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Cnidarian bleaching results from the breakdown in the symbiosis between the host cnidarian and its

dinoflagellate symbiont. Coral bleaching in recent years has increasingly caused degradation and mortality

of coral reefs on a global scale. Although much is understood about the environmental causes of bleaching,

the underlying cellular mechanisms of symbiont release that drive the process are just beginning to be

described. In this study, we investigated the roles of two cellular pathways, host cell apoptosis and

autophagy, in the bleaching process of the symbiotic anemone Aiptasia pallida. Host cell apoptosis was

experimentally manipulated using gene knockdown of an anemone caspase by RNA interference, chemical

inhibition of caspase using ZVAD-fmk and an apoptosis-inducer wortmannin. Autophagy was

manipulated by chemical inhibition using wortmannin or induction using rapamycin. The applications

of multiple single treatments resulted in some increased bleaching in anemones under control conditions

but no significant drop in bleaching in individuals subjected to a hyperthermic stress. These results

indicated that no single pathway is responsible for symbiont release during bleaching. However, when

multiple inhibitors were applied simultaneously to block both apoptosis and autophagy, there was a

significant reduction in bleaching in heat-stressed anemones. Our results allow us to formulate a model for

cellular processes involved in the control of cnidarian bleaching where apoptosis and autophagy act

together in a see-saw mechanism such that if one is inhibited the other is induced. Similar interconnectivity

between apoptosis and autophagy has previously been shown in vertebrates including involvement in an

innate immune response to pathogens and parasites. This suggests that the bleaching response could be a

modified immune response that recognizes and removes dysfunctional symbionts.
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1. INTRODUCTION

The global decline of coral reefs continues at an increasing

rate despite attempts to abate direct and indirect human

impacts. One major cause of this decline is coral

bleaching. Bleaching or whitening of the coral tissues is

largely due to the loss of the symbiotic dinoflagellate algae

from the host. This in turn can lead to reduced growth,

calcification and reproduction, and can ultimately result in

mortality (Brown 1997; Hoegh-Guldberg 1999). The

causes of bleaching are linked to climate change and

disease. However, interconnectivity between cellular

pathways and physiological responses to environmental

stress and pathogenesis remains unresolved (Hughes et al.

2003; Lesser 2004). Increasing our understanding of the

stability and complexity of cellular pathways within the

symbiosis will offer key insight into the holobiont health,

infection and immunity, and the effects of environmental

and climate history on acclimatization and susceptibility

to bleaching.

Components of multiple pathways are important in the

bleaching process (for review, see Lesser 2004). High
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sea-surface temperature, UV and high light are known to

generate potent reactive oxygen species (ROS) in the

holobiont as a result of the breakdown in symbiont

photosynthesis (for review, see Lesser 2004 and Perez &

Weis 2006). ROS cause membrane lipid peroxidation and

organelle and DNA damage, all of which lead to cell death

(Lesser 1997; Perez & Weis 2006). As an antioxidant

defence toROS, enzymes, such as superoxide dismutase and

catalase, scavenge and reduce ROS to less toxic forms

thereby reducing damage (Richier et al. 2005, 2006). If

antioxidant defences are inhibited or absent, then symbiont

loss from the host increases (Merle et al. 2007), presumably

from ROS-induced cell death. Alternatively, when there is

instability in symbiosis regulation and a symbiosis break-

down due to stress, the host cell may actively control

symbiont release through one or more mechanisms (Gates

et al. 1992) and symbionts may undergo in situ degradation

resulting in bleaching (Dunn 2002).

Identifying the activation of the apoptotic pathway in

symbiotic cnidarians during bleaching has offered insight

into the cellular initiation of the bleaching process (Dunn

et al. 2004). Apoptosis is a form of programmed cell death

that occurs in response to cytotoxic agents, cell dysfunc-

tion and infection. This intrinsic process can be initiated

by either extrinsic or intrinsic stimuli, and is of

fundamental importance in the development, growth,

health and tissue homeostasis of multicellular organisms
This journal is q 2007 The Royal Society
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(Hengartner & Bryant 2000). Apoptosis occurs in three

stages: initiation; execution; and cell deletion. These stages

are interconnected by the action of cysteine-dependent

aspartate-specific proteases or caspases, which operate in a

proteolytic cascade by cleaving and activating one another

(Fan et al. 2005). Once activated, caspases cleave other key

proteins, cytoskeletal elements and cell adhesion molecules,

and conclude with endonuclease cleavage of nuclear

material and cell disposal (Woo et al. 2004). Two possible

explanations for the observed initiation of host cell apoptosis

during bleaching are as follows: (i) apoptosis acts to mitigate

tissue damage and maintain homeostasis by removing

dysfunctional symbionts (Dunn et al. 2004), and (ii)

apoptosis acts as part of an innate immune response that

recognizes the once symbiotic algae as non-symbiotic

microbes and removes them.

Autophagy is another highly conserved pathway (Boya

et al. 2005) that could be active in bleaching. It occurs in a

diversity of organisms ranging from yeast to higher

vertebrates and is an important cellular process for the

removal and degradation of proteins, organelles, cyto-

plasmic contents and intracellular pathogens (for review,

see Gozuacik & Kimchi 2004 and Koul et al. 2004).

Induction of autophagy occurs by nutrient deprivation,

hypoxia (Cuervo 2004) and infection from invading

microbes (Méresse et al. 1999). The autophagic pathway

begins with target identification, followed by the forma-

tion of vesicles de novo from small membrane structures

generated from the endoplasmic reticulum or Golgi.

Membrane structures envelop the target as a double

membrane autophagosome, which then fuses with a late

endosome or autolysosome. The target is released with the

inner autophagosome membrane into the lysosome where

digestion by hydrolytic enzymes occurs (Cuervo 2004;

Gozuacik & Kimchi 2004). In some cases, autophagic

digestion results in autophagic cell death (Gozuacik &

Kimchi 2004).

The interrelationship between autophagy and apopto-

sis is diverse and complex. The two processes can be

closely linked by specific molecular triggers, either in a

positive, regulated manner, such as to balance cell

proliferation, or in a negative, unregulated relationship,

which results in tumour formation (Gozuacik & Kimchi

2004). Autophagy and apoptosis can operate together as

part of a complex cell death pathway, which has

characteristics of both processes (González-Polo et al.

2005). Autophagy can also act to rescue apoptosis for cell

survival or it can precede apoptosis. Furthermore,

apoptosis may be activated to dispose of a cell upon

autophagy failure (Boya et al. 2005).

Recent evidence of cell signalling pathways in cnidarian–

dinoflagellate symbiosis indicates that there are similarities

between the host cnidarian’s response to symbionts and an

innate immune response to pathogens or parasites. For

example, recognition processes during the onset of

symbiosis include lectin–glycan interactions (Lin et al.

2001; Wood-Charlson et al. 2006), a common mechanism

for detecting harmful microbes. In addition, nitric oxide, a

cytotoxic signalling compound used in the innate immune

response (Chan et al. 2001), is produced during the early

stages of the bleaching process and is hypothesized to trigger

downstream cytotoxic events that lead to bleaching

(Trapido-Rosenthal et al. 2001; Perez & Weis 2006). Finally,

apoptosis occurs both during bleaching (Dunn et al. 2004)
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and in response to microbial invaders of corals (Ainsworth

et al. 2007) during the innate immune response (Fairbairn

2004), as it occurs in other organisms.

Many intracellular parasites such as Leishmania

donovani, Legionella pneumophila and Mycobacterium

tuberculosis avoid detection by the host immune response

by manipulating both apoptotic and autophagic pathways

(Dermine et al. 2000; Gutierrez et al. 2004; Koul et al.

2004). Host apoptosis is prevented by parasite manipu-

lation of Ca2C, proapoptotic signals such as Bad and

stimulation of immunosuppressive cytokines (for review,

see Koul et al. 2004). Prevention of host autophagy is

achieved through the manipulation of the phosphoinosi-

tide metabolism, the phosphatidylinositol 3-kinase

(PI3K)/AKT pathway and Rab GTP-binding proteins

(Fratti et al. 2001; Chua et al. 2004; Hilbi 2006).

In this study, we investigated the interconnected roles

of apoptosis and autophagy during the onset of hyperther-

mic stress (HTS)-induced bleaching in the symbiotic sea

anemone Aiptasia pallida. We hypothesized that if

apoptosis and/or autophagy are active in bleaching, then

experimental manipulation of these processes would

change the amount of bleaching observed. To test the

roles of apoptosis and autophagy during bleaching, we

used separate treatments of gene knockdown by RNA

interference, biochemical inhibition and induction. Our

results show that manipulation of either apoptosis or

autophagy alone had no significant effect on bleaching in

heat-stressed anemones. However, when both apoptosis

and autophagy were inhibited simultaneously, bleaching

was significantly reduced in heat-stressed anemones. The

apparent interconnectivity of these two processes offers

key insight into the complexity of bleaching regulation and

suggests that no single process is operating in response to

heat stress.
2. MATERIAL AND METHODS
(a) Anemone culture conditions and treatments

Aiptasia pallida were placed in individual wells of 48-well plates

(Falcon Becton Dickinson) in sterile artificial seawater (ASW)

in accordance with Dunn et al. (2007) and incubated at 26G

0.58C, salinity 34‰, photon flux density 50 mmol mK2 sK1 on a

12 hours light/12 hours dark cycle. After one week of

acclimation, which included daily water changes, anemones

were subjected to one of two temperature treatments. Control

plates of anemones were returned to culture conditions

described above (termed control temperature, CT). Plates of

anemones destined for temperature stress were placed in a

separate incubator (Percival) with the same conditions except

that the temperature was set at 33–348C (termed HTS), for

24 hours. These conditions result in bleaching (Dunn et al.

2002, 2004). To inhibit apoptosis, a broad non-reversible

caspase inhibitor Z-Val-Ala-Asp-fluoromethylketone (ZVAD-

fmk, Enzyme Systems Products, final concentration: 12.5 mM

in 0.2% DMSO in sterile ASW) was used. In a separate

treatment, specific gene knockdown of an A. pallida caspase,

acasp (Dunn et al. 2006) using RNAi was performed according

to the methods described in detail by Dunn et al. (2007).

Double-stranded RNA was applied to anemones in a vehicle

reagent, 1,2-dimyristyloxypropyl-3-dimethyl-hydroxy ethyl

ammonium bromide and cholesterol (DMRIE-C; Gibco).

To simultaneously induce apoptosis and inhibit autophagy,

two different PI3K pathway inhibitors were used: wortmannin



Apoptosis and autophagy in anemones cnidarian bleaching S. R. Dunn et al. 3081
(final concentrations: 250 and 500 nM; Sigma-Aldrich) and

3-methyladenine (3MA, 10 mM; Sigma-Aldrich). PI3K

enzymes, known as anti-apoptosis kinases, regulate signal

transduction pathways leading to cell proliferation and survival

(Chang et al. 2003; Cui et al. 2006). PI3K dysfunction has been

implicated in the growth of different types of carcinomas due to

uncontrolled cellproliferation(Chang et al. 2003).Wortmannin

is an inducer of apoptosis in organisms ranging from cnidarians

(David et al. 2005) to vertebrates, and is a known inhibitor of

autophagy (Yu et al. 2006). 3MA was used as an alternative

promoter of apoptosis and inhibitor of autophagy and inhibits

the PI3K membrane trafficking pathway. In another treatment,

both wortmannin and 3MA were used in combination because

each compound could have partial or separate effects. Using a

combination of inhibitors could maximize the inhibition of the

PI3K pathway (Seglen & Gordon 1982; Caro et al. 1988;

Nakanishi et al. 1995; Blommaart et al. 1997; Pahan et al. 1999;

Hirosako et al. 2004).

To induce autophagy, two separate treatments of rapamy-

cin (final concentrations: 5 and 25 mM; Sigma-Aldrich) were

applied to anemones. Rapamycin acts to limit protein folding,

cell cycle progression and block translation of target of

rapamycin (TOR) proteins, resulting in autophagy (Cruz

et al. 1999; Hara et al. 2002). Rapamycin inhibits TOR by

binding with FK506-binding protein to form a rapamycin–

FKBP12 complex, which then inhibits TOR (Cruz et al.

1999). TOR, known as the gatekeeper to autophagy, is

constitutively active under normal growth conditions, con-

trolled through the PI3K/AKT pathway, and acts as a master

switch of cellular catabolism, anabolism and apoptosis and

autophagy activation (Castedo et al. 2002; Neufeld 2003;

Gozuacik & Kimchi 2004).

Vehicle control treatments were (i) untreated, (ii) 0.2%

DMSO in sterile ASW and (iii) 0.3% DMRIE-C in sterile

ASW. Following all treatments, the anemone and the

seawater containing expelled symbionts from each well were

removed and stored separately at K808C for later measure-

ment of expulsion and bleaching.
(b) Measurement of bleaching

Bleaching was measured as a proportion of the algal

population expelled over 24 hours. Anemones were thawed

on ice and centrifuged at 10 000g for 10 min. The

supernatant was removed and replaced with 500 ml of sterile

ASW. The tissue pellet was homogenized using an Eppendorf

tissue homogenizer and centrifuged as described above. The

supernatant was removed and the pellet was resuspended

with between 100 and 1000 ml of ASW. Cells were counted

with a Neubauer-improved bright-line haemacytometer

(Hausser Scientific, USA) and density was determined from

ten 20 ml subsamples from each resuspended pellet. The well

supernatants for individual samples were processed in the

same manner and counted. The density of algae in the

supernatant and pellet was then combined to calculate

the percentage of population expelled from each anemone

using the following equation (Perez & Weis 2006):

supernatant densityCpellet density

supernatant density

� �
!100 Z%bleaching:

(c) Statistical analysis

All data were tested for normality and heteroscedasticity.

Dinoflagellate expulsion percentages from individual treat-

ments were adjusted using an arcsine transformation.
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Expulsion percentages between untreated and treated

anemones from CT and HTS conditions were tested using

one-way ANOVA with post hoc Tukey pairwise multiple

comparison. Probability significance was adjusted using

Bonferroni conversion in accordance with Sokal & Rohlf

(1995). Expulsion percentages from anemones within

multiple manipulation treatments were compared using

independent Kruskal–Wallis tests and adjusted for multiple

comparisons using Bonferroni. All statistical tests were

conducted using MINITAB (v. 11) software.
3. RESULTS
There was a highly significant difference between the

percentages of symbionts released from CT compared

with HTS animals (figure 1). Only 2.4G2.7% (s.d.) of the

algal population was released in CT animals compared

with 69.4G12.0% in HTS animals. Both CT and HTS

animals incubated in the two vehicle negative controls,

0.2% DMSO only and 0.3% DMRIE-C only, exhibited

bleaching percentages not significantly different from

untreated controls (electronic supplementary material,

figure 1). Animals incubated in ZVAD-fmk, the apoptosis

inhibitor, behaved contrary to our predictions. We

hypothesized that apoptosis inhibition would result in

decreased bleaching under HTS, but the proportion of

algae released in HTS individuals did not drop. Instead,

bleaching averaged 69.7G20.6% and was not significantly

different from untreated HTS animals (figure 1). Further-

more, bleaching in CT anemones trended towards an

increase (35.3G21.7%), although the increase was not

statistically significant (figure 1). This same pattern was

repeated in anemones subjected to caspase knockdown by

RNAi. Bleaching in HTS animals had an increasing trend,

averaging 90.5G21.7%, but was not significantly different

from untreated HTS animals. Bleaching in CT anemones

was 25.9G17.4%, trending towards an increase but not

significantly elevated from untreated CT animals.

Simultaneous induction of apoptosis and inhibition of

autophagy by the treatment of HTS anemones with either

a single or combined PI3K inhibitors did not significantly

decrease bleaching when compared with untreated HTS

animals (average algal loss 69.4G12.0%; figure 1). HTS

anemones treated with 250 and 500 nM wortmannin lost

an average of 81.3G21.7 and 75.4G9.9% of their algal

population, respectively, while those treated with 10 mM

3MA lost 92.0G8.8%. In HTS anemones treated with

both 10 mM 3MA and 500 nM wortmannin, 75.1G
21.8% of algae were lost (figure 1). There was, however,

a significant increase in bleaching in treated compared

with untreated CTanemones. Bleaching rates increased to

61.1G16.8, 76.9G9.0 and 70.2G9.0% in CT animals in

500 nM wortmannin, 10 mM 3MA and the combination

of 10 mM 3MA and 500 nM, respectively, corresponding

to an average combined 29-fold increase over bleaching

rates in untreated CT animals (figure 1). Treatment with

250 nM wortmannin had no significant effect on bleach-

ing in CT or HTS anemones, indicating that the inhibitor

effect is concentration dependent (figure 1). There was no

significant difference in the amount of bleaching between

anemones with a combination of PI3K inhibitors and

those individuals treated with a single inhibitor, which

suggests that a single form of PI3K inhibitor was as

effective as treating with a combination of different types.
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To further investigate the role of autophagy in bleaching,

anemones were treated with rapamycin, a known inducer of

autophagy. There was no significant decrease in algal loss

from HTS animals treated with 5 mM (45.5G6.8% of algae

lost) and 25 mM (74.0G6.5%) rapamycin compared with

untreated HTS controls (69.4G12.0%; figure 1). There

was, however, a significant increase in bleaching in CT

anemones incubated in 25 mM rapamycin. They lost an

average of 86.9G22.5% of their algae, a 43-fold increase

over untreated CTanimals (figure 1).

In a separate experiment, CTand HTS anemones were

simultaneously treated with both apoptotic and autopha-

gic inhibitors. The percentage of algae lost from HTS

anemones treated with the cocktail of inhibitors dropped

significantly to an average of 15.6G16.6%, an over

fourfold drop compared with values in untreated HTS

animals (figure 2). The expulsion of algae from CT

anemones was not significantly different between treated

and untreated anemones (figure 2).
4. DISCUSSION
This study suggests that no single process operates during

HTS-induced bleaching of A. pallida and that there is an

interaction of cellular pathways. This study is also the first

to implicate a role of autophagy in cnidarian bleaching.

HTS anemones released significantly more symbionts

than CT anemones, indicating that experimentally

induced bleaching was successful. This is a common and

well-described response in symbiotic cnidarians to HTS

(for reviews, see Brown 1997, Hoegh-Guldberg 1999 and

Lesser 2004). The separate manipulation of apoptosis
Proc. R. Soc. B (2007)
through gene knockdown, chemical inhibition and

chemical induction surprisingly resulted in no significant

decrease in bleaching in HTS anemones. The lack of

response to apoptosis manipulation during stress could be

explained by at least two scenarios. First, it is possible that

apoptosis plays no significant role in HTS-induced

bleaching. This is unlikely, however, as previous reports

have shown an increase in host apoptotic activity during

the onset of bleaching (Dunn et al. 2004; Richier et al.

2006). Second, it is possible that additional processes are

simultaneously playing a role in stress-induced bleaching.

These other processes may be initiated or differentially

regulated when apoptosis is manipulated. In this scenario,
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the role of apoptosis is masked by the change in regulation

of another cellular process as bleaching continues.

Autophagy could be one such additional process

involved in the heat stress response that either acts

simultaneously with apoptosis or is actively induced, as a

back-up mechanism to mitigate apoptosis failure. Like the

results from apoptosis manipulation, there was no

significant decrease in bleaching in HTS animals with

autophagy manipulation, either induction or inhibition.

This suggests that either autophagy plays no role in stress-

induced bleaching or that it is not the sole pathway that is

controlling stress-induced bleaching.

There was, however, a dramatic increase in bleaching in

CT animals incubated in the autophagy promoter

rapamycin. Two possible explanations for bleaching

following rapamycin treatment and presumably TOR

inhibition are: (i) autophagy is acting at a cellular

component level (Kundo & Thompson 2005) to remove

and digest organelles including the alga-containing

symbiosome, and (ii) host cells undergo autophagic cell

death and/or secondary apoptosis induced by rapamycin

(Castedo et al. 2002), which results in the release of

symbionts. This dramatic response to rapamycin incu-

bation under control conditions suggests that autophagy

plays a role in the stability of the symbiosis under non-

stressed conditions.

HTS anemones treated with a cocktail of apoptotic and

autophagic pathway inhibitors exhibited dramatically

decreased bleaching compared with untreated HTS

anemones (figure 2). This suggests that the combination

of inhibitors counteracted reciprocal activation, thereby

preventing a see-saw alternation between the pathways.

The expulsion of algae from CT anemones was not

significantly different between treated and untreated

animals, indicating that any effect induced by single

pathway manipulation was counteracted by dual pathway

inhibition. One could argue that the concentrations of

inducers or inhibitors in the single treatment manipula-

tions are toxic. This would explain continued high

bleaching in HTS animals and increased bleaching in

CT anemones due to widespread tissue disruption.

However, these compounds at the same concentrations,

when used in combination, reduced the onset of bleaching

in HTS anemones and did not increase bleaching in

CT anemones.

Our results suggest that no single process is active in

symbiont expulsion during HTS-induced bleaching of

A. pallida, an idea that was first suggested by Gates et al.

(1992) and expanded by Dunn (2002). Our findings allow

us to formulate a model for the interrelated roles of

apoptosis and autophagy as part of the cellular

mechanisms involved in bleaching. We propose that the

two pathways are linked in a see-saw manner such that

when apoptosis is inhibited, autophagy is initiated as a

back-up mechanism and vice versa. In this way, the two

processes act together during HTS-induced bleaching.

The interactions between the environmental pertur-

bations that lead to bleaching in nature and underlying

cellular and physiological processes remain complex and

unresolved. Linkages between our laboratory-generated

model and actual bleaching events in the field are areas for

future research.

The see-saw relationship between apoptosis and

autophagy has been found in vertebrate systems. For
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example, in mammalian cell lines, when autophagy is

inhibited or knocked down by RNAi, apoptosis is

triggered (Boya et al. 2005). Furthermore, autophagy

is upregulated in mouse cell lines treated with caspase

inhibitors or caspase gene knockdown ( Yu et al. 2004,

2006). These studies are particularly interesting because

cells are destroyed by ROS-induced death due to selective

autophagic digestion of catalase. As detailed in §1, ROS

plays an important role in the initial stages of HTS in the

cnidarian–dinoflagellate symbioses. There is recent evi-

dence of catalase inhibition during bleaching of the

anemone Anemonia viridis (Merle et al. 2007). Future

studies could explore a link between catalase inhibition

and initiation of autophagy.

A recent functional genomic study of cnidarian–dino-

flagellate symbiosis (Rodriguez-Lanetty et al. 2006) suggests

that manipulation of multiple cellular pathways occurs

during symbiosis. One such pathway proposed is the

suppression of apoptosis and promotion of cell proliferation

through the sphingosine–sphingosine-1-phosphate (S1P)

rheostat via downregulation of sphingosine-1-phosphate

phosphatase (Rodriguez-Lanetty et al. 2006). The same

rheostat regulation controls autophagy via inhibition of the

mammalian homologue to TOR (mTOR) in human cell

lines (Lavieu et al. 2006). The sphingosine–S1P rheostat is

also a control point for autophagy manipulation by invading

parasitic Mycobacterium in animals. Mycobacterium tubercu-

losis arrests autophagosome maturation through the down-

regulation of sphingosine kinase (Malik et al. 2003;

Thompson et al. 2005) and PI3K/AKT signalling (Koul

et al. 2004). Control of the rheostat and PI3K/AKT

signalling may therefore act as part of one mechanism,

common to some microbial parasites and symbionts, which

prevent both host apoptosis and autophagy. The end result

would be persistence by the microbe within the host cell. In

the case of cnidarian bleaching, these regulatory

mechanisms could be disrupted during HTS, which in

turn could cause the initiation of the autophagic and

apoptotic processes leading to symbiont release from

the host.
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