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Global climate change has increased the number and severity of stressors

affecting species, yet not all species respond equally to these stressors.

Organisms may employ cellular mechanisms such as apoptosis and auto-

phagy in responding to stressful events. These two pathways are often

mutually exclusive, dictating whether a cell adapts or dies. In order to exam-

ine differences in cellular response to stress, we compared the immune

response of four coral species with a range of disease susceptibility. Using

RNA-seq and novel pathway analysis, we were able to identify differences

in response to immune stimulation between these species. Disease-

susceptible species Orbicella faveolata activated pathways associated with

apoptosis. By contrast, disease-tolerant species Porites porites and Porites
astreoides activated autophagic pathways. Moderately susceptible species

Pseudodiploria strigosa activated a mixture of these pathways. These findings

were corroborated by apoptotic caspase protein assays, which indicated

increased caspase activity following immune stimulation in susceptible

species. Our results indicate that in response to immune stress, disease-

tolerant species activate cellular adaptive mechanisms such as autophagy,

while susceptible species turn on cell death pathways. Differences in these

cellular maintenance pathways may therefore influence the organismal

stress response. Further study of these pathways will increase understand-

ing of differential stress response and species survival in the face of

changing environments.
1. Introduction
In a rapidly changing environment where both natural and anthropogenic stres-

sors have become more common, organisms are forced to adapt or die [1–4].

Human impacts on the environment such as climate change, pollution and

deforestation have impacted a wide variety of taxa and led to widespread

extinctions [5–7]. Yet not all organisms are equally affected. Certain species

or groups of species may adapt more rapidly, therefore, persisting or even flour-

ishing, while others experience catastrophic declines under the same pressures

[2,8,9]. However, what makes the so-called ‘winners’ and ‘losers’ in an era of

global change is still poorly understood.

Apoptotic and autophagic processes are essential parts of cellular responses

to stress in all organisms [10]. These two processes are uniquely and complexly

intertwined, predominantly acting as mutually exclusive processes during a

wide range of cellular responses, including cell death, stress and starvation

[10–12]. Apoptosis is an essential regulatory pathway that results in controlled

cell death [13–19]. Additionally, apoptosis is an important component of

organismal responses to stress [15,18] and pathogenic infection [20–22].

Initially, controlled apoptosis of infected cells may serve to prevent further

infection of an organism [20–22]. However, ‘runaway’ apoptosis during

stress events or pathogenic infection may result in extensive cell death and
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tissue damage, potentially contributing to organismal

death rather than adaptation [23–25]. Therefore, while often

initially beneficial, excessive apoptosis is often characteristic

of an organism’s failure to adapt to stress, potentially

resulting in death [23–25].

In contrast with apoptosis, autophagy is a known essen-

tial component of cellular adaptation, rather than death,

during sublethal levels of stress [10]. While at times auto-

phagy may corroborate apoptotic processes [26,27], most

often this process is an alternative to cell death, allowing

for adaptation in response to stressors [12,28]. Furthermore,

autophagy is an essential response to pathogens, serving as

one of the most ancestral forms of immunity [29,30]. Cells

may employ xenophagy, a specific form of autophagy, to

destroy intracellular bacteria [31,32]. This can occur indepen-

dent of canonical immune recognition events [33], or can be

triggered by the binding of pattern recognition molecules

such as Toll-like receptors (TLRs) to bacterial or viral com-

pounds [34–39]. Autophagy therefore serves as a crucial

first step in the survival response of a cell to a pathogen,

promoting a positive immune response.

Coral reefs around the globe are experiencing rapid

declines as a result of the loss of formative scelaractinian, or

reef-building corals [40–45]. Stressors such as climate

change [46–48] and pollution [49–52] have driven massive

die-offs of these organisms. However, increasing disease

prevalence has arguably been one of the largest drivers of

coral declines worldwide [53–58]. Diseases do not impact

all coral species equally and some species have been signifi-

cantly less affected by disease [8,59,60]. Cellular-level

differences in immunity may contribute to these observed

differences. For example, corals have a diverse and varied

repertoire of innate immune receptors including multiple

TLRs, TLR-like molecules and downstream effectors

[61–63]. However, despite increasing knowledge of coral

immunity, it is still unclear why certain species are flourish-

ing under increasing disease pressure, while others are

experiencing rapid population declines.

Our hypothesis is that differences in immunity and cellu-

lar response pathways, including potential variation in

receptor repertoire, may underscore patterns of disease

susceptibility and tolerance. We used bacterial pathogen-

associated molecular patterns (PAMPs) to stimulate

immunity in four coral species, and analysed transcriptomic

and protein activity changes. This approach allows for insight

into species-level differences in host response to a proxy for

bacterial pathogensis. Comparison of the immune responses

of these four species revealed that apoptotic and auto-

phagic pathways might have a significant impact on the

susceptibility of corals to disease.
2. Material and methods
(a) Sample collection
Four species of coral with ranging disease susceptibility were

used for this study: Orbicella faveolata, Pseudodiploria strigosa,

Porites porites and Porites astreoides. Disease susceptibility was

based on analysis by Pinzon et al. [64], and includes disease

prevalence to all relevant surveyed diseases for these species

(e.g. black band, white band, white plague and yellow band).

Disease prevalence in the two disease-susceptible species

ranges from 20% in O. faveolata to 6% in Ps. strigosa. Prevalence
is less than 1% in each of the Porites genus species, herein classi-

fied as tolerant species. Coral fragments of each species were

collected in July 2012 from five randomly selected colonies of

O. faveolata, Ps. strigosa and P. porites, and four randomly selected

P. astreoides colonies. All samples were collected from on Media

Luna reef (17856.096 N; 67802.911 W) near La Parguera, Puerto

Rico. Six small fragments (5 � 5 cm) were chipped off from

each colony with a hammer and chisel for a total of 30 fragments

per species for O. faveolata, Ps. strigosa and P. porites, and 24 total

fragments for P. astreoides. Upon collection, the fragments were

placed in labelled zip-lock bags and transported in ambient sea-

water to an indoor running saltwater facility at the Department

of Marine Sciences (University of Puerto Rico—Mayagüez in

Isla Magueyes). At the facility, fragments from each colony

were randomly assigned to one of the two treatment groups

(control or PAMP exposure).

Five fragments from the same treatment and species (four in

the case of P. astreoides) were placed in one of six large plastic

containers. Each container was aerated using an electric air

pump and supplied with continuous flow of seawater. To control

for temperature, the water was initially contained in a 500-gallon

barrel where the temperature was maintained at 268C using elec-

tric heaters and chillers when needed. Overhead lamps were

used to maintain a 12 L : 12 D cycle. Fragments were maintained

in these conditions for 7 days prior to experimentation to allow

for acclimatization. During this time, control fragments from

Ps. strigosa colony one perished, reducing control replication for

this species to n ¼ 4.

(b) Experimental design
Following the acclimatization period, continuous water flow and

aeration were ceased and water levels in each of the large con-

tainers reduced to 3 l. A piece of PVC pipe (6.35 cm high and

5.08 cm wide) was placed around each coral fragment, making

a temporary microenvironment. Using a micropipette, 1 ml of

7.57 mg ml21 lippopolysaccharides (LPS), a PAMP, from Escher-
ichia coli 0127:B8 (Sigma-Aldrich L3129-100MG) was added just

above the surface of each treatment fragment. Final concentration

of LPS in the container was 10 mg ml21 spread over the frag-

ments on each PAMP exposure container. Control fragments

received 1 ml of sterile seawater used in preparation of the LPS

solution. Microbial mimics such as PAMPs were used in this

experiment as they have been used extensively as an immune

stimulators in vertebrate, invertebrate and plant immunology

including corals [65,66]. Furthermore, PAMPs such as LPS are

a proxy for immune stimulation and trigger an authentic

immune response that is not complicated by pathogen–host

interactions [29]. Another advantage is that we can challenge

the coral immune response in a standardized manner. Since

each of these four coral species are susceptible to different dis-

eases, live bacterial inoculations have the potential to confound

the results.

Exposure conditions were maintained for 30 min to ensure

the LPS was taken into the coral, after which the aeration was

resumed. Then the fragments were maintained in continuous

flow for an additional 4 h before being removed and frozen in

liquid nitrogen. All samples were shipped on dry ice to the Uni-

versity of Texas at Arlington where they were stored at 2808C
until tissues were collected.

(c) RNA extraction, sequencing and transcriptome
assembly

The full procedure for RNA extraction, sequencing and transcrip-

tome assembly is described in electronic supplementary material,

file S1. Briefly, RNA was extracted from a small piece of tissue

and skeleton using the RNAaqueous with DNAse step kit (Life
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Technologies AM1914). Following extraction, the three replicates

from each species and colony within a treatment were pooled for

RNA library sequencing (n ¼ 4–5 per treatment and species).

RNA quality was assessed using an Agilent BioAnalyzer 2100

and samples with RIN numbers (quality values) higher than 8

were used to create cDNA libraries with an Illumina TruSeq

RNA with Poly-A selection libraries kit (Illumina). Pooled

samples were then sent to the University of Texas Southwestern

Medical Center Genomics Core facility where library construc-

tion and sequencing occurred. Samples were sequenced in two

separate lines with 20 samples each.

Following sequencing, RNA-seq libraries were sorted and the

quality of reads was assessed. The TRIMMOMATIC v. 3 software

package was used to remove adaptors and low-quality reads

[67]. Non-host sequences were filtered out using methods

described in [68]. Using the TRINITY software package [69,70],

new reference transcriptomes were composed for every species

except O. faveolata, for which the existing reference transcriptome

[68] was used.

Differential expression analyses were conducted and normal-

ized expression values generated separately for each species in

the CUFFLINKS software package using default parameters [71].

Average log2-fold change per transcript was estimated by

comparing normalized expression values between treatments

within a species. Significantly differentially expressed transcripts

were identified based on log2-fold change (adjusted p , 0.05)

across treatments.

(d) Transcriptome annotation and gene ontology
analyses

Following assembly of the four species transcriptomes, sequences

were annotated against the UniProtKB/Swiss-Prot database

(blastx algorithm, 1.0 � 1025 e-value threshold). Gene ontology

(GO) analyses and comparisons of all differentially expressed

transcripts for each species were conducted using the online

PANTHER database [72].

(e) Ingenuity Pathway Analysis
Ingenuity Pathway Analysis (IPA) software was used to identify

significantly activated canonical pathways in each of the four

species of coral (IPA, Qiagen Redwood City, www.quiagen.

com/ingenuity). Analyses were conducted using UniProt acces-

sion numbers and fold-change values for all annotated

transcripts within a species. The Ingenuity Knowledge Base

was used as a reference set to identify activated pathways. For

each pathway, IPA generates a measure of activation or inacti-

vation for each pathway known as a z-score and assesses the

significance of that pathway using a Fisher’s exact test and

Benjamini–Hochberg adjusted p-values (significance set at padj

, 0.05). However, when transcripts do not follow patterns

expected (based on what is known regarding the pathways

in humans), no z-score is generated. Significant pathway

overlap between species was determined by comparing lists of

significantly activated pathways between species.

( f ) Apoptotic caspase activity assay
Coral tissues were removed from the colony skeleton over ice

using a Paansche airbrush (Chicago, IL, USA) with coral extrac-

tion buffer (50 mmol tris buffer, pH 7.8, with 0.05 mmol

dithiothreitol (DTT)). Tissues were then homogenized using a

Power Gen 125 tissue homogenizer with a medium saw tooth

generator (Fisher Scientific, Pittsburgh, PA, USA) for 60 s on

ice. Samples were then left on ice for 10 min and the remaining

volume was then centrifuged for 5 min at 48C and 3500 r.p.m.

in an Eppendorf centrifuge 5810R. The resulting supernatant,
or whole cell coral protein extract, was split into two approxi-

mately 2 ml aliquots which were frozen in liquid nitrogen and

stored at 2808C [73]. Total protein concentration in each

sample was determined using the Red660 protein assay (G Bio-

sciences, St Louis, MO, USA) standardized to BSA. This assay

was run in duplicate on 96-well plates using a Synergy two

multi-detection microplate reader and Gen5 software (Biotek

Instruments, Winooski, VT, USA). Caspase activity results were

standardized by protein concentration.

In order to determine the proteolytic activity of caspases per

sample, a PTI (Photon Technology Internationl, Edison, NJ, USA)

fluorometer was used to detect the generation of free AFC

(7-amino-4-trifluoromethylcoumarin) from a general fluorogenic

tetrapeptide substrate for caspases, typically involved in apopto-

tic processes, AC-DEVD-AFC (acetyl-Asp-Glu-Val-Asp-AFC—

purchased from Enzo Life Sciences). The excitation and emission

wavelengths were set to 400 and 505 nm, respectively. The

activity buffer (50 mM sodium chloride, 150 mM Tris–HCl, 1%

sucrose at pH 7.5) for the reaction was also used to prepare a

200 mM AC-DEVD-AFC stock. The reaction mixture had a final

volume of 200 ml; including a final concentration of 10 mM

DTT, 0.1% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-

1-propanesulfonate) and 60 mM AC-DEVD-AFC. The reaction

was initiated with the addition of 60 ml of the coral cell lysate,

and DEVDase activity was monitored for 5 min. A standard

curve of free AFC was generated to determine the amount of

free AFC generated per second during the assay.

The caspase activity data were square-root-transformed to

adjust for normality and analysed in SPSS using a two-way

ANOVA with ‘species identity’ and ‘LPS exposure’ as factors

and with Tukey’s post hoc comparisons to identify significant

differences. Additionally, to increase the sensitivity and reduce

noise generated by biological variation, t-tests were conducted

to specifically detect the effects of LPS exposure within each indi-

vidual species. t-tests were corrected for multiple comparisons

by the Bonferroni correction ( p-value multiplied by number of

comparisons, 4; significance determined as padj , 0.05).
3. Results
(a) Transcriptome assemblies
Sequencing of O. faveolata, Ps. strigosa, P. porites
and P. astreoides samples yielded 120 020 664, 216 462 496,

237 844 572 and 76 949 972 paired end reads, respectively.

Raw sequencing reads are available for download on NCBI

(SRA Accession #SRP094633).

Alignment of these reads to their respective species

transcriptomes and filtering resulted in 31 958, 44 534, 6640

and 26 556 expressed coral only contigs and N50 values

of 1928, 2308, 3291 and 927 bp for O. faveolata, Ps. strigosa,

P. porites and P. astreoides, respectively. Annotation of the

final transcriptomes with the UniProtKB/Swiss-Prot data-

base yielded annotations for 10 638 (approx. 33%) of

O. faveolata, 11 759 (approx. 26%) of Ps. strigosa transcripts,

5241 (approx. 20%) of P. porites transcripts and 4977

(approx. 75%) of P. astreoides transcripts.

(b) Differential expression analyses
Differential expression varied greatly between species follow-

ing immune challenge. In O. faveolata, 371 transcripts were

differentially expressed (111 downregulated and 260 upre-

gulated). Of those 371 transcripts, 149 could be assigned

annotations. In comparison, 79 P. astreoides transcripts were

differentially expressed (31 downregulated and 48 up-

regulated). Fifty-three P. astreoides differentially expressed

http://www.quiagen.com/ingenuity
http://www.quiagen.com/ingenuity
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Figure 1. IPA analysis results for selected immune pathways. Bars indicate z-scores (measure of activation/inactivation). (a) Orbicella faveolata, (b) Ps. strigosa,
(c) P. porites and (d ) P. astreoides.
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transcripts could be assigned annotations. Finally, there were

no Ps. strigosa or P. porites transcripts that were significantly

differentially expressed. GO classification of differentially

expressed genes for O. faveolata and P. astreoides also varied

greatly (electronic supplementary material, figure S1).

Orbicella faveolata had a higher proportion of differentially

expressed transcripts involved in apoptosis, while P. astreoides
had a higher proportion of transcripts associated with

metabolic processes.

(c) Pathway analyses
Analysis of each of the four species of corals using IPA soft-

ware yielded 231 unique pathways that were significantly

activated ( padj , 0.05) in one or more coral species. The

number of significantly activated pathways per species

ranged from 113 in Ps. strigosa to 35 in O. faveolata (electronic

supplementary material, file S2). The number of significantly

activated pathways that could be assigned a z-score varied

from 12 (O. faveolata) to 49 (Ps. strigosa). Of these significantly

activated pathways with z-scores, between 7 (O. faveolata and

P. astreoides) and 18 (Ps. strigosa) could be identified as

involved in stress or immune responses (figure 1).

While many pathways were unique to a single species,

there were also numerous pathways that were activated in

one or more species (figure 2; electronic supplementary

material, file S3). Three pathways were significantly activated

in all four species: protein ubiquitination pathway, pyrimi-

dine deoxyribonucleotides de novo biosynthesis I pathway

and superpathway of inositol phosphatase compounds. Fur-

thermore, several pathways were shared between just

susceptible or tolerant coral species. Many pathways invol-

ving the cell cycle and cell death were activated in both

O. faveolata and Ps. strigosa. This included the death receptor

signalling pathway and numerous cancer pathways. Orbicella
faveolata alone activated apoptotic pathways such as NF-kB

signalling, TWEAK signalling and retinoic acid-mediated
apoptosis signalling. By contrast, P. porites and P. astreoides
both activated pathways that were involved in protein turn-

over (isoleucine degradation I and valine degradation I).

Autophagy-related pathways (autophagy signalling, AMPK

signalling, phagosome maturation) were commonly activated

in all species except the most susceptible, O. faveolata.

(d) Apoptotic pathways
Pathways involved in apoptosis including apoptotic signal-

ling, death receptor signalling and TWEAK signalling were

activated in multiple species. z-scores of all three of these

pathways decreased with disease susceptibility (table 1).

Additionally, genes involved in both the death receptor

signalling and TWEAK signalling pathways demonstrated

more pronounced downregulation (negative log2-fold

change) in disease-tolerant Porites species when compared

with disease-susceptible species (electronic supplementary

material, figure S2).
(e) Apoptotic caspase activity
Caspase activity varied significantly between coral species,

but no significant effect of LPS treatment was obser-

ved (two-way ANOVA; ‘species identity’ effect F3,29¼ 8.814,

p ¼ 2.61 � 1024 and ‘LPS exposure’ effect F1,29¼ 0.0293, p ¼
0.763). Specifically, the two disease-susceptible species,

O. faveolata and Ps. Strigosa, showed higher caspase activity

compared with the two disease-tolerant species, P. porites
and P. astreoides (Tukey’s post hoc comparisons: O. faveolata
versus P. porites p ¼ 0.007, O. faveolata versus P. astreoides
p ¼ 0.022, Ps. strigosa versus P. porites p ¼ 0.002, Ps. strigosa
versus P. astreoides p ¼ 0.006). While there was no effect of

LPS exposure as a factor in the two-way ANOVA, caspase

activity following immune stimulation did significantly

increase and decrease in O. faveolata and P. porites, respect-

ively (t-test, padj ¼ 0.016 and 0.0004, respectively; figure 3).
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( f ) Autophagy pathways
Two pathways involved in autophagy—autophagy and

AMPK signalling—were activated in the study coral species.

z-Score patterns varied for each pathway. No z-scores were

generated for the autophagy-specific pathway. However,

z-scores for the AMPK signalling pathway were fairly consist-

ent across all four species (table 1). Patterns of log2-fold

change varied within each pathway, due to overlap in contigs

between regulatory pathways (electronic supplementary

material, figure S3). Autophagy inhibitor mTOR was upregu-

lated in disease-susceptible O. faveolata and downregulated in

tolerant Porites species. By contrast, autophagy activator

AMPK was mostly downregulated (lowest log2-fold change)

in O. faveolata (electronic supplementary material, figure S4).

4. Discussion
While diseases are driving unprecedented coral mortality

events [53–55], not all species seem to be affected similarly

[8,59,60]. Differences in disease susceptibility between coral

species could have important implications for the future eco-

logical functioning of reefs. Here, we use bacterial PAMPs

such as LPS to stimulate immunity in four coral species.
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LPS is one of many virulence factors that initiates host

response, primarily through activation of TLR4 in humans

[74,75]. It is evident that corals possess a variety of TLR recep-

tors, some of which are analogous to TLR4, although the

variation of TLR receptors within specific species of corals

is still unknown [61–63]. This potential diversity of TLR

receptors may have contributed in part to the variation of

host immune responses observed here, and therefore may

have significant ecological consequences.

(a) Apoptosis is activated in disease-susceptible species
Our findings highlight two major processes that may be con-

tributing to variable immunity in corals: apoptosis and

autophagy. Apoptosis has complex and multi-faceted roles in

innate immunity, serving as both a crucial aspect of immediate

immune response [20–22] and a last-resort (i.e. cell death)

response [23,76] depending on the circumstances and stage of

infection. Apoptosis of infected cells is part of the innate

immune response that promotes organismal survival [20]. By

contrast, apoptosis in corals infected with white disease is

characteristic of tissue loss and organismal death [23,76].

These contrasting observations suggest that while immediate

apoptosis may be beneficial in combating pathogenic

immune response, prolonged upregulation of apoptotic

pathways may in fact signal the demise of the organism.

Changes in gene expression and activation (log2-fold

change and z-scores) of apoptotic pathways were lower in tol-

erant species when compared with disease-susceptible ones.

Additionally, the susceptible coral O. faveolata had a higher

proportion of significantly differentially expressed genes

involved in apoptotic processes and higher apoptotic caspase

activity compared with tolerant coral P. astreoides. Disease-

tolerant corals reduced expression of apoptotic pathways to

a greater extent than their susceptible counterparts, as evi-

denced by both pathway expression and caspase activity,

which may contribute to resilience to stress. Corals that

recover post-temperature stress and bleaching are character-

ized by inhibition of apoptotic pathways, while those that

experience mortality following these events are marked by

increased apoptotic activity [77]. In other invertebrates, apop-

tosis is the last resort under stressful conditions, and if stress

continues, death results due to excessive cell death [78].
Furthermore, in shrimp infected with white-spot syndrome

virus, inhibition of apoptosis decreases mortality, suggesting

that excessive apoptosis associated with infection can lead to

increased disease susceptibility and mortality [79]. Increased

activation of apoptosis in susceptible coral species may be a

significant factor contributing to the susceptibility of these

species to disease-related mortality.

(b) Autophagy is key in disease-tolerant coral species
Tolerant corals uniquely activated pathways involved in

autophagy (autophagy and AMPK signalling) following

immune challenge. Induction of autophagy following

immune challenge benefits hosts in two ways. First, autophagy

of non-essential cell components can quickly provide new

sources of macromolecules to fuel biochemical reactions [10].

Tolerant corals therefore may be able to quickly mobilize

resources during an immune challenge due to their activation

of autophagy immediately following immune challenge.

Second, autophagy is one of the most ancient forms of innate

immune response [29]. Autophagy is often triggered by canoni-

cal immune receptors such as TLRs and NOD receptors

[34–39]. Triggering of autophagy by these receptors can result

in the elimination of intracellular bacteria [30,33,80–82] and

viruses [30,39,80,83]. Therefore, activation of autophagic pro-

teins by tolerant corals probably allows for a more rapid

response to, and elimination of, potential pathogens. In compari-

son, susceptible corals, which either do not activate or delay

activation of autophagic pathways, may experience more dis-

ease-related mortality as a result of slower pathogen clearance.

Tolerant corals also uniquely activated the AMPK signal-

ling pathway, which regulates autophagy [84–86]. Under

normal conditions within a cell, mTOR will negatively regulate

autophagic pathways. However, during cellular starvation or

other stressful events, the AMPK pathway becomes active,

blocking mTOR and activating autophagy [84,87]. z-scores for

the AMPK pathways did not follow a clear pattern, likely

due to the many functions of this pathway. By contrast, pat-

terns of expression of just mTOR and AMPK subunits

provide a clear picture of increased activation of autophagy

in tolerant corals. Decreasing expression of mTOR and increas-

ing expression of AMPK by tolerant corals would promote

increased autophagy during infection, allowing for a more

rapid pathogen response.

(c) Autophagy versus apoptosis: a spectrum affecting
disease resistance?

Close examination of the results of this study offers a poten-

tial new paradigm describing the cellular mechanisms

driving variation in disease susceptibility in corals. The

results presented here suggest that susceptibility may be

determined by cellular maintenance responses. We found

that corals that are characterized as disease susceptible are

marked by an apoptotic response, while tolerant species dis-

play an autophagic response. In fact, these two processes are

more often than not mutually exclusive [10–12], and often

activation of one pathway over another can mean the

difference between an adaptive or death response [12,78,88].

Our results demonstrated a clear activation of apoptosis

over autophagy in our susceptible coral species, probably trig-

gered by excessive immune stress [12,78]. The induction of

apoptosis over autophagy is possibly a result of the inability

http://rspb.royalsocietypublishing.org/
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of susceptible corals to respond to the stressor and/or limited

plasticity in their response. This inability to resist stress results

in the increased susceptibly of these species to pathogens and

high levels of disease-related mortality. By contrast, tolerant

corals were characterized by activation of autophagic path-

ways. Autophagy is a pathway of survival under various

stressful circumstances [31,32,89,90], including during infec-

tion [25]. Additionally, autophagic pathways can be used as

a mechanism of cellular adaptation, or plasticity, during

stress [10,12,87,88], which may explain the activation of autop-

hagic pathways by tolerant corals. Increased expression of

autophagy, and in particular cellular plasticity during

immune challenge, probably allows tolerant corals to avoid

cellular death. Therefore, we propose a new framework for

the effects of apoptosis and autophagy on coral disease resist-

ance shown in figure 4. Likely, the promotion of apoptosis over

autophagy or vice versa plays a significant role in determining

disease and stress response outcomes on coral reefs.
5. Conclusion
Decades of ecological survey data have established that coral

species respond differently to disease [8,59,60]. However, the

cellular mechanisms underlying these patterns have been

poorly described. Here, we demonstrate the importance of

apoptosis and autophagy in the response of multiple coral

species to immune challenge. The contribution of these path-

ways to disease resistance in numerous species, including

corals, has been largely understudied. Indeed, cellular main-

tenance may play a much larger role in coral immune

response than previously thought, and examination of these

pathways in more species will only continue to increase our

understanding of how autophagy and apoptosis impact

immune variation.
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funding for boat and diving, logistical support and laboratory
space. Additionally, the authors thank Duane Sanabria, Luis Rodri-
guez and Derek Soto for support in the field, and the staff of the
Genetics Core Facility (UTA) and the Castoe laboratory at the Univer-
sity of Texas for assistance with laboratory and bioinformatic work,
respectively. The analyses were run on a server provided by the
UTA Office of Information Technology.
References
1. Hoffmann AA, Sgro CM. 2011 Climate change
and evolutionary adaptation. Nature 470,
479 – 485. (doi:10.1038/nature09670)

2. Somero GN. 2010 The physiology of climate
change: how potentials for acclimatization and
genetic adaptation will determine ‘winners’ and
‘losers’. J. Exp. Biol. 213, 912 – 920. (doi:10.1242/
jeb.037473)

3. Foden WB et al. 2013 Identifying the world’s most
climate change vulnerable species: a systematic
trait-based assessment of all birds, amphibians and
corals. PLoS ONE 8, e65427. (doi:10.1371/journal.
pone.0065427)

4. Chevin LM, Lande R, Mace GM. 2010 Adaptation,
plasticity, and extinction in a changing
environment: towards a predictive theory. PLoS Biol.
8, e1000357. (doi:10.1371/journal.pbio.1000357)

5. Murphy GE, Romanuk TN. 2014 A meta-analysis of
declines in local species richness from human
disturbances. Ecol. Evol. 4, 91 – 103. (doi:10.1002/
ece3.909)

6. Pimm SL, Jenkins CN, Abell R, Brooks TM, Gittleman
JL, Joppa LN, Raven PH, Roberts CM, Sexton JO.
2014 The biodiversity of species and their rates of
extinction, distribution, and protection. Science 344,
1246752. (doi:10.1126/science.1246752)

7. Bellard C, Bertelsmeier C, Leadley P, Thuiller W,
Courchamp F. 2012 Impacts of climate change on
the future of biodiversity. Ecol. Lett. 15, 365 – 377.
(doi:10.1111/j.1461-0248.2011.01736.x)
8. van Woesik R, Sakai K, Ganase A, Loya Y. 2011
Revisiting the winners and the losers a decade after
coral bleaching. Mar. Ecol. Prog. Ser. 434, 67 – 76.
(doi:10.3354/meps09203)
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