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In the Gulf of Maine, the copepod Calanus finmarchicus co-occurs with the neurotoxin-producing
dinoflagellate, Alexandrium fundyense. The copepod is resistant to this toxic alga, but little is known
about other effects. Gene expression profiles were used to investigate the physiological response
of females feeding for two and five days on a control diet or a diet containing either alow or a high
dose of A. fundyense. The physiological responses to the two experimental diets were similar, but
changed between the time points. At 5-days the response was characterized by down-regulated genes
involved in energy metabolism. Detoxification was not a major component of the response. Instead,
genes involved in digestion were consistently regulated, suggesting that food assimilation may have

. been affected. Thus, predicted increases in the frequency of blooms of A. fundyense could affect C.

. finmarchicus populations by changing the individuals’ energy budget and reducing their ability to build

. lipid reserves.

Major shifts in species distributions in pelagic ecosystems have been attributed to complex changes in the abiotic
and biotic environment in response to global climate change!. Although such biogeographic shifts in pelagic
. communities have been widely documented, they cannot be explained by the species’ physiological tolerances of
. physical and chemical factors, such as temperature and salinity'. Thus, a species may change its biogeographic
© range not because environmental factors are outside of its physiological tolerance, but because conditions are
sub-optimal, and it cannot maintain its competitive advantage. The physiological compromises that occur
. when conditions are sub-optimal are poorly understood, particularly for marine zooplankton species, such as
copepods’?.

One reported change in marine environments is a worldwide increase in the range and number of harmful
algal blooms® and this trend is expected to continue®. These toxic primary producers are ingested by herbivo-
rous copepods, which accumulate the toxins and contribute to their transfer to higher trophic levels, often with
catastrophic effects, i.e., increased mortality in fishes, marine mammals, birds and even humans*~’. During the

. summer in the Gulf of Maine, the calanoid copepod Calanus finmarchicus co-occurs with the toxic dinoflagellate

. Alexandrium fundyense, which is responsible for outbreaks of paralytic shellfish poisoning”*°. Although the dino-

. flagellate has no effect on C. finmarchicus survival'l, it decreases the copepodss fitness by reducing its reproduction

© success after multi-day exposure'?; however, little is known about how the dinoflagellate affects the physiology of
the copepod.

In the last decade, high-throughput sequencing has greatly expanded our ability to investigate
organism-environment interactions by measuring patterns in gene expression'. Gene expression analyses can

. now be studied in ecologically important non-model species such as C. finmarchicus, in order to determine how
. they adjust physiologically to natural fluctuations in their surroundings, and identify factors that constitute “envi-
: ronmental stressors”'>!4, The typical physiological response to a stressor is the “cellular stress response” (CSR),
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Treatment
Control Low dose (LD) Rhodomonas High dose (HD)
Rhodomonas sp. | sp. Alexandrium fundy Al drium fundy
Target % by amount 100% Rho 75% Rho, 25% Alex 100% Alex
of carbon
Rho = 6000
Cells mL™! 8000 Alex=50 200
Total = 6050
Rho=228
pg CL~1 304 Alex=89 358
Total =317
Average daily toxin
ingestion (ng STX 0 0.3 2
equivalents d~1)**

Table 1. Experimental treatments: daily food added to C. finmarchicus adult females incubated in 1.5-L
containers and harvested at one of two time points (2 or 5 days) for RNA-Seq. *Cellular carbon content

for Rhodomonas sp. and Alexandrium fundyense were computed applying volume to carbon conversions!?.
**A. fundyense toxicity in stock cultures was measured daily during the duration of the experiment, and toxin
ingestion was calculated from grazing rate experiments!’, which were conducted in parallel to the incubations
for the RNA-Seq experiment.

which involves changes in the expression of 1,000 or more genes'>!>-17. Features of the CSR are: 1) up-regulation
of stress proteins to counteract damage to cellular macromolecules; 2) redistribution of metabolic resources away
from ‘energetically expensive’ functions; 3) the arrest of the cell cycle; and 4) apoptosis (in the case of extreme
conditions)®.

The goal of this study was to identify physiological pathways that were regulated in C. finmarchicus in response
to the introduction of A. fundyense into the diet. RNA-Seq was used to determine relative gene expression in
adult females after 2 and 5 days feeding on either a control or one of two experimental diets. Functional anal-
ysis was used to test the hypotheses that the copepod physiological response would be characterized by 1) the
up-regulation of detoxification pathways as part of a general cellular stress response (CSR) and 2) the persistence
of up-regulation of detoxification pathways over time

Results
Calanus finmarchicus adult females were fed for either 2- or 5-days on a control, low dose or high dose diet of
Alexandrium fundyense (Table 1). Survival was high in all experimental jars with mortalities of 0% at 2 days and
<9% at 5 days. At the end of the two incubations, females from each treatment were pooled for high-throughput
RNA-Seq.

Sequencing, mapping and differential gene expression. Illumina sequencing generated over 484
million paired-end 100 bp reads (18 libraries = 3 replicates x 3 treatments x 2 time points) with 15 to 36 million
reads per library and an average of 26 million across all samples (Supplementary Table 1). For each sample, 10 to
24 million quality-filtered reads were mapped against the C. finmarchicus reference transcriptome (96,090 con-
tigs)'®. Mapping resulted in an overall alignment rate of 71 to 72% per sample, with fewer than 1% of the reads
mapped more than once (Supplementary Table 1). The depth of mapping (>10 millions of mapped reads) here
has been estimated to be sufficient for quantitative gene expression of 80% of the genes in other eukaryotes'*.
Using the expression cut-off of 1 cpm (count per million), statistical testing of differentially expressed genes
(DEGs) was performed on a total of 28,756 for the 2-day and 27,943 genes for the 5-day datasets. The remain-
ing genes in the reference transcriptome were either not expressed in adult females (ca. 1/3 of transcripts)'s, or
expression was below the filter cutoff (1 cpm).

Differential gene expression as a function of time. The number of DEGs in the control vs. LD and
control vs. HD were higher at 2 days than at 5 days (Fig. 1, Table 2). At 2 days the number of DEGs represented
4 to 5% of the transcripts with mapped reads while at 5 days this decreased to 2 to 3% (Table 2). Over 50% of the
DEGs were shared between the two treatments at 2 days. At 5 days, this decreased to 26% and 44% for the con-
trol vs. HD and control vs. LD comparisons (Fig. 1). The number of shared DEGs between time points was low,
suggesting that the physiological response changed between 2 and 5 days (Fig. 1). Statistical comparison between
LD and HD females indicated many fewer DEGs between experimental treatments at 2 days, while at 5 days the
number of DEGs in the C vs. LD and LD vs. HD comparisons were similar (Table 2).

The direction and magnitude of the response is shown in Fig. 2. The magnitude of the response was modest
with differential gene expression between the experimental and control diets less than 4-fold different for the
majority of up- and down-regulated genes, as well as for both treatments and time points (Fig. 2). The number of
up-regulated genes was significantly lower at 5 days than at 2 days for all paired comparisons (X? test; control vs.
LD: p < 0.0001, control vs. HD: p < 0.0001,and LD vs. HD: p <0.031). The number of down-regulated genes was
significantly lower at 5 days in the control vs. LD comparison (X test, p < 0.01), but not in the control vs. HD (X?
test, p=0.194). For the LD vs. HD comparison, the number of down-regulated DEGs was greater at 5 days than at
2 days, and this difference was significant (X? test, p < 0.0001), suggesting a dose dependent response. The pattern
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A. 2 days B. 5 days
LD
C. Low Dose (LD) D. High Dose (HD)
2d \"1 91 2d

325 1219

Figure 1. Venn diagrams of differentially expressed genes (DEGs) in C. finmarchicus adult females feeding
on A. fundyense diets (LD, HD) for either 2 or 5 days. (A) Comparison between LD and HD diets at 2 days.
(B) Comparison between LD and HD diets at 5 days. (C) Comparison between 2 and 5-day time points for LD
treatment. (D) Comparison between 2 and 5-day time points for HD treatment.

Comparison 2 days 5 days
control vs LD 1,066 567
control vs HD 1,388 962
LDvs HD 470 622

Table 2. Summary of differentially expressed genes (DEGs) in C. finmarchicus adult females feeding
on A. fundyense diets (LD, HD) for either 2 or 5 days. Genes were identified as differently expressed using
the “exact” test (p < 0.05) and a multiple comparison correction using Benjamini-Hochberg method (false
discovery rate <5%) as implemented by edgeR.

of alarge number of DEGs (>1,000) at 2 days, and fewer DEGs and a more pronounced dose-response at 5 days
are consistent with an initial cellular stress response, followed by a cellular homeostatic response.

Functional annotation of differentially expressed genes (DEGS). In order to investigate the bio-
logical processes that were regulated in Calanus finmarchicus females in response to the toxic dinoflagellate on
shorter (2 days) and longer (5 days) time scales, the DEGs with significant annotations were organized according
to their biological function. Blast annotation was retrieved for a total of 1,162 DEGs (42%). The DEGs represented
a broad range of conserved eukaryotic processes, including many involved in intracellular signaling, protein turn-
over, energy metabolism, reproduction and growth (Figs 3 and 4). The DEG pattern presented here supports the
interpretation that the females’ initial response is comparable to the “cellular stress response” (CSR), which was
followed by a physiological adjustment known as the “cellular homeostatic response” (CHR) at 5 days. The two
time points were characterized by differences in DEGs related to metabolic activity (lipids, carbohydrates), which
was confirmed by enrichment analysis (Tables 3 and 4).

Evidence for cellular stress response (CSR) at 2 days. Upon initial exposure to Alexandrium fundyense
diets (LD, HD), 117 genes, which are typical of the cellular stress response, were differentially regulated in C. fin-
marchicus adult females compared with the control (Fig. 3). These included DEGs involved in processes such as
molecular chaperoning, apoptosis, cell cycle checkpoint, intracellular signaling and protein turnover (Fig. 3). A
predominant signature of this initial response was that up-regulated DEGs included several heat shock proteins
(HSP40, 70), serine and tyrosine kinases, proteases and carboxypeptidases (protein turnover); many of these
genes were shared between the two toxic treatments (Fig. 3). Enrichment analysis confirmed that many processes
associated with protein turnover such as “RNA biosynthetic process”, “cellular protein metabolic process”, “trans-
lation” and “macromolecule complex” were significantly up-regulated in both treatments compared with the
control, but not in the LD vs. HD comparison (Table 3).

Consistent with an increased energy requirement associated with the CSR, regulation of DEGs involved in
energy metabolism was observed in females on either one of the two experimental treatments. In both lipid and
carbohydrate metabolism, genes involved in degradation were up-regulated, while genes involved in biosynthesis
were down-regulated (Fig. 4). Lipid metabolism played a key role in the copepod response to A. fundyense and
this process was enriched among the down-regulated genes in the HD treatment (Table 3). DEGs involved in lipid
degradation included several lipases, phospholipases, acyltransferases and lipoxygenases, which showed similar
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Figure 2. Magnitude of response of differentially expressed genes (DEGs) in C. finmarchicus adult females
feeding on A. fundyense (LD, HD) for either 2 or 5 days. Differentially expressed genes were identified by
comparing control vs. LD (CvsLD), control vs. HD (CvsHD) and LD vs. HD. (A) Fold-change difference in
expression for up-regulated DEGs at 2 days. (B) Fold-change difference in expression for up-regulated DEGs at
5 days. (C) Fold-change difference in expression for down-regulated DEGs at 2 days. (D) Fold-change difference
in expression for down-regulated DEGs at 5 days.

expression patterns in the 2 treatments in terms of number of DEGs and relative fold-change (Fig. 4). Similar
to lipid metabolism, carbohydrate degradation was also represented in this initial response (Fig. 4). Of the total
number of DEGs in carbohydrate metabolism, 65% were involved in degradation and digestion that included sev-
eral cellulases, amylases, endo (3 glucanases and glycosyl hydrolases (Fig. 4). Interestingly, several of these DEGs
were shared among the four experimental conditions (see below). In addition, we observed down-regulation of
transcripts associated with reproduction and growth such as multiple vitellogenins and cuticle proteins (Fig. 4).
This response was most pronounced in the HD treatment, and several of these genes were differentially expressed
between the LD and HD treatments.

Evidence of cellular homeostatic response (CHR) at 5 days. At 5 days, many fewer DEGs (57)
were involved in processes that characterize the stress response (e.g. molecular chaperoning, protein turnover),
and many of these were now down-regulated (Fig. 3). Enrichment analysis confirmed this switch from up- to
down-regulated DEGs in these processes between the 2-day and 5-day time points in both LD and HD treatments
(Fig. 3, Tables 3 and 4). This was particularly evident in the HD treatment where “translation”, “RNA biosynthetic
process” and “lipid metabolic process” had changed from up-regulated to down-regulated (Tables 3 and 4). Other
down-regulated genes at 5 days included those involved in cell cycle check-point (chromosome segregation pro-
teins) and intracellular signaling (tyrosine kinases) (Fig. 3). These were specific to the HD treatment, and the
majority was also among the DEGs in the LD vs. HD comparison. In addition, down-regulation was observed for
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Figure 3. Differential expression of stress related genes. Heat map for DEGs involved in cellular stress
response of C. finmarchicus adult females feeding on A. fundyense diets (LD, HD) for either 2 or 5 days.

Heat maps were generated using the heatmap.2 function implemented in R software. Columns are ordered

by time points (2 and 5 days) and by treatment (LD and HD) as labeled. Genes were clustered by functional
annotation in the groups: chaperone, detoxification, apoptosis, intracellular signaling, cell cycle check-point and
protein turnover (labels on the left). Color-coding for relative expression rate (absolute fold change) between
experimental treatment and control is shown on the bottom right.

some digestive enzymes, e.g., trypsins (3/7 DEGs; Fig. 3). The exception to this pattern was the presence of several
up-regulated serine kinase transcripts, which are involved in intracellular signaling (Fig. 3).

Lipid metabolism continued to play a significant role in the copepod physiological response in both treat-
ments as indicated by the enrichment analysis (Table 4). Among lipid degradation transcripts, there were fewer
up-regulated genes, and an overall increase in the down-regulated ones, including several that had switched from
up- to down-regulated (Fig. 4). The number of up-regulated genes decreased to just 1 and 4 in the LD and HD
treatments, respectively (Fig. 4).

Down-regulation of lipid biosynthesis was more pronounced at 5 days: a larger number of DEGs (16 DEGs
compared with 6 DEGs at 2 days), higher fold-change (5-6 fold change difference) and a pronounced dose effect
(Fig. 4). Of the 16 DEGs involved in lipid biosynthesis, 11 were only regulated at this time point (5 days), with
down-regulation of transcripts like ELOV 4, ELOV 6 and steroid dehydrogenase being dose dependent (Fig. 4).
Similarly, the number of up-regulated DEGs involved in carbohydrate metabolism decreased between time
points, while there was an increase in the down-regulated ones, which included several chitinases (Fig. 4). Four
of the five were differentially expressed in the HD treatment only (Fig. 4). Down-regulation was also observed in
carbohydrate biosynthesis again with several synthases only regulated in the HD treatment (Fig. 4).

Down regulation of genes involved in energetically expensive processes such as reproduction and growth
persisted at the 5-day time point with vitellogenins, cuticle proteins, tubulins and myosins down-regulated
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Figure 4. Differential expression for energy metabolism and growth related genes. (A) Heat map for

DEGs in C. finmarchicus adult females feeding on A. fundyense diets (LD, HD) for either 2 or 5 days involved
in energy metabolism that included lipid and carbohydrate metabolisms; genes were clustered by functional
annotation in the groups: degradation, transport and biosynthesis (labels on the left). (B) Heat map for DEGs
in C. finmarchicus adult females feeding on A. fundyense diets (LD, HD) for either 2 or 5 days involved in
reproduction and growth. Heat maps were generated using the heatmap.2 function implemented in R software.
Columns are ordered by time points (2 and 5 days) and by treatment (LD and HD) as labeled. Relative
expression rate (absolute fold change) is calculated for females feeding on the toxic diet compared to adult
females.

specifically in the HD treatment, three genes (two vitellogenins and one cuticle protein) were also among the
DEGs in the LD vs. HD comparison (Fig. 4). Enrichment analysis confirmed that reproduction was significantly
represented among the down-regulated genes in the HD treatment (Table 4).

Detoxification. The Calanus finmarchicus reference transcriptome used in this study included more then 200
of genes involved in detoxification such as superoxide dismutases (SOD), ferritins, catalases, cytochromes P450,
aldehyde dehydrogenases and 39 glutathione S-transferase'®?!. Surprisingly, detoxification was not a major com-
ponent of the C. finmarchicus response to the toxic dinoflagellate: only a small number of DEGs were involved in
detoxification with the majority of them being down-regulated (Fig. 3) and detoxification was absent from the
list of “enriched” GO terms. Similarly, the “parent” biological process “response to stimulus” was not enriched
at either the 2- or 5-day time points (Tables 3 and 4). The DEGs included four members of the cytochrome P450
family, four glutathione S-transferases (GST), glutathione peroxidase, sulfotransferase and thioredoxin (phase II)
and multi-resistance proteins (MXR) (phase III) (Fig. 5). Detoxification is commonly associated with the CSR,
and the response at the 2-day time point (Fig. 5) could have been part of the general stress response, since the
DEGs changed between time points with the majority of genes (8/15 DEGs) regulated exclusively after the initial
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Time/treatment | Term description GO Category | FDR
2days LD
Up regulated
RNA biosynthetic process GO:0032774 BP 5.16E-03
l()'lre;lclilsasr macromolecule biosynthetic GO:0034645 BP 3.01E-03
Cellular protein metabolic process GO:0044267 BP 4.73E-02
Macromolecular complex GO:0032991 CcC 3.01E-02
Heterocyclic compound binding GO:1901363 MF 3.01E-02
Organic cyclic compound binding GO0:0097159 MF 3.01E-02
Peptidase activity GO:0008233 MF 3.93E-02
Transferase activity GO:0016740 MF 1.10E-02
Cytoplasmic part GO:0044444 CcC 2.46E-02
Intracellular membrane-bounded organelle | GO:0043231 CcC 3.42E-03
2 days HD
Up regulated
Lipid metabolic process GO:0006629 BP 4.62E-02
RNA biosynthetic process GO:0032774 BP 1.58E-03
Translation GO:0006412 BP 4.62E-02
Macromolecular complex G0:0032991 CC 2.25E-02
Nucleic acid binding GO0:0003676 MF 1.91E-03
Nucleotide binding GO:0000166 MF 3.79E-02
Signal transduction GO:0007165 BP 1.55E-02
Cytosol GO:0005829 cC 2.91E-02
Extracellular region GO0:0005576 CcC 5.75E-03
Nucleus GO:0005634 CC 1.23E-03
Down regulated
Cellular metabolic process GO:0044237 BP 2.48E-02
Single-organism cellular process GO:0044763 BP 2.88E-02

Table 3. Gene Ontology (GO) enrichment analysis of up-and down-regulated genes in C. finmarchicus
feeding on low (LD) and high dose (HD) treatments of A. fundyense for 2 days. Gene ontology term (GO);
Category: Biological process (BP), Molecular function (MF) and Cellular component (CC); false discovery rate
(FDR) after Fisher exact test using FDR <5% as cutoff.

exposure and only 2 DEGs (CYP450 and nucleoredoxin) expressed at both time points (Fig. 5). Although some of
the genes were up-regulated (2 days), down-regulation was predominant at both time points with a dose response
observed at 5 days (Fig. 5). The response of the majority of these genes was similar in the LD and HD treatments,
as suggested by their absence from the list of DEGs in the LD vs. HD comparisons at the two time points (Fig. 5).

DEGs shared across all experimental conditions. A total of 25 DEGs were regulated in Calanus fin-
marchicus females in both LD and HD treatments and at both 2 and 5 days (Fig. 6). Interestingly, 24 of these
DEGs (96%) were associated with digestion and included endoglucanases, glycosyl hydrolases, trypsins, a lipase,
phosphogluconolactonase and 3-carotene 9 oxygenase (Fig. 6). Most of these DEGs were up-regulated in all
experimental conditions with the exception of 2 trypsins that were consistently down-regulated (Fig. 6). Relative
expression of these DEGs was similar across treatments and time points with an average 3-fold change in expres-
sion compared with the control diet (Fig. 6). The last shared DEG was a member of the elongase family, which is
involved in lipid biosynthesis. This elongase (ELOV4) was consistently down-regulated across time points and
treatments, with a 6-fold change at 5 days in the HD treatment. A significant dose response was confirmed as this
gene was among the DEGs in the LD vs HD comparisons at both 2 and 5 days (Fig. 6).

Discussion

In pelagic marine ecosystems, nutritional resource limitation due to food quantity or quality can affect copepod
populations!?>?®. Sub-optimal food conditions may not increase mortality rates, but might change an individu-
al’s longevity and reproductive potential®. In the Gulf of Maine and Bay of Fundy, the calanoid C. finmarchicus
co-occurs with the saxitoxin-producing dinoflagellate A. fundyense, which during bloom conditions can reach
densities of 10-100 cells/mL~"'3°. Since the dinoflagellate does not affect the copepod’s survival, these blooms
have not usually been considered an environmental stressor for C. finmarchicus'!. However, more recently it has
been shown that A. fundyense decreases the reproductive potential of C. finmarchicus females'. The current study
provides further evidence that introduction of A. fundyense into the diet of the copepod elicits a cellular stress
response. Stress-defense systems are activated in all eukaryotes with the aim to prevent physiological damage
caused by a stressor, and the CSR is characterized by large-scale transcriptional changes!”*%.
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Time/treatment ‘ Term description GO term Category FDR

5 days LD
Down regulated
Lipid metabolic process GO:0006629 BP 9.72E-03
Protein metabolic process G0:0019538 BP 4.52E-02
Cell communication GO0:0007154 BP 4.52E-02
Single organism signaling G0:0044700 BP 3.92E-02
Eﬁfﬁ%ﬁ’;‘fgﬁ)‘giming compound | 265.5006139 BP 3.92E-02

5 days HD
Down regulated
Lipid metabolic process GO0:0006629 BP 4.62E-02
RNA biosynthetic process G0:0032774 BP 1.58E-03
Translation GO:0006412 BP 4.62E-02
Macromolecular complex G0:0032991 cC 2.25E-02
Nucleic acid binding GO0:0003676 MF 1.91E-03
Nucleotide binding GO:0000166 MF 3.79E-02
Signal transduction GO0:0007165 BP 1.55E-02
Reproduction GO0:0000003 BP 3.84E-02
Cytosol GO0:0005829 CcC 2.91E-02
Extracellular region GO0:0005576 CcC 5.75E-03
Nucleus GO:0005634 CcC 1.23E-03

Table 4. Gene Ontology (GO) enrichment analysis of down-regulated genes in C. finmarchicus feeding on
low (LD) and high (HD) dose treatments of A. fundyense for 5 days. Gene ontology term (GO); Category:
Biological process (BP), Molecular function (MF) and Cellular component (CC); false discovery rate (FDR)
after Fisher exact test using FDR <5% as cutoff.

Consistent with the study on female reproductive success significant effects were observed at both algal doses,
with many shared DEGs between treatments. Although dinoflagellate densities in the HD treatment are extremely
rare, the LD treatment is comparable to what C. finmarchicus might experience in the Gulf of Maine during
high-density blooms®!°. Our transcriptional response was similar in magnitude to gene expression changes
reported in response to natural stressors such as environmental fluctuations in temperature experienced by the
killifish, Austrofundulus limnaeus'. Furthermore, the 2- to 4-fold change in expression reported here in both LD
and HD treatments is comparable to responses in the cladoceran Daphnia spp. exposed to chemical stressors that
did not affect survival (e.g. 1/10 LC50)*7%,

The time-dependent response observed in the C. finmarchicus females can be explained by the initial cellu-
lar stress response (CSR) being followed by a cellular homeostatic response (CHR). Physiological adaptation to
new environmental conditions varies depending on the specific environmental challenge, and is characterized
by fewer differentially expressed genes (DEGs)'¢. After 5 days on the experimental diet, there were many fewer
up-regulated DEGs, and few DEGs were shared between time points.

The A. fundyense used in this study produced STXs during the experimental period and average daily toxin
ingestion rates were 0.3 and 2 ng STX equivalents day~! in the LD and HD treatments, respectively'?. Surprisingly,
detoxification was not a large part of the copepod transcriptional response with only four detoxification DEGs
up-regulated at 2 days, and only two at 5 days. In contrast, when insects are exposed to toxic chemicals, a more
generalized detoxification response is observed®. In Drosophila melanogaster, 10% of glutathione S-transferases
(GSTs) and cytochrome P450s were differentially expressed in response to short-term exposure (4 h) to natu-
ral plant compounds (e.g. caffeine and barbiturate drug phenobarbital)?. These detoxification genes were all
up-regulated with 2-30 fold change in relative expression compared with the control®. The C. finmarchicus
response is more similar to the response observed in Daphnia pulex feeding on the neurotoxin-producing cyano-
bacterium Microcystis arguinosa®. Using a microarray with ca. 30,000 genes, the authors reported a large-scale
transcriptional response (>2,000 DEGs). However, only six GSTs were up-regulated and all with a modest 2-fold
difference in expression compared with the control*.

The transcriptional response of D. pulex feeding on the cyanobacterium was characterized by many DEGs
involved in energy-related processes (e.g. carbohydrate metabolism, protein and ribosome regulation), leading
the authors to suggest that this high energetic expenditure might be explained by a reduction in the food assimila-
tion®. The cyanobacterium, M. arguinosa could be interfering with the cladoceran digestive system, as suggested
by the down-regulation of digestive enzymes, e.g., many trypsins®. In C. finmarchicus, the DEGs that were con-
sistently regulated under all conditions are involved in digestion, with the down-regulation of several trypsins, and
the up-regulation of other digestive enzymes. Thus, similar to D. pulex, food assimilation in C. finmarchicus may
be affected by the presence of A. fundyense in the diet. In an earlier study, it was suggested that food assimilation
might explain a decrease in fecundity in another species of copepod (Acartia clausi) feeding on Alexandrium spp*'.

Calanus finmarchicus females on the experimental diets seem to have less energy available than the con-
trol females as suggested by gene expression differences at 5 days. The cellular homeostatic response was
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Gene Accession No. Annotation 2 days 5 days
Cytochrome P450 LD HD LD | HD
GAXKO01103733 Cytochrome family11 [ 17
GAXKO01141739 Cytochrome p450-2J6-like [ 2 bl
GAXKO01079613 Cytochrome p450-20A1-like Vv
GAXKO01154455 Cytochrome p450-2J2-like W
Glutathione S-transferase
GAXK01204953 GST Delta-I AR 2
GAXK01204961 GST Sigma-VI AMA | MR
GAXK01204946 GST Sigma-VII (L)
GAXK01204960 GST Omega-1 A
Sulfotransferase
GAXKO01109776 Chondroitin4-sulfotransferase t
GAXKO01135132 Sulfotransferaselc4 v
Thioredoxin
GAXKO01120895 B and Y crystallin b b
GAXKO01188041 Nucleoredoxin-like protein2 "M N T
Glutathione peroxidase
GAXKO01178489 Hydroperoxide glutathione peroxidase v
Multi resistance protein
GAXKO01143274 Multidrug resistance protein b
GAXK01081107 Multidrug resistance protein [ 17 [ 77

Up regulated Down regulated
A <2.5 fold change & <2.5 fold change
) 2.5-3.9 fold change WV 2.5-3.9 fold change
MAN >4 fold change bl > 4 fold change
Bolded genes resulted differentially regulated also in the LD vs. HD comparison.

Figure 5. List of detoxification enzymes differentially expressed in C. finmarchicus feeding on A. fundyense
diets. 15 putative transcripts involved in detoxification (phase I, II, III) that resulted differentially regulated in
females feeding on A. fundyense (LD, HD) for either 2 or 5 days compared with adult females feeding on the
control diet. For each gene, Accession No. (NCBI), blastx annotation and relative fold change in expression are
listed. The direction of expression (up- down-regulated) and the magnitude are indicated by arrows red = up-
and green = down-regulated genes).

characterized by the down-regulation of transcripts involved in lipid biosynthesis, growth and reproduction and
the up-regulation of genes involved in carbohydrate catabolism. Given that females on the control and experi-
mental diets had similar carbon ingestion rates (24 pg C female™! d1)'2, differences in assimilation might explain
the lower energy balance in the experimental females. Thus, if the dinoflagellate compromises food assimilation,
C. finmarchicus females on the experimental diets would have less energy available, which could have contributed
to lower egg production and egg quality as reported by Roncalli et al.'?.

Although C. finmarchicus is highly tolerant of A. fundyense (i.e. no effect on survival), the dinoflagellate’s
effects on the copepod’s physiology and reproductive output could have repercussions on population growth
during bloom conditions. The current study was focused on adult females, however, if other developmental stages
are affected in a similar way, i.e., down-regulation of lipid biosynthesis pathways, then blooms of A. fundyense
could interfere with the seasonal accumulation of lipid stores in pre-adults during the summer. Thus, an increase
in harmful algal blooms of A. fundyense in the Gulf of Maine would be expected to have a negative impact on
C. finmarchicus populations through a decrease in reproduction'? and lower energy balance.

Methods

Field collection and maintenance of Calanus finmarchicus. Calanus finmarchicus were collected using
a vertical net tow (75 cm diameter, 560 pum mesh) in July of 2012 in the Gulf of Maine near Mount Desert Rock
(Lat: 44° 2’N; Long: 68°3’W) as previously described'?. Adult females and adult males were transferred into 3.5L
jars at 5-10 individuals per liter with Rhodomonas sp. added ad libitum, and allowed to acclimate overnight at 10°C
on a 14:10h light: dark cycle in an incubator (Percival Model I-36 VL, Percival Scientific, Inc., Perry, IA, USA).

Experimental design. To examine the transcriptional response of Calanus finmarchicus to Alexandrium
fundyense, adult females were exposed to three treatments: control, low dose and high dose. In the control
group, C. finmarchicus were fed the non-toxic flagellate Rhodomonas sp. (8000 cells mL~'d ™). In the “low dose”
group (LD) copepods were fed 50 cells mL~'d~! A. fundyense and 6000 cells mL~'d~! Rhodomonas sp., which
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Gene-Accession No. | Annotation 2 days 5 days

LD HD LD HD
GAXKO01161646 Elongation of fatty acids 4 W W | W | WY
GAXKO01008610 Lipase 3 A A M A
GAXK01124810 6-Phosphogluconolactonase 0 Ol ~m | MM
GAXKO01130942 Endo-B-glucanase M| ™M M ko)
GAXK01120018 Beta-endoglucanase "M M ~m | MMmA
GAXKO01146040 Endo-B-glucanase N N M N
GAXKO01130942 Endo-B-glucanase M M M MM
GAXK01017480 Endonuclease exonuclease phosphatase A AN 0 ol
GAXK01094122 Exo-B-glucanase r | M 0\ M
GAXK01045446 Exo-p-glucanase ~m MA M M
GAXKO01155750 Glycosyl hydrolase family7 M| M M M
GAXK01112967 Glycosyl hydrolase family7 M M M ko
GAXK01039246 Glycosyl hydrolase family7 MM M M
GAXKO01111935 Glycosyl hydrolase family7 M| M "M | M
GAXK01008278 Glycosyl hydrolase family45 | ™M 0 Ok
GAXK01011404 Glycoside hydrolase family16 0 ol 0 0
GAXK01013024 Glycosyl hydrolase family45 MM MM
GAXKO01160943 Glycosyl hydrolase family7 AL M| M A
GAXKO01135490 Trypsin A AEIEREIAEET]
GAXKO01174145 Trypsin heavy chain4 W W | WV Wl
GAXK01047165 Trypsin-like serine protease AL M | ™M M
GAXKO01043485 Trypsin heavy chain4 M M M
GAXK01034326 Fusarium oxysporum trypsin "M M Ol Ol
GAXKO01138601 Kunitz bovine pancreatic trypsin "M AN k) ol
GAXKO01138243 Carotene9-oxygenase M| A Ol M

Up regulated Down regulated

() <2.5 fold change Vv <2.5 fold change
) 2.5-3.9 fold change W 2.5-3.9 fold change
MA > 4 fold change YWV >4 fold change
Bolded genes resulted differentially regulated also in the LD vs. HD comparison.

Figure 6. DEGs shared across all experimental conditions. 25 transcripts expressed in C. finmarchicus
females feeding on A. fundyense LD and HD treatments at both 2 and 5 days compared with adult females
feeding on the control diet. For each gene, Accession No. (NCBI), blastx annotation and relative fold change

in expression are listed. The direction of expression (up- down-regulated) and the magnitude are indicated by
arrows red = up- and green = down-regulated genes).

corresponded to a 25:75 proportion by algal volume. The “high dose” (HD) group was fed with 100% of A.
fundyense at a concentration of 200 cells mL~'d"!. The three experimental food suspensions had similar car-
bon content ranging between 304 and 358 ugC L™; albeit slightly higher in the HD treatment (358 pgC L™1),
non-significant differences were found between the diets'?.

Adult females were transferred into one of 18 1.5-L containers to be harvested either at 2 days or 5 days. Three
biological replicates were set up per treatment (control, low dose and high dose) x sampling day (2 and 5 days)
with each containing 15 females. The containers were kept in a Percival Model I-36VL Incubator System (Percival
Scientific, Inc., Perry, IA, USA) at 10°C on a 14:10h light-dark cycle. At 2 and 5 days, 10 adult females were har-
vested from each treatment and biological replicate, immediately transferred in 0.5 mL RNAlater (Ambion) and
stored at —20°C until RNA extraction.

RNA extraction, gene library preparation and sequencing. Total RNA was extracted from
the adult females using QTAGEN RNeasy Mini Kit (QIAGEN Inc., Valencia, CA, USA), in conjunction
with a Qiashredder column (QIAGEN Inc.), following the instructions of the manufacturer, and with a
final elution volume of 30 pl. RNA concentration and quality were checked using an Agilent Model 2100
Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). All RNA samples (3 biological rep-
licates x 3 treatments X 2 time points) were of high quality and shipped on dry ice to the University of
Georgia Genomics Facility for library preparation and Illumina sequencing. There, the TruSeq RNA sample
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preparation kit (Illumina) was used to prepare double-stranded multiplexed cDNA libraries starting from
the total RNA following manufacturer’s instructions. Briefly, RNA samples were first purified with two
oligo-dT selection (poly (A) enrichment using oligo-dT beds) to select for mRNAs, and then fragmented
and reverse transcribed into double-stranded complementary cDNA. cDNA libraries were prepared with a
350 bp insert and primed using random hexamers. Each sample was tagged with an indexed adapter prior to
shipping to University of Missouri DNA Core Facility (http://biotech.missouri.edu/dnacore) for sequencing.
At the Missouri facility the samples were loaded into a single lane to be run on Illumina HiSeq 2000 instru-
ment using paired-end sequencing (100 bp).

Mapping of short reads and identification of differentially expressed genes (DEGs). The
18 RNA-Seq libraries were quality filtered (FASTX Toolkit, version 0.013; http://hannonlab.cshl.edu/fastx_
toolkit/) by trimming the first nine and the last 29 bases, and followed by the elimination of low quality reads
(cutoff “Phred” score = 20) as well as Illumina adapters. This resulted in the removal of an average of 34% of
reads, leaving from 10 to 24 million reads per sample for relative gene expression analysis. Each quality fil-
tered RNA-Seq library was then mapped to a C. finmarchicus reference transcriptome (96,090 contigs)'® using
Bowtie software (version, 2.0.6)** with a 2-nucleotide mismatch tolerance. The reference transcriptome was
generated through the de novo assembly of over 400 million reads from six developmental stages as described
in Lenz et al.'8.

Differential gene expression analysis and calculation of fold-change difference in expression were performed
using the BioConductor package edgeR*. Transcriptional expression profiles were analyzed for two factors:
“time” (2 and 5 days) and “dose” (LD and HD). Prior the statistical analysis, libraries were normalized as imple-
mented by edgeR using the Trimmed mean of M values (TMM) and genes with low expression (<1 count per
million) were removed. At each time point, the number of significant differentially expressed genes was estab-
lished by pairwise comparison of libraries: control vs. LD, control vs. HD and LD vs. HD. For the statistical
analysis relative expression was quantified as a ratio of Log, (experimental/control). Genes were recognized as
differentially expressed (DEG) using the “exact test” (p < 0.05) and a multiple comparison correction using the
Benjamini-Hochberg method (false discovery rate <5%) implemented by edgeR*. In the results, the magnitude
of differential expression is presented as the fold-change difference between the experimental and the control and
between the two experimental diets. The significant differences in the number of up- and down-regulated DEGs
between the control vs. LD and HD, and LD vs. HD at 2- and 5-days were determined by using a X* test that com-
pared the observed and expected frequencies of number of DEGs per fold-change category. The statistical tests
were performed using Prism GraphPad software (v. 6.0).

Functional annotation. Functional annotations for genes identified as differentially expressed (DEGs)
in the control vs. LD, control vs. HD and LD vs. HD comparisons were obtained directly from the annotated
C. finmarchicus reference transcriptome using blast and gene ontology (GO) analysis'®. Briefly, using
BLAST2GO pipeline (version 2.6.4), annotations for the reference transciptome were obtained against
NCBI non-redundant (nr) database (blastx algorithm) with maximum E-value of 107315, Gene ontology
(GO) annotations for biological and molecular processes and cellular component were assigned using
BLAST2GO, here with an E-value of 107¢ required for annotation. Enrichment analysis was performed for
up- and down-regulated genes with GO terms (293) against the 10,344 genes with assigned GO terms in the
C. finmarchicus reference transcriptome'®. The analysis was implemented using the software BLAST2GO
(version 2.6.4) performing the Fisher’s Exact Test followed by Multiple Testing correction of False Discovery
rate (FDR <5%)>*. It is important to note that in many cases multiple functions (GO terms) are assigned to
individual genes.

Data availability. Sequence data have been submitted to the National Center of Biotechnology Information
(NCBI; www.ncbi.nlm.nih.gov) under the Bioproject PRINA312028. The list of differentially expressed genes
with their annotation (blast) and fold change has been submitted to the Dryad Digital Repository (Provisional
DOI: doi:10.5061/dryad.11978) as well as the complete annotation of the C. finmarchicus transcriptome used
here as the reference for Bowtie mapping. Additional metadata have been submitted to Biological and Chemical
Oceanographic Data Management Office Center of Biotechnology Information (BCO-DMO; www.bco-dmo.org)
under the Project CFINTRANSCRIPT (www.bco-dmo.org/dataset/528312).

References

1. Beaugrand, G., Christophe, L. & Martin, E. Rapid biogeographical plankton shifts in the North Atlantic Ocean. Glob. Chang. Biol.
15, 1790-1803 (2009).

2. Beaugrand, G. Theoretical basis for predicting climate-induced abrupt shifts in the oceans. Philos. Trans. R. Soc. Lond. B, Biol. Sci.
370, 20130264 (2015).

3. Anderson, D. M. et al. Harmful algal blooms and eutrophication: examining linkages from selected coastal regions of the United
States. Harmful Algae 8, 39-53 (2008).

4. Rossini, G. P. Toxins and Biologically Active Compounds from Microalgae: Biological Effects and Risk Management. Vol. 2 (CRC Press,
2014).

5. Llewellyn, L. E. Saxitoxin, a toxic marine natural product that targets a multitude of receptors. Nat. Prod. Rep. 23, 200-222 (2006).

6. Wiese, M., D’agostino, P. M., Mihali, T. K., Moffitt, M. C. & Neilan, B. A. Neurotoxic alkaloids: saxitoxin and its analogs. Mar. drugs
8,2185-2211(2010).

7. Kleindinst, J. L. et al. Categorizing the severity of paralytic shellfish poisoning outbreaks in the Gulf of Maine for forecasting and
management. Deep Sea Res. Part IT Top. Stud. Oceanogr. 103, 277-287 (2014).

8. Anderson, D. M. et al. Alexandrium fundyense cysts in the Gulf of Maine: long-term time series of abundance and distribution, and
linkages to past and future blooms. Deep Sea Res. Part IT Top. Stud. Oceanogr. 103, 6-26 (2014).

SCIENTIFICREPORTS | 6:25708 | DOI: 10.1038/srep25708 11


http://biotech.missouri.edu/dnacore
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
http://www.ncbi.nlm.nih.gov
http://www.bco-dmo.org
http://www.bco-dmo.org/dataset/528312

www.nature.com/scientificreports/

9. Doucette, G. J. et al. Paralytic shellfish poisoning (PSP) toxins in North Atlantic right whales Eubalaena glacialis and their

zooplankton prey in the Bay of Fundy, Canada. Mar.Ecol Progr. Ser. 306, 303-313 (2006).

10. Turner, J. T. Zooplankton community grazing impact on a bloom of Alexandrium fundyense in the Gulf of Maine. Harmful Algae 9,
578-589 (2010).

11. Turner, J. T. Planktonic marine copepods and harmful algae. Harmful Algae 32, 81-93 (2014).

12. Roncalli, V., Turner, J. T., Kulis, D., Anderson, D. M. & Lenz, P. H. The effect of the toxic dinoflagellate Alexandrium fundyense on the
fitness of the calanoid copepod Calanus finmarchicus. Harmful Algae 51, 56-66 (2016).

13. Logan, C. A. & Buckley, B. A. Transcriptomic responses to environmental temperature in eurythermal and stenothermal fishes. J.
Exp. Bio. 218, 1915-1924 (2015).

14. Podrabsky, J. E. & Somero, G. N. Changes in gene expression associated with acclimation to constant temperatures and fluctuating
daily temperatures in an annual killifish Austrofundulus limnaeus. J. Exp. Bio. 207, 2237-2254 (2004).

15. Gasch, A. P. et al. Genomic expression programs in the response of yeast cells to environmental changes. Mol. Biol. cell 11,
4241-4257 (2000).

16. Kiiltz, D. Evolution of the cellular stress proteome: from monophyletic origin to ubiquitous function. J. Exp. Bio. 206, 3119-3124
(2003).

17. Van Straalen, N. M. & Roelofs, D. An introduction to ecological genomics. (Oxford University Press, 2012).

18. Lenz, P. H. et al. De novo assembly of a transcriptome for Calanus finmarchicus (Crustacea, Copepoda)-the dominant zooplankter
of the North Atlantic Ocean. PloS one, 9(2), €88589 (2014).

19. Nagalakshmi, U., Waern, K. & Snyder, M. RNA-Seq: a method for comprehensive transcriptome analysis. Curr. Protoc. Mol. Biol.,
4-1, doi: 10.1002/0471142727.mb0411s89 (2010).

20. Wang, Y. et al. Evaluation of the coverage and depth of transcriptome by RNA-Seq in chickens. BMC Bioinformatics 12, S5
(2011).

21. Roncalli, V., Cieslak, M. C., Passamaneck, Y., Christie, A. E. & Lenz, P. H. Glutathione S-Transferase (GST) Gene Diversity in the
Crustacean Calanus finmarchicus-Contributors to Cellular Detoxification. PloS one, 10, 5, €0123322 (2015).

22. Miralto, A. et al. The insidious effect of diatoms on copepod reproduction. Nature 402, 173-176 (1999)

23. Ianora, A. et al. Aldehyde suppression of copepod recruitment in blooms of a ubiquitous planktonic diatom. Nature 429, 403-407
(2004).

24. Campbell, R., Runge, J. & Durbin, E. Evidence for food limitation of Calanus finmarchicus production rates on the southern flank of
Georges Bank during April 1997. Deep Sea Res. Part II Top. Stud. Oceanogr. 48, 531-549 (2001).

25. Feder, M. E. & Hofmann, G. E. Heat-shock proteins, molecular chaperones, and the stress response: evolutionary and ecological
physiology. Annu. Rev. Physio. 61, 243-282 (1999).

26. Stillman, J. H. & Hurt, D. A. Crustacean genomics and functional genomic responses to environmental stress and infection.
Physiology 4, 420 (2015).

27. Poynton, H. C. et al. Daphnia magna ecotoxicogenomics provides mechanistic insights into metal toxicity. Environ. Sci. Technol. 41,
1044-1050 (2007).

28. Poynton, H. C. et al. Toxicogenomic responses of nanotoxicity in Daphnia magna exposed to silver nitrate and coated silver
nanoparticles. Environ. Sci. Technol. 46, 6288-6296 (2012).

29. Willoughby, L. et al. A comparison of Drosophila melanogaster detoxification gene induction responses for six insecticides, caffeine
and phenobarbital. Insect Biochem. Mol. Biol. 36, 934-942 (2006).

30. Asselman, J. et al. A. Identification of pathways, gene networks, and paralogous gene families in Daphnia pulex responding to
exposure to the toxic cyanobacterium Microcystis aeruginosa. Environ. Sci. Technol. 46(15), 8448-8457 (2012).

31. Dutz, J. Alexandrium lusitanicum: relationship between feeding and egg production. Mar. Ecol. Prog. Ser. 175, 97-107 (1998).

32. Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 10, R25 (2009).

33. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26, 139-140 (2010).

34. Conesa, A. et al. Blast2GO: a universal tool for annotation, visualization and analysis in functional genomics research. Bioinformatics
21, 3674-3676 (2005).

Acknowledgements

We wish to extend our appreciation to the many colleagues who generously contributed to this study from
the initial planning stages to its completion. We would like to thank Daniel K. Hartline, Andrew E. Christie,
Erica Goetze, Michael G. Hadfield and Ann Castelfranco from the University of Hawaii at Manoa; Jefferson
T. Turner from the University of Massachusetts Dartmouth, and Benjamin L. King from Mount Desert
Island Biological Laboratory; Myriam Belanger and Roger Nilsen from the Georgia Genomics Facility at
the University of Georgia; Le-Shin Wu, Carrie Ganote and Thomas Doak from National Center for Genome
Analysis Support (NCGAS) at Indiana University. This research was supported by the National Science
Foundation Grants OCE-1040597 and OCE-1235549 to Petra Lenz, the Cades Foundation of Honolulu
to Daniel K. Hartline and Mount Desert Island Biological Laboratory’s David W. Towle Fellowship 2012
to Vittoria Roncalli. The views expressed herein are those of the authors and do not reflect the views of
the funding agencies. This is the University of Hawaii at Manoa School of Ocean and Earth Science and
Technology contribution Number 9601.

Author Contributions
Conceived and designed the experiments: V.R. and PH.L. Performed the experiments: V.R. and PH.L. Analyzed
the data: V.R., PH.L. and M.C.C. Wrote the paper: V.R. and PH.L.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Roncalli, V. et al. Transcriptomic responses of the calanoid copepod Calanus
finmarchicus to the saxitoxin produci ng dinoflagellate Alexandrium fundyense. Sci. Rep. 6,25708; doi: 10.1038/
srep25708 (2016).

SCIENTIFICREPORTS | 6:25708 | DOI: 10.1038/srep25708 12


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the material. To view a copy
of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS |6:25708| DOI: 10.1038/srep25708 13


http://creativecommons.org/licenses/by/4.0/

	Transcriptomic responses of the calanoid copepod Calanus finmarchicus to the saxitoxin producing dinoflagellate Alexandrium ...
	Results

	Sequencing, mapping and differential gene expression. 
	Differential gene expression as a function of time. 
	Functional annotation of differentially expressed genes (DEGs). 
	Evidence for cellular stress response (CSR) at 2 days. 
	Evidence of cellular homeostatic response (CHR) at 5 days. 
	Detoxification. 
	DEGs shared across all experimental conditions. 

	Discussion

	Methods

	Field collection and maintenance of Calanus finmarchicus. 
	Experimental design. 
	RNA extraction, gene library preparation and sequencing. 
	Mapping of short reads and identification of differentially expressed genes (DEGs). 
	Functional annotation. 
	Data availability. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Venn diagrams of differentially expressed genes (DEGs) in C.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Magnitude of response of differentially expressed genes (DEGs) in C.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Differential expression of stress related genes.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Differential expression for energy metabolism and growth related genes.
	﻿Table 1﻿﻿. ﻿ Experimental treatments: daily food added to C.
	﻿Table 2﻿﻿. ﻿  Summary of differentially expressed genes (DEGs) in C.
	﻿Table 3﻿﻿. ﻿  Gene Ontology (GO) enrichment analysis of up-and down-regulated genes in C.
	﻿Table 4﻿﻿. ﻿  Gene Ontology (GO) enrichment analysis of down-regulated genes in C.
	﻿Figure 5﻿﻿. ﻿  List of detoxification enzymes differentially expressed in C.
	﻿Figure 6﻿﻿. ﻿ DEGs shared across all experimental conditions.



 
    
       
          application/pdf
          
             
                Transcriptomic responses of the calanoid copepod Calanus finmarchicus to the saxitoxin producing dinoflagellate Alexandrium fundyense
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25708
            
         
          
             
                Vittoria Roncalli
                Matthew C. Cieslak
                Petra H. Lenz
            
         
          doi:10.1038/srep25708
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25708
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25708
            
         
      
       
          
          
          
             
                doi:10.1038/srep25708
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25708
            
         
          
          
      
       
       
          True
      
   




