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ENVIRONMENTAL STUDIES

Disease resistance in coral is mediated by distinct
adaptive and plastic gene expression profiles

Nicholas J. MacKnight', Bradford A. Dimos’, Kelsey M. Beavers’, Erinn M. Muller?,

Marilyn E. Brandt?, Laura D. Mydlarz'*

Infectious diseases are an increasing threat to coral reefs, resulting in altered community structure and hindering
the functional contributions of disease-susceptible species. We exposed seven reef-building coral species from
the Caribbean to white plague disease and determined processes involved in (i) lesion progression, (ii) within-species
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gene expression plasticity, and (iii) expression-level adaptation among species that lead to differences in disease
risk. Gene expression networks enriched in immune genes and cytoskeletal arrangement processes were correlated
to lesion progression rates. Whether or not a coral developed a lesion was mediated by plasticity in genes involved
in extracellular matrix maintenance, autophagy, and apoptosis, while resistant coral species had constitutively
higher expression of intracellular protein trafficking. This study offers insight into the process involved in lesion
progression and within- and between-species dynamics that lead to differences in disease risk that is evident on

current Caribbean reefs.

INTRODUCTION
At low prevalence, disease acts as a natural selective pressure on
species and has the capacity to shape species’ evolution and posi-
tively affects ecology of an environment over time (I, 2). However,
infectious disease outbreaks have also been observed to reduce bio-
diversity at a global scale (3, 4), resulting in the sudden extirpation
of species (5), and fundamentally change ecological services and
productivity (6-8). Marine ecosystems are experiencing an increase in
these disease outbreaks as a result of climate change and globaliza-
tion (9, 10). Marine infectious diseases are unlike terrestrial diseases,
as the ocean environment is suitable for diverse microbial growth
and promotes transmission through the water, and the pathogens
cannot be practically removed or isolated. Therefore, disease outbreaks
have become a primary threat to marine ecosystems. By under-
standing host susceptibility, disease scale, and pathogen virulence,
we can learn from these events and work toward understanding the
ecology of future marine ecosystems in a changing environment.
Coral reefs are ecologically and economically invaluable resources
that have experienced gradual community biodiversity loss along-
side increasingly frequent and severe disease outbreaks (11-14).
Coral diseases are a global threat with increased prevalence and dis-
ease outbreaks reported in nearly all major ocean basins including
the Caribbean, Red Sea, Indian Ocean, Indo-Pacific, and Great Barrier
Reef (15). Coral reefs provide a unique opportunity to understand
the ecology of disease dynamics, including the spatial and temporal
scale of disease (14). An example is the historical tissue loss disease,
white plague, which has gripped the Caribbean since the 1970s and
is still pervasive, perhaps because of its ability to infect multiple cor-
al hosts (16). Newly emerging diseases such as stony coral tissue loss
disease (SCTLD) are devastating what remains of Caribbean reefs by
affecting multiple species, including several species previously con-
sidered disease tolerant (17). Collectively, disease outbreaks are
shifting the seascape toward more disease-tolerant coral species, which
changes the functionality and ecological services of coral reefs.
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The rise in infectious diseases emphasizes coral immunity and other
disease tolerance and resistance mechanisms as an increasingly selec-
tive force in ecology. Although our understanding of immunity has
increased, especially in naturally infected corals and those exposed to
immune stimulators and bacteria within laboratory studies, we cur-
rently lack a sufficient understanding of how immune defenses and
other cellular mechanisms vary among species. There is an urgent
need to understand the difference between inducible immune re-
sponses to an active infection and the constitutive, species-specific
resistance mechanisms that prevent some species from developing
disease lesions. As in the example of white plague, Montastraea
cavernosa, Porites porites, and Porites astreoides are typically more dis-
ease resistant, as demonstrated in the field and our previous study, which
showed that these same species had significantly reduced relative risk
of white plague disease when exposed to diseased corals (16). These
species’ resistance, however, may differ after exposure to other marine
diseases, such as SCTLD, indicating that different diseases stimulate
different host responses, including the host immune system (17).

Previous studies on coral disease and immunity have successful-
ly identified genes induced by disease that contribute to biological
processes such as apoptosis, autophagy, extracellular matrix main-
tenance, lipid metabolism, and protein trafficking (18-22). Howev-
er, comparing immune responses between coral species that differ
in disease resistance or susceptibility, linking specific disease phe-
notypes to gene expression, and determining adaptive or plastic dis-
ease resistance-associated expression patterns are understudied. By
leveraging the outcome of the experimental exposure of seven coral
species to white plague disease, we can identify lineage-specific ex-
pression adaptation and highly plastic genes that are linked to tangible
disease phenotypes associated with coral species that are disease
resistant or susceptible.

MATERIALS AND METHODS

Experimental design and sample preparation

The phenotypic response from the disease exposure experiment was
originally reported by MacKnight et al. (16). Briefly, five apparently
healthy parental colonies from each of seven Caribbean coral species,
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Orbicella faveolata, Colpophyllia natans, Siderastrea siderea, Upon commencement of the experiment (22 June 2017), coral
P. astreoides, P. porites, and M. cavernosa, were collected from fragments were distributed among five disease treatment and five
Brewers Bay (18.34403°, —64.98435°), St. Thomas, Virgin Islands, control sterilized containers (17 liters), each equipped with indi-
USA, on 13 June 2017. Diseased O. franksi was targeted as the source ~ vidual aerators. Containers were filled with filtered seawater and
for disease in this transmission experiment because this species is  placed among three outdoor shaded running seawater tables that
known to be consistently affected by white plague disease through-  served as water baths. Containers received water changes daily, and
out the year and was also used as the source species for previous theirlocations were also randomized each day over the course of the
experiments (23). Both O. franksi colonies showing signs of tissue ~ 7-day experimental period. Each treatment container consisted of
loss consistent with white plague disease (n = 3) and apparently a randomly assigned healthy fragment of each of the seven tested
healthy colonies (n = 5) were collected by separate divers and kept  species that were placed equal distances (approximately 7 to 8 cm)
in isolation until the commencement of the experiment. All colo-  from a central diseased O. franksi fragment. Control containers were
nies were held in running seawater tables at the University of the identically arranged, except that apparently healthy O. franksi were
Virgin Islands where they were fragmented using a sterilized table used as the central corals (Fig. 1B). When a lesion appeared on a
saw, acclimated for 9 days, and then placed in experimental condi-  disease-exposed coral that was previously healthy, it was moni-
tions. Although five healthy parental colonies of Orbicella annularis  tored until 30% of the tissue was lost. If the lesion enlarged over this
were collected, one experienced mortality soon after collection and  time period, the coral and its paired control fragment were photo-
was not used in experiments. Diseased O. franksi corals were frag-  graphed, removed, flash-frozen, and stored at —80°C. Coral fragments
mented and monitored for lesion enlargement for 24 hours in isola- ~ were classified by their treatment outcome as either “controls,” “dis-
tion. Only fragments showing active lesion progression were used ease exposed,” or “disease infected.” Coral fragments exposed to appar-

in disease treatments. ently healthy O. franksi were classified as controls. Coral fragments
A B -
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Fig. 1. Experimental design and statistical analysis overview. (A) RNA sequencing was performed on coral fragments of seven species (table S1), and significantly
differentially expressed genes (DEGs) were identified between the control and disease treatments within each species (fig. S1). Shared DEGs between relevant species
comparisons was then identified (Fig. 2). (B) White plague disease transmission involved apparently healthy (control) and white plague-infected O. franksi (disease)
exposure to seven coral species. Each treatment had five replicates, and coral species were genotypically paired between treatments. (C) Pooling all annotated genes
among the seven species identified 446 genes shared across all coral species. The expression of these genes and the phylogenetic divergence (fig. S3) of the coral species
was integrated into the expression variance and evolution (EVE) model (Fig. 4). This delineated when a gene had an expression pattern that was lineage specific and
a candidate for expression-level adaptation or when a gene’s expression was highly plastic, and not mediated by phylogenetic differences, but likely by the disease
exposure. Distinct lineage-specific and highly plastic candidates were then correlated to either relative risk, treatment outcome, or presence in modules correlated to
lesion progression rate (LPR) to determine their relevance with disease resistance or susceptibility (Fig. 5 and fig. S4). (D) From the seven species exposed to disease
(disease exposed), six species developed lesions, while five of those six species had gene coexpression networks correlated to lesion progression rate, a proxy for
disease resilience. Gene modules correlated to lesion progression rate had enrichment of biological process determined within each species (fig. S2) and also among
all species (Fig. 3).
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exposed to disease but did not develop lesions by the end of the
transmission experiment were classified as disease exposed and con-
sidered disease-resistant individuals. Coral fragments that were
exposed to a diseased O. franksi and developed lesions that ex-
panded through time were grouped as disease infected and consid-
ered disease-susceptible individuals. O. faveolata and O. annularis
were classified as highly susceptible, C. natans and S. siderea were
classified as intermediate susceptibility, and P. porites, P. astreoides,
and M. cavernosa were classified as resistant on the basis of lesion
progression rates and relative risk of disease incidence (data file
S1) (16). The relative risk is a species-level summary statistic that
represents the disease prevalence for that species, while the lesion
progression rate is an individual-level statistic.

Tissue for total RNA extraction was collected from frozen coral
fragments with a sterilized bone cutter and extracted with the
RNAqueous™ Kit (Invitrogen). To enhance RNA integrity and
yield, b-mercaptoethanol (7 ul) was added to the lysis stage and
samples were lysed with a refrigerated Qiagen Tissuelyser II at
30 oscillations/s for 30 s. Elution was performed as a two-step
elution (30 pl, then 30 pl) to improve RNA concentration. DNA was
removed with deoxyribonuclease I (Qiagen) following the manu-
facturer’s instructions. RNA integrity was checked with an Agilent
Bioanalyzer and shipped for library prep and sequencing if the RNA
integrity was above 7 with greater than a 20-ng/ul concentration.
RNA was bioanalyzed again by Novogene before sequencing. Eu-
karyotic transcriptomic libraries were prepared through poly-A tail
enrichment from total RNA at Novogene. Samples were sequenced
on an Illumina HiSeq 4000 at 150 paired-end (PE) total RNA se-
quencing, averaging 22.5 million reads per sample (data file S2).
While extraction optimization greatly improved RNA integrity and
yield, not all fragments yielded sufficient RNA after multiple ex-
traction attempts and were not sequenced as a result.

Transcriptome assembly and annotation

From the sequencer, raw reads were moved to the Mydlarz Lab’s
Texas system high-performance computing server. Trimmomatic
v0.36 (24) removed reads using these parameters, which performed
the following: remove adapters (ILLUMINACLIP:TruSeq3-PE.
fa:2:30:10), remove leading and trailing low-quality bases (LEADING:3,
TRAILING:3), scan the read with a four-base wide sliding win-
dow, cutting when the average quality per base drops below 15
(SLIDINGWINDOW:4:15), and remove reads below a 36-base pair
minimum length (MINLEN:36). Trinity v2.5.1 assembled the
metatranscriptomes on the Texas Advanced Computing Center’s
Lonestar 1-TB RAM server and then moved back to the Mydlarz Lab’s
server (25). To curate coral-only transcriptomes, metatranscriptomes
were made alignable through bowtie2 v2.3.4 and then mapped with
tophat against reference transcriptomes for O. faveolata, P. astreoides,
and P. porites sourced from Fuess et al. (18) (generated for internal
Mydlarz Lab use), while S. siderea and C. natans created de novo
transcriptomes. O. annularis was mapped successfully to the
O. faveolata reference of Fuess et al. (18). The M. cavernosa tran-
scriptome was created through a genome-guided assembly from the
Matz weebly 2018 M. cavernosa genome (26). Benchmarking Uni-
versal Single-Copy Orthologs analysis was used to determine the
completeness of each transcriptome (27). Assembled sequences were
annotated using UniProt-reviewed annotations, which assigned a
universal gene entry ID to transcripts through BLASTX (Blast+
v2.2.27) (28). All gene functions discussed were sourced from the
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UniProt database (28). Transcripts that were annotated with an
e value greater than e~ were removed. Transcripts from each repli-
cate were mapped to their respective species’ transcriptome using
tophat v2.1.1 (29) and implemented through the tuxedo suite. A
final count matrix was curated through HTseq v0.9.1 (30). One of the
five P. porites control samples was removed from the analysis and
not included in subsequent analysis because it received only 1%
of the expected reads from sequencing.

Normalization and differential gene expression in response
to white plague disease

EDAseq was implemented to normalize gene counts by gene length
using the R package EDAseq v2.24 (31). Gene length-normalized
expression count data from EDAseq were regularized log (rlog)
normalized independently for each species, and then significantly
differentially expressed genes (DEGs) were identified by comparing
control and disease treatments using DEseq2 v1.30 (Fig. 1A) (32).
Matching UniProt gene annotations of significant DEGs were identified
in response to disease treatment among two subset comparisons: “sus-
ceptible species” O. annularis and O. faveolata, “phylogenetically
similar and distinct susceptibility” O. faveolata and M. cavernosa,
and “resistant species” P. porites and M. cavernosa. To combine
genes into a subset, first, significant DEGs (P < 0.05) that had
matching UniProt IDs between both species were identified. Raw
expression of these annotated transcripts were concatenated into
a subset and were EDAseq and rlog normalized together using
DESeq2 v1.30. The log expression of each transcript was normal-
ized to the base mean expression, and genes with a z score (SDs
from the mean) greater than 1 were visualized, which allowed for
the identification of genes that responded similarly between species
to disease treatment. The presence of annotated genes for each spe-
cies transcriptomes were assessed in the Gene Ontology (GO)
enrichment analysis with Mann Whitney U test (19). Tests were
performed to generate GO enrichment terms for the biological
process, molecular function, and cellular compartment for each
species with the following parameters: cluster cut height = 0.25,
largest = 0.1, and smallest = 25.

Coexpression gene networks associated with lesion
progression rate

Through a signed WGCNA v1.69 (weighted correlation network
analysis), genes that had similar expression patterns were grouped
as coexpression networks to produce gene modules (33). These
coexpression gene network modules were assembled with a power
of 18 for each species as instructed by the WGCNA user manual
when working with a sample size less than 20 and a minimum mod-
ule size of 100 genes. The summarized expression of these modules
was then correlated to lesion progression rate as a continuous vari-
able for each species independently. The gene expression of only
disease-infected coral fragments was used in the WGCNA analysis,
which included six species (O. faveolata, O. annularis, C. natans,
S. siderea, P. porites, and P. astreoides) that had lesion progression
rates, but only five species (O. faveolata, O. annularis, C. natans,
S. siderea, and P. porites) had modules significantly (P < 0.1) cor-
related to lesion progression rate (n = 16 disease-infected coral frag-
ments) (Fig. 1D). Genes that were correlated to lesion progression
rate for each species during independent WGCNA analysis were
pooled, which included eight modules consisting of 8804 unique
genes positively and 13 modules consisting of 8438 unique genes
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negatively correlated to lesion progression rate. The broader bio-
logical process GO enrichments were constructed using the ClueGO
v2.5.7 plugin in Cytoscape v3.8.1 using UniProt entry identifiers. Genes
that were uniquely positively or negatively correlated to lesion pro-
gression rates were also processed for their biological enrichment.

Multispecies comparison through an expression variance
and evolution model

To create a comparable list of expressed transcripts for multispecies
analysis, all transcripts with a matching UniProt ID were identified
which created a list of 446 homologs (Fig. 1C and data file S3). For
cases when multiple sequences were annotated to the same UniProt
ID, the best matching sequence, or “top hit” as determined by the
lowest e value, was retained. A species tree was generated with Species
Tree from All Genes as implemented within Orthofinder2 using
predicted peptides from generated transcripts with Transdecoder
where lengths of the species tree represent substitutions per site
(34-37). Single-copy orthologs with expression and gene length data
were identified with Orthofinder2 (data file S4). The total identified
orthologs expressed between all seven coral species was 142. There-
fore, we used inferred homologs by way of matching UniProt IDs or
subsequent analysis because we had a more robust list that also likely
included paralogous genes that are more likely to include immune-
related processes (38).

The list of 446 homologs were rlog normalized by species with
DESeq2. This list of genes and generated species tree were input
into the expression variance and evolution (EVE) model using the
R package “evemodel” v0.0.0.9005 and “ape” v5.4.1 (34, 39). EVE
models a quantitative trait, such as the coral host’s gene expression,
to the coral species phylogenetic position in the tree. This formally
determines whether a gene expression pattern is being mediated by
potentially evolved differences between species or mediated by white
plague disease exposure. The EVE model can be used for purposes
such as identifying genes with high expression divergence between
species as candidates for lineage-specific expression-level adapta-
tion and genes with high expression diversity within species as can-
didates for expression-level plasticity (21, 40). The B shared test
[i.e., phylogenetic analysis of variance (ANOVA)] detected genes
with increased or decreased ratios of expression divergence to di-
versity, represented as the B parameter. If there is stabilizing selec-
tion or no selection on the expression of a gene, then p will remain
constant. This works by using an Ornstein-Uhlenbeck process of
optimization to identify an ancestrally optimal expression value
for each gene where variance from this optimum is represented by
B. Significant deviations of B from the optimal expression value are
determined through the log likelihood ratio test statistic, which fol-
lows a x* distribution with one degree of freedom, and multiple
testing was corrected using a false discovery rate < 0.05. If within-
species gene expression variation is greater than between-species
expression, then there is diversity of expression (high B), which
represent candidates for expression plasticity. Gene candidates for
lineage-specific expression-level adaptation are identified when within-
species variation is minimal and between-species expression is di-
vergent (low B). To confirm gene homology between species, the
predicted protein-coding regions were identified and confirmed
to the UniProt ID using the Pfam protein family domain (e value
thresholds of 1 x 10™°) (41). This analysis confirmed that (i) an-
notations correctly identified main protein structure and (ii) that
the gene was orthologous between each species. To determine which
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lineage-specific expression-level adaptation genes are associated with
disease resistance, a Pearson correlation test was used to deter-
mine which lineage-specific genes had correlated expression to the
species relative risk. Highly plastic genes were grouped by treat-
ment outcome, and a Tukey post hoc test was applied to determine
significant differences in gene expression between disease outcomes.
Last, plastic and lineage-specific genes were identified in coexpres-
sion networks significantly correlated to lesion progression rates.

RESULTS

Transcriptome assembly

Raw sequencing reads are available for download on National Center
for Biotechnology Information (NCBI; SRA accession PRINA716052).
Alignment of these reads to their respective species transcriptomes
and filtering resulted in contigs expressed only in corals. A de novo
transcriptome was assembled for C. natans. Annotation of the final
transcriptomes with UniProtKB/Swiss-Prot database yielded unique
annotations for 10,150 (approximately 7%) of O. faveolata tran-
scripts, 22,126 (approximately 9%) of O. annularis transcripts, 34,828
(approximately 8.3%) of C. natans transcripts, 17,021 (approxi-
mately 10.1%) of S. siderea transcripts, 20,553 (approximately 15%) of
P. porites transcripts, 20,546 (approximately 15%) of P. astreoides tran-
scripts, and 15,214 (approximately 7%) of M. cavernosa transcripts.

Differential expression in response to disease treatment

Thousands of annotated genes were significantly differentially ex-
pressed (Padj < 0.05) in response to white plague exposure within
each Caribbean coral species tested (fig. S2 and data file S5). The
number of DEGs between treatments varied with the highest in
O. faveolata at 865 DEGs to C. natans with 0 DEGs. O. annularis
had 181 DEGs, S. siderea had 53 DEGs, P. porites with 45 DEGs,
P. astreoides with 47 DEGs, and M. cavernosa had 787 DEGs. No
DEGs were shared across all seven species; however, shared DEGs
were identified between subsets of corals chosen because of similar
or divergent phylogenic and disease susceptibility comparisons
(Fig. 2). Susceptible species O. faveolata and O. annularis shared
50 DEGs. Phylogenetically similar and distinct susceptibility species,
O. faveolata and M. cavernosa, had 27 shared DEGs. Resistant spe-
cies P. porites and M. cavernosa shared 11 DEGs (Fig. 2 and data file
S6). Across the three subset comparisons, genes that contributed to
extracellular matrix maintenance and immunity were differentially
expressed in response to disease exposure. Susceptible species had
similar patterns of differential expression in response to disease in genes
that contribute to extracellular matrix maintenance [galaxin (GXN),
collagen a 2 chain, mucin-like protein, and SH3 (SRC homology 3
domain) and PX (phosphoinositide-binding structural domain)-
containing protein] and immunity [coiled-coil domain-containing
protein 88B, apoptosis-inducing factor 4, 4-hydroxyphenylpyruvate
dioxygenase, and cartilage intermediate layer proteins (CILPs)],
along with other biological processes. Phylogenetically similar spe-
cies had similar differential expression of genes in response to
disease exposure that contribute to extracellular matrix maintenance
(matrix metalloproteinase-25 (matrix metalloproteinase inhibitors
and GXN) and immunity [interferon-induced helicase C (IFIH1),
CILP1, adenosine 3’,5’-monophosphate regulatory subunit type
1-0, and universal stress protein]. Resistant species had similar
differential expression of genes in response to disease exposure that
contribute to immunity (tyrosinase and fibrinogen-like protein A),
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intracellular protein trafficking (Ras-like guanosine 5'-triphosphate
binding protein RHO and solute carrier family 22 member 5) (Fig. 2).

Coral coexpression gene networks associated with lesion
progression rate

WGCNA assigned rlog-normalized genes into modules of coex-
pression gene networks that were then correlated to lesion progres-
sion rate. From the six species (O. faveolata, O. annularis, C. natans,
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S. siderea, P. porites, and P. astreoides) that displayed lesion pro-
gression rates, five species (O. faveolata, O. annularis, C. natans,
S. siderea, and P. porites) had coexpression gene networks signifi-
cantly (P < 0.1) correlated to lesion progression rate (n = 16). Signif-
icant module correlation to lesion progression rate totaled 8 modules
consisting of 8804 unique genes positively correlated and 13 modules
consisting of 8438 unique genes negatively correlated to lesion pro-
gression rate (Fig. 3A and fig. S2; species-specific WGCNA summary,
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Fig. 3. Lesion progression rate among coral species. (A) WGCNA identified gene coexpression modules correlated to lesion progression rate for five of the seven spe-
cies exposed to white plague disease. The genes in WGCNA modules that were positively correlated to lesion progression rate were pooled among species, and then the
genes in WGCNA modules that were negatively correlated to lesion progression rate were pooled among species. (B) Enrichment of biological processes was separately
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data file S7). Module correlation to lesion progression rate was
variable among species. O. faveolata had one module positively (P =
0.1 and r = 0.8, 1468 genes) and two modules negatively (P = 0.02
and r = —0.76, 1228 genes; P = 0.05 and r = —0.68, 563 genes) cor-
related to lesion progression rate. O. annularis had two mod-
ules positively (P = 0.1 and r = 0.59, 770 genes; P = 0.07 and
r = 0.67, 381 genes) and five modules negatively (P = 0.06 and
r=-0.69, 1033 genes; P = 0.08 and r = —0.65, 479 genes; P = 0.04
and r = -0.72, 132 genes; P = 0.1 and r = —0.58, 111 genes; P = 0.01
and r = —0.81, 37 genes) correlated to lesion progression rate.
S. siderea had two modules positively (P = 0.09 and r = 0.6, 1215 genes;
P=0.1and r=0.58, 157 genes) and three modules negatively (P = 0.1
and r = —0.53, 580 genes; P = 0.1 and r = —0.53, 357 genes; P = 0.01
and r = —0.76, 266 genes) correlated to lesion progression rate.
C. natans had one module positively (P =1 x 10™* and r = 0.95,
208 genes) and no modules negatively correlated to lesion progres-
sion rate. P. porites had two modules positively (P=0.02 and r = 0.7,
2568 genes; P = 0.1 and r = 0.51, 315 genes) and three modules
negatively (P = 0.0006 and r=—0.8, 1787 genes; P=0.07 and r = -0.59,
244 genes; P = 0.09 and r = —0.56, 156 genes) correlated to lesion
progression rate. One fragment of P. astreoides did display a lesion,
but the species did not have any coexpression gene network modules
significantly correlated to lesion progression rate. M. cavernosa did not
develop lesions. Therefore, P. astreoides and M. cavernosa are omitted
from this coexpression network analysis to lesion progression rate.
Enrichment of terms that were uniquely positively correlated to lesion
progression rate included protein modification processes and cyto-
skeleton arrangement-related processes (Fig. 3B). Overall, biological
process enrichment that was negatively correlated to lesion progres-
sion rate included processes associated with the regulation of the
immune system (Fig. 3B). Lymphocyte-mediated immunity was sig-
nificantly negatively correlated to lesion progression rate and within
this process were the child processes of activation of nuclear factor kB
(NF-«B) kinase and regulation of B cell-mediated immunity (Fig. 3C).
Four parental immune-related biological processes positively cor-
related to lesion progression rate had enrichment of child processes,
including activation of NF-kB kinase, regulation of tau-protein kinase,
activation of protein kinase A, and cysteine-type endopeptidase in-
hibitor activity involved in apoptotic processes (Fig. 3D).

Identifying lineage-specific and highly plastic gene
expression patterns

The clustering of samples that group by species (Fig. 4A) shows that
gene expression patterns are driven by coral species. To delineate
phylogenetic influence compared with the influence of white plague
exposure on gene expression patterns, we considered the phylogeny
of species (fig. S3) in the EVE model. From the EVE model, 80 genes
were significantly classified as either lineage specific or highly plastic
in their expression and considered “EVE genes” (Fig. 4C and data
file S8). Pfam determined 95% (76 of 80) of these genes shared similar
or identical predicted protein domains among species as an infer-
ence of orthology. The remaining four were inconsistent in the predicted
protein domains among species, although each are conservatively
annotated accordingly as “probable” or “putative” genes and include
ADAMTS (a disintegrin-like and metalloproteinase with thrombos-
pondin motif)-like protein 1, caspase recruitment domain 15 [more
likely an nod-like receptor (NLR)], putative glycosyl hydrolase
ecdE, and probable 60S ribosomal protein L37-A. Within the 80 EVE
genes, 27 genes had significant lineage-specific expression relative to
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other species that represent gene candidates that may have contributed
to species evolution (Fig. 4B). The other 53 genes were identified as highly
plastic in their expression and may have expression patterns related
to their exposure to disease and the response to this exposure (Fig. 4D).
All 80 EVE genes are delineated by their lineage-specific expression-
level adaptation or plastic expression pattern, organized by their pa-
rental GO where their log expression is visualized by color (Fig. 5).

EVE gene expression is significantly correlated to treatment
outcome and relative risk

While 53 genes were significantly highly diverse in their expression
among all species, 8 of these genes were significantly different among
treatment outcomes (i.e., control, disease exposed, and disease in-
fected) (Fig. 6A). This indicates that the expression of these plastic
genes is mediated by the treatment conditions more strongly than
by species. These eight genes were relevant in various aspects of
immunity or metabolism. NF-kB suppression-related interferon
regulator (Fig. 6A) and lipid metabolism through arachidonate
8-lipoxygenase (Fig. 6A) increased in expression in disease-infected
fragments. Genes that significantly increased in log expression in
disease-exposed coral included inflammation-related genes, tyro-
sine kinase receptor Tie-1, diphtheria toxin, and glycosyl hydrolase
ecdE. The remaining genes had a pattern of expression that de-
clined in expression from control to disease-infected outcomes and
included wingless/integrated (WNT) signaling (nephrocystin-3),
hydrolyzing glycoproteins (o L-fucosidase), folic acid metabolism,
and oxireductase activity [NADPH (reduced form of nicotinamide
adenine dinucleotide phosphate) pterin aldehyde reductase].

We further explored lineage-specific expression patterns to de-
termine their association with the species relative risk of contracting
white plague disease if the species is exposed. The expression pat-
terns of one lineage-specific gene were significantly (P = 0.048, cor =
0.75, and df = 5) correlated to the relative risk of disease if exposed
to white plague (Fig. 6B). The lipid metabolism-related, serine in-
corporator gene was a constitutively expressed gene that had increased
expression in species with a higher relative risk of disease incidence.

Lineage-specific and highly plastic gene expression
contributes to disease resilience

These 80 EVE genes were then identified in expression networks
significantly correlated to lesion progression rate, a proxy for dis-
ease resilience (fig. S4 and data file S9). Thirty-seven (37) of 53 plas-
tic genes and 23 of 27 lineage-specific genes were in one or more
species’ expression network that was correlated to lesion progres-
sion rate. These results indicate that both constitutive and highly
plastic gene expressions are associated with lesion progression rate
in coral. We further explored this to see that highly plastic genes
that are commonly correlated to disease resilience in most species
have a functional role that contribute to autophagy, Toll-like receptor
(TLR)-to-NF-kB signaling, immune suppression, and lipid metab-
olism (data file S10). In addition, lineage-specific genes that were
constitutively expressed in gene networks correlated to lesion pro-
gression rate were commonly related to managing cytoskeleton
integrity and protein translation (fig. S4 and data file S10).

DISCUSSION
Marine diseases are increasing in scale and severity and have the
capacity to reshape ecosystems (6, 14, 16, 17). By examining how
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disease affects coral species, we can understand the gene expres-
sion patterns that contribute to disease resistance or susceptibility
and predict how disease will affect the survival and subsequent eco-
logical contributions of a population in a changing environment.
By exposing seven coral species of diverse disease susceptibility
to white plague disease, the present study links lineage-specific
expression-level adaptation and plasticity patterns to tangible dis-
ease phenotypes: lesion progression rate, relative risk of disease
incidence, and treatment outcome. Through a combination of iden-
tifying genes with differential expression in response to disease
exposure (DEGs), association with lesion progression (WGCNA),
and distinction between phylogenetically and white plague exposure-
mediated gene expression (EVE), we can begin to weigh the gene

MacKnight et al., Sci. Adv. 8, eabo6153 (2022) 30 September 2022

expression patterns that consistently lead to either survival or
lesion development during disease exposure. Our study illustrates
three consistent patterns. First, in corals that developed disease
lesions, immunity and cytoskeletal arrangement processes were
enriched and correlated to lesion progression rate. Second, whether
a coral developed lesions was mediated by plasticity in genes in-
volved in extracellular matrix maintenance, autophagy, and apoptosis.
Third, resistant species had higher levels of intracellular protein
trafficking, and these processes have a lineage-specific adaptive
basis to disease resistance. Together, these patterns demonstrate
that the plasticity of genes that are associated with disease resis-
tance may be evolutionarily constrained by expression-level adap-
tation processes.
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Lesion progression is mediated by immune signaling,
cytoskeletal, and protein modification
Genes involved in the coral innate immune system were highly cor-
related with lesion progression rate. Coral fragments across the five
species that developed lesions and had measurable lesion progres-
sion rates had higher positively correlated enrichment of immunity-
associated biological processes, driven by classical immune signaling
proteins, including B cell lymphoma 3 protein, tumor necrosis fac-
tor receptor—associated factor 2 (TRAF2), NACHT, LRR, and PYD
domain-containing protein 3 (NLRP3), and TLR6. These proteins
form core components of the coral innate immune system, which
functions to detect pathogens and initiates immune responses (42).
The correlation of these immune proteins with lesion progression
rate indicates that as the disease progresses through coral tissue,
there is activation of the immune system when the coral tissue is
trying to fight infection.

Genes that were negatively correlated with lesion progression rate
demonstrate a pattern of damage mitigation and slow the spread of

MacKnight et al., Sci. Adv. 8, eabo6153 (2022) 30 September 2022

the disease lesion. Slower lesion progression rates were mediated by
genes that function in cytoskeletal organization and protein modi-
fication including cytoplasmic dynein 1 heavy chain 1 (DYNC1H1),
proteasome subunit o type-7, B cell receptor-associated protein
31, serine/threonine-protein kinase mTOR (MTOR), and cathepsin
B. While not considered a classical component of innate immunity,
the regulation of cell structures including the cytoskeleton is an im-
portant process that promotes the cell’s ability to respond and slow
the progression of disease by mediating vesicle-organelle transport,
extracellular matrix interactions, and cell adhesion and motility
(43-45). These genes that comprise the glandular and secretory type
cells, which we are now showing in this experimental work, are critical
at preventing lesions from killing the organism (22). It also expands
the scope of what is important and contributes to slowing the lesion
progression. Some elements of NF-xB-inducing kinase activity,
namely, TRAF2 and MALT1, were both positively and negatively
correlated to lesion progression rates, indicating the importance of
these pathways in the response to active lesions. Apoptosis has been
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identified as a key process used by coral to mitigate infection, but
because apoptosis is irreversible, it must be controlled and mediated
by the cell. Control of apoptosis has been shown to differentiate dis-
ease susceptible and resistant corals (18). TRAF?2 itself may set a
threshold for apoptosis and act to ubiquinate caspases (46, 47). The
multiple roles for TRAF2 specifically may contribute to the sensitivity
of a coral species to regulate apoptosis and fight lesions in a way that
slows lesion progression or contributes to lesion advancement.
Processes associated with lesion progression rate were over-
whelmingly associated with signaling the immune system, rather than
downstream classical immune effectors such as antimicrobial pep-
tides, reactive oxygen molecules, and antioxidant activities (48). These
immune effectors are often posttranslationally regulated proteins that
would not appear in transcriptomic datasets, or alternatively, the
sampling location near the lesion or timing was not resolved enough
to observe them (49). Despite this, our study shows that canonical immune
signaling is involved when a disease lesion is spreading on a coral
primarily in susceptible species. These same pathways were not signifi-
cantly associated with lesion progression in species that had slower lesion
progression rates and were more disease resistant, such as S. siderea.

Plasticity of autophagy, apoptosis, and extracellular matrix
genes are associated with disease outcome
Gene expression plasticity in cell fate processes including the recovery
pathway of autophagy or the terminal pathway of apoptosis are
relevant to disease outcomes at the individual level. Namely, genes
that contribute to autophagy are more highly expressed in corals
fragments that were exposed to white plague but remained healthy,
while the expression of genes that contribute to apoptosis is in-
creased in fragments that developed lesions. Previous work has
supported that this axis of cell fate is regulated differently in disease-
resistant versus disease-susceptible corals (18, 50). Our current
work shows that this is significant within species that show variability
based on disease outcome. Specifically, up-regulation of lysosomal genes
that promote autophagy was consistent within corals across all species
that were exposed to white plague but did not develop disease lesions.
Guanosine 3’,5'-monophosphate-adenosine 5’ -monophosphate
synthase, which activates autophagy, was also up-regulated in these
disease-resistant individuals. Further autophagic activity is presented
by reactive oxygen species metabolism (protein FAM72A), protein
unfolding (y-interferon-inducible lysosomal thiol reductase), and
protein degradation genes [cathepsin L, low-density lipoprotein
receptor-related protein 2 (LRP2)-binding proteins, and glycosyl
hydrolase ecdE]. The expression of these genes was lower in the
coral fragments among all species that developed disease lesions.
Conversely, genes associated with apoptosis including caspase re-
cruitment domain 15 [nucleotide-binding oligomerization domain-
containing protein 2 (NOD2)], interferon development regulator 1,
allene oxide synthase-lipoxygenase, and the proteasome subunit o
4 demonstrate higher expression in fragments that developed lesions
than those that remained healthy. Interferons (IFIH1) may also play a
role in cytoplasmic detection of viruses and signal downstream type I
interferons and proinflammatory cytokines and act as an immune reg-
ulator. Allene oxide converts arachidonic acid into oxygenated eicosa-
noids that act as mediators in cell stress and inflammation and results from
lipid metabolic shifts (51, 52). These metabolic shifts to digest lipids have
been observed during disease and bleaching, while apparently healthy
coral tend to reduce lipid digestion in exchange for lipid storage
(23, 53-56). Excessive levels of immune activation and inflammation
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can lead to apoptosis, which is further supported through the increased
expression of caspase recruitment domains in disease-infected coral
(18). Caspases are the effector proteins of apoptosis that are initiated
through interactions with the caspase recruitment domain-containing
proteins (57, 58). All of these genes that contribute to apoptosis repre-
sent patterns of highly plastic expression that indicate that immune
activation and inflammation could culminate in apoptosis for coral
infected with white plague disease as seen in Acropora white syn-
drome (59). Overall, we demonstrate that the genes involved in the
autophagy-apoptosis axis (18, 50) show an inducible and plastic
response that consistently defines resistance or lesion development
across these seven diverse coral species. This advances our knowledge
of cell fate decisions as a key modulator of how corals fight disease.

Disease resistance was also characterized by the induced expres-
sion of genes associated with extracellular matrix stability. Corals exposed
to disease but did not develop lesions consistently down-regulated
degradation of the extracellular matrix through a metalloproteinase
(ADAMTSY), while those coral that developed lesions down-regulated
extracellular matrix-stabilizing genes (o L-fucosidase and FAM92A).
Degradation proteins of the extracellular matrix are frequently up-
regulated in disease-infected coral, such as astacin and gelatinase (19).
Pathogens such as Vibrio corralliilyticus have been shown to signifi-
cantly up-regulate zinc metalloproteinases to better infect coral hosts
within minutes of detecting stressed coral mucus (60). The coral mu-
cus layer is a first-line barrier defense held together by the extracellu-
lar matrix that is integral for preventing pathogen penetration and
directing immune responses such as cytokine activity and wound
healing (61, 62). The coral mucus layer also serves the maintenance of
beneficial coral-associated microbial communities (63) and as a means
to discriminate beneficial microorganisms from pathogens (64). In our
previous study, we demonstrate that white plague-resistant species such
as M. cavernosa and Porites spp. show a tolerance for microbial change
(16), and now, we show that these species also induced plastic expres-
sion of extracellular matrix—stabilizing genes. This furthers our under-
standing of how host-microbiome associations can contribute to host
resistance.

Extracellular matrix stability through possible mechanisms of
collagen o chain, protocadherin, and hemicentin has been associ-
ated with disease-resistant individuals (20, 43). Deleted in malig-
nant brain tumors 1 (DMBT)-1 is a putative mucosal immunity
gene involved in coral microbial pattern recognition and signaling
processes suspected to maintain mucosal immunity and microbial
homeostasis (65-67). DMBT-1 was significantly up-regulated in
disease-resistant M. cavernosa but significantly down-regulated in
disease-susceptible O. annularis, further demonstrating the rele-
vance in extracellular matrix maintenance as a plastic expression
associated with disease susceptibility across species. Processes like
extracellular matrix stability are proving to be very important in
not only the disease response but also resistance to disease, demon-
strating the valuable contributions of other aspects of coral physi-
ology that complement or bolster the classic immune response.

Protein trafficking delineates disease resistance

among species

Constitutive lineage-specific expression patterns were dominated
by genes that contribute to intracellular protein trafficking, suggesting
these genes are candidates for disease adaptation. Genes responsible
for protein and vesicular transport had, on average, higher constitutive
expression in resistant species such as M. cavernosa, P. astreoides,
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and P. porites than in species with intermediate (C. natans and
S. siderea) or high risk (O. faveolata and O. annularis) of contracting
white plague. Protein trafficking is critical for mediating immune
processes (68) such as the transport of immune vesicles, antimicro-
bials, or sequestration of damaged organelles (69, 70) and expressed
higher in resistant species in this study. Namely, genes that contrib-
ute to cytoplasmic scaffolding [Iron-sulfur cluster assembly enzyme
(ISCU)], cytoplasm to mitochondria transporters [phosphate carrier
protein solute carrier family 25 member 3 (SLC25A3)], cytoskeletal
motility (DYNC1H]1), exocytosis (Ras-related protein Rab-3), and
protein folding stability (AN1 zinc finger) were more highly consti-
tutively expressed in the resistant species. Protein trafficking has
demonstrated significant differential expression in response to several
cellular dysfunctions such as coral disease and bleaching (45, 71, 72).
Recent single-cell gene expression work in Stylophora pistillata shows
that coral immune cells have up-regulated expression of vesicular
trafficking, protein stability, and lysosomal genes, supporting that
these processes go hand in hand (22). Our study shows that protein
turnover and trafficking are expressed in a lineage-specific pattern
that prevents corals from getting white plague disease.

Our data show consistent patterns that up-regulated protein
trafficking pathways are associated with survival. This increased ve-
sicular transport and protein trafficking in disease-resistant species
such as Porites spp., and M. cavernosa may indicate better prepara-
tion to respond and fight off potential infections before lesion de-
velopment occurs through inflammatory or apoptotic events. The
lower expression of genes that contribute to protein trafficking in
susceptible species suggests that there is an adaptive constraint that
limits the susceptible species’ ability to mitigate a changing environ-
ment while demonstrating a process that allows resistant corals to
tolerate change. These lineage-specific expression-level disease ad-
aptation candidates also relate to the apoptosis-autophagy axis as
autophagy requires the sequestration and transport of damaged
cellular components to lysosomes for turnover. A key regulator of
intracellular transport that initiates autophagy and exocytosis is
Ras-related protein Rab 3 (73, 74). This protein facilitates autophagy-
related vesicle transport and is also a regulator of intracellular protein
transport, which is more highly constitutively expressed in resistant
coral that demonstrates why autophagy, rather than apoptosis, is suc-
cessfully used in resistant coral. These resistant species have higher
lineage-specific adaptive expression of the protein transport mech-
anisms that support this autophagic protein recycling pathway.

In conclusion, this study provides a novel framework to identify
broad coral disease resistance traits. By leveraging a disease trans-
mission experiment with seven coral species, we weigh the variable
immune strategies that consistently lead to either a susceptible or
resistant disease-exposure outcome that is both considerate and in-
dependent of phylogeny. The integration of disease phenotypes
(disease outcome, lesion progression rate, and relative risk) into our
analyses also identified processes directly involved in lesion devel-
opment and progression. Considering these phenotypes, phylogeny,
and gene expression broadens our understanding of processes that
are relevant in mediating the holobiont’s innate immune system
across coral species (16). Faster lesion progression is widely domi-
nated by immune signaling, while lesion arrest is promoted by the
coral’s modification of cytoskeletal arrangement and ability to traffic
vesicles and organelles. Maintaining coral health when exposed to
disease is also associated with intracellular protein trafficking mecha-
nisms to fulfill prosurvival autophagic processes over apoptotic
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ones. These analyses offer insight into the evolutionary constraints
of species to mitigate disease and present predictive gene-level markers
and broader biological processes consistent across coral species that
will shape coral reef populations in this changing environment.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6153

View/request a protocol for this paper from Bio-protocol.
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