be explored both independently and in conjunction with other factors before a decision
could be considered. Studies of coral bleaching induced by Vibrio species could focus on the
recognition and monitoring of vector species involved (i.e hermodice carunculata-V shiloi), and
other fireworms to elucidate their infection mechanism and allow the development of possible

biological control options.



Chapter 2 | 33

CHAPTER 2: Injection of Acanthaster planci with thiosulfate-citrate-bile-
sucrose agar (TCBS). 1. Disease induction

2.1 Abstract

This is the first report of the successful induction of a transmissible disease in the coral-eating
crown-of-thorns starfish Acanthaster planci (COTS). Injection of thiosulfate-citrate-bile-sucrose
agar (TCBS) culture medium into COTS induced a disease characterized by discolored and
necrotic skin, ulcerations, loss of body turgor, accumulation of colorless mucus on many spines
especially at their tip, and loss of spines. Blisters on the dorsal integument broke through the
skin surface and result in large, open sores that expose the internal organs. Oedema and reddened
digestive tissues and destruction of connective fibers were common. Moreover healthy COTS in
contact with these infected animals also displayed signs of disease and died within 24 h. TCBS
induced 100% mortality in injected starfish. There was no introduction of new pathogens into the
marine environment. TCBS promoted the growth of COTS’ naturally occurring Vibrionales to

high densities with subsequent symbiont imbalance followed by disease and death.

1This chapter was published (as written) in Diseases of Aquatic Organisms: Rivera-Posada JA, Pratchett M, Cano-
Gomez A, Arango-Gomez JD, Owen L (2011) Injection of Acanthaster planci with thiosulfate-citrate-bile-sucrose

agar (TCBS). I. Disease induction. Diseases of Aquatatic Organisms 97 (2): 85-94

2.2 Introduction

Outbreaks of crown-of-thorns starfishes (COTS) Acansthater planci L., defined as rapid
increases in starfish densities to >1500 starfish km™ (Moran & De’ath, 1992) represent the most
significant biological disturbance on tropical coral reefs (Birkeland & Lucas, 1990), resulting in

extensive (up to 90%) mortality among reef-building and habitat forming corals (Pratchett 2005;
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Pratchett et al., 2009). A. planci is the principal cause of long-term coral loss at many locations

in the Pacific, including Palau, Guam and Fiji (Bruno & Selig, 2007). Extensive coral losses
caused by outbreaks of A. planci have secondary effects on reef fishes (Sano et al., 1987).
Outbreaks of COTS starfish typically end with rapid population declines, though the
causes of these rapid declines are largely unknown (Moran et al., 1985; Moran, 1986; Pratchett,
2005). In Fiji, the rapid disappearance of A. planci following an extensive outbreak in the 1980°s
was attributed to disease (Zann et al., 1990). Disease has been implicated in the mass-mortalities
of numerous other echinoderms (e.g. Dungan et al., 1982; Lessios et al., 1984; Williams et al.,
1986). Pratchett (1999) demonstrated that tissue removed from sick and dying COTS starfish,
collected on the Great Barrier Reef towards the end of an outbreak, can be used to infect other
seemingly healthy starfish, indicating that COTS starfish are susceptible to infectious diseases.
While there was no attempt to isolate the pathogen involved, Sutton et al., (1988) isolated several
potential pathogens, including Vibrio harveyi, V. tubiashi, V. campbellii, Pseudomonas and
Moraxella bacteria in captive A. planci that were exhibiting conspicuous signs of disease.
However, Pseudomonas and Moraxella were described as normal flora in coral reef seawater
around healthy COTS in subtropical Japan (Okinawa) (Reed et al., 1999). In another
echinoderm, Vibrio harveyi, V. natriegens and V. alginolyticus were described as the causal
agents of skin ulceration disease in cultivated juveniles of Holothuria scabra (Morgan, 2000;
Becker, 2004). V. anguillarum and Aeromonas salmonicida also induced the bald sea urchin
disease of Strongylocentrotus purpuratus (Gilles & Pearse, 1986). These pathogenic vibrios
coordinate the expression of certain genes in response to their population density through a
quorum sensing mechanism (QS), releasing and detecting signal molecules or autoinducers

consisting of N-acyl homoserine lactones (AHLs). These regulatory systems control various
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functions, including bioluminescence, conjugative plasmid transfer, biofilm formation, antibiotic
synthesis, motility and production of virulence factors in animal, plant, and human pathogens

(Peters et al., 2003; Fangfang et al., 2008; Park et al., 2008).

Vibrios are usually isolated and cultured in microbiology laboratories by the use of
thiosulfate-citrate-bile-sucrose agar (TCBS), which is considered the primary plating medium
universally used for the isolation of these bacteria (Kobayashi et al., 1963). This highly selective
agar meets the nutritional requirements of Vibrio spp., allowing vibrios to compete with
intestinal flora (Baron ef al., 1994). TCBS components include yeast extract and bacteriological
peptone which provide the nitrogen, vitamins and amino acids. Sodium citrate, sodium
thiosulfate and ox bile are selective agents, providing an alkaline pH to inhibit Gram-positive
organisms and suppress coliforms. An increased pH is used to enhance growth of Vibrios,
because these organisms are sensitive to acid environments. Sucrose is the fermentable
carbohydrate. Sodium chloride stimulates the organism’s growth and maintains the osmotic
balance of the medium. Sodium thiosulfate is a sulfur source and together with ferric citrate acts
as an indicator to detect hydrogen sulfide production. Bromothymol blue and thymol blue are pH
indicators and agar is the solidifying agent.

The purpose of this study was to explore a novel method to control COTS through the injection
of TCBS agar. This induces a fatal disease that spreads to in-contact COTS. A secondary aims
was to identify naturally occurring bacteria in COTS before and after TCBS injections.
Moreover, this study examines wheter these potential Vibrio pathogens would cause symptoms

consistent with natural instances of disease observed previously.
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2.3 Materials and methods

Study sites

The study was undertaken during February-December 2009 at 2 locations: (1) Lizard Island (14°
40 'S, 145°27E) located in the far northern section of the Great Barrier Reef (GBR; Australia)

and (2) Haputo Point, northwest Guam, (13° 28 "N, 144° 40' E) in the Western Pacific Ocean.

COTS collection and maintenance conditions

A total of 80 COTS were collected from a range of different depths (3-15 m) and from low- and
high- density populations. Fifty starfish were from Lizard Island and 30 from Guam. A total of

58 starfish were placed in pairs in 68 L plastic aquariums (Nally bins; 64 cm long x 41 cm wide
x 40 cm deep). The other 22 starfish were placed in a large tank (270 cm long x 160 cm wide x

50 cm deep) with constant water flow and an average temperature of 28 to 30°C.

Media cultures

Thiosulfate-Citrate-Bile-Sucrose Agar (TCBS; Oxo0id"), Nutrient Agar (NA; Oxoid®)
supplemented with 2% NaCl and Marine Broth (MB; Difco™™) were used to culture all
organisms of potential significance from the starfish and to determine whether these culture
media could induce disease in Acanthasther planci. A total of 88 grams of the TCBS agar were
added to 1 1 of reverse-osmosis purified water, heated with permanent agitation to promote the
dissolution of the powder but were not excessively heated or autoclaved. This kept the TCBS
media in a liquid state for subsequent injection in COTS. MB and NA were prepared following

the manufacturer’s instructions. All media were stored at 4°C.

Culture media experiments

Five different experiments were carried out.
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Experiment 1. Nine COTS separated into 3 groups of 3 starfish were used in this experiment.
Twelve ml of each medium were injected to individual COTS with a 21gauge syringe to
determine which media culture induced disease. Nutrient agar was slightly heated to dissolve the
agar and facilitate injection. COTS were individually placed in separate aquaria to observe their
behaviour, reactions and the latency period of the disease and time to death.

Experiment 2. Fifteen COTS injected with TCBS were used in this experiment; separated in 3
groups of 5 starfish and placed in individual aquaria at three different temperatures (26, 28 and
30°C) to investigate wheter changes in temperature influenced the bacteria ecology, accelerated
the presentation of clinical signs and affected time to death.

Experiment 3. Eighteen COTS were placed in pairs into Nally bins; one starfish of each tank was
injected with 12 ml of TCBS solution to observe wheter the disease induced by TCBS injection
could be transmitted to the healthy in-contact COTS.

Experiment 4. Sixteen COTS located in pairs in 8 aquariums were used in this experiment.
Induction of disease through the injection of 12 ml of TCBS was followed by removal of sick
COTS to investigate wheter diseases continued to progress without the presence of sick COTS.
Once the exposed starfish showed the first clinical signs of mucus on the tip of spines and loss of
vertical aspect of spines the injected COTS were removed and 1 ml of water with mucus was
collected to measure bacterial density by the dilution and plating method.

Experiment 5. A total of 22 COTS were placed in a large tank at the Marine Laboratory
University of Guam (UCLM) at 28.7 °C. Two were injected with the TCBS solution to (1)
observe wheter Guam COTS were susceptible to the disease induced by TCBS injection (2)

determine wheter healthy COTS at high densities and in contact would avoid the sick starfish;
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and (3) investigate wheter healthy Guam COTS also become infected with the transmissible

disease once they were exposed to a sick COTS (outbreak density simulation).

Sample collection and bacterial identification
Microbiology

In order to culture bacteria for later identification, sterile inoculation loops were used to swab the
skin surface, dermal lesions and inside the anus of individual starfish. These samples were then
streaked on TCBS and NA with 2% NacCl plates and grown for 24 h at 30-32 °C. Individual
colonies from these plates were grown in MB at 30-32 °C with shaking. Bacterial stocks were
(™

stored in liquid nitrogen at -80 °C in either MB with 30% (v/v) glycerol or in Microban

cryovials (Pro-Lab Diagnostics) for further identification using PCR.

DNA extraction and Polymerase Chain Reaction

Genomic DNA was extracted from overnight MB cultures of 19 COTS bacterial isolates using
the Wizard Genomic DNA Purification Kit (Promega®) according to the manufacturer’s
instructions. Identification of isolates at the level of species was carried out on the base of 16S
ribosomal RNA gene following PCR amplification and sequencing of this gene as described by
Lane, (1991), using the primers 27f (AGA GTT TGA TCC TGG CTC AG) and 1492r (GGT
TAC CTT GTT ACG ACT T). All PCRs were performed in a GENEAMP PCR System 9700
(Perkin Elmer, USA). PCR reactions (20 ul) contained approximately 20ng/ul of genomic DNA,
1X PCR buffer (Quiagen) with a final concentration of 1.5 mM MgCI2, 0.5 uM of each primer,
200 uM dNTPs and 0.5 U Taq Polymerase (Quiagen). A 5ul sample of each PCR product was
resolved by electrophoresis at 100 V for 30 min in 1% agarose gel to detect amplicons of the

expected sizes. PCR products were sequenced by Macrogen Ltd, Korea.
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Phylogenetic analysis

DNA sequences were assembled using the computer software Sequencher 4.9 (Gene Codes).
Sequences were manually corrected, trimmed, and finally compared with those of closest
relatives available in the GenBank nucleotide database using the BLASTN search algorithm
(Altschul et al., 1990). Subsequently, edited sequences were aligned by Clustal X (Thompson et
al., 1997). Phylogenetic trees based on 16S rRNA sequences were constructed with PAUP
v.4.0B10 (Swofford, 2003) under the neighbour-joining algorithm NJ (Saitou & Nei, 1987). A
total of 19 sequence of the isolates under study and 24 publicly available sequences from type
strains of species were used to build the trees. For the analysis, uncorrected “p” distance and the
Kimura two—parameter correction (Kimura, 1980) were tested. Bootstrap support of phylogenies

was calculated on 1000 replicates.

2.4 Results

Induction of disease

Experiment 1. TCBS was the only media culture that induced death of COTS ~ 11.5 h post-
injection at 30°C. MB induced signs of disease 5 h post-injection but recovered after 10 h. NA
broth did not lead to the display of significant signs of disease in healthy individuals.

The characteristic clinical signs of the disease showed by all COTS were discoloured and
necrotic skin, ulcerations, loss of body turgor, accumulation of colourless mucus on many spines,
especially at their tips and loss of spines. Blisters on the dorsal integument broke through the
skin surface and resulted in large, open sores that exposed the internal organs. Oedema and
reddened disgestive tissues, and lysis of connective fribers and the magnesium calcite skeleton

were also common and were observed in infected COTS (Fig. 2.2).
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Experiment 2. Changes in temperature significantly delayed the presentation of clinical signs of
disease and time to death between 25 and 50%. COTS injected with TCBS and placed at 30 °C
died within 10-14 h; at 28 °C died within 14-18 h and at 26 °C died within 18-24 h. A few
starfish lasted longer than others (Table 2.2).

Experiment 3. Succesful transmission to healthy COTS was observed. COTS that were injected
with TCBS displayed signs of disease and died within 24 h. In-contact COTS showed similar
signs of disease and also died within 24 h. However, 2 in-contact COTS were exposed to high
flow currents without direct mucus contact due to pump pressure problems; one displayed rapid
recovery and the other was not infected.

Experiment 4. COTS exposed for short periods to sick COTS recovered normal spine positions,
reduced mcusu production and recuperation was observed after 7 h of solitary confinement. In
contrast, COTS with more advanced signs of disease (blisters, open sores) died even when sick
TCBS-injected COTS were removed from the aquarium. Increases inbacterial densities ranging
between 10° and 107 colony forming units (cfu) ml™" were observed in these COTS, showing a
direct relation with the presentation of disease.

Experiment 5. Guam COTS were susceptible to the infectious disease induced by injection of
TCBS, and COTS at high densities with open sores did not avoid sick, in-contact starfish making
them more susceptible to disease transmission. Succesful disease transmission was observed and
infected starfish died in a similar period compared to those from the GBR (Fig. 2.3)

Isolates identification

The 16S rRNA gene was successfully amplified from 19 bacterial isolates. BLASTN searches
allowed identification of isolates as Vibrio spp., Photobacterium spp and Bacillus sp. with 99-

100% sequence identities. In the case of Vibrio isolates, phylogenetic analysis based on the 16S



Chapter 2 | 41

rRNA sequences, and not only BLAST searches, was necessary for the identification at species
level, due to the high similarities among species for this gene and the presence of multiple
unclassified sequences in the databases (Gomez-Gil et al., 2004; Cano-Gomez et al., 2010). For
isolates belonging to the V. harveyi species group (V. harveyi, V. rotiferianus, V. campbellii and
V. owensii) the 16S rRNA gene sequence inter-species similarities ranged from 98.9 to 99.6%.
The phylogenies offered a more precise identification although low bootstrap support was
obtained in numerous nodes (Fig. 2.1). Strains isolated from sick Acanthaster planci were
tentatively identified as V. owensii, V. rotiferianus, V. harveyi, V. natriegens, V. fortis and
Photobacterium eurosenbergii. Strains of Bacillus sp., V. fortis, V. rotiferianus, V. owensii and
P. eurosenbergii were found in wild healthy animals. Sequences of the 16S rRNA gene were
submitted to GenBank (accession nos. HQ44999 to HQ449979; see table 2.1.). Accession
numbers for Bacillus sp. (isolate: Beige, not shown) and Pseudoalteromonas sp. (isolate: Gumar,

not shown) are HQ449959 and HQ449967, respectively.



ISOLATE 16 s rRNA
G2 HQ449968
Y2 HQ449979
HAEM HQ449964
NA HQ449960
CREAM TCBS HQ449963
GREEN AGRESS HQ449961
GREEN+ HQ449965
CREAM 12-13 HQ449966
GU2Y HQ449969
GUS5SYEN HQ449973
GU5DARKEN HQ449971
GUA4YEN HQ449970
GUIGEN HQ449975
GUS5PALEEN HQ449972
GUMAB HQ449976
GU1.STAR HQ449974
X1 HQ449977
X2 HQ449978
YG HQ449962
BEIGE HQ449959
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Table 2.1. Accession numbers of Crown-of-thorns isolates deposited in GenBank for 16S rRNA

gene.
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Figure 2.1 Phylogenetic analysis base on partial 16S rRNA gene sequences (1,302 nt), using the
neighbour-joining algorithm and the Kimura-two-parameter correction, showing sequence
clustering of crown-of-thorns (COTS) Vibrio isolates and related species. GenBank accession
numbers are provided in parentheses. Photobacterium phosphoreum LMG 4233T was used as
outgroup. Bootstrap support values after 1000 simulations are shown. Bar, 1% sequence
divergence.

“GU?” strains isolated from Guam (USA)

(*): strains isolated from healthy COTS.

("): strains isolated from TCBS-injected moribund COTS.
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Figure 2.2. Clinical signs of COTS induced infection. (a) Loss of skin turgor, blister formation;
(b) ulcerations (UL), changes in colour of skin (SD); (c) Loss of a straight orientation and fall of

spines — black arrow; (d) blisters on dorsal surface, ulcerations and exposure of digestive glands.
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Figure 2.3. Suspected mechanism of disease transmission and advanced clinical signs of disease.
(a, b) Colourless mucus at the top of the spines; (c, d) Destruction of collagen tissues (skin,

digestive glands); (d) death.



variations in water temperature (n = 5 COTS per temperature).
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Table 2.2. Acanthaster planci. Time to death of crown-of-thorns starfish (COTS) in relation to

Exposed temperature

Exposed temperature

Exposed temperature

26°C 28°C 30°C
Number of COT'S used | Number of COT'S used | Number of COT'S used
5 5 5
Time to death Time to death Time to death
COT No Hours COT No Hours COT No Hours

1 19.25 1 16.1 1 11.5
2 24 2 16.4 2 12.43
3 20 3 19 3 14.5
4 25.5 4 12 4 9
5 17.4 5 11.5 5 10.3

Standard mean+ Standard mean+ Standard mean+
21.2 15 11.5

variations in water temperature (n = 5 COTS per temperature)

Figure 2.4. Acanthaster planci. Time to death of crown-of-thorns starfish (COTS) in relation to
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Figure 2.5. Disease transmission between in-contact COTS at high densities. (a) TCBS-injected
COTS (black arrow) displaying initial signs of disease; there was no aviodance of sick starfish
(b) Infected starfish covered by mucus (black arrows), indicating early signs of successful

transmission of disease between COTS.



Chapter 2 | 48

2.5 Discussion

Method of action

Intestinal flora plays an essential role in health, stimulating the immune system, protecting the
host from invading pathogenic bacteria and viruses, supporting digestion and assimilating food
(Orrhage & Nord, 2000; Guarner & Malagelada, 2003). Interactions of typical intestinal bacteria
may also contribute to stabilization “Eubiosis” or destabilization “Dysbiosis” of the

gastrointestinal tract affecting host homeostasis.

Different mechanisms are used by bacteria to maintain eubiosis within the gastrointestinal
tract: (1) secretion of antibacterial substances like hydrogen peroxide, organic acids and
bacteriocins to reduce the number of viable pathogenic organisms, or decrease bacterial
metabolism and toxin production; (2) competition for nutrients necessary for pathogen survival;
(3) competition with pathogens to prevent their adhesion to the intestine; (4) enhancement of
production of defensive molecules in the host such as mucins; and (5) direct uptake or
decomposition of organic matter or toxic material produced by pathogenic bacteria (Brook,
1999; Lievin ef al., 2000; Guarner & Malagelada, 2003). For instance Jiravanichpaisal et al.,
(1997) inhibited growth of Vibrio spp., Escherichia coli and Staphylococcus sp. with
Lactobacillus sp. in Penaeus monodon affected by white spot disease. Conversely blockage and
disruption of beneficial bacteria can allow rapid growth of pathogens leading to infection. The
greater the imbalance between beneficial and pathogenic bacteria the greater the symptoms.
Under certain conditions gut microflora can be modified by the substrates which they receive,

predominantly through the diet (Bird ef al., 2000).
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The exact mechanisms that initiate disease with TCBS injection have not been identified.
Non-bacterial agents such as viruses or allergic reactions cannot be totally excluded. However,
observations using scanning electron microscopy (SEM) observations did not reveal any viruses
(Becker et al., 2004). An allergic reaction to chemicals in the TCBS formulation almost certainly
does not initiate a transmissible disease that spreads to healthy in-contact COTS. TCBS, nutrient
agar and marine broth formulations share most of their main ingredients. However, nutrient agar
and marine broth do not induce death in healthy COTS (control). The main difference between

these 3 media is that TCBS also contains ox bile, sodium thiosulfate, sodium citrate and sucrose

(Table 2. 3).

Table 2.3. Typical formulas (g 1) of culture media and their uses

TCBS gI" | Nutrient Agar | g1’ Marine gl Function of
broth components
Yeast Extract 5 Yeast Extract 2 | Yeast Extract 1
Peptone 10 Peptone 5 Peptone 5 N1trog§:n, vitamins,
amino acids.
Sodium 10 Sodium 5 Sodium 19.45 Stimulates growth
Chloride Chloride Chloride
Agar 14 Agar 15 Food additive and
solidifying agent
Ferric Citrate 1 Ferric Citrate | 0.1 Indicator of hydrogen
sulfide
Ox bile 8
Sodium 10 Selective agents,
Thiosulfate inhibit Gram positive
Sodium 10 organisms and suppress
Citrate coliforms
Sucrose 20 Carbohydrate
Bromothymol | 0.04
Blue pH indicators
Thymol Blue | 0.04
Lab- Lemco P 1 Protein extract
pH8.6+0.2 pH7.4+£0.2 pH7.6+0.2
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Note: Marine broth also contains magnesium chloride, magnesium sulfate, calcium chloride,
potassium chloride, sodium bicarbonate, potassium bromide, strontium chloride, boric acid,

sodium silicate, sodium fluoride, ammonium nitrate and disodium phosphate.

Ox bile, sodium thiosulfate and sodium citrate inhibit Gram-positive bacteria and
suppress coliforms inducing dysbiosis of the gastrointestinal tract. Sucrose supplements the high
metabolism of vibrios, promoting rapid growth. We hypothesize that inhibition of competitive
bacteria and increase in Vibrio cell density activate the quorum sensing (QS) mechanism of the
vibrios, turning on virulence factors (Peters et al., 2003) inducing rapid onset of symptoms

followed by death.

Pathogenic Vibrio rotiferianus (isolates GREEN + and GREEN AGRESS) and V.
natriegenes (isolates CREAM TCBS and CREAM 12-13) were recovered from mucus of
infected COTS that spread over healthy in-contact Acanthaster planci. Vibrio species integrate
environmental signalling to modulate behavior by biasing movements toward more favorable
conditions or away from unfavourable environments. Motility and chemotaxis greatly influence
the infectivity of vibrios (Butler & Camilli, 2004; Larsen et al., 2004). For example V.
anguillarum and V. alginolyticus undergo positive chemotaxis to mucus collected from fish skin
and intestines (Bordas et al., 1998). V. shiloi, a coral pathogen, migrates towards coral mucus
(Banin et al., 2001); V. coralliilyticus exhibits chemotaxis towards the mucus of Pocillopora

damicornis (Meron, 2009) and V. cholerae moves into intestinal mucus (Freter et al., 1981).

Under these conditions and the quorum sensing hypothesis, these migrating vibrios can
cause disease in COTS populations by invading in-contact individuals as well as enhancing
virulence of normal flora through quorum sensing signalling. Vibrios as opportunistic species

can evolve and recombine genes under high microbial contact in animal guts or as part of aquatic
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biofilms transferring or inducing expression of virulence genes in less or non-pathogenic

populations (Thompson et al., 2004).

The features of TCBS coupled with an ideal water temperature, adequate salinity and
alkaline pH stimulate Vibrio growth to high density, which activates their virulence factors via
quorum sensing. Once the COTS immune system fails, skin, ulcerations and exposed organs are

colonized by opportunistic bacteria.

Echinoderm body walls consist primarily of collagenous dermis and calcite ossicles.
These tissues are generally known as mutable collagenous tissue (MCT) because they can
change stiffness by over an order of magnitude within several seconds. MCT changes are
accomplished by neurally mediated variation in the cation concentration of the proteoglycan
matrix. This determines tensile strength, stiffness and viscosity of the body wall representing a
key mechanism involved in many echinoderm functions like defense against predators,
movement, feeding, immune protection against pathogenic bacteria and others (Oneill, 1989;
Wilkie, 2002). Vibrios as pathogenic agents disrupt the hydroelectric transport of ions specially
Na, K, Cl, HCOs inducing tissue structural changes and severe damage (Thompson et al., 2006;
Khemiss, 2009). Disruption of hydroelectric transport of ions affects the normal echinoderm
body wall functions as well as the subcuticular bacteria symbionts (SCB) located between their
ectoderm and surface cuticle. SCB were found in all 5 echinoderm classes and play important
roles in defense against bacterial infestation in echinoderms (Burnett, 1997). Disruption of
transport of ions induced by vibrios at body wall level explains the loss of body turgor and

epidermal lesions described in COTS (Fig 2.2, 2.3)

Temperature enhancement
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Among the numerous environmental factors that influence Vibrio spp, temperature has a
significant effect on this study. A temperature drop of 4 degrees between experiments reduced
the induction of disease and time to death between 25 and 50%, similar to findings of Thompson
et al., (2006). Neverheless, warmer temperatures in combination with other physical factors like
alkaline pH, plankton blooms, sunlight and UV intensity can also influence bacterial attachment,
growth and multiplication in the aquatic environment, increase the rates of induction and
propagation of the CTX phage, and promote viability and culturability of virbios. For instance,
V. cholerae remains stable in full sunlight in contrast to enteric bacteria such as Escherichia coli,

which gives vibrios a clear advantage at tropical latitudes (Mezrioui ef al., 1995).
Isolates identification

For species belonging to the harveyi clade, identification based on 16S rRNA gene analysis is
often imprecise (Vanderberghe et al., 2003; Gomez-Gil et al., 2004). Among the Harveyi clade,
species of the Vibrio harveyi group (V. harveyi, V. campbellii, V. rotiferianus and V. owensii)
have almost indistinguishable phenotypes and genotypes with cases of identical biochemical
profiles and ~ 100% gene sequence identities among different species (Gomez-Gil et al., 2004;

Cano Gomez et al., 2010).

Sequences analysis of the 16S rRNA gene is still essential for bacterial taxonomy
(Cohan, 2001); however, the resolution power of this molecule is inappropriate in discriminating
among closely related species (Kolbert & Persing, 1999, Janda & Abbott, 2007), such as those
belonging to the Harveyi clade. In the present study, the resolution power of the 16S rRNA gene
for discrimination of Vibrio harveyi, V. rotiferianus and V. owensii was low with low bootstrap

supported tree branches and high inter-species sequence similarities (98.9 to 99.6%). Precise
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identification was further obscured by the presence of multiple ambiguous nucleotide positions,
scored following the degenerate base code. The effect of these positions was evident especially
for the closely related clusters of V. owensii and V. rotiferianus. These ambiguities are related to
the presence of 2 chromosomes in some Vibrio species (Tagamori et al., 2002), responsible for
the existence of multiple divergent copies of the 16S rRNA gene in the same bacterial genome.
These arguments support ongoing studies performing biochemical test and analysis of additional
genetic markers for a more precise identification of V. harveyi-related species associated with

COTS.

Control methods
Attemtps to control Acanthaster planci outbreaks either by collection of adult individuals
followed by burial ashore, by injections of starfish with toxic chemicals affecting other marine
organisms or by placing underwater fences are all expensive and time consuming methods only
feasible for small areas. Current control methods are ineffective in either eradicating the coral—
feeding starfish or preventing further coral mortality. Biological control of populations through
manipulation of predators, parasites or pathogens has not been fully investigated (Sutton et al.,
1988). Nevertheless, several authors state that predators do not limit the population density of
COTS once they reach outbreak levels (McCallum, 1987; Moran, 1988). Moreover there are no
reports about significant increases in the densities of the major fish predators of COTS
(Williams, 1986).

Despite more than 3 decades of research and the commitment of millions of dollars,
control methods have been unsuccessful as well as costly, time consuming and difficult to
accomplish. For example, divers need to inject chemicals into several areas of each starfish to

avoid the starfish simply rejecting the single, injected arm and regenerating. Furthermore, spines
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are sharp and carry hemolytic toxins (saponins). A puncture wound from a spine is intensely
painful, and causes oedema, erythema, and infection of the surrounding areas. Limiting the
exposure of divers to spines by having a propagating epizootic would be a boom to safety. The
susceptibility of A. planci to disease could provide an option for controlling population
outbreaks. Injection of TCBS culture medium into A. planci L induces a rapid fulminating
disease that is transmitted to in-contact COTS under favorable conditions. Additionally there is
no introduction of new pathogens into the environment and it is a rapid and simple procedure
with immense economic advantages. However, growth of vibrios enhanced by the TCBS might
perhaps have detrimental effects on other reef organisms during a control program. Therefore,
further disease dynamics and transmission experiments are warranted, especially in corals,
carnivorous fishes, and benthic detritus feeders. This is the first part of a series of studies that

evaluate wheter TCBS injection could be a new tool for management of COTS outbreaks.
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CHAPTER 3: Refined identification of Vibrio bacterial flora from Acanthaster
planci based on biochemical profiling and analysis of housekeeping genes

3.1 Abstract:

A polyphasic approach was used for precise identification of bacterial flora (Vibrionaceae)
isolated from crown-of-thorns starfish (COTS) from Lizard Island (Great Barrier Reef, Australia)
and Guam (USA, Western Pacific Ocean). Previous 16S rRNA gene phylogenetic analysis was
useful to allocate and identify isolates within the Photobacterium, Splendidus and Harveyi clades
but failed in the identification of V. harveyi-like isolates. Species of the V. harveyi group have
almost indistinguishable phenotypes and genotypes and thus, identification by standard
biochemical tests and 16S rRNA gene analysis is commonly inaccurate. Biochemical profiling
and sequence analysis of additional top4 and mreB housekeeping genes were carried out for
definitive identification of 19 bacterial isolates recovered from sick and wild COTS. For 8
isolates, biochemical profiles and top4 and mreB gene sequence alignments with the closest
relatives (GenBank) confirmed previous 16S rRNA-based identification: V. fortis and
Photobacterium eurosenbergii species (from wild COTS), and V. natriegens (from diseased
COTS). Further phylogenetic analysis based on fop4 and mreB concatenated sequences served to
identify the remaining 11 V. harveyi-like isolates: V. owensii and V. rotiferianus (from wild
COTY), and V. owensii, V. rotiferianus and V. harveyi (from diseased COTS). This study further
confirms the reliability of top4-mreB gene sequence analysis for identification of these close

species, and it reveals a wider distribution range of the potentially pathogenic V. harveyi group.

+This chapter was published (as written) in Diseases of Aquatic Organisms: Rivera-Posada J, Pratchett M, Owens L
(2011) Refined identification of Vibrio bacterial flora from Acanthasther planci based on biochemical profiling and
analysis of hosekeeping genes. Diseases of Aquatic Organisms 96:113-123
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3.2 Introduction

Vibrios constitute an important part of the bacterial microflora of numerous marine animals
(Harris, 1993; Oxley et al., 2002). Some species are recognized as important pathogens of
marine and estuarine animals, causing substantial losses in commercial production systems and
natural waters throughout the world (Kaysner et al., 2004). Particularly within the
Echinodermata, several species not only integrate Vibrio spp. as part of their natural microflora
but also display susceptibility to this bacterium (Gilles & Pearse, 1986; Morgan, 2000; Becker et
al., 2007). Moreover, remarkable similarities exist in the clinical signs, time to death, histology,
scanning electron microscopy analysis and identification of vibrios as etiological agents
(Morgan, 2000; Becker et al., 2004) with those described in experimentally-induced diseased in

crown-of-thorns starfish (COTS; Rivera-Posada et al., 2011).

Resident bacteria constitute a critical barrier of resistance against colonization by
exogenous microbes, preventing tissue invasion by pathogens (Guarner & Malagelada, 2003).
This function is accomplished through different mechanisms, including (1) secretion of
antibacterial substances to reduce the number of viable pathogens, decrease bacterial metabolism
or inhibit toxin production; (2) competition for essential nutrients for pathogen survival; (3)
supplementation with vitamins and short-chain fatty acids to the host tissues; (4) competition
with pathogens preventing their adhesion to the intestine; (5) enhancement of the production of
defensive molecules in the host; and (6) direct uptake or decomposition of organic matter or
toxic material produced by pathogenic bacteria (Lievin et al., 2000; Guarner & Malagelada,
2003; Macfarlane & Macfarlane, 2003). Disrupting the bacterial ecological balance in healthy
organisms allows overgrowth of pathogenic bacteria, and establishes a suitable environment for

disease induction. Maladies and physiological manifestations such as intestinal inflammation,
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digestive ulcers, and multiple organ failure have been associated with microflora imbalances

(Lemaire, 1997; Tsuji et al., 1997; Zhang & Cheng, 2010).

Bacterial communities present in echinoderms and other closely related marine
invertebrates must be compared to understand the role of bacterial balances in the health of these
organisms. Bensoussan et al., (1984) analyzed bacterial isolates of echinoderm digestive tracts in
the asteroid Solaster sp. and the holothurians Pseudostichopus villosus in stable physico-
chemical conditions (constant environment), and reported that the most common bacteria
isolated from these echinoderms were Vibrio-like Gram-negative rods which constituted half of
the total bacterial load; and that a clear separation exist between enteric bacterial communities
and sediment microflora. Moreover, the authors suggested that microflora of echinoderms, and in
particular of the Asteroidea have a more specialized tendency to the catabolism of organic
compounds; and they found a less diversified microflora in echinoderms in comparison with

sediment microflora.

Species of the Harveyi clade have been described as major pathogens to aquatic animals,
causing disease outbreaks responsible for severe economic losses in the aquaculture industry
worldwide. Increasing infections in marine vertebrates and invertebrates and even in humans
have been linked to increased marine temperatures with diffusion of pathogens to higher
latitudes (Bossart 2007, Igbinosa & Okoh 2008). According to current molecular taxonomy
studies, the Harveyi clade (Sawabe et al., 2007) includes 10 Vibrio species: Vibrio harveyi, V.
campbellii, V. rotiferianus, V. alginolyticus, V. parahaemolyticus, V. mytili, V. natriegens, the
new described species V. azureus (Yoshizawa et al., 2009), V. owensii (Cano-Gomez et al.,
2010) and V. sagamiensis (Yoshizawa et al., 2010). Among this clade, the V. harveyi-related

species belonging to the so-called V. harveyi group (V. harveyi, V. campbellii, V. rotiferianus and
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V. owensii) are phenotypically and genetically indistiguisable, sharing almost identical
biochemical profiles and 16S rRNA gene sequences (Gomez-Gil et al., 2003, 2004; Owens &
Busico-Salcedo, 2006). Therefore, conventional culture-based techniques, biochemical tests and
16S rRNA gene analysis frequently lead to misidentification of V. harveyi-like isolates (Pedersen
et al., 1998, Vanderberghe et al., 2003). Previous analyses of 16S rRNA gene sequences
allocated some Vibrio strains isolated from wild and sick COTS in Lizard Island (Great Barrier
Reef [GBR], Australia) and Guam (USA) within the Harveyi clade, and some of these clustered
within the V. harveyi group (Rivera-Posada et al., 2011). However, due to the low resolution of
16S rRNA, we were prompted to perform additional biochemical test and sequence analysis of 2

additional housekeeping genes in order to precisely identify these isolates at the species level.

Multilocus Sequence Analysis (MLSA) is a recent approach that employs sequence
analysis of several housekeeping genes in bacteria and subsequent phylogenetic analysis of their
concatenated sequences to delineate species and infer genetic relationships (Gevers et al., 2005).
For the Harveyi clade, this method has been described as an alternative to the expensive and
labor-intensive DNA-DNA hybridization (Gomez Gil et al., 2003, Cano-Gomez et al., 2009),
still considered the gold standard for bacterial spceies delineation (Stackebrandt et al., 2002).
However MLSA is costly, time consuming, and requires a considerable amount of experience to
analyze concatenate, and construct phylogenies with DNA sequences of multiple loci. Recent
efforst have focused on the design of a fast, practical, but still accurate identification method for
Vibrio harveyi-related species and an alternative to 16S rRNA gene analysis and DNA-DNA
hybridization. Short-term epidemiology studies or environmental surveys, for example, involve a
high number of isolates to be identified rapidly and efficiently. In these cases, and under the

evidences pointing to the Harveyi clade, the number of genes sequenced could be minimized for
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a more practical identification (Thompson et al., 2007, Cano-Gomez et al., 2011). While more
than 5 genes should be analyzed for taxonomic studies of cryptic bacterial species, the use of at
least 2 independent housekeeping genes has been suggested for bacterial identification purposes

(Martens et al., 2008).

A recent MLSA study focused on the identification of Vibrio harveyi-related spceies by
analysis of protein-coding genes (rpoA, pyrH, topA, ftsZ, mreB; Cano-Gomez et al., 2011).
Concatenation of only topA and mreB gene sequences offered similar resolution to that of full
MLSA (5 genes) for identification of V. harveyi-related species. These authors suggested that
initial allocation of V. harveyi-like isolates into the V. harveyi group (by biochemical or 16S
rRNA gene analysis) and additional topA-mreB gene analysis offers a reliable identification of

these close species, with resolution power comparable that that of a full MLSA analysis.

The purpose of this study was to analyse data from phenotypic characterization,
concatenated sequences of topA4 and mreB genes, and previously obtained 16S rRNA gene-based
phylogenies to: (1) identify bacterial strains isolated from COTS in the Pacific and discriminate
between those naturally present from those inducing disease and death; (2) validate an
identification approach for V. harveyi-related strains based on sequence analysis of top4 and
mreB protein-coding genes; and (3) provide baseline data for better understanding of the gut

microbe role in the physiological processes of COTS.

3.3 Materials and methods
Samples
Samples consisted of DNA from 19 strains recovered from individual adult sick or wild

COTS across two sample sites in the Pacific Ocean in 2009 (Rivera-Posada et al., 2011). Eleven
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of these strains were obtained at Lizard Island (GBR): 5 isolated from wild COTS and 6 sick
COTS induced from thiosulfate-citrate-bile-sucrose agar (TCBS) injection (see Rivera-Posada et
al., 2011). The other 8 strains were obtained from COTS at Guam (USA, Mariana archipelago):
3 from wild COTS and 5 from diseased COTS after TCBS injection.

Biochemical tests

Phenotypic analysis for all 19 bacterial isolates was performed in triplicate by employing API
20NE commercial kits (bioMérieux) according to the manufacturer’s instructions with the
following modifications (1) 2% NaCl (w/v) solution was used to prepare the inocula, (2) the
strips were incubated at 30°C for 48 h and (3) several colonies of pure cultures of a single
organism were used when bacterial colonies were tiny to ensure that all tubes and cupules had

enough bacteria for growth.

PCR amplification and sequencing

PCR amplification and sequencing was carried out with DNA from all 19 COTS bacterial
isolates. Partial regions of the housekeeping genes fopA (topoisomerase 1) and mreB (rod shaping
protein MreB) were amplified and sequenced as described by Sawabe et al., (2007) (Table 3.1).
All PCR amplifications were performed in a Perkin Elmer Applied Biosystems GENEAMP PCR
System 9700 (Perkin Elmer, USA) thermocycler. PCR reactions (20 pl) contained approximately
20 ng of genomic DNA, 1x PCR buffer (Tris-Cl, KCI, (NH4),SO4, 1.5 mM MgCl,; pH 8.7;
Qiagen), 0.5 uM of each primer, 200 pM dNTPs, and 0.5 units of 7ag DNA Polymerase
(Qiagen). Finally, PCR products were visually inspected in 1% agarose gels and subsequently

sequenced by Macrogen Ltd, Korea, with appropriate primers.



Table 3.1. Amplification and sequencing primers.
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Gene (gene Primer Annealing
product), length name Primer sequence (5'-3") temp (°C) Source
165 rRNA (168 27F AGAGTTTGATCCTGGCTCAG
ribosomal RNA) 54 Lane, 1991
1421nt 1492R GGTTACCTTGTTACGACTT
topA (topoisomerase VtopA400F GAGATCATCGGTGGTGATG
VtopA1200 50
I), 800 nt
R GAAGGACGAATCGCTTCGTG Sawabe et
: L, 200
mreB (rod shaping | vreB12F ACTTCGTGGCATGTTTTC al., 2007
protein MreB), 50
1000nt VmreB999R CCGTGCATATCGATCATTTC

Sequence and phylogenetic analysis

Electropherograms of top4 and mreB sequences were assembled in Sequencher 4.9 (Gene

Codes). Sequences were manually corrected and trimmed, and BLASTN searches were

performed against public databases for preliminary identification and comparison with 16S

rRNA-based identification. Subsequently, phylogenetic analysis was performed with those 11

isolates belonging to the Vibrio harveyi group as indicated by initial biochemical characterization

and 16S rRNA gene sequence analysis. Protein-coding mreB and fopA gene sequences were

aligned employing Clustal X (Thompson ef al., 1997). These alignments also included publicly

available sequences of 11 Vibrio species type strains and Photobacterium phosporeum LMG 423

T as outgroup. Finally, individual fopA4 and mreB sequences from all 22 strains were

concatenated and used to construct a multilocus phylogenetic tree for more accurate and

supported identification. Phylogenies were obtained by the neighbor-joining (NJ) method (Saitou

& Nei, 1987) in PAUP v.4.0B10 for Windows (Swofford, 2003). Bootstrap (BT) support values

were calculated on 1000 replicates. For the NJ analysis, uncorrected ‘p’ distances and the

Kimura 2-parameter correction (Kimura, 1980) were tested.

Accession numbers
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The gene sequences were deposited in GenBank under accession numers HQ540692-HQ540710
and HQ540711-HQ540729 for the topA and mreB genes, respectively. (Table 3.2)

Table 3.2.Accession numbers deposited in GenBank for the fopA, and mreB genes.

ISOLATE topA mreB
G2 HQ540692 HQ540729
Y2 HQ540693 HQ540728
HAEM HQ540694 HQ540715
NA HQ540695 HQ540711
CREAM TCBS HQ540696 HQ540714
GREEN AGRESS HQ540697 HQ540712
GREEN+ HQ540698 HQ540716
CREAM 12-13 HQ540699 HQ540717
GU2Y HQ540700 HQ540723
GUSYEN HQ540701 HQ540724
GUSDARKEN HQ540702 HQ540725
GU4YEN HQ540703 HQ540721
GUIGEN HQ540704 HQ540722
GUSPALEEN HQ540705 HQ540720
GUMAB HQ540706 HQ540719
GU1.STAR HQ540707 HQ540718
X1 HQ540708 HQ540726
X2 HQ540709 HQ540727
YG HQ540710 HQ540713

3.4 Results

All PCR primer sets specifically amplified the target sequences of all 19 isolates. Sequence
lengths of fopA and mreB sequenced regions were 626 nt and 834 nt, respectively. After
BLASTn alignments with closest relatives in GenBank, isolates were initially identified as V.
fortis, V. natriegens, V. harveyi, V. owensii, V. rotiferianus and Photobacterium eurosenbergii
with sequences identities of 99 to100% for both loci. However, for the 11 isolates belonging to
the V. harveyi group (V. harveyi, V. owensii and V. rotiferianus), BLASTn-based identification

was not achieved since high sequence similarities (99 to 100%) with 2 or more V. harveyi-related
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spceies were obtained for each isolate. Phylogenetic reconstructions based on these 2 genes were
consistent with previously obatained topologies based on the 16S rRNA gene (Rivera-Posada et
al., 2011), but this time clades were supported by higher BT values (Fig 3.1). Isolates were
allocated into 3 well supported clusters (100% BT support values), each containing the type
strain of the identified species (V. harveyi, V. owensii, or V. rotiferianus). One V. harveyi strain
was identified from sick COTS at Guam (GUSDARKEN), while V. owensii strains was found at
both locations: 3 strains from wild (X1, X2 and Y2) and 1 from infected COTS (G2) in Lizard
Island (G2), and 1 strain from wild COTS at Guam (GU1%*). Finally, 4 strains of V. rotiferianus
were found in both wild (NA and YG) and sick COTS (GREEN AGRESS and GREEN+) at
Lizard Island and 1 strain from diseased specimens at Guam (GUIGEN). Distance matrix
analysis of concatenated topA-mreB gene sequences revealed intra-species similarities of 98.6 to
99.5% for V. harveyi, V. rotiferianus and V. owensii clusters and inter-species similarities of only
90.7 to 92.3% (Table 3.3). These 3 species showed only 81.2 to 86.6% sequence similarity with

the less related spceies identified, V. natriegens and V. fortis.
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Figure 3.1. Phylogenetic analysis of isolates within the Harveyi clade based on topA and mreB
concatenated gene sequences. Trees constructed using the neighbour-joining algorithm.
Photobacterium phosphoreum LMG 4233T used as an outgroup. Bootstrap support values after
1000 simulations shown. Scale bar = 1% (0.01) or 10% (0.1) sequence divergence. X1, X2, Y2,
YG, NA, GREEN+, GREEN AGRESS and G2 were found at Lizard Island - Great Barrier Reef.
GUIGEN, GUSDARKEN, GU1*, were found at Guam-Mariana Archipelago. (*): strains

isolated from healthy COTS. ("): strains isolated from TCBS-injected moribund COTS.
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Figure 3.2. Phylogenetic analysis base on partial 16S rRNA gene sequences (1,302 nt), using the
neighbour-joining algorithm and the Kimura-two-parameter correction, showing sequence
clustering of crown-of-thorns (COTS) Vibrio isolates and related species. GenBank accession
numbers are provided in parentheses. Photobacterium phosphoreum LMG 4233T was used as an
outgroup. Bootstrap support values after 1000 simulations are shown. Bar, 1% sequence
divergence.

“GU?” strains isolated from Guam (USA)

(*): strains isolated from healthy COTS.

(™): strains isolated from TCBS-injected moribund COTS.
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Table 3.3 Vibrio spp. Sequence analysis and statistics of single-gene and 2-locus (topA—mreB)
sequence alignments. Values shown are % similarities. Intra- and interspecies similarities were
deduced from the number of nt substitutions per site between populations: Dxy (K2P). Gene
sequence lengths (nt) are as follows: 16S rRNA, 1298; topA, 626; mreB, 834; 2-locus
multilocussequence (MLSA; i.e. top4 and mreB concatenated sequences), 1460.

Results from the biochemical characterization are presented in Table 3.4. From the 21 tests
contained in each API 20NE strip, Vibrio isolates were positive for potassium nitrate, L-
tryptophane, D-glucose, esculine, gelatin, B-galactosidase, malate, glucose and oxidase and
negative to L-arginine, urea, arabinose, adipate, caprate. N-acetylglucosamine was 50% positive
and the other 50% showed weak results. Potassium gluconate test was negative only for a P.
eurosenbergii strain. The remaining tests showed weak or variable results from V. harveyi-
related species, and only citrate utilization was found as a discriminatory character between

isolates identified as V. harveyi, and V. owensii.
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3.5 Discussion

In this study, biochemical characterization, analysis of fopA and mreB protein-coding sequences,
and comparison with previous 16S rRNA gene-based phylogenies were used for identification of
19 Vibrio isolated from A. planci in the Pacific. Isolates were identified as P. eurosenbergii, V.
natriegens and V. fortis, showing 100% topA and mreB sequence similarities by BLASTn
alignments with type strains of these species. This identification was consistent with previous
16S rRNA based-phylogenies showing high bootstrap support values (85 to 100%) for these
clusters. For the other 11 isolates belonging to the V. harveyi group, 16S rRNA gene (Rivera-
Posada et al., 2011a) and biochemical analysis profiles reported here failed in the identification
at the species level. In contrast, the phylogenetic analysis of additional genetic markers (topA4 and
mreB) offered a more definitive and discriminative identification of these closely related isolates.
The 16S rRNA gene is still necessary for species delineation but its low resolution power for
certain bacterial taxa, such as the V. harveyi group (Gomez Gil et al., 2004; Thompson et al.,
2005; Cano-Gomez et al., 2010), and the presence of multiple divergent gene copies in the same
genome (Tagomori et al., 2002) are clear disadvantages for a gene to be used as a sole
identification marker. In a previous study to identify COTS isolates, the 16S rRNA gene was
appropriate for allocation of several strains within the family Vibrionaceae and discrimination of
distant species like Bacillus spp. and Pseudoalteromonas (Rivera-Posada et al., 2011). However,
low genetic distances and BT support values observed in 16S rRNA-based phylogenies
(especially for V. harveyi-related isolates) prohibited precise identification at the species level.
Compared to 16S rRNA gene analysis and expensive DNA-DNA hybridization, the MLSA is
advantageous in terms of resolution power and reproducibility, respectively. Some loci have

been recently described as highly discriminative among species of the Harveyi clade. Pascual et
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al., (2010) developed an MLSA based on 7 housekeeping genes and found rpoD, rctB, and toxR
protein-coding loci as the most discriminative and informative for differentiation of 6 species of
the Harveyi clade. More specifically, in an MLSA with 7 different housekeeping genes,
Thompson et al., (2007) found topA, mreB, ftsZ, and pyrH to be the suitable protein-coding
genes for differentiation of sister species V. harveyi and V. campbellii. Following these studies, a
similar MLSA (rpoA, pyrH, topA, fisZ and mreB) aimed at the description of the new species V.
owensii within the V. harveyi species group (now consisting in V. harveyi, V. campbellii, V.
rotiferianus and V. owensii). In addition, these authors reduced the number of genes in the
analysis for more reliable and yet accurate identification of the 4 species. Results showed that
concatenated sequence analysis of only top4 and mreB genes produced consistent clustering of
strains compared to full MLSA and 16S rRNA-based analysis. This combination of genes
showed high phylogenetic signal, low inter-species sequence similarities, and thus high
resolution for precise identification of the cryptic V. harveyi group.

The results in our study showed lower inter-species topA-mreB sequence similarities
between strains identified as V. harveyi, V. rotiferianus and V. owensii (90.7 to 92.3 %)
compared to those observed in previous 16S rRNA gene analysis (99 to 99.4 %). These values
were higher when V. harveyi-related spp. were compared with the more distant Vibrio spp.
identified as V. natriegens and V. fortis (81.2 to 86.6%) topA-mreB gene sequence similarity.
These results and the congruence in phylogenies based on 16S rRNA and protein-coding genes
support the usefulness of top4 and mreB genes for V. harveyi-related species identification
(Cano-Gomez et al., 2011). Our study contributes to the databases with additional sequences

from strains of different sources and geographic locations, and has revealed a wider distribution
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range of the potentially pathogenic species V. owensii, recently described in diseased larvae of
the Australian ornate spiny lobster Panulirus ornatus.

The species V. harveyi and V. campbelli are almost indistinguishable phenotypically,
while V. owensii has been reported to differ from other species of the Harveyi clade in its ability
to use citrate, and to produce acid from amygdalin, arabinose, and sucrose (API 20E) (Cano-
Gomez et al., 2010). Of these tests, the API 20NE used in this study only included citrate
utilization and, being negative for all V. owensii strains, resulted as the only discriminatory
character found between V. owensii and V. harveyi isolates (Table 3.3). The species V. harveyi
and V. rotiferianus were characterized as positive for citrate use although 2 out of our 5 V.
rotiferianus isolates had negative results. Aside from their high interspecies similarities,
intraspecies variability of biochemical profiles within species of the Harveyi clade has previously
been considered as a disadvantage of phenotypic methods for precise identification of V. harveyi-

related strains (Gomez-Gil et al., 2004).

Vibrios constitute a natural and important part of the microflora in a wide array of
echinoderms and numerous marine animals (Bensoussan et al., 1984; Harris, 1993; Oxley ef al.,
2002; Kaysner et al., 2004). Not surprisingly, species belonging to the phylum Echinodermata

also shows susceptibility to this bacterium (Table 3.5).
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Table 3.4. Biochemical profiles of Vibrio isolates using API 20NE strips (bioMérieux ®).

Positive; negative; + variable between strains; w weak reaction.

V. V. harveyi V. V. V. fortis P.
TEST | Reaction | owensii | (CUSPARKEN) | rotiferianus | natriegens | ( 65; gﬁg’ eurosenbergii
(X1,X2,Y2, (GREEN (CREAM TCBS, Gu N) (GU2Y,GUSYEN,GU4
G2,GUI) AGRESS,NA,YG,G | CREAM 12-13, YEN)
REEN+,GUIGEN) HAEMORR)
NO3 Potg ssium Pos Pos Pos Pos Pos Pos
nitrate
L-
TRP Pos Pos Pos Pos Pos Pos
tryptophane
GLU D-glucose Pos Pos Pos Pos Pos Pos
ADH L-arginine Neg Neg Neg Neg Neg Neg
URE Uree Neg Neg Neg Neg Neg Neg
ESC Esculine Pos Pos Pos Pos Pos Pos
GEL Gelatin + Pos Pos Pos Pos Pos
PNPG B . Pos Pos Pos + Pos Pos
galactosidase
GLU Glucose Pos Pos Pos Pos Pos Pos
ARA Arabinose Neg Neg Neg Neg Neg Neg
MNE Manose Pos Pos Pos Neg W +
MAN Manitol w Pos + Pos W Neg
NAG n-acetyl.- w Pos Pos Pos W w
glucosamine
MAL Maltose w + Pos Pos W Neg
GNT Potassium Pos Pos Pos Pos Pos Neg
gluconate
CAP Caprique Neg Neg Neg + Neg Neg
ADI Adipique Neg Neg Neg Neg Neg Neg
MLT Malate Pos Pos Pos Pos Pos +
CIT Citrate Neg Pos + Pos Neg Neg
PAC Phenyleacethu Neg + + Neg Neg w
00X Oxidase Pos Pos Pos Pos Pos Pos




Table 3.5. List of Vibrios isolated from diseased echinoderms
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Disease
Echinoderm Area Bacteria identified induced and References
site of isolation
V. owensii, V.
. rotzferlqnus, V. ha?f vert Sick Rivera et al,,
Acanthasther Australia, V. natriegens V. fortis, .
. ; Acanthasther 2011; Sutton et
planci Guam Photobacterium .
.. planci al., 1988
eurosenbergii , V.
tubiashi, V. campbellii
Amphipholis Georgetown . .
gracillima USA V. parahaemolyticus Dermal tissue Strahl et al., 2002
Amphipholis Vibrio sp Dermal fissue Walker & Lesser
squamata 1989
V. .harve)./ i, V. Skin ulceration
cyclitrophicus, V. disease
Apostichou splendidus, V. PeristOIn’e Ma et al., 2006 a,
postichopus China tasmaniensis, V. tapetis, . b; Haiyan, 2009;
japonicus . edema disease,
V. lentus, V. pomeroyi, . Huang, 2009
. . and infected
V. gigantis and others .
. dermal tissues
Vibrio sp
Archaeopneustes Epldgn_lal
hvstrix and vibriosis,
o4 Bahamas V. alginolyticus isolated from Bauer, 2000
Paleopneusteps
. gut gonads and
cristatus . .
infected lesions
Astropecten Sardinia, V. vulnificus, V. lentus, Swabs of alive Staheli et al.,
. . . . and dead
jonstoni Italia Vibrio sp . 2008
animals
. Bribie Islgnd— V..harve.y i V. Skin ulceration Morgan, 2000;
Holothuria Australia, alginolyticus, V. .
. . o disease, Becker et al.,
scabra Toliara, natriegens, other Vibrio . .
infected tissues 2004
Madagascar sp
Ophiactis balli Unspecified V. harveyi Subgutlcular Burnett, 1997
bacteria of arms
France, .
P ot Mediterranean (]i:éjsseeaisuorlca}g(li Becker et al.,
aracentromits and Atlantic Vibrio sp y 2008; Maes &
lividus from infected
Ocean, . Jangoux, 1985
. dermal tissues
Brittany
Tajima et
Strongylocentro- . . . al, 1997 a, b,;
tus intermedius Japan Vibrio sp Spotting discase Takeuchi et al.,
1999
Strongylocentro- California V. aneuillarum Infected Gilles & Pearse,
tus purpuratus (USA) - ang epithelium 1986
Strongylocentro-
tus nudus and S. Japan Vibrio sp Guts Sawabe, 1995
intermedius
. . V. harveyi, V.
Tripneustes Toliara, arahaemolviicus. V. Body wall Becker et al.,
gratilla Madagascar p Y S lesions 2007

nigripulchritudo
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The Harveyi clade can be considered as the most pathogenic Vibrio group for
echinoderms followed by the Splendidus clade. Nearly all members belonging to the Harveyi
group have been previously reported as etiological agents of echinoderm diseases except V. mitili
(Table 3.5). Additionally, in this study, V. owensii, V. rotiferianus, V. harveyi, V. natriegens
were also isolated from infected tissues of COTS, confirming the pathogenicity of the Harveyi
clade. On the other hand, the Splendidus clade showed that 4 of its 8 members (V. splendidus, V.
lentus, V. pomeroyi, V. tasmaniensis) were also identified as causal agents of echinoderm
diseases (Table 3.5). Furthermore, our study includes a first-time report of V. fortis in COTS

tissues.

COTS bacterial flora and physicochemical conditions like temperature and pH of the
areas studied were comparable during the months of February at Lizard Island and November at
Guam. In addition, Guam lies relatively close to the Indo-Pacific center of coral reef biodiversity
(Veron, 2000). Over 150 species of scleractinian coral were documented at Haputo
Environmental Reserve Area (Guam collection area), where coral cover was dominated by
Montipora and Porites (Amesbury et al., 2001). However, the Guam COTS were collected
during the late stages of a devastating outbreak after COTS shifted their diet towards non-
preferred species like Porites and Faviids in the absence of Acropora and Montipora. These
changes in food do not seem to have a major influence on bacterial microflora of COTS when
compared with those from Lizard Island found feeding on their preferred corals, Acropora
(Pratchett 2001, 2010). V owensii, V. rotiferianus were found at both locations. V. fortis, P.
eurosenbergii and V. harveyi were found at Guam only. However, Sutton et al., (1988)
previously isolated V. harveyi, V. campbellii and V. tubiashi, from Acanthaster planci and

acknowledged these organisms as potential pathogens. The results of our study support those
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reported by Sutton ef al., (1988) confirming that members of the Harveyi group are normal

COTS inhabitants that play important roles in the induction of diseases in COTS and many other

echinoderms (Table 3.5).

Furthermore our study suggests that host and digestive morphology may exert an

influence over which bacterial species colonize the gut. These characteristics have been reported

in other marine invertebrates and omnivorous animals (Oxley et al., 2002; Yasuda & Kitao,

1980; Harris, 1993; Egert et al., 2005; Brune & Friedrich, 2000).

Table 3.6. Similarities/differences in the microflora of the different COTS

Isolate ; dle/:;lgg; d I-éegl;l;y CS(i)cr}(S Swab site COTS Location
X1, X2,Y2 V. owensii X Digestive tract Lizard Island
G2 V. owensii X Open sores Lizard Island
GU1 V. owensii X Dermal tissue Guam
GUSDARKEN V. harveyi X Open sores Guam
GREEN+,
GREEN V. rotiferianus X Digestive tract, mucus Lizard Island
AGRESS
NA, YG V. rotiferianus X Digestive tract Lizard Island
GUIGEN V. rotiferianus X Open sores Guam
GUMAB V. fortis X Digestive tract Guam
GUSPALEEN V. fortis X Opens sores Guam
(ér;a;n;lligﬁi, V. natriegens X Digestive tract, mucus Lizard Island
Haemorr V. natriegens X Open sores Lizard Island
GU2Y P.eurosenbergii X Digestive tract Guam
Cé%ig%ﬁ’ P.eurosenbergii X Open sores Guam

All COTS, irrespective of their site of collection (Lizard Island or Guam), had similar

bacterial microflora and responded in the same way to the TCBS agar (Rivera-Posada et al.,

2011), indicating that a common mechanism of disease induction affects their bacterial
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communities and immune responses. Pathogenic and non-pathogenic Vibrio isolates identified as
V. owensii, V. rotiferianus, V. fortis, P. eurosenbergii were recovered from sick and wild COTS
at 2 different locations (Guam and Lizard Island), supporting the hypothesis that TCBS coupled
with adequate environmental conditions could trigger Vibrio virulence factors turning normal

vibrios pathogenic (Rivera-Posada et al., 2011).

The species Photobacterium eurosenbergii is of particular significance because it can
infect both COTS and coral, although it was found only in COTS from Guam. This Vibrio is also
recognized as a coral pathogen isolated from the mucus of the Caribbean elkhorn coral Acropora
palmata (Ritchie, 2006). P. eurosenbergii was also recovered from mucus and water surrounding
bleached Barabattoia amicorum corals at Magnetic Island, GBR (Colin et al., 2008). Due to the
feeding preferences of COTS, studying the transmission of bacteria between corals and COTS is

necessary.

Studies of colonization sites within gut regions and growth patterns of different bacterial
populations will allow a more focused approach to the types of associations within COTS.
Density, production, and turnover estimation of gut microbes are also required to establish
bacterial associations and to make comparisons of microbial processes between sick and wild

COTS.
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CHAPTER 4: Injection of Acanthaster planci with Thiosulfate-Citrate-Bile-
Sucrose Agar (TCBS). I1. Histopathological changes

4.1 Abstract

We assessed histological changes in the tissues of the crown-of-thorns starfish Acanthaster
planci (COTS) after injection of thiosulfate-citrate-bile-sucrose agar (TCBS) which was used as
a disease inducer (potential outbreak control method), by conventional and scanning electron
microscopy. Digestive glands were processed and stained with hematoxylin and eosin (H&E) to
describe the histological architecture of the intestinal epithelium. Subsequently comparison of
healthy versus infected tissues and Gram stains were carried out to confirm bacterial occurrence
on infected tissues, characterize the structural changes induced by bacterial communities in
COTS tissues, and to determine if the histopathological changes of intestinal tissues were
consistent with Vibrio infection. TCBS injections induced marked epithelial desquamation,
hypertrophy and hypersecretion of glandular cells, epithelial cell destruction, pyknosis, reduction
of thickness and disorganization of connective tissue and associated nerve plexus, presence of
bacterial colonies, irregular eosinophilic foci in glandular cells, brush border disruption, atrophy
and detachment of intestinal microvilli and cell debris in the lumen. All these changes were
attributed to a fulminating systemic dysbiosis and were consistent with Vibrio infections

+This chapter was published (as written) in Diseases of Aquatic Organisms: Rivera-Posada JA, Pratchett M, Owens

L (2011). Injection of Acanthasther planci with Thiosulfate-Citrate-Bile-Sucrose Agar (TCBS). II.
Histopathological changes. Diseases of Aquatic Organisms 97: 95-102
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4.2 Introduction

The ecological impact of the corallivorous crown-of-thorns (COTS) starfish Acanthaster planci
is enormous. Outbreaks of A. planci are the principal cause of long-term coral loss at many
locations in the Pacific, including Palau, Guam and Fiji (Bruno & Selig, 2007). COTS represent
the most significant biological disturbance to tropical coral reefs (Birkeland & Lucas, 1990),
resulting in extensive (up to 90%) mortality among reef-building and habitat-forming corals
(Pratchett 2005, 2009). Attempts to control the outbreaks, either by collection of adult
individuals followed by burial ashore, injections of starfish with toxic chemicals or underwater
fences are expensive, time consuming and only feasible for small areas. Current control methods
are ineffective in either eradicating the coral-feeding starfish or preventing further coral

mortality.

Thiosulfate-Citrate-Bile-Sucrose agar (TCBS) is a selective media culture that allows
selective growth of vibrios while inhibiting Gram-positive organisms and suppressing coliforms
and allows selective growth of vibrios. Rivera-Posada et al., (2011) explored an alternative
control method for injecting TCBS into COTS in order to induce a fatal disease that is
transmitted to healthy in-contact COTS under favorable conditions. They hypothesize that
inhibition of competitive bacteria and increase in Vibrio cell densities (10° to 10 colony forming
units [cfu] ml™) induced by TCBS activate the quorum sensing (QS) mechanism of the vibrios,
turning on virulence factors inducing rapid onset of symptoms followed by death. Moreover,
molecular analysis with 16S rRNA, topA4 and mreB of bacterial assemblages recovered from
infected tissues of COTS identified several vibrios of the Harveyi and Splendidus clades that
have been frequently described as etiological agents of echinoderm diseases (Rivera-Posada et

al., 2011 a, b).
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The pathogen—host epithelium interactions can be broadly categorized as: (1) alterations
in the structure and function of the tight junction barrier (erosion, ulceration, apoptosis etc); (2)
induction of fluid and electrolyte secretion and; (3) activation of inflammatory cascades (Bock et
al., 2001; Sicherer et al., 2001; Berkes et al., 2003). For instance some pathogens use tight
junction proteins as receptors for their attachment and subsequent internalization and others

destroy the junctions providing an entrance to the underlying tissues (Guttman & Finley, 2009).

Vibrios as pathogenic agents disrupt the hydroelectric transport of ions, in particular Na,
K, Cl and HCO3, inducing tissue structural changes and severe damage through different
mechanisms (Berkes et al., 2003; Thompson et al., 2006; Khemiss, 2009). For example V.
cholerae alters tight junction permeability through the use of a surface protein called the zonula
occludens toxin (ZOT), which is excreted upon contact with intestinal epithelial cells (Fasano et
al., 1995; Uzzau et al., 1999). V. parahaemolyticus has a thermostable direct haemolysin (TDH)
toxin that induces intestinal fluid secretion of Cl, cytotoxicity, and a dose-dependent increase in

intracellular calcium (Raimondi et al., 2000; Berkes et al., 2003).

Vibrio harveyi, which is one of the COTS pathogens previously reported by Rivera-
Posada et al., (2011a, b), possesses several key virulence factors including the ability to attach
and form biofilms, quorum sensing, and secretion of various extracellular products (ECPs) such
as proteases, phospholipases, hemolysins, cytotoxins and ADP-ribosylating toxins that are
mediated by specific bacteriophages. Proteases and hemolysins are considered to play a major
role in host tissue liquefaction (Deanne &Woo, 2005). These bacterial enzymes affect the
physical properties of tissue matrices and intercellular spaces, thereby promoting the spread of
the pathogen. For example, neuraminidase produced by Vibrio cholerae degrades neuraminic

acid, an intercellular cement of the epithelial cells of the intestinal mucosa (Todar, 2011). All
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pathogenic Vibrio species encompass extracellular chitinases as a virulent factor and have been
described as the primary etiological agents of numerous diseases of marine invertebrates
(Baumann ef al., 1980). The presence of chitinases aids the invasion of the pathogen through the
chitinous cuticle of marine invertebrates as well as providing nutrients and amino acids through

the enzymatic degradation of host tissues (Goday, 1990; Thompson et al., 2006).

While there are several different contributing mechanisms by which the immune system
fails allowing infection, the means by which these processes are carried out in echinoderms is
intricate and scarcely understood. Knowledge in relation to the mechanisms involved in the
induction of infectious diseases and the host tissue response in echinoderms is lacking.

The purpose of this study was to: (1) describe the anatomy and histology of COTS digestive
glands; (2) compare healthy versus infected tissues and characterize the histopathological
structural changes induced by TCBS injections in COTS tissues contributing to a better
understanding of the pathogen-host interactions and physiological tissue responses involved in
the induction of diseases in echinoderms; and (3) determine if the histopathological changes of
intestinal tissues were consistent with Vibrio infection. This is a segment of on-going work to

evaluate if TCBS injection could be a new tool for management of COTS outbreaks.

4.3 Materials and methods

COTS collection

Samples consisted of 16 digestive glands dissected from individual, adult sick COTS which were
previously injected with TCBS to induce disease (n = 12), and healthy (n = 4) COTS collected at
Lizard Island (14° 40 'S, 145° 27" E) located in the far northern section of the Great Barrier Reef

(GBR) (Rivera-Posada et al., 2011a).
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Histology

Four normal digestive glands were aseptically dissected after arrival at Lizard Island Research
Station (LIRS) laboratory and immediately fixed in formalin 10% (10 parts of formalin to 1 part
of tissue) (Bancroft & Stevens, 1996). Twelve digestive glands of infected COTS previously
injected with TCBS (Rivera-Posada ef al., 2011 a) were collected before death for better
isolation of pathogens and to avoid the strong enzymatic activity in intestinal tissues after death
that results in swelling of the villus, epithelial denudation and autolysis (McInnes, 2005).
Processing of COTS pyloric caeca for hematoxylin and eosin (H&E) and Gram stains (GS) was
performed as described in (Bancroft & Stevens, 1996). All tissues were sectioned at 5 pm.
Histological changes were evaluated in terms of the appearance of microvilli, necrosis, piknosis,
enterocyte detachment, cell debris, bacteria-like particles and epithelial integrity (appearance and
detachment of layers).

Scanning Electron Microscopy

Twelve samples of infected tissues were collected for scanning electron microscopy (SEM) to
confirm the presence of bacteria and to determine the tissue penetration of bacterial assemblages.
All samples were fixed for 16 h in a 3% buffered glutaraldehyde solution in 0.1 M cacodylate
buffer (pH 7.8). Then after dehydration in graded alcohol (50%, 70%, 90%, 100%), samples
were critical-point dried, mounted on aluminum stubs, sputter-coated with gold and examined

under a JEOL JSM-5410LV scanning microscope.

4.4 Results
Macroscopic observations
During the early stage of the disease, COTS displayed loss of body wall turgor, dropping of

spines and production of mucus at the tip of the spines. As the disease progressed, blisters on the
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dorsal integument broke through the skin surface and resulted in large, open sores that exposed
the internal organs (Rivera-Posada ef al., 2011 a). COTS tissues showed a progressive
breakdown of muscle, disorganization of connective tissue, and degeneration and disruption of
the epithelium. Muscle layers continued to fragment until there was little intact muscle remaining
inserted on the collagenous connective tissues. Tissue colouration was occasionally darker in late

stages of disease (Fig 4.1, 4.3 a, b).
Histology and Histopathological changes

Microscopically, COTS digestive glands consist of layers of connective tissue (CT), muscle
(ME), brush border (BB), glandular cells (GC) which are involved in the control of digestive
metabolism, and a basi-epithelial nerve plexus (NP) which form and extensive nervous layer
adjacent to the tunica serosa (TS). The basi-epithelial plexus is an important part of the
ectoneural nervous system division which provides functional connectivity between the viscera
and other divisions of the nervous system. It is formed by abundant fibres associated with muscle
layers (ME) and a few scattered neuronal cell bodies. Histopathological changes of affected
COTS tissues after TCBS injection are detailed in Fig. 4.3. Histological appearance of affected
tissues was mainly characterised by strong disorganization and destruction of connective tissue
and muscle fibres, enterocyte detachment, marked epithelial desquamation, piknosis,
hypertrophic glandular cells, moderate presence of bacterial colonies and disorganized basi-

epithelial nerve plexus (Fig 4.3).
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Figure 4.1. Macroscopic observations. (A, B) Normal appearance of COTS digestive glands. (A)
Paired pyloric caeca (PC) present in the coelomic cavity of each arm. Each pyloric caecum is
connected to the dorsal part of the stomach (ST) and consists of a long median duct (MD) on
which are numerous branched diverticula (PD). (B) Aboral view of COTS digestive glands;
accessory Tiedemann’s pouch (ATP), median duct of pyloric caeca (MD) and pyloric
diverticulum (PD). (C, D) infected COTS showing lyses of collagenous dermis and digestive
glands with no observable pyloric caeca structure; (D) open lesions exposing internal organs;

loss of epidermal tissue and lysis is marked.
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Figure 4.2. Histological appearance of normal COTS digestive glands. Hematoxylin & eosin
stain. (A). 20x, (B). 40x. COTS intestinal wall from the lumen (L) to the periphery consist of a
lamina of cylindrical simple ciliated epithelia (MV) with ovoid elongated nucleus (OEN) and
thin brush border (BB); a moderate amount of glandular cells (GC) associated with a basi-
epithelial nerve plexus (BNP); more externally there is a layer of loose connective tissue (CT), a

muscular epithelium (ME) associated with a nerve plexus (NP) and a tunica serose (TS).
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Figure 4.3. Histological appearance of affected tissues. A). 40 x, irregular eosinophilic foci in
glandular cells (EF), enterocyte detachment (ED), moderate presence of bacterial colonies (B),
disorganization of basi-epithelial nerve plexus (DNP), pyknosis (PK) in some cells, absence of
epithelial muscle (AEM), reduction and disorganization of connective tissues (DCT). B). 40 x.
Hypertrophic and hypersecreting glandular cells (HHG), marked epithelial desquamation (MD),
brush border disruption (BBD), disorganized basi-epithelial nerve plexus (NP) and pyknosis
(PK).



Chapter 4 | 84

Figure 4.4. Scanning electron microscopy of tissues affected by bacterial assemblages. (A, B)
disorganization of connective tissue, degeneration and disruption of epithelium and significant
amounts of fibrin-like tissue over the samples; (B) magnified figure A. Bacterial cluster inside
the lesion suspended between degraded tissue; (C, D, E, F) bacterial assemblages of diverse

morphology and size — smooth, ovoid, rod shaped and clusters (arrows).
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Scanning Electron Microscopy (SEM)

The epithelial surface was colonised by microorganisms in zones where patches of degrading
epidermis were mixed with degrading, exposed connective tissue (Figs 4A, B). In the affected
zone, collagen fibres were disorganized (Fig. 4C). Three bacterial morphotypes were observed in
the areas affected: ovoid bacteria, rod-shaped bacteria and clusters of more than ten cells.
Bacteria clusters were never observed at the surface of the healthy integument nor on ossicles.
Bacteria were much more numerous at the border of the affected zone. Smooth ovoid bacteria

(Fig. 4B, C, E), were abundant in comparison to rod shaped bacteria.

4.5 Discussion

The histopathological changes reported in this study are similar to those described in numerous
animals affected by vibrios. The most significant histological change found in this study was the
destruction, disorganization and significant reduction in the amount of COTS connective tissues
(Fig. 4.1, 4.4). This finding was consistent with Owens et al., (1992), who described a
widespread colonisation of connective tissue by Vibrio harveyi in experimentally infected
Penaeus esculentus. Interestingly V. harveyi was reported by Sutton et al., (1988) as a potential
COTS pathogen and is also one of the pathogenic vibrios previously isolated from COTS
infected tissues (Rivera-Posada et al., 2011 b). Vibrio harveyi ECPs are well known for their
capacity to induce lysis of connective tissue. For example, Zorrilla et al., (2003) evaluated the
potential virulence role of V. harveyi and V. parahemolyticus extracellular products and reported
that tissue lysis and ulcers were only seen on the surface of the fish after inoculation with ECPs
from V. harveyi. Similarly, Zhang & Austin (2000) demonstrated that the most pathogenic isolate

of V. harveyi to salmonids produced ECPs with a maximum effect on fish tissues. This bacterium
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has also been reported as the etiological agent of body wall lesions in other echinoderms such as
Tripneustes gratilla and Apostichopus japonicus (Ma et al., 2006, Becker et al., 2007).

The clinical signs of the disease induced by TCBS injections in COTS, such as necrotic skin,
open sores, and loss of body turgor (Rivera-Posada et al., 2011a), have also been described in
humans infected by vibrios as strong reactions in connective tissues characterized by necrosis
and blisters (Chuang et al., 1992). Marked pyknosis was observed in all samples analyzed in this
study (2.5 over a scale of 0 to 3) (Fig.4.3). Not surprisingly, V. harveyi ECPs induced
degeneration of Penaeus monodon intestinal matrix cells, characterized by prominent pyknosis
(Intaraprasong et al., 2009).

Moreover, our macroscopic and SEM analysis (Fig.4.1, 4.4) displayed large amounts of
disorganized and degraded collagen tissues and abundant miscellaneous bacteria. Becker et al.,
(2004) also used SEM analysis to describe skin ulceration disease in cultivated juveniles of
Holothuria scabra (Holothuroidea, Echinodermata) and, similarly to our present study, found
zones where the epidermis was totally destroyed, highly degraded collagen fibers and ossicles
were exposed to the external medium, and areas with bacterial assemblages of various
morphotypes were present. These remarkable similarities between studies coupled with the
identification of Vibrio sp., V. natriegens, V. harveyi and V. alginolyticus as etiological agents of
skin ulceration disease in Holothuria scabra (Becker et al., 2004) and V. natriegens, V. harveyi,
V. rotiferianus, V. owensii, and V. fortis in infected COTS tissues after injections with TCBS
(Rivera-Posada et al,, 2011 a, b) clearly showed that members of the Harveyi group are major
etiological agents in the induction of diseases in echinoderms. Furthermore, these findings
confirmed that tissue structural changes in diseased echinoderms can be promoted by

miscellaneous bacteria. Certainly, the marine environment is a rich source of opportunistic
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microorganisms that normally do not cause disease but become pathogenic when the immune
system is impaired and unable to fight off infection.

COTS digestive glands showed areas of epithelial cell destruction, microvilli atrophy,
enterocyte detachment, absence of muscular epithelium, reduction of thickness and
disorganization of connective tissue and their associated nerve plexus, presence of bacterial
colonies, cell debris in the lumen and marked epithelial desquamation (Fig. 4.3) which is well
known as an innate immune system defense mechanism that helps remove bacteria and other
infectious agents that have adhered to the epithelial surfaces (Sturtinova et al.,1995). All these
histological findings are also in agreement with other reports from marine invertebrates infected
by vibrios. For example, histological evaluations of sea bream Sparus aurata intestines infected
with V. vulnificus described changes such as detachment of enterocytes, disorganized intestinal
layers, inflammation and alterations in the microvilli and brush border (Khemiss, 2009). V.
harveyi caused a massive destruction of P. monodon digestive system where epithelial cells and
basement membrane were damaged, necrotic and completely disappeared in advanced stages of
the disease. Bacterial clusters among cell debris in the lumen were also described (Soonthornchai
et al., 2010). Furthermore, the hypersecreting intestinal glandular cells displayed in the present
study (Fig. 4.3B) can be associated with the release of Vibrio enterotoxins which are recognized
for their capacity to induce intestinal fluid secretion, inflammation and severe tissue damage
(Raimondi, 2000; Thompson et al., 2006).

There was good agreement between the histopathology findings, bacterial culture and
identification (Rivera-Posada et al., 2011 a, b, present study), suggesting that histopathological

examination is a reliable tool that allowed identification of typical vibriosis lesions and could
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contribute to the differentiation from other causes. Varello et al., (2008) compared histologic
techniques and bacteria cultures for the diagnosis of bovine tuberculosis reporting similar results.

The present study showed that bacteria assemblages found on affected COTS tissues
played an important role in the development of disease supporting the hypothesis of activation of
quorum sensing mechanism proposed by Rivera et al., (2011 a). However, being opportunistic
species, vibrios can evolve and recombine when reaching high densities in animal guts or as part
of aquatic biofilms, transferring or inducing expression of virulence genes in less or non-
pathogenic populations (Thompson et al., 2004). Therefore, Vibrio quorum sensing studies are
important to understand the pathways used to drive the presentation of the transmissible disease
in COTS.

Knowledge of the signaling molecules involved in the QS process and their inter-
relationship will allow a better understanding of the interaction between bacteria and host. It will
also provide insight into the effect of transmissible disease on other marine animals that also
have vibrios of the Harveyi and Splendidus clades as normal inhabitants. Disease dynamics and
transmission experiments are warranted, especially in corals, carnivorous fishes, and benthic
detritus feeders.

After several decades of research, current control methods are ineffective in either
eradicating the coral-feeding starfish or preventing further coral mortality. The susceptibility of
crown-of-thorns starfish Acanthaster planci to disease could provide an option for controlling
population outbreaks. Injection of thiosulfate-citrate-bile-sucrose agar (TCBS) culture medium
into 4. planci induces a rapid fulminating disease that is transmitted to in-contact COTS under

favorable conditions (Rivera-Posada et al., 2011 a). Additionally there is no introduction of new
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pathogens into the environment and it is a rapid and simple procedure with immense economic

advantages.
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CHAPTER 5: Modified techniques to improve tissue preservation, detection and
characterization of Vibrio bacteria in marine organisms

5.1 Abstract

Marine biologists typically follow standard histological protocols designed for human samples
when processing and testing for the presence of bacteria in tissues of marine organisms.
However, these procedures may reduce detection of bacteria and many specimens are lost during
dehydration, clearing and/or paraffin infiltration. Vibrio bacteria are often concentrated on the
surface of the tissues and likely to be washed away during long and repetitive washes of samples
before fixation and with the use of 13 hours cycles in automated processors. These situations can
be improved by using short washes (3 minutes immersion), reducing processing times (4:20 hrs)
and embedding samples in agar. The use of short cycles also decreased the amount of epithelial
desquamation in COTS samples. Furthermore, a simpler standardization of the API biochemical
test for phenotypic bacterial identification of environmental strains was achieved by altering the
incubation temperature, supplementation of NaCl 2% to the auxiliary media and the colony size.
The present study contributes to the standardization of histological techniques and biochemical
test (API strips) for partial identification of marine bacteria, ensuring more accurate results,
improving performance, enhancing reproducibility and increasing time/money efficiency in

comparison to extant procedures.
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5.2 Introduction

Vibrio bacteria are highly diverse and commonly occur as normal microflora in a wide range of
vertebrate taxa, or as free-living entities across various aqueous environments, such as coastal
marine ecosystems. However, these Gram-negative microorganisms are also the etiological
agents of many significant pathogenic disorders resulting in serious health related issues in
human populations (Janda et al., 1988; Faruque & Nair, 2002; Wilkins et al., 2007). Vibrio
bacteria also pose a serious problem for marine and freshwater aquaculture, whereby loss of
production due to disease outbreaks and the costs of preventing diseases significantly affect
economic viability (Bourne ef al., 2004; Cano-Goémez et al., 2009).

The characterization of pathogenic isolates plays an essential role in the epidemiology of
infectious disease, producing the information necessary to identify, track and intervene against
disease outbreaks (Urwin et al., 2003). However, Vibrio taxonomy and phylogenetics has been
historically hampered by the high morphological similarity existing amongst several lineages and
specific taxa. As such, identification of specific Vibrio bacteria is increasingly achieved through
the application and development of novel bio-molecular techniques. Increased recognition of
distinct Vibrio has been further motivated by the growing problems of antibiotic resistance
among pathogens (Zbinden, 2006; Vlieghe et al., 2009), as well as the emergence of numerous
infectious diseases in the marine environment (Bossart, 2007; Schaefer et al., 2009)

The aid of genetic methods, featuring an increasing number of molecular markers,
together with biochemical test identification procedures, has greatly improved the resolution of
Vibrio taxonomy (Cano-Gomez et al., 2010). Currently 80 species of Vibrio, grouped into 14
evolutionary lineages have been identified (Sawabe et al., 2007; Cano-Gomez et al., 2011),

several of which were previously misidentified and included within the same group or species
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(Thompson et al., 2007; Cano-Gomez et al., 2010). In marine environments, the application of
molecular techniques to identify bacteria is revealing many new species of Vibrio (Gurtler &
Mayall, 2001; Van Belkum et al., 2001; Yoshizawa et al., 2009); in just the last 3 years, 3 new
species, V. azureus (Yoshizawa et al., 2009), V. sagamiensis (Yoshizawa et al., 2010) and V.
owensii (Cano-Gomez et al., 2010) have been identified within the Harveyi group, which is
known for causing highly virulent disease in marine organisms.

Current biochemical identification kits are mainly designed for use with bacteria that
affect humans, or have industrial microbiological importance, causing significant bias in
identifying Vibrio across different evolutionary lineages. Although these kits are useful when
used according to their intended purpose, these kits fail to provide necessary resolution,
efficiency and reproducibility when used in novel marine settings. Moreover, the standard
procedures used to identify bacteria require modifications in order to enhance the identification
of marine microorganisms. There has been considerable discussion on necessary changes to
standard operating procedures to correctly process marine samples and to increase identification
of aquatic organisms. (Thompson et al., 2001; Fukui & Sawabe, 2008). For example, the
addition of NaCL is used to adapt biochemical test for use with marine bacteria (MacDonell et
al., 1982; Martinez-Urtaza et al., 2006). However, these modifications (such as addition of
NaCL) are often implemented on a fairly ad hoc basis, failing to take into account of colony size
or variation in environmental conditions across different aquatic habitats.

The purpose of this study was to develop systematic modifications to established
histology techniques (H&E and Gram stains) and biochemical test for partial identification of
marine Gram- negative bacteria, which have fundamental flaws in several aspects of their

methodology. Here we will concentrate on Vibrio bacteria given their increasing importance in
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marine ecosystems, aquaculture industry and public health. This study will focus on two
instances of the procedures typically employed for partial identification of Gram-negative
bacteria; (1) sampling and processing of marine tissues for histology and (2) standardization of

biochemical test for environmental strains.

5.3 Materials and methods

Study organism and sampling

Samples consisted of 16 digestive glands dissected from individual adult sick (n = 12) and
healthy (n = 4) COTS collected at Lizard Island (14° 40 'S, 145°27°E) located in the far northern
section of the Great Barrier Reef (GBR). Disease was experimentally induced by injecting each
of the 12 specimens with 10ml of thosulate-citrate-bile-sucrose (TCBS) as described by Rivera-

Posada et al., (2011a).

Histology

Normal digestive glands were aseptically dissected after arrival at Lizard Island Research Station
(LIRS) laboratory and immediately washed and fixed in phosphate buffered formalin 10% (10
parts of formalin to 1 part of tissue) (Bancroft & Stevens, 1996). Tissue samples of diseased
COTS previously injected with TCBS (Rivera-Posada et al., 2011) were collected before death
for better isolation of pathogens and to avoid the strong enzymatic activity in intestinal tissues
after death that results in swelling of villus, epithelial denudation and autolysis (McInnes, 2005).
Six digestive glands (2 from healthy and 4 from diseased COTS) were immersed for 3 minutes in
0.9% saline, then embed in agar and processed using short cycle in the automatic tissue
processor (Table 1). The other 10 digestive glands (2 from healthy and 8 from diseased COTS)
were processed following the standard protocol of 13 h in the tissue processor. Five digestive

glands (1 healthy and 4 from diseased COTS) were rinsed twice for 5 minutes and the other
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samples (1 healthy and 4 from diseased COTS) immersed in 0.9 % saline for 10 minutes with
subsequent 13 h processing. Staining of COTS pyloric caeca for hematoxylin and eosin (H&E)
and Gram stains (GS) was performed as described in Bancroft & Stevens, (1996). Histological
changes were evaluated in terms of the appearance of microvilli, necrosis, enterocyte
detachment, cell debris, bacteria- like particles and epithelial integrity (appearance and

detachment of layers).

Processing and embedding of tissue samples for histology

Standard processing of histological samples is usually performed overnight (13 hours), following
which the tissue is ready for embedding in paraffin wax (Woods & Ellis, 1994). The purpose of
the processing is to take fixed tissue and slowly dehydrate it using a series of ascending grades of
ethanol. It then has a total of three changes of absolute ethanol. Before the tissue can be
impregnated with paraffin it must be cleared in a solvent that is miscible with both ethanol and
paraffin (Woods & Ellis, 1994). However, many marine tissues require special care during
processing due to their small size (i.e larvae), delicate nature (i.e connective tissue, fresh nervous
system), rapid degradation (i.e digestive glands of crown-of-thorns starfish) or stage of disease.
Importantly, bacterial infections in many marine organisms are often restricted to the tissue
surface (Becker et al., 2004; Ringo et al., 2007), and thus bacteria are prone to being washed
away during long washes of samples previous to fixation and by the automated tissue processing
that agitates the solutions over a prolonged period. In the final stages, the tissue is infiltrated
under vacuum pressure with hot liquid paraffin wax (Paraplast®) at 60 °C to assist in drawing
the liquid paraffin into all the spaces in the tissue. This study used reduced processing times
(Table 5.1); combined with additional changes to the preparing tissue samples (short washes

before fixation and embedding of samples in agar).



Automated tissue processor

(Short cycle)
50% ethanol 20 minutes
70% ethanol 20 minutes
70% ethanol 20 minutes
80% ethanol 20 minutes
90% ethanol 20 minutes
95% ethanol 20 minutes
Absolute ethanol 20 minutes
Absolute ethanol 20 minutes
Absolute ethanol 20 minutes
Xylene 20 minutes
Xylene 20 minutes
Paraplast 20 minutes
Paraplast 20 minutes
Total time 4.20 hours
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Table 5.1. Proposed short cycle processor times. Automated processor temperature 38 °C. Small

tissue samples were used (0.2-0.5 cm) to ensure adequate penetration of formalin (0.05

mm/hour) and to decrease the time required for correct clearing.

Agar paraffin embedding

Prior to processing, samples were embed in agar. Agar 3% was prepared in an autoclave at

121°C for 15 minutes due to the tendency of untreated agar to promote bacterial and fungal

growth (Lapage, 1970). The prepared agar was then stored in small Pyrex tubes, which were

heated in a microwave to melt the agar prior to embedding. A small quantity of agar solution was

poured onto the bottom of the mold. The tissue was then oriented using a stereomicroscope

adjusting fragments with a metal pin. The remainder of the mold is filled with agar and placed on

a plate cooled to 4°C to ensure agar hardening and to prevent changes in tissue orientation. The

solidified agar block was then placed in a histology cassette and processed in a Shandon

Hypercentre XP® automated processor. Processed cassettes were then transferred to a Shandon
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Histocentre 3, embedding centre. Here the cassette was opened and the agar plug was orientated
face down in metal embedding molds. The back of the cassette containing the sample ID is then
transferred to the back of the embedding mold and placed on an ice tray to cool. Ribbons of 5u
sections were then cut from the tissue block and floated out on a 47°C waterbath and then
mounted on a Menzel-Glaser Superfrost ®Plus slide. These sections were then stained using
Gram-Twort staining method following (Bancroft & Stevens, 1996).

Scannin electron microscopy (SEM)

Tissue samples were fixed for 16 h in 3% glutaraldehyde solution in 0.1 M cacodylate buffer (pH
7.8). Then, after dehydration in graded alcohol (50, 70, 90 and 100%) samples were critical point
dried, mounted on aluminum stubs, sputter-coated with gold and examined under a JEOL JSM-
5410LV scanning electron microscope.

Fluorescent in situ hybridization

Tissue samples were fixed in 4% paraformaldehyde suspended in phosphate buffered saline
(PBS) for 24 h at 4°C and stored in 50% ethanol/PBS at — 20°C until processing. Then, tissue
samples were placed in histology cassettes dehydrated through ethanol series and embed in
paraffin. Tissue sections were cut to a thickness of 5 p and transferred to adhesive glass slides
(SuperFrost® Plus, Menzel-glaser, Germany). The bacterial specific probes EUB338, EUB338-
IT and EUB-III were labeled with indocarbocyanine fluorochrome Cy3 and combined to produce
EUB +. Twenty-five ng/ ul of the solution was applied to the slides and incubated in 50 ml
polypropylene tubes at 46°C for 3 h.

Biochemical test

Molecular methods are generally considered most accurate for identifying Vibrio bacteria,

although biochemical bacterial profiles are widely used to complement molecular methods.
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However, the discriminatory power of these test are limited for environmental strains of Vibrio
spp, largely due to genotypic plasticity of Vibrio (Cano-Gomez et al., 2009). Ohara et al., (2003)
compared and evaluated six commercial systems, based on the ability to distinguish 12 species of
Vibrio usually found in clinical samples. The accuracy of these systems, which are widely used,
ranged from 63.9% to 80.9%.

Phenotypic analysis of 19 bacterial isolates from crown-of-thorns starfish (COTS)
collected from Lizard Island (Great Barrier Reef, Australia) and Guam (USA, Western Pacific
Ocean) were performed in triplicate by employing API 20NE commercial kits (BIOMERIEUX
SA, Marcy-I'Etoile, France) according to the manufacturer’s instructions with the following
modifications (1) 2% NaCl (w/v) solution was used to prepare the inocula, (2) API strips were
incubated at 30 °C for 48 h and (3) several colonies of pure cultures of a single organism were
used when bacterial colonies were tiny to ensure that all tubes and cupules have enough bacteria
for growth. In order to culture bacteria for biochemical identification, sterile inoculation loops
were used to swab the skin surface and dermal lesions of individual starfish. These samples were
then streaked on TCBS and Nutrient Agar with 2% NaCl plates and grown for 24 h at 30°C.
Further identification was achieved through 16 r RNA, mreB and fopA (Rivera-Posada et al.,

2011).

5.4 Results and discussion

Modified processing methods used in this study were more effective in preserving delicate
marine tissue samples and retain more bacteria when compared to standard histological methods.
Moreover, a simpler standardization of the API biochemical test was achieved by altering the
incubation temperature, supplementation of NaCl 2% to the auxiliary media and the colony size

showing better and consistent results.



Chapter 5 | 98

Histology

Using the modified techniques, all samples resulted in the visualization of more bacteria on the
border or surface of the samples and less epithelial desquamtion. On the other hand, two tissue
samples of sick spcecimens were lost during processing using standard protocols due to the
delicate nature of the tissues; the other eight samples showed more epithelial desquamation,
microvilli damage and reduction in the amount of bacteria, when compared to short cycle
samples (Fig 5.1, 5.2). Thus, standardized procedures used for human samples are inappropriate
when processing delicate tissues like digestive glands of Crown-of-thorns starfish that have a
thin wall, are subject to rapid autolysis prior to fixation and tissues can be easily damaged during
preparation. Other delicate tissues such as larvae, liver and brain of other marine organisms with

different histological characteristics should also be evaluated.

Standard procedures followed by most histology laboratories recommend the use of two
washes before the sample is immersed in the fixative solution for two main reasons: (1) to avoid
dehydration, contraction, hardening and deformation of tissues because samples of terrestrial
animals are collected from isotonic environments and then immersed in hypertonic media
(fixative), with the exception of kidney and liver that are hypertonic in nature; and (2) to
eliminate the excess of erythrocytes from the sample to avoid formation of formalin-heme
pigment artifact which is most often observed in bloody tissues allowing better penetration of
fixatives (Drury & Wallington, 1980). However, tissues of marine animals are already adapted to
hypertonic seawater (Todd et al., 2005). Additionally, many marine animals e.g., A. planci have
a water vascular system and lack erythrocytes therefore formation of heme pigment is minimal.

Consequently, the time of sample washing can be greatly decreased.
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Figure 5.1. Bacterial assemblages in COTS infected tissues. A, B. (20x) Gram stain of digestive
glands that were immersed for 3 minutes in 0.9% saline and processed with short cycle showing
Gram-negative bacteria (pink, red) on the border of the tissues. B, C. Fluorescent in situ
hybridization (FISH) displaying bacteria on border of infected digestive glands. E, F scanning
electron microscopy (SEM) images showing bacterial assemblages of diverse morphology and

size on the surface of affected COTS tissues.
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Figure 5.2. Comparison of short vs. long cycles employed for tissue processing of normal COTS
pyloric caeca. A (20 x), B (40x) H&E stain of healthy COTS samples processed with short
cycles, no epithelial desquamation was observed along with superior microvilli preservation
(MV). C, D. COTS normal pyloric caeca processed with standard long cycles (13 hours),
showing areas of epithelial desquamation (ED) and shortening and detachment of microvilli

(MVD).
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Generally, small pieces of tissue are cleared in 0.5-1 h; whereas larger (> 5 cm in
thickness) are cleared in 2-4 h. The duration of impregnation depends on size and type of tissue
and the clearing agents employed. Ethanol cause shrinkage, excessive hardening of tissues and
disintegration of mitochondria and echinoderm skeleton. Additionally, echinoderm body walls
and organs consist primarily of collagenous tissues that are dissolved by ethanol (Steadman,
1960; Wilkie, 2002). Thereupon, the use of short cycles is highly recommended. Slow
dehydration of delicate tissues starting at 50% ethyl alcohol is also suggested to remove water
gently allowing delicate tissues to slowly adjust to its removal. Rapid removal of water can
distort the appearance of delicate cells and structures. Normal tissue specimens can be placed

directly into 70% alcohol (Talukder, 2007).

Sample preparation is a critical step when processing marine samples because dissection
and fixation of large pieces of tissues result in incomplete fixation and subsequently lysis of
tissues. In addition, excessive rinsing of samples and inappropriate collection can result in lost of
bacteria, thereby generating altered results. For example, Luter et al., (2010) rinsed tissue
samples from healthy and diseased sponges with 70% ethanol for subsequent bacteria culture in
marine agar and conclude that bacteria, fungi, protozoa were not implicated in the development
of brown spot lesions and necrosis of the elephant ear sponge, lanthella basta. Ethanol is a
biocide that instantly kills organisms by denaturation of proteins and breakdown of lipids and is
effective against most bacteria, fungi, and viruses (McDonnell & Rusell, 1999). Additionally,
there are numerous reports of echinoderm diseases that displayed bacterial pathogens on the
surface of infected tissues and ethanol washing certainly can kill all epimural bacteria
instantaneously (Becker et al., 2004; Ringo et al., 2007). Not surprisingly, numerous other

studies in sponges and corals described increases in microbial diversity in response to disease
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and/or environmental stress (Cooney et al., 2002; Pantos ef al., 2003; Pantos & Bythell, 2006;
Webster et al., 2008). Increases in microbial diversity and density are expected findings in
disease organisms because once the immune system fails the compromised individual is
vulnerable to secondary infections and proliferation of opportunistic pathogens that are abundant

in the marine environment.

As expected, most bacteria were located on the border or surface of tissue samples (Fig
5.1, 5.2) and might have otherwise, been washed away during more extensive processing.
Similarly, cultivated juveniles of Holothuria scabra with skin ulceration disease induced by
Vibrio sp., Bacteroides sp., and a-Proteobacterium showed bacterial assemblages on the borders
of infected tissues (Becker ef al., 2004). Also, for intestinal lesions of Atlantic salmon (Sa/mo
salar L.) following in vitro exposure to pathogenic Vibrio anguillarum and aeromonas, the
bacteria were concentrated on the tissue surface (Ringo et al., 2007). Our results indicate that
long and repetitive washes or pressure rinsing of crown-of-thorns digestive glands before
fixation in conjunction with the use of standard long cycles (13- 15 hours) in the automated
tissue processor contribute to the lost of bacteria in all samples analyzed. Therefore, care must be
taken in processing diseased tissues from marine organisms to maximize detection of pathogenic

bacteria.

Vibrios are widespread naturally in the aquatic environment as free living entities or
commensals and can be found highly concentrated on aquatic invertebrates, zooplankton
carapaces, on the surface of chitinous organisms, the mucus layer of corals, sediments and
suspended detritus (Lipp et al., 2002; Sawabe et al., 2007). Agar embedding coupled with
collection of water, mucus and/or suspended detritus at the same time of tissue collection

enhance the isolation of bacteria as well as allow a better observation of bacterial communities in
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their natural spatial relationships. In addition do not interfere with stains for diagnostic

pathology.

The results of our study showed less epithelial desquamation in all samples analyzed
when 20 minutes cycles were used (Fig 5.2) and although shortening of the dehydration time
with ethanol improve preservation of COTS tissues, it is important to take into account that
excessively short times can lead to incomplete dehydration (less than 15 minutes), therefore the
use of small samples (0.2-0.5 cm) is highly recommended for correct penetration and clearing
(Bancroft & Stevens, 1996). Moreover, autolysis of digestive glands and/or other marine tissues
can be reduced by trimming tissues to thin (2 to 5 mm) slices before immersing in fixative or by
injecting fixative into the tissues. Short processing programs also require slices of tissue not
exceeding 2 mm. This emphasizes the importance of accuracy during gross dissection of the
specimens. Our results are in agreement with Shi-ming et al., (2010) which reported that tissues
fixed in 10% formaldehyde and dehydrated with gradient ethanol using 15 minutes cycle for
each dehydration step showed less tissue damage and distortion of tissues in comparison to
standard 15 hours processing time. Conventional tissue fixation and dehydration resulted in
significant loss of peritoneal mesothelial cells. Moreover, our results are also in agreement with
Ragazzini, 2005; Morales, 2008; and Mulkhom, 2008, which reported that histology of rapidly,
processed tissues and their histochemical and immunohistochemical properties were comparable

with those of the traditionally prepared material.

Biochemical API test standardization
Biochemical profile
From the 21 tests contained in each API 20NE strip, all Vibrio isolates were positive for

potassium nitrate, L-tryptophane, D-glucose, esculine, gelatin, B-galactosidase, malate, glucose
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and oxidase and negative to L-arginine, urea, arabinose, adipique, caprique. Citrate utilization
was found as a discriminatory character between isolates identified as V. harveyi, and V. owensii.
Potassium gluconate test was negative only for a P. eurosenbergii strain. N-acetylglucosamine
was 50% positive and the other 50% showed weak results.

The species V. harveyi and V. rotiferianus were characterized as positive for citrate use although
2 out of our 5 V. rotiferianus isolates in this study resulted negative. Aside from their high
interspecific similarities, intraspecific variability of biochemical profiles within species of the
Harveyi group has been considered as an inconvenience of phenotypic methods for precise
identification of V. harveyi-related strains requiring molecular techniques (Gomez-Gil et al.,
2004). However API strips make bacterial identification simpler, faster, reliable for many
bacteria species and offer a clear advantage for marine biologist that can easily perform the test

and partially identify their bacteria in remote locations (i.e research vessels and remote stations).



Table 5.2. API20NE Biochemical profile of Vibrio isolates of Crown-of-thorns starfish
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V. owensii | V. harveyi | V. rotiferianus V. natriegens V. fortis P.
(X1,X2,Y2,G | (GUSDARK (GREEN (CREAM TCBS, (GUMAB, | eurosenbergii
TEST Reaction 2, GU]) EN) AGRESS,NA,YG,GR CREAM 12-13, GUSPALEE (GU2Y,GUSYEN,
EEN+,GUIGEN) HAEMORR) N) GU4YEN)
NO3 Potgssmm Pos Pos Pos Pos Pos Pos
nitrate
TRP L-tryptophane Pos Pos Pos Pos Pos Pos
GLU D-glucose Pos Pos Pos Pos Pos Pos
ADH L-arginine Neg Neg Neg Neg Neg Neg
URE Uree Neg Neg Neg Neg Neg Neg
ESC Esculine Pos Pos Pos Pos Pos Pos
GEL Gelatin + Pos Pos Pos Pos Pos
PNPG B . Pos Pos Pos + Pos Pos
galactosidase
GLU Glucose Pos Pos Pos Pos Pos Pos
ARA Arabinose Neg Neg Neg Neg Neg Neg
MNE Manose Pos Pos Pos Neg W +
MAN Manitol w Pos + Pos W Neg
NAG n-acetyl- w Pos Pos Pos w W
glucosamine
MAL Maltose w + Pos Pos W Neg
GNT Potassium Pos Pos Pos Pos Pos Neg
gluconate
CAP Caprique Neg Neg Neg + Neg Neg
ADI Adipique Neg Neg Neg Neg Neg Neg
MLT Malate Pos Pos Pos Pos Pos +
CIT Citrate Neg Pos + Pos Neg Neg
PAC | Phenylacetique Neg + + Neg Neg w
0X Oxidase Pos Pos Pos Pos Pos Pos
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Temperature

Among the numerous physical factors that influence the ecology of Vibrio bacteria, temperature
has the most direct and significant effect. It is generally recognized that high densities of Vibrio
organisms occur during the warmer months, a finding that is consistent with seasonal distribution
of clinical cases and fatalities traced to the consumption of contaminated seafood (Levine &
Griffin, 1993; Lipp et al., 2002). Vibrio species have a broad temperature range from 20 to 37°C

(Kaysner et al., 2004; Thompson et al., 2006).

Vibrio species associated with human diseases flourish at 30-37 °C although marine
pathogenic Vibrio including those associated with corals have been found at much lower
temperatures. For example V. tasmaniensis was recognized as part of the biota associated with
marine organisms and also was isolated from necrotic tissue of the gorgonian octocoral Eunicella
verrucosa from cool temperate waters with temperature ranges of 7.5 to 17°C during an outbreak
at Lundy Island, Devon, England in 2003 (Vattakaven et al, 2006). Moreover, lysine
decarboxylase and nitrate reductase biochemical test are temperature-dependent (Wuthe et al.,
1993). Therefore drastic changes of incubation temperatures can lead to altered results. API 20 E
and 20 NE instructions recommend incubation temperatures of 36 °C and 29 +/-2 respectively.
High temperatures potentially inhibit growth of some Vibrio bacteria, or lead to weak or
erroneous results due to inability to induce bacterial response to the substrates in the strip.
Environmental strains of V. harveyi, V. rotiferianus, V. campbellii, V. owensii, V. alginolyticus,
V. shilonii, V. corallyticus recovered from marine echinoderms, aquaculture systems and corals
grow well at 20 to 29 °C. In the case of weak or inconsistent results, marine isolates should be

incubated at a similar temperature to those of their natural habitats.
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NaCl requirement

The optimum salinity for growth, and the range of salt tolerance differs between Vibrio
species, mostly in accordance with their natural exposure (Colwell & Spira, 1992;
Desmarchelier, 1997). V. alginolyticus for example, can grow in high salt concentrations up to
10% (Neill & Carpenter, 2005). Conversely, V. mimicus is considered to be a non-halophilic
Vibrio (Janda, 1987; Thompson et al., 2006). Vibrio species show poor or no growth in nutrient
broth that has less than 0.5% sodium chloride. Even for V. cholerae and V. mimicus, better
growth is obtained in nutrient broth with 1% salt than in broth with lower concentrations
(Colwell & Spira, 1992). Members of the genus Vibrio from brackish-water or marine organisms
require higher concentrations of cations, particularly Na, K, Mg®" than are usual for terrestrial
organisms such as Aeromonas, Pleasiomonas and Enterobacteriaceae. Concentrations of these
cations are key factors that influence motility and growth in different ways (Colwell & Spira,
1992). Normally the conventional tests API 20 NE are inoculated with a 0.85% NaCl saline
suspension that reconstitutes the media. At this concentration the media imitate the concentration
of NaCl in human fluids that is 0.9% approximately. Then the assimilation tests are inoculated
with a minimal amount of medium (200 pl) and the bacteria grow if they are capable of utilizing
the corresponding substrate. Misidentifications have been reported in association with the use of
this salt concentration for identification of marine bacteria (Seidler ez al., 1980; MacDonell et al.,
1982; Martinez-Urtaza et al., 2006). In addition, biochemical test activities, in particular the
formation of indole, lysine and ornithine decarboxylases, arginine dihydrolase, the reduction of
nitrate and behaviour in the Voges-Proskauer test are also dependent of NaCl concentration
(Wuthe et al., 1993). Weak responses on the assimilation test of marine isolates were found in

this study when concentrations of 0.85% NaCl were used. However, addition of NaCl to the
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auxiliary media at concentrations of 2% provided much better and consistent results. Vibrio
isolates used in this study enhanced their biochemical condition at salinities close to those

existing in their marine habitat.
Colony size

Another aspect that should be considered is the size of the colony. Some marine bacteria form
very small colonies and the instruction manual of the API 20E kit recommends collecting one
colony that should be diluted in the media to inoculate the strips. In the case of very tiny colonies
it is recommended to pick up several colonies from pure cultures of a single organism to ensure
that all tubes and cupules have enough bacteria for growth. An easier standardization of the API
test for marine environmental samples can be easily achieved taking into account the incubation

temperature, the supplementation of NaCl 2% to the auxiliary media and the colony size.
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CHAPTER 6: Interspecific transmission and recovery of TCBS-induced
disease between Acanthaster planci and Linckia guildingi

6.1 Abstract

The susceptibility of the coral-feeding crown-of-thorns starfish (Acanthaster planci) to
disease may provide an avenue with which to effectively control population outbreaks that
have caused severe and widespread coral loss in the Indo-Pacific. It has been shown that
injecting thiosulfate-citrate-bile-sucrose (TCBS) agar into A. planci tissues induced a disease
characterized by dermal lesions, loss of skin turgor, collapsed spines, and accumulation of
mucus on spine tips. Moreover, the symptoms (and presumably the agent) of this disease
would spread rapidly intraspecifically, but interspecific transmission (to other species of
equinoderms) is yet to be examined. Vibrio rotiferianus, which was previously reported as a
pathogen isolated from lesions of experimentally-infected 4. planci, was also recovered from
Linckia guildingi lesions after several days of direct contact with diseased 4. planci
demonstrating disease transmission. However, all L. guildingi fully recovered after 31 = 16
days. Further studies are in progress to understand the ecology of Vibrio infection in A.
planci and the potential transmission risk to corals, fishes, and other echinoderms to evaluate

if injections of TCBS could be a viable tool for controlling A. planci outbreaks.

+ This research was conducted in collaboration with Ciemon Caballes (University of Guam) and was published
(as written) in Diseases of Aquatic Organisms: Caballes CF, Schupp PJ, Pratchett MS, Rivera-Posada JA
(2012). Interspecific transmission and recovery of TCBS-induced disease between Acanthaster planci and
Linckia guildingi. doi: 10.3354/dao02480. This project was conceived as an extension of my own research, but
Mr Caballes assisted with development and undertaking of experimental protocols, and also contributed to
writing this paper.
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6.2 Introduction

Outbreaks of the crown-of-thorns starfish, Acanthaster planci (L.) have had catastrophic
effects on many reefs in the Indo-Pacific (Chesher, 1969), and remain one of the major
causes of coral loss in this region (Bruno & Selig 2007, Pratchett et al., 2011). During
outbreaks, high densities of A. planci (up to 1 starfish per m2) can rapidly consume >90% of
corals across vast tracts of reef habitat (e.g., Chesher, 1969). On Australia’s Great Barrier
Reef, outbreaks of A. planci account for 37% of recorded coral loss since 1995 (Osborne et
al., 2011). Similarly at Moorea, in the central Pacific, outbreaks of 4. planci caused greater
levels of coral loss than either cyclones or climate-induced coral bleaching (Trapon et al.,
2011). Control of outbreaks of A. planci may therefore, be the most immediate and effective
mechanism by which to reverse sustained declines in the abundance of live coral cover on the
Great Barrier Reef (e.g., Bellwood et al., 2004) and throughout the Pacific (Bruno & Selig

2007).

Previous efforts to control outbreak populations of 4. planci have been costly and ineffective.
At Bootless Bay in Papua New Guinea for example, divers removed (hand-collected) or
killed (injected with sodium bisulphate) almost 10,000 individual sea stars during very
extensive control efforts, but were still unable to prevent extensive loss of live coral, nor
restrict the spread of starfishes (Pratchett ez al., 2009). However, A. planci (like many
echinoderms) are susceptible to infectious disease (Pratchett, 1999), which could provide an
option for controlling outbreaking populations of A. planci (Rivera-Posada et al., 2011a) or
urchins (Miller, 1985). The close proximity between starfish during outbreaks would
facilitate rapid transmission of potential pathogens, eliminating the need to directly kill or
collect each individual starfish. Diseases have also been implicated in abrupt declines of A4.

planci numbers at the end of outbreak events (Zann et al., 1990).
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Thiosulfate-citrate-bile-sucrose (TCBS) agar is a selective culture medium that inhibits gram-
positive organisms, suppresses coliforms, and allows selective growth of Vibrio spp. Rivera-
Posada et al., (2011a, 2011b, 2011c) showed that injection of TCBS broth into A. planci
digestive organs could induce systemic dysbiosis and facilitate the growth of opportunistic
Vibrio spp., leading to rapid mortality of individual starfishes. This disease is characterized
by dermal lesions, loss of body turgor, matting of spines, and accumulation of mucus on
spine tips (Fig. 1A, 1B). These signs are consistent with natural instances of disease
previously observed in 4. planci (Pratchett, 1999). The pathogenic Vibrio spp. can also be
transmitted to healthy A. planci via direct contact with diseased individuals under certain
environmental conditions (Rivera-Posada et al., 2011a). Although the possibility of
exploiting diseases in 4. planci for developing biological control measures is promising,
significant testing is needed to ensure that there is no chance of disease transmission to non-
target species. There have been several exemplary biological control programs implemented
in terrestrial systems, but little is known on the potential risks and effectiveness in marine
systems (Secord, 2003). The purpose of this study was to explore the potential of
interspecific transmission of putative disease agents from A. planci to other common and co-

occurring echinoderm species, specifically Linckia guildingi (Gray starfish).

6.3 Materials and Methods

To test the possibility of interspecific transmission, seemingly healthy individuals of
Guildingi’s starfish (Linckia guildingi) were placed in direct contact with diseased
individuals of crown-of-thorns starfish (4. planci). Disease in individual 4. planci was
induced through injection with TCBS, following Rivera-Posada ef al., (2011a), which causes
allergic reaction and proliferation of naturally occurring bacteria (rather than directly
introducing any new putative disease pathogens). A total of 5 L. guildingi were placed in

individual containers with a diseased A. planci, while a further 5 L. guildingi were placed in
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containers in direct contact with healthy 4. planci to serve as controls. Experiments were
performed at the University of Guam — Marine Laboratory with flow-through seawater at
ambient conditions (mean temperature = 28°C, pH = 8.3, salinity = 34.5 ppt) for 60 days. All
study organisms were collected at Haputo point, Guam, USA (13°34'14.16" N,
144°49'18.12" E).

Bacterial density was monitored every 8 hrs for two days by collecting water and
mucus samples, which were appropriately diluted and plated on TCBS plates. Colony-
forming units (CFUs) were counted after 24 hrs incubation at 28°C. Dead and decomposing
A. planci were removed from the tanks after 4 days. To identify putative pathogens, lesions
on L. guildingui were swabbed and plated on TCBS agar and DNA was extracted from four
isolates. Comparable studies were also conducted for 4. planci as described in Rivera-Posada
et al., 2011 b). All PCR amplifications were performed in a BIORAD 170-9701 PCR
thermocycler (California, USA). PCR reactions (20 pl) contained approximately 20 ng of
genomic DNA, 1x PCR buffer (Tris-Cl, KCl, (NH4),SO4, 1.5 mM MgCIl2; pH 8.7) (Qiagen),
0.5 uM of each primer, 200 uM dNTPs and 0.5 units of Taq DNA Polymerase (Qiagen). The
first cycle was preceded by initial denaturation for 15 min at 95°C. Each cycle (30 cycles)
consisted of denaturation for 1 min at 95°C, annealing for 1 min at 50°C, and extension for 1
min at 72°C. The last cycle was followed by a final extension step for 7 min at 72°C. Finally,
PCR products were visually inspected in ethidium bromide-stained 1% agarose gels against
known size standards to verify the presence of amplicons of the expected sizes. PCR products
were thereafter purified and sequenced by Macrogen Ltd. (South Korea) using VtopA400F
(GAG ATC ATC GGT GGT GAT G) and VtopA1200R (GAA GGA CGA ATC GCT TCG

TG) primers (Sawabe et al., 2007).

6.3 Results and Discussion
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There were no signs of disease in L. guildingi starfish collected from the field, nor were
starfish placed together with healthy A. planci ever seen to exhibit symptoms of disease. In
contrast, four out of five L. guildigi starfish placed with diseased A. planci developed skin
lesions within 3 to 9 days (Fig 6.1). These lesions could be a result of the lysis of connective
tissues induced by opportunistic bacteria as shown in histopathological analyses of diseased
A. planci (Rivera-Posada et al., 2011 c).

Bacterial growth on TCBS medium based on CFUs/ml of water sample peaked at 32 hours
after injection, but decreased 8 hrs later (Fig 6.2A).. On the other hand, there was an
exponential increase in bacterial growth in mucus samples after 24 h and continued to
increase for 24 hrs thereafter (Fig 6.2B). The mucus secreted by A. planci after TCBS
injection could be a potential pathway for intra- and interspecific transmission of pathogens
and partly explains why this induced disease appears to be transmitted only through direct
contact (Rivera-Posada et al., 2011a).

Isolates from sampled lesions were identified as Vibrio rotiferianus using NCBI
BLASTN database on the basis of 99% similarity to top4 gene sequences. This was
consistent with topologies based on 16S rRNA, mreB and topA analysisis previously reported
by Rivera-Posada et al., (2011 b), which described V. rotiferianus as a pathogen isolated
from tissue lesions on infected 4. planci. Sequences were deposited in GenBank under the
accession numbers HQ591351, HQ591352, HQ591353, HQ591354. Nearly all Vibrio spp.
under the Harveyi group have been reported as causative agents in echinoderm diseases
(summarized in Rivera-Posada et al., 2011b). Moreover, pathogenic V. rotiferianus was
recovered from A. planci lesions, from mucus travelling from sick A. planci to L. guildingi
and from L. guildingi lesions.

Vibrios are well equipped with a series of virulence factors and adaptive response

mechanisms such as chemotaxis that greatly influence their infectivity (Butler & Camilli,
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2004). For example, V. anguillarum and V. alginolyticus undergo positive chemotaxis to
mucus collected from fish skin and intestines (Bordas et al., 1998). V. shiloi, a coral
pathogen, migrates towards coral mucus (Banin et al., 2001); and V. cholera moves into

intestinal mucus (Freter & O’Brian, 1981).

necrotic tissue

recovered tissue

recovered tissue
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Figure 6.1. TCBS-induced disease in A. planci: signs, transmission and recovery. (A)
diseased 4. planci showing loss of body turgor, necrotic tissue, mucus, and matting of spines;
(B) healthy L. guildingi in contact with diseased and dead A. planci; (C, D) lesions on L.
guildingi afer direct contact with diseased A. planci; (E, F) recovered lesions on L. guildingi.

Scale bar = lcm.

Figure 6.2. Bacteria growth after TCBS injections. (A) mean CFUs ml™" + SE in water

samples; (B) mean CFUs ml = SE in mucus samples.

Lesions in sick 4. planci did not recover and disease progressed, leading to 100%
mortality within 24 to 48 h. Rivera-Posada et al., (2011a) also reported mortality in 4. planci

that were in contact with diseased individuals. On the other hand, all L. guildingi starfish
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fully recovered (lesions healed) 31 = 16 days after lesions were first observed (Fig 6.1). This
disparity in resilence could be attributed to the lower antibiotic activity properties of 4. planci
compared to other asteroids —showing very weak activity against gram-negative bacteria
(Burkholder, 1973). Although all starfish were collected in the same area, it is also difficult to
determine the level of fitness of each individual, which could also be important in disease
suceptibility and recovery. Individuals with higher levels of stress are more susceptible to
facultative pathogens (Sutton ef al., 1988).

Disease induction through TCBS injection could be an effective option for
controlling 4. planci populations at a larger scale. Although this biological control
mechanism does not involve the introduction of pathogens, further disease transmission
experiments are warranted, especially in corals, carnivorous fishes, and benthic detritus
feeders to verify host specificity and vulnerability of non-target species. This study showed a
successful interspecific transmission of disease to Linckia guildingi, confirms the
pathogenicity of V. rotiferianus to echinoderms and stress the high risk of applications of
TCBS as a control method of 4. planci outbreaks in the field without more detailed studies of
the quorum sensing mechanisms involved in the induction of disease. It is crucial to take into
account that Vibrios as opportunistic species can evolve and recombine genes under high
microbial contact in animal guts or as part of aquatic biofilms, transferring or inducing
expression of virulence genes in less or non-pathogenic populations (Thompson et al., 2004).
Furthermore, Vibrios are ubiquitous in the marine environment and experimental application
of TCBS even in an isolated reef without more detailed studies could have disastrous results
in marine ecosystems were no boundaries could limit the spread of disease. This is a portion
of on-going work to evaluate if TCBS injection could be a new tool for management of

COTS outbreaks.
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CHAPTER 7: The Role of protein extracts in the induction of disease in
Acanthaster planci

7.1 Abstract:

Thiosulfate-citrate-bile-sucrose agar (TCBS) has been shown to induce pathogenesis in the
crown-of-thorns starfish (COTS), Acanthaster planci, providing potentially novel options to
control COTS outbreaks, but the mechanistic basis for this effect is unknown. This study
explores reactions of COTS to individual ingredients of TCBS, testing for allergic reactions
versus pathogenesis. Four out of nine TCBS chemical ingredients tested induced allergic
reactions and death in injected COTS. Peptone 10 g "' and oxgall 8 g 1" induced 100%
mortality, while yeast extract and agar induced death in 40 % and 20% of COTS, respectively,
48 h after injection. Peptone was evaluated at three different concentrations (10g, 5g, and
1g1™"). Peptone 10 g I induced 100% mortality, peptone 5 g 1" killed 60% of injected COTS,
and peptone 1 g 1" induced death in only 20% of challenged COTS, indicating that toxicity of
peptone is concentration-dependent. Sodium citrate induced moderate mucus production in all
COTS challenged, but disease did not progress and COTS completely recovered after 52 h.
The remaining ingredients in TCBS did not produce any kind of clinical signs of disease.
Peptone, oxgall, and yeast are potentially useful in controlling outbreaks because these are
protein extracts that can be safer to use compared to previously noxious chemicals. In addition,
lowered concentrations are required to kill COTS, therefore increasing efficiency by saving
time, money, and effort in COTS control programs.

+This chapter is in press (as written) in Journal of Experimental Marine Biology and Ecology: Rivera-Posada JA,

Owens L, Caballes CF, Pratchett M (2012). The Role of protein extracts in the induction of disease in Acanthaster
planci. JEMBE doi 10.1016/j.jembe.2012.06.008.
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7.2 Introduction

Population outbreaks of the crown-of-thorns seastar (COTS), Acanthaster planci, are one of the
most significant biological disturbances on tropical coral reefs. Importantly, localized outbreaks
of COTS are the major contributor to coral loss and reef degradation on Indo-Pacific reefs
(Bruno & Selig, 2007; Pratchett et al., 2009). However, science for management of tropical coral
reefs has been focused other treats (e.g, climate change; Hughes et al., 2003), such that there has
been limited progress in understanding the causes, cosequences, and potential options for
managing COTS outbreaks. Control of COTS outbreaks may be the most immediate and
effective mechanism by which to reverse sustained declines in the abundance of live coral cover,
thereby maximizing opportunities for coral reef organisms to resisit and adapt to sustained and

ongoing threats from climate change and other more direct anthropogenic disturbances.

The benefits of controlling outbreaks of COTS are well recognized (e.g., Yamaguchi,
1986) but previous control measures have been costly, largely ineffective and often involve
dangerous side effects. One of these control methods involved injecting starfish with a variety
of noxious chemicals that were known to be harmful to the marine environment, such as
formaldehyde (CH,O) and copper sulfate (CuSO4). Copper sulfate is highly toxic to fish and
many aquatic invertebrates, such as crabs, shrimps, and oysters (Yanong, 2010). Sodium
hypochlorite (NaClO), ammonia (NH3), ammonium hydroxide (NH4OH), acetic acid
(CH3COOHR), and sodium bisulfate (NaHSO4-H20) have also been used in past control efforts
(Birkeland & Lucas, 1990; Harriott et al., 2003). Sodium bisulfate is currently considered the
best option to kill COTS in situ. However, this requires careful administration of solution into
multiple areas of the oral disk, otherwise starfish experience only localized tissue damage and

persist. Moreover, high concentrations (140 g I'") and volumes (25ml of solution per starfish) of
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sodium bisulfate are used in controlling outbreak populations, which may comprise in excess of
53.750 sea stars/km™ (Kayal ez al., 2011). Sodium bisulfite is a strong oxygen scavenger that is
widely used to inhibit corrosion and remove traces of residual oxygen or chlorine in the brine
recirculation systems of desalination plants at doses of just 0.5mg/l (Abuzinada ef al., 2008;

Latteman et al., 2008).

This, coupled with the fact that oxygen become less soluble in seawater with increasing
temperature and salinity levels (as are predicted to occur with climate change), certainly can
have detrimental effects on reef ecosystems when used on a large scale such as in control of
population outbreaks of COTS (Romand & Gauzen, 1993). Low levels of oxygen in seawater
can impair reef ecoystems resulting in marked decreases in marine life. Low oxygen levels
recorded along the Gulf Coast of North America have also led to reproductive problems in fish
involving decreased size of reproductive organs, low egg counts, and lack of spawning (Romand

& Gauzen 1993; Diaz & Rosenberg, 2008).

Aside from injecting chemicals into individual starfish, there have been two methods
used to attempts to minimize localized coral loss during outbreaks of COTS; (1) Hand collection
and disposal of starfish on land and (2) Construction of physical barriers to restrict movement of
COTS (Harriot et al., 2003). Physical removal of starfish limits the potentially deleterious effects
of poisoning, but is very labor intensive and ineffective. In southern Japan, for example,
fishermen and divers collected and destroyed 13 million starfish from reefs in the Ryukyus from
1970 to 1983 (Yamaguchi, 1986). Despite this significant and prolonged effort, COTS still killed
in excess of 90% of coral in areas where starfish were collected. Collection of starfish may be
effective on very small-scales (e.g., to protect areas of high tourist visitation), but this requires

considerable effort and vigilance. Similarly, installing low fences to prevent movement of
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starfishes into tourism areas is only effective in small areas and for short periods (Harriot et al.,
2003). Developing more effective and less harmful methods to control COTS outbreaks is

imperative (Nash ef al., 1988).

Like many echinoderms, COTS are very susceptible to disease (Pratchett, 1999), and this
might provide novel opportunities to control population outbreaks. Primary sources of infectious
disease are Vibrio bacteria and Branchiomycetes fungi (Sparks, 1981; Sutton ef al., 1988;
Fenner, 1995). Rivera et al., (2011) also explored an alternative control method by injecting
TCBS into COTS in order to induce dysbiosis followed by a fatal disease that is transmitted to
healthy in-contact COTS under favorable conditions. They isolated several Vibrio species from
tissue lesions of injected and in-contact COTS and hypothesize that inhibition of competitive
bacteria and increases in Vibrio cell densities promoted by TCBS activate the quorum sensing
(QS) mechanism of vibrios, turning on virulence factors inducing rapid onset of symptoms
followed by death. Sutton et al., (1988) and Birkeland (1990) previously tested Vibrios as
potential COTS pathogens state that only stressed animals were susceptible to disease.
Moreover, an allergic reaction to TCBS ingredients has not been yet examined, which is
essential to understand and elucidate the pathways, used to drive the presentation of the

experimentally induced disease in COTS.

The aims of this study was to individually test TCBS components to assess if an allergic
reaction is contributing to the breakdown of COTS immune system, allowing infection of
opportunistic pathogens after TCBS injections. A second aim is to explore novel less toxic
options (TCBS protein extracts) to control COTS outbreaks. This is a segment of on-going work
to evaluate whether TCBS media culture and/or its’ ingredients could be used as a new tool for

management of COTS outbreaks.
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Allergic reactions to some of the TCBS components have been previously documented.
Harris & Owens, (1999) reported high mortality of Penaeus monodon larvae challenged with
luminous broth. They concluded that protein digests such as peptone and yeast extract used in
luminous broth were directly toxic to the larva. Yeast and peptone are also used as vaccine
ingredients to deliver antigens and are the causes of numerous allergic reactions after vaccination

(CDC, 2012).

7.3 Materials and methods

COTS collection and maintenance conditions

A total of 60 COTS were collected at Hospital Point, Guam, USA (13°30.154° N, 144°46.193’
E) at 15 m depth, pH 8.3, salinity 34.5 ppt. Experiments were conducted at the University of
Guam — Marine Laboratory and COTS were distributed in 12 groups of five starfish and
individually placed in 68 L plastic containers with flow-through seawater at ambient conditions

(mean temperature = 28°C, pH = 8.3, salinity = 34.5 ppt).

Media culture components

TCBS is a highly selective agar that meets the nutritional requirements of Vibrio spp., allowing
vibrios to compete with intestinal flora (Baron ef al., 1994). TCBS components include yeast
extract and bacteriological peptone that provide the nitrogen, vitamins and amino acids. Sodium
citrate, sodium thiosulfate and ox bile are selective agents, providing an alkaline pH to inhibit
Gram-positive organisms and suppress coliforms. An increased pH is used to enhance growth of
vibrios, because these organisms are sensitive to acid environments. Sucrose is the fermentable
carbohydrate. Sodium chloride stimulates the organism’s growth and maintains the osmotic

balance of the medium. Sodium thiosulfate is a sulfur source that acts with ferric citrate as an
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indicator to detect hydrogen sulfide production. Bromothymol blue and thymol blue are pH

indicators and agar is the solidifying agent.

Nine TCBS chemical components were used to challenge COTS. Ten ml of each
chemical were injected to individual healthy COTS with a 21gauge syringe to examine which
TCBS components induced disease and death. COTS were individually placed in separate
aquaria to observe their behavior, clinical signs, latency period of the disease and time to death.
The clinical signs of disease evaluated were evaluated and separated into those potentially
related to an allergic, reversible response (hyperactivity, discolored skin, mucus accumulation,
oedema/reddened tissues) and those related to disease (necrotic skin, ulcerations/blisters, loss of
body turgor, matting/loss of spines, exposed internal organs, oedema/reddened tissues, lyses of
connective tissues and time to death) realising there is considerable overlap and many signs are
not mutually exclusive to one category. Severity indices of clinical signs of disease were

assigned as 1 = low, 2 = moderate and 3 = strong reaction for each factor evaluated.
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Table 7.1. List of TCBS Difco™ (MD, USA) chemical components tested and their
concentrations. All chemicals were used at the same concentration of TCBS except for peptone

that was evaluated at 1, 5 and 10 g 1" to examine if peptone toxicity was concentration

dependent.
Chemical Components Tested (g 1) Commercial brand
Sucrose (20g) Difco, MD, USA
Oxgall (8g = 5g ox bile + 3g sodium cholate) Difco, MD, USA
Peptone (1g, 5g, and 10g) Difco, MD, USA
Yeast (5g) Difco, MD, USA
Agar (15g) Sigma, MO, USA
Sodium Thiosulfate (10g) Sigma, MO, USA
Ferric Citrate (1g) Sigma, MO, USA
Sodium Thiosulfate (10g) + Ferric Citrate (1g) Sigma, MO, USA
Sodium Chloride (10g) Sigma, MO, USA
Sodium Citrate (10 g) Baker Chemical, NJ, USA

7.4 Results

Four out of nine TCBS chemicals tested in this study induced allergic reactions and death in
injected COTS. Peptone 10 g 1" and Oxgall 8 g 1" induced 100% mortality. Yeast extract 5 g 1"
and agar 14g "' induced death in 40 % and 20% of injected COTS respectively. Sodium citrate
10g I"" induced moderate mucus production in all COTS but all individuals recovered after 48 h.
The remaining chemicals (sodium thiosulfate, ferric citrate, mix of sodium thiosulfate + ferric
citrate, sucrose and sodium chloride) did not induce any kind of allergic reactions nor lead to

symptoms of disease.
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Peptone.

Peptone 10 g "' induced death in all COTS injected. Four sea stars died 24 h post-injection and
the remaining one at 48 h. There was a marked loss of body turgor in all COTS challenged that
started at 4 h and reached the maximum intensity 24 h after injection (before death). COTS
injected with peptone 10g I also displayed moderate lysis of connective tissues and numerous
open sores that expose the internal organs at 24 h. However, there was low mucus production.
On the other hand peptone 5 g 1" induced death in 60% of injected sea stars (3 out of 5) and time
to death was 48 h requiring double amount of time to induce death when compared to COTS
injected with peptone 10g I"'. Loss of body turgor started just one hour post-injection and reach
their maximum peak at 48 h. Changes in the color of skin were observed in all COTS injected
with peptone 5 g 1" between 24 and 48 h. Only one 4. planci injected with peptone 1 g 1" died
24 h after injection; the other four sea stars showed signs of disease such as loss of body turgor,

production of mucus and mating of spines but recovered after 24 h (Fig 7. 2).
Oxgall.

Oxgall produced death in all injected sea stars. Four died in 24 h and the other one at 48 h after
injection. COTS injected with oxgall showed a marked hyperactivity immediately after injection;
moderate loss of body turgor and matting of spines was observed at 7 hours. There was

minimum mucus production during the entire evaluation period (Fig 7.1, 7. 2).
Yeast.

Yeast caused death in 40% of COTS tested (2 out of 5). The signs included loss of body turgor
and mucus production. Matting of spines was observed in 3 out of 5 COTS injected with yeast.

Loss of body turgor was observed in 2 sea stars 10 hours post-injection. COTS injected with
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yeast showed a slow induction of disease with 48h until mortality when compared to oxgall

injected COTS (80% died in 24 h) (Fig 7. 1, 7.2).

Agar.

Agar induced death in just one sea star (1 out of 5) 48 post-injection. Three out of 5 sea stars
displayed mucus production 4 h after agar injection and loss of body turgor after 10 h. The sea
star that died showed ulcerations and exposure of internal organs at 48 hours and also moderate

lysis of connective tissues.

Sodium Citrate.

Sodium citrate did not induce death in the five COTS challenged. Four out of five COTS
injected showed a moderate mucus secretion in the first 24h after injection. However, COTS

totally recovered after 48 h (Fig 7.2).

Sucrose

Sucrose did not induce any signs of disease.
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Figure 7.1. Mortality of COTS challenged with components of TCBS culture medium. (a) 24 h
and (b) 48 h after injection. Peptone 10 = peptone 10 g I"', Peptone 5= peptone at 5g I''/, Peptone

1=peptone at 1 g 1™
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Figure 7.2. Time of appearance, severity, and number of individuals showing signs of disease.

(a) mucus secretion, (b) loss of body turgor, (c) lesions and necrosis of dermal tissue, and (d)

matting of spines. Levels of severity ranged from low to high (i.e. localized to widespread

manifestation of disease sign)
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7.5 Discussion

Toxigenesis is a common underlying mechanism by which many bacterial pathogens
produce disease. Usually the best media for toxin production contains derivatives of animal
products such as chopped or cooked meat, brain heart infusion, horse blood, or protease peptone,
casein, trypticase and tryptone which are enzyme preparations obtained from animal pancreas or
digests of dairy products (Al Saif & Brazier, 1996; Braun et al., 2000; Fang ef al., 2009). Not
surprisingly, all TCBS components that induced disease and death in injected A. planci (peptone,
ox gall, yeast and agar) contained protein extracts. Peptone is an enzymatic digest of animal
protein used as an organic nitrogen source in microbiological culture media for cultivation of a
variety of bacteria and fungi and has been used extensively for the growth of bacteria in the
production of toxins, vaccines and other biological products i.e Iwanaga et al., (1986) used
peptone for production of cholera toxin by Vibrio cholerae O1 El Tor. Rolfe & Finegold, (1971)
also used peptone and yeast for growth and toxin formation of Clostridium difficile. Therefore
peptone could have induced disease in injected COTS through production of toxins by

indigenous microflora and/or direct allergic reaction.

It is possible that the method of preparation of the peptone might leave active proteases in
the peptone that affected the COTS. Damage to proteins, vitamins and cofactors is a function of
both heat and time. The degree of heat and the time for which the heat is applied can negatively
affect yield. For this reason, many peptone manufacturers use sterile filtration instead of heat.
The process used by Difco™ is hydrolysis/digestion, centrifugation, filtration, concentration and
drying. Is it possible that the protease used to make the peptone is not totally inactivated by these
methods. Therefore, more experiments with heat denatured or EDTA-treated peptone are

necessary to determine if this mechanism is involved in the induction of the disease and to test if
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there is association between the mode of action of oxgall that also contains proteases and

induced 100% mortality.

Oxgall is a greenish-brown liquid mixture containing cholesterol, lecithin, taurocholic acid,
and glycocholic acid that is widely used in medicine and in the Arts. In Medicine is employed at
low doses in selective cultures such as TCBS to inhibit Gram-positive and coliforms and
promote growth of vibrios. In the arts is mixed with alcohol and used as the wetting agent in
marbling, engraving, lithography, and watercolor painting. Oxgall in combination with alcohol
and/or at high doses can irritate mucus membranes in humans (Murray, 1995). Therefore more
studies are required to determine if special safety procedures might be necessary for operators
planning to use oxgall at low doses as a control compound. Nevertheless oxgall could induce
disease in injected COTS through different mechanisms: 1). Inducing dysbiosis by inhibition of
normal COTS microflora and promoting growth of vibrios (Rivera et al., 2011a); 2). Generating
an allergic reaction. It is well documented that antigenic peptides stimulate anaphylactic
reactions and other undesirable immune reactions in injected hosts promoting tissue damage due
to the release of histamine, cytokines, and inflammatory cells inducing more edema, congestion
and inflammation of affected tissues (CDC, 2012); and 3). by toxin formation of indigenous

microflora (Thompson, 2004).

The sucrose molecule is a disaccharide composed of 50% glucose and 50% fructose.
Glucose and other rapidly used carbon sources down-regulate toxin production (Dinnen et al.,
2007). Karlsoon, (2008) reported that addition of 0.9% glucose to peptone-yeast cultures prior to
entry into stationary phase (8 h of growth) strongly reduced toxin production of Clostridium

difficile. Expression of promoters of the fox genes is repressed by rapidly used carbon sources
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(Dupuy & Sonenshein, 1998). Synthesis of ToxB cytoxin was greatly reduced when glucose was
used as the growth substrate (Osgood et al., 1993). Interference with toxin formation was also
observed when adding glucose to the fermentation medium (Rolfe & Finegold, 1979; Fang et al.,
2009). Rivera et al., (2011a, b) previously used TCBS as a disease inducer in COTS. TCBS
contains 20g 1" of sucrose as the fermentable carbohydrate to provide energy and promote
growth of vibrios. However this study individually tested the components of TCBS to determine
if an allergic reaction is involved in the induction of disease in COTS. The absence of sucrose is
important as it removes an inhibitor of the production of toxins leading to the rapid appearance
of clinical signs of disease and death of COTS injected with animal protein extracts such as

peptone and ox gall.

Another protein derivate that induced disease and death in injected COTS is yeast extract
that is a concentrate of the water-soluble portion of autolyzed Saccharomyces cerevisiae cells. It
is a non-animal product (herein, animal is defined as a vertebrate) used extensively for bacterial,
fungal, mammalian and insect cell culture. Yeast extract is a mixture of peptides, amino acids,
carbohydrates, as well as naturally occurring B vitamins. Its addition to many media or
fermentation broths increases the yield of organisms and is recommended where rapid growth is
required. Yeast has a low endotoxin level and is considered a safe product that does not contain
any substances presenting a health hazard to animals within the meaning of the Dangerous
Substances Directive 67/548/EEC. Additionally, Rolfe & Finegold, (1979) reported that when
non-animal/non-dairy peptones were used, such as phytone or yeast extract, the toxin titers were
markedly lower in comparison to animal protein extracts. Our study are in agreement with Rolfe
& Finegold, (1979) because the animal protein compounds - peptone 10g 1" and oxgall induced

100% mortality in just 24 hours which can be related to the fact that animal proteins induced
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more toxin production, allergic reactions and tissue damage in comparison to yeast extract that
just induced death in 40% of injected starfish and required double amount of time to produce
death (48 h). This would suggest the mode of action of the yeast extract was to stimulate the
growth of indigenous microflora rather than supply a toxin in itself or components that are easily

incorporated into a toxin (i.e. not high in pro-toxin components).

Agar also known, as China grass is a mixture of polysaccharides extracted from species of
the red algae known as agarophytes. Agar is used throughout the world to provide a solid
surface-containing medium for the growth of bacteria and fungi. Microbial growth does not
destroy the gel structure because most microorganisms are unable to digest agar. Therefore
circulating agar, effectively a foreign body that cannot be digested or degraded could induce an

allergic reaction in injected COTS.

Sodium citrate is used as food additive in energy drinks which improve performance of
runners (Oopik et al., 2003). It is also used as anticoagulant in blood transfusions. The citrate ion
chelates calcium ions in the blood by forming calcium citrate complexes, disrupting the blood
clotting mechanism. Swelling, fast heart rate, bloody stools, severe diarrhea, and seizures have
been reported in allergic humans. Therefore the production of mucus observed after injection

with sodium citrate may represent a defense mechanism to expunge noxious substances.

Sodium thiosulfate did not cause any visible reaction in COTS. Sodium thiosulfate is used
for the neutralization of chlorine and/or iodine solutions at hatchery and aquaculture facilities.
Though normally used intravenously, orally and transdermally it is also used for treating tap,
distilled and reverse osmosis water for water detoxification, mineralization and other extended

health benefits. Intravenous sodium thiosulfate is currently used as an antidote for the treatment
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of cyanide poisoning and prevention of toxicities of cisplatin cancer therapies. It is used as a
food and medicinal preservative and topically used as an antifungal medication. Therefore the

possibilities to induce disease in injected COTS are minimal.

7.6 Conclusions

We believe that peptone, ox gall and yeast offer the possibilities for control and should be further
tested as outbreak control methods because these protein extracts offer great advantages when
compared to actual poisons used: (1) peptone and oxgall are animal protein extracts and not toxic
chemicals (2) Low concentrations are required to induce death (8g I"' and 10g 1" for peptone and
oxgall, respectively, compared to 140g I for sodium bisulphate) and; (3) mortality rates are
100% with small, single doses (10ml per starfish, as opposed to 25ml of sodium bisulphate
delivered into multiple locations within each starfish). Using the DuPont Veldspar Spot gun
fitted with a 50 cm needle and 5-litre plastic bladder (setting dosage to 10ml) it would be
possible to kill 500 COTS with one single injection per starfish (into either the arms or oral disk)

greatly increasing efficiency and effectiveness compared to current best practice.

The individual testing of TCBS ingredients contribute to the elucidation of how disease is
initiated by TCBS, what are the main components involved in the induction of disease and why
previous attempts to induce disease in COTS through the injection of bacteria showed variable

results.

This study shows that there are viable alternatives to injection of toxic substances in controlling
outbreaks of COTS. However, toxin production and determination of DL dose of peptone, oxgall
and yeast is still required to determine the minimal dose required to induce death in COTS and

their possible use as an alternative COTS control method. More importantly, disease
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transmission studies with peptone, oxgall, yeast also should be carried out to determine if there is
any risk of inducing disease in other marine organisms, especially other echinoderms, in close
proximity to infected COTS. Finally, Vibrio quorum sensing studies are also required to
understand the pathways used to drive the presentation of the transmissible disease in COTS.
Knowledge of the signaling molecules involved in the quorum sensing process and their inter-
relationship will allow a better understanding of the interaction between bacteria, allergen and

host.
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CHAPTER 8: General Conclusions

8.1 Overview
This study has shown that crown-of-thorns starfish (Acanthaster planci) are highly susceptible to
pathogenesis associated with allergic reactions and high densities of naturally occurring
Vibrionales that induced dysbiosis (Rivera-Posada et al., 2011, 2012 — Chapter 2 and 7). This
research is important for two reasons. Firstly, naturally occurring diseases may be implicated in
sudden declines in the abundance of 4. planci, recorded following population outbreaks in the
western Pacific (Moran et al., 1985; Moran, 1986; Pratchett, 2005). Disease has been implicated
in the mass-mortalities of numerous other echinoderms (Dungan et al., 1982, Lessios et al.,
1984), but ongoing research is required to establish key factors (e.g., population density or
individual condition) that initiate disease and/ or increase the probability of transmission.
Secondly, the ability to artificially induce pathogenesis may provide a novel method for actively
controlling outbreak populations of A. planci. In the first instance, injection of thiosulfate-citrate-
bile-sucrose agar (TCBS) culture medium into 4. planci was shown to induce a rapid fulminating
disease that is transmitted to other adjacent starfishes under favorable conditions (Rivera-Posada
et al., 2011a — Chapter 2). Importantly, this technique does not involve any introduction of new
pathogens into the environment and it is a rapid and simple procedure with immense economic
advantages. However, significant ongoing research is required to ensure that artificial induction
of pathogenesis in 4. planci has no adverse affects on coral reefs or coral reef organisms,
requiring improved understanding of the processes involved.

Many different factors may be involved in pathogenesis of 4. planci, induced by the
injection of TCBS. Intuitively, it would be expected that pathogenesis results mainly from an

allergic reaction that induced dysbiosis of COTS immune sytem allowing increased abundance
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and activity of Vibrio bacteria, given that TCBS is a selective media culture that allows selective
growth of Vibrios while inhibiting Gram-positive organisms and suppressing coliforms (Rivera-
Posada et al., 2011¢c — Chapter 4). Indeed, TCBS injections induced marked epithelial
desquamation, hypertrophy and hypersecretion of glandular cells, epithelial cell destruction,
pyknosis, reduction of thickness and disorganization of connective tissue and associated nerve
plexus, which are consistent with Vibrio infections (Rivera-Posada et al., 2011c — Chapter 4).
The question is however, to what extent the TCBS culture media contributed to these infections,
though direct stimulation of quorum sensing, as opposed to antigenic reactions that compromise

the immune response of 4. planci.

All crown-of-thorns starfish collected from Lizard Island and Guam had similar bacterial
microflora and responded in the similar fashion to the infection of TCBS agar, indicating that a
common mechanism of disease induction affects their bacterial communities and immune
responses. Pathogenic and non-pathogenic Vibrio isolates identified as V. owensii, V.
rotiferianus, V. fortis, P. eurosenbergii were recovered from sick and healthy COTS at two
different locations (Guam-Lizard Island) consistent with the hypothesis that TCBS coupled with
adequate environmental conditions could trigger Vibrio virulence factors turning normal vibrios
pathogenic (Rivera-Posada ef al., 2011b — Chapter 3). Moreover, allergic reactions to chemicals
in the TCBS formulation are not likely to initiate a transmissible disease that spreads to healthy
in-contact COTS, but certainly contribute to the breakdown of defense mechanisms as well as
induce more tissue damage, accelerating pathogenesis and decomposition within infected

individuals.
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Biology of outbreaks

Our experiments indicate that bacteria found on affected tissues of 4. planci were certainly
involved, for artificially induced pathogenesis. This does not however, explain if, or why, high
densities of 4. planci would suddenly succomb to disease at the end of an outbreak. Previous
instances of disease in A. planci have been observed towards the end of severe outbreaks on the
Great Barrier Reef (Pratchett, 1999) and Fiji (Zann et al., 1990) and among starfishes held in
aquarium conditions (Sutton et al., 1988). It is likely that these individuals had limited access to
prey corals, and may have been in poor physiological condition. Preliminary experiments
(Pratchett et al., unpublished data) show that starfishes that were starved for up to 82 days
exhibit increasing susceptibility to disease, providing a clear mechanism by which disease may
become initiated at the end of outbreaks. Moreover A. planci at high densities invest more
resources (high metabolic rate) into immune defense than individuals at lower densities as a
counter-measure to density-dependent pathogen transmission rates (Mills 2012). Therefore
COTS at high densities and under starvation conditions as those observed at the end of outbreaks
spend high amounts of energy in an attempt to maintain their immune response to avoid
pathogen transmission from in-contact COTS. Consequently there is a faster depletion of COTS
energy reserves that eventually lead to a weaker individual with an increased susceptibility to

opportunistic pathogens such as vibrios, sporozoans, etc.

Other environmental factors (especially temperature) are critical in natural incidence of disease;
highest densities of Vibrio organisms and bacterial infections occur during the warmer months
(Levine & Griffin, 1993; Lipp et al., 2002). Warmer temperatures, in combination with elevated
pH and plankton blooms, can also influence Vibrio attachment, growth, and multiplication in the

aquatic environment.
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Vibrio bacteria are extremely opportunistic species that evolve and recombine under high
microbial contact in animal guts or as part of aquatic biofilms transferring or inducing expression
of virulence genes in less or non-pathogenic populations (Thompson et al., 2004). Therefore
Vibrio quorum sensing studies are important to understand the pathways used to drive the natural
presentation of transmissible disease in COTS. There is tremendous divergence in the signaling
pathway systems that are activated not only by diverse pathogens, but also by a single organism.
Knowledge of the signaling molecules involved in this process and their inter-relationship will
allow a better understanding of the interaction between bacteria and host, as well as provide
insight into the effect of transmissible disease on other marine animals that also have vibrios of

the V. harveyi and V. splendidus clades as normal inhabitants.

Controlling outbreaks

Crown-of-thorns starfishes are one of the preodominant coral predators on tropical coral
reefs (Rotjan & Lewis, 2008), and not only consume live corals, but like other corallivores (e.g.,
Raymundo et al., 2009) may act as a vector for transmission of coral disease(s). Crown-of-thorns
starfish have already been implicated in transmission of brown-band disease because many
instances of this disease originate at the edges of large feeding scars caused by these starfishes
(Nugues & Bak, 2009). If so, effective control of COTS populations will further serve to reduce
and reverse rapid and extensive coral loss that is being observed throughout the world (e.g.,
Bellwood et al., 2004). The causative agents of brown band disease are ciliate, recently identified
as Porpostoma guamense, of the order Philasterida (Lobban et al., 2011). It remains to be seen
whether these ciliates are transmitted on or within A. planci, as infections may arise simply due
to the feeding activities of A. planci, which provide an appropriate location for the initiation the

disease (Chong-Seng et al., 2011). P. eurosenbergii although it was found only in COTS from



Chapter 8 | 139

Guam should also be studied because this Vibrio is recognized as a coral pathogen isolated from
the mucus of the Caribbean elkhorn coral Acropora palmate (Ritchie, 2006). P. eurosenbergii
was also recovered from mucus and water surrounding bleached Barabattoia amicorum corals at
Magnetic Island, Great Barrier Reef (Colin et al., 2008). Even so, there is good justification for
further exploring the role of Vibrio and pathogenesis in potentially controlling populations of 4.

planci.

There are already many active programs that are attemptings to control 4. planci
outbreaks and minimize associate damage to reef environments, either by collection of adult
individuals followed by burial ashore, by injections of starfish with toxic chemicals or by
building underwater fences to prevent the movement of adult starfishes. Despite more than four
decades of research, costing millions of dollars, current control methods are ineffective in either
eradicating the coral-feeding starfish or preventing further coral mortality. Biological control of
populations through manipulation of predators, parasites or pathogens has not been fully
investigated (Sutton ef al., 1988). Nevertheless, several authors attest to the fact that predators do
not and cannot limit the population density of COTS once they reach outbreak levels
(McCallum, 1987). Although the possibility of exploiting susceptibility to diseases in 4. planci
for developing biological control measures is promising, significant testing is needed to ensure
that there is no chance of disease transmission to non-target species (Caballes et al., 2012 —

Chapter 6).

There have been several exemplary biological control programs implemented in
terrestrial systems, but little is known on the potential risk and effectiveness of biological
controls for pest species in marine systems. Concerns over the potential for inter-specific

transmission were raised during simultaneous infections in both 4. planci and another common
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reef echinoderm, Linkia guildingi (Caballes et al., 2012 — Chapter 6). Vibrio rotiferianus,
reported as a pathogen isolated from lesions of experimentally infected 4. planci, was recovered
from L. guildingi lesions after several days of direct contact with diseased A. planci,
demonstrating disease transmission. Although, all L. guildingi fully recovered after 53 days,
further studies are required to assess the ecology of Vibrio infection in corals, fishes and other
echinoderms to evaluate if injections of TCBS could be a viable tool for controlling 4. planci

outbreaks.

Risks associated with inter-specific infection may be reduced by identifying the specific
active ingredient in TCBS that causes pathogenesis in A. planci (Chapter 7). Peptone, ox gall and
yeast all indiviudally caused rapid mortality in injected COTS. These TCBS components should
be further tested as a possible outbreak control methods because these protein extracts offer great
advantages when compared to actual poisons used: (1) peptone and oxgall are just animal protein
extracts and not toxic chemicals; (2) less concentration is required to induce death and; and (3)
many more COTS can be killed per litre of solution. Using DuPont Veldspar Spot gun fitted with
a 50 cm needle and 5-litre plastic bladder, it is estimated approximately 500 COTS can be killed
by diver with one single injection per starfish, greatly increasing efficiency over previous
techniques. Nonetheless, toxin production and determination of DL dose of peptone, oxgall and
yeast is still required to determine the minimal dose required to induce death in COTS and their
possible use as an alternative COTS control method. Disease transmission studies with peptone,
oxgall, yeast also should be carried out to determine if there is induction of disease in other

marine organisms.
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8.2 Future directions

This is the first study to develop appropriate and novel techniques to induce transmissible
disease in the coral-eating crown-of-thorns starfish, or any other echinoderm. Echinoderms
generally have a significant and often negative effects on the structure and resilience of coral
reef environments (Rotjan & Lewis, 2008) and temperate rocky reefs (Ling, 2008). On coral
reefs, extreme densities of specific urchin species (e.g., Echinometra mathaei) cause excessive
bioerosion (McClanhan & Shafir, 1990), leading to structural collapse of reef frameworks.
Elsewhere, range expansions of the sea urchin Centrostephanus rodgersii, to temperate locations
have resulted in widespread loss of habitat-forming macroalgae, which have been replaced by
urchin barrens that support far fewer species (Ling, 2008). There is therefore significant
oppurtunities for extension of this research and application across a diverse range of marine

ecosystems.

To date, management of marine ecosystems is focussed on minimising anthropogenic
pressures (overfishing, sedimentation etc) and biodiversity loss, in the hope that the natural
balance of species will preserve ecosystem function. It is clear however, that current and past
management actions have failed to reduce or reverse widespread habitat degradation on coral
reefs (Pandolfi et al., 2005), or many other coastal ecosystems. As such, human intervention and
active threat-based management are now considered critical to the long-term survival of coral
reef ecosystems (e.g., McDermott, 2006). Outbreaks of the crown-of-thorns starfish not only
represent one of the most significant biological disturbances on coral reefs, contributing greatly
to widespread habitat degradation across the Indo-Pacific (Bruno & Selig, 2007; Pratchett et al.,
2012), but are also one of the few major threats to corals reef ecosystems (unlike cyclones, and

climate-induced coral bleaching) that may be amenable to direct and active management.
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Global degradation of coral reefs environments and the impending threat of climate
change provide greatly renewed incentive to control outbreaks of A. planci, regardless of
whether these outbreask are caused by anthropogenic activities (e.g., Fabricius et al., 2010) or
not. Importantly, effective management and control of A. planci outbreaks will be a formative
step in reducing and reversing sustained declines in coral cover on coral reefs in the Indo-
Pacific, thereby maximising the capacity of corals, and other reef organisms, to cope with and
potentially adapt to changing environmental conditions. Research presented in this thesis should
be viewed as a proof of concept, and a starting point (not end point) for significant research on

pathogenesis in crown-of-thorns starfish.
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