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Abstract

Causes of Infection and Disease Progression of Hematodinium sp. in the Tanner crab,

Chionoecetes bairdi

Aspen Elizabeth Coyle

Chair of the Supervisory Committee:
Steven Roberts

School of Aquatic and Fishery Sciences

In the past several decades, parasites of the genus Hematodinium have become prevalent
in crustaceans around the globe. One such host is the Tanner crab (Chionoecetes bairdi), which
supports a number of commercially and culturally valuable fisheries in the North Pacific. This
thesis explores the host-parasite relationship between C. bairdi and Hematodinium sp. through
two avenues. The first was an analysis of gene expression, in which individual crabs were
captured, their infection status was checked, and they were exposed to one of three temperatures
- elevated, decreased, and control. Throughout the 17-day experiment, hemolymph was drawn
and sequenced for gene expression. Differences in gene expression for both host and parasite
were then analyzed, and a number of genes in both host and parasite were identified as linked to

temperature response. Numerous parasite expression pathways changed over the course of the



experiment, including changes in RNA processing and microtubule development. The second
avenue of analysis utilized generalized linear mixed models to investigate a long-term survey
dataset from southeast Alaskan crab surveys, with the goal of determining the association
between infection status and a variety of biological and environmental factors. A number of
factors were found to be correlated to infection status. Among them: females were more likely to
be infected than males, immature crab were more likely to be infected than mature individuals,
recently-molted crabs were more likely to be infected, and larger crabs were more likely to be
infected. Together, these findings improve our understanding of the relationship between C.
bairdi and Hematodinium. They provide a window into the internal host-parasite dynamics and
how temperature and time alter gene expression. They also demonstrate that infection rates vary
substantially within subsets of the host population, and indicate those subset-specific impacts

should be considered when analyzing the ramifications of outbreaks.
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CHAPTER 1

1.1 INTRODUCTION

Parasites impact their hosts in a wide variety of ways, and can thus play a number of
ecological roles. In addition to altering the behavior and physiology of the host, parasites can
shift competitive balance within the host. This can make the host more susceptible to additional
infections, but can also reduce susceptibility. Humans infected by parasitic helminths, for
example, are less prone to infection by Giardia (Martin et al. 2013). Parasites can also shift
community composition, as has been observed in Britain, where native red squirrels are
declining partly due to a virus carried by invasive and immune grey squirrels (Tompkins et al.
2003). Finally, parasites can change the composition of ecosystems. After the eradication of
rinderpest in Africa the population of wildebeest exploded. The increased grazing sharply
reduced fires, which resulted in increased tree cover (Holdo et al. 2009). Clearly, understanding
parasites - particularly highly pathogenic ones with common hosts - can be crucial to
understanding the dynamics of an ecosystem (Wood & Johnson 2015).

The parasitic dinoflagellate Hematodinium is a host generalist, infecting over 40 species
of crab, shrimp, and lobster, including many important species for commercial fisheries and
aquaculture (Li et al. 2021). Outbreaks have occurred globally, often causing major economic
damage (Li et al. 2021). Prior to 1985, only six studies described Hematodinium infections, all of
which were confined to France and the east coast of the United States (Morado et al. 2011). In
the following decades, Hematodinium was observed throughout the North Atlantic, North
Pacific, China, and Australia (Small 2012). Today, new hosts and ranges are regularly reported

(Li et al. 2021; Ryazanova et al. 2021). In some host-parasite systems its prevalence is correlated
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with a warming climate, while in others no such correlation appears (Morado et al. 2011). Within
many hosts, Hematodinium prevalence varies seasonally (Eaton et al. 1991; Messick 1994;
Hamilton et al. 2009; Davies et al. 2019).

Hematodinium has an exceptionally complex life cycle, with in vitro experiments
identifying at least 10 distinct stages (Li et al. 2011). Heavily infected host individuals often
produce large numbers of dinospores (Li et al. 2010), which are presumed to be the infective
stage. Infections occur predominantly through waterborne transmission, though the specific
method of entry into the host is unknown (Shields et al. 2017). In numerous host species,
including Chionoecetes spp., infection is closely associated with molting (Shields et al. 2007,
Messick 1994; Meyers et al. 1990), with speculation that small cracks in the integument of a
freshly molted crab allow entry of Hematodinium dinospores (Meyers et al. 1990). Upon
entering the host, the dinoflagellate proliferates within the hemolymph and organs, eventually
resulting in respiratory dysfunction, extreme lethargy, and mortality (Stentiford & Shields 2005).

Distributed along the continental shelf from Oregon to the southern Bering Sea, the
Tanner crab (Chionoecetes bairdi) has substantial economic and societal importance
(Heller-Shipley et al. 2021). C. bairdi is often infected by an undescribed Hematodinium species
(Jensen et al. 2010). Infection rates vary seasonally, peaking in the late summer and early fall
(Love et al. 1993). Summer prevalence can be quite high, with infection rates over 50% in
portions of C. bairdi’s range (Bednarski et al. 2011). The progress from initial infection to
mortality is slow, and takes place over a minimum of several months (Love et al. 1993). Heavy
infections of Hematodinium sp. are marked by milky white hemolymph, an opaque white or pink

coloration, and bitter, unpalatable flesh (Meyers et al. 1990).



The long duration between infection and symptoms, elaborate life cycle of
Hematodinium, and challenges of experimentally inducing infection have hampered efforts to
investigate this complex host—parasite system. However, the need to obtain answers is growing
more critical. Infection rates are climbing in C. bairdi, particularly in the Bering Sea portion of
its range, as are infection rates in its close relative C. opilio (NOAA 2020, unpublished data).
Furthermore, much of the range of C. bairdi has recently been struck by anomalous heat events
(Di Lorenzo & Mantua 2016, Cheung et al. 2020). Marine heatwaves are projected to increase in
frequency and intensity due to anthropogenic warming (IPCC 2019). Understanding the
environmental drivers of infection by Hematodinium is critical to proper management of this
valuable fishery and for its preservation for years to come.

Previous research has characterized gene expression patterns in C. bairdi infected with
Hematodinium at various temperatures (Crandall et al. 2021). However, that work has focused on
examining pooled libraries of hosts, rather than tracking the response of individual crabs under
different temperature regimes, and was not able to examine gene expression of Hematodinium.
Transcriptomics provides a powerful tool to examine response of both host and parasite to
changing environmental conditions. The purpose of this study was to improve our understanding
of the dynamics within this host—parasite system by investigating the response of both
Hematodinium sp. and infected C. bairdi to changes in temperature, and to track the progression
of disease within infected crab. Specifically, we used transcriptomics to uncover overall changes
in gene expression and stress response within both host and parasite, along with an examination

of immune response.



1.2 METHODS

1.2.1 Experimental Design

Male C. bairdi were collected with pots (n = 400) from Stephens Passage in southeastern
Alaska in October 2017, a location with a reliably high prevalence of Hematodinium infection
(Bednarski et al. 2011; ADF&G, unpublished data). Crabs were transported to the Ted Stevens
Marine Research Institute in Juneau, AK and held in a flow-through system at the bottom
temperature of Stephens Passage at time of capture, 7.5°C, for a 9-day acclimation period. At the
end of this period, crabs that did not appear to have completely recovered from capture stress
were discarded. The end of the acclimation period and beginning of the experiment is henceforth
noted as Day 0.

A hemolymph sample (0.2ml) was drawn from the 179 remaining crabs selected and
preserved in RNAlater (1200 pl). Crabs were divided into three groups, with 60 crabs in each
experimental group and 59 in the control temperature treatment group. The control temperature
group continued to be held at 7.5°C, while water temperature within the elevated-temperature
and decreased-temperature treatment group was gradually changed over a two-day period to
10°C and 4°C, respectively. A second hemolymph sample was drawn from the 177 surviving
crabs and preserved in RNAlater. Temperatures were maintained for an additional 15 days, for a
total experimental duration of 17 days (Figure 1). The remaining crabs then had additional
hemolymph samples withdrawn and preserved in RNAlater.

The elevated-temperature treatment group saw a mass mortality event, with 58 of the 60
of crabs dying prior to the end of the experiment. Over the same period, there were eight

mortalities within the decreased-temperature treatment group, and three mortalities within the



control temperature group. Hemolymph samples were taken from the two surviving crabs in the

elevated-temperature treatment group, but their RNA yield was not sufficient for sequencing.
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Figure 1. Diagram of temperature of each treatment group over the course of the experiment.
Days are indexed from zero, beginning at the initiation of temperature changes for experimental
groups. Three RNA samples were taken from each treatment group on days 0, 2, and 17, marked
with black dots, and sequenced. Due to a mortality event, no samples with sufficiently high RNA
yields were taken from elevated-temperature crabs on day 17.

1.2.2 Infection Status Assessment

Hemolymph samples from the start and (if available) end of the experiment had DNA
extracted, subjected to qPCR following established protocol for Hematodinium sp. (Crosson

2011) to determine the level of Hematodinium sp. infection. Samples were tested in duplicate.



1.2.3 RNAseq

A total of nine crabs, three from each temperature regime, were selected based on RNA
yields. As determined by qPCR, all nine were infected with Hematodinium. Total RNA was
extracted from all hemolymph samples of these crabs using Quick DNA/RNA Microprep Plus
Kit (Zymo Research) according to the manufacturer's protocol. This created a total of 24
samples, with samples from Days 0, 2, and 17 the control and decreased-temperature treatment
crabs. Due to the mortality event, the final samples were not available for elevated-temperature
treatment crabs. All samples were sent to Genewiz, Inc. for library construction and RNAseq.
Samples were sequenced as paired end (100bp and 150bp) on HiSeq4000 (Illumina, Inc.)
sequencers.

To increase transcriptome completeness, 11 additional sequencing samples were created
by pooling 112 hemolymph samples from 87 more crabs based on treatment, sampling day, and
infection status (Supplemental Table 1). These samples were sent to the Northwest Genomics
Center at Foege Hall at the University of Washington for RNAseq and library construction.
Samples were sequenced as paired end (100bp and 150bp) on NovaSeq (Illumina, Inc.)

sequencers.

1.2.4 Transcriptome Assembly and Annotation

Raw sequence data were assessed using FastQC (v0.11.8; Andrews 2010) and MultiQC
(v1.6; Ewels et al. 2016) pre- and post-trimming. Data were quality trimmed using fastp
(v0.20.0) (Chen et al. 2018). Trimmed reads were used for all subsequent analyses. All raw
sequencing data is available in the NCBI Sequence Read Archive

(SRR11548643-SRR11548677).



A transcriptome was de novo assembled from all individual and pooled libraries using
Trinity (v2.9.0; Grabherr et al. 2011; Haas et al. 2013). This is hereafter referred to as the
complete transcriptome. The complete transcriptome was assessed with BUSCO (v3.0.2; Simao
et al. 2015; Waterhouse et al. 2018) using the metazoa odb9 database, Augustus (v3.3.2; Stanke
and Waack 2003; Stanke et al. 2008) with species set as fly, and hmmer (v3.2.1; hmmer.org). The
transcriptome was then annotated and GO terms were obtained using DIAMOND BLASTx
against the UniProtKB/Swiss-Prot database (downloaded 2021-02-09).

To examine host expression, a crab-specific transcriptome was created. To identify
crab-specific sequencing reads, sequencing reads from all individual and pooled libraries were
compared to the publicly available proteome (NCBI Acc: GCA 016584305.1) of a congener,
Chionoecetes opilio (snow crab) using DIAMOND BLASTx (v0.9.29; Buchfink et al. 2015).
Reads identified as matching (e-value <= 1E-04) C. opilio were extracted from the FastQs using
segkit (v.0.15.0; Shen et al. 2016). These crab specific reads were de novo assembled using
Trinity (v2.12.0; Grabherr et al. 2011; Haas et al. 2013). This assembly is hereafter referred to as
the C. bairdi transcriptome. The C. bairdi transcriptome was assessed for completeness with
BUSCO (v3.0.2; Simao et al. 2015; Waterhouse et al. 2018) using the metazoa odb9 database,
Augustus (v3.3.2; Stanke and Waack 2003; Stanke et al. 2008) with species set as fly, and hmmer
(v3.2.1; hmmer.org). The transcriptome was then annotated and GO terms were obtained using
DIAMOND BLASTx against the UniProtKB/Swiss-Prot database (downloaded 2021-02-09). In
another publication originating from these data, pooled libraries were aligned to the crab-specific
transcriptome and analyzed for differential expression between treatment groups, as were all
libraries from one of the nine crabs in this study (Crandall et al. 2022). However, analysis in that

publication did not continue further to examine individual host response or non-host response.



A third transcriptome was created to examine expression in Hematodinium sp. Sequences
from all individual and pooled libraries were taxonomically categorized with a combination of
DIAMOND BLASTx (0.9.26; Buchfink et al. 2015) and MEGANG (6.18.3; (Huson et al. 2016)).
DIAMOND BLASTx was run against NCBI nr database (downloaded 2019-09-25). The
resulting DAA files were converted to RMAG files for importing into MEGANG6 with the
daa2rma utility, using the following MEGANG6 mapping files: prot acc2tax-Jul2019X1.abin,
acc2interpro-Jul2019X.abin, acc2eggnog-Jul2019X.abin. All sequencing reads categorized
within and below the phylum Alveolata were identified using MEGANG (v6.18.3; Huson et al.
2016). Subsequently, these reads were extracted from the FastQ files using seqtk (Shen et al.
2016) and de novo assembled using Trinity (v2.12.0; Grabherr et al. 2011; Haas et al. 2013).
Since all crabs were confirmed to be infected with Hematodinium, and no other Alveolata
parasites of C. bairdi have been identified, this transcriptome likely contains only Hematodinium
sequences. However, as the presence of other Alveolata species could not be ruled out, this is
hereafter referred to as the Alveolata transcriptome. The Alveolata transcriptome was assessed
for completeness with BUSCO (v3.0.2; Simao et al. 2015; Waterhouse et al. 2018) using the
metazoa odb9 database, Augustus (v3.3.2; Stanke and Waack 2003; Stanke et al. 2008) with
species set as fly, and hmmer (v3.2.1; hmmer.org). The transcriptome was then annotated and
GO terms were obtained using DIAMOND BLASTx against the UniProtKB/Swiss-Prot database
(downloaded 2021-02-09).

This work was facilitated through the use of advanced computational, storage, and
networking infrastructure provided by the Hyak supercomputer system at the University of
Washington. Links to the transcriptome assemblies and files are available in Supplemental Table

2.



1.2.5 Differential Expression Analysis

Quality trimmed libraries of individual crabs were pseudo-aligned to each of the three
transcriptomes (complete, C. bairdi, and Alveolata) using kallisto (Bray et al. 2016). Two
different approaches were then used to examine differential expression.

To evaluate the impact of changes in temperature on expression, the R package DESeq2
(Love et al. 2014) was used to perform pairwise comparisons. Pairwise comparisons were
performed within each temperature regime, comparing expression prior to, and following, the
initiation of temperature changes. Abundance matrices were produced using the Trinity (v2.12.0;
Grabherr et al. 2011; Haas et al. 2013). Differentially expressed contigs, along with their
accompanying accession IDs, were obtained for each comparison (Table 1).

In addition to pairwise comparisons within temperature regimes, a clustering approach
was used to enable comparisons between treatment groups and examine correlation in expression
to each variable. The R package WGCNA was used (Langfelder & Horvath 2008), which
clusters contigs into eigengenes based on expression pattern and then calculates correlation
between eigengene modules and experimental variables. Categorical variables were binarized,
and a signed network was used. This analysis was performed once with all samples, and then
again with only samples from crabs that did not die prior to the end of the experiment. This latter
analysis included an examination of change in Hematodinium infection level over the 17-day

experimental period.

1.2.6 Functional Enrichment

Gene ontology (GO) terms were obtained by cross-referencing the accession IDs of each
contig with the Gene Ontology database. For differential expression analysis using pairwise

comparisons, the log2-fold changes were extracted from the DESeq?2 output and paired with GO
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terms as input for GO-MWU (Wright et al. 2015), which performs a Mann-Whitney U test and
utilizes adaptive clustering to examine gene ontology term enrichment.

For WGCNA analyses performed with eigengene clustering, all modules with a
significant correlation to a sample trait were examined, and if the significance appeared to be due
to correlation to libraries from a single crab, the module was discarded. For all remaining
significant modules, the module membership (kME) of its contigs was extracted, and functional
enrichment of the module was analyzed using GO-MWU. This procedure was followed twice,
once with all samples and once with only control and decreased-temperature treatment samples.
The latter specifically examined change in Hematodinium infection level over time, as only one

time point for Hematodinium infection level was available for the elevated-temperature treatment

group.

1.3 RESULTS

1.3.1 Mortality and Hematodinium Detection

Analysis with qPCR revealed Hematodinium infections were present in all crabs.
Quantities of Hematodinium DNA were compared over the course of the experiment in control
and decreased-temperature treatment groups. In four of the six crabs, Hematodinium infection
intensity decreased, and in three it decreased by at least two orders of magnitude (Supplemental

Table 3).

C. bairdi transcriptome

Assembly of quality trimmed and crab-specific reads into a transcriptome produced

88,302 consensus sequences (Roberts, Coyle, & White 2022). A comparison against the
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UniProtKB/Swiss-Prot database resulted in 30,094 annotated contigs. Additional assembly

statistics are in Supplemental Table 4.

Alveolata transcriptome

Assembly of quality trimmed reads within the phylum Alveolata into a transcriptome
yielded 6,176 consensus sequences (Roberts, Coyle, & White 2022). Comparison against the
UniProt/Swiss-Prot database produced 3,889 annotated contigs. Additional assembly statistics

are in Supplemental Table 4.

1.3.2 Immune Gene Characterization

C. bairdi

A number of genes within the C. bairdi transcriptome (n = 49) were associated with immune
function (GO:0006955). Many were members of the cathepsin family, with cathepsins C, J, L, S,
U, V, and W present. Cathepsin L was particularly broadly expressed, with seven distinct genes
coding for cathepsin and procathepsin L. Procathepsin L was differentially expressed in the
elevated-temperature treatment group over days 0 and 2. Multiple types of MAPKs
(mitogen-activated protein kinases) were also present within the transcriptome, including two
p38 MAPKSs and one MAP4K. MAPKSs are part of the IMD (immune deficiency) pathway, a
notable component of the crustacean immune system. Several other genes associated with the
IMD pathway were observed, including the transcription factor Relish and the kinase inhibitor
IkK. NFIL3, a nuclear factor with a role in regulating Relish expression in similar systems, was
also present.

Other immune-linked genes observed were Transcription Activator Protein-1 (TF AP-1)

and Granzyme A. TF AP-1 acts as an immune system regulator within other crab species, along
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with a potential role as an osmoregulator (Wang et al. 2018). Little research on the role of
Granzyme A in invertebrates has been performed, but in vertebrates it has a cytotoxic role

against intracellular pathogens.

Hematodinium

Within the Alveolata transcriptome, four genes were linked to immune function. All four
of these were cysteine proteases, which can function in blood cell degradation and invasion,
surface proteins processing, and cell egress for intracellular parasites (Verma et al. 2016). Three

of the four were cathepsins, including both procathepsin and cathepsin L.

1.3.3 Differential Expression

Comparisons within the control temperature treatment group provided context for the
frequency of differentially expressed (padj < 0.05) contigs (DE Contigs) expected without a
temperature change. Simultaneously, they examined expression over the course of an infection.
Comparisons between Day 0 and Day 2 in an experimental group examined short-term changes
to a temperature shift, while comparisons between Day 0 and Day 17 provided a long-term
picture. The final comparison, between both experimental groups on Day 0 and Day 2, provided

genes involved in short-term temperature response, regardless of direction.
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Table 1. Differential expression comparisons made and the number of differentially-expressed
contigs to each transcriptome.

Temp. Comparison Variable | DE Contigs | DE Contigs | DE Contigs
Regime (Complete) | (C. bairdi) | (Alveolata)
Elevated Day 0 vs. Day 2 Temp. 367 1721 4
Decreased Day 0 vs. Day 2 Temp. 2033 7 0
Decreased Day 0 vs. Day 17 Temp. 213 4 0
Decreased Day 0 vs. Day 2+17 | Temp. 389 14 0
Control Day 0 vs. Day 2 Time 7103 78 0
Control Day 0 vs. Day 17 Time 4764 473 7
Decreased Day 0 vs. Day 2 Temp. 1113 192 0
and Elevated

C. bairdi

Iemperature

To determine the influence of acute temperature change on gene expression in C. bairdi,
comparisons of gene expression were made within each treatment group prior to, and two days
after, the initiation of temperature changes. Within the elevated-temperature treatment group,
1721 contigs were identified as differentially expressed (padj < 0.05) (Table 1). Of these, 1473
were expressed at higher levels after the increase from 7.5°C to 10°C. Within the
decreased-temperature treatment group, 7 contigs were identified as differentially expressed
(padj < 0.05), all of which were expressed at higher levels after the decrease in temperature from

7.5°C to 4°C.
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Time

To examine host gene expression changes as the infection develops, gene expression
within the control temperature treatment group on Day 0 was compared to expression on Day 17.
A total of 473 contigs were differentially expressed (padj < 0.05) (Table 1). Of these, 251 were
expressed on higher levels on Day 17. To determine when the changes in expression occurred,
each of these groups were compared to libraries from Day 2 from the same crab. Between the
first two days, there were 78 differentially expressed contigs, while the subsequent 15 days had
473 differentially expressed contigs. Functional enrichment was then examined, but no

substantial enrichment in gene ontology terms was found.

Hematodinium sp.

Temperature
To examine the impact of acute temperature change on gene expression in
Hematodinium, the same comparisons were made with libraries aligned to the Alveolata
transcriptome. Within the elevated-temperature treatment group, four contigs were identified as
differentially expressed. Three of these — two (P85200 & 023717) proteasome subunits, and
mitochondrial membrane ATP synthase (Q06056) — were matched to the UniProtKB/Swiss-Prot
database. Over the same timeframe, no contigs were identified as differentially expressed within
the decreased-temperature treatment group.
Time
An examination of change in Hematodinium expression as the infection develops was
also performed by comparing expression in the control temperature treatment group between
Day 0 and Day 17. A total of 7 contigs were identified as differentially expressed, and all were

expressed at higher levels by the end of the experiment. When matched to the
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UniProtKB/Swiss-Prot database, the protein coding gene C160rf89 (Q6UX73) and a serine
protease (P52717) were identified.

Significant changes in functional enrichment were observed between Day 0 and Day 17
(Figure 2). Expression decreased with time in several RNA-related processes, along with
ribosomal assembly and cellular component assembly. Simultaneously, expression increased in
microtubule-based processes, developmental processes, and movement of cell or subcellular

components.

37/93 cellular component assembly

6/15 ribosomal large subunit assembly p < 0.01
5/12 ribosomal small subunit assembly p<0.05
25/45 microtubule-based process p<01

13/20 movement of cell or subcellular component

8/10 anatomical structure morphogenesis

35/62 developmental process : glgg‘r%::seei?nEé%?::is?gn
30/104 RNA processing

17/65 RNA splicing

23/83 mRNA metabolic process

L rnln

3/4 endonucleolytic cleavage in ITS1 to separate SSU-rRNA from 5.85 rRNA &

Figure 2. Functional enrichment of Gene Ontology (GO) Biological Process terms of parasite
control temperature treatment group expression between Day 0 and Day 17 of the experiment.
Tree represents hierarchical clustering based on shared genes. GO terms with zero branch length
between them have gene lists in which one is a subset of the other. Text size corresponds to
adjusted p-value and text color indicates the direction of regulation. Red corresponds to
upregulation while blue indicates downregulation. Numbers indicate the fraction of genes with
that GO term with absolute log2 fold change greater than 1.



1.3.4 Clustering by Expression Patterns

C. bairdi

WGCNA was used to cluster genes into modules and identify their correlation with
experimental variables, along with their correlation to individual crabs. Modules were named
with a color to identify them. Modules with a correlation greater than 0.5 to a single crab were
not examined further, as association to a variable was likely due to expression in that individual.
Two modules, black and brown, were found to be significantly linked to temperature response
(Figure 3). The black module was more expressed at decreased temperatures than control
temperatures (p < 0.0008), and also more expressed at elevated than non-elevated temperatures
(p = 0.05). The brown module had lower expression at elevated temperatures when compared to
decreased temperatures (p = 0.02), or all temperatures (p = 0.03) These modules were examined

for GO enrichment, but no significant enrichment was found in either.
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Figure 3. Heatmap of C. bairdi gene expression clusters and variables. X-axis shows variables,
y-axis shows module name and the number of genes that make up the module. Each cell in the
heatmap contains the correlation between the module and the variable, with the relevant p-value
underneath. Cell color corresponds to correlation value, with positive correlations in red, neutral
correlations in white, and negative correlations in blue.

To examine how host expression varied with change in Hematodinium infection over the
course of the experiment, the analysis was repeated excluding samples from crabs that died prior
to final sample collection. The same procedure was followed. Modules with significant
correlations to variables other than change in Hematodinium infection were discarded, as the
previous analysis was more apt for examining them. Expression in the red module (Figure 4)
was significantly correlated to change in Hematodinium infection (p = 0.04). This module was

examined for GO enrichment, but no significant enrichment was found
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Figure 4. Heatmap of C. bairdi gene expression clusters and variables using only crabs who
survived the full experiment. X-axis shows variables, y-axis shows module name and the number
of genes that make up the module. Each cell in the heatmap contains the correlation between the
module and the variable, with the relevant p-value underneath. Cell color corresponds to
correlation value, with positive correlations in red, neutral correlations in white, and negative
correlations in blue.

Hematodinium

The same procedure was followed for genes matching the Alveolata transcriptome. The
pink module was found to decrease in expression over time (p = 0.03), while the brown module

was found to be less expressed in heavily-infected crabs (p = 0.02) (Figure 5).
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Figure 5. Heatmap of parasite gene expression clusters and experimental variables. X-axis
shows variables, y-axis shows module name and the number of genes that make up the
module. Each cell in the heatmap contains the correlation between the module and the variable,
with the relevant p-value underneath. Cell color corresponds to correlation value, with positive
correlations in red, neutral correlations in white, and negative correlations in blue.

The pink and brown modules were then examined for gene enrichment. Within the pink
module, two pathways were enriched - negative regulation of biological processes (padj = 0.025)
and cellular macromolecule catabolic processes (padj = 1 x 107"°). The brown module had
numerous enriched pathways, including cytokinesis, vacuole organization, and translational

elongation (Figure 6).
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Figure 6. Functional enrichment of GO Biological Process terms within libraries aligned to the
parasite transcriptome and clustered into the brown module. Tree represents hierarchical
clustering based on shared genes. GO terms with zero branch length between them have gene
lists in which one is a subset of the other. Numbers indicate the fraction of genes with that GO
term with absolute log2 fold change greater than 1.

1.4 DISCUSSION

1.4.1 Transcriptome Description

We provide a C. bairdi transcriptome, along with the first transcriptome for any
Hematodinium species. We also produce the first transcriptional description of a crustacean
parasitized by a dinoflagellate, providing valuable insight into the function of a host-parasite
system. BUSCO scores indicate that transcriptome completeness was 73.8% for C. bairdi and

26.5% for Hematodinium.
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1.4.2 Immune Description

C. bairdi

Of the 49 immune genes observed within the C. bairdi transcriptome, over 20% (n = 11)
were members of the cathepsin family. Seven of those code for cathepsin or procathepsin L. In
multiple crustaceans, cathepsin L has been shown to be upregulated in response to pathogen
exposure (Li et al. 2010) (Dai et al. 2017), indicating that further research on C. bairdi cathepsins
may prove fruitful for uncovering the consequences of Hematodinium infection. Furthermore,
cathepsin C, which plays an important role in crustacean immunoregulatory function (Liu et al.
2020) was also observed within the transcriptome. Several genes associated with the IMD

pathway were observed, including several MAPKSs, Relish, IxK, and NFIL3.

Hematodinium

Four genes within the parasite transcriptome were linked to immune function, three of
which were papain-family proteases. This provides an intriguing indication of the mechanism by
which Hematodinium proliferates within the host. For species in the parasitic phylum
Apicomplexa, papain-family proteases have been identified as having important roles in cell
invasion (Que et al. 2002), including blood cell degradation (Pandey et al. 2005) and cell egress
(Verma et al. 2016). Previous studies have found that Hematodinium primarily proliferates within
the hemolymph of the host (Wheeler et al. 2007), but the exact mechanism of that proliferation
has been undetermined. This provides an intriguing indication that papain-family proteases may

play important roles in infecting and multiplying within hosts.
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1.4.3 Differential Expression

C. bairdi

Our pairwise comparison of gene expression within treatment groups identified 1721
contigs as differentially-expressed between control and elevated temperatures. Of these, 86%
increased in expression following a temperature rise. This likely indicates that short-term heat
exposure represents a substantial metabolic increase or stress response. Previous studies found
no increase in growth rate for juvenile male C. bairdi raised at 6°C and 9°C (Paul & Paul 2001),
suggesting that this increase in expression is largely a stress response. Since very few contigs
were differentially expressed when exposed to a decrease in temperature (n = 7), this provides
evidence that for infected C. bairdi, short-term temperature increases are much more
physiologically stressful than short-term temperature decreases within the range of temperatures
examined. Given the increase in frequency and severity of marine heat waves throughout much
of the range of C. bairdi (Carvalho et al. 2021, Di Lorenzo & Mantua 2016), this indicates the
substantial portion of wild C. bairdi populations that are infected by Hematodinium may
experience a considerable increase in energetic costs.

The increase in temperature significantly altered expression of numerous stress-related
genes. These include cytochrome p450, which is involved in detoxification in crustaceans (Steele
et al. 2018), glutathione peroxidase, an enzyme that protects against oxidative stress (Cheng et al.
2020), and PAK?2, which stimulates cell survival and growth (Qiu et al. 2017). Additionally,
many genes with altered expression patterns were involved with both stress response and the
immune system. Three chitinase genes were differentially expressed at elevated temperatures,

along with two serine protease inhibitors. Studies in other crab species have shown these genes
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to be involved in responding to both physiological stress and bacterial infection (Zhou et al.
2018, Bao et al. 2019).

Interestingly, C-type lectin, which is a key component of the innate immune system (Zhu
et al. 2016), decreased significantly in expression both after an increase in temperatures and over
the 17-day course of the experiment in crabs within the control temperature treatment group. The
same pattern was observed in cathepsin L, another important protein involved in the crab
immune system (Li et al. 2010), and in several genes related to ubiquitin, which is involved in
muscle atrophy (Koenders et al. 2002). This overlap is also seen more broadly — of the 151
identified genes that were differentially expressed between the start and end of the experiment
within the control temperature treatment group, 48 were also differentially expressed within the
elevated-temperature treatment group following the two-day increase in temperature. For all 48,
the change in expression occurred in the same direction. The changes within the control
temperature treatment group show how host expression changes as Hematodinium infection
develops over the 17-day period. Since many of the same expression patterns were observed
after only two days at elevated temperatures, this indicates that warming temperatures may speed
the development of the infection. As mortality rates for Chionoecetes spp. infected by
Hematodinium are remarkably high (Shields et al. 2005), heat waves could cause large mortality

events.

Hematodinium

Within the control temperature treatment group, over the course of the experiment RNA
processing and splicing decreased significantly, as did cellular component assembly and mRNA
metabolic processes. Meanwhile, microtubule-based processes and developmental processes both

increased in expression significantly (Figure 2).
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Our clustering-based analysis of expression in all crabs also located a module of genes
linked to day, with significant enrichment of cellular macromolecule catabolic processes within
the module. This enrichment is possibly due to changes in dominant life stages for
Hematodinium sp. infections. Hematodinium has a notoriously complex life cycle (Appleton &
Vickerman 1997), with a number of different stages developing within a single host. Since we
eliminated all modules predominantly linked to a single crab, this indicates that the potential
change in life stage occurred within multiple hosts. Though we are unable to identify those life
stages without histology samples, this provides evidence that gene expression may vary
substantially between stages, and indicates that RNA sequencing may be an excellent tool for

such a diagnostic
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CHAPTER 2

2.1 INTRODUCTION

Tanner crab (Chionoecetes bairdi) is a marine decapod common to the waters of the
North Pacific from Oregon to the Bering Sea (Jadamec et al. 1999). They are abundant along the
continental shelf of much of Alaska, and support a valuable commercial fishery (Punt et al.
2016). They are also closely related to the snow crab (C. opilio), and commonly produce fertile
hybrids where their ranges overlap (Urban et al. 2002). The Bering Sea C. opilio fishery has
historically been one of the most lucrative fisheries in the United States (Divine et al. 2019), but
recently experienced a dramatic and unexpected population crash (Szuwalski et al. 2023).

Both C. bairdi and C. opilio are infected by Hematodinium sp., a parasitic dinoflagellate
that, along with other members of its genus, infect over 50 crustacean species around the globe.
Hematodinium sp. multiplies within the hemolymph and tissues of its hosts, depleting the
number of circulating hemocytes and damaging numerous vital organs such as the heart, gills,
and hepatopancreas. As the parasite continues to multiply, the host experiences respiratory
dysfunction and severe tissue damage, causing lethargy and then death (Wheeler et al. 2007).
Transmission is assumed to be waterborne and to occur directly between hosts, as
heavily-infected hosts release large numbers of dinospores into the water column (Li et al. 2021).
However, the dynamics of transmission are still poorly understood and have proved difficult to
unravel. Though the relationship between infection and temperature is uncertain, infection rates
in boreal hosts tend to peak in summer (Li et al. 2021), indicating a potential link to climate

change.
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Hematodinium sp. was first observed in the North Pacific in 1985 - though it may have
been present long before - when the southeastern Alaska C. bairdi fishery noticed some crabs
had a distinctly bitter flavor, along with milky hemolymph and an unusually pink, opaque
carapace (Meyers et al. 1987)This combination of symptoms, which came to be called Bitter
Crab Syndrome (BCS), was found to be characteristic of late-stage infections. While low-level
Hematodinium sp. infections cannot be diagnosed without microscopy or genetic sequencing,
visual observation can detect BCS with relatively high accuracy (Jadamec 1999). Subsequent
research then uncovered a link between BCS and shell condition. Since C. bairdi undergoes a
terminal molt, terminally-molted crabs see a general deterioration of their shells over time due to
natural wear and tear (Tamone et al. 2007). Shell condition is thus used as a proxy for age, as
well as time since terminal molt. Crabs with older shells are substantially less likely to display
symptoms of BCS, indicating individuals are more prone to infection during or soon after molt
(Eaton et al. 1991).

Since its initial observation in 1985, Hematodinium sp. has become one of the most
common parasites of C. bairdi in southeastern Alaska. The region is marked by numerous fjords
and bays. This complicates the disease dynamics substantially, with spatially close areas often
having different infection rates. Over an eight-year study, nearly 70% of C. bairdi assessed in the
Port Frederick area were positive for BCS, while at Icy Bay - under 30 miles away - only 4%
were positive (Bednarski et al. 2011). Given C. bairdi is in a state of panmixia throughout its
range (Johnson et al. 2019), infection rates are uncorrelated with host density, and the pattern is
still observed even when only examining mature males (Bednarski et al. 2011), these consistent
differences in infection rates are unlikely to be caused by differences in hosts. Instead,

environmental and parasite-specific variables are likely responsible.
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Previous research on factors correlated with Hematodinium spp. infection rates have
found a number of intriguing associations. Several hosts have displayed seasonal cycles of
infection rates, though with substantial variance in peak timing (Davies et al. 2019, Eaton et al.
1991, Smith et al. 2015). In some hosts, molting has also been linked to infection rates, perhaps
due to the soft, permeable cuticle of freshly-molted crabs rendering them vulnerable to infection
(Shields et al. 2005), which, since smaller individuals molt more frequently, can result in higher
infection rates at smaller sizes (Lycett et al. 2019). Several hosts have also demonstrated higher
infection rates in females than in males (Stentiford et al. 2001, Lycett et al. 2019). In
Chionoecetes, the relationship of sex and size to infection remains unclear, with studies finding
conflicting results (Eaton et al. 1991, Pestal et al. 2003, Shields et al. 2005).

As C. bairdi supports a valuable commercial fishery and Hematodinium sp. infections are
thought to be fatal (Shields et al. 2005), it is important to understand what renders individuals
vulnerable to infection. With that aim, we used a multidecadal dataset, collected using consistent
methodology, to uncover physiological and environmental variables correlated with

Hematodinium sp. infection.

2.2 METHODS

2.2.1 Survey Design

Annual pot surveys were conducted by the Alaska Department of Fish and Game
(ADF&G) from 2005 to 2019. Two surveys were conducted each year. The red king crab survey
(RKC survey) was carried out from June to August and was focused on the red king crab

(Paralithodes camtschaticus) stock, though large numbers of C. bairdi were caught as well. The
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C. bairdi survey was carried out from September to October, and was focused on the C. bairdi
stock.

Both surveys were conducted in numerous survey areas within Southeast Alaska (Figure
7). With the exception of Holkham Bay and Juneau, there was no overlap in survey areas
between the C. bairdi survey and the RKC survey.

Each survey area was divided into density strata using a Neyman allocation based on the
variance of crab density estimates over a three-year period (Rebert et al. 2019, Stratman et al.
2019). The number of pots for the survey area, determined based on logistical feasibility, were
then divided among density strata. Precise pot locations were randomly assigned within each
stratum using Geospatial Modeling Environment (Bayer 2004) with a minimum distance of 0.1
nautical miles between pots. If a pot location was not possible due to gear conflicts or other
issues, a preselected pot location was used. Pots were set from 12:00 to 18:00 and pulled from
07:00 to 13:00. Soak times ranged from 18 to 20 hours for the RKC survey and 16 to 20 hours
for the C. bairdi survey. The survey used conical top-loading commercial crab pots with an
88-inch diameter and no escape rings. Frozen herring or a mix of frozen herring and pink salmon
was used as bait. A temperature logger was attached to each pot, with temperature readings taken
at one-hour intervals for all surveys except the 2005 C. bairdi survey, which had temperature
readings taken every 3 hours and 30 minutes.

For each C. bairdi captured, sex and shell condition were determined and the specimen
was measured for carapace width (CW) using standard ADF&G codes and protocols (Jacamec et
al. 1999). The presence of bitter crab syndrome (BCS) and infection with black mat fungus
(Trichomaris invadens), along with the presence of other pathogens, was noted when present, as

were any missing legs or carapace damage. Female crabs were classified for maturity and
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measured for clutch fullness. If present, the condition of any eggs was noted. A subset of male

crabs were measured for right chela height, as the ratio of carapace width to chela height

indicates crab maturity.
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Figure 7. Survey locations, as determined by average pot latitude and longitude. Circles
represent red king crab survey locations, while triangles represent Tanner crab survey locations.

2.2.2 Data Analysis and Modeling
Temperature data were obtained by cross-referencing pot set and pot retrieval times with

data from the temperature loggers. Temperature for the pot deployment was determined by
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excluding readings taken within one hour of pot setting or retrieval to account for discrepancies
in timekeeping, and then averaging the remaining readings. Pot deployments with a temperature
variance of over 3°C were discarded, as this indicates the pot was likely not deployed for part of
the timeframe. All deployments with an average temperature over 9°C were manually checked
by cross-referencing the logger data files with NOAA sea surface temperature for that day and
area (NOAA National Data Buoy Center 1971), as well as an examination of the trends in the
logger data files. Apparent data entry errors were discarded. Temperature readings were then
averaged for all pots at the site for that year, producing the temperatures generally experienced
by the crab in its environment.

Apparent data entry errors, incomplete entries, and irrelevant variables were eliminated,
leaving a total of 151,313 measurements. To identify factors affecting BCS prevalence,
generalized linear mixed models (GLMMs) were fitted using the R package glmmTMP (Brooks
et al. 2017). Predictors of BCS prevalence were shell condition (light, new, old, very old),
temperature (°C), carapace width (mm), injuries (present/absent), sex (male/female), latitude,
presence of Black Mat, and depth (meters). Year and site were used as random effects, as
baseline rates of infection differ consistently between sites and across years. Continuous
predictors were scaled, and categorical predictors were converted to factors. Shell condition was
specified to be an ordered factor. Julian day was not used, as it covaried with temperature.

As C. bairdi displays pronounced sexual dimorphism, with males being much larger than
females (Jadamec et al. 1999), carapace width was scaled separately for males and females.
Collinearity of predictors was assessed using VIFs, with no variables having high collinearity

(>5). Models were examined to check model assumptions, overdispersion, and goodness of fit.
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Models were weighted based on AICc, and a weighted average was taken of all models with a

weight of 0.01 or greater.

Infectloni'jrk ~ Bmomlal(uid_'k)
E (Infectlonilj'k) =Mk
)

log—#— = ShellConditionijk + Temperatureij + CarapaceWidthl,jk + BlackMatijk +

+ Sex.. + Latitude.  + Depth . + Year + Site,

ijk ik ijk i j

Yearl, ~ N(O, 02)
Site, ~ N(Q, o)

Equation 1. The full model, in which Infection;; is the k" crab in year i at site j, Year; and Site,
are the random effects, which are assumed to be normally distributed with mean 0 and variance
0-2

To determine whether certain measured sex-specific factors were associated with

infection, two more models were created following the same protocol and incorporating

sex-specific measurements.

Infectloni’j’k ~ Bmomlal(ui,jlk)

E(Inf ectloni’jlk) =M

()
—2_ = ShellCondition _ + Temperature + CarapaceWidth _+ BlackMat  +
(1_”i,j,k) ijk LJ i),k ijk

+ Latltudei’jlk + Depthilj'k + ClutchFullnessijk + EggDevi]k + Yearl, + Sltej

2y 1)

log

Yearl, ~ N(O, 02)
Site, ~ N(0, )

Equation 2. The female-specific model modified the full model by incorporating clutch fullness
(percent) and the amount of egg development (juvenile, barren, uneyed, eyed) as predictors,
while dropping sex as a predictor since only female measurements were used. A total of 24,726
measurements were used for the female-specific model.

31



Infectloni']_'k ~ Bmomlal(uid_'k)
E (Infectloni'j'k) =M

()
log—l'L = ShellCondition. ., + Temperature . + CarapaceWidth ..+ BlackMat . +
G ijk ij ijk ijk

+ Sex .+ Latitude. ., + Depth . + Year + Site.
ijk i,k ijk i j
2
Yearl, ~ N(0,0)

Site, ~ N(Q, )

Equation 3. The male-specific model took the full model and added maturity status
(immature/mature) as calculated by the ratio of chela height to carapace width (Tamone et al.
2007), while dropping sex as only males were examined. A total of 23,461 measurements were
used for this model.

2.3 RESULTS

2.3.1 General Model

Of the 8 predictor variables examined, 6 were significant (p < 0.05) (Figure 8).
New-shell crabs were more likely than old-shell crabs to show signs of BCS (p < 0.0001).
Carapace width was positively associated with infection (p < 0.0001), while depth was
negatively correlated (p < 0.0001). Female crabs were more prone to infection than were males
(p <0.0001). Crabs infected with T. invadens were less likely to display signs of BCS (p <
0.0001), though with a relatively high standard error (0.18) as only 4% of individuals were
infected by 7. invadens. There was a weak relationship to temperature, with warmer sites
showing higher rates of infection (p = 0.012). No relationship was observed with leg condition (p

=0.32) or latitude (p = 0.71).
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Figure 8. Estimated coefficients of each predictor variable in the averaged general model.
Variables are listed in descending order of absolute value of estimated coefficient. As shell
condition is an ordered factor, it has three associated coefficients. Error bars represent adjusted
standard error. Coefficients in black are significant, while coefficients in gray are not.
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Figure 9. Relationships present in the raw data between BCS status and the four predictor
variables with the largest coefficients in the general model. Error bars represent standard error.
Y-axis scaling is constant between all graphs. As C. bairdi is sexually dimorphic with
substantially larger adult males, each sex separately had carapace width measurements binned by
percentile, and the BCS rate of each percentile was then visualized in Figure 9D. This mimics
how carapace width was treated in the GLMMs.

2.3.2 Female-Specific Model

Generally, variables examined in the female-specific model (Figure 10) displayed the
same relationships as those in the general model. The exceptions are temperature (p = 0.25) and
infection with 7. invadens (p = 0.18), neither of which was significant in this model. Of the new
sex-specific predictors, immature females had higher rates of infection than mature females (p =
0.028), while females with a higher clutch fullness had lower rates of infection (p < 0.0001). The

raw data, however, appears to reveal a normal distribution, with highest infection rates at
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medium clutch fullness (Figure 11B). However, it appears that this is due to the rarity of infected

crabs with high clutch fullness (Figure 11C).

2.3.3 Male-Specific Model

The predictors in the male-specific model (Figure 10) generally followed the same
patterns of significance as the general model, though, as with the female-specific model, both
temperature (p = 0.41) and infection with 7. invadens (p = 0.97) were not significant in this
model. Additionally, though not significant in the general model, the presence of injuries was
positively correlated with infection status in the male-specific model (p = 0.0009). Maturity
status was significant (p < 0.0001), with higher infection rates among immature males than

among mature males (Figure 11D).
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Figure 10. Estimated coefficients of each predictor in the sex-specific averaged models. F
corresponds to the female model, M to the male model. Predictors are ranked in order of
descending absolute value for each, and x-axis is shared for both. Shell condition and egg

development (in the female model) have several associated coefficients, as they are factors. Error

bars represent standard error. Coefficients in black are significant, while coefficients in grey are

not.
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Figure 11. Relationships present in the raw data between BCS status and the significant
sex-specific predictors in the female-specific model (A-C) and male-specific model (D). When
present, error bars represent standard error. Only categories with over 50 measurements are
graphed. Figure 11B shows the infection rates at each level of clutch fullness, while Figure 11C
shows overlapping histograms of clutch fullness for both BCS-positive and negative crabs.
Y-axes are not held constant between figures, with the exception of 11A and 11B.
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2.4 DISCUSSION

We found that infection status was related to a number of biological variables, namely
carapace width, sex, maturity status, clutch status (for females), and time since molt. Depth was
the only environmental variable with a consistent relationship to infection status.

Within all models, the coefficient with the highest absolute value was, by a substantial
portion, shell condition. This finding agrees with existing research, as numerous studies have
found that recently-molted C. bairdi are more prone to infection by Hematodinium sp.,
potentially due to the soft, permeable nature of the shell shortly after molting (Eaton et al. 1991,
Imamura & Woodby 1994). Crabs with a shell condition of “Light”, which corresponds to 2-8
weeks post-molt (Jadamec et al. 1999) are less likely than new-shell crabs, but more likely than
old-shell crabs, to display signs of BCS (Figure 8, Figure 9A). From this, it is apparent that the
minimum time between infection and visible symptoms of BCS is, for some individuals, less
than eight weeks.

The second-highest absolute value within the full model was sex (0.250). Interestingly,
when examining the raw data, males were more likely to be infected than females (Figure 9C),
while the model found that females were more likely to be infected than males (Figure 8).
Previous research on this subject has been contradictory. Within a population of the
closely-related C. opilio in the Canadian Maritimes, females were more likely than males to be
infected by Hematodinium sp. (Pestal et al. 2003), while earlier studies of Alaskan C. bairdi
found no relationship between sex and infection rates (Eaton et al. 1991), or found males to be
more likely to be infected than females (Bednarski et al. 2011). However, both Alaskan studies
dealt with smaller sample sizes, and both only examined sex without investigating the

importance of other variables, such as location and shell condition. It appears that by examining
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many variables simultaneously, including treating year and site as random effects, we were able
to uncover a more accurate relationship between sex and infection rate.

Carapace width was also influential in all models, with both general and sex-specific
models finding larger crabs to be more likely to be infected. Again, previous studies have found
conflicting results, with no relationship found in Alaskan C. bairdi (Eaton et al. 1991), while a
relationship was found in a larger trawl study on Atlantic C. opilio (Shields et al. 2005).
Interestingly, while this latter study found similar results for female crabs, with larger crabs more
prone to infection, it found that the likelihood of infection decreased with size in male crabs.
This diverges from our study, which found larger crabs to have a higher rate of infection. The C.
opilio study used trawls to obtain crabs, and thus captured crabs were unable to enter a pot. If
size classes are differentially impacted by the weakness and lethargy of late-stage infection, our
findings could be explained by gear selectivity. Differences in data analysis could also be
responsible. While this study differentiated between mature and immature males in our
male-specific model, the C. opilio study did not. Given that our study also found immature males
to be infected at higher rates, this could explain the overall negative relationship they observed
between carapace width and infection rates. Finally, different disease dynamics could be taking
place between Atlantic C. opilio and Pacific C. bairdi. From a physiological perspective,
immune response is increasingly being seen as a trade-off. In mosquitoes, an immune challenge
reduces egg production (Ahmed et al. 2002), and in crickets, larger, faster-growing individuals
are slower to encapsulate abiotic material (Rantala et al. 2005). It is possible that larger
individuals are investing proportionally more energy in growth and molting, resulting in a
weaker immune system. However, future research is necessary to unravel the causes behind the

higher infection rates in larger crabs.
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The female-specific model found clutch fullness to be a significant predictor (Figure 10),
and examination of the raw data revealed infection rates peaked at medium clutch fullness, with
low rates at either extreme (Figure 11B). No previous research can be found examining the
relationship between Hematodinium sp. infection and clutch fullness for any host species. Given
that under 3% of infected females had full clutches, compared to over 30% of uninfected females
(Figure 11C), it seems likely that infection reduces host fecundity, as has been observed in
numerous other crustacean host-parasite systems (Bollache et al. 2002, Kuris 1990). However,
high-fecundity females may be healthier, with more robust immune systems, and thus more
resistant to infection, as in other systems infection does not reduce fecundity (Bhaduri et al.
2002, Ondes et al. 2016). Regardless, the relationship uncovered here adds nuance to our
understanding of the dynamics of the Hematodinium sp.- C. bairdi host-parasite relationship and
highlights likely impacts of Hematodinium sp. on host reproduction.

While coinfection with 7. invadens was significant in the full model (p < 0.0001), its
standard error was also quite high (0.18). In both the male-specific and female-specific model,
coinfection was not found to be significant, likely due to the reduced sample size and
consequently lower statistical power. Though it is possible that 7. invadens reduces the
likelihood of coinfection by Hematodinium sp., as competition between parasites has been
observed in numerous host-parasite systems (Wood & Johnson 2015), it is also possible these
findings are due to the methodology of the survey. Both 7. invadens and Hematodinium sp. are
visually diagnosed by an abnormal shell appearance, and the black fungal mat of 7. invadens

infection could obscure the characteristic “milky” shell of Hematodinium sp. infection.
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Therefore, while the strong negative relationship between the two parasites is intriguing, and
competition between the two parasites is a possibility, additional research is necessary to
determine whether Hematodinium sp. and T. invadens are in competition.

Given its long development time and the difficulty of experimentally infecting crabs,
understanding this system has proven difficult. The use of GLMMs on a multi-decadal survey
data set has provided essential insights into the relationship of biological and environmental
variables on the likelihood of Hematodinium sp. infection. For the first time in North Pacific
Chionoecetes, a relationship has been shown between Hematodinium sp. infection and sex, along
with carapace width and clutch fullness. Additionally, 7. invadens and Hematodinium sp. were
found to be potentially competing for hosts, though future research is necessary to determine
whether this apparent dynamic is due to the impact of 7. invadens on host appearance. In
summation, this study provides important insights into the dynamics of this host-parasite system.
Given the recent unexpected collapses of Alaskan Chionoecetes populations, (Szuwalski et al.
2023), incorporating these findings into our understanding of population dynamics is critical.
Furthermore, determining whether these same relationships are observed in other hosts could
illuminate our understanding of how Hematodinium operates, and, as Hematodinium continues to
regularly appear in new hosts (Hong et al. 2023, Li et al. 2021, Ryazonova et al. 2021), could be
of critical importance to understanding the disease dynamics of Hematodinium in other

crustacean species.
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