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Abstract Previous research on Antarctic notothenioid
fishes demonstrated the loss of the heat-shock response
characterized by the rapid synthesis of molecular chap-
erones in response to increasing pools of damaged pro-
teins. We determined that this loss was the result of
constitutive expression of the inducible hsp70 gene. In
this study, we examined the extent of this unique
expression pattern in Antarctic fish by comparing the
expression of two genes, the constitutive hsc71 gene and
the inducible hsp70 gene, in tissues from Trematomus
bernacchii to expression in tissues of Pagothenia
borchgrevinki, a second Antarctic notothenioid, and
Lycodichthys dearborni, a phylogenetically distant
Antarctic species. Our study indicated that the expres-
sion of hsc71 is similar in all species; however, the
constitutive expression of the inducible hsp70 gene was
also manifested in these species. These data further
suggest that cold denaturation of proteins at ecologically
relevant temperatures may be contributing to this
change in expression of the hsp70 gene.

Introduction

In the coastal waters of Antarctica, marine fishes dom-
inated by the members of the suborder Notothenioidei
experience annual environmental temperatures near the
freezing point of seawater (�1.86�C) for much of the
year with only rare warming periods during the austral

summer (Hunt et al. 2003). Evolution in these subzero
waters has resulted in a series of adaptations allowing
survival in this frigid, ice-filled environment including
the evolution of antifreeze proteins, elevated blood os-
motic concentrations, and metabolic compensation (see
Eastman (1993) for a review). As a study system, these
fish represent a unique opportunity to ask questions
about how cold adaptation has shaped gene expression
in eukaryotic organisms for which life at near-freezing
temperatures is the ecological norm. More specifically,
the unique thermal history of these fish allows us to
investigate the relationship between extreme cold tem-
peratures and the expression of genes pivotal to main-
taining protein homeostasis through protein
triaging—genes such as those encoding for molecular
chaperones, ubiquitin, and the 26S proteasome (Gold-
berg 2003).

In the current study, we have examined the expres-
sion patterns of a molecular chaperone gene, hsp70, in
three species of Antarctic teleosts. This study extends
earlier observations regarding the alteration of gene
expression of thermally sensitive genes in a single Ant-
arctic notothenioid (Place et al. 2004; Buckley et al.
2004). In these investigations, we hypothesized that the
release of the selective pressure of environmental tem-
perature variation has also led to the loss of a typical
cellular response to heat stress commonly referred to as
the heat-shock response (HSR). This unusual phenom-
enon has apparently occurred in at least two Antarctic
species. First, at the translational level, Hofmann et al.
(2000) reported that the Antarctic notothenioid T. ber-
nacchii failed to show increased protein pools of any of
the commonly induced size classes of molecular chap-
erones involved with the HSR even though a prominent
molecular chaperone upregulated in the HSR is consti-
tutively present in these fish (Carpenter and Hofmann
2000). Similarly, La Terza et al. (2001) reported that the
Antarctic ciliate Euplotes forcardii did not show appre-
ciable activation of the hsp70 gene at the transcriptional
level in response to thermal stress. There are several
possibilities for the manifestation of these changes in
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gene expression, including a change in the promoter
region that has selectively silenced the thermal response
in these genes. Recently, La Terza et al. (2004) reported
that the promoter region of the hsp70 gene from E. fo-
cardii contains both cis-acting regulatory elements in-
volved in the thermal response of these genes; however,
the functionality of these elements is not yet known. In
addition, we previously reported the constitutive
expression of hsp70 in field acclimatized tissues of T.
bernacchii, an indication that the promoter region may
be affected in these fish, perhaps as a result of existing
environmental conditions (Place et al. 2004).

In an effort to determine the extent of this unique
hsp70 expression pattern in Antarctic fish, we charac-
terized the hsc71 (a constitutive form of the 70-kDa Hsp
family) and hsp70 (a stress-inducible member of the 70-
kDa Hsp family) genes from closely related nototheni-
oids as well as a nonrelated Antarctic species. Recent
phylogenetic studies have confirmed the appropriate
relatedness of the species used in this comparison (Dettaı̈
and Lecointre 2004; Near 2004). In this study, we report
the constitutive upregulation of hsp70 mRNA under
typical environmental conditions in two closely related
species of the monophyletic suborder Notothenioidei,
Trematomus bernacchii and Pagothenia borchgrevinki, as
well as a phylogenetically distant Antarctic teleost from
the monophyletic suborder Zoarcoidei, the eelpout Ly-
codichthys dearborni.

Materials and methods

Collection of study organisms

Specimens of the benthic Antarctic notothenioid,
Trematomus bernacchii (Boulenger 1902), the cryopela-
gic Antarctic notothenioid, Pagothenia borchgrevinki
(Boulenger, 1902), and the benthic Antarctic zoarcid,
Lycodichthys dearborni (Pappenheim 1911), were
collected in McMurdo Sound, Antarctica (77�53¢S,
166�40¢E), from October to December of 2001 and 2002.
Specimens of T. bernacchii and P. borchgrevinki were
caught by hook and line and specimens of L. dearborni
were collected using baited fish traps set on the substrate
at a depth of 400–700 m. All specimens were maintained
in flow-through aquaria near ambient seawater temper-
atures (�1.5�C) for 48 h prior to being killed.

Probe development

For all three Antarctic species, a 241 bp hsc71 probe and
a 350 bp hsp70 probe, constructed by RT-PCR ampli-
fication of mRNA isolated from gill tissue of T.
bernacchii, were used. For probe construction, reverse
transcription was performed using random oligo-dT
primers and subsequent PCR amplification was per-
formed with consensus primers previously reported in

Place et al. (2004). PCR products were inserted into a
pCR 2.1-TOPO vector and chemically transfected into
E. coli using a TOPO TA Cloning kit (Invitrogen,
K4500-01). The probes were labeled with [a�32 P]-dCTP
[1·10�6 Ci/ng DNA, specific activity 3,000 Ci/ mM]
using the Ready-to-Go labeling system (Amersham
Biosciences) immediately prior to use in Northern blot-
ting.

Collection of tissues from field acclimatized fish

Brain, gill, and liver tissues were sampled in the field and
frozen in liquid nitrogen immediately after capture for
n=10 fish for T. bernacchii and P. borchgrevinki, and
n=6 fish for L. dearborni to determine the expression
states of these genes in field acclimatized specimens.

In vivo short-term exposure to +4�C

Specimens were held in a +4�C flow-through aquarium
for 12 h. At each of six time points (t0, 1, 2, 4, 8, and
12 h), fish were anesthetized by immersion in seawater
containing 2 mM MS-222 for 10–15 min at �1.5�C
prior to sacrifice. Gill and liver tissue were sampled and
immediately frozen in liquid nitrogen for n=8 fish.

Total RNA extraction and Northern blotting

All tissue samples were held at �80�C prior to extraction
of total RNA. Total RNA was extracted in 500 ll
TRIzol for brain and gill tissue or 750 ll TRIzol for
liver tissue according to the manufacturer’s instructions
(TRIzol, Invitrogen Life Technologies). The RNA con-
centration and purity were determined by UV absorp-
tion at 260:280 using an Ultrospec 1100 pro UV/Vis
spectrophotometer (BioChrom Ltd). The RNA extracts
were stored at �80�C prior to use in Northern blotting.
For Northern blotting, 10 lg total RNA was denatured
with glyoxal/dimethylsulfoxide (DMSO) at 50�C for 1 h
and fractionated by electrophoresis on a 1% agarose gel
in 10 mM sodium phosphate buffer (pH 7.0) at 100 V
with continuous recirculation of buffer. Following
transfer to Zeta probe membrane (BioRad), membranes
were hybridized with either a 241 bp hsc71 probe or a
350 bp hsp70 probe and subsequently washed as de-
scribed in Place et al. (2004). Relative levels of mRNA
were background corrected and standardized across
successive Northern blots. Following initial hybridiza-
tion with the hsc71/ hsp70 probe, correction for the
loading variance was done by re-probing each mem-
brane with an 18S ribosomal probe. Briefly, membranes
were stripped by washing the blots twice at 70�C for
30 min with stripping buffer [10 mM Tris-HCl, 0.2%
SDS, pH 7.4], and re-probed with the 18S ribosomal
probe using the hybridization conditions previously de-
scribed in Place et al. (2004).
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Statistical analysis

All analysis of variance (ANOVA) statistics were per-
formed using JMP 5 software (SAS Institute) for Win-
dows. We verified that the ANOVA assumptions of
normality were met by testing the fit distribution of each
data set before performing a one-way ANOVA with a
Tukey–Kramer HSD to test for significant differences,
P< 0.05, between treatments. All data are presented as
the mean ± SEM.

Results

Probe specificity

Our probes hybridized as expected and showed a high
degree of specificity, differentiating between the con-
stitutive and inducible transcripts in both gill and liver
tissue from all three species. Northern blotting per-
formed with hsc71-specific probes hybridized to a single
size of transcript corresponding to 2.49 kb (data not
shown). Northern blotting performed with hsp70-spe-
cific probes hybridized with a single size of transcript
corresponding to 2.67 kb (data not shown). The tran-
script size determination was performed by plotting the
log of the molecular weight of known DNA fragments
versus the distance traveled.

mRNA levels in tissues of field acclimatized fishes

Figure 1a, b show a representative Northern blot of
total RNA extracted from field collected tissues
hybridized with an [a�32 P]-dCTP labeled cDNA probe
specific for hsc71 or hsp70, respectively. Densitometric
analysis of hsc71 Northern blots of field-acclimatized
tissue samples, collected from specimens immediately
after capture and frozen in liquid nitrogen, indicated
that the constitutive transcript, hsc71, was expressed in
detectable levels in all tissues examined from all three
species (Fig. 2a). The relative level of hsc71 mRNA ex-
pressed in P. borchgrevinki was twofold to threefold
higher than that of T. bernacchii and L. dearborni.
Furthermore, densitometric analysis of Northern blots
probed with the inducible transcript, hsp70, indicated

high levels of hsp70 mRNA in both T. bernacchii and P.
borchgrevinki in all three tissues sampled—brain, gill,
and liver (Fig. 2b). The eelpout, L. dearborni, also

Fig. 1 Northern blot of brain,
gill, and liver total RNA
hybridized with hsc71-(a) or
hsp70-(b) specific probes. Lanes
1 and 2 correspond to
individual field acclimatized fish
whose tissues were sampled
immediately after capture and
frozen in liquid nitrogen prior
to RNA extraction

Fig. 2 Densitometric analysis of relative hsc71 mRNA levels (a) or
hsp70 mRNA levels (b) in Trematomus bernacchii (black), Pago-
thenia borchgrevinki (white), and Lycodichthys dearborni (grey)
tissues sampled from field acclimatized fish immediately after
capture. Bars represent relative mean density ± SEM for n=10 fish
for T. bernacchii and P. borchgrevinki, and n=6 fish for L.
dearborni. Levels not connected by the same letter are significantly
different (ANOVA; P<0.01)
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displayed constitutive expression of the hsp70 transcript
in all the three tissues.However, the eelpout levels of hsp70
were consistently lower than both Antarctic nototheni-
oid species, and significantly lower (threefold to fivefold)
as compared to P. borchgrevinki (Fig. 2b, ANOVA).

In vivo exposure to +4�C

In order to attempt to activate the normally heat-
inducible hsp70 genes, we exposed the fish to +4�C, a
temperature that is 6�C above normal ecological tem-
peratures for these species. Densitometric analysis of
hsc71 Northern blots indicated expression patterns of
the constitutive hsc71 gene were temperature insensitive
in gill and liver tissue of all three Antarctic species
(Figs. 3a, 4a and 5a). Densitometric analysis of hsp70

Northern blots revealed that Antarctic notothenioids
did not significantly upregulate hsp70 mRNA when
challenged at +4�C for 12 h [relative to time 0 (t0)], as
indicated in Figs. 3b and 4b. In contrast, L. dearborni
expressed significantly higher levels of hsp70 mRNA in
gill and liver tissue within 1 h and 4 h of exposure to
+4�C, respectively (Fig. 5b, ANOVA).

Discussion

In previous research, we reported that the underlying
mechanism involved in the loss of the HSR in T.
bernacchii was most likely due to a change in the
expression of the inducible hsp70 gene from a normally
inducible mode to a constitutive mode in this species
(Place et al. 2004). In an effort to better understand the

Fig. 3 Densitometric analysis of relative hsc71 mRNA levels (a) or
hsp70 mRNA levels (b) in gill (grey) and liver (black) tissue from T.
bernacchii exposed to +4�C for the indicated time period. Bars
represent relative mean density ± SEM for n=8 fish

Fig. 4 Densitometric analysis of relative hsc71 mRNA levels (a) or
hsp70 mRNA levels (b) in gill (grey) and liver (black) tissue from P.
borchgrevinki exposed to +4�C for the indicated time period. Bars
represent relative mean density ± SEM for n=8 fish
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extent of this unique expression pattern in cold-adapted
Antarctic fishes, the current study profiled the expres-
sion of the constitutive hsc71 and the inducible hsp70
genes in three fish—two closely related Antarctic noto-
thenioid fishes, T. bernacchii and P. borchgrevinki, and a
phylogenetically distant Antarctic zoarcid, the eelpout
L. dearborni. The study highlighted three salient find-
ings: (1) the Antarctic zoarcid, L. dearborni, but not the
two notothenioid species, maintained the ability to
upregulate the hsp70 gene in response to short-term
exposure at +4�C, (2) however, L. dearborni expressed
low levels of transcript from the inducible hsp70 gene
in wild caught specimens, and (3) the hsp70 gene
was strongly upregulated under normal physiological
conditions and expressed at levels equivalent to the
constitutive hsc71 gene in wild caught specimens of T.
bernacchii and P. borchgrevinki.

Our intent in this study was to measure hsp70 and
hsc71 expression in fish from natural populations, and in
specimens that had been challenged with elevated tem-
peratures that we predicted would induce the HSR in
these polar fishes. Towards this end, relative mRNA
levels were measured in brain, gill, and liver tissue
sampled from wild caught fish, as well as in gill and liver
tissue sampled from fish that had undergone a short-
term exposure to +4�C. Northern blotting indicated
that both the constitutive and inducible transcripts were
expressed at levels detectable above the background in
all three species (Fig. 1), and that probes developed to
differentiate between hsc71 and hsp70 functioned as ex-
pected, hybridizing to a single-size class of mRNA cor-
responding to 2.49 kb for hsc71, and 2.67 kb for hsp70
(data not shown). These transcripts were within the ex-
pected size range, with previous studies reporting hsc70
mRNA from the zebrafish, Danio rerio, to be around
2.6 kb (Santacruz et al. 1997). Despite the presence of
significant inter-individual variation in levels of mRNA,
definitive trends in gene expression were detected among
the three species.

Overall, our study indicates that the alteration in the
expression patterns of the inducible hsp70 gene extends
beyond the suborder Notothenioidei, and may be pre-
valent in multiple organisms that inhabit the subzero
waters of the Southern Ocean. As seen in Fig. 1b, hsp70
mRNA is constitutively expressed in field acclimatized
tissues of all three species of Antarctic fish, including the
phylogenetically distant eelpout, L. dearborni. In gen-
eral, P. borchgrevinki displayed higher relative levels of
mRNA in all tissues examined for both the hsc71 and
hsp70 genes (Fig. 2b, ANOVA). This occurrence may be
related to the more active cryopelagic nature of P. bor-
chgrevinki, a distinct contrast to T. bernacchii and L.
dearborni, whose mRNA levels are more similar and are
both characterized as less active, benthic species. Fur-
thermore, compared to previously reported expression
levels in field-acclimatized samples collected from two
closely related New Zealand notothenioids adapted to
temperate environments (Place et al. 2004), all three
Antarctic species showed higher relative levels of hsp70
mRNA expression in gill and liver tissue (Fig. 2b). In
contrast, the relative level of mRNA for the constitutive
gene, hsc71, was expressed in comparable relative levels
(Fig. 2a) to those previously reported for the constitu-
tive gene in the temperate New Zealand notothenioids
(Place et al. 2004). Although the expression of hsc71 and
hsp70 genes in L. dearborni were similar to the Antarctic
notothenioids, the regulation of the hsp70 gene in re-
sponse to thermal activation displayed disparate prop-
erties (Fig. 5b).

In fish exposed to +4�C, the expression of hsc71 was
variable in tissue segments of gill and liver sampled from
all three species. While relative levels of expression
varied between individuals, the expression of the con-
stitutive transcript did not increase in a temperature
sensitive manner (Figs. 3a, 4a and 5a). Similarly, relative
levels of the inducible transcript hsp70 in gill and liver

Fig. 5 Densitometric analysis of relative hsc71 mRNA levels (a) or
hsp70 mRNA levels (b) in gill (grey) and liver (black) tissue from L.
dearborni exposed to +4�C for the indicated time period. Bars
represent relative mean density ± SEM for n=8 fish. Statistically
significant increases in relative mRNA levels above t0 are indicated
with an asterisk (ANOVA; P< 0.05)
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tissue from T. bernacchii and P. borchgrevinki were
variable, yet insensitive to temperature increases during
the incubation period (Figs. 3b and 4b). The notothe-
nioid species exhibited no significant upregulation in
response to elevated temperature, even when exposed to
temperatures near the LT50 of T. bernacchii reported by
Somero and DeVries (1967) for 12 h. Conversely, both
gill and liver tissue sampled from L. dearborni showed
significant increases in the relative hsp70mRNA levels in
fish challenged with the elevated experimental tempera-
ture. Specifically, within 1 h at +4�C, the relative hsp70
mRNA levels in gill tissue showed a significant increase
above relative levels measured in t0 samples (Fig. 5b).
Furthermore, within 4 h, liver tissue showed significant
increases in hsp70 mRNA levels above t0 values
(Fig. 5b). Although hsp70 mRNA was detectable in all
three species, only L. dearborni displayed the ability to
weakly upregulate this gene in response to thermal
stress, further highlighting the loss of the HSR in the
Antarctic notothenioids. These results are in agreement
with earlier studies in which we reported the inability of
T. bernacchii to upregulate hsp70 mRNA during a 1 h in
vitro thermal stress at temperatures as high as +10�C
(Place et al. 2004) and the disruption of the HSR in
isolated hepatocytes, at both the transcript and protein
level, during in vitro thermal stresses across a wide range
of temperatures (Buckley et al. 2004).

Thus, in contrast to the loss of the HSR in the not-
othenioids, the Antarctic zoarcid, L. dearborni, has re-
tained the ability to upregulate the expression of the
hsp70 gene in response to thermal stress. This result is
not entirely unexpected and may be a consequence of the
phylogenetic distance between these two suborders. The
Antarctic zoarcids radiated from a much more widely
distributed suborder with a broadened thermal range as
opposed to the notothenioids which are restricted to the
Antarctic and sub-Antarctic waters (Dettaı̈ and Le-
cointre 2004). Notwithstanding this phylogenetic dis-
tance, Antarctic zoarcids have been previously shown to
exhibit adaptive similarities to Antarctic notothenioid
species. Specifically, the eelpout Pachycara brachyceph-
alum displays similar physiological adaptations to this
extreme cold environment such as altered enzyme
activities, mRNA expression levels, and mitochondrial
proliferation (Hardewig et al. 1999; Lucassen et al.
2003).

Interestingly, all three Antarctic species in this study
exhibited constitutive expression of the hsp70 gene de-
spite this phylogenetic distance, possibly via convergent
evolution; an occurrence also manifested in the anti-
freeze glycoprotein (AFGP) genes from Antarctic not-
othenioids and Arctic cod species (Chen et al. 1997).
Although the mechanism for this constitutive expression
of an otherwise stress-inducible gene is still not well
understood, our data suggest these fish may have a
greater need for molecular chaperoning—specifically,
via the cellular role of heat shock proteins (HSPs), such
as Hsp70, that assist in the folding of newly synthesized
proteins, assembly of multiprotein complexes, and the

triaging of misfolded or denatured proteins (Wickner
et al. 1999). This study further supports a possible
mechanism involving the existence of an environmental
or physiological signal that maintains the hsp70 gene in a
constant ‘‘on’’ state in order to maintain protein
homeostasis of the cell. In vivo, a wide range of seem-
ingly unrelated stimuli can give rise to the activation of
HSP genes and a universal consequence of all these
stimuli, the build up of abnormal proteins, has been
singled out as a major signal for the activation of these
genes (Ananthan et al. 1986; Stangl et al. 2002). We
recently reported levels of ubiquitin-conjugated proteins,
a cellular measure for denatured proteins, in Antarctic
notothenioids indicated these fish may experience higher
levels of denatured or misfolded proteins than previ-
ously expected (Place et al. 2004).

Several physiological studies have begun to show that
HSPs can be induced by an acute cold stress in response
to increased denaturation and misfolding of proteins
(for a review see Sonna et al. 2002). For example, human
cells subjected to a 4�C cold shock upregulated hsp70
transcript after returning to 37�C for recovery. In
addition, the onset, magnitude, and duration of induc-
tion was directly related to the severity of the cold shock
(Liu et al. 1994). Furthermore, hsp70 mRNA was in-
duced in cultured neonatal rat cardiomyocytes subjected
to a 4�C cold shock for 1 h and resulted in a sixfold
increase in Hsp70 protein levels in protein extracts
(Laios et al. 1997). More recently, Ali et al. (2003) re-
ported that in carp acclimated to 12�C, a temperature
drop of 7�C for 1 h resulted in the upregulation of the
inducible hsp70 transcript in both liver and white mus-
cle. In addition, the perturbing effects of near-freezing
temperatures on eukaryotic cells has been highlighted in
yeast cells acclimated to 0�C, a study in which Kandror
et al. (2004) reported the upregulation of several classes
of molecular chaperones in yeast cells acclimated to
near-freezing temperatures. These studies have high-
lighted the potential for cold denaturation of proteins at
temperatures at or near 0�C, a situation that would be
commonplace for Antarctic organisms that inhabit the
ice-filled waters of the Southern Ocean. While the
mechanism underlying cold denaturation of proteins has
not been fully described in the literature, temperatures at
or near those encountered by Antarctic notothenioids
have been shown to interrupt protein structure for
numerous proteins, especially those known to form
multimers (for reviews see Privalov 1990; Kunugi et al.
2002; Marques et al. 2003).

In summary, the alteration in the transcriptional
activation of existing genes may be an effective strategy
for adaptation to the challenging conditions of the ex-
treme cold environment inhabited by these organisms.
Such variations in gene expression have been identified
as sources of phenotypic plasticity that can occur with-
out wholesale changes at the level of the genome (re-
viewed in Levine and Tjian 2003). Thus, changes in the
function of the promoter, driven by interacting factors
that control gene transactivation, and not by DNA
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sequence changes in the promoter region per se, may be
contributing to the changes in hsp70 gene expression we
have reported here. In fact, such a situation has been
suggested in mammalian cell lines where under normal
physiological conditions, basal expression of heat-
inducible genes may be similarly altered by changes in
cis-regulatory regions while leaving promoter regions
intact (Trinklein et al. 2004). Finally, in concurrence
with the physiological studies of acute cold stress, our
results indicate that routine exposure to subzero tem-
peratures may result in an elevated protein chaperoning
requirement due to cold denaturation, or inefficient
folding of proteins, and provides a possible link to ele-
vated protein turnover in Antarctic ectotherms reported
in other studies (e.g., Fraser et al. 2002), suggesting that
life at cold temperatures may be more energetically dif-
ficult for cold-adapted organisms than would be initially
expected.
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