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acclimation in this species. However, nrf1 expression dif-
fered between northern and southern killifish subspecies 
regardless of acclimation temperature, consistent with 
observed differences in metabolic rate and VV(mit,f) at 5 °C 
between these subspecies. Taken together, these results 
reveal substantial complexity in the regulation of VV(mit,f) 
and mitochondrial capacity with temperature in fish and the 
relationship of these parameters to metabolic rate.
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Introduction

Mitochondrial processes are thought to be key mechanisms 
influencing aerobic scope and organismal performance at 
low temperatures (e.g., Guderley 2004; Pörtner et al. 2005; 
Pörtner 2010). One way to increase mitochondrial capac-
ity in the cold is to increase mitochondrial volume density 
[VV(mit,f)], as has been observed in several species of fish 
either directly using electron microscopy (Campbell and 
Davies 1978; Johnston and Maitland 1980; Egginton and 
Johnston 1984; Tyler and Sidell 1984; Egginton and Sidell 
1989; Guderley 1990; Orczewska et al. 2010; Dhillon and 
Schulte 2011; O’Brien 2011) or indirectly using assays 
of citrate synthase (Cs) and cytochrome c oxidase (Cox) 
enzyme amounts and activities (Freed 1965; Shaklee et al. 
1977; Jones and Sidell 1982; Kleckner and Sidell 1985; 
Johnston et  al. 1985; Battersby and Moyes 1998; Luca-
ssen et  al. 2003, 2006; McClelland et  al. 2006; LeMoine 
et al. 2008; Orczewska et al. 2010). Regulating changes in 
VV(mit,f) is challenging as mitochondrial components are 
encoded in both the nuclear and mitochondrial genomes 
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(e.g., O’Brien 2011), and although the transcriptional 
mechanisms that coordinate mitochondrial biogenesis are 
well understood in mammals (e.g., Hock and Kralli 2009), 
these mechanisms are less well known in other taxa.

In mammals, peroxisome proliferator-activated recep-
tor gamma coactivators are key central regulators of mito-
chondrial biogenesis. These coactivators interact with 
downstream transcription factors such as nuclear respira-
tory factors, estrogen-related receptors and peroxisome 
proliferator-activated receptors, and these interactions then 
lead to increased expression levels of nuclear-encoded mito-
chondrial genes and mitochondrially encoded genes (Hock 
and Kralli 2009; Scarpulla 2011). In particular, peroxisome 
proliferator-activated receptor gamma coactivator 1 alpha 
(ppargc1a) induces mitochondrial biogenesis in response 
to cold in mammals (Puigserver et  al. 1998). However, in 
fish, the roles of peroxisome proliferator-activated receptor 
gamma coactivators are less clear. For example, in several 
species, the expression of ppargc1a decreases with cold 
acclimation despite increased VV(mit,f) (McClelland et  al. 
2006; LeMoine et al. 2008; Bremer and Moyes 2011), and 
the expression of peroxisome proliferator-activated recep-
tor gamma coactivator 1 beta (ppargc1b) increases with 
cold acclimation but only in some tissues (LeMoine et  al. 
2008). In contrast, nuclear respiratory factor 1 (nrf1) is often 
upregulated at low temperatures in fish (McClelland et  al. 
2006; LeMoine et al. 2008; Orczewska et al. 2010; Bremer 
and Moyes 2011; Bremer et al. 2012), and binding sites for 
Nrf1 are present in the promoters of many genes involved 
in mitochondrial respiration and biogenesis, including genes 
encoding subunits of Cox (Evans and Scarpulla 1990; Chau 
et al. 1992; Virbasius et al. 1993; Ramachandran et al. 2008; 
Scarpulla 2008). For example, binding of Nrf1 to the proxi-
mal promoter of cytochrome c oxidase subunit IV isoform 
1 (cox4i1) regulates expression of this subunit in mammals 
(Dhar et  al. 2008). Substantial cold-induction of cox4i1 
expression is common in fish (e.g., Duggan et  al. 2011; 
Bremer et  al. 2012), but interestingly, although the proxi-
mal promoter of this gene in goldfish (Carassius auratus) 
contains a putative Nrf1 binding site, a recent study dem-
onstrated that the cold-responsiveness of cox4i1 expression 
in goldfish is not controlled by the proximal promoter (Gao 
and Moyes 2016). Despite the growing evidence that Nrf1 
is an important protein influencing changes in VV(mit,f) in 
many fish species, to our knowledge, no studies have tested 
intraspecific differences in nrf1 gene expression between 
populations that differ in their ability to alter VV(mit,f) in 
the cold, which would allow specific tests of the association 
between nrf1 expression and metabolic compensation.

Atlantic killifish are small intertidal topminnows found in 
salt marshes along the eastern seaboard of North America. 
These habitats experience large fluctuations in temperature 
both daily and seasonally, and at northern latitudes, killifish 

survive winter periods when water temperatures can drop 
to −1.4 °C (Fangue et al. 2006). There are two recognized 
subspecies of F. heteroclitus (Morin and Able 1983): F. h. 
macrolepidotus (northern) ranging from the Gulf of the St. 
Lawrence River (Canada) to northern New Jersey (USA), 
and F. h. heteroclitus (southern) ranging from New Jersey 
to northern Florida (USA). Both subspecies have wide ther-
mal tolerance ranges and substantial capacities to acclimate 
in response to temperature change (Fangue et  al. 2006), 
but the subspecies differ in their responses to low tem-
perature. For example, northern fish increase VV(mit,f) in 
white muscle at 5 °C, whereas southern fish do not (Dhillon 
and Schulte 2011). However, in contrast to the increase in 
VV(mit,f) in northern fish, both subspecies decrease rou-
tine (ṀO2routine) and do not change maximum oxygen con-
sumption (ṀO2max) at 5  °C (Healy and Schulte 2012a). 
Similarly, there is little evidence of cold compensation of 
mitochondrial function in this species, and either small or 
no increases in mitochondrial activity are observed with low 
temperature acclimation (e.g., Fangue et  al. 2009; Chung 
and Schulte 2015; Baris et al. 2016).

In general, when ectotherms respond to cold acclima-
tion through changes in metabolism, there are two strate-
gies of response: (1) increase metabolism to compensate 
for temperature-mediated decreases in metabolic rate, or (2) 
suppress metabolic rate to reduce energy consumption in 
periods of anoxia or low food availability (e.g., Precht 1958; 
Guderley 1990, 2004). Thus, the increased VV(mit,f) and 
decreased ṀO2routine in cold-acclimated killifish are some-
what inconsistent as they would seem to be compatible with 
strategies one and two, respectively. Consequently, to fur-
ther examine the metabolic responses of northern killifish to 
low temperature, we measured the time course of changes 
in (1) whole-organism oxygen consumption, (2) expression 
of genes involved in mitochondrial biogenesis, and (3) bio-
chemical markers of mitochondrial capacity over a 6-week 
acclimation to 5  °C. We then compared the expression of 
nrf1 in the two killifish subspecies to test if intraspecific 
differences in expression of this gene could account for the 
previously observed differences in the VV(mit,f) response 
with cold acclimation between the subspecies.

Methods

Animal collection and laboratory acclimation

Adult killifish were collected from the Taylor River, NH 
(42°55′24″N, 70°51′5″W) by Aquatic Research Organisms, 
Inc. (Hampton, NH, USA) in the late summers of 2011 and 
2012, and shipped overnight to the University of British 
Columbia. Following a quarantine period, fish were held 
in a 6000-L recirculating water system containing City of 
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Vancouver tap water at 15  °C adjusted to a salinity of 20 
ppt with Instant Ocean® Sea Salt (Instant Ocean, Spectrum 
Brands, Blacksburg, VA, USA), and photoperiod was held 
constant at 12L:12D. All fish were fed with Nutrafin® Max 
Tropical Fish Flakes (Hagen, Mansfield, MA, USA) once 
daily on all days except those immediately prior to experi-
mental measurements or sampling. Fish used for all experi-
ments (below) were of similar sizes with an average mass 
of 3.70 ± 0.15 g. Animal holding and experimental proce-
dures followed an approved University of British Columbia 
animal care protocol: A11-0372.

Experimental design

The results presented in this study were obtained from four 
experiments. Fish collected in 2011 were used in experi-
ments one and two, and fish collected in 2012 were used in 
experiment three. White muscle tissues from a previously 
published study (Dhillon and Schulte 2011) were used for 
experiment four. The details of each experimental design 
are listed below.

Experiment 1: repeated measures of ṀO2routine during cold 
acclimation

Twelve fish were uniquely tagged by subepidermal fluores-
cent elastomer injection (Northwest Marine Technology, 
Shaw Island, WA, USA), and transferred into two 110-L 
glass aquaria (6 fish per aquarium) containing City of Van-
couver tap water (15 °C, 20 ppt, 12L:12D). After 2 weeks, 
the fish were divided into two groups of six (cold-accli-
mation and control). The ṀO2routine of the six fish in the 
cold-acclimation group was first measured at 15  °C (day 
0) according to methods described in the section Measure-
ment of ṀO2routine, ṀO2max and aerobic scope, below. After 
this measurement, the temperature of the oxygen consump-
tion apparatus was acutely decreased to 5 °C by pumping 
5 °C water from a separate aquaria into the apparatus over 
15  min. Once the apparatus reached 5  °C, ṀO2routine was 
immediately measured to determine the acute effects of 
temperature on ṀO2routine. These fish were then acclimated 
to 5  °C for 6  weeks, and ṀO2routine was again measured 
at 5 °C on days 1, 4, 7, 10, 14, 21, 28 and 42 of acclima-
tion. Control fish were held at 15 °C over the 6 weeks, and 
ṀO2routine was measured at 15 °C on days 0, 1, 4, 7, 10, 14, 
21, 28 and 42 to provide time-matched control values.

Experiment 2: aerobic scope before and after cold 
acclimation

Twenty-four fish were transferred into four 110-L glass 
aquaria (6 fish per aquarium; water conditions: 15 °C, 20 ppt, 
12L:12D). Two weeks later (day 0), the fish were divided into 

four groups of six. ṀO2routine and ṀO2max were measured in 
group one at 15  °C, and in group two immediately after an 
acute 15-min decrease in temperature to 5 °C, as in experiment 
1. Methods for determination of ṀO2routine and ṀO2max are 
described below. Group three was held at 15 °C for 6 weeks, 
and group four experienced the same 15-min decrease in 
temperature to 5 °C as group two and was then held at 5 °C 
for 6  weeks. After acclimation (day 42), the ṀO2routine and 
ṀO2max of groups three and four were measured at 15 and 
5 °C, respectively (i.e., at their acclimation temperatures).

Experiment 3: gene expression and Cs activity during cold 
acclimation

One hundred and four fish were transferred to thirteen 
110-L glass aquaria held at 15 °C, 20 ppt, 12L:12D (8 fish 
per aquarium). After 2 weeks, 8 fish (day 0; control) were 
removed from their aquaria, and euthanized by MS-222 
overdose (0.5  g/L) followed by rapid decapitation. Lat-
eral white muscle (immediately posterior to the dorsal 
fin) was dissected, divided into two sections, snap-frozen, 
and stored at −80 °C. The remaining 96 fish were divided 
into three groups (32 fish per group). Group one was held 
at 15 °C for 40 days, group two experienced a temperature 
decrease to 5 °C over 20 days (−1 °C every two days) and 
was then held at 5  °C for 20 additional days, and group 
three experienced a temperature decrease to 5 °C overnight, 
and was then held at 5 °C for 40 days. Eight fish per group 
were sampled on days 5, 20 and 40 using the same proto-
col as described above for the control fish. Frozen muscle 
sections (one per fish per assay) were used for analysis of 
gene expression and citrate synthase enzyme activity (see 
methods in sections Measurement of gene expression and 
Citrate synthase activity measurements, below).

Experiment 4: nrf1 gene expression in northern 
and southern killifish

Killifish white muscle tissue samples from a previously 
published experiment (Dhillon and Schulte 2011) were 
used to test for differences in nrf1 gene expression between 
northern and southern killifish acclimated to 15 and 5  °C 
(4 fish per subspecies and acclimation temperature). These 
tissue samples were originally collected from killifish from 
New Hampshire, USA (northern) and North Carolina, 
USA (southern). Gene expression was measured by quan-
titative real-time polymerase chain reaction (qRT-PCR) as 
described below.

Measurement of ṀO2routine, ṀO2max and aerobic scope

Oxygen consumption measurements were made using 
methods previously described for killifish (Fangue et  al. 
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2009; Healy and Schulte 2012a, b; McBryan et al. 2016). 
In brief, to measure ṀO2routine, fish were placed in 250-mL 
respirometers and allowed to acclimate overnight. The next 
morning, respirometers were sealed, and water oxygen con-
centrations were measured using NeoFox oxygen probes 
(Ocean Optics, Dunedin, FL, USA) with a sampling rate of 
once every 10 s. After 1 h, flow of water was restored to the 
respirometers. Fish remained quiescent during trials, and 
the 5-min period that resulted in the lowest constant rate 
of oxygen consumption was used to calculate ṀO2routine. 
Bacterial respiration was measured on days 0, 10, 21 and 
42, and, in all cases, was less than 1% of total respiration, 
and respirometers were rinsed with 75% ethanol between 
trials to maintain these low levels of bacterial respiration. 
When ṀO2max was also measured, fish were removed from 
their respirometers following measurement of ṀO2routine, 
and chased to exhaustion by hand (minimum 5-min chase) 
as in Healy and Schulte (2012a). After the chase protocol, 
fish were immediately returned to the respirometers and the 
respirometers were sealed (less than 1 min between the end 
of chase and the start of measurement). The initial rate of 
post-chase oxygen consumption (first 2–4  min) was used 
to determine ṀO2max. Aerobic scope was calculated (as 
ṀO2max − ṀO2routine) following the trials.

Measurement of gene expression

Total RNA was isolated from muscle tissues using the 
guanidine isothiocyanate method (Chomczynski and Sac-
chi 1987) with Ambion™ TRIzol® Reagent (Thermo Fisher 
Scientific, Waltham, MA, USA) following the manufactur-
er’s instructions. The isolated RNA was then DNase-treated 
to remove genomic DNA contamination using Ambion™ 
DNA-free™ DNA Removal Kits (Thermo Fisher Sci-
entific, Waltham, MA, USA) according to the manufac-
turer’s instructions. RNA quantity and integrity were then 
determined by spectrophotometry and gel electrophoresis, 
respectively. An Applied Biosystems™ High-Capacity 
cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used to reverse-transcribe 
2 μg of total RNA of each sample to cDNA following the 
manufacturer’s instructions plus the addition of 5 units of 
Ambion™ Superase In RNase Inhibitor (Thermo Fisher 
Scientific, Waltham, MA, USA) per reaction. The gene 
expression levels of nrf1, GA binding protein transcription 
factor subunit alpha (gabpa) (i.e., nuclear respiratory fac-
tor 2), ppargc1a, ppargc1b, cytochrome c oxidase subunit 
II, mitochondrial (mt-co2), cox4i1 and 18s ribosomal RNA 
were then measured by qRT-PCR using methods simi-
lar to Fangue et  al. (2006) and Healy et  al. (2010), using 
optimized primer concentrations and assay conditions. In 
brief, qRT-PCR reactions contained 1 μL of cDNA, 4 pmol 
forward primer, 4 pmol of reverse primer, and 2X Applied 

Biosystems™ SYBR® Green Master Mix (Thermo Fisher 
Scientific, Waltham, MA, USA) for a total volume of 
21 μL. For 18s, cDNA samples were diluted 300× prior 
to qRT-PCR reactions. Primer pairs and the sequences used 
for design are found in supplementary online resource 
one (Table S1). The thermal cycling protocol was as fol-
lows: 10  min at 95  °C, then 40 cycles of 15  s at 95  °C 
and 60  s at 60  °C, using an Applied Biosystems™ Prism 
7000 sequence analysis system (Thermo Fisher Scientific, 
Waltham, MA, USA). A pooled sample containing equal 
parts of each cDNA sample was used to generate a stand-
ard curve that was included in every reaction plate. Gene 
expression for each sample was compared to the standard 
curve, and then normalized to the gene expression of 18s. 
18s expression did not differ among acclimation treat-
ments or time points (data not shown). No template and no 
reverse-transcribed controls were included in the qRT-PCR 
reactions and indicated insignificant (<1:1024) levels of 
genomic or other sources of contamination. A melt curve 
protocol was included at the end of each thermal cycling 
protocol to confirm the presence of a single amplicon in 
each reaction.

Citrate synthase activity measurements

Cs enzyme activities were measured as in Mandic et  al. 
(2013). In brief, ~50 mg of white muscle tissue was thawed 
on ice and then homogenized for 10 s (twice per sample) in 
350 μL of homogenization buffer (5 mM EDTA, 50 mM 
HEPES, 0.1% (v/v) Triton X-100, pH 7.4 at 20 °C) using 
a PowerGen 125 tissue homogenizer (Fisher Scientific, 
Ottawa, Canada). Tissue homogenates were centrifuged 
at 10,000g and 4  °C for 2  min. Following centrifugation, 
supernatants were collected and used to determine CS 
activity spectrophotometrically with a Spectramax-190 
spectrophotometer (Molecular Devices, Sunnyvale, CA). 
10 μL of homogenate was added to 200 μL of assay buffer 
(0.30  mM acetyl-CoA, 0.15  mM DTNB, 50  mM Tris–
HCl, pH 8.0 at 25 °C) for analysis. The background rate of 
absorbance change was measured at 412 nm for 10 min at 
25 °C. After this, oxaloacetate was added to a final concen-
tration of 0.5 mM, and absorbance was measured at 412 nm 
over an additional 10 min. The increase in absorbance over 
time was converted to Cs activity normalized to the mass of 
tissue used in each assay.

Statistical analysis

Statistical analyses and figure preparation were performed 
using R v3.1.2 (R Development Core Team 2014), and 
alpha was set at 0.05 for all analyses. All data sets satis-
fied the assumptions of normality and homogeneity of 
variances, and were analyzed by either repeated-measures 
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two-way ANOVA (experiment one) or two-way ANOVA 
(experiments two, three and four) followed by Tukey’s post 
hoc tests.

Results

Experiments 1 and 2: cold acclimation of oxygen 
consumption rates

The data presented in Fig.  1 demonstrate that decreases 
in ṀO2routine occur within 24 h of exposure to cold in kil-
lifish. In experiment one, there was a significant effect 
of acclimation treatment (p  =  1.2  ×  10−5) and time 
(p  =  4.3  ×  10−9) on ṀO2routine with a significant inter-
action (p =  2.8 ×  10−3) between these factors. Post hoc 
tests demonstrated a significant decrease in ṀO2routine fol-
lowing an acute decrease in temperature from 15 to 5  °C 
(p  <  0.01), with Q10 =  1.64 ±  0.12. Another significant 
decrease in ṀO2routine was detected after fish had been 
held at 5 °C for one day (p < 0.01; Q10 = 2.99 ± 0.54 rela-
tive to 15 °C), and continued acclimation to 5  °C did not 
further affect ṀO2routine (p =  1.00 for all), with a Q10 of 
3.08 ± 0.21 for ṀO2routine at the end of the 42-day acclima-
tion period to 5 °C.

Although ṀO2routine was relatively consistent in the 
fish that were held at 15  °C, there was a significant and 
unexpected decrease in ṀO2routine on day 42 compared to 
days 0 and 1 (p < 0.01 and =0.020, respectively) (Fig. 1). 
However, we did not observe a similar decrease at 42 days 
in 15  °C-acclimated fish in experiment two (Tukey: 
p =  0.87) (Fig. 2a). The changes in ṀO2routine at 5  °C in 
experiment two were consistent with the patterns detected 
in experiment one (ANOVA—acclimation treatment: 
p =  3.8 ×  10−7, time: p =  0.13, interaction: p =  0.014) 
(Fig. 2a).

In experiment two, there were significant effects 
of acclimation treatment and time on both ṀO2max 
(p = 9.9 × 10−10 and 0.035, respectively) (Fig. 2b) and aer-
obic scope (p = 1.4 × 10−6 and 3.2 × 10−3, respectively) 
(Fig. 2c) with a significant interaction between factors for 
ṀO2max (p =  0.029). ṀO2max was not different between 
fish acutely exposed to 5 °C (day 0) and fish acclimated to 
5 °C (day 42) (p = 1.00). At 5 °C, aerobic scope was higher 
after acclimation as a result of the reduced ṀO2routine at 
42  days, but this increase was not significant in post hoc 
tests (p =  0.41). There was a slight increase in ṀO2max 
between day 0 and day 42 in fish held at 15 °C (p = 0.018), 
which resulted in an increase in aerobic scope in this group 
(p = 0.024).

Experiment 3: cox expression, Cs activity 
and expression of potential regulators of mitochondrial 
biogenesis in response to cold acclimation

Cold acclimation had no effect on mt-co2 gene expres-
sion (ANOVA—acclimation treatment: p  =  0.15, time: 
p  =  0.16, interaction: p  =  0.71), cox4i1 gene expres-
sion (ANOVA—acclimation treatment: p  =  0.09, time: 
p  =  0.07, interaction: p  =  0.29), and Cs enzyme activ-
ity (ANOVA—acclimation treatment: p  =  0.51, time: 
p =  0.61, interaction: p =  0.25) (Table 1). Therefore, we 
detected no evidence for elevated markers of mitochon-
drial respiratory capacity in response to cold acclimation in 
killifish.

Expression levels of nrf1 increased in 5  °C-accli-
mated fish after both abrupt and gradual transfer to low 
temperature (Fig.  3a) (ANOVA—acclimation treat-
ment: p = 1.5 × 10−4, time: p = 2.7 × 10−5, interaction: 
p  =  0.21). Post hoc tests detected significantly higher 
expression of nrf1 in abruptly transferred 5  °C fish com-
pared to 15 °C-acclimated fish on day 20 (p = 0.027), and 
in gradually transferred 5  °C fish on day 40 compared to 
day 5 (p =  3.9 ×  10−4). In contrast, there were no sig-
nificant effects of 5  °C-acclimation on the gene expres-
sion of gabpa (Fig. 3b) (ANOVA—acclimation treatment: 
p  =  0.53, time: p  =  0.46, interaction: p  =  0.11), and 
although there were modest changes in the expression of 
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ppargc1a and ppargc1b, these were not consistent with 
increased expression at 5  °C (Fig.  3c, d). For ppargc1a, 
there was a significant effect of acclimation treatment 
(p  =  3.5  ×  10−4), but not of time (p  =  0.64) on gene 
expression, and there was a significant interaction between 
factors (p =  5.3 ×  10−3). Elevated ppargc1a expression 
was detected for abruptly transferred compared to gradu-
ally transferred 5 °C-acclimated fish on day 5 (p = 0.018), 
and for 15 °C-acclimated fish compared to abruptly trans-
ferred 5  °C-acclimated fish on day 20 (p =  6.6 ×  10−3). 
For ppargc1b, there was a significant effect of time on 
gene expression (p = 6.6 × 10−8), but neither a significant 
effect of acclimation treatment (p = 0.23), nor an interac-
tion between factors (p  =  0.21). Post hoc tests detected 
higher expression on days 20 and 40 than on day 5 in both 
the 15 °C-acclimated (p ≤ 0.031) and gradually transferred 
5 °C fish (p ≤ 0.034). In summary, of the transcription fac-
tors and coactivators involved in mitochondrial biogenesis 
that were examined in our study, only nrf1 demonstrated 
cold-induced gene expression in northern killifish.

Experiment 4: gene expression of nrf1 in northern 
and southern killifish

Because a previous study demonstrated increased VV(mit,f) 
in white muscle in response to cold acclimation in north-
ern but not in southern killifish (Dhillon and Schulte 2011), 
we predicted that nrf1 gene expression would increase as 
a result of cold acclimation in only the northern subspe-
cies. Contrary to this prediction, there was a significant 
effect of acclimation temperature on nrf1 expression with 
no interaction between acclimation temperature and sub-
species (p = 9.4 × 10−4 and 0.87, respectively), and there 
was a significant difference in nrf1 expression between the 
subspecies (p = 1.3 × 10−3) (Fig. 4). In general, northern 
fish had higher nrf1 expression than southern fish at both 
acclimation temperatures, and both subspecies had higher 
expression at 5 °C than 15 °C. However, post hoc tests only 
detected a significant difference between the subspecies at 
15 °C (p = 0.042 and 0.063 at 15 and 5 °C, respectively), 
and between the acclimation temperatures in southern 
fish (p =  0.034 and 0.051 for southern and northern fish, 
respectively).

Discussion

The results presented here clearly demonstrate that 
decreased ṀO2routine and increased nrf1 expression in white 
muscle occur during exposure to low temperature in killi-
fish. Cold exposure decreased ṀO2routine rapidly, whereas 
nrf1 expression increased more gradually, indicating that 
these changes are likely part of separate physiological 
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responses to the cold. However, differences in nrf1 expres-
sion may contribute to differences in ṀO2routine between the 
killifish subspecies, and may be a component of regulatory 
differences that cause increased VV(mit,f) at low tempera-
tures in the white muscle of northern, but not of southern 
killifish.

Lack of cold compensation of metabolism in killifish

Over a 6-week acclimation to 5  °C, northern killifish did 
not increase either ṀO2routine or ṀO2max, indicating that 
thermal acclimation does not result in compensation of the 
thermodynamic effects of low temperature on metabolic 
rate in these fish. We have previously shown that killifish 
acutely exposed to 5 °C have higher ṀO2routine and the same 
ṀO2max as killifish acclimated to 5 °C (Healy and Schulte 
2012a, b), which is consistent with the results presented 
here. One day after fish were transferred to 5 °C, ṀO2routine 
was lower than immediately after transfer to 5  °C, and 
additional time at 5 °C did not result in further changes in 
ṀO2routine. Therefore, changes in ṀO2routine in response to 
cold in killifish occur rapidly. This pattern of a decrease in 
ṀO2routine between acute transfer and 24 h after cold expo-
sure is consistent with two potential interpretations: (1) kil-
lifish undergo inverse compensation by actively suppressing 
metabolism during the first day of exposure to 5 °C, or (2) 
killifish do not undergo inverse compensation, and instead, 
the reduced ṀO2routine at 24 h simply reflects the thermody-
namic effects of low temperature, and the somewhat higher 
ṀO2routine immediately following acute exposure to cold 
reflects an elevated metabolic demand to increased activity 
or stress levels when killifish first encounter cold water.

At temperatures between 0 and 40 °C, a 10 °C reduction 
in temperature typically causes a thermodynamic reduc-
tion of metabolic rate by approximately 2- to 3-fold (i.e., 
Q10 ≈ 2–3, Hochachka and Somero 2002). In our study, the 
acute Q10 for ṀO2routine was ~1.6, the acclimated Q10 for 
ṀO2routine was ~3.0 and the Q10 for ṀO2max in either acutely 
exposed or acclimated fish was ~2.0. Together, these val-
ues suggest that most changes in metabolic rate in killifish 
between 15 and 5 °C are consequences of direct thermody-
namic effects. Therefore, the decrease in ṀO2routine over the 
first day that killifish are held at 5 °C may be due to reduced 
ṀO2routine after fish recover from stress experienced during 
acute cold exposure. Alternatively, our data could indicate a 
modest suppression of ṀO2routine in these fish. Regardless, 
there is clearly no compensation of metabolic rate at 5 °C in 
killifish, and therefore, these fish maintain a reduced meta-
bolic state at 5 °C compared to 15 °C.

Cold-inactive organisms usually maintain reduced meta-
bolic rates when exposed to prolonged cold temperatures. 
For example, organisms that overwinter in frozen anoxic 
ponds often suppress metabolic rate to extend the time over 
which metabolism can be fueled through anaerobic pro-
cesses (e.g., Richards 2009). Although killifish are not neces-
sarily trapped in anoxic pools throughout winter, food supply 
in their habitats decreases over the winter months (Chidester 
1920), and reduced metabolic activity may contribute to 
overwinter survival. Indeed, this species has been reported to 
burrow into the mud at the bottom of salt marsh pools dur-
ing the winter (Chidester 1920). Another fish species from 
the east coast of North America, the cunner (Tautogolabrus 
adspersus), depresses metabolic rate during seasonal expo-
sure to winter temperatures. However, the ṀO2routine of 

Table 1   Biochemical indicators of mitochondrial respiratory capacity (mt-co2 expression, cox4i1 expression and Cs activity) during cold accli-
mation

a  qRT-PCR expression data were obtained relative to a standard curve generated from a pooled sample, then normalized to the mean value at 
15 °C on day 0 to facilitate fold change comparisons among genes
b  Enzyme units per gram wet mass of white muscle

Acclimation treatment Day of  
acclimation

Relative mt-co2 expressiona 
(mean ± SEM) (n = 8)

Relative cox4i1 expressiona 
(mean ± SEM) (n = 8)

Cs activity (U g-1)b 
(mean ± SEM) (n = 8)

Control (15 °C) Day 0 1.00 ± 0.14 1.00 ± 0.17 1.67 ± 0.21

Control (15 °C) Day 5 1.16 ± 0.12 1.02 ± 0.19 1.70 ± 0.14

Control (15 °C) Day 20 1.51 ± 0.25 1.20 ± 0.15 1.44 ± 0.10

Control (15 °C) Day 40 1.20 ± 0.15 1.64 ± 0.23 1.82 ± 0.23

5 °C (gradual transfer) Day 5 0.87 ± 0.12 0.82 ± 0.11 1.54 ± 0.12

5 °C (gradual transfer) Day 20 1.43 ± 0.26 1.55 ± 0.53 1.67 ± 0.13

5 °C (gradual transfer) Day 40 1.11 ± 0.23 1.19 ± 0.29 1.94 ± 0.22

5 °C (abrupt transfer) Day 5 1.01 ± 0.17 0.95 ± 0.12 1.55 ± 0.19

5 °C (abrupt transfer) Day 20 1.06 ± 0.17 0.78 ± 0.10 1.61 ± 0.10

5 °C (abrupt transfer) Day 40 1.07 ± 0.22 1.08 ± 0.16 1.37 ± 0.20
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cunner decreases with a Q10 of 10.4 when acclimated to cold 
temperature (Costa et al. 2013), which is substantially more 
than the decrease in ṀO2routine observed in killifish.

Reduced ṀO2routine in cold-acclimated killifish is likely 
accompanied by decreased metabolic demand that results 
in a parallel reduction of mitochondrial oxygen use. How-
ever, the maximum respiration rates of liver or heart mito-
chondria from cold-acclimated killifish are not lower than 
those of mitochondria from warm-acclimated fish when 
assayed at a common temperature (Fangue et  al. 2009; 
Chung and Schulte 2015; Baris et al. 2016), and the ratio 
of [ADPfree] to [ATP] is not decreased in the white muscle 
of cold-acclimated compared to warm-acclimated killifish 
(Dhillon and Schulte 2011). These studies suggest that the 
maximum capacity for cellular respiration and the level 
of at least one signal that regulates cellular respiration are 

not substantially lower in cold- than warm-acclimated kil-
lifish. Therefore, lower maximum rates of mitochondrial 
respiration at low temperatures in killifish may also pri-
marily reflect thermodynamic effects on cellular reaction 
rates.

Interestingly, despite the lack of cold compensation 
of ṀO2routine or ṀO2max in northern killifish, these fish 
increase VV(mit,f) in white muscle in response to cold accli-
mation (Dhillon and Schulte 2011), which would generally 
be considered an indicator of thermal compensation of 
metabolism. Divergent patterns for VV(mit,f) and ṀO2routine 
in response to cold acclimation have also been demon-
strated in eels (Anguilla spp.) (Walsh et al. 1983; Egginton 
and Johnston 1984) and crucian carp (Carassius carassius) 
(Roberts 1966; Johnston and Maitland 1980). The opposite 
directions of changes in VV(mit,f) and ṀO2routine in killifish 
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Fig. 3   Gene expression of transcription factors and coactivators 
involved in mitochondrial biogenesis over a 40-day 5 °C-acclimation 
in northern killifish (experiment three). a nrf1, b gabpa, c ppargc1a, 
and d ppargc1b. Fish held at 15 °C: grey circles, fish gradually trans-
ferred to 5  °C over days 1–20: black diamonds, and fish abruptly 
transferred to 5 °C on day 0, white squares. Control expression values 
in fish acclimated to 15 °C are shown on day 0, but were not included 
in statistical comparisons. Data are presented as mean  ±  SEM 

(n =  8) normalized such that mean day 0 values equal one for all 
genes facilitating fold change comparisons among genes. Shared let-
ters across days indicate groups that do not differ significantly within 
an acclimation treatment, and shared symbols (*, +) across acclima-
tion treatments indicate groups that do not differ significantly within 
a day. If no symbols are shown on a day, then there were no signifi-
cant differences among acclimation treatments on that day
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in response to cold suggest that these effects are unlikely 
to share a mechanistic or a functional link. Consistent with 
this suggestion, reduction of ṀO2routine at 5  °C occurred 
rapidly, whereas nrf1 expression increased more gradually 
when fish were acclimated to 5 °C, reaching levels approxi-
mately fourfold higher in 5  °C-acclimated compared to 
15 °C-acclimated fish after 20 days of acclimation.

Time courses of thermal acclimation

Relatively few studies have examined the time courses of 
phenotypic changes that occur as a result of thermal accli-
mation. In killifish and other fish species, changes in ther-
mal tolerance limits are generally complete within 1 week 
of acclimation to warm temperatures compared to between 
3 and 6  weeks of acclimation to cold temperatures (e.g., 
Cossins et al. 1977; Healy and Schulte 2012b). In goldfish, 
the time courses of changes in thermal tolerance are cor-
related with changes in membrane fluidity (Cossins et  al. 
1977), and although mechanistic changes in membrane 
phospholipid compositions in rainbow trout (Oncorhynchus 
mykiss) can occur over a range of time courses, increases 
in long-chain polyunsaturated phospholipids occur after 
approximately 2–3 weeks of exposure to cold (Hazel and 
Landrey 1988a, b), which is consistent with the idea that 
most responses to low temperature exposure occur over 
3–6 weeks.

Matching the general time frame for cold acclima-
tion outlined above, changes in nrf1 expression in killifish 
white muscle as a result of exposure to low temperatures 
occur over the first 3–6  weeks of acclimation. Similarly, 

in three-spined stickleback (Gasterosteus aculeatus), 
nrf1 expression is elevated in liver tissue during the first 
4  weeks of acclimation to cold temperatures (Orczewska 
et  al. 2010). However, in stickleback, oxidative muscle 
nrf1 expression only increases after 9 weeks of acclimation 
(Orczewska et al. 2010).

The time courses for changes in mitochondrial processes 
during cold acclimation have been investigated either 
directly through measurements of mitochondrial respiration 
rates (Bouchard and Guderley 2003), or indirectly through 
changes in the expression levels or activities of metabolic 
enzymes (Lehmann 1970; Sidell et  al. 1973; Bouchard 
and Guderley 2003; Lucassen et al. 2003; Orczewska et al. 
2010). Typically, there is an early and transient increase 
in cs mRNA followed by a gradual increase in Cs activity 
over 2–9 weeks in liver tissue, whereas there are no signifi-
cant effects of cold acclimation associated with Cox (Luca-
ssen et al. 2003; Orczewska et al. 2010). In oxidative mus-
cle, both cs mRNA and Cs activity increase gradually over 
4–10  weeks of cold acclimation (Bouchard and Guderley 
2003; Orczewska et al. 2010), but changes associated with 
Cox vary among species. In stickleback oxidative muscle, 
effects of cold acclimation on Cox are similar to those on 
Cs (Orczewska et  al. 2010), whereas Cox is unaffected 
by cold acclimation in rainbow trout oxidative muscle 
(Bouchard and Guderley 2003). Together, the results dis-
cussed above clearly demonstrate that the time courses for 
changes in metabolic enzymes as a result of cold acclima-
tion can vary among species and tissues, and our results in 
killifish emphasize the potential for differences among spe-
cies, as we observed no changes in either Cs or Cox during 
acclimation to 5 °C. Alternatively, it is possible that the dif-
ferences between our results and those observed previously 
are a consequence of ending our experiment after 6 weeks 
of acclimation, because previous studies detect significant 
effects after up to 10 weeks of exposure to cold.

As discussed above, the majority of decreases in 
ṀO2routine as a result of cold acclimation in killifish are 
likely a consequence of thermodynamic effects, but there 
is also the possibility of a modest suppression of ṀO2routine 
during the first day of acclimation to 5  °C. This decrease 
in ṀO2routine would be indicative of a rapid effect of cold 
acclimation. Previous studies have demonstrated a range 
of time courses for changes in ṀO2routine among different 
species after transfer to low temperatures. For example, 
data from American eels (A. rostrata) suggest rapid effects 
of acclimation to 5 °C on ṀO2routine similar to the changes 
we observed in killifish (Walsh et al. 1983), whereas accli-
mation to 10  °C in European eels (A. anguilla) results in 
a more gradual decrease in ṀO2routine (Egginton and John-
ston 1984).

In the current study, we examined the time courses 
of metabolic responses to prolonged exposure to cold 
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temperatures without variation in photoperiod. These 
experiments are useful to identify mechanistic responses 
that occur specifically as a result of reductions in tempera-
ture. However, in nature, seasonal decreases in temperature 
are associated with fewer hours of light per day, and this 
variation in photoperiod can result in differences in thermal 
tolerance that are consistent with seasonal changes in tem-
perature (e.g., Healy and Schulte 2012b) and in variation 
in metabolic capacities (e.g., Guderley et al. 2001; Martin 
et  al. 2009). It is possible that differences in photoperiod 
could also impact the time courses of changes in these 
traits, and this possibility remains to be investigated more 
thoroughly.

Role of nrf1 gene expression in cold acclimation 
in killifish

Our data suggest that increased nrf1 gene expression is an 
important acclimatory response to cold temperatures in kil-
lifish, as in other fish species (McClelland et al. 2006; LeM-
oine et al. 2008; Orczewska et al. 2010; Bremer and Moyes 
2011; Bremer et  al. 2012). Killifish that were gradually 
transferred to low temperature increased nrf1 expression 
more slowly than fish that experienced an abrupt change in 
temperature implying that cold-induced expression of nrf1 is 
regulated in a manner dependent on the timing of cold expo-
sure. In contrast, none of the other regulatory genes exam-
ined in this study (gabpa, ppargc1a and ppargc1b) demon-
strated evidence of cold-induced expression. Furthermore, 
northern fish have higher nrf1 expression levels than south-
ern fish in white muscle, consistent with higher VV(mit,f) 
in this tissue in northern than in southern fish, at least, at 
5 °C (Dhillon and Schulte 2011), suggesting a possible role 
for Nrf1 in regulating VV(mit,f). However, several lines of 
evidence indicate that increased nrf1 gene expression alone 
does not necessarily lead to higher VV(mit,f) in killifish: (1) 
VV(mit,f) does not change between 15 and 5  °C in white 
muscle in southern killifish (Dhillon and Schulte 2011), 
whereas, here, we show that nrf1 expression increases at 
5 °C in this subspecies, and (2) northern and southern fish 
have the same VV(mit,f) in white muscle at 15 °C (Dhillon 
and Schulte 2011), whereas, here, we show that northern 
fish have higher expression of nrf1 than southern fish at 
15 °C. Most likely, these mismatches indicate that although 
nrf1 gene expression is a key part of the response to cold 
acclimation, downstream regulatory differences also impact 
changes in VV(mit,f). Overexpression of nrf1 in transgenic 
mice does not increase mitochondrial respiratory capac-
ity (Baar et al. 2003), similarly indicating the role of addi-
tional regulatory processes in mitochondrial biogenesis. As 
a result, cold-induced nrf1 expression in northern killifish is 
potentially one of several signals that combine to increase 
VV(mit,f) in response to prolonged cold, and differences in 

other regulatory signals between the subspecies may explain 
why southern fish increase nrf1 expression in response to 
cold acclimation, but do not increase VV(mit,f).

Interestingly, despite the observed changes in nrf1 
expression and the known changes in VV(mit,f) in killi-
fish, mt-co2 and cox4i1 gene expression and Cs enzyme 
activity do not increase with cold acclimation. Increased 
nrf1 expression after cold acclimation is typically asso-
ciated with an increase in Cox or Cs in fish (McClelland 
et  al. 2006; LeMoine et  al. 2008; Orczewska et  al. 2010; 
Bremer and Moyes 2011). However, previous studies in 
killifish white muscle have also detected relatively little 
evidence for increases in these indicators with cold accli-
mation. Dhillon and Schulte (2011) found no change in Cs 
activity between 15 and 5  °C-acclimation treatments, and 
Fangue et al. (2009) detected a significant increase in this 
indicator, but the change was modest with similar magni-
tude to the trend for higher expression in gradually trans-
ferred 5 °C fish compared to 15 °C-acclimated fish in our 
study. Fangue et  al. (2009) did find a significant increase 
in cs mRNA at 5 °C in northern fish, but there was no evi-
dence for increases in mt-co2 with cold acclimation. One 
possible explanation for the lack of change in Cs activity 
and Cox subunit gene expression in the current study is that 
changes in these parameters require longer than a 6-week 
acclimation period. In three-spined stickleback oxidative 
muscle, the expression levels of mt-co2 and cox4i1 increase 
between 4 and 9  weeks of acclimation (Orczewska et  al. 
2010). However, VV(mit,f) is elevated in northern killifish 
white muscle after 6  weeks (Dhillon and Schulte 2011), 
and increases in VV(mit,f) were only assessed in stickle-
back oxidative muscle after 9  weeks. Another possible 
explanation for the lack of change in Cs and Cox is that 
oxidative capacity is unchanged in response to cold accli-
mation even though VV(mit,f) increases in killifish.

Differences in VV(mit,f) without parallel changes in oxi-
dative capacity have been observed in notothenioid fish, 
as the hearts of Antarctic icefish have increased VV(mit,f) 
compared to other species, but do not have elevated oxi-
dative capacities (Feller et  al. 1985; Johnston and Harri-
son 1987; O’Brien and Sidell 2000; Urschel and O’Brien 
2008; O’Brien and Mueller 2010; O’Brien 2011). The 
higher VV(mit,f) observed in icefish is thought to improve 
movement of oxygen to the mitochondria as oxygen mol-
ecules diffuse more easily through the larger network of 
hydrophobic intracellular membranes (Sidell 1998). Conse-
quently, VV(mit,f) in killifish white muscle may increase to 
facilitate oxygen diffusion at low temperatures. However, 
killifish increase cristae surface density at 5  °C (Dhillon 
and Schulte 2011), whereas this parameter is not higher 
in icefishes than in other notothenioid species (O’Brien 
and Sidell 2000), and icefish with elevated VV(mit,f) do 
not have increased nrf1 gene expression relative to other 
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notothenioid species (Urschel and O’Brien 2008). There-
fore, even if differences among notothenioids occur for 
similar reasons to changes with acclimation tempera-
ture in killifish, the cellular mechanisms controlling these 
responses are likely not shared.

The above discussion identifies that the relationship 
between nrf1 expression and changes in VV(mit,f) and 
function during cold acclimation in killifish is somewhat 
unclear, because nrf1 expression and VV(mit,f) increase 
with cold acclimation, whereas typical markers of cel-
lular respiratory capacity do not. Target genes of Nrf1 are 
not known to include genes involved in the production of 
the mitochondrial membrane (O’Brien and Mueller 2010; 
O’Brien 2011; Scarpulla et al. 2012), which is opposite to 
the expectations of a change in VV(mit,f) but not in oxida-
tive capacity. However, relatively little is known about the 
mechanisms controlling the induction of mitochondrial 
membrane components (e.g., O’Brien 2011). For exam-
ple, translocator and maintenance protein 41 and prohibi-
tin have only relatively recently been identified as candi-
dates involved in inner mitochondrial membrane assembly 
in yeast (Kutik et  al. 2008, Osman et  al. 2009). It seems 
unlikely that Nrf1 induces expression of genes encoding 
membrane components differently in killifish compared 
to other species, and therefore, we hypothesize two poten-
tial roles of cold-induced nrf1 expression in these fish: 
(1) elevated nrf1 expression leads to increased produc-
tion of structural proteins in the mitochondria consistent 
with increased volume density but not respiration, or (2) 
increased nrf1 expression induces genes that contribute to 
an overall shift in oxidative ATP production towards uti-
lizing lipid-based substrates which is a common response 
to low temperature in many fish. In northern killifish, cold 
acclimation causes reductions in [ADPfree] in white muscle 
(Dhillon and Schulte 2011), and lower [ADPfree] may favor 
the use of lipid substrates over glycolytic ones (Holloszy 
and Coyle 1984). If a shift towards lipid oxidation occurs in 
both northern and southern killifish, this second hypothesis 
could account for the increased expression of nrf1 in the 
southern subspecies even though this subspecies does not 
increase VV(mit,f).

Nrf1 could affect lipid oxidation through feedback 
regulation of peroxisome proliferator-activated recep-
tor gamma coactivators, which interact with peroxisome 
proliferator-activated receptors that regulate the expres-
sion of genes controlling lipid oxidation (e.g., Hock and 
Kralli 2009). In mammals, Nrf1 can increase Ppargc1a 
activity through induction of myocyte enhancer factor 2A 
(mef2a) (Ramachandran et al. 2008). However, Mef2a acts 
as an activator by increasing transcription of ppargc1a, and 
ppargc1a expression was not induced at low temperature in 
our study. Therefore, if Nrf1 affects lipid oxidation via per-
oxisome proliferator-activated receptors and Ppargc1a in 

killifish, it likely occurs through an unknown downstream 
pathway that changes Ppargc1a activity through post-trans-
lational modifications or interactions.

Taken together, the above discussion highlights that 
changes in metabolic rate and VV(mit,f) are separate 
aspects of cold acclimation in killifish, which likely have 
unrelated controlling mechanisms. Consequently, increases 
in VV(mit,f) may not directly contribute to differences in 
ṀO2routine or aerobic scope with cold acclimation. There-
fore, if aerobic scope limits performance at low tempera-
tures (e.g., Pörtner 2010), changes in VV(mit,f) are likely 
a parallel mechanism in killifish to improve the delivery of 
oxygen to its site of use in the mitochondrion.

Conclusions

Here, we show that nuclear respiratory factor 1 gene 
expression increases in a time-course-dependent manner 
during cold acclimation in killifish, and that intraspecific 
variation in the expression of nrf1 likely contributes to 
intraspecific differences in mitochondrial volume density 
at low temperature. However, indicators of mitochondrial 
respiratory capacity do not increase in parallel with nrf1 
expression, suggesting that higher mitochondrial volume 
densities may not be associated with increases in oxidative 
capacity in this species. Similarly, there is no evidence that 
killifish compensate for the thermodynamic effects of low 
temperature on ṀO2routine or ṀO2max. These results high-
light the diversity of metabolic strategies that fishes can use 
to respond to changes in environmental temperature and the 
complexities of the cellular mechanisms that control these 
responses.
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