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Genomic signatures of disease resistance
in endangered staghorn corals
Steven V. Vollmer†*, Jason D. Selwyn†, Brecia A. Despard, Charles L. Roesel

White band disease (WBD) has caused unprecedented declines in the Caribbean Acropora corals,
which are now listed as critically endangered species. Highly disease-resistant Acropora cervicornis
genotypes exist, but the genetic underpinnings of disease resistance are not understood. Using
transmission experiments, a newly assembled genome, and whole-genome resequencing of 76
A. cervicornis genotypes from Florida and Panama, we identified 10 genomic regions and 73 single-
nucleotide polymorphisms that are associated with disease resistance and that include functional
protein-coding changes in four genes involved in coral immunity and pathogen detection. Polygenic
scores calculated from 10 genomic loci indicate that genetic screens can detect disease resistance in
wild and nursery stocks of A. cervicornis across the Caribbean.

I
ncreased global CO2 emissions and the
resulting ocean warming have devastated
tropical reef corals by increasing the fre-
quency and severity of thermal bleaching
events (1–3) and disease outbreaks (4, 5).

Emergent infectious diseases in Caribbean
corals cause high levels of coral mortality (6–8),
with white band disease (WBD) killing up to
95% of the critically endangered Caribbean
Acropora corals (8), and stony coral tissue loss
disease (SCTLD) is, at present, decimating
more than 20 key reef-building coral species
(6, 7). The rising toll of thermal bleaching and
diseases on coral reefs globally has focused
scientific efforts on identifying thermally re-
silient and disease-resistant coral species, in-
dividuals, genes, and symbionts that allow reef
corals to adapt to future climate scenarios
(9–11), including through human intervention
(9). Adaptive polygenic variation for thermal
tolerance with relatively high heritability ex-
ists in corals (11), although the identification of
genetic markers that strongly influence ther-
mal tolerance ismore elusive (12). Less is known
about the genetics of coral disease resistance.
Phenotypic variation in disease resistance to
WBD has been documented in the staghorn
coral, Acropora cervicornis (13, 14), and may
be heritable and adaptive.
WBD is a highly transmissible, host-specific

disease that infects the two sister species of
Caribbean Acropora (8, 15–17): the staghorn
coral, A. cervicornis, and the elkhorn coral,
Acropora palmata, as well as their hybrid spe-
cies, Acropora prolifera (18, 19). Since it was
first observed in 1979 (15), WBD has killed up
to 95% of Caribbean Acropora and is found
throughout the greater Caribbean (8). WBD is
caused by a bacterial pathogen or pathogens
that can be arrested with antibiotics (16, 20)

and quorum-sensing inhibitors (21, 22). Multi-
ple putative bacterial pathogens have been as-
sociated with WBD (20, 23), including Vibrio
spp. (24, 25), Aquarickettsia (26, 27), and other
bacteria (23). A. cervicornis genotypes display
strong phenotypic variation in disease resis-
tance (13, 14) and mount a vigorous immune
response to WBD infection (28, 29), with high-
ly resistant genotypes up-regulating genes in-
volved in microRNA-induced posttranscriptional
gene regulation (29).
We conducted a genome-wide association

study (GWAS) to identify genetic variants as-
sociated with disease resistance to WBD in
A. cervicornis from two geographically dis-
tant populations: Florida and Panama. Disease
resistance was assayed in tank-based trans-

mission experiments that were conducted sep-
arately in Florida and Panama with 50 coral
genotypes from each location (Fig. 1A). Florida
A. cervicornis were sourced from Coral Res-
toration Foundation nursery stocks, and the
Panama A. cervicornis were sampled from
wild populations in Bocas del Toro. A Cox
proportional hazards model was used to cal-
culate normalized disease-resistance scores
across all 100 genotypes (Fig. 1B) while ac-
counting for experimental and/or population
effects of the two independent transmission
experiments. Coral genotype explained 6.1% of
the variation in disease resistance [c2(effective
df = 65, reference df = 99) = 2392, p < 0.0001;
df, degrees of freedom], experimental tank ex-
plained 8.4% of the variance [c2(7.8, 9) = 4779,
p = 0.00008], and experiment location and/or
population explained 28.8% of the variance
[c2(0.99, 1) = 23,127, p < 0.00001]. The ex-
periment location and population variation
in the transmission experiments could result
from a variety of factors (30), including dif-
ferences in microbial exposure doses and host
microbiomes as well as spatiotemporal envi-
ronmental variation between the two study sites.
We randomly selected 48 genotypes from

each population for whole-genome sequencing
(WGS) and assembled and annotated a high-
quality, de novo genome using adult tissue
from the K2 genotype from Coral Restoration
Foundation, Florida,withhigh-quality nanopore
sequencing and short-readpolishing. The308-Mb
scaffolded A. cervicornis K2 genome had an
N50 of 2.8 Mb (where N50 is the minimum
scaffold length needed to cover 50% of the
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Fig. 1. Tank-based infection, survival, and disease resistance. (A) Fragment survival rates (%) from the
two independent tank-based transmission experiments conducted in Florida (blue) and Panama (orange).
A Cox proportional hazard model detected significant effects of genotype [c2(effective df = 65, reference
df = 99) = 2392, p < 0.0001], experimental tank [c2(7.8, 9) = 4779, p = 0.00008], and experiment location
and/or population [c2(0.99, 1) = 23,127, p < 0.00001] on fragment survival. Genotype explained 6.1% of
the variation in survival, whereas experiment location and/or population (i.e., Florida versus Panama)
explained 28.8% of the variation. (B) Normalized disease resistance (one minus the probability of infection;
see methods for details) at day 6 of exposure for the 50 Florida and 50 Panama A. cervicornis genotypes
that were surveyed. The center line represents the median, box limits are upper and lower quartiles, and
whiskers are minimum and maximum values.
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genome) (fig. S1) and a BUSCO completeness
of 92% and contains 28,059 genes on 398 scaf-
folded contigs (hereafter, chromosomes), 54%
of which were annotated to known SwissProt
reference proteins (E-value < 10−6). The 308-Mb
A. cervicornis genome is somewhat smaller than
that of Pacific Acroporids (384 to 475 Mb) and
has an intermediate number of gene annota-
tions [23,467 to 41,860 (31)].
Using the K2 reference genome, we pro-

ducedWGS data for 96 putative genotypes (48
from Florida and 48 from Panama) using
Illumina paired-end 150–base pair sequencing.
Four samples were removed because of low
coverage, leaving 92 putative genotypes with
high-quality WGS data (mean 74× coverage ±
3.6 SE) that included 1.2million single-nucleotide
polymorphisms (SNPs) [minor allele frequency
>0.05] and 54,871 unlinked SNPs [linkage dis-
equilibrium (r2LD) < 0.5, 250 kb]. A total of
76 unique staghorn coral genotypes (40 from
Florida and 36 from Panama) were retained
after filtering for clones based on 97% ge-
netic similarity (fig. S2). Symbiodiniumwas the
dominant algal symbiont inA. cervicornis (fig. S3),
and the composition of algal symbionts did
not differ by host disease resistance (F1,72 = 0.04,
p = 0.65) or the interaction with location (F1,72 =
0.02, p = 0.78). There were significant composi-
tional differences between Florida and Panama
(F1,72 = 5.65, p = 0.012, r2 = 0.07), with slight
relative increases in Breviolum and Fugacium
in Panama.
Principal components analysis (PCA) and ad-

mixture analysis (32) clustered A. cervicornis
from Florida and Panama into two distinct
populations (Fig. 2 and fig. S4) separated by
an average population genetic difference (FST)
of 0.038 (p < 0.001), which is similar to the
population genetic structure that was detected
usingmitochondrial and nuclear sequencing
data (33, 34) and suggests restricted Caribbean-
wide gene flow. Six genotypes—one fromFlorida
and five from Panama—had greater than 10%
population-level admixture (Fig. 2), but this
admixture was not correlated to disease resis-
tance (Kendall’s rank correlation coefficient =
0.05, p = 0.53) (fig. S5) or recent introgressive
hybridization (fig. S6).

Genetic variants associated with
disease resistance

Weused a latent factormixedmodel to account
for underlying population structure between
Florida and Panama [inferred populations
(k) = 2; fig. S4] and identify SNPs associated
with disease resistance (table S1). Clumping
and thresholding was used to organize all
1.2 million SNPs into linkage groups (r2LD >
0.5, 250 kb). Seventy-three SNPs in 10 linkage
groups on seven chromosomes were signifi-
cantly associated with disease resistance after
false discovery rate correction (adjusted p <
0.05; Fig. 3 and table S1). Three linkage groups

Fig. 2. Population structure and admixture between Florida and Panama. (A) PCA showing the
strong genetic differences between A. cervicornis from Florida (blue) and Panama (orange) (FST = 0.04,
p < 0.001). (B) Structure-based assignment analysis (k = 2 populations) showing greater than 10%
admixture in six individuals.

Fig. 3. Genome-wide SNP association analyses of disease resistance. (A) Manhattan plot of p values
across 1.2 million high-quality SNPs in the A. cervicornis genome. (B) Effect-size plot across the genome, in
which positive effect sizes indicate that the rare allele is associated with increased disease resistance and
negative effect sizes indicate that the common allele is associated with increased disease resistance.
Seventy-three significant disease-associated SNPs (adjusted p < 0.05) are labeled in red. The numbers of
significant SNPs per chromosome (chr) and gene are summarized and labeled in red. The × symbol identifies
the index SNP from each linkage group that was used to calculate polygenic scores, with red indicating
the top 10 index SNPs from the significant linkage groups and gray indicating the 53 additional SNPs that
were used to calculate the expanded polygenic score (p < 0.0001).
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had SNPswith positive effect sizes, indicating
that the rare allele is associated with increased
disease resistance, whereas the remaining seven
linkage groups had negative effect sizes in
which the common allele was beneficial. Sixty-
five disease resistance–associated SNPs occurred
in annotated genes, including 54 SNPs in three
genes—AP3D1 (40), PTPRD (11),NPAL2 (3)—on
chromosome 8, and eight SNPs in two genes—
LRP2 (6) and CFA61 (2)—on chromosome 142.
Eight out of the 65 significant SNPs in an-
notated genes occurred in protein-coding re-
gions. Only one significant SNP in PTPRD
resulted in a functional, nonsynonymous (i.e.,
amino acid) change. PTPRD and AP3D1 also
contained one and three significant SNPs that
resulted in synonymous changes, respectively.
However, multiple nonsynonymous changes
occurred in linkage groups that contained sig-
nificant disease resistance–associated SNPs
(fig. S7), including nonsynonymous changes
in PTPRD (2), AP3D1 (1), and SECG (1) on chro-
mosome 8 and LRP2 (7) and CFA61 (1) on
chromosome 142. The eight remaining sig-
nificant SNPs that fell outside of annotated
genes included three SNPs linked to the signif-
icant SNPs on genes in chromosome 8, three
SNPs linked to anuncharacterized gene on chro-
mosome 21, and two SNPs on chromosome 85
thatwerenot linked to significant SNPsongenes.
Four of the five candidate disease-resistance

genes with functional, protein-coding changes—

PTPRD,AP3D1, SECG, andLRP2—have roles in
coral immunity. Protein tyrosine phosphatase
receptor type D (PTPRD) is a tumor suppressor
gene (35) in the receptor protein tyrosine phos-
phatases (PTPs) family that regulates cell sig-
naling through dephosphorylation and acts as
an immune regulator (36). AP-3 complex sub-
unit delta-1 (AP3D1) is part of the AP-3 com-
plex, which regulates lysosomal trafficking and
endocytosis and is specifically involved in the
sorting of cargomolecules into clathrin-coated
vesicles during endocytosis (37). Ankyrin re-
peat, PH and SEC7 domain–containing pro-
tein secG (SECG) is a cytohesin protein involved
in signal transduction, immune regulation,
and phagocytosis (38). Low-density lipoprotein
receptor–related protein 2 (LRP2) is an innate
immune gene that activates the complement
system and nuclear factor kB (NF-kB) to in-
itiate endocytosis (39). The fifth gene, cilia-
and flagella-associated protein 61 (CFA61), is
part of the calmodulin and spoke-associated
complex that is involved in cilia motility (40).
PTPRD and LRP have previously been shown

to be differentially expressed in WBD-infected
A. cervicornis (28) andA. palmata (41).LRP genes
have also been reported to be up-regulated in
multiple Caribbean corals infected with white
plague (42). However, none of the five candi-
date disease-resistance genes with functional
variants were constitutively or differentially
expressed in six genotypes from the Florida

transmission experiment (fig. S10 and table S6)
as a result of the observed disease resistance;
this effectwas alsonot reported inprior research
that examined the links between gene expres-
sion and disease resistance inA. cervicornis (29).
The lack of gene expression polymorphisms at
these five candidate disease-resistance genes
suggests that the functional protein-coding
changes in PTPRD, AP3D1, SECG, LRP2, and
CFA61 influence disease resistance rather than
changes in their gene expression.

Shared polygenic variation explains
disease resistance

Polygenic scores calculated for the 76 A.
cervicornis genotypes, by using the top index
SNP from each of the 10 linkage groups with
significant SNPs, explained 67.9 ± 5.4% of the
variation in observed A. cervicornis disease
resistance (Fig. 4A and table S2). Thirty-three
genotypes (44.6%; 19 fromFlorida and 14 from
Panama) had above-average polygenic scores
and displayed disease resistance, with 15 geno-
types (20.2%; nine from Florida and six from
Panama) scoring as highly disease-resistant
and falling in the top 25% for both polygenic
score and disease resistance. By contrast, 31
genotypes (41.9%; 17 from Florida and 14 from
Panama) had below-average polygenic scores
and disease resistance, with 15 genotypes (20.2%
total; seven from Florida and eight from
Panama) scoring as highly disease susceptible.

Fig. 4. Polygenic scores that predict disease resistance. (A) Polygenic
scores for the top ten SNPs and genomic regions explain 66.9 ± 5.4% of disease
resistance (p < 0.0001). (B) Polygenic scores based on the most important
63 SNPs and genomic regions (p < 0.0001) explain 85.3 ± 2.3% of the variation
in disease resistance, showing that the inclusion of 53 additional loci improved
disease-resistance predictions based on polygenic scores. Individuals repre-
sented by blue symbols have above-average polygenic scores and disease

resistance; the dark blue points indicate individuals that are highly disease
resistant, with polygenic scores and disease-resistance values in the top
quartiles. Individuals represented by yellow and red symbols have lower-than-
average polygenic scores and disease resistance, with red symbols indicating
highly susceptible individuals. Coral genotypes from Florida are labeled with a circle
and those from Panama are labeled with a triangle. The gray shaded area
indicates ±1 standard error.
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Extending the polygenic score to 63 loci (p <
0.0001) captured 85.5 ± 2.3% of the observed
variation in disease resistance (Fig. 4B and
table S2), indicating that these 53 additional
genetic loci have small, butmeasurable, effects
on observed disease resistance.
Our data show that, similar to coral thermal

tolerance (43), disease resistance within
A. cervicornis is polygenic across multiple ge-
nomic regions and chromosomes. Although
gene variants strongly associatedwith thermal
tolerance have been difficult to identify with
GWASs (12), we identified 10 genomic re-
gions and 73 loci that were associated with
A. cervicornisdisease resistance, including linked
functional protein-coding variation within five
coral disease-resistance genes. Thus, natural
selection for increased coral immunity and
disease resistance may be higher than it is for
thermal tolerance.
The shared adaptive polygenic variation in

A. cervicornis disease resistance that is ob-
served in Florida and Panama indicates that
genetic variation for disease resistance iswidely
dispersed across the Caribbean, despite the
restricted gene flow that we and others have
found (33,34), and thus couldbeused to improve
disease resistance through natural or assisted
selection. Acropora populations throughout the
greater Caribbean are under active conser-
vation management and restoration because
of their critically endangered status (44, 45).
Florida is a hotspot for Acropora restoration,
with hundreds of A. cervicornis genotypes
being actively propagated in land-based and
in situ nurseries (46, 47), including the Coral
Restoration Foundation nurseries from which
our Florida genotypes were sourced. More
than 25,000A. cervicornis fragments have been
outplanted across Florida (47) and elsewhere in
the Caribbean.
Our research shows that polygenic scores

from the top 10 SNPs and genomic regions
identified disease-resistant A. cervicornis geno-
types. Future research is required to establish
whether there are fitness trade-offs between
disease resistance and other key metrics such
as growth, fecundity, thermal tolerance, and
survival (48). Although fitness trade-offs are,
as of now, largely unknown, WBD prevalence
and susceptibility often increase with temper-

ature stress (13). Recent evidence indicates that
A. cervicornis varies in its thermal tolerance
(46), and thus future efforts need to determine
how disease resistance, thermal tolerance,
and their genetic bases influence the fitness
and future resiliency of A. cervicornis across
the Caribbean.
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Editor’s summary
Bleaching and disease outbreaks are the biggest threats to coral reefs. Although heritable variation in coral thermal
tolerance is documented, the genetic basis of disease resistance is less well understood. Vollmer et al. identified
10 genomic regions and 73 single-nucleotide polymorphisms that are strongly associated with white band disease
resistance in the endangered Caribbean staghorn coral Acropora cervicornis (see the Perspective by Mydlarz and
Muller). Ten gene regions were associated with disease resistance, including functional protein coding variation in
four genes involved in coral immunity and pathogen detection. Polygenic scores from the top 10 genomic loci could
accurately predict observed disease resistance and be applied to improving disease resistance in the wild and nursery
stocks of A. cervicornis for reef outplanting. —Caroline Ash
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