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Coral reefs can experience extreme salinity changes, particularly hypo-salinity, as a result of storms, heavy
rainy seasons (e.g., monsoons), and coastal runoff. Field and laboratory observations have documented that
corals exposed to hypo-saline conditions can undergo extensive bleaching and mortality. There is
controversy in the literature as to whether hypo-saline conditions induce a pathological response in corals,
and if there is a relationship between decreasing salinity treatment and pathological responses. To test
the hypothesis that hypo-salinity exposure does not have a pathological effect on coral, we used histological
and cellular diagnostic methods to characterize the pathology in hypo-salinity-exposed corals. Colonies of
Stylophora pistillata were exposed to five salinity concentrations [39 parts per thousand (ppt), 32 ppt,
28 ppt, 24 ppt, and 20 ppt] that may realistically occur on a reef. Histological examination indicated an
increasing severity of pathomorphologies associated with decreasing salinity, including increased tissue
swelling, degradation and loss of zooxanthellae, and tissue necrosis. Pulse-amplitude modulated chlorophyll
fluorimetry kinetics demonstrated a decreasing photosynthetic efficiency with decreasing salinity conditions.
Cytochrome P450 levels were affected by even slight changes in salinity concentration suggesting that
detoxification pathways, as well as several endocrine pathways, may be adversely affected. Finally, these
studies demonstrated that hypo-saline conditions can induce an oxidative-stress response in both the host
and in its algal symbiont, and in so doing, may synergistically increase oxidative-stress burdens. As with
other types of environmental stresses, exposure to hypo-saline conditions may have long-term consequences
on coral physiology.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Coral reefs can experience extreme changes in salinity of varying
duration. Storms, heavy rainy seasons (e.g., monsoons), hurricanes,
and coastal runoff can significantly alter surface and depth salinity
(Coles and Jokiel, 1992; Devlin et al., 1998; Orr and Moorehouse,
1933; Porter et al., 1999). Over the short term, haloclines of less than
14 ppt can form over in-shore reefs that are quickly dispelledwithin a
few days after heavy rains (Devlin et al., 1998). Long-term exposure
to hypo-saline conditions on coral reefs is not uncommon. For
example, decreased salinity levels (28–32 ppt) existed for almost a
month on coral reefs located centrally on the Great Barrier Reef after
heavy storms (Devlin et al., 1998). Studies dating back to 1933,
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indicate that hypo-salinity is a significant environmental factor that
may impact a coral reef and influence the distribution of cnidarian
species and populations (Berkelmans and Oliver, 1999; Cloud, 1952;
Goreau,1964; Orr andMoorehouse,1933). Bleaching andmortality of
near-shore corals and anemones are often reported in association
with hypo-saline conditions resulting from heavy rainfall events
(Berkelmans and Oliver, 1999; Cloud, 1952; Goreau, 1964; Egana and
DiSalvo, 1982; Hendy et al., 2003; Lirman et al., 2008; Orr and
Moorehouse, 1933; Van Woesik et al., 1995). In the laboratory, hypo-
salinity induced bleaching in corals and anemones is an established
phenomenon characterized by pathologies, including reduced
photosynthetic efficiency and altered metabolism of respiratory
pathways (Engebretson and Martin, 1994; Hoegh-Guldberg and
Smith, 1989; Moberg et al., 1997; Tytlianov et al., 2000). These
metabolic pathologies can in turn influence higher-order physio-
logical diseases, such as gamete abnormalities and reduced viabil-
ities, significantly affecting fecundity (Richmond, 1993).
athology of hypo-salinity exposure on the coral Stylophora pistillata,
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Corals are osmo-conformers, becoming iso-osmotic with their
surroundings, gaining water when exposed to hypo-saline conditions
(Rankin and Davenport, 1981; Tytlianov et al., 2000). Hypotonic
conditions can cause damage within a number of different organ-
elles and cellular fractions (Jahnke and White, 2003; Maeda and
Thompson, 1986). Mitochondria, in particular, are among of the most
vulnerable cell structures to osmotic damage; changes in osmolarity
can disrupt mitochondrial electron transport and alter NADH redox
capacity, producing an increase in reactive oxygen species and altering
cellular metabolism (Ballantyne and Moon, 1986; Martinez et al.,
1995; Shivakumar and Jayaraman, 1986). Mitochondrial enzymes that
play key roles in amino acid metabolism in invertebrates are
depressed in response to hypo-saline conditions (Devin et al., 1997;
Ellis et al., 1985; Moyes et al., 1986). Osmotic shifts induce adverse
changes in endoplasmic reticulum structure and lysosomal function in
plant and animal cells (Nicholson, 2001). In the chloroplast, hypo-
tonicity can inhibit photosynthetic electron transport and catalase
activity (Allen 1977; Asada 1999; Burdon et al., 1996; Lockau, 1979).
Hypo-tonicity has been shown to block induction of the heat-shock
protein response in hepatocytes, thus reducing their ability to deal
with stress (Kurz et al., 1998). In contrast to higher invertebrate and
vertebrate pathologies associated with hypo-saline conditions, there
have been few studies that examine the physiological responses of
coral to this environmental condition. The majority of these studies
have focused on the effects of hypo-salinity on photosynthesis of the
coral's zooxanthellae, or general respiration of coral symbiosis
(Alutoin et al., 2001; Kershwell and Jones 2004; Manzello and Lirman,
2003).

To test the hypothesis that increasing hypo-salinities result in an
increase in histopathological and cellular pathological phenomena,
Stylophora pistillata were exposed to five salinity regimes (39 parts
per thousand (ppt), 32 ppt, 28 ppt, 24 ppt, and 20 ppt). Changes in
cellular structure/function and mechanisms of stress induced by
hypo-saline conditions were examined by measuring cellular pro-
cesses (protein chaperoning and degradation, xenobiotic response,
oxidative stress and response, Photosystem II efficiency) in control
and hypo-saline exposed corals, as well as associated microscopic
structural changes.

2. Methods

2.1. Materials

All chemicals for buffered solutions were obtained from Sigma-
Aldrich (St Louis, MO). Histological reagents were obtained from
Electron Microscopic Sciences (Hatfield, PA). Polyvinylidene fluoride
(PVDF) membrane was obtained from Millipore Corp. (Bedford, MA).
Antibodies against all the cellular parameters, as well as calibrant
standards, were gifts from EnVirtue Biotechnologies, Inc. (Winchester,
VA). Anti-rabbit conjugated horseradish peroxidase antibodies were
obtained from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA). DNA extraction kits and DNA purification and DNA AP site
assay kits were obtained from Dojindo Molecular Technologies
(Gaithersburg, MD).

2.2. Collection and growth condition of S. pistillata

Ten fragments, 2–3 cm in length, were collected from each of eight
S. pistillata colonies from the reef near the H. Steinitz Marine Biological
Laboratory in Eilat, Israel. The fragments were transported to the lab in
seawater-filled plastic bags. Each fragment was tied at its base using
monofilament fishing line and hung from a rubber hose in outdoor
flow-through sea water aquaria maintained at ambient sea tempera-
tures (24 °C). The aquaria were shaded by neutral density shade cloth
that allowed 50% ambient irradiance. The fragments were allowed to
acclimate for a period of two months prior to experimentation. Only
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fragments exhibiting healing at fragmentation lesions, growth,
characteristic color, and free of gross lesions were deemed healthy
and used for exposure experiments.

2.3. Stress exposures

S. pistillata fragments were exposed to varying salinities of sea
water made by diluting the ambient sea water (39 ppt) with dis-
tilled water that had the same pH as the sea water. Colony genotypes
were randomly distributed among the five treatments and aquaria-
treatments were randomly distributed. All tanks were static flow and
aerated. The five experimental exposures were 39 ppt, 32 ppt, 28 ppt,
24 ppt and 20 ppt. A fragment from each colony was hung in each
treatment aquarium (total of 8 fragments per treatment). Exposures
were carried out for 24 h, followed by photographic documentation of
each fragment and measurement of chlorophyll fluorescence para-
meters. The samples were then immediately frozen in liquid nitrogen
and stored at −80 °C until analysis.

2.4. Sample preparation, Enzyme-Linked Immunosorbent Assay (ELISA)
validation, and ELISA

Coral samples were ground to a fine powder using liquid nitrogen-
chilled ceramic mortars and pestles. Samples (~10 mg) of frozen
tissue were placed in 1.8 ml microcentrifuge tubes containing 1600 µl
of a denaturing buffer consisting of 2% sodium dodecyl sulfate (SDS),
50 mM Tris–HCl (pH 7.8), 25 mM dithiothreitol, 10 mM disodium
ethylenediaminetetraacetic acid (EDTA), 0.001 mM sorbitol, 3%
polyvinylpolypyrrolidone (wt/vol), 0.001 mM alpha-tocopherol,
0.005 mM salicylic acid, 0.01 mM 4-(2-Aminoethyl) benzenesulfonyl
fluoride hydrochloride (AEBSF), 0.04 mM Bestatin, 0.001 mM E-64,
2 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM benzamidine,
5 µM α-amino-caproic acid, and 1 µg/100 µl pepstatin A. Samples
were heated at 92 °C for 3 min, vortexed for 20 s, incubated at 92 °C
for another 3 min, and then incubated at 25 °C for 5 min. Sam-
ples were centrifuged at 10,000 ×g for 5 min. Supernatant free of a
lipid/glycoproteinmucilage matrix was transferred to a new tube, and
protein concentration was determined by the method of Ghosh et al.,
1988.

Antibodies used in this study were raised against an 8–12 residue
polypeptide conjugated to ova albumin and immuno-purified with a
Pierce SulfoLink Kit (Thermo Scientific, Rockford, IL, cat.# 44895)
using the original unconjugated peptide as the affinity binding agent.
Antigens were designed based on highly conserved and unique
domains found within the target protein. The antigen sequences were
generated by comparing cDNA-translated protein sequences from
cnidarians, other invertebrate taxa (e.g., C. elegans, Drosophila, etc),
and plant/algae using alignment analysis in the ClustalW software
from the Accelyrs Gene software service pack. A domainwas identified
as unique to one taxa (invertebrate vs plant), and confirmed using
BLAST analysis that it was not shared by any other class of protein in
Genbank and Swiss Protein Bank, as well as our own in-house gene
banks for cnidarians (Downs et al., 2009, private and public — www.
marinegenomics.org).

One-dimensional SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and western blotting were used to validate each antibody used
in ELISA assays involving S. pistillata. One-hundred and twenty
micrograms of total soluble protein from three randomly prepared
samples were pooled and 10 μg of total soluble protein per lane was
loaded onto either a 12.5% or 15% SDS-PAGE analytical gel (8 cm). A
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP; neutral pH)
concentration of 0.001 M was added to the separating portion of the
gel. All gels were blotted unto PVDF membranes using a wet-transfer
electro-blotting system. The membrane was blocked in 7% non-fat dry
milk, and assayed with the primary antibody for 1 h at room tem-
perature. The blots were washed in Tris-buffered saline pH 7.8 (TBS)
athology of hypo-salinity exposure on the coral Stylophora pistillata,
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four times each for 15min, and incubated in a horseradish peroxidase-
conjugated secondary antibody solution for 1 h at room temperature.
Blots were washed four times as above in TBS, and developed using a
NEN Western Lightning Plus (Perkin-Elmer, Waltham, MA) luminol/
hydrogen peroxide-based chemiluminescent solution and documented
using a Syngene (Frederick, MD) Genegnome luminescent documenta-
tion system.

Once validated, antibodies and samples were optimized for ELISA
format using an 8×6×4 factorial design (Crowther, 2001). Samples
were subject to ELISA assay using a Beckman–Coulter Biomek 2000
with 384-well microplates. Samples were assayed using the following
antibodies and EnVirtue catalog numbers: algal anti-glutathione
peroxidase (GPx) (AB-G101-P), algal anti-heat-shock protein 60
(AB-H100-P), algal anti-heat-shock protein 70 (AB-H101-P), algal
anti-chloroplast small heat-shock protein (AB-CHsHSP), anti-ubiquitin
(AB-U100), cnidarian anti-heat-shock protein 70 (AB-H101-CDN),
invertebrate Grp75 (AB-GRP75I), invertebrate anti-heat-shock protein
60 (AB-H100-IN), invertebrate polymerized/single anti-ubiquitin
(AB-UBI), invertebrate ubiquitin activase E1 (AB-ULE1), invertebrate
anti-manganese superoxide dismutase (MnSOD) AB-S100-MM),
cnidarian glutathione-s-transferase (GST) (pi-isoform homologue;
AB-GST-INV), invertebrate anti-small heat-shock protein (AB-H103),
invertebrate ferrochelatase (AB-FC), invertebrate Heme Oxygenase
Type 1 (AB-HO1IN), invertebrate protoporphyrinogen oxidase IX
(Ab-PPO-IN), invertebrate catalase (AB-CAT3), invertebrate cyto-
chrome P450 2 (AB-CY2), invertebrate cytochrome P450 3 (Ab-CY3),
cnidarians Cu/Zn superoxide dismutase (Ab-CZSOD), algal Cu/Zn
superoxide dismutase (Ab-A-CZSOD), animal MutY DNA Glycosylase
(Ab-MtY), invertebrate cytochrome P450 6 (AB-CY6), DNPH (protein
carbonyl), and anti-MXR (multi-xenobiotic resistance protein, ABC
family of proteins; P-glycoprotein 180; AB-MDR-180). Samples were
assayed in triplicate with intra-specific variation of less than 12% for
the whole plate. An eight-point calibrant curve using a calibrant
relevant to each antibody was plated in triplicate for each plate.

DNA was isolated according to manufacturer's instructions using
the Dojindo Get pureDNA kit-Cell, tissue (catalog # GK03-20). DNA
concentrations were determined using an Invitrogen/Molecular
Probes Quant-iT™ DNA Assay Kit, Broad Range (catalog # Q33130,
Carlsbad, CA) using either a Shimadzu spectrofluorophotometer
or a Bio-Tek fluorescent microplate reader with the appropriate
excitation/emission filters. DNA AP concentration was determined
using the Dojindo DNA Damage Quantification Kit-AP Site Counting
(DK-02-10) and was conducted according to manufacturer's instruc-
tions with one exception. Instead of using a colorimetric reporter
system as the manufacturer recommended, we used NEN Western
Lightning Plus luminol/hydrogen peroxide-based chemiluminescent
solution as part of the detection system since the horseradish peroxide
conjugate in the kit can also use luminol as a substrate. Light detection
was measured using a Bio-Tek 800 fluorescent/luminescent micro-
plate reader.

2.5. Pulse-amplitude modulated (PAM) chlorophyll fluorimetry

Optimal quantum yield of Photosystem II (Fv/Fm; see Björkman and
Demmig-Adams, 1987) was measured using a PAM chlorophyll
fluorometer (Diving-PAM; Walz, Germany; Schreiber et al., 1997). The
Fv/Fm ratio indicates the physiological well being of the electron transfer
chain within the photosystem. Following a 24-hour exposure to each
salinity regime, measurements were performed on 4–7 fragments
within each treatment after dark-adapting all corals for 1 h, using the
leaf distance clip to allow the sameangle anddistance for all coral pieces.

2.6. Histology

Fragments from each exposure were fixed in 4% formalin in
seawater (at the appropriate osmolarity) for 24 h then rinsed in
Please cite this article as: Downs CA, et al, Cellular pathology and histop
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filtered seawater and maintained in 70% ethanol/30% seawater. The
fragments were decalcified using a 1:1 (v/v) solution of 50% formic
acid and 20% sodium citrate. The tissue was then processed in an
automated Shandon Citadel tissue processor embedded in paraffin
and sectioned (5 µm). At least five slides per treatment from at least
three individuals per treatment were made. Each slide mount came
from a different area and depth in the tissue. Comparisons were made
between slides from the same area (in terms of tissue depth, or polyp
area) for each treatment. Each slide had five to six 5 μm-thick serial
sections. The sections were stained with hematoxylin /eosin and
observed and photographed.

2.7. Statistical analysis

Datawere tested for normality using the Kolmogorov–Smirnov test
(with Lilliefors' correction) and for equal variance using the Levene
Median test. If the datawere normally distributed and homogeneous, a
one-way analysis of variance (ANOVA) was employed. When data did
not meet the homogeneity of variances requirement for one-way
ANOVA, we used Kruskal–Wallis One-Way Analysis of Variance on
Ranks. When significant differences were found among treatment
means, we used the Tukey–Kramer Honestly Significant Difference
(HSD) method or the Holm–Sidak test as an exact alpha-level test to
determine differences among each of the treatments (Sokal and Rohlf,
1995).

We used canonical correlation analysis (CCA) as a heuristic tool to
illustrate how biomarkers could be used to discriminate between
populations. Canonical correlation analysis is an eigen-analysis method
that reveals thebasic relationshipsbetween twomatrices (Gauch,1985),
in our case those of the five treatments and biomarker data. The CCA
provided an objective statistical tool for (1) determining if populations
are different from one another using sets of cellular biomarkers that are
indicative of a cellular process (e.g., protein chaperoning and degrada-
tion, xenobiotic response), and (2) which biomarkers contributed to
those differences. This analysis required combining data from all five
treatments into one matrix, which we did by expressing biomarker
responses in a given treatment as a proportion of their mean levels.

3. Results

3.1. Antibody validation

Antibodies against cnidarian and dinoflagellate cellular para-
meters did not exhibit significant non-specific cross-reactivity
(Fig. 1), hence could be validly used in an ELISA format. All blots
presented in these figures were exposed for long periods of time
(1 min, 38 s); a technique to reveal subtle non-specific cross-
reactivities thatmay confound ELISAmeasurements. ELISA-microplate
readings are based on a four-second exposure. The levels of sensitivity
between the Syngene Genegnome documentation system and the Bio-
Tek fluorescent/luminescence microplate reader are approximately
equal, hence, the non-specific, faint bands are non-detectable by the
microplate reader. Because of the evolutionary conservation of
ubiquitin these antibodies detected proteins from the host and
symbiotic zooxanthellae in the coral homogenate (data not shown),
consequently an ELISA measurement using this antibody can detect
total protein concentration.

The western blot for dinoflagellate Hsp70 showed two expected
bands between ~70 and 75 kilo units (ku; Standard international;
Fig 1C) (Rensing et al., 1994). Antibody to metallothionein type-1
exhibited two bands around 5–6 ku; invertebrates often have several
alleles and isoforms of type 1, and cnidarians have at least two
homologs (Fig 1F) (Brouwer et al., 1992; Snell et al., 2003).
Ferrochelatase is a ~40–48 ku protein and is often expressed as two
isoforms in invertebrates as well as in Nematostella (Fig 1G) (Dailey,
1990; Putnam et al., 2007; Shibahara et al., 2007). Heme Oxygenase I
athology of hypo-salinity exposure on the coral Stylophora pistillata,
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Fig. 1.Western blots as validation for ELISA. Corals were homogenized and subjected to SDS-PAGE (5 µg total soluble protein per lane), western blotting, and assayed with polyclonal
antibody specific for the target protein. The migration rate for each band is indicated with the following blots: A = Hsp90 (85–98 ku); B = Hsp70 cnidarian (70–75 ku); C = Hsp70
dinoflagellate (70–78 ku); D=Hsp60 cnidarian (58–65 ku); E =Hsp60 dinoflagellate (60–65 ku); F =metallothionein I cnidarians (~5 ku); G= ferrochelatase cnidarians (40 ku);
H = aconitase cnidarians (108 ku); I = Heme Oxygenase I cnidarians (35 ku); J = Cu/ZnSOD cnidarians (20 ku); K = Cu/ZnSOD dinoflagellate (38 ku); L = MnSOD cnidarians
(24 ku); M = GPx cnidarians (19 ku); N = GPx dinoflagellate (29 ku and 45–50 ku); O = catalase cnidarians (50–55 ku); P = cytochrome P450 2 cnidarian (50–55 ku); Q =
cytochrome P450 6 cnidarian (50 and 58 ku); R = GST cnidarians (25 ku); S = MDR, both cnidarian and dinoflagellate isoforms (160 and 180 ku).
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presented as a doublet, which is consistent with a known number of
Heme Oxygenase I gene sequences in a related cnidarian species,
Nematostella (Fig. 1I) (Putnam et al., 2007). Antibody to the cnidarian
glutathione peroxidase was raised against the conserved domain
containing the selenocystene reactive site, which is found in a number
of glutathione peroxidase isoforms, as indicated in the triple banding
pattern in Fig. 1M (Brigelius-Floh, 1999; Putnam et al., 2007). Two
classes of plant/algal cytosolic glutathione peroxidases (GPx1 and
2) are apparent in Fig. 1N, exhibiting two isoforms ~45 ku (GPx2) and
the GPx1 isoform at 29 ku. These two isoforms share a highly
conserved ligand-binding domain that was used to design the target
antigen for this antibody based on known sequences in Nematostella
and Acropora palamta (Putnam et al., 2007; Rodriguez et al., 2003).
The western blot for catalase showed a single band ~55 ku (Fig 1O),
the smudge is from non-specific cross-reactivity as a result of uneven
blocking. Antibody against a conserved domain unique to members of
the cytochrome P450 2-family detected three species of CYP 2 ~50 to
55 ku (Fig. 1P), similar to the expression of CYP 2 species found in the
coral, Porites lobata (Downs et al., 2006; Goldstone, 2008; Reitzel
et al., 2008). The western blot for the cytochrome P450 6-family
(Fig. 1Q) presented two distinct bands; one band ~53 ku and a slow-
migrating band ~58 ku (Bhaskara et al., 2006; Reitzel et al., 2008).

3.2. ELISA results

ELISA for dinoflagellate Hsp60, dinoflagellate Hsp70, cnidarian
Grp75, cnidarian Hsp60, cnidarian Hsp70, cnidarian ubiquitin acti-
vase, total ubiquitin, chloroplast sHsp and the four major cnidarian
sHsp classes were performed to address the possibility of differences
in Protein chaperoning and degradation between the hypo-salinity
treatments (Table 1). Cnidarian Hsp70 and Grp75, which are two
Table 1
Unless otherwise noted all data are presented as fmol/ng total soluble protein (TSP).

Cellular parameter 39 ppt 32 ppt

Protein chaperoning and degradation
Hsp70 cnidarian 195±21a 207±13a

Grp75 cnidarian 108±2a 70±4b

Hsp60 cnidarian 5±0.3a 8±0.5a

Ubiquitin 120±9a 157±15a

Ubiquitin activase E1 cnidarian 589±16a 750±21b

Small heat-shock proteins cnidarian 2.8±0.4a 4.3±0.2b

Hsp60 dinoflagellate 70±11a 114±14a

Chloroplast small heat-shock protein 5±1a 6±12a

Oxidative damage and response
Protein carbonyl 3±0.6a 10±3a

Catalase cnidarian 17±5a 28±8a,b

Cu/ZnSOD cnidarian 53±5a 70±3a

MnSOD cnidarian 259±7a 447±8b

MutY cnidarian 81±10a 95±5a,b

Cu/ZnSOD dinoflagellate 140±11a 215±34b

GPx-1 dinoflagellate 99±13a 101±12a

Porphyrin metabolism
PPO cnidarian 2.7±0.2a 2.9±0.09
Ferrochelatase cnidarian 14±2a 12±0.2a

Heme Oxygenase 1 cnidarian 22±2a 31±2a

DNA damage
DNA AP site (per 1×105 nucleotides) 137±19a 124±25a

Xenobiotic response
CYP P450 2 cnidarian 4.8±0.3a 4.4±0.5a

CYP P450 3 cnidarian 6±0.5a 12±0.5b

CYP P450 6 cnidarian 29±2a 7±0.4b

GST-pi cnidarian 103±13a 86±7a

MXR 1.1±0.2a 1.0±0.05

Entries in the table give treatment means±1 SE. If the data were normally distributed and ho
meet the homogeneity of variances requirement for one-way ANOVA, we used Kruskal–Walli
letters differed significantly at α=0.05 using the Tukey–Kramer HSD method, Holm–Sidak
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Hsp70 homologues, and ubiquitin significantly increased in response
to salinity levels 28 ppt and lower. Ubiquitin activase and cnidarian
Hsp60 were more sensitive to changes in salinity, and significantly
increased at 32 ppt salinity and lower. Cnidarian small Hsps were the
least sensitive to changes in salinity, and were only detectable at
salinities of 24 ppt and lower. Dinoflagellate Hsp60 and the chloro-
plast sHsp only changed their expressions at 28 ppt and lower.
Canonical correlation analysis indicates distinct changes in protein
chaperoning and degradationwhen exposed to a regime of decreasing
salinities (Fig. 2A; Wilks' Lambda value=0.0041032; F Testb0.0001).

ELISA for dinoflagellate Cu/ZnSOD, dinoflagellate GPx, cnidarian
MnSOD, cnidarian Cu/ZnSOD, cnidarian catalase, invertebrate MutY,
DNA AP lesion, and protein carbonyl were performed to access potential
differences in oxidative-stress response among treatments (Table 1).
Cnidarian anti-oxidant defenses were very responsive to the small
changes in salinity, and their induction preceded detectable changes in
protein oxidation. In contrast, the DNA repair enzyme, MutY, only
accumulated at the lowest salinity concentration. Dinoflagellate anti-
oxidant enzymes responded in a similar fashion as the cnidarian anti-
oxidant enzymes, except that at 20ppt, dinoflagellate Cu/ZnSODprotein
levels either decreased to a point where the protein levels were below
the calibrant standard curve or the epitope that is recognized by
the antibodyhad beenmasked (e.g., adductionwith an aldehyde such as
4-hydroxynonenal or oxidized). DNA damage as reflected by the
accumulation of DNA abasic lesions (apurinic/apyrimidinic site) on
DNAmore than tripledwhen corals were exposed to 28 ppt salinity, and
increased by almost seven fold when exposed to 20 ppt salinity
(Table 1). Canonical correlation analysis showed a significant shift in
anti-oxidant defenses and an accumulation of biochemical lesions
associatedwith oxidative damage fromexposure to a decreasing salinity
regime, and that the 24–20 ppt treatment was defined predominantly
28 ppt 24 ppt 20 ppt

170±26a 330±34b 424±31b

96±7a 45±7.4c 33±3c
,b 11±1b,c 9±0.6c 12±0.3d

158±7a 169±13a,b 218±12b

801±38b 894±29c 1110±76d

7.7±1.7ab 27.7±4.1c 33.6±2.7c

228±19b 523±46c 595±31c

16±5a 72±23b 132±40b

32±9b 332±41c 526±43d

45±3b,c 42±5b,c 63±6c

77±6a,b 111±7b,c 185±16c

383±18c 672±57d 1179±24e

77±12a 89±3a 128±7b

447±25c 712±31d BCCe

203±39b 341±11c 424±28d

a 2.6±0.05a 2.7±0.02a 2.6±0.08a

13±1a 11±0.6a 18±1a

30±3a 34±3a,b 46±5b

428±42b 540±34b 947±58c

2.4±0.3b 1.3±0.1c 1.5±0.2c

12±1.3b 12±0.8b 15±2b

7±0.5b 11.2±0.3b 9±0.7b

126±40a 120±7a 142±19a
a 1.2±0.3a 1.3±0.07a 1.1±0.2a

mogeneous, a one-way analysis of variance (ANOVA) was employed. When data did not
s One-Way Analysis of Variance on Ranks. Treatmentmeans with different superscripted
test, Student–Newman–Keuls Method or Dunn's Test. BCC = below calibrant curve.
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Fig. 2. Canonical centroid plot of biomarkers. Canonical correlation analysis was used to address the question: are the biomarker patterns of a particular metabolic category affected
by the five salinity treatments. Original variates 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 salinity treatments are not significantly different from one another, while non-overlapping centroids indicate a difference. (A) Protein metabolism
biomarkers: non-overlapping centroids have an R value of less than 0.16. (B) Oxidative-stress biomarkers: non-overlapping centroids have an R value of less than 0.09. (C) Porphyrin
metabolism biomarkers: non-overlapping centroids have an R value of less than 0.11. (D) Xenobiotic-response biomarkers: non-overlapping centroids have an R value of less than
0.04. (E) Dinoflagellate stress markers: non-overlapping centroids have an R value of less than 0.02.
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by accumulation of these cellular lesions (Fig. 2B; Wilks' Lambda
value=0.0001228, F Testb0.0001).

ELISA for cnidarian ferrochelatase, protoporphyrinogen oxidase IX
(PPO) and Heme Oxygenase 1 (HO1) were performed to assay dif-
ferences in porphyrin metabolism between the salinity treatments.
Ferrochelatase and PPO levels showed no changes in response to
salinity. In contrast, HO1 levels were significantly elevated at 20 ppt
salinity and lower (Table 1). Canonical correlation analysis showed
no significant difference between 39 ppt and salinities of 32 ppt and
28 ppt, though there was a significant difference between 39 ppt
and 24 and 20 ppt salinities (Fig. 2C; Wilks' Lambda value=
0.1090869, F Testb0.0001).

ELISA for cnidarian GST-pi, cnidarian cytochrome P450 6, and MXR
was performed to investigate differences in xenobiotic response be-
tween treatments (Table 1). Neither GST nor MXR showed a response
to any salinity treatment. Cytochrome P450 3-family showed a
significant increase in response to hypo-salinity (Table 1). Cytochrome
P450 2-family exhibited a significant decrease to hypo-saline treat-
ments of 28 ppt and lower. Cytochrome P450 6-family showed a
marked decrease in expression level in response to all hypo-saline
treatments. Canonical correlation analysis indicated a marked change
in cellular condition related to xenobiotic response capacity (Fig. 2D;
Wilks' Lambda value=0.0029262, F Testb0.0001).

3.3. PAM chlorophyll fluorescence

Decreases in seawater salinity were found to correlate strongly
(r=0.9, Pb0.05) with decreases in the optimal quantum yield of PSII
(Fv/Fm; Fig. 3). While exposure of corals to 39–32 ppt resulted in
normal Fv/Fm values for the season in which we performed this
experiment, exposing coral fragments to 28 ppt and lower resulted in
a significant (one-way ANOVA, Pb0.05) decrease in Fv/Fm values
(Fig. 3).

3.4. Histology

Overall, changes in polyp integrity were visible at all hypo-saline
concentrations. The extent of change observed in gross tissue
architecture of the coral fragments increased as the exposure salinity
decreased (Figs. 4–6). At 32 ppt and below, coral tissues swelled and
lost their coloration, with the change most pronounced at 28 ppt.
Microscopic examination showed disruption of tissue architecture,
necrosis, and pyknosis. At 28 ppt, tissue confluence disruption was
clearly evident, particularly in the gastrodermal tissue layer.

Control corals exhibited well defined tissue layers with a columnar
cell epidermal layer. The nuclei were elongate and positioned in the
Fig. 3. Dark-adapted Fv/Fm in Stylophora pistillata measured using a DIVING-PAM
chlorophyll fluorometer. All measurements were performed using the leaf distance clip,
following 24 h of exposure to the different salinities, and after dark-adapting all coral
fragments for 1 h. n=4–7 replicates per treatment, +/−SE.
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basal two-thirds of the cells in this tissue layer. Mucus cells and
nematocytes, particularly spirocysts, were abundant (Fig. 4A, E). In
these fragments, the gastrodermis was replete with zooxanthellae.
Corals from the 32 ppt treatment (Fig. 4B) showed a breakdown in the
columnar characteristics of the epidermal layer in the oral disc region.
There was a decrease in the number of mucus cells and a possible
breakdown of nematocytes. The most prominent difference between
control and 32 ppt exposed corals was the presence of eosinophilic
extra-cytoplasmic inclusion bodies. These were apparent in the
gastrodermal layer as opposed to the epithelia. Co-occurring with
hyper-eosinophilia, gastrodermal cells also suffered from the loss of
normal cellular architecture and zooxanthellae, vacuolization, and the
presence of non-staining bodies (Fig. 4B, black arrow pointing left). At
28 ppt, the epidermis retained its integrity but this tissue was best
characterized by pyknosis of the nuclei, loss of mucus cells and
nematocytes, and the occurrence of eosinophilic extra-cytoplasmic
inclusion bodies (Fig. 4C, D). The stomadeal epidermis showed
increased pyknosis at 28 ppt, as compared to 32 ppt, and further
loss of cellular architecture. Gastrodermal tissue disruption was also
exacerbated, as characterized by cell debris in both tissue layers, a loss
of most zooxanthellae, with those remaining swollen in appearance
(Fig. 4F).

Gonads were evident in all fragments at all salinities (Figs. 5 and
6). Planulae from fragments maintained at lower salinities showed
increases in the breakdown of tissue and increased nuclear pyknosis
(Fig. 5C–F). In fragments from hypo-saline treatments, oocytes
appeared normal though the tissue was swollen and cell confluence
was disrupted surrounding the oocytes (Fig. 6B). Although gross testes
architecture was maintained, microscopic changes in tissue architec-
ture were evident. Spermatids within the testes were swollen at the
lower salinity (Fig. 6F).

4. Discussion

Among the primary causes of coral reef decline identified by the
Pew Oceans Commission and the US Commission on Ocean policy are
a reduction in water quality resulting from runoff and pollution from
land-based and marine sources (Pew Ocean Commission, 2003).
Though its presence is readily observable (e.g., haloclines) and mea-
surable, hypo-salinity is often disregarded as a significant factor in
coral reef decline, because it is difficult to link it to changes occurring
in the landscape of adjoining watersheds (i.e., a single point source)
(Fabricius, 2005).

We have demonstrated that S. pistillata responds to hypo-saline
conditions at gross, cellular, and biochemical of levels. Gross mor-
phological changes to hypo-salinity showed (1) increased tissue
swelling, degradation, and loss of zooxanthellae with decreasing
salinities, (2) paling (bleaching) of the brownish-yellow coloration of
the tissue associated with maintenance of a healthy population of
zooxanthellae, (3) an increase in pink fluorescent coloration at the
lowest salinity (20 ppt), and (4) tissue necrosis at the two lowest
salinity concentrations (20 and 24 ppt).

Histologically, changes were observed in the cellular integrity and
tissue architecture with these changes occurring to differing degrees
in different tissues. Changes in the symbiont's photosynthetic
capacities and pathways were detected using PAM chlorophyll
fluorimetry kinetics.

One of the most important findings of this study is that hypo-
salinity induces an oxidative-stress response in both the host and the
symbiont, and that there is a linear relationship between decreasing
saline conditions and increasing burdens of oxidative stress.

4.1. Protein chaperoning and degradation

Protein chaperoning and degradation is the cellular status of pro-
tein synthesis, protein maturation, and protein degradation. Changes
athology of hypo-salinity exposure on the coral Stylophora pistillata,
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Fig. 4. Stylophora pistillata polyp tissue. (A) Ambient salinity (39 ppt): section of stomadeal area (×20). Arrows denote nuclei. (B) 32 ppt section of stomadeal area. Blue arrow
denotes cell necrosis in the epidermis black arrows point to cells undergoing disintegration as denoted by hyper-eosinophylia (×20). (C) 28 ppt. Arrow denotes the rounded nuclei
cellular degradation is evident by increased vacuolization. (D) 28 ppt section of stomadeal area. Gastrodermal cells loss of architecture. Black arrow denotes pyknosis. (×20)
(E) Septal filament from control coral. Note the abundance of mucus cells and columnar integrity of the epithelium. (F) Septal filaments of coral from 28 ppt: note loss of cellular
integrity and the rounding of the nuclei.
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in any of these processes are indicative of a significant change in
cellular metabolism and homeostasis (Downs, 2005). In this study,
only six parameters of protein chaperoning and degradation in
cnidarians and two parameters in the dinoflagellate were examined,
but whose changes in behavior are indicative of a wider system
response. Thus, these biomarkers were used to test the hypothesis that
hypo-saline conditions significantly shifted the concentration of these
parameters. Heat-shock protein 70 (Hsp70) is a cytosolic chaperonin,
while Grp75 is the mitochondrial homologue. The cytosolic Hsp70
function is a crucial element in thematuration of newlymade proteins
to gain their active state. GRP75 is essential in thematuration of newly
imported proteins into the mitochondria. The ability to reassemble
Please cite this article as: Downs CA, et al, Cellular pathology and histop
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denatured proteins is often themost commonly recognized function of
both Hsp70 and Grp75 (Ellis, 1996; Papp et al., 2003). Cnidarian heat-
shock protein 60 (Hsp60) is the major mitochondrial chaperonin and
functions to mature nuclear-encoded, mitochondrial-imported pro-
teins into their active state (Ellis, 1996). Elevation of this protein
signifies that there has been a general shift in the protein chaperoning
and degradation within the mitochondria and implies a change in the
equilibria of mitochondrial-associated metabolic pathways (Papp
et al., 2003). The dinoflagellate Hsp60 homologue is better known as
the RuBisCO-binding protein and was first discovered to chaperone
RuBisCO, the primary enzyme of the Calvin Cycle in photosynthesis
(Hemmingsen, 1990; Jackson-Constan et al., 2001). Ubiquitin could be
athology of hypo-salinity exposure on the coral Stylophora pistillata,
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Fig. 5. Stylophora pistillata planulae. Histological sections from fragments maintained at different salinities: (A) Ambient (control) salinity (×10). (B) Close-up of boxed area (×40)
showing cell structure; note the well defined columnar nature of epidermal layer of the planulae, intact zooxanthellae. (C) Planula from coral in 32 ppt (×10). (D) Close-up of boxed
area showing cell structure (×40). Arrows indicate nuclei, note the breakdown of tissue. (E) Planulae from coral in 28 ppt (×10) (F) Close-up of boxed area (×40) showing cell
structure. Arrows indicate nuclear pyknosis as well as loss of cellular integrity.
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considered the ‘death mark’ of proteins; its conjugation to broken or
no-longer-needed proteins marks these proteins for degradation
(Hershko and Ciechanover, 1998). Ubiquitin activase E1 prepares and
mediates the conjugation catalysis event between ubiquitin and the
target protein and an increase in activity suggests amplification of
protein degradation processes (Shang et al., 1997).

The cnidarian and chloroplast small heat-shock proteins (sHsps)
are often absent under normal conditions, but are induced only as a
result of severe stress (Downs et al., 1999). Measurement of cnidarian
Please cite this article as: Downs CA, et al, Cellular pathology and histop
Sci Total Environ (2009), doi:10.1016/j.scitotenv.2009.05.015
sHsps in this study was actually the measurement of five separate
isozymes (sHsps 16, sHsp22, sHsp23, sHsp26, sHsp28), because the
antibody used in the study binds to a highly conserved epitope that is
found only on these five proteins. Each of these sHsps is indepen-
dently regulated and localizes to different places within the cell, and
perhaps to different tissue types (Branton et al., 1999; De Jong et al.,
1993; Heckathorn et al., 1999; Morrow et al., 2004; Willsie and Clegg,
2002). The chloroplast sHsp specifically associates with the oxygen
evolving complex of Photosystem II and protects Photosystem II
athology of hypo-salinity exposure on the coral Stylophora pistillata,

http://dx.doi.org/10.1016/j.scitotenv.2009.05.015


Fig. 6. Stylophora pistillata gonad tissue. Histological sections from fragments maintained at different salinities: (A) Polyp from ambient (control) salinity, 39 ppt, ×10. (B) Hypo-saline
treatment, 28 ppt, ×10. (C) Oocyte from control coral (note defined nucleus and nucleolus). (D) Oocyte from 28 ppt fragment. Note loss of architecture of the follicular tissue surrounding
the oocyte. (E) Testes from control (39 ppt) coral. (F) Testes from 28 ppt treatment. Note swelling of the gonad and the loss of architecture of the tissue surrounding the testes.
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activity during heat stress, ultraviolet-radiation exposure, and oxida-
tive stress, most likely via a recycling anti-oxidantmechanism (Downs
et al., 1999; Heckathorn et al., 1999).
Please cite this article as: Downs CA, et al, Cellular pathology and histop
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Canonical correlation analysis indicates distinct changes in pro-
tein chaperoning and degradation when corals are exposed to a
regime of decreasing salinities (Fig. 2A). The first proteins to respond
athology of hypo-salinity exposure on the coral Stylophora pistillata,
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to the change in salinity were Hsp60 and ubiquitin activase. Lack of
induction of Hsp70, ubiquitin, and the sHsps at 32 ppt suggests that
the organism was responding to a stressor, but was not responding
to a cellular crisis (a condition defined by the presence of cellular
lesions) (Halliwell and Gutteridge, 1999). For example, neither
protein carbonyl, nor DNA damage, was evident at this salinity. This
is supported by histological evidence that showed only slight
changes in cellular architecture at this salinity. On the other hand,
all the host biomarkers for protein chaperoning and degradation
at 28 ppt were significantly elevated in comparison to controls,
indicating a marked shift in cellular condition. This condition is
marked by an accumulation of cellular lesions, specifically oxidized
proteins and damage to DNA, likely the result of nucleotide oxidation.
The effects of this treatment were morphologically evident in the
widespread changes to coral tissue and cellular architecture. Specific
changes were evidenced by the nuclear rounding and cell degrada-
tion. At 24 ppt, there is an increase in tissue degradation with a
significant accumulation of the sHsps, indicating a serious alteration
of metabolic structures and processes (Ornatsky et al., 1995). Grp75
levels were reduced at 24 ppt and 20 ppt, which may have been a
result of the mitochondrial-import rate being adversely affected by
oxidative and osmotic stress (Papp and Nardai, 2003; Takahashi and
Hood, 1996). For the dinoflagellate, Hsp60 chaperonin did not
significantly accumulate until exposure to 28 ppt salinity. Together,
these individual responses form a diagnostic profile showing that
decreasing salinity regimes will shift protein chaperoning and
degradation from a situation characterized by a coordinated increase
in the rate of protein synthesis and protein degradation to a
metabolic condition with a significant increase in the rate of protein
degradation relative to protein synthesis (Ellis, 1996; Downs, 2005;
Hershko and Ciechanover, 1998).
4.2. Oxidative-stress response

A cell is able to withstand the adverse effects of oxidative stress
based on its ability to (1) suppress reactive oxygen species generation
(2) neutralize reactive oxygen species once they are formed, and
(3) repair the damage to a cellular structure caused by lesions gen-
erated from reactive oxygen species (Halliwell and Gutteridge, 1999).
Canonical correlation analysis showed a significant shift in anti-
oxidant defenses and an accumulation of cellular lesions associated
with oxidative damage from exposure to a decreasing salinity regime
(Fig. 2B). The enzymes that respond to the 32 ppt salinity exposure
were catalase, dinoflagellate Cu/ZnSOD, and MnSOD, indicating that
hypo-salinity induced an oxidative-stress response, but no major
change in tissue morphologies was visible. Protein oxidation was not
apparent until exposure to 28 ppt salinity when tissue breakdownwas
widespread and cellular debris was prevalent in both the epidermis
and gastrodermal tissues (Fig. 4). Induction of MutY was not apparent
until 20 ppt salinity, even though DNA AP lesions significantly
accumulated at higher salinities. One explanation for this result is
that MutY repair activity can increase without an increase in accu-
mulation of the enzyme. Thus the concentration of MutY at 28 and
24 ppt salinity may have been sufficient to repair oxidized base pairs.
The accumulation of DNA lesions at 20 ppt may have been so severe
that it overwhelmed the basal capacity of MutY to repair the DNA
lesions.

Dinoflagellate anti-oxidant enzymes exhibited a similar pattern
to host anti-oxidant enzyme profiles, indicating that the dinofla-
gellate was also responding to an oxidative-stress insult (Fig. 2E).
Severe photo-oxidative stress can cause inactivation and degradation
of Cu/ZnSOD, as well as masking of epitopes by making the domain
unrecognizable as a result of oxidative cleavage (non-protease
dependent) and aldehyde adduction (Casano et al., 1997; Kurepa et
al., 1997; Sakaguchi et al., 2004).
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4.3. Porphyrin metabolism

Porphyrins are essential ligands used by proteins in a number of
physiological processes, such as oxidative phosphorylation, steroido-
genesis and fatty acid synthesis, and xenobiotic responses (Ajioka
et al., 2006). Shifts in the porphyrin metabolic equilibrium reflect a
major shift in cellular metabolism as a whole (Marks et al., 1982;
Thunell and Harper 2000). Protoporphryinogen oxidase IX catalyzes
the penultimate step of porphyrin production and ferrochelatase the
last step, inserts iron into the porphyrin ring to form hemin (Dailey,
1990; Dailey et al., 2000). Heme Oxygenase I catalyzes the decom-
position of heme to biliverdin, carbon monoxide, and ferrous iron
(Schwartsburd, 2001). Biliverdin is further catalyzed to bilirubin,
which is a powerful lipophilic anti-oxidant (Stocker and Ames, 1987).
Interestingly, the porphyrin synthesis pathway was unaltered by
hypo-salinity exposure as indicated by a lack of change in both
ferrochelatase and protoporphryinogen oxidase IX (Fig. 2C; Table 1).
The porphyrin degradation pathway however was altered when corals
were exposed to salinities of 24 ppt and lower, though most likely not
in response to damaged porphyrins, but rather from a need to increase
bilirubin's anti-oxidant potential (Stocker and Ames, 1987).

4.4. Xenobiotic response

Cells can regulate and expel potentially harmful xenobiotics
through a three-phase process. In Phase I, xenobiotics undergo an
enzymatically catalyzed reaction that introduces a polar group into
the xenobiotic's molecular composition that can impart toxicity, or
confer an enhanced toxicity compared to the parent compound
(Jokanović, 2001). Enzymes responsible for such reactions include the
superfamily of cytochrome P450s, the flavin-containing monooxy-
genases, and a host of esterases (Ronis et al., 1996). In Phase II, these
new polar metabolites are conjugated with endogenous substrates
such as sulfates, acetates, glutathione, and glucuronides (Jokanović,
2001; Glatt et al., 2001; Negishi et al., 2001; Ronis et al., 1996). These
new hydro-soluble products can now be managed by the cell for
transport to lysosomes for further metabolism, sequestered into
lysosome-like structures for containment, or excreted from the cell
through active diffusion transporters, such as the ATP-binding cassette
transporters (Borst and Elferink, 2002).

Canonical correlation analysis indicated a marked change in
cellular condition related to xenobiotic response capacity (Fig. 2D).
Cytochrome P450 3 exhibited a slight tendency to increase at higher
salinity treatments. This is in stark contrast to the sharp decrease in
levels of both cytochrome P450 2 and 6 in response to hypo-saline
treatments. Cytochrome P450 6 is an invertebrate subfamily of P450s
that is known to oxidize and be up-regulated by pesticides such as
aldrin, dieldrin, diazinon, chlorpyrifos, deltamethrin, and awide range
of pyrethroid compounds (Dunkov et al., 1997; Scott and Wen, 2001).
In mammals and some invertebrates, cytochrome P450 2 monoox-
ygenase can be induced by ethanol, carbon tetrachloride, and PCBs
congeners. This protein class also plays a significant role in
steriodogenesis (Lieber, 1997; Ronis et al., 1996). Decrease of this
protein class by hypo-salinity may affect not only the coral's ability to
defend against xenobiotics, but it may affect steroidogenesis, which in
turn can affect reproductive processes.

4.5. PAM chlorophyll fluorescence

The ratio of Fv/Fm is an index that reflects the efficiency of open
Photosystem II reaction centers. While the maximal Fv/Fm values for a
wide variety of terrestrial plants range between 0.830 and 0.833
(Björkman and Demmig-Adams, 1987), the values for zooxanthellae
within healthy-looking corals (measured with a Diving-PAM) range
between 0.565 and 0.65 (depending on season and depth).
athology of hypo-salinity exposure on the coral Stylophora pistillata,
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Several studies have demonstrated the severe reduction in Fv/Fm
values measured for in hospite zooxanthellae exposed to severe stress
and have correlated this with expulsion of zooxanthellae, i.e., coral
bleaching (Bhagooli and Hidaka, 2003; Jones and Hoegh-Guldberg,
1999). During the 1998 bleaching event in the Florida Keys, Fv/Fm
values of bleached corals ranged between 0.35 and 0.47 (Warner et al.,
1999). Although a relatively short-duration stress experiment, PAM
measurements in our experiment indicate that zooxanthellae exposed
to anything less than 28 ppt suffered severe damage to their algal
photosynthetic apparatus, leading to impairment of photosynthesis.
This is in agreement with a recent study by Kershwell and Jones
(2004) who showed that a significant decrease of Fv/Fm values
occurred only at salinities of 26 ppt or lower (10 ppt lower than
ambient).

4.6. Histology

Gross observations indicated no apparent distress of corals ex-
posed to 32 ppt salinity. However, histological examination showed
obvious tissue and cellular damage, which was only exacerbated with
decreasing salinities. Comparison of histological plates in Fig. 4 shows
a change in the staining of the mesoglea, both in the central matrix
and along the basal layer of the mesoglea; eosin staining becomes less
pronounced in the hypo-saline samples. Cnidaria have the most
primitive nervous system with primary axons potentially extending
beyond the mesoglea, but with the neural cell found largely along the
basal boundaries of the mesoglea (Grimmelikhuijzen et al., 1996).
Eosin-staining cells, with hematoxylin stained nuclei that run along
the mesoglea boundaries, can be seen in the control plate (Fig. 4A),
but this structure becomesmore difficult to recognize in samples from
hypo-saline exposures.

The effect on gonadal tissue is striking (Fig. 6). Oocytes exhibited
significant changes in internal architecture, including what appears to
be rupturing of the nuclear membrane and displacement of the
nucleolus. Follicular cells within the gonadal repository showed
extensive disorganization and a reduction in eosin staining. Disrup-
tion of the gonadal tissue strongly suggests that exposure to hypo-
saline conditions may have a detrimental effect on the reproductive
fitness of the exposed coral. Basic reproductive studies need to be
conducted to confirm this effect.

Although exposure of these fragments to hypo-saline conditions
was not prolonged, some cellular damage was visible at all hypo-
saline conditions. Most of the effect could be attributed to “osmotic
swelling” and it is likely that this resulted in some electrolyte
depletion. It is possible that if this effect is relatively short-lived, the
coral may recuperate quickly. The histological changes such as the
hyper-eosinophilic bodies found in the tissues of colonies from
the lower salinities may represent one type of effect that hypo-
salinity has on the cellular structure of coral tissues.

4.7. Conclusion

The histological and biomarker evidence provided here indicate it
is possible that the effect of a short-lived inundation of these corals by
freshwater (that reduces salinity by notmore than 9 ppt) is reversible.
This inference is also supported by Hoegh-Guldberg and Smith (1989)
who showed no effect on oxygen flux and biomass of zooxanthellae in
S. pistillata from the Great Barrier Reef maintained at a salinity of 5 ppt
lower than ambient salinity. They did find, though, that corals exposed
to 23 ppt (12 ppt lower than ambient) all died following a 36-hour
exposure. The S. pistillata colonies in this study showed similar
changes; there were no discernible macro-changes in corals exposed
to salinities of 7 ppt below ambient (i.e., 32 ppt), however, histological
and cellular parameter changes were observed. Exposure of fragments
to lower salinities (i.e., below 28 ppt) for 24 h did result in extreme
biochemical and histological changes accompanied by extreme
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degradation and necrosis. This suggests that the possibility of
recuperation following such an osmotic shock may be relatively low
and that the range of salinities in which these corals may osmo-
conform is relatively narrow. Since S. pistillata colonies found in the
northern Gulf of Aqaba (Eilat) (average yearly rainfall approximately
3 cm/year) are not usually exposed to low salinities, it is not
surprising that these corals have minimal tolerance to drastic and
prolonged changes in salinity. The histological changes occurring in
zooxanthellae and coral cells corroborate the results obtained by the
PAM fluorescence and biomarkers of cellular metabolism.

The integration of biochemical, morphological and cellular
metabolism features into a diagnostic profile allows for an in-depth
understanding of the response coral cells have to be environmental
stress and their ability to withstand these stresses. Such knowledge is
of particular value in light of the predicted environmental changes
from global warming, rising seawater levels and changes occurring in
coastal land usage. As a result of coastal development, the mortality
and bleaching associated with corals and other coral reef organisms
(e.g., sea urchins) is a recent social concern and a significant factor for
environmental impact assessment and natural resource damage
investigations (Coles and Jokiel, 1992; Devlin et al., 1998; Muthiga
and Szmant, 1987; Porter et al., 1999).
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