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ABSTRACT
In corals, dispersal is accomplished during a brief larval phase during which
rapidly developing embryos are transported by the currents to potential settlement sites.
Demographic viability and genetic structure of adult populations are defined in large part
by variation in larval survival and duration of the larval phase. Changing climate patterns
in the world's oceans are driving extreme temperatures during the summer months
when many corals reproduce, and even minor temperature increases during this
important life history phase have profound effects on both larval survival and duration.
In this context, an assortment of molecular tools, targeting both neutral and
functional variation, have been applied to coral populations to understand post dispersal
patterns of genetic structure in adult populations, and the physiological response of
developing larvae to thermal stress. Results suggest that important variation in both
environmentally plastic and genotypically defined traits exists within populations and
may contribute to the ability of corals to adapt to warming seas.
The conclusions of this research show that coral species possess important
variation within and among populations. This variation affect traits that are expected to
directly influence the development and performance of larvae under thermal stress.
These observations raise the hopes that coral populations do possess sufficient
variation in adaptively relevant traits to deal with rising sea surface temperatures.
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Introduction:
Coral reefs are among the world’s most diverse and productive habitats, providing vital
ecosystem services for biodiversity and human needs. The evolutionary success of corals is
largely due to their relationship with intracellular symbionts that provide the host with
photosynthetically derived carbohydrates (Muscatine and Cernichiari 1969; Veron 1995). In
past decades however natural and anthropogenic factors including disease, pollution, and
changing climate have severely damaged reefs worldwide (Hoegh-Guldberg 1999; Dudgeon,
Aronson et al. 2010), and warming sea surface temperatures are resulting in dissociation of the
algal symbiont from its coral host (bleaching) with increasing frequency and severity (Brown
1997; Coles and Brown 2003). Such high mortality suggests that genotypic diversity is also being
rapidly lost, but the impact of such losses on coral populations is not well understood.
Persistence of coral dominated reefs depends not only upon survival of adult colonies
but successful sexual recruitment. Recently a decline in the number of juvenile recruits has
been observed on many Caribbean reefs (Hughes and Tanner 2000; Edmunds 2004; Williams,
Miller et al. 2008) exacerbating the effects of continued losses of reproductively mature
colonies. Sexual reproduction in corals can take on a number of forms (Fadlallah 1983), but in
general site attached adults release gametes into the water column where fertilization occurs
(broadcast spawning; Richmond 1988). Following fertilization, larvae develop rapidly into
planulae that exhibit weak swimming behavior and are competent to settle and metamorphose
into primary polyps after weeks to months depending on the species (Fadlallah 1983). In many
species larvae are free of endosymbionts (Hayashibara, Ohike et al. 1997), thus providing a
source of symbiont free tissue for studies of the host in isolation.
In many benthic marine organisms including corals, dispersal is achieved by planktonic
larvae. The strength and direction of larval dispersal are major factors in shaping population
structure and demographic patterns in corals (Cowen 2002). Dispersal is a complex process
during which larvae are exposed to many biotic and abiotic selective forces (Moloney, Botsford
et al. 1994; Pechenik 1999). As such, larval traits are likely to be the targets of strong natural
selection and may exhibit a high degree of phenotypic plasticity that allows them to deal with
an unpredictable environment (Strathmann, Fenaux et al. 1992; Hart and Strathmann 1994;
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Reitzel and Heyland 2007). Such plasticity may be important in dealing with potentially
conflicting selective pressures experienced over the course of a coral’s biphasic life
cycle, where selective forces acting on larvae can be very different from those
experienced by adults (Schluter, Price et al. 1991; Moran 1994; Crean, Monro et al.
2011). Further, variation in levels of plasticity in response to environmental changes
may be important for successful colonization of novel habitats in individuals who
disperse away from the parental site (Donohue, Pyle et al. 2001; Yeh and Price 2004) by
allowing individuals to optimize phenotypes in diverse habitats even when gene flow
among populations is high (Sultan and Spencer 2002).
The role of larval dispersal in maintaining connectivity among distant populations has
generated much interest in the biophysical processes that influence realized dispersal in marine
systems (Cowen and Sponaugle 2009). Improved understanding of these processes has led to
dispersal models that make detailed predictions regarding the scale of connectivity among reefs
(Foster, Paris et al. 2012), and has shown that modification of physical oceanographic
conditions, such as those expected to result from global warming, can result in significant
changes to patterns of connectivity (Cowen, Paris et al. 2006; Treml, Halpin et al. 2008).
Predicted increases in sea surface temperatures accelerate larval development and increase
mortality (Randall and Szmant 2009; Randall and Szmant 2009) thereby reducing the number of
available larvae as well as the duration of their planktonic stage (O'Connor, Bruno et al. 2007).
Considering this, the adaptive potential of coral genomes to deal with environmental change is
of great importance.
Effective conservation efforts must take into account genetic diversity and local
adaptation if they hope to maintain or restore healthy, sustainable populations over the
long term (Hedrick 2001; Baums 2008). This is especially true in clonally reproducing
organisms that act as foundation species for entire ecosystems, such as grasses, trees
and corals. In these cases genotypic diversity of the population may be as important to
community function as species diversity is in other systems (Reusch, Ehlers et al. 2005).
Thus, a detailed understanding of population genetic structure, the extent of clonal
reproduction, and the degree to which reefs are demographically connected to one
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another is necessary for the establishment of appropriate conservation measures (Palumbi
2003).
Our understanding of the evolutionary forces that shape modern coral populations has
increased greatly in recent years (Hellberg 2009). Early assumptions suggested that populations
of broadcast spawning marine organisms were demographically open and genetically
homogeneous over broad ranges resulting in a lack of population structure and local
adaptiation (Avise 1994; Warner 1997; Sanford and Kelly 2011). However, the discovery of
cryptic barriers to gene flow (Taylor and Hellberg 2003; Baums, Miller et al. 2005) and variation
in levels of connectivity among reefs (Van Oppen and Gates 2006; Underwood, Smith et al.
2007) suggests that population structure is relatively common in a number of coral species,
even if its presence is not easily predicted based on larval biology (Weersing and Toonen 2009).
Further, local adaptation may be more frequent than expected based on early assumptions due
to high proportions of local recruitment (Strathmann, Hughes et al. 2002) and the potential for
long term matching between asexually produced clonal genotypes and their habitats (Baums,
Miller et al. 2006; Brown, Basch et al. 2009).
Studies using molecular markers to investigate genotypic diversity and population
structure in corals provide much needed information, but development of suitable genetic
markers has been hindered in reef building corals by technical difficulties including the
presence of intracellular symbionts and low mutation rates of mtDNA (Marquez, MacKenzie et
al. 2000; Hellberg 2006). This has resulted in the use of markers that can give results
confounded by homoplasy and the presence of multiple paralogous copies such as ITS and
allozymes (Forsman 2003; Van Oppen and Gates 2006). Microsatellite markers offer significant
advantages over other marker types including high levels of polymorphism, predictable
mutation models and the presence of only a single copy in the genome (Goldstein and
Schlötterer 1999). Recently developed microsatellite markers for corals have enabled detailed
study of population structure in a number of important foundation species (Miller and Howard
2004; Baums, Hughes et al. 2005; Severance and Karl 2006; Starger, Yeoh et al. 2008).
While such (presumably) neutral markers are important to our understanding of coral
population genetics, their utility to detect local adaptation is limited, and the picture of
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population structure obtained by analysis of neutral markers can differ substantially
from that of functional genes (Avise 1994; Hedrick 2001). Efforts to identify truly
adaptive variation however, require targeted strategies (Kawecki and Ebert 2004) and
new molecular techniques (including gene expression analysis and SNP genotyping) that
provide insights not possible from a small number of neutral loci. Advances in
sequencing technology now make whole transcriptome/genome analysis a reality for
non-model organisms (Hofmann, Burnaford et al. 2005; Wilson, Thorndyke et al. 2005;
Ekblom and Galindo 2010) and can provide data on the majority of expressed transcripts
in an organism at sufficient depth of coverage to detect SNPs with a single sequencing
run (Vera, Wheat et al. 2008; Meyer, Aglyamova et al. 2009).
Analysis of gene expression not only offers the advantage of surveying functional
(and possibly adaptive) genetic variation, but allows for observation of the physiological
state of the coral host in isolation (in the case of asymbiotic larvae). Transcription
profiles also provide much needed phenotypes to assess differences among
morphologically indistinct coral larvae. These expression phenotypes can be highly
heritable and targeted by selective forces (Ranz and Machado 2006; Whitehead and
Crawford 2006; Scott 2009).
The transcriptional response of the coral host to thermal stress is likely to play a
critical role in the holobiont’s (coral host with associated symbionts) ability to deal with
stress and disease, yet relatively little is known about the physiology of the host in
comparison to its symbiotic algae (Iglesias-Prieto, Matta et al. 1992; Jones, Hoegh
Guldberg et al. 1998; Hill and Ralph 2008). Gene expression analyses have shown rapid
and extensive changes in transcription patterns in Pacific and Caribbean corals in
response to thermal stress (DeSalvo, Voolstra et al. 2008; Császár, Seneca et al. 2009;
Voolstra, Schnetzer et al. 2009; DeSalvo, Sunagawa et al. 2010; Portune, Voolstra et al.
2010; Meyer, Aglyamova et al. 2011; Souter, Bay et al. 2011), high light (Kenkel,
Aglyamova et al. 2011), and bleaching (Seneca, Forêt et al. 2010). A primary component
of the response to thermal stress in both adults and larvae appears to be related to the
mitigation of damage caused by radical oxygen species (ROS; DeSalvo, Voolstra et al.
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2008; DeSalvo, Sunagawa et al. 2010). In adults this accumulation of ROS is attributed to
photosynthetic activity of the zooxanthellae under high light and heat conditions, however the
mechanisms underlying ROS production in heat stressed larvae without endosymbionts may be
related to other biochemical pathways that produce ROS such as metabolic oxidation of storage
lipids.
To investigate patterns of population structure and connectivity in the widespread and
ecologically important species Porites lobata, a set of nine polymorphic microsatellite markers
were developed. Analysis of microsatellite data from this species were used to characterize
genetic diversity among reefs on multiple geographic scales and address long standing
questions regarding the origin and persistence of remote and/or marginal reefs. These markers
also enabled quantification of the extent of clonal reproduction in this massive species.
In a further effort to explore the functional roots of genetic variation in scleractinian
corals, genomic tools were developed for A. palmata, including a comprehensive transcriptome
and larval stress microarray. This and a pre-existing microarray for another ecologically
important Caribbean species Montastraea faveolata, were used to examine gene expression
patterns in response to developmental time, thermal stress and variation in genotypic
backgrounds. The purpose of this work was to identify inter and intra-population variation in
ecologically relevant traits.
Results from these efforts enable development of SNP markers that can be used to
survey adult populations for adaptive trait variation in functional genes. Uncovering the
connections between phenotypic variation and variation in gene expression will set the stage
for the discovery of adaptively significant genes in these ecologically important species. Such
information is a necessary prerequisite for studies of local adaption and functional variation
across a species range that will result in a more comprehensive understanding of coral
population structure than is currently possible with available neutral markers.
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Chapter 1:

Isolation by distance across the Hawaiian Archipelago in the reefbuilding coral Porites lobata

* Published in Molecular Ecology (Polato, N.R., Concepcion, G.T., Toonen, R.J. and
Baums, I.B. (2010). Isolation by distance across the Hawaiian Archipelago in the reefbuilding coral Porites lobata. Molecular Ecology, no. doi: 10.1111/j.1365294X.2010.04836.x)

Abstract
There is an ongoing debate on the scale of pelagic larval dispersal in promoting
connectivity among populations of shallow, benthic marine organisms. The linearly
arranged Hawaiian Islands are uniquely suited to study scales of population connectivity
and have been used extensively as a natural laboratory in terrestrial systems. Here we
focus on Hawaiian populations of the lobe coral Porites lobata, an ecosystem engineer
of shallow reefs throughout the Pacific. Patterns of recent gene flow and population
structure in P. lobata samples (n=318) from two regions; the Hawaiian Islands (n=10
sites) and from their nearest neighbor Johnston Atoll, were analyzed with 9
microsatellite loci. Despite its massive growth form, ~6% of the samples from both
regions were the product of asexual reproduction via fragmentation. Cluster analysis
and measures of genetic differentiation indicated that P. lobata from the Hawaiian
Islands are strongly isolated from those on Johnston Atoll (FST=0.311; P<0.001), with
the descendants of recent migrants (n=6) being clearly identifiable. Within the Hawaiian
Islands, P. lobata conforms to a pattern of isolation by distance. Here, over 37%
(P=0.001) of the variation in genetic distance was explained by geographic distance.
This pattern indicates that while the majority of ongoing gene flow in Hawaiian P. lobata
occurs among geographically proximate reefs, inter-island distances are insufficient to
generate strong population structure across the archipelago.
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Introduction
Benthic and reef-dwelling organisms disperse and exchange genes primarily via
planktonic larvae. As such, the scale and extent of connectivity among reefs can be
profoundly impacted by larval characteristics, with implications for the evolution,
ecology, and conservation of many reef-dwelling species (Sale 2004; Cowen and
Sponaugle 2009; Hellberg 2009). Because reef habitat is patchily distributed, the scale
at which coral populations are connected by larval exchange is not clear a priori. In
discontinuous habitat, such as the Hawaiian Archipelago, planktonic larval dispersal
among islands might serve to counteract local recruitment that could otherwise lead to
local inbreeding and population subdivision. At larger scales however (i.e. among
islands in the central Pacific), larval exchange among populations may be limited by
vast geographic distances leading to regional isolation. Studies of gene flow and

Figure 1.1. Map of the Hawaiian Archipelago and Johnston Atoll with sampling sites
labeled.
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population structure are needed to inform conservation efforts, yet are currently limited
to a small subset of all reef species despite their ecological, evolutionary and economic
importance (Ridgway and Gates 2006).
The scale of connectivity among marine populations remains a central question
in marine conservation and reserve design (Bohonak 1999; Sale, Cowen et al. 2005;
Hedgecock, Barber et al. 2007). While scales of connectivity in marine systems are
typically greater than their terrestrial counterparts, evidence suggests that previous
assumptions regarding the openness of marine populations are unfounded (Cowen,
Lwiza et al. 2000; Kinlan, Gaines et al. 2005; Kinlan and Gaines 2008). Planktonic larval
duration does influence dispersal distance of propagules (Bohonak 1999; Shanks,
Grantham et al. 2003) however, its power to predict overall levels of connectivity
appears to be limited (Bradbury, Laurel et al. 2008; Shanks 2009; Weersing and
Toonen 2009). Rather, biophysical interactions often have a more direct effect on
connectivity in marine systems (Hellberg 1998; Baums, Miller et al. 2005; White, Selkoe
et al. 2010), and larvae can recruit locally regardless of their potential to travel vast
distances (Swearer, Caselle et al. 1999; Ayre and Hughes 2000; Almany, Berumen et
al. 2007). The presence of larval retention mechanisms and cryptic barriers that prevent
larvae from reaching their maximum dispersal potential can lead to unexpected
population structure in species with otherwise high dispersal ability (Taylor and Hellberg
2003). Alternatively, high dispersal potential coupled with favorable conditions can lead
to genetically undifferentiated populations covering vast geographic ranges (Bowen,
Bass et al. 2001; Klanten, Choat et al. 2007).
The extreme isolation and unique geologic history of the Hawaiian Archipelago
(Fig. 1.1) has spurred much interest in the origins and evolution of the Hawaiian biota.
Spanning over 2,600 km in length, the Hawaiian Archipelago has developed as the
Pacific Plate moves northwest over a volcanic hot spot where magma is exuded through
the earth’s crust (Clague and Dalrymple 1989). The sequence of islands, with the oldest
and smallest to the northwest and the youngest and largest to the southeast, is a
natural laboratory for investigating population connectivity.
A history of colonization, isolation, and subsequent diversification and peripatric
speciation as found in terrestrial taxa (Fleischer, McIntosh et al. 1998; Hormiga, Arnedo
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et al. 2003; Holland and Hadfield 2004) is less likely to be observed in marine species
due to the different scales of connectivity in marine populations (Scheltema 1986;
Paulay and Meyer 2002). Studies of population structure in marine and intertidal
organisms from the Hawaiian Islands including spinner dolphin, multiple reef fishes, and
several species of limpet, have yielded results that do not fit the sequential colonization
model exhibited by terrestrial species (Bird, Holland et al. 2007; Ramon, Nelson et al.
2008; Eble, Toonen et al. 2009). When population structure was detected, the patterns
have been generally unrelated to the geologic history of the archipelago (Rivera, Kelley
et al. 2004; Andrews, Karczmarski et al. 2010).
The recent protection of thousands of square miles of marine habitat within the
Papahānaumokuākea Marine National Monument is a great benefit to coral reef
conservation in the region, but given the evolutionary history of the island’s biota, may
fail to protect important sources of genetic diversity. Recent biophysical dispersal
models (Treml, Halpin et al. 2008) suggest a stepping stone model of dispersal for
planktonic larvae along the Hawaiian Archipelago. This connectivity model also
indicates potential dispersal breakpoints along the island chain that could disrupt gene
flow and result in isolated breeding groups on certain islands (Treml, Halpin et al. 2008).
Kobayashi and Polovina (2006) provide an alternative model and, while details differ,
agree with the Treml et al. model (2008) in that the majority of recruitment is predicted
to occur among adjacent islands. These models highlight the isolation of the Hawaiian
Islands, as little connectivity is predicted from even the nearest Pacific source
population, Johnston Atoll, for organisms with less than a 40 day planktonic larval
duration (Kobayashi 2006; Treml, Halpin et al. 2008).
Porites lobata is a massive reef-building coral and a gonochoric broadcast
spawner. It acts as an ecosystem engineer providing the framework and trophic base of
reefs throughout the Pacific (Glynn, Colley et al. 1994). While the planktonic larval
duration of the species has not been determined empirically, it is expected it to be quite
long because larvae are maternally provisioned with symbiotic algae allowing them to
obtain nutrition while in the plankton (Fadlallah 1983), and there are unpublished
observations of P. lobata larvae surviving in the water column for >50 days (Field 1998)
suggesting the potential for long distance dispersal.
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Here we test the following hypotheses using multilocus genotypes generated
from a set of polymorphic microsatellite markers: Ho) Samples of P. lobata from
Johnston Atoll and the Hawaiian Islands show no evidence of population structure due
to high levels of ongoing gene flow; Hi) Samples of P. lobata in the Hawaiian Islands
follow a pattern of isolation by distance with the majority of ongoing gene flow occurring
among geographically proximate locations; Hii) Samples of P. lobata from the Hawaiian
Islands show strong population structure shaped by limited gene flow across open
ocean channels followed by long term isolation, similar to observations in many
terrestrial taxa.

Materials and Methods
Microsatellite development: DNA extractions of adult P. lobata tissue samples
from Hawai‘i (Kaneohe Bay, Oahu), the type locale for this species (Dana, 1846), were
used to develop a microsatellite enrichment library as described in Concepcion et al.
(2009). Sequences were aligned and microsatellite motifs were identified using
SEQUENCHER

4.7 (Gene Codes, MI). Primers were designed to amplify sequences with a

minimum of six tri- or tetra-nucleotide repeats using PRIMER3 (http://frodo.wi.mit.edu/)
(Rozen and Skaletsky 2000). Candidate markers were tested against clade C
zooxanthellae (LaJeunesse, Thornhill et al. 2004) samples to verify specificity to host
DNA.
Microsatellite analysis: A total of 9 microsatellite loci were used in the current
study. Multiplex PCR reactions (10 µl each; Table 1.1) were performed using 20-200 ng
of template DNA. Forward primers were fluorescently labeled with NED, VIC, PET, or
6FAM (Applied Biosystems, CA). Plex A consisted of primer pairs 0780-VIC (1.25 µM
each of forward and reverse primer), 0340-6FAM (2.5 µM) and 1551-PET (2 µM), 1×
NH4 Reaction Buffer (Bioline, MA), 2 mM of MgCl2, 0.2 mM of dNTPs, and 1.5 U of
Biolase polymerase (Bioline, MA). Plex B consisted of primer pairs 2258-NED (2 µM)
and 1556-PET (3 µM), 1× NH4 Reaction Buffer, 2.5 mM of MgCl2, 0.2 mM of dNTPs,
and 2 U of Biolase polymerase. Plex C consisted of primer pair 2069-PET (1.5 µM), 1×
NH4 Reaction Buffer, 1.5 mM of MgCl2, 0.2 mM of dNTPs, and 2 U of Biolase
polymerase. Plex D consisted of primer pairs 1629-6FAM (1.25 µM) and 1357-PET (2.5
10

Table 1.1. Nine microsatellite loci for Porites lobata amplified in three multiplex (plex A, B,
and D) and two singleplex (plex C and E) reactions. Given are the fluorescent label (6FAM,
VIC, PET, NED), the repeat type in parentheses followed by the number of repeats, the size
range of the alleles amplified in basepairs (bp), and the annealing temperature. F = forward
primer, R = reverse primer.
Marker
Name
PL0340
PL0780
PL1357
PL1490
PL1551
PL1556
PL1629
PL2069
PL2258

Primer Sequence
F: GTTTGCCTCTCTTCTGTTCATT
R: AACATTATGGCTAGTTCTTTGAACG
F: GCCAGTAGGTGGATACACTGTT
R: CAAGTACGTTGACGTCGTTG
F: ATGTCCCTGAAACGGAAGTA
R: GATGATGATGTTGTTGATGGTG
F: TTCACGGAACGAATTTGAG
R: AAGCACACTTAGTCCAAACCATA
F: TGTTTCTGAGTGGCTGTGCT
R: GGTTGGAAAGGGTCCTTCAT
F: CGTTGACGTAACCTTCACCA
R: CACAGGGTAACCTTCCTTGC
F: CCTTGGTTAATTTGCCCTTG
R: ACCAGTCCGGAGTCAAGCTA
F: CGCAGTTCCTTTGATTTGGT
R:GTTTCTTTAGCGGTTGATGGCTTGTTAC
F: ATTAGCGGATGAAGCGAAGA
R: TCCAATGTAACGCCAAATCA

Repeat

Plex

T
(°C)

A
(#)

Size
(bp)

(ATCC)6 ATT
(CGTT)4 TGTT
(CATT)3

A

52

12

216-275

(ATT)4 (GTT)7

A

52

8

136-163

(ACC)7…(ATC)4…
(ACC)7

D

52

12

252-300

(ATC)4…(ATC)10

E

54

5

234-246

(GTT)8

A

52

7

178-196

(ATC)10

B

56

5

153-168

(GCT)8

D

52

5

168-180

(GTT)8

C

52

7

249-267

(GAT)10

B

56

7

217-250

µM), 1× NH4 Reaction Buffer, 2 mM of MgCl2, 0.2 mM of dNTPs, and 2 U of Biolase
polymerase. Plex E consisted of primer pair 1490-VIC (2 µM), 1 µl 1× NH4 Reaction
Buffer, 2 mM of MgCl2, 0.2 mM of dNTPs, and 2 U of Biolase polymerase.
Thermal cycling was performed in an MJ Research PT200 or an Eppendorf
Mastercycler Gradient with an initial denaturation step of 95°C for 5 min followed by 35
cycles of 95°C for 20s; 52°C-56°C (see Table 1.1) for 20s; and 72°C for 30s. A final
extension of 30 min at 72°C ensured the addition of a terminal adenine to all products
(Brownstein, Carpten et al. 1996). Fragments were analyzed using an ABI 3730 with an
internal size standard (Genescan LIZ-500, Applied Biosystems, CA). Electropherograms
were visualized and allele sizes were called using GENEMAPPER 4.0 (Applied
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Biosystems, CA). An allele calling error rate of 0.01 was determined based on repeated
runs of >100 samples. Samples that failed to amplify more than 2 of 9 loci (n =120)
were excluded from the analysis. Failure to amplify was likely due to misidentification of
species at the time of sampling, because distinguishing P. lobata in the field from other
Porites species based on morphology is notoriously difficult (Veron 1995; Forsman,
Barshis et al. 2009). However, genotyping of samples identified as P. evermanni or P.
compressa by morphology failed to amplify. In rare cases when they did amplify,
genotypes of these species were clearly identifiable in STRUCTURE (not shown) and
removed from further analysis, so contamination of the P. lobata sample used in this
study by other species is unlikely. Chi square tests of failure rates over all loci by
sampling site were not significant. On a locus-by-locus basis, two markers (pl1556 and
pl2258) showed a significant difference in failure rates (P≤0.05 after false discovery rate
(FDR) correction) driven by higher failure rates in Midway and Oahu samples.
Sample collection: P. lobata samples were collected from multiple sampling
locations distributed along ten islands and atolls spanning the Hawaiian Archipelago,
and Johnston Atoll, the closest landmass to the southwest (Fig. 1.1). Small fragments
(~1 cm2) were broken from colonies using a hammer and chisel and stored in 70%
ethanol at -20°C until DNA extraction could be performed. Genomic DNA was extracted
using the Qiagen DNeasy 96 blood and tissue kit. Most sampled colonies were
measured in three dimensions (height, length, and width to the nearest 10 th of a meter)
in situ, and all colonies were photographed with a scale bar for size analysis. Statistical
analyses were performed at multiple scales: by site (defined as all of the samples, often
collected from multiple dive sites, which originated from a discrete geographical
location, i.e. an island or atoll), by sub-regions (comprised of clusters of island within the
Hawaiian Archipelago separated by long open ocean channels), and by region (all
Hawaiian sites grouped together versus Johnston Atoll).
Colony Size Analysis: Comparison of colony size classifications among sites
were performed to assess the possibility that unequal age structure could lead to a
temporal Wahlund effect. This analysis relies on the assumption that age and size are
correlated in P. lobata (see discussion). Photos were analyzed using AXIOVISION V4.7
(Zeiss MicroImaging, Germany). Measurements taken in the field were used to verify
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the accuracy of photographic measurements. The size of the P. lobata colonies were
quantified based on length (defined as the longest continuous axis across the colony)
and width (defined as the maximum length of the axis perpendicular to the first
measurement). Size frequency histograms were constructed to determine the
appropriate size ranges for classification of samples from all sites (not shown). Based
on the histograms, colonies were placed into three categories defined as ≤40 cm, 41-90
cm, and >90 cm (small, medium and large respectively) for longest axis length (Supp.
Fig. A1). Data did not conform to assumptions of normality and equal variances even
after transformation. Thus, a Kruskal-Wallis test was used to determine if the size
classification profiles were significantly different among sites. Pairwise comparisons of
sites were performed with Mann-Whitney U-tests.
Analysis of multilocus genotype data: Multilocus genotype (MLG) data was
analyzed using GENALEX v6.2 (Peakall and Smouse 2006) and unique and replicate
genotypes identified. Only unique MLGs were used in subsequent analyses. Unique
MLGs were tested for conformation to Hardy-Weinberg equilibrium (HWE). Potential
genotyping errors were detected with GENCLONE 2.0 (Arnaud-Haond and Belkhir 2007)
and spurious allele calls were corrected.

MICROCHECKER

v2.2 was used to test for

evidence of null alleles (Van Oosterhout, Hutchinson et al. 2004) and levels of genotypic
disequilibrium were computed using GENEPOP (Raymond and Rousset 1995). Inbreeding
coefficients (FIS) were computed in FSTAT (GOUDET 1995), then tests to distinguish
between inbreeding and self-fertilization were performed with RMES (David, Pujol et al.
2007). While microsatellite loci are generally assumed to be selectively neutral, linkage
to sites under selection can lead to unexpected patterns (Selkoe and Toonen 2006).
The influence of selection on marker loci was assessed using a jackknifing procedure to
look at estimates of FST on a locus-by-locus basis to confirm that no single locus was
driving the results.
Because the amount of observed allelic diversity can be proportional to sample
size (Leberg 2002), the programs HP-RARE (Kalinowski 2005) and ADZE (Szpiech,
Jakobsson et al. 2008) were used to compute rarified allelic richness controlled for
sample size. ANOVA was used to test for significant differences among diversity
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measures with a conservative α value of 0.01 as a cutoff for significance because of
slight deviations from normality.
Mantel’s test for isolation by distance was run on the samples from the
Hawaiian islands in GENALEX using Nei’s standard genetic distance (Nei 1972; Nei 1978)
with 1000 bootstrap permutations. This distance measure performs well in tests of
isolation by distance and shows relatively low variance, high linearity, and a slope that
approaches zero at low geographic distances (Paetkau, Waits et al. 1997).
The program STRUCTURE V2.3.3 (Pritchard, Stephens et al. 2000) was used to
estimate the number of discrete population clusters (K). This software implements a
Bayesian clustering algorithm to assign genotypes to clusters that minimize deviation
from HWE expectations and allows information about the geographical origin of the
samples to be included to inform priors for the Bayesian model, although this
information does not bias towards inferring population differences when none exist
(Hubisz, Falush et al. 2009). Correlated allele frequencies and admixed populations
were assumed. Values of K=1 to 11 were tested by running replicate simulations (≥ 3)
with 106 Markov Chain Monte Carlo (MCMC) repetitions each, and a burn-in of 10,000
iterations. The most likely value for K based on

STRUCTURE

output was determined by

plotting the log probability (L(K)) of the data over multiple runs and comparing that with
ΔK (Evanno, Regnaut et al. 2005) as implemented in STRUCTURE HARVESTER (Earl
2009). Based on evidence of isolation by distance (see results) at K=3, additional
(n=19) replicate runs were performed for this K. Results of the three STRUCTURE runs
with the highest likelihood scores (François and Durand 2010) were merged with
CLUMPP

(Jakobsson and Rosenberg 2007) and results were visualized with DISTRUCT

(Rosenberg 2004). We used the program INSTRUCT (Gao, Williamson et al. 2007) to
further explore the potential influence of inbreeding on Bayesian population structure
estimates. The model to infer population structure and inbreeding coefficients was run in
three parallel chains with 5x105 MCMC repetitions and a burn-in of 105 iterations each.
Assignment tests were performed in STRUCTURE using population prior
information to test for migrants in a model without admixture and

BAYESASS

v1.3 was

used to identify the direction of migration among populations (Wilson and Rannala
2003).
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Analysis of molecular variance (AMOVA) (Excoffier, Smouse et al. 1992) as
implemented in GENALEX was used to test hypotheses based on both geography and the
results of STRUCTURE. We tested three a priori hypotheses regarding the number of
discrete populations: by region (2 groups; FRT), considering all Hawaiian sites versus
Johnston; by sub-region (4 groups; FBT), grouping the North West Hawaiian Islands
(KU, MI, PE), the Central Hawaiian Islands (MA, GA, FF, NE, NI), the Main Hawaiian
Islands (OA, HA) and Johnston (JO) (abbreviations as in Table 1.2); and by treating
each of the individual sites separately (11 groups; FST). Differentiation among the
groups was estimated with F statistics as performed in MSA V4.05 (Dieringer and
Schlotterer 2003). Hedrick’s (2005) standardized measure of differentiation (G’ST) and
Jost’s (2008) actual measure of differentiation (Dest) were computed in SMOGD (Crawford
2009).
Table 1.2. Genetic diversity of Porites lobata samples from the Hawaiian Islands and Johnston
Atoll estimated by 9 microsatellite loci. Given are the number of samples from each site
successfully genotyped at a given locus (N), the number of alleles observed (Na), the observed
(Ho) and expected (He) heterozygosities, fixation indices (FIS) and P-values for tests of departure
from HWE (Phwe) with significant values (P≤0.05 after correcting for multiple tests) in bold, and
the estimated frequency of null alleles (Nullest) with significant values (P≤0.05 after correcting for
multiple tests) in bold.
Locus
Site
pl0340 pl0780 pl1357 pl1490 pl1551 pl1556 pl1629 pl2069 pl2258
Kure
N
22
22
22
23
21
22
22
23
22
(KU)

Na

3

2

3

1

4

2

2

3

2

Ho

0.318

0.182

0.409

0.000

0.714

0.182

0.182

0.304

0.227

He

0.538

0.165

0.373

0.000

0.573

0.165

0.165

0.334

0.201

Fis

0.428

-0.077

-0.074

-

-0.224

-0.077

-0.077

0.11

-0.105

Phwe

0.000

0.639

0.719

0.000

0.385

0.639

0.639

0.390

0.548

Midway

Nullest 0.143
N
21

-0.014
19

-0.026
20

0.000
21

-0.090
19

-0.014
12

-0.014
20

0.022
21

-0.022
12

(MI)

Na

3

2

4

1

4

3

3

5

2

Ho

0.476

0.105

0.350

0.000

0.316

0.167

0.250

0.381

0.417

He

0.540

0.100

0.344

0.000

0.360

0.156

0.261

0.368

0.330

Fis

0.142

-0.029

0.007

-

0.15

-0.023

0.069

-0.009

-0.222

Phwe

0.000

0.809

0.894

0.000

0.644

0.992

0.062

0.399

0.362

-0.005

-0.005

0.000

0.033

-0.009

0.009

-0.009

-0.065

Nullest 0.041

15

Pearl &

N

39

39

44

44

35

35

44

44

34

Hermes

Na

7

3

6

4

4

3

3

5

4

(PE)

Ho

0.487

0.051

0.500

0.023

0.571

0.171

0.227

0.591

0.382

He

0.570

0.050

0.439

0.151

0.612

0.207

0.206

0.597

0.399

Fis

0.158

-0.007

-0.127

0.852

0.081

0.187

-0.094

0.022

0.056

Phwe

0.995

0.999

0.990

0.000

0.877

0.000

0.868

0.112

0.020

Maro

Nullest 0.041
N
33

-0.005
33

-0.005
33

0.000
33

0.033
33

-0.009
22

0.009
33

-0.009
30

-0.065
22

(MA)

Na

5

2

4

1

6

3

2

4

2

Ho

0.515

0.091

0.303

0.000

0.455

0.091

0.152

0.433

0.136

He

0.570

0.087

0.270

0.000

0.528

0.169

0.140

0.437

0.127

Fis

0.111

-0.032

-0.109

-

0.155

0.481

-0.067

0.026

-0.05

Phwe

0.952

0.784

0.984

0.000

0.008

0.000

0.638

0.728

0.731

Nullest 0.035
Gardener N
33

-0.004
33

-0.026
32

0.000
33

0.048
33

0.067
32

-0.010
32

0.003
32

-0.008
32

(GA)

Na

7

2

7

2

6

3

2

4

4

Ho

0.606

0.091

0.500

0.030

0.545

0.188

0.125

0.594

0.313

He

0.579

0.087

0.473

0.030

0.595

0.172

0.117

0.610

0.275

Fis

-0.032

-0.032

-0.042

0

0.099

-0.072

-0.051

0.042

-0.121

Phwe

0.997

0.784

1.000

0.930

0.921

0.952

0.706

0.001

0.982

French

Nullest -0.018
N
22

-0.004
23

-0.019
24

0.000
22

0.031
22

-0.013
18

-0.007
24

0.010
22

-0.030
18

Frigate

Na

5

1

5

2

6

4

2

4

3

(FF)

Ho

0.636

0.000

0.417

0.000

0.591

0.278

0.125

0.409

0.333

He

0.582

0.000

0.479

0.165

0.553

0.292

0.117

0.534

0.438

Fis

-0.071

-

0.151

1

-0.046

0.076

-0.045

0.256

0.266

Phwe

0.004

0.000

0.288

0.000

0.049

0.209

0.744

0.195

0.238

Nullest -0.035

0.000

0.042

0.142

-0.025

0.011

-0.007

0.082

0.073

Necker

N

22

21

22

22

18

20

22

19

20

(NE)

Na

5

2

4

2

5

3

2

4

3

Ho

0.545

0.048

0.227

0.045

0.500

0.100

0.045

0.263

0.300

He

0.649

0.133

0.210

0.044

0.491

0.184

0.127

0.555

0.261

Fis

0.182

0.655

-0.061

0

0.01

0.476

0.656

0.545

-0.123

Phwe

0.006

0.003

0.999

0.913

0.326

0.042

0.003

0.000

0.891

Nullest 0.063

0.075

-0.015

-0.001

-0.006

0.071

0.072

0.188

-0.031
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Nihoa

N

17

17

17

16

17

13

17

17

13

(NI)

Na

4

1

6

1

6

4

2

4

2

Ho

0.471

0.000

0.353

0.000

0.706

0.231

0.235

0.529

0.077

He

0.580

0.000

0.358

0.000

0.635

0.334

0.208

0.465

0.074

Fis

0.217

-

0.045

-

-0.082

0.345

-0.103

-0.108

0

Phwe

0.580

0.000

0.747

0.000

0.525

0.039

0.582

0.966

0.885

Oahu

Nullest 0.069
N
19

0.000
19

0.004
18

0.000
18

-0.043
19

0.078
14

-0.023
19

-0.044
17

-0.003
14

(OA)

Na

3

2

2

1

5

3

2

4

4

Ho

0.158

0.000

0.111

0.000

0.368

0.214

0.053

0.353

0.214

He

0.436

0.100

0.105

0.000

0.434

0.309

0.145

0.434

0.258

Fis

0.654

1

-0.03

-

0.176

0.339

0.654

0.216

0.204

Phwe

0.000

0.000

0.803

0.000

0.016

0.003

0.005

0.279

0.000

Hawaii

Nullest 0.194
N
20

0.091
21

-0.006
26

0.000
26

0.045
22

0.072
26

0.081
26

0.057
25

0.035
25

(HA)

Na

5

1

6

2

4

3

3

4

3

Ho

0.600

0.000

0.346

0.038

0.545

0.115

0.192

0.600

0.080

He

0.611

0.000

0.336

0.038

0.592

0.110

0.178

0.686

0.078

Fis

0.044

-

-0.011

0

0.102

-0.027

-0.059

0.145

-0.011

Phwe

0.001

0.000

0.797

0.920

0.976

0.992

0.961

0.002

0.998

Hawaiian

Nullest 0.007
N
248

0.000
247

-0.008
258

-0.001
258

0.029
239

-0.005
214

-0.012
259

0.051
250

-0.002
212

Islands

Na

11

5

11

4

7

5

4

5

6

(all)

Ho

0.492

0.061

0.372

0.016

0.531

0.168

0.162

0.468

0.255

He

0.588

0.074

0.367

0.053

0.569

0.201

0.167

0.537

0.262

Fis

0.166

0.187

-0.012

0.71

0.068

0.167

0.029

0.13

0.031

Phwe

0.000

0.000

1.000

0.000

0.000

0.000

0.067

0.000

0.000

Nullest 0.061

0.013

-0.004

0.036

0.024

0.028

0.004

0.045

0.006

Johnston

N

44

56

56

55

55

55

56

54

55

(JO)

Na

6

7

8

5

6

4

5

6

6

Ho

0.159

0.607

0.714

0.255

0.709

0.182

0.232

0.796

0.455

He

0.708

0.595

0.702

0.727

0.718

0.640

0.230

0.739

0.766

Fis

0.78

-0.012

-0.009

0.655

0.022

0.72

-0.001

-0.068

0.414

Phwe

0.000

0.196

0.368

0.000

0.004

0.000

0.912

0.111

0.000

-0.008

-0.007

0.274

0.005

0.279

-0.002

-0.033

0.176

Nullest 0.321
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Results
Colony Size Analysis: Samples were predominantly comprised of small
colonies, but there were differences in the number of colonies in each size category
(Supp. Fig. A1) and the Kruskal-Wallis test result (P<0.05) indicated that the differences
were statistically significant. Maro and French Frigate Shoals contained the greatest
number of medium colonies, while large colonies were absent from Gardner Pinnacle
and French Frigate Shoals. No geographic trend was observed in the size distributions.
Multilocus genotyping: MLGs were generated for samples from the Hawaiian
Islands (n=376) and Johnston Atoll (n=67) using 9 polymorphic loci. The combined
probability of identity was 3x10-10 for the Hawaiian Islands and 1x10-13 for Johnston
Atoll. Thus, samples with identical MLGs can be confidently ascribed to clonal
reproduction. The presence of eight identical MLGs in the study sample (n=21; >6% of
the sampled genotypes) provides evidence of asexual reproduction in the massive P.
lobata. Repeated MLGs (i.e. exact matches at all loci) were always confined to a single
sampling location (i.e. within <2 km).
Tests of deviation from HWE: 25% of 99 tests showed significant deviation
from HWE after FDR correction when testing the 11 sites as defined by geography
(Table 1.2). There are several possible explanations for the observation of heterozygote

Table 1.3. Summary of AMOVA results under three models of population structure. In the two
groups model all samples from the Hawaiian region are compared to Johnston Atoll. Under
the 4 groups model the Hawaiian sites are divided into 3 regions consisting of the Northwest,
Central and Main Hawaiian Islands. In the 11 groups model all 10 Hawaiian sites and
Johnston Atoll are treated as individual populations. df = degrees of freedom; SS = sum of
squares; MS = mean square.
# of
groups
2
4
11

Source of
Variation
Among Pops
Within Pops
Among Pops
Within Pops
Among Pops
Within Pops

df

SS

1
308
3
306
10
299

258.6
1630.6
279.7
1609.6
349.9
1539.4
18

MS

%

258.6
5.3
93.2
5.3
35
5.1

35%
65%
19%
81%
17%
83%

ΦPT
0.346
0.188
0.173

deficiencies including; high levels of inbreeding or self fertilization; the presence of null
alleles; natural selection; and sampling across multiple populations (i.e. temporal or
spatial Wahlund effect, see next section) (Selkoe and Toonen 2006).
MICROCHECKER

results show that in the samples from the Hawaiian Islands, null

alleles are present at low frequencies in several loci (Table 1.2) but never in more than
two sites. Frequencies are higher in Johnston Atoll, possibly reflecting the fact that
primers were developed for microsatellites identified in a tissue sample from a Hawaiian
coral. Site-specific values of FIS are moderate (Table 1.2), ranging from -0.01 in
Gardener Pinnacle (not significant) to 0.38 in Oahu (P<0.05) (mean FIS=0.11 for the 10
Hawaiian sites). Inbreeding in the Johnston Atoll sample was also high (FIS=0.30;
P<0.05). However, there was no evidence of self-fertilization in any of the samples
(RMES results, Bonferroni corrected α=0.005).
In all cases, jackknife 95% confidence intervals of FST for individual loci overlap
with those of the global FST of 0.139 (calculated treating each site individually). Thus no
single locus disproportionately affected estimates of population structure as would be
expected under selection.
Genetic diversity and population structure: There was a clear difference
between samples from the 10 Hawaiian sites and Johnston Atoll in the effective number
of alleles (Ae), as well as the allelic richness (Ar(22)) and number of private alleles
(Ap(22)) rarefied to a sample size of 22. The mean number of effective alleles (Ae)
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Figure 1.2. Geographic variation in genetic diversity of Porites lobata across the
Hawaiian Archipelago. Reported are Nei’s unbiased heterozygosity (UHe), the number
of effective alleles per locus (Ae), and allelic richness and private allelic richness with
rarefaction to a sample size of 22 (Ar(22) and Ap(22) respectively). Johnston Atoll data
is on the right (note different scale of Y-axis). Bars are means ± 1 standard error. Grey
lines indicate the average across all 10 Hawaiian sampling sites. Significant differences
(P≤0.01) in Ar(22) values are indicated by letters. Asterisks indicate differences
between JO and all Hawaiian sites for Ae and Ap(22). There was no statistical difference
among values of UHe.
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ranged from 1.42 (±0.11 SE) in Oahu to 3.19 (±0.29 SE) in Johnston Atoll. The mean
number of private alleles rarified to a sample size of 22 (Ap(22)) was lowest in Kure (0
±0.00 SE) and highest in Johnston Atoll (0.74 ±0.16 SE). Likewise, rarefaction of allelic
richness to a sample size of 22 (Ar(22)) showed means that ranged from 2.34 (±0.27
SE) in Kure to 4.46 (±0.29 SE) in Johnston Atoll, and differed significantly in both
Johnston Atoll and Kure from the rest of the Hawaiian islands (Fig. 1.2).Rarefaction
curves of allelic richness and private allelic richness showed that the accumulation rate
for both was consistently lower in the Hawaiian samples relative to Johnston Atoll
(Supp. Fig. A3). The reduced slope of the curves at sample sizes above 10 indicates
that our sample sizes were sufficient to capture much of the allelic diversity present at
each site.
The result of Mantel’s test (Fig. 1.3) revealed a significant pattern of isolation by
distance (R=0.612; P=0.001 based on 1000 permutations) in samples from the
Hawaiian Islands with geographic distance explaining over 32% of the variation in
genetic distance.
MLGs were analyzed with the program STRUCTURE to obtain an estimate of the
number of genetically differentiated populations (K) present in the sample. STRUCTURE
clearly distinguished samples from the Hawaiian Archipelago and Johnston Atoll at K=2
(Fig. 1.4 A). Plots of ΔK (Evanno, Regnaut et al. 2005) and LnP(K) from STRUCTURE
indicate that two is the most likely number of populations present in the full dataset
(Supp. Fig. A2). Structure runs at higher values of K showed a pattern of admixture
across the archipelago (Fig. 1.4 B & C), however the STRUCTURE model relies on an
assumption of HWE that may not be met in this case due to the heterozygote deficits
observed.
To distinguish if the cline in admixture was a real consequence of isolation by
distance, or an artifact stemming from violations of model assumptions, the data was
reanalyzed with the program

INSTRUCT. This

model does not make the assumption of

HWE, and is less likely to give false signals of substructure and admixture under
inbreeding conditions (Gao, Williamson et al. 2007). Results confirmed that 2 was the
most likely value of K, but did not identify further structure or admixture in samples from
the Hawaiian archipelago (Supp. Fig. A4).
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Principal components analysis (Fig. 1.5) confirms the wide separation of the
Hawaiian Islands and Johnston Atoll populations along the first principal component

Figure 1.3. Results from Mantel’s test for isolation by distance in Porites lobata from the 10
sampling sites in the Hawaiian Archipelago, indicating that >37% (R=0.612) of the variation in
pairwise genetic distances among locations is explained by geographic distance (P=0.001,
based on 1000 permutations). Outliers (filled symbols) indicate pairwise distances with Oahu as
one of the locations.

Figure 1.4. Cluster analysis of Porites lobata from the Hawaiian Islands and Johnston Atoll from
STRUCTURE. Probability of membership of each sampling site (n=11) in distinct population
clusters (different colors) is indicated by the y-axis. Sampling locations are identified along the
x-axis. Sites are separated by vertical black lines. For K=2 (A), genotypes sort by geography
(red: Hawaiian Islands, green: Johnston Atoll). Introduction of an additional cluster at K=3 (B)
splits the Hawaiian genotypes into two groups with a gradient of admixture from one end of the
archipelago to the other (replicate runs showing this pattern have higher likelihood scores than
those that do not). Runs at values of K=4 (D) and greater failed to distinguish further groups.
Plotting the probability of origin of each individual in population clusters (D) reveals individuals
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descended from recent immigrants in both the Hawaiian Islands and Johnston Atoll. Sampling
sites are abbreviated as in Table 1.2.

(PC; 70% of the variance). Clustering along the second PC (21% of the variance) did
not show any pattern, but separation along the third PC (7% of the variance)
approximately reconstructs the order of the Hawaiian Islands. Clustering along the third
PC is consistent with longer inter-island distances between the northwest, central and
southeastern groups.
Pairwise FST values (Supp. Table A1) were significant in 58% of all comparisons
(after FDR correction) with larger values observed between more distant sites. FST
ranged from 0 to 0.27 (0 to 0.47 with Hedrick’s G’ST), with maximum values detected
between the Hawaiian sites and Johnston Atoll. Among the Hawaiian Islands, a
maximum value of 0.06 (0.07 G’ST) was found between the Big Island of Hawai‘i and
Midway Atoll. AMOVA results show the lowest amount of among group variation (Table
1.3; 11 groups model) and the lowest global FST value (0.139; P<0.0001; G’ST=0.170)
when each site is treated as a discrete population. Comparison of the Hawaiian region
as a whole, to Johnston Atoll (Table 1.3; 2 groups model) resulted in a marked increase
in the amount of among sample variation and a correspondingly higher global FRT
(0.311; P<0.0001; G’RT=0.429), reflecting the strong separation between the Hawaiian
and Johnston Atoll populations. The sub-region FBT had an intermediate value (0.168;
P<0.0001; G’BT=0.283). The effective number of distinct sub-populations (ΔST) derived
from Jost’s Dest reflected the same pattern with a high value for the 2 groups model,
intermediate values for the 4 groups models, and a low value for the 11 groups model
(1.22, 1.13 and 1.06 respectively).
Finally, assignment testing in STRUCTURE highlighted 6 genotypes showing recent
ancestry from migrant individuals. Two individuals from Pearl & Hermes Atoll, one from
Gardener Pinnacle, and two from French Frigate Shoals had likely ancestry in Johnston
Atoll, and one individual from Johnston Atoll clustered with samples from the Hawaiian
Islands (Fig. 1.4 D). We cannot exclude that these migrants actually originate from an
unsampled population elsewhere in the Pacific, however we think it unlikely because
STRUCTURE

runs at higher values of K failed to separate them from the Johnston Atoll

cluster (Fig. 1.4 B & C). Analysis with BAYESASS to identify the direction of migration
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among populations was uninformative as the confidence intervals of both the nonmigration and migration rates overlapped with those of simulations where no information
existed in the data.

Figure 1.5. Plot of principal component (PC) 1 vs. PC 3 based on principal components
analysis of genetic distance data from 9 microsatellite loci. PC 1 captures the interpopulation genetic distance between Porites lobata in the Hawaiian Archipelago and
Johnston Atoll, while PC 3 reflects intra-population differences among the Hawaiian
Islands. With the exception of GA, variation along the 3rd PC correlates well with the
geographic order of the sampling sites and clusters samples at either extreme of the
range separately from those in the center. Circles do not imply statistical significance of
clusters but rather indicate geographic order of sampling sites.
Discussion
Here we present the first population genetic analysis of P. lobata based on 9
newly developed microsatellite loci and show that there is little gene flow between
Johnston Atoll and the Hawaiian Islands. Genetic diversity in the Hawaiian Islands was
low, possibly due to its position at the northern extreme of coral reef formation (Grigg
1997), and consistent with findings in other scleractinian corals at the periphery of their
range (Adjeroud and Tsuchiya 1999; Ayre and Hughes 2004). Within Hawaiian P.
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lobata, isolation by distance was found to be driving divergence of sub-populations at
the far ends of the archipelago.
These results add to the already abundant literature documenting heterozygote
deficits in benthic marine organisms, which remain difficult to explain in organisms with
planktonic larvae (Addison and Hart 2005) that should result in outbreeding. Possible
explanations include temporal and spatial Wahlund effects, technical artifacts (null
alleles), selection and inbreeding (Johnson and Black 1984; Zouros, Romero-Dorey et
al. 1988; Hare, Karl et al. 1996) . We exclude selection, low frequency null alleles and
temporal Wahlund effects as likely causes. Instead we suggest that the presence of
divergent sub-populations resulting from isolation by distance at the edges of the
Hawaiian archipelago may contribute to the observed heterozygote deficits. However,
such a spatial Wahlund effect is an unlikely explanation for deviations from HWE
expectations at individual sites, because population structure was not observed on this
scale. Inbreeding within the remote Hawaiian Islands remains as the most likely
explanation for heterozygote deficits despite the gonochoric broadcast spawning
breeding system of Porites lobata.
Regional Scale Patterns of Diversity: Recent reviews of population structure in
marine invertebrates have shown an apparent independence between dispersal
potential and connectivity (Bradbury, Laurel et al. 2008; Shanks 2009; Weersing and
Toonen 2009). This pattern holds for reef-building corals. In Pocillopora damicornis
brooded larvae are maternally provisioned with symbiotic algae and can retain
competency for >100 days (Fadlallah 1983) yet show population structure over relatively
small geographic scales (Stoddart 1984; Whitaker 2006; Starger, Barber et al. 2010). In
contrast, Acropora palmata and Montastraea annularis in the Caribbean show limited
population structure despite a shorter larval duration of only 1-2 weeks (Baums, Miller et
al. 2005; Severance and Karl 2006). Studies of multiple reef species suggest that open
ocean channels act as barriers to dispersal for some marine taxa while remaining quite
permeable to others (Silberman, Sarver et al. 1994; Baums, Miller et al. 2005; Taylor
and Hellberg 2006), likely due to the interaction of species-specific biological (e.g.
spawning time, larval duration, etc.) and physical factors (e.g. seasonal variation in
eddies and currents)(Baums, Paris et al. 2006; Cowen, Paris et al. 2006). Thus,
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predicting whether larvae connect populations over the 800 km distance between the
central Hawaiian Islands and Johnston Atoll is not straightforward.
In this study, P. lobata showed little gene flow between the Hawaiian Islands and
their nearest neighbor Johnston Atoll. Interestingly, spawned eggs from P. lobata
colonies are provisioned with symbiotic algae and thus may persist in a planktonic state
for some time (Fadlallah 1983). Nevertheless, strong population structure was evident
on a regional scale, with high FRT observed between the Hawaiian Archipelago and
Johnston Atoll. Despite this, evidence of rare dispersal events between the two
populations was observed here by the presence of genotypes with migrant ancestry in
samples from both the Hawaiian Archipelago (French Frigate Shoals, Gardener
Pinnacle, and Pearl & Hermes Atoll) and Johnston Atoll (Fig. 1.4 D). The presence of
migrant genotypes and their descendants shows that larval exchange does occur in
both directions and that connectivity between these populations is maintained over
evolutionary, if not ecological, time scales. One should note however that a small
number of migrants is not necessarily sufficient to replenish a distant population
demographically, even if migration is occurring on ecological time scales.
Opposing hypotheses regarding the direction of dispersal between the Hawaiian
Islands and Johnston Atoll have been put forth. The vortex model (Jokiel and Martinelli
1992) considers Johnston Atoll an outpost of Hawaiian fauna, while Grigg (1983)
suggests a Japanese or Indo-Pacific origin for many Hawaiian taxa, with Johnston Atoll
acting as the primary source of colonizing larvae via the Southern Counter Current
(Kobayashi 2006). Taxonomically, Hawaiian reef communities display a close affinity to
other islands of the central Pacific, yet their fauna is depauperate relative to reefs closer
to the equator and the Indo-Pacific coral triangle (Grigg and Hey 1992), and long
distance migration to and from other sites in the central Pacific is likely to be quite rare
(Treml, Halpin et al. 2008). Our data do not indicate a dominance of migration in one
direction or the other between the Hawaiian Islands and Johnston Atoll, but show that
currents between the two regions are sufficient to occasionally transport P. lobata larvae
successfully.
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Local Scale Patterns of Diversity: Population differentiation: Within the
Hawaiian chain, the pattern of isolation by distance and clustering along the third
principal component (Fig. 1.5) that is consistent with the greater inter-island distances
between the northwestern, central and main island groups (Fig. 1.1) suggest
diversification of the distal ends of the archipelago. Thus, dispersal of P. lobata within
the island chain is sufficient to maintain connectivity among adjacent islands, but long
distance dispersal across the archipelago is minimal, to the extent that sub-populations
at the far ends of the chain have become weakly differentiated from each other. These
results together with the finding of limited gene flow between Johnston Atoll and the
Hawaiian Islands support the hypothesis that the distance between reefs limits
connectivity among P. lobata populations. However, levels of differentiation are much
lower than those observed for terrestrial taxa where strong isolation has led to
divergence among adjacent islands (Hormiga, Arnedo et al. 2003; Holland and Hadfield
2004).
Larvae in the Hawaiian Islands are subject to complex current patterns. The
predominant direction of flow in the region varies from easterly to westerly due to the
proximity to the boundaries of the Subtropical Counter Current (SCC) and the North
Pacific Equatorial Current (NPEC). Moored current meters show that currents from both
ends of the island chain tend to drift outward in opposing directions (Grigg 1981).
However oceanographic models suggest a more unidirectional flow with annual and
seasonal variation (Kobayashi 2006; Kobayashi and Polovina 2006). Under either
model (limited or unidirectional flow) a pattern of isolation by distance and high pairwise
FST between distal sub-populations would not be unexpected.
Heterozygote Deficits in P. lobata: High inbreeding coefficients (FIS) driven by
heterozygote deficits were observed across the Hawaiian Archipelago and Johnston
Atoll. Such deviations from HWE are often attributed to inbreeding, however because P.
lobata are known to be gonochoric broadcast spawners (Fadlallah 1983) it seemed
unlikely that inbreeding was a large contributor to heterozygote deficits, and we found
no evidence of selfing. Such heterozygote deficits have been documented for a number
of benthic marine organisms with a range of possible explanations including population
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structure (i.e. Wahlund effect), selection, and null alleles (Johnson and Black 1984;
Hare, Karl et al. 1996; Underwood, Smith et al. 2007) .
Null alleles and Selection: Null alleles can cause heterozygote deficits and we
cannot fully exclude that possibility, however only 4 of the site by locus combinations
within the Hawaiian Islands show null allele frequencies greater than 10% suggesting
that the effect of null alleles is likely to be low. In addition, many population genetic tests
including STRUCTURE and AMOVA are fairly robust to the presence of null alleles,
especially when differentiation among populations is not extreme (Amos 2006; Chapuis
and Estoup 2007), and jackknife tests did not reveal evidence of selection.
Temporal and Spatial Wahlund Effects: A temporal Wahlund effect could occur if
there were significant age stratification of the population resulting from recruitment
pulses that differentially colonized portions of the island chain. Under such a scenario, a
historical pulse of high recruitment to one end of the island chain and not the other
could result in a cohort of individuals that is both older and more closely related at one
end of the archipelago than the other. While colony size is not expected to be a perfect
proxy for age, given the low amount of asexual reproduction observed it may identify
large scale difference in age among islands. Analysis of colony size data did not reveal
the presence of any systematic difference in colony size distributions across the
archipelago (Supp. Fig. A1) arguing against a temporal Wahlund effect.
Under a spatial Wahlund effect, sampling across divergent groups that occupy
the same geographic range and analyzing them together will result in reduced
heterozygosity and exaggerated FIS. Indeed, Hawaiian P. lobata showed an overall
pattern of isolation by distance across the island chain indicating that the distal ends of
the archipelago are genetically divergent from each other. When the collection of sites
from the Hawaiian region was analyzed as one, heterozygote deficits were observed at
8 of 9 loci. Thus, overlap of divergent genetic groups across the island chain is a likely
explanation for heterozygote deficits in the region wide analysis but does not address
those observed at individual sites.
Isolation by Distance, Population Structure and Admixture: The presence of
two divergent lineages at the ends of the Hawaiian Archipelago as identified by the
pattern of isolation by distance begs the question of whether the two genetic lineages
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co-exist locally or whether there is admixture of the two lineages within individuals. Only
under the first scenario would we expect a spatial Wahlund effect on the local scale. In
the latter case, admixture would serve to increase rather than decrease levels of
heterozygosity observed at individual sites (Law, Buckleton et al. 2003). STRUCTURE
runs at K>2 indicated that most individuals were indeed admixed (Fig. 1.4 B & C).
However structure is biased towards detecting admixture in populations with a high
degree of inbreeding (Falush, Stephens et al. 2003). INSTRUCT which makes no
assumption of HWE, has been shown to avoid falsely identifying population structure
and admixture even in the presence of heterozygote deficits (Gao, Williamson et al.
2007). Results confirmed the separation of the Hawaiian Islands from Johnston Atoll,
but found no further evidence of admixture or population structure within the Hawaiian
samples (Supp. Fig. A4 C-E). Despite the reportedly open breeding system in P. lobata
(gonochoric broadcast spawning) inbreeding thus seems to be the most likely
explanation of local heterozygote deficits as has been reported in other corals (Ayre and
Hughes 2000; Underwood, Smith et al. 2007).
Genetic diversity: Genetic diversity in the Hawaiian Islands reflects the isolation
and marginal nature of the Hawaiian habitat, an extreme northern outpost of coral
development (Jokiel 1987). Genetic diversity (allelic richness and number of private
alleles) of the Hawaiian Islands was low relative to Johnston Atoll (Fig. 1.2), with the
lowest values found in Kure and Oahu, suggesting a further decrease in genetic
diversity toward the ends of the island chain. The high allelic diversity detected in
Johnston Atoll despite a relatively limited amount of habitat and high levels of
inbreeding may indicate occasional connections with populations in the Central Pacific
other than the Hawaiian Islands.
Genetic diversity may change over a species’ range (Garner, Pearman et al.
2004) with marginal and/or isolated populations sometimes showing reduced diversity
due to small population size, inbreeding or selection (Johannesson and Andre 2006;
Eckert, Samis et al. 2008). Diminishing genetic variation with increasing latitude has
been observed in corals from northwestern Australia as distance from centers of
diversity in the coral triangle become greater (Underwood 2009). Mean observed
heterozygosities of 0.35 and 0.46 in P. lobata from the Hawaiian Islands and Johnston
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Atoll respectively, are comparable to those for Montipora capitata and Acropora
cytherea from French Frigate Shoals in the Central Hawaiian Islands and Johnston Atoll
(0.44 and 0.47, and 0.56 and 0.49 respectively; Concepcion, Polato et al. 2009). In a
recent survey of coral genetic diversity (Baums 2008), microsatellite heterozygosities
ranged from 0.54 to 0.76, with higher values observed in samples collected from within
the species’ respective centers of diversity. Lower values were typical of isolated
habitats, with a low of 0.30 in Seriatopora hystrix from an isolated site in Australia (Scott
Reef; Underwood, Smith et al. 2007), and a paucity of allelic variation in populations of
P. damicornis from the isolated Lord Howe Island relative to central populations of the
Great Barrier Reef (Miller and Ayre 2004). Studies using allozymes in corals from
isolated reefs at the latitudinal extremes of coral habitat in Australia and Japan show
similarly low levels of heterozygosity (Adjeroud and Tsuchiya 1999; Ayre and Hughes
2004). While low heterozygosity may increase the risk of inbreeding depression or
catastrophic disease outbreaks in peripheral populations, these same populations are
often reservoirs of important genetic variation, and/or sites of incipient speciation
(Lesica and Allendorf 1995).
Conservation implications: The recent establishment of Papahānaumokuākea
Marine National Monument grants protected status to the extent of the Northwest
Hawaiian Islands. This reserve, which encompasses a major portion of the coral reef
habitat in the state of Hawai‘i, may act as a source of larvae for reefs throughout the
Hawaiian Archipelago and beyond. However, a clear understanding of the scale and
magnitude of larval exchange (and therefore gene flow) among central Pacific reefs is
critical to conservation efforts targeting these habitats (White, Selkoe et al. 2010).
Our data address patterns relating to population genetics, not demographics, and
therefore do not provide information regarding the actual number of larvae that are
exchanged among these sites over ecological time scales (Cowen 2002). While levels
of inter-island migration cannot be estimated here, migration appears sufficient to
prevent excessive inbreeding and to maintain long term genetic connectivity throughout
the archipelago. However, the isolation by distance pattern and heterogeneous allele
frequencies among islands suggest the amount of gene flow between islands is
relatively low and may not be demographically important over ecological time scales.
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On a larger, regional scale Hawaii is clearly isolated from neighboring reefs, receiving
very few larvae from external sources and must therefore be managed accordingly,
without the expectation that external recruits will be available to repopulate available
habitat.
Based on these results, the established protected area should be effective at
preserving the majority of genetic diversity found in Hawaiian P. lobata. However,
because the ends of the island chain are dominated by genetically differentiating groups
of P. lobata (Fig. 1.3) the reserve may offer less protection to the genotypes found on
the main Hawaiian Islands which do not fall under the jurisdiction of the monument. This
is troubling because the level of diversity on Oahu was among the lowest observed and
these “urban reefs” are already suffering from higher levels of anthropogenic stress
(Grigg 1995; Rodgers, Jokiel et al. 2009).
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Chapter 2: Location-specific responses to thermal stress in larvae of the reefbuilding coral Montastraea faveolata

* Published in PLoS one (Polato NR, Voolstra CR, Schnetzer J, DeSalvo MK, Randall
CJ, et al. (2010) Location-specific responses to thermal stress in larvae of the reefbuilding coral Montastraea faveolata. PloS one 5: e11221.)

Abstract
The potential to adapt to a changing climate depends in part upon the standing
genetic variation present in wild populations. In corals, the dispersive larval phase is
particularly vulnerable to the effects of environmental stress. Larval survival and
response to stress during dispersal and settlement will play a key role in the persistence
of coral populations.
To test the hypothesis that larval transcription profiles reflect location-specific
responses to thermal stress, symbiont-free gametes from three to four colonies of the
scleractinian coral Montastraea faveolata were collected from Florida and Mexico,
fertilized, and raised under mean and elevated (up 1 to 2°C above summer mean)
temperatures. These locations have been shown to exchange larvae frequently enough
to prevent significant differentiation of neutral loci. Differences among 1,310 unigenes
were simultaneously characterized using custom cDNA microarrays, allowing
investigation of gene expression patterns among larvae generated from wild populations
under stress.
Results show both conserved and location-specific variation in key processes
including apoptosis, cell structuring, adhesion and development, energy and protein
metabolism, and response to stress, in embryos of a reef-building coral. These results
provide first insights into location-specific variation in gene expression in the face of
gene flow, and support the hypothesis that coral host genomes may house adaptive
potential needed to deal with changing environmental conditions.
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Introduction
Coral populations are declining worldwide due to rising sea surface temperatures
(SSTs), overfishing, coastal development, and pollution (Hoegh-Guldberg 1999). This
population reduction has been exacerbated in Caribbean reefs by declining juvenile
recruitment, reduced growth, and increased mortality (Richmond and Hunter 1990;
Hughes and Tanner 2000; Edmunds 2004). Successful sexual reproduction is
necessary for recovery and persistence of these ecosystems because it maintains
genetic diversity within, and connectivity among, benthic adult populations. Because
larvae have limited energetic reserves, the impact of temperature stress on these early
stages of development may differ significantly from that seen in adult coral colonies
(Pechenik 1999; Graham, Baird et al. 2008). As such, changing temperature regimes
are likely to have profound effects on larval-mediated ecological processes including
dispersal, connectivity, and population dynamics of reef-building corals (Pechenik 1999;
O'Connor, Bruno et al. 2007; Baums 2008; Graham, Baird et al. 2008). These effects
will ultimately have consequences on coral populations’ ability to adapt to a changing
climate.
Determining the effects of thermal stress on corals has been a major focus of
research since the observation that elevated temperatures, such as those caused by El
Niño events, can result in bleaching and subsequent high mortality on affected reefs
(Glynn 1984; Harriott 1985). A complex interplay among the animal host, its symbiotic
algae (Rowan, Knowlton et al. 1997; Buddemeier, Baker et al. 2004; Berkelmans and
Van Oppen 2006), and the microbial community inhabiting the mucus layer (Ducklow
and Mitchell 1979; Reshef, Koren et al. 2006; Rosenberg, Koren et al. 2007) enable the
holobiont (the coral animal with its algal and bacterial symbionts) to respond to
changing conditions. The ability to respond and ultimately adapt to thermal stress will be
vital for the continued survival of corals in the face of global climate change (HoeghGuldberg 1999; Hughes, Baird et al. 2003).
There has been much debate regarding the adaptive potential of coral hosts.
Because it is widely accepted that corals exist near their thermal maxima throughout
much of their range (Berkelmans and Willis 1999), their ability to adapt to changing
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climate conditions has been questioned (Hoegh-Guldberg 1999). However, local
adaptation, once thought to be minimal due to long distance gene flow among marine
populations, has since been reconsidered in light of small scale population structure in
multiple coral species (Baums 2008). Recent models of coral survival have incorporated
parameters that consider adaptive potential (such as increased thermotolerance),
resulting in considerably different outcomes depending on the strength of the adaptive
response (Done 1999; Donner, Skirving et al. 2005; Donner 2009). Past studies have
explored the mechanisms by which corals may acclimate and/or adapt to elevated
temperatures (Clausen and Roth 1975; Gates and Edmunds 1999), but empirical tests
of coral performance in response to thermal stress have been limited to studies of
bleaching and mortality in adult corals (Coles, Jokiel et al. 1976; Glynn and Dcroz 1990;
Brown 1997; Berkelmans and Willis 1999), until recently (Meyer, Davies et al. 2009;
Rodriguez-Lanetty, Harii et al. 2009; Voolstra, Schnetzer et al. 2009).
Each member of the holobiont contributes to the fitness of a coral colony, and
distinguishing among the fitness contributions of each is vital to our understanding of
the adaptive potential inherent to coral populations. The most direct method for
investigating the host response in isolation is to work with coral larvae, as many species
do not take up algal, and possibly microbial, symbionts until late in their larval
development. Thus, utilizing aposymbiotic larvae (without symbionts) allows for isolation
of symbiont-free genetic material, so any indicators of stress can be confidently
assigned to the host animal.
Effects of environmental stress on coral larvae include altered developmental rates,
abnormal morphologies, changes in settlement behavior and reduced survival (Bassim
and Sammarco 2003; Vermeij, Fogarty et al. 2006; Negri, Marshall et al. 2007; Nozawa
and Harrison 2007; Randall and Szmant 2009; Randall and Szmant 2009).
Measurements on larvae of the Elkhorn Coral (Acropora palmata) show that increases
in temperature of only 2 degrees can decrease survivorship, accelerate developmental
rates, and increase swimming speed, suggesting a host of accompanying physiological
and metabolic changes with consequences for important ecological processes including
recruitment, dispersal and connectivity (Randall and Szmant 2009, Baums et al.,
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unpublished data). While larvae are expected to react to environmental stress differently
than adults, an understanding of the molecular stress response in this vulnerable and
critically important life stage is warranted. Additionally, identification of differentially
expressed genes in larvae may offer a first clue to important stress tolerance genes in
adults.
Larval response to stress has previously been measured using the limited amount
of phenotypic characters (morphological, behavioral, survival) currently available for
coral larvae. These are restricted to the few clearly identifiable embryonic
developmental stages, and obvious pathological malformations that are observed at
high temperatures (Bassim and Sammarco 2003; Negri, Marshall et al. 2007). By
treating gene expression levels as molecular phenotypes, microarray technology greatly
increases the number of phenotypic traits available for assessing the effect of stress on
corals because we are able to survey the expression of thousands of transcripts
simultaneously (DeSalvo, Voolstra et al. 2008; Rodriguez-Lanetty, Harii et al. 2009;
Voolstra, Schnetzer et al. 2009; DeSalvo, Sunagawa et al. In press). Additionally, with
ever advancing functional annotation of genes and genomes in many organisms, results
can be interpreted to better understand the mechanisms underlying key processes such
as the thermal stress response.
Examination of the molecular response of cnidarians to high temperatures has
revealed a wide range of variation in molecular phenotypes. These include changes in
expression levels of the ubiquitous families of heat shock proteins (HSPs) (Coles and
Brown 2003), and multiple genes involved in defense from oxygen radicals (Fang,
Huang et al. 1997; Downs, Mueller et al. 2000; Edge, Morgan et al. 2005; DeSalvo,
Voolstra et al. 2008). Gene expression studies on larval and juvenile corals have
identified differential regulation of genes involved in thermal and oxidative stress
response, apoptosis, and cytoskeletal structuring, among others (Meyer, Davies et al.
2009; Rodriguez-Lanetty, Harii et al. 2009; Voolstra, Schnetzer et al. 2009). Assessing
gene expression levels can reveal stress prior to the onset of obvious pathologies and
gives an immediate snapshot of the organism’s health faster than many traditional
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metrics such as changes in growth rate, mortality, or fertility (Werner and Nagel 1997;
Downs, Fauth et al. 2002).
In this study we compare gene expression profiles of embryos of the common
Caribbean coral Montastraea faveolata. Adult colonies of this species are
hermaphroditic and reproduce annually during the late summer when seawater
temperatures are maximal, by spawning gametes into the water column where
fertilization occurs (Szmant 1991). After fertilization, embryos develop into larvae and
drift with the currents for up to two weeks before settling onto the benthos where they
metamorphose into a primary polyp. Embryos of M. faveolata raised from spawn
collected from Florida and Mexico were reared under elevated temperatures (1 to 2°C
over local summer means) and less stressful control temperatures based on the year

Figure 2.1. Map of the western Atlantic and northern Caribbean with study locations indicated
by black circles.

41

round means, to test the hypothesis that transcription profiles reflect location-specific
responses to thermal stress. We expected that the thermal stress response would
include differential expression of genes for previously identified markers of stress, such
as those coding for HSPs, and oxidative stress proteins. Additionally, we anticipated
differential expression of genes involved in cell structure and development that may play
a role in the irregular morphology observed in embryos reared at high temperatures
(Bassim and Sammarco 2003; Randall and Szmant 2009).
The results presented here expand our understanding of the effect of temperature
stress on gene expression during embryonic development in M. faveolata as described
in Voolstra et al. (2009), by extending the analysis from 12 to 24 hours of development.
This enables a more continuous view of embryonic development over the first two days
because the 48 hour samples from Mexico used here are the same as those used in
Voolstra et al. (2009).

Materials and Methods
Gametes from multiple parent colonies of M. faveolata were collected during mass
spawning events at two locations: Puerto Morelos, Mexico (20°52’28.77”N,
86°51’04.53”W) and Key Largo, Florida (25°6’42.66”N, 80°18’18.72”W) (. 1). Parent
genotypes were reconstructed using 5 previously published polymorphic microsatellite
loci (Severance, Szmant et al. 2004) and estimates of allelic diversity across all five loci
were similar in both sample populations (Mexico 14 alleles, Florida 19 alleles). This
corresponded to three to four parental genotypes contributing to the gene pool of each
batch and captured around 25% of the local allelic diversity (unpublished data).
STRUCTURE analysis of five polymorphic microsatellite loci (unpublished) and previous
population genetic analyses (Severance and Karl 2006) showed that these populations
exchange larvae frequently enough to prevent significant differentiation.
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Sperm and eggs from multiple parents were pooled and incubated for one hour to
allow for fertilization, resulting in one batch with multiple parents for each location.
Fertilized eggs were washed and transferred to temperature-controlled aquaria. In
Florida, larvae were raised in 1 L plastic containers with mesh sides to allow for water
exchange, suspended in 6 separate 45 L polycarbonate bins containing filtered sea
water (3 at each treatment temperature). Water was circulated with an aquarium pump
and changed daily with filtered sea water preheated to the target temperature. Target
temperatures were maintained within ±0.6°C with aquarium heaters and chiller units,
and were monitored with HOBO temperature data loggers (Onset Computer Corp., MA)
in each bin. The temperature exposure system used for the Mexico embryos maintained
target temperatures within ±0.2°C and is described in detail in (Randall and Szmant
2009). Briefly, embryos were cultured in three 500 mL plastic containers suspended in

Figure 2.2. Mean monthly sea surface temperatures from 2005 to 2008 for the two study
locations (Mexico and Florida). Horizontal lines represent annual means. Area within the
vertical lines delineates the spawning season for M. faveolata. Error bars indicate ±1
standard deviation. Grey lines represent monthly maxima and minima. Data from NOAA
weather buoys MLRF1 and 42056.
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each of two temperature controlled 12 L polycarbonate bins at treatment and control
temperatures. Water in the containers was changed twice daily with water preheated to
the desired temperature by siphoning out the old sea water through a sieve made of
PVC pipe and 120 um mesh. This removed many of the smaller particles and dying
embryos that were smaller than the mesh. Respective annual and summer mean
temperatures from 2005 to 2008, calculated by averaging monthly means of hourly
data, are 26.4°C and 29.3°C in Florida and 28.3°C and 29.5°C in Mexico. Control
temperatures were near the annual mean for both locations (27°C Florida and 27.5°C
Mexico; “mean”). High treatment temperatures were 1 to 2°C above the summer means
(30°C Florida and 31.5°C Mexico; “high”) (Fig. 2.2).
Embryos for the microarray analysis were preserved in RNAlater (Ambion, TX) after
approximately one full day (22 to 24 hours; “24 hours”) and two full days (46 to 48
hours; “48 hours”) of development and stored at -80°C until RNA extraction was
performed. Each sample consisted of ca. 1500 genetically diverse embryos. In Florida,
one sample was taken from each of the three replicate bins at each time and
temperature (with the exception of the 48 hour sample at the high temperature where
there were only enough embryos remaining in two of the three replicates). Biological
replicates from Florida were used to interrogate a single microarray slide each.
Sampling in Mexico was as described in (Voolstra, Schnetzer et al. 2009), where
embryos from each of the three containers in the two replicate bins at a given
temperature were combined into a single composite biological replicate at both time
points. Three technical replicate arrays were run using RNA from each composite
biological sample from both temperatures and time points.
Changes in water temperature can modify embryonic developmental rates and
thereby alter gene expression patterns. To verify that expression differences among
temperatures for a given sampling time were not simply due to developmental
differences among samples, embryos from both treatment temperatures were preserved
in formalin or glutaraldehyde after 22 and 46 hours in Florida, and 21.5, 28, and 50.5
hours in Mexico and viewed under a dissecting microscope for classification by
developmental stage (Table 2.1). Visual assignment to any developmental stage is
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approximate given that classification is based solely on external morphology. By the
time of blastula formation, the embryos are too opaque to distinguish gradual internal
changes associated with gastrulation and development into planulae. Embryos reach a
blastula-like stage by ca. 6-8 hours after fertilization, and take ca. 20 more hours to
transition from blastulae to full gastrulae (invagination fully accomplished). It takes a
further 40 hours to reach the planula stage (Miller, Valdivia et al. 2009). Since
fertilization occurred over a one hour period, there was often more than one identifiable
stage present at a given time point during early cleavage and development, but we were
not able to distinguish between subtle differences during later embryonic stages.
RNA was extracted from approximately 1,500 embryos from each sample and was
used to interrogate a 2,620 feature (1,310 double spotted unigenes) custom array
(DeSalvo, Voolstra et al. 2008; Schwarz, Brokstein et al. 2008). Microarray protocols
were those of the Center for Advanced Technology at the University of California, San
Francisco (http://cat.ucsf.edu/). Total RNA was extracted using the RNeasy Mini Kit
(QIAGEN, CA). Concentration and quality of RNA extracts were quantified on a
NanoDrop ND-1000 spectrophotometer, and an Agilent 2100 Bioanalyzer. To prepare
RNA for microarray hybridization 1 μg of total RNA was amplified with the MessageAmp
II aRNA Kit (Ambion, TX). Bias associated with this process is considered negligible
(Feldman, Costouros et al. 2002). To prime the reverse transcription (RT) reaction 3 μg
of aRNA was incubated with 2 μL of 5 μg/μL random nonamers for 10 minutes at 70°C.
RT was carried out for 2 hours at 50°C using a master mix with a 4:1 ratio of aminoallyldUTP to TTP. Products of the RT reaction were hydrolyzed by incubating the cDNA in
10 μL of 0.5M EDTA and 10 μL of 1M NaOH for 15 minutes at 65°C. Following
hydrolysis, RT products were purified using MinElute columns (Qiagen, CA), and cDNA
synthesis was checked on a NanoDrop spectrophotometer. Dye coupling reactions
were performed using Cy3 and Cy5 dyes (GE Healthcare, PA) diluted in 18 μL of
dimethyl sulphoxide. The coupling reactions were run in the dark for 2 hours at room
temperature. A final cleanup was performed using the MinElute Cleanup Kit, and dye
coupling was confirmed on a NanoDrop spectrophotometer. Before hybridization
microarray slides were post-processed by UV crosslinking at 60 mJ; “shampooing” with
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3xSSC and 0.2% SDS at 65°C; blocking with 5.5g succinic anhydride in 335 mL 1methyl-2-pyrrilildinone and 15ml sodium borate; and drying via centrifugation. Dye
coupled cDNAs were then mixed together in a hybridization buffer consisting of 0.25%
SDS, 25 mM HEPES, and 3× SSC. Hybridization mixtures were boiled at 99°C for 2
minutes then allowed to cool at room temperature for 5 minutes. Cooled hybridization
mixtures were pipetted under an mSeries Lifterslip (Erie Scientific, NH) and slides were
incubated overnight at 63°C in a custom hybridization chamber. Hybridized microarray
slides were then washed twice in 0.6× SSC and 0.01% SDS, rinsed in 0.06× SSC, and
dried via centrifugation. Microarrays were scanned using an Axon 4000B slide scanner
(MDS, CA).
As cluster analysis was the major goal of this study the microarray experiment
followed a reference design, where all samples were hybridized against a common
reference sample. The pooled reference sample consisted of equal amounts of RNA
from all Mexico samples only, due to the fact that the Mexico samples were processed
in advance of the Florida samples. Reference samples were labeled with Cy3, and
temperature treatment samples were labeled with Cy5. Because multiple factors were
targeted (time, temperature, and location), and the reference sample was of no
biological interest, dye swaps were not performed (Knapen, Vergauwen et al.
2009).Three replicates were run for each temperature treatment (except for the 48 hour
high temperature sample from Florida). Data from the microarrays are available from
the Gene Expression Omnibus Database (NCBI; GSE19998).
Spot intensities were extracted and background was subtracted using GenePix Pro
6.0. GPR files were read into the Bioconductor package LIMMA for further analysis in R
(Smyth 2005; R_Development_Core_Team 2008). Normalization was performed using
print-tip specific LOWESS to normalize within arrays and the quantile normalization
method to normalize between arrays (Yang and Thorne 2003). LIMMA uses linear
regression models to incorporate the power of replicated experimental design into gene
expression analysis. P-values were adjusted using an empirical Bayes shrinkage of
standard error, and false discovery rate was corrected using the method of Benjamini
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and Hochberg (1995). Finally, a log fold change cutoff of 1.5 and a p-value threshold of
0.05 were used to filter significant results.
Significant DEGs were categorized based on cellular function according to GO
(Gene Ontology) and KEGG data (Kyoto Encyclopedia of Genes and Genomes). Clone
sequences are available at http://sequoia.ucmerced.edu/SymBioSys/index.php. Lists of
differentially expressed genes (DEGs) were generated and the overlap among the lists
was visualized in Venn diagrams constructed with Limma. Hierarchical clustering of
transcriptome profiles from model fitted results and computation of associated p-values
via bootstrap resampling was performed using the R package pvclust (Suzuki and
Shimodaira 2006). The tree was visualized with FigTree 1.2.3
(http://tree.bio.ed.ac.uk/software/figtree/). Unsupervised dimension reduction via
principle components analysis (PCA) was also carried out in R. PCA was used to
identify basic patterns among the highly dimensional gene expression profiles. Briefly,
PCA transforms possibly correlated variables into a smaller number of uncorrelated
variables called principle components. Expression profile data from each treatment was
transformed to extract the principle components responsible for the greatest amount of
variance. The principle components were then plotted in order of their contribution to the
overall variance.
Table 2.1. Percentages of M. faveolata embryos in various stages of development at
control and treatment temperatures from Mexico and Florida. The percentage of
irregular embryos is taken from the total number observed. Age is given in hours after
fertilization. The percentage of normal embryos was calculated after subtracting the irregular
embryos which could not be scored for developmental stage. Mexico data for 50.5 hours are
modified from Voolstra et al. (2009).
Normal
Embryos as
Invaginated
Blastulae [%]

Normal
Embryos as
Gastrulae [%]

Normal
Embryos as
Planulae [%]

Location

Age
[hours]

Temperature
[°C]

Total
Embryos

Irregular
Embryos [%]

Normal
Embryos as
Blastulae [%]

Florida

22

27

141

6

4

96

0

0

22

30

57

7

2

98

0

0

46

27

66

0

0

3

95

2

46

30

34

50

0

0

100

0

21.5

27.5

100

4

6

94

0

0

21.5

31.5

101

8

1

99

0

0

28

27.5

100

9

0

100

0

0

28

31.5

100

20

0

0

100

0

50.5

27.5

100

11

0

0

99

1

50.5

31.5

101

4

0

0

100

0

Mexico
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Results
Larval Development Patterns: In Mexico, developmental samples were collected
just before (21.5 hours) and just after (28 and 50.5 hours) the microarray samples (24
and 48 hours). At 21.5 hours of development the embryos were predominantly blastulae
in the process of gastrulation. By 28 hours, all of the embryos at the high temperature
were in the gastrula stage, while those at lower temperature still had large
invaginations. These data suggest that the embryos at 24 hours were in the process of
gastrulation, and that some proportion of the embryos at the high temperature were
more developmentally advanced than those at the lower temperature (Table 2.1). By
50.5 hours, embryos at both temperatures were in the late gastrula stage, but had not
begun to swim or elongate into planulae. Florida embryos collected at 22 hours were
also predominantly in the process of gastrulation. By 46 hours they were fully formed
gastrulae, indicating that embryos used for the microarray experiment from a single time
point were predominantly at the same developmental stage across temperature
treatments and locations.
Interestingly, cultures reared at the higher temperature in Mexico and Florida
included numerous misshapen embryos, confirming similar observations in other
studies of coral development at elevated temperatures (Negri, Marshall et al. 2007;
Randall and Szmant 2009; Randall and Szmant 2009). In Florida, embryos raised at the
higher temperature were most strongly affected, where 21% and 50% (22 and 46 hours
respectively) were malformed.
Gene Expression Patterns: Hierarchical gene clustering: To visualize the pattern
of relationships among experimental treatments, a radial tree of hierarchically clustered
gene expression profiles was constructed using 1,310 unigenes. Hierarchical clustering
of gene expression data indicated that all three factors of time, location, and
temperature had an effect on transcription profiles (Fig. 2.3). For 24 hour samples, the
primary driver of gene expression profiles was geographic location, regardless of the
treatment temperature at which they were raised. By 48 hours, however, the effect of
thermal stress became the dominant factor, leading samples from Florida and Mexico to
cluster together according to the treatment temperature experienced. Additionally, the
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cluster of high temperature samples after 48 hours of development was the most distant
branch of the tree, implying a divergence from normal development to a signature
profile resulting from a common response to thermal stress.
Principal component analysis: PCA supported the patterns detected by the
hierarchical clustering. The first three principal components (PC) explained the majority

Figure 2.3. Radial tree of hierarchically clustered gene expression profiles for M. faveolata
embryos collected from Florida and Mexico after 24 and 48 hours of development. All three
factors of time, location, and temperature played a role in shaping gene expression profiles.
Note that clustering of day one samples was according to location (M and F), while clustering
of day two samples was according to temperature treatment (m and h). Values along
branches indicate approximately unbiased p-values of Suzuki and Shimodaira (Suzuki and
Shimodaira 2006) based on 1000 bootstrap replicates. Abbreviations: M - Mexico; F Florida, 1 - 24 hours; 2 - 48 hours; m - mean temperature; h - high temperature.

(85%) of the variance inherent in the data, with PCs one and two already explaining
over 76% (Supp. Fig. B1A). Plotting the treatments on the first two principal components
showed that PC1 captured variation due to developmental time, while PC2 captured
variation arising from geographic origin and water temperature (Supp. Fig. B1B).
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Differential expression by developmental time: Consistent with Grasso et al.
(Grasso, Maindonald et al. 2008), the effect of developmental time drove the majority of
changes in gene expression patterns overall (Fig. 2.4A; Time). The list of genes that
were differentially expressed due to changes in developmental time was divided
between sites to identify general and location-specific components (results not shown).
While about 25% of DEGs responding to developmental time were shared between
locations (n=108), a large number of genes were differentially regulated in Mexico
(n=245) or Florida (n=105) alone, providing a major component of the clear
differentiation between locations observed in the hierarchical clustering (Fig. 2.3; left
panel).
Differential expression by temperature treatment: DEGs responding to the
temperature treatment were divided by location and developmental time to identify
shared and location-specific components of stress response. Samples from both time
points showed similar numbers of DEGs responding to the temperature treatment (Fig.
2.4C & D). Samples from 24 hours showed numerous DEGs responding to differences
in temperature that are specific to Mexico (n=108) and Florida (n=118). However there
was almost no overlap in genes responding to temperature between the sites. By 48
hours, the proportion of overlapping DEGs had risen (n=52; 21% of all DEGs), while the
number of location-specific DEGs remained similar to that observed at 24 hours (n=113
in Mexico; n=81 in Florida). DEGs responding to the temperature treatment that are
common to both Mexico and Florida represent the component of stress response in M.
faveolata that is shared between locations (Supp. Table B1). Temperature sensitive
DEGs observed in only one of the two locations may represent location-specific
strategies for coping with thermal stress (Supp. Table B2).
Differential expression by location under control temperatures: Genes that were
differentially expressed between the locations under mean temperatures were
examined to detect location-specific expression under non-stressful conditions (Fig.
2.4B). The greatest number of DEGs that varied by location at control temperature were
observed in the 24 hour samples (n=294). These are likely to represent variation in
developmental processes between the locations that exist under normal conditions. By
50

48 hours, the number of genes that differed by location at control temperatures dropped
dramatically to only 39 with very few transcripts (n=16) carried over from 24 hours
(Supp. Table B3).
Functional Response: Gene Ontology (GO), and Kyoto Encyclopedia of Genes
and Genomes (KEGG) annotation information was used to classify DEGs into functional

Figure 2.4. Overlap among differentially expressed genes in M. faveolata embryos from
Florida and Mexico. (A) Differentially expressed genes (DEGs) responding to all three main
effects of location, time and temperature were identified (note the large number of genes
responding to the effect of developmental time). (B) When raised at control water
temperatures the number of genes that were differentially expressed between the two
locations was high at 24 hours, but dropped sharply by 48 hours. (C) DEGs responding to
temperature differences show almost no overlap between locations at 24 hours (0 up, 1
down), but (D) considerable overlap by 48 hours. In B, upper and lower values indicate
higher expression in Mexico relative to Florida. In D and E, upper and lower values indicate
higher and lower expression levels respectively, under thermal stress conditions.
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groups when possible, based on the categories of Voolstra et al. (Voolstra, Schnetzer et
al. 2009). Categories included: apoptosis; cell proliferation, growth and development;
cytoskeleton and cell adhesion; DNA; electron transport and oxidative phosphorylation;
metabolism; proteolysis and protein degradation; regulation of transcription; response to
oxidative stress; response to stress; RNA; signaling; translation and protein
biosynthesis; and transport.
Detailed investigation of gene function was performed on DEGs that represent the
shared and location-specific components of the thermal stress response. Under the
shared component of the temperature sensitive DEGs the functional category with the
greatest number of transcripts was cell proliferation, growth and development (n=5).
Multiple transcripts (n≥3) were also involved in the processes of apoptosis; cytoskeleton
and cell adhesion; DNA; proteolysis and protein degradation; and translation and
protein biosynthesis. Location-specific components in Florida included cytoskeleton and
cell adhesion (n=7); proteolysis and protein degradation (n=6); and translation and
protein biosynthesis (n=8). Other processes with multiple transcripts (n≥5) included
apoptosis; cell proliferation, growth and development; cytoskeleton; metabolism;
regulation of transcription; and transport. In Mexico, processes that were enriched for
transcripts included translation and protein biosynthesis (n=27), electron transport
(n=11), proteolysis and protein degradation (n=7), transport (n=7) and metabolism
(n=6). Enrichment of transcripts (n≥5) was also observed for the processes of cell
proliferation, growth and development and response to oxidative stress.

Discussion
The ability of corals to deal with changing climate conditions will depend upon the
adaptive potential of the host as well as its symbionts. The results presented here
expand upon our understanding of the effect of temperature stress on embryonic
development in M. faveolata as described in Voolstra et al. (2009), by extending the
early developmental analysis from 12 to 24 hours, and adding a geographic component
to the analysis. Variation in gene expression profiles of coral embryos was evident in
the response to thermal stress at two locations within a species’ range. We attributed
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these differences to variation in the host response alone because only aposymbiotic
embryos were studied. The genetic response of adult corals is likely to differ somewhat
from that of larvae due to symbiont interactions and changes in metabolic demands,
however the observation of variation in these early life stages points toward the
potential presence of adaptively significant variation upon which selection may be able
to act. If this is the case, post-dispersal adult populations carry the signature of such
early selection. While the limited biological replication in this study limits the extent to
which they can be generalized, our results provide intriguing first insights into potential
spatial variation in stress response of coral larvae in the absence of population
differentiation.
A comparison of the genes that showed differential expression at the elevated
treatment temperatures at 48 hours in the Voolstra et al. (2009) study with those
observed here reveals that multiple stress response genes including ferredoxin
(AOSC403) calmodulin (AOSF573) and the proapoptotic caspase adapter protein
(AOSF761) behaved consistently at high temperatures in both locations (Supp. Table
B1). As did the histone proteins (AOSF1219 and AOSF622) and several other genes
involved in cell proliferation, growth and development (AOSB596, AOSF1434,
AOSF912), cytoskeleton and cell adhesion (AOSF1012, AOSF634), and translation and
protein biosynthesis (AOSC1120, AOSF620, CAOO902). Peroxidasin (AOSF997) was
also upregulated at both locations at 48 hours, but not significantly so in Florida. These
genes represent a suite of transcripts that are likely to play an important role in the
thermal stress response of corals from both locations.
There were also many stress response genes identified in Voolstra et al. [27] that
differed between locations at the control temperatures in this study (Supp. Table B3).
The stress response genes recombination repair protein 1 (AOSB392) and soma ferritin
(CAON1101) showed differences between the two locations at control temperatures.
The same was true for the cytoskeleton related gene dynein light chain roadblock - type
2 (AOSF651), and the system maintenance genes GTP-binding nuclear protein Ran -1
(AOSF912) and Nuclear hormone receptor - 6 (AOSB596), among several others
involved in metabolism (CAON1380), signaling (AOSC876), DNA (AOSF622), and RNA
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modification (AOSF1077). Interestingly both populations showed differential expression
of ribosomal proteins, although the specific protein homologs that showed differential
regulation were not the same across locations, nor was the direction of change (up in
Florida and down in Mexico). Variation in expression levels between sampling sites
indicates location-specific molecular responses to environmental stress.
Phenotypic Variation across Time and Space: The observation of malformed
embryos provides a clear indication of the detrimental effect of elevated temperatures
on larval development, especially in Florida. However, this is only one measureable
phenotype of stress. The power of this study lies in the thirteen hundred transcripts that
were measured simultaneously on the microarrays, revealing distinct patterns of gene
expression by time, location and temperature (Fig. 2.3 & Supp. Fig. B1). Gene
expression patterns indicated location-specific signatures of gene expression under
average temperatures, as well as location-specific and conserved components of the
response to elevated temperature as illustrated in the hierarchical tree (Fig. 2.3).
Gene expression levels measured by microarrays represent molecular phenotypes
and will require additional research to identify the underlying genetic changes driving
variation in expression levels (Ranz and Machado 2006). Because variation in gene
expression can reflect both heritable variation (i.e. changes in gene sequence or
changes in transcript abundance due to differences in regulatory elements) and non
heritable variation (arising from plasticity in response to environmental conditions,
immune status, stress level, or physiological acclimatization to native habitats) only a
subset of this variation can be expected to have true adaptive significance (Oleksiak,
Roach et al. 2005; Whitehead and Crawford 2006). However in studies where
taxonomic divergence between groups has been taken into account, many transcripts
exhibit changes in expression levels beyond what would be expected under genetic drift
alone. This suggests that natural selection can play a role in changing expression levels
in at least some loci (Whitehead and Crawford 2006). Additionally, when heritability has
been assessed, a large proportion of variation in gene expression is heritable and often
involves changes in regulatory elements (Ranz and Machado 2006).
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Development: The large number of transcripts that differ significantly in their
expression level according to developmental time appears to be the primary factor
driving the location-specific clustering observed in the hierarchical tree (Fig. 2.3; left
panel). This result is in line with the results of Grasso et al. (Grasso, Maindonald et al.
2008) where a large proportion of transcripts (21% of all surveyed) are differentially
regulated with changing developmental time.
While studies of transcriptome profiles from larval invertebrates are limited, findings
in polychaetes and ascidians suggest extensive variation in gene expression with
development and onset of metamorphosis (Marsh and Fielman 2005; Jacobs, Degnan
et al. 2006). Additionally, larval transcription profiles in abalone show that the
expression of many transcripts are affected by interactions with exogenous cues such
as settlement substrate (Williams, Degnan et al. 2009), and in urchins, may be the
target of extensive selective pressure (Wray 2006).
Location: Distinct clustering of 24 hour embryos by location provides an indication
that M. faveolata might show location-specific gene expression despite a lack of
population differentiation (Severance and Karl 2006).
Multiple taxa including killifish, yeast, Drosophila and humans have all shown high
levels of intra-population variation in gene expression ranging from 18 to 83% (Jin, Riley
et al. 2001; Brem, Yvert et al. 2002; Enard, Khaitovich et al. 2002; Oleksiak, Roach et
al. 2005). Evidence from the killifish, Fundulus hereroclitus, along a temperature cline
suggests that variation in gene expression among populations is a positive function of
within population variation. Following from neutral theory, divergence in gene
expression patterns is expected to be proportional to taxonomic divergence between
groups (Whitehead and Crawford 2006), and a large proportion of this variation must be
due to genetic drift (Oleksiak, Churchill et al. 2002).
Considering the lack of divergence observed using neutral markers between the
study sites in Florida and Mexico (Severance and Karl 2006), it is unlikely that genetic
drift would be strong enough to drive all of the observed transcriptional differences.
Patterns of this sort have been observed in long lived trees, where low variation among
populations according to neutral markers is accompanied by strong genetic clines in
55

quantitative trait loci related to local climate adaptation (Howe, Aitken et al. 2003;
Savolainen, Pyhäjärvi et al. 2007). Alternatively, local acclimatization of mother colonies
to annual mean temperature differences might affect larval development patterns
(Räsänen and Kruuk 2007).
Although thousands of larvae were analyzed in this study, increased replication over
time and space will be necessary to provide confirmation of the patterns observed. This
is a challenging task due to the vagaries of Caribbean coral spawning, difficult field
conditions, and permitting constraints. Often, only some colonies/genets spawn on a
given night. Consequently, the creation of genetically diverse larval pools with sufficient
numbers of larvae to allow for a well replicated experimental design is difficult. We did
not address the heritability of the putative location-specific stress response. Appropriate
data would require rearing an F2 generation, a task that might be achievable in the
future with further progress in coral husbandry (Petersen, Carl et al. 2008). Regardless
of the mechanism, if substantiated, location-specific stress responses would have
implications for both restoration planning and the study of coral evolution. This result
supports the growing body of evidence indicating the potential for local variation in coral
populations despite gene flow (Baums 2008).
Temperature: The clustering of 48 hour samples into groups defined by stress
treatment (Fig. 2.3) incorporates both a conserved response to thermal stress across
locations, and location-specific components (Fig. 2.4C & D, SuppTables B1 & 2). The
observation of a common stress response only after 48 hours of development could be
explained either by a true absence, or a failure to detect differential regulation in the 24
hour samples. Failure to detect early differential expression of some genes responding
to temperature stress could be due either to changes in expression levels of a large
number of genes related to development, or because sampling occurred long enough
after the onset of the stress treatment that differential expression had ceased, as would
be expected based on the results of Rodriguez-Lanetty (Rodriguez-Lanetty, Harii et al.
2009), where HSPs were upregulated within 3 hours of exposure to thermal stress but
not after 10 hours.
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Embryogenesis of coral larvae is dominated by transcription of genes involved in
cell replication and proliferation (Grasso, Maindonald et al. 2008). This dominance (see
factor Time in Fig. 2.4A) may mask a functional response to thermal stress in early
stages of development. Also, because stressful temperatures for this study were chosen
based on local summer maxima and were intended to be permissive enough to allow for
continued development without excessive mortality, the treatments may reflect
expression of genes as a response to chronic high temperatures rather than a response
to acute heat shock. This seems unlikely however, given the high mortality and number
of misshapen embryos observed at the high temperatures.
The higher proportion of misshapen embryos could be a confounding factor for
some of the location-specific DEGs unique to Florida at 48 hours, but not at 24 hours
(Fig. 2.4D & Supp. Table B2). Morphological anomalies were not apparent at 24 hours
and we identified an even larger number of location-specific DEGs responding to
temperature at this time point (Fig. 2.4C). Indeed, differential gene expression in
response to temperature stress was likely the cause rather than the consequence of the
abnormal morphologies observed at 48 hours. Nevertheless, Florida and Mexico
samples from the high temperature treatments clustered tightly at 48 hours despite the
higher proportion of visibly irregular larvae in Florida.
Previous studies of thermal stress tolerance in adult M. faveolata have observed
expression of HSPs only after short term exposure to temperatures higher than 33˚C
(Black, Voellmy et al. 1995; Sharp, Brown et al. 1997). Our results provide additional
evidence that the response of coral larvae to stress depends not only on the degree of
stress, but the duration and timing of onset of the stress exposure (Voolstra, Schnetzer
et al. 2009).
Functional Stress Response: The clear effect of thermal stress on embryonic
transcription profiles supports the idea that the host plays an important role in coral
thermotolerance (Brown, Downs et al. 2002; Baird, Gilmour et al. 2006; Abrego, Ulstrup
et al. 2008; Meyer, Davies et al. 2009), though the fitness implications of this response
are not yet known. Among the DEGs observed in response to thermal stress in both
populations, a large proportion was categorized into the processes of cell proliferation,
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growth and development. Genes in this category were generally downregulated and it is
hypothesized that this downregulation relates to the mechanisms underlying the
abnormal morphology observed when larvae are grown at high temperatures (Table
2.1).
Other abundant categories were those of cytoskeleton and cell adhesion; electron
transport and oxidative phosphorylation; metabolism; protein and proteolysis
degradation; translation and protein biosynthesis; and transport. Genes related to
translation and protein biosynthesis; proteolysis and protein degradation, electron
transport and oxidative phosphorylation, were generally downregulated, while
cytoskeleton and cell adhesion; metabolism; transport; response to stress; and
response to oxidative stress genes were both up and downregulated. Together these
results support previous models of stress response in corals and other taxa where an
overall change in metabolic activity is associated with reduced protein biosynthesis, and
oxidative phosphorylation (Kammenga, Herman et al. 2007; DeSalvo, Voolstra et al.
2008; Rodriguez-Lanetty, Harii et al. 2009). Although there was substantial overlap in
the functional categories of location-specific genes, many DEGs involved in the
response to stress were unique to each location. This may represent locally differing
strategies for dealing with thermal stress, but a thorough comparison of differences in
molecular function across locations would require a larger, more representative
microarray and a more complete functional annotation of cnidarian genes than is
currently available.
Heat shock protein (hsp 90α) is downregulated: The conserved downregulation
in both locations of the heat shock protein hsp90α (AOSC617; Supp. Fig. B2) was
unexpected in light of its principle role as a molecular chaperone involved in response to
thermal stress. This result is contrary to expectations based on previous studies that
found HSPs were upregulated at high temperatures in adult M. faveolata (Sharp, Brown
et al. 1997; DeSalvo, Voolstra et al. 2008), 10 day old larval A. millepora (RodriguezLanetty, Harii et al. 2009), and other adult cnidarians (Coles and Brown 2003). The
analysis of Voolstra et al. (Voolstra, Schnetzer et al. 2009) did not show significant
differential expression of hsp90α at 12 or 48 hours, but a slight upregulation was evident
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after 12 hours. Slight upregulation was also observed in the 24 hour sample here, but
after 48 hours the pattern is strongly reversed such that the differential expression
between mean and high temperature treatments over samples from both locations was
statistically significant (Supp. Fig. B2).
Although the expression of HSPs in response to thermal stress appears to be
universal (Feder and Hofmann 1999), alternative forms of these proteins may be utilized
in even closely related organisms (Bosch, Krylow et al. 1988), and a wide range of
HSPs have been observed within the Scleractinia (Coles and Brown 2003). Since the
microarray used here contains only homologs of hsp90α and hsp97 it is possible that
other HSPs were expressed but not detected.
Investigation of the cellular function of HSPs reveals that their role in the cell is not
limited to protection from thermal stress however, and that they may be involved in a
number of processes important to development including cell proliferation, cell cycle
control, hormone receptor binding, microtubule formation and immune response
(Lindquist and Craig 1988; Kaufmann 1990; Perret, Moudjou et al. 1995). Additionally,
prolonged expression of HSPs 70 and 104 result in deleterious effects, representing a
trade-off between thermotolerance and optimal growth and development in Drosophila
and yeast (Feder, Rossi et al. 1992; Sanchez, Taulien et al. 1992; Krebs and Feder
1997).
The complex role of hsp90α suggests different functions for HSPs depending on the
life stage of the organism and the environmental conditions experienced. Here, hsp90α
was strongly downregulated in M. faveolata embryos that had been exposed to high
temperatures for 46 to 48 hours, even though adult M. faveolata show an upregulation
of hsp90α in response to stress after 10 days of exposure to high temperatures
(DeSalvo, Voolstra et al. 2008). Similarly, 10-day old A. millepora larvae also showed
upregulation of hsp70, hsp90α and gp96 after up to 3 hours of exposure to thermal
stress (Rodriguez-Lanetty, Harii et al. 2009). However, after 10 hours of exposure the
difference was no longer significant, suggesting that the upregulation of HSPs may
occur only immediately following exposure to stress. In light of this functional complexity
and the strong downregulation of hsp90α observed in this experiment, it is proposed
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that hsp90α plays a developmental role in early stages of coral embryogenesis, and that
upregulation of this transcript is no longer evident after several hours of chronic thermal
stress.
Oxidative stress response: The response of corals to elevated temperatures is
closely tied to their response to oxidative stress. Symbiotic cnidarians respond to high
temperature with upregulation of numerous oxidative stress genes (Lesser 1997;
Downs, Fauth et al. 2002; DeSalvo, Voolstra et al. 2008; Sunagawa, Choi et al. 2008).
Signals of the oxidative stress response can originate from the symbiotic algae as well
as the animal host as a response to increased production of radical oxygen species in
the mitochondria or chloroplasts during stress. Thus, the origin of the oxidative stress
response in corals has been debated (Weis, Davy et al. 2008).
Our findings suggest that some of the oxidative stress genes that show differential
regulation in response to temperature are indeed of animal origin. Two genes involved
in the oxidative stress response; ferredoxin (AOSC403) and peroxidasin (AOSF997)
were found to be significantly differentially regulated at high temperatures in both
populations (Supp. Fig. B2). Other DEGs involved in the response to oxidative stress,
included soma ferritin (CAON1101), malate dehydrogenase (AOSF1222), glutathione stransferase μ (AOSF1447), and catalase (AOSF550). In contrast, the oxidative stress
response of 10 day old A. millepora larvae was minimal after 3 hours but showed a
slight, though statistically insignificant, increase in some transcripts after 10 hours
(Rodriguez-Lanetty, Harii et al. 2009). This again suggests that developmental stage
and/or timing of the onset of stress influences regulation of stress response genes. In
light of the complexity of the oxidative stress response, it is difficult to say how
differential regulation of these proteins will affect the cell, but downregulation of key
enzymes, such as glutathione s-transferase μ, can change intracellular conditions
leading to an overall enhancement of the oxidative stress response (Dorion, Lambert et
al. 2002).

Conclusions
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Corals’ ability to adapt to climate change depends upon their capacity to exploit
functional genetic variation inherent to populations. In the current experiment, heritability
of the detected variation was not assessed. While the genes that underlie differences
among transcription profiles may differ in terms of sequence, copy number, or
transcriptional regulators, observed differences could also be due to maternal effects
and as such, gene expression profiles must be treated only as phenotypic variants.
Further work is needed to establish the fitness consequences and heritability of
observed changes in larval gene expression to determine the ecological and
evolutionary significance this variation may have on the adaptive potential of corals’ in
the face of environmental change.
Our results add to a growing body of evidence that suggest considerable plasticity
of coral gene expression profiles in the face of various stressors including high SSTs,
predation, and turbidity (DeSalvo, Voolstra et al. 2008; Hoover, Slattery et al. 2008; Bay,
Ulstrup et al. 2009; Voolstra, Schnetzer et al. 2009). We provide support for locationspecific signatures of gene expression in embryos of a reef-building coral from different
parts of its geographic range. Moreover, we observe both location-specific and general
components of stress response during later stages of development. Additional testing of
the hypotheses presented in this work in combination with improved larval rearing
techniques will help elucidate functional variation in natural coral populations and
enhance conservation and restoration efforts by allowing managers to consider
geographic variation in traits of importance to coral survival. Should further studies
confirm the existence of ecotypes in corals in the face of gene-flow, ecological studies
and management strategies would need to re-focus on micro-habitat characterization
and conservation (Savolainen, Pyhäjärvi et al. 2007).
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Chapter 3: Gene discovery in the threatened Elkhorn coral: 454 sequencing of the
Acropora palmata transcriptome

* Published in PLoS one (Polato, N. R., J. C. Vera, et al. (2011). "Gene Discovery
in the Threatened Elkhorn Coral: 454 Sequencing of the Acropora palmata
Transcriptome." PloS one 6(12): e28634.)

Abstract
Cnidarians, including corals and anemones, offer unique insights into
metazoan evolution because they harbor genetic similarities with vertebrates
beyond that found in model invertebrates and retain genes known only from nonmetazoans. Cataloging genes expressed in Acropora palmata, a foundationspecies of reefs in the Caribbean and western Atlantic, will advance our
understanding of the genetic basis of ecologically important traits in corals and
comes at a time when sequencing efforts in other cnidarians allow for multispecies comparisons.
A cDNA library from a sample enriched for symbiont free larval tissue was
sequenced on the 454 GS-FLX platform. Over 960,000 reads were obtained and
assembled into 42,630 contigs. Annotation data was acquired for 57% of the
assembled sequences. Analysis of the assembled sequences indicated that 83100% of all A. palmata transcripts were tagged, and provided a rough estimate of
the total number genes expressed in our samples (~18,000–20,000). The coral
annotation data contained many of the same molecular components as in the
Bilateria, particularly in pathways associated with oxidative stress and DNA
damage repair, and provided evidence that homologs of p53, a key player in
DNA repair pathways, has experienced selection along the branch separating
Cnidaria and Bilateria. Transcriptome wide screens of paralog groups and
transition/transversion ratios highlighted genes including: green fluorescent
proteins, carbonic anhydrase, and oxidative stress proteins; and functional
groups involved in protein and nucleic acid metabolism, and the formation of
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structural molecules. These results provide a starting point for study of adaptive
evolution in corals.
Currently available transcriptome data now make comparative studies of the
mechanisms underlying coral’s evolutionary success possible. Here we identified
candidate genes that enable corals to maintain genomic integrity despite considerable
exposure to genotoxic stress over long life spans, and showed conservation of
important physiological pathways between corals and bilaterians.

Background
Cnidarians are valuable for understanding the evolution of metazoan genomes
because they comprise a sister group to the Bilateria. From a developmental
perspective, comparisons among these groups have yielded much information
regarding the evolution of body plans in complex multicellular animals (Martindale and
Hejnol 2009). The two cnidarian genomes sequenced to date (Hydra magnipapillata and
Nematostella vectensis) have revealed that basal metazoans retain genes known only
from non-metazoans (Technau, Rudd et al. 2005), and possess genetic pathways found
in vertebrates but lacking in worm and fly models (Miller, Ball et al. 2005).
Corals in particular offer insights into important biological processes (including
calcification and symbiosis) that are responsible for the formation of reefs worldwide
(Allemand, Ferrier-Pagès et al. 2004). These processes contribute to the fitness of coral
genets. Successful genets can live to be hundreds of years old (Bessat and Buigues
2001; De'ath, Lough et al. 2009), and because generation times for A. palmata are short
by comparison (on the scale of 2 to 5 years (Wallace 1985)), a single successful genet
can contribute an enormous number of offspring to future generations over its lifetime.
Thus, chronic exposure to high levels of UV irradiation and radical oxygen species
(ROS) produced as a byproduct of symbiont photosynthesis, is likely to have driven the
evolution of powerful genoprotective mechanisms and DNA repair pathways in corals
(Shick, Lesser et al. 1996).
Progress in sequencing technology, chemistry, and bioinformatics now enable
the sequencing and de novo assembly of whole transcriptomes from non-model
organisms (Vera, Wheat et al. 2008; Meyer, Aglyamova et al. 2009; Ekblom and
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Galindo 2010). Such genomic resources are needed for species of conservation
concern because they allow researchers to target functional variation in wild populations
(Kohn, Murphy et al. 2006; Romanov, Tuttle et al. 2009; Bernatchez, Renaut et al.
2010), track adaptive responses to environmental stress through space and time
(Chapman 2001), and inform breeding programs and reintroduction efforts (Baums
2008).
Despite a population reduction of >80% throughout its range in recent decades
(Aronson, Bruckner et al. 2008), the Elkhorn Coral (Acropora palmata) remains an
ecologically important community member (Rogers and Salesky 1981; Hatcher 1988) ,
providing the three dimensional structure of many Caribbean reefs and a substantial
contribution to reef primary productivity (Rogers and Salesky 1981; Hatcher 1988).
Further, A. palmata is one of only a few Caribbean species for which population genetic
data is available (Vollmer and Palumbi 2006; Foster, Baums et al. 2007; Foster, Paris et
al. in review). Microsatellite markers have revealed patterns of population differentiation
and the contribution of asexual reproduction throughout A. palmata’s range (Baums,
Miller et al. 2005; Baums, Miller et al. 2006) and as such, a baseline for genetic and
genotypic diversity within this species exists.
Transcriptome and EST data are now available from several coral species
including Acropora millepora, Acropora hyacinthus, Montastraea faveolata, Pocillopora
damicornis, and Porites astreoides (Kortschak, Samuel et al. 2003; Schwarz, Brokstein
et al. 2008; Meyer, Aglyamova et al. 2009; Voolstra, Schwarz et al. 2009; Voolstra,
Sunagawa et al. 2011, Matz and Traylor-Knowles pers. comm.) enabling comparative
genomics within the scleractinia (Iguchi, Shinzato et al. 2011; Voolstra, Sunagawa et al.
2011). Likewise the genomes of two cnidarians, Nematostella vectensis and Hydra
magnipapillata were recently completed (Putnam, Srivastava et al. 2007; Chapman,
Kirkness et al. 2010) permitting evolutionary analysis within the phylum.
To develop genome scale tools for A. palmata we present here its transcriptome
sequenced with 454 GS-FLX technology, and survey the assembled and annotated
sequences for genetic markers, and functional enrichment of important biological
processes (with a particular focus on stress response and DNA repair pathways). The
genetic resources presented here are a major advance for studies of this species and
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will promote the study of adaptive trait variation in wild populations of A. palmata as well
as comparative genomics among basal metazoans.

Figure 3.1. Summary of sequencing read length distributions from the A. palmata
transcriptome pre and post assembly. A) Unassembled raw sequencing read lengths (in
basepairs, bp) prior to trimming. B) Size distribution of unassembled sequences (in bp)
following quality trimming. C) Plot of the relationship between the length of assembled
contigs (in bp) and the depth of coverage in terms of the number of raw ESTs they include
(note log-log axes). D) Frequency histogram of contig lengths (in bp).
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Results
Biological material: RNA was acquired from genetically diverse larvae
collected over a broad geographic range previously identified as comprising two
divergent populations (Baums, Miller et al. 2005). Larvae were exposed to three
temperature and two CO2 treatments, and sampled over the course of
development from fertilization to the planula stage. A small amount of adult tissue
was also included to represent adult transcripts. We thus expected to find
developmental and stress related genes derived from the larval temperature and
CO2 treatments, as well as genes related to symbiosis and calcification from the
adult tissue.
Sequencing and Assembly: One plate of a normalized cDNA library
generated from a pooled A. palmata sample following the library preparation
methods of Meyer et al. (Meyer, Aglyamova et al. 2009) was sequenced on the
454 GS-FLX platform using Titanium chemistry. This run yielded 964,519 raw
reads with an average length of 398 bp (σ=118), totaling of 384 Mb (Fig. 3.1A;
Table 3.1). After trimming for size, quality, and primer sequence 741,271 reads
remained averaging 432 bp (σ=64) in length and totaling 320 Mb. The majority of
trimmed reads (98%) were over 400 bp in length (Fig. 3.1B) contributing to the
high quality of the assembly.
Trimmed reads were assembled with a set of publicly available A. palmata ESTs
(n=36,236; SymBioSys database: sequoia.ucmerced.edu/SymBioSys/). Assembly
yielded 42,630 contigs averaging 1,030 bp long (σ=623). Contig sizes ranged from 132
to 9,066 bp. The mean depth of coverage was 5.6 sequences (Fig. 3.1C). The size
distribution of contig lengths showed an abundance of large contigs resulting from the
long read lengths (Fig. 3.1D). Over 88% (37,819) of the contigs were greater than 500
bp long, and over 38% (16,274) were greater than 1,000 bp. After assembly, 45,390
singletons remained that could not be incorporated into any contig. Due to their long
average length (439 bp; σ=94), and the fact that a substantial proportion of singletons
are likely to represent low abundance transcripts (Meyer, Aglyamova et al. 2009), these
sequences were included with the contig sequences in
Madden et al. 1997) for annotation information.
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BLAST

searches (Altschul,

Table 3.1. Summary of sequencing and assembly of the Acropora palmata transcriptome

N sequences

Total length

Avg. length (sd)

[Mb]

[bp]

raw reads

964,519

384

398 (118)

trimmed reads

741,271

320

432 (64)

contigs

42,630

44

1030 (623)

singletons

45,390

20

439 (94)

total

88,020
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Transcriptome Completeness: Estimation of transcriptome completeness based on
two different methods suggest that our single sequencing run tagged between 83 100% of the genes expressed in A. palmata. A BLAST query of the assembled A.
palmata sequences against a set of 119 orthologs conserved across metazoans and
found to be single copy in cnidarians (see methods), showed high quality hits (e-value ≤
2x10-38, bitscore ≥ 130) to all 119 genes. Comparison of the distributions of coverage
depth between all A. palmata transcripts and those with hits to the 119 single copy
orthologs showed that the mean depth of coverage for contigs with hits to these 119
genes (9.7) is greater than that for contigs in general (5.6). This analysis indicated that
depth of coverage was high even for single copy genes and that the set of 119
orthologs can serve as a representative sample of the A. palmata transcriptome.
Secondly, by comparing our assembled data to the published N. vectensis
transcriptome we found hits to 83% of all N. vectensis transcripts. The lengths of the A.
palmata sequences were generally greater than those of N. vectensis, suggesting that
full length transcripts were obtained for the majority of the A. palmata genes (Supp. Fig.
C1A). The distribution of log length ratios was shifted to the right of zero due to the fact
that A. palmata sequences were longer on average than the corresponding N. vectensis
sequence. The modal value of the length ratio distribution (106%) reflected the longer
average lengths of the A. palmata transcripts, and taken together with the high
proportion of hits to the N. vectensis transcriptome data indicated very high coverage of
the A. palmata transcriptome.
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Annotation and Transcriptome Size: All contigs and singletons (n = 88,020
sequences) were used to search against the UniProt protein database. Searches of
both Swiss-Prot and TrEMBL resulted in hits for 50,118 (57%) of the queried
sequences, of which 32,114 (36%) represented unique subject names. 31,888 of these
hits corresponded to Gene Ontology (GO; Ashburner, Ball et al. 2000) annotations
representing 109,664 terms (4,617 unique). Of the GO terms identified, 46% were
molecular functions, 32% biological processes, and 22% cellular components.
To estimate annotation efficiency, the description terms associated with each of
the 119 single copy genes were compared to those in the A. palmata dataset (derived
from UniProt). A clear match was found for 88% of the 119 annotation descriptions. An
additional 9% of matching A. palmata transcripts were described with uninformative
species specific codes from UniProt, but functional matches were easily found by
looking up the codes in the NCBI UniGene database. Only three of the 119 genes did
not match with the A. palmata annotation data, and in all three cases the A. palmata
annotation was derived from blast hits to the Florida lancelet or the green puffer,
species with limited annotation data. Overall this suggests high (97%) annotation
efficiency.
Assuming that gene duplication is not excessive (a reasonable expectation
based on the results of the paralog analysis below), the number of assembled
sequences matching to known single copy genes can give an estimate of the level of
residual gene fragmentation (either from sequencing gaps or splice variants), and/or
assembly difficulty.

BLAST

results from the 119 orthologs were used to examine the

average number of hits to each putatively singe copy gene. Results of this test showed
that 63% of the 119 single copy genes had multiple sequence matches (range: 1-19;
mean = 2.2; σ = 1.95; Supp. Fig. C1B) in the A. palmata data, suggesting a moderate
amount of fragmentation in our data, with some outliers that may be related to gene size
and/or species specific duplications.
The degree of fragmentation in our assembly was also used to generate a rough
estimate of the total number of transcripts expressed in the A. palmata sample. The
mean value of 2.2 contigs per transcript was used as an estimate of the redundancy in
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our dataset. This yielded an estimate of ~19,377 genes (42,630 contigs ÷ 2.2)
expressed in our A. palmata sample. Finally, based on the BLAST results with N.
vectensis we found that 43,036 of the A. palmtata sequences matched to a nonredundant set of 17,988 proteins from N. vectensis. Thus we predict that the number of
transcripts expressed in A. palmata is in the range of ~18,000 – 20,000 genes.
Taxonomic Annotation: The majority of taxonomic associations of the
annotated transcripts matched to metazoan invertebrates and vertebrates (44% and
48% respectively). A small proportion of sequences matched to bacteria (3%), protists
(2%), plants and algae (2%). All other groups including fungi, archaea and viruses
accounted for 1% or less of matches. Stony coral (Scleractinian) sequences accounted
for only 1% of the annotated sequences primarily due to a paucity of annotated coral
sequences present in current protein databases.
Because BLAST annotation associates a given sequence with its closest match in
the database, results are limited to previously identified genes. Thus, the vast majority
of annotated transcripts in this dataset showed matches to the Starlet Sea Anemone,
Nematostella vectensis (32,465 using best hit criterion), the most closely related
organism with a sequenced genome (Putnam, Srivastava et al. 2007). Similarly, an
abundance of cepheolochordate BLAST hits reflected the sequencing efforts on the
Florida Lancet, Branchiostoma floridae (Putnam, Butts et al. 2008). Because annotation
information is limited for both of these genomes we considered the next most
informative BLAST hits in our annotation database when the best sequence match lacked
any functionally relevant data. Viewed this way the number of A. palmata sequences
with best matches to N. vectensis was reduced from 36% to 12%. Thus, despite slightly
higher sequence similarity of hits to N. vectensis, the search for useful functional
annotations was greatly improved by exploring more distantly related hits.
Functional Annotation:

To guide functional interpretation of A. palmata

transcripts, we placed A. palmata homologs in the context of known biological pathways
using IPA software (Ingenuity Systems; www.ingenuity.com). Information in the IPA
database reflects the level of interest certain pathways have received. Thus,
comparison of A. palmata transcripts to the IPA database identified well annotated
metazoan pathways for which a high proportion of pathway components were present in
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A. palmata. These pathways were then used as guides for further analysis. Note
that this approach did not make inferences about expression levels of transcripts.
Among the most highly represented pathways were many that are expected to be
important to heat stressed embryos and who are thus of interest to the current
study including protein ubiquitination, cell cycle control, NRF2 mediated oxidative
stress response, p53 signaling and DNA double stranded break repair (Fig. 3.2).

Figure 3.2. Enrichment analysis highlighted well annotated pathways that are of interest in heat
stressed embryos. A) The five most highly enriched functional categories in the A. palmata
dataset (the orange line represents the threshold for significance at p<0.05 with FDR
adjustment for multiple testing. B) The top canonical pathways from the IPA library of pathways
that were most significant to the dataset. The left Y axis shows the percentage of proteins in the
pathway that were identified in the A. palmata data (grey bars, note that this is independent of
expression levels). The right Y axis shows the corrected –log (p-values) for Fisher’s exact test of
the probability that the association between the pathway and the data is explained by chance.
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Figure 3.3. Homologs involved in canonical oxidative stress response pathways identified in the
A. palmata transcriptome. Filled symbols indicate proteins with homologs that were detected in
the A. palmata dataset. Unfilled symbols indicate proteins that were not detected in our data, but
are present in model vertebrate pathways.
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Figure 3.4. Genes involved in the various p53 mediated responses to DNA damage. Specific
pathway details are likely to differ somewhat in the Cnidaria, but the presence of these
components in A. palmata suggested the capacity for similar responses in corals. Filled symbols
indicate proteins with homologs that were detected in the A. palmata dataset. Unfilled symbols
indicate proteins that were not detected in our data, but are present in model vertebrate
pathways.

DNA damage and oxidative stress: Genes involved in the response to DNA
damage and oxidative stress (Figs 3.3 & 3.4) included homologs of the transcription
factors HIF1α and NRF2 responsible for promoting expression of numerous proteins
with oxidoreductase activity (Lewis, Mele et al. 2010; Lushchak 2011). Additionally, a
homolog of KEAP1, the primary regulator of NRF2, (Nguyen, Nioi et al. 2009) was
identified along with other transcripts involved in the detoxification, repair and removal
of damaged proteins. A multitude of heat stress response genes were found, including
13 HSP variants, numerous HSP binding proteins, and associated transcription factors.
Selection in p53 family genes: Next, we placed genes involved in the response to
DNA damage and oxidative (and irradiant) stress in a phylogenetic context to test for
signatures of natural selection. 498 bp of the conserved DNA binding domain from
homologs of two N. vectensis p53 family members (pVS53a, and p63), were chosen to
test for positive selection with the program PAML (YANG 2007). A third homolog (pEC53a)
was also identified but the sequence did not include the conserved DNA binding domain
and could not be included in the alignment. Results of a likelihood ratio test (p = 0.02;
2ΔlnL = 11.4, d.f. = 4,) comparing a “nearly neutral” model with two site classes (dN/dS
77

=0 and dN/dS =1), and a “positive selection” model that included a third class with a
dN/dS ratio >1, supported the hypothesis that positive selection has occurred on the
branch of the tree separating cnidarian and bilaterian p53 family members (Fig. 3.5;
Supp. Fig. C2).

Figure 3.5. p53 gene family tree. Tests were performed to detect evidence of natural se-lection
along the branch leading to the Cnidaria with the program PAML (highlighted in red). The
sequences in the tree include a subset of those from Rutkowski (2010). The tree was generated
in GARLI using the TIM2+G model.
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Calcification: Calcification is crucial for coral growth and survival, and numerous
genes involved in coral calcification were found in the A. palmata transcriptome. These
included 68 transmembrane ion transporters, including 10 sodium driven bicarbonate
exchangers which may play an important role in supplying bicarbonate ions to the
reaction site of calcification. Another enzyme, carbonic anhydrase found in the coral
calicodermis (a cell layer at the interface of the polyp and skeleton that secretes organic
molecules to promote biomineralization) (Allemand, Tambutté et al. 2011), catalyzes the
hydration of carbon dioxide leading to hydrogen and bicarbonate ions, which in turn
react with calcium ions to form the calcium carbonate skeleton. Twenty four hits to
carbonic anhydrase enzymes were found in our dataset including a homolog of α-CA
recently cloned from Stylophora pistillata (Moya, Tambutté et al. 2008).

Figure 3.6. Distribution of paralog groups identified between A. palmata and N. vectensis by
INPARANOID. Plotting on a gene by gene basis showed that genes with large numbers of
paralogs (>5) differed between species. Groups with a single member from each species
were most common, and Groups with >5 members each accounted for less than 0.5%. Only
a single group with >9 members was found in A. palmata. Circle size is proportional to the
number of groups of a given size class.
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Table 3.2. Paralog group size and identity for paralog groups identified in Acropora
palmata as compared to the Nematostella vectensis proteome.
# of
Paralogs
19

Descripton

Gene Function

IgLON family member

Immunoglobulin domain; Cell Adhesion Molecule

9

TNF receptor-associated factor 2 / 6

Signal transduction; Apoptosis

8

Egg protein

7

Ferritin

7

Egg protein

6

Triglyceride lipase

Hydrolase

6

GPI-linked carbonic anhydrase

6

Chromoprotein

6

Neuronal pentraxin-1

Lyase
3D-structure; Chromophore; Luminescence;
Photoprotein
Calcium; Metal-binding

6

G-protein coupled receptor

6

Myosin VIIA

6

Cupin family protein

6

Dopamine beta-monooxygenase-like protein

Monooxygenase

6

TNF receptor-associated factor 3 / 6

Metal-binding; Signal transduction; Apoptosis

6

Egg protein

EGF-like domain

6

SH3 and PX domain- containing protein 2A / B

5

TNF receptor-associated factor 6

5

mab-21-like 1 (MAB21L1)

Cell projection
Metal-binding; Ubl conjugation; Signaling;
Apoptosis
Cell proliferation

5

Sulfotransferase

Transferase

5

EGF like domain containing protein

5

LPS-induced TNF-alpha factor

Transcription regulation; Apoptosis

5

Fucose binding lectin

Lectin

5

Putative SAM-dependent methyltransferase

Methyltransferase

5

CCAAT/Enhancer binding protein beta

DNA-binding

5

Skeletrophin, putative

5

Rho guanine nucleotide exchange factor 7

5

Chromobox protein homolog 7
Neuroblast differentiation associated protein
(AHNAK)

Hydrolase; Metal-binding
Guanine-nucleotide releasing factor;
Phosphoprotein
Chromatin regulator; Transcription regulation

5

Iron; Ironstorage; Metal-binding

Receptor
ATP-binding; Motor protein; Myosin; Nucleotidebinding
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Paralog Group Analysis: Identification of orthologous and paralogous
transcripts in a species pair provides information regarding gene duplication prior
to and following speciation, and may point out gene families of particular
importance to certain species. Between N. vectensis and A. palmata, 7,754
ortholog pairs were detected, with 9,604 in-paralogs in N. vectensis and 9,365 inparalogs in A. palmata. The size distribution of paralog groups showed that the
number of groups detected declines with increasing group size, and groups of 5
or more were rare (Fig. 3.6). Functional annotation of genes with multiple
paralogs (group size >5) in A. palmata revealed a number of transcripts of known
importance to corals, including green fluorescent proteins, carbonic anhydrase,
and the oxidative stress response gene ferritin (Table 3.2). Interestingly among
the largest groups identified were homologs of the immunoglobulin superfamily
proteins in the IgLON family (Immunoglobulin superfamily containing LAMP,
OBCAM, and neurotrimin), and several tumor necrosis factor receptor-associated
factors (TRAFs).
Table 3.3. Significantly enriched GO terms associated with transcripts showing: A) especially
low (< 1) Ts/Tv ratios (Upper) and B) high (>5) Ts/Tv ratios (Lower). Low Ts/Tv ratios may be a
rough signal of positive selection, while elevated ratios could indicate purifying selection.
A
Primary GO
Level
Biological
Process:

Cellular
Component:

Molecular
Function:

n
(K<1)
64

n
(total)
681

%
(K<1)
7.6

%
(total)
9.8

56

609

6.7

124

1296

69

774

69

p value

GO ID

GO term

0.05

GO:0006807

8.7

0.04

GO:0006139

nitrogen compound metabolic
process
nucleic acid metabolic process

14.8

18.6

0.01

GO:0044237

cellular metabolic process

8.2

11.1

0.01

GO:0043473

pigmentation

748

8.2

10.7

0.03

GO:0050794

regulation of cellular process

69

773

8.2

11.1

0.01

GO:0050789

regulation of biological process

211

2124

25.1

30.4

0.00

GO:0044464

cell part

127

1423

15.1

20.4

0.00

GO:0044424

intracellular part

81

963

9.7

13.8

0.00

GO:0043231

10

177

1.2

2.5

0.02

GO:0044428

intracellular membrane-bounded
organelle
nuclear part

74

820

8.8

11.7

0.01

GO:0005737

cytoplasm

250

2511

29.8

36

0.00

GO:0005488

binding

75

806

8.9

11.5

0.02

GO:0005515

protein binding
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Microsatellite and SNP discovery: A total of 333 microsatellites (defined as
repeats with motifs between 2 and 6 bp) were found, with a large majority consisting of
trinucleotide repeats (n = 170; Fig. 3.7). Within the trinucleotides, AAN type repeats
were most abundant, with the highest number being AAC repeats, followed by AAG,
and AAT (44, 35, and 20 respectively).
A total of 72,605 candidate SNPs were identified from 13,803 contigs spanning
19.8 Mb of sequence. The overall SNP frequency was 1 per 272 bp, with 71%
transitions (Ts) and 29% transversions (Tv). Frequencies of different transitions types
were similar, as were frequencies of different transversion types (Fig. 3.8). The
transcriptome wide Ts/Tv ratio was 2.4, and while most contigs (55%; n = 3,823) had
ratios of 2 or greater, many contigs had ratios that were substantially higher or lower
(Fig. 3.9). Contigs with especially high and low ratios were analyzed to identify possible
genes under selection and associated functional groups (Table 3.3). These contigs
included genes involved in TGF-β, Hedgehog, and WNT signaling pathways; DNA and
protein repair; lipid, protein and energy metabolism; HSP binding; oxidation-reduction;
and regulation of transcription.
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To date, 18 SNPs from 6 contigs have been targeted for amplification using PCR,
and the products were sequenced on an ABI3700 fragment analyzer. Of these 18
SNPs, 8 were observed in the sample population (success rate 44%), which consisted
of 11 individuals from Florida, 8 from Curacao, and 7 from Puerto Rico. The SNPs

Figure 3.7. Microsatellite repeat distributions show similar patterns in A. palmata (red) and
A. millepora (blue). A) Microsatellite frequency distributions showed an abundance of tri and
hexanucleotide repeats in both species. B) Trinucleotide motifs were dominated by ATC
repeats in both species, followed by varying proportions of AAN type repeats. GC rich
repeats were rare, and no CCG repeats were found.
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detected were in genes for NFkB, melanopsin, Cyano Fluorescent Protein, NRF2,
galaxin, and LITAF (Supp. Table C4). Ongoing work will develop a panel of SNPs for
surveys of functional variation across the species’ range.
Discussion
Coral species are the foundation of reefs because of their association with intracellular photosymbionts and ability to calcify. Comparative functional genomic analyses
are now possible to elucidate the mechanisms underlying coral’s evolutionary success.
The Acropora palmata transcriptome presented here joins transcriptomes and EST data
available for several other scleractinian corals, including that of the Pacific congener A.
millepora (Kortschak, Samuel et al. 2003; Schwarz, Brokstein et al. 2008; Meyer,
Aglyamova et al. 2009; Voolstra, Schwarz et al. 2009; Voolstra, Sunagawa et al. 2011,
Matz and Traylor-Knowles pers. comm.). The distribution of transcript sizes observed in
A. palmata (mean = 1,030 bp; median = 830 bp; σ = 623 bp) was comparable to that of
N. vectensis (mean = 1,091 bp; median = 806 bp; σ = 1073 bp), and the estimated
number of genes expressed in this species (~18,000 – 20,000) was within the range
estimated for A. millepora (~11,000) and N. vectensis (27,273).
The high quality and comprehensiveness of the assembled data enabled
functional analysis of pathways shared among metazoans as well as those of particular
importance to the Cnidaria. A. palmata possesses many of the molecular components
present in the more complex Bilateria (particularly in pathways associated with oxidative
stress and DNA damage repair) and homologs of p53, a key player in several DNA
repair pathways, showed evidence of natural selection along the lineage separating
Cnidaria and Bilateria.
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Figure 3.8. Frequency of various single nucleotide polymorphism (SNP) types in A. palmata
(red) and A. millepora (blue). Frequencies are given per 1000bp. Transitions are in red and
transversions in blue. The overall frequency of SNPs in A. palmata was 1 per 272bp.

Figure 3.9. Variation in transition to transversion ratios (Ts/Tv) among contigs. A) The
histogram of Ts/Tv ratios showed a number of contigs with ratios <1. B) Plotting the number
of transitions (Ts) against the number of transversions (Tv) showed genes that have
appreciable numbers of both SNP types. The diagonal line represents a ratio of 1, points
below the line have a ratio <1 that may indicate a history of positive selection.
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Taxonomic Annotation: Xenobiotic sequences from intracellular parasites are
commonly found in transcriptome data of wild species (Vera, Wheat et al. 2008). Many
of the non-coral sequences identified here may represent symbiotic or pathogenic
organisms associated with A. palmata. Indeed, approximately half of the sequences
with BLAST hits in the ‘protists’ category (555) were associated with the superphylum
which includes symbiotic zooxanthellae.
Hits to sequences from scleractinians were rare because of the small number of
coral genes in current databases (0.01% of total). As such, the genes identified are
likely to be highly conserved among the scleractinians, with remaining unannotated
transcripts (43% of all assembled sequences) representing a combination of coral
specific genes (Khalturin, Hemmrich et al. 2009) and genes that are too divergent from
those in existing databases to identify using BLAST with reasonable cutoff parameters.
Functional Annotation: Oxidative Stress: Corals live in shallow, warm waters and
house intra-cellular photosymbionts resulting in exposure to high levels of UV radiation
and oxidative stress (Shick, Lesser et al. 1996). Excessive oxidative stress and UV
exposure can damage nucleic acids (Baruch, Avishai et al. 2005; Nesa and Hidaka
2008) and these conditions may have selected for powerful and efficient DNA repair
mechanisms in corals. Homologs of a majority of genes involved in the canonical
pathway for oxidative stress response (as identified in model organisms) were present
in the A. palmata transcriptome (Fig. 3.3) suggesting that corals may deal with high
oxidative stress loads using many of the same biochemical mechanisms as the
Bilateria.
DNA damage repair: Our data includes a coral homolog of the mutS gene which
is involved in mismatch repair and is thought to be responsible for the low mtDNA
mutation rate observed among cnidarians (Pont-Kingdon, Okada et al. 1995; Hellberg
2006). In addition we identified nearly 500 transcripts with GO terms relating to DNA
repair mechanisms including MGMT, ATR/ATM, Rad52 family proteins, XP family
genes, TFIIH and RPA complex members, as well as numerous transcription factors,
polymerases and ligases involved in the various DNA repair pathways (Figs 3.3 & 3.4).
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p53 Homologs: p53 proteins play a central role in the response to DNA damage
in vertebrates by initiating pathways leading to apoptosis, or cell cycle arrest and DNA
repair (Rutkowski, Hofmann et al. 2010). Canonical p53 is restricted to vertebrates, but
ancestral homologs (p63/73) are found throughout the metazoans (Fig. 3.5), and some
of the DNA repair related functions of p53 are also associated with p63 (Suh, Yang et
al. 2006; Rutkowski, Hofmann et al. 2010). Surveys of the N. vectensis genome reveal
three p53 family members (NVp63, pVS53a, and pEC53) (Pankow and Bamberger
2007) and homologs of all three variants were identified in A. palmata.
Divergence time between the Actinaria (anemones) and the Scleractinia (hard
corals) is approximately 225 mya and divergence between the Cnidaria and Bilateria is
estimated at 650-1000 mya (Darling, Reitzel et al. 2005). During this time p53 family
proteins have been duplicated and diversified yet their role in protecting the cell from
genomic instability has been maintained (Belyi, Ak et al. 2010). p63’s role in mediating
apoptosis in germ line cells following DNA damage highlights its importance in
mitigating genotoxic stress (Pankow and Bamberger 2007; Fig. 3.8). This function is
important in long lived organisms exposed to high levels of UV radiation. Both N.
vectensis and A. palmata are potentially very long lived, as genets can reproduce
asexually more or less indefinitely. Thus, minimizing the impact of DNA damage to
somatic and germ line cells is critical to survival and fitness. Indeed, our analysis
suggests that p53 family proteins have experienced positive selection along the lineage
separating Cnidaria from Bilateria (Fig. 3.5; Supp. Table C2). Additionally, the majority
of genes involved in the canonical p53 mediated stress response (as characterized in
model organisms) were present in A. palmata (Fig. 3.4).
Paralog Group Analysis: Paralog group analyses have proven
informative in identifying gene and genome duplication events and how they
relate to speciation in a variety of organisms (Koonin 2005; Smith, Putta et al.
2009). We employed a conservative reciprocal best hit approach (Remm, Storm
et al. 2001) to screen for duplicated genes in the A. palmata transcriptome. We
found similar patterns in the group size distributions of paralogs in both the N.
vectensis genome and the A. palmata transcriptome. While it is possible that
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additional paralogous copies of some genes were not sequenced, such missing
transcripts add additional conservatism to this analysis.
Given the rarity of large paralog groups, members of such groups must serve
important functions to justify the maintenance of multiple copies. The largest paralog
group in A. palmata consisted of immunoglobulin superfamily proteins in the IgLON
family involved in the organization of neuronal connections in the developing nervous
system in other metazoans (Fusaoka, Inoue et al. 2006; Walmod, Pedersen et al.
2007). Interestingly, four paralogs of another group of Ig superfamily genes involved in
nervous system development, the NCAMs (neural cell adhesion molecule like genes),
have been identified in N. vectensis and are expressed in developing larvae and
planulae (Marlow, Srivastava et al. 2009). Further investigation of these gene families in
cnidarians is of interest because of their role in the developing nervous system (Ingber
2003).
The second most abundant paralog group consisted of homologs of the TRAF
proteins. Several TRAF homologs showed multiple paralogs in A. palmata, including
TRAF 2, 3, 6 and a lipopolysaccharide induced TNF alpha factor. In mammals TRAF
proteins are important signal transducers mediating innate immune response,
apoptosis, bone metabolism and response to stress (including DNA damage) (Bradley
and Pober 2001; Chung, Park et al. 2002).
These annotations were determined solely by bioinformatic means, thus further
verification is required, but it is of interest to note that the six TRAF proteins found in
vertebrates are thought to be the result of an evolutionarily recent diversification
because few TRAF homologs have been detected in Drosophila and Caenorhabditis (n
= 3 & 1 respectively) (Grech, Quinn et al. 2000). Thus the presence of multiple paralogs
of the TRAF proteins in cnidarians may indicate more ancestral diversity in this protein
family than previously acknowledged.
Genetic resources for A. palmata: Microsatellite Frequency Distribution:
Microsatellite repeats commonly occur in portions of transcribed mRNA including 5’ and
3’ untranslated regions (Goldstein and Schlötterer 1999; Gemayel, Vinces et al. 2010).
In the A. palmata transcriptome numerous microsatellite repeats were observed (n =
333), with tri and hexanucleotide motifs representing the most common types (Fig.
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3.7A). This is true in coding sequences of many organisms (Tóth, Gáspári et al.
2000; Young, Sloan et al. 2000; Varshney, Thiel et al. 2002) including A.
millepora (pers. obs.; Wang, Zhang et al. 2009), because mutations in other size
classes can result in frame shifts.
Among trinucleotide repeats, motifs with high AT content were most frequent in
both acroporid transcriptomes (Fig. 3.7B). Specifically, ATC motifs were most
numerous, followed by AAN type motifs. This is surprising because variants of some of
these high frequency motif classes (ATC and AAT) can code for stop codons. There
was a complete lack of CG and CCG variants and trinucleotides containing more than
one G or C were low (<10%). This contrasts with findings from crop plants and
vertebrates where motifs with higher GC content were frequent, but agrees with findings
from other land plants, and fungi (Tóth, Gáspári et al. 2000; Young, Sloan et al. 2000;
Varshney, Thiel et al. 2002).
SNP Characterization: The frequency of SNPs in A. palmata was 1 per 272 bp (n
= 33,433 SNPs in 14,613 contigs). The frequency in A. millepora was slightly higher (1
per 207 bp) (Meyer, Aglyamova et al. 2009) despite the greater depth of coverage and
broader geographical origins of the A. palmata samples. Only a small set of SNPs were
chosen for preliminary validation here, but their wide distribution and the presence of
frequency differences in even a small sample size is encouraging (Supp. Table C4).
Upon further validation and marker development, these SNPs will become a vital
resource for studies of population structure and adaptive variation in A. palmata (Morin,
Luikart et al. 2004; Storz 2005).
Transition Transversion Ratios: The transition bias is a phenomenon observed in
vertebrates and invertebrates where despite a twofold higher probability of occurrence,
transversions are far less frequent than transitions. The distribution of SNPs in A.
palmata and A. millepora species was similar in terms of the proportion of transitions to
transversions with some variation in the proportion of transition and transversion types
(Fig. 3.8). While Ts/Tv ratios around 2 are considered common, this has only been
evaluated in a small number of model organisms (Petrov and Hartl 1999; Denver, Morris
et al. 2004). Recent findings suggest that some non-model species may not display
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such transition biases (Keller, Bensasson et al. 2007). The transcriptome wide Ts/Tv
ratio of 2.4 in A. palmata suggests that the transition bias does exist in this species.
Transversions are more likely to be removed by selection because there is a
greater probability that they will result in an amino acid altering change. Thus deviations
from a ratio of two may act as a rough test for the presence of selection (Zhang 2000;
Hale, McCormick et al. 2009). Transcripts with the highest 5% of ratios (Ts/Tv > 5), a
potential indicator of positive selection, were enriched for GO terms associated with
nucleic acid metabolism and pigmentation. Transcripts with the lowest 5% of ratios, a
potential indicator of purifying selection, were enriched for carbohydrate and protein
metabolism functions as well as the formation of structural molecules (Table 3.3). While
this is only a rough test, these transcripts may serve as a useful starting point for
investigations of targets of selection in corals. Indeed, the processes highlighted here
are of primary importance when considering the unique metabolic adaptations of corals
to their dinoflagellate symbionts. Specifically, the coral host metabolizes not only the life
sustaining carbohydrates, but also the damaging oxygen radicals that are released by
the photosynthesizing algae (DeSalvo, Voolstra et al. 2008). These processes occur in
conjunction with exposure to high light and UV levels (Levy, Achituv et al. 2006)
necessitating a simultaneous response to light and heat stress which likely involves
pigmentation molecules and protein chaperones in addition to a suite of metabolic and
regulatory genes.

Conclusion
Our analyses highlighted many processes conserved between corals and more
complex bilaterian animals that contribute to corals’ ability to maintain genomic integrity
despite exposure to high levels of UV, ROS and prolonged life spans. Enrichment of
these functional categories in the A. palmata transcriptome underscores their
importance to coral survival and fitness.
This dataset provides a comprehensive look at the genes expressed in A. palmata. The
resources developed from this dataset provide tools for coral researchers and will help
generate insights into functional diversity within and among wild populations. More
importantly perhaps, this sequence data enables scans for selection to identify
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functional variation in coral genes that contribute to their ability to adapt to changing
environmental conditions.

Methods
Collection and CITES export permits (where applicable) were obtained from the
local authorities (Puerto Rico Department of Natural and Environmental Resources, the
Florida Keys National Marine Sanctuary, the Florida Fish and Wildlife Commission,
Caribbean Research & Management of Biodiversity in Curacao) for all samples used in
this study.
Larval Experimental Treatments and Sampling: Acropora palmata
adults contain intracellular symbionts known as zooxanthellae. Like many other
corals, symbionts are taken up after settlement and metamorphosis of the
planula larvae (Schwarz, Brokstein et al. 2008). To enrich for host genetic
material and avoid a large contribution of symbiont transcripts larval tissues were
targeted for RNA extraction.
To obtain larval tissue, gametes were collected from adult colonies as they were
released during annual spawning events in 2008. Larvae were acquired from colonies at
multiple locations in the upper Florida Keys, Puerto Rico, and Curacao to minimize
ascertainment bias (Nielsen, Hubisz et al. 2004; Clark, Hubisz et al. 2005). To generate
batch crosses, gametes from multiple genets (as determined by microsatellite
genotyping following Baums et al. (Baums, Miller et al. 2005)) were combined and
incubated for one hour to ensure fertilization then rinsed in filtered sea water. The
resulting embryos were incubated in aquaria simulating environmental stress conditions
including three temperatures and elevated CO2 levels.
Low, mean, and elevated temperatures (25, 27, and 30°C respectively) were
used to stimulate the expression of thermal stress response genes. Larval batches were
housed in 1 L plastic containers with mesh sides, suspended in four separate 45 L
plastic bins filled with filtered sea water at each treatment temperature. Water was
circulated with an aquarium pump and changed daily with filtered sea water preheated
to the target temperature. Temperatures were maintained within ±1°C with aquarium
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heaters and chillers, and were monitored with HOBO data loggers (Onset Computer
Corp., MA).
Larval samples were collected throughout development, from immediately
following fertilization until day five, to include a full range of developmental genes in the
sequencing results. Approximately 100 larvae from each container at each time-point
were incubated in RNA later (Ambion, TX) then frozen in liquid nitrogen following
manufacturer’s recommendations. Samples were stored at -80°C prior to extraction.
Additional samples from adult colonies were also collected to include a component of
post metamorphosis transcripts.
For the CO2 treatments, larvae from Florida were raised in the Climate Change
Laboratory at the Rosenstiel School of Marine and Atmospheric Science, University of
Miami, Miami, FL. Water in the treatment aquaria was held at 28°C and CO2
concentration was manipulated by bubbling with CO2-enriched air to maintain control
and high CO2 treatment conditions (400 and 800 μatm respectively) as described in
Albright et al. (2010). Larvae were collected at 12 hour intervals from 36 to 84 hours of
development.
RNA extraction and Sequencing: Purification of RNA from all samples was
performed using a modified Trizol extraction protocol. Samples were removed from the
preservative and immediately submerged in 1ml of Trizol for 5 minutes. Following the
addition of 0.2ml of Chloroform and incubation for 3 minutes, the samples were
centrifuged at 12,000 rpm for 15 minutes at 4°C to separate the phases. The upper
aqueous phase was collected and mixed with an equal volume of 70% ethanol, then
applied to a Qiagen RNeasy mini spin column (Qiagen, CA) and purified following
manufacturer’s instructions. Sample concentration was determined using a Nanodrop
ND-1000 spectrophotometer (Thermo Scientific, FL) and RNA quality was assessed
with an Agilent Bioanalyzer (Agilent Technologies, CA).
A total of 71 samples, including 1 to 5 replicates each of 13 larval developmental
time-points from all 3 locations, 10 CO2 treatment samples, and 4 adult samples from
Puerto Rico and Curacao were pooled into a single batch sample such that the
contribution of genetic material from each geographic location was equivalent (~17ug
each). An aliquot of the resulting pool was submitted to the Indiana University Center for
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Genomics and Bioinformatics (Bloomington, IN) for cDNA preparation, normalization
and sequencing on the 454-GS FLX using Titanium chemistry following previously
published methods (Margulies, Egholm et al. 2005; Meyer, Aglyamova et al. 2009).
Assembly and Annotation: The resulting sequencing reads were
preprocessed and annotated using a custom PERL pipeline (PIPEMETA) following
the methods of Vera et al. (2008). Briefly, 454 sequences were quality trimmed to
filter out reads of dubious quality (>1 N, average quality <20, length < 280 or
>530) and screened for primer sequence using the
PIPEMETA

SMARTSCREENER

script in the

package (SMART “CAP” primer 5’-

AAGCAGTGGTATCAACGCAGAGT-3'), then entered into SEQMAN PRO V8
(DNAstar) for additional quality filtering and assembly. Default quality filtering
parameters for 454 data were used, and assembly was performed in SEQMAN
using parameters suggested by the manufacturer for short read data. Prior to
assembly an additional 36,239 high quality EST Sanger reads from a pool of A.
palmata samples from different life stages and stress conditions were included to
promote the assembly of long contigs. Sanger sequences are available from the
SymBioSys database (sequoia.ucmerced.edu/SymBioSys/). 454 sequences and
quality scores generated in this study are available from the NCBI short read
archive (Accession #: SRP006958; http://www.ncbi.nlm.nih.gov/sra)
The resulting contigs and remaining singletons were aligned with

BLASTX

to the

complete Uniprot database (release 2010_05; www.uniprot.org/downloads). Acceptable
hits were determined by a bitscore of >45 and a corresponding e-value of <1-5. Because
two of the most closely related genomes in publicly available databases (Nematostella
vectensis and Branchiostoma floridae) are largely unannotated, a large proportion of the
highest ranking BLAST hits were uninformative. To maximize the information content,
results were augmented with lower ranking (but more informative) annotations using a
PERL

script and a list of keywords to avoid (i.e. ‘uncharacterized protein’ and ‘predicted

protein’). Contig and singleton sequences were also submitted to the KEGG automated
annotation server (www.genome.ad.jp/tools/kaas/) for further functional annotation.
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Transcriptome Completeness: A BLAST search was performed comparing all
A. palmata transcriptome data against a subset of transcripts from the N. vectensis
genome project ("transcripts.Nemve1FilteredModels1" downloaded from genome.jgipsf.org). The N. vectensis sequences were first compared to themselves to eliminate
multiple copies of sequences with >90% similarity (i.e. multi copy genes). Only BLAST
hits between A. palmata and N. vectensis sequences with a bitscore ≥ 45 were
considered. The length of the A. palmata sequence was then divided by the length of
the N. vectensis transcript to obtain a percent coverage estimate for each unigene
(Supp. Fig. C1), using only the best unique hit for each query and subject. This method
provides a reasonable estimate of coverage because if only partial transcript sequences
were obtained for the majority of A. palmata genes one would expect an abundance of
low length ratios. Additionally, a set of 119 orthologs conserved across the metazoans
and single copy in the cnidarians (Hydra magnipapillata and N. vectensis) was
downloaded from OrthoDB (cegg.unige.ch/orthodb4; Waterhouse, Zdobnov et al. 2011).
BLAST

was used to identify homologs of these genes in the A. palmata data.
Functional Analysis: Pathway analysis was performed in the Ingenuity Pathway

Analysis (IPA) software. IPA is a web-based application that performs functional
enrichment analyses to determine the probability that a given gene set is associated
with pre-defined reference pathways beyond what would be expected by random
chance. Pathway data in IPA is based on information in the Ingenuity Knowledge Base
which is a manually reviewed database of pathways and relationships taken directly
from the primary literature and public sources including GO, KEGG and EntrezGene.
While this software is capable of other functions that consider gene expression levels
based on microarray or RNAseq data, our analyses used only presence or absence of
pathway components in the A. palmata dataset to compare with functional pathway
relationships known in other model organisms. IPA was then used to test whether some
pathways were more highly represented then others considering the number of
sequences from A. palmata that mapped to a given pathway and the pathways’ size.
This application of IPA did not depend on expression level (i.e. the number of
sequencing reads observed per gene). This is appropriate here because the A. palmata
transcriptome was generated from a normalized library. IPA bases its statistical
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analyses on a Fisher’s Exact Test (corrected for multiple testing) which is
comparable to other well-known enrichment analysis methods (Huang, Sherman
et al. 2009). However experimental evidence has shown that it performs better
on large datasets than other similar methods (Hong, Pawitan et al. 2009).
A canonical pathway analysis identified those pathways in the Ingenuity
Knowledge Base that were the most well represented in the A. palmata dataset. Our
analyses compared successfully mapped A. palmata transcripts to the IPA reference set
consisting of all molecules present in the Ingenuity Knowledge Base. Significance of the
association between the A. palmata data set and a reference pathway was measured in
two ways: 1) A ratio was calculated by dividing the number of A. palmata transcripts that
map to a given reference pathway by the total number of molecules associated with that
pathway in the Ingenuity Knowledge Base, and 2) A Fisher’s exact test determined the
probability that there was a significant enrichment of A. palmata transcripts mapping to
a given pathway beyond what was expected by chance alone given the total number of
genes involved in that reference pathway. Because some pathways are better
characterized than others these results should be interpreted as a guide for selecting
conserved and well annotated functional metazoan pathways present in the A. palmata
transcriptome.
Testing for Natural Selection in p53 family genes: Tests of natural selection in
p53 family genes were performed with the

CODEML

program in PAML (Yang 2007). 498

bp of the conserved DNA binding domain from two A. palmata homologs of N. vectensis
genes (pVS53a and p63) were aligned with 17 other sequences representing a variety
of taxa from anemones to humans (see Supp. Table C1 for gen bank accession
numbers) using the global homology strategy in MAFFT
(mafft.cbrc.jp/alignment/server/index.html). JMODELTEST (Posada 2008) was used to
determine the appropriate substitution matrix and a maximum likelihood phylogenetic
tree was generated using GARLI
(www.molecularevolution.org/software/phylogenetics/garli) with the TIM2+G model. One
hundred bootstrap replicates were performed and bootstrap values were matched to the
maximum likelihood tree using SUMTREES (Sukumaran and Holder 2010). The branchsite model in PAML (Yang and Swanson 2002) was used to test for evidence of selection
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along the branch separating cnidarian and bilaterian sequences. Tests considered
different dN/dS ratios (i.e. the ratio of non-synonymous substitutions per nonsynonymous site [dN] to synonymous substitutions per synonymous site [dS]) across
the phylogenetic tree. A likelihood ratio test (2ΔlnL = 2[lnLh0- lnLh1]) of the difference
between the log likelihood of the null model (lnLh0; NSsites = 1a) relative to that of the
alternative model (lnLh1; NSsites = 2a), that incorporated positive selection along the
branch leading to the Cnidaria by allowing the dN/dS ratio to be >1 along that branch,
was performed and the result compared to a Χ2 distribution to assess statistical
significance.
Paralog Analysis: The identification of in-paralog groups in A. palmata and N.
vectensis was assessed using INPARANOID V4.1 (Remm, Storm et al. 2001). A set of
27,273 filtered protein models from N. vectensis (downloaded from genome.jgi-psf.org),
and 43,081 ORFs from the A. palmata transcriptome were used in the analysis.
Acceptable hits were determined by a bitscore of >40 using the BLOSUM62 scoring
matrix.
Development of Genetic Resources: Potential SNPs were detected in contigs
with sufficient depth of coverage using the SNPHUNTER script in PIPEMETA (Vera, Wheat
et al. 2008). The resulting annotation and SNP data were archived in a searchable
MYSQL

database and will be made available to the public via the Dryad data archive

(http://datadryad.org/) along with sequences containing potential microsatellite markers.
To confirm the results obtained by SNPHUNTER SNPs were validated using PCR
and the amplified products were sequenced on an ABI3700. Primers were designed
using PRIMER3 (frodo.wi.mit.edu/primer3/; Supp. Table C3) to amplify portions of six
contigs containing putative SNPs in a sample population which consisted of 11
individuals from Florida, 8 from Curacao, and 7 from Puerto Rico. Equal volumes (0.2
µl) of forward and reverse primers (5 uM each) were combined with 20-200 ng of
template DNA, 1× NH4 Reaction Buffer (Bioline, MA), 2 mM of MgCl2, 0.2 mM of dNTPs,
and 2 U of Biolase polymerase (Bioline, MA). PCR was carried out in an Eppendorf
Mastercyler Gradient with an initial denaturation step of 95°C for 5 min followed by 35
cycles of 95°C for 20s; annealing at 56°C for 20s; and 72°C for 30s, and a final
extension of 30 min at 72°C.
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Transition and transversion ratios were determined based on the number of
SNPs in each class identified by SNPHUNTER for each contig. Enrichment analysis of GO
terms associated with transcripts showing the top and bottom 5% of all Ts/Tv ratios (<1
or >5) was carried out using WEGO (http://wego.genomics.org.cn/cgi-bin/wego/index.pl;
Ye, Fang et al. 2006).
To detect repeat elements, the full set of sequences was uploaded to the
Tandem Repeats Database (Gelfand, Rodriguez et al. 2006, http://tandem.bu.edu/cgibin/trdb/trdb.exe) and searched using TANDEM REPEATS FINDER V4.04 (Benson 1999).
Repeats between 2 and 6 bp were considered and comparisons were made with
microsatellite frequencies from the publicly available A. millepora transcriptome (Meyer,
Aglyamova et al. 2009, www.bio.utexas.edu/research/matz_lab/matzlab/Data.html).

Abbreviations
ATM: ataxia telangiectasia mutated; ATR: ataxia telangiectasia and Rad3 related; bp:
base pairs; CA: carbonic anhydrase; cDNA: complimentary DNA; dN: non-synonymous
substitutions per non-synonymous site; dS: synonymous substitutions per synonymous
site; EST: expressed sequence tag; GO: gene ontology; HIF1α: Hypoxia-inducible factor
1, alpha subunit (basic helix-loop-helix transcription factor); HSP: heat shock protein; Ig:
Immunoglobulin; IgLON : immunoglobulin superfamily containing LAMP, OBCAM, and
neurotrimin; K: Transition to transversion ratio (Ts/Tv); KEAP1: Kelch-like ECHassociated protein 1; KEGG: Kyoto Encyclopedia of Genes and Genomes; LITAF:
Lipopolysaccharide induced TNF alpha factor lnL: log likelihood; Mb: mega bases;
MGMT: O-6-methylguanine-DNA methyltransferase; mRNA: messenger RNA; NRF2:
Nuclear factor (erythroid-derived 2)-like 2; NVp63: Nematostella vectensis p63 homolog;
p53: protein 53; p63: protein 63; pEC53: ecdysozoan-like p53 homolog; pVS53a: very
short p53 homolog; ROS: radical oxygen species; SNP: single nucleotide
polymorphism; TGF-β: Transforming growth factor beta; TNF: tumor necrosis factor;
TRAF: tumor necrosis factor receptor-associated factors; Ts: transition; Tv:
transversion; UV: ultraviolet; XP: xeroderma pigmentosum
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Chapter 4:

Genotypic variation in the larval transcriptional response of an endangered coral to elevated temperatures I:
Intra-population variation in Puerto Rico

Abstract
Recovery of coral populations from recent declines depends upon larval recruitment. Many corals reproduce during the warmest time of year when further increases in
temperature due to climate change can lead to low fertilization and high larval mortality
rates. Microarray experiments were designed to assess within-population variability in
larval responses to thermal stress of the Elkhorn coral, Acropora palmata. Such variability may provide the raw material for selection for increased temperature tolerance.
Transcription profiles showed a striking acceleration of normal developmental
gene expression patterns with temperature. The metabolic response to heat suggested
rapid depletion of larval energy stores via peroxsomal lipid oxidation and included key
enzymes that indicated activation of the glyoxylate cycle. High temperature also disrupted key developmental signaling genes including the conserved WNT pathway that is
critical for pattern formation and tissue differentiation in developing embryos. Expression of these and other important developmental and thermal stress genes such as ferritin, HSPs, cytoskeletal components, cell adhesion and autophagy proteins also varied
with genetic background, revealing standing variation in the expression of functional
genes in a single population.
Disruption of normal developmental and metabolic processes will have negative
impacts on larval survival and dispersal as temperatures rise. However, the presence of
significant inter-individual variation highlights the importance of genotypic variation and
genotype-by-environment interactions in this species’ potential to adapt to a changing
climate.
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Background
The recent global decline in adult coral populations is driven by anthropogenic
impacts, emergent coral diseases, and temperature induced bleaching events
(Dudgeon, Aronson et al. 2010). At the same time, a decline in the number of juvenile
recruits has been observed on many Caribbean reefs (Hughes and Tanner 2000;
Edmunds 2004; Williams, Miller et al. 2008). Together these factors are responsible for
major losses of coral diversity in many of the world’s reefs (Hoegh-Guldberg, Mumby et
al. 2007).
Rapid loss of genotypic diversity, in combination with sexual recruitment failure,
limits corals’ ability to adapt to a changing climate (van Woesik and Jordán-Garza
2011). Current populations consisting of surviving adults and available recruits might
already reflect the process of natural selection for temperature tolerance, but little is
known about functional variation in coral populations. Indeed, it has been assumed that
such functional genetic variation is low in corals and thus, like other tropical benthic ectotherms, corals might have limited potential to adapt to rising sea surface temperatures
(Hoegh-Guldberg 1999; Somero 2010). However when surveyed using neutral genetic
markers (such as allozymes and microsatellites), corals show high genetic diversity on
par with that found in plants and other invertebrates (Baums 2008), and evidence from
sites that have experienced recurrent bleaching suggests improved tolerance for thermal stress among surviving colonies during subsequent high temperature events
(Guest, Baird et al. 2012).
The potential of a population to adapt to rapid environmental change depends
upon the strength of selection and the amount of heritable genetic variation available
(Conner and Hartl 2004), yet little is known about the diversity and heritability of functional variation in corals (see: Császár, Ralph et al. 2010; Meyer, Aglyamova et al.
2011). Increases in the frequency of locally adaptive alleles are more likely when gene
flow is limited among populations. However, it had been assumed that high levels of
gene flow driven by pelagic larval dispersal precluded local adaption in broadcast
spawning benthic invertebrates (Avise 1994; Warner 1997; Sotka 2005; Sanford and
Kelly 2011). Recent studies have shown restricted gene flow and high retention of local
recruits in broadcast spawning corals (Baums, Miller et al. 2005; Galindo, Olson et al.
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2006; Foster, Paris et al. 2012), and associated patterns of population structure should
be even more pronounced for functional genes under selection (Hedgecock 1986;
Slatkin 1987). Further, matching between genotypes and the environment can occur in
asexually reproducing corals even when gene flow is high among populations, and such
matches can persist for several hundred years (Baums 2008; Brown, Basch et al. 2009;
Polato, Voolstra et al. 2010).
Studies of adaptation in corals have been hampered by a lack of observable
phenotypes, particularly during the larval stages. Gene expression analysis provides a
solution to this problem by enabling observation of many molecular phenotypes in the
form of transcript abundances. Such expression phenotypes are heritable and can exhibit signatures of natural selection (Ranz and Machado 2006; Whitehead and Crawford
2006; Scott 2009). Expression phenotypes can be highly plastic in response to environmental differences (Hodgins-Davis and Townsend 2009). Thus, experimental designs employing reciprocal transplants, or common garden settings are necessary to
control for environmental variation (Kammenga, Herman et al. 2007). Such techniques
have successfully identified adaptive variation in individuals from other wild species
(Whitehead and Crawford 2006; Reed, McMillan et al. 2008; Wheat, Fescmyer et al.
2011).
Given that larval production and recruitment are essential to both the demographic persistence and the adaptive potential of coral populations, research into the
effect of thermal stress on coral larvae is critical to our understanding of how the foundation species of reef ecosystems might respond to changing oceans. Previous studies
have shown that thermal stress has a drastic and immediate effect on coral reproduction including reduced fertilization, abnormal embryonic morphology, high larval mortality, and a general acceleration of normal embryonic developmental patterns (Randall
and Szmant 2009; Randall and Szmant 2009; Voolstra, Schnetzer et al. 2009; Heyward
and Negri 2010; Polato, Voolstra et al. 2010). Further, comparisons among species
suggest that corals in the genus Acropora may be especially sensitive to thermal stress
(Negri, Marshall et al. 2007; DeSalvo, Sunagawa et al. 2010). These factors, can result
in substantial changes to planktonic larval duration and disruption of normal larval dis-
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persal patterns (Edmunds, Gates et al. 2001; O'Connor, Bruno et al. 2007; Randall and
Szmant 2009; Shanks 2009; Weersing and Toonen 2009; Heyward and Negri 2010).
The effects of thermal stress appear to be particularly acute as coral larvae approach gastrulation (Randall and Szmant 2009). During this stage, developing embryos
undergo drastic changes including rapid cell division, differentiation of embryonic tissues, and structural rearrangements associated with coordinated embryonic signaling
(Hayashibara, Ohike et al. 1997; Momose, Derelle et al. 2008). In addition, a shift from
away from the influence of maternally derived factors (in the earliest stages of cell division), to full embryonic control of gene transcription in later stages of embryogenesis is
observed (Fröbius, Genikhovich et al. 2003). In the Elkhorn Coral, Acropora palmata,
the gastrulation phase of embryonic development is associated with increased mortality
even under non-stressful conditions (Randall and Szmant 2009, pers. obs.), thus survival through this stage appears to be an important bottleneck in the A. palmata lifecycle. To identify transcriptional changes associated with gastrulation that are affected by
temperature, and to explore the hypothesis that genotypic variation influences transcript
abundance of ecologically important genes, we surveyed expression patterns of 65,454
genes in batch cultures of larvae derived from genotypically distinct parent colonies, and
raised in common-garden aquaria. A. palmata larvae are free of photosynthetic endosymbioints, thus the responses observed represent that of the coral host alone during
this critical and temperature sensitive life-stage.

Methods
Study Species: Acropora palmata is an important hermatypic coral found
throughout the Caribbean and Western Atlantic. This once dominant species has undergone major declines in recent decades (Aronson, Bruckner et al. 2008) resulting in
its current federal listing as a threatened species (Hogarth 2006). Signs of recovery
have been observed in parts of the range (Grober-Dunsmore, Bonito et al. 2006), but
continued loss of large reproductively mature colonies and a lack of new recruits in
some populations make future prospects uncertain (Williams, Miller et al. 2008)
Reproduction of A. palmata occurs asexually via fragmentation or sexually via
broadcast spawning. Synchronous mass spawning occurs after the full moon in late
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summer when gamete bundles containing eggs and sperm are released into the water
column and rise to the surface where fertilization occurs (Szmant 1986). Following fertilization, the symbiont free larvae develop rapidly into planulae that exhibit weak swimming behavior after 4 to 5 days and are competent to settle and metamorphose into
primary polyps after approximately one week (Szmant 1986).
Larval Experimental Treatments and RNA extraction: Gametes from multiple
parent colonies were collected during the 2009 mass spawning event on the reef off of
Rincon, Puerto Rico. The genotypic identity of each colony targeted for gamete collection was determined using microsatellite markers (Baums, Hughes et al. 2005). Two
batch cultures (batches 2 and 5), consisting of four genotypically distinct parents each,
were generated by combining sperm and eggs from selected parent colonies (two other
batches derived from a subset of the batch 5 parents were also generated but not analyzed in this study). After fertilization (one hour), the zygotes were rinsed with filtered
sea water and transferred to temperature controlled aquaria held at 27°C and 29°C as
described for the experiment conducted in Florida in Polato et al.(2010). Briefly, 4 replicates of each batch culture were kept in separate 1L plastic containers (with mesh sides
to allow for water exchange). The 1 L plastic containers were suspended in four 45L
polycarbonate bins at both temperatures. Water in each bin was circulated with an
aquarium pump and changed daily with filtered sea water preheated to the target temperature. Temperatures were maintained within ±1°C with ¼ hp aquarium chillers (Current USA, CA) and monitored with HOBO data loggers (Onset Co., MA).
Embryos for the microarray experiment were taken from each of the batch containers at 24, 48, and 72 hours (only samples from batch 2 were available at 72h) and
preserved in RNAlater (Ambion, TX) followed by storage at -80°C. Total RNA was extracted from approximately 30-100 larvae from each sample using the RNeasy Mini Kit
(Qiagen, CA). Quality and concentration of total RNA was assessed on an Agilent 2100
Bioanalyzer to ensure that high molecular weight RNA was present. RNA extractions of
sufficient quality and concentration for further analysis were obtained for two replicates
from each batch, treatment and time point (with the exception of the 27°C sample from
batch 2 at 48h for which only one sample was available).
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Microarray Development: Assembled sequences from the A. palmata transcriptome (Polato, Vera et al. 2011) were used to generate a NimbleGen 12 plex 135K feature Custom Gene Expression Array (Roche Diagnostics, IN). Two 60-mer probes were
designed for each contig (n = 85,260), and a single probe was designed for each singleton sequence (n = 45,390). Singletons were included on the array because a large proportion (46%) had significant BLAST hits to known sequences, and evidence suggests
that singletons are likely to represent low abundance transcripts rather than artifacts or
contaminants (Meyer, Aglyamova et al. 2009). Two additional probes each were developed for sequences associated with annotation information relating to calcium metabolism and stress response (n = 4,798). Replicate probes for individual sequences from
the assembled transcriptome were not identical; rather they represented multiple different 60-mer sequences from the original template. Microarray probe sequences and annotation data is available at https://homes.bio.psu.edu/people/faculty/baums/Links.htm.
Information on how to order this array from Roche-NimbleGen is available from the authors.
Sample Preparation and Microarray Hybridization: Hybridization followed a
dual channel loop design using two biological replicates (dye-swapped) from each
treatment that maximized power to detect differential expression in contrasts between
temperatures and batches (within time-points) as well as the amount of data obtained
from each slide (Simon and Dobbin 2003). A total of 18 arrays on two 12 plex slides
were used (Supp. Table D1). Additional samples from other sub-batches (b3/b4) were
included in the microarray experiment but are not used in this analysis.
To prepare samples for microarray hybridization, one cycle of amplification was
performed on 1ug of each RNA sample using the Amino Allyl MessageAmp II aRNA
Amplification Kit (Ambion Life Technologies, AM1753) following the manufacturer’s protocol. Dye coupling of 15 ug of aRNA was performed with Cy3 or Cy5 (GE Health Care,
RPN5661), and subsequently purified according to the Ambion Kit instructions. For each
pair of samples that were to be hybridized to the same array, 2µg each of the Cy3 and
Cy5 labeled sample were combined and fragmented using RNA Fragmentation Reagents (Ambion, AM8740) according the manufacturer’s instructions, then dried down
completely in a speed-vac. Samples were resuspended in the appropriate tracking con106

trol and hybridization solution master mix was added following manufacturer’s instructions (Roche NimbleGen). Following two 5-minute incubations at 95°C and 42°C, the
mixer was attached to the array and hybridization solutions were added according to the
manufacturer’s instructions. Hybridization was performed while mixing overnight at 42°C
in a MAUI hybridization instrument (BioMicro Systems, UT). Hybridized slides were
washed according to the manufacturer’s instructions (Roche NimbleGen), and spun at
1000 RPM for 3 minutes in a 50 ml conical tube filled with N2 gas. Dried slides were
placed in fresh tubes with 2.5 ml of DyeSaver (Genisphere Inc.) and rotated for 45 seconds to coat the slide. A final spin at 700 RPM for 3 seconds removed excess DyeSaver, before air drying briefly and scanning with Axon GenePix 4000B. Raw Probe intensities and normalized expression data are available on the NCBI Gene Expression
Omnibus database (Edgar, Domrachev et al. 2002) through GEO Series accession
number GSE36983 (http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE36983).
Microarray Analysis: Raw probe intensities were read into R for analysis in the
Bioconductor package LIMMA (Smyth 2005; R_Development_Core_Team 2008). Probe
intensities were background corrected and normalized within arrays using lowess normalization. Normalization between arrays was done using the Aquantile method which
ensures that the average intensities have the same empirical distribution across arrays
(Yang and Thorne 2003). This step is a prerequisite for separate channel analysis of
two color data (Smyth 2005). Probes that did not show a normalized expression level for
any of the samples greater than the mean plus 2 standard deviations of the expression
level of the random control probes were considered unexpressed and excluded from
further analysis. This resulted in 47,705 of 135,185 probes being excluded. The remaining 87,480 probes (representing 65,466 unigenes) were analyzed using fixed effects
linear models as implemented in LIMMA to compare between batches, time points, and
temperatures. Mean squared errors were computed using data from all 4 batches and
contrasts were made across the three main effects of time, temperature (within time),
and batch (within time; batches 2 and 5 only), as well as the interactions between each
pair of terms (Supp. Table D2). Contrast t-values were adjusted using an empirical
Bayes shrinkage of standard error, and false discovery rate (FDR) was estimated using
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the Qvalue package in R (Storey, Taylor et al. 2004). Finally, a log fold change cutoff of
1.5 and a Q-value threshold of 0.05 were used to filter significant results.
Functional Analysis: Analysis of the functions associated with differentially expressed probes was performed in two ways to overcome challenges inherent to functional analysis of data from non-model species obtained via electronic annotation. Single enrichment analysis of GO terms was run using the program GOEAST (Zheng and
Wang 2008) with default parameters and FDR correction. The output was then trimmed
of redundant and uninformative terms using a 0.5 semantic similarity score in the program REVIGO (Supek, Bošnjak et al. 2011). The second approach taken to characterize important functions in the differentially expressed genes made use of the Ingenuity
Pathway Analysis (IPA) software (Ingenuity Systems, CA) which enables analysis of
functional pathways based on a curated database of gene interactions.

Results
After filtering out unexpressed probes, 87,480 probes representing 65,454 genes
remained for analysis. ANOVA on the number of probes expressed over background for
each sample indicated that there were no significant differences between the batches,
temperatures, or time points (Supp. Fig. D1) in terms of overall gene expression. After

Figure 4.1. Hierarchical clustering of gene expression profiles from two batch cultures of Acropora palmata
larvae (batch 2 and batch 5) in response to thermal stress (27° and 29°C) and time (24, 48, and72 hours). Clustering of expression profiles was primarily driven by developmental time. Clustering by temperature was also
observed among 24h samples. Samples are labeled by batch (2/5), time (24/48/72 in hours) and temperature
(27/29 in °C).
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normalization and model fitting, hierarchical clustering (average clustering of Euclidean
distances) showed that samples clustered by time and then by temperature at 24h, but
not at 48h (Fig. 4.1). Differentially expressed probes (DEPs) responding to each of the
main effects of batch, temperature, and time, were identified. As expected based on the
hierarchical clustering, change with developmental time was responsible for the greatest
number of DEPs, followed by temperature, then batch (Fig. 4.2A). Of particular interest
were the regions of intersection between the main factors (i.e. batch ∩ temp, temp ∩
time) in which probes responded to more than one factor, and genes showing significant
interaction effects for time x temp, and batch x temp (i.e. genes showing genotype-byenvironment interactions).
Hierarchical clustering (average clustering of Spearman correlation coefficients)
of the expression profiles of the 1,689 probes that changed with time under both treatments (Fig. 4.2D; Fig. 4.3) showed that high temperature accelerated normal patterns of

Figure4.2. Venn Diagrams showing (A) the number of differentially expressed probes in A. palmata larvae responding to each of the main effects of time, temperature, and batch when both 24h and 48h data are considered together. The number of probes responding temperature and batch differed substantially between (B)
24h and (C) 48h (time DEPs were calculated by comparing 24h and 48h samples and are the same 4,857 probes
in A,B and C). (D) Probes that differed between time points were separated by high temperature (29C) and control (27C) samples to distinguish between normal developmental patterns and changes observed only at the
high temperature.
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gene expression in the 48h sample. This is illustrated by the similarity between the 24h
and 48h samples at 27°C, whereas at 29°C the 48h and 72h sample are most similar for
this set of genes. Differences observed in many temperature responsive genes at 24h
(1,784 probes; Fig. 4.2B) may therefore have been a consequence of 29°C larvae being
slightly more mature, rather than being directly involved in the thermal stress response.
While the relatively smaller number of temperature DEPs detected at 48h (798 probes)
indicated that differences in gene expression had stabilized somewhat, a further reduction in temperature DEPs by 72h (281 probes) in batch 2 samples suggested that expression levels of many transcripts in larvae raised at the cooler temperature had
caught up with their warm water counterparts by this time. The strong influence of developmental time on gene expression patterns makes it difficult to 1) identify genes that
are solely responding to thermal stress, and 2) identify probes that respond to inherent
differences in developmental rates between batch cultures independent of temperature.
Both the core stress response and changes in developmental patterns due to high temperatures are ecologically important. However, in probes that varied in response to
more than one factor the underlying cause of differential expression was confounded.
Thus, we considered probes that responded to both time and temperature separately
from those that responded consistently across time points or to temperature at only 24
or 48h.
Expression differences between developmental stages: Many probes were
differentially regulated with time. Here we consider only the 24 and 48h samples for
which we had data from both batches in order to maximize statistical power to detect
expression differences.
Developmental time drove the majority of expression differences observed in this
experiment. A total of 4,857 probes (3,871 unigenes; Fig. 4.2 light yellow circles)
showed significant expression differences between 24h (predominantly in the late blastula / early gastrula stage) and 48h larvae (gastrulae). Of these, 1,034 probes also differed between temperatures (temp ∩ time; Fig. 4.2A green and brown), and 155 differed
between batches (batch ∩ time; Fig. 4.2A purple and brown). The magnitude of expression differences in terms of log fold change (LFC) between times (mean abs. LFC: 4.8;
max: 24) was greater than that observed for temperature (mean: 3.7; max: 9.6) or batch
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Figure 4.3. Profiles of probes (shown as scaled expression coefficients) exhibiting differential expression in A.
palmata larvae between time points in batch 2 samples plotted over 72 hours. Samples reared at 27°C are to
the left and 29°C to the right. The colored bar on the far left represents the results of clustering by partitioning
around medoids (PAM) at K = 4. Samples are labeled by batch (b2), time (24/48/78 in hrs) and temperature
(27/29° in C).

(mean: 4.9; max: 8.7). Dividing DEPs based on which time point had higher expression
showed that the number of up-regulated probes at each time was roughly equivalent,
with 2,352 probes showing higher expression at 24h (day1>day2), and 2,505 probes at
48h (day1<day2).
A look at the behavior of many of these probes at 72h however revealed that expression levels at 27°C had caught up to the 29°C samples by the next time-point
(Supp. Fig. D2 F and G), suggesting that expression of these probes change with time
due to normal developmental processes, and elevated temperature speeds up the
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change. Thus the difference between temperatures was mainly a consequence of accelerated development rather than a direct response to temperature. The heat map of
genes showing changes with developmental time from 24h to 72h revealed a pattern of
accelerated development with increased temperature (Fig. 4.3). PAM clustering
(Partitioning Around Medoids; Kaufman and Rousseeuw 1990) of these probes identified two strongly supported clusters (orange & others) of which, the larger of the two
could be clearly broken into 3 sub-clusters (light blue, blue, and purple). The two main
clusters were characterized by a change between 24h to 72h. The behavior of the 48h
samples was particularly striking however. By 48h at the lower temperature, gene expression in the orange, purple and light blue clusters is generally similar to that at 24h,
whereas at the 29°C the expression profile at 48h is more similar to the 72h sample in
all clusters.
To distinguish between normal developmental patterns and developmental
changes observed only in samples raised at high temperatures, time DEPs from high
temperature (29°C) and control (27°C) samples were compared (Fig. 4.2D). Probes
whose expression changed with developmental time under control conditions were functionally enriched for annotations including embryonic development (NOTCH, PAX3,
POU4F2), WNT signaling (WNT, dapple-like, frizzled, catenin), and peroxisomal fatty
acid oxidation (LTP, ACOX, CAT, Table 4.1). Other functions that were up-regulated
with time at 27°C, included cytoskeletal components (DMD, TTN) and redox homeostasis genes (GRX, TXN2, PRDX5). Differential regulation of a variety of transcription factors (both up- and down-regulated; Table 4.2) and down-regulation of histone proteins
with time was observed at both temperatures, but a subset of histones were also upregulated with time at 29°C only. Among other genes that changed with time at both
temperatures were C-type lectins, lectin binding proteins, red and green fluorescent proteins, and a variety of cell structure and adhesion proteins (COL27A1, DCX, DHC,FLN,
MYO, N-COL).

112

Table 4.1: Enriched Gene Ontology (GO categories for probes showing differential expression with time. Columns to the left show terms enriched in DEPs from control samples raised at 27°C (Fig. 4.2D yellow and yellow-green). Columns to the right show enriched terms from samples raised at the higher experimental temperature only (Fig. 4.2D green). Enrichment determined with GOEAST and trimmed for >0.5 semantic similarity with REVIGO. Additional redundant GO terms were removed after visual inspection. BP: biological process,
CC: cellular component, MF: molecular function.

GO
term
BP

CC

MF

0002011
0006635
0046395
0006836
0032501
0032502
0044281
0016055
0007166
0006334
0070085
0005975
0006818
0006812
0006525
0006486
0000124
0031012
0043204
0042383
0005777
0000786
0032993
0005886
0003824
0015075
0004364
0016491
0016757
0008194
0005326
0008484
0005267
0008889

Time DEPs at 27°C
description

GO
term

morphogenesis of epithelial sheet
fatty acid beta-oxidation
carboxylic acid catabolic process
neurotransmitter transport
multicellular organismal process
developmental process
small molecule metabolic process
Wnt receptor signaling pathway
cell surface receptor linked signaling
nucleosome assembly
glycosylation
carbohydrate metabolic process
hydrogen transport
cation transport
arginine metabolic process
protein glycosylation
SAGA complex
extracellular matrix
perikaryon
sarcolemma
peroxisome
nucleosome
protein-DNA complex
plasma membrane
catalytic activity
ion transmembrane transporter
glutathione transferase activity
oxidoreductase activity
glycosyl group transferase activity
UDP-glycosyltransferase activity
neurotransmitter transporter
sulfuric ester hydrolase activity
potassium channel activity
Glycerophosphodiester
phosphodiesterase activity

Time DEPs at 29°C only
description

0006807
0031640
0042254
0045446
0007186
0007049
0043170
0006396
0010467
0006139

nitrogen compound metabolic process
killing of cells of other organism
ribosome biogenesis
endothelial cell differentiation
G-protein coupled receptor signaling
cell cycle
macromolecule metabolic process
RNA processing
gene expression
nucleic acid metabolic process

0005730
0030677
0001669
0000178
0042151
0005634
0044422

nucleolus
ribonuclease P complex
acrosomal vesicle
exosome (RNase complex)
nematocyst
nucleus
organelle part

0004540
0008066
0043015
0070547
0003842
0005529
0005509
0003676
0016706
0046872
0016796

ribonuclease activity
glutamate receptor activity
gamma-tubulin binding
L-tyrosine aminotransferase activity
1-pyrroline-5-carboxylate dehydrogenase
sugar binding
calcium ion binding
nucleic acid binding
oxidoreductase activity on paired donors
metal ion binding
exonuclease activity

Only in samples raised at the higher temperature (29°C) were ribosomal components and genes involved in RNA processing differentially regulated with time. This was
driven by down-regulation of ribosomal proteins and biogenesis factors, and a variety of
RNA splicing factors, tRNA and mRNA processing proteins. Genes involved in cell-cycle
regulation (cyclins and cell-cycle checkpoint proteins) also showed greater differences
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with time at high temperatures. Interestingly, genes with pathogenesis functions were
also up-regulated by 48h only in samples raised at 29°C. These included venom allergen-like 16 protein, hemolytic lectin CEL-III, and a homolog of the potent anemone toxin
PsTX-60B (a full list of up and down regulated probes can be found in Supp. Table D3).
Expression differences between temperature treatments: Water temperature
drove differential expression in 1,690 probes (1,381 unigenes; Fig. 4.2A blue circle)
when data from 24 and 48h were considered together. Because developmental time
was associated with such dramatic change, differential expression between the temperatures was determined separately for each time point. Parsed this way 1,784 differentially expressed probes (1,453 unigenes; Fig. 4.2B blue circle) were detected at 24h,
and 798 probes (632 unigenes; Fig. 4.2C blue circle) at 48h. Only 72 probes were consistently differentially regulated between the temperatures at both time-points (Table
4.3). Of these, 21 were down-regulated (27C>29C) and 51 were up-regulated
(27C<29C) at the high temperature. These genes compose a core set of larval thermal
stress genes, and as such could play a role in the adult response to thermal stress.
The response to high temperature at 24h was characterized by up-regulation of
heat shock proteins (HSP70/90/97, smallHSP, HSPb11), oxidative stress genes (CAT,
PRDX, GSTO1, TXN2), and genes involved in cellular signaling. Proteins involved in
cell structure and organization were also up-regulated with temperature at both 24 and
48h. Differential expression of genes involved in protein synthesis, folding and degradation included ribosomal proteins that were up-regulated at the high temperature, and a
ribosome production factor (RPF1) that was
down-regulated. Histone proteins were down-regulated at high temperatures, as were
lipid metabolism genes (CHOB, GMC, LPP1) and the important developmental signaling
molecules formin-like1, frizzled, hedgling, and snail2.
By 48h two of the same lipid metabolism genes that were down-regulated at
29°C at the previous time-point were now among the most up-regulated genes at 29°C
(CHOB, GMC), while another peroxisomal enzyme (DAO1) was strongly downregulated. Similarly, histone proteins (H4, H2B) that were strongly down-regulated at
24h were up-regulated by 48h. The molecular chaperones dnaJ and SACS were both
down-regulated with temperature at 48h, as was another ribosome biogenesis protein
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Table 4.2: Differentially expressed transcription factors (TFs) associated with each of the main contrasts of
time, temperature and batch. Data for time responsive factors are separated by those with higher expression
on d1 (d1 > d2) and d2 (d1 < d2). Temperature responsive factors are split by day (d1 or d2). 27°C < 29°C denotes that all TFs responding to temperature were up-regulated at the higher temperature (there were no TFs
showing higher expression at 27°C ). Likewise Batch dependent factors are split by day (d1 or d2). For d1 both
TFs showed higher expression in b2 (b2>b5). For d2 one TF showed lower expression in b2 (b2<b5).
LFC
16.03
8.09
5.87
5.19
4.73
4.06
3.99
3.87
3.78
3.64
3.50
3.46

Time d1 > d2
BarH-like 1 homeobox protein (BARHL1)
Forkhead domain protein C (FoxC)
Paired box protein Pax-D2
Paired box protein Pax-3-B
NK6 homeobox 3
Transcription factor RAM2
TATA box-binding protein-associated factor RNA pol I A
Zinc finger transcription factor
Helicase-like transcription factor
Mediator of RNA polymerase II transcription subunit 12-like
Transcription factor Ap-1, putative
catenin beta-1

LFC
-19.14
-17.79
-10.40
-9.24
-9.00
-8.27
-7.86
-7.70
-7.12
-6.37
-5.73
-5.63

3.43
3.40
3.34
3.14
3.14
3.09

Activating transcription factor 4-like protein
Transcription initiation factor IIF subunit beta
forkhead box C
Transcription factor p63
Wilms tumor 1
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily b, member 1 (SMARCB1)
LIM domain transcription factor LMO4
Heat shock transcription factor
hairy and enhancer of split 1
Nuclear transcription factor Y, gamma
pancreatic and duodenal homeobox 1
huntingtin
E2E transcription factor 3
recombination signal binding protein for immunoglobulin
kappa J region-like

-4.48
-3.99
-3.87
-3.83
-3.78
-3.72

3.07
2.97
2.65
2.39
2.19
1.16
1.06
1.04
LFC
3.01
1.98
1.64
1.73
LFC
-3.14
-1.61

-3.49
-2.19
-1.31

LFC

Temp.d1 27°C < 29°C
MoxC homeodomain transcription factor
Trans-acting transcription factor 5
General transcription factor IIH subunit 1
Transcriptional regulator MycB
Batch.d1 b2 > b5
Wilms tumor 1
Transcription initiation factor TFIID subunit 8

Time d1 < d2
Notch
POU class 4 homeobox 2 (POU4F2)
Transcription factor Pax-A
Transcription factor PaxD
T-box transcription factor TBX20
Transcription initiation factor TFIID subunit 6
LIM homeobox protein 1 (LHX1)
Doublesex-and mab-3 related transcription factor 1
NK-3 homeobox protein
Transcriptional regulator MycB
Transcriptional repressor p66-alpha (GATAD2A)
General transcription factor 3C polypeptide 6
(GTF3C6)
GATA transcription factor
LIM class homeodomain transcription factor
NK-like homeobox protein 2.2b
Calmodulin-binding transcription activator 1
Transcription factor RAM2
Winged helix/forkhead transcription factor AmphiFoxQ2
Ets4 transcription factor
interferon regulatory factor
transcription factor Dp-1

2.53
3.34

Temp.d2 27°C < 29°C
LIM domain transcription factor LMO4
Notch

LFC
3.55

Batch.d2 b2 < b5
Bromodomain PHD finger transcription factor

(BSM1). Other molecular chaperones that were up-regulated at 24h did not show significant differences at 48h, but HSP70 remained highly up-regulated along with the hemolytic lectin CEL-III.
Expression differences between genotypic backgrounds: There were 505
probes (440 unigenes) differentially expressed between the batches. For this analysis
350 probes with differential expression confounded by development (batch ∩ time; Fig.
4.2 orange and brown) were included with probes responding to batch alone, so that
stage specific differences could be considered along with constitutive differences. Data
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from 24h was again analyzed separately from 48h data to control for changes of expression with time. Probes that differed between the batches were distributed between
the time-points with 470 probes (419 genes) at 24h, and 180 probes (163 genes) by
48h.
The strongest difference between the batches at 24h was driven by up-regulation
of a group of ferritin homologs in batch 2 that differed by up to 10 LFC. This was accompanied by higher expression of HSP40, intra and extra-cellular structural proteins,
protein synthesis and degradation enzymes, and multiple genes involved in DNA replication and repair. Differences were also observed in developmental regulators
(WNT2/5a, SPRY), signaling molecules (TRAF5, PLECKHG, protein kinases). Upregulated in batch 5 at 24h were some alternative genes with similar functions including
iron ion homeostasis (ferric-chelate reductase), signaling (TRAF2, protein kinases), protein synthesis and degradation (KLHL4, RPS3A), and the protein folding gene UTX. Also up-regulated in batch 5 were the autophagy gene ATG5 and histone H4.
By 48h several of the same genes observed at 24h remained up-regulated representing genes that were constitutively differentially regulated between batches
through the first 2 days of development (Table 4.4). Alternative WNT protein homologs
exhibited opposite expression patterns where expression in one homolog decreased
with time while the other increased. Homologs of HSP70 were also expressed at much
higher levels in batch 2 by this time.
Genes with significant interaction effects: Test were conducted to detect
three classes of interactions; interactions between time and temperature (time x temp),
batch by temperature (batch x temp) and batch by time (batch x time). Probes with significant interactions for all but batch x time were detected.
Batch x Temp: There were 85 probes (78 unigenes) that showed a significant interaction between batch and temperature in the 48h samples (Table 4.5; no Batch x
Temp interactions were observed at 24h). Homologs of proteins involved in the WNT
signaling pathway (Daple-like, PFTAIRE1), and cytoskeletal components required for
cellular integrity and organization were among genes with significant Batch x Temp interactions. Others included the peroxisome associated antioxidant catalase, and cholesterol transport and metabolism genes (NPC1, LCAT).
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Time x Temp: We found 735 probes (615 unigenes) that displayed a significant
interaction between developmental time and temperature. Enrichment of functional
terms included cellular response to stimulus, signaling, protein metabolism, and positive
regulation of transcription. Signaling genes included many with calcium binding properties. Genes involved in cholesterol and lipid metabolism were among those showing the
strongest time x temp interactions, as were C-type lectins and WNT homologs 2 and 5a.

Table 4.3: Genes that were differentially expressed between temperature treatments at both 24h
and 48h. Expression pattern indicates which temperature treatment showed higher expression levels. Time x Temp indicates genes that were differentially expressed in alternate directions at the different time points.
Expression
Pattern
27° < 29°C

27° > 29°C

Time x
Temp

24h
LFC
-4.64
-4.17
-3.83

48h
LFC
-5.06
-6.22
-2.11

-3.25

-4.20

-2.95
-2.74
-2.71
-2.49
-2.48
-2.09

-2.62
-2.83
-2.47
-2.30
-3.31
-2.86

-2.00
-1.99
-1.89
-1.86

-2.35
-3.16
-2.03
-2.29

-1.81
-1.75
4.19

-2.76
-2.31
2.06

3.83
3.26
3.20

2.50
2.66
3.40

2.32
2.18
2.14
1.88
1.82
4.35
3.91
3.75
2.66
2.64
2.59
2.25
2.02
2.02
-2.06

1.98
2.22
2.28
2.61
1.78
-3.71
-3.49
-9.46
-3.45
-7.62
-3.38
-3.94
-2.07
-2.12
2.67

Description
Heat shock protein 70
Hemolytic lectin CEL-III
Peptidylglycine alpha-hydroxylating monooxygenase
(PHM)
Cysteine-rich secretory protein LCCL domain-containing 2
(CRISPLD2)
Thioredoxin 2 (Txn2-prov protein)
Choline transporter-like protein 2 (CTL2)
LIM homeobox protein 1 (LHX1)
Putative malate dehydrogenase 1B (MDH1B)
Isocitrate dehydrogenase (IDH)
LL5 beta protein, putative
YALI0E34111p
Ypel2 protein
LOC494769 protein
Putative 8-lipoxygenase-allene oxide synthase fusion
protein
Allene oxide synthase-lipoxygenase protein
Hepatocellular carcinoma-associated antigen 127-like
Actin-related protein 8 (ARP8)
Solute carrier family 7 member 1 (SLC7A1)
ETS activity modulator
Bromodomain adjacent to zinc finger domain protein 2B
(BAZ2B)
GK21470
Histone H3
Fermitin family homolog 2
Single-stranded DNA-binding protein (mssp-1)
NFkB inhibitor-interacting Ras-like protein 1 (NKIRAS1)
Ephrin (Efn)
Histone H4
Cholesterol oxidase
Calretinin
Glucose-methanol-choline oxidoreductase
Calbindin 2, (Calretinin)
GI18443
C20orf4 homolog
Shab
Cys/Met metabolism PLP-dependent enzyme superfamily
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Function
protein folding, heat stress response
sugar binding, cytotoxicity
neuropeptide activation
LPS binding / organ development
redox homeostasis
pos reg of NFkB signaling
embryonic tissue differentiation
TCA cycle
TCA cycle
microtubule binding, active in PI3K signaling,
inhibits NFkB
calcium binding
cell division
nucleic acid binding
lipid metabolism
lipid metabolism
DNA replication & repair, organization of mitotic chromosomes
amino acid transport
apoptosis, neg reg of cell cycle
transcription regulation

nucleosome
cell adhesion
interacts with transcription factor MYC
contributes to inhibition of NFkB
cell to cell signaling, epithelial development
nucleosome
cholesterol metabolism
calcium binding
metabolism
calcium binding
calcium binding
potassium transport
amino acid metabolism

Table 4.4. Genes that were differentially expressed between the batches at both 24h and 48h. Expression pattern indicates which batch (b2 or b5) showed higher expression levels.
Expression
Pattern
b2 > b5

b2 < b5

24h
LFC
10.63
3.76
2.97

48h
LFC
9.57
2.85
5.76

2.44
2.29
2.22
-3.79
-3.03
-2.69
-2.45
-2.21
-2.02

1.84
3.70
2.43
-2.13
-2.29
-3.72
-1.74
-3.92
-2.04

Description

Function

Ferritin
Neurotrimin
pleckstrin homology domain containing, family G
(with RhoGef domain) member 5, transcript variant 1
DnaJ (Hsp40) homolog, subfamily C, member 28
Putative cyclase
Nanor b
Cut-like 1 (Drosophila)
Testis-specific serine/threonine-protein kinase 6
LOC494769 protein (RMB19)
Riboflavin-binding protein
UPF0399 protein v1g245966
highly similar to Autophagy protein 5

iron ion and redox homeostasis
neural cell adhesion
signal transduction

heat shock protein binding
enzymatic activity
developmental gene expression
signaling
RNA binding
micronutrient binding / transport
ribosome biogenesis
autophagy

Table 4.5. Genes that showed a significant interaction between batch and temperature. Expression pattern
indicates which batch (b2/5) showed higher expression levels at each temperature (27°/29°C).
Expression
Pattern
27°C: b2 > b5
29°C: b2 < b5

27°C: b2 < b5
29°C: b2 > b5

LFC
4.42
4.29
4.11
4.10
4.05
3.77
3.68
3.32
3.24
3.23
3.22
3.13
3.12
3.05
3.00
2.98
2.97
2.97
2.91
2.88
2.82
2.78
2.77
2.67
2.62
2.58
2.58
2.47
2.38
2.28
-4.22
-3.15
-2.76
-2.62
-2.01

Description

Function

Catalase (CAT)
Cell wall protein, putative (putative adhesin / flocculin)
Zinc finger RNA-binding protein (ZFR)
PERQ amino acid-rich GYF domain-containing 1 (GIGYF1)
Striatin-3 (STRN3)
Eukaryotic translation initiation factor 3, 10 theta(EIF3)
Trafficking protein particle complex subunit 3 (TRS3)
Serine/threonine-protein kinase Sgk1 (EC 2.7.11.1)
Schwannomin interacting protein, putative (SCIP1)
calcium/calmodulin-dependent protein kinase IV (CAMK4)
Niemann-Pick C1 protein (NPC1)
Sodium channel and clathrin linker 1 (SCLT1)
Daple-like protein
Poly (ADP-ribose) polymerase family, member 14 (PARP14)
Epsilon-tubulin (TUBE1)
Sorting nexin-30 (SNX30)
Protein GDAP2 homolog
Beta-G spectrin (BGS1)
Vinculin (VCL)
F-box and WD repeat domain containing 7 (FBXW7)
Lecithin:cholesterol acyltransferase family protein (LCAT)
Dystroglycan, putative (DAG)
AN1-type zinc finger protein 6 (ZFAND6)
Transmembrane emp24 domain-containing 3 (TMED3)
Polycomb group ring finger 3 (PCGF3)
Si:dkey-91i17.1
Cyclin-D1-binding protein 1 homolog (CCNDBP1)
Serine/threonine-protein kinase PFTAIRE-1
NADPH oxidase regulator NoxR
Actin binding protein (α-Catenin; CTNNA)
LOC100125106 protein (bub1b)
Lztr-1, putative
MAP kinase activating protein C22orf5, putative
Ribosomal protein S27 (MRPS27)
Reverse transcriptase-like protein (RTL)
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peroxisomal oxidoreductase
cell adhesion
embryonic development / gastrulation
regulates tyrosine kinase receptor signaling
calmodulin binding / scaffolding / signaling
protein synthesis
vesicular transport from ER to Golgi
protein modification / signaling
signaling
protein modification / signaling
cholesterol transport
signaling
regulates WNT signaling
cell proliferation
cytoskeleton
intracellular trafficking
regulates neuronal differentiation
cell membrane organization and stability
cytoskeleton
protein degradation
cholesterol metabolism
cytoskeleton ECM linker
stress response
protein trafficking
transcription repression
rRNA processing
negative regulation of cell cycle progression
cell-cycle regulator of WNT signaling
regulates production of ROS by Nox
protein binding
mitotic checkpoint
putative transcriptional regulator
response to stimulus/ signaling
protein synthsis
RNA dependent DNA replication

Discussion
Thermal stress leads to a modulation of normal developmental and metabolic
processes and results in a tradeoff between physical growth and stress management.
Temperature stress in particular presents a difficult problem, because for coral larvae
(as with many marine ectotherms) metabolic and developmental rates rise with environmental temperature (Fitt and Costley 1998; Edmunds, Gates et al. 2001; Gillooly,
Brown et al. 2001; Gillooly, Charnov et al. 2002; Clarke and Fraser 2004). This increase
in respiration rate represents a cost for the organism as the extra energy used (derived
from limited stores of maternally provisioned lipids in the case of coral larvae) does not
fully contribute to growth or development. Further, once temperatures reach levels that
trigger a stress response, transcriptional priorities shift from expression of growth targeted genes (i.e. ribosome biogenesis and energy metabolism) to stress response
pathways (HSPs, antioxidants, and damage repair) (Kültz 2005; López-Maury,
Marguerat et al. 2008). Our data showed that coral larvae growing under thermally
stressful conditions balanced the demands of organismal growth with protection from
environmental stress. Modulation of normal developmental rates, and a shift from
growth targeted, to stress responsive expression profiles disrupted the coordinated timing of developmental processes required for normal development. These observations
provide a possible explanation for the high mortality and morphological aberrations observed in coral larvae reared under high temperatures.
Expression differences between developmental stages: Initially, Acropora
embryos are maternally provisioned with many of the proteins and mRNAs required for
early embryonic development (Grasso, Maindonald et al. 2008; Schwarz, Brokstein et
al. 2008) Chromatin condensation state and histone modifications play a key role in
regulation of these maternal factors during early embryonic stages (Shechter, Nicklay et
al. 2009; Lindeman, Winata et al. 2010), thus explaining the observed changes in expression of nucleosome proteins and histone modifiers with time. At the 24h time point,
we also observed up-regulation of genes involved in cellular development, DNA replication, gene expression, and embryonic tissue organization in agreement with studies of
early gene expression in this and other coral species (Grasso, Maindonald et al. 2008;
Portune, Voolstra et al. 2010), Up-regulation of genes with these functions suggests
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priming of the embryonic transcriptional machinery as control of transcription shifts
away from maternal factors.
By 48h post fertilization, organized structures, such as the epithelial sheet that
encloses the interior of the developing embryo, were forming (Raich, Agbunag et al.
1999; Kraus 2006), thus cell-cell interactions became increasingly important (Table 4.1).
Development of organized tissues are driven by expression of genes for structural proteins and signaling molecules involved in embryonic tissue organization (Williamson,
Henry et al. 1997; Etienne-Manneville and Hall 2002). Up-regulation of several WNT
homologs and associated proteins (CAD2, Frizzled) indicated activation of the highly
conserved WNT signaling pathway controlling cell proliferation, pattern formation, and
determination of cell fate. WNT is essential for initiation of gastrulation and differentiation of germ layers (Wikramanayake, Hong et al. 2003; Nelson and Nusse 2004; Lee,
Pang et al. 2006; Momose, Derelle et al. 2008).
Lipid metabolism genes (LTP, ALOX, ACOX, PECI) were also up-regulated with
time in both control and treatment larvae. These genes are needed to process maternally provisioned storage lipids that are the only energy source for developing A. palmata
larvae. In addition to these lipid metabolism genes, enzymes associated with the conversion of storage lipids via peroxisomal b-oxidation of fatty acids (citrate synthase, isocitrate lyase, malate dehydrogenase, and malate synthase) were also differentially expressed (Popov, Volvenkin et al. 2001; Yoshihara, Hamamoto et al. 2001). Together the
activity of these genes show that larvae in this experiment were producing energy via
derivatives of the glyoxylate cycle. This is notable because this metabolic pathway is
rare among higher metazoans and has been detected in only a few taxa including nematodes and anemones (Patel and McFadden 1978; Kondrashov, Koonin et al. 2006). A
by-product of lipid oxidation is the accumulation of intracellular reactive oxygen species
(ROS) which stimulate a need for antioxidant enzymes to prevent damage to membrane lipids, proteins and nucleic acids (Schrader and Fahimi 2006). Thus this process
also explains the observed up-regulation of redox homeostasis proteins (CAT, GRX,
PRDX5, TRYX) with time even at the control temperature.
The larval transcriptional response to temperature: In contrast to the temporally stable stress response of adult corals (DeSalvo, Sunagawa et al. 2010), the larval
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thermal stress response varied dramatically with time (Fig. 4.3) in agreement with other
studies of coral larvae (Rodriguez-Lanetty, Harii et al. 2009; Portune, Voolstra et al.
2010). Such temporal variation in gene expression is a result of interactions between
developmental changes in the larvae and the thermal stress response.
Comparison of developmental changes at 27° and 29°C: Many of the DEPs that
varied with time were also significantly affected by temperature. Accelerated patterns of
gene expression and differential regulation of many important developmental genes in
response to temperature has been previously observed in coral larvae (Randall and
Szmant 2009; Durante et al. in prep; Voolstra, Schnetzer et al. 2009; Portune, Voolstra
et al. 2010). Probes that differ by time and temperature could be acute responders (expression restricted to the first 24h of stress); genes that react only to prolonged exposure to stress (delayed responders); or genes that are normally expressed in a stage
specific manner and so appear to change with temperature at a single time-point because of the acceleration of development at high temperatures (Supp. Fig. D2 G). Profiles resembling this last possibility were observed for many of the genes where differences between the temperatures were observed at 24h or 48h, but no longer at 72h
(Supp. Fig. D2 F&G). This is consistent with the hypothesis that larvae reared at warmer temperatures are developmentally more mature despite a lack of obvious morphological differences (Durante et al. in prep).
This temperature induced acceleration of normal gene expression patterns was
clearly observed in the heat map of batch 2 expression profiles (Fig. 4.3), and the differences in the DEGs between the control (27°C) and treatment (29°C) samples identified
between time points (Fig. 4.2D, Table 4.1). Genes with cytotoxicity functions including
hemolytic lectin CEL-III, Venom Allergen-like16, and homologs of the toxin PsTX-60B ,
as well as a nematocyst cell wall antigen changed with time only at the high temperature. PsTX-60B is a toxin characterized from specialized cnidarian stinging cells (nematocysts) (Satoh, Oshiro et al. 2007). Planula larvae of some cnidarians (including other
Acroporids) do possess mature nematocysts used for defense and settlement
(Vandermeulen 1974; Chia and Koss 1983; Hayashibara, Ohike et al. 1997). Our data
suggest that production of nematocysts had begun in 48h samples raised at high temperatures, but not at the control temperature. Other functional changes with time that
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depended on temperature included changes in cell cycle checkpoint proteins and cyclins, and differential regulation of histone proteins, all of which are mechanisms for
dealing with DNA damage caused by high temperature or accumulation of ROS . (Su,
Gao et al. 2004; Harper and Elledge 2007; Nesa and Hidaka 2008).
Transcriptional response to temperature across life stages: A major goal of
this study was to identify genes that were differentially regulated in response to temperature in corals. In adults, changes in gene expression with temperature are confounded
by interactions with their algal symbionts. By working with symbiont-free larvae we ensured that expression differences were directly related to temperature. However, thermal stress response genes in larvae might differ from those in adult colonies because of
the very different selective pressures faced by each stage of the coral’s biphasic life cycle. The selective environment of a larva whose primary function is dispersal and settlement (A. palmata larvae possess no symbionts and do not feed) is profoundly different from that of an adult whose primary function is growth and reproduction. Thus only a
subset of the larval stress response is expected to be relevant to the adult form. To
identify genes that are most likely to represent adaptively important thermal stress responders we focused on probes that showed constitutive differences in expression levels between temperatures consistently across time points (Table 4.3), and probes that
differed significantly between temperatures at one of the two time points (Fig. 4.2 B and
C, blue and purple).
As mentioned above, A. palmata larvae derive their energy from peroxisomal boxidation of storage lipids. Temperature induced up-regulation of proteins involved in
fatty acid transport and metabolism (APOL7A, ACSL1) suggests that at elevated temperatures larvae catabolize their lipid stores more rapidly. This in turn drives the need
for additional redox homeostasis proteins (PRDX5, TNX5) to deal with ROS produced
during oxidation of fatty acids.
Such a mechanism could also play a role in the thermal stress response of adult
corals, where thermal stress can lead to the expulsion of photosynthetic endosymbionts
known as bleaching (Brown 1997). A breakdown of the symbiotic partnership would require a shift from metabolism of photosynthetically derived carbohydrates to catabolism
of storage lipids. Evidence for oxidative degradation of lipids in the form of lipid perox122

ides has been previously observed in thermally stressed adult colonies of Montastrea
faveolata in response to high temperature (Downs, Mueller et al. 2000), but it was unclear if lipid oxidation in adults was a consequence of photosynthetically produced ROS
acting on cellular membranes, or a metabolic shift to lipid oxidation. We propose that
under starvation conditions associated with bleaching adult corals switch to energy production derived from catabolism of storage lipids via the glyoxylate cycle. Such a phenomenon is consistent with observations of differential expression of the glyoxylate
pathway gateway enzyme isocitrate lyase (DeSalvo, Sunagawa et al. 2010), genes involved in peroxisomal fatty acid metabolism (Ganot, Moya et al. 2011; Meyer,
Aglyamova et al. 2011), and reduced tissue biomass following the stressful conditions of
peak summer heat in this species and others (Fitt, McFarland et al. 2000)
Studies of adult corals have also shown increases in protein chaperones, calcium signaling, DNA and protein damage response genes, and a decrease in ribosomal
proteins (Fang, Huang et al. 1997; Downs, Mueller et al. 2000; DeSalvo, Voolstra et al.
2008), all of which were observed here. In larval and adult acroporids expression of
heat shock proteins is typically characterized by short term up-regulation, followed by a
decline in expression after prolonged exposure to high temperatures (RodriguezLanetty, Harii et al. 2009; DeSalvo, Sunagawa et al. 2010). Here, as in previous studies
(Polato, Voolstra et al. 2010; Portune, Voolstra et al. 2010) up-regulation of many HSPs
was observed only at early time-points, reflecting the complex roles of HSPs in organismal development as well as stress response (Sorensen, Kristensen et al. 2003;
Rutherford, Hirate et al. 2007). Of note however was the continued up-regulation of
HSP70 by 48h. This protein plays an important role in development and protection from
stress in mammalian embryos (Luft and Dix 1999), and it appears that such a function is
conserved in developing coral larvae.
Variation in expression of multiple cytoskeletal components and cell adhesion
proteins suggests that thermal stress has a drastic effect on the tissue morphology of
both adults and larvae (DeSalvo, Sunagawa et al. 2010). In adults, such a phenomenon
may be explained by loosening of the mesoglea to allow for repair of damaged gastrodermal tissues after bleaching (Moya, Ganot et al. 2012). In larvae, misshapen or disorganized individuals are more frequent at high temperatures (Negri, Marshall et al. 2007;
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Randall and Szmant 2009; Randall and Szmant 2009; Polato, Voolstra et al. 2010).
These morphological problems could be due to changes in embryonic tissue organization at high temperatures and may represent an example of conflicting selective pressures across life history stages where a response that is adaptive in the adult is pathological in larvae (Schluter, Price et al. 1991; Moran 1994; Pechenik 1999; Crean, Monro
et al. 2011).
Expression differences between genotypic backgrounds: Differences among
genotypes in their response to a common environmental stress are the raw material upon which evolution through natural selection can act. Genotypic variation in gene expression levels represents a source of potentially heritable diversity (Emilsson,
Thorleifsson et al. 2008; Scott 2009). Local adaptation has been thought to be unsustainable in coral populations because they disperse via planktonic larvae, can be demographically open over broad areas, and even a small number of migrants each generation can homogenize populations (Warner 1997; Hellberg 2009). However, such patterns may not hold for loci in the face of strong selective forces (Hedgecock 1986;
Slatkin 1987). Under selection, homogeneity of neutral loci may belie important functional diversity (Polato, Voolstra et al. 2010; Sanford and Kelly 2011).
Variation in plasticity and genotypic diversity are the primary factors underlying
individual differences. Thus the response of some individuals may not be representative
of the rest of the population. Here, batch cultures were used to maximize the representativeness of the samples analyzed for Puerto Rican A. palmata stands. Alternative
strategies that focus on individuals or two parent crosses can provide highly accurate
data for the clones / genotypes studied, but may not be as reflective of the population as
a whole (Richards, Bossdorf et al. 2006; but see Meyer, Aglyamova et al. 2011). A major component of the larval adaptive response is likely to involve the evolution of plasticity itself because of the unpredictable nature of the environments they may encounter
during their planktonic phase (Hart and Strathmann 1994; Reitzel and Heyland 2007).
Adaptive plasticity has been suggested as a mechanism for successful colonization of
novel habitats in species which have dispersed away from their natal site (Donohue,
Pyle et al. 2001; Yeh and Price 2004), and is likely to be an important phenomenon in
benthic invertebrates with planktonic larvae (Moran 1994; Van Buskirk 2002).
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Significant variation was identified between the batches in genes important for
normal larval development and survival in the face of thermal stress. Intra-population
diversity in expression of stress response genes has been observed in the response of
other coral species to thermal stress (Császár, Seneca et al. 2009; Meyer, Aglyamova
et al. 2011; Souter, Bay et al. 2011), high light (Kenkel, Aglyamova et al. 2011), bleaching (Seneca, Forêt et al. 2010), and sedimentation (Bay, Ulstrup et al. 2009). These
studies identified genotypic variation in expression levels of genes involved in energy
metabolism and ion transport, as well as heat shock proteins, fluorescent proteins and
several transcription factors (Bay, Ulstrup et al. 2009; Meyer, Aglyamova et al. 2011).
Targeted-expression profiling also revealed genotypic variation of genes with oxidoreductase activity in response to high temperature (Császár, Seneca et al. 2009; Souter,
Bay et al. 2011).
Our results indicated genotypic differences among batches for expression of fluorescent proteins, energy metabolism genes, developmental regulators and transcription
factors, largely consistent with the findings above. Our data showed especially strong
expression differences between genotypic backgrounds in ferritin and HSPs. The ferritin
protein, which controls localization of intracellular iron and iron associated ROS production (Orino, Lehman et al. 2001), is strongly up-regulated in response to abiotic stressors including heat (Atkinson, Blaker et al. 1990), and shows evidence of positive selection in A. palmata (Schwarz, Brokstein et al. 2008). Batch 2 displayed constitutively
higher levels of both ferritin and HSPs, and lower expression of autophagy and histone
proteins (possibly indicating a DNA damage response in batch 5 larvae). Batch 2 was
also superior in several larval performance metrics (swimming speed, larval development, and fertilization success; Durante et al. in prep). Hence, we hypothesize that
batch 2 larvae possessed an enhanced ability to deal with thermal stress, due in part to
high expression of ferritin and HSPs. While heritability of expression for both of these
genes was low in some populations of A. millepora (Császár, Ralph et al. 2010), such
context dependent measurements can vary greatly among populations, habitats and
species, and may be affected by the presence of gene-by-environment interactions.
Genotype by environment interactions: Genotype-by-environment (GxE) interactions were identified by testing for significant interactions between the factors of batch
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and temperature on gene expression levels. Genes showing an interaction between
batch and temperature are important because they specifically represent genes where
the genetic backgrounds of the larvae result in different reaction norms to environmental
stress (Supp. Fig. D2 I). Such differences among individuals may indicate selection for
adaptive plasticity rather than a genetically fixed response to a stressor (Agrawal 2001;
Ghalambor, McKay et al. 2007; Pigliucci 2010). Adaptive plasticity could be an important component of adaptation in meta-populations with high gene flow such as A.
palmata (Baums, Miller et al. 2005) by allowing individuals to maintain optimal expression phenotypes even under conditions different from that of the parental habitat (Sultan
and Spencer 2002).
The set of genes that showed a significant interaction between batch and temperature were dominated by cytoskeletal proteins, cell-cell adhesion proteins, and regulators of the WNT signaling pathway (Table 4.5). These important structural and developmental elements are functionally connected by the α-catenin (CTNNA) protein which
also showed a significant GxE interaction. α-Catenin anchors transmembrane proteins
to the underlying actin cytoskeleton, a key component of cell-cell adhesion. α-Catenin
can also bind β-catenin, an essential signaling protein in the WNT pathway, thus acting
as a suppressor of WNT activated transcription (Nelson and Nusse 2004; Scott 2006).
Therefore, disruption of normal α-catenin expression has severe consequences for developing embryos including dissociation of ectodermal cells during gastrulation, and duplication of the dorso-anterior axis (Sehgal, Gumbiner et al. 1997). It is striking to note
that both of these phenotypes, in the form of disassociating embryos and planulae with
bifurcated oral pores, have been observed among A. palmata larvae raised at high temperatures (Randall and Szmant 2009; pers. obs.). This suggests a critical role for plasticity in developmental signaling related to cell proliferation and embryonic growth in the
ability of coral larvae to develop properly under thermal stress.

Conclusion
The transcriptional response of coral larvae to thermal stress represents a dynamic balance between mitigation of the harmful effects of thermal stress and maintenance of proper growth and development patterns. The dramatic acceleration of stage
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specific expression profiles at high temperature is consistent with observations of accelerated morphological development and suggests that as global sea surface temperatures rise, dispersing larvae will use their energy reserves faster and be competent to
settle sooner. Premature depletion of energy reserves will have consequences for larval
fitness and metamorphosis, and rapid development will likely result in alteration of normal dispersal patterns with associated changes in gene flow among populations.
Expression differences in key developmental pathways, cell signaling and adhesion processes, and numerous transcription factors showed that thermal stress results
in disruption of normal developmental processes in A. palmata larvae. Such changes
during gastrulation have severe consequences for survival through this sensitive developmental phase, and high larval mortality at elevated temperatures provides a powerful
selective force. In order for a species to be able to capitalize on such a force standing
genetic variation in relevant functional traits must exist. Our results show that larvae
from different genotypic backgrounds exhibit significant expression differences in genes
expected to directly impact performance under thermal stress conditions. This observation raises the hope that corals do in fact possess sufficient variation to adapt to changing climate and that local adaptation in corals is not only possible, but an important
component of the evolutionary success of coral populations.
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Conclusion:
The results of this work provide further support for the hypothesis that coral
species harbor much diversity within and among populations (Baums 2008). Patterns of
isolation by distance in Hawaiian Porites lobata illustrated how population structure can
develop over a species’ range even in a coral with an extremely long planktonic larval
duration. Such patterns raise the prospect that local adaptation could persist at
opposite ends of the Hawaiian archipelago. To further explore this possibility more
detailed methods are needed, however the data presented here are an important
resource for conservation planning and dispersal modeling in this system (Galindo,
Olson et al. 2006).
The application of such methods to Montastraea faveolata from Florida and
Mexico revealed differences in gene expression patterns between larvae of the same
age from each site. These differences were likely due to an interaction between
different developmental rates and location specific responses to thermal stress driven
by adaptation to different extremes in local water temperatures. This suggests the
existence of local variation in functional traits in a population of corals that appeared
unstructured when neutral microsatellite markers were considered. Further study of
this and other coral species using SNP markers linked to genes showing location specific
expression differences could establish the existence and underlying causes of patterns
of population specific variation in functional traits across the range of coral species.
To further characterize functional diversity in coral populations the A. palmata
transcriptome was sequenced and used to develop a comprehensive larval stress
microarray. This effort vastly expanded upon the number of ESTs identified in corals and
provides a platform for screening gene expression in this and related species.
Investigation of the A. palmata transcriptome highlighted many processes conserved
between corals and more complex bilaterian animals that contribute to corals’ ability to
maintain genomic integrity despite prolonged life spans and exposure to high levels of
UV and ROS. Despite their morphological simplicity, cnidarians possess many genes that
are found in vertebrates as well as non-animal taxa, much of which is not represented in
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the genomes of other model organisms (Kortschak, Samuel et al. 2003). Thus, in addition to
providing the data needed to begin the search for adaptive variation across the range of this
threatened species, this dataset will yield insights into larger questions of metazoan evolution
and the foundations of vertebrate traits (Technau, Rudd et al. 2005).
Finally, the application of the A.palmata microarray in the context of a common garden
thermal stress experiment using larvae from Puerto Rico provided a detailed look at the
physiological response of coral larvae to thermal stress. Results showed that like other marine
ectotherms, the response of coral larvae to elevated temperature involves a general increase in
metabolic and developmental rates. In addition to heat shock and redox homeostasis proteins,
differentially expressed genes in developing larvae included important developmental pathway
components and cell structure and adhesion proteins. This suggests that high temperatures
disrupted normal developmental signaling with consequences for embryonic tissue
differentiation and organization. Further, inter-individual variation was identified in the
expression of genes including ferritin, HSP70, catalase, α-catenin, and lipid metabolism
enzymes. Differential expression of such genes is expected to be directly involved in the ability
of larvae to survive and develop normally under exposure to high temperatures. These
observations support the outlook that coral populations possess variation in adaptively
important traits that may help them cope with rising sea surface temperatures.
Identifying the genetic basis for adaptive variation in the wild offers insights into the
selective processes shaping wild populations (Luikart, England et al. 2003; Storz 2005;
Hohenlohe, Phillips et al. 2010; Storz and Wheat 2010). The question of how strong selective
forces (such as development, dispersal, and environmental stress) interact with genotypic
variation in functional traits to determine phenotypes across the range of species is at the
leading edge of integrated biology (Pigliucci 2003; Pigliucci 2010). Further progress toward such
a unification of molecular and developmental biology, with ecology and evolution, hold much
promise for applied efforts as well, including the development of accurate biomarkers that
reveal stress prior to physical damage, and meaningful guidelines for targeted, habitat specific
conservation efforts.
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Appendix A: Supplementary Material for Chapter 1
Supplementary Table A1. Pairwise Fst values among all Hawaiian sites and Johnston
Atoll (below diagonal). FDR corrected P-values presented above diagonal. Significant
values are shown in bold
KU
KU
MI
PE
MA
GA
FF
NE
NI
OA
HA
JO

0
0.011
0
0.015
0.023
0.001
0.001
0.035
0.046
0.247

MI

PE

0.676

0.05
0.41

0.017
0
0.018
0.013
0
0.01
0.023
0.062
0.245

0.021
0.008
0.015
0.015
0.018
0.053
0.051
0.222

MA

GA

FF

NE

0.113 0.031 0.007 0.037
0.74
0.41 0.178 0.377
0.017 0.02
0.02 0.032
0.344 0.02 0.402
0.026 0.622
0.009
0.019 0.014
0.05
0
0.004 0.006
0
0.01
0
0
0.02 0.051 0.008 0.008
0.039 0.032 0.031 0.023
0.27 0.226 0.198 0.237

NI

OA

HA

JO

0.061
0.577
0.041
0.77
0.283
0.497
0.656

0.037
0.622
0.05
0.622
0.184
0.262
0.622
0.622

0.004
0.015
0.004
0.007
0.009
0.004
0.02
0.037
0.144

0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004

0
0.017 0.028
0.238 0.24 0.233

Supplementary Figure A1. Colony size distributions of samples collected from the
Hawaiian Islands and Johnston Atoll based on length of longest axis did not show a
systematic geographic effect of colony size. Three size categories were defined as ≤40,
41-90, and >90 cm (small, medium and large respectively) for longest axis length. Site
abbreviations are as in Table 2. Asterisks indicate sites with significant differences
(P<0.05 after FDR correction) from others; MA was different from all others except for
FF, and FF was different from all others.
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Supplementary Figure A2. Plots of the mean log likelihood of the data (L(K)) and
Evanno’s ΔK statistic (A and B respectively; y-axes) as generated by the program
STRUCTURE HARVESTER for all 10 Hawaiian sites and Johnston Atoll showing that
K=2 is the best solution. In both graphs the number of putative population clusters used
in the STRUCTURE analysis (K) is presented on the x-axis.

Supplementary Figure A3. Rarefaction curves of allelic richness as calculated by the
program ADZE for Johnston Atoll and the 10 Hawaiian sites (individually and combined
(HA all)) showing that curves appoach their asymptote at sample sizes >10. Site
abbreviations as in Table 2.
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Supplementary Figure A4. Plots of permuted means from 5 randomly selected
STRUCTURE runs for K=3 & 4 (A & B respectively) and results from STRUCTURE at
K=2 with Johnston samples exluded (C). Plots of permuted means of 3 parallel chains
from INSTRUCT at K=2, 3 & 4 (D, E & F respectively) do not show evidence of
population structure at K>2. Probability of membership of individuals from each
sampling site (n=11) in distinct population clusters (different colors) is indicated by the yaxis. Sampling locations are identified along the x-axis. Sites are separated by vertical
black lines.
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Supplementary Table B1. DEGs responding to the temperature treatment that are common to
both Mexico and Florida represent the component of stress response in M. faveolata that is
shared between locations
Log Fold Change
Mexico
Florida
Day1m Day2m Day1f Day2f

Direction

Genes ID

Down

AOSB1012

0.94

-0.755

-0.75

-0.659

RNA, mRNA modification

AOSB1116

-0.036

-0.608

-0.624

-0.397

AOSC1104

-0.311

-0.625

-0.578

-0.423

AOSC1120

-0.633

-0.53

-0.497

-0.578

AOSC403

-0.009

-0.584

-0.604

-0.54

cell proliferation, growth,
development
proteolysis, protein
degradation
translation, protein
biosynthesis
response to oxidative stress

AOSC471
AOSC486
AOSC617

-0.113
-0.132
0.546

-0.631
-0.689
-0.918

0.027
0.034
0.21

-0.526
-0.657
-1.422

response to stress

AOSC865

0.55

-0.828

-1.246

-1.072

apoptosis

AOSC952
AOSF1077
AOSF1116
AOSF1152

-0.04
-0.189
0.041
-0.219

-0.617
-1.122
-1.007
-0.836

-0.042
-0.345
0.137
-0.578

-0.639
-1.041
-0.745
-0.752

RNA, mRNA modification
signaling
-

AOSF1178

0.511

-0.716

-0.563

-1.453

AOSF1208
AOSF1219
AOSF1233
AOSF1247

0.433
-0.556
-0.21
-0.248

-0.708
-1.712
-0.757
-0.513

-0.715
-1.053
-0.222
-0.191

-0.602
-1.442
-1.291
-0.78

AOSF1434

-0.192

-1.568

0.056

-1.52

AOSF449
AOSF533
AOSF573

0.431
-0.181
-1.233

-0.555
-0.868
-1.911

-0.973
-0.484
0.328

-0.472
-1.585
-0.898

AOSF620

-0.45

-0.818

-0.473

-0.638

AOSF622
AOSF634
AOSF645
AOSF715
AOSF756
AOSF761

-0.961
-0.493
-0.342
-0.297
-0.136
-0.537

-2.67
-1.043
-0.705
-1.044
-0.578
-0.957

-0.592
0.008
0.336
0.718
-0.387
0.577

-1.833
-0.616
-0.964
-0.541
-0.999
-0.675

proteolysis, protein
degradation
DNA
DNA
proteolysis, protein
degradation
cell proliferation, growth,
development
response to stress
cell proliferation, growth,
development
translation, protein
biosynthesis
DNA
cytoskeleton, cell adhesion
cytoskeleton, cell adhesion
apoptosis

AOSF912

-0.316

-1.335

-0.518

-1.151

AOSF931
AOSF996
CAON1064
CAON1684
CAON395

-0.056
-0.229
-0.099
-0.077
0.282

-1.045
-0.504
-0.656
-0.714
-1.036

-0.542
-0.078
-0.536
-0.609
-0.611

-0.744
-0.615
-0.872
-1.048
-0.844
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Process

cell proliferation, growth,
development
-

Annotation
Serine/arginine repetitive
matrix protein 1
Disks large-associated protein
5
26S proteasome non-ATPase
regulatory subunit 2
Elongation factor 1-alpha
2Fe-2S ferredoxin, iron-sulphur
binding site
Heat shock protein HSP 90alpha
Peptide methionine sulfoxide
reductase
NHP2-like protein 1
tbc domain containing protein
hypothetical protein Nwi_2788
[Nitrobacter winogradskyi Nb255]
leishmanolysin family protein
Histone H3.3
Histone H3.3
Cullin-1
Piwi-like protein 1
Transcription factor HES-1
Calmodulin
Eukaryotic initiation factor 4AII
Histone H2A.V (Fragment)
Dynein light chain Tctex-type 1
protein o-fucosyltransferase 1
Proapoptotic caspase adapter
protein
GTP-binding nuclear protein
Ran
-

Up

CAOO902

0.866

1.267

0.702

0.355

translation, protein
biosynthesis
-

AOSB442

0.67

0.555

-0.619

0.864

AOSB596

0.658

0.852

-0.96

1.032

AOSC675
AOSF1012
AOSF1104
AOSF1169
AOSF1235
AOSF1331
AOSF1341

-0.032
0.435
-0.069
0.837
-0.235
0.443
0.298

1.482
0.908
3.053
1.414
1.098
0.762
0.664

0.17
-0.726
0.015
-0.01
0.279
-0.382
0.355

1.779
0.973
2.907
1.541
1.823
0.972
0.564

cell proliferation, growth,
development
cytoskeleton, cell adhesion
apoptosis

AOSF1532

-0.526

2.085

1.544

2.029

-

AOSF521
AOSF561
AOSF608
AOSF621

-0.14
-0.618
-0.095
0.353

0.678
0.676
0.599
2.574

0.169
0.544
0.499
0.125

0.686
1.288
0.582
0.674

metabolism

AOSF703
AOSF802
AOSF882

-0.057
0.46
-0.312

0.551
0.957
1.251

0.213
0.279
0.435

0.69
0.943
0.981

regulation of transcription

AOSF987

-0.276

0.74

0.522

1.111

transport

AOSF997
CAON1646

-1.143
0.174

3.902
0.724

0.901
0.621

0.269
-0.402

response to oxidative stress
metabolism

CAON484
CAON582
CAON592
CAON604
CAON867

0.653
-0.246
0.692
-0.145
0.18

0.548
0.977
1.195
1.837
1.124

-0.591
-0.178
0.003
0.073
0.312

0.702
0.579
0.536
1.539
0.538

-

Elongation factor 1-alpha 2
gem (nuclear organelle)
associated protein 4
Nuclear hormone receptor
family member nhr-6
nck-associated protein 1
Growth hormone-inducible
transmembrane protein
Uncharacterized protein
At1g14870
orf2-encoded protein
DBH-like monooxygenase
protein 2 homolog
CCAAT/enhancer-binding
protein gamma
ATP-binding cassette subfamily F member 3
Peroxidasin-like protein
Nucleoside diphosphate kinase
B
-

Supplementary Table B2. Temperature sensitive DEGs observed in only one of the two
locations may represent location specific strategies for coping with thermal stress
Available online at:
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/jou
rnal.pone.0011221.s002

Supp. Table B3. Transcripts of M. faveolata embryos differentially expressed between study
locations at the mean temperature treatment. Up and down regulation is in relation to a common
reference sample. Gene ID: NCBI EST database access number.
Available online at:
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/jou
rnal.pone.0011221.s002
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Supplementary Figure B1. Principal component (PC) analysis by treatment of transcription
profiles from 24 and 48 hour M. faveolata larvae collected from Florida and Mexico illustrating
the high explanatory power of the first two PCs (A). Plotting the treatments on the first two PCs
shows that PC1 captures variation due to developmental time, while PC2 captures variation
arising from both geographic origin in day one samples and temperature treatment in day two
samples (B). Plotting against the 3rd PC (not shown) does not reveal any additional patterning.
Symbols: M - Mexico (squares); F - Florida (circles), 1 - 24 hours (filled); 2 - 48 hours (open); m
- mean temperature; h - high temperature.

Supplementary Figure B2. Gene expression levels (log2 fold change) across all 8 treatments
for stress response genes (Heat shock protein 90α; Transcription factor hes-1) and oxidative
stress response genes (Ferredoxin; Peroxidasin) shared between Florida and Mexico.
Abbreviations: M - Mexico; F - Florida; 1 - 24 hours; 2 - 48 hours; m - mean temperature; h high temperature.
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Supplementary Table C1. Sequence identifiers for p53 homologs used in the PAML analysis.
Species
Acropora palmata
Acropora palmata

Type
coral
coral

Sequence ID
A.palmata(p63)_Contig_12544
A.palmata(pVS53a)_
Contig_26613/28788/34182

Abbreviation
Ap_p63
Ap_pVS53a

Ciona intestinalis

sea squirt

C.intetstinalis(p53p73a)_
gi:193083074

Ci_p53p73

Danio rerio
Danio rerio
Danio rerio
Gallus gallus
Gallus gallus
Homo Sapiens
Homo Sapiens
Homo Sapiens
Loligo forbesi
Mytilus edulis

fish
fish
fish
chicken
chicken
Human
Human
Human
squid
mussel

D.rerio(p53)_gi:18859502
D.rerio(p63)_gi:156914768
D.rerio(p73)_gi:29470178
G.gallus(tp53)_gi:46048718
G.gallus(tp63)_gi:45383451
H.sapiens(p53)_gi:187830776
H.sapiens(p63)_gi:169234655
H.sapiens(p73)_gi:2370175
L.forbesi(p53)_gi:1244761
M.edulis(p63p73)_gi:70632902

Dr_p53
Dr_p63
Dr_p73
Gg_p53
Gg_p63
Hs_p53
Hs_p63
Hs_p73
Lf_p53
Me_p63p73

Nematostella
vectensis

anemone

N.vectensis(p63)_gi:104303844

Nv_p63

Nematostella
vectensis

anemone

N.vectensis(pEC53a)_
gi:125976400

Nv_PEC53a

Nematostella
vectensis

anemone

N.vectensis(pVS53a)_
gi:125976398

Nv_pVS53a

Oryzias latipes
Fish
Strongylocentrotus Sea urchin
purpuratus

O.latipes(tp53)_gi:157278224
S.purpuratus(tp63[47])_
gi:115898453

Ol_p53
Sp_p63

Xenopus laevis

X.laevis(tp53)_gi:148225121

Xl_p53

frog
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Supplementary Table C2. Results of tests for natural selection using the program codeml.
Positive selection was modeled on the branch leading to all cnidarian sequences (indicated in
red on the tree). ω = dN/dS ratio. κ = Transition/transversion ratio. LRT = likelihood ratio test
(2ΔlnL).
Model Description

Model ID

d.f.

parameters

κ

-lnL

no variation in ω
discreet ω classes
nearly neutral
positive selection
beta distributed
beta + selection

M0
M3
M1a
M2a
M7
M8

1
5
2
4
2
4

37
41
38
40
38
40

1.25
1.27
1.38
1.36
1.32
1.31

7728.39
7572.09
7677.27
7671.57
7521.96
7521.95

LRT

pvalue

312.61

0.0*

11.41

0.02*

0.03

1.00

Supplementary Table C3. Primers used for SNP validation. SNPs targeted indicates the
number of SNPs identified in the portion of the Contig amplified by the primers using the
SNPhunter algorithm. "SNPs detected" indicates the number of variable SNPs found in the
amplified PCR products from 11, 8, and 7 individual samples from Florida, Curacao, and Puerto
Rico respectively. "Intron Detected" indicates the size of the intron found in the PCR product
amplified from genomic DNA.

Contig_
2482
Contig_
3572

3

SNPs
found
0

2

4

Contig_
4630
Contig_
7081
Contig_
7690

4

3

na

3

1

na

4

1

na

Contig_
21127

2

Contig

SNPs

3

Intron

Gene Name

Primer ID

292bp

Nuclear Factor Kappa B

ap2482

Lipopolysaccharideinduced TNF-alpha
factor
Melanopsin

ap3572

Cyano Fluorescent
Protein
GA14711; nuclear
factor erythroid 2,
invertebrate
Galaxin

ap7081

na

683bp
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Primer F
F: ACCAGGAAAGCAGACACGAC
R: AAGCCAGTCACGCAACAAAT
F: TTGCTTTTATTTTGCTTTCAGC
R: ACCCAGGTCTATCGGCTACC

ap4630

ap7690

F: AGCTTCGCGAGCCAAATTAC
R: TGTTGCCAAGACTCTCTCCA
F: ATTCAATACGTCGGCCAATC
R: TGAAATCCACATAGCCCAAA
F: TCCAAGGTGCCAATGGTAGT
R: TTTGAGTATAATAATCCTGCCAAAAA

ap21127

F: GGTGACTTCCATTGGCTTGT
R: TTGAGTTGAGGTGACGTTGG

Supplementary Table C4. SNP allele frequencies summarized by population. SNPs are
identified by their primer names followed by their position along the contig sequence in brackets.
For SNPs identified in intronic sequence (bold) the position is based on the amplified PCR
product. Major and minor allele frequencies are presented for each marker for each of the three
surveyed populations. Allele type is indicated with its frequency by population in parentheses.
Sites that were monomorphic in the sample population despite the indication of a SNP in the
SNPhunter output are italicized.
SNP [bp]

Florida

Curacao

Puerto Rico

ap2482 [869]

C (1.00)

C (1.00)

C (1.00)

ap2482 [1048]

C (1.00)

C (1.00)

C (1.00)

ap2482 [1341]

A (1.00)

A (1.00)

A (1.00)

ap3572 [40]

C (0.44) / G (0.56)

C (0.75) / G (0.25)

C (0.92) / G (0.08)

ap3572 [298]

T (0.69) / C (0.31)

T (0.75) / C (0.25)

T (0.92) / C (0.08)

ap3572 [465]*

C (0.38) / A (0.63)

C (0.75) / A (0.25)

C (0.83) / A (0.17)

ap3572 [477]*

G (0.50) / C (0.50)

G (0.75) / C (0.25)

G (0.92) / C (0.08)

ap4630 [276]

G (0.67) / C (0.33)

G (1.00)

G (0.67) / C (0.33)

ap4630 [359]

T (0.50) / C (0.50)

T (0.42) / C (0.58)

T (0.50) / C (0.50)

ap4630 [555]

A (0.58) / G (0.42)

A (0.83) / G (0.17)

A (0.58) / G (0.42)

ap4630 [561]

T (1.00)

T (1.00)

T (1.00)

ap7081 [225]

A (1.00)

A (1.00)

A (0.58) / G (0.42)

ap7081 [272]

C (1.00)

C (1.00)

C (1.00)

ap7081 [572]

T (1.00)

T (1.00)

T (1.00)

ap7690 [1042]

A (1.00)

A (1.00)

A (1.00)

ap7690 [1082]

C (1.00)

C (1.00)

C (0.83) / A (0.17)

ap7690 [1106]

T (1.00)

T (1.00)

T (1.00)

ap7690 [1158]

A (1.00)

A (1.00)

A (1.00)

ap21127 [142]

C (1.00)

C (1.00)

C (0.67) / T (0.33)

ap21127 [165]*

C (0.70) / A (0.30)

C (0.38) / A (0.63)

C (0.88) / A (0.13)

ap21127 [371]

C (1.00)

C (1.00)

C (1.00)

ap21127 [585]*

A (0.33) / G (0.67)

A (1.00)

A (1.00)
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Supplementary Figure C1. Coverage of the A. palmata transcriptome was high, both in terms
of sequences tagged and bases covered, with low levels of fragmentation. Lengths of the A.
palmata sequences were generally greater than those of N. vectensis as shown in A) the
distribution of log transformed A. palmata to N. vectensis sequence length ratios for all high
quality BLAST hits between the transcriptomes of the two species. Log transformed data is
presented in this plot to effectively visualize ratios where the N. vectensis (denominator)
sequence was longer, here a log length ratio greater than 0 (shaded bars) indicates sequences
of that were longer in A. palmata. Another BLAST search for a set of single copy cnidarian
genes identified hits to all 119 of the genes in A. palmata. This data was used to look at B) the
distribution of fragmentation levels for putatively single copy genes in A. palmata by plotting the
number of BLAST hits from all contigs to each single copy gene. Such fragmentation can result
from sequencing gaps and / or assembly difficulties.

Supplementary Figure C2. Alignment of translated cDNA sequences used for PAML analysis.
Colored bars indicate strength of consensus. Asterisks denote amino acids in direct contact with
DNA in human p53, and plus signs signify amino acids that complex a zinc atom (Pankow &
Bamberger 2007).

149

Appendix D: Supplementary Material for Chapter 4

Supplementary Table D1. Hybridization design for the microarray experiment. Hybridization followed a
dual channel loop design using two biological replicates (dye-swapped) from each treatment that
maximized contrasts between temperatures (27°/29°C) and batches (b2/3/4/5) within time-points
(24/48/72h). A total of 18 arrays on two 12 plex slides were used. Samples used in this analysis are in
bold, additional samples from sub-batches (b3/4) were included in the microarray experiment but are
not used in this analysis.
Channel
Slide Array
1
1
1
2
1
3
1
4
1
5
1
6
1
7
1
8
1
9
1
10
2
1
2
2
2
3
2
4
2
5
2
6
2
7
2
8

Red (cy5, 635nm)
Batch Time Temp Sample ID
B2
24
27
RP1293
B3
24
29
RP568
B4
24
27
RP561
B5
24
29
RP566
B3
24
27
RP564
B2
24
29
EP602
B5
24
27
RP560
B4
24
29
RP567
B2
72
27
RP1156
B2
72
29
RP1162
B5*
48
27
RP1177
B3
48
29
RP1190
B4
48
27
RP1175
B5
48
29
RP1187
B3
48
27
RP1178
B2
48
29
RP1102
B5
48
27
RP1174
B4
48
29
RP1186
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Green (cy3, 532nm)
Batch Time Temp Sample ID
B3
24
29
RP576
B4
24
27
RP555
B5
24
29
RP573
B3
24
27
RP557
B2
24
29
EP606
B5
24
27
RP553
B4
24
29
RP574
B2
24
27
RP1295
B2
72
29
RP1161
B2
72
27
RP1157
B3
48
29
RP1182
B4
48
27
RP1169
B5
48
29
RP1189
B3
48
27
RP1168
B2
48
29
RP1103
B5
48
27
RP1177
B4
48
29
RP1188
B2
48
27
RP597
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both batches; day 2

both batches; both temps; day 1
both batches; both temps; day 2
both batches; days 1 & 2; both
temps

Temp

Batch
Batch
Time x Temp Interaction

both batches; both temps;day 2

(b2.48.27-b2.48.29)-(b5.48.27-b5.48.29)

(b2.24.27-b2.24.29)-(b5.24.27-b5.24.29)

(b2.48.27 + b2.48.29) - (b5.48.27 + b5.48.29)
((b2.24.27 + b5.24.27) - (b2.24.29 +
b5.24.29))-((b2.48.27 + b5.48.27) - (b2.48.29 +
b5.48.29))

both batches; day 1

Temp

both batches; both temps; day 1

(b2.24.27 + b2.24.29) - (b5.24.27 + b5.24.29)

b2 only at 29C

Time: days 1,2 & 3

Batch x Temp
Interaction
Batch x Temp
Interaction

(b2.48.27 + b5.48.27)-(b5.48.29 + b2.48.29)

b2 only at 27C

Time: days 1,2 & 3

Formula
(b2.24.27 + b5.24.27 + b5.24.29 + b2.24.29) ( b5.48.27 + b2.48.27+ b5.48.29 + b2.48.29)
(b2.48.27 - b2.24.27) and (b2.72.27 b2.48.27)
(b2.48.27 - b2.24.27) and (b2.72.27 b2.48.27)
(b2.24.27 + b5.24.27)-(b5.24.29 + b2.24.29)

both batches; both temps

Samples

Time: days 1 &2

Contrast Name

Supplementary Table D2. Formulas for contrasts performed in Limma

T test

T test

T test

T test

T test

T test

T test

F test

F test

T test

Test

Supplementary Table D3. Complete list of statistically significant DEPs for each contrast from
Supp. Table D2. LFC: Log Fold Change, Q-value: FDR adjusted p-values; Expression pattern:
indicates which treatment exhibited higher expression.
Available online at:
http://datadryad.org/discover?field=dc.contributor.author_filter&fq=location:l2&fq=dc.contributor.
author_filter%3Apolato%2C\+nicholas\+r\|\|\|Polato%2C\+Nicholas\+R

Supplementary Figure D1. Analysis of Variance (ANOVA) on the overall number of expressed
probes in A. palmata larvae among samples pooled by time, batch, and temperature treatment.
No significant differences were observed among any of the groupings.
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Supplementary Figure D2. Expression profiles for selected genes exhibiting profiles characteristic of
each of the groupings discussed in the results, with expression level on the y-axis and time on the x-axis.
Temperature treatments are color coded blue for 27°C and red for 29°C. 24h samples are denoted with
circles, 48h with triangles, and 72h with squares. Samples from batch 2 and 5 are connected with
dashed and solid lines respectively, but for most probes only batch 2 samples are shown for clarity. (A)
Profile characteristic of probes differentially expressed for time alone (Fig 2A, yellow). (B) Profile
showing differential expression between temperatures at 24h but not at 48h (Fig 2B, blue). (C) Profile
showing the opposite pattern of differential expression between temperatures only at 48h (Fig 2C,
blue). (D) Profile showing differential expression between temperatures at both 24 and 48h (Table 3). E)
Profile showing a significant interaction between the factors of time and temperature. (F & G) Profiles
showing significant differences for both time and temperature. In both cases expression stabilized at a
common level by 72h, but in (G) a signature of accelerated expression behavior is evident. (H) Profile of
a probe that differed in expression levels between the batches at both time points (Fig 2A, red), and (I) a
probe that showed a significant batch-by-temperature interaction at 48h (in this case only data for 48h
are shown with temperatures along the x-axis).
153

VITA
Nicholas R Polato
nickpolato@gmail.com
EDUCATION

2006 – 2012: Ph.D. Ecology, The Pennsylvania State University, University Park PA.
Advisor: Dr. Iliana Baums
1995 – 2000: B.S. Biology and B.S. Environmental Studies, SUNY Buffalo, Buffalo NY

PUBLICATIONS

Polato, N. R., J. C. Vera, et al. (2011). "Gene Discovery in the Threatened Elkhorn
Coral: 454 Sequencing of the Acropora palmata Transcriptome." PloS one 6(12):
e28634
Polato N.R., Voolstra C.R., Schnetzer J., et al. (2010). “Location-Specific Responses to
Thermal Stress in Larvae of the Reef-Building Coral Montastraea faveolata.” PloS one
5, e11221
Polato, N.R., Concepcion, G.T., Toonen, R.J. and Baums, I.B. (2010).”Isolation by
distance across the Hawaiian Archipelago in the reef-building coral Porites lobata.”
Molecular Ecology, no. doi: 10.1111/j.1365-294X.2010.04836.x
Thomson, M. J., N. R. Polato, J. Prasetiyono, et al. (2009). "Genetic Diversity of
Isolated Populations of Indonesian Landraces of Rice (Oryza sativa L.) Collected in
East Kalimantan on the Island of Borneo." Rice 2(1): 80-92.
Caicedo, A. L., S. H. Williamson, R. Hernandez et al. (2007). "Genome-wide patterns
of nucleotide polymorphism in domesticated rice." PLoS Genet 3(9): 1745-1756.
Mather, K. A., A. L. Caicedo, N.R. Polato, et al. (2007). "The extent of linkage
disequilibrium in rice (Oryza sativa L.)." Genetics 177(4): 2223.
Olsen, K. M., A. L. Caicedo, N.R. Polato, et al. (2006). "Selection under domestication:
evidence for a sweep in the rice Waxy genomic region." Genetics 173(2): 975.

FELLOWSHIPS &
AWARDS

2008 – 2011: National Science Foundation, Graduate Research Fellowship
2010: Penn State University Department of Biology Braddock Graduate Fellowship
2009: Kansas State Ecological Genomics Travel Award
2006 – 2007: Penn State University Graduate Fellowship

TEACHING &
PROFESSIONAL
EXPERIENCE

Spring 2009 & 2012: Teaching Assistant. Bio220: Ecology and Evolution
2003 – 2006: Laboratory Technician, McCouch Lab, Cornell Univeristy, Ithaca NY
2003: Survey Team Leader, Southern Sierra Research Station, Weldon, CA
2002: Biological Field Technician, Colorado Division of Wildlife, Denver CO

