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Abstract Aspergillosis is a widespread disease that has
impacted the demography of the Caribbean sea fan coral,
Gorgonia ventalina. The innate coral immune defenses can
be measured as constitutive levels of immune proteins (per-
oxidase [POX], prophenoloxidase [PPO], lysozyme-like
activity [LYS], exochitinase [EXOC]), antioxidant (super-
oxide dismutase [SOD]), and antimicrobial (antibacterial
[AB] and antifungal [AF]) activity. Therefore, variations in
these parameters across a geographic region could provide
clues to the role of environment in disease. This study
examined healthy sea fans collected in July 2005 from six
oVshore sites in the Florida Keys lying between 24.569°N
and 25.220°N, a distance of »145 km. Contrary to expecta-
tions, small (<15 cm) colonies did not diVer signiWcantly
from large colonies (>15 cm) in the protein-based levels of
activity in any of the measured parameters. However, there
were signiWcant diVerences in many of the parameters
among sites, and Molasses Reef and Looe Key Reef were
the most diVerent in POX, PPO, SOD, and AF activity.
This suggests that there are potential site-speciWc environ-
mental factors that shape the immune physiology of colo-
nies. Several proxies of environmental stress were also
regressed against levels of the immune parameters. The
proxies included 10 year averages of benthic community
composition, 5 year averages of water quality, and historic

aspergillosis disease prevalence and severity. Generality
about environmental drivers was limited by assaying only
six sites, but several patterns did emerge. SOD, EXOC, and
AF activity were all correlated with percent bare substrate
cover, suggesting that certain immune components may be
activated in low coral environments. LYS and EXOC activ-
ity were positively correlated with dissolved inorganic
nitrogen (DIN), one proxy of water quality. There were no
relationships between any of the measured immune parameters
and previous disease prevalence and severity. This study is
a Wrst step in evaluating levels of within- and between-site
variation in coral immunity and investigating possible
environmental drivers.

Abbreviations
POX Peroxidase
PPO Prophenoloxidase
SOD Superoxide dismutase
LYS Lysozyme-like
EXOC Exochitinase
AB Antibacterial
AF Antifungal

Introduction

Ecological immunology is the study of the factors and out-
comes of variation in immune functions that inXuence evo-
lution and ecology (RolV and Siva-Jothy 2003). Most of the
research has focused on costs of maintaining the host
immune system and the tradeoVs on other life history strat-
egies (Norris and Evans 2000; Schmid-Hempel 2003).
However, there are very few data on how the immunity of
populations varies among environments and how immune
function is inXuenced by a previous history of disease and
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environmental stress (RolV and Siva-Jothy 2003; Mucklow
et al. 2004; Mydlarz et al. 2006). Coral reefs and other
marine environments are being heavily impacted by out-
breaks of disease (Sutherland et al. 2004; Harvell et al.
2007) and yet, how coral immunity and disease resistance
vary in nature is not well understood.

The immune responses of the Caribbean sea fan coral,
Gorgonia ventalina, have been relatively well studied due
to the widespread disease, aspergillosis. This infection,
caused by the terrestrial fungus Aspergillus sydowii, leads
to lesion and tumor formation surrounded by distinct deep
purple coloration on aVected sea fans (Smith et al. 1996;
Nagelkerken et al. 1997; Geiser et al. 1998). Aspergillosis
has been observed on most reefs throughout the Caribbean,
Florida, and as far North as Bermuda (Weil 2004; Mullen
et al. 2006; Nugues and Nagelkerken 2006), and has had
dramatic eVects on the abundance, reproduction, and size
structure of sea fan populations (Harvell et al. 2004; Kim
and Harvell 2004; Nugues and Nagelkerken 2006). During
1997–2003, the Florida Keys in particular experienced
>50% of sea fan tissue loss as the result of several large
outbreaks (Kim and Harvell 2004). Disease prevalence has
since declined to background levels throughout Florida,
which could be attributed to a number of factors, including
host resistance (Kim and Harvell 2004).

These large scale impacts of aspergillosis have prompted
the study of several immune-related enzymes such as per-
oxidase (POX), prophenoloxidase (PPO), and chitinase.
POX is an enzyme responsible for scavenging and remov-
ing excess H2O2 (Torreilles et al. 1997; Mydlarz and Harv-
ell 2007). While this enzyme assists with numerous cellular
functions in other invertebrates, in sea fans POX is induced
by the pathogen A. sydowii and thus may provide increased
resistance to disease (Mydlarz and Harvell 2007). Prophe-
noloxidase (PPO) is the inactive form of phenoloxidase that
catalyzes the production of radical quinones, which are
converted into melanin (Cerenius and Soderhall 2004). This
enzymatic cascade has been well studied in other marine
and terrestrial invertebrates and several studies have linked
host survival to increased phenoloxidase activity (Siva-
Jothy 2000; Newton et al. 2004). In sea fans, melanin is
deposited along the axial skeleton to prevent the fungal
hyphae from entering the surrounding tissue (Petes et al.
2003; Mullen et al. 2004; Mydlarz et al. 2008). Further-
more, PPO levels are elevated in aspergillotic corals com-
pared to healthy ones (Mydlarz et al. 2008). Chitinases are
enzymes that modify and degrade chitin, a major compo-
nent of fungal cell walls (Kramer and Muthukrishnan 1997;
Bhattacharya et al. 2007; Douglas et al. 2007). Chitinase,
speciWcally exochitinase (EXOC), also aids in cellular
defense in sea fans and is released during physical stress
(Douglas et al. 2007). Sea fans also contain an array of lipid-
and water-soluble antibacterial (AB) and antifungal (AF)

compounds, which can be present in higher concentrations
in diseased fans and induced by A. sydowii (Kim et al.
2000a, b; Dube et al. 2002; Kim and Harvell 2002; Douglas
et al. 2007; Mydlarz and Harvell 2007; Ward et al. 2007).
In other invertebrates and plants younger individuals or
newer tissue contain higher constitutive and induced levels
of immune defenses than older individuals (Meyer and
Montgomery 1987; Sauve and Fournier 2005; Zerofsky
et al. 2005). Similarly, higher levels of lipid-soluble AF
activity have been detected in recruits than in large, mature
sea fan colonies (Dube et al. 2002; Ward 2007). One
hypothesis is that large sea fans are more prone to disease
due to lower levels of defense, which could explain the
higher prevalence of disease in larger colonies (Dube et al.
2002; Kim and Harvell 2002; Harvell et al. 2004). Further-
more, Dube et al. (2002) detected variation in lipid-based
AF activity along reefs in the Florida Keys, which could
contribute to an observed variation in disease prevalence.

There are several additional proteins which are consid-
ered important components of the invertebrate immune sys-
tem and may play a role in sea fan immunity. Superoxide
dismutase (SOD) is an antioxidant enzyme, which is
responsible for scavenging harmful superoxide anions
(O2

¡), (Alscher et al. 2002; Gonzalez et al. 2005; Mydlarz
et al. 2006), and is important for regulating oxidative stress
during pathogen-induced host defenses (Krishnan et al.
2002; Kuzniak and Sklodowska 2005). In coral, SOD activ-
ity has also been used as an indicator of oxidative stress
during increased temperature and UV radiation (Lesser
1997; Lesser and Farrell 2004). Lysozyme is an antibacte-
rial enzyme responsible for breaking down the peptidogly-
can cell walls of bacteria (Salton 1952; Fiolka et al. 2005).
Since it is diYcult to determine exactly which enzymes are
involved in the degradation of bacteria’s peptidoglycan
layer in these assays, most invertebrate immunology
studies have referred to this process as lysozyme-like
activity (LYS) (Anderson and Cook 1979; Adamo 2004).
While there are numerous immune-related enzymes and anti-
microbial compounds important for coral immunocompetence,
little is known about within-population and between-site
variation of overall coral immune response, and the factors
inXuencing immune function (Dube et al. 2002; Kim and
Harvell 2002, 2004; Fauth et al. 2006; Mydlarz et al.
2006).

Environmental stressors in marine ecosystems are
believed to exacerbate diseases, but the link between envi-
ronment and immune defense is not well understood (Harv-
ell et al. 2004; Mydlarz et al. 2006). There are a variety of
environmental and genetic factors that probably inXuence
the coral innate immune response, and we adopted several
of them. First, the general state of ecosystem health has
been connected to environmental stress (Odum 1985;
Rapport et al. 1985), and benthic community structure is
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typically used as a proxy of coral reef health (Porter et al.
2001; Bellwood et al. 2004; Beaver et al. 2006; Edmunds
and Elahi 2007). Stressors such as hurricanes, disease, poor
water quality, and rising seawater temperatures have been
associated with a loss of scleractinian coral cover, dimin-
ished ecosystem health (Connell 1978; Edmunds and Elahi
2007; Dinsdale et al. 2008), and Xuctuations in benthic
community structure (Porter et al. 2001; Beaver et al.
2006). Nutrients and land-based runoV onto coral reefs
have also lead to increased overgrowth of coral by macroal-
gae, sedimentation, and increased severity of fungal and
bacterial diseases (Szmant 2002; Bruno et al. 2003; Fabri-
cius 2005; Voss and Richardson 2006; Baker et al. 2007).

Historically, disease prevalence of aspergillosis similar to
other aspects of ecosystem health has varied considerably
across the Florida Keys. As a result, the levels of sea fan
innate immune defenses may also reXect these pressures. To
test this, key components of sea fan resistance were mea-
sured within-sites and across-sites. It was hypothesized that:
(1) constitutive immunity is higher in smaller fans; (2) the
levels of immune proteins (POX, PPO, LYS, EXOC), anti-
oxidants (SOD) and antimicrobial activity (AB, AF) are
more variable among than within-sites; (3) these diVerences
are correlated with environmental conditions such as dis-
solved inorganic nitrogen and coral reef ecosystem health,
measured by scleractinian coral cover, macroalgae cover,
and bare substrate cover; and (4) these diVerences are corre-
lated with historic disease prevalence and severity at these
sites. Due to the large geographic region and the well stud-
ied nature of the Florida Keys reef tract, we believe this

location provides an ideal system for a correlative study of
immunity and potential environmental drivers.

Methods

Seafan collection

To facilitate within-site and among-site comparisons, G.
ventalina 9£4 cm fragments were collected using SCUBA
during a 2 week period in July 2005. Edge fragments from
ten small (<15 cm) and ten large (>15 cm) colonies, a total
of 20 fragments, were collected from healthy colonies at
each site. These samples were collected from six sites along
the Florida Keys; Carysfort (25.220°N, 80.210°W), Molas-
ses (25.009°N, 80.376°W), Pickles (24.985°N, 80.416°W),
Alligator (24.850°N, 80.617°W), Tennessee (24.745°N,
80.781°W), and Looe Key (24.569°N, 81.382°W) (Fig. 1).
The sites ranged from 4 to 25 km apart, with the exception
of Looe Key which was 73 km from Tennessee. These col-
lections occurred haphazardly along the substrate near
patch reefs at a depth of 3 to 6 m. Fragments were collected
and Xash frozen in liquid nitrogen immediately upon
returning to shore, shipped to Cornell University on dry ice,
and stored at ¡80°C.

Extract preparation

Frozen fragments were weighed individually, ground to a
Wne powder with a mortar and pestle in liquid nitrogen,

Fig. 1 Six sampling sites in 
the Florida Keys. Note: water 
quality and ecological survey 
data from Conch reef was 
used as a substitute for Pickles 
reef in regression analyses 
(see “Methods” section for site 
coordinates)
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then extracted in 0.2 M phosphate buVer, pH 7.8 with
5 mM �-mercaptoethanol (Sigma-Aldrich, St. Louis,
Missouri) for 45 min on ice. The crude protein extracts
were centrifuged at 405g, the supernatants recovered and
centrifuged again at 14,000g to remove lipids and cellular
debris. The protein concentration of each extract was
determined using the Bio-Rad DC Protein Assay Kit
(Hercules, California) with a bovine serum albumin standard.
Extracts were stored at ¡80°C between assays.

Immune assays

All colorimetric and Xuorescent measurements were calcu-
lated using a Synergy HT multi-Detection microplate
reader with KC4 software (Biotek Instruments, Vermont).
Chemicals were purchased from Sigma-Aldrich (St Louis,
Missouri) except where noted. There were no distinguish-
able eVects of storing the extracts at ¡80°C on protein
activity for the duration of this study. Boiled extracts were
tested as negative controls and demonstrated marked inhib-
ited activity for all immune measures (data not shown).
BuVer controls with the substrate alone, and the protein
extracts without substrate were included in each assay and
subtracted from the Wnal absorbance. In all assays there was
negligible activity in these controls. All kinetic calculations
were taken during the linear phase of the reaction.

To measure POX activity, 5 �l of the crude protein were
diluted with 50 �l of 0.01 M phosphate buVer, pH 6.0 and
added to 50 �l of 25 mM guaiacol in 0.01 M phosphate
buVer, pH 6.0 in a 96-well plate (guaiacol Wnal concentra-
tion 10.8 mM). The reaction was initiated with the addition
of 10 �l of 20 mM hydrogen peroxide (1.7 mM Wnal con-
centration) prepared in 0.01 M phosphate buVer pH 6.0 and
optical density was measured over 15 min at 470 nm. POX
activity was represented as the change in absorbance at
470 nm min¡1 and normalized among samples to mg pro-
tein (Mydlarz and Harvell 2007).

PPO activity was measured by diluting 20 �l of the
extract in 60 �l sterile water and monitoring the oxidation
of colorless L-DOPA (3-(3, 4-Dihydroxyphenyl)-L-alanine
to dopachrome (visible at 490 nm). 100 �l of 10 mM stock
of L-DOPA were added (5 mM Wnal concentration). The
reaction was initiated by the addition of 20 �l of 1% SDS
(0.1% Wnal concentration) to convert PPO to the active
enzyme, phenoloxidase (Decker et al. 2001), and the absor-
bance monitored at 490 nm for 30 min. Data are presented
as change in absorbance (over 30 min) mg protein¡1.

SOD activity was calculated using the SOD Assay
Determination Kit-WST (Fluka, 19160) which includes
Dojindo’s highly water-soluble tetrazolium salt, WST-1
(2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt), that produces a water-
soluble formazan dye upon reduction with superoxide

anion. Sea fan extracts were diluted Wvefold for this assay.
20 �l of diluted extract were incubated with WST-1 and
xanthine oxidase, which produce superoxide anion and
absorbance at 450 nm. Inhibition of absorbance at 450 nm
was monitored in wells containing sea fan extracts and
SOD standards and compared to untreated samples. The
percent inhibition was normalized by mg protein and pre-
sented as SOD activity units.

LYS activity was measured by following a decrease in
absorbance at 425 nm of freeze dried Micrococcus luteus
suspensions. 20 �l of extract were added to 100 �l of a
0.3% M. luteus suspension in 10 mM phosphate buVer, pH
7.4. The absorbance after an 18 h incubation at room
temperature was taken, compared to the absorbance of
M. luteus suspensions with buVer alone, and divided by
mg protein to give percent lysis.

EXOC activity was assayed as described by Douglas
et al. (2007). Sea fan extracts were diluted 2,000-fold in a
sodium acetate buVer (100 mM sodium acetate, 0.1% SDS,
0.1% Triton X-100, 10 mM EDTA, 10 mM �-mercaptoeth-
anol, pH 5.0) for a Xuorogenic chitinase activity assay
(modiWed from Tronsmo and Harman 1993). 30 �l were
combined with 30 �l of 0.2 mM 4-methylumbelliferyl N-
acetyl-�-D-glucosaminide in sodium acetate buVer in a 96-
well microtiter plate. The plates were incubated for 30 min
at 37°C and the reaction was terminated by addition of
30 �l of 0.5 M Na2CO3. Fluorescence of the liberated meth-
ylumbelliferone (excitation 365 nm, emission 460 nm) was
compared with a dilution series of free methylumbellifer-
one in 0.5 M Na2CO3.

AB activity of the aqueous sea fan extracts was mea-
sured by comparing the inhibitory eVects of the extracts on
the growth rate of a pathogenic Vibrio sp. isolated from an
Indo-PaciWc diseased coral (courtesy of Garriet Smith). A
concentrate of this bacterial strain was streaked on a marine
broth agar plate and incubated at 26°C for 24 h. One dis-
tinct colony was removed and suspended in 7 ml of steril-
ized marine broth. The culture was incubated again in a
shaker at 26°C for 24 h. To quantify the concentration of
bacteria in the culture, absorbance was measured at 600 nm.
The predetermined standard absorbance used for this assay
was 0.2, which corresponded to »5 £ 107 cells ml¡1

(S. Merkel, personal communication). A standard growth
curve was conducted to identify the period of logarithmic
growth, which occurred between 240 and 360 min. A dose
response of sea fan extract was run to determine the
appropriate concentration to obtain 50–70% growth inhibi-
tion. To determine the inhibitory eVects of each extract,
extracts were diluted to 2 mg protein ml¡1 in 0.2 M
phosphate buVer pH 7.8. 10 �l of each extract was added
to 105 �l of marine broth, and 15 �l of the bacteria
culture. Positive controls using 0.05 mg ml¡1 of tetracycline
and negative controls using 0.2 M phosphate buVer, pH 7.8
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were included on each plate. The number of generations
was determined for each sample with the following
equation: 3.3 £ log(Wnal abs/initial abs) and the growth
rate calculated. Percent inhibition was calculated with the
following equation: I = (BC ¡ BE)/BC £ 100; I = percent
inhibition, BC = mean growth rate of bacteria control,
BE = mean growth rate of bacteria with extract.

AF activity of the aqueous sea fan extracts was measured
against the Florida Keys isolate 1 (FK1) of A. sydowii
following the methods modiWed from Thevissen et al.
(2000) and Douglas et al. (2007). 90 �l of spore solution
(105 spores ml¡1 in half concentration yeast peptone
glucose broth) or control medium were added to each well
of a 96-well plate and the spores allowed to germinate for
18 h at 25°C. 10 �l of the extract were added to each well
and absorbance at 595 nm measured on a plate reader over
the course of 24 h. Percent inhibition of fungal growth was
calculated using the following equation: I = (FC ¡ FE)/
FC £ 100; I = percent inhibition, FC = mean growth rate
of fungus control, FE = mean growth rate of fungus with
extract.

Correlations with ecological survey data

Empirical survey data from the Coral Reef Evaluation
and Monitoring Project (CREMP) from 1996 to 2005
were provided by Michael Callahan, Florida Fish and
Wildlife Research Institute. The total percent hard coral
cover, percent bare substrate cover, percent macroalgae
cover and hard coral species richness were averaged
from 1996 to 2005 for Carysfort, Molasses, Conch, Alli-
gator, Tennessee, and Looe Key. Pickles Reef was not
surveyed by the CREMP project, so to compare ecologi-
cal data and immune responses the closest site, Conch
Reef (24.977ºN, 80.450ºW) monitored by CREMP was
substituted.

Correlations with water quality data

Water quality data were provided by Joseph Boyer, South-
east Environmental Research Center (SERC). There were
no water quality measurements for Pickles Reef, so the
Conch Reef station (6 km away) was substituted. Based on
previous studies, which showed correlations with disease
(Bruno et al. 2003; Baker et al. 2007), dissolved inorganic
nitrogen (DIN) was used as a proxy. Water quality data
from 2000 to 2005 were averaged.

Correlations with aspergillosis disease prevalence 
and severity

Historic disease prevalence and severity data were obtained
from surveys conducted by Dube et al. (2002). There were

no disease measurements for Pickles Reef, so the Conch
Reef was substituted. In addition, no disease measurements
were collected from Tennessee Reef and no suitable
replacement was available. At each site, all sea fans within
three haphazardly chosen 25 £ 2 m transects were visually
censused (Kim and Harvell 2004). From these observa-
tions, mean disease prevalence (% of individuals infected)
and severity (% of colony area infected by disease, actual
error based on image analysis §2.5%, n = 18 sea fans) were
determined for each site.

Statistical analysis

The data from the immune parameter assays were tested for
normality (Shapiro–Wilk’s Test) and homogeneity of vari-
ances (Levene’s) before analysis. None of the immune
parameters were normally distributed or homoscedastic,
and were therefore transformed using the Box-Cox Y
power transformation to meet parametric requirements.
POX, PPO and AB could not be transformed, so non-para-
metric statistics using Kruskal–Wallis and Tukey–Kramer
post-hoc tests were employed. The sample volume of the
small sea fans was insuYcient to perform the antimicrobial
assays, so colony size comparisons were not conducted for
AB and AF. A two-way multivariate analysis of variance
(MANOVA) and Tukey–Kramer tests (site and size) was
performed on the parametric immune measures. The eVect
of colony size comparisons at each site for each non-para-
metric parameter (POX, PPO) were analyzed independently
using t-tests.

Regression analyses were used to test the relationship
between immune measures and ecological surveys, nutri-
ent and disease prevalence, and severity data. Once
sequential Bonferroni tests (Rice 1989) were applied to
these data, the relationships were not signiWcant. How-
ever, since the goal of this research was to utilize a num-
ber of diVerent immune measures it was diYcult to
achieve statistical signiWcance with the small number of
sites using a sequential Bonferroni correction. All statisti-
cal analyses were conducted using JMP Statistical Dis-
covery Software version 6.0.2. (SAS Institute Inc., Cary,
North Carolina, USA).

Results

Within-site variation in immune defense parameters

No signiWcant diVerences in SOD, LYS, or EXOC activity
were detected between small and large fans at the six sites
(Table 1). There were also no signiWcant diVerences
between the size classes in levels of POX and PPO within
each site (data not shown).
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Among-site variation in immune defense parameters

Small and large sea fan samples were pooled to obtain
18–20 samples per site. The immune protein, anti-oxidant,
and antimicrobial activity of sea fans from six Florida
Keys reef sites are summarized in Table 2. The six sites
varied signiWcantly in SOD, LYS, and AF activity (Table 1).
There were also signiWcant diVerences in POX activity
(Kruskal–Wallis chi squared = 51.3, P > 0.0001) and PPO
activity (Kruskal–Wallis chi squared = 54.56, P > 0.0001)
between the six sites. AB activity did not vary signiW-
cantly among-sites (Kruskal–Wallis chi squared = 8.1439,
P = 0.1485).

In a site-by-site comparison, both POX and PPO activity
(Table 2) generally increased from North to South. PPO

activity was higher at Carysfort and Looe than Molasses
and Pickles (Fig. 2). SOD activity also varied signiWcantly
across the reef tract, with the highest activity at Molasses
and lowest at Looe Key (Table 2, Fig. 3). AF activity var-
ied across the sites with the highest activity at Molasses and
lowest at Looe Key (Table 2, Fig. 4), with a signiWcant pos-
itive correlation between AF activity and SOD activity
(R2 = 0.198, P = 0.0005). Therefore, there were major
diVerences between Molasses and Looe Key in POX, PPO,
SOD, and AF activities. LYS activity exhibited a diVerent
pattern with highest activity in centrally located reefs, with
the highest at Tennessee Reef.

Drivers of coral immune defenses

While the number of sites sampled was small, and therefore
these results should be considered preliminary, relation-
ships between several environmental factors and levels of
immunity were detected (Table 3) using an alpha of 0.05
(non-Bonferroni corrected). There were signiWcant positive
relationships between mean percent bare substrate cover,
and SOD (P = 0.0381), EXOC (P = 0.0357), and AF activ-
ity (P = 0.0306) (Fig. 5). SigniWcant positive relationships
were found between DIN and LYS activity (P = 0.0106),
and EXOC (P = 0.0254) activity (Table 4). While there was
also a signiWcant correlation between POX and scleractin-
ian cover, this relationship was strongly driven by Looe
Key. There were no signiWcant correlations between any of
the measured immune parameters and disease prevalence or
severity.

Discussion

Contrary to the Wndings of Dube et al. (2002) and Ward
(2007), immune defenses did not vary signiWcantly between
small and large sea fans in the current study. The large sam-
ple size provides conWdence in this result (Table 1) but
there are several possible explanations for it. First, the
previous studies only assayed for lipid-soluble resistance
between small and large individuals and did not perform
protein-based assays. Since there were not enough samples

Table 1 A. Two-way MANOVA examining eVects of site and colony
size on the parametric sea fan immune measures. AF was not included
in the site £ size MANOVA. B. Univariate F-tests for the eVect of site.
Hotelling–Lawley trace, Pillai’s trace and Wilk’s lambda were calcu-
lated in the MANOVA and produced identical results. C. Kruskal–
Wallis test

*SigniWcance less than � = 0.05

Source Wilk’s lambda F-ratio df P

A. MANOVA results

Site 0.11096 3.1673 25 <0.0001*

Site £ size 0.9664 0.3691 10 0.9588

Dependent variable MS F-ratio df P

B. Univariate F-statistics

SOD 3210.4 7.5424 5 <0.0001*

LYS 190.95 6.0361 5 <0.0001*

EXOC 0.189 2.3104 5 0.0488

AF 3087.9 19.7627 5 <0.0001*

Dependent variable Chi-square df P

C. Kruskal–Wallis Test

POX 51.38 5 <0.0001*

PPO 54.56 5 <0.0001*

AB 8.143 5 0.1485

Table 2 Mean (§SE) immune protein, antioxidant, and antimicrobial activity across the Florida Keys

Reef Site POX PPO SOD LYS EXOC AB AF

Carysfort 0.027 § 0.01 2.21 § 0.52 48.5 § 6.5 12.75 § 1.6 1.00 § 0.09 29.1 § 6.1 43.7 § 5.7

Molasses 0.016 § 0.007 0.236 § 0.10 62.9 § 7.8 10.4 § 1.6 0.933 § 0.12 43.5 § 10.3 58.4 § 6.6

Pickles 0.013 § 0.005 0.171 § 0.21 39.1 § 6.0 10.0 § 1.5 0.829 § 0.06 18.6 § 7.1 29.4 § 3.3

Alligator 0.033 § 0.009 0.835 § 0.22 31.8 § 3.69 6.46 § 0.89 0.849 § 0.05 16.4 § 3.4 15.1 § 3.6

Tennessee 0.063 § 0.02 1.71 § 0.52 50.2 § 8.71 16.2 § 3.0 0.992 § 0.07 38.4 § 12.5 50.3 § 5.1

Looe Key 0.175 § 0.03 2.70 § 0.19 18.5 § 1.28 4.93 § 0.50 0.723 § 0.05 25.5 § 3.0 12.5 § 2.6
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to perform the protein-based AB and AF assays on the
small sea fan protein extracts, it was not possible to make a
direct comparison to the previous studies. However, varia-
tion in immune response such as POX and PPO activity as a
function of age or size has been measured in other inverte-
brates (Viarengo et al. 1991; Sauve and Fournier 2005;
Zerofsky et al. 2005). Second, Ward (2007) observed a sig-
niWcant diVerence in constitutive resistance as measured by
antifungal activity from the edge of young sea fans and cen-
ters of mature fans. In the present study, only the growing
edges of sea fans of all sizes were sampled, suggesting that
the diVerences in immune defenses, whether lipid- or pro-
tein-based, may be more pronounced in growing versus
older tissue, and not simply between small and large fans.
In addition, all previous studies of sea fan disease resis-
tance (Dube et al. 2002; Ward 2007) were normalized to
tissue weight.

Due to the large variation in prevalence and severity of
sea fan aspergillosis along the Florida Keys reef tract
(Dube et al. 2002; Kim and Harvell 2004; Baker et al.
2007), and high variation in lipid-based resistance among
sites found in previous studies, it was hypothesized that
other key measures of immune function would also vary.
The main goal of this study was to identify immune param-
eters which could be used to assess coral immune function
and apply them to ecosystem health, water quality, and rel-
evant disease data. The present study demonstrates that sea
fan corals at each reef seem to have distinct levels of POX,
PPO, SOD, LYS, and AF activity. This striking site vari-
ability may also explain why variation in immunity was
not detected as a function of size class. Based solely on
immune defense, it appears that Molasses and Looe Key
Reef were the most diVerent, especially in levels of PPO
and SOD (Figs. 2, 3). While a strong inverse relationship
between these two proteins was not detected, other studies
have indicated that low levels of SOD activity are indica-
tive of an organism free of physiologic stress (Bowler
et al. 1992; Lesser 1997; Manduzio et al. 2004), and high
levels of PPO could signify a state of heightened immuno-
competence (Butt and Raftos 2007). Therefore, sea fans at
Molasses, with nearly undetectable PPO and heightened
SOD activity, may have been experiencing higher levels of
stress and were less equipped to mount an immune
response to pathogens than those at Looe Key, which had
higher PPO and lower SOD. Although the eVects of consti-
tutive PPO activity on disease resistance has not been
characterized in sea fans, elevated PPO activity has been
detected in fungus-infected sea fan tissue (Mydlarz et al.
2008), and evidence from other invertebrate models pro-
vides further support that increased disease resistance is
correlated with high constitutive levels of PPO and pheno-
loxidase (Nigam et al. 1997; Siva-Jothy 2000; Newton
et al. 2004).

Fig. 2 Mean (§SE) prophenoloxidase activity of sea fan extracts at
Carysfort (n = 20), Molasses (n = 20), Pickles (n = 20), Alligator
(n = 18), Tennessee (n = 18), and Looe (n = 20), Kruskal–Wallis chi
squared = 54.56, P · 0.0001. Letters indicate statistical diVerence at
P < 0.05
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Another interesting result of this study was the positive
correlation between AF and SOD activity. Ward et al.
(2007) found that increased AF activity in sea fans was

induced by temperature and the fungal pathogen A. sydowii,
both of which can stimulate oxidative stress. AF activity
may also be induced during oxidative and environmental
stress. Environmental stress has been linked to reduced
Wtness and increased susceptibility to disease (Harvell et al.
1999), so induction of AF activity under stress could be an
important survival mechanism.

It is important to note that since we measured the
immune defenses of the entire coral holobiont, the variation
in immunity may have derived from the coral, its endosym-
biotic algae, its microbial community, or a combination of
all three. Levels of immune-related enzymes such as POX,
SOD, and EXOC have been measured in various inverte-
brates, algae, and bacteria (Hawkridge et al. 2000; Wong
et al. 2004; Duo-Chuan 2006; Bhattacharya et al. 2007;
Mydlarz and Harvell 2007), and many marine algae and
bacteria contain a suite of antimicrobial compounds. In
contrast, the PPO cascade and melanization is a well
described invertebrate defense pathway and is likely a
result of coral metabolic pathways. Nevertheless, since the
coral’s endosymbiotic algae, and microbial community are
vital and integral parts of its physiology, it is appropriate to
consider the immunity of all components together.

The drivers of the variation in immune defenses
observed in the present study are likely complex, and inte-
grate many environmental and genetic variables. The
genetic structure of G. ventalina across the Florida Keys
and Caribbean supports the hypothesis that fans are broad-
cast spawners with wide dispersal (J. Andras, personal
communication). Population genetic structure has been
observed in several species of Caribbean coral at spatial
scales similar to the range of this study (Gutierrez-Rodri-
guez and Lasker 2004; Baums et al. 2006; Severance and
Karl 2006), however, other corals such as the gorgonian,
Plexaura Xexuosa, are fairly homogenous across similar
reef habitats in Florida (Kim et al. 2004). We cannot
directly determine the role of host genetics in the diVer-
ences in immune defenses among sites, but infer that it is
small relative to environmental factors, given that the host
is likely a long distance disperser.

The loss of scleractinian coral cover and increase in
macroalgae cover are typically used as indicators of a

Table 3 1996–2005 averages 
of benthic survey data 
(CREMP), 2000–2005 means 
(§SE) of DIN (Southeast Envi-
ronmental Research Center), and 
mean aspergillosis disease prev-
alence and severity (§ SE)

Reef Site Scleractinian 
cover (%)

Macroalgal 
cover (%)

Substrate 
cover (%)

DIN (�M) Prevalence 
(%)

Severity (%)

Carysfort 5.4 § 0.10 2.6 § 0.53 79.4 § 1.45 0.6 § 0.1 9.4 § 0.6 16.2 § 6.2

Molasses 5.7 § 0.91 3.9 § 0.93 74.4 § 2.25 0.4 § 0.08 11.8 § 4.1 20.5 § 2.7

Conch 3.3 § 0.52 17.0 § 2.59 70.3 § 3.23 0.4 § 0.04 17.8 § 1.9 15.7 § 3.8

Alligator 1.0 § 0.19 24.2 § 2.77 60.7 § 2.77 0.4 § 0.07 21.6 § 5.1 6.8 § 1.0

Tennessee 2.5 § 0.26 5.4 § 1.62 71.8 § 2.63 0.7 § 0.19 – –

Looe Key 18.2 § 0.86 7.4 § 1.23 59.5 § 1.49 0.3 § 0.04 14.9 § 8.6 12.4 § 4.5

Fig. 5 Mean (§SE) a SOD b EXOC and c AF activity as a function
of mean percent substrate cover across the sites. Sites abbreviated as
follows: Carysfort (CAR), Molasses (MOL), Pickles/Conch (PIC/
CON), Alligator (ALG), Tennessee (TEN), Looe (LOO)
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stressed coral reef ecosystem (Bellwood et al. 2004; Edm-
unds and Elahi 2007), however, the positive correlation
between SOD, EXOC, and AF activity, and bare substrate
(� = 0.05) may indicate that bare substrate cover corre-
sponds more closely with immune activity in the Florida
Keys (Table 4, Fig. 5). Reefs experiencing frequent or
chronic stress exhibit a decline in the coral Wtness, and if
conditions persist this can lead to a loss of the reef frame-
work (Nystrom et al. 2000; Bellwood et al. 2004). Others
have suggested that reef ecosystems with more unoccupied
and exposed bare substrate indicate an ecosystem experi-
encing chronic disturbance or stress and therefore, a lower
rate of recolonization by sessile organisms (Turner et al.
2007).

Another environmental variable that may inXuence coral
immune defenses is the wide variation of hydrology across
the Florida Keys, which can inXuence water quality and
Xow of nutrients across the reefs (Boyer and Briceño 2005).
In general, the Upper Keys region experiences water
exchange with the Florida current frontal eddies and partly
with Biscayne Bay, the Middle Keys receive water Xow
from Florida Bay, and the Lower Keys are most aVected by
hurricanes (Boyer and Briceño 2005). We identiWed one
proxy of water quality which may aVect coral health, DIN
(Bruno et al. 2003), and there was a positive relationship
between sea fan coral’s innate immune defenses (LYS,
EXOC) and 10 year averages of DIN (Table 4). One possi-
ble explanation for these relationships is that DIN is assim-
ilated by marine bacteria and fungus and could promote
their growth (Olutiola and Cole 1977; Smith 1988). As a
result, sea fans may have increased their constitutive LYS
and EXOC activity to combat increased microbial growth.
However, since there were no relationships between AB
and AF activity and DIN, this explanation is certainly open
to further interpretation.

The present study oVers preliminary evidence of a rela-
tionship between coral innate immune defenses, coral reef
ecosystem health, and ambient nutrient levels. We consider
it preliminary because only six oVshore sites were sampled
and only once during 2005. DiVerences in immune activity
might be greater in a cross-shelf comparison because there
are signiWcant diVerences in water quality and various mea-
surements of reef health between inshore and oVshore reefs
(reviewed by Lirman and Fong 2007). Moreover, the diVer-
ent innate immune measures may vary on diVerent time
scales, so a study that samples numerous sites throughout
the year might improve our understanding of the causes of
these spatial diVerences.

No relationships were detected between sea fan innate
immune defenses and historic disease prevalence or severity
among the sites. These results were consistent with those of
Dube et al. (2002), who also observed no signiWcant diVer-
ence between mean AF activity in lipid-soluble sea fanT
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extracts and disease prevalence or severity among nine sites
in the Florida Keys. A smaller number of sites have been sur-
veyed for disease in recent years, so it was not possible to
make comparisons with current levels of disease. However,
based on the continued presence of aspergillosis in the Flor-
ida Keys, coincident disease surveys and monitoring of the
immune defenses of sea fans should be conducted.

Understanding the factors inXuencing the innate immune
defenses of corals is increasingly important as the condition
of reefs worldwide continues to decline. The present study
applied a number of immune parameters, widely used in
other invertebrate studies, as measures of the coral immune
response. It was clear that the sea fan corals varied more in
their levels of immune protein, antioxidant, and antimicro-
bial activity among the sites in the Florida Keys reef tract
than between two size classes at individual sites. Temporal
sampling over a larger number of sites is needed to discern
whether the between-site diVerences are consistent over
time and thus whether resilience to disease between sites
can be expected to vary. The mechanisms driving these
variations are complex and likely include factors other than
ecosystem condition, nutrient levels, and historic disease
levels. Nevertheless, this study provides approaches to cat-
aloguing immune function of populations of coral and
shows sharp diVerences in levels of enzymatic and antimi-
crobial activities across sites.
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