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FIGURE 2 | Heatmap and hierarchical clustering of the 39 differentially expressed transcripts between heavily and lightly infected individuals. Top color-coded bar
provides individual infection levels with: light blue = very-light infection, blue = light infection, pink = moderate infection, and red = moderate-heavy infection.

infection intensity (Figure 3A). Below we discuss the significance
of module pink as this module was the only one significantly
associated with infection.

Module Pink
Module Pink was comprised of 385 transcripts and was
significantly associated with increased intensities of dermo
infection. These genes showed a positive correlation between
dermo infection and expression levels with the highest infection
group showing the strongest association with the module
(Figure 3B). Of the 24 genes with the highest module
membership scores (KmE > 0.75), 2 have been identified in other
studies as being involved in immunity in oysters (Wang et al.,
2010; Li et al., 2017). In addition, module pink was found to
also contain isoform 1 of the ninjurin-1-like gene that was also
identified as differentially expressed in the pairwise comparison.
Functional enrichment of this module identified enrichment
of supramolecular fiber organization, intracellular, and cellular
carbohydrate metabolic process. Comparing the list of genes in
module Pink and genes identified as differentially expressed in
Proestou and Sullivan (2020) identified 16 genes in both datasets.
These genes included two isoforms of a multimerin-2-like gene, a

calmodulin-2/4-like gene, a HSP70 12A-like gene, and a proline-
rich transmembrane protein. This module was also found to have
significant GO enrichment for 8 MF terms, 13 BP terms, and 8
CC terms (Figure 3C).

Changes in DNA Methylation and Gene
Expression
We examined the relationship between gene expression and
methylation for gene promoters (2 kb up-stream of first exon),
gene bodies, downstream regions (2 kb down stream of last
exon), and all intragenic regions combined (e.g., region covered
by promoter, gene body, and downstream region). After breaking
the expression into deciles, we used a Kruskal–Wallis test to
compare mean methylation of each decile. This analysis identified
a near-significant association between increasing expression and
increased promoter methylation (p-value = 0.065), a significant
positive interaction association between expression and gene
body methylation (p-value < 2.2e−16; Figure 4A), and no
interaction association between expression and downstream
methylation (p-value = 0.11). We also explored the relationship
between the mean methylation and the coefficient of gene
expression variation for each gene calculated across all samples.
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TABLE 3 | Top enriched GO terms for each GO from genes that were differentially expressed between the moderate-heavy and very-light infection intensities.

GO category GO term GO ID Percentage of reference Up/down-regulated Adjusted P-value

MF Structural molecule activity GO:0005198 39.41 Down 4.30E-08

MF Structural constituent of ribosome GO:0003735 39.71 Down 1.20E-07

MF G protein-coupled receptor activity GO:0004930 39.25 Up 0.012

BP Macromolecule biosynthetic
process

GO:0034645; GO:0009059 40.61 Down 7.07E-08

BP Peptide metabolic process GO:0006518 40.22 Down 1.02E-06

BP Ribonucleoprotein complex
biogenesis

GO:0006412;GO:0043043;
GO:0043604;

GO:0042254;GO:0022613;
GO:0044085

38.54 Down 6.32E-06

BP Cellular component organization or
biogenesis

GO:0071840 38.83 Down 0.0042

CC Ribonucleoprotein complex GO:1990904 38.61 Down 4.17E-06

CC Intracellular
non-membrane-bounded organelle

GO:0043232; GO:0043228 37.59 Down 6.92E-05

CC Ribosome GO:0005840 38.32 Down 8.21E-05

All but one ontology was found to be enriched among downregulated transcripts in the moderate-heavily infected individuals. Percent of reference shows the number of
genes identified as enriched when compared to the total number of genes for that GO term in the background reference list.

This analysis identified a significant relationship between
decreasing methylation and increasing variation in gene
expression (p-value < 2.2e−16; Figure 4B). However, there
was only significant overlap between 2 DMRs and 2 DEGs
and a Fisher’s Exact test revealed no significant overlap
between differential expression and differential methylation (p-
value > 0.05).

DISCUSSION

Our study described how P. marinus infection intensities
influence DNA methylation and gene expression in the
eastern oyster C. virginica. Through a combination of reduced
representation DNA methylation sequencing and 3′-RNA
sequencing (TAGseq) we identified significant changes in DNA
methylation and subtle changes in gene expression that support
previous findings of transcriptomic responses to infection and
confirms the relationship between percent DNA methylation
and the magnitude and variation in gene expression. The ability
to assess these changes across multiple individuals (n = 40)
strengthened these observations and encourages the use of
gene body percent methylation as a proxy for expression and
reinforces a potential role for plasticity. However, this study
did not find compelling evidence for a relationship between
differential methylation and differential expression. This lack
of overlap suggests that the majority of changes in DNA
methylation in response to infection might occur at any level
of infection (i.e., all individuals are exhibiting abroad infection
methylome); or, that these changes in DNA methylation are only
necessary for acute responses that gradually return to either a
seasonally or environmentally responsive methylation pattern.
The lack of evidence for this direct connection may derive
from the limited knowledge of when infection was initiated, and
mechanisms governing changes to gene body methylation. These
data suggest much of the observed variation in methylation does

not reliably predict the direction of differential gene expression.
This observation however, may also be a reflection of the TAGseq
approach that is unable to identify changes in splice variant
expression. It is therefore quite possible that the changes in DNA
methylation are not associated with changes in expression at the
gene level, but these changes could be influencing expression at
the isoform level.

Changes in DNA Methylation in
Response to P. marinus Infection
When we then look at the ontologies enriched in the genes
that were differentially methylated between the moderate-heavy
vs very-light infection categories, we see the regions that
were hypomethylated in more heavily infected individuals were
enriched for immune response genes, oxidative stress genes,
and enzyme regulator activity. The hypomethylation of these
regions may increase the plasticity of these genes given that
lower methylation was also associated with greater variability
in expression in our genome-wide analysis. That this occurs
as a function of infection provides some evidence that the
plasticity of these genes is being promoted. In contrast, regions
hypermethylated in infected individuals were enriched for
broad organizational categories associated with cellular structure
and replication. If hypermethylation leads to canalization of
expression, then it is possible that the increase in percent
methylation of the gene bodies reinforces the stability of
expression among these genes that may otherwise be altered
by the activation of immune responses. The hypomethylation
in heavily infected individuals of genes involved in apoptosis
(caspase-8), pathogen clearance (C1q tumor necrosis factor-
related protein 4), and molecular chaperones (HSP 70 12A-
like), suggests that moderate-heavy infections may be promoting
higher plasticity of immune response genes (de Lorgeril et al.,
2011; Wang et al., 2018). These potential roles are still largely
based on the hypothesis that large changes in DNA methylation
will drive phenotypic responses. As this still remains untested in
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