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Abstract

Coral reefs around the world are facing many tlsreatd have sustained severe losses in
coral cover over the past few decades. Coral biegcland disease outbreaks have
contributed substantially to this reef decline, boar our understanding of factors

contributing to the increase in coral disease peme are poorly understood. Information on

the disease dynamics of different diseases afigctinreef system is essential for the

development of effective management strategies.

The aim of this research was to characterise afd buwase study of a bleaching response
affecting Porites compressa in Kaneohoe Bay, Oahu, Hawaii. It manifests as aallsed,
discrete area on the coral colony with a bleacloethenchyme and pigmented polyps, giving
the affected area a “speckled” appearance. A diségys definition is any interruption,
cessation or disorder of body functions, systemsrgans. Results of this study showed that
this localised bleaching causes tissue loss aretaction in the number of gametes, and
hence harm to the host. It was therefore classd®ed disease and nanféatites bleaching
with tissue loss (PBTL). In addition, PBTL does appear to represent a common thermal
bleaching response as it was present throughouty¢iae during times when seawater

temperature was well within the coral’s thermaégirold.

Symbiodinium cell density in PBTL-affected areas of the cordboyg was reduced by 65%,
and examination of affected host tissue using ligitroscopy showed fragmentation and
necrosis. However, no potential pathogen was obser¥ransmission electron microscopy
(TEM) revealed a high occurrence of potential aptptSymbiodinium cells and a potential
increase in the abundance of virus-like particMsRs) in PBTL-affected tissue. However a

causal relationship remains to be established.

Long-term monitoring showed spatio-temporal vaoiasi in PBTL prevalence. Temporal
variations in prevalence reflected a seasonal tweitld a peak during the summer months,
linked to increasing seawater temperature. Spatalations in disease prevalence were
correlated with parrotfish density, turbidity andter motion. Of these, a negative correlation
with variability (SD) in turbidity explained mostf dhe variability in PBTL prevalence

(12.8%). A positive correlation with water motiorpéained 9% and a positive correlation

with the variability in parrotfish density explaihet.4%. Overall, only a relatively small



proportion of variability in PBTL prevalence coulte explained by these three factors
(26.2%), suggesting that other factors, not ingaséid in this study, play a more important
role in explaining PBTL patterns or that temporariation in temperature is the overall

major driving force.

Monitoring of individually taggedP. compressa colonies showed that >80% of affected
colonies sustained partial colony mortality (tissoes) within two months; on average, one
third of the colony is lost. The amount of tissosd sustained was correlated to lesion size
but not colony size. Case fatality (total mortglityas low (2.6%), however this disease can
affect the same colonies repeatedly, suggestingtanpal for progressive damage which
could cause increased tissue loss over time. PB&k mot transmissible through direct
contact or the water column in controlled aquarpegiments, suggesting that this disease
might not be caused by a pathogen, is not higtiscitious, or perhaps requires a vector for

transmission. At present, PBTL has only been oleskwithin Kaneohe Bay.

An investigation of the potential role of host asgmbiodinium genetics in disease
susceptibility revealed the sar8gmbiodinium sub-clade (C15) in healthy and PBTL-affected
colonies, suggesting no involvement 8fmbiodinium type in disease etiology. Results
regarding host genetics remained inconclusive; wewa difference in allele frequency at
one microsatellite locus was observed betweenheahd diseased samples. This difference
could, however, be due to a lower amplificationrP®&TL-affected samples at this locus and

needs to be regarded with some caution.

The results of this study provide a case definibb®PBTL which can be used as a baseline in
further studiesP. compressa is the main framework building species in Kane&ag, and

the information gathered here on disease dynamids/aulence suggests that PBTL has the
potential to negatively impact the resilience adfsewithin the bay. Further research into the
etiology of PBTL is necessary to fully understahd tmpact that this disease could have on

coral reefs in Hawaii.
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Glossary

Allele: a variant segment of a gene that is located geaifsc position on a chromosome

(one pair for any particular gene in diploid orgams)

Allelochemical: a chemical that is produced by a living organisnd agleased to exert a

detrimental physiological effect on other organisms

Antimicrobial: destroying or inhibiting the growth of microorgamis, especially pathogenic

microbes

Apoptosis: a process of programmed cell death that leadsetb shrinkage, nuclear
fragmentation, chromatin condensation and formatdnapoptotic bodies; can also be
triggered by an external factor

Clade: monophyletic group of taxa

Codominant: expression of heterozygote phenotypes that diffemfthe homozygote
phenotypes. Microsatellites are codominant gemetickers as heterozygotes (two bands) can

be distinguished from homozygotes (one band)

Coenenchyme: the tissue (mesoglea) surrounding and uniting tbé/ps in colonial

anthozoans

Cytopathology: the diagnosis of disease changes on a cellulal lev

Cytoplasm: all material within a living cell, excluding the cleus

Diploid: a double complement of chromosomes (generally ammatand a paternal set)

Diseaseany interruption, cessation or disorder of bodyctions, systems or organs

viii



Disease incidencenumber of new disease cases within a populatiomgla certain time

period

Disease severityamount of tissue loss

Disease prevalencethe number of disease cases in a given populati@nspecific point in

time (usually expressed as percentage)

Disease progressionrate of spread of the disease on a coral colony

Electrophoresis: polarized gel (often agarose) in which DNA or pnatecan be run to

separate them by weight or polarity

Eosinophilia: cells or tissues that stain readily with eosin dged appear pink to red when

using a hematoxylin and eosin staining procedure

Epizootic: disease outbreak in an animal population

Etiology: study of disease causation and its mode of operati

Flanking region: the stretches of DNA outside the sequence tandexpeats

(microsatellites), which are used as primer bindiigs

F-statistics: a measure of genetic structure:

Fst = proportion of total genetic variance containedaisubpopulation relative to the total
genetic variance (0 = identical, higher values yrgbegree of differentiation)
Fis (inbreeding coefficient) = proportion of the vari® in the subpopulation contained in an

individual (high values imply a degree of inbreagjin

Gene frequency:the number of a specific type of allele in comgani to the total number of

alleles in the genepool



Genetic drift: the change in allele frequency in a population ueandom sampling (some
individuals have more offspring than others causihgnges in allele frequencies over time;
neutral alleles will eventually become fixed atr01l60% frequency if no other factors affect
allele distributions)

Genotype:the genetic makeup of an organism

Growth anomaly: abnormalities of coral tissue and skeleton, f@amemle tumours

Hardy-Weinberg equilibrium: allele frequencies remain constant unless disigrbi

influences such as non-random mating and mutaéitiest a population

Heterozygosity: possession of two different alleles of a particgane (one inherited from

each parent)

Heterozygosity (expected)also known as gene diversity, a& individual or population-
level parameter and calculated as the proportiolo@fexpected to be heterozygous in an
individual based on Hardy-Weinberg expectations

Histopathology: study of the microscopic manifestation of disease

Holobiont: an organism with all its associated microbial comityu

Homozygosity: possession of two identical alleles of a particgiene (one inherited from

each parent)

Hyaline: a homogenous, structureless, fibrous, eosinophilisstance occurring in tissue

degradation

Hypereosinophilia: an extreme degree of eosinophilia

Infectious disease:also known as transmissible disease; a diseaseisti@mused by the

infection of a transmissible disease agent, sudiaateria, viruses, fungi or parasites



Karyolysis: swelling of the nucleus and gradual loss of itoatmtin

Karyorrhexis: rupture of the nucleus with the chromatin disinédigig into small pieces

Koch’'s Postulates: four criteria used to establish a causal relatignsof a potential

causative agent and a disease: 1) the organisito leescommonly found in association with
the disease but not in healthy organisms; 2) ismladf the organism and growth in pure
culture; 3) the cultured organism must cause desesbken inoculated with an healthy
organism; 4) the organism has to be re-isolatedh fthe inoculated, diseased host and

identified as the same organism as the originadaiane agent

Large allele drop out: preferential amplification of shorter alleles

Lesion: anatomic change associated with disease, alsadiesltissue injuries due to physical

damage, for example fish bites or anchor damage

Light microscopy: a microscope which uses a combination of lensedight$ to magnify

small objects held on a slide

Locus: a stretch of DNA on a particular chromosome — ofteed for gene in the broad sense

(analyzed for variability, e.g. microsatellite mark

Lysis: breakdown of a cell due to compromised cell iritggr

Mesentery: internal longitudinal partition of tissue which pides structural support and an

increased surface area

Mesogloea:connective tissuef cnidarians

Microsatellites: short tandem repeats of nucleotide sequences

Necrosis: process of cell death that causes cell swellihggroatin digestion and disruption

of the plasma and organelle membranes. Inducedxtsrral factors such as trauma or

infection

Xi



Null allele: an allele that is present in a sample but not dia@liA mutation at the primer
binding site can cause inhibition of the amplifioatof an allele resulting in a null allele.
Therefore, a heterozygous individual with a prinbémding site mutation for one of the
alleles will be typed as homozygote.

Parasite: an organism that lives on or within a host anddfienat the expense of the host
Pathogen:a disease-causing agent/microorganism

Polymicrobial: the presence of several different microorganisms

Population: a group of individuals of the same species livinga given area that can

interbreed

Programmed cell death:cell death mediated by a regular, intracellulaygpam that is of

advantage during an organism'’s life-cycle

Pyknosis:condensation or reduction in cell or nucleus size

Symbiont: an organism living in a symbiotic relationship

Symbiosis:a mutually beneficial relationship of two or momganisms

Syndrome: the signs and symptoms that comprise disease

Transmission: the passing of a disease from an infected indalithost or group to another

individual or group

Transmission electron microscopy:a microscopy technique using a beam of electrons
which is transmitted through an ultra-thin secteord forms a highly magnified image on a

screen

Wahlund effect: a reduction in heterozygosity in a population doeat subpopulation

structure

Xii



Vector: an agent that carries and transmits a pathogandtiher organism

Virus-like particle: particles that resemble potential viruses

xiii
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Coral disease reports worldwide (redlesfellipses only represent 7
the geographical area from which diseases have tsgmted and

are not representative of disease effects) (aiere et al. 2009).

Proposed model of the coral holobiontmpased of the coral 12
animal, symbiotic dinoflagellates and all other o&$sted
microorganisms (protozoa, prokaryotes, endolithiga@, fungi,

viruses and unknown organisms that have yet to diermhined)
(adapted from Rohwer et al. 2002).

The disease triangle (adapted afters3kiel974). 14

Porites compressa. A: Healthy P. compressa. Note regular brown 27
coloration. B: PBTL-affecte®. compressa. Note pigmented polyps
and bleached coenenchyme (“speckled appearanc#i)amset of
tissue loss. C: PorTL-affectdel compressa. Note swollen polyps
adjacent to a narrow bleached band surroundingea \&ith tissue

loss.

Examples of coral diseases displayisgug loss (A,B), growth 32
anomalies (C,D) and discolouration (E,F). Acropora white
syndrome, B: Close-up dicropora white syndrome, CAcropora
growth anomalie, DMontipora growth anomalie, EPorites dark
spot syndrome, FPorites pigmentation response. Photo credit: A, B
and D:Greta Aeby; E and F: Maya Walton.

lllustration of standardized terminologged for coral disease 34

descriptions (after from Work and Aeby 2006).



Figure 2.3

Figure 2.4

Figure 3.1

Figure 3.2

Figure 3.3

Porites compressa colonies affected by localized bleaching. A:
Localized bleaching. B: An extreme case with colange
bleaching. C: Close-up showing the discoloured eaehyme and

pigmented polyps. Photo credit A and B : Christumnyon

Porites compressa. A: Longitudinal section of a healthy female
showing well-developed oocytes containing eggsL@&ngitudinal
section of a healthy male showing well-developedrspries. C:
Longitudinal section of a female affected by loratl bleaching
showing underdeveloped oocytes containing small s.egD:
Longitudinal section of a male affected by localizbleaching
showing underdeveloped spermaries; O=oocytes, ®pmspies,!

eggs, all images 10x magnification. Scale bar Zu200

Porites compressa. A) Healthy P. compressa. Note regular brown
coloration. B)P. compressa affected by PBTL (early stage). Note
white discoloration of coenenchyme and pigmentelggsobut no
signs of tissue loss. ®. compressa affected by PBTL (progressive
stage). Note beginning of tissue loss on the tfghecoral branches

(arrowhead).

Porites compressa. A) P. compressa with PBTL. Note putative
bacterial aggregate in epidermis (arrowhead). Isisetvs a close-up
of the bacterial aggregate B. compressa with PBTL. Note
ablation of the epidermis (arrowhead). C and D) rr P.

compressa. Note regular columnar epidermis (arrowhead). FE)
compressa with PBTL. Note attenuation and ablation of epidisr
with overlaying hyaline membrane (arrowhead). Fps€tup of E.
Note hyaline membrane overlaying epidermis that ifeats as

cytoplasmic hypereosinophilia and karyorrhexisdatread).

Porites compressa. A) P. compressa with PBTL. Note tissue
fragmentation and hyaline membranes effacing epiter
(arrowhead). B) Close-up of A. Note cell debriggarhead) mixed

with hyaline membrane. . compressa with PBTL. Note tissue
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Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7
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fragmentation and cell debris (arrowhead). D) Ndraompressa.
Note regular columnar epidermis with remnants of casu
(arrowhead). EP. compressa with PBTL. Note tissue fragmentation
and helminths in the tissue debris (arrowheadktishows a close-
up of the helminths. FIP. compressa with PBTL. Note clump of

diatoms on epidermis (arrowhead).

Symbiodinium cells in healthy and PBTL-affectedPorites
compressa. A: Healthy sample. B: Healthy sample with diviglin
Symbiodinium cell. C: Healthy sample with potential apoptotidl.ce
D: PBTL with potential apoptotic cell. E: PBTL sal@apvith healthy
and potential apoptotic cell. F: PBTL with poteh&poptotic cells.
G & H: PBTL with cell in potentially early stage apoptosis.

VLPs in healthy and PBTL-affectedrites compressa. A: Healthy
P. compressa with VLPs (arrowhead). B: Healthf?. compressa
with bacterial aggregate. Arrowhead indicates imlial bacterium.
C-F: PBTL-affectedP. compressa with VLPs (arrowhead). F is a

close-up of E.

PBTL-affectedPorites compressa. A and B: Herpes-like viruses

enclosed in vacuole. C — F: VLPs (arrowhead).

PBTL-affectedPorites compressa. A — H: VLP’s (arrowhead).

Image B, D, and F are close-ups of previous image.

Typical processes of cell death involiedpoptosis and necrosis
(adapted from Darzynkiewicz 1997 and Hacker 2000).

Diagram of proposed apoptotic process&ymbiodinium cells. In
contrast to apoptosis in animal cells, the celllvkaleps the cell

integrity intact and prevents blebbing during Isii@ges of apoptosis.
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Figure 4.6

Representative photos of the reef flet eeef slope at CIMR. A:
Reef flat. B: Coral assemblage on the reef slop&.[: Reef slope.
Note the dense coral growth and relatively steep-aff of the reef

slope. Photo credit: Gareth Williams

Map of Kaneohe Bay showing the 9 rapidvesy sites (7-46)
numbered after Roy (1970) with an inset of Oahuwshg the
location of Kaneohe Bay and Hanauma Bay (arrow) andther

inset of CIMR showing the 8 permanent sites (A-J).

PBTL prevalence, incidence, water temjpee and size class
distribution of P. compressa in Kaneohe Bay. A: Average
prevalence (+x SE) for each permanent site aroundlRCIB:
Average prevalence and incidence (+ SE) for eachtimo 2011
with corresponding average temperature (the aveoage 10 days
prior to surveying); n.d. = no prevalence/incidedega. C:Relative
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class.

The percentages of tagged coloniesteffdry PBTL that showed
between 0 — 100% of tissue mortality (legend) atperiod of two
months (n = 78). Numbers within the pie graph repn¢ the actual

number of colonies in each tissue loss category.

Tissue loss (mortality) in relation tsibn and colony size. A:
Correlation of coral mortality and lesion size.@orrelation of coral

mortality and colony size.

PBTL progression at ambient (24-25 @) elevated (27 °C) water
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temperature and photographed every week. Photdherar right
shows re-pigmentation at the end of the experinfaftér about 2
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temperature and photographed every week showingressive

tissue loss with total tissue loss (death) duriregkv4.
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Chapter 1

General Introduction

Coral reefs sustain an incredible biodiversity, @2 of the 34 recognised animal phyla
found in reef ecosystems compared to only nine gluyltropical rainforests (Wilkinson

2008). Not surprisingly, coral reefs provide theelihood for many coastal populations,
especially in third-world countries, with over 30lllon people being almost completely
dependent on reefs as their source of animal prqteNEP 2006; Wilkinson 2008). The

extraordinary beauty and biodiversity of coral seafso attract a thriving and valuable dive
tourism and recreation industry which generategstimated net benefit of US$30 billion
each year (UNEP 2006). Marine tourism generatesoappately US$800 million each year
in Hawaii (Friedlander et al. 2008b) and over U2%#iillion annually in the Florida Keys

alone (UNEP 2006).

Despite their ecological and commercial importancetal reefs have suatained severe
degradation throughout the world (UNEP 2006). Maospical reefs are found in developing
countries near major urban centres, with over 30%heworld’'s population living within 50
km of a coral reef (UNEP 2006). Anthropogenic impasuch as pollution, over-fishing and
sedimentation place high pressure on reef systaitis,global warming being one of the
biggest threats (Wilkinson 2002). It has been et that 19% of the world’s coral reefs
have already been lost with a further 35% criticiireatened (Wilkinson 2008). Coral reefs
in the Caribbean and Southeast Asia have expedetieehighest rates of degradation and
will most likely continue to be the most threatef&dNEP 2006). It is therefore essential that
research targets areas of high importance that edhtribute to the development of
successful management plans. For example, corathiley, defined as the disruption of the
symbiosis between the dinoflagellate symbionts #&ir coral host in response to stress
(Hoegh-Guldberg & Smith 1989; Glynn & Croz 1990; déb-Guldberg & Salvat 1995;
Glynn 1996; Jones et al. 1998), has caused magsilityoof corals in numerous locations
(Wilkinson et al. 1999). Another serious threathe functioning and resilience of coral reef
ecosystems is coral disease (Richardson 1998; Hatveal. 1999). The prevalence and
geographic range of coral diseases, as well asuh®er of coral species affected have all

increased over the last few years (Sokolow 2008@)dver the field of coral disease research



is still in its early stages and our knowledgehsf tauses and effects of most diseases are still

rudimentary.
1.1 Coral Bleaching

Cnidarian stony corals form a symbiosis with pro&z dinoflagellates from the genus
Symbiodinium (‘zooxanthellae’). This mutual symbiosis is basednutritional exchange as
the Symbiodinium cells can translocate > 90% of their photosyntiadiy-fixed carbon,
sugars, amino acids, carbohydrates and perhapis tpithe coral hosfMuscatine & Porter
1977; Trench 1979; Muscatine 1990)he coral on the other hand supplies its unicallula
symbionts with inorganic nitrogen, phosphorous amtable environment (Muscatine et al.
1984; Trench 1979; Yellowlees et al. 2008) whicpears to be essential in an environment

that provides few inorganic nutrients (Hoegh-Guldp#999).

Photosynthesis by thgymbiodinium cells can be very efficient in the high-light eroriment

of coral reefs. This process generates high corat@nts of dissolved oxygen which can then
form reactive oxygen species (ROS) such as simmtggen {O,) and superoxide (O
(Tchernov et al. 2004; Lesser 2006). ROS causersesalular damage, for example by
denaturing proteins, oxidising membranes and damgagucleic acids (Lesser and Farrell
2004; Richier et al. 2005; Lesser 2006). Both tbsttand the dinoflagellates have evolved
adaptations to prevent cellular damage by exprgssinbroad array of ROS-handling
antioxidant enzymes such as catalase, ascorbatexigese and superoxide dismutase
(Richier et al. 2005; Lesser 2006). These enzynoasert ROS back to oxygen and water
(Weis 2008).

Environmental stressors however, can cause phadbdioim as well as damage to the
chloroplast and photosynthetic apparatus in varimays (Weis 2008). Oxidative stress
continues to build up and finally overwhelms thdi@idant defence system causing an
accumulation of ROS which further damages photdwtic membranes (Lesser 1996, 2006;
Franklin 2004). In addition, ROS begin to diffusgo the host tissue where they cause
further damage (Tchernov et al. 2004; Lesser 2@0@) consequently lead to the symbiotic
algae being either expelled or degraded (see VW8 for different mechanisms of symbiont
loss). This process is known as coral bleachingnddf as the loss of the symbiotic

dinoflagellates and/or their pigments from the tbst (Glynn 1993; Brown 1997).



Symbiodinium cells are golden brown due to photosynthetic pigisién their chloroplasts.
Corals harbour millions of these algal cells inithissues which contribute to most of their
colouration (Weis 2008). When these symbiotic dangdllates are lost, the underlying white
calcium carbonate skeleton is revealed, giving theal a bleached appearance. Coral
bleaching can be caused by several environmentallstsuch as high or low seawater
temperatures (Glynn and D'Croz 1990; Gates et @21 Winter et al. 1998), high UV
radiation (Gleason and Wellington 1993; Drolletkt1995), changes in salinity (Fang et al.
1995), increased sedimentation (Wessling et al9)9%ollutants (Jones and Steven 1997)
and pathogens (Kushmaro et al. 2001).

Coral bleaching can range from local scales (Gof€¥i4; Egna and DiSalvo 1982) to entire
reef systems at geographical scales, when it esrexf to as mass bleaching (Glynn 1984;
Williams and Williams 1990; Hoegh-Guldberg and %&l¢995; Kenyon et al. 2006). The
most severe and geographically-extensive masstilgpevent occurred in 1998, coinciding
with a particularly hot EI Nifio-Southern OscillatigENSO) event, and causing an estimated
mortality of 16% of the world’s corals (Reaser &t2000; Hughes et al. 2003). In 2010,
another large-scale bleaching event was record&oinh-East Asia. Interestingly, bleaching
was less severe at locations that experiencedeséleaching in 1998, suggesting a possible

adaptation and/or acclimatization to thermal st(€asest et al. 2012).

Elevated sea surface temperature appears to begrithary factor that triggers mass coral
bleaching events (Glynn 1993; Hoegh-Guldberg 1998jnperature increases of as little as
1-2°C above the mean summer maximum persistingefeeral consecutive weeks can lead to
coral bleaching (Jokiel and Coles 1990; Bruno €2@01; Cumming et al. 2002). Many coral
species therefore live very close to their uppearrtial limits (Jokiel and Coles 1990)
demonstrating the severe threat that global warroamgpose for the survival and resilience

of coral reefs.

In 1996 it was shown for the first time that a lesiel infection could also invoke coral
bleaching. Kushmaro et al. (1996) found that bleaxlof the Mediterranean cor@lculina
patagonica was caused by theibrio strain AK-1. The adhesion of AK-1 to the coral is
thermally regulated and occurs only when seawamiperatures are elevated, as found
during the summer (Kushmaro et al. 1997; Kushmara.e1998; Banin et al. 2000). AK-1
then produces toxins that inhibit photosynthesisd @ause bleaching and lysis of the

symbiotic dinoflagellates (Ben-Haim et al. 1999NM sequencing suggests that the AK-1



strain is a new specie¥jbrio shiloi sp. nov., which is the first species\dbrio shown to
infect symbiotic dinoflagellates (Kushmaro et &02). In the Red Sea, a similar case was
observed. The widely distributed bacteriudbrio coralliilyticus was shown to cause
bleaching in the cordPocillopora damicornis, with elevated temperature being the major
driving force (Ben-Haim and Rosenberg 2002; Benatat al. 2003). These observations led
to the Bacterial Bleaching Hypothesis (Rosenberg Ben-Haim 2002; Rosenberg 2004;
Rosenberg and Falkovitz 2004) which proposes tmaiceobial infection is a primary trigger
of coral bleaching. However, Ainsworth et al. (28p8ound no evidence to support this
hypothesis and strongly argued against its gezeta&n. They suggested that the bacterial
infection is opportunistic rather than a primaryhmgenic cause of bleaching and that non-

microbial environmental stressors trigger corabbleng inO. patagonica.

Even though the role of bacteria in coral bleachiglgains unclear it appears that a positive
link between coral bleaching events and subsequat disease epizootics exists. In 2005,
an unusual warm summer season caused extensiahinigan the eastern Caribbean (Miller
et al. 2006; Eakin et al. 2010). Eventually, caralonies recovered their pigments but a
subsequent infection with white plague diseaseathsgnificant coral mortality resulting in
a 26-48% reduction of coral cover in this one evalune (Miller et al. 2006). Coral
bleaching may compromise the health of corals arakemthem more susceptible to
pathogenic infection. This hypothesis has been atigg by reports of increased disease
prevalence after bleaching events (Muller et aD&®Brandt and McManus 2009; Croquer
and Weil 2009a; McClanahan et al. 2009). This gyiséc effect is likely to be of
significance as global warming will cause higheavsater temperatures and subsequently

higher frequencies of coral bleaching events (He8ghdberg et al. 2007).
1.2 Coral disease
1.2.1 A short history

Coral disease research is a relatively young fiattl the first descriptive reports appearing
between 1965 and the late 1970s. The earliesttreya by Squires (1965), who described
skeletal growth anomalies in the deep water citadrepora kauaiensis. The next diseases
described were black band disease (BBD) (AntonRig3}, white band disease (WBD) of
branching acroporid corals (Gladfelter et al. 19&@y white plague (WP) of massive and
plate-forming corals (Dustan 1977). Although thdseases cause tissue-loss rates of several

millimetres a day, only limited efforts were made itlentify the pathogens (Richardson
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1998). Through microscopic observations of disedsstdie the presence of various bacteria

was revealed but no attempts to fulfil Koch’s ptateiwere made (Richardson 1998).

In the 1980s, a disease that affected an entiengat once and caused rapid tissue loss in
scleractinian corals was discovered and named @bwh reaction’ (Antonius 1981). At the
same time it was also seen for the first time thatine diseases can cause major population
declines, resulting in community shifts and threatg biodiversity. This was demonstrated
by the disease-induced mass mortalities of thebBasan sea urchiDiadema antillarum,
which in combination with two hurricanes and anboeék of white-band disease resulted in
a major decline in coral cover and ended in a plsagefrom a coral to an algal dominated
reef (Hughes 1994). The two main framework-buildocayal species in the Florida Keys,
Acropora palmata andA. cervicornis, have sustained losses of up to 90% due to wiibel b
disease (Gladfelter 1982; Weil et al. 2006) and reoe placed on the IUCN Red List of
Threatened Species as being critically endangred.

In the 1990s, further research efforts led to tisealery of many more diseases including
red band disease, yellow band/blotch disease (YBB)K spot disease, white pox, sea fan
disease (aspergillosis) amdpid wasting disease (Richardson 1938ywever, nost coral
diseases have only been described on the basisaofostopic features and are therefore
unreliable for accurate disease diagnosis (Aindwettal. 2007a). An example is the case of
rapid wasting disease; shortly after its discov#g cause of it was identified as fish bites
rather than a pathogen (Bruckner and Bruckner 199i@erent names have also been given
to different successive stages of the same diséeading to confusion in the literature
(Richardson 1998). To avoid further confusion, asistent and standardized terminology is
required for the gross description of coral lesion®rk & Aeby (2006) presented such a
systematic approach for describing gross lesionsoirals, and Ainsworth et al. (2007a)
demanded an incorporation of microbial, cytologieeld physiological studies in coral

disease research to provide a better understaadithgliagnosis.
1.2.2 Prevalence

Coral diseases have been reported on reefs wosd{iFid. 1), however the majority of coral
disease research has focused on the CaribbeanGergau et al. 1998; Kim et al. 2000a,
200b; Cervino et al. 2001; Patterson et al. 200&,gBr 2005; Croquer and Weil 2009a,
2009b) which has been labelled a ‘disease hot sipet'to the fast emergence of new diseases
(Weil et al. 2006). Other well-studied areas are Bhorida Keys (Holden 1996; Kuta and
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Richardson 1996; Richardson et al. 1998a, 19981ePet al. 2001; Richardson and Voss
2005), the Red Sea (Winkler et al. 2004; Barneadl.2007), the Great Barrier Reef (GBR)
(Willis et al. 2004; Ainsworth et al. 2007a; Boyeitt al. 2007; Bourne et al. 2008), and
Hawaii (Aeby 2005; 2007; Domart-Coulon et al. 2086by et al. 2010; Burns et al. 2011).

In contrast to the Caribbean where coral disease® fbeen reported for over 30 years,
disease research in the Indo-Pacific has only baared out over the last decade or so (Selig
et al. 2006) and surveys in the remote Pacific hemnly very recently been conducted
(Williams et al. 2008; 2011a; Vargas-Angel 2009heTsteady rise in disease reports
indicates an increase in emerging marine disedt@v€ll et al. 1999, 2002, 2004), however
the lack of baseline studies makes it difficultassess normal disease levels in the ocean
(Harvell et al. 1999; Ward and Lafferty 2004). Qise prevalence is defined as the
percentage of diseased individuals in a populatibncan vary greatly depending on
geographic location and coral species affected. é&s@mple, growth anomalies (GA) in
Porites spp. in the Philippines can be as high as 39.1%cZikarsky 2006), while they
showed a prevalence of 21.7% at a particular sit€éaneohe Bay, Oahu (Domart-Coulon et
al. 2006). In contrast, GA’s iAcropora spp. showed a prevalence of 0% at Johnston Atoll

and up to 3% in American Samoa (Work et al. 2008a).
1.2.3 Environmental factors

It is thought that degrading environmental condisiodue to anthropogenic impacts and
global warming have largely contributed to the @age in marine diseases, however the links

are still poorly understood (Harvell et al. 2004k8low et al. 2009).

It can be expected that a variety of factors siamdbusly influence disease prevalence within
a system, the relative importance of each varymgray regions, scales and species (Bruno et
al. 2003, 2007). Disease prevalence can be affdgtedmperature (Jones et al. 2004; Bruno
et al. 2007), water quality (Bruno et al. 2003)ratacover (Bruno et al. 2007) and vector
density (Aeby and Santavy 2006). To further ourerathnding of the potentially complex
web of interactions between different environmefaators, Williams et al. (2010) proposed
the use of predictive statistical modelling. Invgsting coral disease-environment
interactions is essential (Ainsworth and Hoegh-®Gatd 2009) for the development of future

management and protections plans.
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1.2.3.1 Temperature

On land and in the ocean, a wide variety of spearesaffected by temperature sensitive
disease outbreaks (Harvell et al. 2009). Coralsremfe particularly affected by small
increases in temperature, which can cause corachieg and mortality, and can also
facilitate disease outbreaks (Bruno et al. 2007edteGuldberg et al. 2007; Harvell et al.
2009). The mechanisms of disease sensitivity tmatk change are poorly understood
(Harvell et al. 2002; 2007) but it has been hypsiged that elevated sea surface temperatures
can increase pathogen virulence and host susdépt{blarvell et al. 1999; 2002; Lesser et
al. 2007). In at least three cases in which a qua#ilogen was culture¥iprio shiloi, Vibrio
coralliilyticus, Aspergillus sydowii), a positive relationship between pathogen gromntd
temperature was found (Banin et al. 2000; Alkeale2001; Ben-Haim et al. 2003).

In the Caribbean, the prevalence and virulence BDYn Montastraea spp. has increased
significantly between the 1990s and the mid 2088swing an interesting co-variation with
the increase in the annual mean seawater tempei@tarvell et al. 2009). The once seasonal
pattern of high lesion growth rates during the swnmnd low growth rates or complete
disappearance of lesions during the winter has lbeswn replaced by a significant increase of
lesion growth rates throughout the year (Harvellabt2009). The observed significant
positive relationship of lesion growth rate and mesater temperature provides evidence for
a direct influence of temperature on YBD developtmgtarvell et al. 2009). Since 2002,
winter average temperatures have not dropped b26%’C, which is 1°C above the average
winter temperature of previous years causing YBPetoain common even during winter as

growth and pathogenicity seem to be favoured bywvener conditions (Harvell et al. 2009).

Increased coral disease prevalence and/or diseageepsion has been observed worldwide
in connection with warm summer temperatures orrdutemperature anomalies, such as El
Nifio events (Kuta and Richardson 2002; Pattersah €002; Riegl 2002; Jones et al. 2004;
Boyett et al. 2007; Bruno et al. 2007). Howeveasamal changes in disease severity are very
likely to also be influenced by other factors thary seasonally (Bruno et al. 2007).
Irradiance for example, in combination with elevhsea surface temperatures, promotes the
progression of BBD on the GBR (Boyett et al. 208d@to et al. 2011).

Interestingly, short term thermal stress incredsest resistance to infection #spergillus
sydowii (measured as the production of antifungal metsx)lin the sea fan cor&orgonia
ventalina (Ward et al. 2007). However, pathogen growth ratso aincreased with
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temperature, emphasizing the importance of examithe dual effect of temperature on the

host-pathogen interaction (Ward et al. 2007).

Evidence points towards a link between climate geaand coral disease, however a lack of
baseline studies in addition to incomplete dis¢@mse-series makes it difficult to distinguish
between the effects of global warming and anthrepagdisturbance (Harvell et al. 2002).
To better understand the potential links betweenptrature and disease outbreaks, large
scale, longitudinal studies have to be carried that combine long-term monitoring of
several populations with precise temperature measemts, i.e. the variability of disease

severity over years and locations (Bruno et al.7200
1.2.3.2 Water Quality

Another factor of concern is coastal marine euticgtion, or nutrient pollution, which is
mainly related to an increase of phosphorus anagen through terrestrial run-off and
sewage (Nixon 1995; UNEP 2006). Even ‘pristine’fseeould be under threat in the near
future (Bruno et al. 2003) as the degree of nutrigollution will increase with human

population density and coastal development (Nix885).

In the US Virgin Islands, disease prevalence of BBId WP was positively correlated with
exposure to sewage (Kaczmarsky et al. 2005). IrCdrébbean, an experimental increase in
nutrient concentration (nitrate, phosphorus and amuom) increased the severity of both
aspergillosis in sea fans and YBD hhontastraea spp. (Bruno et al. 2003). Black band
disease progression in the Caribbean was alsoiymbgitaffected by nutrient enrichment
(Voss and Richardson 2006) and the concentratigpho§phorus was positively associated
with Porites growth anomalies in Kenyan reef lagoons (McClanadtaal. 2009). Baker et al.
(2007) found a significant relationship betweeneagipiosis in sea fans and nutrient levels,
but interestingly disease severity (tissue loss)@evalence were related to different nutrient
parameters and timescales. Aspergillosis prevalemas only positively correlated to
nitrogen if a multi-year average was used, whedésesase severity showed a positive link to

the ratio of nitrogen and phosphorus during botirtshnd long terms (Baker et al. 2007).

These findings lead to the hypothesis that nutremichment could potentially enhance
pathogen fitness and virulence (Bruno et al. 2008)vever other environmental drivers with

wider regional effects, such as elevated sea suitirmperatures, might be more important



contributors to the observed increase in coralagiegrevalence, especially in more pristine
reef ecosystems (Voss and Richardson 2006).

1.2.3.3 Coral cover and host density

The influence of coral cover and host density orakdisease prevalence differs depending
on geographic location, species and diseldsetes spp. are the dominant host on reefs in the
Philippines but no correlation between disease gleewe and coral cover was found
(Raymundo et al. 2005). Similarly, on the GBR, #igead of black band disease was not
dependent on coral cover (Page and Willis 2006xdmtrast, white syndrome (WS) on the
GBR was most abundant on reefs with the highestemérhard coral cover (Willis et al.
2004) with a coral cover threshold of approximat@&do necessary for an outbreak of WS to
occur (Selig et al. 2006; Bruno et al. 2007). Ina@w coral disease prevalence was strongly
correlated to host abundance (Myers and Raymun@8)2ind the highest levels Bbrites
trematodiasis in Kaneohe Bay, Hawaii were foundaieas with intermediate coral cover
(Aeby 2007).

A link between high coral cover and disease prevades perhaps not surprising, as high host
cover reduces the distance between infected arthirdests which increases the potential
for horizontal disease transmission (Lafferty et 2004; Bruno et al. 2007). Moreover,
competition among corals increases with coral ca¥@onnell et al. 2004) resulting in
physiological stress and a reduction in fitnessn(iea 1997), which could contribute to a

reduction in disease resistance (Bruno et al. 2007)
1.2.3.4 Vectors and reservoirs

Some infectious agents require vectors to traneritical life-history stages from one host to
another. This can be mechanical (simple transporh fone host to the next) or biological
(occurrence of a critical life-history stage of thathogen within the vector) (Work et al.
2008c). Pathogens transmitted by vectors appeéetmore common in terrestrial than in
marine environments, although this could partlydbe to the insufficient study of potential

marine vectors (McCallum et al. 2004).

Several studies have suggested corallivorous fisfeators for coral diseases. Chong-Seng et
al. (2010) usedn situ video observations to assess if and to what exteefifish feed on
coral disease lesions. They found that severabmdifft fish species actively feed on lesions

highlighting their importance in potential diseasansmission but also their role in the
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removal of disease lesions which could result imeduction of disease progression. In
addition, certain reef fish (e.g. parrotfish, dalisie) as well as anchors and divers can cause
significant injury to corals (Aeby and Santavy 2p@ich could provide an entry point for a
pathogen (Aeby and Santavy 2006; Page and Wil8R0

In the Mediterranean, the marine firewokermodice carunculata is a winter reservoir of
the coral-bleaching pathogéfibrio shiloi and can serve as a vector for the transmission of
this disease (Sussman et al. 2003). In Hawaiiptlteerflyfish Chaetodon multicinctus was
found to be the primary vector for the coral disfearites trematodiasis’ (Aeby 2002), while
the corallivorous snafCoralliophila abbreviata is capable of transmitting white band disease
in the Florida Keys (Williams and Miller 2005). laddition, Aeby & Santavy (2006)
demonstrated that, under laboratory conditions,pitesence of the butterflyfisBhaetodon
capistratus increased the spread of black band disease ooottaMontastraea faveolata,
suggesting its involvement in the transmission lof tdisease. Nugues & Bak (2009)
experimentally tested the involvement of the cravfthorn starfishAcanthaster planci in

the transmission of brown band disease (BrB). Tiheynd that corals showing feeding scars
had higher incidences of BrB, so providing preliarin evidence of a possible disease
transmission byA. planci. The first evidence of an alga serving as a reserfor coral
disease has been suggested by Nugues et al. (A0@) revealed that physical contact with
the macroalgaHalimeda opuntia can trigger the outbreak of WP type Il in the tora

Montastraea faveolata in the Caribbean.
1.3 The coral holobiont

The coral with all its associated microorganisms baen termed the coral “holobiont”

consisting of eucarya, bacteria, archaea, virusedolithic algae and fungi (Rohwer et al.
2002; Rosenberg et al. 2007a; 2007b) (Fig. 1.2)e Tssociated eucarya include
endosymbiotic dinoflagellates of the gerysnbiodinium, also referred to as zooxanthellae
(see section 1). Culture-dependent as well as reditWlependent microbial analyses have
revealed a dynamic microbial community on the swgfaand within the tissues of

scleractinian corals (Rohwer et al. 2002; Ainswaethal. 2006; Kooperman et al. 2007,
Littman et al. 2009; Shnit-Orland and Kushmaro 200Bhe first culture-independent

analyses of microbial 16S rDNA on corals showed tttmventional culture-based studies
had underestimated the diversity of coral microfégshwer et al. 2001). Bacteria found in

corals are very diverse, species specific andndisfrom those found in the surrounding
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water column (Rohwer and Kelley 2003); some baataright benefit their host by nitrogen
fixation (Rohwer et al. 2002; Rosenberg et al. 2)0&nd/or the production of antibiotics
(Shnit-Orland and Kushmaro 2009).

Fixed carbon
(e.g. glucose,

amino acids) Fixed carbon
Symbiodinium Coral Microbiota
nutrients Fixed nitrogen,
(e.g. nitrogen, production of
phosphorus) antibiotics,
other unknown
benefits

Fig. 1.2: Proposed model of the coral holobiont posed of the coral animal, symbiotic dinoflagegkaiand all
other associated microorganisms (protozoa, prokesyoendolithic algae, fungi, viruses and unknown
organisms that have yet to be determined) (addpted Rohwer et al. 2002).

Archaeal communities living in the coral are algstidct from those in the seawater and
consist of many undescribed species (Rosenbergl.eR0f7a). Archaea populations
inhabiting the mucus are dominated by euryarchae(@{ellogg 2004) while those in the
tissues are dominated by crenarchaeota (Weglely 20@4), but unlike bacteria, no species-
specific associations have been found (Rosenbeay 2007a; 2007b). Endolithic fungi also
live in close association with corals (Le CampiolstAnard et al. 1995, Bentis et al. 2000,
Ravindran et al. 2001) and might even play a sytibrole in healthy corals (Le Campion-
Alsumard et al. 1995). Environmental stress wealgnhe coral could disturb this host-
parasite equilibrium, causing the fungi to beconppastunistic pathogens (Le Campion-
Alsumard et al. 1995, Bentis et al. 2000, Ravindetral. 2001). Using a metagenomic
approach, Vega-Thurber (2009) found a diverse dslsgm of viruses in the reef coral
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Porites compressa. However, our understanding of coral-associatedses is still very
limited and research uncovering the diversity adentity of coral viruses is still in its
infancy (Davy et al. 2006; Vega-Thurber 2011).

The microbial community equilibrium of healthy clsrappears to fluctuate during periods of
environmental stress. For example, the microbiadrooinity of Porites compressa shifted to

a community of microbes often found on diseasedlsawhen stressed with temperature, pH
and nutrients (Vega-Thurber et al. 2009). The m@atoacterial community of corals can also
change under experimental conditions, for examgiernnwcorals are placed in an aquarium
(Ainsworth and Hoegh-Guldberg 2009). Given thiseptial for change, an unresolved but
important question is the potential change in pgeindcity of microbes normally found in
corals (Teplitski and Ritchie 2009). SeveYabrio spp. have been linked with coral disease
(Kushmaro et al. 1996; Ritchie and Smith 1998; Rbeseg and Falkovitz 2004; Cervino et
al. 2008; Sussman et al. 2008), yet they can ase bommensal functions (Criminger et al.
2007; Chimetto 2008; Shnit-Orland and Kushmaro 20@9s unclear what, in some cases,
triggers a switch from commensal or neutral to pgémic interactions (Teplitski and Ritchie
2009).

It appears that the microbial equilibrium of hegltorals is very delicate and easily disrupted
by changing environmental factors which could cgusgsiological changes that may lead to
disease or death (Rohwer et al. 2002; Sokolow.e2@09; Vega-Thurber et al. 2009). Our
ability to understand microbial changes associatg¢ll disease is restricted by the limited
research on normal microbial communities of heattbsals (Rohwer et al. 2002). However,
research into the identification of the associatecrobial communities in healthy as well as
diseased corals has received more attention imrgears (Ritchie and Smith 2004; Rohwer
and Kelley 2004; Klaus et al. 2005; Mouchka et 2010; Wilson et al. 2012) and the
determination of which microbes are pathogenic had changing environmental factors
affect the symbiotic microbial community of healthgrals has become a critical area of

research.
1.4 Coral pathogens

Our knowledge of coral disease pathogens is siilimentary. To date, more than 35 coral
diseases have been described (Lesser et al. 200 causative agent for only a few of
these diseases has been identified (Sussman 20@8). To prove that a microorganism

causes a disease, Koch's postulates have to h#etul{fKoch 1891). This proves to be
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difficult for coral diseases due the intricate amdhly sensitive associations of the coral
holobiont, which is reflected in the low number acdses where researchers have actually
managed to fulfil Koch’s postulates to prove diseaausation. The majority of identified
pathogens are bacteria but causative agents aaimalade cyanobacteria, fungi, trematodes
and ciliates (Table 1.1). A more recently propogezlip of coral disease agents are viruses,
but very little is known about their diversity aedology (Davy et al. 2006; Vega-Thurber
2011). To date, no archaea have been charactexrizedral disease pathogens (Rosenberg et
al. 2007b).

Host

Pathogen Environment

Fig. 1.3: The disease triangle (adapted after 3ke3974).

Determining the causative agent of a disease does\er, not always help to explain why
disease outbreaks occur in some areas and nohénsotThe concept of a disease triad has
been developed (Snieszko 1974) to better understem@domplexity of disease causation.
Three factors contribute to disease causationhtdst, the pathogen and the environment.
Only if all three factors interact, creating thght conditions, will disease occur (Fig. 1.3).
Coral disease diagnostics still rely predominaatiythe identification of macroscopic disease
signs and only recently has research been direpteck towards the association of

environmental factors, pathogens (including theirters) and host susceptibility.
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Table 1.1: Coral pathogens (revised after Rosendieay) 2007a). Different shades represent diffegeoups of

pathogens. *Presumed pathogen

Disease Acronym Location Pathogen Pathogen
group
White plague-like WP Red Sea Thalassomonas Bacteria
Caribbean loyana
White plague type Il WP I Caribbean Aurantimonas Bacteria
coralicida
White pox Caribbean Serratia marcescens  Bacteria
White band disease = WBD | Caribbean GenusRickettsia* Bacteria*
type |
White band diseas WBD Il  Caribbean Vibrio charcharia Bacteria
type Il
White syndrome WS Indo-Pacific 6 pathogens from tk Bacteria
family Vibrionacae
Porites ulcerative PUWS Indo-Pacific  Vibrio sp. Bacteria
white spot syndrome
Bacterial bleaching  BBL Indo-Pacific  Vibrio coralliilyticus Bacteria
Mediterranear Vibrio shiloi
Yellow band disease YBD Indo-Pacific  Vibrio spp. Bacteria
Caribbean consortium
Black band disease = BBD Indo-Pacific  Microbial Dominated by
Caribbean consortium cyanobacteria
Red band disease RBD Westerr Oscillatoria spp.* Cyanobacteria*
Atlantic
Skeletal eroding band SEB Indo-Pacific ~ Halofolliculina Ciliate*
corallasia
Brown band disease BrB Indo-Pacific  Class Ciliate*
Oligohymenophorea
Scuticociliatia*
Aspergillosis ASP Caribbean Aspergillus sydowii | Fungus
Porites Trematodiasis PorTrem Indo-Pacific ~ Podocotyloides
stenometra
Growth anomalies GA Indo-Pacific
Caribbean
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1.4.1 Bacteria

Corals provide habitats for bacteria in their scefanucus layer, tissue and calcium carbonate
skeleton, each with a distinct, species-specifictdréal population (Rohwer et al. 2002;
Bourne and Munn 2005; Rosenberg et al. 2007a, 00Tl ecological role of these bacteria
is however, poorly understood (Rohwer et al. 2088) our knowledge of the normal
bacterial associates of healthy corals is restti¢ohwer et al. 2001; Klaus et al. 2005;
Johnston & Rohwer 2007; Ainsworth & Hoegh-Guldb&@09; Littman et al. 2009), so

limiting our understanding of the changes assodiatigh disease (Rohwer et al. 2002).

Examples of coral diseases caused by bacteria &eWVBD and white pox (Table 1) which
have all caused coral mortality in the Caribbeaoréau et al. 1998). WP is divided into
types |, Il and Il, and can affect multiple corpksies (Dustan 1977; Richardson et al. 2001;
Bythell et al. 2004). The causative agent was aténtified for WP type Il, as a novel alpha-
proteobacteriunAurantimonas coralicida (Denner et al. 2003). WBD is divided into types |
and 11, and only affects branchi#gropora species (Gladfelter et al. 1977; Ritchie & Smith
1998; Bythell et al. 2004). WBD type | is thouglat be caused by a maririRickettsia
bacterium (Casas et al. 2004) and WBD type |l wesve to be caused Byibrio charcharia
(Ritchie & Smith 1998). White pox disease exclubjivaffects Acropora palmata (Holden
1996; Rodriquez-Martinez et al. 2001; Porter eR801; Patterson et al. 2002) and was found
to be caused by the gram-negative bacteriznnatia marcescens (Patterson et al. 2002)
which is also found in human intestines (GrimonG&mont 1994).S marcescens was the
first coral pathogen identified with a possibleklto human sewage pollution (Patterson et al.
2002), presenting the first evidence that a commember of the human gut microbiota can
have the potential to be a marine invertebrate queth (Patterson-Sutherland & Ritchie
2004).

1.4.2 Cyanobacteria

Cyanobacteria have been reported in associatidnasital diseases but they have never been
identified as the sole causative agent. BBD was feported in 1973 (Antonius 1973) and is
now one of the best studied coral diseases. ltidelw distributed throughout coral reefs
around the world (Page and Willis 2006) and it sused by a pathogenic microbial
consortium (Richardson et al. 1997; Frias-Lopezlet2004; Barneah et al. 2007). The
pathogenic microbial community is dominated by tfiamentous cyanobacterium

Phormidium corallyticum (Ruetzler and Santavy 1983; Kuta and Richardso86;19
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Richardson & Aronson 2000) though numerous uncheraed heterotrophic bacteria
(Cooney et al. 2002), the sulphide-oxidising baatarBeggiatoa (Richardson and Aronson
2000), sulphur-reducing bacteria dominatedD®gulfovibrio spp. (Richardson and Aronson
2000; Cooney et al. 2002; Viehman and Richardsd@2pand marine fungi (Ramos-Flores
1983) are also present. Red band disease (RBDglglossembles BBD except that it is
bright red in colour (Richardson 1992). This digedms been observed in sea fans and
massive corals, and is characterised by a narmeevdf filamentous cyanobacteria from the
genusOscillatoria and other microorganisms that move over the claaling the bare
skeleton behind (Richardson 1992).

1.4.3 Fungi

Corals respond to penetrating fungal hyphae by slépg new layers of aragonite resulting
in the growth of pearl-like skeletal protrusionse(lCampion-Alsumard et al. 1995).

Terrestrial fungi have been found to be common camepts of corals (Ravindran et al.
2001), and have possibly been introduced througredwial run-off (Raghukumar and

Raghukumar 1991; Smith and Weil 2004) and/or Afridaist (Shinn et al. 2000; Garrison et
al. 2003) before becoming adapted to the marinégramwment (Ravindran et al. 2001).

However, very little is known about the diversitiyfongi that inhabit corals (Ravindran et al.
2001). One example is aspergillosis of sea fanstfSen al. 1996; Rypien et al. 2008) which
is caused by the terrestrial fungispergillus sydowii (Smith et al. 1996; Geiser et al. 1998),
thought to be introduced through dust transpontethfdeserts in Africa and Asia (Shinn et
al. 2000; 2003; Garrison et al. 2003). Work ef(2008b) observed coral colonies in Hawaii
and American Samoa that showed a distinct darkucaton caused by an unidentified

fungus which resembled dark spot disease founderCaribbean.
1.4.4 Trematodes

To date, one trematode species has been founduge ahsease in corals. This disease was
namedPorites trematodiasis and has been observed throughowdhaiian Islands and in
other areas of the Pacific (Aeby 200Pprites trematodiasis is caused by the digenetic
trematoddPodocotyloides stenometra (Aeby 1998) which has a complex life cycle inchugli
multiple intermediate hosts (Aeby 2003, Aeby & $ant2006). The first intermediate host
has, as yet, not been identified but it is thoubght a marine mollusc might serve as first host
(Aeby 1998). The second intermediate host is cofalhe genusPorites. The trematode

borrows into the coral tissue causing the polypswell and develop a bright pink colour.
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This colouration attracts coral-feeding fish, sashbutterfly fish, which consume the swollen
polyp containing the parasite. Within the fish tinematode completes its life-cycle, and
parasite eggs are shed with the fish faeces anid begew cycle (Aeby 1998). It has been
proposed that parasites, such as trematodes, teuldsed as an indicator for a healthy
ecosystem as they require a diverse and abundabtcboymunity and can be sensitive to
environmental perturbations (Lafferty et al. 200¥grcogliese 2005; Hudson et al. 2006).

1.4.5 Ciliates

Ciliates are common in marine environments butrarely classified as pathogenic parasites
(Lynn & Corliss 1991), especially in coral reef cmomities (Bourne et al. 2008). However,
two coral diseases, namely brown band diseasei§Willal. 2004) and skeletal eroding band
(Antonius 1999), have been associated with a bdndliates feeding on the tissue. The
relationship between their presence and coral iitgrtaas however, not yet been firmly
established (Rodriguez et al. 2009).

1.4.6 Viruses

Viruses have only recently been implicated as ftkeooral pathogens (Davy et al. 2006).
The application of transmission electron microscOpiM) led to the discovery of virus-like

particles (VLPs) in the temperate sea anem@amamonia viridis (Wilson et al. 2001) and a

few years later in tropical reef corals (Wilsorakt2005; Davy et al. 2006).

Experiments have shown that three species of Irzaifi® coral Pavona danai, Acropora
formosa and Stylophora pistillata) and one zoanthid specieZoénthus sp.) produced
numerous VLPs when thermally stressed (Davy e2@06). Cervino et al (2004) reported
VLPs in isolated zooxanthellae from the CaribbearaldMontastraea sp. after exposure to
elevated temperature or bacterial pathogens. Tirediags support the hypothesis that latent
viruses are present within the host or its symisionthich enter a lytic cycle when
environmentally stressed (Davy et al. 2006). Rdgentetagenomic analyses of the viral
community of the Caribbean cofalploria strigosa revealed an extraordinary viral diversity

potentially infecting all members of the coral Hatant (Marhaver et al. 2008).

Viruses might also have a beneficial role in ctwdlth (Bourne et al. 2009; van Oppen et al.
2009; Vega-Thurber 2011). Patten et al. (2008) mfeseVLPs within the gastrodermal and
epidermal tissues of alfcropora muricata colonies sampled at Heron Island (GBR),

Australia supporting the view that viruses représam important component of the coral
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holobiont. Bacteriophages potentially maintain themeostasis of the holobiont by
controlling bacterial population levels (Efronyagt 2007, 2009; Bourne et al. 2009; Teplitski
& Ritchie 2009). The exploitation of bacteriophatyes even been investigated as a potential
management tool in controlling infectious coraledises (Bourne et al. 2009; Teplitski &
Ritchie 2009).

1.5 Coral resistance to disease

Information about disease-resistance mechanismsomls is limited in the literature,
however their investigation and how changing emmmnental factors influence these

mechanisms are essential in the light of globahate change (Palmer et al. 2008).

Corals contain an innate or natural immune systeat provides a non-specific ability to
react to different, potentially pathogenic orgarssfleg. mechanical or physical barriers such
as the epidermis and mucus, antimicrobial compowamdk phagocytic cells) which are not
altered with subsequent exposure (reviewed in Muée al. 2004). In invertebrate innate
immunity, the prophenoloxidase (PO) pathway, whichlso responsible for the production
of melanin, is involved in wound healing, parasited pathogen resistance, and general
coordination of immune responses (Mydlarz et ab&0Recently, the presence of melanin
has been identified in a variety of coral speciealrper et al. 2008, Palmer et al. 2010),
demonstrating that the PO pathway, widely recoghize a key component in invertebrate
immunity, was active (Palmer et al. 2008). An etedaPO activity has also been observed in
sea fans infected with the fungal pathodepergillus sydowii (Mydlarz et al. 2008). In other
invertebrates, the melanin-synthesis pathway aidlse deposition of encapsulating melanins
(Nappi and Christensen 2005) and produces reaotygen species and quinines which
provide antimicrobial defences (Nappi and Ottavi@®00). The presence of melanin
containing granular cells and PO activity in sobtirdan corals suggests that they may play

key roles in coral immunity (Palmer et al. 2010).

Corals do however, not produce antibodies andtaeetore considered to lack an adaptive
immune system (Mullen et al. 2004, Rosenberg €2@)7b). There are certain cases though,
that suggest that corals can develop a resistanpathogens. For example, in the case of
bacterial bleaching in the cor@tulina patagonica by the bacteriunvibrio shiloi (Kushmaro

et al. 2001) it has been impossible to re-infecilthy corals taken from the field with
laboratory stocks ofV. shiloi that previously caused bleaching in controlled aaigu

experiments (Reshef et al. 2006). Another exangptae bacteriunAurantimonas coralicida
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that caused WP type Il in the Florida Keys in 198®&nner et al. 2003). Interestingly,
healthy corals are no longer susceptible to thisqmen though it is unclear if this immunity
was acquired during the original disease evenf iiris a natural resistance of some of the
surviving colonies (Richardson and Aronson 2000gshef et al. (2006) explains this
potential immunity with the ‘Probiotic Hypothesidt posits the existence of a dynamic
relationship between the symbiotic microbiota amdtats under different environmental
conditions which favours the most advantageous!dasbobiont. This would allow for a
faster adaptation to changing environmental comwlitithan via mutation and selection
(Reshef et al. 2006).

Recently, it has been discovered that corals, dk agetheir bacterial symbionts, possess
antimicrobial-chemical defences against certaintdyad pathogens (Ritchie 2006; Shnit-
Orland & Kushmaro 2009; Chen et al. 2012; Shnia@dl et al. 2012). Most research on
antimicrobial activity (reviewed in Kelman 2004)itially focused on sponges (e.g.
Matsunaga et al. 1984; McCaffrey and Endean 198%ybdld et al. 1999; Kelman et al.
2001) and gorgonian corals (e.g. Kim 1994; Jensah €996; Kelman et al. 1998; Kim et al.
2000b; Roussis et al. 2001; Koh et al. 2002; Haedeal. 2003), but there has been a recent
increase of studies concentrating on scleractin@als (Koh 1997; Geffen and Rosenberg
2005; Ritchie 2006; Gochfeld and Aeby 2008; Gefenal. 2009; Shnit-Orland and
Kushmaro 2009). These studies have demonstratédextiacts from a variety of corals
exhibit antimicrobial activity, however; a high deg of variability down to the species and
even population levels was observed (Jensen €t986; Koh 1997; Mullen et al. 2004;
Kelman et al. 2006, 2009; Gochfeld and Aeby 2008kse differences might enable certain
populations, species or genotypes to have an aalyardver others in resisting invasion by
pathogens (Mullen et al. 2004; Gochfeld and Aebw&0 Antimicrobial activity also
displayed a high degree of selectivity for certébacterial species, indicating that
antimicrobial activity is species-specific rathéram broad-spectrum, so enabling certain
bacteria to live in symbiosis with their host whiteaintaining a chemical defence against
microbial pathogens (Kelman 2004; Kelman et al.900

The surface mucus layer protects the coral fromdadvwhage, desiccation and smothering by
sediment (Brown and Bythell 2005), but little isokvn about the role of mucus in coral
disease resistance (Ritchie 2006). It has beernopeapthat it provides a physical barrier to
the microbes in the surrounding environment, mui@ogitransport of microbes to the polyp

for digestion, and sloughing to avoid colonisatairpathogenic microbes, as well as serving
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as a medium for allelochemicals with antimicrobpbperties (reviewed in Brown and
Bythell 2005). Ritchie (2006) demonstrated that osudrom healthyAcropora palmata
inhibited the growth of potentially pathogenic @ by up to 10-fold. Rohwer et al. (2002)
speculated that certain specialized microbiota doim mucus may protect the coral by
producing secondary metabolites like antibioticec&htly, it has been shown that several
microorganisms occurring in the coral mucus layeteed exhibit antimicrobial activity
(Ritchie 2006; Shnit-Orland and Kushmaro 2009; Sfmland et al. 2012) possibly acting as
a first line of defence against pathogens (Shni&@ and Kushmaro 2009).

The involvement of host and symbiont genetics hlB® deen explored as possible
explanation of resistance/susceptibility to corasedse. Using microsatellite genotype
information in combination withn situ transmission essays and field monitoring, Vollmer
and Kline (2008) found that 6% dfcropora cervicornis colonies from Panama have a
natural resistance to white band disease. Thisimm@®rtant implications for coral reef
conservation. Future research into the geneticsbakicoral resistance to disease would
enable us to identify resistant genotypes in dis@apacted coral species, providing the
possibility of propagating and transplanting thagotypes into highly-degraded reefs
(Vollmer and Kline 2008). Correa et al. (2009) éektthe hypothesis that the resident
Symbiodinium sp. genotype might contribute to the susceptybiit resistance of corals to
disease. They found, however, that in all investidadiseases, the sar8ambiodinium type
was present in diseased and apparently healthyeissn contrast, Stat et al. (2008) found
that some corals affected by white syndrome hadzbulade A whereas healthy colonies had
clade D. They proposed that clade A might be |lessefcial to the coral as it provides less

nutrition and so might make the coral more susbépto disease.
1.6 Management of coral diseases

The successful management of coral diseases isereiddby difficulties in correctly

identifying diseases and characterizing their etigl and epizootiology as well as an
incomplete understanding of the interaction of asss with environmental factors and
anthropogenic stressors (Bruckner 2002; Raymundal.et2008). An interdisciplinary

approach, combining ecological monitoring with iemistry, histopathology, microbiology,
toxicology and physical oceanography as well agitheslopment of molecular identification
tools is necessary to confidently identify, diffietiate and characterize different coral

diseases and their impacts on the reef system KBeu@002).
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Information on how different environmental factofey example temperature and water
quality, affect different diseases and which fagtoontribute to transmission and spread is
vital for a development of early warning systemattiwvould enable managers to predict
potential disease outbreaks and develop stratdgiesinimize impacts (Bruckner 2002,
Beeden et al. 2012). For coral bleaching, early nimar systems have already been
successfully established (Maynard et al. 2008, 20B8&r example, the Coral Reef Watch
Program operated by NOAA (noaa.gov) uses sateBiteote sensing to assess data on sea
surface temperature, light exposure and other emwiental conditions, to quickly determine
areas at risk of coral bleaching. These tools caidd be useful in determining areas with a
high likelihood of coral disease outbreaks (Maynatdal. 2011; Beeden et al. 2012), as
certain coral diseases are positively correlatet imcreased seawater temperature (Bruno et
al. 2007; Harvell et al. 2009) and there is evidernthat bleaching increases disease
susceptibility (Miller et al. 2006; Muller et al0@8; Brandt and McManus 2009; Croquer and
Weil 2009b). These high risk areas can then be toi@d for disease (Beeden et al. 2012)
with rapid assessments detecting disease outbraallstargeted monitoring providing

information on particular diseases and areas efast (Bruckner 2002; Beeden et al. 2012).

The development of management strategies that eedilevant anthropogenic stressors and
improve habitat quality would promote reef resiierand likely minimize the effects of coral
diseases (Bruckner 2002; Raymundo et al. 2008; @eeaxt al. 2012). Other important
research areas are the identification of reefs giéater relative resilience to climate change
and high biodiversity (Beeden et al. 2012), as aslthe re-introduction of disease-resistant

genotypes and the development of treatments f@l dseases (Bruckner 2002).
1.6.1 Treatments of coral diseases

Direct treatment of coral diseases, including smgdMuller and Woesik 2009), removal of
the microbial community and sealing of the lesiathyutty or clay (Hudson 2000, Bruckner
2002) has been attempted in an effort to stop thgrpssion of disease lesions. For example,
the aspiration of the microbial mat that charazesiBBD with subsequent sealing of the
lesion with modelling clay or putty (Hudson 200GuBkner 2002) has been quite effective to
prevent further mortality in century-old colonieéBrgckner 2002). The application of putty
and clay over disease lesions has also been agdmptYBD, WBD and WP showing
various rates of success (Bruckner 2002, Raymuhdb 2008). The mechanical removal of

growth anomalies was attempted in Palmyra and Haama appeared to be very successful
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(Aeby and Williams, unpublished data), however madata needs to be collected to
conclusively measure the rate of success of tloisnigue. Direct or mechanical treatments
are very time consuming and costly and so very aogical during a large-scale disease
outbreak (Bruckner 2002). These tools might be nmstable on a small scale, only
including the colonies that are of most value te thef, such as large colonies of slow-

growing massive species or rare species (Bruckb@2,ZRaymundo et al. 2008).

The isolation and removal of diseased colonies &as been proposed to protect other
colonies from the spread of disease (Hayes andandr898). However, this approach might
actually promote dispersal and spread of the pathoas well as causing considerable habitat

damage and is therefore very impractical and oimmahbenefit (Bruckner 2002).

Recently, phage therapy (Teplitski and Ritchie 2G0% the use of probiotics (Ritchie 2006)
have been proposed as possible tools for mitigatimgl diseases. However, research is still
in the early stages and the logistics, as welhasiiechanics of these approaches have not yet
been established (Teplitski and Ritchie 2009). Istady using lytic bacteriophages in
controlled aquaria experiments, it was demonstrateat the coral pathogeibrio
coralliilyticus (causing bleaching irfPocillopora damicornis) could be controlled by the
pathogen-specific phage YB2 (Efrony et al. 2007)owedver, Efrony et al. (2009)
demonstrated that the timing of the addition of ginage is crucial for disease prevention.
They therefore speculated that phage therapy mawgdre valuable in preventing the spread
of a disease rather than curing it. The proposedtiantibiotics could have severe long-term
consequences as it may affect beneficial microbdsaa to the development of antibiotic-
resistant pathogens (Bruckner 2002, Raymundo 2@@R)ing antibiotics to putty or clay, so
restricting the treatment to affected areas, mighta more plausible solution (Bruckner
2002).

1.7 Coral reefs of Hawaii

The Hawaiian archipelago is located in the CenPRatific Ocean and consists of the

populated Main Hawaiian Islands (MHI) and the mosthpopulated Northwestern Hawaiian

Islands (NWHI). Hawaii’s coral reefs stretch ovés0R km and are, due to their location,

exposed to large open ocean swells and strong wattks which have major impacts on the

structure of the reef community (Friedlander et28l08a; 2008b). The geographic isolation
of these reefs has resulted in one of the highegte@s of marine endemism found anywhere
on Earth (Jokiel 1987).
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Hawaii has 1.2 million inhabitants with over 70%cdted on Oahu and an additional 7
million tourists visiting the islands each yearié@iander et al. 2008b). Marine tourism
contributes largely to the state’s economy, butas also put high pressure on their coral
reefs. Urban areas and popular tourist destinatiame been affected in particular, with land-
based pollution, recreational overuse, overfishiogastal construction, and alien and
invasive species being the main threats. The |gatiind-based pollutant is sediment as
development for agriculture and urban growth insesaHowever, coral reefs in more remote

areas are still in good condition (Friedlanderle@08a; 2008b).

Monitoring of Hawaii’'s coral reefs began in the 086and has since revealed several
changes. Average annual sea surface temperatB&s)(8ave increased by 0.8°C and three
major bleaching events have been recorded (Friddtaat al. 2008b). The occurrence of
various coral diseases (see Table 1.2) has beamuoded in the three main coral genera
(Porites, Montipora, Pocillopora) (Friedlander et al. 2008b) witPorites having the highest
prevalence of disease (Friedlander et al. 2008ayeNheless, broad-scale disease surveys
have shown that general disease prevalence is pviehes but currently occurring at low
levels, providing the opportunity for managers tatigate this emerging problem
(Friedlander et al. 2008a; 2008b). The most comowrdition found orPorites colonies is
growth anomalies but the causative agent(s) remamkeaown (Friedlander et al. 2008b). To
date, coral diseases have not caused mass mesgafitHawaii but increasing anthropogenic
pressure and global climate change leads to corat®ut the continuous health of Hawaiian
coral reefs (Friedlander et al. 2008b).

In Kaneohe Bay, OahwRorites compressa is affected byPorites bleaching with tissue loss
(PBTL) which manifests as diffuse areas of whitscdlouration of the coenenchyme and
pigmented polyps, giving the coral a “speckled” egmance (Fig. 1.4B). PBTL has some
similarity to Porites tissue loss (PorTL), another disease reported these reefs (Williams
et al. 2010) but because of variations in theisgnmorphology they were treated as separate
diseases in this study. PorTL, in contrast to PBddes not show the “speckled” bleaching
pattern but a narrow band of bleached tissue bimgl@atches of tissue loss (see Williams et
al. 2010 for a full description of PorTL). In addi, polyps in the bleached band appear
swollen (Fig. 1.4C) which is not observed in PBEIsibns. Identifying coral diseases at the
gross level alone can be very difficult and diseakat show very similar gross lesions, such
as ‘white’ diseases (spreading zone of tissue logsyrted from the Caribbean and Indo-
Pacific, can have different causations (see Tabid. 1t is therefore important not to
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prematurely combine disease signs, especiallyafgioss morphology of lesions shows a
disparity. Until the causation of a lesion is detigred, even similar disease lesions should be

treated as separate diseases.

Table 1.2: Examples of coral diseases found inMaéen Hawaiian Islands (MHI) and Northwestern Hawaaii
Islands (NWHI). Photo credit: *1 Greta Aeby, *2 MayValton, *3 The Coral Reef Ecosystem Division
(CRED): http://www.pifsc.noaa.gov/cred/coraldiseapbp

Disease Species affected Photo Occurrence
Porites Porites spp. Occasional —
trematodiasis abundant,
MHI & NWHI
Growth Porites spp., Abundant,
anomalies Montipora
_ MHI & NWHI
capitata,
Acropora
cytheria
Poritestissue loss Porites Occasional,
compressa
MHI
Porites bleaching Porites Common,

with tissue loss  compressa (Kaneohe Bay,

Oahu)
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Table 1.2 continued

Occurrence

Occasional —

abundant,

MHI & NWHI

Occasional,

MHI & NWHI

Rare —

occasional,

MHI & NWHI

Disease Species affected

white syndrome  Montipora
capitata,
Acropora spp.

Sub-acute tissue Porites spp.

loss

Dark spot Porites spp.,

syndrome Pavona spp.,

Pigmentation Porites spp.

response

Ciliate infection  Montipora
capitata,
Pocillopora
meandrina

Common,

MHI

Rare,

MHI

26



Fig. 1.4:Porites compressa. A: Healthy P. compressa. Note regular brown coloration. B: PBTL-affected
compressa. Note pigmented polyps and bleached coenenchyspeckled appearance”) with onset of tissue
loss. C: PorTL-affecte®. compressa. Note swollen polyps adjacent to a narrow bleadbet surrounding an

area with tissue loss.
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1.8 Research objectives

The development of successful management strategfiesn high-quality characterizations
of all diseases in a reef system, which providermition on disease dynamics including

prevalence, virulence and environmental drivers.

Porites spp. are one of the main framework building conalthe Indo-Pacific and are often a
dominant host for coral diseases, for example i@ Myers and Raymundo 2009), the
Philippines (Raymundo 2005) and Hawaii (Domart-@ouR006; Aeby 2007; Aeby et al.
2011a). In Kaneohe Bay, Oatii,compressa is one of the main framework-building corals,
so investigating diseases affecting this specied great importance to assess the potential

ecological impact that specific diseases could lwavthe reef.

This research thesis aimed to collect informationtlee gross and cellular manifestations,
disease dynamics and possible pathogens of PBThromide a baseline characterization of
this disease. Multiple exploratory pathways, usagange of techniques, such as field
surveys, histology, transmission electron microgcggnetics and microbiology, were used

to gather data that can be used as baseline foefatudies.

Specifically this project was aimed to addressftfiewing questions:

= What are the gross signs of PBTL?

= Can PBTL be classified as a disease?

= What are the microscopic manifestations of PBTL?

= |s there evidence fdhe presence of a potential pathogen(s)?

= What is the prevalence and incidence of PBTL aro@utonut Island Marine
Reserve?

= |sthere a seasonal trend in disease prevalence?

= What are the long-term effects of PBTL?

= |s PBTL transmissible?

= What is the geographic extent of PBTL?

= What is the relationship of disease prevalencevanibus environmental factors and
what are specific environmental drivers?

= Does increased temperature affect the virulend¢eBdfL?

=  DoesSymbiodinium and/or host genetics affect susceptibility to PBTL
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The four data chapters in this thesis are writtempaper format and are either published,
submitted or in preparation. Hence there is a rerdagree of overlap between chapters,

particularly their introductions.

The majority of the work was conducted by the cdatli. Any contributions of others are

listed below each chapter in the following section.

Chapter 2 provides a systematic description of PBTL and stigates its virulence to

determine if it can be classified as disease. €halts were published as:

Sudek, M., Aeby, G.S., Davy, S.K. (2012) Localiz#@daching in Hawaii causes tissue loss
and a reduction in the number of gameteBanites compressa. Coral Reefs 31:351-
355.

Contributuion of others:

Simon Davy and Greta Aeby: editing and intellecinplit

Alan Hovert: advice on histological techniques

Thierry Work: assistance with the interpretatiorhtological sections

Andrew Taylor: advice on statistical methods

Chapter 3 describes cytopahological observations in PBTLeiéfé colonies, using
histopathology and transmission electron microscogyEM) techniques. The

histopathological results were published as:

Sudek, M., Work, T. M., Aeby, G.S., Davy, S.K. (2)1Histological observations in the
Hawaiian reef coralPorites compressa, affected byPorites bleaching with tissue

loss. Journal of Invertebrate Pathology 111:121-125

Contributuion of others:

Simon Davy, Greta Aeby and Thierry Work: editinglantellectual input
Thierry Work: assistance with the interpretatiorhztological sections
Alan Hovert: advice on histological techniques

Tina Carvalho: advice on TEM techniques and intgiron of sections
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Chapter 4 describes changes in PBTL prevalence over the eoofsone year and
investigates disease progression and transmissiomddition, the association of PBTL

prevalence and eight environmental predictors jdozgd.

Sudek, M., Williams, G. J., Runyon, C., Aeby, G.Pavy, S.K. (in review) Disease
Dynamics of Porites Bleaching with Tissue Loss: prevalence, transmissamd

environmental drivers. MEPS

Contributuion of others:

Simon Davy, Greta Aeby and Gareth Williams: editamgl intellectual input
Gareth Williams: advice on statistical methods

Jamie Sziklay: assistance in creating the surdeynsap in GIS

Christina Runyon: assistance with field work

Chapter 5 explores the possible involvement of host éyhbiodinium genetics in the
susceptibility ofP. compressa colonies to PBTL. The results of t8gmbiodinium clade study

are being prepared as Note:

Sudek, M., Stat, M., Gates, R. D., Aeby, G.S., D&K. (in prep)Symbiodinium type does
not affect the susceptibility dP. compressa colonies to the coral disea$®rites

bleaching with tissue loss

Contributuion of others:

Simon Davy, Greta Aeby, Zac Forsman and Michadt 8thting and intellectual input
Michael Stat: guidance on DNA extraction and seqirgn

Kelsey Fee: microsatellite lab work

Robert Toonen and Ruth Gates: funding of the latkwo

The versions of all published papers are providettu Appendix X.
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Chapter 2

Localized bleaching in the reef coraPorites compressa: systematic description and

virulence — can this lesion be classified as dise&s

2.1 Introduction

A disease by definition is any interruption, cessabr disorder of body functions, systems
or organs and can be caused by either biotic artiabiactors (Webster 2011). Terrestrial
diseases, especially in humans and other vertebrate well documented and of major
concern for medical, veterinary and conservatiaslogly authorities (Harvell et al. 2002;
Lafferty and Gerber 2002; WHO 2004). Key exampléswnell studied human diseases
include HIV/AIDS (Hladik and McElrath 2008), tubeitosis (DeBacker et al. 2006) and
cholera (Ghose 2011). In contrast, our knowledgedistases and disease outbreaks in
freshwater (Johnson and Paull 2011) and marinev@agt al. 1999) ecosystems is lagging
far behind.

Wildlife diseases can cause severe population mecliwhich can further impact the
ecosystem via “knock-on” effects (Daszak et al. DO0Gor example, an unknown pathogen
caused mass mortalities (98%) of the sea urdiedema antillarum in the Caribbean
(Lessios 1988). The elimination of this importamrisivore led to an increased growth of
benthic algae causing catastrophic, widespread ggsarn the community structure on
Caribbean coral reefs (Hughes 1994). However, nmaagne mortality events likely remain
undetected due to the logistical difficulties inndacting marine monitoring and research
(Harvell et al. 2004). The extent and ecologicapact that diseases have in the ocean
remains largely unknown, even in cases where ecmwadign and ecologically important

species are affected (Harvell et al. 1999).

In vertebrates, diseases are expressed in variays mcluding external and behavioural
signs of disease; for example, rabies (Niezgodd. €2002), foot-and-mouth-disease in cattle
and swine (Meyer and Knudsen 2001), canine disterfipeem et al. 2000) and gill disease
in salmon (Mitchell and Rodger 2011). Invertebratd®w a similar suite of disease
responses, for example, shell disease in lobstan(Mso et al. 2010), white spot syndrome in
arthropods (Escobedo-Bonilla et al. 2008) and deaéar wing syndrome in honeybees

(Bowen-Walker et al. 1999). In the case of cordiseases can only manifest in three main
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ways: tissue loss, growth anomalies and/or discatan (Work and Aeby 2006). Most coral
diseases known to date can be placed within tkedisoss category. Well known examples
are white syndromes, a general term used to descabal diseases with acute signs of
advancing tissue loss (Willis et al. 2004; Sussriaal. 2008) and “band diseases”, such as
BBD (Edmunds 1991; Kuta and Richardson 1996; Mill886) and WBD (Gladfelter 1982;
Peters et al. 1983; Ritchie and Smith 1998; Aronaond Precht 2001). Growth anomalies
have been observed in several different coral spemiound the world (Kaczmarsky 2006;
Haapkyla et al. 2009; Myers and Raymundo 2009; Aetgl. 2011a), while few diseases
causing discolouration have been recorded to désishimaro et al. 1996; Ravindran and
Raghukumar 2002; Work and Rameyer 2005) (see Figo2 examples).

Fig. 2.1: Examples of coral diseases displayingutisloss (A,B), growth anomalies (C,D) and disc@tan
(E,F). A: Acropora white syndrome, B: Close-up @éicropora white syndrome, CAcropora growth anomaly,
D: Montipora growth anomaly, EPorites dark spot syndrome, Porites pigmentation response. Photo credit:
A, B and D:Greta Aeby; E and F: Maya Walton.
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The study of coral disease has been impeded bgkaolasystematic nomenclature used in
gross descriptions of coral lesions (Work and A@0¥6) leading to misidentification of
diseases, and in some cases the use of differemsaor different successive stages of the
same disease (Richardson 1998). This has causédsmmin the literature about the true
number of coral diseases described. By 2000, & #6t29 different diseases were recorded
globally, however many of these disease descriptiwere poor (Green and Bruckner 2000)
and even to date there is no exact number on haw m@ral diseases occur worldwide. The
majority of coral disease lesions are describednamily at the gross level (gross
morphology), necessitating a standardized, sysiemamenclature for describing lesions in
corals (Work and Rameyer 2005; Work and Aeby 200%9rk and Aeby (2006) provided
such a standardized system (Fig. 2.2), which carurbeersally used and hence enable

comparisons across geographical areas (Work any 2@05).

Coral diseases have the potential to negativelaghporal functioning, such as reproduction
and survival. It has been shown that disease cpnifisantly reduce the reproductive output
of affected colonies (Weil et al. 2009; Borger @&wlley 2010) and cause widespread coral
mortality leading to significant ecological changesthe functioning and structure of coral
reefs (Aronson and Precht 2001a; Weil 2004). Ingashg potential diseases that could pose
a threat to the health and survival of coral resfsgstems is therefore an important area of
research.

In Kaneohe Bay, Oahu, a localised white discolaonaaffectingPorites compressa, one of
the main framework building corals around Hawaiiaflsigos 1972; Jokiel 1987), has been
observed. Coral bleaching is defined as discolamatf the coral tissue due to the loss of the
endosymbiotic dinoflagellatesSfmbiodinium sp.) and/or their photosynthetic pigments
(Glynn and D'Croz 1990; Hoegh-Guldberg and Sah@85). It can be caused by abiotic
factors including high or low seawater temperat@lynn 1996; Mdodo and Obura 1998;
Hoegh-Guldberg and Fine 2004), high light and esisesUV radiation (Drollet et al. 1995;
Glynn 1996), or it can also be caused by bioti¢diecsuch as bacterial infections (Kushmaro
et al. 1996; Ben-Haim et al. 1999). For example, Qoulina patagonica from the
Mediterranean (Kushmaro et al. 1996) @uatillopora damicornis from the Red Sea (Ben-
Haim et al. 2003), a bacterial infection Bibrio sp. causes bleaching and lysis of
zooxanthellae (Ben-Haim et al. 1999). Coral bleaghiould therefore be considered a sign
of disease that can have abiotic or biotic caudseldd| 2004).
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Fig. 2.2: lllustration of standardized terminolagged for coral disease descriptions (after Work Aseioly
2006).
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Mass coral bleaching has caused extensive coratatitprdue to prolonged periods of
increased sea surface temperatures often coincwditngstrong El Nifio events (Glynn and
D'Croz 1990; Hoegh-Guldberg 1999). Entire reef easyst can be affected on large
geographical scales causing most corals to bleatdegh-Guldberg 1999). In contrast,
localized bleaching is a discrete area on a calahy that shows white discolouration of the
tissue. It has previously been recorded in podbdals but little is known about this lesion
(Work and Rameyer 2005).

The observed bleaching pattern Rn compressa appears different from thermally-induced
coral bleaching as it occurs all year round dutinges when water temperatures are well
within the coral’s thermal tolerance thresholds.akidition, adjacent corals of the genus
Montipora and Pocillopora, which are generally more susceptible to thermahdhing

(Jokiel and Coles 1990; Aeby et al. 2003; Kenyoale2006), show no signs of bleaching at

times when localized bleachingf compressa is observed.

The main objective of this study was to provideyatasmatic description of the localized
bleaching based on the approach of Work and Aeb@gR and determine the degree of
virulence (harm to host) on the coral colony by swemg: 1) lesion progression, using
individually tagged colonies; and 2) the effect gametal development, using histological

techniques.
2.2 Materials and methods
2.2.1 Systematic description

Multiple colonies affected by the localized bleahwere photographed and detailed notes
were taken on the distribution of the lesion, d@sdtion on the colony, the shape of the lesion
and its edges, margins, colour, size and structffested. This information was then used to

build a concise description of the lesion.
2.2.2 Tags

Forty-two colonies affected by localized bleachiwgre tagged around the perimeter of
Coconut Island, Kaneohe Bay, Oahu, Hawaii (21°28M00157°47.000'W) in August 2010
and revisited in October 2010. All colonies weretolgraphed and the percentages of healthy
and affected tissue, as well as dead skeleton, wisutally estimatedn situ. The complex

three-dimensional structure Bf compressa colonies and the often poor visibility in Kaneohe
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Bay prevented an estimation of the affected aredigyal analysis, necessitating the use of

the semi-quantitative visual technique.
2.2.3 Reproductive output

P. compressa is a gonochoric broadcast spawner that spawns gidtt-moon periods
between June and August (Neves 2000). Fragments®2¢ P. compressa (22 fragments
from healthy colonies and 31 fragments with evideotlocalized bleaching) were collected
from the reef crest around Coconut Island (pleaderrto Appendix 1.1 for the sample
design) in June 2010, two days before full moon #drefirst spawning of the season, so
increasing the chance of finding well-developed gte®. Samples were fixed in zinc-
formaldehyde solution, decalcified in HCI bufferetth EDTA, and embedded in paraffin.
The wax blocks were sectioned at 6 um using ayetacrotome, stained with haematoxylin
and eosin, and examined under a light microscopetermine the sex of the coral and assess
the reproductive state of the gametes. The nunfbeygs was recorded within 5 haphazardly
selected polyps from each reproductively activeased and healthy female; this replication
controlled for any errors arising from differentapés of the histological sections. The
maximum diameter of each egg within these polypss waeasured using Image J
(http://rsbweb.nih.gov/ij/); volume could not be asered due to the limitations of the

histological method used.
2.3 Data analysis

The data met the assumptions of normality but gabevariance. A two-sample t-test (equal
variances not assumed) was carried out on replioaens using SPSS (PASW Statistics 18)
to determine any differences in egg numbers argizer between healthy colonies and those

affected by localized bleaching.
2.4 Results
2.4.1 Systematic description

The observed bleaching generally manifests as farcdlffuse areas of white discolouration
(tissue becomes translucent allowing the white etkal to show through which gives the
lesion a white appearance), with the polyps remgifirown giving the lesion a “speckled”
pattern (Fig. 2.3 A). The lesion generally has atreé or peripheral location on the colony

(Fig. 2.3 B) which can, in smaller colonies, pragéo envelop the entire colony (Fig. 2.3 C).
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Fig. 2.3:Porites compressa colonies affected by localized bleaching. A: Laoad bleaching. B: An extreme
case with colony-wide bleaching. C: Close-up shawiine discoloured coenenchyme and pigmented polyps.

Photo credit: A and B Christina Runyon.

The size of the lesion is variable from a few brexaffected to the entire colony showing
signs of bleaching. The early stage of the lesisncharacterized by the “speckled”
appearance but the bleaching can progress to mdhal polyps as well. The lesion edge is
distinct with undulating or smooth margins and tasion can have a circular or oblong

shape.
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2.4.2 Tags and reproductive output

After 2 months, 35 out of 42 (83.3%) tagged colernseistained an average partial colony
mortality of 30.1% (range: 10-100%). However, @arte-pigmentation was also observed in

81% of cases.

All healthy P. compressa samples (n = 22) contained well-developed ganieiéser oocytes

or spermaries). In contrast, only 54.8% of color@#fiected by localized bleaching (n = 17)
had developed gametes (Fig. 2.4). Nine out of tdn@althy samples and 6 out of the 17
samples affected by localized bleaching were fesnaleich were used for egg counts and

measurements.

Fig. 2.4: Porites compressa. A: Longitudinal section of a healthy female showingll-developed oocytes
containing eggs. B: Longitudinal section of a Hmalinale showing well-developed spermaries. C: Ludjnal
section of a female affected by localized bleactihgwing underdeveloped oocytes containing smaseD:
Longitudinal section of a male affected by locadiz@eaching showing underdeveloped spermaries; ©#es,
Sp=spermaried, eggs, all images 10x magnification. Scale bar & |26:.
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A significant difference was found between both nlnenber of eggs (df = 7.421, t =5.031, p
= 0.001) and the size of eggs (df = 8.141, t = 8.p0< 0.001) in healthyersus diseased

colonies. Healthy samples contained 4.9 + 0.3 (me8k) eggs per polyp with a maximum
diameter of 44.6 £ 2.3 um (mean = SE) (n = 9). dntrast, samples affected by localized
bleaching contained 1.6 + 0.6 (mean + SE) eggelp with a maximum diameter of 23.9

+ 2.4 um (mean + SE) (n = 6). Healthy corals predlimore and larger eggs (Fig. 2.4).
2.5 Discussion

This study showed that > 80% of colonies affectgddealized bleaching sustained partial
colony mortality but re-pigmentation was also okied;r suggesting that the coral was, at
least partially, able to recover. A similar pattéras been observed in other coral diseases.
Montipora white syndrome (MWS) in Hawaii causes partial atak colony mortality but
recovery occurs in approximately 30% of cases (Aetbgl. 2010)Porites ulcerative white
spot disease (PUWS) from the Philippines causedl svhée lesions that can either regress
or progress to tissue necrosis and cell death (Ragimet al. 2003). Factors contributing to

either recovery or mortality from a coral disease still poorly understood.

Localized bleaching inP. compressa also causes a significant reduction in gamete
development in both sexes. Almost 50% of the sasnpléected by localized bleaching
developed no gametes, and all females that had tgampeoduced fewer and smaller eggs
than did healthy colonies. Two female colonies @#d by localized bleaching contained

only under-developed oocytes with no eggs.

These results show that gametal developmeRt itompressa is significantly compromised

in areas affected by localized bleaching. Similatttermal bleaching has also been shown to
have a negative effect on the reproduction of na@mgl species (Szmant and Gassman 1990;
Ward et al. 2000); though interestingly, Cox (2083)nd no decrease in reproduction in
thermally-bleached colonies dflontipora capitata, which has the ability to increase its
heterotrophic feeding rates after bleaching (Gho&tlal. 2006). The impact of bleaching on
coral reproduction is most likely linked to the dasf zooxanthellae, as these can contribute
over 90%of the coral's energy requirements through photti®sgis, and support coral
growth and reproduction (Muscatine et al. 1984)eatively, oocytes contain a very high
concentration of lipids that can provide energy winesources are limited (Weil 2009) and
could be re-absorbed, as has previously been red¢andstressed corals (Neves 2000; Okubo
et al. 2009).
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Sexual reproduction in corals is strongly influethd®y biotic and abiotic stressors such as
pollution (Guzman and Holst 1993; Cox and Ward 3p62dimentation (Fabricius 2005) and
competitive interactions (Rinkevich and Loya 198anner 1995). Diseases are a drain on
energy resources to the host and are thereforelikety to impact reproduction, however
comparatively few studies in the coral diseaseditge have measured the effect of disease
on the reproductive output of corals. A decreasepgraductive output was found in
Montastraea faveolata from the Caribbean affected by yellow band dis€ugeil et al. 2009)
andMontastraea faveolata from the West Indies affected by white plague (iBorand Colley
2010). A localized suppression of reproduction bE® been shown in Caribbean sea-fan
octocorals affected by a fungus or protist infetijPetes et al. 2003).

The reproductive effort of an individual can bediss an evaluation of general fithess (Metz
et al. 1992). For corals, fertilization successydhdispersal, recruitment and survivorship
drive population dynamics and coral reef regenena(Hughes and Tanner 2000; Vermeij
2005, 2006) and even a small reduction in reprodeictutput can have the potential to cause
severe negative impacts on recruitment (Hughek 28080). The negative impact of diseases
on the reproductive output of corals should theeefmwt be neglected. Indeed, in the case of
disease outbreaks, reduced reproduction in additiooolony mortality could have major

impacts on reef resilience and longevity.
2.6 Conclusion

The observed localized bleaching results in bottigdaolony mortality and reduced gametal
development of the coral, causing harm to the hikstan therefore, by definition, be
classified as disease and was teriRedtes bleaching with tissue loss (PBTLB. compressa

is one of the main framework-building corals in Hawand so PBTL has the potential to
negatively impact the population structure andiezgie of Hawaiian reefs warranting further

investigation.
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Chapter 3

Cytopathological observations in the Hawaiian ree€oral, Porites compressa, affected by

Porites bleaching with tissue loss

3.1 Introduction

In recent decades, coral diseases have increasgdevalence and geographical extent
worldwide, threatening the health and survival ofat reefs (Harvell et al. 2004; Weil et al.
2006; Sokolow 2009). However, descriptions of numstl diseases have been based on field
surveys, and many diseases lack systematic momgikaladescriptions at both the gross and
cellular levels (Work et al. 2008c). Confounding thresence of lesions with causation of
disease without appropriate laboratory confirmatias led to considerable confusion in the
literature (Richardson 1998; Lesser et al. 2007;rkVWand Aeby 2011). The use of a
standardized nomenclature that provides a systenmadirphological description of coral
disease lesions at the gross and cellular lev@svaluncoupling of the description of the
lesion from the inference of causation and compasgsacross geographical areas (Work and
Rameyer 2005; Work and Aeby 2006; Work and Aebyl108ystematic descriptions of
lesions at the gross and cellular levels provide itfitial step in the development of case
definitions and may assist in identifying possip&hogens (Work and Rameyer 2005; Work
et al. 2008c).

Corals harbour a diverse microbial assemblage dimdu zooxanthellae, bacteria,
cyanobacteria, archaea, fungi, protists, virusesanuolithic algae; the entire assemblage is
named the coral holobiont (Rohwer 2002). Some rbieschave been identified to be directly
involved in coral disease manifestations (Kushneral. 2001; Patterson et al. 2002; Denner
et al. 2003; Sussman et al. 2008). In healthy spcartain microbes may benefit the coral by
nitrogen fixation (Rohwer 2002, Rosenberg 2007h)ppty of supplemental nutrients
(Kramarsky-Winter et al. 2006) and/or the produttad antimicrobial compounds (Ritchie
2006). A disruption of the coral holobiont couldusa physiological changes that may lead to
a disease state (Rohwer 2002, Vega-Thurber 20089hgUnetagenomic approaches, Vega-
Thurber et al. (2009) demonstrated that with terafpee, pH and nutrient stress the microbial
community ofPorites compressa shifted to a community of microbes often founddiseased

corals. More research into the individual composeoit the coral holobiont is urgently

41



needed to better understand fluctuations causeeinbiyonmental factors that may lead to

disease.

Fig. 3.1:Porites compressa. A: HealthyP. compressa. Note regular brown coloration. B. compressa affected
by PBTL (early stage). Note white discolorationcoenenchyme and pigmented polyps but no signssdidi
loss. C:P. compressa affected by PBTL (progressive stage). Note begigrohtissue loss on the tips of the

coral branches (arrowhead).
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Porites compressa is one of the main framework building corals inwddi. In Kaneohe Bay,
Oahu, this species is affected Bgrites bleaching with tissue loss (PBTL) that manifess a
diffuse areas of discolouration (secondary to freoence and visibility of skeleton through
tissue) of the coenenchyme with pigmented polyad e often retracted (Fig. 3.1). The
lesion may be located in the centre or on the peripof a colony or may be colony-wide (on
smaller colonies). In most cases, PBTL resultsartial tissue loss with subsequent algal
colonisation of the dead skeleton (Chapter 2). PBIbes not appear to be a response to
elevated sea surface temperatures as it occursiroigplated colonies at times when water

temperatures are well within the thermal thresludlthis species.

Given the uncertain causes of this disease, ligebacharacterize PBTL at the cellular level.
Specifically, | measured 1) tissue thickness &paibiodinium cell densities and described
changes at the cellular level and 2) explored thtergial presence of viruses in healthy and

PBTL-affected coral fragments using transmissi@ctebn microscopy (TEM).

This study presents the first cytopathological infation on PBTL, so providing a

foundation for a case definition of this disease.
3.2 Materials and methods
3.2.1 Sample collection

Branches (Bcnt) of Porites compressa (36 fragments with signs of PBTL and 27 fragments
from healthy control corals for histopathology atdragments affected by PBTL and 4
fragments from healthy control colonies for TEM)reeollected from the reef crest around
Coconut Island, Kaneohe Bay, Oahu, Hawaii (21°2B8M00157°47.000'W) at a depth of
0.5-2 m in June 2010, June 2011 and November 208&hde refer to Appendix 1.1 for the
sample design). Samples for histology were fixed0f6 zinc-formaldehyde solution (1 part
Z-Fix concentrate [Z-Fix® Anatech, Battle Creek, ,MJSA] in 4 parts 0.2 pm filtered
seawater) and samples for TEM were fixed in Trunipstive (4% formalin, 1%

glutaraldehyde).
3.2.2 Sample preparation
3.2.2.1 Histopathology

Samples were decalcified in 2.5% HCI buffered vith% EDTA, rinsed and stored in 70%

ethanol until further processing. After decalcifioa, all samples collected in 2010 (n = 53)
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were cut in half with a razor blade (tip to bottoand laid open; measurements of tissue
thickness were taken from the tip and the sideshefcoral fragment using a Kincrome
Digital Vernier Caliper. A 2 cm diameter core wasn removed from one half of all control
and diseased fragments with a cork borer plaatea distance of 1 cm from the tip of the
fragment. The core was homogenized with 1 ml of @r2-filtered seawater in a tissue
homogenizer and algal cells were counted on a hegometer (Improved Neubauer, Boeco

Ltd. Germany), with 8 replicate counts per corell @ensities were standardized to tissue

volume of the coref r* x thickness).

The other half of the decalcified coral fragmenswiammed and embedded in paraffin. Wax
blocks were sectioned at a thickness of 6 pm usimgtary microtome, and the resulting
sections stained with hematoxylin and eosin (H&Elease refer to Appendix Il for the
histological protocol used. Sections were examiaedhe microscopic level and lesions
classified according to the presence of: 1) nesrosharacterized by cytoplasmic
hypereosinophilia or fragmentation coupled with leac karyorrhexis, karyolysis or

pyknosis; 2) tissue fragmentation characterizeddsg of epidermis and exposure of the
basal body wall and mesenterial filaments; 3) clkang Symbiodinium and melanin-

containing granular cell densities and/or morphpjognd 4) presence or absence of

associated organisms.

| also observed putative bacterial aggregates (£et897) in the tissues & compressa in
both healthy and diseased samples (Fig. 3.2A). pAtlative bacterial aggregates were
enumerated in a standardized 1712 x 1289 um arearalftissue approximately 1 cm below

the branch tip.
3.2.2.2 Transmission electron microscopy

Small pieces of the fragments were cut for dedalatiion in a 15% EDTA solution buffered
with 2.5% glutaraldehyde, 0.1 M cacodylate and 0Mt4ucrose. After decalcification was
complete, samples were washed in 0.1 M cacodylafeerowith 0.44 M sucrose for 2
changes, 20 minutes each. A cross section (abaut? was cut and washed again for 20
minutes. These sections were then postfixed foour with 1% osmium tetroxide in 0.1 M
cacodylate buffer. After postfixation, samples weehydrated in an ethanol series (30%,
50%, 70%, 85%, 95%), with 3 changes per dilution 3Jominutes each. For the final

dehydration, 100% ethanol was used for 3 changed,d minutes each. Samples were then
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substituted with propylene oxide during 3 changas1f0 minutes each. A 1:1 mixture of
propylene oxide and epoxy resin (Ladd Industries:1112 4.6g, DDSA 2.04g, MMA 2.260)
was used to infiltrate the samples overnight. Téxet day, samples were immersed in freshly
made 100% epoxy resin for 3 hours and then in amathange of epoxy resin for 2 hours.
Samples were then orientated in moulds, covereld frésh epoxy resin and polymerized at
60°C for 3 days.

Ultrathin (60-80 nm) sections were obtained on a@RMowertome ultramicrotome and
double stained with uranyl acetate and lead citrBle sections were viewed on a Hitachi
HT7700 TEM at 100 kV, and photographed with an AMR41 four megapixel CCD

camera.
3.3 Data analysis

The data for coral tissue thicknesgymbiodinium cell densities and bacterial aggregate
counts were checked for normality and equal vagarkor coral tissue thickness, these
assumptions were met and a two-sample t-test wed tesdetermine differences in tissue
thickness between fragments affected by PBTL amdrabcorals. Data foSymbiodinium

cell and bacterial aggregate counts, did not mesuraptions of normality and equal

variance, so a non-parametric Mann-Whitney U text used for comparisons.
3.4 Results
3.4.1 Histopatholgy

Branches affected by PBTL had significantly thintissue on the tip (df = 51, t = 6.887, p <
0.001) and sides (df = 51, t = 2.322, p = 0.024)nthealthy controls (Table 3.1). Corals
affected by PBTL also showed a significant decreasgymbiodinium cell density (Mann-
Whitney U = 25, n = 53, p < 0.001) and in the atamu® of putative bacterial aggregates
(Mann-Whitney U = 148.5, n = 53, p < 0.001) (TaBl&). Of the healthy coral samples, 77%
had putative bacterial aggregates in the examigedé section versus 26% of PBTL-affected
samples. Putative aggregates were round to obladgranged from approximately 170 —
1520 uni in PBTL-affected samples and 175 — 1914 jinthealthy samples.

Histological examination showed reductions in b8¢mbiodinium and melanin-containing
granular cell densities (please refer to Appendlid) that were more pronounced in the

gastrodermis of the coenenchyme than in the polyps.
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Fig. 3.2: Porites compressa. A: P. compressa with PBTL. Note putative bacterial aggregate iridepmis
(arrowhead). Inset shows a close-up of the battegigregate. BP. compressa with PBTL. Note ablation of the
epidermis (arrowhead). C and D: Nornkalcompressa. Note regular columnar epidermis (arrowhead)PE:
compressa with PBTL. Note attenuation and ablation of epidir with overlaying hyaline membrane
(arrowhead). F: Close-up of E. Note hyaline memérawmerlaying epidermis that manifests as cytoplasmi
hypereosinophilia and karyorrhexis (arrowhead).
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Fig. 3.3:Porites compressa. A: P. compressa with PBTL. Note tissue fragmentation and hyalinennbbranes
effacing epidermis (arrowhead). B: Close-up of Atécell debris (arrowhead) mixed with hyaline meanie.
C: P. compressa with PBTL. Note tissue fragmentation and cell dglfarrowhead). D: NormdP. compressa.
Note regular columnar epidermis with remnants o€uasu(arrowhead). B2. compressa with PBTL. Note tissue
fragmentation and helminths in the tissue debniso{eghead). Inset shows a close-up of the helminhs.
compressa with PBTL. Note clump of diatoms on epidermis ¢(avhead).

Ablation of the epidermis associated with algalrgvewth (Fig. 3.2 B) was observed in 39%
of samples affected by PBTL. Necrosis manifestedyasplasmic hypereosinophilia and

karyorrhexis overlaid by a hyaline membrane (Fig@. B and F) and was observed in 1686
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samples examined. Tissue fragmentation (Fig. 3.8)Awvas observed in 11%f PBTL-

affected samples, and in two of these samples, ihtflsmwere observed in the degrading
tissue (Fig. 3.3 E). Clumps of diatoms were alsontb on the epidermis of one diseased
sample (Fig. 3.3 F). No other microbial or metazoaganisms were seen associated with

diseased tissue for all remaining samples.

Table 3.1:Tissue thickness from the tip and side of the bnesqmm) Symbiodinium cell densities (cells ci
and bacterial aggregate size (numberfinim healthy control branches &forites compressa and branches
affected by PBTL. Values are mean + SE and the eafminimum to maximum value). All pair-wise
comparisons between healthy and PBTL-affected oedorwere statistically significant (p < 0.05).

Healthy Range PBTL Range

(min-max’ (min-max’
Tissue thickness: tip 6.08 £0.18 4.69-8.21 4,38 +0.17 2.16-6.27
(mm)
Tissue thickness: side 2.46 £0.07 1.84-3.19 2.21 £0.08 1.28 -3.18
(mm)
Symbiodinium density 1.4 x 16 +74533.1 4.7x10- 2.1 48x106 + 1.5x10 -
(cells crm) x 1P 37027.8 1.3 x 10
Bacterial aggregates 0.74+0.14 0-23 0.19 £0.07 0-1.8
(number/mm?)

3.4.2 Transmission electron microscopy

TEM micrographs showed that moSymbiodinium cells in healthy fragments appeared
healthy (Fig. 3.4 A & B) and degrad&jimbiodinium cells were only occasionally observed
(Fig. 3.4 C). In contrast, PBTL-affected samplesl maumerousSymbiodinium cells in a
degraded state that were filled with black bodied ao nucleus was visible (Fig. 3.4 D);
which was likely representing a late stage of apgipt Generally, these degraded cells were
smaller than healthymbiodinium cells (Fig. 3.4 E) but were variable in size (R# F).
Healthy lookingSymbiodinium cells were only rarely observed. Additional§ymbiodinium
cells in a stage of degradation without black bsdiere also observed (Fig. 3.4 G & H);

which was likely representing early stages of apsipt

VLPs were observed in the host tissue of both hgalFig. 3.5 A) and PBTL-affected
samples (Fig. 3.5 C-F, 3.6 and 3.7) but were neggy abundant. Nevertheless, VLP’s were
more often encountered in PBTL-affected sampleou@h this difference was not

quantified).Most observed VLPs were hexagonal with a diamdtapproximately 100 nm.
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Fig 3.4: Symbiodinium cells in healthy and PBTL-affectdebrites compressa. A: Healthy sample. B: Healthy
sample with dividingSymbiodinium cell. C: Healthy sample with potential apoptotidl.c®: PBTL with
potential apoptotic cell. E: PBTL sample with hbgltand potential apoptotic cell. F: PBTL with pdiah
apoptotic cells. G & H: PBTL with cell in potentilearly stage of apoptosis.

49



Fig. 3.5 VLPs in healthy and PBTL-affectdebrites compressa. A: Healthy P. compressa with VLPs
(arrowhead). B: Healthl. compressa with bacterial aggregate. Arrowhead indicates iittlial bacterium. C-F:
PBTL-affectedP. compressa with VLPs (arrowhead). F is a close-up of E.

Herpes-like viruses encapsulated in a vacuole (Bi§. A and B) were observed in one

particularly degraded section of a diseased sarbptewere not observed in any other
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samples. A bacterial aggregate (Fig. 3.5 B) wae alsserved in a healthy sample. Most
VLPs were found in aggregates and some aggregaies encapsulated by a vacuole (e.g.
Fig. 3.6 C and D, Fig. 3.7 C and D).

Fig. 3.6: PBTL-affectedPorites compressa. A and B: Herpes-like viruses enclosed in vacu@e- F: VLPs
(arrowhead).
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Fig. 3.7: PBTL-affectedPorites compressa. A — H: VLPs (arrowhead). Image B, D and F aresetaps of

previous image.
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3.5 Discussion
3.5.1 Histopathology

Corals affected by PBTL show a significant loss tbkir symbiotic dinoflagellates
(Symbiodinium spp.) and melanin-containing granular cells, nyafrom the gastrodermis of
the coenenchyme. This response was less pronoumdkd polyps, thereby giving affected
corals the typical “speckled” appearance (i.e. ¢ied coenenchyme and pigmented polyps).
The extensive tissue loss of affected colonies rokskein the field (Chapter 2) was found to

result fromtissue fragmentation and necrosis, leading todissartality of affected areas.

PBTL-affected samples showed a 65% reductiorSymbiodinium cell density. This is
similar to the loss seen in other corals that eklkeaching in response to disease. For
example, bacterial bleaching in the reef cétatillopora damicornis, is characterized by a
loss (>88%) and lysis dymbiodinium cells due to an infection byibrio spp. (Ben-Haim et
al. 2003).Symbiodinium cell loss (41-96.9%) is also seen in YBD, whicfeefsMontastraea
spp. from the Caribbean and starts as small blstehith reduced pigmentation, advancing
over the colony and leaving dead skeleton behirehi@o et al. 2001). PBTL, however,
shows a very different and distinct bleaching pattvith the coenenchyme bleaching first
and the polyps remaining brown. In YBD, the obstovathatSymbiodinium cells degraded
in hospite led to the assumption that the pathogen primatdygets the symbiotic
dinoflagellates rather than the coral host (Cervetoal. 2004). In the case of PBTL,
Symbiodinium cells appeared intact and did not differ morphmally from those seen in
healthy control samples. However, the use of tragsson electron microscopy rather than
light microscopy is needed to clarify this issue.

The loss ofSymbiodinium cells may have contributed to the observed atraphgffected
samples (tissue thinning of 28% on the tip and Xii¥the sides), which is indicative of a
stressed coral colonySymbiodinium cells can contribute over 90% of the coral’s eperg
requirements through photosynthesis (Muscatine letl@84); a loss ofSymbiodinium
therefore leads to less energy being availablegfowth and other life processes such as
reproduction and repair. Moreover, to counteraetglolonged loss of nutrition, corals may
reabsorb their tissues (Szmant and Gassman 199@phd can be observed in bleached
corals (Glynn et al. 1985) and corals that arecédi by sediment stress (Vargas-Angel et al.

2007) which can, if the stress is continuous, keatissue necrosis (Riegl and Bloomer 1995).
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Tissue fragmentation and necrosis were only obseirvea few samples affected by PBTL,
probably because the sampled coral colonies wedgfatent stages of the disease. During
sampling, branches in earlier stages of the dis@asewith intact tissue) were targeted and
only a few were collected with signs of tissue loEsarly stages of PBTL are mainly
characterized by the loss 8fmbiodinium cells, but it progresses to tissue fragmentatioh a
necrosis in later stages. Cell death associatddtisgue loss has been recorded in association
with several coral diseases (McClanahan et al. 20@%k and Rameyer 2005; Renegar et al.

2008; Williams et al. 2011c) and appears to bemancon response to disease.

Ablation of the epidermis was associated with matgal overgrowth, which may have
contributed to tissue death. Other potentially eppostic invaders, helminths and diatoms,
were also observed in samples affected by PBTLmiehs were found in the tissue debris
associated with tissue fragmentation that haslzem reported in other coral diseases (Work
and Aeby 2011). Diatoms were observed on the epideof a diseased sample. Few studies
have reported the occurrence of diatoms on theseidf corals (Rublee et al. 1980; Johnston
and Rohwer 2007) likely due to healthy corals &pito protect themselves from settling
organisms or sediment by mucus shedding (BrownBaribell 2005). Sorting out whether
organisms such as helminths, diatoms or other algae primary invaders or sequelae to

primary tissue loss will require longitudinal stesli

Using histology, bacterial aggregates have beewrrgbd in the tissues of corals (mostly
Acropora spp.) affected by disease (Peters et al. 1983p®al} et al. 2007), but no bacterial
aggregates have been found in many other diseam®de(Glynn et al. 1985; Bythell et al.
2004; Ainsworth et al. 2007a). In this study, nuowsr clusters of putative bacterial
aggregates were observed in both healthy and PBféctad corals but they were not
associated with cell pathology, as seen in baectedaced diseases of vertebrates (Olsen et
al. 2006; Magi et al. 2009), invertebrates (John¥6i@6) and plants (Nelson and Dickey
1970; Wallis and Truter 1978). Indeed, a 74% redunodf putative bacterial aggregates was
observed in corals affected by PBTL versus healtiignies suggesting a disruption of the
coral holobiont. If the symbiotic relationship betwn the coral and its associated microbial
community is disrupted for any reason (for exangilanges in environmental factors), the
whole balance of the holobiont could be compromisgétimately contributing to a disease
state (Vega-Thurber et al. 2009). Identifying hdwge bacteria interact with the coral host

and their role in coral defence is a potentiallyitful avenue of investigation.
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Given the lack of consistency between lesions amdirécular etiological agent, | do not
suspect that PBTL is caused by metazoans, badempaotozoans (see also Appendix V).
However, smaller pathogens such as viruses, whiehnat easily detectable by light
microscopy, cannot be ruled out and necessitate-situctural examination of tissues. Other

possible causes to consider are toxins and/or@mwiental triggers.

3.5.2 Transmission electron microscopy

Cell counts revealed that PBTL reducsanbiodinium densities by 65% but the resolution of
the histology slides was too low to draw any cosidns on the health state of remaining
algal cells. TEM imaging revealed that most of the remain8ygnbiodinium cells showed
severe degradation that resembled apop&tiaiodinium cells that have undergone thermal
stress (Strychar et al. 2004a). However, to confinat Symbiodinium cells in this study

really were undergoing apoptosis, markers suchramiin V have to be used.

Apoptosis is defined as active cell death wherpegiglized signalling pathway actively kills
the cell (Hacker 2000), whereas necrosis is andaotal, passive and degenerative process
that is triggered by gross injury/cell trauma (Bardewicz et al. 1997). Programmed cell
death (PCD) is often used as a synonym for apaptbsivever these terms should be used to
describe different processes of active cell de&tny¢har 2004a). PCD is induced by a
genetic clock for eliminating the cell as part afedl-death program, i.e this process is always
going to take place (Darzynkiewicz et al. 1997y&tar et al. 2004b). For example, the loss
of webbing between the fingers of some mammalsnduembryo development is due to
PCD, whereas the induction of apoptotic cell deaftta virally infected cell is due to a
stimulus (virus) (Strychar et al. 2004b). Typicpbptosis is characterized by cell shrinkage,
with the plasma membrane staying structurally intwaring initial phases of cell death
(Darzynkiewicz et al. 1997; Hacker 2000; Strychamak 2004a). Protrusions then start to
show on the plasma membrane, referred to as ‘blabd the nucleus condenses and
fragments (Hacker 2000). Cytoplasmic organellesaiarmitially intact but become involved

in the later stages of apoptosis (Hacker 2000) wthen start to fuse and eventually break up
to form apoptotic bodies, with rupturing of thelaaembrane (cell blebbing) often observed
in the final stages of apoptosis (Darzynkiewicaletl997; Strychar et al. 2004a). In contrast,
necrosis is a slow disintegration of the cell chtazed by swelling of the cell and its

organelles, disintegration of organelles and rptaf the cell membrane, releasing
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cytoplasmic constituents (Darzynkiewicz et al. 19BlAacker 2000; Strychar et al. 2004a).

Fig. 3.8 illustrates the processes involved in &psip and necrosis.

However, different organisms/cell types can differtheir pattern of apoptosis and not all
features of typical apoptosis may be present (H&42kK€0). The degrade8ymbiodinium

cells observed in this study and in that of Stryc{2®04a) did not show blebs protruding
from the cell membrane, and apoptotic bodies formhin the cell. This was likely due to

the cell wall persisting and providing structurapport (Collazo et al. 2006).

Cell shrinkage Development of apoptotic bodies
Nuclear fragmentation Membrane integrity preserved

Apoptosis -

Necrosis

Cell swelling Membrane rupture
Nuclear fragmentation Organelle degradation

Fig 3.8:Typical processes of cell death involved in apagtasd necrosis (adapted fravarzynkiewicz 1997
and Hicker 2000.

Dunn et al (2004) observed PCDSymbiodinium cells of anemones undergoing heat stress.
They also found condensation of organelles andptyso, with aggregate bodies being the
only well-defined cellular components in late s&géPCD. Most of th&mbiodinium cells
observed in the micrographs in this study appetoduk in a late stage of apoptosis, as no
organelles were visible. However, they differeduaiy from cells in Dunn et al (2004), in
that the cell was rounder and had more defined tafiopbodies. The observed degraded
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Symbiodinium cells that did not show any form of apoptotic sdcould be in the early

stages of apoptosis and resemble images in Duah €004) and Strychar et al. (2004a).
Fig.3.9 illustrates the proposed progression opagsis inSymbiodinium cells (based on the

findings of Strychar et al. 2004a and this study).

Cell shrinkage Development of apoptotic bodies
Nuclear fragmentation Cell wall keeps cells integrity intact

Fig 3.9: Diagram of proposed apoptotic processeSyimbiodinium cells. In contrast to apoptosis in animal

cells, the cell wall keeps the cell integrity intand prevents blebbing during late stages of aysipt

Few apoptotic cells were also observed in healtmypdes however the increased number of
apoptotic Symbiodinium cells observed in PBTL-affected samples may suggedink
between the disease and cell lysis. Cell lysis alas described in connection to yellow-
blotch disease (Cervino et al. 2004), however jugdrom the micrographs in this paper,
Symbiodinium cells appeared to be in a stage of necrosis rétherapoptosidNecrosis and
apoptosis irBymbiodinium cellscan be induced by temperature strg&sychar et al. 2004a).
However, coral fragments in the current study whesenpled in November when water
temperatures were around 24 Ahermal stress can therefore be ruled out as cafutiee
apoptotic Symbiodinium cells observed in PBTL-affected sampld$ie trigger inducing
apoptosis in these cells could be environmentahimrobial (bacteria, virus). As | did not
observe any bacteria or VLPs with8ymbiodinium cells, an environmental cause may be

more likely.

Because no pathogens were apparent in the histaloggctions, the possible involvement of
viruses in the etiology of PBTL was also explorédmperature (Edgar and Lielausis 1964),
UV light (Jacquet and Bratbak 2003; Lohr et al. 20&@nd nutrient availability (Scanlan and
Wilson 1999) have been identified as importantgeis in viral propagation and infection.
All of these factors have also been implicated fieciing coral disease prevalence and/or
lesion progression (Ben-Haim et al. 2003; Brun@le2003; Bruno et al. 2007; Sato et al.
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2011). In Kaneohe Bay, nutrient levels in the wat@umn are generally low (Larned 1998;
Stimson et al. 2001) but nutrient efflux from tleef sediments (Stimson et al. 2001) could
increase nutrient levels close to the substrat€@&x, University of Hawaii, pers. comm.) and
occasional sewage influx during times of high raiin€ould also lead to increases in nutrient
levels. In addition, the observed increase in disgaevalence during summer months when
temperature and UV radiation are highest (see @hapt would be consistent with an

involvement of viruses in PBTL.

Viruses are highly diverse and abundant in the meagcosystem (Fuhrman 1999; Breitbart et
al. 2002) and have widespread ecological importapleging key roles in various ecosystem
processes, such as structuring planktonic comnasn{iMiddelboe et al. 2001; Jacquet et al.
2002; Wilson et al. 2002a, 2002b), biogeochemigalicg (Furhman 1999) and interceding
horizontal gene transfer (Jiang and Paul 19983.lIkely that all organisms could potentially
get infected by viruses on a regular basis (Wilsbral. 2005; Vega-Thurber and Correa
2011) and it would therefore not be surprisingiifises also play important roles in disease
infection of reef corals and their symbiotic aldBavy et al. 2006; Vega-Thurber and Correa
2011).

Several studies have confirmed the existence ofsMbtony corals an8ymbiodinium cells
(Wilson et al. 2001, 2005; Davy et al. 2006; Dawg &atten 2007; Patten et al. 2008; Vega-
Thurber et al. 2008). Heat shock treatments inegake number of VLPs observed,
although they were also present in unstressedasr(iVilson et al. 2005, Davy et al. 2006).
Davy and Patten (2007) examined the associatiorVldPs within the coral surface
microlayer and found a wide diversity of VLPs bejorg to several viral families. These
studies provide evidence that the occurrence ofess or VLPs does not necessarily indicate
a disease state (Vega-Thurber and Correa 2011y Ntde is actually known about the
possible involvement of viruses in coral diseasgsa#don. Cervino et al. (2004) documented
the degradation oBymbiodinium cells in corals affected by yellow blotch diseas®sd
reported virus-like particles (VLPs) within algaytoplasm from freshly isolated samples
exposed tobacteria and heat stress. However, the low resolutf the associated
micrographs made an identification of these pasidomplicated (Vega-Thurber and Correa
2011). Patten et al. (2008) characterized VLPsiwitlealthy and WS affected colonies from
the Great Barrier Reef and observed VLPs in bothithe and diseased colonies with no

differences in morphology or location. These stadspport the hypothesis that viruses
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represent an important component of the coral hofblt is therefore essential to deepen

our knowledge of how these associations influemcalhealth.

In the current study, few VLP’s were observed ithbbealthy and diseased host tissue but
VLPs appeared to be more abundant in PBTL-affeseauples. However, a quantitative
study is needed to confirm this. VLPs resemblede¢habserved in coral tissues of previous
studies (Seymour et al. 2005; Davy et al. 2006)usés have been implicated as causative
agents in coral disease (Davy et al. 2006, Vegatidruand Correa 2011) but have, as yet,
not been proven to be involved in disease causatising a metagenomic approach, Vega-
Thurber et al. (2008) identified various eukaryoticuses associated with the reef coral
Porites compressa. Interestingly, herpes-like viral sequences ware in apparently healthy
corals but increased considerably in environmentsitessed corals (Vega-Thurber et al.
2008). In humans, infections caused by the herpeglex virus are also often stress related
(Sainz et al. 2001). The observation of the vacudled with herpes-like viruses in a
degraded portion of one PBTL-affected sample igsradting and could indicate a stress
response to disease. However, no other herpesiliises were observed in the remaining
samples; no conclusion can therefore be drawn degaa link between herpes-like viruses
and PBTL.The fact thatVLPs appeared to be more abundant in PBTL-affestedples is
very interesting and warrants further examinatidowever, at this time no definite link can
be established between viruses and PBTL. The patatcrease in VLPs may just be a result

of a shift in the microbial community due to PBTL.

TEM is perhaps most effective as a confirmatoryheatthan exploratory tool. Once
compelling morphological evidence is gained at ieroscopic level that a virus may be
involved in disease causation (e.g. inflammationdicative of viral infection,
intracytoplasmic or intranuclear inclusions) theBM is an excellent tool to confirm this
suspicion. However, even then it can be difficélar example, viruses have long been
suspected to cause fibropapiloma tumours in themgsea turtle Ghelonia mydas) from
Hawaii but it took over 10 years until herpes-likeuses were finally observed in “prickly
cells” lining the tumor tissues (Work and Carvallpers. comm.). It is difficult to confirm
that a certain microbial group (e.g. viruses ornt&aa) is the causative agent, even if changes
in their abundance and/or diversity have been @kslein concurrence with disease (Vega-
Thurber and Correa 2011). A microbial shift aftesedise onset could either mean an increase
in virulence of certain microbes or fluctuating aoomity dynamics due to physiological

changes of the host (Lesser et al. 2007). To aatlily prove the involvement of a potential

59



pathogen in disease etiology, Koch’s postulatescfKb891) have to be fulfilled. For coral
diseases this has as yet only been achieved infeergases (Kushmaro et al. 1996; Geiser et
al. 1998; Sussman et al. 2008).

3.6 Conclusion

In conclusion, tissue affected by PBTL is thinnerd ashows a significant reduction in
Symbiodinium densities with most remainin§mbiodinium cells appearing to be in a late
stage of apoptosis. PBTL can result in necrosis @sglie fragmentation causing tissue
mortality, but no increase in the number of baeatesiggregates was observed in diseased
tissue. VLPs appeared to be more abundant in PBfEctad samples, however a
quantitative study is needed to confirm this hypesth. Further research into the etiology of

PBTL is needed to build a comprehensive case dieinof this disease.
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Chapter 4

Disease Dynamics dPorites bleaching with tissue loss: prevalence, transmissiand

environmental drivers

4.1 Introduction

Diseases have the potential to severely alterttinetare and function of marine ecosystems
(Ward and Lafferty 2004). In some species, infatialiseases have reduced population
densities to such an extent that recovery is uaite(tafferty et al. 2004); for example the
long-spined sea urchin in the Caribbean (Lessio88)1%nd the abalone in California
(Lafferty and Kuris 1993). The same is true foratatiseases. Coral disease outbreaks have
caused declines in coral cover in many reef sys{gngues 2002; McClanahan et al. 2004;
Croquer et al. 2005; Bruckner and Hill 2009); hoerthe Caribbean has been particularly
affected (Goreau et al. 1998; Porter et al. 2001 & recognized as a disease hot spot.
Disease outbreaks in the Caribbean have causeteeeseduction in the abundance of their
two once most common hard corafgropora palmata and A. cervicornis, leading to an
inclusion of these species on the IUCN Red LigEndangered Species and causing a shift in
the reef community structure (Gladfelter 1982; Asom and Precht 2001a; Patterson et al.
2002). Even though the Indo-Pacific appears todss ktrongly affected by coral diseases
than the Caribbean, an increasing amount of evileunggests that coral diseases are also
common throughout the Indo-Pacific (Sutherland.e2@04; Willis et al. 2004; Raymundo et
al. 2005), even at extremely remote, uninhabitdands (Williams et al. 2008, 2011a;
Vargas-Angel 2009), with the types of diseases it prevalence often varying across
large spatial gradients (Aeby et al. 2011a, 201ltblact, the geographical extent, number of
species affected and incidence of new diseasemeneasing globally (Harvell et al. 1999;
Ward and Lafferty 2004; Sokolow et al. 2009). Eamimental stress, shifts in virulence of
existing pathogens, introduction of novel pathogeosy anthropogenic activities and global
climate change are associated with this increasev@fl et al. 1999; 2004; Sokolow et al.
2009).

Coral diseases can be expected to show intrictgeattions with a variety of environmental
factors (Williams et al. 2010). For example, arr@ase in temperature can lead to an increase

in pathogen virulence or cause stress to the hbsthacan increase its susceptibility to
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disease (Harvell et al. 2002). Coral disease oakisreand increases in disease prevalence and
progression have been linked to variations in teatpee (Ben-Haim et al. 2003; Jones et al.
2004; Bruno et al. 2007; Sato et al. 2009), nutsi€Bruno et al. 2003), host density (Willis
et al. 2004; Bruno et al. 2007; Myers and Raymu2@@9; Williams et al. 2010; Aeby et al.
2011a), vectors (Aeby and Santavy 2006) and cdealching (Muller et al. 2008; Brandt and
McManus 2009; McClanahan et al. 2009). It is lik¢hat several environmental factors
simultaneously influence disease dynamics withsystem, the relative importance of each
varying among regions, spatial scales and spegiely(et al. 2011a, 2011b). However, the
complex web of interactions between environmerdatdrs and disease prevalence remains
largely unexplored in coral disease research (8ik et al. 2010), but some studies have
begun to apply a multi-factor approach to studyiogal disease dynamics (Bruno et al. 2007,
Haapkyla et al. 2007; McClanahan et al. 2009; affis et al. 2010; Aeby et al. 2011a,
2011b). For example, Williams et al. (2010) useddptive modelling to highlight the
interaction of four Hawaiian coral diseases witlvide variety of environmental variables.
They were able to identify a group of key predictariables for each disease and stressed the
importance of modelling diseases separately (oemodelling overall disease prevalence on
a reef as a single response variable) to ensue oléerpretation of disease-environment
relationships. If we are to successfully managereaf systems, it is vital to understand the
often intricate disease-environment interactiorest fead to complex temporal and spatial

disease dynamics.

Different coral diseases show varying levels oflegical impact. For example, black band
disease and white syndromes often cause seveneycwolortality (Edmunds 1991; Bruckner
et al. 1997; Willis et al. 2004; Roff et al. 2008eby et al. 2010; Williams et al. 2011b)
whereas corals witRorites ulcerative white spot syndrome (PUWS) in the Philyes often
show complete recovery after infection (Kaczmar@006). In addition, different coral
species/taxa appear to vary in their susceptibiitdisease infection. Haapkyla et al. (2007)
found that ‘bushyAcropora colonies in Indonesia are a relatively rare grofetim yet show

a higher growth anomaly and white syndrome prewadhan any other taxa. On the Great
Barrier Reef, black band disease affects 25 oajppfoximately 350 hard coral species, with
branchingAcropora spp. being most affected (Page and Willis 2008 @egree of damage
to the ecosystem therefore depends on the sudteraf species and diseases that occur on the
reef. The prospect of protecting our reef ecosystesiti depend on our understanding of the

nature and causes of the different diseases tteat @& system (Ward and Lafferty 2004).
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In this chapter | describe the disease dynamié®utes bleaching with tissue loss (PBTL), a
coral disease that affed®rites compressa, one of the main framework-building species in
Hawaii. PBTL manifests as bleaching of the coengmzhwith the polyps remaining brown,
giving the coral a ‘speckled’ appearance. Thisasecauses tissue loss due to necrosis and
tissue fragmentation (Chapter 3) and a significadtiction in gamete development (Chapter
2). Preliminary observations of an apparent ina@edHsPBTL prevalence during the summer
months suggest a potential link to temperature fAggeendix VI) but overall little is known
about the ecology of PBTL. The objectives of thisdg were therefore to: 1) examine the
variability in disease prevalence (proportion ofdiwiduals affected) and incidence
(appearance of new cases per unit time) over thesecof one year; 2) examine virulence
(degree of harm to the host) and determine thecteffetemperature on disease progression
and transmissibility; and 3) determine the envirental drivers of variations in disease

prevalence.
4.2 Materials and methods
4.2.1 Study site and sample collection

Prevalence surveys were carried out at CoconubhdsMarine Reserve (CIMR), Kaneohe
Bay, Oahu, Hawaii (21°26.000°'N, 157°47.000'W). Tineging reef around CIMR occurs at
shallow depths and consists of a shallow reef (@6-1 m) and often steep slopes
(approximately 30° inclinations) that reach a samdyldy sediment bottom at around 5-7m.
Generally, the slopes are covered with dense gooaith (Fig. 4.1), witHPorites compressa
and Montipora capitata being the dominant coral species (Maragos 1972péaAdix V.1).
Eight permanent sites (A-D and G-J) were estaltisireund CIMR (Fig. 4.2) at a depth of
approximately 2 m. Sites were chosen to traversgvknnatural gradients in environmental
conditions (Williams et al. 2010). Kaneohe Bay hdsng history of impaired water quality
due to sewage and non-point source influx (Hunter Bvans 1995) and these pollutants are
still a problem during times of high rainfall orostn events (Jokiel 2008). Due to the long
residence time, pollutants (mostly nutrients argdireents) remain in the bay for a relatively
long time (approximately two weeks) in comparisorekposed coasts, where mixing of the

water body is much greater (Friedlander et al. 2D08
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Fig. 4.1: Representative photos of the reef flat @ef slope at CIMR. A: Reef flat. B: Coral asséagk on the
reef slope. C & D: Reef slope. Note the dense gmaith and relatively steep drop-off of the rdepg. Photo
credit: Gareth Williams

All coral samples (about 3 @nfor the transmission and disease progressionrempets
(described below) were collected from the reeftcaesund CIMR (please refer to Appendix
I.2 for sample design). Samples were returned eoldb in individual plastic bags to avoid

any cross contamination.
4.2.2 Prevalence, incidence and spatial distributio

Prevalence surveys were conducted at the eightgremt sites around CIMR (Fig. 4.2) on
an approximately monthly basis during 2011 (see &ppendix VI). Five 10 x 2 m belt
transects were used in which evérycompressa colony was counted and examined for signs
of PBTL. A 50 x 2 m transect was used to investigdisease incidence at each of the eight
permanent sites. Every PBTL colony was marked aochted in March 2011, and then every
newly-affected colony was documented and markedndueach subsequent prevalence
survey. Percentage cover of likecompressa colonies was estimated using a point-intercept

method at 50 cm increments along a 70 m transeedli each site (140 points per transect).
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Kaneohe Bay, Oahu, Hawaii
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Fig. 4.2: Map of Kaneohe Bay showing the 9 rapic/ey sites (7-46) numbered after Roy (19Wth an inset
of Oahu showing the location of Kaneohe Bay andadama Bay (arrow) and another inset of CIMR showing

the 8 permanent sites (A-J).

To investigate the spatial extent of PBTL, rapidwal surveys were conducted on 9 reefs
within Kaneohe Bay (covering the South, Mid and tNdday regions) (Fig. 4.2). In addition,
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Hanuama Bay Marine Reserve (Fig. 4.2), a reef Widjin P. compressa cover located on the
windward side of Oahu (approximately 20 km from Kahe Bay), was also surveyed for
signs of PBTL. Within Kaneohe Bay, a snorkeler swim 10 minutes at a speed of
approximately 10 m mihalong a haphazardly selected patch reef and redadery PBTL-
affected colony observed. In Hanauma Bay, two divewwam across the reef at
approximately the same speed and recorded the numbd’BTL-affected colonies

encountered. All rapid surveys were conducted itoer 2011.
4.2.3 Transmission, virulence and disease progressi

To maintain water quality in all experimental aqaaa bubbler was placed in the tanks to
ensure water movement, and partial water changasg 0.2-um filtered seawater, were
carried out every 5 days. Aquaria were kept outsidder natural light conditions (a roof

shaded the aquaria for most of the day).

To determine if PBTL is transmissible through thatev column or via direct contact, a
fragment showing signs of PBTL was placed touchangealthy fragment in an 8-L tank,
with another fragment from the same healthy colpfaced about 10 cm away from the
PBTL-affected fragment. As a control, the same setas used with fragments from the
same healthy colony as those used in the transmisseatment, but the diseased fragment
was replaced by a healthy fragment from a diffeceony to control for possible effects of
intraspecific competition (see Appendix V.2 for exmental set-up). Healthy fragments
were monitored for signs of PBTL over the courseabfeast 3 weeks or until the affected
fragment died. The transmission experiment wasezhout at ambient (25 °C) and increased
(28 °C) water temperatures to determine if transimiswould occur more readily in slightly
stressed corals (n = 10/treatment, with each rafglicy a separate tank). In Hawaii, the mean
summer monthly water temperature reaches approXCZdokiel and Coles 1977) and coral
bleaching occurs with prolonged exposure to 29€3QJbkiel and Coles 1990). By choosing
an increased water temperature of 28 °C in thigmxgnt, it was assumed that the coral

fragments were slightly stressed but would notfiected by bleaching.

In 2010, 42 individual PBTL-affected colonies weéagged (Chapter 2), and an additional 36
PBTL-affected colonies were tagged in 2011 andbfedld over the course of > 6 months.
The colonies that were tagged in 2010 were resed/eynd checked for new PBTL infections
and/or signs of tissue recovery. Due to the thigeedsional structure d®?. compressa and

the often poor visibility in Kaneohe Bay, photognap surveys with subsequepbst hoc
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image analysis could not be relied upon. Insteza percentage of healthy, dead and affected

tissue was estimated visuallysitu, in addition to photo documentation being perfadme

To visualise disease progression and determineenfiperature affects the speed of
progression, paired samples affected by PBTL (lbleddut not yet progressed to tissue loss)
were collected from 6 coral colonies, photograpbed placed individually in a tank at
ambient (24-25 °C) and increased (27 °C) temperat(ane paired fragment per treatment).
Coral samples in the elevated temperature treatmerd acclimatised for 24 hours and then
the temperature was slowly raised to the targetpérature. Coral fragments were
photographed once a week to document progressiBiL Fstarts as bleaching of the
coenenchyme with polyps remaining brown. The tisfiuen starts to thin in multiple
locations until only the bare skeleton remains, othimakes it difficult to quantify the
progression of tissue loss. Image analysis softwanéd therefore not be used to measure the

speed of tissue loss.

PBTL often only affects a localized area on theongl To determine if areas that did not
show any disease signs would develop signs of P&#r time and if this was affected by
temperature, fragments of six PBTL-affected colsr{2paired fragments per colony from an
apparently healthy area adjacent to the lesion 2Zampaired fragments from an apparently
healthy area furthest away from the lesion) as a&lthe same number of fragments from a
healthy neighbouring colony (serving as a contvedye sampled, photographed and placed
into individual tanks using the same setup as de=drabove. The samples were monitored

for signs of PBTL over time (1-2 months) and phoapied weekly.
4.2.4 Environmental drivers

Temperature data were collected at each site usi@BO®Pro data loggers
(www.onsetcomp.com) with an accuracy of + 0.2 °@Ge Toggers were placed at the depth of
the transect and recorded continuously every 30 froim late February to late December
2011. Turbidity, chlorophyla and salinity were measured at each site at thehdafpthe
transect using a RBRXR-420 data logger (www.rbr-global.com) recordiegery minute
over a 36-48 h period on 4 — 6 different occasiar?010 and 2011. The logger was moved
randomly between sites to maximize spatial covemage time. Water motion was estimated
using the clod card technique (Jokiel and Morrisk@93). Two clod cards were placed at the
beginning of each survey site at the depth of thasect and left overnight (21-23 h). In

addition, two clod cards were placed into a largekiet containing seawater (approx. 60 L)
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to serve as a diffusion control. The exact time the clod cards were immersed in water was
recorded and the diffusion factor (DF, a dimenssalindex of water motion) was calculated
for each site (Jokiel and Morrissey 1993). Cloddsarere deployed 4 times over the course

of 6 months in 2011 and the average DF for eaehwadis used in subsequent data analyses.

Corallivorous fish can be potential vectors of dise (Aeby and Santavy 2006) or a source of
injury which can promote the spread of certain ass (Page and Willis 2008; Raymundo et
al. 2009). The densities of all corallivorous brftjgish (facultative and obligate) and
parrotfish were recorded over an area of 50 x 4 ailaight sites. The observer swam at a
speed of approximately 10 m per minute and recoméedutterflyfish to species level
(Chaetodon auriga, C. ephippium, C. lineolatus, C.lunulatus, C. multicinctus, C.
ornatissimus, C. unimaculatus). Due to difficulties with species-level identditon, all
parrotfish (adults and juveniles) were groupdgish counts were carried out during four
different months in 2011 (July, August, Septembad @®©ecember) and all sites were
surveyed on the same day within 2 — 3 hours of edtér. Mean numbers of fish were used

in the subsequent data analyses.
4.3 Data analyses
4.3.1 Prevalence, incidence and spatial distributio

Prevalence data by transect did not display a nlodmsg&ibution, even after transformation.
A permutational repeated measures permanova asdigsed on a binomial deviance matrix
was therefore performed (the technique does nainassnormality) in PERMANOVA+

(Anderson et al. 2008), to test the effect of tweed factors (site, month) and their

interaction with disease prevalence.

A chi-square analysis was used to compare theivelrtequencies of colony size classes in
the total population and PBTL-affected coloniesases were performed in the R statistical
program version 2.12.1 (R Development Core Teatp;/Mww.r-project.org)Colony sizes
were recorded as largest diameter within sevendasses: 1) <5 cm; 2) 5-10 cm; 3) 10-20
cm; 4) 20-40 cm; 5) 40-80 cm; 6) 80-160 cm; and>X§0 cm. The largest size class was
excluded from the analyses because of an insufticiember of colonies (relative frequency
<1).
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4.3.2 Transmission, virulence and disease prognessi

Only virulence data could be statistically analyz&te data for 42 tagged PBTL colonies
(Chapter 2) were combined with the data collectechfan additional 38 tagged colonies in
2011, to more closely investigate the effect oidessize (% initially affected area) and
colony size on tissue mortality (% tissue loss)siba size (%), maximum colony diameter
(cm) and mortality (%) were estimatéd situ. The data did not meet the assumptions of
normality. A non-parametric Spearman partial catien was therefore carried out in R to
test the effect of both lesion size and colony sizeéhe mortality sustained while controlling

for colony size and lesion size, respectively.
4.3.3 Environmental drivers

To investigate temporal variations in disease pene (potential seasonality of PBTL), the
relationship of temperature and prevalence wasoegglover a period of 10 months using a
General Linear Model (GLM) performed with SPSS (MA38). Prevalence was averaged
for each site (over the 5 individual transects)] #re data displayed a normal distribution.

Temperature data were averaged over the 10-daydoeefore each survey for every site.

To examine spatial variations in disease prevaleeight environmental predictor variables
were modelled against spatial variations in prawede across sites. Measurements for
predictor variables (apart from temperature) weo¢ continuous through time and were
therefore averaged for each site. To achieve thmeeseesolution for temperature and
prevalence data, all temperature data (10 daysrdefach survey) and prevalence values
(February — December) were averaged for each Ritalictor variables included biotic and
abiotic factors that could potentially affect disegrevalence and help explain the observed
differences in prevalence at the eight permanees.sPredictor variables were: host cover;
turbidity; temperature; chlorophydl-(Chl-a); water motion; salinity; parrotfish density and
butterflyfish density (Table 4.1). Because mostdtiyfish species showed low abundances
on the reef, all butterflyfish counts were group€de mean and one standard deviation (SD)
of all predictor variables were initially examinexlalso account for the variability of factors
at the individual sites. Inter-correlation of pr&tdr variables was tested using Pearson’s
correlation, with predictors exceeding a correlati@lue of > 0.75 considered for removal
and further examined using Principal Coordinateslysis (PCO) plots (AppendixV.3: Fig.
V.4). Variables chosen for inclusion in the modeér&v mean values for host cover,

temperature, Ché and water motion, and the variability (SD) in ftdity, salinity,
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butterflyfish density and parrotfish density. A pritational distance-based linear model
(DISTLM) was used (McArdle and Anderson 2001) tealgse the data. DISTLM is a
multivariate multiple regression technique thatrjiiees the proportion of the variation in
the response variable (in this case PBTL prevaleagplained by the predictor variables.
Environmental data were normalized and the DISTLddtine was run using the ‘best’
selection procedure, based on 9999 permutationaikdls Information Criterion (Akaike
1973) with a second-order bias correction applie¢) (Hurvich and Tsai 1989; Burnham
and Anderson 2004) was used for model selectioe. mbst parsimonious model with the
lowest AICc and highest Rvalue was selected. Modelling analyses were basedero-
adjusted Bray-Curtis similarity matrices (Clarkeaét2006) and carried out using PRIMER
v6 (Clarke and Gorley 2006) and PERMANOVA+ (Anderst al. 2008).

Table 4.1: Predictor variables used in model amalygith their units and minimum and maximum values.

Variable Description and units Min Max
water temperature °C 22.1 28.3
host cover % orites compressa cover 30.0 75.6
turbidity Formazin turbidity unit (FTU) 0.3 22.6
chlorophylla pa/L 0.02 2.1
water motion Diffusion factor (DF) 1.26 7.95
salinity ppt 33.0 35.7
parrotfish density number per 206 m 0 68
butterflyfish density number per 200'm 0 13

4.4 Results

4.4.1 Prevalence, incidence and spatial distributio

Overall, average PBTL prevalence at Coconut Isiadne Reserve was 1.5% (+ 0.2% SE).
There was a significant effect of site (Permanalfa: 7, Pseudo-F = 9.5969, p < 0.0Q4¢e
also Fig. 4.3A)and month(Permanova: df = 9, Pseudo-F = 8.5552, p < 0.0648 &lso Fig.
4.3B) on prevalence, but no significant interactimtween the two (Permanova: df = 63,

Pseudo-F = 0.83471, p = 0.7473). P-values for iddal interactions of months and sites are
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shown in Tables 4.2 and 4.3, respectively. Avenaggalence values throughout the year
showed a peak during the summer months (Fig. 4/88) the highest average prevalence
observed in June (2.5 + 0.3% SE).

The highest disease incidence was found betweeil &pd August (1.2 — 1.5%); it then
slowly dropped from September to November withighslincrease in December (Fig. 4.3B).
Rapid surveys showed that PBTL was present in fakaneohe Bay (North, Central and

South Bay regions) but that it was absent from idareBay (Table 4.4).

PBTL was most commonly observed in medium-sizedrdek (20-80 cm), which made up
the majority of theP. compressa community (Fig. 4.3C). However, a significant diénce
was found in the size-class frequency distributibasveen healthy populations and PBTL-
affected colonies (Chi-square tegt:= 24.5, df = 5, p < 0.001). Smaller sized color{20
cm) showed a lower PBTL frequency relative to thedundance on the reef than larger
colonies (> 20 cm) (Fig. 4.3C).

Table 4.2: P-values for individual month interang8oSignificant differences between two monthsraagked in
bold (p < 0.05).

Month | Mar Apr May Jun  Aug Sept Oct Nov Dec
Feb 0.927 0.1970.058 0.019 0.427 0.099 0.86 0.022  0.003

Mar 0.137 0.038 0.011 0.359 0.073 0.834 0.021  0.003

Apr 0.478 0.239 0.557 0.351 0.078 <0.001 <0.001
May 0.510 0.184 0.701 0.017 <0.001 <0.001
Jun 0.068 0.332 0.007 <0.001 <0.001
Aug 0.310 0.328 0.002 <0.001
Sept 0.043 <0.001 <0.001
Oct 0.006  <0.001
Nov 0.353
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Table 4.3: P-values for individual site interac8oignificant differences between two sites areketin bold
(p <0.05).

Site B C D G H | J

A 0.622 0.027 0.007 <0.001 0.062 0.251  0.257
B 0.086 0.004 0.002 0.158 0.475  0.162
C <0.001 0.054 0.312 0.008  0.001
D <0.001 <0.001 0.193  0.116
G 0.149 <0.001 <0.001
H 0.041  0.003
| 0.532

Table 4.4: The number of PBTL-affected coloniesenbed during rapid surveys within Kaneohe Bay and
Hanauma Bay.

Area Reef Number of
PBTL colonies

Kaneohe Bay: 46 16
North Bay 44 24
43 19

Kaneohe Bay: 31 12
Central Bay 27 30
24 21

Kaneohe Bay: 14 24
South Bay 9 25
7 8

South-east corner of Oahu Hanauma Bay 0
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4.4.2 Transmission, virulence and disease prognessi

No disease transmission occurred between indiveduial the water column or direct contact,

in either the ambient or the increased temperataagments.

PBTL affected individual colonies for an average 28 months. Within this time, the
majority of colonies (85%) showed colony mortalignging from 5-100% (Fig. 4.4), with
case fatality rate (total mortality) being 2.6%. @rerage, a colony lost a third (30.1%) of its
tissue within two months. Of the 42 colonies tagged®010, 54.8% showed no signs of
recovery in 2011 and 23.8% showed partial tisstgrogvth.

R 0%
1-20%
B 21-40%
B 41-60%
B8 61-80%
I 80-100%

Fig. 4.4: The percentages of tagged colonies &ffeby PBTL that showed between 0-100% of tissueatiiyr
(legend) after a period of two months (n = 78). Nbens within the pie graph represent the actual rausnob

colonies in each tissue loss category.

In addition, 31% of these colonies became affeagdin with PBTL during 2011. The

amount of tissue loss sustained was significardlyetated with lesion size (Spearman: r =
4.735,n =78, p < 0.001) (Fig. 4.5But not with colony size (Spearman: r = -0.187, 187

p = 0.852). Even though Fig. 4.5B suggests thaelacolonies sustained lower mortality,

this relationship disappeared when lesion sizecsagolled for.
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Fig 4.5: Tissue loss (mortality) in relation toi@sand colony size. A: Correlation of coral matiabnd lesion

size (area on the colony affected by PBTL). B: €lation of coral mortality and colony size.

Although the speed of tissue loss could not be gjich directly, it was found that elevated
temperature increased the rate of PBTL progressddinPBTL-affected samples kept at
ambient temperature (25 °C) showed a slower pregmeshan their paired half at increased
temperature (27 °C) (Fig. 4.6). Total tissue lossrfality) was observed in 100% (n = 6) of
PBTL-affected samples kept at increased water testyoe whereas only 33% (n = 2) of
PBTL-affected samples kept at ambient temperatuoeved total mortality. Of the remaining
four fragments, two started to show re-pigmenta(biy. 4.6 and Appendix V.4) and the
other two fragments showed only partial mortality kthe end of the experiment
(approximately 2 months). None of the apparentiglthg samples collected adjacent to the
lesion nor farthest away from the lesion develogey signs of PBTL during the course of

the experiment.
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Fig. 4.6: PBTL progression at ambient (24-25 °QJ atevated (27 °C) water temperature. A: PBTL-aéfdc
fragment kept at ambient water temperature andoghaphed every week. Photo on the far right shawvs r
pigmentation at the end of the experiment (aftaual2 months). B: PBTL-affected fragment kept aréased

water temperature and photographed every week sigopriogressive tissue loss with total tissue laesih)
during week 4.

4.4.3 Environmental drivers

Seasonal temperature and disease prevalence slaosigdificant linear relationship (GLM:
Waldy? = 38.128, df = 1, p < 0.001) (Fig. 4.7). With evelegree increase in temperature, an
increase of 0.29 — 0.56% in disease prevalencebeasxpected. However, there was some
evidence that sites responded differently to teatpee, with some sites showing a stronger
linear relationship with temperature than otherg.(g.8).

R’ =0676

Prevalence (%)

23 24 25 26 27 28

Temperature (°C)

Fig. 4.7: Relationship of average prevalence + &Eetich month (Feb-Dec) with corresponding tempeeat
(the average over 10 days prior to surveying).
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Modelling of the spatial variation in PBTL prevatenacross sites identified water motion,
and the variability in turbidity and parrotfish ddtines as the strongest predictors, with 26.2%
of the total variability in PBTL prevalence acrastes explained (Table 4.5 and Fig. 4.9).
Water motion and parrotfish density showed a pasitorrelation to variations in PBTL

prevalence whereas turbidity showed a weak negatiuelation.
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Fig. 4.9: Distance-based redundancy analysis (dbRplat showing the predictors of the best model,
visualizing the similarity of PBTL prevalence aetB different sites and the correlated change wremmental

conditions.

Table 4.5: Summary results of a distance-baseddim®del (DISTLM) analysis showing the ‘best’ modeth

the lowest AICc, and highest amount of variabiéigplained.

AlCc Predictor Pseudo-F p % variability Relationship
explained  with prevalence
274.94 turbidity SD 6.0364 0.0026 12.8 negative
water motion 3.7671 0.0281 9.0 positive
parrotfish density SD 2.1351 0.1148 4.4 positive
Total 26.2
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Salinity (see also Appendix VII), butterflyfish dgty, Chla, temperature, and host cover
were not found to be important predictors of PBTevalence across sites. See Fig. 4.10 for
the relationship of individual predictors with dise prevalence (also refer to Appendix V.3:

Table V.3 and Fig. V.5 for mean and SD values eirenmental predictors at each site).
4.5 Discussion

Understanding disease dynamics is critical for shkecessful management of coral reef
structure and function. Kaneohe Bay contains maimgihg and patch reefs with high coral
cover. Several coral diseases have been reported Kaneohe Bay, of whiclPorites
trematodiasis (Aeby 2007; Williams et al. 201PYrites growth anomalies (Domart-Coulon
et al. 2006; Williams et al. 2010; Stimson 2011y &hontipora white syndrome (MWS)
(Aeby et al. 2010; Williams et al. 2010) are thesinstudied. In this chapter | introduce the
disease dynamics of another prevalent diseasenedtee BayPorites bleaching with tissue
loss (PBTL).

4.5.1 Prevalence, incidence and spatial distributio

Compared to other diseases found in Kaneohe Bay| RiBevalence is low tintermediate
(average prevalence 1.5 + 0.2% SE, range: 0 — 3.WBntipora white syndrome (MWS)
can show a range in disease prevalence of 0 — 2@¥%afms et al. 2010) and has an average
prevalence of 0.23 = 0.09% SE (Aeby et al. 2010)emasPorites growth anomalies (Por
GA’s) can show a range of 1 — 56% (Williams et28110) with an average prevalence of 21.7
+ 8.3% SE at a particular site (Domart-Coulon et2806). Even though MWS has a much
lower disease prevalence than Por GA’'s, MWS carseaxtensive tissue loss and high
colony mortality (Aeby et al. 2010) whereas Por &&ause reduced growth rates and low
tissue mortality but do not result in total colamgrtality (Stimson 2011). This highlights the

importance of long term studies examining the einge of diseases as well as prevalence.

PBTL incidence closely tracked prevalence and wighk from April to August, with a
decrease from September onwards. A constant ireiaascidence indicates the spread of a
disease within a population and could point towaaddisease outbreak (Raymundo et al.
2008). PBTL prevalence and incidence only increakethg the summer, indicating strong
seasonal dynamics. Sato et al. (2009) also foustdoag positive correlation between black
band disease incidence and seasonal changes iersgome and light, which appeared to be

relatively stable over a 2.5-year period. To deteemf prevalence levels of PBTL are
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increasing through time, a multi-year study of @lemce and incidence is needed. In
addition, a significant difference in the size-slasequency distributions of healthy and
PBTL-affected colonies suggests that medium toel@aonies (>20 cm) are most commonly
affected by PBTL.

The fact that PBTL was not observed in Hanaumaldyvas abundant throughout Kaneohe
Bay could indicate that PBTL might be restrictedkemeohe Bay. However, further surveys

are needed to support this hypothesis.
4.5.2 Transmission, virulence and disease progrnessi

No disease transmission was observed in healtrymieats that were touching PBTL-
affected fragments or healthy fragments a few owgtties away from the diseased fragments.
This suggests that PBTL does not easily transmaitdiiect contact or the water column (at
least over the period of approximately 1 — 2 montlismay be that the environmental
conditions needed for successful transmission ware replicated by my experimental
treatment. In contrast, other manipulative expentmehave successfully shown disease
transmission in aquaria. For examplelontipora white syndrome was shown to be
transmissible through direct contact in aquariumditions, with direct transmission also
observed in the field (Aeby et al. 2010). In thsec@af PBTL, direct transmission was not
observed in the field, an indication that this dieis either not highly infectious or that it is
not caused by a pathogen (see also chapter 3)ynatieely, a vector may be needed for

disease transmission.

Different coral diseases show various degreesrofenice. PBTL showed an average tissue
mortality rate of 29.7% within two months and thasased in most cases. In contrast, white
band disease can progress up to 2 cm per day @hdfl982) and cause high colony
mortality within a very short period of time. MWSaw found to cause about 3% tissue loss
per month (Aeby et al. 2010), whereas yellow baiséake causes about 8% tissue loss per
year (Bruckner and Bruckner 2006). Total colony tality of PBTL-affected colonies was
rare and in a few cases the disease regressedxvithosing any tissue death (15% of tagged
colonies). It is unknown what factors contribute ftdl recovery of some corals. Of the
PBTL-affected colonies tagged in 2010, 23.8% shotigsiie re-growth but 54.8% showed
no signs of recovery, suggesting that recoverysrate slow. In addition, 31% of colonies
tagged in 2010 were affected again in 2011, wifea$e cessation between years. Recurrent

infections of tagged colonies have been observiedapity for BBD. Sato et al. (2009) found
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a 31% recurrent infection rate on the GBR, and Kamal Richardson (1996) reported
seasonal re-infection with BBD in the Florida KeyRecurrent infections could cause
cumulative tissue mortality which could lead toatottolony mortality after multiple
infections and cause increased damage to the yseéfns over time (Borger and Steiner
2005). A cumulative effect of PBTL could therefdrave a potentially negative impact Bn
compressa-dominated reefs in Hawaii.

All PBTL-affected samples maintained at elevatedhpgerature sustained total tissue
mortality whereas only 33% of samples kept at antbiemperature showed total mortality,
suggesting that temperature negatively affectsatiley of the host to fight the disease (i.e. a
stressed coral is more susceptible) and/or incse#ise virulence of PBTL. The strong
temporal relationship of temperature and prevaleobserved in the field supports this
hypothesis. In addition, two fragments kept at anbtemperature showed re-pigmentation
(no mortality) when the temperature dropped beldbv °2. Furthermore, none of the
fragments sampled adjacent or furthest away frardakion developed signs of PBTL during

the course of the experiment, suggesting thatigeade is localised and spread is limited.
4.5.3 Environmental drivers

Disease causation is dependent on intricate irtterecbetween the host, environment and
pathogen (Work et al. 2008c). One can thereforeeexgoral disease spatio-temporal
dynamics to be highly complex and to be correlavath multiple, and possibly co-

interacting environmental drivers (Williams et2010).

The temporal variation in PBTL prevalence (peakvakence during the summer months)
was strongly correlated with water temperaturerdased coral disease prevalence often
correlates with elevated seawater temperaturegxample as seen for BBD (Boyett et al.
2007; Rodriguez and Croquer 2008) and WS (Sela.e2006; Bruno et al. 2007; Williams

et al. 2010, 2011a). Increased temperature can tleah increase in pathogen virulence

and/or cause stress to the host making it moreeptibte to disease (Harvell et al. 2007).

An increase in PBTL prevalence across sites waleded with high water motion, lower
turbidity and higher parrotfish densities. Howevenly 26.2% of the variability in PBTL

prevalence could be explained by these factorgjesiog that other environmental factors
that were not incorporated in the model may alsanfggortant drivers of PBTL patterns or

that temporal variation in temperature is the mdnving factor, hence reducing the
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explanatory power of the model. Another explanationld be that variations in predictor

variables across sites were not captured at aroppate scale. In contrast to the temporal
analysis, the spatial analysis did not identify pemature as a strong predictor. This was most
likely due to the averaging of all temperature dataoss the year to achieve the same
resolution as the other predictor variables whietulted in the loss of predictive power as it

removed the seasonal fluctuations in temperature.

Variations in turbidity were identified as the oatrstrongest predictor, with 12.8% of the
spatial variability in PBTL prevalence explainedurllidity showed a weak negative
relationship with PBTL prevalence, indicating thaearer waters may increase disease
prevalence; this could suggest that increased leyels may contribute to PBTL prevalence.
Sato et al. (2011) found that high light and eledaseawater temperature strongly drive the
occurrence of black band disease on the GBR. Thiyoged that seasonally increasing light
levels may be even more important in inducing nedfedtions than increasing water
temperature. A link to increased light levelsuld explain the spotty appearance of PBTL
(bleached coenenchyme and pigmented polypsyralsiodinium cells may be more shielded
in the polyps because they can retract into théegke However, manipulative experiments
are needed to clarify the link between light andTEB Interestingly, increased water
temperature and low turbidity were also found testyreng predictors of PorTL (Williams et
al. 2010) indicating that PBTL and PorTL either whaimilar interactions with the

environment, or are caused by the same pathogpregent).

Water motion explained 9% of the variability andwled a positive correlation with PBTL
prevalence. High water motion may somehow enharmeednditions needed to induce PBTL
in P. compressa. Non-random patterns of disease pathogen dispessiéd be caused by local
changes in water motion which could affect transiois mechanisms that operate on a small
scale (Jolles et al. 2002). Aspergillosis of seasfavas found to be more prevalent in
sheltered areas and was likely influenced by waienrents (Nagelkerken et al. 1997; Jolles et
al. 2002), while the spread of BBD was found tddwl a down-current direction (Bruckner

et al. 1997). However, in contrast to these tweakes, no concrete evidence has yet been

found that PBTL is caused by a pathogen (see chapte

A positive correlation to parrotfish density wasonporated in the best model predicting
PBTL prevalence; however, parrotfish density ondplained 4.4% of the variation in PBTL

prevalence so the ecological importance of thisofas questionable. Butterflyfish density
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did not appear to affect PBTL prevalence, highligintthe importance of investigating
individual species interactions. Corallivorous fisbich as butterflyfish, have been implicated
as coral disease vectors (Aeby and Santavy 200@n&ado et al. 2009) but they have also
been suggested as a potential mechanism to reikemsd progression by removal of disease
lesions (Cole et al. 2009; Chong-Seng et al. 20t0% unclear if the positive association
between parrotfish density and PBTL suggests aovauteraction. Manipulative experiments
are required to investigate this possibility. Vdiths et al. (2010) found that a negative
correlation to juvenile parrotfish most stronglyegicted MWS prevalence. They speculated
that a correlation to reef fish abundance could bksthe result of an indirect interaction; for
example factors that either negatively or positivaffect fish may also favour disease

prevalence (Williams et al. 2010).

Spatial variations in salinity, chlorophydlandP. compressa abundance were not found to be
important predictors of PBTL prevalence. Ghtan be an indicator of poorer water quality
which has been suggested to increase prevalenaspeirgillosis in sea fans (Bruno et al.
2003; Baker et al. 2007), black band disease (Kacgky et al. 2005; Voss and Richardson
2006), white plague (Kaczmarsky et al. 2005), yelltand disease (Bruno et al. 2003) and
MWS (Williams et al. 2010). It was unexpected tRatompressa abundance was not found
to be an important predictor of PBTL prevalence,namny other diseases show a strong
relationship with host cover (Riegl 2002; Myers a@Rdymundo 2009; Aeby et al. 2010;
Williams et al. 2010; Aeby et al. 2011a, 2011b) &xample, white syndrome from the GBR
was found to require a coral cover of >50% for atbreak to occur (Selig et al. 2006). In the
case of PBTL, sites with mediurR. compressa cover (40-60%) showed the highest
prevalence. Interestingly, the same was foundHarites trematodiasis in Kaneohe Bay
(Aeby 2007; Williams et al. 2010), a coral disetis# is caused by a digenetic trematode and
has multiple hosts (fish, mollusc, coral) (Aeby 829t is unclear why medium coral cover
positively affects prevalence in these cases. Kligtiectious diseases benefit from high host
density as it provides a higher chance of transonissThe weak association of host cover
and prevalence is likely due to the fact that PBIbes not appear to be highly infectious.

4.6 Conclusion

The results of this study suggest that temperatuthe major driving force of temporal
variations in PBTL prevalence. The fact that onlyeay small amount of variability could be

explained by other environmental factors suppolhis tassumption. Warmer seawater
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temperatures predicted by global warming coulddfuee lead to higher PBTL prevalence
for longer periods of time, causing increased damagcoralsP. compressa is one of the
main framework building corals in Kaneohe Bay, awdPBTL could have a potentially
negative impact on the health and resilience ofdleés at this location.
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Chapter 5

Are coral host and symbiont genetics involved in th disease etiology dPorites

bleaching with tissue loss (PBTL) irP. compressa?

5.1 Introduction

Marine diseases are an emerging problem worldwiteervell et al. 1999) contributing to
major changes in the structure and function of fedfitats (Hughes 1994; Aronson and
Precht 2001). In addition to investigating diseati®logy and ecosystem-level impacts,
another critical factor is genetic differences thaty contribute to disease susceptibility or
resistance in individuals and populations (Lesgeale 2007). In corals, these functional
differences may not just occur within different alogenotypes but also in the presence of
different clades oBymbiodinium (Correa et al. 2009), the endosymbiotic dinoflkdes that
reside within the coral’s tissues. However, ourarmsthnding of genetic disease resistance in

corals and the relationship betwegmbiodiniumidentity and coral disease is limited.

Genotypic resistance to coral disease has only deemmented in a few cases. Gochfeld et
al. (2006) investigated disease susceptibilitySolerastrea siderea to dark spot syndrome
and found that certain individuals within a popigdatappeared to have greater immunity.
Another example is the white plague type Il outkrea the Florida Keys in 1995
(Richardson et al. 1998a) which was found to besedwby the bacteriurAurantimonas
coralicida (Denner et al. 2003). Interestingly, healthy ceom@ale no longer susceptible to this
pathogen but it remains unclear if this immunityswacquired during the original disease
event or if it is a natural, genetic resistancetttd surviving colonies (Richardson and
Aronson 2000).Using microsatellite genotype information in condiion with in situ
transmission assays and field monitoring, Vollmad &Kline (2008) found that 6% of

Acropora cervicornis colonies from Panama have a natural resistanafite band disease.

Equally little is known about the involvement $fmbiodinium types in disease resistance or
susceptibility of the coral host. The taxonomy Sfmbiodinium is primarily based on
molecular phylogenetics (LaJeunesse 2001). Usieteau(28s rDNA) and chloroplast (cp23
rDNA) markers, the genus is currently divided iBt@lades named A-l (Pochon and Gates
2010), of which clades A-D commonly associate wstheractinian corals (Baker 2003;

Goulet 2006). The ecological dominance of thesdedadiffers in different oceans (Baker
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2003). For example, in the Indo-Pacific approxira@bs% of symbiotic invertebrate genera
associate with clade Symbiodinium (Baker 2003; LaJeunesse et al. 2004a). However, th
cladal level does not provide a comprehensive atcofl the true genetic or functional
diversity within the genusSymbiodinium. Genetic markers such as nuclear internal
transcribed spacer regions (ITS1, ITS2) were deeasloto address this, resulting in the
differentiation of numerous sub-clades or “typdsdJeunesse 2001; van Oppen et al. 2001;
Santos et al. 2004). In corals with horizontal syonb transfer, juveniles often take up
multiple Symbiodinium clades/sub-clades from the water column (Littl@le2004; Abrego

et al. 2009a, 2009b) with one type tending to bexaimminant through time (Goulet 2006);
the other types may not be lost completely, howelat persist at low background levels
(Mieog et al. 2007). Multiple symbiont types haweeh documented in a few coral species
(Rowan and Powers 1991; Rowan and Knowlton 1998giTet al. 2001) and the potential
for hosting multiple symbiont types appears to leenmon, even among scleractinians
previously thought to be specialists (high spettifiof the host for a particular symbiont
type) (Baker 2003; Silverstein et al. 2012).

Functional differences betwe&ymbiodinium clades/sub-clades influence the physiological
properties of the host-symbiont assemblage. Fample corals that harbour clade D are less
likely to bleach in response to increased tempesa(Rowan 2004; Berkelmans and van
Oppen 2006; Stat and Gates 2011). Differencesamthl tolerance can also be observed in
someSymbiodinium sub-clades. For example, different symbiont tywékin clade C were
correlated to bleaching susceptibility of the cdrast (Sampayo et al. 2008; Howells et al.
2012). However, relatively little is known aboutethelationship betwee®ymbiodinium
clade/sub-clade and coral disease susceptibiliyre@ et al. (2009) identifieBymbiodinium
types using ITS2 in multiple coral species affedigane of five different diseases and found
no correlation of specific symbiont types with dised tissue. However, few diseased
colonies contained type Dla symbionts in comparisontheir healthy conspecifics,
indicating a possible contribution of this symbidppe to disease resistance (Correa et al.
2009). In contrast, Stat et al. (2008) found aelation between the presence of clade A and
health-compromisedcropora cytheria, in addition to a reduction in the amount of carbo
fixed and released by clade A in comparison to el@Symbiodinium. They therefore
speculated that clade ymbiodinium may be functionally less beneficial to corals; eladl
was similarily found to be the least beneficial &yomt for Acropora millepora on the GBR

(Mieog et al. 2009). Clade A symbionts may therefarot meet the host nutritional
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requirements which could lead to a reduction inefis and higher susceptibility to disease
(Stat et al. 2008). Toller et al. (2009) also fouwtdde A symbionts to be associated with
coral disease; the tissue bfontastraea spp. affected by yellow blotch disease contained
predominantly clade A symbionts whereas healtlgugscontained clade C symbionts, which
are more typical for this species. The atypical lsigmts found in diseased tissue might be
“parasitic” and thrive at the expense of their hStat et al. 2008; Toller et al. 2009).
Alternatively, the onset of disease might change sgmbiont community composition,
providing opportunities for usually cryptic andeatiades or sub-clades to become dominant
(Baker 2003; Toller et al. 2009).

Porites bleaching with tissue loss (PBTL) is a coral dsgethat has recently been described
from Hawaii.lt manifests as bleaching of the coenenchyme wighpblyps remaining brown
and can lead to tissue mortality (Chapter 2). Faddervations suggest a certain degree of
clustering of PBTL-affected colonies, however direontact does not lead to PBTL being
transmitted (see Chapter 3). These observatiodsttethe hypothesis that host genetics may
play a role in PBTL susceptibility. Because PBTlusas a bleaching response in the coral, |
also investigated the potential involvementSyimbiodinium type in disease etiology-his
study therefore aimed to: 1) determine if diseas®el colonies share the same genotype (i.e.
are clones or genetically similar); and 2) identtg Symbiodinium ITS2 type associated with

diseased and healthy tissue.

5.2 Material and methods
5.2.1 Sample collection

Fragments oPorites compressa (approximately 2 cff) were sampled from Coconut Island
Marine Reserve, Oahu, Hawaii in June 2010. Samplee taken from disease lesions
showing PBTL, a healthy area from the same comdlaahealthy neighbouring colony (a total
of 30 colonies affected by PBTL and 30 healthy n@e were sampled) (refer to Appendix
I.3 for the sample design). Fragments were frozeraffew days at -20 °C. A small piece
(approximately 3 mA) was then removed and stored at 4 °C in 400 jeixtfaction buffer

(50% (w/v) guanidinium isothiocyanate; 50 mM Trik @.6; 10 uM EDTA; 4.2% (w/v)

sarkosyl; 2.1% (v/WB-mercaptoethanol) until further processing.

All samples were used for the determination of sigembiont sub-clade (n = 90 from 60

colonies) but only the samples from the diseaserlesnd the healthy neighbouring coral (n
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= 60) were used for the host genotype investigatiefer to Appendix 1.3 for the sample
design).

5.2.2 DNA extraction

The coral samples stored in guanidinium buffer waoeibated for 10 minutes at 72°C and
then centrifuged for 5 minutes at 13,200 x g. So@ant (200 ul) was placed in a new tube
and an equal volume of 100% isopropanol was addgutdcipitate the DNA. Precipitated
DNA was stored overnight at -20 °C. The DNA wadatetl by centrifugation at 13,200 x g
for 15 minutes and all supernatant removed. Thietpehs washed in 400 pl of 70% ethanol
before re-suspension in 100 pl Tris buffer (0.1 M §). The samples were then stored at -

20°C until further processing.
5.2.3 Host (microsatellites)

Eleven microsatellite regions, originally developka Porites lobata (Concepcion et al.
2010) were screened but only nine loci were coasit amplified. Analysis was therefore
restricted to these loci. Microsatellite loci wemnplified using QIAGEN® Multiplex PCR
kits (QIAGEN, Hilden, Germany) and nine fluoresdgrabelled primers (Table 5.1) at a
starting concentration of 10 mM/ul. Primers withe tsame annealing temperature were
combined into a primer mix (A or B). The total vola of each primer mix was 100 pl.
Primer mix A contained 2.5 pul each of PL0340 fomdvand reverse primers, 1.25 pl each of
PLO780 forward and reverse primers, 0.75 pl eadPL®905 forward and reverse primers, 2
ul each of PL1551 forward and reverse primers, 2&ach of PL1629 forward and reverse
primers, 1.25 ul each of PL1868 forward and reversaers, and 82 pl of deionised sterile
water. Primer mix B contained 3 pul each of the PiQL&rward and reverse primers, 1.75 pl
each of the PL1483 primers, 3 pl each of the PLIB6BSard and reverse primers, 2 pl each
of the PL2258 forward and reverse primers, 2 pheafcthe PL1490 forward and reverse
primers, and 76.5 pl of deionised sterile waterRR€actions contained 5 pl of QIAGEN®
Multiplex PCR mastermix and 1 pl of sample DNA. PG&#hditions were as follows: Primer
mix A: 95 °C for 15 min, 27 cycles of 94 °C for 8055 °C for 30 min; and Primer mix B: 57
°C for 3 min, 72 °C for 30 s; 60 °C for 30 min. §naents were run on a 3130 Genetic
Analyzer at the Hawaii Institute of Marine BiologyAlleles were scored with
GENEMAPPER 4.0 software (Applied Biosystems, Fo€iigy, CA).
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5.2.3Symbiodinium (ITS2)

The Symbiodinium partial ITS2, 5.8S and 28S regions were amplifiéth the Polymerase
Chain Reaction (PCR) using the forward ITS-DINO BTGAATTGCAGAACTCCGTG
3’) and reverse its2rev2 (5° CCTCCGCTTACTTATATGCTI) primers (Pochon et al.
2001). Each 25 pl PCR reaction contained 1 pl oADRI5 pl of 10x ImmoBuffer, 1 pl of
50 mM MgCh, 0.5 pl of 10 mM total dNTP’s (2.5 mM each), 0.5ofteach primer (5 pmol
of each primer), 0.1 ul Immolase and deionizedlsterater to volume. A BioRad iCyclEf
using the following conditions was used to run B@R: 7 min at 95 °C, followed by 35
cycles of 45 s at 95 °C, 45 s at 52 °C, and 4572 &C, with a final cycle for 5 min at 72 °C
(Stat et al. 2011). A gel was run to check if DNAsvsuccessfully amplified. The PCR
product was digested using Fast APExo Mix for 3@ ati 37 °C followed by 20 min at 85°C,
and sequenced in the forward and reverse directibtiee Hawaii Institute of Marine Biology

using BigDye Terminators (PerkinElmer, MA) on anlABL.00 automated sequencer.

5.3 Data analysis
5.3.1 Host (microsatellites)

P. compressa samples that only amplified at two or less micreliée loci were excluded
from the analyses (healthy = 2; PBTL-affected =r8gucing the total sample size to 55
(healthy = 28; PBTL-affected = 27).

The program GeneAlEx 6.41 (Peakall and Smouse 2086)used for subsequent analysis of
genetic differentiation between healthy and PBTleeakd colonies. Descriptive statistics
including allele frequencies and the number of giavalleles were determined. Heterozygote
deficiencies for each group were determined byutating and comparing the observed and
expected heterozygosities for deviations from tlaedy-Weinberg equilibrium. The function
“find multilocus matches” was used to identify ob@nin the data set. To assess genetic
differentiation, an analysis of molecular variagd®OVA) based on 9999 permutations was
used to calculate Wright'ssi-(1951) and Slatkin’s (1995)drwith the significance-level of
the estimators. Significance levels were adjusbedrfultiple tests by a Bonferroni-correction
(setting the significance level at 0.005%rKfixation index), Rt (a form of kst designed
specifically for microsatellites and based on ellslzes assuming a generalized step-wise

mutation model) and & (inbreeding coefficient), as well as the Shannodek (diversity
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index), were calculated for overall genetic diffezes (all loci combined) and individual loci

comparisons.

The data set contained 16% missing data which eaprbblematic for pairwise distance-
based analyses, such as AMOVA (Peakall and Smal@g&).2GeneAlEx therefore offers an
option to interpolate missing data in which therage genetic distance for each population-
level pairwise contrast is inserted (Peakall and&me 2006). However, using this method,
large numbers of missing data for individual-badetiance analyses can cause bias (Peakall
and Smouse 2006). Presented here are the AMOVAtsefwr, Rst and Fks) for both
interpolated and non-interpolated missing dat@rtwide a comparison and evaluation of the

effect that the missing data may have on the ougcohthe results.

The program Microchecker (van Oosterhout et al42@@as used to test for null alleles and

large allele drop-out.

5.3.2Symbiodinium (ITS2)

Symbiodinium sequences were identified to sub-clade level W& Basic Local Alignment
Search Tool (BLAST) in the National Center for Rigical Information (NCBI) nucleotide

database (http://www.ncbi.nim.nih.gov/).

5.4 Results
5.4.1 Host (microsatellites)

Both diseased and healthy samples, showed a vadggree of amplification ranging from
17 to 27 samples that scored alleles (Tables 5d25a8). Missing data in the two groups
therefore ranged from 0% to 37% (Tables 5.2 and, &8d overall 16% of the data was
missing. However, individual loci appeared to arypdipproximately equally well in healthy
and PBTL-affected samples (Tables 5.2 and 5.3)) thi¢ largest difference in amplification
observed at loci PL1629 and PL2258; in both caB&3,L-affected samples showed lower

amplification than healthy samples.

An exploration of the total number of alleles andividual allele frequencies at each locus
showed variations between loci. Loci PLO780 and 629l exhibited the lowest number of
alleles and locus PL1483 the highest (Tables 5d25aB).
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Table 5.2: Healthyorites compressa samples (n = 28): Number of samples that amplifieéach locus with
corresponding percentage of missing data; numbeallefes and number of private alleles per locuy] a
observed and expected heterozygosity (Ho/He). ignice level: * = p <0.05 and ** = p <0.005.

amplification Number Number of Heterozygosity
Locus Number of Missing of alleles private Ho/He
samples data (%) alleles (observed/expected)
PLO340 21 29 4 0 0.286/0.634*
PLO780 27 4 2 0 0.037/0.431*
PL0O905 19 32 5 0 0.474/0.717
PL1551 22 21 5 1 0.455/0.713
PL1629 27 4 2 0 0.185/0.168
PL1868 25 15 5 0 0.480/0.690*
PL148: 26 4 7 0 0.654/0.802
PL155¢ 26 0 0.154/0.21*
PL225¢ 23 27 5 2 0.435/0.68**
Total over 216 7 38 3 Mean
loci 0.351/0.561

Table 5.3: PBTL-affecte®orites compressa samples (n = 27): Number of samples that amplifiedach locus
with corresponding percentage of missing data; rermaolb alleles and number of private alleles peusand

observed and expected heterozygosity (Ho/He). fignice level: * = p <0.05 and ** = p <0.005.

amplification Number Number of Heterozygosity
Locus Number of  Missing of alleles private Ho/He
samples data (%) alleles (observed/expected)

PLO340 18 33 4 0 0.611/0.610**
PLO780 25 7 3 1 0.200/0.495*
PLO905 19 30 6 1 0.421/0.735
PL1551 21 22 5 1 0.714/0.722
PL1629 24 11 2 0 0.083/0.080
PL1868 22 19 5 0 0.727/0.778
PL1483 27 0 7 0 0.778/0.823
PL155¢ 27 0 3 0 0.111/0.10
PL225¢ 17 37 3 0 0.235/0.63**
Total over 200 9 38 3 Mean

loci 0.431/0.553
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The total number of alleles was similar betweenlthgaand diseased corals at most loci
(Tables 5.2 and 5.3), however loci PL1551, PL188B1483 and PL2258 showed larger
variations in allele frequencies (Fig. 5.1). Foample, at locus PL1868 allele 193 and 200
had a higher frequency in PBTL-affected sampled, @lele 185 had a higher frequency in
healthy colonies (Fig. 5.1F). At locus PL2258, lall232 showed a much higher frequency in
PBTL-affected samples, and alleles 238 and 256 wele present in healthy samples (Fig.
5.11). Private alleles were observed at some locbath groups (healthy and diseased),

ranging from 0 to 2 per locus.

Deviations from the expected Hardy-Weinberg eqtiilim were observed in both groups for
6 loci in healthy samples (Table 5.2) and 3 locPBTL-affected samples (Table 5.3). The
mean heterozygosity value across loci was 0.43330.&lo/He) for PBTL-affected and
0.351/0.561 (Ho/He) for healthy samples. Overalé mean heterozygosity across diseased
and healthy groups was 0.391/0.557 (Ho/He). Noelatiele drop-out was identified but
possible null alleles were detected for all locatttdeviated from the Hardy-Weinberg
equilibrium (HWE). Allele frequencies for these ilowere therefore regenerated using
MicroChecker and adjusted genotype frequencies wealeulated from these allele
frequencies (described in van Oosterhout et al4200he regenerated genotype frequencies
were then used to re-calculaterland Ryt values but it had little effect on the resultseTh
results of the original analysis of genetic vadatibetween healthy and PBTL-affected
samples (non-modified data) are therefore preseb&ddw. (Results of the regenerated

genotype frequencies analysis can be viewed in AgigeV/Ill).

No multilocus clones (matching at all nine loci)re@letected in the data set with multilocus

matches from <8 loci being a mix of healthy and PBiffected samples.

A test of genetic differentiation using AMOVA showvano genetic differences between
healthy and diseased groups when all loci were ameob(Fst and Ry) and for most
individual loci (Table 5.4). Depending on whethessing data were interpolated, significant
differences at the 5% level were detected at |0di888 and PL2258 (), and loci PL1483
and PL2258 (By) (Table 5.4). However, only locus PL2258 was fotmde significant by
both FstandRst for bothnon-interpolated and interpolated missing data i@ &b4). This
difference was even detected using a strict Boofecorrection (p <0.005), but only when

missing data were interpolated for the calculatbfsrfor individual loci (Table 5.4).

94



0.6 0.8
0.5 |
B
P 0.4 4
®
S 0.3 0.4
o
o
[T 02 4
0.2 4§
0.1 1
0.0 ._l 0.0 —
05 227 235 243 251 05 146 152 155
0.4 0.4 4
Iy
& 034 0.3 4
[}
- |
o
o 0.2 0.2 4
[T
0.1 1 0.1 4
0.0 - 0.0
12 138 141 147 156 160 175 06 177 180 183 185 189 192
1.0 0.5 4
> 0.8 0.4
Q
®
> 064 0.3 4
o
o
L 04 - 0.2 4
0.2 0.1 4
0.0 m 0.0 ﬂ
035 176 179 10 185 193 197 200 204
0.30 +
0.8
0.25
ey
£ 020 - 06 1
>
o 0154 ]
& 04
0.10 +
0.05 - o
0.00 - 0.0 4 | ] — |
0.8 151 155 159 163 167 171 175 157 160 166
' Allele
0.5 |
> 0.4 = PBTL-affected
= == Healthy
S 0.3 -
o
o
L 0.2 -
0.0 | 1
229 232 235 238 256

Allele
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Table 5.4: by, Rs, Rst and Rs values for an estimation of genetic differentiataf healthy and PBTL-affected

samples for all loci combined and individual loongparisons. Values were computed using an AMOVAwit

both non-interpolated and interpolated missing.daignificance level for fixation indices: * = p b and ** =

p <0.005. (A Bonferroni-correction for this samplee recommends a significance level of p <0.005).

Locus Non-interpolated missing data Interpolated nmasing data

Fst Fis Rst Ris Fst Fis Rst Ris
PLO340 | -0.023 0.585** -0.019 0.999* -0.027 0.229**0.022 0.250**
PLO780 | -0.019 0.795** -0.026  0.997*F -0.020 0.717*0.020 0.745**
PLO905 | -0.027 0.612** -0.036  0.992*F -0.026 0.280**0.033 0.288**
PL1551 | -0.016 0.432** -0.038 0.998*F -0.009 0.166**0.018 0.293**
PL1629 | -0.009 0.489** 0.006 1.000** -0.002 -0.061 0.002 -0.061
PL1868 | 0.023 0.363** -0.018 0.994* 0.032* 0.176*D.019 0.216*
PL1483 | 0.015 0.179** 0.056* 0.950*f 0.016 0.132* 004 0.101
PL1556 | 0.024 0.416** 0.030 0.998* -0.005 0.172 O@@ 0.386*
PL2258 | 0.046* 0.665* 0.060* 1.000*% 0.073** 0.358** 0.063* 0.562**
overall | 0.002 0.497* 0.001 0.996*1 0.008 0.257*:0.004 0.287**

Table 5.5: Shannon index analyses based on a Qi8¢ logbase 2 for individual loci comparisons.

Significance level for fixation indices: * = p <®&@&nd ** = p <0.005. (A Bonferroni-correction fdri¢ sample

size recommends a significance level of p <0.005).
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Locus G DF p
PLO340 0.381 3 0.944
PLO780 2.076 2 0.354
PLO905 2.556 5 0.768
PL1551 5.997 5 0.307
PL1629 1.070 1 0.301
PL1868 9.110 4 0.058
PL1483 12.917 6 0.044*
PL1556 1.468 2 0.480
PL2258 21.723 4 <0.001**




Values for inbreeding (& and Rs) were high and significantly different from zem rinost
cases (Tables 5.4).

A Shannon index analysis over loci for pair-wiseppation comparisons detected a
significant difference at the 5% confidence levetvieen healthy and diseased samples at
locus PL1483 (G = 12.917, df = 6, p = 0.044), asthg a strict Bonferroni-correction (p
<0.005) at locus PL2258 (G = 21.723, df = 4, p 8Q@)(Table 5.5).

5.4.2Symbiodinium (ITS2)

Symbiodinium ITS2 type C15 was the dominant symbiont identifire@9 healthy colonies of
P. compressa, 30 diseased colonies (fragments that were dyredtected by PBTL) and 28
apparently healthy looking fragments of those disdacolonies. In most cases, a BLAST
search showed that sequences were 100% identic@llfo(287bp). In a few cases, the
BLAST search showed 99% similarity to C15 (Tablé)%ue to ambiguous nucleotides in
the read. These ambiguities were mainly due taonaNe (bp that could not be scored) and a
few cases of intragenomic variation. However nceotsymbiont types were detected in the
BLAST search.

Table 5.6: Number of samples showing a 100% and 8@6h to C15.

100% match 99% match
Number of Percent % | Number of Percent %
samples samples
Healthy 18 62.1 11 37.9
PBTL-affected 20 66.7 10 33.3
Apparently healthy (from a 16 57.1 12 42.9

PBTL-affected colony)

5.5 Discussion

No specific clone was associated with PBTL-affectinples, as determined by the
screening of 9 microsatellite loci. However, a gigant difference in allele frequency at one
locus was observed between healthy and diseasegolesanm addition Symbiodinium sub-

clade C15 was identified as the dominant symbigpe tin both healthy and PBTL-affected

P. compressa.
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5.5.1 Host (microsatellites)

No clones were detected in the microsatellite datashowing that PBTL-affected colonies
are not of a clonal nature and so do not shareséime genotype. Genetic homogeneity
(random mating) between the two screened groupB. ebmpressa (healthy and diseased
colonies) was confirmed by the lows{and Rrvalues and non-significant p-value of an
overall comparison (all loci combined}. compressa is a gonochoric broadcast spawner
(Neves 2000) and the samples for this study wetairdd from a relatively small-scale site
(same reef), so it is not surprising that healthg diseased samples belonged to the same

population.

However, at the 5% confidence level, botgr Bnd Rt detected a significant difference

between healthy and PBTL-affected colonies at onad (PL2258). In addition, an exact G-
test (Shannon_index), a very powerful test abledétect very fine differences in allele

frequencies (Balloux and Lugon-Moulin 2002), alsetedtted a difference at this locus.

Although the complex interactions of disease inéecare rarely exercised by a single gene,
the expression of an allele at one locus couldcaftisease pathogenesis in individuals
(Adams and Templeton 1998). Locus PL2258 couldefloee potentially be associated with a
gene that confers resistance/susceptibility to PBIiawever, as only 9 loci were screened, it
seems somewhat unlikely that this study discovexregkene responsible for an increased
susceptibility/resistance to PBTL.

In comparison to vertebrates and even plants, M#l/is known about genetic resistance to
disease in reef corals. In humans and other vextedyrit is widely accepted that the adaptive
immune system in addition to complex genetic traatsd environmental components
contribute to disease susceptibility (Hill 1995; ahas and Templeton 1998; Morris 2007;
Jovanovic et al. 2009; Baker and Antonovics 201Bap@nan and Hill 2012). Natural

resistance to disease (disease resistance withioutgxposure to pathogens) in vertebrates
(Adams and Templeton 1998) is related to a chromasaegion known as the major

histocompatibility complex (Lewin 1989). Genes ihwaml in disease resistance have also
been documented for plants (Hooker and Saxena 1S&tkawicz et al. 1995; McDowell

and Woffenden 2003; Wang et al. 2011). Plants, Gkeals, do not possess an adaptive
immune system but they express R-genes (R = res&tdhat encode for protein receptors
responding to Avr genes (avirulence) expressed pgathogen; these R-genes can provide

effective resistance to particular pathogens (McBlband Woffenden 2003). It is likely that
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corals also possess R-genes, however very liteareh has been carried out on R-genes in
corals, even though determining the involvemengenetic resistance or susceptibility to
disease could have major implications for coraf cemservation. Vollmer and Kline (2008)
identified genotypes of\cropora cervicornis that show a natural resistance to WBD; these
genotypes could be used in transplantation effiartsestore damaged reef systems in the
Caribbean (Vollmer and Kline 2008). Determining cfie R-genes inP. compressa was
beyond the scope of this study. However, futureassh into R-genes in corals could help
explain why only certain individuals or species aféected by diseases and which coral

species have more effective resistance to disease.

A reduction in disease resistance can also be daysabreeding (Keller and Waller 2002).
In this study, a deficit in heterozygotes was obseiin both groups d?. compressa (healthy
and PBTL-affected), as well as in the overall pagioh. In addition,  values were
relatively high and significantly different from rein most cases. Heterozygote deficiencies
are often found in marine invertebrates with lowpdirsal capabilities (Ayre and Duffy 1994;
Brazeau and Harvell 1994; Ayre et al. 1997; Mateasle2001; Miller and Howard 2004) and
may result from inbreeding or clonal reproductitvahlund effects (sampling individuals
from more than one population), isolation and gengtift, null alleles or large allele drop-
out (Gutierrez-Rodriguez and Lasker 2004; Selka® Boonen 2006). As all samples in this
study were collected from the same reef, isolaiod genetic drift as well as a Wahlund
effect seem unlikely in this case, because it woelflire a population structure on the scale
of meters caused by some kind of geographic baRiezompressa planulae can survive for
days to weeks in the water column (Hodgson 1988)sanhave the ability to disperse further
than on the scale of metres, making a Wahlund teifeihe screened population improbable.
Inbreeding on the other hand is a probable soufdeeterozygote deficiencies. Water in
Kaneohe Bay has a relatively long residence timeomparison to more exposed shores and
coral planulae may therefore settle closer to thanent colonies, which could increase the

likelihood of mating between close relatives.

However, the interpretations of the data set havbe regarded with some caution as the
presence of null alleles in microsatellite data @so create an apparent heterozygote
deficiency (Selkoe and Toonen 2006) because hetgotes that contain a null allele are
scored as homozygotes. Null alleles were deteatedoist loci and so it seems likely that null
alleles contributed to the observed heterozygoteidacy. Null alleles can also affect the

estimation of population differentiation becausec#@n cause a reduction of the genetic
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diversity within populations, likely leading to awerestimation of population differentiation
(i.e. increased & value) (Chapuis and Estoup 2007). However thatndidseem to be the
case in this study as an analysis using adjustedtgee frequencies showed little qualitative
change of the results. In addition, a relativelyhhproportion of the data was missing (16%)
due to amplification problems. The primers usethis study were originally developed for
Porites lobata. Flanking regions (binding site of the primers) aiféen highly conserved
across taxa allowing cross-species amplificationmiérosatellite loci for closely related
species (i.e. same genus or sometimes even faf8iiykoe and Toonen 2006). However, the
success rate of primers is likely to decrease gathetic distance of the species (Selkoe and
Toonen 2006), and even though lobata and P. compressa are genetically very similar
(Forsman et al. 2009), the species difference cdud@e contributed to the lower
amplification observed irP. compressa. In addition, corals and other invertebrates are
generally known for amplification problems (Hedgekeet al. 2004). Consequently, it is
important to keep in mind that the relatively higarcentage of missing data could have

affected the analyses and therefore caused migietations of the results.
5.5.2Symbiodinium (ITS2)

Symbiodinium C15 was the dominant sub-clade in both healthy disdased colonies,
leading to the conclusion that there is no diffeeem the dominant symbiont type between
healthy and PBTL-affecteB. compressa in Kaneohe Bay. This finding was consistent with
our existing knowledge ddymbiodinium C15, asPorites species associate with this subclade
over the entire Pacific Ocean (LaJeunesse et @3;2DaJeunesse et al. 2004b); though,
colonies below 10 m contain clade C15b (LaJeunetssé 2004b). Consequently, symbiont
type does not appear to be involved in the etiolofgyBTL.

Very few studies have investigated a potential lrdtween symbiont identity and disease
susceptibility in corals (Kirk et al. 2005; Statat 2008; Correa et al. 2009; Toller et al.
2009). Associations of clade $/mbiodinium have been found with WS lesionsAaropora
cytherea from the Northwestern Hawaiian Islands (Stat et28l08) and YBD lesions in
Montastraea spp. from Panama (Toller et al. 2009). In contr@sirrea et al. (2009) did not
detect clade A symbionts in YBD lesionshitontastraea spp. from the US Virgin Islands and
the Florida Keys. It has, however, been suggestedl ¢lade ASymbiodinium may be

parasitic in certain corals as it does not meethth&t’s energy requirements, which could
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contribute to disease susceptibility of the comd$th(Stat et al. 2008); this however awaits

further investigation.

In addition, specific symbiont types were not agsed with infected tissues of BBD, dark
spot syndrome (DSS), WP (Correa et al. 2009) apdrgalosis (Kirk et al. 2005). However,
Correa et al. (2009) found a negative correlatietwizenSymbiodinium community diversity
(harbouring multiple clades/sub-clades) and diseas&iderastrea siderea suggesting a

potential link between symbiont diversity and dseausceptibility in this species.

Even though associations of a specific symbione tigpve been found with certain diseases
(Stat et al. 2008, Toller et al. 2009), the reswéimain inconclusive as not all diseased
colonies always contained the same symbiont type.hlypotheses that 1) disease onset may
cause a shift in the associated symbiont typehatr2) the symbiont type directly contributes

to disease resistance/susceptibility, await furitheestigation.

5.6 Conclusion

Host genetics are very likely to affect diseasesgpsbility in corals, however identifying the
genes responsible for increased resistance or [#ilstiyy is not an easy task. Hundreds of
microsatellite primers would be needed for an iase&l chance of determining these genes.
Next generation sequencing would provide data enethitire genome and hence make the

search for R-genes more efficient.

Symbioses with certain types 8fmbiodinium are more effective than others (Cantin et al.
2009; Mieog et al. 2009), which may contribute te tcoral being more resistant or
susceptible to disease infection. In the case waelisease directly affects tBgmbiodinium
cells rather than the host, differenceSymbiodinium physiology between different clades or
subclades are likely to affect disease suscepyibilHowever, direct involvement of

Symbiodiniumin disease resistance or susceptibility has nobgeh shown.

101



Chapter 6

General Discussion

This study aimed to explore and characterise varaspects ofPorites bleaching with tissue

loss’ (PBTL), a coral disease recently observedesmis in Kaneohe Bay, Oahu, Hawaii. A
range of techniques, including field surveys, H@&lg, transmission electron microscopy,
genetics and microbiology were used to establishse definition of PBTL that can be used

as a baseline for future studies.
6.1 Case definition of PBTL

PBTL affectsPorites compressa and causes bleaching of the coenenchyme with polyp
remaining pigmented. The lesion can manifest aalfocdiffuse areas of discolouration with
a central or peripheral location on the colony (@ba 2). In the majority of cases PBTL
leads to partial tissue mortality within two mon{@hapter 4) caused by tissue fragmentation
and necrosis of affected tissues (Chapter 3). Cootnies can be affected by PBTL
recurrently which can lead to increased damage twer (Chapter 4). In addition, PBTL
causes a significant reduction in the reproductivgput of the coral and so can negatively

affect the resilience of affected reefs.

PBTL prevalence showed strong seasonal dynamigsegented by a peak prevalence during
the warmer summer months, and this relationshigayga to be stable over two consecutive
years (Chapter 4 and Appendix Ill). The temporalialility of disease prevalence can
partially be explained by changes in water tempeeatField surveys and manipulative
experiments established a link between elevateéntamperature and disease prevalence
and progression (Chapter 4). PBTL also showed apeadiiation, with some sites showing
higher disease prevalence than others. Of the amwiental factors examined, parrotfish
density, water motion and turbidity were found iplain 26.2% of the variability in PBTL
prevalence (Chapter 4). Nevertheless, only a tbfrthe variability could be explained by
these predictors suggesting that other factors,imastigated in this study, also play an

important role in PBTL prevalence patterns.

PBTL is not transmissible through the water coluonrdirect contact (Chapter 4). It might
require certain environmental conditions or a veéto successful transmission; or it is not
caused by a pathogen and therefore not infecti@iiser diseases have very specialised

transmission pathways and are not transmitted wmple touch; for example HIV/AIDS,
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which is nevertheless highly infectious. Furtheperxxments are needed to establish if PBTL

is infectious and how it is transmitted.

Symbiodinium clade has no effect on lesion development (alivéad colonies showed C15
as their dominant subclade). In contrast, host typeo may contribute to PBTL
susceptibility, as a difference in allele frequeatyne locus was found between healthy and
PBTL-affected samples. However, no conclusive tesocbuld be drawn from this study
(Chapter 5).

The causative agent(s) of this disease (if any)aras elusive and warrants further
investigation. Metazoans, bacteria and protozoaars likely be eliminated as potential
etiological agents (Chapter 3), however a potentiaiease in the abundance of VLPs in
PBTL-affected samples was observed (Chapter 3hduistudies are needed to establish any

link between viruses and disease causation.
6.2 Porites as disease host

Generally,Porites spp. are thought to be quite robust and more esgisd coral bleaching
than other coral species, such as acroporids (G\@84; Gleason 1993; Hoegh-Guldberg
and Salvat 1995), but are they also more resistadisease? Disease susceptibility appears
to be species-specific but can also depend on gpbigrlocation. For examplécropora on

the GBR was the coral genus most affected by BBay¢Pand Willis 2006). In contrast, in
Indonesia BBD was not reported to affect Acropagi@aen though it was observed in other
species (Haapkyla et al. 2009). A variety of calmeases affedPorites spp. around the
world, including BBD (Miller 1996; Dinsdale 2000;a€zmarsky 2006), GAs (Domart-
Coulon et al. 2006; Kaczmarsky and Richardson 26f&pkyla et al. 2009; McClanahan et
al. 2009) and WS (Willis et al. 2004; Haapkyla et2®09; Myers and Raymundo 2009). In
the Philippines (Raymundo 2005), Hawaii (Friedlandé al. 2008a), Guam (Myers and
Raymundo 2009) and Indonesia (Haapkyla et al. 2008)tes spp. were found to be either
the dominant or one of the main taxa affected bsalcdisease. In contrast, on the GBR,
Poritidae was one of the taxa least affected bgadis, with Pocilloporidae and Acroporidae
showing much higher disease prevalence (Willisl.e2@04). This disparity can, in part, be
explained by coral cover. Myers and Raymundo (236@ihd a strong correlation between
host cover and disease prevalence fceites spp. were the most abundant corals on reefs in
Guam and they also showed the highest diseasel@neey However, this relationship does

not always hold true. In Indonesia, ‘buskAcropora colonies are a relatively rare growth
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form but they show a higher growth anomaly and W8valence than any other taxa
(Haapkyla et al. 2007). Palmer et al. (2010) attell the increased disease susceptibility of
acroporids to their lower investment in immunityraraeters, such as melanin, PO activity,
and fluorescent proteins. Poritids show a very liiglestment in these immunity parameters
which is reflected in their reduced disease suduiéfyt on the GBR (Palmer et al. 2010). In
reality, disease susceptibility is most likely tasa from a complex interaction of multiple
factors, such as host cover, coral cover, innat@unity mechanisms and environmental

factors, as well as anthropogenic impacts anddha’s ability to cope with these stressors.

Various diseases/lesions that manifest as bleacimnBorites spp. have been reported
previously (Raymundo et al. 2003; Work and Rame&@d5; Davy 2007). One example is
Porites ulcerative white spot disease (PUWS) from the IR@aific (Raymundo et al. 2003).
PUWS manifests as small (3-5 mm), discrete, rowrdvbid bleached foci with intact tissue.
The lesion can either regress or progress to campiesue loss and in severe infections
numerous lesions may coalescence causing higraptartiotal colony mortality (Raymundo
et al. 2003). Disease prevalence varied greathydsn different reefs (0-72%, average 22%)
(Raymundo et al. 2003) and PUWS was found to besinéssible through direct physical
contact (Raymundo et al. 2003). The causative agfethtis disease was identified Wgrio

sp. (Arboleda and Reichardt 2010). Even though PU¥é8mbles PBTL lesions to a certain
extent (i.e. it starts with bleaching and then pesges to tissue loss), the dynamics of these
two diseases are very different. For example, PUAf&cts various branching and massive
Porites spp. and the onset of tissue loss is much sloveenégscolonies showed lesions for
extended periods of time, i.e. several months, aitlonset of tissue loss) (Raymundo et al.
2003). A potentially common feature of these tweedises is a link to water temperature
(increased water temperature increases prevalebae)n contrast to PBTL this link still
remains to be verified for PUWS. This example iitates that lesions with similar disease
signs (e.g. bleaching) can have very differentatisedynamics, and it therefore follows that
combining different diseases in analyses of diseaspacts or associations with
environmental factors can lead to misinterpretati@Villiams et al. 2010) which will likely
reduce the effectiveness of management strategaswiere based on these results. Even
lesions that have nearly identical gross manifestatcould be caused by different factors,
such as environmental stressors or pathogens. taresix “white” diseases (spreading zone
of tissue loss) have been described from the Caaiblalone, which are mostly differentiated
by the speed of lesion progression (Sutherland. &084). This highlights the difficulty of
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reliably identifying different diseases in the fiebnd until evidence suggests that a lesion is
caused by the same pathogen, disease signs shsoldeaseparated by host species to help
achieve a higher degree of accuracy in disease/sagal Overall, there is a need for more
robust coral disease diagnostic methods, usingindisciplinary approach including both

traditional and developing technologies (Pollockle2011).
6.3 Baseline data — why are case definitions imp@mt?

It has been estimated that one third of coral gseface the risk of extinction (Carpenter et
al. 2008). Over the past 30 years, hard coral cbesrdeclined by 80% in the Caribbean
(Gardener et al. 2003) and 50% in the Indo-Pa¢Bimno and Selig 2007). This decline in
coral cover on Caribbean reefs has been unpreaiener the past 3 millennia (Aronson
and Precht 2001b). The causes of reef decline imesé and include habitat destruction,
pollution, invasive species, overfishing and cliemahange (Hoegh-Guldberg 1999; Hughes
et al. 2003; Hughes et al. 2007; Burke et al. 20R&yently, coral diseases were added to this
list because reports of coral disease outbreaks besn increasing (Sokolow 2009) and coral
diseases are known to have the potential to caidespread coral mortality which can alter
reef community structure (Aronson and Precht 200iler et al. 2009). The Indo-Pacific
encompasses approximately 91% of the worlds ceefsr(Spalding and Grenfell 1997) so
understanding the different coral diseases affgdtiese reefs is of great importance for the
development of effective management plans. Howewdack of essential baseline data on
the dynamics and etiology of coral diseases hadehdd our understanding of the effect that
these diseases have in this region (Willis et &420For example, if no baseline data on
‘natural’ prevalence levels exist then it is veirffidult to assess if diseases are increasing in
the environment. In addition, insufficient desdops of new diseases and possible but
unverified links to environmental stressors hightigthe need for standardised and
quantitative disease assessments that elucidampaet that diseases have on reefs and how
this applies to reef management (Raymundo et &13RMHigh-quality characterisations of
diseases should address important questions sulsbsagnd geographic range, prevalence,
seasonality, environmental drivers and infectiogsn&his information will help managers to
identify diseases that have a higher potentialaiase excessive reef damage; these diseases
can then be classified as high management priosiyrranting more targeted research and

monitoring.
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This study therefore aimed to provide a comprehensharacterisation of PBTL, as no data
on this disease existed previously. The findingshi$ research indicate that PBTL could
have negative effects on the reefs within Kaneoley Bind so it warrants further
investigation. The laboratory and field data cdkelcon PBTL, referred to as the case
definition of this disease (Hulley et al. 2001)nhdae used as the foundation upon which
further studies regarding etiology and pathogenesmisbuild (Work et al. 2008c). Over time,
a case definition should be continuously refine@ijclv helps to more clearly differentiate

different diseases from each other (Work et al 8290

The onset of disease is linked intricately with tiest, the pathogen and the environment
(Work et al. 2008c). A comprehensive case definitad a coral disease should therefore
provide information on all three of these factétence, this study aimed to collect data on all
three of these components. A multidisciplinary aggh utilizing both traditional methods

such as standardized ecological techniques andldust as well as rapidly developing

technologies such as microbiological and genetaistowere used to achieve this; such
interdisciplinary approaches are urgently neededdral disease research (Bourne et al.
2009; Pollock et al. 2011). Comprehensive casentligins of coral diseases are currently
rare; examples of a few, well-characterized diseasgdude BBD, aspergillosis and bacterial

bleaching, but even in these cases many questomsin unanswered.
6.3.1 The host

Disease susceptibility of the host, in coral specs well as individuals, is likely an
important aspect in explaining disease patterns andd have important implications for
coral reef conservation (Vollmer and Kline 2008).corals, resistance to disease is a factor
of innate immunity pathways, antimicrobial propestiand genetic traits. Certain coral
species show higher levels of immunity parametbes tothers (Palmer et al. 2010) and
corals display a high degree of variability in fireduction of antimicrobial compounds (Koh
1997; Gochfeld and Aeby 2008); however, researth genetic resistance to disease is
limited. Identifying resistant coral genotypes,veal as determining if and to what extent a
coral is able to defend itself, will help to prediature susceptibility to disease. This study
investigated a potential genotypic difference betwéealthy and PBTL-affected corals but
obtained only inconclusive results. Further studiée genetic resistance/susceptibility, as

well as antimicrobial properties Bf compressa are therefore urgently needed.
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The coral however, is not just comprised of theatanimal but also of all its associated
microbial symbionts; together these are referredsidhe coral holobiont. When building a
case definition it is important to also investigtite other components of the coral holobiont,
because the pathogen (if any is present) may mbtafiect the coral animal but may also
directly infect other members of the holobiont swashtheSymbiodinium cells or bacterial
symbionts, or any combination of these (Bournele2@09). For example, many diseases
cause shifts in the bacterial community of affedisgue, such as WBD (Pantos and Bythell
2006), aspergillosis (Gil-Agudelo et al. 2006) A& (Piskorska et al. 2007). In many cases
it is, however, unknown if observed changes inliheterial community arise as the cause or
effect of infection (Mydlarz 2009). This study irstggated both bacteria (Appendix V) and
Symbiodinium cells (Chapter 3 and 5), though because no inereabacterial abundance in
PBTL-affected tissue was detected, no further itigasons of the bacterial community were
conducted. However, only the traditional culturesdxh technique was used and so it is
recommended for further studies to apply non-caltuased techniques, such as
metagenomics, to determine if and how bacterial mamities shift in response to PBTL.
Symbiodinium type does not affect the etiology of PBTL, howeweirot of potentially
apoptoticSymbiodinium cells were observed in diseased tissue suggeb@dBTL not only

affects the host but also tgmbiodinium cells; this awaits further investigation.

Ecological monitoring can provide valuable inforiaton disease dynamics and the degree
of damage to the coral host. The information gattiehrough monitoring work can then be
used to detect and evaluate disease outbreaks (&yoetlal. 2008). Monitoring should be
conducted frequently to identify possible seasoaghtions in prevalence and should consist
of a large number of transects to ensure corresgsasnent of prevalence values (Bruckner
2002). Long-term studies of individual coloniesttshed light on the duration of infection,
the amount of mortality sustained and the frequeriag-infection (Bruckner 2002) are also
important aspects of a case definition. This sttiggrefore recorded PBTL prevalence
monthly over the course of one year, with additidnag-term monitoring of individually
tagged colonies (Chapter 4, also see Appendix Nigse long-term studies not only provide
reliable data on disease dynamics, but also charsetdifferent progressive stages of a
disease, so reducing the likelihood of misiderdificn. For example, atramentous necrosis
was previously described as a black film coveriegidns (Jones et al 2004). However, a
long-term study by Anthony et al. (2008) found ttred initial phases of atramentous necrosis

manifest as bleached areas that progress to tigssewhich is then followed by the black
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film (final phase). Interestingly, the initial bigaed patches closely resemble descriptions of
white syndrome (Anthony et al. 2008) and so thgedse might have been misidentified in
the original short-term study. Anthony et al. (2pGflso suspected that the microbial
community associated with the black film likely ¢aims secondary invaders associated with
dying coral tissue, rather than containing the atiws agent. The information gathered

through long-term studies can therefore aid instrch of causative agent(s).
6.3.2 The pathogen

Many coral diseases are likely caused by intricatalti-factorial sources, with the
pathogen(s) and the environment acting synergibtita cause disease (Work et al. 2008c;
Sokolow 2009). These complex relationships curyemntipede our ability to determine
causative agents and their interactions with thet lemd/or environment, hindering our
understanding of coral disease dynamics (Bouria¢ €009; Pollock et al. 2011). Even in the
few cases where interactions of host and causageet have been characterized at the gross,
microscopic, molecular and biochemical levels, ymeeted changes in virulence caused
uncertainty about whether the initially isolateceagwas still the primary pathogen (Bourne
et al. 2009) or if the corals had developed resg#ao this pathogen (Mydlarz et al. 2009).
For example, during 1994 to 1997, an epizootic éa $an corals Gorgonia ventalina),
caused by the fungusspergillus sydowii, led to mass mortalities in this coral speciesig&e

et al. 1998; Kim and Harvell 2004). Since thengedie prevalence has declined (Kim and
Harvell 2004) and now waned to low levels (Bourrieak 2009; Mydlarz et al. 2009).
Recently, A. sydowii was detected in healthy sea fans but not in cadomifected by
aspergillosis, raising questions about the causaifathis disease (Toledo-Hernandez et al.
2008). Another example is bacterial bleaching @culina patagonica from the
Mediterranean.O. patagonica shows seasonal bleaching which was attributed hto t
bacteriumVibrio shiloi (Kushmaro et al. 2001; Rosenberg and Falkovitz4p0Blowever,
since 2005 this pathogen can no longer be isolflated bleached corals and also no longer
causes bleaching in experimental settings (Regshaf 28006; Rosenberg et al. 2007b), which
has led to controversy of the actual cause oflildaching (Lesser et al. 2007; Ainsworth et
al. 2008a). Our limited understanding of the intémms between pathogens and the coral
holobiont makes it unsurprising that we observefesing disease dynamics at times (Bourne
et al. 2009).
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The current study was unsuccessful in determiriegcausative agent of PBTL. However, it
is often very difficult to unravel the complex ctihgion of the holobiont and identify which
organism is responsible for disease causatiomyif.avlicroscopic investigation can provide
evidence for the presence of certain microorganismd experiments determining the
transmissibility of a disease can give an indicatid whether an infectious agent is involved
(Work et al. 2008c). PBTL was not found to be itifaes in controlled experimental settings,
however that does not necessarily rule out an tiies agent because a variety of factors can
affect disease transmission, such as host susitigptienvironmental conditions and vectors
(Work et al. 2008c). Further investigation into teusation of PBTL is required, because
only once the cause is determined can we charsetdre pathogen’s ecology and dynamics

(if a pathogen is present), and fully understandmex disease patterns (Work et al. 2008c).
6.3.3 The environment

In order to be able to predict how coral diseas#isr@act to global warming and increased
human pressure we must understand how differenir@maental factors affect diseases.
Different coral diseases can show very differetgramctions with a variety of environmental
factors. Williams et al. (2010) found that four fdient Hawaiian coral diseases showed
unique associations with abiotic and biotic factéer example, MWS was best predicted by
a negative correlation to juvenile parrotfish dgnand a positive correlation to chlorophyill-
a, whereasPorites GAs was best predicted by a negative correlatiotutbidity and depth
(Williams et al. 2010). When diseases were combipeedictive performance of the model
was reduced significantly, which highlights the omance of analysing and characterizing
diseases separately, unless evidence suggeshélydidve etiologies that respond in the same
manner to particular environmental factors (Willset al. 2010). This study found spatio-
temporal variation in PBTL prevalence that was esded with temperature, and to a certain
extent turbidity, water motion and parrotfish dénssuch multi-factor approaches to model
coral disease dynamics have recently been utilizgdvarious coral disease researchers
(Bruno et al. 2007; McClanahan et al. 2009; Willgaet al. 2010; Aeby et al. 2011a; 2011b)
to uncover the intricate and often complex intacexst of environment and disease, so
increasing our understanding of disease dynamickiwie. This information will provide a
foundation upon which informed management decisgamsbe based. For example, diseases
that show a strong correlation with chlorophgl{an indicator of water quality) are likely to
show increased prevalence in areas with higheremitsewage influx. In addition, diseases

that show a strong association with temperaturelikedy to show an increase in disease
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outbreaks with changing climate, which could causereased coral mortality and so
negatively impact the reef environment. Because lPBa&s found to be strongly affected by
temperature, it can be assumed that disease pneealgill increase with global warming.

This kind of information can then be used to idgnteefs that are expected to be more
resilient to disease outbreaks and/or are expeotedcover quicker if an outbreak occurs.
Such reefs can then be considered for higher giotem the form of marine protected areas

or no take zones.
6.3.4 The importance of spatial scale

Another important factor to consider is the effeftspatial scale. Factors driving coral
disease patterns are likely to change over mulphial scales. A good exampleParites
GAs in Hawaii. On a small spatial scale (a singlef), Porites GAs were best predicted by
water quality and depth (Williams et al. 2010), wdes on a larger spatial scale (across
islands)Porites GAs showed the strongest correlation with humarufaijon density (Aeby

et al. 2011a). A small-scale study would not beeexgd to pick up on the importance of
large-scale drivers, such as human population geméevertheless, these small-scale studies
are important for detecting fine-scale drivers ofat disease patterns. In this study, only a
third of the variation in PBTL prevalence could éeplained by small-scale drivers. Water
quality (chlorophylla) did not show a strong correlation with PBTL prievece, however this
disease has currently only been observed in KanBalye On a larger scale, water quality
within Kaneohe Bay could explain why PBTL has netb observed elsewhere. Kaneohe
Bay has a long history of reduced water quality.te early 1960s, raw sewage was
discharged into the bay which had dramatic negatiffects on the reef (Maragos 1972;
Hunter and Evans 1995). In 1979, sewage outfallle wemoved which greatly improved
water quality, leading to a slow recovery of thefreystem (Hunter and Evans 1995).
However, occasional sewage spills during periodshigh rainfall are still a recurring
problem (Jokiel 2008) and could affect disease gsses in the bay (e.g. introduction of

potential pathogens, increased nutrient levels).

Even smaller scale differences in environmentaddans (below the single-reef scale) are
likely to affect disease processes. Gorospe ant(R@t0) have shown that temperature in a
small patch reef in Kaneohe Bay can vary by up®® an a scale of a few meters. Corals
often live close to their maximum threshold tempee especially during the summer.

Temperature differences of up to 1°C that affety oartain coral colonies could cause them
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to be more stressed than neighbouring coloniesjngakem more susceptible to disease.
Pathogen virulence could also be affected by thiesescale temperature differences, making
infection of colonies located in the thermally aradous area more likely. These fine-scale
differences in environmental conditions could hexplain patchiness in disease occurrence.

However, such fine-scale studies are very labaensive and not feasible on a larger scale.

Investigating disease patterns at various spateles will provide important information on
the factors driving these patterns. Managemensiets can then be related to a spatial scale

which will improve the effectiveness of managemnasttons.
6.3.5 The need for a standardised database

In order to deepen our understanding of coral disgeand improve our ability to respond
appropriately to disease outbreaks, it is importanshare data on coral diseases with the
management and research community (ICRI/UNEP-WCMCO2 The Global Coral Reef
Monitoring Network (GCRMN) has established a dasa&ba The Global Coral Disease
Database (GCDD) (http://coraldisease.org) — with @im of facilitating the visualization of
coral disease data and its dissemination of ddsmgp of different coral diseases
(ICRI/UNEP-WCMC 2010). The database is an onlinenpitation of coral disease data
derived from published literature, grey literatusnd contributions by researchers
(ICRI/UNEP-WCMC 2010). Currently, 27 diseases astetl in the guide but the amount of
information for each disease varies significarfdlyen some well-characterised diseases, such
as aspergillosis and YBD, have very limited to ntoimation offered. Another example is
“The Guide to Western Atlantic Coral Diseases artie® Causes of Coral Mortality”
presented by UNEP and WCMC (http://www.masna.onggb&@’0/NOAACoralDisease/
index.htm). This site provides descriptions of saleoral diseases in addition to a useful
identification key for coral diseases and predatiblowever, both databases present the
information mostly as text which makes it difficuido quickly and easily extrapolate
information for disease comparisons. A standardide-chart with the key information
displayed (Fig. 6.1 and 6.2) would facilitate aauand easy comparison of diseases and aid
in disease identification. Further information ofdéion to this flow-chart could be presented

as text, to provide a deeper understanding and ledge of the disease of concern.
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6.4 Future research

The future of coral disease research lies withia #xploration of rapidly developing

molecular techniques for pathogen detection, sushqgaantitative PCR (gPCR) and
antibodies (reviewed in Pollock et al. 2011). Neswgration sequencing, such as
metagenomics, has also proven to be a highly udeéllfor elucidating disease and the
complexity of the coral holobiont (Wegley et al.0Z0Q Vega-Thurber et al. 2008; Vega-
Thurber et al. 2009; Littman et al. 2011). Furtlimveloping these techniques for the
investigation of coral diseases is essential toertbis field forward, and to reach the same

standards and knowledge that have been achiev@drmedical and veterinary science.

However, a challenge in determining disease caysahi corals is fulfilling Koch’s
postulates. Many marine microorganisms are veffjcdif to culture or are even regarded as
unculturable (Rappe and Giovannoni 2003), so fulfjlKoch’s postulates is only possible if
putative coral pathogens can be isolated and edt(/Nork et al. 2008c). In the cases where
they cannot be cultured, modified versions of Kachbstulates that retain the same strict
standards have to be developed (Work et al. 2008c).

In addition, further development of modelling teitjues to unravel the complex interactions
between the host, pathogen and environment is tlygeeeded to fully understand disease

dynamics and implement efficient management tools.

The information on PBTL gathered in this study pieg a baseline for future research on
this disease, which can utilize newly developinchtéques to further investigate promising
areas of research. For example, the observatiam mdtential increase in VLPs in PBTL-
affected tissues should be further investigatedgusietagenomics to increase the chance of
detecting a potential shift in the viral communityhe ultimate goal of any disease
investigation is to determine the causative agéatdisease to be able to fully understand the
ecology and spread of the disease; further reseatahithe causation of PBTL is certainly
needed to be able to fully unravel disease dynaamckprovide constructive guidelines for

reef managers.
6.5 Conclusion

In contrast to many other documented coral diseB834. manifests as a unique bleaching
response of the coral colony followed by partiastie loss. However it does not manifest as

progressive disease lesion as shown in most otkswet loss diseases (e.g. black band
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disease, white syndromes). In general, diseas¢sdhge tissue loss should be regarded as
potential threat to the reef system as outbreakgesult in major colony mortalities. At this
point, PBTL may be restricted to Kaneohe Bay andutbreaks have been documented so
the potential effect this disease could have on diiaw reefs as a whole is likely negligible
(at least at present). If however, PBTL is founaiher areas, which will likely be areas that
have similar conditions to Kaneohe Bay such as Bdg, and/or if it will spread outside the
bay, then PBTL could be a threat Rorites compressa populations in Hawaii due to its
capacity to cause recurring tissue loss as wedl eeduction in gamete development which

could reduce the number of recruits on the reefs.

Additionally, decreasing anthropogenic stressorshsas pollution, sedimentation and

overfishing will increase reef resilience and hetpals withstand disease outbreaks. During
times of high rainfall, Kaneohe Bay still experiescoccasional sewage influx as well as
increased sedimentation and nutrient input fromlanel. If these stressors could be reduced
or even eliminated, then the potential for disemgbreaks of PBTL and other diseases, such

as MWS, would likely decrease.
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Appendix |

Sampling of Porites compressa colonies
I.1 Chapter 2 and Chapter 3

For the histological studies and TEM study, one gamvas taken from the PBTL-affected
area of a diseased colony and one sample was fagen a similar area of a healthy

neighbouring colony of similar size (Fig. I.1).
[.2 Chapter 4

For the disease transmission study, one sampldgakas from the PBTL-affected area of a
diseased colony and four samples were taken frivea#thy neighbouring colony of similar
size. In addition, one sample was taken from amdikalthy neighbouring colony (Fig. 1.2).

See Appendix VII for experimental set-up.

For the disease progression study, two samples takes from the PBTL-affected area of a
diseased colony, four samples were taken from apgigrhealthy tissue of the same PBTL-
affected colony and six samples were taken fronealthy neighbouring colony of similar
size (Fig. 1.3).

I.3 Chapter 5 and Appendix IV

For the host and symbiont genetics study, one samas$ taken from the PBTL-affected area
of a diseased colony, one sample was taken fronarapfly healthy tissue of the same
PBTL-affected colony and one sample was taken feoimealthy neighbouring colony of

similar size (Fig. 1.4). The same sampling desigs wsed for the microbial study (Appendix

IV), but instead of one sample, paired samples waden from these three areas.

See Table I.1 for the number of samples takendohetudy and the total number of colonies
sampled. In some cases, the same samples werdoustifferent studies (i.e. for histology:

Chapter 2 and 3, and for host and symbiont geneZicapter 5).
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[ Healthy (H)
[] Diseased (D)
X Sampling spot

Fig. I.1: Sampling design for Chapter 2 (reproduettudy) and Chapter 3 (histology and transmissleatron
microscopy). A: PBTL-affecteR. compressa. B: healthyP. compressa.

A B

B Healthy (H)
[] Diseased (D)
X Sampling spot

Fig. 1.2: Sampling design for Chapter 4 (transnoiski A: PBTL-affected®. compressa. B: healthyP.
compressa. C: healthyP. compressa.
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A B
B Healthy (H)

[] Diseased (D)
X Sampling spot

Fig. 1.3: Sampling design for Chapter 4 (diseasgpmssion). A: PBTL-affecteld. compressa. B: healthyP.

A B
[ Healthy (H)

[] Diseased (D)
X Sampling spot

compressa.

Fig. 1.4: Sampling design for Chapter Syifnbiodinium and host genetics). A: PBTL-affectBdcompressa. B:
healthyP. compressa
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Table I.1: The total number of samples taken fraalthy and PBTL-affected colonies and the total benof

colonies sampled for all manipulative experimemts ather studies. All samples were <3*cm

Number of samples Number of colonies
Healthy PBTL-affected  Healthy PBTL-affected
Histology/gametes 22 31 22 31
(Chapter 2)
Histology 27 36 27 36
(Chapter 3)
TEM 4 4 4 4
(Chapter 3)
Transmission 100 20 40 20
(Chapter 4)
Progression 36 12/ 24* 6 6
(Chapter 4)
Symbiodinium genetics 30 30/ 30* 30 30
(Chapter 5)
Host genetics 30 30 30 30
(Chapter 5)
Bacterial abundance 46 46/46* 13 13

(Appendix 1V)

* from apparently healthy tissue of a PBTL-affectetbny

151



Appendix Il

Histopathology protocol

I1.1. Solutions

11.1.1 Decalcification solution:

50 ml concentrated hydrochloric acid
1.95 L deionised water
2 g EDTA (tetrasodium salt)
2 g EDTA were dissolved in 1.95 L of deionised waa@d 50 ml of hydrochloric acid

carefully added under a fume hood. The solution @ mixed gently. Solutions were

made up fresh as needed.

11.1.2 Staining solutions:

11.1.2.1 Hermatoxilyn and eosin:

1% acid alcohol solution

380 ml of 80% ethanol
3.8 ml concentrated hydrochloric acid

Ammonium hydroxide solution

400 ml deionised water
0.5 ml concentrated ammonium hydroxide

Ehrlich’s hematoxylin and eosin

These two solutions were prepared by Alan Hovemd kindly made

available to me.

11.1.2.2 Modified Heidenhain’s azocarmine-anilingda

1% aniline-alcohol solution

1 ml aniline

100 ml 80% ethanol
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1% acetic alcohol solution

1 ml glacial acetic acid
100 ml 95% ethanol

1% aqueous acetic acid solution

400 ml distilled water
4 ml glacial acetic acid

5% phosphotungstic acid solution

5 g phosphotungstic acid
distilled water to volume of 100 ml

aniline blue solution

0.5 g aniline blue, water soluble
2 g orange G

300 ml distilled water

8 ml glacial acetic acid

1 percent azocarmine G solution

1 g azocarmine G
100 ml distilled water
1 ml glacial acetic acid

The azocarmine G was mixed with the water and dhatisn was brought to boil, cooled to
56°C and filtered through coarse filter paper (Irh)uAfter the solution had cooled
completely, 1ml glacial acetic acid was added &edsblution kept in the fridge until further
use. Before each use, the solution was filteredutjin coarse filter paper (11 um) and then
heated to 60 °C, and kept at this temperature staiihing.

11.2 Decalcification:

Coral samples were placed into 50 ml Falcon tulmegaining the decalcification solution

with the bare skeleton facing upwards. In addit@rsmall piece of tissue was placed in the
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top of the tube and the lid screwed on loosely towa CO, bubbles to escape. The
decalcification solution was changed twice dailytiluthe skeleton was completely
decalcified. This process could take up to two geelepending on the thickness/size of the
sample. After decalcification was complete, theueswas removed from the solution, briefly
rinsed in tap water and placed in a 100 ml bea&ataining deionised water for 24 hours to
remove any remaining acid. The deionised water ete@sged at least once during the 24-

hour period. The samples were then stored in 70f%nel until further processing.
11.3 Embedding

The tissue samples were placed on a dissectionl lawat trimmed into several pieces with a
sharp scalpel. The sections were placed into pEddrplastic processing cassettes and the
tissue was dehydrated in several changes of ethamoblthen cleared with xylene. After
dehydration the embedding cassettes were plackdea changes of paraffin. For this step, a
vacuum oven was used to aid the removal of xylemkamy air bubbles trapped in the tissue.

Please refer to Table 1.1 for details.

Table 1l.1: Reagents and associated time usedsg&uwe dehydration.

Beaker Reagent Time (in minutes)
1 80% Ethanol 30
2 95% Ethanol 30
3 100% Ethanol 30
4 100% Ethanol 30
5 % Ethanol ¥2 Xylene 30
6 Xylene 30
7 Xylene 30
8 Xylene 30
9 Paraffin* 25-30
10 Paraffin* 25-30
11 Paraffin* 25-30

*Paraplast: melting pob6-60°C. Used for 5-10 mins with vacuum.
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The embedding cassettes were placed into a dighl fitith paraffin and kept warm on a
hotplate. L-shaped brass moulds were fitted arddfilvith fresh molten paraffin. Using
warm forceps, the tissue samples were transfemmu the cassette into the mould. The
mould was left overnight to ensure complete coolamgl hardening of the paraffin block.
Then the paraffin blocks were removed from the m@wrd mounted onto a wooden block by
gently warming the underside of the paraffin blogkh a hot scalpel blade, gluing the two

surfaces together.
I1.4. Sectioning

A water bath was filled with deionised water andcitee to about 30-40°C. The paraffin
blocks were placed into the microtome and 6-pmkthissue sections were cut using a
stainless steel-knife. Suitable tissue sectionevetiosen from the resulting ribbon, gently
placed onto the surface of the warm water batrekaxrthem and then carefully picked up
using a ‘superfrost’ slide. Three to four tissuetisms were placed onto one slide. The slides

were briefly drained, then left to dry for two daysd stored until staining.
[1.5. Staining

The paraffin was removed from the tissue by pla¢hegslides into three changes of xylene.
To remove the xylene the slides were placed inteetlthanges of absolute ethanol. To re-
hydrate the tissue, the slides were placed in 968 70% ethanol (H&E) or 80% ethanol

(aniline blue) followed by deionised water.
I.5.1 H&E

The slides were placed in Ehrlich’s hematoxylin @hd excess stain was washed out by
placing the slides in a sink with flowing tap watdio differentiate the hematoxylin, the
slides were dipped into 1% acid alcohol and subsettyiplaced into deionised water. Next,
the slides were placed in ammonium hydroxide sotutintil the tissue turned blue. To
remove excess solution, the slides were again g@lade a sink with running tap water and
then into deionised water. To prepare the slideshe eosin solution they were placed into
95% ethanol and then stained in eosin. To diffeséntthe acidophilic components and
remove excess stain, the slides were placed incframges of 95% ethanol. To stop the
differentiation, the slides were placed in 100%aath then cleared with xylene. Finally, a

coverslip was applied using DPX mounting mediumfeRt&o Table 1.2 for details.
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Table 11.2: Staining protocol for hematoxylin anasén.

Beake Reager Time
(minutes each change)
1 Xylene (3 changes) 3
2 100% Ethanol (3 changes) 2
3 95% Ethanol 2
4 70 % Ethanol 2
5 Deionised water 2-5
6 Ehrlich’s hematoxilyn 2
7 Running tap water 3
8 1% acid alcohol 1-2 seconds
9 Deionised water 2-5
10 Ammonium hydroxide 1
11 Running tap water 3
12 Deionised water 2-5
13 95% Ethanol 2
14 Eosin 1%
15 95% Ethanol 2
16 Fresh 95% Ethanol 2-5
17 100% Ethanol (3 changes) 3
18 Xylene (3 changes) 3
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11.5.2 Aniline blue

The slides were placed in the preheated azocar@is@ution at 56 °C and then rinsed in 1%
agueous acetic acid to remove the excess staier Afising the slides in distilled water they
were differentiated in aniline-alcohol solution aswhked in phosphotungstic acid solution,
followed by another rinse in deionised water. Thdes were then placed in aniline blue
solution and rinsed again in deionised water toowmthe excess stain. Tissues were
dehydrated in ethanol, cleared with xylene and weip applied using DPX mounting

medium. See Table 11.3 for details.

Table 11.3: Protocol for aniline blue stain.

Beaker Reagent Time
(minutes each change)
1 Xylene (3 changes) 3
2 100% Ethanol (3 changes) 2
3 95% Ethanol 2
4 80 % Ethanol 2
5 Deionised water 2-5
6 Ehrlich’s hematoxilyn 2
7 Azocamine G 15
8 Phosphotungstic acid 15
9 Deionised water 2
10 Aniline blue 15
11 Deionised water (3 changes) 2
12 95% Ethanol (2 changes) 2
17 100% Ethanol (3 changes) 3
18 Xylene (3 changes) 3
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Appendix Il

Supplementary histology images
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Fig Ill.1: Porites compressa stained with H&E. Oral orientation. A & C: Healtlpplyp showing high densities
of Symbiodinium cells (arrowhead). B & D: PBTL-affected polyp shagilower densities oSymbiodinium
cells (arrowhead). E: epidermis of healthy samplewdng high densities ddymbiodinium cells and melanin-
containing granular cells. F: epidermis of PBTLeated sample showing lower densitiesSgrihbiodinium cells

and melanin-containing granular cells. m = mouthjéntacle, z = zooxanthellae.
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I11.2. Aniline blue

111.2.1 Introduction

A modified version of Heidenhain’s azocarmine-argliblue method (see Appendix 1.5.2)
was attempted for a comparison of the conditioSyofibiodinium cells. Healthy whole algal

cells are supposed to stain a different colour ttegrading cells or debris:
Mesogloea: stain bright blue (from the aniline hlue

Nuclei and granular cells: stain orange to red

Symbiodinium: healthy cells stain reddish; degrading cellsefris stain green
Mucus: often stains light blue

[11.2.2 Methods

See Appendix I

[11.2.3 Results

The stain did not appear to work accurately bec&yswiodinium cells in both healthy and
PBTL-affected samples either stained mostly gregh @ccasional red or did not stain at all
(brown). It is unknown why the stain did not workcarately because the methodology was
used previously and described by experienced coa#thologists, such as Ester Peters
(Histotechnigues and Histology of the Anthozoansgk8bop, HIMB 2004).

It was expected to find mostly regymbiodinium cells in healthy samples, but because the
majority did not stain at all (Fig. 1ll.2 A-D) nooaclusions could be drawn about possible

differences irSymbiodinium cell integrity between healthy and PBTL-affectadples.

Samples stained with the aniline blue method alsmwved tissue debris in PBTL-affected
samples (Fig. Ill.2 E & F) as observed with the H&&in.
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Fig. IIl.2: Porites compressa stained with aniline blue. A: Healthly. compressa. Note unstained, brown
Symbiodinium cells (arrowhead). B: PBTL-affectd®l compressa. Note mostly gree®ymbiodinium cells with
occasional brown, unstained cells (arrowhead). ETRPaffectedP. compressa. Note mostly brown, unstained
Symbiodinium cells (arrowhead). D: PBTL-affectd®l compressa. Note effaced epidermis (arrowhead) and
unstained (brown)Symbiodinium cells. E: PBTL-affectedP. compressa. Note mucus with cell debris
(arrowhead). F: PBTL-affectddl compressa. Note mucus and cell debris (arrowhead).
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Appendix IV

Microbial comparison of healthy and PBTL-affected samples

IV.1 Introduction

If a microorganism can be isolated in pure cultusejentists can test a variety of
physiological and biochemical traits to identifyetlorganism (Amann et al. 1995). Even
though only a fraction of the existing microorganssare culturable species (Amann et al.
1995), maintaining pure pathogen cultures is oageslvantage if one wants to fulfil Koch’s
postulates (Koch 1891) or study pathogen virulemeder varying conditions. In addition,
using growth media to isolate putative pathogensaisvery cost-efficient method.
Nevertheless, to fully characterize microbial adsleges and determine microbial changes
due to disease, non-culture-based techniques, asiglequencing and metagenomics, are of
great interest. As these techniques are very elmensowever, culture-based techniques

often provide an adequate start in investigatingmtal microbial pathogens.

The causative agent of several coral diseasesd@asilientified as bacteria (Kushmaro et al.
1996; Ritchie and Smith 1998; Patterson et al. 2@@hner et al. 2003; Casas et al. 2004,
Sussman et al. 2008), many of which belong toMiteio family (Ritchie and Smith 1998;

Kushmaro et al. 2001; Sussman et al. 2008)cio spp. have been shown to infect various
marine organisms (Bullock 1977; Saulnier et al. @OBomalde and Barja 2010) causing

primary or secondary/opportunistic infections (®& et al. 2000).

To investigate if bacteria may be involved in tlaeigation of PBTL, culture-based techniques
were used to explore possible differences in thedbal abundance of healthy and PBTL-
affected colonies. Specifically | investigated:general bacterial numbers; and 2) number of

Vibrio spp.
IV.2 Methods
IV.2.1 Sampling

Small (2 cm), paired samples of healthy colonies and PBTLes#fé colonies (areas
showing disease signs and neighbouring apparemhitity areas) were sampled around
CIMR in June 2010 (see Appendix 1.3 for sample gigsi Samples were immediately
returned to the lab in individual, re-sealable fiabags and processed within one hour of

collection.

161



IV.2.2 Mucus collection

One half of the paired fragments was used for mgoliection. Mucus was pipetted off the
coral fragment and transferred into sterile 1 mp&mpdorf tubes. Approximately 0.5 — 1 ml

mucus was collected from each fragment.
IV.2.3 Coral tissue slurry

The other half of the paired fragments was usqudépare a tissue slurry. The coral fragment
was weighed and then crushed in a sterile morttr 20 ml of sterile filtered seawater. The

slurry was transferred into a sterile 50-ml Faltape and left to settle for 10 minutes, so that
heavier particles (e.g. skeleton) could sink tolib#om of the tube. Because the tissue slurry

was very thick, only the top layer was used forsggjuent culture attempts.
IV.2.4 Plating

Dilutions (10, 10% and10?), using sterile filtered seawater, were preparethfthe tissue
slurry and mucus samples. Each dilution (undilute@®, 10° and 10% was plated on
Glycerol Artificial Seawater media (GASW) arthiosulfate Citrate Bile Salts sucrose agar
(TCBS) (three replicates each) using 50 pl of semapld kept in a dark incubator (37 °C) for
2-3 days. GASW is a growth medium that allows mizestteria to grow, whereas TCBS is
highly selective foibrio spp.

The remaining samples of undiluted mucus and slweye split in half, and one half was
frozen with glycerol (to ensure survival of bacéefor possible experiments) and the other

half was frozen without any additions (for possidguencing).
IV.2.5 Bacterial counts

All colony forming units (CFUs) were counted on legatate. The average number of CFUs

from the three replicate plates for each sampleusas in statistical analyses.

From each plate, a number of CFUs were chosen haphg and transferred onto patch
plates (GASW) to create a library of pure cultueetieria. The patch plates were placed in
the incubator for 2 days and the individual CFUsr&then transferred into tubes containing
liquid GASW growth medium. The tubes were placediton shaker for 2 days or until the

medium turned cloudy. One half of the medium wagdn with glycerol and the other half
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without additions for possible future experimenitstotal >1000 pure culture bacteria were

frozen.
IV.3 Statistical analyses

Because the dilutions, for both slurry and mucusd, bt show much bacterial growth

(CFUs), only the undiluted samples were used falyses.

The assumptions of normality and equal varianceewet met, therefore a Kruskal-Wallis
test was performed using SPSS (PASW 18) to tesdifterences in numbers of CFUs
between healthy, apparently healthy and diseaseglsa of mucus (n = 13) and slurry (n =
10).

IV.4 Results

Overall, tissue slurry had significantly higher sl numbers than mucug (= 6.040, df =

1, p = 0.014) (Fig. IV.1). Fig IV.2A shows a slightrease in bacterial numbers in the mucus
of diseased areas of the coral, however no sigmfidifference was found in the number of
CFUs between healthy, apparently healthy and deskaamples for mucus and tissue slurry
(x> = 1.753, df = 2, p = 0.416 and = 0.637, df = 2, p = 0.727, respectively) (se® &liy.
IV.2B).
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Fig. IV.1: Average number of colony forming uniGKU) (+ SE) in mucus and tissue slurry from healtHid
= healthy healthy), apparently healthy parts of PBiffected (HD = healthy diseased), and diseasetb [ud
PBTL affected (DD = diseased diseased) coloniesGASW B: TCBS
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Overall, there was no significant differences betwéhe number dfibrio cells in the mucus
and slurry ¢* = 0.626, df = 1, p = 0.429) (Fig. IV.1B). There svalso no significant
differences between the number\4brio cells in healthy, apparently healthy and diseased
samples, either in the mucus or sluyy ¥ 4.082, df = 2, p = 0.130 and = 0.003, df = 2, p

= 0.998, respectively) (see also Fig. IV.2C & D).
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Fig. IV.2: Average number of colony forming uni@RU) (£ SE) in mucus and tissue slurry from heal(this),
apparently healthy parts of PBTL-affected (HD), aiigbased parts of PBTL-affected (DD) colonies.miicus
GASW B: slurry GASW C: mucus TCBS D: slurry TCBS

IV.5 Discussion

No significant difference was found in bacteriabatlances (both broad-spectrum afilorio
spp.) between healthy and PBTL-affected colonieggesting that bacteria are not the cause
of PBTL. In contrast, an analysis of the microlmammunity associated with mucus from
GAs in P. compressa from Hawaii revealed more culturab\brio spp. from GAs than
healthy colonies (Breitbart et al. 2005). Howear many bacteria are not culturable, further
investigations into the microbial consortium of liley and PBTL-affected samples, using

non-culture based techniques, are needed to ctasfyole of bacteria in this disease.
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Appendix V

Supplementary material for Chapter 4
V.1 Benthic cover

P. compressa is the dominant coral on the reefs around CIMR §%3), followed byM.
capitata (21.2%); P. damicornis abundance is low (0.2%). Rubble and dead cordéske
are low to medium at individual sites, and 8.2% amdo, respectively, for CIMR overall.
Both, algal and sponge cover are similar at théviddal sites, and very low overall (<1%)
(Table V.1). Individual sites differ, however, inetir coral species composition. For example,
at site DM. capitata cover is higher thaR. compressa cover, and site J has roughly equal

cover of both species. All other sites are domith&ieP. compressa (Fig. V1).

Table V.1: Benthic cover (%) at all eight sitesward CIMR and overall average cover for CIMR (+ SEE =
Porites compressa, MC = Montipora capitata, PD =Pocillopora damicornis, dead = dead coral skeleton, rub =

coral skeleton rubble, sil = silt/sand, Sp = sporge algae

site PC MC PD Dead Rub Sil Sp Al

A 75.6 7.6 0 8.8 4.6 2.6 0.1 0.3
B 64.3 13.9 0.2 12.6 6.4 2.0 0.1 0.3
C 40.6 29.6 0.5 9.9 12.5 6.7 0.1 0.1
D 30.3 47.1 0.1 10.0 8.1 4.1 0.2 0.2
G 52.1 12.8 0.1 8.4 12.4 12.9 0.9 0.5
H 60.1 17.4 0.4 7.2 5.9 8.9 0.1 0.2
| 68.1 11.8 0.1 7.6 3.1 8.2 0.2 0.9
J 30.0 29.6 0.5 10.5 12.3 15.4 0.7 0.8
CIMR 52.6 21.2 0.2 9.4 8.2 7.6

6.1 4.7 +0.1 0.6 +1.3 +1.7 +0.1 +0.1
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Fig. V1: Benthic composition (% cover) at all eigiites around CIMR.

Table V.2: Summary of Table V.1 showing overall alocover (all species combined), overall amount of
substrate (dead coral, rubble and silt combined) @ther organisms (sponges and algae) for eachasiie

overall average (+ SE) for CIMR.

site Coral cover  Substrate Other organisms
A 83.14 16.01 0.42

B 78.43 21.01 0.39

C 70.76 29.06 0.21

D 77.45 22.12 0.42

G 65.02 33.64 1.35

H 77.83 21.88 0.28

I 80.01 18.86 1.13

J 60.13 38.24 1.48
CIMR 74.1+2.8 25.1+2.7 0.7+0.2
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Overall, coral cover is very high around CIMR (74%#)d it varies between 60 — 83% at
individual sites. Substrate, such as sand and eulbhkes up most of the rest of the reef,

with other reef organisms (sponges and algae) septed with < 1% (Table V.2 and Fig.
V2).

100 A

80 4

;\3 Il Coral Cover
‘g [ Substrate
2 60 1 [ Other organisms
5]
<
©
S 40
[0)
o

20 4

0 -

A B C D G H J
Site

Fig. V2: Summary of Table V.1 showing overall coral covdr §pecies combined), overall amount of substrate

(dead coral, rubble and silt combined) and othgaoisms (sponges and algae) for each site.
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V.2 Transmission experiment

Fig. V.3 shows the treatment set-up for the trassion experiment described in Chapter 4.

/=

Fig. V.3: Set-up of transmission experiment. A&Bdividual aquaria placed inside a water bath (wiztkle) of
either ambient or increased water temperature.r€atiment aquarium with 2 healt®y compressa fragments
from the same colony, one of which is touching & PRffected fragment (arrowhead) from a differeatony.
D: Control aquarium with 2 healthy. compressa fragments from the same colony, one of which ihing

another healthy fragment from a differéhtcompressa colony.
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V.3 Environmental predictors
Additional information on the environmental predist used in Chapter 4:

Fig. V.4 shows the PCO plot used to choose eitientean or SD of the predictor, and Table
V.3 and Fig. V.5 show mean and SD values of enwiramtal predictors.

4 —
G
Chl-a SD .

- | salinilty SD parrotfish
-§ 2 temperature SD parrotfish SD
©
.g host cover Chl-a
‘_>° e / water motion
:§ turbidity J t o
3 Temperature B
o C
3 |
N
@) D,
o 2T A salinity | terflyfish SD
* butterflyfish D

-4 I I I :

-4 2 0 ’ )

PCO1 (42.9% of total variation)

Fig V.4: Principal Coordinates (PCO) plot visualigithe similarity of the different survey sites JAand the

correlated change in environmental conditions (reeard SD).
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V.4 PBTL progression

Fig V.6: Paired fragments of one PBTL-affect®d compressa colony. A: Fragment in ambient water
temperature (24-25 °C) photographed once a week @dtlection (first 4 photos) and the fifth phatoows the
same fragment at the end of the experiment (apmabely 2 months after collection). Note loss ofrpantation
and tissue loss over time with the start of re-gigtation at the end. B: Fragment in increased wate
temperature (27 °C) photographed once a week @dtiaction. Note the consistent and fast tissue loith the

fragment being completely dead by week 4.
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Appendix VI

PBTL prevalence and temperature data from 2010

VI.1 Methods

Prevalence surveys were carried out around CIMRIay, August and October 2010. Eight
permanent sites were surveyed using five 10 x Znttansects with 5 m gaps in between
transects. Everf?. compressa colony that fell within the belt was counted an@dmined for
signs of PBTL. Prevalence was calculated as: (nunabePBTL affected colonies/total

number of colonies) x 100, for each transect.

Temperature data were collected at each site usiH@BO®Pro data loggers
(www.onsetcomp.com) with an accuracy of + 0.2 °@Ge Toggers were placed at the depth of
the transect and recorded continuously every 30froim late May to early August and late
October to early November 2010.

VI.2 Statistical analysis

As prevalence data did not meet the assumptionsoohality and equal variance, a non-
parametric repeated measures analysis (Friendnbestswas carried out in SPSS (PASW
18) to determine any differences in prevalence betwsurvey sites (A-J) and survey months
(May, August and October). A non-parametric Spearcw@relation analysis was carried out

in SPSS (PASW 18) to determine a possible coroelaif temperature and prevalence.
VI.3 Results

PBTL prevalence differed at the individual sitesg(W1.1A) and during different survey
months (Fig VI.1B), with the highest prevalenceeed in August. However, no significant
difference in disease prevalence was found betwleeithree monthgf = 4.75, df = 2, p =
0.093) or the different survey siteg € 12.778, df = 7, p = 0.078). The peak prevalence
coincided with warmer water temperature during shenmer (Fig VI.1B) and a significant
correlation was found between water temperaturepaiedalence (Spearman r = 0.576, n =
24, p = 0.003) (Figure V1.2).
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VI.4 Discussion

Higher water temperature appears to correlate antlincrease in prevalence in 2010 (as it
did in 2011). The non-significant results of difaces in PBTL prevalence between survey

sites and survey months were likely due to the sgaahple size and loss of power with the
non-parametric test.
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Appendix VII

Do changes in salinity cause the observed localizbtbaching?
VII.1 Introduction and Method

Changes in salinity (due to high rainfall or fresiter seeps) can cause bleaching in corals
(Coles 1992). To determine if changes in salinitg. (possible freshwater seeps) could be
responsible for the observed bleaching (PBTL), watemples were taken with a 50 ml
syringe from between the branches of PBTL-affeci@dnies (n = 15) and adjacent healthy
neighbouring colonies (n = 15), and from the watelumn (n = 5). The samples were
returned to the lab and immediately analysed fbnisausing a refractometer (Aquatic Eco-
System, Model RHS-10ATC). Three readings from esahple were taken.

VII.2 Data analysis

The three individual readings for each salinity pewere averaged and because the data did
not meet the assumptions of normality, a Kruskali®/géest using SPSS (PASW Statistic
18) was carried out to test if salinity levels diffd between water samples taken from the

water column, and adjacent to healthy and diseesiedies.
VII.3 Results

No significant difference was found between salirfiom water samples taken from the
water column and adjacent to healthy and PBTL-&fbcolonies)¢ = 0.044, df = 2, p =

0.978). Water samples from the water column, adjate healthy colonies and PBTL-
affected colonies had a mean (x SE) of 35.33+0.138,36+0.1%. and 35.36x0.1%.,

respectively.
VIl.4 Discussion

As no differences in salinity were found betweernieraamples taken adjacent to healthy and
diseased colonies, as well as from the water colinman be assumed that PBTL is not
caused by freshwater seeps. A refractometer wabktaseeasure salinity which is unlikely to
have detected very small-scale changes in thisyetea. However, Coles (1992) determined
that P. compressa in Hawaii can withstand salinity levels of as las 20 ppt (paling) but
remains normally pigmented at 25 ppt. A drop innsigl to 20%. would have been detected
by this method.
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Appendix VIII

Adjusted allele frequencies

Allele frequencies for the loci deviating from tHRVE were regenerated (Fig. VIII.1) using
MicroChecker and adjusted genotype frequencies weakeulated from these allele
frequencies. The regenerated genotype frequenaes thven used to re-calculatgrind Rt
values with non-interpolated and interpolated migsiata (Table VIII.1). Overall, the results
did not change significantly. Locus PL2258 wasl $olund to be significantly different
between healthy and PBTL-affected samples by begtlaid Ryt (with non-interpolated and
interpolated missing data). However, mos¢ #alues for the interpolated missing data

changed to non-significant differences from zemdjdating no interbreeding.

Table VIII.1: sy, Rs, Rst and Rs values for an estimation of genetic differentiatiof healthy and PBTL-
affected samples for all loci combined and indiabloci comparisons using adjusted genotype frecjesn
Values were calculated using an AMOVA with both soterpolated and interpolated missing data.
Significance level for fixation indices: * = p <®@@&nd ** = p <0.005. (A Bonferroni-correction fdri¢ sample

size recommends a significance level of p <0.005).

Locus Non-interpolated missing data Interpolated nésing data
Fst Fis Rst Ris Fst Fis Rst Ris

PLO340 | -0.013 0.324* -0.012 0.620*F -0.027 0.047 0.025 0.072
PLO780 | -0.011 -0.041 -0.005 -0.272 -0.017 0.144 01b. 0.168*
PLO905 | -0.022 0.306** -0.026  0.611*F -0.029 0.064 0.028 0.111
PL1551 | -0.003  0.265** 0.004 0.691* -0.008 0.043 .0I® 0.148
PL1629 | -0.009  0.489** 0.006 1.000*F 0.002 -0.061 0@ -0.061
PL1868 | 0.005 0.219** -0.027 0.680*F 0.021* 0.057 004 0.107
PL1483 | 0.015 0.179** 0.056 0.950*F 0.016 0.132* D40 0.101
PL1556 | 0.024 0.416** 0.030 0.998* -0.005 0.172 O@L 0.386*
PL2258 | 0.054* 0.170* 0.087* 0.307*| 0.068** 0.031 0.058* 0.193

overall | 0.004 0.227** 0.016 0.504*t 0.005 0.072**0.007 0.118*
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Appendix IX

Comparison of fluorescence in healthy and PBTL-affeted tissue
IX.1 Methods

One sample of a healthy colony and one sample PBBL-affected colony were collected

from CIMR and transferred into a glass dish filleith seawater. Shortly after collection, the
samples were brought into the lab and a smalldissation was cut of the coral finger using
a razor blade. The tissue section was then placddruhe confocal microscope and imaged.
A 3-D tile system using Z-stacks was used to creatémage that shows multiple polyps.

The coral tissue was not fixed before imaging andhows fluorescence of living tissue.

Fig. IX.1: Confocal image dP. compressa. A & B: healthy coral. C & D: PBTL-affected corarrows point to

individual polyps. Green: host tissue; r&imbiodinium; blue: skeleton
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IX.2 Results and Discussion

The PBTL-affected sample showed less intense gfie@nescence in comparison to the
healthy sample, which could indicate less densai¢igFig. 1X.1). In Chapter 3, a reduction
in tissue thickness of PBTL-affected samples wamdo The reduced green fluorescence in

the PBTL-affected sample may reflect tissue thignin

In the healthy sampl8ymbiodinium cells appeared to be clustered in the tentaclage wn
the PBTL-affected sampl8ymbiodinium cells appeared more scattered (Fig. 1X.1). Overall
there was no apparent differenceSymbiodinium cell density. However, the thicker tissue
(i.e. green fluorescence) may have masked sonteeatd fluorescence of tt8ymbiodinium

cells in healthy samples.
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Appendix X

Published Manuscripts

The versions of all published manuscripts are gedion the following pages.

X.1
Sudek M, Aeby GS, Davy SK (2012) Localized bleaghim Hawaii causes tissue loss and a

reduction in the number of gametedorites compressa. Coral Reefs 31:351-355

X.2:

Sudek M, Work TM, Aeby GS, Davy SK (2012) Histologii observations in the Hawaiian
reef coral Porites compressa, affected byPorites bleaching with tissue loss (PBTL). Journal
of Invertebrate Pathology 111:121-125

X.3:

The third manuscript is currently submitted and¢hare not provided at this point.

Sudek M, Williams GJ, Runyon C, Aeby GS, Davy SK (eview) Disease dynamics of
Porites bleaching with tissue loss: prevalence, transmisaitd environmental drivers.
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Abstract Localized bleaching (a discrete white area on
the coral) was observed in one of the main framework-
building corals in Hawaii, Porites compressa. This study
aimed to determine the degree of virulence of the lesion.
We investigated the whole-colony effects by following
disease progression through time and examining the
effect of localized bleaching on coral fecundity. After
two months, 35 of 42 (83.3%) individually tagged colonies
affected by localized bleaching showed tissue loss and
partial colony mortality. Histological slides of healthy
P. compressa and samples from colonies showing signs of
localized bleaching were compared showing that affected
colonies had a significant reduction (almost 50%) in
gamete development, egg numbers, and egg size in the
affected tissue. The observed localized bleaching results in
both partial colony mortality and a reduced number of
gametes and was termed Porites Bleaching with Tissue
Loss (PBTL).

Keywords Coral disease - Coral bleaching -
Reproduction - Porites compressa - Histology
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Introduction

A disease by definition is any interruption, cessation or
disorder of body functions, systems or organs and can be
caused by either biotic or abiotic factors (Webster 2011).
In the case of corals, diseases manifest in three main ways:
tissue loss, growth anomalies, or discoloration (Work and
Aeby 2006). Coral bleaching is a discoloration of the coral
tissue due to the loss of the endosymbiotic dinoflagellates
(Symbiodinium sp.) and/or their photosynthetic pigments
(Glynn and D’Croz 1990; Hoegh-Guldberg and Salvat
1995). It can be caused by abiotic factors including high or
low seawater temperatures (Glynn 1996; Mdodo and Obura
1998; Hoegh-Guldberg and Fine 2004), high light and
excessive UV radiation (Drollet et al. 1995; Glynn 1996),
or it can also be caused by biotic factors such as bacterial
infections (Kushmaro et al. 1996; Ben-Haim et al. 1999).
For example, in Oculina patagonica from the Mediterra-
nean (Kushmaro et al. 1996) and Pocillopora damicornis
from the Red Sea (Ben-Haim et al. 2003), a bacterial
infection by Vibrio spp. causes bleaching and lysis of
zooxanthellae (Ben-Haim et al. 1999). Coral bleaching
could therefore be considered a sign of disease that can
have abiotic or biotic causes (Jokiel 2004).

Mass coral bleaching has caused extensive coral mor-
tality due to prolonged periods of increased sea surface
temperatures often coinciding with strong El Nifio events
(Glynn and D’Croz 1990; Hoegh-Guldberg 1999). Entire
reef systems can be affected on large geographical scales
causing most corals to bleach (Hoegh-Guldberg 1999).
In contrast, localized bleaching is a discrete area on a
coral colony that shows white discoloration of the tissue.
It has previously been recorded in poritid corals but little
is known about this lesion (Work and Rameyer 2005).
We observed localized bleaching in Kaneohe Bay, Oahu,
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affecting Porites compressa, one of the main framework-
building corals around Hawaii (Maragos 1972; Jokiel
1987). It usually manifests as a diffuse area of white
discoloration, with a central or peripheral location on the
colony (Fig. 1a) which can, in smaller colonies, progress to
envelop the entire colony (Fig. 1b). The bleaching typi-
cally displays a speckled pattern with polyps remaining
brown, while the coenosarc appears bleached (Fig. 1c); the
bleaching can progress to include the polyps as well.
The observed bleaching pattern, however, appears different
from thermally induced coral bleaching as it occurs all year

Fig. 1 Porites compressa colonies affected by localized bleaching.
a Localized bleaching. b An extreme case with colony-wide
bleaching. ¢ Close-up showing the discolored coenosarc and
pigmented polyps. Photo credit: Christina Runyon

@ Springer

round during times when water temperatures are well
within the coral’s thermal tolerance thresholds. In addition,
adjacent corals of the genus Montipora and Pocillopora,
which in general are more susceptible to thermal bleaching
(Jokiel and Coles 1990; Aeby et al. 2003; Kenyon et al.
2006), show no signs of bleaching at times when localized
bleaching in P. compressa is observed.

Our main objective was to determine the degree of
virulence (harm to host) of localized bleaching on the coral
colony by measuring the following: (1) disease progres-
sion, using individually tagged colonies; and (2) the effect
on gametal development, using histological techniques.

Materials and methods
Tags

Forty-two colonies affected by localized bleaching were
tagged around the perimeter of Coconut Island, Kaneohe
Bay, Oahu, Hawaii (21°26.000'N, 157°47.000W) in
August 2010 and revisited in October 2010. All colonies
were photographed and the percentages of healthy and
affected tissue, as well as dead skeleton, were visually
estimated in situ. The complex three-dimensional structure
of P. compressa colonies prevented an estimation of the
affected area by digital analysis, necessitating the use of
the semi-quantitative visual technique.

Reproductive output

Porites compressa is a gonochoric broadcast spawner that
spawns during full-moon periods between June and August
(Neves 2000). Fragments (3 cm?) of P. compressa (22
fragments from healthy colonies and 31 fragments with
evidence of localized bleaching) were collected from the
reef crest around Coconut Island in June 2010, 2 days
before full moon and the first spawning of the season, so
increasing the chance of finding well-developed gametes.
Samples were fixed in zinc-formaldehyde solution, decal-
cified in HCl buffered with EDTA, and embedded in
paraffin. The wax blocks were sectioned at 6 pm using a
rotary microtome, stained with hematoxylin and eosin, and
examined under a light microscope to determine the sex of
the coral and assess the reproductive state of the gametes.
The number of eggs was recorded within 5 haphazardly
selected polyps from each reproductively active diseased
and healthy female; this replication controlled for any
errors arising from different planes of the histological
sections. The maximum diameter of each egg within these
polyps was measured using Image_J; volume could not be
measured due to the limitations of the histological method
used.
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Data analyses

The data met the assumptions of normality but not equal
variance. A two-sample r-test (equal variances not
assumed) was carried out on replicate means using SPSS
(PASW Statistics 18) to determine any differences in egg
numbers and/or size between healthy colonies and those
affected by localized bleaching.

Results and discussion

After two months, 35 out of 42 (83.3%) tagged colonies
suffered an average partial colony mortality of 30.1%
(range: 10-100%). However, partial re-pigmentation was
also observed in 81% of cases, suggesting that the coral
was, at least partially, able to recover from the disease.
A similar pattern has been observed in other coral diseases.
Montipora white syndrome (MWS) in Hawaii causes
partial to total colony mortality but recovery occurs in
approximately 30% of cases (Aeby et al. 2010). Porites
ulcerative white spot disease (PUWS) from the Philippines
causes small white lesions that can either regress or pro-
gress to tissue necrosis and cell death (Raymundo et al.
2003). Factors contributing to either recovery or mortality
from a coral disease are still poorly understood.

All healthy P. compressa samples (n = 22) contained
well-developed gametes (either oocytes or spermaries).
In contrast, only 54.8% of colonies affected by localized
bleaching had developed gametes. Nine out of the 22

Fig. 2 Porites compressa.

a Longitudinal section of a
healthy female showing well-
developed oocytes containing
eggs. b Longitudinal section
of a healthy male showing
well-developed spermaries.

¢ Longitudinal section of a
female affected by localized
bleaching showing
underdeveloped oocytes
containing small eggs.

d Longitudinal section of a male
affected by localized bleaching
showing underdeveloped
spermaries; O = oocytes,

Sp = spermaries, T eggs, all
images x 10 magnification.
Scale bar = 200 pm

healthy samples and 6 out of the 17 samples affected by
localized bleaching were females, which were used for egg
counts and measurements. A significant difference was
found between both the number of eggs (df = 7.421,
t =5.031, p = 0.001) and the size of eggs (df = 8.141,
t = 6.209, p < 0.001) in healthy versus diseased colonies.
Healthy samples contained 4.9 £ 0.3 (mean + SE) eggs
per polyp with a maximum diameter of 44.6 £ 2.3 um
(mean &= SE) (n = 9). In contrast, samples affected by
localized bleaching contained 1.6 £ 0.6 (mean + SE) eggs
per polyp with a maximum diameter of 23.9 & 2.4 pm
(mean £+ SE) (n = 6). Healthy corals produced more and
larger eggs (Fig. 2).

This study showed that localized bleaching in P. com-
pressa causes a significant reduction in gamete develop-
ment in both sexes. Almost 50% of the samples affected by
localized bleaching developed no gametes, and all females
that had gametes produced fewer and smaller eggs than did
healthy colonies. Two female colonies affected by local-
ized bleaching contained only under-developed oocytes
with no eggs.

These results show that gametal development in
P. compressa is significantly compromised in areas affec-
ted by localized bleaching. Similarly, thermal bleaching
has also been shown to have a negative effect on the
reproduction of many coral species (Szmant and Gassman
1990; Ward et al. 2000), though interestingly, Cox (2007)
found no decrease in reproduction in thermally bleached
colonies of Montipora capitata, which has the ability to
increase its heterotrophic feeding rates after bleaching
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(Grotolli et al. 2006). The impact of bleaching on coral
reproduction is most likely linked to the loss of zooxan-
thellae, as these contribute over 90% of the coral’s energy
requirements through photosynthesis, and support coral
growth and reproduction (Muscatine et al. 1984). Alter-
natively, oocytes contain a very high concentration of
lipids that can provide energy when resources are limited
(Weil et al. 2009) and could be re-absorbed, as has previ-
ously been recorded in stressed corals (Neves 2000; Okubo
et al. 2009).

Sexual reproduction in corals is strongly influenced by
biotic and abiotic stressors such as pollution (Guzman and
Holst 1993; Cox and Ward 2002), sedimentation (Fabricius
2005) and competitive interactions (Rinkevich and Loya
1985; Tanner 1995). Diseases are a drain on energy
resources to the host and are therefore very likely to impact
reproduction, however, comparatively few studies in the
coral disease literature have measured the effect of disease
on the reproductive output of corals. In the Caribbean, a
decreased reproductive output was found in Montastraea
faveolata affected by yellow band disease (Weil et al.
2009) and by white plague (Borger and Colley 2010).
A localized suppression of reproduction has also been
shown in Caribbean sea-fan octocorals suffering a fungus
or protist infection (Petes et al. 2003).

The reproductive effort of an individual can be used as
an evaluation of general fitness (Metz et al. 1992). For
corals, fertilization success, larval dispersal, recruitment,
and survivorship drive population dynamics and coral reef
regeneration (Hughes and Tanner 2000; Vermeij 2005,
2006), and even a small reduction in reproductive output
can have the potential to cause severe negative impacts on
recruitment (Hughes et al. 2000). The negative impact of
diseases on the reproductive output of corals should
therefore not be neglected. Indeed, in the case of disease
outbreaks, reduced reproduction in addition to colony
mortality could have major impacts on reef resilience and
longevity.

The observed localized bleaching results in both partial
colony mortality and reduced gametal development of the
coral, and the disease was termed Porites Bleaching with
Tissue Loss (PBTL). P. compressa is one of the main
framework-building corals in Hawaii, and so PBTL has the
potential to impact the population structure and resilience
of Hawaiian reefs. This study is part of an ongoing project
investigating the pathogenesis of PBTL.
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The scleractinian finger coral Porites compressa is affected by the coral disease Porites bleaching with tis-
sue loss (PBTL). This disease initially manifests as bleaching of the coenenchyme (tissue between polyps)
while the polyps remain brown with eventual tissue loss and subsequent algal overgrowth of the bare
skeleton. Histopathological investigation showed a loss of symbiont and melanin-containing granular
cells which was more pronounced in the coenenchyme than the polyps. Cell counts confirmed a 65%
reduction in symbiont density. Tissue loss was due to tissue fragmentation and necrosis in affected areas.
In addition, a reduction in putative bacterial aggregate densities was found in diseased samples but no
potential pathogens were observed.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

In recent decades, coral diseases have increased in prevalence
and geographical extent worldwide, threatening the health and
survival of coral reefs (Harvell et al., 2004; Sokolow, 2009). How-
ever, descriptions of most coral diseases have been based on
field surveys, and many diseases lack systematic morphological
descriptions at both the gross and cellular levels (Work et al.,
2008). Confounding the presence of lesions with causation of
disease without appropriate laboratory confirmation has led to
considerable confusion in the literature (Richardson, 1998; Work
and Aeby, 2011). The use of a standardized nomenclature that
provides a systematic morphological description of coral disease
lesions at the gross and cellular levels allows uncoupling of the
description of the lesion from the inference of causation and
comparisons across geographical areas (Work and Aeby, 2006,
2011; Work and Rameyer, 2005). Systematic descriptions of le-
sions at the gross and cellular levels provide the initial step in
the development of case definitions and may assist in identifying
possible pathogens (Work and Rameyer, 2005; Work et al.,
2008).

Porites compressa is one of the main framework building corals
in Hawaii. In Kaneohe Bay, Oahu, this species is affected by Porites

* Corresponding author. Fax: +64 4 4635331.
E-mail address: simon.davy@vuw.ac.nz (S.K. Davy).

0022-2011/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jip.2012.07.004

bleaching with tissue loss (PBTL) that manifests as diffuse areas of
white discoloration (secondary to translucence and visibility of
skeleton through tissue) of the coenenchyme with pigmented pol-
yps that are often retracted (Fig. 1). The lesion may be located in
the center or on the periphery of a colony or may be colony-wide
(on smaller colonies). In most cases, PBTL results in partial tissue
loss with subsequent algal colonization of the dead skeleton (Su-
dek et al., 2012).

Coral bleaching is defined as a de-pigmentation of the coral’s
tissues due to a disruption of the symbiosis between the endosym-
biotic dinoflagellates (Symbiodinium spp.) and the coral host; it is
typically characterized by the loss of the symbiotic dinoflagellates
(Glynn, 1996; Glynn and D’Croz, 1990; Hoegh-Guldberg and Smith,
1989). Environmental stimuli such as high or low seawater tem-
peratures (Glynn, 1996; Hoegh-Guldberg and Fine, 2004), high
light or UV radiation (Drollet et al., 1995; Glynn, 1996), or bacterial
infections (Kushmaro et al., 2001) can trigger this process. PBTL
does not appear to be a response to elevated sea surface tempera-
tures as it occurs only in isolated colonies at times when water
temperatures are well within the thermal threshold of this species.
Given the uncertain causes of this disease, we set out to character-
ize PBTL at the cellular level. Specifically, we measured tissue
thickness and Symbiodinium cell densities and described changes
at the cellular level. This study presents the first histological infor-
mation on PBTL, so providing a foundation for a case definition of
this disease.
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Fig. 1. (A) Healthy Porites compressa. Note regular brown coloration. (B) P.
compressa affected by PBTL (early stage). Note white discoloration of coenenchyme
and pigmented polyps but no signs of tissue loss. (C) P. compressa affected by PBTL
(progressive stage). Note beginning of tissue sloughing on the tips of the coral
branches (arrowhead).

2. Methods
2.1. Sample collection

Branches (2-3 cm?) of P. compressa (36 fragments with signs of
PBTL and 27 fragments from healthy control corals) were collected
from the reef crest around Coconut Island, Kaneohe Bay, Oahu, Ha-
waii (21°26.000'N, 157°47.000W) at a depth of 0.5-2 m in June
2010 and June 2011. The samples were fixed in 20% zinc-formalde-

hyde solution (1 part Z-Fix concentrate (Z-Fix® Anatech, Battle
Creek, MI, USA) in four parts filtered seawater) immediately after
collection.

2.2. Sample preparation

Samples were decalcified in 2.5% HCl buffered with 0.1% EDTA,
rinsed and stored in 70% ethanol until further processing. After
decalcification, all samples collected in 2010 (n = 53) were cut in
half with a razor blade (tip to bottom) and laid open; measure-
ments of tissue thickness were taken from the tip and the sides
of the coral fragment using a Kincrome®© Digital Vernier Caliper.
A 2 cm diameter core was then removed from one half of all con-
trol and diseased fragments with a cork borer placed at a distance
of 1 cm from the tip of the fragment. The core was homogenized
with 1 ml of 0.2 pm-filtered seawater in a tissue homogenizer
and algal cells were counted on a haemocytometer (Improved Neu-
bauer, Boeco Ltd., Germany), with eight replicate counts per core.
Cell densities were standardized to tissue volume of the core
(nr? x thickness).

The other half of the decalcified coral fragment was trimmed
and embedded in paraffin. Wax blocks were sectioned at a thick-
ness of 6 pm using a rotary microtome, and the resulting sections
stained with hematoxylin and eosin (H&E). Sections were exam-
ined at the microscopic level and lesions classified according to
the presence of: (1) necrosis characterized by cytoplasmic hypere-
osinophilia or fragmentation coupled with nuclear karyorrhexis,
karyolysis or pyknosis; (2) tissue fragmentation characterized by
loss of epidermis and exposure of the basal body wall and mesen-
terial filaments; (3) changes in Symbiodinium and melanin-con-
taining granular cell densities and/or morphology; and (4)
presence or absence of associated organisms.

We also observed putative bacterial aggregates (Peters, 1997) in
the tissues of P. compressa in both healthy and diseased samples
(Fig. 2A). All putative bacterial aggregates were enumerated in a
standardized 1712 x 1289 pm area of coral tissue approximately
1 cm below the branch tip.

3. Data analyses

The data for coral thickness, Symbiodinium cell densities and
bacterial aggregate counts were checked for normality and equal
variance. For coral thickness, these assumptions were met and a
two-sample t-test was used to determine differences in tissue
thickness between fragments affected by PBTL and control corals.
Data for Symbiodinium cell and bacterial aggregate counts did not
meet assumptions of normality and equal variance, so a non-para-
metric Mann-Whitney U test was used for comparisons.

4. Results

Branches affected by PBTL had significantly thinner tissue on
the tip (df=51, t=6.887, p<0.001) and sides (df=51, t=2.322,
p =0.024) than healthy controls (Table 1). Corals affected by PBTL
also showed a significant decrease in Symbiodinium cell density
(Mann-Whitney U =25, n=53, p<0.001) and in the abundance
of putative bacterial aggregates (Mann-Whitney U = 148.5,
n=>53, p<0.001) (Table 1). Of the healthy coral samples, 77% had
putative bacterial aggregates in the examined tissue section versus
26% of PBTL-affected samples. Putative aggregates were round to
oblong and ranged from approximately 170-1520 um? in PBTL-af-
fected samples and 175-1914 pm? in healthy samples.

Histological examination showed reductions in both Symbiodi-
nium and melanin-containing granular cell densities that were
more pronounced in the gastrodermis of the coenenchyme than
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Fig. 2. (A) P. compressa with PBTL. Note putative bacterial aggregate in epidermis (arrowhead). Inset shows a close-up of the bacterial aggregate. (B) P. compressa with
PBTL. Note ablation of the epidermis (arrowhead). (C and D) Normal P. compressa. Note regular columnar epidermis (arrowhead). (E) P. compressa with PBTL. Note attenuation
and ablation of epidermis with overlaying hyaline membrane (arrowhead). (F) Close-up of E. Note hyaline membrane overlaying epidermis that manifests as cytoplasmic

hypereosinophilia and karyorrhexis (arrowhead).

Table 1

Tissue thickness from the tip and side of the branches (mm), Symbiodinium cell densities (cells/cm®) and putative bacterial aggregates (number/mm?) in healthy control branches
of Porites compressa and branches affected by PBTL. Values are mean + SE and range. All pair-wise comparisons between healthy and PBTL-affected colonies were statistically

significant (p < 0.05).

Healthy Range (min-max) PBTL Range (min-max)
Tissue thickness: tip (mm) 6.08 +0.18 4.69-8.21 438+0.17 2.16-6.27
Tissue thickness: side (mm) 2.46 £0.07 1.84-3.19 2.21+£0.08 1.28-3.18
Symbiodinium density (cells/cm?) 1.4 x 10° + 74533.1 4.7 x 10°-2.1 x 108 4.8 x 10° +37027.8 1.5 x 10°-1.3 x 10°
Putative bacterial aggregates (number/mm?) 0.74+0.14 0-2.3 0.19 £0.07 0-1.8

in the polyps. Ablation of the epidermis associated with algal over-
growth (Fig. 2B) was observed in 39% of samples affected by PBTL.
Necrosis manifested as cytoplasmic hypereosinophilia and karyor-
rhexis overlaid by a hyaline membrane (Fig. 2E and F) and was ob-
served in 19% of samples examined. Tissue fragmentation (Fig. 3A-
C) was observed in 11% of PBTL-affected samples, and in two of
these samples, helminths were observed in the degrading tissue
(Fig. 3E). Clumps of diatoms were also found on the epidermis of
one diseased sample (Fig. 3F). No other microbial or metazoan

organisms were seen associated with diseased tissue for all
remaining samples.

5. Discussion
Corals affected by PBTL showed a significant loss of their sym-

biotic dinoflagellates (Symbiodinium spp.) and melanin-containing
granular cells, mainly from the gastrodermis of the coenenchyme.
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Fig. 3. (A) P. compressa with PBTL. Note tissue fragmentation and hyaline membranes effacing epidermis (arrowhead). (B) Close-up of A. Note cell debris (arrowhead) mixed
with hyaline membrane. (C) P. compressa with PBTL. Note tissue fragmentation and cell debris (arrowhead). (D) Normal P. compressa. Note regular columnar epidermis with
remnants of mucus (arrowhead). (E) P. compressa with PBTL. Note tissue fragmentation and helminths in the tissue debris (arrowhead). Inset shows a close-up of the
helminths. (F) P. compressa with PBTL. Note clump of diatoms on epidermis (arrowhead).

This response was less pronounced in the polyps, thereby giving af-
fected corals the typical “speckled” appearance (i.e. bleached coe-
nenchyme and pigmented polyps). The extensive tissue loss of
affected colonies observed in the field (Sudek et al., 2012) was
found to result from tissue fragmentation and necrosis, leading
to tissue mortality of affected areas.

PBTL-affected samples showed a 65% reduction in Symbiodinium
cell density. This is similar to the loss seen in other corals that ex-
hibit bleaching in response to disease. For example, bacterial
bleaching in the reef coral Pocillopora damicornis, is characterized
by a loss (>88%) and lysis of Symbiodinium cells due to an infection
by Vibrio spp. (Ben-Haim et al., 2003). Symbiodinium cell loss (41-
96.9%) is also seen in yellow-band disease (YBD), which affects
Montastraea spp. from the Caribbean and starts as small blotches
with reduced pigmentation, advancing over the colony and leaving
dead skeleton behind (Cervino et al., 2001). PBTL, however, shows
a very different and distinct bleaching pattern, with the coenenc-
hyme bleaching first and the polyps remaining brown.

The loss of Symbiodinium cells may have contributed to the ob-
served atrophy in affected samples (tissue thinning of 28% on the
tip and 11% on the sides), which is indicative of a stressed coral col-
ony. Symbiodinium cells can contribute over 90% of the coral’s en-
ergy requirements through photosynthesis (Muscatine et al.,

1984); a loss of Symbiodinium therefore leads to less energy being
available for growth and other life processes such as reproduction
and repair. Moreover, to counteract the prolonged loss of nutrition,
corals may reabsorb their tissues (Szmant and Gassman, 1990).
Atrophy can be observed in bleached corals (Glynn et al., 1985)
and corals that are affected by sediment stress (Vargas-Angel
et al., 2007).

Tissue fragmentation and necrosis were only observed in a few
samples affected by PBTL, probably because the sampled coral col-
onies were at different stages of the disease. During sampling,
branches in earlier stages of the disease (i.e. with intact tissue)
were targeted and only a few could be collected with signs of tissue
loss. Early stages of PBTL are mainly characterized by the loss of
Symbiodinium cells, but it progresses to tissue fragmentation and
necrosis in later stages. Cell death associated with tissue loss has
been recorded in association with several coral diseases (McClana-
han et al., 2003; Renegar et al., 2008; Williams et al., 2011; Work
and Rameyer, 2005) and appears to be a common response to
disease.

Ablation of the epidermis was associated with microalgal over-
growth, which may have contributed to tissue death. Other poten-
tially opportunistic invaders, helminths and diatoms, were also
observed in samples affected by PBTL. Helminths were found in
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the tissue debris associated with tissue fragmentation that has also
been reported in other coral diseases (Work and Aeby, 2011). Dia-
toms were observed on the epidermis of a diseased sample. Few
studies have reported the occurrence of diatoms on the surface
of corals (Johnston and Rohwer, 2007; Rublee et al., 1980) likely
due to healthy coral’s ability to protect themselves from settling
organisms or sediment by mucus shedding (Brown and Bythell,
2005). Sorting out whether organisms such as helminths, diatoms
or micro algae were primary invaders or sequelae to primary tissue
loss will require longitudinal studies.

Using histology, bacterial aggregates have been observed in the
tissues of corals (mostly Acropora spp.) affected by disease (Peters
et al., 1983; Galloway et al., 2007), but no bacterial aggregates have
been found in many other disease lesions (Ainsworth et al., 2007;
Bythell et al., 2004). In this study, numerous clusters of putative
bacterial aggregates were observed in both healthy and PBTL-af-
fected corals but they were not associated with cell pathology, as
seen in bacteria-induced diseases of vertebrates (Magi et al.,
2009; Olsen et al., 2006), invertebrates (Johnson, 1976) and plants
(Nelson and Dickey, 1970; Wallis and Truter, 1978). Indeed, a 74%
reduction of putative bacterial aggregates was observed in corals
affected by PBTL versus healthy colonies suggesting a disruption
of the coral holobiont. If the symbiotic relationship between the
coral and its associated microbial community is disrupted for any
reason (for example changes in environmental factors), the whole
balance of the holobiont could be compromised, ultimately con-
tributing to a disease state (Vega-Thurber et al., 2009). Identifying
how these bacteria interact with the coral host and their role in
coral defense is a potentially fruitful avenue of investigation.

Given the lack of consistency between lesions and a particular
etiological agent, we do not suspect that PBTL is caused by metazo-
ans, bacteria or protozoans. However, smaller pathogens such as
viruses, which are not easily detectable by light microscopy, can-
not be ruled out and would necessitate ultra-structural examina-
tion of tissues. Other possible causes to consider are toxins and/
or environmental triggers. Field studies have confirmed that PBTL
can cause extensive tissue loss in affected areas of the colony (Su-
dek et al., 2012) so further research into the etiology of PBTL is
underway to build a comprehensive case definition of this disease.
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