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Purpose: The IPCC has reasserted the strong influence of anthropogenic CO2 contributions on global climate
change and highlighted the polar-regions as highly vulnerable. With these predictions the cold adapted fauna
endemic to the Southern Ocean, which is dominated by fishes of the sub-order Notothenioidei, will face consid-
erable challenges in the near future. Recent physiological studies have demonstrated that the synergistic
stressors of elevated temperature and ocean acidification have a considerable, although variable, impact on
notothenioid fishes. The present study explored the transcriptomic response of Pagothenia borchgrevinki to
increased temperatures and pCO2 after 7, 28 and 56 days of acclimation. We compared this response to short
term studies assessing heat stress alone and foretell the potential impacts of these stressors on
P. borchgrevinki's ability to survive a changing Southern Ocean.
Results: P. borchgrevinki did demonstrate a coordinated stress response to the dual-stressor condition, and even
indicated that some level of inducible heat shock response may be conserved in this notothenioid species.
However, the stress response of P. borchgrevinki was considerably less robust than that observed previously in
the closely related notothenioid, Trematomus bernacchii, and varied considerably when compared across differ-
ent acclimation time-points. Furthermore, the molecular response of these fish under multiple stressors
displayed distinct differences compared to their response to short term heat stress alone.
Conclusions: When exposed to increased sea surface temperatures, combined with ocean acidification,
P. borchgrevinki demonstrated a coordinated stress response that has already peaked by 7 days of acclimation
and quickly diminished over time. However, this response is less dramatic than other closely related
notothenioids under identical conditions, supporting previous research suggesting that this notothenioid species
is less sensitive to environmental variation.
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1. Background

In its fifth assessment, the Intergovernmental Panel on Climate
Change (IPCC) confirmed that human influence on the global climate
system is clear and growing, with average land and sea surface temper-
atures already exhibiting a warming of approximately 0.85 °C over the
period from 1880 to 2012 (Pachauri et al., 2014). While the IPCC antic-
ipates that these changes will have severe, pervasive, and irreversible
impacts on all ecosystems; the polar environments, including the
Southern Ocean surrounding Antarctica, may be affected to a greater
extent by global climate change (Pachauri et al., 2014). Though the
Southern Ocean has recently experienced a degree of warming (Gille,
2002), it still represents an extremely cold and oceanographically stable
environment with fauna that has adapted to this unique environment
es@sonoma.edu (S.P. Place).
(Eastman, 1991, 1993; Ritchie et al., 1997; Rogers et al., 2007). Due to
its unique and extreme nature, there is no foreseeable similar environ-
ment to which its endemic fauna can migrate if the Southern Ocean
undergoes significant change at a rapid pace. Thus, this fauna will likely
have to adapt to the changing environment or face potentially precipi-
tous declines.

The notothenioids, an endemic sub-order of perciform fishes found
in the Southern Ocean, have been thoroughly studied on a physiological
level with a particular focus on the impact of heat stress in these fish
(Bilyk and DeVries, 2011; Bilyk et al., 2012; Davison et al., 1990;
Forester et al., 1987; Pörtner et al., 2005; Robinson and Davison,
2008a,b; Sleadd et al., 2014; Somero and DeVries, 1967). Several
genomic-based studies analyzing thermal stress in notothenioids have
also been more recently conducted, elucidating the transcriptomic
response to one of the potential stressors brought about by global
climate change (Bilyk and Cheng, 2014; Huth and Place, 2013). These
transcriptomic studies, along with several physiological studies
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Table 1
Pagothenia borchgrevinki transcriptome assembly statistics: Statistics for the filtered de
novo assembly were computed on the transcript and gene level. The # of sequences on
the transcript level represent all surviving contiguous sequences, the # of sequences on
the gene level represent the number of putative genes surviving based upon groupings
of homologous transcripts.

Transcript level Gene level

# sequences 83,869 46,176
N50 (bp) 2590 2771
Median length (bp) 1002 998
Mean length (bp) 1533 1589
Total transcriptome length (bp) 128,610,174 73,397,004
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performed on notothenioid fishes, suggest many of these fishes have
retained at least some capacity to acclimate to warmer oceans (Bilyk
and DeVries, 2011; Bilyk et al., 2012; Franklin et al., 2007; Robinson
and Davison, 2008a,b; Robinson et al., 2010; Seebacher et al., 2005).
However, prior results from a variety of marine organisms have indicat-
ed that the variation of multiple environmental stressors simultaneous-
ly may have a greater effect than the sum of individual stressors,
potentially reducing their capacity to respond (O'Donnell et al., 2009;
Rosa and Seibel, 2008; Schulte, 2007). Some more recent studies on
notothenioid fishes have begun to investigate the physiological effects
of multiple stressors on their physiology and have identified similar
synergistic effects when climate change related stressors are co-varied
(Enzor et al., 2013; Enzor and Place, 2014). Furthermore, in one of the
first studies to assess the genome-wide response of a notothenioid
fish to multiple stressors, we noted that the effects of these synergistic
stressors resulted in a prolonged cellular stress response in Trematomus
bernacchii that may reduce the acclimation capacity of this benthic spe-
cies (Enzor and Place, unpublished data). With the understanding that
assessing a species vulnerability to environmental change requires the
consideration of multiple variables (Gutt et al., 2014; Hofmann and
Todgham, 2010) and the assessment of multiple co-regulated processes
(Hofmann and Todgham, 2010; Place et al., 2008), it is clear that further
inquiry into the effects of these synergistic stressors on notothenioids is
necessary.

Application of transcriptome-wide differential gene expression
analyses allows us to examine any number of physiological pathways
separately and in conjunction, and thus further our understanding of
the physiological plasticity of notothenioids to conditions brought
about by global climate change (Bilyk and Cheng, 2014; Huth and
Place, 2013, 2016). To this end, we utilized RNA sequencing (RNA-
seq) to study the molecular effects of the synergistic stressors of elevat-
ed temperature and ocean acidification (OA) on the cryopelagic
notothenioid, Pagothenia borchgrevinki, with the goal of assessing the
potential ramifications of global climate change as forecasted by the
IPCC (Pachauri et al., 2014). In doing so, we were also able to compare
the longer-term effects of synergistic stressors against the acute effects
of heat stress in P. borchgrevinki (Bilyk and Cheng, 2014) to assess the
additional impacts of duration and multiple stressors, as well as assess
the overall physiological plasticity of P. borchgrevinki under these
conditions.

2. Results and discussion

2.1. Sequencing and quality control

Paired end sequencing of 150 bp paired-end reads of all 23 individ-
ual samples (derived from one Illumina HiSeq 2500 Rapid Run lane)
yielded an average of 28,930,437 paired-end reads (s.d. = 5,166,515)
per sample. After aggressive quality control to ensure high quality
input data for assembly, where reads exhibiting overall low quality
and reads orphaned from their pairs were eliminated, an average of
66.4% of input reads remained (s.d. = 1.28%) Resulting quality
controlled samples possessed an average of 19,238,626 paired end
reads (s.d. = 3,549,213) for input into the assembly.

Single end sequencing of 100 bp reads of all 23 individual samples
on two Illumina HiSeq 2500 Rapid Run lanes yielded an average of
25,850,311 single reads (s.d. = 4,609,844). Quality control removed
single reads that exhibited overall low quality, however, read quality
was generally high with an average of 89.5% of reads surviving the
quality control screening (s.d. = 0.14%). Following quality control the
individual samples possessed an average of 23,203,167 single end
reads (s.d. = 4,139,946). Although this depth of sequencing is below
the suggested threshold for rare transcript identification and analysis,
it is thought to be sufficient for the analysis of commonly expressed
genes that underlie a majority of the physiological responses we
aimed to capture in this study (Sims et al., 2014). Given the rapidly
diminishing payoff associated with sequencing depths above ~10 M
reads/sample (Vijay et al., 2013) we opted to sacrifice total read depth
in order to increase biological replication and achieve a better represen-
tation of the variation among individuals within a population.

2.2. Reference transcriptome assembly and annotation

Following de novo assembly the transcriptome consisted of 474,450
transcripts (contigs) and 276,892 ‘genes’ (unique gene products
including all related transcripts) with a median transcript length of
484 bp, mean transcript length of 1050 bp and N50 of 3356 bp (Supple-
mentary Fig. 1). Following transcript compacting to eliminate redun-
dant sequences, 278,744 transcripts and 205,132 genes remained
(median = 410 bp, mean = 743 bp, N50 = 1746 bp). Lastly, RSEM
filtering applying a minimum expression threshold of FPKM ≥1 to
remove transcripts with very low expression produced a final reference
trascriptome containing 83,869 transcripts and 46,176 genes with a
median transcript length of 1002 bp, mean transcript length of
1533 bp and N50 of 2590 bp (Table 1).

BLASTx searches yielded hits for 59,012 transcripts (70.4%), which
represented 28,729 hits on the gene level (62.2%, Table 2). Gene
Ontology annotation yielded a total of 38,497 transcripts (65.2%) with
assigned GO Terms, representing 19,577 GO annotated genes (68.1%,
Table 2).

2.3. Transcriptomic comparisons

De novo assemblies of other teleostfish sequencedwith similar tech-
nology, assembled with the Trinity de novo assembler, and pruned in a
similar manner generated equivalent results to the current tran-
scriptome with 44,990 genes in Oncorhynchus mykiss (Pierson et al.,
2004), and 96,641 transcripts and 54,429 genes from the head kidney
of T. bernacchii (Gerdol et al., 2015).

Additionally, comparisons to a previously assembled transcriptome
of P. borchgrevinki from Bilyk and Cheng (2013) demonstrated a high
degree of similarity between the two transcriptomes. The previous
transcriptome assembly conducted by Bilyk and Cheng (2013) for
P. borchgrevinki contained 39,758 contigs in the final pruned
transcriptome, similar to the 46,176 genes found in the current tran-
scriptome assembly. Direct comparisons of sequence homology
(BLAST cutoff = 10E−3) using the current reference transcriptome as
query sequences against a database composed of the contigs from
Bilyk and Cheng (2013) resulted in 70,915 transcripts with a BLAST
result or a 84.6% match rate. GO Slim comparisons further confirmed
the high degree of homology between these two transcriptomes, with
both transcriptomes demonstrating similar distributions of the GO
terms for biological process, cellular component, and molecular func-
tion categories (Fig. 1). The small differences foundwithin the BLAST re-
sults and GO distribution are likely attributable to tissue specific
differences in gene expression. The current reference transcriptome
was assembled solely from RNA extracted from gill tissue, whereas the
previously published P. borchgrevinki transcriptome was assembled



Table 2
Pagothenia borchgrevinki transcriptome annotation statistics: Statistics for the filtered de
novo assembly were computed on the transcript and gene level. The # of sequences of
the transcript level represent all surviving contiguous sequences, the # of sequences on
the gene level represent the number of putative genes surviving based upon groupings
of homologous transcripts.

Transcript level Gene level

Total 83,869 46,176
GO annotation 38,497 19,577
Blast only 20,515 9152
No annotation result 24,857 17,447
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from RNA extracted from gill, liver, brain, white muscle, spleen, head
kidney, gill and lens (Bilyk and Cheng, 2013).

2.4. Transcriptome level differential gene expression analysis

Mappings of the trimmed reads to the reference transcriptome
yielded an average of 21,009,072 mapped reads per sample (s.d. =
3,691,533) representing an averagemapping rate of 90.5% (s.d.= 0.5%).

The overall trends observed in the gene expression patterns of
P. borchgrevinki were similar to the trends previously observed in a
closely related notothenioid, T. bernacchii (Huth and Place, 2016). How-
ever, the overall magnitude of change observed in P. borchgrevinki was
much lower than that previously observed in T. bernacchii (Huth and
Place, 2016). Of the roughly 46,000 gene products in our transcriptome,
we identified a total of 3872 differentially expressed (DE) gene products
demonstrating at least a two-fold change in expression (FDR ≤ 0.05) in
fish acclimated to the dual-stressor treatment relative to control fish.
The greatest number of differentially expressed genes (923) was ob-
served in fish acclimated to the dual-stressor treatments for 7 days rel-
ative to 7-day control fish, of which, 665 geneswere up-regulatedwhile
258 were down-regulated in the gills of these fish. This was nearly 50%
lower than the total number of DE genes identified in P. borchgrevinki
after 4 days of acclimation to an acute thermal stress alone (Bilyk and
Cheng, 2014). The number of DE genes observed in dual-stressor accli-
mated fish relative to control fish at the 28-day time point fell to 372
(221 up-regulated and 151 down-regulated) and then rose again at
Fig. 1. P. borchgrevinki transcriptome level GO comparison: A comparison of the GO term
P. borchgrevinki transcriptome assembly and annotation conducted by Bilyk and Cheng (20
comparison, the data bars represent the proportion of terms assigned to the specific GO term l
the 56-day time point which exhibited 606 DE genes in the dual-
stressor acclimated fish relative to control specimens (220 up-
regulated and 386 down-regulated).

Pairwise comparison of gene expression profiles across treatments
and time-points indicated a high level of correlation between
individuals within the same acclimation group which suggests the
dual-stressor treatment had a significant impact on the physiology of
the fish over both short and long time scales (Fig. 2). However, a high
level of correlation was not observed between the dual-stressor treat-
ments at different time-points (Fig. 2). This indicated that the gene
level response of P. borchgrevinki to the effects of elevated sea surface
temperature and OA changes significantly over time. (See Fig. 2.)

2.5. Transcriptome-wide gene ontology analysis

Comparison of GO terms within the broad molecular function cate-
gory revealed increases in genes responsible for ATP binding, metal
ion binding, protein binding, DNA transcription factor activity, zinc ion
binding and chemokine activity for fish in the 7-day dual-stressor
acclimation group relative to control fish from the same time point
(Supplemental Fig. 2). Additionally, the gill tissue of fish in the 7-day
dual-stressor acclimation group demonstrated relatively high levels of
gene up-regulation in the biological processes: chemotaxis, immune
response, protein ubiquitination, pyrimidine metabolism, regulation of
transcription, and signal transduction relative to control fish (Supple-
mental Fig. 3). Interestingly, despite observing nearly one thousand
genes that displayed differential expression between the control and
dual-stressor groups at the 7-day time point, Fisher's exact tests did
not reveal any over-represented GO terms at any treatment or time-
point (FDR b 0.05). These findings differed substantially from those for
T. bernacchii specimens acclimated to the same conditions (Huth and
Place, 2016) as well as specimens of P. borchgrevinki acclimated to a 2-
day and 4-day thermal stress alone (Bilyk and Cheng, 2014). On the sur-
face, these results may be an indication that themajor cellular response
to the dual-stressors has already passed, whichwould suggest the accli-
mation period is much shorter in this notothenioid species.
Alternatively, the additional stress associated with OAmay have result-
ed in a more muted transcriptional response as severe hypercapnia has
distribution for the broad category of molecular function is provided for the previous
14) and the current transcriptome assembly and annotation. To provide a more direct
isted along the x-axis out of all GO terms within that broad category.

Image of Fig. 1


Fig. 2. Sample level gene expression correlationmatrix: The correlationmatrix demonstrates the level of transcriptomewide gene expression correlation from 0 to 1, with 0 indicating no
correlation and 1 indicating an identical expression profile. The current correlation matrix is indexed between 0.5 and 0.9 with black representing a correlation of 0.5 and yellow
representing a correlation of 0.9. Cluster dendrograms are provided to demonstrate the relationships between the expression profiles of each individual sample.

Fig. 3. Pathway expression summary: The number of differentially expressed genes (FDR ≤ 0.05) for the biological process gene ontology categories: response to stress (GO:0006950),
immune system process (GO:0002376), homeostatic process (GO:0042592), carbohydrate metabolic process (GO:0005975), lipid metabolic process (GO:0006629), cell proliferation
(GO:0008283) and cell death (GO:0008219) are shown for each dual-stressor treatment as compared to the control for the 7d, 28d and 56d time-points. A bar above the black line
indicates the number of up-regulated genes within that GO category, whereas the bar below the black lines indicates the number of down-regulated gene within that GO category.
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been shown to dampen physiological responses and result in metabolic
depression (Langenbuch and Pörtner, 2003; Pörtner and Langenbuch,
2005; Pörtner et al., 1997; Strobel et al., 2012). As such, the data could
be evidence of changes in protein turn-over strategies or acid–base
regulation not observable at the level of the transcript.

In addition to the Gene Ontology analysis, we also performed a sec-
ond transcriptomewide analysis using the KEGGpathwaymapping tool
(Kyoto Encyclopedia of Genes and Genomes, Kanehisa et al., 2014). This
Table 3
Enriched KEGG pathways in dual-stressor acclimated fish. The top 10 pathways identified in
the Danio rerio KEGG database using the pathway mapper tool. Numbers in the colored
columns represent the total number of differentially expressed genes (DE) with a ≥2.0-
fold increase (yellow) or decrease (blue) in expression relative to control fish from the
same time point (FDR ≤ 0.05).

7day up–regulated pathways DE genes 7day down–regulated pathways DE genes

Metabolic pathways 17 Exosome 8

Toll–like receptor signaling
pathway

8 Protein phosphatases 5

MAPK signaling pathway 6 Transcription factors 5

Protein processing in ER 6 Chromosome 5

RIG–I–like receptor signaling
pathway

6 Cellular antigens 3

AGE–RAGE signaling pathway 5 Peptidases 2

Cytosolic DNA–sensing
pathway

5 Transporters 2

NOD–like receptor signaling
pathway

5 DNA repair and recombination 2

Cytokine–cytokine receptor
interaction

4 Mitochondrial biogenesis 2

Apoptosis 4 Messenger RNA biogenesis 2

28day up–regulated pathways DE genes 28day down–regulated pathways DE genes

Metabolic pathways 4 Metabolic pathways 2

Fructose and manose
metabolism

2 Terpenoid biosynthesis 2

Glycolysis/gluconeogenesis 2 SNAREs 1

Pyruvate metabolism 1 Cell adhesion molecules 1

Oxidative phosphorylation 1 AGE–RAGE signaling pathway 1

TOLL–like receptor signaling 
pathway

1 Steroid hormone biosynthesis 1

p53 signaling pathway 1 MAPK signaling pathway 1

NOD–like receptor signaling
pathway

1 Purine metabolism 1

Pentose phosphate pathway 1 Calcium signaling 1

Apoptosis 1 Fatty acid metabolism 1

56day up–regulated pathways DE genes 56day down–regulated pathways DE genes

Metabolic pathways 11 Metabolic pathways 7

Purine metabolism 4 Steroid biosynthesis 3

Oxidative phosphorylation 3 RNA transport 3

Spliceosome 2 Apoptosis 2

Steroid hormone biosynthesis 2 p53 signaling pathway 2

Calcium signaling pathway 2 RNA degradation 1

Regulation of actin skeleton 2 GnRH signaling pathway 1

Glycolysis/gluconeogenesis 1 Glycolysis/gluconeogenesis 1

Glycosphingolipid biosynthesis 1 Tyrosine metabolism 1

Nicotinate and nicotinamide
metabolism

1 Calcium signaling pathway 1
pathway analysis largely supported the results of the GO analysis, indi-
cating a number of differentially expressed genes involved in signaling
cascades primarily associated with inflammatory responses (Table 3).
These pathways included Toll-like receptor signaling pathways (8
genes), RIG-I-like receptor signaling pathways (8 genes), the p38/JNK
MAP kinase signaling pathways (6 genes), NOD-like receptor signaling
pathways (5 genes) and the JAK/STAT signaling pathways (5 genes).
In addition to these related signaling pathways, KEGG mapping of
differentially expressed genes highlighted a number of genes with
related functions associated with regulation of apoptosis (4 genes),
protein processing in the ER (6 genes) and genes involved in metabolic
processes such as glycolysis (5 genes) and oxidative phosphorylation (5
genes) (Supplementary Table 1).

Organisms experiencing environmental stress can often display two
conserved responses, a rapid, transient response known as the cellular
stress response (CSR) and a more permanent response termed the
cellular homeostasis response (CHR) (Kültz, 2005). Given the differ-
ences in gene expression patterns observed within fish acclimated to
the dual-stressor treatments for varying amounts of time, it is likely
the DE genes observed in fish acclimated to both stresses for 7 days
compared to 28-day and 56-day acclimated fish from the dual-stressor
treatments highlights the transition from the CSR to the CHR, and are
representative of both the immediate and long-term adjustments
necessary to cope with these environmental conditions. As such, we
performed amore detailed analysis of gene pathways involved in sever-
al biological processes generally associated with cellular homeostasis
and response to stress (Almroth et al., 2015; Bilyk et al., 2012; Enzor
and Place, 2014; Enzor et al., 2013; Gerdol et al., 2015; Huth and Place,
2013; Kültz, 2005; Robinson and Davison, 2008a).

3. Pathway specific responses

3.1. Immune system processes

Of all the gene ontology categories considered, immune responses
and stress responses displayed the greatest number of DE genes,
although the total number of DE expressed genes in any GO category
was a fraction of that observed in other species.

For theGO Slim category immune systemprocess (GO: 0002376), 44
of the 471 genes associated with immune response in the reference
transcriptome were differentially regulated in the fish acclimated to
both stressors compared to the control fish (FDR ≤ 0.05) for at least
one time-point (Fig. 3, Supplementary Table 2). Fish in the 7-day dual-
stressor group demonstrated the largest number of DE genes relative
to control fish at the same time point with 31 total, of which 28 are
up-regulated and 3 down-regulated. This strong initial response un-
dergoes a substantial reduction with 9 differentially expressed genes
in the dual-stress acclimated fish at the 28-day time-point (8 up-
regulated, 1 down-regulated) and only 5 at 56 days (4 up-regulated, 1
down-regulated) relative to control fish samples at the same time
points.

The initial up-regulation of immune system related genes is consis-
tent with a broader suite of changes associated with the cellular stress
response and is highlighted by the up-regulation of a diverse family of
chemokines (Supplementary Table 2). The chemokine super family
plays a central role in recruiting various elements of the immune system
including monocytes, macrophages, t-cells, neutrophils, and natural
killer (NK) cells (Cole et al., 1998; Robertson, 2010; Weber et al.,
2011; Wuyts et al., 1997). By the 28-day time-point we no longer
observed an up-regulation of any of these chemokines in fish from the
dual-stressor treatment, but did observe a large-scale up-regulation of
SAMHD1 in these fish, which may play a role in mediating pro-
inflammatory responses to TNF-alpha signaling.

While it is possible that the immune response observed in fish accli-
mated to the dual-stressor treatment is in response to a latent infection
that is able to manifest due to the effects of elevated temperature and

Unlabelled image


Fig. 4. Integration of the inflammatory signaling response: KEGG pathway analysis highlighted a number of conserved cell signaling cascades that produce an integrated inflammatory
immune response among vertebrates and may provide insight into the unexpected changes in HSP90 expression. Among the pathways that appeared to be enriched for differentially
expressed genes in T. bernacchii when acclimated to the dual-stressor treatment include the Toll-like receptor signaling pathway (TLR), NOD-like receptor signaling pathway (NRL)
and the MAP kinase p38/ JNK signaling pathway (MAPK) whose simplified signaling cascades are represented in the grey boxes. Oxidative damage from environmental stress may
directly activate the NLR by recruiting HSP90, an inhibitor of NALP3. ROS may also indirectly activate the TLR pathway via production of damage-associated molecular pattern
molecules (DAMPs). Pro-inflammatory cytokines activated by the TRL and NRL pathways converge on the MAPK pathway, resulting activation of pro-apoptotic signals and negative
feedback loops. Colored boxes represent genes annotated in the transcriptome of T. bernacchii that are up-regulated (yellow), down-regulated (blue), or displayed no change in
expression (green).
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pCO2 on P. borchgrevinki, the inflammation response observed here is
more likely associated with intracellular damage to macromolecules.
P. borchgrevinki has been shown to exhibit a significant increase in
oxidative damage after a 7-day acclimation to elevated temperature
and pCO2 (Enzor and Place, 2014). Furthermore, the nuclear transcrip-
tion factor κB (NF-κB) has been implicated in the transcriptional
up-regulation of inflammatory genes in response to oxidants or changes
in cellular oxidation–reduction status (Hennet et al., 1993;
Schulze-Osthoff et al., 1992). Thus, the more likely scenario is that
wide spread cellular damage and remodeling are activating these
pathways.

3.2. Response to stress

In teleost fish, environmental perturbation of cellular homeostasis is
often marked by a massive transcriptional up-regulation of genes
associated with a conserved cellular stress response (CSR) (Buckley
et al., 2006; Gracey et al., 2001; Jeffries et al., 2014; Podrabsky and
Somero, 2004; Tomalty et al., 2015). Although P. borchgrevinkidisplayed
a clear stress response at the level of the transcript, this response was
significantly muted in comparison to other fish species. Of the 696
total genes associated with the GO category response to stress (GO:
0006950) found in the reference transcriptome, only 30 transcripts
displayed significant changes in expression (FDR ≤ 0.05) in at least
one of the dual-stressor treatments relative to control fish (Fig. 3, Sup-
plementary Table 3). In contrast, a closely related species, T. bernacchii,
showed nearly four-times as many DE genes in this GO category after
a 7-day acclimation to the same treatment (Huth and Place, 2016).
/

Typically the teleost heat shock response involves 3 major HSP
families: HSP90, HSP70 and the small HSPs (Basu et al., 2002). However,
notothenioids have consistently demonstrated the lack of an inducible
heat shock response (Bilyk and Cheng, 2014; Buckley et al., 2004;
Buckley and Somero, 2009; Huth and Place, 2013; Place and Hofmann,
2005; Place et al., 2004). Even more striking, significant down-
regulation of HSPs has been observed in P. borchgrevinkiwhen exposed
to thermal stress alone for 2 days and 4 days (Bilyk and Cheng, 2014)
and T. bernacchii after 28 days (Huth and Place, 2013). Overall, the
lack of significant changes in mRNA levels held true for the majority of
HSP families annotated in our transcriptome, including HSP70. Howev-
er, in the first known deviation from this apparent lack of an inducible
HSR in an archetypal notothenioid, we observed a significant up-
regulation of two contigs encoding HSP90α (4.9- and 6.4-fold) in fish
acclimated to the dual-stressor treatment for 7 days. This was a highly
unexpected finding given the number of pre-existing studies that have
not observed stress inducible changes in this molecular chaperone in
notothenioid fishes (Bilyk and Cheng, 2014; Buckley and Somero,
2009; Hofmann et al., 2000; Huth and Place, 2013). Further analysis of
the expression patterns of all HSP90 contigs represented in the annotat-
ed transcriptome found 4 of the total 6 HSP90 contigs displayed a 2-fold
or greater increase in transcript abundance in fish acclimated to the
dual-stressor relative to control fish at the 7-day time-point. The re-
maining 2 contigs displayed 1.2–1.4 fold changes. Of the 4 contigs
displaying a ≥2-fold increase, only 2 contigsmet theminimum FDR cut-
off of ≤0.05, with the other two raging from 0.051–0.2. Thus, although
the change in expression fails to approach anything close to the robust
induction seen in temperate species (Buckley et al., 2004), it appears

Image of Fig. 4
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the increase in HSP90 transcript observed here in P. borchgrevinki is not
likely a sequencing artifact. By 28 days of acclimation, this up-regulation
of HSP90α is reversed, and in fact, all 6 representative contigs display
down-regulation in fish exposed to the dual-stressor relative to control
fish, with changes in expression ranging from−1.1 to−3.5-fold. How-
ever, of the six annotated contigs, only a single HSP90α contig displayed
a FDR below 0.05 andwith at least a 2-fold change in expression relative
to control fish (−3.4-fold down-regulation, FDR = 0.004) while a sec-
ond contig displayed a−3.5-fold down-regulation with a FDR= 0.051.

The initial up-regulation of HSP90α at the 7-day time-point contrasts
with HSP90α expression levels of P. borchgrevinki found in Bilyk and
Cheng (2014) where HSP90αwas found to be down-regulated 3.2–3.9-
fold after acclimation to 4 °C for 4 days. Given the differences in treatment
(single vs. dual-stressors), acclimation time (4 days vs 7 days) and tissue
(liver vs gill), it is difficult to postulate what underlies these contrasting
expression results. However, HSP90 is thought to support the proper fold-
ing of large protein complexes primarily involved in signal transduction
(Young et al., 2001). In addition, HSP90 plays a critical autoinhibitory
role in theNOD-like receptor (NLR) signalingpathway involved in inflam-
matory responses to reactive oxygen species, maintaining NALP3 in a sta-
ble, inactive form in the cell. Oxidative damage can recruit HSP90 away
from NALP3, which in turn activates the processing of pro-inflammatory
cytokines by caspase 1 and the downstream integration of signals with
the MAP kinase pathways (Fig. 4) Mayor et al., 2007; da Silva Correia
et al., 2007). The up-regulation of HSP90 may act in a negative feedback
loop, shutting off NLR signaling (Fig. 4). Thus, the observed prevalence
of signaling cascades highlighted in the KEGG analysis, especially the
NLR signaling pathway in particular, may provide a potential link to the
mechanisms underlying the unexpected change in HSP90 expression
when inflammatory responses are prolonged.
3.3. Cell proliferation and death

Under severe stress, a slowing of cell proliferation can frequently be
observed, presumably to ensure sufficient time for DNA repair to proceed
and potentially conserve cellular resources. Such a slowing, in addition to
a reduction in translation, was observed in P. borchgrevinki after 4 days of
thermal stress (Bilyk and Cheng, 2014). Upon extending the acclimation
period to 7 days, we observed signs that this slowdown had persisted in
P. borchgrevinki when acclimated to dual-stressors. Several suppressors
of cytokine signaling (SOCS), which inhibit the JAK/STAT and growth fac-
tor signaling pathways (Cooney, 2002), are up-regulated (+3.3-fold,
+3.0-fold, +3.3-fold) in the 7-day dual-stressor treatment relative to
control fish (Supplementary Table 4). The pathway analysis using KEGG
maps further highlights the negative regulation of cell proliferation with
the activation of multiple genes implicated in the p38/JNK MAP kinase
signaling pathways that target downstream effectors of cell proliferation,
inflammation and apoptosis (Supplemental Table 1). This trend is not
found in the 28-day time-point, and is reversed in the 56-day time-
point with all three SOCS genes being down-regulated (−2.4-fold,
−2.3-fold,−2.1-fold) in fish experiencing both stresses relative to con-
trol fish (Supplementary Table 4).

Additionally, fish acclimated to the dual-stressor treatment for
7 days demonstrated a strong up-regulation of genes regulating cell
death (10) that continued to be elevated into the 28-day time-point
(4) before reversing at 56 days (5) (Supplemental Fig. 2, Supplementary
Table 5). By 28 days P. borchgrevinki appears to be undergoing elevated
rates of apoptosis (GO:0008219) with the up-regulation of a number of
genes encoding caspase-8 (+20.6-fold, +3.8-fold, +2.5-fold, +2.0-
fold), which is thought to be a cellular tipping point in apoptosis initia-
tion (Kruidering and Evan, 2000). These changes at the level of the
transcriptome coincide with measurements of cellular damage in
these same fish. We have previously reported levels of protein damage
spike within the first 7 days of acclimation to the dual-stressor treat-
ment but return to basal levels by 56 days (Enzor and Place, 2014).
3.4. Carbohydrate and lipid metabolism

Given the significant energetic costs often associated with the CSR,
increased metabolic capacity and mobilization of energy stores
frequently accompanies the up-regulation of stress response genes
(Buckley et al., 2006; Gracey et al., 2001; Hennet et al., 1993; Jeffries
et al., 2014; Logan and Somero, 2011; Podrabsky and Somero, 2004;
Schulze-Osthoff et al., 1992, 1993; Tomalty et al., 2015). Nevertheless,
P. borchgrevinki displayed little change in metabolic pathways despite
displaying elevated rates of oxygen consumption after acclimation for
28 days (Enzor et al., 2013) and 56 days (Enzor and Place, unpublished
data). The analysis of significant changes in mRNA expression for genes
associated with the GO Slim category lipid metabolic process (GO:
0006629) (Fig. 3, Supplementary Table 6) yielded a total of 589 genes
associated with this term, 13 of which were significantly differentially
expressed (FDR ≤ 0.05) at one or more time-points in fish acclimated
to the dual-stressor treatment relative to control fish at the same time
point. Fish in the 7-day dual-stressor time-point showed the up-
regulation of 4 genes involved in lipid metabolism (cis-aconitate decar-
boxylase,+5.0-fold; endothelial lipase, LIPG,+1.9-fold; cholesterol 25-
hydroxylase, CH25H, +1.8-fold; long-chain acyl-synthetase, ACSL,
+1.4-fold). Aside from ACSL, which continues to be up-regulated into
the 28-day time-point (+2.3-fold), the majority of the changes in
lipid metabolism are reversed in the 28-day or 56-day acclimation
groups, suggesting an early energetic cost that quickly returns to basal
levels (Fig. 3, Supplementary Table 6). This is supported byphysiological
data collected on these same specimens. Analysis of lipid levels in the
liver aswell aswhole organismcondition indices revealed no significant
changes in overall fish condition for P. borchgrevinki over the 56-day ac-
climation period (Enzor and Place, unpublished data).

As seen with lipid metabolism, only 14 of the 546 genes associated
with the GO Slim category carbohydrate metabolic process
(GO:0005975) were found to be DE (FDR ≤ 0.05) at one or more time-
points in fish acclimated to the dual-stressor treatment relative to con-
trol fish (Fig. 3, Supplementary Table 7). Most notablywas the observed
up-regulation of enzymes involved in simple sugar metabolism
(phosphomannomutase, PMM2, +2.0-fold; fructose-bisphosphate al-
dolase, ALDOA, +3.1-fold; acetyl-coA, +2.1-fold) at the 28-day time-
point. At 56 days glycolytic pathways still demonstrate some signs of in-
creased activity with the 9-fold up-regulation of beta-enolase-like iso-
form 1 (ENO1).
4. Conclusion

In line with previous single stressor studies, we have demonstrated
that despite lacking a fully functional heat shock response,
P. borchgrevinki does demonstrate a coordinated and consistent re-
sponse to dual-stressors. Although exhibiting many of the hallmarks
of the classical cellular stress response, this response appears to be
diminished in magnitude compared to other species. We further noted
that while previous studies indicated that the short term effects of
heat stress in P. borchgrevinki resulted in the general slowing of cell
cycle progression and protein biosynthesis, the longer time scales
observed in this study indicated that this is likely just a temporary effect.

Together, the GO and KEGG analyses point to a rapid onset of pro-
inflammatory responses in the gills of P. borchgrevinki that likely peaks
between 7 and 14 days as these signals are no longer observed in the
28-day samples. This extended inflammatory responsemay have result-
ed in perhaps the most striking finding of this study, the up-regulation
of the molecular chaperone HSP90. The inflammatory response is
closely followed by a wave of apoptosis peaking around day 28 of
acclimation to the dual-stressor. By day 56 these signals have been
largely reversed, potentially indicating the completion of cellular
remodeling and transition to a more stable, long-term homeostatic
state consistent with the CHR.
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Even though the muted response to elevated temperature and ocean
acidification could be viewed as a reduced capacity to respond, the
whole of the data presented here, along with several earlier studies
investigating individual biochemical and physiological metrics, suggests
P. borchgrevinki may simply exhibit a lower sensitivity to environmental
variation. Our finding that P. borchgrevinki appears capable of up-
regulating one of the major HSP protein families further supports this
idea. To our knowledge, this is the first study to observe elevated
expression of any of the major HSPs in an archetypal notothenioid and
highlights the importance of using longer-term acclimations in combina-
tion with co-variation of multiple stressors in studies assessing the phys-
iological plasticity of polar organisms. Lastly, it is quite clear that there are
strong species-specific differences in response to environmental pertur-
bation based on comparison to T. bernacchii (Huth and Place, 2016). As
such, future studies and discussions of the susceptibility of notothenioid
fish should be cognizant of the possibility that there may not be a gener-
alized pattern of response to stress across Antarctic notothenioids.

5. Methods

5.1. Collection of fish

Specimens of P. borchgrevinki were collected in McMurdo Sound,
Antarctica from September through December, 2012. Fish were caught
using hook and line through 10-in. holes drilled through the sea ice
and transported back to McMurdo Station in aerated coolers where
theywere housed in a flow-through aquariamaintained at ambient sea-
water temperature (−1.5 °C). Fish closely examined for signs of X-cell
infection and then tank-acclimated under ambient conditions for one
week prior to being placed in experimental tanks. Any fish displaying
visible signs of X-cell infection were excluded from the acclimation
experiment described below (this is a primary reason for the control
treatment having a n = 3 fish for 56-day time point). All procedures
were conducted in accordance with the Animal Welfare Act and were
approved by the University of South Carolina Institutional Animal Care
and Use Committee (ACUP protocol # 100377).

5.2. Experimental design

We used four, 1240 L experimental tanks to assess the combined
effects of elevated temperature and pCO2 on P. borchgrevinki. Our two
experimental treatments consisted of a control tank which was held
near ambient conditions for McMurdo Sound (−1 °C and 430 μatm,
Matson et al., 2011) and a high temperature + high pCO2 treatment
(+4 °C/1000 μatm) that encompass a sub-lethal temperature tolerated
by P. borchgrevinki for extended periods of time and near future pCO2

levels predicted by the IPCC. Fish were placed in experimental tanks
and acclimated for a total of 56 days. Over the course of the 56-day ac-
climation period we observed no mortality in any of the treatments.
Five fish per treatment were removed at 7-day, 28-day, and 56-day
time-points (n = 3 fish for the 56-day control group), after which fish
were sacrificed and gill tissues were collected and immediately
flash-frozen in liquid nitrogen. Although we recognize a fully replicated
experimental design is ideal to exclude tank effects as a possible
confounding factor, the constraints of working in Antarctica prevented
us from using this approach. However, our previous analyses show no
Table 4
Seawater parameters collected over the course of the experiment. Temperature, pH (total scale),
incoming seawater as well as experimental treatment tanks using published standard operat
Values are reported as the mean (±s.d.) over the course of the 56-day experiment.

Total alkalinity (μmol/kg sol'n) pHT

Incoming seawater 2343.187 (±8.410) 8.012 (±0
Low temperature + low pCO2 2345.713 (±8.622) 8.001 (±0
High temperature + high pCO2 2350.513 (±8.403) 7.659 (±0
tank effect when treatments were alternated between tanks across
multiple seasons (Enzor et al., 2013; Enzor and Place, 2014).

5.3. Manipulation of seawater conditions

Temperature and pCO2 levels were manipulated within the experi-
mental treatment tanks using a pCO2 generation system first described
by Fangue et al. (2010) and adapted for usewith large-scale applications
and combined with thermostated titanium heaters [Process
Technology, Brookfield CT, USA] (Enzor et al., 2013). Atmospheric air
was pumped through drying columns (filled with drierite) to remove
moisture, and air was scrubbed of CO2 using columns filled with
Sodasorb. Pure CO2 and CO2-free air were then blended using digital
mass flow controllers and bubbled into header tanks that were contin-
uously replenished with ambient seawater using venturri injectors,
which in turn fed into experimental treatment tanks.

Temperature, pH (total scale), salinity, total alkalinity (TA) and
oxygen saturation were measured daily from both incoming seawater
as well as experimental treatment tanks (Table 4). For pCO2 analysis,
we followed the SOP as described in the Best Practices Guide
(Riebesell et al., 2010) for the spectrophotometric determination of
pH using m-cresol purple and measurement of total alkalinity via acid
titration using a computer-controlled T50 Titrator (Mettler Toledo, Co-
lumbus, OH, USA). Temperature wasmeasured with a calibrated digital
thermocouple (Omega Engineering Inc., Stamford, CT, USA) and salinity
was measured using a YSI 3100 Conductivity meter (Yellow Springs,
OH, USA). CO2 calc (Robbins et al., 2010), using the constants of
Mehrbach et al. (1973) as refit by Dickson and Millero (1987), was
used to calculate all other carbonate parameters. Oxygen saturation
was recorded using a galvanic oxygen probe (Loligo Systems,
Denmark). Mean values (±s.d.) of temperature (°C) and pCO2 (μatm)
over the course of the experiment were first reported in Enzor and
Place (2014). Additionally, treatment tanks were sampled daily for the
presence of ammonia, nitrite and nitrates, with no significant increase
in waste products noted over the course of the experiment (data not
shown).

5.4. Tissue collection and RNA extraction

To obtain individual gill-specific expression profiles, we separately
indexed and sequenced RNA samples from gill tissue that had been col-
lected from fish acclimated to the two experimental treatments de-
scribed above (n = 5 fish per treatment, n = 3 in 56-day control) for
7 days, 28 days and 56 days. Immediately after euthanizing the fish, tis-
sues were excised in a −2 °C environmental chamber, flash frozen in
liquid nitrogen, and shipped back to our home institution on dry ice
where they were stored at−80 °C until used. Total RNA from approxi-
mately 100 mg of frozen tissue was extracted using TRIzol (Invitrogen)
following the manufacturer's recommendations. The RNA was further
cleaned by re-suspending in 0.1 ml of RNase/DNase-free water and
adding 0.3 ml of 6 M guanidine HCl and 0.2 ml of 100% ethylalcohol
(EtOH). The entire volume was loaded onto a spin column (Ambion)
and centrifuged for 1 min at 12,000 ×g at 4 °C. Flow-through was
discarded, and filters were washed twice with 0.2 ml 80% EtOH. RNA
was eluted off of the filters twice with 0.1 ml of DEPC-treated water.
RNA was precipitated by the addition of 0.1 vol of 3 M sodium acetate
salinity, total alkalinity (TA) and oxygen saturation (DO) were measured daily from both
ing procedures. These measured values were then used to calculate pCO2 using CO2 Calc.

DO pCO2 (μatm) Temperature (°C)

.021) 91.89 (±3.786) 427.66 (±23.97) −1.03 (±0.152)

.020) 93.80 (±2.465) 432.04 (±22.50) −0.707 (±0.153)

.027) 94.14 (±2.20) 1053.44 (±71.87) 4.03 (±0.316)



95T.J. Huth, S.P. Place / Marine Genomics 28 (2016) 87–97
(pH 5.0) and 2.5 vol of 100% EtOH, mixed by inversion of tubes and
placed at −80 °C for 1 h. After this period, tubes were centrifuged at
12,000 ×g for 20 min at 4 °C. Pellets were washed twice with 80%
EtOH and re-suspended in 30 μl of RNase/DNase-free water. Lastly,
RNA was DNase treated at 30 °C for 10 min.

Total RNA from n= 5 fish (n= 3 in 56-day control) within an accli-
mation treatmentwas submitted to theVaccine andGeneTherapy Insti-
tute (VGTI) Florida for quality assessment and determination of specific
concentration using an Agilent 2100 BioAnalyzer. From the original
samples, the 4 highest quality replicates (n = 3 in 56-day control)
fromeach treatment and time pointwere selected for cluster generation
using the Illumina® TruSeq RNA Sample Prep v2 Hs protocol and
sequencing via an Illumina® HiSeq 2500 Rapid Run initialized for both
paired-end 150 bp reads and single-end 100 bp reads.

5.5. Quality control

Raw reads from each of the twenty-three samples were processed
using Trimmomatic (version Trimmomatic-0.32) (Bolger et al., 2014).
For both paired-end and single-end reads Illumina® TruSeq RNA Sample
Prep v2 HS adapters were removed as well as any bases on the end of the
readswith a PHRED33 score of b20 or any portion of the read that did not
average at least a PHRED33 score of N20 across a minimum span of 4 bp.
Paired-end reads with a length b100 were removed, as well as any reads
that were orphaned during the quality control process; whereas single-
end reads with a length b75 were removed (paired-end Trimmomatic
parameter input: VGTI_Adapters_TruSeq2-PEMultiplex.fa:2:30:10 LEAD-
ING:20 TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:100; single-end
Trimmomatic parameter input: VGTI_Adapters_TruSeq2-
PEMultiplex.fa:2:30:10 LEADING:20 TRAILING:20 SLIDINGWINDOW:
4:20 MINLEN:75).

5.6. Reference transcriptome assembly, annotation and comparison

All paired-end reads surviving quality control were used as input in
the Trinity de novo assembly utility (version trinityrnaseq-2.0.3)
(Grabherr et al., 2011). The Trinity package efficiently recovers full-
length transcripts and spliced isoforms across a range of expression
levels, with less artificially constructed transcripts than other assembly
utilities (Zhao et al., 2011). Assembly was conducted utilizing the
Trinity's default parameters with read normalization (N= 50). Follow-
ing assembly raw transcripts were compacted using CD-HIT-EST (ver-
sion cd-hit-v4.6.1-2012-08-27) (Fu et al., 2012) with a sequence
similarity requirement of 95% to eliminate redundant transcript se-
quences. Then the single ends reads were mapped to the compacted
transcripts utilizing Bowtie2 (Langmead and Salzberg, 2012) with de-
fault parameters; after which RNA-Seq by Expectation–Maximization
(“RSEM” version 1.2.18) (Li and Dewey, 2011) was conducted to gener-
ate calculated fragments per kilobase million (FPKM) values for each
compacted transcript. Compacted transcripts were then filtered with
only those possessing FPKM ≥1 being retained for the final reference
transcriptome.

Transcripts from the final reference transcriptome were used as
query sequences in BLASTx (version: ncbi-blast-2.2.25+) (Camacho
et al., 2009) searches with a minimum confidence value of 10E−6 re-
quired for annotation against the NCBI nr (non-redundant) database
(version May 2015). BLASTx was implemented in a massively parallel
manner utilizing the resources of the Data Intensive Academic Grid
(DIAG). After BLASTx results were obtained, the transcript sequences
and the corresponding BLASTx results were input into the BLAST2GO
utility (Conesa et al., 2005) for further annotation including GO Map-
ping, GO Annotation, Enzyme Code Annotation, and InterproScan
(Jones et al., 2014). GO Slim (Gene Consortium, 2014) annotations
were further generated for broad transcriptome wide comparisons.

Comparisons to an existing P. borchgrevinki transcriptome were
conducted utilizing the transcripts of the current transcriptome as query
sequences in BLASTn against the transcripts of the transcriptome from
Bilyk andCheng (2013) as the databasewith a threshold cutoff of 10E−3.
5.7. Differential gene expression analysis

Using raw mapping counts from Bowtie2 (Langmead and Salzberg,
2012), RSEM (Li and Dewey, 2011) analyses were conducted to gener-
ate estimated read-count (count) and FPKM counts for each sample at
the transcript and gene level. The Trinity pipeline (Trinity version
trinityrnaseq-2.0.3) (Broad Institute and the Hebrew University of
Jerusalem, 2014)was used to aggregate these counts intomaster matri-
ces for import into the R statistical package (R Core Team, 2013). Before
import, the sampleswere grouped by time-point and treatment similar-
ity to conduct pairwise analyses of the effect of the dual-stressor treat-
ment over time as compared to the control. Empirical analysis of
digital gene expression data in R (“edgeR” version 3.4.2) was imple-
mented to conduct differential gene expression analyses (Robinson
et al., 2010). Dispersion values were calculated using the replicate
groups and exact tests utilizing a negative binomial distribution with a
cutoff false discovery rate (FDR) of 0.05 were used to identify differen-
tially expressed transcripts and genes.

A sample-level differential expression heatmapwas generated from
the differential gene expression analyses resulting from edgeR using the
Trinity pipeline. Within the BLAST2GO graphical interface package
(Conesa et al., 2005) Fisher's Exact tests (FDR ≤ 0.05) were conducted
for differentially expressed transcripts of the dual-stressor treatment
to identify over-represented gene ontology terms within the up- and
down-regulated transcripts within each treatment group in general.
Using customPython scripts: GO Slim, BLAST annotation and expression
data files were combined, and GO categories and genes of interest were
extracted for further analysis.
5.8. KEGG mapping analyses

Gene IDs corresponding to putative homologs in Danio rerio were
obtained for all transcripts in the annotated transcriptome of
P. borchgrevinki that displayed differential expression in at least one of
the three acclimation time points. These gene IDs were then used as
search identifiers in the KEGG Search&Color pathway mapping tool
and mapped against the D. rerio KEGG pathway database to highlight
cellular pathways highly represented in the dataset.
List of abbreviations
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CHR cellular homeostasis response
CSR cellular stress response
DE differential expression
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The raw data were deposited at the NCBI Sequence Read Archive
under the Bioproject accession number PRJNA294774. Supplementary
data associated with this article can be found in the online version, at
http://dx.doi.org/10.1016/j.margen.2016.02.004.
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