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Abstract. Hydrogen peroxide (bD.), a common reactive may possibly assist in preventing coral bleaching under con-
oxygen species, plays multiple roles in coral health and dis-ditions of elevated temperature and irradiance.
ease. Elevated #D, production by the symbiotic algae dur-
ing stress may result in symbiosis breakdown and bleaching
of the coral. We have recently reported that various Red Sea
corals release $0, and antioxidants to their externadi- 1 Introduction
lieu, and can influence thed®, dynamics in the reef. Here,
we present a laboratory characterization afCd and an-  Hydrogen peroxide (kD) is a commonly occurring reac-
tioxidant activity release kinetics by intact, non-stresSag  tive oxygen species (ROS) of great biological importance. In
lophora pistillata Experimenting with bleached and non- the marine environment, 20, originates from photochem-
bleached corals and different stirring speeds, we explored thi€al and biological reactions, redox cycling of metals, and
sources and modes of,B, and antioxidant release. Since rain, and its concentrations range from tens to hundreds of
H,0; is produced and degraded simultaneously, we develhanomolars (Avery et al., 2005; Hansard et al., 2010; Shaked
oped a methodology for resolving the actuai®4 concen- €t al., 2010). In aerobic organisms;®b is generated during
trations released by the corals. photosynthesis, respiration and numerous other pathways,
H,0, and antioxidant activity steadily increased in the wa- and its concentrations can reach tens of micromolars (Hal-
ter surrounding the coral over short periods of 1-2 h. Overliwell etal., 2000; Apel and Hirt, 2004). At low levels 2@
longer periods of 5-7 h, the antioxidant activity kept increas-and other ROS serve as important signaling molecules (Bar-
ing with time, while O, concentrations were stabilized at 105z, 2009). However, ROS production and accumulation be-
~1uM by 1-3h, and then gradually declined. Solving for yond the capacity of an organism to quench them efficiently
H,O, release, corals were found to releasgblat increas-  ©Of 10 repair the resulting damage, a state known as oxidative
ing rates over 2—4 h, and then to slow down and stop by 5-7 hStress, results in extensive damage to cellular components,
Stirring was shown to induce the release ef4, possibly  including proteins, lipids, and DNA, all of which may even-
since the flow reduces the thickness of the diffusive boundfually lead to cell demise (Apel and Hirt, 2004; Gechev and
ary layer of the coral, and thus increasesOd mass flux. Hille, 2005). Whether ROS will act as a damaging or signal-
Antioxidant activity was released at similar rates by bleached"d molecule depends on the delicate equilibrium between
and non-bleached corals, suggesting that the antioxidants digQS production and degradation (Sharma et al., 2012).
not originate from the symbiotic algaeo8,, however, was Residing in shallow, warm, and strongly illuminated wa-
not released from bleached corals, implying that the symbi-er, corals are likely subjected to elevated concentrations
otic algae are the source of the release®y! The observed ©f photochemically produced ROS (Shaked and Armoza-
flow-induced B O, release may aid corals in removing some Zvuloni, 2013). Corals may also experience high ROS fluxes

Lesser, 1996; Suggett et al., 2008; Saragosti et al., 2010).
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When conditions are optimal, the symbiotic algae of the2 Materials and methods
genusSymbiodiniunthat live within the coral endodermal

cells provide the coral host with energy (Muscatine, 1990;2.1 HO2 and antioxidant activity determination
Papina et al., 2003). However, when corals experience ele-

vated temperature and/or irradiance, ROS generated primaff202 measurements —3®, concentration was measured
ily by the symbiotic algae may result in oxidative stress, With @ Varian spectroflurometer (Cary Eclipse), using the

symbiosis breakdown, and bleaching (Nii and Muscatine,FOHPPA (4-hydroxyphenylacetic acid) technique as de-
1997; Downs et al., 2002; Lesser, 2011). The susceptibility ofidiléd in Shaked and Armoza-Zvuloni (2013). Briefly, the

corals to oxidative stress and bleaching is influenced by physP OHPPA relagent stock consisting of 0.25mM POHPPA,
iological and phylogenic factors of the coral host and its sym- /9 units mL"* of horseradish peroxidase, and 0.25M Tris at

bionts as well as by environmental factors (Hoegh-GuldbergP™ 8-8, was added to the samples at 2@ dilution. All
1999). Corals subjected to strong currents were found to b§OCkS were kept on ice in the dark. The florescence of dark-
less susceptible to bleaching, presumably due to favorable re€Pt Samples was read using an excitation of 31H nm
moval of ROS through their diffusive boundary layer (Naka- 21d an emission of 408 10 nm, within 2 h of sampling. Cal-
mura and van Woesik, 2001; Nakamura, 2010). Experimen-'brat'on curves were run daily using filtered seawater spiked

tal addition of exogenous antioxidants to thermally stressedVith freshly made HO, standards and catalase-amended

corals was shown to improve photosynthesis and to ameS€awater as blanks. o o
t Antioxidant activity — Antioxidant activity, or more pre-

liorate bleaching (Lesser, 1997). These studies suggest that

corals can exchange ROS and antioxidants with their exterCiSely FeO2 degradation activity released by the corals, was
etermined experimentally by following the loss kinetics of

nal milieu and that these processes may be beneficial durin X
oxidative stress. 20, spikes added to subsamples collected over the course

In recent years, we adopted sensitive methods and kineti€f the incubation. The SmL subsamples were stored for 1h
approaches to measure the dynamics (that is, the productioR/0" t0 Spiking with external KO, to allow complete degra-
and release) of ROS in the extermallieu of intact corals ~ dation of the coral-releasec:By. Then, 10, was added at

in laboratory and natural settings. We found that the coral® final cqncentratlon of 1“M’, mixed thoroughly, and sub-
Stylophora pistillataproduces and releases superoxidg YO sampleq into cuvettes containing the ROHPPA reagent stock
and enzymes, degrading superoxide to its surrounding wa@t time intervals ranging from a few minutes to a few hours
ter (Saragosti et al., 2010). Later we found tBapistillata ~ (Fi9- 1)- The antioxidant activity is determined by the con-
and six other Red Sea coral genera also releas@, tnd centration an_d efﬁuency of the ant.|OX|dan_t. Core_lls_ prqba—
compounds that degrade,&; (termed here, for simplicity, bly release different antioxidants vy|th varying ef_f|C|enC|es.
antioxidants) to the incubation water (Shaked and ArmozaNonetheless, we can generate a simplified kinetic term that
Zvuloni, 2013). In the field, we documented elevated antiox-9r0upPs together all antioxidants, and assign them with a com-
idant activities (or high HO, degradation rates) next to in- POSIte lef_ﬁmeqcy in the form of a rate constaky (vith units
dividual and knoll corals and in the reef lagoon, which were of M~ tlme‘ ). We can then describe the rate 0p®}
accompanied by lowered @, concentrations in the coral degradation:

vicinity (Shaked and Armoza-Zvuloni, 2013). i 0[H202]
Here, we set out to study the release ofcd and an- 202 degradation rate-—— @)
tioxidant activity from intact, non-stressegtylophora pis- — — kg x [Antioxidantg x [H20] .

tillata fragments in a laboratory setting. Experimenting

with bleached and non-bleached corals and different stirringVhile Eq. (1) predicts a second-order reaction, we ob-
speeds under low light, we explored the sources of the reserved exponential decline in,B, concentrations with time
leased HO, and antioxidant activity and their mode of re- (Fig. 1). This pseudo-first-order behavior suggests that the
lease. An inherent difficulty in quantifying the dynamics of antioxidant activity (the product of the antioxidant effi-
H,0; is that it is influenced concurrently by two opposing ciency and its concentratiokg x [Antioixdantd) is constant
reactions — release from the coral and degradation by antioxthroughout the assay. Considering the renewable (i.e., enzy-
idants. By applying sensitive kinetic antioxidant assay andmatic) nature of many antioxidants, the short assay duration,
frequent measurements, we were able to resolve the actu@nd the low [BO;] applied, it is expected that the antioxi-
concentrations and rates o€ release from the coral. This dant activity will remain unchanged over the course of its de-
in turn allows a comparison between conditions and treattermination. We can thus assign a single constant for describ-
ments, and can serve for future probing of coral response té"g the antioxidant activity of a sampl&agtiox With units of
oxidative stress. time™1):

H2>0, degradation rate- —kantiox x [H202] (2)

Drawing on first-order law principles, the antioxidant activity
of a sample Kaniiox) Can be presented graphically as a linear
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Figure 1. Determination of antioxidant activity in coral incubation watai). H,O» spike is added to a sample, mixed, and subsampled into
cuvettes containing PHOPPA reagent at time intervals ranging from a few minutes to a few(bpHeg), concentrations decline with time

due to the antioxidant activity. The exponential decline is typical of pseudo-first-order kir{e)idhe antioxidant activity of a sample is
evaluated from the decay constaky {iiox) Obtained by plotting the natural log of thesB» concentration versus timé) The antioxidant

activity released from the coral accumulates with time in the incubation water. Subsequently, samples collected throughout the incubation
show faster HHO, degradation rates and higher decay constantgiéx) -

slope when plotting the natural log of,B» versus time,  which can be rearranged as follows:
where steeper slopes refer to stronger antioxidant activity

(Fig. 1). The value okantiox in & subsample is fixed, and can H,0, release rate- d[H202] + Kantiox X [H202] . (5)

be repeatedly measured by re-spiking the sample witboH dt

However, throughout an incubation experimethiox Val-  Haying conducted frequenti®, measurements, we can cal-

ues of the subsamples increase with time, since more antioXs|ate the values Og[Héoz] for subsequent time intervals

. . :

idants are released to the water (Fig. 2). of 510 min throughout the experiment. Similarly, for each
. 5-10 min interval, we can calculate,8, degradation rates

2.2 Hp0O release calculation using kantiox values. Sincekantiox Was measured only every

he ch ith ti . . ) ) 20 min and Eq. (5) solved for 5-10 min intervals, we had to
The changes with time in #D, concentrations in an incu- . .ulate some of theaniox values. Missingkantox Values

bation experiment Weflect fthe b:;lance t:etwegn ;WO O%pos'ngvere calculated either by averaging the two nearest measured
processes — 0, release from the coral anc;B, degrada- kantiox (for short incubations) or by using a linear equation fit-

tion by the antioxidants released from the coral: ted through the data (for long incubations, see Supplement S1
for more information). The calculation output of discrete

d[H20 .
M = H,0; release rate- HO,degredation rate (3) H>O, release rates can then be converted to,@®-Hcon-
ot centration released by the coral by multiplying eaciObl
For small time intervals (4, this differential equation can L(i:ease rate by the time it represents, and then summing them

be solved numerically. Plugging Eg. (2) into the degradation
rate, we get the following expression:

d[H202]

——— H20Os release rate- kantiox x [H202] , (4)

www.biogeosciences.net/11/4587/2014/ Biogeosciences, 11, 4588-2014
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2.3 Experimental setup for measuring BO>»
and antioxidant release rates
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light. This low illumination ¢ 10 pmole quantam?s™1) is
sufficient only for minimal photosynthesis (or none at all), as

itis far below the compensation light intensity of these corals

Coral handling and preconditioning — 30 similarly siZ&ty-

of 25 umole quanta m? s~ (established from oxygen-based

lophora pistillatacoral fragments were collected from an in PI curves; data not shown). Several experiments in com-
situ coral nursery at a 5m depth. The fragments had a surplete darkness were conducted to examine the resemblance
face area of- 20 cn?, and they were chosen to fit a 100 mL of these low-light conditions to darkness (Supplement S4).
glass beaker. The surface area was measured on five reprit addition, a preliminary experiment was conducted at high
sentative coral fragments with the aluminium foil technique natural irradiation in a flow-through mode to test the effect
(Marsh, 1970; see Supplement S2 for more information onof light on H,O, release (see Supplement S5).

coral sizes and beaker volumes). The coral fragments orig-

inated from different coral colonies, and therefore represenExperiment types

different genotypes. The fragments were kept prior to and

throughout the experimental period on outdoor water tables(1) Long incubations — Ten long (5-7 h) incubations were

with running natural seawater. The corals experienced natu-
ral dark/light regimes and were shaded with a black mesh.
The corals were suspended on PVC stands using fine ny-
lon threads to avoid contact with the container walls. Fol-

lowing one month of acclimation, 10 coral fragments were (2)

placed in a dark room. These dark-kept corals turned white
(bleached) after a month, and a complete loss of the al-
gal chlorophyll was confirmed using PAM (pulse amplitude
modulation) chlorophyll fluorescence techniques. Itis impor-
tant to note that these bleached corals did not experience ther-
mal or irradiance stress. The bleached corals were fed twice
a week with 1-day old\rtemia salinanauplii (see the picture

in Supplement S3).

Incubation experiment setup — The release rates@i,H
and antioxidants b$. pistillatacoral fragments were tested
by incubating individual fragments in a glass beaker with
100 mL seawater for various time periods (see below). Coral
fragments were gently transferred and suspended in the in-
cubation beakers, and were allowed to acclimate for 15 min

with running seawater. Water exchange was then stopped(3)

and the beaker was placed on a stirrer, where a 1cm
long magnet bar ensured complete water mixing (as pic-
tured in Supplement S3). The magnet stirring speed, re-
ported as rounds per min (rpm), was enumerated using a
high-resolution video camera. A constant stirring speed of
400 rpm was applied in all experiments (except those with
increasing stirring speed; see below). Physical contact with
the coral and exposure to air were found to invoke high
H>O, and antioxidant release, and were minimized where
possible. HO, concentrations were determined in subsam-
ples every 5-10min throughout the incubation. The 1 mL
subsamples were mixed with 20 pL of the POHPPA reagent
stock in cuvettes, and were read within 2 h. Antioxidant ac-
tivities were determined in 5mL subsamples collected ev-
ery 15-20 min, as described above (see Sect. 2.1). The wa-
ter level was kept constant by replacing the sampled vol-
ume with fresh seawater (8 mL every 20min). No correc-
tion for this minor dilution with fresh seawater was made (if
anything, such a correction should slightly increase the ob-
served values). All incubations were conducted at constant
temperature (2% 1°C) and under fluorescence laboratory

Biogeosciences, 11, 4587598 2014

conducted on ten different fragments between July and
August 2012 to evaluate the kinetics and duration of
H>0, and antioxidant activity release.

Bleached versus non-bleached corals — Short (1 h) ex-
periments were conducted between April and June 2013
using 10 bleached fragments and 15 non-bleached frag-
ments. In preliminary experiments, no,® release
was observed from bleached corals. Since antioxidant
activity is released simultaneously, lowo8&, release
rates may be missed. To account for this possibility,
250-300nM of HO, was added to the water at the
beginning of the experiment, enabling the calculation
of H2O, release rates (Eq. 5). Differences between
bleached and non-bleach&dpistillatafragments were
tested using a studentest (for parametric data) and the
Mann-WhitneyU test (for nonparametric data; Statis-
tica 8° software).

Different stirring speeds — Nine long incubations at in-
creasing steering speeds were conducted between Au-
gust and September 2012, with nine different coral frag-
ments. In all the experiments, identical stirrers and 1 cm
long magnet bars were used. Three stirring speeds were
tested over the course of 4 h: slow, moderate and fast.
In the first 80 min (slow flow), the stirrer was oper-
ated for only 30 s prior to sampling (at a speed of 400
rpm) to mix the incubation water. In the next 80 min
(moderate flow), the stirrer was operated continuously
at 400 rpm. In the last stage (fast flow), the stirrer was
operated continuously at 1000 rpm. At all stages, the
coral polyps were extended and the corals did not show
signs of stress. The fast stirring speed did not change
the position of the suspended corals, nor did it generate
foam. Statistical analyses were conducted using R soft-
ware. In order to assess the effect of stirring speed (slow,
moderate, fast) on release rates from corals, repeated
measure ANOVA was applied using the linear mixed
effect (Ime) function in R ffttp://CRAN.R-project.org/
package=nlme Tukey’s test for multiple comparisons
was applied using the general linear hypothesis testing

www.biogeosciences.net/11/4587/2014/
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2.4 Biochemical characterization

Three coral fragments were incubated in stirred seawater for
1h. The coral was then removed, and the incubation water 0 20 40 60 80 100
was used for basic biochemical characterization of the an-
tioxidant activity. Coral incubation water was subsampled
(5mL) and treated with the heme-enzyme inhibitor sodium

azide (NaN, applied at 0.1 mM for a 10 min incubation pe- 100
riod) and the catalase inhibitor 3-Amino-1,2,4-Triazole (ap- 90 O Accumulation rate —
plied at 0.01-6 mM for a 40 min incubation period). Sam- 80

X . . , I
ples were also filtered through a 0.2 pm Sartorius syringe fil- @ Release rate

ter, stored overnight at room temperature, and incubated at a i
range of temperatures in heating water baths (10 min incuba-
tion period).

The antioxidant activities measured here cannot simply be
converted to standard units of enzymatic activity. Catalase
activity, for example, is measured using 10.3mM3] at
pH 7 and at 28C, where one catalase unit is defined as the
amount of enzyme decomposing 1 umol of@3 in 1 min
under these conditions. To allow this conversion, we assayed
cpral incubation water with high antioxidant acywty iN WO £igre 2. Quantification of BO, release byStylophora pistillata
different procedures. A few subsamples were diluted and aspata from a short-term experiment are plotted to demonstrate the
sayed with our procedure, as described above. Other subsamorrections made to account for8, loss due to antioxidant ac-
ples were amended with 10.3 mM8, (at pH 7 and 25C), tivity. (a) The measured variables are® concentrations (blue
and its decay was followed at 240 nm using a Varian Cary 50squares) and antioxidant activities (red diamonds). Sing®,Hs
spectrophotometer. degraded by the antioxidants, its measured concentrations are lower

than those released by the coral (green lines). The coral-released
H,05 is calculated for small time intervals using Eq. (5), and is

—1

20-25min  50-60min  90-100min

3 Results then added ufb) Rates of HO> release (green bars, Eq. 5) are cal-
culated for each time interval fromJ®, accumulation rates (blue
3.1 Quantifying H>O5 release rates bars, Eq. 4) andantiox. These rates grow apart with time due to

increased antioxidant activities.
Release of antioxidants ang @8, from Stylophora pistillata
to the surrounding water was observed in all experiments, ) _ ) )
when the coral fragments were subjected to stirring. Since N Fig. 2, using a short-term experiment with non-bleached
H,0; is simultaneously released from the coral and degrade§0ral, we demonstrate these calculations. Initially, the in-
by antioxidants, its measured concentrations provide rathefubation water contains neithep€, nor antioxidants, and
limited information on the actual 4D, released by the coral. with time, their levels increase (Flg. 2a). The a(;tual amount
In order to quantify the rates and amount of®4 released of HyO, re_lease_d by _th_e coral is greater than its _measured
to the water, we frequently measured® concentrations concentra_tlon, since it is degraded by the ant|0_X|dants_. A_s
and antioxidant activities throughout the experiment. Fromthe experiment progresses, the rate of degradation, which is
these measurements, using Eq. (5), we corrected $@H thg product of HO, cpncentrauon and the antioxidant ac-
loss due to antioxidant activity and calculateg®y release  tVity (kantiox, EQ. 2), increases, and the measured and re-
rates at discrete 5-10 min intervals. Then, summing up thesté@sed HO> concentrations grow apart (Fig. 2a). Similarly,

intervals, we can get at the total amount @33 released by the rates of HO, accumulation and release calculated for
the coral in the incubation. each 5-10 min time interval (Eq. 5) grow apart with time due

to higher BO, degradation rates (Fig. 2b).

www.biogeosciences.net/11/4587/2014/ Biogeosciences, 11, 4588-2014
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Figure 3. H>O, and antioxidant activity release kinetics in a long incubation. A representative 7 h long experiment showing the accumulation
of antioxidant activity (red diamonds) and changes O concentrations (blue squares) over time in the coral incubation water. These
frequent measurements enabled the calculation of acty@} lrfelease rates by the coral (green triangle, Eqg. 5).

3.2 Kinetics of HO, and antioxidant activity release In incubations with non-bleached coral, all studied param-
eters steadily increased with time (Fig. 4a—c). In incuba-
Ten long (57 h) incubations were conducted to evaluate thdéions with bleached coral, #D, concentrations dropped
kinetics and duration of pD, and antioxidant release. One (Fig. 4d), while the antioxidant activity accumulated with
such experiment is shown here (Fig. 3), while others appeatime (Fig. 4e). To discern whether bleached corals do not
in Supplement S7, to demonstrate the variability among ex+elease HO,, or whether its degradation exceeds its re-
periments. In this experiment, both &, concentrations and lease, we added 3D to enable a HO; release calculation.
antioxidant activity increased steadily with time initially. The The added HO, rapidly declined in the incubation water
antioxidant kept on increasing throughout the experiment in(Fig. 4d), and the calculated,B, release by the bleached
a linear manner k2 = 0.91). H,O, concentration reached coral was minimal (Fig. 4f). To facilitate the comparison be-
maximal values of- 1 uM at about 2 h, and this concentra- tween bleached and non-bleached corals, we looked at the
tion was maintained for an additional hour. In the last 2 h of data obtained at the end of the experiment at 1 h (Fig. 49—
the experiment, kD, concentration declined with time: at a i). This analysis includes all experiments from each treat-
steep slope initially, and more gradually later on. The ratesment, and the variability among individual experiments is
of H,O» release were low and fluctuating in the first hour. apparent from the large error bars. Despite this variability,
Then, B0, release rates increased, peaked at 80 nMtin the differences between bleached and non-bleached corals
(=0.4nmolmimtcm 2 coral) around 3.5h, and declined are clear p < 0.05, Mann-WhitneyU test, Fig. 4g). Non-
afterwards. Note that with time, as the antioxidant activity bleached corals released an average of #2881 nM or
increases, it becomes the dominant term in the calculation 0125+ 48 nmol O, in 1 h, while bleached corals released
H,0, release rates (Eqg. 5), and hence the assumptions madwmly negligible amounts (Fig. 4g). In contrast, both bleached
when extrapolatingantiox to missing points may influence and non-bleached corals release comparable antioxidant ac-
the predicted KOs release. Here, using a linear fit fifhtiox, tivity, as the level accumulated by 1 h in both experiments
we calculated that the total amount o®b released by the was statistically indistinguishable (> 0.05, student test,
20 cn? coral fragment during this experiment was 1400 nmol Fig. 4h).
(14 000 nM), or~ 70 nmol cnT2 coral.
3.4 The effect of stirring speed on HO» accumulation
3.3 Hy0; and antioxidants release by bleached
versus non-bleached. pistillata Nine long (3—4 h) incubations were conducted to test the ef-
fect of the stirring rate, as a representative of flow speed,
Incubations with bleached: = 10) and non-bleached: & on H,O, and antioxidant activity release rates. The ex-
15) S. pistillatafragments were conducted to identify the periment time course is shown for a representative exper-
sources of the releasecdb®, and antioxidants. Representa- iment (Fig. 5a—c), and changes in release rates with stir-
tive experiments with non-bleached, bleached and coral-freeing speed are presented for a compilation of all the ex-
water (control) demonstrate these release patterns (Fig. 4periments (Fig. 5d—f). Following an increase in the stirring

Biogeosciences, 11, 4587598 2014 www.biogeosciences.net/11/4587/2014/
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Figure 4. H>O, and antioxidant activity release from non-bleached and blea8hgidtillata Line plots show changes with time in measured
H,0O, concentrationga, d), antioxidant activity(b, e), and calculated pO5 releasdc, e)from individual experiments with bleachéa-c)
and non-bleache(ti—f) corals. Parallel measurements in coral-free seawatep@hHoncentrationga, d) and antioxidant activityb, e)
are shown using open symbols. Bar graphs show averaged values{r8&3robtained from non-bleached £ 15) and bleached:(= 10)
coral fragments. These include the deltgd4 measured (i.e., $ D, at 1 h minus the initial HO») (g), antioxidant activity at 1 i{h), and
total HhO, released over 1 (i). Differences between treatments were tested using the Mann—-Wliitest(g, i) and a student test(h).
Note that the HO, spike was added to the bleached cqd}] see text for details.

speed, HO, concentrations immediately increased, but with ably resembling catalase (Fig. 6). The antioxidant activity
time leveled off due to the antioxidant activity (Fig. 5a). The was optimal at 20-3%0C, and decreased at low (4-15)
initial HoO2 accumulation rate (calculated from the initial and high (60—70C) temperatures (Fig. 6a). Heating to°€D
linear increase in the #D, concentration) was found to in- for 10 min resulted in a nearly complete loss of activity.
crease significantly with stirring speeg & 0.05, repeated  Sodium azide, an inhibitor of heme enzymes such as catalase
measure ANOVA, Fig. 5d). Antioxidant activity was continu- and peroxidase (Nizhnikov et al., 2007), completely inhib-
ously released during the entire experiment (Fig. 5b). No staited the antioxidant activity (Fig. 6a). The catalase inhibitor
tistical differences between stirring speeds in the rates of an3-Amino-1,2,4-Triazole (3-AT; Margoliash and Novogrod-
tioxidant activity release were obtained £ 0.05, repeated  sky, 1958; Merle et al., 2007; Gonzélez-Sanchez et al., 2013;
measure ANOVA, Fig. 5b, e). The calculated®} release  Supplement S8) inhibited the antioxidant activity in a dose-
did respond to the increase in stirring speed, and its lev-dependent manner (Fig. 6b). At low levels (0.01 mM 3-AT),
els increased (Fig. 5¢). When comparing the rate of chang&0 % of the antioxidant activity was retained, and at higher
in H2O» release, it is significantly faster at higher stirring levels & 0.1 mM 3-AT), 98% of the activity was inhibited.
speeds g < 0.05, repeated measure ANOVA, Fig. 5f). In an Filtration through a 0.2 um membrane resulted in a 35 9% loss
additional experiment where stirring was reduced from fastof the activity (Fig. 6a), indicating that the antioxidants are
to slow, less HO, was released, but antioxidant activities mostly in the dissolved phase. The antioxidant activity was

kept increasing (Supplement S6). relatively stable, as about half of the activity remained fol-
lowing overnight storage at room temperature. To allow com-
3.5 Biochemical characterization of the antioxidants parison with commonly used measures of antioxidant ac-

tivity, we measured a few highly active samples in a stan-
Basic biochemical characterization reveals that the antioxdard catalase assay (see Sect. 2.4). The antioxidant activities
idants released by the corals are angicd enzymes prob-
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Figure 5. Release of HO, and antioxidant activity bys. pistillataat variable stirring speeds. Line plots showing changes with time in
measured KO, concentrationga) and antioxidant activityb), and calculated b, releasedc) and obtained by increasing stirring speeds

in an individual experiment. The rate of change in each of the parameters (i.e., the slopes daagnias calculated for every stirring

speed. These rates were then expressed relative to those at slow stirring. These relative changes in each parameter were averaged among
nine experiments. Bar graphs show averaged relative changes of inittal &ccumulation ratefd), antioxidant activity releasge), and

change in HO, release rateff). The letters in(d—f) refer to significant differences gf < 0.05 between stirring speeds for each of the
studied parameters, tested with Tukey’s multiple comparison test.

released by the coral were found to range from“® 103 to 4h), and the use of a degradation rate constetidx
catalase-like units. rather than an initial HO, degradation rate. This approach
enables the detection of minute concentrations of antioxi-

) . dants and allows for studying of the behavior of biochemi-
4 Discussion cally uncharacterized compounds that react wi©Ox The
use ofkantiox @S @ measure of antioxidant activity allows for
evaluation of the actual rate obE, degradation in the incu-
bation (Eq. 2).

An inherent difficulty in quantifying the dynamics of
H,0O, is that it is influenced concurrently by two opposing
reactions — release from the coral and degradation by antiox-
idants. As a result, a differential equation is required to de-

4.1 Methodology and concepts of studying bO»
dynamics in the coral’s externalmilieu

In this study, major emphasis was placed on develop-
ing methodological and conceptual approaches for follow-
ing H2O» and antioxidant release by corals in experimen-

tal settings. A sensitive, fluorometric-based method was ap--< _ . N
plied to measure small changes in®b concentrations over SC'ibe the changes ind®; concentrations with time (Eq. 3).

time. An accurate and reproducible approach was adopted t§Y conducting numerous frequent measurements throughout
assess D, degradation kinetics in the water surrounding the incubations, we were able to solve numerically this equa-

the coral, termed here antioxidant activity (Fig. 1). This ap- tion for small time intervals and to calculate the rates and
proach differs from standard antioxidant assays by the us&ot@l amount of HO, released from the corals (Eq. 5). These
of a low H,O, concentration, longer degradation curves (upln turn allow us to examine the quantitative significance of
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Figure 6. Basic biochemical characterization of the coral-released antioxidant activity. The effect of temperature (15, 60, 70CHH&0
heme-enzyme inhibitor (0.1 mM Na Azide), filtration (0.2 um), and storage (24 h) on antioxidant activity from coral incubatida)vater
effect of increasing concentrations of the catalase inhibitor 3-Amino-1,2,4-Triazole (0.01-6 mM) on coral-released antioxidarfbactivity
The antioxidant activity of the treated water samples=(3; meant SE) is presented as the percentage of the non-treated sampte®) (

our findings to the coral physiology, and to compare treat-2007). Anemones are closely related to corals (both antho-
ments (such as bleached versus non-bleached, or differembans), and hence the finding of catalase inhibition by 3-AT

flow speeds). in anemones strengthens our identification of the antioxidant
activity as catalase-like enzymes, at least in part. It is impor-
4.2 Antioxidants nature and source tant to note that these catalase-like enzymes are probably a

mixture of different compounds, which differ in their sources

Our basic biochemical examination revealed that the antiox2nd physico-chemical properties. Some are soluble enzymes,
idant activity released by the coral holobiont is enzymatic While others are associated with the readily released coral
(Fig. 6). Possible sources of these enzymes are the coral ho§tucus. Additional antioxidant activity assays and fine pro-
and the microorganisms that live in the mucus layer covering®0mic analyses can provide more insight into this suite of
the coral, both of which have an array of antioxidants (Levy antioxidants. _ o _ _
et al., 2006; Munn et al., 2008). The symbiotic algae do not Since the production of antioxidant enzymes is metaboli-
seem to contribute significantly to the released antioxidantsCally costly, the observed release may be considered a waste-
since bleached corals released comparable antioxidant actiy! Process. Nonetheless, the actual number of released en-
ity to non-bleached corals (Fig. 4). Previously, we reportedZyMes is rather modest, ranging fromr£ao _10_3 catalase-
thatS. pistillatareleases anti-superoxide {@enzymes to its like units (.U). Thesg activities are substantially lower than in
externalmilieu (Saragosti et al., 2010). These enzymes werethe coral tissue, which we estimate to range from 10 to 1000
also suggested to originate from the coral and/or its associcatalase units (taking 3-100U myfrom Levy et al., 2006,
ated microbes, but not from the symbiotic algae (based orfnd 0.3-0.8 mg protein cré coral from Ferrier-Pages et al.,
cultured algae; Saragosti et al., 2010). Both the an®H 2003)_. _An_eff|C|ent degradation of 4@, _by small enzyme
and the anti-Q enzymes accumulated with time in a linear guantities is expected for the catalase-like enzymes obs_erved
fashion (Supplement S1), perhaps hinting at a similar releasBere. The turnover numbers of catalase are one of the hlghgst
mode. However, their biochemical properties, such as stabil@mong all enzymes; one catalase molecule can convert mil-
ity with time and the fraction retained on a 0.2 pm membrane Jions of H,O2 molecules to water and oxygen each second
differ (Fig. 6; Saragosti et al., 2010). (Sharma et al., 2012).

Further characterization of the coral-released antH In addition toS. pistallata we recently reported that six
enzymes, including a dose-dependent inhibition of the another Red Sea stony coral genera release ajfil,Hactiv-

tioxidant activity by 3-Amino-1,2,4-Triazole (3-AT; Fig. 6), Ity to their externalmilieu in similar experimental settings
a specific catalase inhibitor (Margoliash and Novogrodsky,(Shaked and Armoza-Zvuloni, 2013). Antb8, activities
1958, Supplement S8), indicates that catalase-like enzyme¥ere also detected in situ in water collected from surfaces

are responsible for $0, degradation. Interestingly, the in- Of individual and knoll corals, and from the reef lagoon. In

nia viridis was found to inhibit catalase activity and result concentrations in the coral vicinity. Moreover, we observed
in symbiont expulsion due to oxidative stress (Merle et al.,during low tide high anti-HHO; activity in a shallow reef
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lagoon. This activity was sufficiently high to degrade pho- speed was decreased (Supplement S6). In the absence of flow
tochemically produced $0,, and may protect corals from in a similar experimental settin&,. pistillatadid not release
external BO» fluxes (Shaked and Armoza-Zvuloni, 2013). H>0, (Shaked and Armoza-Zvuloni, 2013). Lacking trans-
These findings hint at some of the environmental and physport systems, corals are dependent on external flow that de-
iological implications of the anti-blD, activity release re- creases the thickness of the diffusive boundary layer and ac-

ported here. celerates the diffusive exchange of gases and solutes across
the tissue—water interface (Nakamura, 2010). Hence, we sug-
4.3 Hy0; sources and modes of release gest that stirring generates flow that decreases the thickness

of the boundary layer and facilitates mass flux, thus causing

The potentially largest sources opE, within the coral con-  corals to release the algal-producesgldd. Another pathway
sortium are the symbiotic algae (Warner et al., 1999; Jonedy which flow and mass flux can influence®b generation
etal., 1998; Smith et al., 2005), which in culture were shownis through the removal of oxygen. High oxygen concentra-
to generate high externalB; fluxes (Suggett et al., 2008). tions that accumulate in the coral tissue due to photosynthe-
Here, by comparing algae-containing (non-bleached) andis were shown to drive the symbiotic algae to photorespi-
algae-free (bleached) corals (Fig. 4), we examined whetheration (Mass et al., 2010). Flow was found to remove this
the symbiotic algae are the source of the(d released to  excess oxygen, diminish photorespiration, and increase pho-
the incubation water. We find that bleached (dark-kept) coralgosynthesis (Mass et al., 2010). It is thus possible that when
release negligible amounts of8,, thus implying that the  the symbiotic algae increase their photosynthesis due to flow,
symbiotic algae are indeed the major source of the releasethey also generate more8,, which is released to the coral
H20o. vicinity. Further research is required to resolve the kinetics

Photosynthesis is considered the primaryObl generat-  of HoOo release and the question of whether it is an “active”
ing pathway in algae (e.g., Suggett et al., 2008). In our ex-regulated) or “passive” (diffusive) mechanism.
periments, however, the released@} was probably pro-
duced by the algae through pathways other than photo4.4 Implications
synthesis. This is so since the low light levels (10 umole
quantant?s~1) enabled no or only minimal photosynthe- To date, most experiments examining oxidative stress and
sis (as confirmed by an oxygen electrode; data not shown)bleaching in corals assumed that aj®$ is treated endoge-
Moreover, statistically similar D, release rates were ob- nously. Our results show that some of the algabhlis not
tained in a series of experiments conducted in complete darkdegraded by intracellular antioxidants, but is released from
ness (Supplement S4). The pathways responsible $@»>H the coral tissue to the surrounding water. This extracellular
generation may hence be respiration (Pamatmat, 1997) and,O5 release probably results in depletion of interna,
extracellular enzymatic activities such as NADPH oxidase,and as such can be considered an additional mechanism by
amine oxidase, and L-amino acid oxidase (e.g., Palenik andvhich corals can regulate their interngl®h. Under the con-
Morel, 1990). Note that, although the experiments reportedditions tested here, the corals did not experience oxidative
here probed for non-photosynthetie®b, it is likely that il- stress or excessive internap®p concentrations. It is possi-
luminated corals will release more8; on top of the rates  ble, however, that under light and/or temperature stress, this
measured here (Supplement S4 and S5). The effect of lightnechanism may act even faster, release me@,Hand as-
on H,O2 release may be complicated by possible concomi-sist corals in removing some of their interngl®b.
tant changes in the antioxidant activity in the coral tissue, and Corals subjected to strong currents were shown to be less
it calls for more research. susceptible to bleaching (Nakamura and van Woesik, 2001;

We recently reported th&. pistillataalso releases super- Smith and Birkeland, 2007). This observation was taken to
oxide (G,) to its externalmilieu (Saragosti et al., 2010). suggest that, under strong currents, the coral thin diffusive
This superoxide, which is quickly converted te®p, can boundary layer enables rapid ROS release and prevents ox-
potentially account for some of the;B, release observed idative damage (Nakamura, 2010). To the best of our knowl-
here. Such a pathway is quantitatively feasible, based on adge, our findings of flow-induced)&, release from corals,
rate comparison between the studies. However, the discremlthough measured under no-stress laboratory conditions,
ancies between Dand H O, release by bleached corals rule provide the first “hard evidence” of this hypothesized flow-

it out. While bleached corals do not releasgdd (Fig. 4), induced ROS removal.
the release of © was statistically indistinguishable between  Conversion of the KO, released from the coral by cata-
bleached and non-bleached corals. lase to oxygen may also influence @roduction and con-

We now turn to addressing the mode of®} release, sumption measurements (Pamatmat, 1997). A “false” oxy-
which was experimentally linked to stirring or flow speed. gen signal from HO, breakdown can mostly affect the tran-
In the changing flow experiments B, release was found sition from light to dark by diminishing respiration rates,
to increase with stirring speed (Fig. 5). In a reversed experi-and should be considered. For example, the observed max-
ment, a lower HO, release rate was observed when stirring imal H,O> release rates of 10 nM mint for 1 cn? of coral
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