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Abstract—The grounding of the Merchant Vessel (MV) Kyowa Violet on a coral reef near Yap, Federated States of Micronesia,
in December 2002 resulted in the release of an estimated 55,000 to 80,000 gallons of intermediate fuel oil grade 180. The immediate
impact was the widespread coating of mangroves and the intertidal zone along more than 8 km of coastline. Of greater concern,
however, was the partitioning of the fuel oil in the water column, leading to chronic exposure of organisms in the ecosystem for
a considerable period after the initial event. Herein, we report on our examination of one coral species, Porites lobata, nearly three
months after the initial exposure. We investigated whether changes in cellular physiology were consistent with the pathological
profile that results from the interaction of corals with polycyclic aromatic hydrocarbons, the principal constituent of fuel oil.
Specifically, we document, to our knowledge for the first time, changes in the cellular physiological condition of an exposed coral
population affected by a fuel-oil spill. We also provide evidence that the observed changes are consistent with a recent exposure
to fuel oil, as evidenced by the presence of characteristic cellular lesions attributed to polycyclic aromatic hydrocarbons. Finally,
our data support a model for a mechanistic relationship between the cellular pathological profile of the coral and a recent petroleum
exposure, such as the MV Kyowa Violet fuel oil spill.
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INTRODUCTION

The Merchant Vessel (MV) Kyowa Violet ran aground on
a coral reef off of Colonia Harbor, Yap, Federated States of
Micronesia, on December 26, 2002. Three separate areas of
the reef adjacent to the Colonia Harbor entrance channel sus-
tained physical damage from hull contact. An estimated 55,000
to 80,000 gallons of intermediate fuel oil grade 180 were re-
leased into the lagoon from the ruptured fuel tanks (A. Tafi-
leichig, Chief, Yap Marine Resources Management Division,
Colonia, Yap, Federated States of Micronesia, personal com-
munication), resulting in extensive coating of mangroves and
the intertidal coastal areas and affecting more than 8 km of
coastline.

Evidence for direct exposure to a fuel-oil spill can be readily
collected when visible fuel-oil residues are present, as in the
MV Kyowa Violet spill [1] (http://response.restoration.noaa.
gov/). Spill residues often are seen covering biological and
geological structures along the interface of intertidal areas and
surface waters (e.g., mangrove aerial roots and coastline). Less
obvious, but often more damaging and more difficult to doc-
ument, is damage to natural resources that arises from the
invisible components of fuel oils that may partition in the water
column, bind to dissolved organic matter, and/or be trapped
in sediments. Such pollutants may become available for either
chronic or pulsed exposures beyond the initial event [1].

Appropriate biological endpoints have yet to be fully ex-
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ploited in documenting the exposure and impact of fuel-oil
spills [2]. Acute mortality and gross changes in behavior (e.g.,
alpheid shrimp that normally inhabit goby burrows rapidly
migrating to shore areas that are out of the water) can be used
as cost-effective endpoints for both potential exposure and
effect [3]. However, in the absence of acute mortality and
morbidity, biological indictors have not been used successfully
to identify delayed or sublethal effects in individuals that sur-
vived the initial exposure yet have compromised fitness as a
result of the exposure [2]. The dilemma that investigators face
concerning this type of event that damages natural resources
can be reduced to two questions: Is there a sublethal or a
submorbid effect, and is that biological change (effect) con-
sistent with the nature of the exposure? This dilemma is further
compounded by the fact that the biologically effective levels
of many causative agents may be less than the detectable levels
with the available instrumentation and methods (e.g., semi-
permeable membrane devices and fluorescence spectroscopy),
and even if a biological change is detected, it often is not
understood in the context of its relationship to the nature of
the exposure (e.g., inhibition of acetyl cholinesterase activity
by polycyclic aromatic hydrocarbons [PAHs]) [4].

One method of resolving this dilemma is to determine if
the changes in gross and cellular physiology are consistent
with a pathological profile that results from the interaction of
an organism with a defined stressor (e.g., aromatic hydrocar-
bon stress vs cadmium stress vs heat stress) [2,5]. A patho-
logical profile is derived from reviewing a number of cellular
and physiological responses or endpoints and determining
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Fig. 1. Collections sites on the island of Yap, Federated States of
Micronesia. Coral samples were collected from three sites along the
coast of Yap. The fuel spill–affected site is designated as Ruul Cause-
way. Coral samples from two reference sites were collected: One site
south of the spill (South Ruul), and one site north of the spill (Tamil).

whether the responses behave in a concordant manner; if they
do, this should provide the investigator with a diagnostic in-
terpretation. This diagnostic investigation cannot be based on
a single endpoint, or on multiple endpoints that do not have
an established mechanistic relationship [6]. This approach has
not been adopted in environmental impact assessments, but it
is a well-established methodology that has been successful in
the fields of medicine and engineering and in criminal inves-
tigations that include forensic pathology [7]. Thus, the practice
of environmental diagnostics applies diagnostic methods in
answering the following questions: Is there a change because
of a specific environmental phenomenon, what is the nature
of that change, and can this change be associated with a specific
causative stressor? Answering these three questions is essential
in separating the effects of natural variation from human-in-
duced impacts that result in an alleged event of natural resource
damage [1,7–9].

The purpose of the present study was to determine whether
the MV Kyowa Violet fuel-spill incident affected cellular phys-
iological processes in corals exposed to the fuel. The goal of
this investigation was to provide evidence for whether coral
populations from the Ruul Causeway site exhibited a signifi-
cantly different cellular biomarker profile from corals collected
at the two reference reefs (South Ruul and Tamil) with similar
ecological attributes. Moreover, if corals from the Ruul Cause-
way site did exhibit differences from those at the reference
sites, we sought to determine whether these differences con-
stituted a stressed condition for that population. These data
then could formulate a mechanistic model that may explain
the underlying pathological condition of the exposed corals
and suggest possible causative agents that could produce the
mechanism of pathology.

Here, we present evidence for the long-term effects of the
MV Kyowa Violet fuel-oil spill on populations of the hard
coral, Porites lobata, in the coastal intertidal zone of Yap
Island. Our evidence documents a difference in cellular phys-
iological condition in an exposed population of coral affected
by the fuel-oil spill and provides a profile of that change that
is consistent with exposure to fuel oil. We also document the
presence of characteristic cellular lesions attributed to PAHs,
which supports a model for a mechanistic relationship between
the cellular pathological profile and a recent petroleum ex-
posure, such as the MV Kyowa Violet fuel-oil spill.

MATERIALS AND METHODS

Sample collection

Porites lobata samples were collected at a depth of 1.5 m
at the spill-impacted site (Ruul Causeway site, Yap, Federated
States of Micronesia) and two non–fuel affected reference sites
(Tamil and South Ruul, Yap, Federated States of Micronesia)
in March 2003 (Fig. 1). Biopsy plugs (1.5 cm) were collected
(n � 10) from each site. The plugs were placed in a Falcon
tube (Fisher Scientific, Fair Lawn, NJ, USA), immediately
frozen in liquid nitrogen, and stored at �80�C until analysis.

Enzyme-linked immunosorbent assay analysis

Samples were assayed according to methods adapted from
Downs [6]. Porites biopsy disks were ground while frozen to
a fine powder in a prechilled mortar and pestle using liquid
nitrogen. Approximately 100 �l of frozen sample powder was
placed in locking, 1.8-ml microcentrifuge tubes along with
1,400 �l of a denaturing buffer consisting of 2% sodium do-
decyl sulfate (SDS), 50 mM Tris-HCl (pH 7.8), 15 mM di-
thiothreitol, 10 mM ethylenediaminetetra-acetate (EDTA), 3%
polyvinylpolypyrrolidone (w/v), 0.005 mM salicylic acid,

0.001% (v/v) dimethyl sulfoxide, 0.01 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride, 0.04 mM bestatin, 0.001 E-64, 2 mM
phenylmethylsulfonyl fluoride, 2 mM benzamide, 5 �M �-
amino-caproic acid, and 1 �g 100 pepstatin A�1. Samples were
vortexed for 15 s, heated at 93�C for 6 min with occasional
vortexing, and then incubated at 25�C for 10 min. Samples
were centrifuged (13,500 g for 8–10 min), and the middle-
phase supernatant was aspirated and placed into a new tube
[6]. The sample supernatant was subjected to a protein con-
centration assay according to the method described by Ghosh
et al. [10].

One-dimensional SDS–polyacrylamide gel electrophoresis
(PAGE) and Western blot analysis were used to optimize the
separation of target proteins and to validate the use of specific
antibodies for P. lobata protein extracts [9]. Total soluble
protein (15–40 �g) from three randomly prepared samples was
electrophoresed in a 12.5% SDS-PAGE preparative gel con-
taining 0.001 M Tris(2-carbozyethyl) phosphine (neutral pH)
until the bromophenol blue dye front was near the bottom of
the gel. All gels were blotted onto polyvinylidene difluoride
(PVDF) membranes (Millipore, Hercules, CA, USA) using a
wet-transfer system. The membranes were blocked in 5% non-
fat dry milk and assayed with a primary antibody for 1 h at
4�C. The blots were then washed four times in Tris-buffered
saline and incubated in a 1:30,000 dilution of horseradish per-
oxidase–conjugated goat anti-rabbit secondary antibody so-
lution (Jackson ImmunoResearch Laboratories, Westport, PA,
USA) for 1 h at 4�C. Blots were washed again four times in
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Tris-buffered saline solution and developed using an enhanced
chemiluminescence solution (New England Nuclear, Shelton,
CT, USA) and a Genegnome luminescent charge-coupled de-
vice camera documentation system (Syngene, Frederick, MD,
USA). To characterize potential artifacts resulting from anti-
body nonspecific cross-reactivity, blots were overdeveloped
for at least 7 min. Calibration using a quantitative standard
showed that 0.05 attomole of target protein can be detected at
this level of sensitivity.

Once validated, antibodies and samples were optimized for
enzyme-linked immunosorbent assay (ELISA) using 384-well
microplates in an 8 � 6 � 4 factorial design [11] and were
assayed using a Beckman Coulter Biomek 2000 (Promega,
Madison, WI, USA). Sample extracts were assayed using the
following antibodies from Envirtue (Winchester, VA, USA):
Cnidarian anti–heat shock protein 60 (AB-1508), cnidarian
anti–heat shock protein 70 (AB-Hsp70-1517), cnidarian anti–
heat shock protein 90 (AB-Hsp90-1685), cnidarian anti–man-
ganese superoxide dismutase (AB-1976), cnidarian anti–cop-
per/zinc superoxide dismutase (AB-SOD-1516), cnidarian
anti–glutathione peroxidase (AB-GPX-1433), cnidarian anti–
small heat shock protein (AB-H105), cnidarian anti-ferroche-
latase (AB-FC-1939), cnidarian anti–cytochrome P450 6-class
homologue (AB-C6-2), cnidarian anti-metallothionein (AB-
MM-10843), cnidarian anti–heme oxygenase-1 (AB-HO-
1944), anti-ubiquitin (AB-U100), and anti–multidrug resistant
protein (AB-MDR4inv). All samples were assayed in tripli-
cate; intraspecific variation of less than 8% was achieved
throughout the 384 wells of each microplate. A calibrant rel-
evant to a given antibody was plated in sextuplicate on each
respective plate assayed to construct an eight-point calibration
curve.

Measurement of benzo[a]pyrene-7,8-dihydrodiol-9,10-
epoxide adducted to protein

Benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE)
was obtained from the National Cancer Institute Chemical Car-
cinogen Repository (Kansas City, MO, USA). The BPDE was
dissolved in a 24:1 ethanol:tetrahydrofuran solution. Two-hun-
dred milligrams of purified bovine serum albumin were added
to a 0.5 mg BPDE/ml ethanol:tetrahydrofuran solution, and
the mixture was incubated under stirring in the dark for 16 h
at room temperature. The BPDE solution was then dialyzed
using a 10,000-MW cutoff dialyzer cassette (Pierce, Rockford,
IL, USA) in a 50 mM Tris (pH 7.4) buffer. The ratio of BPDE
to albumin was determined using a modified method as de-
scribed by Lee and Santella [12]. The anti-BPDE monoclonal
antibody was obtained from Trevigen (4360-MC-100; Gai-
thersburg, MD, USA). A 32-fold serial dilution of the BPDE–
albumin bound to a PVDF membrane was assayed with the
anti-BPDE monoclonal antibody to determine the linear range
of the calibrant standards. An eightfold serial dilution of 2,976
to 22 pmol of BPDE–albumin was determined to be a linear
range for this calibrant. One microgram of coral total soluble
protein per well was loaded (in triplicate) onto a 96-well dot
blotter (Bio-Rad, Hercules, CA, USA) with PVDF as the solid-
phase membrane. After transfer of the sample to the membrane,
the membrane was blocked in 5% nonfat dry milk and assayed
with the anti-BPDE monoclonal antibody for 1 h. The blot
was then washed four times in a Tris–saline buffer and then
incubated in a 1:30,000 dilution of horseradish peroxidase–
conjugated secondary antibody solution for 1 h at 4�C. The
blot was washed again four times in a Tris–saline buffer and
developed using a chemiluminescent reporter system described
above. To ensure a minimum of nonspecific cross-reactivity,
blots were developed for at least 3 min, which was saturation.

Final results were obtained from blots that were detected using
a 25-s exposure.

Porphyrin concentration determination

A total of 150 �g of total soluble protein from sample
supernatants were diluted in a solution containing Tris-HCl
(pH 7.8) and 5 mM EDTA to a volume of 300 �l. Next, 100-
�l microliter aliquots of each sample were dispensed in trip-
licate into a black, clear-bottom, Corning 96-well microtiter
plate (VWR Labshop, Batavia, IL, USA). Then, 100 �l of 3
N HCl were added to each well, and the samples were incu-
bated for 30 min at room temperature in the dark. Uroporphyrin
standards were obtained from Porphyrin Products (Logan, UT,
USA) and diluted using an eight-point calibrant standard curve
from 0 to 1,000 pmol of uroporphyrin. These calibrant dilu-
tions were plated in triplicate on each microtiter plate to be
assayed. A fluorescence signal was detected using a FL800
series fluorescent/luminescent microplate reader (Bio-Tek In-
struments, Winooski, VT, USA) with the excitation filter set
for 405 nm and the emission filter set for 610 nm.

Statistical analyses

Planned (a priori) and unplanned (a posteriori or post hoc)
comparison tests were used in the present study [6,13]. Data
were tested for normality using the Kolmogorov–Smirnov test
(with Lilliefors’ correction) and for equal variance using the
Levene median test. If the data were normally distributed and
homogeneous, a one-way analysis of variance (ANOVA) was
employed. When data did not meet the homogeneity of vari-
ances requirement for one-way ANOVA, we used a Kruskal–
Wallis one-way ANOVA on ranks. When significant differ-
ences were found among treatment means, we used the Tukey–
Kramer honestly significant difference method, the Dunn’s
post hoc test, or the Holm–Sidak test as an exact �-level test
to determine differences between each of the populations [13].

We used canonical correlation analysis (CCA) as a heuristic
tool to illustrate how biomarkers could be used to discriminate
among populations. This is a method of eigen analysis that
reveals the basic relationships between two matrices [14]—in
our case, those of the three populations and the biomarker
data. The CCA provided an objective statistical tool for de-
termining if populations are significantly different from one
another using sets of cellular biomarkers that are indicative of
a cellular process (e.g., protein metabolic condition and xe-
nobiotic response) and of which biomarkers contributed to
those differences. This analysis required combining data from
all three populations into one matrix, which we did by ex-
pressing biomarker responses in a given population as a pro-
portion of their mean levels. Two assumptions of CCA, that
stressor gradients were both independent and linear, were con-
straints of the experimental design.

RESULTS

ELISA validation

Antibodies against cellular parameters did not exhibit sig-
nificant nonspecific cross-reactivity (Fig. 2) and, hence, could
be validly used in an ELISA format. All blots presented in
Figure 2 are overexposed blots, which is a technique to char-
acterize the potential of nonspecific cross-reactivity for the
ELISA. The ELISA microplate readings are based on a 4-s
exposure. The level of sensitivity between the Syngene Gene-
gnome documentation system and the Bio-Tek microplate
reader are approximately equal; hence, the nonspecific, faint
bands are nondetectable by the microplate reader. All these
antibodies were made against polypeptides that were designed
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Fig. 2. Western blots for enzyme-linked immunosorbent assay validation (ELISA). Corals were homogenized and subjected to sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (total soluble protein, 5 �g/lane) and Western blot analysis, and then assayed with polyclonal antibodies
against the following parameters: (A) heat shock protein 90, (B) heat shock protein 70, (C) glucose-related protein 75 (Grp75), (D) heat shock
protein 60, (E) ubiquitin ligase E2, (F) copper/zinc superoxide dismutase, (G) catalase, (H) DNA glycosylase (MutY), (I) protoporphyrinogen
oxidase IX, (J) heme oxygenase-1, (K) small heat-shock proteins, (L) cytochrome P450 1-class, (M) cytochrome P450 2-class, (N) cytochrome
P450 6-class, (O) glutathione-S-transferase, and (P) multixenobiotic resistant protein. Numbers along the sides of the blot indicate the position
of the molecular migration rate marker, an estimator of a molecular weight. Ku � kilounits (Standard International designation).

based on unique, but evolutionarily conserved, protein do-
mains for each target protein. The doublet cross-reactivity seen
for heat shock protein 70 (Hsp70) in Figure 2B is the result
of a cross-reaction to Hsp70a (slower-migrating band) and
Hsp70b (faster-migrating band). Both proteins are indepen-
dently regulated, which presents a caveat in the ELISA for
Hsp70 homologues; in the ELISA, it cannot be distinguished
whether one or both of the Hsp70 homologues are being in-
duced. Figure 2E shows two bands that demonstrate both ubiq-
uitin ligase E2 isoforms. Both homologues are independently

regulated, which again incurs the same type of caveat that is
associated with Hsp70. Figure 2K is the blot for the small heat
shock protein (sHsp). The monomer of this protein is found
migrating faster than the 29-Ku marker. A second band is
perceptible above the 29-Ku marker and is approximately 44
Ku; this is the homodimer of the sHsp. This protein readily
undergoes oligimerization under cellular-denaturing condi-
tions. The multimeric state is its natural form under protein-
denaturing conditions and is known to maintain an oligimer-
ized state under SDS-PAGE examination [6]. Doublet and trip-
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Table 1. Biomarker expressiona

Cellular Parametera Ruul Causeway Tamil South Ruul

Protein Metabolic Conditions
Hsp70 (cnidarian)
Grp75 (cnidarian)
Hsp60 (cnidarian)
Ubiquitin
Ubiquitin ligase E2
sHsp (cnidarian)

25.2 	 18.5A
819.6 	 561.3A
152.3 	 111.3A
275.0 	 130.1A
119.5 	 68.2A
226.3 	 44.4A

85.1 	 27.7AB
72.9 	 33.9B

637.2 	 530.7B
423.4 	 351.0A

47.4 	 29.5B
55.4 	 48.6B

87.7 	 78.9B
66.0 	 60.7B

318.8 	 125.0AB
295.0 	 349.6A

31.1 	 12.1B
51.4 	 74.1B

Oxidative Damage and Response
Cu/Zn superoxide dismutase (cnidarian)
Glutathione peroxidase-1 (cnidarian)
Catalase (cnidarian)
MutY

274.4 	 71.7A
11.1 	 4.8A

139.3 	 41.8A
14.3 	 10.8A

176.6 	 115.1AB
7.4 	 3.6A

52.7 	 15.1B
2.4 	 0.6B

146.8 	 100.75B
6.8 	 5.2A

41.5 	 30.2B
2.3 	 0.3B

Porphyrin Metabolism
Protoporphyrinogen oxidase IX
Ferrochelatase (cnidarian)

111.9 	 10.6A
99.9 	 51.5A

101.2 	 14.5A
36.2 	 16.1B

95.7 	 13.8A
33.1 	 25.5B

Heme oxygenase-1
Porphyrin (pmol/mg total soluble protein)

86.7 	 71.6A
155.6 	 31.1A

31.4 	 6.5B
6 	 4.1B

33.8 	 10.3B
9 	 2.9B

Xenobiotic Response
Cytochrome P450 1-class
Cytochrome P450 2-class
Cytochrome P450 3-class
Cytochrome P450 6-class
Glutathione-S-transferase (cnidarian)

663.7 	 242.3A
67.3 	 66.1A

544.1 	 94.8A
137.9 	 28.0A
266.9 	 200.9A

198.0 	 52.0B
17.5 	 5.9B

238.2 	 169.4B
106.7 	 33.3AB
121.5 	 54.6AB

159.0 	 73.1B
16.7 	 6.4B

135.6 	 120.5B
92.2 	 28.1B

103.0 	 66.4B
Multixenobiotic resistance protein (fmol/ng total

soluble protein) 390.5 	 47.0A 99.0 	 33.3B 91.9 	 48.4B
Glutathione-S-transferase (dinoflagellate) 190.4 	 126.5A 87.2 	 14.9B 70.8 	 18.0B
Benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide

(pmol/mg total soluble protein) 22.8 	 5.4A BDL-B BDL-B

a Treatment means with different uppercase letters differed slightly at ��0.05 using the three different posthoc tests described in Materials and
Methods. All units, except where noted, are expressed as mol target analyte/ng total soluble protein. Indicated sites are all located at Yap,
Federates States of Micronesia. Values are presented as the mean 	 standard error (n � 10). BDL � below detection limit; Hsp � heat shock
protein; MutY � DNA glycolase MutY homologue; sHsp � small heat shock protein.

let banding patterns seen in Figures 2L–N are isohomologues
for the cytochrome P450 (CYP 450) classes being examined.

ELISA results

The average coefficient of variation among the triplicates
of each sample for each assay type was between 3.8 and 11.4%.
The ELISA results are summarized in Table 1 and are divided
into the Cellular Diagnostic categories of Protein Metabolic
Condition, Oxidative Damage and Response, Porphyrin Me-
tabolism, and Xenobiotic Response.

Levels of glucose-related protein 75 (Grp75), heat shock
protein 60 (Hsp60), ubiquitin activase E1, and sHsp were sig-
nificantly higher in corals from the Ruul Causeway site com-
pared to those from the two reference sites (Table 1). The
Hsp70 levels in samples from the Ruul Causeway were sig-
nificantly different compared to levels in samples from the
South Ruul site but not significantly different from levels in
samples from the Tamil site. Ubiquitin levels were not sig-
nificantly different among any of the sites.

Protoporphyrinogen oxidase IX levels were not signifi-
cantly different among any of the sites, but levels of ferro-
chelatase, heme oxygenase-1, and porphyria species were all
significantly higher in coral samples from the Ruul Causeway
site compared to samples from the two reference sites (Table 1).

Corals from Ruul Causeway had significantly higher levels
of catalase and MutY compared to levels of these same bio-
markers in corals from both the Tamil and South Ruul sites.
Levels of copper/zinc superoxide dismutase in the Ruul Cause-
way samples were significantly higher than levels found in
corals from South Ruul, but they were not significantly dif-
ferent from levels in samples from the Tamil site. No signif-

icant difference for glutathione peroxidase in corals was found
among any of the sites.

Levels of CYP450 1-class, 2-class, and 3-class as well as
multixenobiotic resistance protein and cnidarian glutathione-
S-transferase (GST-pi) were significantly higher in samples
from the Ruul Causeway site compared to the values in sam-
ples from the two reference sites. Cytochrome P450 6-class
and GST-pi levels in the Ruul Causeway samples were sig-
nificantly higher compared to the South Ruul samples but not
significantly different from the Tamil site samples. The BPDE
conjugated to protein was detected in the Ruul Causeway sam-
ples, but the concentration was less than the level of detection
in samples from both the Tamil and South Ruul sites.

DISCUSSION

Two principal criteria for investigating an event that dam-
ages natural resources are documentation of the putative stress-
or and documentation of the biological response [8,9,15–17].
A principal goal of an environmental investigation is to de-
termine if an association exists between a biological response
and a putative stressor as well as the nature of that association
[6,8,9,15,16]. This is not a simple task, and it usually is a
multistep endeavor. The first step in investigating such an event
with a suspected causative agent is to document the range and
composition of the exposure—in this case, measuring the PAH
profile and degradation kinetics of the fuel that had spilled in
the environment. The second step is describing the behavior
of a biological response compared to a reference, which should
include an assessment of biotic integrity (i.e., population, com-
munity, and ecosystem health) [6,10]. It is not enough to doc-
ument only the changes in population- and community-level
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behavior [6]. Evidence for a mechanism that links the putative
stressor and the biological effect is required to establish a
causal link between the biological response and the putative
stressor [6,10]. This mechanism of pathology (effect) usually
is embedded at a molecular or cellular level in the biological
hierarchy [18]. The mode of action for oil/fuel exposure–in-
duced stress occurs by altering metabolic pathways (e.g., en-
zyme inhibition) or perturbing cellular structures, such as
membranes, the cytoskeleton, and genomic integrity [19].
Changes at the molecular and cellular level may then integrate
into higher-order changes at the tissue, organism, population,
and community levels [6].

Biomarkers are endpoints that reflect an aspect of biological
function and integrity [6]. The purpose of employing any type
of cellular biomarker is to facilitate an understanding of the
mechanistic basis for the pathology exhibited by the organism/
population as well as to document the biological response.
Biomarkers, as used in the present study, have the added value
of identifying problems or potential problems at sublethal lev-
els, when mitigation efforts can be most effective. Like as-
sembling a puzzle, the aim of evidence-based diagnostics is
to piece together enough facts to allow the investigator to
determine the cause and mechanistic mode of action that un-
derlies the biological response [8]. An understanding of the
altered cellular and physiological behavior, coupled with the
knowledge of the changes that occurred in the population and
community structures, should then provide clues to profile the
potential causative factor. This knowledge can then be used
to design a practical investigative protocol to document the
presence of the causative agent. Once causation has been iden-
tified, an effective mitigation plan can be designed, and the
effectiveness of the measures undertaken can be evaluated [7].

After an event causing environmental damage, there may
be a line-up of suspected causative agents found in both the
environment and the organism and, likely, a gradient of effects,
both obvious and subtle. Detection of an adducted metabolite
of a causative suspect, such as benzo[a]pyrene (BaP) adducted
to DNA, RNA, or protein, decreases the probability of refuting
the argument that a particular causative suspect (in this case,
BaP and, perhaps, other PAHs) is not interacting with the
organism/population [7]. In fact, such data are corroborative
evidence for the mechanism of toxicity and a component in
the profile for that suspected agent [8]. A dose–response lab-
oratory experimental design using the suspected causative
agent and the subject species can establish a model of toxicity
for that stressor in the subject species [6–8]. Such a study
cannot logically confirm that the mechanism of toxicity and
the causative suspect is the actual mechanism responsible for
the environmentally damaging event, but it can provide a mea-
sure of confidence for the cause-and-effect argument that is
proposed for that event. It is crucial in that the evidence is
appropriately used in a valid series of arguments that present
a persuasive case linking the exposure event with adverse bi-
ological consequences [8,9,15,16].

Cellular diagnosis—Determining an effect and the nature
of the effect

‘‘Is there a difference in cellular physiological condition?’’
is best answered by Figure 3A. The centroids of all three
populations do not overlap when almost all the biomarkers are
included in the analysis. The fuel-affected Ruul Causeway site
centroid is in significant spatial opposition to both reference
site centroids. A significant difference exists between the two
reference centroids, but this difference is not as severe as the
difference with the impacted site. The nature of the differences

among these sites can be elucidated by examining specific
categories of cellular physiology [6].

Protein metabolic condition. Protein metabolic condition is
the cellular status of protein synthesis, protein maturation, and
protein degradation. Changes in any of these processes are
indicative of a significant change in cellular metabolism and
homeostasis [6]. In the present study, we examined only five
parameters of protein metabolic condition, but those were pa-
rameters for which changes in behavior are indicative of a
wider system response. Heat shock protein 70 (Hsp70) is a
cytosolic chaperonin, whereas Grp75 is the mitochondrial ho-
mologue. The cytosolic Hsp70 function is a crucial element
in the maturation of newly made proteins to gain their active
state. The Grp75 is essential in the maturation of newly im-
ported proteins into the mitochondria. The ability to reassem-
ble denatured proteins often is the most commonly recognized
function of both Hsp70 and Grp75 [16]. Accumulation of these
proteins can be interpreted as a shift in metabolic condition,
but the direction of the shift is indeterminate by looking at
Hsp70 or Grp75 alone. These markers must be examined in
conjunction with other markers of protein metabolic condition
[6]. Heat shock protein 60 is the major mitochondrial chap-
eronin and functions to mature nuclear-encoded, mitochon-
drial-imported proteins into their active state [16]. Elevation
of this protein signifies a general shift in the protein metabolic
condition of the mitochondria, which would implicate a pos-
sible change in the equilibria of many of the mitochondrial-
associated metabolic pathways [17]. Ubiquitin could be con-
sidered to be the ‘‘death marker’’ for proteins; its conjugation
to broken or no-longer-needed proteins marks these proteins
for degradation [18]. Ubiquitin ligase E2 is the enzyme that
is responsible for the actual conjugation catalysis event be-
tween ubiquitin and the target protein. Increases in ubiquitin
ligase concentrations indicate that protein degradation pro-
cesses have amplified [19].

Canonical correlation analysis indicated a significant dif-
ference in the protein metabolic condition of the Ruul Cause-
way samples compared to the samples from the other two
reference sites (Fig. 3B). An understanding of this change in
condition cannot come from examining changes in a single
biomarker alone but, rather, must come from synthesizing re-
sponses from a suite of biomarkers functionally related and
contributing to protein metabolic condition. Levels of Hsp70
in the Ruul Causeway corals were significantly lower than
those expressed in corals from the South Ruul reference site,
but they were not significantly different from levels found in
the Tamil reference site corals, indicating that the Hsp70 stress
response had been blunted at the Ruul Causeway site. Ubiq-
uitin levels were not significantly different among all three
sites, suggesting that at least for cytosolic protein metabolic
condition, a significant shift toward protein degradation did
not occur. Contrasted with the Hsp70 and ubiquitin data, the
pattern of ubiquitin ligase E2 was significantly elevated in the
Ruul Causeway samples compared to the corals from the two
reference sites. This suggests that the corals at Ruul Causeway
had an increased capacity to up-regulate protein degradation,
as when the organism has had previous exposure to a protein-
denaturing stress event but is not now experiencing such con-
ditions. The Grp75 was significantly elevated in corals at the
Ruul Causeway compared to samples from the two reference
sites, indicating a shift in mitochondrial protein metabolic con-
dition. The Hsp60 levels were not significantly different among
corals from the three sites. The pattern of these two mito-
chondrial chaperonins suggests an increased demand for pro-
tein import, but the proteins being imported are not necessarily
matrix-localized proteins, which are dependent on Hsp60 chap-
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Fig. 3. Canonical correlation analysis. Original variants were biomarker levels expressed as a percentage of the control value in each treatment. Circles
show the 95% confidence intervals around the distribution centroid of each stressor. Biplot rays radiating from the grand mean show directions of
original biomarker responses in canonical space. Overlapping centroids indicate that those populations are not significantly different from one another,
whereas nonoverlapping centroids indicate a difference. (A) Canonical centroid plot of almost all biomarkers combined. (B) Canonical centroid plot of
Protein Metabolic Condition biomarkers. (C) Canonical centroid plot of Porphyrin Metabolism biomarkers. (D) Canonical centroid plot of Oxidative
Stress biomarkers. (E) Canonical centroid plot of cytochrome P450 biomarkers. (F) Canonical centroid plot of Xenobiotic Response biomarkers. Cu/
ZnSOD � copper/zinc superoxide dismutase; CYP 1 � cytochrome P450 1-class; CYP 2 � cytochrome P450 2-class; CYP 3 � cytochrome P450 3-
class; CYP 6 � cytochrome P450 6-class; GPx � glutathione peroxidase; Grp75 � glucose-related protein 75; GST � glutathione-S-transferase; Hsp
� heat shock protein; MutY � DNA glycosylase; MXR � multixenobiotic resistant protein; PPO IX � protoporphyrinogen oxidase IX.
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eroning. Proteins that Grp75, but not Hsp60, chaperone include
peripheral and integral membrane proteins, such as CYP 450
monooxygenase, and membrane transporter proteins, such as
benzodiazepine-receptor proteins and proteins associated with
sterol import (see, e.g., [20]). From the five protein metabolic
condition parameters assayed, we interpret these findings to
indicate that the difference in physiological condition in corals
at the Ruul Causeway site from corals at the two reference
sites is in response to an increase in mitochondrial protein
chaperoning, especially of membrane-associated proteins and
a poststress induction of the major cytosolic proteolytic path-
way.

Porphyrin metabolism. Porphyrin metabolic condition was
significantly altered in the corals from Ruul Causeway com-
pared to those from the Tamil and South Ruul sites (Fig. 3C).
This category includes enzymes responsible for the synthesis
of porphyrins as well as enzymes responsible for the degra-
dation of porphyrins. Shifts in the porphyrin metabolic equi-
librium reflect a major shift in cellular metabolism as a whole
[21]. Protophorphyrinogen oxidase IX catalyzes the second-
to-last step of porphyrin production [22]. Levels of this protein
were not significantly different among the three sites. Ferro-
chelatase is the last enzyme in porphyrin synthesis, and it
inserts iron into the porphyrin ring to form hemin [22]. Fer-
rochelatase levels were threefold higher in the Ruul Causeway
corals compared to those from the two reference sites. Fer-
rochelatase often is the rate-limiting step for porphyrin pro-
duction; hence, an increase in ferrochelatase indicates an in-
creased demand in porphyrin [22]. Heme oxygenase-1 cata-
lyzes the decomposition of heme to biliverdin, carbon monoxide,
and ferrous iron [23]. Biliverdin is further catalyzed to bili-
rubin, which is a powerful lipophilic antioxidant [24]. The
higher levels of heme oxygenase-1 in the samples from Ruul
Causeway compared to those from the two reference sites in-
dicate one of two things: A greater demand in the degradation
of broken porphyrins, or a demand for higher lipophilic an-
tioxidant defense capacity. The significant increase in porphy-
rin fluorescence in the Ruul Causeway samples compared to
those from the reference sites supports the former hypothesis.
Porphyrin fluorescence can occur when the metal ligand is
removed from the porphyrin ring or when preprophyrin prod-
ucts accumulate as a result of porphyrin synthesis inhibition.
Based on the data, the model that seems to be most probable
is that free iron ions are being forcibly released from the heme
proteins by some toxic compound, such as hydrogen peroxide,
PAHs, or dioxin-like polychlorinated biphenyls [21].

Oxidative damage and response. A cell is able to withstand
the adverse effects of oxidative stress based on its ability to
suppress generation of reactive oxygen species, to neutralize
reactive oxygen species once they are formed, and to repair
the damage caused by a reactive oxygen species lesion to a
cellular structure [24]. Canonical correlation analysis of the
oxidative damage and response biomarkers indicated that cor-
als from Ruul Causeway exhibited a significant oxidative stress
condition compared to those from the two reference sites (Fig.
3F). Copper/zinc superoxide dismutase is a cytosolic protein
that protects the cell from superoxide by catalyzing the su-
peroxide into hydrogen peroxide [24]. Levels of this protein
were not significantly different among the samples from the
three sites, indicating that superoxide in the cytosol was not
a significant factor for the coral cells. Glutathione peroxidase
is another enzyme that scavenges superoxide by conjugating
the reactive oxygen species with glutathione [24]. Levels of
glutathione peroxidase were not significantly different among
samples from the three sites, reinforcing the interpretation that
superoxide was not a stress factor. Catalase is a cytosolic pro-

tein that converts hydrogen peroxide into water [24]. Levels
of catalase were almost triple in samples from the Ruul Cause-
way compared to those from the reference sites. The source
of hydrogen peroxide generation is unknown, but generation
in either the mitochondria from the coral or its symbiotic di-
noflagellates is possible [25,26]. The potential adverse effect
of increased hydrogen peroxide include generation of hydroxyl
radicals, which can result in protein, lipid, and DNA lesions
as well as prompting the release of iron from heme molecules,
resulting in damage to molecules such as cytochrome c, CYP
450 monooxygenases, or cellular death [27]. In turn, occur-
rence at the biochemical/subcellular level can affect cell sur-
vival, colony health, and susceptibility to coral bleaching [27].
These general effects need to be considered in light of the
behavior of the porphyrin metabolism biomarker and the sig-
nificant increase in the enzyme MutY. The MutY is an evo-
lutionarily conserved DNA glycosylase that repairs certain
DNA lesions caused by reactive oxygen [28]. Significant el-
evation of this protein in samples from the Ruul Causeway
site compared to those from the reference sites indicates that
some level of DNA oxidative damage is occurring or has re-
cently occurred. Elevation of MutY and catalase indicates that
corals from Ruul Causeway are experiencing or have recently
experienced oxidative stress [25,27].

Xenobiotic response. Cells can regulate and expel poten-
tially harmful xenobiotics through a three-phase process. In
phase 1, xenobiotics undergo an enzymatically catalyzed re-
action that introduces a polar group into the xenobiotic’s mo-
lecular composition, such as a hydroxyl (-OH), carboxyl
(-COOH), thiol (-SH), or an amino (-NH2) group (for review,
see [29]). Some of these modified xenobiotics result in a toxic
species or enhanced toxicity compared to the parent com-
pound. Enzymes responsible for such reactions include the
superfamily of CYP 450s, the flavin-containing monooxygen-
ases, and a host of esterases. In phase 2, these new polar
metabolites are conjugated with endogenous substrates, such
as sulfates, acetates, glutathione, and glucuronides. Enzymes
of phase II include the family of glutathione-S-transferases,
sulfotransferases, and uridine diphosphoglucuronosyltransfer-
ases [29]. These new water-soluble products can now be man-
aged by the cell for transport to lysosomes for further metab-
olism, sequestered into lysosomal-like structures for contain-
ment, or excreted from the cell through active diffusion trans-
porters, such as the adenosine triphosphate–binding cassette
transporters (e.g., multidrug resistance protein-1) [30]. In the
context of cellular economics, it is important to consider the
energy and resource demands to up-regulate any of the com-
ponents in this three-phase system. Any shift in this subcellular
Xenobiotic Response system will exact a demand on other
subcellular systems, such as Protein Metabolic Condition, Por-
phyrin Synthesis, Oxidative Defense, and Cellular Redox Ca-
pacity.

The CYP 450 superfamily of enzymes are membrane-bound
hemoproteins that generally localize to microsomes, the en-
doplasmic reticulum, and mitochondria, where they catalyze
the oxidation of a wide array of substrates [29,30]. Animals
contain at least 50 isoforms of CYP 450 that are crucial com-
ponents in pathways such as steroid metabolism, synthesis of
lipid biofactors, and phase-1 toxification and detoxification
[31]. Nomenclature of the CYP 450s is based on the level of
homology. The CYP 450s with more than 40% amino acid
identity are grouped into the same family, and members with
60% amino acid identity are grouped into the same subfamily.
In the present study, we used antibodies that were specific to
the family of CYP 450 but could not differentiate between
subfamily members. For example, the antibody for CYP 450
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6-class can detect only CYP 450 6-class homologues, which
include members such as CYP 450 6A, 6B, 6D, and 6F, but
the antibody cannot detect CYP 450s from the 1- to 4-classes
[32,33]. Different species of CYP 450s from different families
can catalyze the same substrate, but many of the CYP 450
families are differentially regulated and respond independently
to xenobiotics. For example, many members of the CYP 450
1-class will hyperaccumulate in response to PAH exposure,
whereas some members of the CYP 450 6-class will hyper-
accumulate in response to pyrethroid exposure [32].

Canonical correlation analysis indicated a significant dif-
ference in CYP 450 profiles between corals from the Ruul
Causeway site and those from the two reference sites (Fig.
3E). Levels of CYP 450 1-class, 2-class, and 3-class were
significantly higher in samples from Ruul Causeway compared
to the samples from the Tamil and South Ruul sites. Observed
CYP 450 1-class induction suggests that the corals at Ruul
Causeway were responding to an aromatic hydrocarbon ex-
posure, which includes petrogenic and pyrogenic PAHs as well
as biogenic aromatics, including sterols and polyphenols. The
CYP 450 2-class and 3-class induction in the Ruul Causeway
samples can occur by exposure to a wide range of hormonal,
pheromonal, and xenobiotic substances, especially those with
chlorinated side chains. For example, CYP 450 2-class mono-
oxygenase can be induced by ethanol, carbon tetrachloride,
and polychlorinated biphenyl congeners. The CYP 450 6-class
is an invertebrate subfamily of CYP 450s that is known to
oxidize and be up-regulated by pesticides, such as aldrin, diel-
drin, diazinon, chlorpyrifos, deltamethrin, and a wide range of
pyrethroid compounds [32]. Its lack of induction in the Ruul
Causeway corals suggests that the factor affecting these corals
is not similar to this category of compounds.

Glutathione-S-transferase is a multifamily enzyme that con-
jugates glutathione to exogenous and endogenous electrophilic
toxic metabolites, such as benz[a]pyrene diol epoxide, 4-hy-
droxy-2-nonenal, and a wide range of phase-1 metabolized
biocides (e.g., endosulfan and atrazine) [29]. In the coral sam-
ples analyzed, this GST species was not significantly different
among sites. This behavior is consistent with the literature as
well as with the described environment of these three sites in
that GST-pi is not modulated by BaP and other PAH species
[34]. The dinoflagellate GST was detected using an antibody
made against a conserved domain found mostly in the plant
GST-phi family. This enzyme is up-regulated by a number of
xenobiotics, including PAHs, chemical fasteners (i.e., adhe-
sives), and sulfonated aromatic herbicides, suggesting that both
the corals and their dinoflagellate symbionts were responding
to a xenobiotic [35].

Multixenobiotic resistance protein is an adenosine triphos-
phate–binding cassette transporter that exports glutathione-
conjugated compounds out of the cell [30]. When compared
to the other phase-1 and -2 biomarkers, up-regulation of this
biomarker in the corals from the Ruul Causeway site strongly
indicates that the organisms were detoxifying an endogenous
or exogenously derived poison (Fig. 3D) [30].

Detection of PAH cellular lesions

Benzo[a]pyrene is a component of many different types of
petrogenic and pyrogenic mixtures, such as fuels and oils.
Several studies have demonstrated that a number of benthic
marine invertebrates can clear BaP from their systems [36].
Benzo[a]pyrene is slightly toxic to the cell and can be removed
by first activating it [37]. One general activation pathway of
BaP is the oxidation across aromatic double bonds by the
action of diverse CYP 450 monooxygenases. Another pathway
is the formation of dihydrodiols via epoxide hydrolases. A

third pathway is the CYP 450 monooxygenase double action
at the site of olefinic double bonds, resulting in the formation
of highly reactive diol epoxides. Unfortunately, BPDE is a
much more noxious toxicant than BaP and can readily adduct
with DNA, RNA, and protein, creating cellular lesions that
interfere with cellular processes and persist in the organism
for some time [2,38]. The BPDE-adducted DNA is correlated
with mutagenic and carcinogenic events. It is well known that
BPDE can form adducts with specific amino acid residues of
proteins, causing inactivation of enzymatic or functional ac-
tivity [38]. Detection of BPDE–protein lesions in corals from
Ruul Causeway is evidence of exposure to a petrogenic/py-
rogenic source, supporting the argument that corals are re-
sponding to a PAH-based xenobiotic and are experiencing a
level of toxicity from that source.

Model of cellular pathology

Corals from the Ruul Causeway site were experiencing an
altered cellular physiological condition that is consistent with
a response to a xenobiotic. Both the environmental contami-
nant analysis and the observed BPDE–protein cellular lesion
support the argument that this xenobiotic is a PAH source.
The cellular physiological diagnosis is consistent with previous
and/or present exposure to this stressor. The presence of
BPDE–protein, the high levels of CYP 450s, and antioxidative
stress enzymes as well as the shift in protein metabolic con-
dition strongly suggest a model proposed by Fucci et al. [39]
that mixed-function oxidation centered on a CYP 450 mono-
oxygenase (especially a CYP 450 1-class and 2-class) results
in enzyme inactivation and increased protein turnover. This
model suggests a mechanism for an increased rate of senes-
cence or decreased cellular function, because many of the en-
zymes that are modified and inactivated by these oxidation
reactions are the same enzymes that are significantly inacti-
vated during senescence [24,39]. If this model is true in the
case of the corals at the Ruul Causeway site, it would suggest
that both corals at this locality would have a reduced repro-
ductive fitness capacity, reduced immunocompetence capacity,
and general reduction in individual fitness [2]. This oxidation
model also would infer, with some supporting evidence, that
the corals would have reduced genomic integrity, which in
turn may directly affect the viability of offspring [24,39].

CONCLUSION

To our knowledge, the present study is the first to apply
cellular diagnostic methods, commonly used in medicine and
forensic pathology, to investigate whether sublethal and, per-
haps, latent effects of a fuel-oil spill on a tropical coral reef
adversely affected coral health [1]. The methodology used to
investigate the putative damage consisted of measuring suites
of cellular and physiological endpoints representing key met-
abolic processes in critical subcellular systems (i.e., protein
metabolism, xenobiotic response, genomic integrity, and ox-
idative stress). These data created diagnostic profiles to resolve
whether a damaging exposure had occurred and whether the
exposure resulted in a pathological condition (i.e., resource
injury). These profiles were then used to construct a mecha-
nistic model to build a convincing argument to reasonably
explain the cellular pathology and how it could be linked to
a specific causative agent. The use of this environmental di-
agnostic approach in the present study provided compelling
evidence that xenobiotics were present in the coral environ-
ment, that corals in proximity to the fuel-oil spill did expe-
rience an altered cellular physiological condition that was con-
sistent with a xenobiotic exposure, and that exposures to com-
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ponents from this spill were consistent with lesions found ad-
ducted to coral macromolecules (proteins).

Detection of an alleged event damaging natural resources
sets in motion an investigative process that requires not only
detection of an injury but also quantification of it and estab-
lishment of causation. Showing causation requires demonstrat-
ing the mechanism of toxicity for a given contaminant or set
of toxicants, documenting exposure of the resource, and es-
tablishing an associated injury (pathology) to the resource.
Exploiting the diagnostic method in investigations of natural
resource damage associated with coral reefs opens new ave-
nues for detecting injury, identifying causative agents, and
constructing the links that are necessary to establish cause-
and-effect relationships for use in coral reef resource man-
agement, protection, and litigation [40].
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