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Abstract 23	

As climate changes, sea surface temperature anomalies that negatively impact 24	

coral reef organisms continue to increase in frequency and intensity. Yet, despite 25	

widespread coral mortality, genetic diversity remains high even in those coral species 26	

listed as threatened. While this is good news in many ways it presents a challenge for the 27	

development of biomarkers that can identify resilient or vulnerable genotypes. Taking 28	

advantage of three coral restoration nurseries in Florida that serve as long-term common 29	

garden experiments, we exposed over thirty genetically distinct Acropora cervicornis 30	

colonies to hot and cold temperature shocks seasonally and measured pooled gene 31	

expression responses using RNAseq. Targeting a subset of twenty genes, we designed a 32	

high-throughput qPCR array to quantify expression in all individuals separately under 33	

each treatment with the goal of identifying thermal stress biomarkers. We observed 34	

extensive transcriptional variation in the population, suggesting abundant raw material is 35	

available for adaptation via natural selection. However, this high variation made it 36	

difficult to correlate gene expression changes with colony performance metrics such as 37	

growth, mortality, and bleaching susceptibility. Nevertheless, we identified several 38	

promising biomarkers for acute thermal stress that may improve coral restoration and 39	

climate change mitigation efforts in the future. 40	

  41	
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Introduction 42	

 Colonies of the branching staghorn coral, Acropora cervicornis, once formed 43	

dense thickets along shallow reef zones throughout the entire Caribbean region. Due to 44	

anthropogenic impacts, disease, and temperature-induced bleaching events, the 45	

abundance of this prevalent species has declined by more than 80% in recent decades 46	

(Bruckner 2002; Dudgeon et al. 2010). A. cervicornis is currently listed as threatened 47	

under the U.S. Endangered Species Act. In an effort to conserve and restore declining 48	

populations, coordinated coral propagation and reef restoration efforts have been 49	

developed throughout the Caribbean (reviewed by Young et al. 2012). Most programs 50	

propagate corals within in-water nurseries that serve as common gardens, where 51	

genetically diverse colonies are reared in close proximity for extended periods before 52	

being planted back onto degraded reefs. These nurseries function as active restoration 53	

tools as well as genetic repositories that protect diversity during stress events 54	

(Schopmeyer et al. 2012). 55	

A guiding principle of coral conservation is to enhance the genetic diversity of 56	

dwindling populations and thus improve resilience by preserving varied stress responses 57	

among individuals (Baums 2008). This principle was followed when designing the 58	

Caribbean restoration programs by selecting donor colonies that were distinct at neutral 59	

microsatellite markers (Baums et al. 2005), translating into high genomic variation within 60	

and between sites (Drury et al. 2016; Drury et al. 2017b). Additionally, functional 61	

variation in the nurseries is high (Lirman et al. 2014; Lohr & Patterson 2017), meaning 62	

many A. cervicornis genotypes perform differently in the same environment or under the 63	

same stress (Lirman et al. 2011a).  64	
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Climate change is expected to increase the magnitude and frequency of hot and cold 65	

sea surface temperature anomalies in their respective seasons (Easterling et al. 2000), 66	

especially in high-latitude marginal regions such as the Florida Keys, USA (Boesch et al. 67	

2000). Both hot and cold events are known to drive coral bleaching (symbiont loss) and 68	

mortality (Jokiel & Coles 1990; Saxby et al. 2003; LaJeunesse et al. 2007). However, hot 69	

and cold events impact different physiological mechanisms (Roth et al. 2013), and 70	

tolerance tradeoffs may exist. For example, coral mortality was rampant during the 71	

extreme 2010 Florida Keys cold water event, which disproportionately affected inshore 72	

colonies previously resilient to summer hot water bleaching (Kemp et al. 2011; Lirman et 73	

al. 2011b; Kemp et al. 2016). Such patterns suggest that hot and cold stress require 74	

unique physiological and molecular responses. 75	

The health of a coral colony is also tied to the identity and physiological qualities of 76	

its dinoflagellate endosymbionts (Sampayo et al. 2008). Mature A. cervicornis colonies 77	

are typically found to associate with just one Symbiodinium species (S. ‘fitti’ = ITS2 type 78	

A3Caribbean) at depths above ten meters (Thornhill et al. 2006). Moreover, most of the 79	

population of symbiont cells within a colony comprises one clonal cell line (strain), 80	

similar to symbiont populations observed in colonies of a related host species, A. palmata 81	

(Baums et al. 2014; Thornhill et al. 2017). However, low-abundance background 82	

symbionts from other Symbiodinium “clades” have been detected in many A. cervicornis 83	

colonies (Baums et al. 2010; Silverstein et al. 2012). Symbiodinium “clade” identity can 84	

affect host transcription in corals (DeSalvo et al. 2010), but it is unknown whether 85	

within-species diversity in the dominant symbiont and/or variation in the abundance of 86	

background symbionts have similar effects. 87	
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Genetic variation that correlates with environmental conditions or thermal tolerance 88	

can be developed as coral biomarkers (Lundgren et al. 2013; Jin et al. 2016). Gene 89	

expression biomarkers (GEBs), which capture dynamic stress responses, are promising 90	

tools for coral restoration (reviewed by Louis et al. 2016). By characterizing the 91	

molecular profiles that correspond to stress-tolerance and stress-sensitivity, it is possible 92	

to monitor the health of reef organisms, assess acute anthropogenic impacts (e.g. 93	

pollution effects), and identify resilient genotypes for propagation in coral nurseries. 94	

However, the initial analyses of GEBs have been restricted in the number of host genes 95	

investigated, the number of individuals assessed, and the time frame over which colonies 96	

have been sampled, all without detailed knowledge of the resident symbionts. Here, we 97	

use high-throughput molecular approaches to expand the scope of A. cervicornis GEB 98	

development and quantify gene expression variation in a marginal coral population. 99	

  100	
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Materials and methods 101	

For full methodological details, see Supporting Information Text S1. All raw data, 102	

R code, and additional supplements can be accessed in the Pennsylvania State 103	

University’s ScholarSphere database [https://doi.org/10.18113/S1RP4R]. 104	

 105	

Coral nurseries and colony selection 106	

Three in-water coral propagation nurseries in Florida were targeted for this 107	

experiment: the University of Miami nursery in Miami (referred to as the Miami nursery; 108	

25°28'24.24"N, 80°07'42.24"W), the Coral Restoration Foundation nursery in Tavernier 109	

(Upper Keys nursery; 24°58'55.84"N, 80°26'10.69"W), and the MOTE Marine Lab / 110	

Nature Conservancy nursery in Summerland Key (Lower Keys nursery; 24°33'45.68"N, 111	

81°24'00.54"W) (Fig. 1a). These three locations fall within the biogeographic range of 112	

one intermixing A. cervicornis population near the northernmost boundary of the species 113	

(Baums et al. 2010; Drury et al. 2016). All colonies had been growing in their respective 114	

common garden nurseries for at least one year prior to experimentation, minimizing 115	

environmental variation. At the Miami nursery, the annual linear tissue extension rates, 116	

annual mortality rates among replicate colonies, and relative bleaching sensitivities for 117	

each genotype were monitored throughout the experimental period.  118	

As part of the initial collection when the nurseries were established, donor 119	

colonies were genotyped at four host-specific microsatellite loci (Baums et al. 2005) to 120	

establish each colony’s genet identity. Subsequently, the dominant Symbiodinium ‘fitti’ 121	

strain in each colony was genotyped at 13 symbiont-specific loci (Pinzon et al. 2011; 122	

Baums et al. 2014). Host genets with anecdotally variable growth rates, mortality rates, 123	
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and bleaching susceptibilities were chosen from each nursery (Miami: n = 10; Upper 124	

Keys: n = 11; Lower Keys: n = 10). Each collection included seven unique S. ‘fitti’ 125	

strains. No host genets or symbiont strains were shared across nurseries (Table S1).  126	

To examine intra-individual variation, three host genets were subsampled three 127	

times each from physically separate colonies (three ramets of the same genet), so a total 128	

of 37 colonies were included in the study. To examine the effect of genotypic variation in 129	

the dominant symbiont, collections at each nursery included at least three genetically 130	

distinct colonies each associating with the same S. ‘fitti’ strain (‘monotypic’ group), as 131	

well as three colonies each associating with unique S. ‘fitti’ strains (‘diverse’ group). 132	

 133	

Temperature experiments 134	

A single branch (~9 cm) from each colony at each nursery was clipped 135	

underwater via SCUBA. Corals were sampled within two hours of solar noon and the 136	

growing tips were removed to minimize effects of diel cycle and branch position on gene 137	

expression (Hemond & Vollmer 2015). The remaining branch was divided into three 138	

equal fragments, which were exposed for one hour to one of three treatments: extreme 139	

hot (35 ºC), extreme cold (10 ºC), or ambient (season-dependent: 24-28 ºC). Treatments 140	

were conducted shipboard immediately after collection. Temperatures were maintained in 141	

insulated water buckets using temperature regulators connected to aquarium heaters 142	

and/or ice as needed. This set-up was designed to be relatively inexpensive and simple 143	

for restoration workers to repeat, and based on an instant-read thermometer maintained 144	

target temperatures for the one hour treatment duration. After the temperature exposure, 145	

fragments were preserved in RNALater.  146	
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The experiment was repeated four times over a 12-month period: June 2011 147	

(Summer 1), September 2011 (Summer 2), February 2012 (Winter 1), and May 2012 148	

(Winter 2; Fig. 1b). The Summer collections were scheduled to capture gene expression 149	

before and after the Summer thermal maximum. Due to logistical issues, it was 150	

impossible to sample around the Winter thermal minimum in the same way. Instead, the 151	

Winter collections began immediately after the Winter thermal minimum and spanned the 152	

same time interval as the Summer collections. 153	

Our treatment temperatures were extreme, as bleaching and mortality are typically 154	

observed at <16ºC and >31ºC in this species, and it is unlikely that any coral would 155	

experience such dramatic instantaneous temperature changes naturally. An alternative 156	

approach would have been to bring the coral fragments to a laboratory to acclimatize 157	

them using more ecologically-relevant temperatures. However, the reestablishment of an 158	

aquarium-based common garden would negate the power provided by the field-based 159	

nursery (namely, the myriad factors—both known and unknown—that influence survival 160	

in the wild and cannot be replicated in an aquarium). The immediate short and extreme 161	

stress treatment was thus the best approach to accentuate transcriptomic response 162	

differences among genotypes.  163	

 164	

RNAseq experiment 165	

A total of 444 Acropora cervicornis experimental fragments were collected from the 166	

Florida coral nurseries (37 colonies x 3 temperature treatments x 4 seasons). First, an 167	

RNAseq experiment was carried out on pooled samples to identify important stress 168	

response genes that could later be assayed in all samples using high-throughput qPCR 169	
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(HTqPCR). The subset included seven host genets each from two of the three nurseries 170	

(Miami and Lower Keys), two of the four seasonal collections (Summer 1 and Winter 1), 171	

and all three temperature treatments (ambient, hot, and cold), resulting in 12 libraries.  172	

Total RNA extraction, library preparation, Illumina sequencing, read processing, 173	

functional annotation, and differential expression analyses were carried out as by 174	

Parkinson et al. (2016) with minor modifications (Text S1), resulting in ~37 million high 175	

quality reads per library. Reads were mapped to the A. cervicornis transcriptome of Libro 176	

et al. (2013) and separated into host and symbiont components bioinformatically using 177	

additional coral and Symbiodinium genomic resources. The host gene set (n = 22,772) 178	

was analyzed separately from the symbiont gene set (n = 21,094). Transcripts with 179	

unassigned or ambiguous origin (n = 21,669) were excluded from further analysis. All 180	

genes were modeled in the R package EdgeR (Robinson et al. 2010) and assessed for 181	

differential expression with respect to temperature treatment (season ignored) and season 182	

(temperatures analyzed separately) using nurseries as replicates. Results were visualized 183	

through principal component analysis and Venn diagrams.  184	

 185	

HTqPCR array design 186	

The RNAseq experiment yielded the targets for the HTqPCR array. The array was 187	

developed to assess expression separately for each individual coral, in contrast to the 188	

pooled design of the RNAseq experiment. The TaqMan OpenArray platform (Thermo 189	

Fisher Scientific, Waltham, MA) included 28 targets in duplicate per plate. Based on the 190	

RNAseq experiment, it appeared that certain host genes responded in the same direction 191	

under both hot and cold stress (allied pattern), others responded in opposite directions 192	
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(opposing pattern), still others responded to only one stress (uncoupled pattern), and 193	

some varied across time (seasonal pattern).  194	

We chose 21 functionally relevant host genes from each expression category along 195	

with three low-variance host control genes and four clade-specific Symbiodinium 196	

ribosomal genes for the HTqPCR array. The symbiont genes were used to track 197	

abundances of Clades A, B, C, and D, but no further Symbiodinium genes were included 198	

due to the low incidence of differential expression. Host genes were chosen based on 199	

meeting a majority of several selection criteria (Text S1). Ideally they were annotated, 200	

differentially expressed, functionally enriched, intron-spanning, universal (similar 201	

expression across nurseries), and part of a temperature coexpression module. Complete 202	

gene IDs, array order, annotation information, response categories, and RNAseq 203	

expression patterns for each target are presented in Fig. 2.  204	

 205	

HTqPCR array experiment 206	

After choosing genes of interest, all 28 targets were printed in duplicate on 10 207	

TaqMan OpenArray custom plates, accommodating the 444 samples (24,864 unique 208	

qPCR reactions). Total RNA from each sample (100 ng) was treated with DNase I to 209	

remove gDNA, converted to cDNA with a High-Capacity cDNA Reverse Transcription 210	

kit, and pre-amplified using TaqMan Custom PreAmp Pools (all kits from Thermo Fisher 211	

Scientific). qPCRs were performed on a QuantStudio 12K Flex Real-Time PCR System 212	

at the Pennsylvania State University Genomics Core Facility. 213	

Raw cycle threshold (CT) values for each qPCR reaction were processed in R with 214	

the package MCMC.qpcr (Matz et al. 2013). After accounting for differences in 215	
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amplification efficiencies and removing outliers, these values were fit to the “classic” 216	

linear mixed model, which uses Markov Chain Monte Carlo simulations for maximum 217	

likelihood analysis. The model specifically tested the fixed effects of temperature, season, 218	

and their interaction on each gene, normalized to the control genes and incorporating a 219	

random effect of host genotype. One gene target (A17_Gnat3) had very low efficiency, 220	

multiple cases of non-amplification, and highly variable expression values; therefore, it 221	

was dropped from the model and further consideration. A separate time series analysis 222	

was performed using the R package maSigPro (Conesa et al. 2006) on the averaged, 223	

normalized relative expression values generated with MCMC.qpcr. 224	

 225	

Visualizing host gene expression variation 226	

To visualize gene expression variation among host genets, DataAssist (Thermo 227	

Fisher Scientific) was used to remove outlier CT values, calculate mean CT values based 228	

on the technical replicates for each sample, and normalize to the average expression of 229	

the three endogenous control genes (dCT). The values were then imported into the R 230	

statistical environment, where expression relative to ambient temperature control samples 231	

(ddCT) was calculated for each gene separately and plotted on a log2 scale.  232	

To examine the effect of dominant S. ‘fitti’ genotypic variation on host expression 233	

variation, ‘monotypic’ vs. ‘diverse’ groups were compared. For each gene at each nursery 234	

and season, the variance in stress response values (ddCT for hot or cold) across the three 235	

‘monotypic’ or three ‘diverse’ colonies were calculated. Genewise differences in mean 236	

variance between groups were assessed via t-test (α = 0.05). 237	

 238	
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Background symbiont analysis 239	

Special consideration was given to the quantification of background symbiont types. 240	

The PreAmp Pools included primers for all targets except the Clade A Symbiodinium 241	

ribosomal gene, as this target already yielded very high signal because of the 242	

overwhelming numerical dominance of S. ‘fitti’ in all samples. Pre-amplification would 243	

have potentially negatively influenced the efficiency of other reactions. Thus, the Clade 244	

A values were not directly comparable to those of Clades B, C, and D, and were excluded 245	

from the analyses below.   246	

 247	

Correlation analysis 248	

To explore correlations among expression profiles (both raw expression levels and 249	

fold-change responses relative to ambient), background symbiont abundances 250	

(Symbiodinium Clades B, C, and D), and physiological metrics (growth rate, mortality, 251	

and bleaching), all relevant data from the Miami nursery were combined in a single 252	

matrix. Growth was measured as annual linear extension averaged over all ramets of a 253	

genet, mortality was measured as annual percent mortality among ramets of a genet, and 254	

bleaching was a qualitative measure of susceptibility during a bleaching event in 2014 255	

(categorized as 1 = no bleaching, 2 = bleached during summer and recovered, and 3 = 256	

bleached and died). Pearson correlation coefficients with a Holm multiple comparison 257	

correction were calculated pairwise (α = 0.05). Calculations were performed in R, and 258	

correlation heatmaps were generated in Gene-E (Gould 2015).  259	

  260	
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Results 261	

Global expression patterns (RNAseq) 262	

The RNAseq experiment on a subset of samples and seasons showed temperature-263	

based differential expression was more apparent in the coral host than the algal symbiont 264	

(e.g. 949 host differentially expressed genes (DEGs) vs. 28 symbiont DEGs in the heat 265	

shock vs. ambient treatment; Fig. 1c). Few changes in gene expression for both hosts and 266	

symbionts were observed between Summer 1 and Winter 1. Given the low proportion of 267	

dynamic gene expression in Symbiodinium, we subsequently focused only on coral host 268	

genes. There were more host genes responsive to heat stress than cold-stress (e.g. 949 hot 269	

DEGs vs. 237 cold DEGs). As expected, a Gene Ontology enrichment analysis revealed 270	

many differentially expressed genes were components of stress response processes (Table 271	

S2). In general, heat stress mostly resulted in gene upregulation, whereas cold stress 272	

mostly resulted in gene downregulation (Fig. 1e).  273	

Samples with similar host expression patterns were grouped visually through 274	

principal component analysis (Fig. 1d,f). The first principal component accounted for 275	

54% of expression variation and was largely correlated with temperature (r2 = 0.63; p = 276	

0.014). The second principal component accounted for 25% of variation and was 277	

correlated with nursery/location (r2 = 0.75; p = 0.002). Season did not correlate with the 278	

ordination (r2 = 0.14; p = 0.498). Many of the stress-response genes appeared to show 279	

allied or opposing patterns (Fig. 1e). Of the allied patterns, 2 genes were upregulated in 280	

both hot and cold, while 56 genes were both downregulated in hot and cold. Of the 281	

opposing patterns, 10 genes were upregulated in hot and downregulated in cold, while no 282	

genes were downregulated in hot and upregulated in cold. 283	
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 284	

Targeted expression patterns (HTqPCR) 285	

The HTqPCR experiment on a subset of 20 host genes showed the average expression 286	

of each gene under each treatment generally matched the pattern expected based on the 287	

RNAseq results. All allied genes responded to hot and cold stress in the same direction, 288	

all opposing genes responded in opposite directions, and all control genes diverged very 289	

little from zero (Fig. 2; Table S3a). According to the Bayesian model, most of these 290	

trends were statistically significant (or not significant, in the case of controls), and 291	

ultimately 19 of the 23 genes analyzed met significance expectations under both hot and 292	

cold conditions.  293	

According to the separate time series analysis (Figs. 3, S1), nine of the 20 genes had 294	

expression profiles that varied with season under ambient conditions, while those nine 295	

plus an additional three genes varied seasonally in terms of their responses to hot and 296	

cold (Table S3b), largely in agreement with the results of the Bayesian model. In the time 297	

series model, none of the control genes were differentially expressed at any point or 298	

under any treatment. Interestingly, neither were the two genes that were expected to be 299	

seasonal based on RNAseq data (A20_EXD1 and A21_ANKRD44). Representative 300	

expression time series are presented in Fig. 3, while plots for all genes can be found in 301	

Fig. S1. 302	

 303	

Genotypic expression variation 304	

Expression patterns were highly variable when each host genotype was considered 305	

separately. This is evident in the wide range of individual expression values for a given 306	
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gene at each time point in Fig. 3. An expanded example is provided in Fig. 4 for target 307	

A12_hsp-16.2. While the hot treatment drove upregulation of hsp-16.2 in all colonies, the 308	

extent of variation ranged from a log2 fold change (LFC) of ~1 to ~10 (or 2-fold to 1,024-309	

fold). Notably, this range was observed among ramets of the same genet (U11 in Winter 310	

1). If considered instead in terms of dominant symbiont genotype, results were similarly 311	

variable, with both high and low expression among colonies sharing S. ‘fitti’ strains. 312	

Ultimately no genes featured expression patterns that could be explained easily by host or 313	

dominant symbiont identity. 314	

Nor was host expression related to dominant symbiont genotypic diversity. When 315	

comparing groups of colonies with identical host diversity but varying intraspecific 316	

symbiont diversity, no genes showed significant differences in host heat stress response 317	

variances. For the cold stress response, only one gene was significant (A05_Drip), but in 318	

the opposite direction than might be expected (the ‘monotypic’ variance was greater than 319	

the ‘diverse’ variance). An example is given in Fig. 6a for target A15_wnt4. 320	

 321	

Correlations of host expression with physiological data and background symbiont 322	

diversity 323	

 Host gene relative expression levels (dCT) under ambient, hot, and cold 324	

temperatures were generally unrelated to colony growth rates, mortality, or bleaching 325	

categories (Fig. 5), with typically low Pearson correlation coefficients (|ρ| < 0.3). 326	

Nevertheless, some correlations were quite strong and significant (|ρ| > 0.7; Fig. 5a), but 327	

patterns were inconsistent across seasons. Results were similar for stress responses 328	

(ddCT) and for nonparametric Spearman rank correlations (data not shown).  329	
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Background Symbiodinium abundance did not have an obvious effect on ambient host 330	

gene expression (Fig. 6b), although four heat stress genes showed strong positive 331	

correlations with Clade D abundance during Summer 1 (ρ > 0.7). The relative abundance 332	

of different Symbiodinium did not predict host colony performance metrics at the Miami 333	

nursery consistently (Fig. 6c), with the exception of a negative correlation between 334	

bleaching frequency and background symbiont abundance during Winter 2. While 335	

background Clade B, C, and D symbionts were detected in most colonies at most time 336	

points, the time series analysis revealed no seasonal influence on their relative 337	

abundances. 338	

  339	
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Discussion 340	

Extensive expression variation among and within coral colonies 341	

We observed a high degree of gene expression variation among Acropora 342	

cervicornis colonies, similar to other acroporid corals (e.g. Granados-Cifuentes et al. 343	

2013; Parkinson et al. 2015). Host genotype, nursery of origin, stress type, and time point 344	

all contributed to the diverse expression patterns (Figs. 1-4). Remarkably, the expression 345	

of a given gene in physically separate colonies of the same clone could vary up to 1,024-346	

fold despite shared proximity, environmental history, and genetic makeup. Minor 347	

differences in handling, experimental treatment, circadian cycle, or microhabitat may 348	

have contributed to these patterns, though we explicitly aimed to control these factors in 349	

the experimental design.  350	

Alternatively, epigenetic modifications such as differential methylation of genes 351	

among ramets of the same genet could explain large expression variation associated with 352	

a single coral genotype (Putnam et al. 2016). In silico searches of the draft A. cervicornis 353	

genome (Baums et al., unpubl) recovered multiple homologs for genes that comprise the 354	

core methylation machinery. Environmental ‘memory’ within individual colonies, likely 355	

driven in part by epigenetic modification, may persist for at least ten years in corals 356	

(Brown et al. 2015). Therefore, branches of the same genet originally sourced from 357	

different parts of the donor colony may exhibit very different expression profiles 358	

reflecting past microhabitats (e.g. shaded vs. unshaded) prior to entering the nursery. 359	

Such modifications add an extra layer of complexity when developing biomarkers. 360	

 361	

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.3158v2 | CC BY 4.0 Open Access | rec: 9 Feb 2018, publ: 9 Feb 2018



 Parkinson et al. | 18 

Inconsistent correlations between gene expression and performance metrics 362	

 A primary goal of this study was to identify gene expression biomarkers for 363	

holobiont performance. Despite finding some of the strongest correlations between gene 364	

expression and growth rate, mortality, and bleaching yet reported in corals, none of the 365	

candidate biomarkers were consistently predictive of colony performance (Fig. 5). The 366	

best candidate genes produced significant correlations with performance only in some of 367	

the seasons or with only some of the performance metrics, such that a strong predictor in 368	

Summer became a weak predictor in Winter, for example. Likewise, Bay and Palumbi 369	

(2017) recently identified two gene coexpression modules (large groups of genes that 370	

share similar expression patterns across treatments in an experiment) that significantly 371	

correlated with colony survival and/or growth in a reciprocal transplant study. One 372	

module showed consistent expression across multiple experiments (Rose et al. 2016), but 373	

the other did not, illustrating that high within-species variability in gene expression 374	

responses to stress are a general feature in corals.  375	

Development of gene expression markers for colony performance requires that 376	

good colony performance indicators are available. Performance measurements, let alone 377	

true lifetime fitness estimations, remain challenging in corals (Edmunds 2017).  378	

Performance in the nursery was measured on the scale of a year (annual growth rates and 379	

mortality) or multiple years (bleaching). However, this study represented a narrow 380	

snapshot at four time points, and gene expression proved to be highly variable. These 381	

temporal incongruities likely made detection of correlations more challenging. Recently, 382	

calcification rate has been identified as a phenotype with strong genetic influence in A. 383	

cervicornis (Kuffner et al. 2017). Further development of high throughput quantitative 384	
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performance measures indicative of lifetime colony fitness is a high priority for coral 385	

research.  386	

 387	

Candidate biomarkers 388	

 Predicting performance is only one goal of developing gene expression 389	

biomarkers; another is to detect stress.  Although few genes correlated with colony 390	

performance metrics across different seasons, many responded consistently to 391	

temperature changes. Four genes were particularly well suited to detecting heat stress in 392	

A. cervicornis. (A11_hsp-16.2, A12_ZFAND2B, A13_RTKN and A14_GADD45A; 393	

Figs. 3c, S1). All four are known members of stress pathways, coding for heat shock, zinc 394	

finger, rhotekin, and damage-inducible proteins, respectively. They were upregulated 395	

under hot conditions by nearly all genotypes regardless of nursery and varied only 396	

slightly by season. They were also members of the same gene coexpression module. The 397	

first principal component of all genes in the cluster (the eigengene) featured a high and 398	

statistically significant correlation with temperature (ρ = +0.57; p = 0.05) but not season 399	

or nursery/location.  400	

Four genes were consistently downregulated in response to both hot and cold 401	

stress (A04_ALKBH1, A05_Drip, A18_sesn1, and A19_TIR1; Figs. 2a, S1). These genes 402	

encode alkylated DNA repair, aquaporin, sestrin, and toll-like receptor proteins, 403	

respectively. Given their similar expression patterns regardless of stress type, these genes 404	

may be useful for identifying general stresses such as pollution, disease, and other acute 405	

impacts. These were all members of a separate gene coexpression module whose 406	
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eigengene correlated with nursery/location (ρ = -0.66; p = 0.02) but not temperature or 407	

season, suggesting they may be locally acclimatized/adapted (see below). 408	

 TNF receptor-associated factor 3 (A07_TRAF3) stood out as a potentially 409	

informative marker for seasonal heat acclimatization. This gene inhibits NF-κB activation 410	

(Yamamoto et al. 1998), which is a key signaling component of the immune response and 411	

stress-induced apoptosis in humans (Gilmore & Wolenski 2012) as well as corals (Davy 412	

et al. 2012; Zhou et al. 2017). In this study, the A. cervicornis TRAF3 homologue was 413	

typically downregulated during hot and cold exposure, likely activating NF-κB and a 414	

subsequent stress response (Fig. 3d). However, TRAF3 was upregulated under heat shock 415	

during Summer 2 after the summer thermal maximum, reflecting a possible reduction in 416	

stress. This pattern suggests that the corals may have been ‘primed’ by earlier heat 417	

exposure, making them more capable of dealing with heat stress in the late summer than 418	

any other period during the year.  419	

 420	

Local adaptation 421	

 By design, our HTqPCR analysis focused on a subset of genes that appeared to 422	

have similar expression patterns across nurseries (at least according to the initial RNAseq 423	

results). The goal was to identify universal biomarkers for A. cervicornis, and so we tried 424	

to filter out genes with nursery-specific patterns. Nevertheless, there was a large nursery 425	

signal in the RNAseq data set, as well as among some of the HTqPCR genes (Fig. 1d, 426	

Fig. 4). This suggests differential acclimatization among corals in different nurseries. It 427	

might also indicate a degree of local adaptation across the latitudinal gradient within 428	

Florida.  429	
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Local adaptation despite gene flow has been inferred in other Caribbean species 430	

(Polato et al. 2010; Kenkel et al. 2013), and A. cervicornis genotype, environment, and 431	

their interaction greatly impact colony growth, survivorship, and tolerance in the Florida 432	

Keys (Drury et al. 2017a). Reciprocal transplant studies have demonstrated differential 433	

acclimatization as well as local adaptation with respect to coral gene expression, 434	

indicating transcriptional plasticity itself may be an adaptive trait serving as a genomic 435	

basis for resilience to climate change (Barshis et al. 2013; Palumbi et al. 2014; Kenkel & 436	

Matz 2016). A. cervicornis is an ideal system to further explore these ideas through 437	

transcriptional comparisons between the marginal Florida population and more central 438	

Caribbean populations. Additional work will be required to test the feasibility of using 439	

locally-adapted genes as expression biomarkers of colony performance. 440	

 441	

Opposing vs. allied gene expression responses 442	

 One previous study on tropical reef-building corals quantified levels of a 443	

thermal stress response protein in the same individuals during hot and cold stress, finding 444	

a strong increase in protein abundance under both treatments after six hours (Seveso et al. 445	

2016). Such allied molecular responses are expected to reflect the ability of an organism 446	

to respond to multiple stressors using a common core stress response. In contrast, 447	

opposing responses suggest the organism requires unique mechanisms to handle different 448	

stressors. In the context of threatened corals, a greater ratio of allied to opposing thermal 449	

stress response genes in a given colony could indicate greater resilience to future sea 450	

surface temperature fluctuations caused by climate change. Only three genes of interest 451	

truly featured opposing patterns. Though some allied genes also turned out to be false 452	
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positives, the low proportion of opposing genes (n = 10) relative to the high number of 453	

allied genes (n = 58) from the RNAseq experiment indicates that it is far more common 454	

for coral stress genes to act in the same direction than to be opposed under different 455	

thermal shocks (Fig. 1e), and these allied responses tend to be consistent across seasons 456	

(e.g. Fig. 3a).  457	

Even though hot and cold stresses generally affect different molecular pathways, 458	

certain elements of the response appear to be conserved in A. cervicornis. It is also more 459	

common for coral stress genes to be downregulated together (n = 56) than to be 460	

upregulated together (n = 2) during alternate stress events (Fig. 1e). Therefore, this A. 461	

cervicornis population does not appear to be constrained to intermediate expression of 462	

stress response genes despite exposure to different thermal extremes during summer and 463	

winter. Rather, alternate stressors may reinforce the expression patterns of genes shared 464	

in both responses. It is possible that any Florida host genotypes showing opposing gene 465	

expression patterns with hot and cold stress have died out during the past few decades or 466	

that such genotypes do not exist in this species. It thus would be interesting to investigate 467	

A. cervicornis gene expression patterns in more central locations in the Caribbean with 468	

narrower temperature ranges.  469	

 470	

No clear influence of dominant or background symbiont diversity on host gene expression 471	

and performance 472	

Given that selection can act at the level of the coral holobiont (Iglesias-Prieto & 473	

Trench 1997; LaJeunesse et al. 2010; Parkinson & Baums 2014), we posited that 474	

maintaining genetic diversity of both hosts and symbionts—not just the host—should be 475	
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an important goal in the conservation of endangered corals. We therefore tested whether 476	

dominant or background symbiont composition influenced host expression or holobiont 477	

phenotypes. However, we found no strong evidence for such an effect.  478	

The dominant S. ‘fitti’ strain was no more likely to predict host expression levels 479	

than host genotype (Fig. 4), and host expression response variance was just as high 480	

among groups of colonies sharing a single S. ‘fitti’ strain as it was among groups of 481	

colonies with multiple strains (Fig. 6a). Moreover, correlations between background 482	

symbiont composition and host expression were mostly weak and variable (Fig. 6b). Of 483	

note, background Clade D abundance, which in the Caribbean is represented 484	

predominately by S. trenchii (= ITS2 type D1a), strongly correlated with the ambient 485	

expression levels of four candidate heat shock proteins during Summer 1, when 486	

temperatures in the Florida Keys were rapidly climbing. Additionally, all three 487	

background clade abundances correlated negatively with longer-term bleaching 488	

frequency during Winter 2 (Fig. 6c). At this point it is unclear if these were spurious 489	

associations or meaningful biological interactions, but they warrant further investigation. 490	

It is possible that symbiont composition did not affect colony performance at all, 491	

but it is more likely that host expression is simply a poor metric by which to measure a 492	

symbiont genotype and/or species effect during acute thermal stress. Host gene 493	

expression changes are rapid and dynamic, whereas Symbiodinium appear far less 494	

transcriptionally responsive to temperature shocks (Leggat et al. 2011; Barshis et al. 495	

2014; this study; but see McGinley et. al 2012, Baumgarten et al. 2013, Levin et al. 496	

2016), and a ‘host buffering’ effect may temporarily protect symbiont cells from rapid 497	

changes in the host environment (Parkinson et al. 2015). Given the different time frames 498	
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over which coral hosts and their algal symbionts experience and respond to stress at a 499	

molecular level, transient shocks appear insufficient to detect genotypic interactions 500	

among host-symbiont partners. Longer-term exposures to less extreme temperatures or 501	

alternate metrics such as proteomics, metabolomics, or cellular physiological assays 502	

should be used to further characterize the phenotypes of these fine-scale interactions and 503	

assess the conservation priority of symbiont diversity. 504	

 505	

Conclusion 506	

We have improved on previous efforts to identify gene expression biomarkers for 507	

corals by developing new high-throughput methods, interrogating a large number of host 508	

genes simultaneously, expanding the number of individuals assessed, repeating the 509	

experiments at multiple time points throughout a year, and incorporating Symbiodinium 510	

diversity. Working with nursery-reared corals reduced the influence of environmental 511	

variation and ensured that our results produced useful information tied directly to 512	

ongoing restoration projects. Despite finding few consistent correlations between ambient 513	

or temperature shock expression variation, holobiont performance, and symbiont 514	

diversity, we nevertheless identified several potentially useful thermal stress biomarkers. 515	

Although challenging for GEB development, the high levels of standing transcriptional 516	

variation observed among individuals in this study suggest restoration nurseries are 517	

fulfilling their role as repositories for coral genetic and phenotypic diversity. 518	
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Fig. 1 RNAseq experimental overview. (a) Map of the Florida Keys depicting the 740	

location of the three nurseries used in the study. (b) Monthly sea surface temperature 741	

observations (SST) near the Upper Keys nursery from 2011-2012 (data from NOAA 742	

National Data Buoy Center; http://www.ndbc.noaa.gov/). Bars indicate sampling points, 743	

with red corresponding to Summer and blue corresponding to Winter. (c) The number of 744	

differentially expressed genes (DEGs) among coral hosts and algal symbionts for each 745	

main contrast in the RNAseq experiment (left value: total number of DEGs; right value in 746	

parentheses: number of well-annotated DEGs). (d) Principal component analysis (PCA) 747	

of all host DEGs with significant environmental vectors superimposed. The vectors point 748	

in the direction of the greatest change in the variable of interest, while the vector length is 749	

proportional to the correlation between the ordination and the variable. (e) Venn diagram 750	

depicting overlap in the total number of host DEGs (top value) or well-annotated DEGs 751	

(bottom value in parentheses) that were up- or down-regulated in the hot or cold 752	

treatment relative to ambient conditions. Overlapping regions correspond to allied or 753	

antagonistc expression patterns. (f) Statistics for the PCA environmental vectors.  754	
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 755	
Fig. 2 HTqPCR experimental overview. (a) Table of gene targets for the high-756	

throughput qPCR (HTqPCR) experiment, including annotation information and expected 757	

expression patterns based on the RNAseq experiment. (b) Thermal shock responses for 758	
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coral host genes included on the HTqPCR array averaged across all genotypes and 759	

seasons. Points represent host expression responses (log2 fold changes; LFC) relative to 760	

ambient controls for cold (blue) and hot (red) temperature treatments. Error bars 761	

represent 95% credible intervals from the Bayesian linear mixed model. Significant 762	

divergence from 0 is evident when the bars do not cross the horizontal reference at y = 0; 763	

significant divergence between cold and hot treatments for a given gene is evident when 764	

the bars from different treatments do not cross each other. 765	

  766	
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 767	
Fig. 3 Host relative expression levels by season based on the HTqPCR experiment. 768	

Temperature treatment is indicated by color: ambient (black), cold (blue), and hot (red). 769	

Representative examples are provided for (a) allied downregulation, (b) antagonism, (c) 770	
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uncoupled heat stress response, (d) seasonal heat acclimatization, (e) highly variable 771	

expression, and (f) low variance control genes. Expression patterns were explored with a 772	

time series analysis. Significance for the main effects of time (Season), cold stress (Cold 773	

vs. Ambient), and heat stress (Hot vs. Ambient) are indicated (NS = Not Significant; Sig 774	

= Significant; p < 0.05). Gray shading corresponds to 95% confidence intervals.  775	
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 776	
Fig. 4 Relative expression variation (heat shock protein 16.2) among all colonies, 777	

nurseries, and seasons. Bars represent host expression responses (log2 fold changes; 778	

LFC) relative to ambient controls for cold (blue) and hot (red) temperature treatments. 779	

Colonies are grouped by nursery (separated by black vertical lines) and host genotypes 780	

along the x-axis. The first letter represents nursery (L = ‘Lower Keys’, U = ‘Upper 781	

Keys’, M = ‘Miami’), while numbers identify unique genotypes within each nursery. 782	

Dominant symbiont (S. ‘fitti’) strain identities are also provided in brackets using lower 783	

case letters to indicate nursery and numbers for unique genotypes within a nursery 784	

(independent from host labels). Where expression values were determined for 3 replicate 785	
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ramets of the same host genet, the values for each colony are plotted separately (but 786	

grouped together between solid gray lines) and identified by the same host genotype 787	

name appended with ‘a,’ ‘b,’ and ‘c’ suffixes. Clonal symbiont strains are also identified 788	

with shared names labeled with suffixes, as well as shared text color (unique strains are 789	

labeled in black). Colonies U03, U10a, M05, M08, and M10c are missing some data due 790	

to failed amplification. 791	

 792	
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Fig. 5 Relationships between host expression and colony performance. Heatmaps 794	

depict Pearson correlation coefficients (ρ) between coral holobiont phenotypes and 795	

expression levels in ambient, cold, and hot temperature treatments at all seasons. 796	

Correlations are presented for host relative expression level and (a) annual growth rate, 797	

(b) annual mortality, and (c) a bleaching frequency index ranging from 1 (mild) to 3 798	

(severe). Plots of linear fits for the gene target A19_TIR1 in the hot treatment at Winter 2 799	

(highlighted in green) illustrate a range of ρ values and the data that produce them. To aid 800	

visualization, relatively weak correlations (|ρ| < 0.3) appear white in the heatmaps. 801	

 802	
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Fig. 6 Influence of symbionts on host expression and colony performance. (a) 804	

Representative boxplots of variance in host expression responses (log2 fold changes; 805	

LFC) for target A15_wnt4 when comparing two groups of three colonies with different 806	

levels of intraspecific diversity in the dominant symbiont, Symbiodinium ‘fitti’ (=ITS2 807	

type A3Caribbean). ‘Diverse’ indicates three S. ‘fitti’ strains (one per colony); ‘monotypic’ 808	

indicates one S. ‘fitti’ strain (shared in all three colonies). Symbiont strains were unique 809	

to each group. Also presented are heatmaps of Pearson correlation coefficients (ρ) 810	

between abundances of background symbionts (Clades B, C, and D) and (b) host relative 811	

expression levels or (c) holobiont phenotypes at all seasons. Highlighted in green are four 812	

heat stress genes featuring high correlations with the abundance of Clade D (most likely 813	

S. trenchii = ITS2 type D1a) during Summer 1. To aid visualization, relatively weak 814	

correlations (|ρ| < 0.3) appear white in the heatmaps. 815	

 816	
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