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Abstract 

Anthropogenic carbon emissions released into the atmosphere is driving rapid, concurrent 

increases in temperature and acidity across the world's oceans. Disentangling the interactive 

effects of warming and acidification on vulnerable life stages is important to our 

understanding of responses of marine species to climate change. This study evaluates the 

interactive effects of these stressors on the acute response of gene expression of postlarval 

American lobster (Homarus americanus), a species whose geographic range is warming and 

acidifying faster than most of the world's oceans. In the context of our experiment, we found 

two especially noteworthy results: First, although physiological end points have consistently 

been shown to be more responsive to warming in similar experimental designs, our study 

found gene regulation to be considerably more responsive to elevated pCO2. Furthermore, 

the combined effect of both stressors on gene regulation was significantly greater than either 

stressor alone. Using a full factorial experimental design, lobsters were raised in control and 

elevated pCO2 concentrations (400 ppm and 1,200 ppm) and temperatures (16°C and 19°C). 

A transcriptome was assembled from an identified 414,517 unique transcripts. Overall, 1,108 

transcripts were differentially expressed across treatments, several of which were related to 

stress response and shell formation. When temperature alone was elevated (19°C), larvae 

downregulated genes related to cuticle development; when pCO2 alone was elevated (1,200 

ppm), larvae upregulated chitinase as well as genes related to stress response and immune 

function. The joint effects of end-century stressors (19°C, 1,200 ppm) resulted in the 

upregulation of those same genes, as well as cellulase, the downregulation of calcified cuticle 

proteins, and a greater upregulation of genes related to immune response and function. 

These results indicate that changes in gene expression in larval lobster provide a mechanism 

to respond to stressors resulting from a rapidly changing environment. 
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1 | INTRODUCTION 

The release of anthropogenic carbon emissions into the earth's atmosphere 

has resulted in large-scale changes in oceanic temperature and pH that have 

an impact on marine ecosystems and fisheries (IPCC, 2019). IPCC scenarios 

project pCO2-atm will continue to climb resulting in an average temperature 

increase of 0.6–2.0°C and a pH drop of 0.06–0.32 units, by the end of the 

century (IPCC, 2013). These rapid, concurrent stressors are causing concern 

for the survival of some marine organisms and resilience of key fisheries 

(Gledhill et al., 2015). 

The impacts of ocean acidification (OA) and ocean warming (OW), as 

single and joint stressors on marine organisms, are complex and species-

specific (Fabry et al., 2008; Kroeker et al., 2013; Kurihara, 2008; Whitman & 

Pörtner, 2013). As genomic analysis techniques increase in efficiency, 

transcriptomic analyses have become important metrics for quantifying the 

expression of stress-related genes (Evans & Hofmann, 2012), and enable the 

examination of a broad range of genetic responses to environmental change 

on organisms (Harms et al., 2014; Todgham & Hofmann, 2009). Not only can 

these techniques increase our understanding of the scope of the organismal 

response, but they have the potential to detect molecular compensation for 

environmental stress that may otherwise go undetected using more 

traditional physiological studies (Gracey, 2007). 

The American lobster (Homarus americanus) is the single most valuable 

fishery in North America and has particular socio-economic importance in 

the Gulf of Maine (National Marine Fisheries Service, 2020). It also has a 

long history as a well-studied organism in physiology, development, and 

ecology (Factor, 1995). The American lobster's range extends from 

Northeastern Canada to the mid-Atlantic states of the United States, where 

sea surface temperatures during their larval seasons range from below 12°C 

in the north to over 20°C at the southern extent of its range and in shallow 

regions (Oulette et al., 2003; Quinn et al., 2013). The entirety of this area 

falls within the Northwest Atlantic and Gulf of Maine (GoM), where sea 

surface temperature is warming at a faster rate than the majority of the 

world's ocean (0.026°C per year since 1980) with a predicted increase 

ranging 0.03–0.05°C per year (Balch et al., 2012; LeBris et al., 2017; Pershing 

et al., 2015; Thomas et al., 2017). The region is also particularly susceptible 

to higher rates of acidification, due to depressed buffering capacity from 

freshwater inputs of rivers and incoming, relatively fresh currents, resulting 

in a low aragonite saturation level (Fabry et al., 2008; Gledhill et al., 2015; 

Salisbury et al., 2008). These conditions place urgent concern and interest 

in how this species will respond to climate-related stressors, particularly for 

pelagic life stages in the upper water column. The center of the American 

lobster fishery has already demonstrated a northward range shift in 

response to the rapidly warming temperatures within this region, and there 

is some concern this pattern may continue, affecting fisheries to the south 

(LeBris et al., 2018). 

Here, we evaluate the joint effects of elevated pCO2 and sea surface 

warming associated with end-century projected oceanic conditions using 

next-generation RNA sequencing (RNA-seq) to monitor gene expression 

changes in early life stage American lobster (Homarus americanus). 

Postlarval H. americanus have demonstrated a shift in gene regulatory 

response under increasing temperature treatments representative of end-

century SST warming (Harrington et al., 2020). However, to our knowledge, 

this is the first report of the impact of changes in pCO2 and temperature, as 

joint stressors, on gene expression in the early life stages Homarus 

americanus, and one of the few examining these two stressors on 

planktonic decapods as a group (Walther et al., 2010, 2011; Harms et al., 

2014; Small et al., 2015; Waller et al., 2017). 

Surprisingly, little is known about how this species will respond to end-

century pCO2 and temperatures as concurrent stressors, but it is suggested 

that molting through several key developmental pelagic and benthic life 

stages in a single season makes this species especially vulnerable to these 

oceanic changes (Gledhill et al., 2015; Kurihara et al., 2007; Pörtner & 

Farrell, 2008; Waller et al., 2017). Physiology and metabolic demand differ 

between life stages, indicating stage-specific vulnerability and 

developmental success are closely tied to environmental conditions; as a 

result, few individuals survive these biological bottlenecks to settlement 

stage (Hines et al., 2014; Small et al., 2015; Waller et al., 2017). Thus, the 

final pelagic stage of this organism, the postlarvae, serves as an ideal and 

relevant organism for this study, since it must complete all larval 

ontogenetic stages within the water column to reach the stage of 

recruitment. 

Results from physiological studies on larval and early juvenile Homarus 

congeners suggest a range of responses to end-century acidification and 

warming as joint stressors (Agnalt et al., 2013; Keppel et al., 2012; Menu-

Courey et al., 2019; Rato et al., 2017; Ries et al., 2009; Small et al., 2015; 

Waller et al., 2017). Elevated temperature and pCO2 can interact to cause 

changes in behavior, carapace length, carbon content, and development 

time; however, reports are conflicting in some cases (Small et al., 2015; 

Waller et al., 2017). The few studies to date that have tested thermal and 

pCO2 effects together under similar experimental designs suggest that larval 

or postlarval physiological and behavioral response to predicted end-

century warming may be greater than that of pCO2 alone (Agnalt et al., 2013; 

Small et al., 2015; Waller et al., 2017). 

http://creativecommons.org/licenses/by/4.0/
http://www.ecolevol.org/
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The primary goal of this study was to examine the gene regulatory 

response of the postlarval Homarus americanus to end-century projected 

sea surface temperature and pCO2 both as independent and joint stressors, 

and to better understand organismal response on a molecular level to 

predicted OW and OA. Based on previous studies using a similar 

experimental design (Small et al., 2015; Waller et al., 2017), we 

hypothesized that the gene regulatory response to temperature would be 

more pronounced than to increased pCO2 which is consistent with the prior 

physiological observations of larvae and postlarvae noted above. Utilizing 

next-generation sequencing, our results suggest strong direct responses to 

pCO2 and greater interactive effects of pCO2 and temperature on genes 

associated with immune functions and shell formation. 

2 | METHODS 

2.1 | Experimental design 

The Rhode Island Department of Environmental Management's Fisheries 

Section collected seven ovigerous female American lobsters (Homarus 

americanus) from the coastal waters of Rhode Island in summer 2016. 

Lobsters were transported to the University of Maine's Darling Marine 

Center, Walpole, ME, and held in aerated, 300 L hatching tanks at ~15°C 

until hatching. Upon hatching (±6 hr), stage I larvae were transported to 

Bigelow Laboratory for Ocean Sciences and distributed randomly in 18 × 20 

L buckets, pre-equilibrated to the experimental treatments. Each bucket 

was stocked with 250 larvae, resulting in a starting average density of 12.5 

larvae/L. Larvae were fed live newly hatched Artemia salina daily, in excess, 

until they reached postlarval stage (15–31 days). 

The experiment was designed as a full factorial with two temperatures 

and two levels of pCO2, representing four distinct treatment groups: control, 

elevated temperature, elevated pCO2, and elevated temperature and pCO2. 

Temperatures were replicated from previous larval studies on H. 

americanus (Waller et al., 2017). All tanks were held in a temperature-

controlled room at 16°C (±0.1°C), representative of the average summer sea 

surface temperature during larval season in Midcoast Maine (Mackenzie, 

1988; Quinn & Rochette, 2015). The elevated temperature treatment (19°C; 

±0.5°C) was achieved using Hydor submersible aquarium heaters, 

representing an end-century increase of 3°C (IPCC, 2013). This temperature 

(19°C) is also just below the thermal threshold recorded for lobsters in the 

region, where the mortality rate increases with temperature (Mackenzie, 

1988). 

The two pCO2 treatments (400 ppm and 1,200 ppm) were created by 

mixing pure CO2 with CO2-stripped, compressed air to create predetermined 

concentrations of gasses (Waller et al., 2017). The two pCO2 concentrations 

represented the ambient atmospheric concentration (400 ppm), and an 

elevated pCO2 concentration to generate pH values consistent with end-

century projected estuarine and coastal regions (~7.6) (Gledhill et al., 2015; 

IPCC, 2013; Table 1).  

Each of the four treatment combinations was maintained in triplicate for a 

total of 12 tanks. 

Salinity, temperature, and pH were monitored daily. Salinity was 

measured using an Oakton SALT meter, and pH and temperature were 

monitored using a Thermo Orion 3-star benchtop pH probe, calibrated using 

NIST buffers. To calculate the carbonate chemistry of the water, total pH 

(pHt) was measured spectrophotometrically (Hitachi U-310 dual-beam, 

Hitachi, USA) using the pH-sensitive indicator dye m-cresol purple (Sigma-

Aldrich) following SOP (standard operating procedure 6b: Dickson et al., 

2007; Table 1). Total alkalinity (ALKt) was measured from samples preserved 

in mercuric chloride using a Metrohm 888 Titrando (Metrohm, USA). Both 

pHt and ALKt were measured twice a week throughout the experiment and 

were used to calculate carbonate chemistry parameters (pCO2, [HCO3−], 

[CO32−], ΩAr, ΩCa) using the CO2SYS2.1 system (Lewis et al., 1998). 

Communal rearing tanks were maintained under treatment conditions 

for the entirety of larval development. Upon reaching stage IV, we 

separated postlarvae into individual containers for 48 hr, maintaining 

treatment conditions in each. After this period, postlarvae were starved for 

24 hr to remove residual Artemia salina genetic material from their digestive 

tract. Postlarvae were rinsed in UVsterilized 0.2 µm filtered seawater and 

placed in sterile cryotubes with 3 ml RNAlater (Ambion, USA). All samples 

were flash frozen and stored at −80°C. 

2.2 | RNA extraction 

RNA was extracted following the method of Clark, Acorn, et al. (2013) and 

RNA-seq performed on a total of 11 animals drawn from the four treatment 

combinations (n = 3 in all treatments except the control 16°C, 400 ppm 

treatment, where n = 2). Briefly, the preserved postlarvae were individually 

homogenized in 1 ml Trizol (TH electric homogenizer; OMNI International), 

placed in a chloroform/Trizol mixture (200 µl chloroform/ml of Trizol), and 

incubated for 3 min at room temperature. Samples were then centrifuged 

at 12,000 g at 4°C (15 min), and the collected supernatant was added to an 

equal volume of 100% ethanol. RNA was extracted with a RNeasy kit 

(Qiagen) with an on-column DNasel digestion, and quantified using a 

NanoDrop1000 spectrophotometer (Thermo Fisher Scientific). Quality was 

verified with the Agilent Bioanalyzer 2100 and RNA Nano 6000 chips. 

TABLE 1 Water Chemistry parameters during the course of experiment. All parameters list average value and SD through experimental period 

Treatment Temperature (°C) Salinity (ppt) pH ΩCa ΩAr 

400 ppm 16°C 16.6 ± 0.5 30.3 ± 0.8 7.94 ± 0.06 2.34 ± 0.10 1.45 ± 0.06 

1,200 ppm 16°C 17.0 ± 0.4 30.0 ± 0.8 7.56 ± 0.01 1.16 ± 0.025 0.72 ± 0.02 
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400 ppm 19°C 18.7 ± 0.4 30.2 ± 0.9 7.89 ± 0.03 2.44 ± 0.25 1.52 ± 0.16 

1,200 ppm 19°C 19.5 ± 1.0 29.9 ± 0.7 7.63 ± 0.01 1.42 ± 0.004 0.88 ± 0.002 

Abbreviations: ppt, parts per thousand; SD, Standard Deviation; ΩAr, aragonite saturation; ΩCa, calcite saturation. 
FIGURE 1 Heat map depicting  
expression of the 1,108 differentially expressed 
genes subject to single and joint stressor 
treatments, relative to control treatment of 400 
ppm, 16°C. This represents only 0.27% of all 
transcripts identified. Colors represent absolute 
value of log2 fold change. Red represents a 
downregulation relative to the control, whereas 
green represents upregulation. More than half of 
these genes (55%) were functionally annotated 
and subject to further analysis (Figures 2–6)  
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FIGURE 2 Percent of total (a) and annotated (b) 
differentially expressed transcripts as quantified 
by DESeq2 analysis within elevated temperature 
treatment (400 ppm 19°C), elevated pCO2 
treatment (1,200 ppm 16°C), and joint 
temperature and pCO2 treatment (1,200 ppm 
19°C). All differential expression is relative to 
control treatment  
(400 ppm 16°C) 

2.3 | Bioinformatics 

The collected RNA was sequenced at Genome Quebec (Montreal, PQ, 

Quebec) with libraries prepared using a TruSeq Stranded Total RNA Prep kit 

(Illumina). Quality was assessed and PE100 sequencing was performed on 

an Illumina HiSeq4000 using all samples on a single lane. Raw sequence 

reads were uploaded onto the main Galaxy web platform and analyzed on 

the public server at usegalaxy.org (Afgan et al., 2016). We assessed quality 

of raw reads with FastQC (Andrews, n.d.; Galaxy Version 1.0.0) and trimmed 

adapter sequences using Trim Galore! (Krueger, n.d.; Galaxy Version 

0.4.3.1). A de novo transcriptome was constructed using Trinity (Langmead 

et al., 2009, Galaxy Version 0.0.1). Trimmed sequences were mapped to the 

transcriptome using HISAT2 (Daehwan et al., 2015; Galaxy Version 2.1.0), 

and a count file for each sample was generated using StringTie (Pertea et 

al., 2015; Galaxy Version 1.3.4). Count files were merged using StringTie 

Merge (Pertea et al., 2015; Galaxy Version 1.3.4.) and normalized using 

featureCounts (Liao et al., 2013; Galaxy Version 1.6.3.). 

Differential expression of transcripts was analyzed statistically between 

treatments using both DESeq2 (Love et al., 2014; Galaxy Version 2.11.40.2) 

and edgeR (Conesa et al., 2016; Liu et al., 2015; Robinson et al., 2009; Galaxy 

Version 3.20.7.2), as the integration of multiple 

methods has been shown to improve accuracy and 

reduce error rates (Costa-Silva et al., 2017). While 

edgeR and DESeq2 are based on a negative 

binomial distribution and are both recommended 

for small sample sizes, DESeq2 uses a geometric 

normalization method, whereas edgeR calculates 

a weighted mean of log-ratios for normalization 

(Dillies et al., 2013; Nguyen et al., 2018). The 

integration of both tools in our methodology 

produces a more robust gene expression analysis 

(Nguyen et al., 2018). 



      811 

 NIEMISTO  ET   al . 

RNA transcripts were compared from H. americanus postlarvae raised 

in the control treatment (400 ppm, 16°C) to the other temperature/pCO2 

treatment concentrations. Results were depicted graphically as venn 

diagrams to show the proportion of transcripts related to each treatment 

(Heberle et al., 2015), and as “volcano plots” to show direction, magnitude, 

and statistical significance of the differential expression of each transcript 

under each experimental treatment relative to the control. Differentially 

expressed transcripts were uploaded onto Blast2GO (Götz et al., 2008) and 

assigned gene names using Blastx (Camacho et al., 2008) against the 

GenBank protein nr database, functional terms were assigned with Gene 

Ontology (Ashburner et al., 2000; Gene Ontology Consortium, 2019), 

enzyme numbers were assigned with KEGG (Kanehisa, 2019; Kanehisa & 

Goto, 2000; Kanehisa et al., 2019) and domain information assigned with 

Interpro (Mitchell et al., 2019; Blast2GO 4.0.2). 

Several genes of interest related to carapace formation were selected 

for more in-depth investigation based on their functional importance and 

their response to elevated pCO2. Specific genes families (and the number of 

genes) related to calcification and shell formation were tracked through all 

FIGURE 3 Volcano plots from  
DESeq2 analysis depicting the statistical 
significance (−Log10(p-values)) of transcripts 
against the Log2 transformed magnitude of 
change of each transcript across samples of 
treatments of elevated temperature (a), 
elevated pCO2 (b), and elevated temperature 
and pCO2 (c), relative to the control 
condition. Values in green represent 
statistically significant upregulated and red 
represent downregulated genes in treatment 
samples relative to control treatment 
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treatments: cuticle proteins (13), cuticle protein binding molecules (CBM) 

(2), chitin-binding protein (3), chitinase (4), calcification-associated peptides 

(2), and arthrodial cuticle proteins (4). In addition, we examined the 

differential expression of several transcripts related to immune response 

and function (Clark & Greenwood, 2016) including heat shock proteins (HSP) 

(3), hemocyanin subunits (27), mannose-binding proteins (5), crustin (2), c-

type lectin (2), glutathione S-transferase (2), and octopamine receptor (1), 

as indicators of a stress response. 

3 | RESULTS 

A de novo assembled transcriptome was generated containing  

414,517 unique transcripts. The minimum transcript length was 201 bp, and 

the maximum was 21,784 bp. The N50 transcript length was 1,909. Using 

the DESeq2, we found 1,108 transcripts (0.27% of all transcripts) that were 

differentially expressed (upregulated or downregulated) across treatments 

(Figure 1). The vast majority of all identified transcripts (99.73%) were 

therefore not differentially expressed. 

Elevated temperature and pCO2 together had a stronger effect on gene 

expression than did either factor alone. Out of the 1,108 differentially 

expressed transcripts, elevated temperature alone induced the differential 

expression of 199 transcripts (18% of all differentially expressed transcripts) 

relative to the control conditions; elevated pCO2 alone induced differential 

expression of 483 transcripts (44%), and 919 transcripts (83%) were 

differentially expressed when both stressors were present (Figure 2a). 

Functional annotation was possible for 55% of the differentially 

expressed transcripts using Blast2GO (Figure 2b). As with the unannotated 

genes, we found the majority of differentially expressed annotated genes in 

the joint treatment of elevated temperature and elevated pCO2 (89% of 

annotated, differentially expressed transcripts) compared to only 59% in the 

treatment with only elevated pCO2 and 12% with only elevated temperature 

(Figure 2b). Overall, differentially expressed transcripts were predominantly 

FIGURE 4 Comparison of number  
of annotated, statistically significant (p < 
.05), differentially expressed transcripts 
identified by DESeq2 and edgeR analysis 
within elevated temperature (a), elevated 
pCO2 (b), and joint elevated temperature 
and pCO2 treatments (c) 
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upregulated in the elevated pCO2 treatment (1,200 ppm 16°C) and joint 

stressor treatment (1,200 ppm 19°C; Figure 3). 

Although edgeR resulted in a more conservative number of statistically 

significant transcripts, 75.3% of those significantly (p < .05) 

differentially regulated transcripts were also identified with DESeq2. We 

found 7% of the differentially expressed DESeq2identified transcripts to be 

shared between both analyses for the elevated temperature treatment 

(Figure 4a). There were no differentially expressed transcripts within the 

pCO2 treatment using edgeR (Figure 4b). Conversely, there were 30% of the 

differentially expressed DESeq2 identified transcripts shared with edgeR 

 

FIGURE 5 Response of lobster postlarval exoskeleton formation transcripts to elevated temperature and pCO2 by DESeq2 (orange) and edgeR (green) 
analyses. Depicted are Log2 fold change of 28 genes of interest at elevated temperature (a), elevated pCO2 (b), joint elevated temperature & pCO2 and (c) 
relative to gene expression under control conditions. Darkened colors indicate statistically significant outcomes  



814       

 NIEMISTO  ET   al . 

within the joint stressor treatment, representing 71.9% of all identified 

differentially regulated transcripts via edgeR analysis (Figure 4c). 

Analysis of annotated genes revealed that DESeq2 and edgeR were in 

100% agreement with regard to the direction of gene regulation. While 

DESeq2 consistently found lower differential expression, significant 

outcomes (p < .05) 

more of these transcripts were found to be statistically significant (p < .05) 

using this analysis (Figures 5 and 6). 

Genes involved in exoskeleton formation (cuticle proteins, chitin-

binding proteins, and calcification peptides) were largely downregulated in 

response to OW and OA, with few exceptions (Figure 5). In treatments 

where only temperature was elevated relative to control conditions, six of 

the 28 genes showed significant downregulation and one showed significant 

upregulation by at least one of the statistical analysis methods (Figure 5a). 

 

FIGURE 6 Response of lobster postlarval immune function transcripts to elevated temperature and pCO2 by DESeq2 (orange) and edgeR (green) analyses. 
Depicted are Log2 fold change of 42 transcripts of interest at elevated temperature (a), elevated pCO2 (b), joint elevated temperature and pCO2 treatment 
and (c) relative to gene expression under control conditions. Darkened colors indicate statistically  
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In treatments where only pCO2 was elevated, DESeq2 showed significant 

upregulation for cuticle protein binding molecules, chitinase, and chitinase-

like proteins, but edgeR resulted in no differential regulation for any of 

these genes (Figure 5b). In treatments where both temperature and pCO2 

were jointly elevated, both methods indicated significant downregulation of 

cuticle proteins, chitin-binding proteins, and calcification-associated 

peptides, and upregulation of cuticle protein binding molecules, chitinase, 

and chitinase-like proteins (Figure 5c). 

With respect to the differential expression of genes associated with the 

immune response, in the elevated temperature treatment, postlarvae 

downregulated HSP83, and upregulated one transcript for hemocyanin 

subunit 1 according to the DESeq2 (Figure 6a). In the elevated pCO2 

treatment, DESeq2 indicated significant upregulation of HSP70, 15 

transcripts related to hemocyanin and its subunits, mannose-binding units, 

crustin, C-type lectin, and glutathione S-transferase, but edgeR detected no 

statistically significant (p < .05) change in these transcripts (Figure 6b). In 

the joint stressor treatment, DESeq2 indicated postlarvae upregulated more 

transcripts related to hemocyanin and its subunits, octopamine receptor, in 

addition to the genes differentially regulated within the elevated pCO2 only 

treatment, whereas for edgeR, only 11 transcripts within this category were 

significantly differentially expressed (Figure 6c). 

4 | DISCUSSION 

To our knowledge, this is the first study to examine how the joint stressors 

of these SST warming and acidification conditions may affect gene 

expression of American lobster postlarvae. DESeq2 analysis indicates that 

postlarval response to elevated pCO2 is more pronounced relative to 

warming than indicated in physiological and morphometric studies reported 

to date (Agnalt et al., 2013; Keppel et al., 2012; Menu-Courey et al., 2019; 

Rato et al., 2017; Ries et al., 2009; Small et al., 2015; Waller et al., 2017). In 

addition, analysis of gene regulatory responses revealed an even greater 

response to joint effects of elevated pCO2 and temperature on transcripts 

involved in developmental processes and immune function of lobster 

postlarvae. 

Contrary to the DESeq2 results, the analysis using EdgeR did not detect 

any statistically significant differential expression under the pCO2 treatment 

and detected fewer differentially expressed (DE) genes within other 

treatments. This may be due to the sample size in this study. While the 

accepted number of replicates in transcriptomic studies is not universally 

standardized, (Costa-Silva et al., 2017; Stark et al., 2019), comparative 

analysis of different genetic methodologies certainly would benefit from 

greater sample numbers. That said, both methodologies are robust and 

well-suited to small sample sizes, and have high accuracy rates (DESeq2 

being one of the highest ranked methodologies compared to qRT-PCR 

analyses) (Costa-Silva et al., 2017). 

Furthermore, direction of gene expression was in 100% agreement 

between the two methods, and the discrepancy in DE genes between 

methodologies lies in the normalization strategies of the tools (Dillies et al., 

2013; Nguyen et al., 2018). The inclusion of multiple methods in our analysis 

reduces the likelihood of false negatives and provides greater confidence in 

the results when in agreement (Costa-Silva et al., 2017). 

The effects of elevated pCO2 and temperature on the transcription level 

associated with cuticle formation and calcification were treatment-

dependent. Elevated temperature resulted in downregulation of cuticle 

proteins and a calcification-associated peptide. Calcification-associated 

proteins act as acidic protein sites for nucleation of CaCO3 during larval 

biomineralization (Addadi & Weiner, 1985; Faircloth & Shafer, 2007). 

Downregulation indicates a temperature cost to calcification, though fewer 

genes were differentially regulated than in other treatments. Warming has 

been shown to reduce shell integrity in the mussel Mytilus edulis when food 

limited, an effect attributed to a reallocation of energy away from 

biomineralization in order to address temperature-related increases in 

maintenance requirements (MacKenzie et al., 2014). 

Under elevated pCO2, postlarval lobster upregulated chitinase and 

cuticle proteins associated with calcium binding, both of which are 

important components of exoskeleton development and remodeling. This 

result is consistent with previous findings in which larval lobster upregulate 

chitinase synthesis genes during ontogeny, presumably to support 

increased chitin synthesis and maintenance (Cohen, 2010; Hines et al., 

2014). Juvenile lobsters also increase shell calcification under elevated pCO2 

conditions (Ries et al., 2009; Whitely, 2011). The combination of end-

century temperature and pCO2 has an additive effect on exoskeleton 

forming genes causing additional cuticle protein downregulation. These 

findings mirror other studies that have examined skeletal formation in 

marine invertebrates when exposed to elevated temperature and acidity. 

Downregulation of calcification-related genes was reported for pearl 

oysters (Pinctada fucata) after being exposed to end-century conditions (Liu 

et al., 2012). Larvae of the purple sea urchin (Strongylocentrotus 

purpuratus), however, exhibit inhibited skeletal growth under elevated 

pCO2, but not at elevated temperatures (Padilla-Gamino et al., 2013). 

Nevertheless, bivalve mollusks and urchins appear to have lower capacity to 

compensate for these elevated pCO2 than the relatively small set of 

crustaceans evaluated to date (Kurihara, 2008; Wood et al., 2008). 

Heat shock proteins (HSP) were downregulated in lobster larvae under 

elevated temperature alone, but were upregulated when exposed to 

elevated pCO2, and an even greater upregulation when pCO2 and 

temperature were elevated simultaneously. Heat shock proteins are 

molecular chaperones that are upregulated after exposure to stressful 

conditions to prevent improper folding or denaturation of proteins (Alberts 

et al., 2015; Flaherty et al., 1990; Kiang & Tsokos, 1998). Virtually, all 

organisms upregulate HSP expression as a method to alleviate 

physiologically stressful conditions (Evans & Hofmann, 2012). Thus, HSPs 

can modify an organism's thermal sensitivity and act as important biological 

stress markers (Tedeschi et al., 2015). When reared in elevated pCO2, or 

joint stressor conditions, HSP70 was the highest upregulated transcript in 

our immune or shell formation transcripts, suggesting a potentially 

prominent role in compensating for environmentally stressful conditions. 

Liu et al. (2012) reported upregulation of HSP70 under joint treatment of 

elevated temperature and pCO2 in pearl oysters (Pinctada fucata). 
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When larvae were exposed to 1,200 ppm pCO2 at ambient 

temperatures, we observed the upregulation of 15 transcripts related to 

hemocyanin, mannose-binding proteins, crustin, and c-type lectin, all of 

which play roles in pathogen recognition and/or defense (Clark & 

Greenwood, 2016). These same genes were differentially expressed in 

greater numbers in the high temperature/high pCO2 treatment, indicating 

an overall higher energy input to immune function when both stressors are 

present. Differential expression of transcripts coding for 

antilipopolysaccharide factors (ALFs) and their isoforms can indicate 

individual pathogens through differential expressions (Beale et al., 2008; 

Clark, Acorn, et al., 2013; Clark, Greenwood,s et al., 2013), but none of these 

factors were identified as differentially regulated among any of our 

treatments, indicating that transcripts were nonspecific to known lobster 

pathogens, and therefore likely a response to treatment conditions. The 

effect of elevated temperature and pCO2 on nonspecific immune response 

could have implications on the H. americanus antigen defense systems in 

future oceanic conditions. 

Crustaceans, as a group, have shown relative resistance to end-century 

ocean acidification compared to other calcifying organisms (Whitely, 2011). 

This may be the result of a heightened capacity for ionoregulation, though 

the energetic trade-offs. The ramifications of this strategy, particularly with 

respect to suboptimal food conditions, are still not well understood (Gledhill 

et al., 2015; Wernberg et al., 2012; Whitely, 2011). For postlarval lobster, 

we found a clear effect of elevated pCO2 on gene expression regulation that 

is enhanced when paired with elevated temperature. These results suggest 

that crustaceans have molecular mechanisms to respond to these stressors 

in the postlarval stage. These results complement studies on whole-

organism physiological changes observed in lobster larvae and postlarvae 

under similar laboratory conditions, and suggest an explanation for why 

similar studies have found little whole-organism response to pCO2 elevated 

environments. Within early stages, homeostatic compensatory mechanisms 

could conceal responses in other measured physiological, behavioral, or 

morphometric end points. However, with added stressors such as low food 

concentrations, disease, or other immune challenges, the compensatory 

mechanisms that are apparent with gene expression analysis may exceed 

metabolic capacity, and manifest in decreased growth, development, or 

survival. 

Understanding the physiological and genetic responses to 

environmental change is critical to anticipate the effect of warming and 

acidification on lobster, and the information is needed to improve our ability 

to predict economic repercussions of climate change on the most valuable 

single-species fishery in North America. Characterizing the gene regulatory 

responses, in particular, can provide a mechanistic understanding of how 

the vulnerable stages of this species adapt to a rapidly changing 

environment. Pairing these techniques with whole-organism physiological 

and ecological studies will deepen our understanding and ability to 

anticipate response to environmental changes. As the Gulf of Maine 

continues to be one of the most rapidly warming coastal areas of the world, 

the American lobster stands as an icon for the urgency to understand how 

ocean change is impacting our living marine resources. 

This study exposed the larval and postlarval American lobster stages to 

a future climate scenario during the entirety of their planktonic 

development, and measured gene regulatory response within its final stage. 

The design of this study is similar in rearing methodology, treatment 

conditions, and exposure time to earlier studies that looked at the 

physiological response of the whole animal (e.g., growth rates, respiration 

rates, and swimming speed; Small et al., 2015; Waller et al., 2017). The 

results of those studies generally found little effect of OA relative to 

responses to temperature. In contrast, the results of this experiment 

investigated response on gene expression, and found a greater differential 

expression of genes under OA stress than temperature stress, alone, and an 

interactive effect when both stressors were present. The results of this 

experiment provide compelling evidence that compensatory mechanisms at 

the cellular level minimize the physiological and morphological changes 

measured in other studies to pCO2 effects (Small et al., 2015; Waller et al., 

2017) and suggests that postlarvae are more responsive to predicted end-

century levels of elevated pCO2 than previously assumed. The metabolic 

cost of these compensatory mechanisms is unknown. Experiments using 

limiting food conditions or sensitive physiological measurements to 

determine metabolic cost are warranted. 

Lacking, though, is a broader understanding of how rapidly populations 

may be able to adapt to changing conditions. Comparisons of gene 

regulation among subpopulations along geographic environmental 

gradients may reveal population-level differences that could provide new 

insight into the process of local adaptation. In addition, multigenerational 

studies would provide a better understanding of the long-term effects, 

compensatory ability, and potential for adaptation to warming and 

acidification. 

ACKNOWLEDGMENTS 

This work was funded by NOAA-OA Program (#NSCNA140AR  

4170072 Awarded to RW and DMF, #NOAA-OAR-CPO 20112002561 

awarded to DMF and NSF OCE - #1220068 awarded to DMF. Additional 

student support was provided by NSF-EAR #1460861 REU program (Darcia 

Gonzalez, Devin Domeyer, and Sarah Caron) and the National Sea Grant 

Program Development Agency to DMF (2016, 2017), Charlie Walsh & Darling 

Marine Center hatchery facilities (RW), Scott Olszewski and Rhode Island 

Department of Environmental Management-Department of Fish & Wildlife, 

Kathleen Reardon, Katherine Thompson & Maine Department of Marine 

Resources. 

CONFLICT OF INTEREST 

The authors declare this research was undertaken in absence of any conflict 

of interest. 

AUTHOR CONTRIBUTION 

Maura Niemisto: Data curation (lead); Formal analysis (lead); Investigation 

(equal); Project administration (lead); Visualization (equal); Writing-original 

draft (lead). David M. Fields: Conceptualization (equal); Funding acquisition 

(equal); Project administration (equal);  

Resources (equal); Supervision (equal); Writing-review & editing  



      817 

 NIEMISTO  ET   al . 

(equal). K. Fraser Clark: Data curation (equal); Formal analysis (equal); 

Methodology (equal); Resources (equal); Software (equal); Supervision 

(equal); Writing-review & editing (equal). Jesica D. Waller: Data curation 

(equal); Investigation (equal); Methodology (equal); Project administration 

(equal); Writing-review & editing (equal). Spencer J. Greenwood: 

Conceptualization (equal); Funding acquisition (equal); Methodology 

(equal); Project administration (equal); Resources (equal); Supervision 

(equal); Writing-review & editing (equal). Richard A. Wahle: 

Conceptualization (equal); Funding acquisition (equal); Methodology 

(equal); Project administration (equal); Resources (equal); Supervision 

(equal); Writing-review & editing (equal). 

DATA AVAILABILITY STATEMENT 

Data sequences are available at www.ncbi.nlm.nih.gov/biopr oject/ PRJNA 

669582. Accession: PRJNA669582 ID: 669582. 

ORCID 

Maura Niemisto  https://orcid.org/0000-0003-1676-0154  

REFERENCES 
Addadi, L., & Weiner, S. (1985). Interactions between acidic proteins and crystals: 

Stereochemical requirements in biomineralization. Proceedings of the 
National Academy of Sciences of the United States of America, 82(12), 4110–
4114. 

Afgan, E., Baker, D., van den Beek, M., Blankenberg, D., Bouvier, D., Čech, M., … 
Goecks, J. (2016). The Galaxy platform for accessible, reproducible and 
collaborative biomedical analyses: 2016 update. Nucleic Acids Research, 
44(W1), W3–W10. https://doi.org/10.1093/ nar/gkw343 

Agnalt, A. L., Grefsrud, E. S., Farestveit, E., Larsen, M., & Keulder, F. (2013). 
Deformities in larvae and juvenile European lobster (Homarus gammarus) 
exposed to lower pH at two different temperatures. Biogeosciences, 10(12), 
7883–7895. 

Alberts, B., Johnson, A., Lewis, J., Morgan, D., Raff, M., Roberts, K., & Walter, P. 
(2015). Molecular biology of the cell (6th ed.). Garland Science. 

Andrews, S. (n.d.). FastQC: A quality control tool for high throughput sequence 
data. www.bioin forma tics.babra ham.ac.uk/proje cts/fastq c/ 

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., … 
Sherlock, G. (2000). Gene Ontology: tool for the unification of biology. 
Nature Genetics, 25(1), 25–29. https://doi.org/10.1038/75556 

Balch, W. M., Drapeau, D. T., Bowler, B. C., Huntington, T. G. (2012). Step-changes 
in the physical, chemical and biological characteristics of the Gulf of Maine, 
as documented by the GNATS time series. Marine Ecology Progress Series, 
450, 11–35. https://doi.org/10.3354/ meps0 9555 

Beale, K. M., Towle, D. W., Jayasundara, N., Smith, C. M., Shields, J. D., Small, H. 
J., & Greenwood, S. J. (2008). Anti-lipopolysaccharide factors in the American 
lobster Homarus americanus: Molecular characterization and transcriptional 
response to Vibrio fluvialis challenge. Comparative Biochemistry & 
Physiology Part D: Genomics Proteomics, 3(4), 263–269. 

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., & 
Madden, T. L. (2008). BLAST+: architecture and applications. BMC 
Bioinformatics, 10, 421. 

Clark, K. F., Acorn, A. R., & Greenwood, S. J. (2013). Differential expression of 
American lobster (Homarus americanus) immune related genes during 
infection of Aerococcus viridans var. homari, the causative agent of 
Gaffkemia. Journal of Invertebrate Pathology, 112(2), 192–202. 

Clark, K. F., & Greenwood, S. J. (2016). Next-generation sequencing and the 
crustacean immune system: The need for alternatives in immune gene 
annotation. Integrative and Comparative Biology, 56(6), 1113– 

1130. https://doi.org/10.1093/icb/icw023 
Clark, K. F., Greenwood, S. J., Acorn, A. R., & Byrne, P. J. (2013). Molecular 

immune response of the American lobster (Homarus americanus) to the 
White Spot Syndrome Virus. Journal of Invertebrate Pathology, 114(3), 298–
308. 

Cohen, E. (2010). Chitin biochemistry: Synthesis, hydrolysis and inhibition. 
Advances in Insect Physiology, 38, 5–74. 

Conesa, A., Madrigal, P., Tarazona, S., Gomez-Cabrero, D., Cervera, A., 
McPherson, A., Szcześniak, M. W., Gaffney, D. J., Elo, L. L., Zhang, X., & 
Mortazavi, A. (2016). A survey of best practices for RNA-seq data analysis. 
Genome Biology, 17(13), https://doi.org/10.1186/ s13059-016-0881-8 

Costa-Silva, J., Domingues, D., & Lopes, F. M. (2017). RNA-Seq differential 
expression analysis: An extended review and a software tool. PLoS One, 
12(12), e0190152. https://doi.org/10.1371/journ al.pone.0190152 

Daehwan, K., Langmead, B., & Salsberg, S. L. (2015). HISAT: A fast spliced aligner 
with low memory requirements. Nature Methods, 12(4), 357– 360. 
https://doi.org/10.1038/nmeth.3317 

Dickson, A. G., Sabine, C. L., & Christian, J. R. (2007). Guide to best practices for 
ocean CO2 measurements. PICES Special Publication, 3, 191. 

Dillies, M.-A., Rau, A., Aubert, J., Hennequet-Antier, C., Jeanmougin, M., Servant, 
N., … Jaffrezic, F., (2013). A comprehensive evaluation of normalization 
methods for Illumina high-throughput RNA sequencing data analysis. 
Briefings in Bioinformatics, 14(6), 671–683. https:// 
doi.org/10.1093/bib/bbs046 

Evans, T. G., & Hofmann, G. E. (2012). Defining the limits of physiological 
plasticity: How gene expression can assess and predict the consequences of 
ocean change. Philosophical Transactions of the Royal Society B-Biological 
Sciences, 367(1596), 1733–1745. 

Fabry, V. J., Seibel, B. A., Feely, R. A., & Orr, J. C. (2008). Impacts of ocean 
acidification on marine fauna and ecosystem processes. ICES Journal of 
Marine Science, 65(3), 414–432. https://doi.org/10.1093/icesj ms/ fsn048 

Factor, J. R. (1995). Introduction, anatomy and life history. In J. Factor (Ed.), 
Biology of the lobster: Homarus americanus (pp. 1–12). Academic Press Inc. 

Faircloth, L. M., & Shafer, T. H. (2007). Differential expression of eight transcripts 
that their role in the cuticle of the blue crab, Callinectes sapidus. 
Comparative Biochemistry and Physiology, 146(3), 370–383. 

Flaherty, K. M., DeLuca-Flaherty, C., & McKay, D. B. (1990). Threedimensional 
structure of the ATPase fragment of a 70K heat-shock cognate protein. 
Nature, 346(6285), 623–628. 

Gene Ontology Consortium (2019). The Gene Ontology Resource: 20 years and 
still GOing strong. Nucleic Acids Research, 47(D1), D330–D338. 

Gledhill, D., White, M., Salisbury, J., Thomas, H., Misna, I., Liebman, M., Mook, B., 
Grear, J., Candelmo, A., Chambers, R. C., Gobler, C., Hunt,  
C., King, A., Price, N., Signorini, S., Stancioff, E., Stymiest, C., Wahle, R., 
Waller, J., … Doney, S. (2015). Ocean and coastal acidification off New 
England and Nova Scotia. Oceanography, 28(2), 182–197. 
https://doi.org/10.5670/ocean og.2015.41 

Gotz, S., Garcia-Gomez, J. M., Terol, J., Williams, T. D., Nagaraj, S. H., Nueda, M. 
J., Robles, M., Talon, M., Dopazo, J., & Conesa, A. (2008). High-throughput 
functional annotation and data mining with the Blast2GO suite. Nucleic Acids 
Research, 36(10), 3420–3435. https:// doi.org/10.1093/nar/gkn176 

Gracey, A. Y. (2007). Interpreting physiological responses to environmental 
change through gene expression profiling. Journal of Experimental Biology, 
210(9), 1584–1592. https://doi.org/10.1242/ jeb.004333 

Harms, L., Frickenhaus, S., Schiffer, M., Mark, F., Storch, D., Held, C., … Lucassen, 
M. (2014). Gene expression profiling in gills of the great spider crab Hyas 
araneus in response to ocean acidification and warming. BMC Genomics, 
15(1), 789. https://doi. org/10.1186/1471-2164-15-789 

Harrington, A. M., Clark, K. F., & Hamlin, H. J. (2020). Expected ocean warming 
conditions significantly alter the transcriptome of developing postlarval 
American lobsters (Homarus americanus): Implications for energetic trade-

http://www.ncbi.nlm.nih.gov/bioproject/PRJNA669582
http://www.ncbi.nlm.nih.gov/bioproject/PRJNA669582
http://www.ncbi.nlm.nih.gov/bioproject/PRJNA669582
https://orcid.org/0000-0003-1676-0154
https://orcid.org/0000-0003-1676-0154
https://orcid.org/0000-0003-1676-0154
https://orcid.org/0000-0003-1676-0154
https://doi.org/10.1093/nar/gkw343
https://doi.org/10.1093/nar/gkw343
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/75556
https://doi.org/10.3354/meps09555
https://doi.org/10.3354/meps09555
https://doi.org/10.1093/icb/icw023
https://doi.org/10.1186/s13059-016-0881-8
https://doi.org/10.1186/s13059-016-0881-8
https://doi.org/10.1371/journal.pone.0190152
https://doi.org/10.1371/journal.pone.0190152
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bib/bbs046
https://doi.org/10.1093/bib/bbs046
https://doi.org/10.1093/bib/bbs046
https://doi.org/10.1093/icesjms/fsn048
https://doi.org/10.1093/icesjms/fsn048
https://doi.org/10.5670/oceanog.2015.41
https://doi.org/10.1093/nar/gkn176
https://doi.org/10.1093/nar/gkn176
https://doi.org/10.1242/jeb.004333
https://doi.org/10.1242/jeb.004333
https://doi.org/10.1186/1471-2164-15-789
https://doi.org/10.1186/1471-2164-15-789


818       

 NIEMISTO  ET   al . 

offs. Comparative Biochemistry & Physiology Part D: Genomics Proteomics, 
36, https://doi.org/10.1016/j. 
cbd.2020.100716 

Heberle, H., Meirelles, G. V., da Silva, F. R., Telles, G. P., & Minghim, R. (2015). 
InteractiVenn: A web-based tool for the analysis of sets through Venn 
diagrams. BMC Bioinformatics, 16(169). https://doi. org/10.1186/s12859-
015-0611-3 

Hines, D. J., Clark, K. F., Greenwood, S. J. (2014). Global gene expression profiling 
ofHomarus americanus(Crustacea) larval stages during development and 
metamorphosis. Invertebrate Reproduction & Development, 58(2), 97–107. 
https://doi.org/10.1080/07924 259.2013.834278 

IPCC (2013). Climate Change 2013: The Physical Science Basis. In T. F. Stocker, D. 
Quin, G. K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. 
Bex, & P. M. Midgley (Eds.), Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change 
(1535). Cambridge University Press. 

IPCC (2019). In H.-O. Pörtner, D. C. Roberts, V. Masson-Delmotte, P. Zhai, M. 
Tignor, E. Poloczanska, K. Mintenbeck, A. Alegría, M. Nicolai, A. Okem, J. 
Petzold, B. Rama, & N. M. Weyer (Eds.), IPCC special report on the ocean and 
cryosphere in a changing climate, (1189 pp). https:// www.ipcc.ch/srocc/ 

Kanehisa, M. (2019). Toward understanding the origin and evolution of cellular 
organisms. Protein Science, 28, 1947–1951. 

Kanehisa, M., & Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and 
genomes. Nucleic Acids Research, 28, 27–30. 

Kanehisa, M., Sato, Y., Furumichi, M., Morishima, K., & Tanabe, M. (2019). New 
approach for understanding genome variations in KEGG.  
Nucleic Acids Research, 47, D590–D595. 

Keppel, E. A., Scrosati, R. A., & Courtenay, S. C. (2012). Ocean acidification 
decreases growth and development in American lobster (Homarus 
americanus) larvae. Journal of Northwest Atlantic Fishery Science, 44, 61–66. 

Kiang, J. G., & Tsokos, G. C. (1998). Heat shock protein 70 kDa: Molecular biology, 
biochemistry, and physiology. Pharmacology & Therapeutics, 80(2), 183–
201. 

Kroeker, K. J., Kordas, R. L., Crim, R., Hendrks, I. E., Ramajo, L., Singh, G. S., … 
Gattuso, J. P.(2013). Impacts of ocean acidification on marine organisms: 
Quantifying sensitivities and interaction with warming.  
Global Change Biology, 19(6), 1884–1896. 

Krueger, F. (n.d.) A wrapper tool around Cutadapt and FastQC to consistently 
apply quality and adapter trimming to FastQ files, with some extra 
functionality for Mspl-digested RRBS-type (Reduced Representation 
Bisulfite-Seq) libraries. http://www.bioin forma tics.babra ham.ac.uk/ proje 
cts/trim_galor e/ 

Kurihara, H. (2008). Effects of CO2-driven ocean acidification on the early 
developmental stages of invertebrates. Marine Ecological Progress Series, 
373, 275–284. https://doi.org/10.3354/meps0 7802 

Kurihara, H., Kato, S., & Ishimatsu, A. (2007). Effects of increased seawater pCO2 
on early development of the oyster Crassostrea gigas. Aquatic Biology, 1(1), 
91–98. 

Langmead, B., Trapnell, C., Pop, M., & Salzberg, S. L. (2009). Ultrafast and 
memory-efficient alignment of short DNA sequences to the human genome. 
Genome Biology, 10(3), R25. https://doi.org/10.1186/ gb-2009-10-3-r25 

Le Bris, A., Mills, K. E., Wahle, R. A., Chen, Y., Alexander, M. A., Allyn, A. J., Schuetz, 
J. G., Scott, J. D., & Pershing, A. J. (2018). Climate vulnerability and resilience 
in the most valuable North American fishery. Proceedings  
of the National Academy of Sciences of the United States of America, 115(8), 

1831–1836. https://doi.org/10.1073/pnas.17111 22115 Le Bris, A., Pershing, A. 
J., Gaudette, J., Pugh Tracy, T. L., Reardon, K. M. (2017). Multi-scale quantification 
of the effects of temperature on size at maturity in the American lobster 
(Homarus americanus). Fisheries Research, 186, 397–406. 
https://doi.org/10.1016/j.fishr es.2016.09.008 
Lewis, E., Wallace, D., & Allison, L. J. (1998). Program developed for CO2 system 

calculations (38 pp.). Carbon Dioxide Information Analysis Center managed 

by Lockheed Martin Energy Research Corporation for the US Department of 
Energy. 

Liao, Y., Smyth, G. K., & Shi, W. (2013). FeatureCounts: An efficient general 
purpose program for assigning sequence reads to genomic features. 
Bioinformatics, 30(7), 923–930. 

Liu, R., Holik, A. Z., Su, S., Jansz, N., Chen, K., Leong, H. S., Blewitt, M. E., Asselin-
Labat, M.-L., Smyth, G. K., & Ritchie, M. E. (2015). Why weight? Modelling 
sample and observational level variability improves power in RNA-seq 
analyses. Nucleic Acids Research, 43(15),  
97. https://doi.org/10.1093/nar/gkv412 

Liu, W., Huang, X., Lin, J., & He, M. (2012). Seawater acidification and elevated 
temperature affect gene expression patterns of the pearl oyster Pinctada 
fucata. PLoS One, 7(3), e33679. https://doi.org/10.1371/ journ 
al.pone.0033679 

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biology, 15, 550. 
https://doi.org/10.1186/s13059-014-0550-8 

Mackenzie, B. R. (1988). Assessment of temperature effects on interrelationships 
between stage durations, mortality and growth in laboratory-reared 
Homarus americanus Milne Edwards larvae. Journal of Experimental Marine 
Biology and Ecology, 116(1), 87–98. 

MacKenzie, C. L., Ormondroyd, G. A., Curling, S. F., Ball, R. J., Whiteley, N. M., & 
Malham, S. K. (2014). Ocean warming, more than acidification, reduces 
strength in a commercial shellfish species during food limitation. PLoS One, 
9(1), e86764. 

Menu-Courey, K., Noisette, F., Piedalue, S., Daoud, D., Blair, T., Blier, P. U., 
Azetsu-Scott, K., & Calosi, P. (2019). Energy metabolism and survival of the 
juvenile recruits of the American lobster (Homarus americanus) exposed to 
a gradient of elevated seawater pCO2. Marine Environmental Research, 143, 
111–123. https://doi.org/10.1016/j. maren vres.2018.10.002 

Mitchell, A. L., Attwood, T. K., Babbitt, P. C., Blum, M., Bork, P., Bridge, A., Brown, 
S. D., Chang, H.-Y., El-Gebali, S., Fraser, M. I., Gough, J., Haft, D. R., Huang, 
H., Letunic, I., Lopez, R., Luciani, A., Madeira, F., Marchler-Bauer, A., Mi, H., 
… Finn, R. D. (2019). InterPro in 2019: Improving coverage, classification and 
access to protein sequence annotations. Nucleic Acids Research, 47(D1), 
D351–D360. https://doi. org/10.1093/nar/gky1100 

National Marine Fisheries Service (2020). Fisheries of the United States, 2018.. 
U.S. Department of Commerce, NOAA Current Fishery Statistics, No. 2018, 
https://www.fisher ies.noaa.gov/natio nal/commer cial-fishi ng/fishe ries-
united-states-2018 

Nguyen, T. V., Jung, H., Rotllant, G., Hurwood, D., Mather, P., & Venture, T. 
(2018). Guidelines for RNA-seq projects: Applications and opportunities in 
non-model decapod crustacean species. Hydrobiologia, 825(1), 5–27. 
https://doi.org/10.1007/s10750-018-3682-0 

Oulette, M., Petrie, B., & Chassé, J. (2003). Temporal and spatial scales of sea-
surface variability in Canadian Atlantic waters. Canadian Technical Report of 
Hydrography and Ocean Sciences, 228, 1–30. 

Padilla-Gamino, J. L., Kelly, M. W., Evans, T. G., & Hofmann, G. E. (2013). 
Temperature and CO2 additively regulate physiology, morphology and 
genomic responses of larval sea urchins, Strongylocentrotus purpuratus. 
Proceedings of the Royal Society, 280(1759), 20130155. 

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T.-C., Mendell, J. T., & 
Salzberg, S. L. (2015). StringTie enables improved reconstruction of a 
transcriptome from RNA-seq reads. Nature Biotechnology, 33(3), 290–295. 
https://doi.org/10.1038/nbt.3122 

Pershing, A. J., Alexander, M. A., Hernandez, C. M., Kerr, L. A., Le Bris, A., Mills, K. 
E., … Thomas, A. C. (2015). Slow adaptation in the face of rapid warming 
leads to collapse of the Gulf of Maine cod fishery. Science, 350(6262), 809–
812. https://doi.org/10.1126/scien ce.aac9819 

Portner, H. O., Farrell, A. P. (2008). ECOLOGY: Physiology and Climate Change. 
Science, 322(5902), 690–692. https://doi.org/10.1126/scien ce.1163156 

https://doi.org/10.1016/j.cbd.2020.100716
https://doi.org/10.1016/j.cbd.2020.100716
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1080/07924259.2013.834278
https://doi.org/10.1080/07924259.2013.834278
https://www.ipcc.ch/srocc/
https://www.ipcc.ch/srocc/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://doi.org/10.3354/meps07802
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1073/pnas.1711122115
https://doi.org/10.1016/j.fishres.2016.09.008
https://doi.org/10.1016/j.fishres.2016.09.008
https://doi.org/10.1093/nar/gkv412
https://doi.org/10.1371/journal.pone.0033679
https://doi.org/10.1371/journal.pone.0033679
https://doi.org/10.1371/journal.pone.0033679
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.marenvres.2018.10.002
https://doi.org/10.1016/j.marenvres.2018.10.002
https://doi.org/10.1093/nar/gky1100
https://doi.org/10.1093/nar/gky1100
https://www.fisheries.noaa.gov/national/commercial-fishing/fisheries-united-states-2018
https://www.fisheries.noaa.gov/national/commercial-fishing/fisheries-united-states-2018
https://www.fisheries.noaa.gov/national/commercial-fishing/fisheries-united-states-2018
https://www.fisheries.noaa.gov/national/commercial-fishing/fisheries-united-states-2018
https://www.fisheries.noaa.gov/national/commercial-fishing/fisheries-united-states-2018
https://www.fisheries.noaa.gov/national/commercial-fishing/fisheries-united-states-2018
https://doi.org/10.1007/s10750-018-3682-0
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1126/science.aac9819
https://doi.org/10.1126/science.1163156
https://doi.org/10.1126/science.1163156


      819 

 NIEMISTO  ET   al . 

Quinn, B. K., & Rochette, R. (2015). Potential effect of variation in water 
temperature on development time of American lobster larvae. ICES Journal 
of Marine Science, 72(1) , i79–i90. https://doi.org/10.1093/ icesjm s/fsv010 

Quinn, B. K., Rochette, R., Ouellet, P., & Sainte-Marie, B. (2013). Effect of 
temperature on developmental rate of larvae from cold-water American 
lobster (Homarus americanus). Journal of Crustacean Biology, 33(4), 527–
536. 

Rato, L. D., Novais, S. C., Lemos, M. F. L., Alves, L. M. F., & Leandro, S. M. (2017). 
Homarus gammarus (Crustacea: Decapoda) larvae under an ocean 
acidification scenario: Responses across different levels of biological 
organization. Comparative Biochemistry and Physiology Part C:  
Toxicology and Pharmacology, 203, 29–38. https://doi.org/10.1016/j. 
cbpc.2017.09.002 

Ries, J. B., Cohen, A. L., & McCorkle, D. C. (2009). Marine calcifiers exhibit mixed 
responses to CO2-induced ocean acidification. Geology, 37(12), 1131–1134. 
https://doi.org/10.1130/G3021 0A.1 

Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2009). edgeR: A Bioconductor 
package for differential expression analysis of digital gene data. 
Bioinformatics, 26(1), 139–140. 

Salisbury, J. E., Vandemark, D., Hunt, C. W., Campbell, J. W., McGillis, W. R., 
McDowell, W. H. (2008). Seasonal observations of surface waters in two Gulf 
of Maine estuary-plume systems: Relationships between watershed 
attributes, optical measurements and surface pCO2. Estuarine, Coastal and 
Shelf Science, 77(2), 245–252. https:// doi.org/10.1016/j.ecss.2007.09.033 

Small, D. P., Calosi, P., Boothroyd, D., Widdicombe, S., & Spicer, J. I. (2015). Stage-
specific changes in physiological and life-history responses to elevated 
temperature and pCO2 during the larval development of the European 
lobster Homarus gammarus (L.). Physiological and Biochemical Zoology, 
88(5), 494. 

Stark, R., Grzelak, M., & Hadfield, J. (2019). RNA sequencing: The teenage years. 
Nature Reviews Genetics, 20(11), 631–656. https://doi. 
org/10.1038/s41576-019-0150-2 

Tedeschi, J. N., Kennington, W. J., Berry, O., Whiting, S., Meekan, M., & Mitchell, 
N. J. (2015). Increased expression of Hsp70 and Hsp90 mRNA as biomarkers 
of thermal stress in loggerhead turtle embryos (Caretta Caretta). Journal of 
Thermal Biology, 47, 42–50. https://doi. 
org/10.1016/j.jther bio.2014.11.006 

Thomas, A. C., Pershing, A. J., Friedland, K. D., Nye, J. A., Mills, K. E., Alexander, 
M. A., Record, N. R., Weatherbee, R., & Henderson, M. E. (2017). Seasonal 
trends and phenology shifts in sea surface temperature on the North 
American northeastern continental shelf. Elementa, 5, 240. 
https://doi.org/10.1525/elemen ta.240 

Todgham, A. E., & Hofmann, G. E. (2009). Transcriptomic response of sea urchin 
larvae Strongylocentrotus purpuratus to CO2-driven seawater acidification. 
Journal of Experimental Biology, 212(16), 2579–2594. 
https://doi.org/10.1242/jeb.032540 

Waller, J. D., Wahle, R. A., McVeigh, H., & Fields, D. M. (2017). Linking rising pCO2 
and temperature to the larval development and physiology of the American 
lobster (Homarus americanus). ICES Journal of Marine Science, 74(4), 1210–
1219. https://doi.org/10.1093/icesj ms/ fsw154 

Walther, K., Anger, K., & Pörtner, H. O. (2010). Effects of ocean acidification and 
warming on the larval development of the spider crab Hyas araneus from 
different latitudes (54° vs 79°N). Marine Ecological  

Progress Series, 417, 159–170. https://doi.org/10.3354/meps0 8807 
Walther, K., Sartoris, F. J., & Pörtner, H. O. (2011). Impacts of temperature and 

acidification on larval calcium incorporation of the spider crab Hyas araneus 
from different latitudes (54° and 79°N). Marine Biology, 158(9), 2043–2053. 

Wernberg, T., Smale, D. A., & Thomsen, M. S. (2012). A decade of climate change 
experiments on marine organisms: Procedures, patterns and problems. 
Global Change Biology, 18, 1491–1498. https://doi. org/10.1111/j.1365-
2486.2012.02656.x 

Whitely, N. M. (2011). Physiological and ecological responses of crustaceans to 
ocean acidification. Marine Ecological Progress Series, 430, 257–271. 
https://doi.org/10.3354/meps0 9185 

Whitman, A. C., & Pörtner, H. O. (2013). Sensitivities of extant animal taxa to 
ocean acidification. Nature Climate Change, 3(11), 995–1001. 
https://doi.org/10.1038/NCLIM ATE1982 

Wood, H. L., Spicer, J. I., & Widdicombe, S. (2008). Ocean acidification may 
increase calcification rates, but at a cost. Proceedings of the Royal Society B, 
275(1644), 1767–1773. 

How to cite this article: Niemisto M, Fields DM, Clark KF, Waller JD, 
Greenwood SJ, Wahle RA. American lobster postlarvae alter gene 
regulation in response to ocean warming and acidification. Ecol Evol. 
2021;11:806–819.   
https://doi.org/10.1002/ece3.7083 

https://doi.org/10.1093/icesjms/fsv010
https://doi.org/10.1093/icesjms/fsv010
https://doi.org/10.1016/j.cbpc.2017.09.002
https://doi.org/10.1016/j.cbpc.2017.09.002
https://doi.org/10.1016/j.cbpc.2017.09.002
https://doi.org/10.1130/G30210A.1
https://doi.org/10.1130/G30210A.1
https://doi.org/10.1016/j.ecss.2007.09.033
https://doi.org/10.1016/j.ecss.2007.09.033
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1016/j.jtherbio.2014.11.006
https://doi.org/10.1016/j.jtherbio.2014.11.006
https://doi.org/10.1525/elementa.240
https://doi.org/10.1242/jeb.032540
https://doi.org/10.1093/icesjms/fsw154
https://doi.org/10.1093/icesjms/fsw154
https://doi.org/10.3354/meps08807
https://doi.org/10.1111/j.1365-2486.2012.02656.x
https://doi.org/10.1111/j.1365-2486.2012.02656.x
https://doi.org/10.1111/j.1365-2486.2012.02656.x
https://doi.org/10.3354/meps09185
https://doi.org/10.3354/meps09185
https://doi.org/10.1038/NCLIMATE1982
https://doi.org/10.1002/ece3.7083

	1 | INTRODUCTION
	2 | METHODS
	2.1 | Experimental design
	2.2 | RNA extraction
	2.3 | Bioinformatics

	3 | RESULTS
	4 | DISCUSSION

