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Abstract
Tanner crab (Chionoecetes bairdi) is an economically important species that is threatened by ocean warming and bitter crab 
disease, which is caused by an endoparasitic dinoflagellate, Hematodinium. Little is known about disease transmission or 
its link to host mortality, or how ocean warming will affect pathogenicity or host susceptibility. To provide a transcriptomic 
resource for the Tanner crab, we generated a suite of RNA-seq libraries encompassing pooled hemolymph samples from 
crab displaying differing infection statuses and maintained at different temperatures (ambient (7.5˚C), elevated (10˚C), or 
decreased (4˚C)). After assembling a transcriptome and performing a multifactor differential gene expression analysis, we 
found genes influenced by temperature in relation to infection and detected some of those genes over time at the individual 
level using RNA-seq data from one crab. Biological processes associated with those genes include lipid storage, transcrip-
tion, response to oxidative stress, cell adhesion, and morphogenesis. Alteration in lipid storage and transcription provide 
insight into how temperature impacts energy allocation in Hematodinium infected crabs. Alteration in expression patterns in 
genes associated with morphogenesis could suggest that hemocytes were changing morphology and/or type in response to 
temperature. This project provides insight into how Hematodinium infection could influence crab physiology as oceans warm.
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Introduction

Southern Tanner crab (Chionoecetes bairdi), hereafter 
referred to as Tanner crab, is an important species for com-
mercial, recreational, and subsistence fishing. They occur in 
relatively shallow waters along the continental shelf, from 
the Bering Sea in Alaska through coastal Oregon (Jadamec 
et al. 1999), and are found at temperatures ranging from -2 to 
9˚C (Nielsen et al. 2007). There are many threats to Tanner 
crab during all phases of their life, among them ocean warm-
ing and disease. One disease, bitter crab disease (BCD),  
has been termed the “principal threat” to Alaska Tanner 
crab stocks by the Alaska Department of Fish and Game 

(1994). BCD is caused by a parasitic dinoflagellate of the 
genus Hematodinium, and Tanner crab in southeast Alaska 
experience high infection rates, approaching 100% in some 
areas (Meyers et al. 1987, 1990; Eaton et al. 1991; Love 
et al. 1993; Bednarski et al. 2011). Hematodinium spp. 
infects 40 + decapod crustacean species worldwide (Morado 
2011), and its spread around the world has followed warm-
ing trends in the Atlantic and Pacific Oceans (Morado 
et al. 2011). This has implications for Hematodinium spp. 
to continue to spread to naive Tanner crab and other crus-
tacean populations with increasing temperature. There are 
two described Hematodinium species (Chatton and Pois-
son 1931; Hudson and Shields 1994) and an additional 
recognized but undescribed species that infects Tanner  
crab (Jensen et al. 2010).

Crustacean innate immunity centers around the activity of 
their hemocytes, of which there are three types: hyaline cells 
(phagocytosis), granular cells (melanization, antimicrobial 
peptides, cytotoxicity), and semi-granular cells (encapsulation, 
early non-self-recognition, coagulation) (Lin and Söderhäll 
2011). Granular and semi-granular cells are critical in initiat-
ing and sustaining the cascade of responses that are involved 
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in the major innate immune responses of the prophenoloxi-
dase (proPO) system and melanization (Cerenius and Soderhall 
2004). The immune response begins when host protein recogni-
tion proteins (PRPs) recognize non-self-pathogen-associated 
molecular patterns (PAMPs) (e.g., bacterial peptidoglycans), 
which initiates an immune response that leads to the production 
of melanin, which binds to nucleophiles on pathogen surfaces 
and encapsulates pathogens (Cerenius et al. 2008; Nappi and 
Ottaviani 2000). There are additional innate immune response 
pathways, with some of the important processes described in 
Verbruggen et al. (2015).

The mode of transmission is unknown, as well as whether 
Hematodinium always causes direct mortality, or if it can 
be a chronic condition (Gornik et al. 2010) and the extent 
to which death comes via secondary factors such as the 
increased risk of predation to lethargic crab (Butler et al. 
2014). The disease alone is concerning, but with the mount-
ing threat of increasing ocean temperatures, it is important 
to understand how these two threats will interact to affect 
Alaska’s Tanner crab populations. In the Atlantic Ocean in 
the closely related species Chionoecetes opilio, infection 
with Hematodinium has been correlated with increased tem-
peratures (Shields et al. 2007). In other species and marine 
ecosystems, it has been documented that increasing tem-
perature decreases the hosts’ ability to mount an immune 
defense against pathogens (Bruno et al. 2007), increases the 
prevalence of disease (Groner et al. 2018), and can increase 
a pathogen’s ability to grow and reproduce, thus enhancing 
infectivity potential (Harvell et al. 2002).

Although Hematodinium spp. transmission remains a 
black box, research has uncovered some potential pathways. 
It is possible that moribund infected hosts shedding infec-
tive-stage Hematodinium dinospores in the water column 
could infect other crab. The dinospores may enter through 
tears in the exoskeleton during molting, or through another 
method unassociated with molting, though it is unknown 
how the dinospores could penetrate the exoskeleton (Rowley 
et al. 2015; Meyers et al. 1990). It is not well understood 
whether there is a host immune response to the Hematod-
inium spp., as there is no evidence of parasite encapsulation, 
and it is thought that Hematodinium spp. may be able to con-
ceal itself from the host immune system through molecular 
mimicry or evasion (Rowley et al. 2015).

In crustacean hosts with BCD, there are some outward 
signs that aid with diagnosis, as well as technical methods 
of detection. BCD causes milky, opaque hemolymph, pink-
ish discoloration and cooked-like appearance to the cara-
pace, and lethargic behavior (Eaton et al. 1991). A healthy 
crab has clear hemolymph, but in infected crabs, Hematod-
inium proliferates throughout the hemal spaces, causing the 
hemolymph to appear milky. Eventually, all organ systems 
become impacted, and ultimately, the parasite outcompetes 
the host for nutrients and oxygen, leading to host lethargy 

and subsequent suffocation. While BCD is not harmful to 
humans, it renders their meat chalky and bitter, which makes 
them unmarketable. As such, the Tanner crab fishery has suf-
fered direct economic loss (Meyers et al. 1987, 1990). Other 
infections can present similar gross signs, such as the milky 
hemolymph syndrome (MHS) described in C. opilio, which 
causes opaque hemolymph in response to infection with a 
bacilliform virus (Kon et al. 2011), so additional detection 
methods should be used for confirmation of Hematodinium 
spp. presence. Common methods are conventional PCR 
(Jensen et al. 2010) or quantitative PCR (Crosson 2011), to 
detect Hematodinium spp. DNA, and examining hemolymph 
smears or other host tissues to directly detect Hematodinium 
spp. in situ (Shields 2017).

We aimed to investigate how temperature and infection 
with Hematodinium spp. impact crab physiology. We gener-
ated a Chionoecetes bairdi transcriptome and used it for dif-
ferential gene expression analysis in infected and uninfected 
crab held at three temperatures and sampled at three time 
points. For exploratory purposes, we also were able to visu-
alize gene expression patterns at the individual level over 
time using an individual crab RNA-seq data. Our results 
demonstrate how environmental conditions impact crab gene 
expression and provide insight as to how Hematodinium sp.-
infected southeast Alaska Tanner crab may fare as ocean 
temperatures continue to rise.

Methods

Tanner Crab Collection and Disease Status 
Determination

In late October 2017, 400 morphometrically immature 
male Tanner crab were collected using crab pots by the 
Alaska Department of Fish and Game in Stephen’s Pas-
sage, near Juneau, Southeast Alaska. Immature male crab 
were chosen to avoid having too many additional variables 
in the experiment and had a carapace width to claw height 
ratio < 0.18 mm (Tamone et al. 2007). Stephen’s Passage 
was selected because its long-term Hematodinium sp. rate 
of infection in Tanner crab is ~ 50% (ADF&G unpub. data). 
The crab were transported to Ted Stevens Marine Research 
Institute (TSMRI, NOAA facility, Juneau, AK) and placed 
in flow-through seawater tanks at 7.5 °C, the benthic water 
temperature in Stephen’s Passage at the time of capture.

From each crab, 200 ul of hemolymph was withdrawn 
and preserved in 800 µl 95% ethanol for PCR detection of 
Hematodinium sp. infection. For extraction of total genomic 
DNA, 200 µl of ethanol-preserved hemolymph was centri-
fuged to pellet the solids, the supernatant discarded, and the 
pelleted material air-dried and processed as tissue. DNA was 
extracted following Ivanova et al. (2006) using invertebrate 
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lysis buffer and modified by performing 2 washes with Wash 
Buffer, and adjusting eluted DNA (50 µl) to 10 mM Tris–Cl, 
pH 8.0, and 0.1 mM EDTA. Genomic DNA was subjected 
to 2 rounds of PCR with 2 different primer pairs designed 
for the small subunit (SSU) rRNA gene of Hematodinium 
spp.: Univ-F-15 and Hemat-R-1654 (Gruebl et al. 2002) and 
Hemat 18Sf and Hemat 18Sr (Bower et al. 2004). Reaction 
aliquots were pooled post-PCR and visualized on ethidium 
bromide-stained 2% agarose gels. Samples were scored as 
positive when both Hematodinium sp. bands of the expected 
size were visible on the gel, negative when neither fragment 
amplified.

Experimental Design

The crab were allowed to acclimate at 7.5˚C for 9 days. At 
the end of the acclimation period, of the crab that appeared 
to have recovered from capture stress, 180 were selected 
for temperature treatments, such that half were infected and 
half were uninfected as determined by PCR. Twenty crab 
(10 infected and 10 uninfected) were placed in each of 9 
replicate tanks at 7.5˚C. Over the course of day 0 through 
day 2, the temperature in 6 tanks was gradually adjusted to 
the final experiment temperatures of 10˚C (elevated) in 3 
tanks and 4˚C (decreased) in 3 tanks; the remaining 3 tanks 
were kept at 7.5˚C. Prior to the initiation of the temperature 
adjustments (day 0), 0.2 ml hemolymph was sampled and 
preserved in 1200 µl RNAlater (Qiagen) for transcriptomic 
analyses. Hemolymph was sampled and preserved in RNAl-
ater again after 2 days and at the termination of the tempera-
ture trial (day 17).

RNA Sequencing for Transcriptome Assembly

Hemolymph samples (n = 112) were centrifuged for 10 min 
at 14,000 g with RNA extracted using Quick DNA/RNA 
Microprep Plus Kit (Zymo Research) according to the manu-
facturer’s protocol. Samples (2 µl) were run on Qubit 3.0 
using the Qubit RNA HS Kit (Invitrogen) to determine RNA 
quantification. Samples were pooled to increase complex-
ity of transcriptome as well as in response to limited RNA 
yield from hemolymph samples. Specifically, a total of 14 
libraries were constructed (Supplemental Table S1). RNA 
was submitted to Northwest Genomics Center at Foege Hall 
at the University of Washington for library construction 
and sequencing. Samples were sequenced on an Illumina 
NovaSeq with 100 bp paired-end reads.

RNA Sequencing for Differential Gene Expression

Four of the 11 eleven libraries above were used for differen-
tial gene expression analysis. For differential gene expres-
sion, all libraries were from sampling day 2 and were pools 

of 10 individuals (Supplemental Table S1). Two libraries 
were generated from crabs held at decreased temperature 
(infected and uninfected), and two libraries were generated 
from crab held at elevated temperature (infected and unin-
fected). RNA was submitted to Northwest Genomics Center 
at Foege Hall at the University of Washington, where RNA-
seq libraries (100 bp PE) were constructed and sequenced 
on a NovaSeq 6000 (Illumina). Additionally, for exploratory 
purposes, RNA was also extracted from a single individual 
held in ambient conditions and determined to be infected 
with Hematodinium sampled over the three time points (day 
0, day 2, and day 17). These three samples were sent to 
Genewiz, Inc. where RNA-seq libraries were constructed 
and sequenced (Illumina HiSeq4000; 150 bp paired-end) in 
order to look at the gene expression at the individual level 
over time.

Transcriptome Assembly and Annotation

Raw sequence data from the 11 pooled libraries were 
assessed using FastQC (v0.11.8; (Andrews 2010)) and Mul-
tiQC (v1.6; (Ewels et al. 2016)) pre- and post-trimming. 
Data were quality trimmed using fastp (v.0.20.0; (Chen 
et al. 2018)) with the “–detect_adapter_for_pe” setting. A 
transcriptome was de novo assembled using Trinity (v2.9.0 
(Grabherr et al. 2011; Haas et al. 2013)). All raw sequenc-
ing data is available in the NCBI Sequence Read Archive 
(SRR11548643—SRR11548677).

The initial transcriptome assembly was further refined by 
excluding all sequences within and below the superphylum 
Alveolata (dinoflagellates). Sequences were functionally 
annotated and taxonomically categorized with a combina-
tion of DIAMOND BLASTx (0.9.26; (Huson et al. 2016)) 
and MEGAN6 (6.18.3; (Huson et al. 2016)). Annotation 
with DIAMOND BLASTx was run against NCBI nr data-
base (downloaded 20,190,925). The resulting DAA files 
were converted to RMA6 files for importing into MEGAN6 
with the daa2rma utility, using the following MEGAN6 
mapping files: prot_acc2tax-Jul2019X1.abin, acc2interpro-
Jul2019X.abin, and acc2eggnog-Jul2019X.abin. All eukar-
yotic sequences, sans those categorized within and below 
Alveolata, were extracted using MEGAN6 to produce the 
transcriptome assembly used for all analysis.

Transcriptome “completeness” was assessed with 
BUSCO (v3.1.0; (Simão et al. 2015; Waterhouse et al. 
2018)) using the transcriptome option, metazoa_odb9 
database, and AUGUSTUS (v3.3.2; (Stanke and Waack 
2003; Stanke et al. 2006a, b, 2008)) with “fly” set as spe-
cies. TransDecoder (v5.5.0; (Grabherr et al. 2011; Haas 
et al. 2013)) was used to identify putative open reading 
frames (ORFs), using BLASTp (v2.8.1Altschul et al. 1990; 
Camacho et al. 2009)) and HMMER (v.3.2.1; http:// hmmer. 
org/). Trinotate (v3.3.1;(Bryant et al. 2017)) was used to 
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assign functional annotations (gene ontology) to genes 
using BLASTx (v2.8.1Altschul et al. 1990; Camacho et al. 
2009)), RNAMMER (v1.2; http:// www. cbs. dtu. dk/ servi ces/ 
RNAmm er/), SignalP (v4.1; (Petersen et al. 2011)), tmhmm 
(v2.0c; (Sonnhammer et al. 1998)), and the longest ORFs 
identified by Transdecoder.

Single Nucleotide Polymorphism Identification

Quality-trimmed reads from the four libraries used for 
differential gene expression (380,822, 380,823, 380,824, 
380,825) were aligned to the transcriptome assembly with 
HISAT2 (v2.1.0; (Kim et al. 2019). Variant identification 
and calls were generated using bcftools (v1.13) “mpileup” 
and “call” commands (Li 2011; Danecek et al. 2021). Fil-
tering for quality (minimum 30) and raw read alignment 
depth (minimum 10) was performed using bcftools (v1.13) 
“filter” command (Danecek et al. 2021). Basic statistics 
were gathered for each library using bcftools (v1.13) 
“stats” command (Danecek et al. 2021).

Differential Gene Expression Analysis

Gene expression differences were assessed by the com-
parison of RNA-seq data. Specifically, this included four 
of the libraries used to develop the transcriptome. Kallisto 
was used to obtain count data for each library, and an 
abundance matrix was then produced using a perl script 
(abundance_estimates_to_matrix.pl) provided as part of 
Trinity (v2.8.6) (Grabherr et al. 2011; Haas et al. 2013). 
Differential expression of contigs was calculated using a 
negative binomial GLM in the R package DESeq2 (Love 
et al. 2014). The read counts were first normalized using 
the size factors method and fit to a negative binomial dis-
tribution. Significantly differential contig expression (Ben-
jamini–Hochberg adjusted p < 0.05) between infected and 
uninfected crabs was determined using the Wald test for 
significance of GLM terms.

Analyses were performed to address how temperature 
affects the contigs differentially expressed between infected 
and uninfected crabs. Differential expression of contigs was 
calculated between two libraries from uninfected crabs 
and the two libraries from infected crabs to capture differ-
ences due to temperature treatment (decreased or elevated) 
in a multifactor design formula. From the results of the 
multifactor differential expression of contigs, a contrast 
was performed between the two temperature treatments to 
extract the differentially expressed contigs related to infec-
tion with Hematodinium that are influenced by tempera-
ture. All associated code is available in the corresponding 
repository.

Time Series Gene Expression

For exploratory purposes, expression patterns from an 
infected individual crab held at ambient temperature and 
sampled at the three time points were examined. Kallisto 
(Bray et al. 2016) was used to obtain count data for each 
library for the individual crab over three time points, and 
an abundance matrix was then produced using a perl script 
(abundance_estimates_to_matrix.pl) provided as part of 
Trinity (v2.8.6) (Grabherr et al. 2011; Haas et al. 2013). 
Highly expressed contigs (> 63 counts across the three sam-
pling time points) were used to visualize expression over 
time (Fig. 3). The corresponding cladogram was used to 
determine the clusters of genes that change over time in a 
similar pattern. Gene enrichment analysis was performed as 
described below to functionally annotate processes associ-
ated with each cluster. Additionally, genes identified as part 
of the differential expression analysis were identified in these 
libraries to explore expression over time. All associated code 
is available in the corresponding repository.

Enrichment Analysis

Gene enrichment analysis was performed using DAVID v. 
6.8 (Huang et al. 2009a, b). The Uniprot Accession IDs from 
the annotated crab transcriptome were set as the background. 
The gene lists were the Uniprot Accession IDs from the dif-
ferentially expressed contig lists related to infection status 
that were influenced by temperature and separately the Uni-
prot Accession IDs from the contigs identified in the times 
series analysis.

Results

Survival

On day 4 of the temperature trial, a mortality event began in 
the elevated temperature tanks. By day 10, 95% of the crabs 
at the elevated temperature had perished. Over the course 
of the experiment, one crab died in the decreased tempera-
ture treatment, and three mortalities occurred in the ambient 
temperature treatment.

Transcriptome Assembly and Annotation

Assembly of 143,543,003 base pairs (bp) from the 11 
libraries resulted in 78,649 contigs (Supplemental File S2). 
The median contig length was 1522 bp, with an average 
contig length of 1825 bp and an N50 of 2580 bp (Table 1). 
The resulting assembly had the following BUSCO scores: 
C, 96.5% [S, 40.3%; D, 56.2%]; F, 2.2%; M, 1.3%; n, 978. 
Of the 78,649 contigs, 48,551 were able to be annotated 
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using the Swiss-Prot database, with 47,731 having cor-
responding Gene Ontology information (Supplemental 
Table S3). Of the annotated contigs, 6,191 contigs associ-
ated with the Biological Processes GOslim term “stress 
response” were identified and annotated (Supplemental 
Table S4). GOslim terms were acquired for the transcrip-
tome and visualized (Fig. 1).

Single Nucleotide Polymorphisms

A total of 79,753 SNPs were cumulatively identified across 
all libraries (380,822, 380,823, 380,824, 380,825). At least 
one SNP was identified in 17,680 transcripts (22.74% of 
transcriptome assembly), with a maximum of 384 SNPs 
identified in a single transcript, and a mean of 4.51 SNPs 
in any transcript having a SNP. Variant calling identified 
50,173 transitions and 30,371 transversions combined 
in all four libraries. Assigning transcripts with SNPs to 
Biological Process GOslim terms revealed assignments to 
each of the 72 GOslim categories. Excluding assignments 
to the generic “biological process” category (55.53% of all 
GO terms), “photosynthesis” (0.00017% of all GO terms) 
and “nitrogen cycle metabolic process” (0.0018% of all 
GO terms) were the least represented GOslims, while 
“cellular nitrogen compound metabolism” (6.08% of all 
GO terms) and “biosynthetic process” (5.23% of all GO 
terms) were the most represented GOslims (Supplemental 
Figure S9; Supplemental Table S10).

Differential Gene Expression

A total of 408 differentially expressed contigs were identified, 
341 of which were annotated when considering temperature 
and infection status. Of these 408 contigs, a majority (357) 
were expressed at an elevated level in infected crabs (Sup-
plemental Table S5). A total of 123 of the 408 differentially 
expressed contigs related to infection with Hematodinium sp. 
were influenced by temperature treatment, 103 of which were 
annotated. There were 70 contigs expressed at an elevated 
level and 53 expressed at a decreased level in the elevated 
temperature treatment (Fig. 2; Supplemental Table S6). There 
were 4 primary expression clusters of differentially expressed 
contigs. While there were no significantly enriched processes 
as determined by DAVID, prominent biological processes of 
contigs expressed at a relative higher level at elevated tem-
perature (Clusters 1 and 3) include cell adhesion, activation 
of innate immune response, morphogenesis, cell differen-
tiation, and metabolism. Prominent biological processes of 
contigs expressed at a relative lower level at elevated tem-
perature (Clusters 2 and 4) include lipid storage, development, 
response to oxidative stress, and metabolism.

Time Series Gene Expression

A total of 13,954 contigs were characterized in a single 
crab over the three time points (Supplemental Table S7). 
There were 6 clusters identified and associated with 
expression patterns (Fig. 3). A majority of the contigs 

Table 1  Comparison of de novo transcriptome assembly statistics between the Tanner crab (this study), white leg shrimp (Litopenaeus van-
namei) (Ghaffari et al. 2014), and European shore crab (Carcinus maenas) (Verbruggen et al. 2015) transcriptomes

C. bairdi (this study) L. vannamei (Ghaffari et al. 2014) C. maenas (Verbruggen et al. 2015)

Contigs 78,649 87,307 212,427
Median contig length 1522 bp 429 bp 380 bp
Average contig length 1825 bp 1137 bp 992 bp
N50 2,580 bp 2,701 bp 2,102 bp
BUSCO C, 96.5% [S, 40.3%; D, 56.2%], F, 

2.2%; M, 1.3%; n, 978
C, 98.1% [S, 72.7%; D, 25.4%]; F, 0.9%; 

M, 1.0%; n, 978
C, 95.7% [S, 57.0%; D, 38.7%]; F, 

3.6%; M, 0.7%; n, 978

Fig. 1  The proportion of Bio-
logical Processes GOslim terms 
for the biological processes 
identified in the crab transcrip-
tome. Contigs have multiple GO 
terms, and as such fall under 
multiple GOslim terms
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ended up with relatively decreased expression by day 17 
(Clusters 1, 2, and 3). The contigs in Cluster 2 (and to 
a lesser degree Clusters 1 and 6) demonstrated relative 
elevated expression at day 2. While there were no sig-
nificantly enriched processes as determined by DAVID, 
biological processes represented in clusters 1–3 are asso-
ciated with a wide range of functions including develop-
ment, transcription, and phagocytosis.

Temperature‑Influenced Differentially Expressed 
Contigs in the Individual Crab

Of the 123 differentially expressed contigs associated with 
infection status that are influenced by temperature in the 
pooled libraries, 74 were present in the individual crab 
over time (Supplemental Table S8). Of the differentially 
expressed contigs (Fig. 3), 12 were present in clusters 1 and 
30 of the differentially expressed contigs present in cluster 
2. There were 29 differentially expressed contigs present in 
cluster 3, 2 present in cluster 4, and 1 present in cluster 5.

Enrichment Analysis

There were no significantly enriched biological processes in 
any of the analyses.

Discussion

In this study, we have made progress towards understand-
ing the mechanisms behind the influence of temperature on 
infection with the endoparasite Hematodinium sp. on the 
immune response of one of its hosts, Chionoecetes bairdi. 

We produced and annotated a Chionoecetes bairdi hemo-
lymph transcriptome from Hematodinium sp.-infected and 
uninfected crab exposed to different temperature treatments. 
Using the transcriptome and libraries of interest, we were 
able to identify genes that were differentially expressed 
between Hematodinium sp.-infected crabs and uninfected 
crabs as well as identifying which of these genes were signif-
icantly influenced by temperature. Furthermore, we identi-
fied 79,753 single nucleotide polymorphisms (SNPs) within 
the data providing a valuable genomic resource for future 
genetic studies in this system.

Transcriptome Assembly and Annotation

The Tanner crab hemolymph transcriptome is compara-
ble to transcriptomes of the whiteleg shrimp (Litopenaeus 
vannamei) (Ghaffari et al. 2014) and the European shore 
crab (Carcinus maenas) (Verbruggen et al. 2015), with the 
shrimp transcriptome being more similar in size than that 
of the shore crab to the Chionoecetes bairdi transcriptome. 
Ghaffari et al. (Ghaffari et al. 2014) assembled the shrimp 
transcriptome from RNA-seq data from the abdominal 
muscles, hepatopancreas, gills, and pleopods of one male 
shrimp. Verbruggen et al. (Verbruggen et al. 2015) assem-
bled the European shore crab transcriptome from RNA-seq 
data from 12 pooled libraries of 12 tissues and organs from 
adult males and females.

As part of the Tanner crab transcriptome, 6,191 contigs 
associated with stress response were identified and anno-
tated (Supplemental Table S4). Of the expressed genes, 
there were proPO, phenoloxidase, lozenge, peroxinectin, 
and serine protease, among others, that are involved in 
the prophenoloxidase system and melanization pathway. 

Fig. 2  Differentially expressed 
contigs (n = 123) associated 
with Hematodinium sp. infec-
tion and driven by temperature 
treatment. Each row is a contig, 
with blue/purple coloration 
indicating higher expression, 
and orange/brown coloration 
indicating lower expression. 
The coloration correlates with 
the scaling values across the 
rows (contig expression counts). 
The scales are Z scores, with 
above zero indicating higher 
expression, and below zero indi-
cating lower expression. Library 
IDs are on the X-axis. The clad-
ogram on the left groups contigs 
that have similar expression 
levels. The cluster bar annotates 
the different groups of contigs 
based on the cladogram
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Lozenge regulates the expression of proPO, which is a 
component of the proPO pathway in crustacean innate 
immunity (Tang 2009; Verbruggen et  al. 2015), while 
peroxinectin contributes to the adhesion of hemocytes to 
pathogens (Liu et al. 2005; Verbruggen et al. 2015). There 
were also genes present that contribute to other innate 
immune responses, such as the toll-like receptors, which 
bind to PAMPs (Kingsolver et al. 2013; Verbruggen et al. 
2015). Additionally, dicer-1 was identified, which is part 
of the RNAi pathway involved in antiviral innate immune 
response (Wang et al. 2014; Verbruggen et al. 2015). And 
as part of the endocytosis pathway, Rab GTPases and oth-
ers were detected, which aid in phagocytosis and macropi-
nocytosis, and the elimination of pathogens (Egami 2016).

Differential Gene Expression

As might be expected when looking at differentially 
expressed genes in infected crab hemolymph, a major-
ity (87%) were elevated, likely indicative of a stimulated 
immune response. Among genes that were differentially 
expressed between Hematodinium sp.-infected crabs and 
uninfected crabs, there were unc-112-related protein (Fit1), 
signal peptide peptidase-like 2b (SPPL2B), and eukaryotic 
translation initiation factor 2-alpha kinase 4 (EIF2AK4) 
expressed, which may each have roles in immune function. 
In L. vannamei, unc-112-related protein was detected in 
the immune transcriptome, and this protein has the role of 
cell adhesion (Robalino et al. 2007). Signal peptide pepti-
dase-like 2b was detected, and while it has several poten-
tial functions, it may play a role in the regulation of innate 
immune response, as described in the annotated list of dif-
ferentially expressed contigs in the supplemental material. 

The eukaryotic initiation factor 2-alpha contributes to the 
immune response of L. vannamei to the white spot syndrome 
virus (Xu et al. 2014). While they have not been studied 
in Tanner crab, these processes are likely conserved across 
crustacean species.

When we looked further into genes that were differ-
entially expressed and only considered those influenced 
by temperature, about half (56%) had elevated expression 
in infected crab hemolymph in the elevated temperature 
treatment (Fig. 2; Supplemental Table 6). In the clusters 
of contigs that were highly expressed in the elevated tem-
perature treatment crabs (clusters 1 and 3), the biologi-
cal processes of transcription were prominent and asso-
ciated with histone deacetylase complex subunit Sin3a, 
a gene also expressed higher in uninfected crabs. While 
this particular gene is best described in humans, some 
of its functions relate to activation of the innate immune 
response, indicating that expression of this gene is sub-
stantially impacted in infected crabs. Generally speaking, 
the evidence of several genes involved in transcription at 
elevated temperature is consistent with an overall increase 
in metabolism that would be accompanied by the increased 
transcriptional activity. While less expected, an observed 
alteration in expression patterns in genes associated with 
morphogenesis could suggest hemocytes were changing 
morphology and/or type in response to temperature. For 
contigs that were highly expressed in the crabs held at 
decreased temperature (clusters 2 and 4), the associated 
biological processes included metabolism, lipid storage, 
and response to oxidative stress. Further analysis of/study 
of alteration in lipid storage and metabolism could provide 
insight into how temperature impacts energy allocation in 
Hematodinium sp.-infected crabs. The elevated expression 

Fig. 3  Differentially expressed 
contigs (n = 13,954) in an 
individual Hematodinium 
sp.-infected crab over time. 
The individual crab was held 
at ambient temperature. Each 
row is a contig, with the blue/
green coloration indicating 
higher expression, and orange/
brown coloration indicating 
lower expression. The colora-
tion correlates with the scaling 
values across the rows (contig 
expression counts). The scales 
are Z scores, with above zero 
indicating higher expression, 
and below zero indicating lower 
expression. The cladogram on 
the left groups contigs that are 
more similar. The cluster bar 
annotates the different groups of 
contigs based on the cladogram
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of response to oxidative stress in crab challenged by Hem-
atodinium sp. infection and in the decreased temperature 
treatment could indicate that infection with Hematodinium 
sp. may make the crab more prone to other stresses such as 
oxidative stress, which can result in cell and tissue dam-
age. This could also make the crab weaker in terms of their 
ability to fight off Hematodinium sp.

Temperature‑Influenced Differentially Expressed 
Contigs in the Individual Crab

One process that we were able to gain more insight into 
with the time series analysis was the regulation of the JAK-
STAT cascade. The JAK-STAT cascade is part of the crus-
tacean immune response and has been demonstrated to acti-
vate in response to the white spot syndrome virus infection 
in shrimp (Verbruggen et al. 2015). This process and the 
pattern of expression over time could indicate that in the 
initial days of infection with Hematodinium, the crab was 
able to launch an immune response, but over time, the crab 
weakened and was unable to continue the immune response 
by the end of the experiment on day 17, although protein 
analysis should be performed to get a more complete picture. 
A gene with a corresponding expression pattern was RNA 
polymerase II promoter. The general decrease of expression 
over time could be indicative of energy allocation changes 
in an infected crab over time. Specifically, a taxed immune 
system might negatively impact the overall ability of a crab 
to maintain general transcription. The decrease over time of 
expression of contigs related to cell proliferation and mor-
phogenesis, among other processes, could also indicate an 
overall depression of a crab’s physiological status.

Conclusions

The high prevalence of BCD in Alaska is an ongoing threat, 
and with increasing ocean temperatures as a result of climate 
change, understanding the interaction of temperature and 
disease and its effect on the crabs is important. Here, we 
have just started to reveal the gene expression response in 
the Tanner crab which has provided important insight into 
immune response and energy allocation. Further, the pub-
licly available assembled Chionoecetes bairdi transcriptome 
provides a valuable resource for future research in genomics 
for Tanner crab and other decapods.

Supplementary Information

The online version contains supplementary material avail-
able at https:// doi. org/ 10. 5281/ zenodo. 45630 60

Author Contribution G.C. performed RNA extractions for sequencing, 
data analysis and interpretation, and manuscript writing and prepara-
tion for publication. P.J. contributed to project and experimental design 
and performed sample collection from live crab, qPCR, and manuscript 
writing and editing. S.W. assembled and annotated the transcriptome 
and provided manuscript writing and editing. S.R. contributed to the 
experimental and project design, guidance throughout data analysis and 
interpretation, and manuscript writing and editing.

Funding This project was funded by the North Pacific Research Board 
(NPRB), project 1705. This work was facilitated through the use of 
advanced computational, storage, and networking infrastructure pro-
vided by the Hyak supercomputer system at the University of Washing-
ton. This work was also supported by the Alaska Department of Fish 
and Game through the collection of crab, providing personnel to assist 
in hemolymph withdrawals, and the monitoring of the crab in the Ted 
Stevens Marine Research Institute (TSMRI, NOAA facility, Juneau, 
AK) during the experiment.

Availability of Data and Material The datasets generated during and/
or analyzed during the current study are available in the RobertsLab/
paper-tanner-crab repository, available at https:// doi. org/ 10. 5281/ 
zenodo. 45630 60. All raw sequencing data is available in the NCBI 
Sequence Read Archive (SRR11548643—SRR11548677).

Code Availability Code is available at https:// doi. org/ 10. 5281/ zenodo. 
45630 60.

Declarations 

Competing interests The authors declare no competing interests.

References

Alaska Department of Fish and Game Tanner crab species profile (1994) 
In: Alaska Department of Fish and Game. http:// www. adfg. alaska. 
gov/ index. cfm? adfg= tanne rcrab. main. Accessed 15 Apr 2020

Altschul SF, Gish W, Miller W et al (1990) Basic local alignment 
search tool. J Mol Biol 215:403–410

Andrews S (2010) FASTQC: a quality control tool for high through-
put sequence data

Bednarski J, Siddon CE, Bishop GH, Morado JF (2011) Overview 
of bitter crab disease in Tanner crabs, Chionoecetes bairdi, in 
Southeast Alaska from 2001 to 2008. Biology and Management 
of Exploited Crab Populations under Climate Change

Bower SM, Carnegie RB, Goh B et al (2004) Preferential PCR ampli-
fication of parasitic protistan small subunit rDNA from meta-
zoan tissues. J Eukaryot Microbiol 51:325–332

Bray NL, Pimentel H, Melsted P, Pachter L (2016) Near-optimal 
probabilistic RNA-seq quantification. Nat Biotechnol 34:525–527

Bruno JF, Selig ER, Casey KS, et al (2007) Thermal stress and coral 
cover as drivers of coral disease outbreaks. PLoS Biol 5:e124

Bryant DM, Johnson K, DiTommaso T et al (2017) A tissue-mapped 
Axolotl de novo transcriptome enables identification of limb 
regeneration factors. Cell Rep 18:762–776

Butler MJ, Tiggelaar JM, Shields JD, Butler MJ (2014) Effects of the par-
asitic dinoflagellate Hematodinium perezi on blue crab (Callinectes 
sapidus) behavior and predation. J Exp Mar Biol Ecol 461:381–388

Camacho C, Coulouris G, Avagyan V et al (2009) BLAST+: archi-
tecture and applications. BMC Bioinformatics 10:421

Cerenius L, Lee BL, Söderhäll K (2008) The proPO-system: pros and cons 
for its role in invertebrate immunity. Trends Immunol 29:263–271

223Marine Biotechnology  (2022) 24:216–225

https://doi.org/10.5281/zenodo.4563060
https://doi.org/10.5281/zenodo.4563060
https://doi.org/10.5281/zenodo.4563060
https://doi.org/10.5281/zenodo.4563060
https://doi.org/10.5281/zenodo.4563060
http://www.adfg.alaska.gov/index.cfm?adfg=tannercrab.main
http://www.adfg.alaska.gov/index.cfm?adfg=tannercrab.main


Cerenius L, Soderhall K (2004) The prophenoloxidase-activating 
system in invertebrates. Immunol Rev 198:116–126

Chatton E, Poisson R (1931) Sur l’existence, dans le sang des crabs, 
de peridiniens parasites Hematodinium perezi n. G., n sp. (Syn-
dinidae). C.r Seanc Soc Biol Paris 105:553–557

Chen S, Zhou Y, Chen Y, Gu J (2018) fastp: an ultra-fast all-in-one 
FASTQ preprocessor. Bioinformatics 34:i884–i890

Crosson LM (2011) Development and validation of a quantitative 
real-time polymerase chain reaction (qPCR) assay to assess the 
impact of Hematodinium, a parasitic dinoflagellate, on Tanner 
crab populations in Alaska. University of Washington

Danecek P, Bonfield JK, Liddle J et al (2021) Twelve years of SAM-
tools and BCFtools. Gigascience 10.: https:// doi. org/ 10. 1093/ 
gigas cience/ giab0 08

Eaton WD, Love DC, Botelho C et al (1991) Preliminary results on 
the seasonality and life cycle of the parasitic dinoflagellate caus-
ing bitter crab disease in Alaskan tanner crabs (Chionoecetes 
bairdi). J Invertebr Pathol 57:426–434

Egami Y (2016) Molecular imaging analysis of Rab GTPases in the regu-
lation of phagocytosis and macropinocytosis. Anat Sci Int 91:35–42

Ewels P, Magnusson M, Lundin S, Käller M (2016) MultiQC: sum-
marize analysis results for multiple tools and samples in a single 
report. Bioinformatics 32:3047–3048

Ghaffari N, Sanchez-Flores A, Doan R et al (2014) Novel transcrip-
tome assembly and improved annotation of the whiteleg shrimp 
(Litopenaeus vannamei), a dominant crustacean in global sea-
food mariculture. Sci Rep 4:7081

Gornik SG, Albalat A, Atkinson RJA et al (2010) The influence of 
defined ante-mortem stressors on the early post-mortem biochem-
ical processes in the abdominal muscle of the Norway lobster, 
Nephrops norvegicus (Linnaeus, 1758). Mar Biol Res 6:223–238

Grabherr MG, Haas BJ, Yassour M et al (2011) Full-length transcrip-
tome assembly from RNA-seq data without a reference genome. 
Version 29. https:// doi. org/ 10. 1038/ nbt. 1883

Groner ML, Shields JD, Landers DF Jr et al (2018) Rising tempera-
tures, molting phenology, and epizootic shell disease in the Amer-
ican lobster. Am Nat 192:E163–E177

Gruebl T, Frischer ME, Sheppard M et al (2002) Development of an 
18S rRNA gene-targeted PCR-based diagnostic for the blue crab 
parasite Hematodinium sp. Dis Aquat Organ 49:61–70

Haas BJ, Papanicolaou A, Yassour M et al (2013) De novo transcript 
sequence reconstruction from RNA-seq using the Trinity platform 
for reference generation and analysis. Nat Protoc 8:1494–1512

Harvell CD, Mitchell CE, Ward JR et al (2002) Climate warming and dis-
ease risks for terrestrial and marine biota. Science 296:2158–2162

Huang DW, Sherman BT, Lempicki RA (2009a) Systematic and inte-
grative analysis of large gene lists using DAVID bioinformatics 
resources. Nat Protoc 4:44–57

Huang DW, Sherman BT, Lempicki RA (2009b) Bioinformatics enrich-
ment tools: paths toward the comprehensive functional analysis of 
large gene lists. Nucleic Acids Res 37:1–13

Hudson DA, Shields JD (1994) Hematodinium australis n. sp., a 
parasitic dinoflagellate of the sand crab Portunus pelagicus 
from Moreton Bay. Australia Diseases of Aquatic Organisms 
19:109–119

Huson DH, Beier S, Flade I et al (2016) MEGAN community edition 
- interactive exploration and analysis of large-scale microbiome 
sequencing data. PLoS Comput Biol 12:e1004957

Ivanova NV, Dewaard JR, Hebert PDN (2006) An inexpensive, auto-
mation-friendly protocol for recovering high-quality DNA. Mol 
Ecol Notes 6:998–1002

Jadamec LS, Donaldson WE, Cullenberg P (1999) Biological field 
techniques for Chionoecetes Crabs

Jensen PC, Califf K, Lowe V et al (2010) Molecular detection of Hema-
todinium sp. in Northeast Pacific Chionoecetes spp. and evidence 

of two species in the Northern Hemisphere. Dis Aquat Organ 
89:155–166

Kim D, Paggi JM, Park C et al (2019) Graph-based genome alignment 
and genotyping with HISAT2 and HISAT-genotype. Nat Biotech-
nol 37:907–915

Kingsolver MB, Huang Z, Hardy RW (2013) Insect antiviral innate 
immunity: pathways, effectors, and connections. J Mol Biol 
425:4921–4936

Kon T, Isshiki T, Miyadai T, Honma Y (2011) Milky hemolymph syn-
drome associated with an intranuclear bacilliform virus in snow crab 
Chionoecetes opilio from the Sea of Japan. Fish Sci 77:999–1007

Li H (2011) A statistical framework for SNP calling, mutation dis-
covery, association mapping and population genetical parameter 
estimation from sequencing data. Bioinformatics 27:2987–2993

Lin X, Söderhäll I (2011) Crustacean hematopoiesis and the astakine 
cytokines. Blood 117:6417–6424

Liu C-H, Cheng W, Chen J-C (2005) The peroxinectin of white shrimp 
Litopenaeus vannamei is synthesised in the semi-granular and 
granular cells, and its transcription is up-regulated with Vibrio 
alginolyticus infection. Fish Shellfish Immunol 18:431–444

Love DC, Rice SD, Moles DA, Eaton WD (1993) Seasonal prevalence 
and intensity of bitter crab dinoflagellate infection and host mor-
tality in Alaskan Tanner crabs Chionoecetes bairdi from Auke 
Bay, Alaska, USA. Dis Aquat Org 15:1–7

Love MI, Huber W, Anders S (2014) Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol 15:550

Meyers TR, Botelho C, Koeneman TM et al (1990) Distribution of 
bitter crab dinoflagellate syndrome in southeast Alaskan Tanner 
crabs Chionoecetes bairdi. Dis Aquat Org 9:37–43

Meyers TR, Koeneman TM, Botelho C, Short S (1987) Bitter crab 
disease: a fatal dinoflagellate infection and marketing problem 
for Alaskan Tanner crabs Chionoecetes bairdi. Dis Aquat Org 
3:195–216

Morado JF (2011) Protistan diseases of commercially important crabs: 
a review. J Invertebr Pathol 106:27–53

Morado JF, Dawe EG, Mullowney D et al (2011) Climate change and 
the worldwide emergence of Hematodinium-associated disease: 
is there evidence for a relationship? Biology and Management of 
Exploited Crab Populations under Climate Change

Nappi AJ, Ottaviani E (2000) Cytotoxicity and cytotoxic molecules in 
invertebrates. BioEssays 22:469–480

Nielsen JK, James Taggart S, Shirley TC, Mondragon J (2007) Spa-
tial distribution of juvenile and adult female Tanner crabs (Chio-
noecetes bairdi) in a glacial fjord ecosystem: implications for 
recruitment processes. ICES J Mar Sci 64:1772–1784

Petersen TN, Brunak S, von Heijne G, Nielsen H (2011) SignalP 4.0: 
discriminating signal peptides from transmembrane regions. Nat 
Methods 8:785–786

Robalino J, Almeida JS, McKillen D et al (2007) Insights into the 
immune transcriptome of the shrimp Litopenaeus vannamei: 
tissue-specific expression profiles and transcriptomic responses 
to immune challenge. Physiol Genomics 29:44–56

Rowley AF, Smith AL, Davies CE (2015) How does the dinoflagel-
late parasite Hematodinium outsmart the immune system of its 
crustacean hosts? PLoS Pathog 11:e1004724

Shields JD (2017) Collection techniques for the analyses of pathogens 
in crustaceans. J Crustac Biol 37:753–763

Shields JD, Taylor DM, O’Keefe PG et al (2007) Epidemiological 
determinants in outbreaks of bitter crab disease (Hematodinium 
sp.) in snow crabs Chionoecetes opilio from Conception Bay, 
Newfoundland. Canada Dis Aquat Organ 77:61–72

Simão FA, Waterhouse RM, Ioannidis P et al (2015) BUSCO: assessing 
genome assembly and annotation completeness with single-copy 
orthologs. Bioinformatics 31:3210–3212

224 Marine Biotechnology  (2022) 24:216–225

https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1038/nbt.1883


Sonnhammer EL, von Heijne G, Krogh A (1998) A hidden Markov 
model for predicting transmembrane helices in protein sequences. 
Proc Int Conf Intell Syst Mol Biol 6:175–182

Stanke M, Diekhans M, Baertsch R, Haussler D (2008) Using native 
and syntenically mapped cDNA alignments to improve de novo 
gene finding. Bioinformatics 24:637–644

Stanke M, Schöffmann O, Morgenstern B, Waack S (2006a) Gene pre-
diction in eukaryotes with a generalized hidden Markov model 
that uses hints from external sources. BMC Bioinformatics 7:62

Stanke M, Tzvetkova A, Morgenstern B (2006b) AUGUSTUS at EGASP: 
using EST, protein and genomic alignments for improved gene pre-
diction in the human genome. Genome Biol 7(Suppl 1):S11.1–8

Stanke M, Waack S (2003) Gene prediction with a hidden Markov 
model and a new intron submodel. Bioinformatics 19(Suppl 
2):ii215–25

Tamone SL, Mondragon J, Andrews AG et al (2007) The relationship 
between circulating ecdysteroids and chela allometry in male Tan-
ner crabs: evidence for a terminal molt in the genus Chionoecetes. 
J Crustac Biol 27:635–642

Tang H (2009) Regulation and function of the melanization reaction in 
Drosophila. Fly 3:105–111

Verbruggen B, Bickley LK, Santos EM et al (2015) De novo assembly 
of the Carcinus maenas transcriptome and characterization of 
innate immune system pathways. BMC Genomics 16:458

Wang P-H, Huang T, Zhang X, He J-G (2014) Antiviral defense in 
shrimp: from innate immunity to viral infection. Antiviral Res 
108:129–141

Waterhouse RM, Seppey M, Simão FA et al (2018) BUSCO applica-
tions from quality assessments to gene prediction and phylog-
enomics. Mol Biol Evol 35:543–548

Xu J, Ruan L, Shi H (2014) eIF2α of Litopenaeus vannamei involved 
in shrimp immune response to WSSV infection. Fish Shellfish 
Immunol 40:609–615

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

225Marine Biotechnology  (2022) 24:216–225


	Characterization of the Gene Repertoire and Environmentally Driven Expression Patterns in Tanner Crab (Chionoecetes bairdi)
	Abstract
	Introduction
	Methods
	Tanner Crab Collection and Disease Status Determination
	Experimental Design
	RNA Sequencing for Transcriptome Assembly
	RNA Sequencing for Differential Gene Expression
	Transcriptome Assembly and Annotation
	Single Nucleotide Polymorphism Identification
	Differential Gene Expression Analysis
	Time Series Gene Expression
	Enrichment Analysis

	Results
	Survival
	Transcriptome Assembly and Annotation
	Single Nucleotide Polymorphisms
	Differential Gene Expression
	Time Series Gene Expression
	Temperature-Influenced Differentially Expressed Contigs in the Individual Crab
	Enrichment Analysis

	Discussion
	Transcriptome Assembly and Annotation
	Differential Gene Expression
	Temperature-Influenced Differentially Expressed Contigs in the Individual Crab

	Conclusions
	References


