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reduce their investment in non-essential processes such as 
shell growth.
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Introduction

Freshwater mussels have their highest abundance and 
diversity in North America, and provide many important 
ecological functions (Williams et al. 1993; Bogan 2008). 
For example, freshwater mussels filter large volumes of 
water daily, remove bacteria and particles from the water 
column, and generate nutrient-rich areas (Vaughn and 
Hakenkamp 2001; Hauer and Lamberti 2007). In addi-
tion, freshwater mussels provide an important resource as 
food for other aquatic and terrestrial animals (Vaughn and 
Hakenkamp 2001; Hauer and Lamberti 2007). Notably, 
freshwater mussel populations are on the decline, in both 
species richness and biomass (Williams et al. 1993; Lyd-
eard et al. 2004; Regnier et al. 2009). Alterations in flow 
regimes, land-use changes, invasive species such as zebra 
mussels, and climate change are all thought to have contrib-
uted to these declines (Strayer et al. 2004; Vaughn 2010). 
With only a small percentage of stable freshwater mussel 
populations remaining (Williams et al. 1993) and continued 
degradation of freshwater ecosystems, there is an increased 
need to understand the vulnerabilities of these animals to 
environmental stressors, and the mechanisms underlying 
their physiological responses to these stressors (e.g., Jeffrey 
et al. 2015).

One environmental stressor that is currently understudied 
in the freshwater environment is the impact of elevations in 
the partial pressure of carbon dioxide (pCO2). In the context 

Abstract Freshwater mussels are some of the most 
imperiled species in North America and are particularly 
susceptible to environmental change. One environmen-
tal disturbance that mussels may encounter that remains 
understudied is an increase in the partial pressure of CO2 
(pCO2). The present study quantified the impacts of acute 
(6 h) and chronic (up to 32 days) exposures to elevated 
pCO2 on genes associated with shell formation (chitin syn-
thase; cs) and the stress response (heat shock protein 70; 
hsp70) in Fusconaia flava. Oxygen consumption (MO2) 
was also assessed over the chronic CO2 exposure period. 
Although mussels exhibited an increase in cs following 
an acute exposure to elevated pCO2, long-term exposure 
resulted in a decrease in cs mRNA abundance, suggest-
ing that mussels may invest less in shell formation during 
chronic exposure to elevated pCO2. In response to an acute 
elevation in pCO2, mussels increased hsp70 mRNA abun-
dance in mantle and adductor muscle and a similar increase 
was observed in the gill and adductor muscle in response to 
a chronic elevation in pCO2. A chronic elevation in pCO2 
also increased mussel MO2. This overall increase in hsp70 
mRNA levels and MO2 in F. flava indicates that exposure 
to elevated pCO2 initiates activation of the general stress 
response and an increased energy demand. Together, the 
results of the present study suggest that freshwater mussels 
respond to elevated pCO2 by increasing processes neces-
sary to ‘deal with’ the stressor and, over the long-term, may 
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of climate change and rising atmospheric CO2, the impact 
of ocean acidification (i.e., elevated pCO2) on marine cal-
cifying organisms has been investigated to a large extent 
(reviewed by Fabry et al. 2008; Gazeau et al. 2013); how-
ever, virtually northing is known about the responses of 
freshwater bivalves to increased pCO2 (Hasler et al. 2016). 
Upon entering freshwater, CO2 results in a decrease in water 
pH due to the production of carbonic acid (H2CO3), lead-
ing to the release of H+ and, thus, the weak acidification of 
water. Levels of freshwater pCO2 can vary for a variety of 
reasons including, terrestrial productivity, precipitation, and 
local geology (Cole et al. 1994; Maberly 1996; Butman and 
Raymond 2011), resulting in CO2 levels that can fluctuate 
both seasonally and daily, and that can exceed atmospheric 
levels (i.e., water bodies can be supersaturated with CO2). 
River environments can thus experience a wide range of 
pCO2 over the course of a year (from less than 100 to over 
15,000 µatm), with higher values being observed in warmer, 
dryer periods (Cole and Caraco 2001). Although less well 
understood than for the marine environment, freshwater 
pCO2 may increase as a result of increased atmospheric 
CO2, greater terrestrial primary productivity, increased pre-
cipitation, and longer periods of dry conditions—although 
the magnitude of change is not known (Phillips et al. 2015; 
Hasler et al. 2016; Perga et al. 2016). Levels of freshwa-
ter CO2 can also be intentionally elevated in the context 
of generating non-physical barriers to deter the movement 
of invasive fishes (Noatch and Suski 2012). The form that 
such a non-physical barrier may take has not yet been well 
defined, but CO2 levels would likely dissipate as the dis-
tance from the CO2 infusion site increases, thus mussels 
may be exposed to a gradient of CO2 depending on their 
proximity to the barrier. Together, freshwater mussels may 
experience periods of elevated pCO2 due to both natural and 
anthropogenic sources, and with pCO2 expected to rise in 
the future, this necessitates a need for a better understanding 
of the consequences for freshwater mussels.

In the marine environment, a major consequence of 
exposure to elevated pCO2 for bivalves is a reduction in 
both shell growth and biomineralization (reviewed by 
Gazeau et al. 2013). The mollusc shell provides an impor-
tant external structure to support living tissues, protect 
against predators, and exclude mud and sand from the 
mantle cavity of burrowing species (Gazeau et al. 2013). 
Changes in the integrity of the shell have occurred due to 
exposure to conditions of ocean acidification, and dissolu-
tion of the shell as a result can have consequences for the 
health and survival of bivalves (reviewed by Gazeau et al. 
2013). The mantle, a thin secretory epithelial tissue lining 
the inner surface of the shell, is responsible for mollusc 
shell formation, and shell calcification occurs in a small 
compartment (i.e., extrapallial cavity) located between the 
calcifying outer mantle and the shell (Wilbur and Saleuddin 

1983). The shell is comprised of a mineral phase (95–99 % 
predominantly calcium carbonate; CaCO3) and an organic 
matrix (1–5 %). Chitin is an insoluble polysaccharide that 
forms the highly structured organic framework of mol-
lusc shells within which CaCO3 minerals are deposited 
(Weiner et al. 1984; Levi-Kalisman et al. 2001; Weiss and 
Schonitzer 2006). The enzymes involved in chitin synthesis 
are important not only for mechanical strength and tough-
ness of the shell, but also for coordination of mineraliza-
tion processes and shell formation (Schonitzer and Weiss 
2007). Chitin synthase (CS) is a key enzyme involved in 
the synthesis of chitin (Fang et al. 2011), and inhibition of 
CS during early development has been shown to negatively 
affect rates of shell development, solubility of the shell, and 
survival in Mytilus galloprovincialis larvae (Schonitzer and 
Weiss 2007). Furthermore, changes in the mRNA abun-
dance of cs occurred in mantle of adult Laternula elliptica, 
a marine bivalve, in response to changes in environmen-
tal pCO2 (and thus pH) (Cummings et al. 2011). Due to 
its importance in the biological control of shell formation 
and evidence of its regulation in response to situations of 
ocean acidification, cs provides a useful target to assess the 
impact of environmental stressors, such as elevated pCO2, 
on shell formation in adult freshwater mussels.

The impacts of elevated pCO2 on other cellular func-
tions, such as mediators of cellular stress, have also been 
investigated to some extent in marine bivalves (e.g., Cum-
mings et al. 2011). Heat shock proteins (HSPs) are among 
the most evolutionarily conserved proteins, and are induced 
by a number of factors beyond heat-stress that affect cell 
protein structure and functioning (Feder and Hofmann 
1999; Sørensen et al. 2003). A key role of HSPs is to pro-
tect and repair cellular proteins damaged by exposure to 
stressors, and to minimize protein aggregation (Feder and 
Hofmann 1999). Heat shock protein 70 (HSP70) is the 
most abundant family of HSPs, and consists of the consti-
tutively expressed HSC70 and inducible HSP70 that are 
ubiquitously distributed in eukaryotic cells (Feder and Hof-
mann 1999). The key role of HSPs in mechanisms of cellu-
lar protection renders them good markers of the stress sta-
tus of an organism. In this way, HSPs provide information 
about the general condition and health of an organism as 
well as the sub-lethal effects (i.e., early warning signs) of a 
stressor, before more complex functions are compromised 
(reviewed by Fabbri et al. 2008). The inducible HSP70 is 
widely up-regulated in response to a variety of stressors in 
bivalves (e.g., Franzellitti and Fabbri 2005; Toyohara et al. 
2005; Cellura et al. 2006; Cummings et al. 2011; Chen 
et al. 2014; Luo et al. 2014) and may represent a useful bio-
marker in examining elevated CO2 as a potential stressor in 
freshwater mussels.

In addition to the impacts of elevated pCO2 on cel-
lular function, elevations in pCO2 also have the potential 
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to affect whole-animal energetics and metabolism. In 
response to acute hypercapnia, metabolic depression is an 
adaptive response used by shelled molluscs to conserve 
energy, and is likely driven by decreased extracellular 
pH (reviewed by Pörtner et al. 2004; Gazeau et al. 2013). 
Acute responses to hypercapnia are time-dependent how-
ever, and long-term depressions in metabolic rate (rate of 
oxygen consumption; MO2) due to chronic hypercapnia 
can be lethal (Gazeau et al. 2013). Interestingly, although 
some studies have observed decreases in metabolic rate due 
to exposure to elevated pCO2 (e.g., Michaelidis et al. 2005; 
Fernández-Reiriz et al. 2011; Liu and He 2012; Navarro 
et al. 2013), results from other studies on marine bivalves 
have been mixed (reviewed by Gazeau et al. 2013). For 
instance, elevations in MO2 in response to increased pCO2 
have been observed (e.g., Beniash et al. 2010; Lannig et al. 
2010; Thomsen and Melzner 2010; Cummings et al. 2011; 
Parker et al. 2012) suggesting that shelled molluscs may be 
able to at least partially compensate for the energetic costs 
of acidosis (Wicks and Roberts 2012; Gazeau et al. 2013). 
Moderate elevations in pCO2 below 1200 µatm (approxi-
mately three times current ocean pCO2), on the other hand, 
have had minimal effects on MO2 (e.g., Matoo et al. 2013). 
To date, no studies have quantified the impact of elevated 
pCO2 on the MO2 of freshwater bivalves, which is an 
important biomarker of the overall energetic status of an 
organism.

The goals of the present study were to define the impacts 
of elevated pCO2 on the biological control of shell for-
mation, as well as stress status at the cellular and whole-
animal levels, in freshwater mussels. To accomplish these 
goals, adult Wabash pigtoe mussels (Fusconaia flava) 
were first exposed to a short-term elevation in pCO2 (6 h) 
that was followed by a 6-h post-stressor period at ambient 
conditions. In this experiment, mussels were exposed to 
either ambient (300 µatm), 15,000 or 200,000 µatm pCO2. 
In a second experiment, and to quantify the impacts of an 
extended exposure to elevated pCO2, F. flava were exposed 
to either ambient (1000 µatm) or 20,000 µatm pCO2 for 4, 
8, or 32 days. In both experiments, cs mRNA levels and 
RNA:DNA ratio (as an indicator of total protein synthe-
sis) were quantified in mantle tissue as indicators of shell 
formation, and hsp70 mRNA levels were assessed across a 
number of tissues. In addition, MO2 was assessed repeat-
edly in mussels exposed to the long-term CO2 exposure.

Materials and methods

Experimental animals

Adult F. flava (wet mass, 27.0 ± 1.3 g; length, 
50.2 ± 0.8 mm; mean ± standard error of the mean, SEM) 

were collected by benthic grab from Big Four Ditch, Pax-
ton, IL. Mussels were transported in coolers (<1-h transport 
time) to the Aquatic Research Facility at the University of 
Illinois, Champaign-Urbana, IL, cleaned of epibionts, and 
individually tagged (Queen Marking Kit tags; The Bee 
Works, Orillia, ON, CA). Mussels were then placed into 
one of three 128.6 L recirculating systems, each consisting 
of three tanks with 5 cm of sand, supplied with water from 
a 0.04 ha naturalized, earthen-bottom pond, a UV Sterilizer 
(TMC Vecton 8 W, 11 L min−1 flow rate, Pentair, Apopka, 
FL, USA), a heater/chiller (TECO-US, Aquarium Spe-
cialty, Columbia, SC, USA), and a low pressure air blower 
(Sweetwater, SL24H Pentair, Apopka, FL, USA). Mussels 
were held for at least 1 week prior to the onset of experi-
ments and were fed a commercial diet (Nannochloropsis 
sp. 1–2 microns and Isochrysis, Pavlova, Thalassiosira, and 
Tertraselmis spp. 5–12 microns; Instant Algae, Reed Mari-
culture Inc., Campbell, CA, USA) every other day for the 
duration of the study period, with the exception of the 48-h 
period prior to the onset of sampling. Dissolved oxygen 
(DO) and temperature were monitored daily with a portable 
meter (YSI 550A, Yellow Springs Instruments, Irvine, CA, 
USA) and averaged 8.0 ± 0.6 mg L−1 (mean ± SEM) and 
17.5 ± 0.2 °C, respectively. Fifty percent water changes 
were performed weekly and no mussel mortality occurred 
throughout the experiment.

Short‑term exposure to elevated pCO2

Mussels (N = 48) were removed from recirculating sys-
tems and transferred to individual 0.71 l containers within 
a recirculating system. Each system consisted of a raceway 
with eight containers (i.e., held eight mussels at a time), 
and a central reservoir. Pond water was pumped from the 
central reservoir into individual containers and allowed to 
overflow into the raceway and return to the reservoir form-
ing a closed system. Individual containers were supplied 
with an air stone to maintain DO levels. Temperature and 
DO were monitored (see above), and pH was measured 
using a handheld meter (WTW pH 3310 m, Germany), cal-
ibrated regularly throughout the study (Moran 2014). Free 
CO2 and total alkalinity (TA) concentrations were measured 
using digital titration kits (Hach Company, Titrator model 
16900, cat. no. 2272700 for CO2 and cat. no. 2271900 for 
TA). Water temperature, TA, and pH values were then used 
to determine the pCO2 in μatm using CO2calc where all 
default parameters were used with the exception that ‘Set 
of constants’ was set to ‘Salinity = 0 (freshwater) K1; K2 
from Millero 1979’ (Robbins et al. 2010) (Table 1).

Following a 24-h period in individual containers, mus-
sels were exposed to either ambient (273 ± 30 µatm), 
15,000 µatm (14,772 ± 1685), or 200,000 µatm 
(188,114 ± 12,669) pCO2 as described in Hannan et al. 
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(2016). A pCO2 of 200,000 µatm was chosen as it repre-
sents a conservative target for a non-physical fish barrier 
due to its efficacy at deterring the movement of several 
juvenile fish species, including bigheaded carp (Kates et al. 
2012). A second CO2 level of 15,000 µatm was chosen as 
this level may be expected downstream of a CO2 barrier 
and thus affect mussels not residing immediately within 
the CO2 addition zone. A level of 15,000 µatm may also 
potentially arise in some freshwater systems as a result of 
climate change (Phillips et al. 2015; Hasler et al. 2016; 
Perga et al. 2016). Target CO2 levels were achieved by the 
common method of bubbling compressed CO2 gas (com-
mercial grade, 99.9 % purity) into the central reservoir 
through an air stone (Riebesell et al. 2010). Levels of CO2 
were maintained within the central reservoir with a pH con-
troller (PINPOINT®, American Marine Inc., CT, USA) that 
adds CO2 if the pH rises above a target level (7.00 ± 0.10 
and 6.00 ± 0.10 pH, for 15,000 and 200,000 µatm treat-
ment, respectively) during the exposure period. Mussels 
were exposed to one of the three CO2 treatments for 6 h 
and sampled either directly following the 6-h treatment, or 
after being held for an additional 6 h at ambient conditions 
(i.e., recovery period). Mussel wet mass (24.8 ± 1.5 g) and 
length (49.2 ± 1.0 mm), were measured as well as the dry 
mass of the soft tissue (1.05 ± 0.06 g); see ‘Oxygen con-
sumption’) and no significant effect of CO2 treatment or 
time-point were found (see Hannan et al. 2016). Mussels 
(N = 8) were sampled for mantle, gill, foot, and adductor 
muscle tissues that were placed in 1 ml of RNAlater Sta-
bilization Solution (Ambion, cat. no. AM7020, Life Tech-
nologies, Carlsbad, CA, USA) and stored overnight at 4 °C 
prior to storage at −80 °C.

Long‑term exposure to elevated pCO2

Mussels (N = 48) were separated into one of two recircu-
lating systems (as described above) and held at either ambi-
ent (994 ± 62 µatm) or 20,000 µatm (22,712 ± 2482 µatm) 
pCO2 for 4, 8, and 32 days. Note that the difference in 

the ambient CO2 levels between the short- and long-term 
exposures was due to natural fluctuations in the CO2 lev-
els of the pond water. Target CO2 pressures were again 
achieved by bubbling CO2 gas into the reservoir through 
an air stone, and maintained using a pH controller set 
to a pH of 7.20 ± 0.10, as described above. A level of 
20,000 µatm was chosen as this may represent a level that 
mussels downstream of a CO2 barrier may experience, and 
it was unknown whether mussels would survive long-term 
exposure to a higher level of CO2 (i.e., like the upper level 
used in the ‘short-term’ experiment). Water quality meas-
urements including temperature, DO, pH, alkalinity, con-
centration of CO2, pCO2 in µatm (calculated by CO2Calc) 
were monitored using the same methods as described in 
the short-term experiment (Table 1). Mussels (N = 8) were 
sampled as above after 4, 8, and 32 days of exposure to 
either ambient or elevated CO2 conditions. No significant 
effect of CO2 treatment or time-point were found for wet 
mass (25.4 ± 1.7 g) and length (49.7 ± 1.0 mm), as well as 
the dry mass of the soft tissue (1.02 ± 0.06 g) (see Hannan 
et al. 2016).

RNA and first‑strand cDNA synthesis

Total RNA was extracted from 50 to 100 mg of tissue 
using TRI Reagent (Ambion, cat. no. AM9738, Life Tech-
nologies) according to the manufacturer’s protocol. Tis-
sues were disrupted and homogenized with a mechani-
cal homogenizer (Tissue-Tearor®, Biospec Products Inc., 
model no. 935370, Bartlesville, OK, USA). Extracted RNA 
was quantified using a Nanodrop ND-1000 UV–Vis spec-
trophotometer (Peqlab, Erlangen, Germany) and 1 μg of 
RNA was treated with deoxyribonuclease I (Amplification 
Grade, DNase; cat. no. 18068015, Invitrogen, Life Tech-
nologies). To synthesize cDNA, MultiScribe Reverse Tran-
scriptase, RNase inhibitor, and random primers were used 
according to the manufacturer’s protocol (High-Capacity 
cDNA Reverse Transcription kit; Applied Biosystems, cat. 
no. 4374966, Life Technologies).

Table 1  Water chemistry for short- and long-term pCO2 exposures

Data are presented as mean ± SEM

Experiment CO2 level Temperature (°C) Dissolved O2 
(mg L−1)

pH Total alkalinity 
(mg L−1)

Dissolved CO2 
(mg L−1)

pCO2 (µatm)

Short term Ambient 
(300 µatm)

17.8 ± 0.2 8.98 ± 0.12 8.65 ± 0.05 211 ± 5 13.5 ± 0.5 272.8 ± 30.2

15,000 µatm 17.9 ± 0.25 8.76 ± 0.26 6.99 ± 0.02 202.6 ± 14.6 36.9 ± 4.7 14,772.6 ± 1685.3

200,000 µatm 17.8 ± 0.2 8.56 ± 1.21 6.01 ± 0.01 268 ± 12 255.5 ± 0.5 188,114 ± 12,669.6

Long term Ambient 
(1000 µatm)

17.6 ± 0.2 8.05 ± 0.04 8.42 ± 0.02 211.1 ± 2.3 16.2 ± 0.7 994.2 ± 61.8

20,000 µatm 17.5 ± 0.2 7.99 ± 0.07 7.24 ± 0.06 255.1 ± 8.8 40.79 ± 3.1 22,712.0 ± 2482.5
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Gene sequences

For the purpose of developing primers for quantitative real-
time RT-PCR (qPCR; see below), partial sequences were 
generated for cs, hsp70, and 18s from cDNA synthesized 
from mantle tissue. Gene-specific primers (Table 2) were 
designed based on conserved regions of sequences from 
several bivalve species using Primer3plus (primer3plus.
com). For 18s, primer forward 2 was nested within the 
product from primers forward 1 and reverse 1 to extend the 
sequence; a single set of primers was sufficient to gener-
ate a partial sequence for hsp70 and cs. Primers for cs were 
based on conserved regions in Atrina rigida (DQ081727), 
L. elliptica (HQ186262), M. galloprovincialis (EF535882), 
Pinctada fucata (AB290881), and Septifer virgatus 
(AB613818). Primers for hsp70 were based on conserved 
regions in Argopecten irradians (AY485261), A. purpura-
tus (FJ839890), Chlamys farreri (AY206871), Corbicula 
fluminea (KJ461738), Crassostrea ariakensis (AY172024), 
C. gigas (AF144646), C. hongkongensis (FJ157365), C. 
virginica (AJ271444), Cristaria plicata (HQ148706), 
Hyriopsis cumingii (KJ123764), L. elliptica (EF198332), 
Meretrix meretrix (HQ256748), Mizuhopecten yessoensis 
(AY485262), M. coruscus (KF322135), M. galloprovincia-
lis (AB180909), P. fucata (EU822509), Paphia undulata 
(JX885711), Pteria penguin (EF011060), Ruditapes philip-
pinarum (KJ569079), Sinonovacula constricta (JF748730), 
and Tegillarca granosa (JN936877). Primers for 18s 
were based on conserved regions in Anodonta cygnea 
(AM774476), Elliptio complanata (AF117738), Lampsilis 
cardium (AF120537), Psilunio littoralis (AF120536), and 
Unio pictorum (AM774477).

All PCR reactions were performed using an Eppendorf 
Mastercycler. Reaction compositions (total volume 25 μl) 

were as follows; 2 μl cDNA, 0.2 μM primer, and 5 μl Taq 
5X Master Mix (cat. no. M0258L, New England BioLabs, 
Ipswich, MA, USA). In each case, cycling conditions were 
95 °C (30 s), 55 °C (30 s), and 68 °C (30 s) for 38 cycles. 
Resulting amplicons were run on 1.5 % agarose gels with 
ethidium bromide and extracted using a QIAquick gel 
extraction kit (cat. no. 28704, QIAGEN, Valencia, CA, 
USA). Amplicons were cloned using a PCR cloning kit 
(cat. no. 231122, QIAGEN) and Sub-cloning Efficiency 
DH5α Competent Cells (Invitrogen, cat. no. 18265017, 
Life Technologies) following the manufacturers’ protocols, 
with the exception that cloning reactions were scaled to 5 µl 
rather than 10 µl. Plasmids were extracted using a QIAprep 
Spin Miniprep Kit (cat. no. 27104, QIAGEN) and were 
sequenced by Core DNA Sequencing Facility (University 
of Illinois at Urbana-Champaign, Urbana, IL, USA) result-
ing in partial sequences: 712 bp for cs (KX342020), 958 bp 
for hsp70 (KX342019), and 1240 bp for 18s (KX342024). 
These partial sequences were sufficient to generate prim-
ers for qPCR (see below). Partial sequences were also 
generated for glyceraldehyde 3-phosphate dehydroge-
nase (gapdh; KX342023), elongation factor 1-α (ef1-α; 
KX342022), and β-actin (KX342021) for use as alternate 
normalization genes; however, 18s was chosen as it varied 
the least across individuals and treatment groups when ana-
lyzed by qPCR.

Quantitative real‑time RT‑PCR

Quantitative real-time RT-PCR was used to assess the rela-
tive abundance of cs and hsp70 mRNA. Oligonucleotide 
primers were generated using Primer3plus (primer3plus.
com) for the target genes as well as the reference gene 18s 
(Table 2), and their specificity was verified by sequencing 

Table 2  Oligonucleotide 
primer sets used for gene 
cloning and quantitative 
real-time RT-PCR (qPCR) in 
Fusconaia flava

cs chitin synthase, hsp70 heat shock protein 70

Purpose Gene Primers (5′–3′) Product size (bp)

Gene cloning cs Forward—TGT GCT ACA ATG TGG CAC GA

Reverse—TAC CAC ACC ATC GGA CCT GA

hsp70 Forward—CCA TTG CCT ATG GTC TGG A

Reverse—TTG CTG AGA CGA CCT TTG TC

18s Forward 1—GGT TCC GCT GGT GAA TCT GA

Reverse 1—CAC CAC CCA CCG AAT CAA GA

Forward 2—CTT GGA TCG CCG TAA GAC GA

Reverse 2—CCT TCC GGG TAA GGG CAA AT

qPCR cs Forward—GAG TCG ATT GGC CCA AGA CA 104

Reverse—CCA CCT GTT CGT CGA GTT CA

hsp70 Forward—GAG CAT CAC CAG GGC AAG AT 103

Reverse—TGG CTT GTC CAT CTT GGC AT

18s Forward—GCT CGT AGT TGG ATC TCG GG 76

Reverse—CCA GGA GGT AGG TCA GGA CA
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the product from each primer set. To optimize reaction 
compositions, standard curves were generated for each 
primer set using cDNA pooled from individuals across 
treatment groups (efficiencies were ≥0.85). Real-time PCR 
was carried out using RealMasterMix SYBR ROX (cat. no. 
22008800, 5 Prime) and ABI 7900HT Fast Real-Time PCR 
System (Life Technologies) with the following cycling con-
dition: 95 °C for 15 s and 60 °C for 60 s over 40 cycles. 
For all reactions, manufacturer’s instructions were followed 
with the exceptions that reactions were scaled to 10 μl, of 
which 5 μl was the RealMasterMix SYBR ROX. For cs 
and hsp70, cDNA was diluted 20-fold, and 1000-fold for 
18s. Primer concentrations were 0.1 µM. The abundance 
of each gene was calculated relative to the ‘control 6-h 
treatment’ group for the short-term experiment and to the 
‘control 4 d’ group for the long-term experiment using the 
modified delta–delta Ct method (Pfaffl 2001) with 18s as 
the normalizing gene.

Ratio of RNA to DNA

The ratio of RNA:DNA has been used as a measure of pro-
tein synthesis and overall mussel health in previous studies 
(e.g., Norkko et al. 2006; Menge et al. 2007). In the present 
study, the ratio of RNA:DNA was assessed in the mantle 
tissue. Total RNA and DNA were extracted from the same 
piece of mantle tissue using the AllPrep DNA/RNA Mini 
Kit as in Tsangaris et al. (2010) following the manufac-
turer’s protocol. Levels of RNA and DNA were then deter-
mined using a Qubit® 3.0 Fluoremeter (Fisher Scientific, 
Hanover Park, IL, USA) and expressed as the ratio of the 
RNA to DNA.

Oxygen consumption

An additional set of mussels (N = 16) from the ‘long-term 
exposure to elevated pCO2’ experiment were assessed 
repeatedly for MO2 at 4, 8, and 32 days of exposure. The 
MO2 was determined using computerized intermittent-flow 
respirometry (Steffensen 1989). Briefly, the system con-
sisted of four glass chambers (143 mm length × 45 mm 
diameter) that were each connected to two pumps, one for 
recirculation, and one for flushing ambient oxygenated 
water into the chamber. The total volume of the set-up, 
including the glass chamber and all associated tubing was 
0.248 L. The MO2 in each individual chamber was quan-
tified within twelve 70 min cycles consisting of a 55 min 
measurement period, a 14 min flush period, and a 1 min 
wait period prior to commencing the subsequent cycle. 
The MO2 (mg O2 g

−1 h−1) for each mussel was calculated 
as:

MO2 = α VrespβM
−1
b

 where Vresp is the volume of each chamber minus the vol-
ume of the mussel (L), β is the oxygen solubility (adjusted 
daily for the barometric pressure and temperature), and Mb 
is the dry weight of the mussel (g; see below). For each 
trial, the coefficient of determination (r2) for all slope 
measurements was >0.85. Calibration of the fiber optic 
oxygen probes with oxygen-free and fully saturated water 
was performed regularly throughout the experiments. Data 
were recorded using AutoResp software (Version 1.4), and 
background O2 levels were collected and adjusted for dur-
ing each trial (Steffensen 1989). At the completion of the 
32 days repeated sampling period, mussel soft tissues were 
excised and dried at 99 °C (Widdows et al. 2002) for 24 h 
to determine dry weight.

Statistical analysis

The effects of CO2 exposure on the mRNA abundance of 
cs and hsp70 and the RNA:DNA ratio were assessed using 
a two-way analysis of variance (ANOVA) with pCO2 level, 
sampling time, and their interaction (pCO2 × sampling 
time) entered as fixed effects. If at least one of the main 
effects, or the interaction term, was significant, a Tukey–
Kramer honestly significant difference (HSD) post hoc test 
was applied to separate means.

A general linear mixed effect model (GLMEM) was 
used to assess the impact of elevated pCO2 on mussel MO2 
during long-term exposure. Main effects, including pCO2 
treatment, sampling time (4, 8, and 32 days), as well as 
the interactions of treatment × time, were treated as fixed 
effects, and mussel ID was treated as a random effect. The 
use of a random effect was necessary because multiple 
measurements were taken from each animal across trials, 
thus, each measurement was not independent (Laird and 
Ware 1982; Lindstrom and Bates 1990). The GLMEM was 
fit using ‘lmer’ from the R package lme4 (Bates 2010), 
and coefficients were estimated using restricted maximum 
likelihood. To define the importance of the fixed effects, 
the sim function (‘arm’ package in R) was used to gener-
ate N = 1000 posterior simulations of each fixed effect. 
The resulting posterior distribution of effect estimates 
were evaluated and those that did not overlap zero at the 
95 %-level were considered significant.

For all statistical analyses, a visual analysis of fitted 
residuals using a normal probability plot (Anscombe and 
Tukey 1963) and a Shapiro–Wilk normality test were used 
to assess normality. A Levene’s test, in combination with 
visual inspection of fitted residuals, was used to assess the 
homogeneity of variances. If either the assumption of nor-
mality or the homogeneity of variance were violated, data 
were ranked transformed and run with the same parametric 
model provided that the assumptions were met (Conover 
and Iman 1981; Iman et al. 1984; Potvin and Roff 1995). 
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Statistical analyses were performed using R version 3.2.2 
and the level of significance (α) was 0.05.

Results

The effect of exposure to a short‑term elevation  
in pCO2

Mantle cs mRNA abundance was significantly increased 
by the exposure to a short-term elevation in pCO2 relative 
to controls for those mussels exposed to the highest pCO2 
(200,000 µatm), with no significant effect of sampling 
time (Fig. 1a; Table 3). In mantle tissue, the RNA:DNA 
ratio was also significantly elevated by 6 h of exposure to 
the highest pCO2 (200,000 µatm) relative to mussels held 

at ambient conditions, levels that returned to control lev-
els following 6 h at ambient conditions (300 µatm; Fig. 1b; 
Table 3).

Mantle and adductor muscle hsp70 mRNA levels were 
not affected following 6 h of exposure to 15,000 µatm 
pCO2, but these levels were significantly elevated 6 h post-
stressor (Fig. 2a, b; Table 3). Exposure to the highest pCO2 
(200,000 µatm) for 6 h resulted in a significant elevation in 
hsp70 mRNA levels in the adductor muscle relative to mus-
sels held at ambient pCO2, which subsequently returned to 
control levels after an additional 6-h period at ambient con-
ditions (300 µatm; Fig. 2b; Table 3). In the gill and foot, 
hsp70 mRNA levels were largely unaffected by short-term 
exposure to elevated pCO2 (Fig. 2c, d; Table 3), with the 
exception that exposure to 200,000 µatm pCO2 caused a 
decrease in hsp70 mRNA levels in gill that returned to con-
trol levels following 6 h at ambient conditions (300 µatm; 
Fig. 2c; Table 3).

The effect of exposure to a long‑term elevation in pCO2

Contrary to the impact of a short-term elevation in pCO2, 
cs mRNA levels were significantly reduced during long-
term exposure to 20,000 µatm pCO2 in CO2-treated mus-
sels relative to control mussels (held at 1000 µatm), with 
no significant effect of sampling time (Fig. 3a; Table 4). 
Additionally, the ratio of RNA:DNA in mantle tissue was 
relatively unaffected by CO2 treatment at 20,000 µatm and 
was only significantly elevated after 8 days of treatment 
compared to control mussels at 4 days, but not compared 
to control mussels held for the same duration (i.e., 8 days; 
Fig. 3b; Table 4).

Long-term exposure to 20,000 µatm pCO2 resulted in an 
overall increase in hsp70 mRNA levels in the gill of CO2-
treated mussels relative to mussels held at ambient condi-
tions, with no significant effect of sampling time (Fig. 4c; 
Table 4). Similarly, hsp70 mRNA levels were significantly 
elevated by CO2-treatment at 4 and 8 days in the adductor 
muscle; however, after 32 days of exposure to elevated pCO2 
these levels were no longer different from mussels held at 
1000 µatm for the same period of time (Fig. 4b; Table 4). 
Mantle and foot hsp70 mRNA levels were not significantly 
affected by long-term pCO2 treatment (Fig. 4a, d; Table 4).

Exposure to 20,000 µatm pCO2 also resulted in an 
increase in MO2 compared to mussels held at ambient con-
ditions (1000 µatm), with no significant effects of sampling 
time (Fig. 5; Table 5).

Discussion

The present study provides evidence that exposure to ele-
vations in pCO2 may result in changes in shell formation 
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Fig. 1  Mantle (a) relative mRNA abundance of chitin synthase (cs) 
and b ratio of RNA to DNA in Fusconaia flava exposed to a short-
term elevation in pCO2. Mussels were exposed to one of three treat-
ments: ambient (300 µatm), 15,000 or 200,000 µatm pCO2 for 6 h fol-
lowed by exposure to 6 h at ambient conditions (recovery). Data are 
presented as mean ± SEM (N = 7–8). All mRNA data were normal-
ized to the mRNA abundance of 18s and expressed relative to the 6-h 
ambient (300 µatm) treatment group. Treatment groups that do not 
share a letter are significantly different from one another. For a, only 
a significant effect of pCO2 treatment occurred, with no significant 
effect of sampling time (two-way ANOVA; see Table 3)
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Table 3  Results of two-way 
ANOVA for the effects of short-
term exposure to elevated pCO2 
in Fusconaia flava

cs chitin synthase, hsp70 heat shock protein 70

Significant P values are bolded and variables in italics are run on ranks

Variable Main effects Degrees of freedom Sum of squares F value P

Mantle cs pCO2 2 65.70 3.817 0.030

Time 1 17.50 2.032 0.161

pCO2 × time 2 0.20 0.010 0.990

Mantle RNA:DNA pCO2 2 0.28 4.736 0.014

Time 1 1.46 50.137 <0.001

pCO2 × time 2 0.80 13.806 <0.001

Mantle hsp70 pCO2 2 7.13 4.216 0.022

Time 1 1.25 1.484 0.230

pCO2 × time 2 6.43 3.802 0.031

Adductor hsp70 pCO2 2 1916.40 13.415 <0.001

Time 1 491.60 6.882 0.012

pCO2 × time 2 2396.3 16.773 <0.001

Gill hsp70 pCO2 2 3.63 7.625 0.002

Time 1 0.01 0.036 0.851

pCO2 × time 2 1.64 3.432 0.042

Foot hsp70 pCO2 2 239.00 0.658 0.523

Time 1 523.00 2.877 0.097

pCO2 × time 2 434.00 1.193 0.314

Fig. 2  Relative mRNA 
abundance of heat shock 
protein 70 (hsp70) in the a 
mantle, b adductor muscle, c 
gill, and d foot of Fusconaia 
flava exposed to a short-term 
elevation in pCO2. Mussels 
were exposed to one of three 
treatments: ambient (300 µatm), 
15,000 or 200,000 µatm pCO2 
for 6 h followed by exposure 
to 6 h at ambient conditions 
(recovery). Data are presented 
as mean ± SEM (N = 7–8). 
All data were normalized to 
the mRNA abundance of 18s 
and expressed relative to the 
6-h ambient (300 µatm) treat-
ment group. Treatment groups 
that do not share a letter are 
significantly different from one 
another. Neither pCO2 treat-
ment nor sampling time had a 
significant effect on the hsp70 
mRNA level in the foot (two-
way ANOVA; see Table 3)
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in freshwater mussels, particularly if the exposure is pro-
longed. Chitin plays an important structural role in the for-
mation of mussel shells, and thus changes in the expression 
of cs, the enzyme that synthesizes chitin, may have conse-
quences for shell formation (Weiss et al. 2006; Schonitzer 
and Weiss 2007). In the present study, short-term expo-
sure to elevated pCO2 resulted in an overall elevation in cs 
mRNA that was significant for mussels exposed to the high-
est pCO2 (200,000 µatm). Previous work on the Antarctic 
bivalve, L. elliptica exposed to elevated pCO2 (~800 µatm), 
but for a longer period of time (21 days), showed a simi-
lar increase in cs mRNA that was attributed to increased 
effort in the calcification of the shell (Cummings et al. 
2011). Interestingly, in the present study, a longer exposure 
to elevated pCO2 (up to 32 days) at 20,000 µatm, resulted 
in approximately a twofold decrease in cs mRNA levels 
compared to mussels held at ambient pCO2 conditions 

(1000 µatm). It is possible that F. flava exposed to a rela-
tively short elevation in pCO2 (i.e., 6 h) may up-regulate 
processes to maintain normal shell formation in a compro-
mising environment (i.e., elevated pCO2 and concomitant 
decrease in pH), while prolonged exposure to pCO2 may 
result in resources being diverted away from non-critical 
functions (e.g., shell formation) to other more vital func-
tions (e.g., stress response). Additionally, as bivalves uti-
lize CaCO3 stores released from the shell to buffer against 
the acidosis experienced as a result of exposure to elevated 
pCO2 (e.g., Crenshaw 1972; Michaelidis et al. 2005; Han-
nan et al. 2016), investing further in additional shell growth 
may be futile if shells are to be degraded to buffer acidosis. 
In addition to cs, the ratio of RNA to DNA in the mantle 
provides a measurement of total protein synthesis of pro-
cesses likely to be associated with shell formation (Norkko 
et al. 2006). Similar to cs mRNA levels, the ratio of RNA 
to DNA in mantle was significantly elevated by short-term 
exposure to 200,000 µatm, but was largely unaffected by 
long-term exposure to 20,000 µatm pCO2. Thus, processes 
associated with shell formation may be up-regulated dur-
ing an acute exposure to elevated pCO2, but not during an 
extended exposure to elevated pCO2. Following a 6-h post-
stressor period, mantle RNA:DNA fell to baseline levels, 
suggesting that this increase in protein synthesis in the 
mantle is transient. Though measurements of cs mRNA and 
mantle RNA:DNA are not direct assessments of calcifica-
tion, changes in these factors may affect the structure and 
formation of the shell (Schonitzer and Weiss 2007; Cum-
mings et al. 2011; Fang et al. 2011). The results of the pre-
sent study provide evidence for regulation of the biological 
control of shell formation in response to changes in pCO2, 
and provide potential biomarkers for further assessments of 
biomineralization in freshwater mussels.

The induction of HSPs by environmental stimuli has 
been widely documented, and the HSP70 family is fre-
quently used as an indicator of the physiological mecha-
nisms used by bivalves (and other animals) to cope with 
environmental disturbances (reviewed by Fabbri et al. 
2008). The occurrence of the inducible hsp70 mRNA under 
unstressed conditions is consistent with the ability of mus-
sels to thrive in environments with fluctuating physical and 
chemical variables (Franzellitti and Fabbri 2005). In the 
present study, hsp70 mRNA was present in F. flava held at 
control/ambient conditions in all of the tissues examined 
(e.g., gill, adductor muscle, mantle, and foot). This basal 
transcript level of hsp70 is in agreement with the expres-
sion profiles of other bivalve species (e.g., Franzellitti and 
Fabbri 2005; Cellura et al. 2006; Cummings et al. 2011; 
Chen et al. 2014; Ivanina et al. 2014) and may help to mini-
mize the effects of moderate environmental stressors. The 
synthesis of hsp70 transcripts can be further increased in 
response to increased cellular stress, although this appears 
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Fig. 3  Mantle (a) relative mRNA abundance of chitin synthase (cs) 
and b ratio of RNA to DNA in Fusconaia flava exposed to a long-
term elevation in pCO2. Mussels were exposed to either ambient 
(1000 µatm) or 20,000 µatm pCO2 for 4, 8, or 32 days. Data are pre-
sented as mean ± SEM (N = 7–8). All mRNA data were normalized 
to the mRNA abundance of 18s and expressed relative to the 4 days 
ambient (1000 µatm) treatment group. Treatment groups that do not 
share a letter are significantly different from one another. For a only 
a significant effect of pCO2 treatment occurred, with no significant 
effect of sampling time (two-way ANOVA; see Table 4)
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to occur in a tissue-, time-, and stressor-specific manner in 
bivalves (reviewed by Fabbri et al. 2008), as was observed 
in the present study.

The dynamics of hsp70 mRNA expression were depend-
ent on the severity of the CO2 stressor during an acute 
exposure. An increase in hsp70 mRNA levels in response 

Table 4  Results of two-way 
ANOVA for the effects of long-
term exposure to elevated pCO2 
in Fusconaia flava

cs chitin synthase, hsp70 heat shock protein 70

Significant P values are bolded and variables in italics are run on ranks

Variable Main effects Degrees of freedom Sum of squares F value P

Mantle cs pCO2 1 1323 9.914 0.003

Time 2 446 1.670 0.201

pCO2 × time 2 257 0.962 0.391

Mantle RNA:DNA pCO2 1 77 0.479 0.493

Time 2 385 1.205 0.310

pCO2 × time 2 1624 5.081 0.011

Mantle hsp70 pCO2 1 70 0.368 0.547

Time 2 26 0.069 0.934

pCO2 × time 2 111 0.294 0.747

Adductor hsp70 pCO2 1 4144 42.920 <0.001

Time 2 248 1.284 0.288

pCO2 × time 2 765 3.960 0.027

Gill hsp70 pCO2 1 15.245 44.204 <0.001

Time 2 0.379 0.550 0.581

pCO2 × time 2 0.847 1.228 0.303

Foot hsp70 pCO2 1 280 1.791 0.189

Time 2 805 2.573 0.090

pCO2 × time 2 408 1.306 0.283

Fig. 4  Relative mRNA abun-
dance of heat shock protein 
70 (hsp70) in the a mantle, b 
adductor muscle, c gill, and d 
foot in Fusconaia flava exposed 
to a long-term elevation in 
pCO2. Mussels were exposed to 
either ambient (1000 µatm) or 
20,000 µatm pCO2 for 4, 8, or 
32 days. Data are presented as 
mean ± SEM (N = 8). All data 
were normalized to the mRNA 
abundance of 18s and expressed 
relative to the 4 days ambient 
(1000 µatm) treatment group. 
Treatment groups that do not 
share a letter are significantly 
different from one another.  
For c, only a significant effect 
of pCO2 treatment occurred, 
with no significant effect 
of sampling time (two-way 
ANOVA; see Table 4). Neither 
pCO2 treatment nor sampling 
time had a significant effect 
on the hsp70 mRNA level in 
the mantle or foot (two-way 
ANOVA; see Table 4)
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to 6 h at 15,000 µatm pCO2 was only evident in mantle 
and adductor muscle following an additional 6 h at ambi-
ent conditions (300 µatm). Thus, at moderate elevations 
in pCO2 (15,000 µatm), a longer post-stressor period fol-
lowing an acute exposure may be necessary to visualize 
changes in hsp70 mRNA levels and is in line with previ-
ous studies (e.g., Piano et al. 2004; Franzellitti and Fabbri 
2005). Interestingly, although an increase in hsp70 mRNA 
levels did not occur until 6 h post-stressor at 15,000 µatm, 
an increase in hsp70 mRNA in the adductor muscle 
occurred following the 6-h CO2 exposure at the high-
est CO2 level of 200,000 µatm, and these levels began to 
return to pre-exposure levels following an additional 6 h 
at ambient conditions. The more rapid increase in hsp70 
mRNA levels in the adductor muscle (i.e., following the 
6-h stressor) in response to 200,000 µatm compared to 
15,000 µatm pCO2 may reflect a response to a more severe 
stressor. In addition, in response to a higher level of CO2 

exposure (200,000 µatm), gill hsp70 mRNA levels fell 
following the 6-h exposure period and began to increase 
to baseline levels 6 h post-stressor. A similar transient 
decrease in hsp70 mRNA occurred in the digestive gland 
of M. galloprovincialis 1 h following an acute heat stressor, 
levels that subsequently increased above baseline 3 h post-
stressor (Franzellitti and Fabbri 2005). It was suggested 
that the transient decrease in hsp70 mRNA may reflect reg-
ulation of RNA metabolism during the heat shock response 
(Yost et al. 1990; Fabbri et al. 2008), and may help to 
explain the decrease in gill hsp70 mRNA observed in the 
present study in response to the highest CO2 exposure level 
(i.e., 200,000 µatm). The subsequent increase in hsp70 
mRNA to basal levels in the gill 6 h post-stressor may also 
reflect an increase in transcript production that may have 
exceeded control levels with a longer recovery period, as 
seen in previous studies (e.g., Piano et al. 2004; Franzellitti 
and Fabbri 2005). Together, these results suggest that acute 
exposure to elevated pCO2 results in activation of the cel-
lular stress response, and that this response is dependent on 
the tissue and severity of the stressor.

Chronic exposure to elevated pCO2 also resulted in cel-
lular responses to the stressor that were dependent on the 
tissue and duration of treatment. In gill, although hsp70 
mRNA levels were unaffected by short-term exposure to 
15,000 µatm, they were significantly elevated throughout a 
32-day exposure at 20,000 µatm. The delay in the increase 
of hsp70 mRNA in response to elevations in pCO2 fur-
ther supports the idea that an extended exposure (or post-
stressor period following a short-term stressor) may be nec-
essary for this response to develop completely (reviewed 
by Fabbri et al. 2008). For the adductor muscle, a transient 
response was observed over the long-term exposure of F. 
flava to 20,000 µatm pCO2, where hsp70 mRNA levels 
were elevated at 4 and 8 days of CO2 treatment but were no 
longer different from mussels held at ambient conditions 
for the same period of time at 32 days. A return to control 
levels of the mRNA abundance of hsp70 at 32 days sug-
gests that responses to a CO2 stressor in the adductor mus-
cle may be desensitized over a long-term exposure to ele-
vated pCO2. A similar transient response to Hg2+ exposure 
in M. galloprovincialis was observed, where hsp70 mRNA 
in the digestive gland was elevated following 1 day of 
exposure but returned to basal levels by 6 days of exposure 
(Franzellitti and Fabbri 2005). In this study, Franzellitti and 
Fabbri (2005) found that mRNA abundances of the consti-
tutive hsc70 were inversely related to hsp70, and suggested 
that hsp70 may be involved in the shorter-term response, 
whereas hsc70 may be involved in longer-term cytoprotec-
tion (Franzellitti and Fabbri 2005). Although hsc70 mRNA 
levels were not assessed in the present study, the potential 
short- and long-term roles of hsp70 and hsc70, respec-
tively, may also occur in the adductor muscle of F. flava 
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Fig. 5  Oxygen consumption (MO2) of Fusconaia flava exposed 
to either ambient (1000 µatm) or 20,000 µatm pCO2 for 4, 8, or 
32 days. Mussels were repeatedly sampled for MO2 over the course 
of the long-term exposure to elevated pCO2. Data are presented as 
mean ± SEM (N = 7–8). Only a significant effect of pCO2 occurred, 
with no significant effect of sampling time (general linear mixed 
effect model; see Table 5)

Table 5  Results of the general linear mixed effect model used to 
evaluate the effect of long-term pCO2 exposure on oxygen consump-
tion rate (MO2) in Fusconaia flava

Parameter Mean 95 % credible interval

Intercept (Ambient, 4 days) 0.25 0.18, 0.32

pCO2 treatment 0.13 0.02, 0.23

8 days 0.01 −0.08, 0.11

32 days 0.00 −0.10, 0.10

pCO2 × 8 days −0.05 −0.19, 0.09

pCO2 × 32 days −0.06 −0.21, 0.08
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in response to elevations of pCO2, though further investi-
gation on this topic is required. Although mantle hsp70 
mRNA levels were elevated by short-term pCO2 expo-
sure at 15,000 µatm in F. flava (present study), and in the 
marine bivalve L. elliptica following 21 days at ~800 µatm 
(Cummings et al. 2011), exposure to 20,000 µatm for up 
to 32 days had no significant impact. Overall, exposure to 
elevated pCO2 at any level or duration assessed in the pre-
sent study had no effect on foot hsp70 mRNA levels, indi-
cating that the foot may be less affected, or is not respond-
ing in the same way as other tissues during CO2 exposure. 
Together, the results of the present study suggest that hsp70 
responses to exposure to elevated pCO2 are transient in 
some (e.g., mantle, adductor muscle) but not all tissues 
(e.g., gill), and some tissues may be more robust (e.g., foot) 
to changes in pCO2. Although not consistent across all tis-
sues and treatments, elevations in hsp70 mRNA are indica-
tive of an increase in the general stress response, a response 
that is likely to be energetically costly (Sørensen et al. 
2003); however, an evaluation of variables beyond hsp70 
would be necessary to gain a more complete understanding 
of the stress status of mussels in response to elevated pCO2 
(e.g., glycogen stores, other HSPs, oxidative stress genes, 
etc.).

Whole-animal MO2 was elevated in F. flava in response 
to prolonged exposure to elevated pCO2. When exposed to 
20,000 µatm pCO2 for up to 32 days, mussels displayed 
an overall increase in MO2, indicating that mussels were 
consuming more oxygen, and likely also expending more 
energy, to deal with CO2 exposure. Previous work evaluat-
ing the consequences for elevated pCO2 on marine bivalves 
found that increases in pCO2 also caused elevations in MO2 
(e.g., Beniash et al. 2010; Lannig et al. 2010; Thomsen and 
Melzner 2010; Cummings et al. 2011; Parker et al. 2012). 
Increases in MO2 are thought to occur due to a higher 
energy allocation to homeostasis (Beniash et al. 2010), 
and these increases may allow for quicker and more com-
plete compensation of homeostatic disturbances induced by 
elevated pCO2 (Parker et al. 2012). Increases in metabolic 
rate may be one of the mechanisms responsible for higher 
resilience to elevations in pCO2 in some marine bivalves 
(e.g., oysters; Parker et al. 2012) and to support processes 
such as ion and acid–base regulation (e.g., Hannan et al. 
2016), protein synthesis, and growth (Pörtner 2008). This 
increase in metabolic rate in F. flava may thus be adaptive, 
provided that food availability is not restricted, and meta-
bolic rate is not elevated beyond a level that is sustainable. 
Interestingly, other studies assessing the consequences of 
pCO2 exposure on marine bivalves found that increases 
in pCO2 had either minimal effects on MO2 levels (Matoo 
et al. 2013) or resulted in a decrease in MO2 (e.g., Michae-
lidis et al. 2005; Fernández-Reiriz et al. 2011; Liu and He 
2012; Navarro et al. 2013). The variation in the metabolic 

responses of marine bivalves may stem from differences in 
their resilience to changes in environmental pCO2 (Parker 
et al. 2012). To our knowledge, the present study is the first 
to assess the impacts of elevated pCO2 on MO2 in a fresh-
water mussel. The increase in MO2 observed in F. flava was 
in response to a much higher CO2 level (i.e., 20,000 µatm, 
approximately 20 times the current mean pCO2 in fresh-
water systems) (Cole et al. 2007) compared to previous 
exposures of marine bivalves. The capacity of F. flava to 
sustain increases in MO2 over a period of at least 32 days 
suggests that freshwater mussels may be more robust to 
environmental changes in pCO2 than marine mussels. This 
potential increase in CO2 tolerance may have arisen in 
freshwater mussels due to their exposure to the natural fluc-
tuations in pCO2 that occur in freshwater systems (Maberly 
1996; Hasler et al. 2016). The increase in MO2 in F. flava 
during exposure to elevated pCO2 may reflect an increase 
in the energy demand of processes involved in the stress 
response, that is also supported by the observed increases 
in hsp70 mRNA levels, although the measurement of addi-
tional energetic parameters (e.g., metabolites) are neces-
sary to support this hypothesis. Overall, the increase in 
MO2 observed in F. flava suggests that freshwater mussels 
may be resilient to large elevations in pCO2; however, it 
remains unclear whether mobilization of energy resources 
will be sufficient to support processes associated with the 
stress response necessary for survival, as well as growth 
and reproduction if exposures are prolonged (i.e., beyond 
32 days), which may have population level consequences.

Results from the present study suggest that F. flava 
respond to both acute and extended elevations in pCO2 by 
increasing processes related to the stress response. During 
short bouts of increased pCO2, mussels attempt to maintain 
normal physiological functions such as shell formation. How-
ever, during extended exposure to elevated pCO2, investing 
in processes such as shell formation may become less impor-
tant, and mussels may divert limited resources away from 
non-vital functions to processes necessary for survival such 
as the stress response (present study) and acid–base balance 
(reviewed by Gazeau et al. 2013; e.g., Hannan et al. 2016). 
This diversion of limited resources may have long-term con-
sequences for the survival and fitness of mussel populations 
that are already imperiled (reviewed by Pörtner et al. 2004). 
Encouragingly, the increase in MO2 observed in F. flava in 
response to elevations in pCO2 suggests that adult freshwa-
ter mussels may have the capacity to regulate in situations of 
elevated CO2, at least in the short term (i.e., up to 32 days). 
The present study also provides potential targets for assessing 
the physiological status of mussels. For instance, the mantle 
tissue may provide a useful target for assessing the biologi-
cal control of shell formation during both acute and chronic 
exposure to elevated pCO2; although a broader picture of 
the mechanisms underlying this control would be gained by 
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assessing multiple genes (in addition to cs) associated with 
shell formation. In addition, although foot tissue provides a 
useful tissue for non-lethal sampling in assessments of physi-
ological condition (e.g., Fritts et al. 2015), its use in assessing 
the impacts of elevated pCO2 may be less informative com-
pared to other tissues such as the gill and adductor muscle. 
Together, the data presented in the current study suggest that 
in future situations where pCO2 elevations are expected to 
occur (e.g., due to increased atmospheric CO2 or the deploy-
ment of a CO2 fish barrier), mussels would be expected to 
have an increased energy demand, and respond in a way that 
is indicative of stress.
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