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Cluster 3: protein biosynthesis

It has been widely observed across taxa that exposure to
sufficiently high temperatures can inhibit general protein
synthesis, concomitant with the preferential production of
specific stress response proteins (Lindquist, 1986) [in G.
mirabilis (Buckley and Hofmann, 2002)]. Our understanding
of this phenomenon comes primarily from measurements of
protein production, but the effect of acute temperature stress
on the transcriptional regulation of genes involved in protein
synthesis remains relatively unexplored. In G. mirabilis,
temperature-dependent changes in the expression of various
components of the protein synthetic machinery were observed
in both gill and white muscle (Figs·2, 3, Cluster 3).

In each tissue, the expression of several ribosomal proteins
responded to thermal stress. In gill, large subunit proteins L10
and L19 and small subunit proteins S11 and S23 were
repressed, whereas L19 and S8 were induced. In muscle, L10
was repressed as it was in gill, and S6 was induced. These
proteins associate with and stabilize various sub-regions of the
ribosome and we can conjecture that their expression or
repression during heat stress may be an effort to protect
ribosomal structure and/or function through replacement or
substitution of these key structural components.

In both tissues, translation initiation factor 3 (as well as
factor 4 in muscle) was immediately upregulated upon
initiation of heat stress, suggesting a requirement for rapid
translation of message, perhaps that of ‘first responder’ stress
proteins such as Hsps. A tissue-specific response was observed
for EF-1�, which was induced in gill but repressed in white
muscle. EF-1� mediates polypeptide construction by binding
aminoacyl-tRNAs to the ribosome in a GTP-dependent manner
(Riis et al., 1990). The reason for the tissue-specific patterns
of expression observed here remains to be explored. However,
in gill, the induction of EF-1� coincided with the marked
upregulation of methionyl-tRNA synthetase, which produces
the initiating methionine for all polypeptides, suggesting that
several components of the translational machinery were
synthesized rapidly in response to heat, presumably priming
the gill cell for rapid protein synthesis.

Cluster 4: proteolysis

Several genes associated with proteolysis, from diverse sub-
cellular localizations and processes, were upregulated in
response to heat (Figs·2, 3, Cluster 5). Interestingly, the same
four genes that were upregulated in muscle were also
upregulated in gill, suggesting that they are involved in a
general cellular response to thermal stress. In both tissues the
gene for the ADAM-17 precursor was induced; this
metalloprotease-disintegrin cleaves soluble tumor necrosis
factor-� (TNF-�) (Reddy et al., 2000). TNF-� is a cytokine
that activates a large number of cellular signaling events that
in turn affect processes that govern cell survival and death
(Alikhani et al., 2004). The induction of ADAM-17, therefore,
may be an upstream initiator of apoptosis. Also induced in both
tissues were two genes involved in lysosomal proteolysis,
cathepsin L and tubulointerstitial nephritis antigen-like

B. A. Buckley, A. Y. Gracey and G. N. Somero

precursor. In gill only, another lysosomal protease, dipeptidyl
peptidase I precursor (Rao et al., 1997) was also induced. In
addition, calpain 9, an intracellular, non-lysosomal cysteine
protease with a broad suite of targets, was induced in both
tissues. The targets of calpain 9 include several mitogenic and
apoptotic factors such as FOS, JUN and p53, so it may play a
role in mediating one or both of these processes. In general,
the induction of these four proteases in both tissues may
signal the need for increased intracellular digestion of
macromolecules during heat shock.

Cluster 5: cell signaling

A key aspect of transducing extra-organismal signals to the
cell and ultimately to the nucleus is the stimulation of cell
signaling cascades. This could fairly be considered the primary
cellular response to environmental stress, initiating and
coordinating the subsequent actions taken to mediate the
deleterious impacts of a given set of stressors. The relaying of
signals through the activation of pre-existing molecules is
thought to increase the rapidity of the cellular response to
environmental insult. It is possible, however, that in some
cases, the de novo synthesis of signaling molecules may attend
cellular stress exposure. Here, transcription of several
components of various signaling pathways responded to heat
shock in both gill and muscle (Figs·2, 3, Cluster 5). Diverse
classes of signaling molecules were affected, including
tyrosine-protein kinases, G-protein-coupled receptor proteins,
serine/threonine kinases, members of the RAS and RAB
signaling pathways and ‘scaffold’ signaling molecules such as
the 14-3-3 proteins, among others.

In gill tissue, the majority of genes in Cluster 5 were induced
by heat. These genes included those of three kinases with
diverse functions, serine/threonine-protein kinase (Sgk1),
casein kinase 1, and tyrosine protein kinase (ITK/TSK or
HCK), were upregulated in heat-shocked individuals (Fig.·2,
Cluster 5). Sgk1 responds to a large number of extracellular
signals and initiates several cellular responses to these cues
(Lang and Cohen, 2001). Casein kinase 1 is involved in the
Hedgehog signaling pathway (Jia et al., 2004). ITK/TSK is a
non-receptor protein tyrosine kinase that participates in the
intracellular signaling cascades that lead to T-cell activation
(Brazin et al., 2002), but, in other cells, can generate secondary
messengers involved in cytoskeletal reorganization (Tsoukas
et al., 2001). It is possible that the induction of ITK/TSK was
functionally related, if not directly causal, to the induction of
cytoskeletal elements detailed below (see section on Cluster 8
genes).

Heat shock also induced the expression of RAB1 and
repressed that of RAB-6A. The RAB pathway mediates
various stages of intracellular transport, including vesicle
formation and targeting (Zerial and McBride, 2001). RAB1
and RAB-6A are involved in tethering COP1-coated vesicles
to the Golgi and in retrograde Golgi-ER transport,
respectively. A suite of genes involved in transport through
the Golgi was also induced in gill (see Cluster 12) and this
may be correlated with the observed transcriptional regulation
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of RAB1 and RAB-6A. Two members of the Ras and Rho-
GTPase pathways, Ras-like protein 3 and rhophilin, were
induced in heat-shocked gill. These molecules are upstream
mediators of signaling pathways that regulate cell cycle
progression (Coleman et al., 2004); the expression patterns
observed here suggest they may play a role in controlling cell
proliferation during heat stress. Thermally responsive
expression patterns were also observed for genes whose
products involved in relaying messages from cell–cell and
cell–matrix interfaces to intracellular cascades; integrin �
binding protein 2 was induced whereas a discoidin-motif-
containing protein was repressed.

Interestingly, the sustained induction of a 14-3-3 gene was
observed in gill. The sequence of this heat-inducible 14-3-3
gene shares the highest homology with the epsilon isoform,
although it shares no exact homology with any extant sequence
for a 14-3-3 isoform (data not shown). The 14-3-3 proteins act
as signaling ‘scaffolds’, binding a wide variety of target
proteins, which potentiates their phosphorylation (Takahashi,
2003). Through this single activity, 14-3-3 proteins affect a
striking breadth of processes including cytoskeletal
reorganization, cell division, apoptosis, gene expression, ion
physiology and further signal transduction. A novel,
osmoregulated isoform of 14-3-3 was detected in the teleost
fish Fundulus heteroclitus (Kültz et al., 2001); it remains to be
determined if the heat-inducible isoform identified here in
Gillichthys gill tissue may represent a similarly novel
coordinating nexus for cell signaling in ectothermic organisms.

The diversity of thermally regulated signaling genes was
similar in muscle (Fig.·3, Cluster 5). Myotonin-protein kinase,
NT-3 growth factor receptor precursor (TRCK) and tyrosine-
protein phosphatase were induced. In late stage recovery, two
G-protein-coupled receptor proteins were also induced.
Upregulation of the cell cycle mediators R-RAS2, Ras
homology gene family member T1 and PPI
(phosphatidylinositol) 3,4,5-P3-dependent Rac exchanger
protein was also observed. Finally, two genes involved in
mediating signals generated by cell–cell contact, M83 like
protein (Motohashi et al., 2000), and integrin � binding protein
2 were induced. Downregulated were, serine/threonine kinase
3 (Sgk3), protein glutamine gamma-glutamyltransferase K and
developmentally regulated G-protein (DRG1). As was the case
in the gill, the diverse targets available to the products of each
of these genes include members of many of the networks
available for transducing signals through the environmentally
stressed muscle cell.

Cluster 6: cell proliferation and growth

One strategy to deal with the energetic cost of the cellular
stress response might be to conserve energy through inhibition
of cell growth and proliferation. We postulated that this might
be reflected in the expression of genes governing these
processes, as was observed for G. mirabilis treated to hypoxia
(Gracey et al., 2001). Indeed, numerous modulators of the cell
cycle responded to heat shock (Figs·2, 3, Cluster 6); some
genes were regulated in both tissues whereas others showed

tissue-specific responses. Overall, the expression pattern for
this gene cluster suggests cell proliferation was favored in the
gill and suppressed in muscle.

In gill, the cell cycle regulators cyclin G1 and microtubule-
associated protein RP/EB were induced. Also induced was F-
box only protein 3. F-box proteins lend substrate specificity to
SCF boxes (Skp1, Cul, F-box), complexes that are integral to
orderly progression through the phases of the cell cycle (Reed,
2003). The induction of F-box protein 3 was concomitant with
the induction of other elements of SCF boxes, cullin-3, and
suppressor of Skp1. These components function in concert to
promote cell cycle progression through the ubiquitylation of
cyclin (Singer et al., 1999). Also upregulated was host cell
factor 1 (HCF1), a promoter of cell growth and the butyrate
response factor 2 (also termed TS11d). Although the role of
TS11d continues to be clarified, it has been shown to respond
to mitogenic signals and may promote cell proliferation
through mRNA stabilization (Hudson et al., 2004). Finally,
transducer of Erb-B2 (Tob1) an important antiproliferative
gene whose product that interacts with the oncogene Erb-B2
to suppress cell growth by inhibiting the cell cycle (Matsuda
et al., 1996) was repressed. Taken together, these results
support active cell growth and proliferation occurring in the
gill.

Conversely, in muscle, the pattern of gene expression
suggests that an inhibition of the cell cycle may have occurred
(Fig.·3, Cluster 6). First, in contrast to gill, the cell cycle
inhibitor Tob1 was induced in muscle tissue. Second, protein
growth factor-6, a promoter of cell growth, and two signaling
molecules responsible for cell cycle regulation, protein
tyrosine phosphatase 4a2 and mitogen-activated protein kinase
3 (MAPK3) were repressed. Third, the RNA-dependent
helicase p68 was downregulated; these ‘DEAD-box’ proteins
are thought to be involved in promoting cell growth through
their control over RNA metabolism (Rocak and Linder, 2004).
Finally, in muscle tissue an eightfold repression of myocyte-
specific factor 2C (MEF2) and histone deacetylase 9 (HD9),
two functionally linked transcriptional regulators that are key
to cell proliferation (Han et al., 2004) was observed (see Fig.·3,
Cluster 7). All of these gene expression changes are consistent
with the inhibition of cell growth and proliferation in muscle.

Cluster 7: transcriptional regulation

It is perhaps not surprising, in light of the wide variety of
genes that displayed heat-responsive patterns of expression,
that thermal stress also affected the expression of numerous
transcriptional regulators (Figs·2, 3, Cluster 7). In both tissues,
upregulation was observed for transcription factors VBP,
CREB2, C/EBP and STAT 3, which are important for
responding to transduced extracellular signals to effect further
gene expression. However, the majority of up- or
downregulated transcription factors showed tissue-specific
responses to temperature. As with the signaling genes, the
breadth of targets available to the transcription factors involved
here renders it problematic to speculate as to which cellular
processes they were mediating, but it is interesting to note that
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the induction or repression of the transcription factors
themselves was clearly a part of the transcriptomic response to
temperature stress. It is also important to note that the patterns
presented here are only for those genes that displayed
�twofold changes in response to heat. In the case of
transcription factors, which act as genetic switches, even
smaller changes in their cellular concentration, say a 25%
increase or decrease, may be expected to have profound effects
on the transcriptome.

Cluster 8: cytoskeletal structure and organization

In the gill, genes encoding multiple structural components
of the cytoskeleton were induced including actin, tubulin,
myosin and keratin (Fig.·2, Cluster 8). In addition, genes for
several cytoskeleton-associated proteins were induced: alpha-
actinin, which links actin to various cellular structures, and the
contractile proteins �-tropomyosin and troponin. An
upregulation of serine/threonine protein phosphatase 4, which
is involved in microtubule organization (Sumiyoshi et al.,
2002), was also observed. Finally, as discussed above, both
Sgk1 and ITK/TSK were induced in gill; Sgk1 and ITK can
play important roles in adjusting cell volume through
manipulation of transporters and cytoskeletal reorganization,
respectively (Waldegger et al., 1997). The induction of such a
broad suite of cytoskeleton-associated genes suggests at least
two scenarios, which are not mutually exclusive. The first is
that actin and other cytoskeletal components, whose functions
require them to rapidly polymerize and depolymerize under
normal conditions, are more susceptible to the perturbative
effects of thermal stress than are other proteins. If so, the
induction of these genes may reflect a replacement strategy by
the cell, whereby new cytoskeletal proteins are generated to
replace those that are degraded. A second scenario suggested
by these data is that part of the gill’s response to heat stress is
extensive cytoskeletal reorganization. Osmotically stressed
cells can undergo cytoskeletal reorganization to modulate cell
volume and therefore the osmotic strength of the cytoplasm (Di
Ciano et al., 2002). If osmotic shock were a secondary effect
of heat stress, perhaps caused by temperature effects on the
membrane, then a reorganization of the cytoskeleton may
reflect an attempt to regain osmotic balance.

Support for the second scenario may be found in the data
from muscle. In this tissue, the induction of multiple structural
components of the cytoskeleton was not observed. Although
an induction of the gene for pleckstrin 2, a protein involved in
actin rearrangement (Hu et al., 1999), was observed in muscle
(Fig.·3, Cluster 8), the genes for two other actinin bundling
proteins, myozenin and synaptopodin 2-like protein, were
repressed. Perhaps more importantly, there was no induction
of the major cytoskeletal structural genes such as those
encoding actin, tubulin, myosin or keratin. If the first scenario
outlined above were correct, wherein actin and other polymeric
proteins are inherently susceptible to thermal denaturation and
the cellular strategy to deal with this problem was to stimulate
the synthesis of replacement cytoskeletal proteins, then we
would expect to observe this synthesis not only in gill but in
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muscle as well. However, if the second scenario was true, and
heat stress caused a secondary osmotic shock in the gill, it is
conceivable that a similar osmotic insult did not occur in the
muscle, precluding the need for cytoskeletal reorganization.
Therefore, we conclude that the data are more consistent with
the second scenario and may provide a demonstration of the
synergistic effects of a multi-stressor cascade, one beginning
with heat stress and leading to osmotic stress and its attendant
effects on cellular structure and function.

Cluster 9: cell adhesion

Tissue-specific expression profiles were observed for genes
associated with cell–cell and cell–matrix adhesion (Figs·2, 3,
Cluster 9). In the gill, genes for four important cell adhesion
molecules, alpha- and beta-catenin, fibronectin and periplakin,
were induced by heat (Fig.·2, Cluster 9). Two genes essential
for tight junction integrity, ZO-2 and claudin-3, also were
upregulated. Tight junctions in gill are critical for regulating
paracellular transport; it is possible that the upregulation of
ZO-2 and claudin-3 is associated with an effort to tighten the
gill, which becomes ‘leakier’ at high temperatures because of
the effects of heat on membrane fluidity. Careful regulation of
paracellular transport at the gill may be of particular
importance here as the need for increased irrigation of the gills
with water (and increased internal perfusion with blood) are
required to support the higher rates of respiration observed in
fish at high temperature. As in gill, desmosome-associated
elements, such as periplakin and desmoplakin, were induced
in muscle (Fig.·3, Cluster 9). The regulation of these genes
during heat stress may reflect the need to repair damage to
cell–matrix and cell–cell adhesion centers through replacement
of degraded components, or the restructuring of these centers.

Interestingly, the gene for muscle integrin binding protein
(MIBP) was induced in heat shocked muscle. Myogenesis is
tightly regulated by cell adhesion receptors such as the integrins
and it has been shown that overexpression of MIBP, which
interacts with �1 integrin, results in the suppression of
myogenesis (Li et al., 1999; Li et al., 2003). The induction of
MIBP here is consistent, therefore, with the stress-related
inhibition of cell proliferation in muscle (and the results from
Cluster 6).

Cluster 10: carbohydrate metabolism

The expression of genes involved in regulating metabolism
may be expected to respond to heat shock, as cellular energy
pools are accessed to fuel stress response and repair mechanisms.
In fact, several genes involved in glycolysis, gluconeogenesis, the
tricarboxylic acid cycle and the electron transport chain were
induced or repressed in both gill and white muscle (Figs·2, 3,
Cluster 10). In gill tissue, heat shock resulted in the immediate
induction of several ATP-generating enzymes, including
fructose-bisphosphate aldolase A, glucose-6-phosphate
isomerase and L-lactate dehydrogenase A of the glycolytic
pathway and the TCA cycle enzymes isocitrate dehydrogenase,
2-oxoglutarate dehydrogenase, and citrate synthase. Two drivers
of gluconeogenesis, cyclic-AMP-dependent transcription factor
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ATF-4 and GDP-mannose 4,6 dehydratase, were induced and
repressed, respectively. Finally, four mediators of the electron
transport chain, cytochrome b, cytochrome c subunit 1,
protoporphrinogen oxidase and alpha-aminoadipic semialdehyde
synthase were all induced, whereas another subunit of
cytochrome c, subunit IV, was repressed. Overall, the impact of
heat shock on the expression of genes involved in energy
metabolism in the gill cell was stimulatory, immediate and
sustained, suggesting a need for rapid production of ATP during
heat stress. This may be due in part to the requirement for ATP
of many molecular chaperones (Fink, 1999).

The transcription of ATP-generating genes also responded
to heat in the muscle, although, in contrast to the pattern
observed in gill, many of these genes were repressed and a
cohesive metabolic response to heat was more difficult to
discern. Isocitrate dehydrogenase, L-lactate dehydrogenase A,
and phosphoglycerate mutase were all downregulated, whereas
glucose-6-phosphate 1-dehydrogenase was induced.
Cytochrome c oxidase subunit 1, which is involved in electron
transport, was induced, as it was in gill, whereas subunit VIII
was repressed.

Cluster 11: Fatty acid metabolism

Temperature can have profound effects on membrane
integrity and the maintenance of membrane phase and viscosity
depends on modifying the composition of lipid bilayers (Hazel,
1995). Therefore, genes involved in lipid biosynthesis were
predicted to respond to heat shock. Two regulators of fatty acid
metabolism, elongation of very long chain fatty acids protein
and dihydroceramide delta (4)-desaturase, were induced in gill,
whereas the fatty acid synthase was repressed (Fig.·2, Cluster
11). In muscle, acetyl-coenzyme A acyltransferase 1, lipin 1
and very-long-chain-acyl-CoA synthetase, 1-
phosphatidylinositol-4,5-bisphosphate phosphodiesterase were
all induced, whereas ceramide kinase was repressed (Fig.·3,
Cluster 11). Whether these changes in the expression of
regulators of lipid biosynthesis were related to changes in the
membrane composition due to thermal stress remains to be
elucidated, as no clear saturation signal was observed.

Cluster 12: transport

Genes coding for proteins involved in transporting various
molecules throughout the cell were grouped according to this
shared functional property, but these proteins act in service to
disparate cellular processes. Some of the gene products of
Cluster 12 are tasked with transporting specific molecules such
as lipids, proteins, carbohydrates, iron or calcium throughout
the cell, whereas others mediate transport through the Golgi
(Figs·2, 3, Cluster 12).

Genes involved in lipid transport were induced in gill and
muscle. Apolipoprotein Eb precursor was induced in both
tissues; in muscle only, microsomal triglyceride transfer
protein large subunit and oxysterol binding protein-related
protein 9 were upregulated. Likewise, genes encoding proteins
involved in transporting the essential mineral iron were
induced in both tissues. In gill, serotransferrin precursor and

the functionally related transferrin were both induced. In
muscle, hemopexin precursor, a beta-1B-glycoprotein
involved in iron ion homeostasis, was the only gene from this
cluster to be repressed by heat. Transporters of other ions such
as chloride and calcium were also upregulated in both tissues;
chloride intracellular channel 6 and phospholemman precursor
were induced in gill and the critical calcium transporter and
mediator of muscle contraction sarcoplasmic/endoplasmic
reticulum calcium ATPase 1 was induced in muscle.

Additional genes involved in transport that were upregulated
in muscle included those crucial to transport in the
mitochondrion (import inner membrane translocase TIM44
and mitochondrial carrier protein RIM2) and the glucose
transporter solute carrier family 2, perhaps reflecting a need to
provide energy to the heat-stressed muscle.

In gill, nine genes associated with vesicle-dependent
transport through the Golgi were induced during heat shock
(Fig.·2, Cluster 12), those for clathrin light and heavy chain
protein, clathrin coat assembly protein, coatamer gamma 2
subunit, Golgi autoantigen, cop-coated vesicle protein, the
vesicle targeting molecule syntaxin 1, and two members of the
retrograde transporter COPII coat complex, sec23B and Emp24
protein, were all upregulated in the gill. In muscle, heat shock
induced the expression of clathrin heavy chain, vacuolar protein
sorting 39, Emp24 protein, Golgi autoantigen and target of Myb
protein 1 (Fig.·3, Cluster 12). This expression pattern suggests
an increase in Golgi-mediated transport during heat shock.

Cluster 13: apoptosis

In some cases, sustained heat stress may cause significant
enough damage to the macromolecular machinery of the cell
that repair mechanisms are insufficient to prevent apoptosis.
There were no gene expression changes associated specifically
with apoptosis observed in gill; however, several apoptotic
genes were upregulated in muscle (Fig.·3, Cluster 13).
Caspase-3 precursor was induced, as was caspase recruitment
domain protein 10. Three other pro-apoptotic genes,
nucleolysin TIA-1, cold autoinflammatory syndrome 1 protein
(also termed PYPAF1), and Rac/cdc42 guanine nucleotide
exchange factor 6 were also upregulated. These data suggest
that despite rapid and pronounced induction of chaperones,
damage to muscle tissue was extensive enough that apoptosis
may have been potentiated.

Cluster 14: other functions

In some cases, only one or two genes associated with given
biological processes demonstrated thermally responsive
changes in expression, although this does not preclude their
playing an important role in the cellular stress response (Figs·2,
3, Cluster 14). In both tissues, the expression of genes
associated with nucleotide biosynthesis responded to heat
treatment; in gill, ATP synthase beta chain was repressed,
whereas in muscle this gene was induced. In both tissues
nucleoside diphosphate kinase NBR-B was induced.

In both tissues, glutamine synthase, a key enzyme for
nitrogen metabolism was induced. The primary function of
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glutamine synthase is tissue-specific in fishes (Walsh et al.,
2003); it is possible that its upregulation here is related to the
movement of nitrogenous waste products out of the muscle and
ultimately their excretion at the gill. This is supported by the
induction of the Rhesus blood group-associated glycoprotein,
which has been identified as an ammonium transporter
(Weihrauch et al., 2004).

Two genes associated with DNA repair, DNA excision
repair protein ERCC-2 and steroid receptor interacting SNF-2
domain protein, were induced in muscle. No DNA repair genes
were upregulated in the gill. These patterns, combined with the
induction of apoptotic genes in the muscle only, suggest that
genomic damage was more extensive in the muscle during heat
stress and that DNA repair and apoptotic pathways were
activated.

Shared gene expression response

As described above, the expression of 34 features,

B. A. Buckley, A. Y. Gracey and G. N. Somero

corresponding to 31 unique genes, varied with heat exposure
in both gill and muscle tissue (Table·1). Of these, 26% were
molecular chaperones, although genes associated with
numerous cellular processes were represented. In nearly every
case, the genes in question were induced. Of these 31 genes,
six were found to be members of a eukaryotic ‘minimal stress
proteome’ described in a recent multi-species analysis (Kültz,
2005). This group of six genes includes the chaperones Hsp40,
Hsp 60, Hsp70 and peptidyl-prolyl isomerase, as well as the
metabolic enzyme isocitrate dehydrogenase and nucleoside
diphosphate kinase, which is involved in NTP biosynthesis.
Kültz (Kültz, 2005) hypothesizes that isocitrate dehydrogenase
(and other metabolic enzymes) may play a role in producing
reducing equivalents (NADH, NADPH) that are necessary for
combating oxidative stressors. Whether oxidative stress was a
secondary effect of heat stress in the current study is unknown,
although both PDI and peptidyl-prolyl isomerase also respond
to changes in the redox state of the cell (Papp et al., 2003) and

Table·1. Genes that responded to heat shock in both gill and white muscle, the biological process with which they are associated,
and whether they were up- or downregulated

Minimal 
Direction of Direction of stress proteome? 

Gene Biological process response in gill response in muscle (sensu Kültz, 2005)*

Hsp40 Protein folding + +/– Yes
Hsp60 Protein folding + + Yes
Hsp70 Protein folding + + Yes
Hsc71 Protein folding + + No
Hsp90 Protein folding + + No
Hsp108 Protein folding + + No
Peptidyl-prolyl isomerase Protein folding + + Yes
T-complex protein 1 Protein folding + + No
Euk. translation initiation factor 3 Protein synthesis + + No
Elongation factor 1� Protein synthesis + + No
Ubiquitin Protein degradation + + No
Cathepsin L Proteolysis + + No
Tubulointerstitial nephritis antigen Proteolysis + + No
ADAM 17 Proteolysis + + No
Calpain 9 Proteolysis + + No
RNA-dependent helicase p68 Cell proliferation + – No
Suppressor of G2 allele of SKP1 Cell proliferation + + No
Transducer of ERBB2 Cell proliferation – + No
Integrin beta-1 binding protein Cell adhesion + + No
Periplakin Cell adhesion + + No
Isocitrate dehydrogenase Carbohydrate metabolism + – Yes
L-lactate dehydrogenase Carbohydrate metabolism + – No
Glutamine synthetase Nitrogen metabolism + + No
cAMP response element binding protein Transcriptional regulation + + No
C/EBP delta Transcriptional regulation + + No
VBP Transcriptional regulation + + No
STAT-3 Transcriptional regulation + + No
Clathrin Transport + + No
Parvalbumin alpha Transport + + No
Parvalbumin beta Transport + + No
Nucleoside diphosphate kinase NTP biosynthesis + + Yes

+, upregulated; –, downregulated.
*Whether the gene is a member of the cross-taxa, minimum stress proteome proposed by Kültz.
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were induced in both tissues. The postulated function of
nucleoside diphosphate kinase in the minimal stress proteome
is the provision of nucleotides for DNA repair (Kültz, 2005),
an idea supported by the induction of genes involved in DNA
repair in the muscle (Fig.·3, Cluster 14).

Ubiquitin-conjugation of damaged protein

As much of what is known about the cellular stress response
demonstrates the need for protection of the protein pool against
abnormal heat-denaturation (Fink, 1999; Kültz, 2003), it was
desirable to relate any observed changes in gene expression to
a direct measure of macromolecular damage. We chose to
measure the concentration of proteins that were covalently
conjugated to ubiquitin and, therefore, targeted for proteasomal
degradation (Fig.·4). Tissue-specific increases in ubiquitylated
protein were observed. Two separate peaks in ubiquitin-
conjugates were measured in gill, with the first occurring
240·min after initiation of the experiment, and the second
occurring after 480·min. There was also a significant increase
in ubiquitin-conjugated protein in the recovery group at
420·min, after which levels returned to those at time 0. In
muscle, there was only a single peak in ubiquitin-conjugated
protein, observed at 360·min. Levels dropped back to those at
time 0; levels also decreased immediately upon return to 18°C
in the recovery group. The delayed peak in ubiquitin-conjugate
levels in muscle, relative to the first peak observed in gill, may
be related to the greater induction in Hsp70 observed in the
muscle. Strong investment in protein chaperoning in this tissue
may have precluded the need for a significant increase in

protein degradation, until a threshold was reached at 360·min.
The multiple peaks in gill tissue suggest that ubiquitylation can
be rapidly followed by clearing of tagged protein at the
proteasome and that this can be followed with additional
rounds of ubiquitylation if needed.

Correlating gene expression with protein levels

An important consideration for cDNA microarray-based
experimentation is that the transcriptomic response may not
predict changes at the protein level, a concern based upon the
fact that ultimately it is the stress proteome that does the work
in protecting and repairing the cellular machinery during
exposure to stress. To begin to link gene expression with
protein production, we selected a group of genes whose
expression profiles showed strong responses to temperature,
and we quantified the concentration of their corresponding
protein products using western blots. The genes selected were

Fig.·4. Ubiquitin-conjugated proteins in gill and white muscle from
Gillichthys mirabilis. For determination of the concentration of
ubiquitin-conjugated proteins, thawed tissues were homogenized and
dot-blotted onto nitrocellulose membranes. Following incubation in
primary and secondary antibodies, blots were visualized with
enhanced chemiluminescence reagent and exposed to X-ray film;
exposed film was scanned and spot intensity quantified
densitometrically. Average pixel intensity for each spot was
normalized to the average for the four time 0 individuals. Values are
means ± s.d. (N=4). *Heat shock time points, in gill tissue, that differ
significantly (ANOVA, P�0.001) from time 0; ‡recovery time points,
in gill tissue, that differ significantly from time 0; †heat shock time
points, in muscle tissue, that differ significantly (P�0.001) from time
0. In some cases, error bars are contained within symbols.
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Fig.·5. Hsp40 mRNA (filled symbols) and protein (open symbols) in
the (A) gill and (B) white muscle from Gillichthys mirabilis. Average
protein concentrations and mRNA levels are shown for fish (N=4)
from each time point, either during heat shock (solid lines; circles) or
during recovery (broken lines; squares). At a given time point, fish
were sacrificed and frozen immediately in liquid nitrogen. The mRNA
values are taken from the microarray analyses (see Materials and
methods and Figs·2,·3). For protein concentration determination,
thawed tissues were homogenized and dot-blotted onto nitrocellulose
membranes. Following incubation in primary and secondary
antibodies, blots were visualized with enhanced chemiluminescence
reagent and exposed to X-ray film; exposed film was scanned and spot
intensity quantified densitometrically. Average pixel intensity for
each spot was normalized to the average for the four time 0
individuals. For protein levels, values are means ± s.d. (N=4). *Heat
shock time points that differ significantly (ANOVA, P�0.001) from
time 0; ‡recovery time points that differ significantly from time 0. In
some cases, error bars are contained within symbols.
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Hsp40, Hsp70, Hsp90, PDI and actin (Figs·5–9). We chose
genes with similar responses in both tissues (Hsp70 or Hsp90)
or tissue-specific patterns of expression (Hsp40, PDI and
actin), to determine if these patterns would be mirrored in
protein levels. Actin was included as it is often used as a
control against which to compare the expression of stress-
responsive genes. Here, we demonstrate that this
‘housekeeping’ gene is not only heat-inducible at the
transcriptional level, but at the translational level as well.

In every case, an induction in message production was
correlated with an increase in protein concentration (Figs·5–9)
although the relative timing and magnitude of mRNA versus
that of protein production varied from gene to gene. The
production of Hsp40 mRNA and protein occurred rapidly upon
initiation of heat shock (Fig.·5A,B), although, as discussed
above, expression patterns differed among three Hsp40
subfamily members (expression of the only induced gene,
subfamily A member 1, is depicted in Fig.·5). In gill, a
threefold induction of message from this gene was correlated
with an eightfold increase in the protein. In muscle, although
there was a trend of increasing Hsp40 protein with increasing
temperature, this trend was not statistically significant.
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Hsp70 and Hsp90 were both rapidly induced in each tissue
(Figs·6, 7). A given fold-change in mRNA levels, however, did
not consistently predict fold-change in protein levels and the
observed patterns for these two genes were tissue-specific. An
approximately fivefold increase in Hsp70 mRNA in gill was
followed by a 12-fold increase in protein levels. By contrast, in
the muscle, the fold-increase in Hsp70 mRNA was much greater
than that of the protein (18-fold and threefold, respectively). A
similar relationship between mRNA and protein was observed
for Hsp90. In gill, an approximately 12-fold increase in mRNA
levels occurred concomitantly with a 15-fold increase in protein
concentration, whereas in muscle, Hsp90 mRNA was induced
eightfold, whereas increases in protein concentration were again
more moderate (2-fold). The explanation for these patterns may
lie in the relationship between pre-stress concentrations of a
protein and the eventual amounts of this protein required for
mounting an effective cellular stress response. It is possible that
the upstream initiation of cell signaling events that result in the
induction of a given gene may act independently of the
secondary controls on translation that may respond directly to
feedback mechanisms calibrated to the existing cellular
concentration of the protein product of this gene.

Fig.·6. Hsp70 mRNA (closed symbols) and protein (open symbols) in
(A) the gill and (B) white muscle from Gillichthys mirabilis. Average
protein concentrations and mRNA levels are shown for fish (N=4)
from each time point, either during heat shock (solid lines; circles) or
during recovery (dashed lines; squares). Methods were identical to
those described in the legend to Fig.·5, except that antibodies used
were specific to Hsp70. Average pixel intensity for each spot was
normalized to the average for the four time 0 individuals. For protein
levels, values are means ± s.d. (N=4). *Heat shock time points that
differ significantly (ANOVA, P�0.001) from time 0; ‡recovery time
points that differ significantly from time 0. In some cases, error bars
are contained within symbols.
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Fig.·7. Hsp90 mRNA (filled symbols) and protein (open symbols) in
(A) the gill and (B) white muscle from Gillichthys mirabilis. Average
protein concentrations and mRNA levels are shown for fish (N=4)
from each time point, either during heat shock (solid lines; circles) or
during recovery (broken lines; squares). Methods were identical to
those described in the legend to Fig.·5, except that antibodies used
were specific to Hsp90. Average pixel intensity for each spot was
normalized to the average for the four time 0 individuals. For protein
levels, values are means ± s.d (N=4). *Heat shock time points that
differ significantly (ANOVA, P�0.001) from time 0; ‡recovery time
points that differ significantly from time 0. In some cases, error bars
are contained within symbols.
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Despite the absence of a tight one-to-one coupling of
mRNA and protein concentrations for these induced genes,
we consider it an important validation of the microarray
platform that no increase in protein levels was observed
without a correlated induction of mRNA and where no
induction was observed, changes at the protein level were
also absent. For example, the ER-localized chaperone PDI
displayed a tissue-specific pattern of response, being strongly
induced in gill only. Accordingly, an increase in PDI protein
level was measured in this tissue, and not in muscle (Fig.·8).
A similar tissue-specific response was observed for actin
(Fig.·9), with actin mRNA being markedly induced in gill but
not in muscle; these changes, too, were reflected at the protein
level.

As the heat shock genes are among those most commonly
nominated for use as biomarkers for environmental stress, it is
clear from the data presented here that using mRNA values
alone may not properly describe the condition of the organism
in the field and that protein levels may be more prolonged and
appropriate for assessment of stress exposure.

Summary
Heat shock resulted in numerous effects on the

transcriptome of G. mirabilis. In addition to the induction of
molecular chaperones, which is the best-described reaction to
cellular hyperthermia, the transcription of genes from many
different functional classes was found to also respond to
thermal stress. This may support a broader definition of the
“heat shock response” at the transcriptional level than that
which is traditionally applied to the translation level.

A recent study on the effects of progressive cooling on the
transcriptome of the carp Cyprinus carpio (Gracey et al., 2004)
revealed that the changes in gene expression associated with
the response to cold were considerably more extensive, in
terms of the numbers of genes involved, than the changes
observed in the current study on heat stress. Twenty-five
percent of the genes on the carp microarray, nearly 3400
unique cDNAs, responded to cooling; this number is an order
of magnitude higher than the number of genes that varied here
in response to heat exposure. The difference may stem from
the fact that the cooling study was a test of acclimation to
lowered temperature over the course of 22 days, whereas the
heat stress regime employed here was in the order of hours.

Fig.·8. Protein disulfide isomerase (PDI) mRNA (filled symbols) and
protein (open symbols) in the (A) gill and (B) white muscle from
Gillichthys mirabilis. Average protein concentrations and mRNA
levels are shown for fish (N=4) from each time point, either during
heat shock (solid lines; circles) or during recovery (broken lines;
squares). Methods were identical to those described in the legend to
Fig.·5, except that the antibodies used were specific to PDI. Average
pixel intensity for each spot was normalized to the average for the
four time 0 individuals. For protein levels, values are means ± s.d
(N=4). *Heat shock time points that differ significantly (ANOVA,
(P�0.001) from time 0; ‡recovery time points that differ
significantly from time 0. In some cases, error bars are contained
within symbols.
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Fig.·9. Actin mRNA (filled symbols) and protein (open symbols) in
the (A) gill and (B) white muscle in from Gillichthys mirabilis.
Average protein concentrations and mRNA levels are shown for fish
(N=4) from each time point, either during heat shock (solid lines;
circles) or during recovery (broken lines; squares). Methods were
identical to those described in the legend to Fig.·5, except that the
antibodies used were specific to actin. Average pixel intensity for each
spot was normalized to the average for the four time 0 individuals.
For protein levels, values are means ± s.d. (N=4). *Heat shock time
points that differ significantly (ANOVA, P�0.001) from time 0;
‡recovery time points that differ significantly from time 0. In some
cases, error bars are contained within symbols.
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The changes in gene expression that underpin the
compensatory adjustments made during long-term acclimation
to the metabolically depressive effects of cold may be more
extensive than those associated with the immediate damage
prevention and repair mechanisms required for mediating the
negative impacts of acute heat shock. Evidence for a two-stage
stress response, recently described by Kültz (Kültz, 2005),
supports this conclusion. It appears that the early reaction to
environmental stress, termed the ‘cellular stress response
(CSR)’, involves the protection and repair of macromolecules
such as membranes and proteins. Critical for immediate
cellular survival, the CSR can be measured in the order of
minutes to hours. The subsequent initiation of a longer-term
response, the ‘cellular homeostatic response (CHR)’ involves
a suite of additional changes at the molecular changes that
function to restore the cell to homeostasis, within the context
of new environmental conditions. The timescale of the current
study was short enough that perhaps only the CSR was
observed, whereas the carp study almost certainly was
measuring aspects of the CHR.

It is probable that, in many cases, the gene expression
changes measured by microarray analyses represent just ‘the
tip of the iceberg’ in terms of the subsequent cellular responses
these changes promote. For instance, the moderate induction
or repression of cell signaling genes may have profound effects
on the cell as their protein products proceed to alter the activity
of other pre-existing molecules. It may be the activity of such
molecules that determines the fate of the stressed cell.
Likewise, a relatively minor induction of a transcription factor,
a 25% increase for example, may initiate the transactivation of
numerous genes involved in a variety of response and repair
processes. The utility of the cDNA microarray, therefore, is to
focus attention on those genes that are directly responsive to
stress, with further molecular, biochemical and physiological
analyses being the next logical arena of experimental pursuit.
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Table S1: GenBank accession numbers for all ESTs from clones up- or downregulated by twofold or greater in heat

shocked gill tissue

Clone identifier Common name Accession number

Gm_09a06 Myosin heavy chain, fast skeletal muscle EB650376

Gm_09d05 Isocitrate dehydrogenase [NADP], mitochondrial precursor EB648205

Gm_09e03 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB651333

Gm_09e05 Unclassifiable sequence

Gm_09e18 Unclassifiable sequence

Gm_09f02 transducer of ERBB2, 1a [Danio rerio] EB651577

Gm_09g15 Unclassifiable sequence

Gm_09h10 Unclassifiable sequence EB649458

Gm_09h23 Eukaryotic translation initiation factor 3 subunit 1 EB648590

Gm_09i07 Unclassifiable sequence EB650685

Gm_09i14 Unclassifiable sequence EB649272

Gm_09i19 Cytochrome P450, family 4, subfamily v, poly EB648275

Gm_09i20 Eukaryotic translation initiation factor 3 subunit 1 EB647842

Gm_09j10 Glutamine synthetase (EC 6.3.1.2) (Glutamate--ammonia EB649285

Gm_09j14 Unclassifiable sequence EB648687

Gm_09k02 Calmodulin (CaM) EB650324

Gm_09k20 Unclassifiable sequence EB650401

Gm_09l07 Unclassifiable sequence EB649393

Gm_09l09 Ubiquitin EB649689

Gm_09l10 Ubiquitin EB650255

Gm_09m10 Ubiquitin EB648674

Gm_09m11 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB648654

Gm_09n09 Unclassifiable sequence EB650949

Gm_09n24 Keratin, type II cytoskeletal 8 (Cytokeratin 8) EB650855

Gm_09o05 casein kinase I alpha L isoform EB649929

Gm_09o08 Myosin heavy chain, fast skeletal muscle EB650793

Gm_09o17 Unclassifiable sequence

Gm_09o20 Apolipoprotein Eb precursor (Apo-Eb) EB650911

Gm_09p11 Butyrate response factor 2 (TIS11D protein) (EGF-response EB650446

Gm_10a24 Unclassifiable sequence EB649482

Gm_10c07 Myosin regulatory light chain 2, skeletal muscle isoform EB648661

Gm_10c24 Elongation factor 1-alpha, somatic form (EF-1-alpha-S) EB651270

Gm_10d13 Unclassifiable sequence EB647855

Gm_10f14 Unclassifiable sequence EB651495

Gm_10g14 MHC class I antigen antigen EB651641

Gm_10g18 Unclassifiable sequence EB649680

Gm_10h03 Reticulon protein 3 (Neuroendocrine-specific protein-like EB651732

Gm_10i07 Unclassifiable sequence EB651673

Gm_10i19 myosin heavy chain EB647801

Gm_10i20 Heat shock cognate 71 kDa protein (Hsc70.1) EB649992

Gm_10j16 Heat shock cognate 71 kDa protein (Hsc70.1) EB648691

Gm_10k06 Unclassifiable sequence

Gm_10k14 Unclassifiable sequence EB650752

Gm_10m06 Apolipoprotein Eb precursor (Apo-Eb) EB650507

Gm_10m12 Unclassifiable sequence EB650697

Gm_10n05 Unclassifiable sequence EB647781

Gm_10o10 Ubiquitin EB651218

Gm_10o19 Parvalbumin alpha (A1) EB649864

Gm_10o22 Cyclin G1 (Cyclin G) EB651585

Gm_10p22 Pepsin A precursor (EC 3.4.23.1) EB647832

Gm_11a10 Alpha-tropomyosin EB652176

Gm_11c11 Unclassifiable sequence EB652311

Gm_11c15 Unclassifiable sequence EB651830

Gm_11d08 Myosin regulatory light chain 2, skeletal muscle isoform EB651964

Gm_11e03 Unclassifiable sequence EB652017

Gm_11e07 Unclassifiable sequence EB652290

Gm_11e09 Unclassifiable sequence EB651999

Gm_11e19 Unclassifiable sequence EB652186

Gm_11e22 myosin light chain 2 EB652044

Gm_11f16 Transcription factor AP-1 (Proto-oncogene c-jun) EB652305

Gm_11g02 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB651925

Gm_11g06 Unclassifiable sequence EB652317

Gm_11h16 Chloride intracellular channel 6 EB652299

Gm_11h22 Unclassifiable sequence EB652199
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Gm_11i01 Serine/threonine-protein kinase Sgk1 (EC 2.7.1.37) EB652229

Gm_11j12 Heterogeneous nuclear ribonucleoprotein A/B (hnRNP A/B) EB652215

Gm_11k03 Unclassifiable sequence EB652300

Gm_11k12 Mitochondrial glutamate carrier 1 (Glutamate/H(+) EB652235

Gm_11k21 Histone H2B EB651864

Gm_11l10 Actin, alpha skeletal muscle (Alpha-actin 1) EB651983

Gm_11l12 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB651900

Gm_11l18 Cyclic-AMP-dependent transcription factor ATF-4 EB652113

Gm_11m01 Unclassifiable sequence EB652224

Gm_11m10 Unclassifiable sequence EB651992

Gm_11m20 60S ribosomal protein L10 EB651974

Gm_11n02 Unclassifiable sequence EB652282

Gm_11n10 60S ribosomal protein L19 EB652251

Gm_11n14 Ubiquitin EB652118

Gm_11n21 T-complex protein 1, eta subunit (TCP-1-eta) (CCT-eta) EB651902

Gm_11p07 Unclassifiable sequence EB652267

Gm_11p14 Unclassifiable sequence EB652062

Gm_12a06 Unclassifiable sequence

Gm_12c12 CCAAT/enhancer binding protein beta (C/EBP beta) (Nuclear EB652143

Gm_12e02 Unclassifiable sequence

Gm_12e12 Unclassifiable sequence

Gm_12f03 myosin light chain 2 EB652063

Gm_12h16 Unclassifiable sequence EB652361

Gm_12i04 40S ribosomal protein S8 EB652029

Gm_12i10 Unclassifiable sequence EB651922

Gm_12j14 Unclassifiable sequence EB652356

Gm_12j19 Unclassifiable sequence

Gm_12o21 Myosin regulatory light chain 2, skeletal muscle isoform EB652049

Gm_12p10 Unclassifiable sequence EB651996

Gm_12p17 Actin, alpha skeletal muscle 2 EB652131

Gm_13a14 Actin, alpha skeletal muscle (Alpha-actin 1) EB652263

Gm_13a17 Myosin regulatory light chain 2, skeletal muscle isoform EB651995

Gm_13a19 Unclassifiable sequence EB651894

Gm_13b07 Unclassifiable sequence EB652293

Gm_13c15 Unclassifiable sequence EB652133

Gm_13c18 Troponin T, fast skeletal muscle isoforms EB651787

Gm_13d12 Actin, alpha skeletal muscle (Alpha-actin 1) EB652068

Gm_13e11 Inter-alpha-trypsin inhibitor heavy chain H2 precursor EB652135

Gm_13e19 Unclassifiable sequence EB651968

Gm_13f06 Unclassifiable sequence EB651916

Gm_13f07 Actin, alpha skeletal muscle (Alpha-actin 1) EB652040

Gm_13f09 Actin, alpha skeletal muscle (Alpha-actin 1) EB651893

Gm_13f19 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB652012

Gm_13f20 Unclassifiable sequence EB651843

Gm_13g02 Unclassifiable sequence EB651840

Gm_13h18 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB652253

Gm_13h21 Ubiquitin EB651848

Gm_13i05 Unclassifiable sequence EB651826

Gm_13j08 Somatostatin II precursor [Contains: EB651869

Gm_13j12 Unclassifiable sequence EB652151

Gm_13j15 Unclassifiable sequence EB652167

Gm_13k07 Unclassifiable sequence EB652018

Gm_13k19 60S ribosomal protein L32 EB652333

Gm_13l12 Unclassifiable sequence EB652038

Gm_13l18 Unclassifiable sequence

Gm_13l21 Actin, alpha skeletal muscle (Alpha-actin 1) EB652139

Gm_13n12 Unclassifiable sequence

Gm_13o07 Unclassifiable sequence

Gm_13o10 Unclassifiable sequence EB652366

Gm_14a08 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB652342

Gm_14b05 Unclassifiable sequence

Gm_14b10 Elongation factor 1-alpha (EF-1-alpha) EB652205

Gm_14b15 Myosin regulatory light chain 2, skeletal muscle isoform EB652270

Gm_14c15 ATP synthase beta chain, mitochondrial precursor (EC EB651827

Gm_14d15 Actin, alpha skeletal muscle (Alpha-actin 1) EB651969

Gm_14d16 Serotransferrin precursor EB652223

Gm_14e11 Parvalbumin beta EB652042
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Gm_14e15 Unclassifiable sequence

Gm_14e19 Actin, alpha skeletal muscle (Alpha-actin 1) EB652161

Gm_14f08 Unclassifiable sequence EB652287

Gm_14f13 ATP synthase beta chain, mitochondrial precursor (EC EB652166

Gm_14f15 Fructose-bisphosphate aldolase A (EC 4.1.2.13) EB652266

Gm_14f16 Unclassifiable sequence EB651954

Gm_14f18 Unclassifiable sequence EB652109

Gm_14g03 Unclassifiable sequence

Gm_14h20 CCAAT/enhancer binding protein delta (C/EBP delta) EB652084

Gm_14i02 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB651824

Gm_14j07 Actin, alpha skeletal muscle 2 EB652145

Gm_14m12 Unclassifiable sequence EB651828

Gm_14p02 Unclassifiable sequence EB651793

Gm_15b15 Unclassifiable sequence

Gm_15d11 40S ribosomal protein S11 EB650118

Gm_15e01 Butyrate response factor 2 (TIS11D protein) (EGF-response EB651290

Gm_15f10 Coatomer gamma-2 subunit (Gamma-2 coat protein) (Gamma-2 EB648857

Gm_15g06 Unclassifiable sequence EB649823

Gm_15h16 Complement C3-1 [Contains: C3a anaphylatoxin] (Fragment) EB647865

Gm_15l05 Unclassifiable sequence EB651075

Gm_15l06 Unclassifiable sequence EB650482

Gm_15l19 Unclassifiable sequence EB649444

Gm_15m07 Unclassifiable sequence

Gm_15o02 Ubiquitin EB648311

Gm_15p13 DnaJ homolog subfamily C member 7 (Tetratricopeptide EB650417

Gm_16a16 Unclassifiable sequence EB648181

Gm_16b06 Hepatic leukemia factor EB651109

Gm_16c17 Polyadenylate-binding protein 1 (Poly(A)-binding protein EB648216

Gm_16d05 Serotransferrin precursor EB648537

Gm_16e24 DnaJ homolog subfamily C member 7 (Tetratricopeptide EB648648

Gm_16g20 Elongation factor 1-alpha (EF-1-alpha) EB650596

Gm_16h05 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB648681

Gm_16h15 Unclassifiable sequence

Gm_16h16 Actin, alpha skeletal muscle 2 EB650287

Gm_16j08 2-oxoglutarate dehydrogenase E1 component, mitochondrial EB648994

Gm_16k04 40S ribosomal protein S23 EB651239

Gm_16k07 Parvalbumin alpha (A1) EB650780

Gm_16l11 Unclassifiable sequence

Gm_16l18 Unclassifiable sequence EB648671

Gm_16m01 Proteasome subunit beta type 3 (EC 3.4.25.1) (Proteasome EB651705

Gm_16m19 Disco-interacting protein 2 homolog EB650437

Gm_16n04 Unclassifiable sequence EB650432

Gm_16o17 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB650345

Gm_16o18 unnamed protein product EB648384

Gm_16p01 Unclassifiable sequence

Gm_16p02 Unclassifiable sequence

Gm_17b09 Unclassifiable sequence EB649955

Gm_17c23 FK506-binding protein 5 (EC 5.2.1.8) (Peptidyl-prolyl EB647875

Gm_17d24 Hypoxia-inducible factor 1 alpha inhibitor (EC 1.14.11.16) EB650368

Gm_17e03 5-aminolevulinate synthase, nonspecific, mitochondrial EB647714

Gm_17e09 Unclassifiable sequence

Gm_17e12 Unclassifiable sequence EB649234

Gm_17g01 Unclassifiable sequence

Gm_17g09 Protoporphyrinogen oxidase (EC 1.3.3.4) (PPO) EB649146

Gm_17g11 26S proteasome non-ATPase regulatory subunit 1 (26S EB648928

Gm_17g16 ornithine aminotransferase EB648523

Gm_17i22 Unclassifiable sequence

Gm_17k11 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB650899

Gm_17k13 Unclassifiable sequence EB648704

Gm_17o07 Claudin-4 EB650374

Gm_18b11 Signal transducer and activator of transcription 3 EB648944

Gm_18b20 Syntaxin-12 EB651299

Gm_18e01 Beta-1,3-galactosyltransferase 8 (EC 2.4.1.-) EB650796

Gm_18e03 Unclassifiable sequence EB649448

Gm_18e17 Serotransferrin precursor EB647985

Gm_18i07 Unclassifiable sequence EB649454

Gm_18i10 Unclassifiable sequence EB651445



4

Gm_18j04 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB651100

Gm_18m08 Unclassifiable sequence

Gm_19c07 Unclassifiable sequence EB650042

Gm_19d05 nuclease diphosphate kinase B EB650214

Gm_19d07 Unclassifiable sequence EB648731

Gm_19d21 Maltose excess protein 1, chloroplast precursor (Root cap EB651518

Gm_19d22 nuclease diphosphate kinase B EB648703

Gm_19e11 Actin, alpha skeletal muscle (Alpha-actin 1) EB649094

Gm_19f03 Unclassifiable sequence EB650232

Gm_19i02 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB648801

Gm_19m20 vitellogenin EB650025

Gm_19n10 Serotransferrin precursor EB651112

Gm_19p22 probable cytochrome P450 monooxygenase EB648953

Gm_20a15 Unclassifiable sequence EB650980

Gm_20a16 Unclassifiable sequence EB648871

Gm_20f07 Putative adenosylhomocysteinase 2 (EC 3.3.1.1) EB647990

Gm_20f15 Unclassifiable sequence EB650828

Gm_20j21 Cytochrome c oxidase subunit IV isoform 1, mitochondrial EB649367

Gm_20l22 Unclassifiable sequence EB650644

Gm_20n19 Unclassifiable sequence

Gm_23d17 Unclassifiable sequence EB650083

Gm_23f08 heat shock 70kDa protein 8 isoform a EB650884

Gm_23i02 Unclassifiable sequence

Gm_23k05 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) EB649755

Gm_23n21 Ras-related protein Rab-6A (Rab-6) EB649544

Gm_23o02 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) EB650208

Gm_23o13 Glutamine synthetase (EC 6.3.1.2) (Glutamate--ammonia EB649526

Gm_24a12 Unclassifiable sequence

Gm_24g15 Clathrin coat assembly protein AP50 (Clathrin coat EB649771

Gm_24i23 cytochrome b

Gm_24i24 cytochrome b

Gm_24l13 Unclassifiable sequence EB651658

Gm_24n22 Unclassifiable sequence

Gm_24o02 Unclassifiable sequence

Gm_24p10 Unclassifiable sequence EB648184

Gm_31a15 Unclassifiable sequence EB649884

Gm_31e10 Phosphatidylinositol transfer protein beta isoform (PtdIns EB649166

Gm_31o01 Unclassifiable sequence EB650856

Gm_31p03 Transcription regulator protein BACH1 (BTB and CNC homolog EB648481

Gm_32a20 Transmembrane emp24 domain containing protein 9 precursor EB649056

Gm_32a22 T-complex protein 1, alpha subunit (TCP-1-alpha) EB649532

Gm_32c16 Suppressor of G2 allele of SKP1 homolog EB650133

Gm_32c18 Heat shock 70 kDa protein (HSP70) EB648675

Gm_32f12 Heat shock protein HSP 90-alpha EB650776

Gm_32g05 Protein disulfide-isomerase A6 precursor (EC 5.3.4.1) EB651623

Gm_32h18 Unclassifiable sequence EB650302

Gm_32n20 ADAM 17 precursor (EC 3.4.24.86) (A disintegrin and EB649932

Gm_32o10 ADAM 17 precursor (EC 3.4.24.86) (A disintegrin and EB651189

Gm_34a04 Unclassifiable sequence EB651697

Gm_34b08 Sorting nexin 6 EB651728

Gm_34c17 beta tubulin EB650348

Gm_34f12 Dipeptidyl-peptidase I precursor (EC 3.4.14.1) (DPP-I) EB649610

Gm_34g17 Unclassifiable sequence EB648431

Gm_34i17 Histone deacetylase 1 (HD1) EB650886

Gm_34j05 Eukaryotic translation initiation factor 4 gamma 2 EB650113

Gm_34j07 Histone H4 EB650571

Gm_34j08 Unclassifiable sequence EB650705

Gm_34k05 Unclassifiable sequence EB648815

Gm_34n19 Unclassifiable sequence EB648500

Gm_36b09 26S proteasome non-ATPase regulatory subunit 11 (26S EB650560

Gm_36d24 Unclassifiable sequence EB648226

Gm_36e20 chromosome 6 open reading frame 110 [Homo sapiens] EB649562

Gm_36g23 14-3-3-like protein 2 EB649667

Gm_36h20 14-3-3-like protein 2 EB650298

Gm_36i17 Unclassifiable sequence EB648973

Gm_36j13 Fatty acid synthase (EC 2.3.1.85) [Includes: EB649851

Gm_36j18 Unclassifiable sequence EB648740
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Gm_36l11 Bifunctional 3'-phosphoadenosine 5'-phosphosulfate EB649697

Gm_36l16 S-adenosylmethionine synthetase gamma form (EC 2.5.1.6) EB647769

Gm_36m07 Protein disulfide-isomerase precursor (EC 5.3.4.1) (PDI) EB650978

Gm_36n09 Endoplasmin precursor (Heat shock 108 kDa protein) EB651313

Gm_36p10 150 kDa oxygen-regulated protein precursor (Orp150) EB648636

Gm_37a01 Unclassifiable sequence

Gm_37b15 similar to zinc finger protein 185 (LIM domain) [Rattus norvegicus] EB648856

Gm_37f01 N-acetylglucosamine-6-sulfatase precursor (EC 3.1.6.14) EB651419

Gm_37g20 Clathrin light chain B EB649643

Gm_37h11 Histamine N-methyltransferase (EC 2.1.1.8) (HMT) EB650688

Gm_37i16 Solute carrier family 6 (neurotransmitter tr EB650034

Gm_37l06 Alpha-aminoadipic semialdehyde synthase, mitochondrial EB651631

Gm_38a06 Transcription factor VBP (Vitellogenin gene binding EB649048

Gm_38d02 suppressor of actin 1 [Homo sapiens] EB651606

Gm_38f24 Unclassifiable sequence EB651614

Gm_38g17 Unclassifiable sequence EB650032

Gm_38h10 Elongation of very long chain fatty acids protein 3 (Cold EB649055

Gm_38h22 Cop-coated vesicle membrane protein p24 EB649281

Gm_38j10 Tubulin beta chain (Beta tubulin) EB648279

Gm_38k22 Methionyl-tRNA synthetase (EC 6.1.1.10) (Methionine--tRNA EB649052

Gm_38l04 Ubiquitin carboxyl-terminal hydrolase 16 (EC 3.1.2.15) EB651377

Gm_39f04 Arginase II, mitochondrial precursor (EC 3.5.3.1) EB649564

Gm_39g10 Methionyl-tRNA synthetase (EC 6.1.1.10) (Methionine--tRNA EB647749

Gm_39h18 Nuclear RNA helicase, DECD variant of DEAD EB649244

Gm_39k04 S-adenosylmethionine synthetase gamma form (EC 2.5.1.6) EB647753

Gm_39l24 Unclassifiable sequence EB650868

Gm_39p05 Unclassifiable sequence

Gm_40b12 Kunitz-type protease inhibitor 1 precursor (Hepatocyte EB647899

Gm_40c08 Tissue factor precursor (TF) (Coagulation factor III) EB651169

Gm_40d04 Unclassifiable sequence EB648273

Gm_40e04 Elongation of very long chain fatty acids protein 3 (Cold EB648727

Gm_40e12 Tubulointerstitial nephritis antigen-like precursor EB651498

Gm_40f11 Putative eukaryotic translation initiation factor 3 EB648608

Gm_40g05 Protein disulfide-isomerase A3 precursor (EC 5.3.4.1) EB649192

Gm_40g23 Unclassifiable sequence EB649924

Gm_40h05 Unclassifiable sequence EB649714

Gm_40h06 Unclassifiable sequence EB648294

Gm_40h11 Host cell factor (HCF) (HCF-1) (C1 factor) [Contains: HCF EB649381

Gm_40h13 Similar to guanine nucleotide binding protein, alpha inhibiting 1 EB651114

Gm_40h17 Unclassifiable sequence EB651501

Gm_40i16 Probable RNA-dependent helicase p68 (DEAD-box protein p68) EB648712

Gm_40l02 Heat shock 70 kDa protein (HSP70) EB649223

Gm_41c23 T-complex protein 1, zeta subunit (TCP-1-zeta) (CCT-zeta) EB649384

Gm_41d16 Unclassifiable sequence EB651080

Gm_41d18 Unclassifiable sequence EB649334

Gm_41e18 Glucose-6-phosphate isomerase (EC 5.3.1.9) (GPI) EB649826

Gm_41e19 Unclassifiable sequence EB648250

Gm_41f12 Unclassifiable sequence

Gm_41g06 Unclassifiable sequence EB650328

Gm_41h24 Unclassifiable sequence

Gm_41i09 Tyrosine-protein kinase HCK (EC 2.7.1.112) EB648903

Gm_41i12 S100 calcium-binding protein A16 (S100F) EB650572

Gm_41i21 Runt-related transcription factor 3 (Core-binding factor, EB649845

Gm_41k16 Ras-like protein 3 (Roughened protein) EB649185

Gm_41n19 Prolactin receptor precursor (PRL-R) EB651078

Gm_41o15 Nuclear factor NF-kappa-B p97/p50B subunit (DNA-binding EB649217

Gm_42e16 Unclassifiable sequence EB651315

Gm_42f12 Intermediate filament protein ON3 EB649264

Gm_42h05 Unclassifiable sequence EB650163

Gm_42h06 Unclassifiable sequence EB648127

Gm_42i18 Unclassifiable sequence EB649510

Gm_42j19 Septin 6 EB648555

Gm_42l02 60 kDa heat shock protein, mitochondrial precursor (Hsp60) EB651214

Gm_42o11 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 2 EB650120

Gm_42o24 Unclassifiable sequence EB651134

Gm_42p19 Homo sapiens cDNA: FLJ21244 fis, clone COL01174. /gb=AK024897 EB648624

Gm_43a18 Golgi autoantigen, golgin subfamily A member 2 (Golgi EB649829



6

Gm_43b07 Unclassifiable sequence EB649501

Gm_43b08 Sodium/myo-inositol cotransporter (Na(+)/myo-inositol EB648100

Gm_43e11 F-box only protein 3 EB649557

Gm_43g20 SH3-domain kinase binding protein 1 (Cbl-interacting EB650938

Gm_43k17 Beta-catenin EB651023

Gm_44a02 Unclassifiable sequence EB649718

Gm_44b21 nucleoporin 210 EB649332

Gm_44c07 similar to Phospholemman precursor EB651149

Gm_44e04 Tight junction protein ZO-2 (Zonula occludens 2 protein) EB650411

Gm_44e05 Periplakin (195 kDa cornified envelope precursor protein) EB651470

Gm_44g17 Unclassifiable sequence EB650237

Gm_44g24 Coxsackievirus and adenovirus receptor precursor EB649812

Gm_44h09 Alpha-1 catenin (102 kDa cadherin-associated protein) EB648984

Gm_44j02 Unclassifiable sequence EB647975

Gm_44k03 Unclassifiable sequence EB651129

Gm_44k10 Tyrosine-protein kinase ITK/TSK (EC 2.7.1.112) EB648038

Gm_44l22 Protein transport protein Sec23B (SEC23-related protein B) EB650986

Gm_44n22 CCR4-NOT transcription complex subunit 8 (CCR4-associated EB651336

Gm_44o10 FK506-binding protein 1B (EC 5.2.1.8) (Peptidyl-prolyl EB649788

Gm_44o12 Prostasin precursor (EC 3.4.21.-) EB650602

Gm_44p05 CD2-associated protein (Mesenchym-to-epithelium transition EB648547

Gm_45a18 GTPase, IMAP family member 7 (Immunity-associated EB650322

Gm_45a22 Adapter-related protein complex 1 sigma 1A subunit EB650268

Gm_45a24 progestin and adipoQ receptor family member EB648761

Gm_45b08 similar to zinc finger protein EB650792

Gm_45c11 Unclassifiable sequence EB648625

Gm_45c21 Unclassifiable sequence EB649098

Gm_45d19 Unclassifiable sequence EB648399

Gm_45e11 Unclassifiable sequence EB648454

Gm_45e12 Unclassifiable sequence EB647904

Gm_45f12 Unclassifiable sequence EB649398

Gm_45f13 acidic (leucine-rich) nuclear phosphoprotein EB650763

Gm_45g02 Catenin, alpha 1 EB649450

Gm_45g11 Unclassifiable sequence EB650936

Gm_45g13 Coxsackievirus and adenovirus receptor precursor EB648660

Gm_45h16 Unclassifiable sequence EB649062

Gm_45h21 Unclassifiable sequence EB649205

Gm_45j21 Unclassifiable sequence EB649053

Gm_45k18 Unclassifiable sequence

Gm_45k22 Elongation of very long chain fatty acids protein 1 EB647756

Gm_45m24 Unclassifiable sequence EB649220

Gm_45o06 RAB1, member RAS oncogene family EB648862

Gm_45p22 Unclassifiable sequence EB648533

Gm_46a04 Unclassifiable sequence EB651042

Gm_46a10 Unclassifiable sequence EB650061

Gm_46a11 Protein transport protein Sec23B (SEC23-related protein B) EB650035

Gm_46a15 Protein transport protein Sec23B (SEC23-related protein B) EB648749

Gm_46a22 Integrin beta-1 binding protein 2 (Melusin) EB650794

Gm_46b19 hypothetical protein LOC312132 EB647824

Gm_46c15 Unclassifiable sequence EB648364

Gm_46c19 Microtubule-associated protein RP/EB family member 3 EB651435

Gm_46g12 cAMP response element binding protein 2 (CREB2) (Cyclic EB648210

Gm_46k03 Citrate synthase, mitochondrial precursor (EC 2.3.3.1) EB649414

Gm_46m11 Nuclear factor erythroid 2 related factor 1 (NF-E2 related EB651116

Gm_46n13 Coronin-1C (Coronin-3) EB649524

Gm_46n14 Unclassifiable sequence EB651280

Gm_46n16 Alpha-actinin 1 (Alpha-actinin cytoskeletal isoform) EB648552

Gm_46o12 Dihydroceramide delta(4)-desaturase (EC 1.14.-.-) EB651650

Gm_47a02 tumor suppressing subtransferable candidate 4; tumor-suppressing EB648799

Gm_47a14 Unclassifiable sequence EB649962

Gm_47b01 Calpain-9 (EC 3.4.22.-) (Digestive tract-specific calpain) EB648104

Gm_47b05 Cullin homolog 3 (CUL-3) EB650065

Gm_47b10 Alpha-1 catenin (102 kDa cadherin-associated protein) EB648581

Gm_47c05 Unclassifiable sequence EB648945

Gm_47d06 Unclassifiable sequence EB649157

Gm_47d14 activating transcription factor 7 interacting protein EB650466

Gm_47d16 Unclassifiable sequence EB648865
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Gm_47e05 Serine/threonine-protein kinase Sgk1 (EC 2.7.1.37) EB650711

Gm_47f08 Clathrin heavy chain EB648554

Gm_47f10 Serine/threonine protein phosphatase 4 catalytic subunit EB649248

Gm_47g06 Unclassifiable sequence EB648027

Gm_47h04 Pre-mRNA splicing factor RNA helicase PRP43 (Helicase JA1) EB649259

Gm_47i20 GDP-mannose 4,6 dehydratase (EC 4.2.1.47) (GDP-D-mannose EB648268

Gm_47i24 Beta-1,3-galactosyltransferase 8 (EC 2.4.1.-) EB650400

Gm_47j05 Unclassifiable sequence EB651367

Gm_47l23 Eukaryotic translation initiation factor 4 gamma 2 EB651654

Gm_47m04 Unclassifiable sequence EB649250

Gm_47m11 Discoidin, CUB and LCCL domain containing protein 2 EB648812

Gm_47o16 Unclassifiable sequence EB648440

Gm_48a24 ER lumen protein retaining receptor 2 (KDEL receptor 2) EB650732

Gm_48d04 rhophilin, Rho GTPase binding protein 2 EB650000

Gm_48f17 Unclassifiable sequence EB648752

Gm_48h19 Fatty acid synthase (EC 2.3.1.85) (Fragment) EB650968

Gm_48j08 Rhesus blood group-associated glycoprotein (Rhesus blood EB649324

Gm_48k09 Unclassifiable sequence EB648425

Gm_48k10 Striatin EB647742

Gm_48k11 Endoplasmin precursor (Heat shock 108 kDa protein) EB648160

Gm_48l16 similar to periaxin [Mus musculus] EB648543

Gm_48m02 BTB (POZ) domain containing 14A [Homo sapiens] EB649084

Gm_48n16 Unclassifiable sequence EB648764

Gm_49d12 Fibronectin precursor (FN) EB651680

Gm_49g03 Neuroblast differentiation associated protein AHNAK EB648557

Gm_49g07 Mus musculus ladinin (Lad1), mRNA /cds=(286,1872) /gb=NM_133664 EB651624

Gm_49h01 Unclassifiable sequence

Gm_49i16 Myeloperoxidase precursor (EC 1.11.1.7) (MPO) EB649539

Gm_49j08 Unclassifiable sequence EB650769

Gm_49j22 Chaperonin containing TCP1, subunit 4 EB651309

Gm_49k08 Protein disulfide-isomerase A4 precursor (EC 5.3.4.1) EB651659

Gm_49k12 RECS1 protein homolog (PP1201) EB649691

Gm_49k16 Eukaryotic translation initiation factor 4 gamma 2 EB649763

Gm_49k20 SEC14-like protein 1 EB648535

Gm_49l08 Unclassifiable sequence EB650923

Gm_49o17 Unclassifiable sequence EB647752

Gm_49p12 Unclassifiable sequence EB649460

Gm_50c04 Unclassifiable sequence

Gm_AK02 Unclassifiable sequence

Gm_AL14 Contrapsin-like protease inhibitor 3 precursor (CPI-23) EB649311

Gm_BA20 Unclassifiable sequence

Gm_BB22 Unclassifiable sequence

Gm_BN24 Unclassifiable sequence EB650585

Gm_BO20 Unclassifiable sequence EB647778

Gm_CH23 Unclassifiable sequence

Gm_CK12 Unclassifiable sequence EB648501

Gm_CP11 Unclassifiable sequence

Gm_DA01 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB651371

Gm_DA18 Myosin regulatory light chain 2, skeletal muscle isoform EB649657

Gm_DB06 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB648717

Gm_DB22 Actin, alpha skeletal muscle (Alpha-actin 1) EB649790

Gm_DB23 Proteasome subunit beta type 1-A (EC 3.4.25.1) (20S EB647730

Gm_DC23 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB649002

Gm_DD02 Unclassifiable sequence

Gm_DF09 Unclassifiable sequence

Gm_DG16 Actin, alpha skeletal muscle (Alpha-actin 1) EB648949

Gm_DG18 Unclassifiable sequence

Gm_DK20 Unclassifiable sequence

Gm_DL16 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) EB650125

Gm_DM02 Actin, alpha skeletal muscle (Alpha-actin 1) EB651121

Gm_DM20 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB649943

Gm_DM24 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB650709

Gm_DN15 Myosin heavy chain, fast skeletal muscle EB650186

Gm_DN18 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB648053

Gm_DO11 Unclassifiable sequence

Gm_EH11 Unclassifiable sequence

Gm_EM01 Unclassifiable sequence
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Gm_EN12 Cathepsin L precursor (EC 3.4.22.15) (Major excreted EB650159

Gm_FA12 Unclassifiable sequence

Gm_FB02 Serotransferrin precursor EB651182

Gm_FD20 Glutamine synthetase (EC 6.3.1.2) (Glutamate--ammonia EB651185

Gm_FF15 Ferritin, middle subunit (EC 1.16.3.1) (Ferritin M) EB648709

Gm_FG16 Elongation factor 1-alpha (EF-1-alpha) EB650301

Gm_FL03 Serotransferrin precursor EB648475

Gm_FL13 Unclassifiable sequence

Gm_FP14 Tubulin beta chain EB650309

Gm_GF05 Unclassifiable sequence
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Table S2: GenBank accession numbers for all ESTs from clones up- or downregulated by twofold or greater in heat shocked white muscle

tissue

Clone Identifier Common Name Accession number

Gm_09d05 Isocitrate dehydrogenase [NADP], mitochondrial precursor EB651324

Gm_09e17 Apolipoprotein Eb precursor (Apo-Eb) EB649584

Gm_09f02 transducer of ERBB2, 1a [Danio rerio] EB651720

Gm_09g14 Mitochondrial carrier protein RIM2 EB647910

Gm_09i20 Eukaryotic translation initiation factor 3 subunit 1 EB648936

Gm_09l11 Unclassifiable Sequence

Gm_09l23 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) EB649530

Gm_09n19 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (EC EB648087

Gm_09o09 F-box only protein 32 (Muscle atrophy F-box protein) EB650284

Gm_10d11 Cytochrome c oxidase subunit 1 (EC 1.9.3.1) (Cytochrome c EB651191

Gm_10e20 Unclassifiable Sequence EB648685

Gm_10g14 MHC class I antigen antigen EB651641

Gm_10h20 14 kDa apolipoprotein EB647995

Gm_10i05 Very-long-chain acyl-CoA synthetase (EC 6.2.1.-) EB648296

Gm_10i20 Heat shock cognate 71 kDa protein (Hsc70.1) EB649992

Gm_10i22 Unclassifiable Sequence EB648516

Gm_10j16 Heat shock cognate 71 kDa protein (Hsc70.1) EB648691

Gm_10l07 Unclassifiable Sequence EB651209

Gm_10l09 Kelch-like protein 13 (BTB and kelch domain containing EB649376

Gm_10l14 T-complex protein 1, beta subunit (TCP-1-beta) (CCT-beta) EB649770

Gm_10o19 Parvalbumin alpha (A1) EB649864

Gm_10p05 Unclassifiable Sequence EB648170

Gm_10p18 Unclassifiable Sequence EB648644

Gm_11b08 complement control protein factor I-B EB651948

Gm_11b18 Unclassifiable Sequence EB652180

Gm_11d12 40S ribosomal protein S6 EB651953

Gm_11d18 Elongation factor 1-alpha (EF-1-alpha) EB651788

Gm_11e01 Histamine N-methyltransferase (EC 2.1.1.8) (HMT) EB652111

Gm_11m11 Tumor differentially expressed protein 2 (Tumor EB651808

Gm_11n14 Ubiquitin EB652118

Gm_12d22 Probable ATP-dependent helicase LGP2 (EC 3.6.1.-) (Protein EB652250

Gm_12j22 60S acidic ribosomal protein P0 (L10E) EB651944

Gm_12o12 Tob1 protein (Transducer of erbB-2 1) EB651832

Gm_13a07 Parvalbumin beta EB651975

Gm_13c02 Parvalbumin beta (Allergen Sco j 1) EB652367

Gm_13c07 Unclassifiable Sequence EB652116

Gm_13e01 Unclassifiable Sequence EB652212

Gm_13g14 Unclassifiable Sequence EB651987

Gm_13g23 GTP:AMP phosphotransferase mitochondrial (EC 2.7.4.10) EB652324

Gm_13h23 Parvalbumin beta (Allergen Sco j 1) EB651928

Gm_13i04 Parvalbumin beta EB651795

Gm_13j02 Unclassifiable Sequence EB652072

Gm_14a12 Developmentally regulated GTP-binding protein 1 (DRG 1) EB652350

Gm_14e11 Parvalbumin beta EB652042

Gm_14h20 CCAAT/enhancer binding protein delta (C/EBP delta) EB652084

Gm_14j08 Heat-shock protein beta-1 (HspB1) (Heat shock 27 kDa EB651847

Gm_14k14 Unclassifiable Sequence EB652146

Gm_14k22 similar to Mibp protein isoform 2 EB651786

Gm_14l12 Cytochrome c oxidase polypeptide VIII-heart, mitochondrial EB652322

Gm_14n20 ATP synthase beta chain, mitochondrial precursor (EC EB652093

Gm_14o07 Phosphoglycerate mutase 2 (EC 5.4.2.1) (EC 5.4.2.4) (EC EB651868

Gm_15p13 DnaJ homolog subfamily C member 7 (Tetratricopeptide EB650417

Gm_16b16 Unclassifiable Sequence

Gm_16o10 DNA excision repair protein ERCC-6 (Cockayne syndrome EB651104

Gm_16o15 Unclassifiable Sequence EB649442

Gm_16p17 similar to a disintegrin-like and metalloprotease (reprolysin type) with thrombospondin type 1 motif, 19 EB648962

Gm_17a09 Unclassifiable Sequence EB649110

Gm_17c23 FK506-binding protein 5 (EC 5.2.1.8) (Peptidyl-prolyl EB647875

Gm_17d14 Unclassifiable Sequence EB651176

Gm_17e14 Unclassifiable Sequence EB650427

Gm_17e19 Unclassifiable Sequence EB650609

Gm_17g08 Unclassifiable Sequence

Gm_18i01 Glutamine synthetase (EC 6.3.1.2) (Glutamate--ammonia EB651343

Gm_18j03 Protein FAM53B EB651266

Gm_18k01 vitellogenin EB651179

Gm_18k21 Unclassifiable Sequence EB649077
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Gm_18o02 Serine/threonine-protein kinase Sgk3 (EC 2.7.1.37) EB649971

Gm_19a03 Unclassifiable Sequence EB648965

Gm_19a19 Unclassifiable Sequence

Gm_19c09 Unclassifiable Sequence EB650385

Gm_19j06 Unclassifiable Sequence

Gm_19l21 Caspase-3 precursor (EC 3.4.22.-) (CASP-3) EB650621

Gm_20a10 Signal transducer and activator of transcription 3 EB648652

Gm_20a17 Unclassifiable Sequence EB650850

Gm_20a22 Unclassifiable Sequence EB648185

Gm_20b09 Unclassifiable Sequence

Gm_20b16 Proteasome-associated protein ECM29 homolog (Ecm29) EB650638

Gm_20c07 Sarcalumenin precursor EB651734

Gm_20f04 Unclassifiable Sequence EB648769

Gm_20m08 Unclassifiable Sequence EB650603

Gm_27f17 GLutamate dehydrogenase (EC 1.4.1.3) (GDH) EB650657

Gm_27i05 Hemopexin precursor (Beta-1B-glycoprotein) EB650338

Gm_28c22 Unclassifiable Sequence EB649470

Gm_28i04 Unclassifiable Sequence EB648121

Gm_31a02 Synaptopodin 2-like protein EB649985

Gm_31a04 EH-domain containing protein 3 EB647743

Gm_31a08 Unclassifiable Sequence EB648651

Gm_31a09 S-adenosylmethionine synthetase alpha and beta forms (EC EB651436

Gm_31a13 S-adenosylmethionine synthetase gamma form (EC 2.5.1.6) EB651307

Gm_31c04 Fibroblast growth factor-6 precursor (FGF-6) (HBGF-6) EB649766

Gm_31c08 Unclassifiable Sequence

Gm_31c12 Unclassifiable Sequence EB650076

Gm_31d04 Unclassifiable Sequence EB648305

Gm_31d11 Nuclear pore complex protein Nup153 EB649905

Gm_31d14 Rp42-pen protein EB647809

Gm_31d24 Probable G-protein coupled receptor 109B (G-protein EB648031

Gm_31e06 Orphan nuclear receptor NR4A1 (Orphan nuclear receptor EB649314

Gm_31e08 Next to BRCA1 gene 1 protein (Neighbor of BRCA1 gene 1 EB649947

Gm_31f06 calpain 9 EB648359

Gm_31f18 Alpha-fetoprotein enhancer binding protein (AT motif-binding EB649479

Gm_31f22 Unclassifiable Sequence EB651037

Gm_31g06 Unclassifiable Sequence EB649387

Gm_31g10 Unclassifiable Sequence EB649140

Gm_31h16 Import inner membrane translocase subunit TIM44, EB648349

Gm_31i13 Butyrophilin subfamily 2 member A2 precursor EB648090

Gm_31n08 Unclassifiable Sequence EB649843

Gm_31o06 Unclassifiable Sequence EB648423

Gm_31o22 Lipin 1 (Fatty liver dystrophy protein) EB650160

Gm_32a17 Desmoplakin (DP) (250/210 kDa paraneoplastic pemphigus EB651346

Gm_32a22 T-complex protein 1, alpha subunit (TCP-1-alpha) EB649532

Gm_32a23 Transmembrane emp24 domain containing protein 9 precursor EB648693

Gm_32b17 Unclassifiable Sequence EB650897

Gm_32c12 DNA-directed RNA polymerase III subunit 127.6 kDa EB648017

Gm_32c16 Suppressor of G2 allele of SKP1 homolog EB650133

Gm_32c18 Heat shock 70 kDa protein (HSP70) EB648675

Gm_32d18 Unclassifiable Sequence EB649074

Gm_32d23 Tyrosine-protein phosphatase, non-receptor type 1 (EC EB648295

Gm_32e03 Unclassifiable Sequence

Gm_32e23 Solute carrier family 2, facilitated glucose transporter, EB648621

Gm_32e24 Lipin 1 EB650487

Gm_32f09 Unclassifiable Sequence EB648342

Gm_32f12 Heat shock protein HSP 90-alpha EB650776

Gm_32f20 Unclassifiable Sequence EB647942

Gm_32f23 Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac EB647729

Gm_32h21 Activity-dependent neuroprotector EB648853

Gm_32i06 RNA polymerase II transcription factor TAFII140 [Homo sapiens] EB647719

Gm_32i08 Ras homolog gene family, member T1 EB651285

Gm_32i14 T-cell activation protein phosphatase 2C [Homo sapiens] EB648910

Gm_32i15 Peptidyl-glycine alpha-amidating monooxygenase precursor EB649907

Gm_32k07 Unclassifiable Sequence EB649202

Gm_32n01 Unclassifiable Sequence EB649148

Gm_32n20 ADAM 17 precursor (EC 3.4.24.86) (A disintegrin and EB649932

Gm_32p19 Unclassifiable Sequence EB651450

Gm_34c12 ADP-ribosylation factor-like protein 1 EB648633

Gm_34e11 Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac EB650740

Gm_34j03 Target of Myb protein 1 EB649853

Gm_34j11 Unclassifiable Sequence EB650700
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Gm_34k14 sushi domain containing 2; Sushi domain (SCR repeat) containing EB650944

Gm_34l19 steroid receptor-interacting SNF2 domain protein EB650788

Gm_34n05 Transmembrane GTPase MFN1 (EC 3.6.5.-) (Mitofusin 1) (Fzo EB648806

Gm_34p03 Unclassifiable Sequence EB648171

Gm_34p08 Unclassifiable Sequence EB649160

Gm_34p23 glucose-6-phosphate-1-dehydrogenase EB651609

Gm_36a22 LDHA|cDNA clone MGC:55215 complete cds EB648156

Gm_36h12 Unclassifiable Sequence EB649528

Gm_36i07 SH3 domain-binding glutamic acid-rich-like protein EB648854

Gm_36i15 Mu-crystallin homolog EB648700

Gm_36n09 Endoplasmin precursor (Heat shock 108 kDa protein) EB651313

Gm_36o09 Isocitrate dehydrogenase [NADP], mitochondrial precursor EB651326

Gm_37a09 Unclassifiable Sequence

Gm_37a17 Mitogen-activated protein kinase 3 (EC 2.7.1.37) EB647720

Gm_37b13 Unclassifiable Sequence EB649776

Gm_37c15 Stress-70 protein, mitochondrial precursor (75 kDa glucose EB650542

Gm_37e04 similar to caspase recruitment domain protein 10 EB648545

Gm_37h15 Unclassifiable Sequence EB648149

Gm_37j12 Diacylglycerol O-acyltransferase 1 (EC 2.3.1.20) EB651286

Gm_37k18 Unclassifiable Sequence

Gm_37n04 Histidine ammonia-lyase (EC 4.3.1.3) (Histidase) EB649385

Gm_38a06 Transcription factor VBP (Vitellogenin gene binding EB649048

Gm_38c14 similar to Cold autoinflammatory syndrome 1 protein EB650521

Gm_38c22 Ornithine decarboxylase (EC 4.1.1.17) (ODC) EB651668

Gm_38d19 Testis-specific protein PBS13 EB651655

Gm_38d22 Unclassifiable Sequence EB648382

Gm_38g08 Microsomal triglyceride transfer protein large subunit EB649676

Gm_38i20 Unclassifiable Sequence EB650477

Gm_38k05 Unclassifiable Sequence EB648330

Gm_38n23 Carbonic anhydrase (EC 4.2.1.1) (Carbonate dehydratase) EB650007

Gm_39b04 1-phosphatidylinositol-4,5-bisphosphate phosphodiesterase EB650851

Gm_39b08 Unclassifiable Sequence EB651515

Gm_39c15 Unclassifiable Sequence EB650316

Gm_39d06 Lamin A EB650014

Gm_39e13 ATP-dependent Clp protease ATP-binding subunit ClpX-like, EB651086

Gm_39h24 Unclassifiable Sequence EB649879

Gm_39j02 Unclassifiable Sequence EB649709

Gm_39j18 Unclassifiable Sequence EB650223

Gm_39k13 similar to Tumor necrosis factor-inducible protein TSG-6 precursor EB648913

Gm_39l06 NADPH:quinone oxidoreductase/zeta crystallin EB651385

Gm_39m19 Lipin 1 (Fatty liver dystrophy protein) EB649195

Gm_39n09 Unclassifiable Sequence EB647822

Gm_39n17 Unclassifiable Sequence EB649987

Gm_39n19 Lipin 1 (Fatty liver dystrophy protein) EB648827

Gm_39p03 Tubulointerstitial nephritis antigen-like precursor EB648498

Gm_39p08 similar to CG13409-PA isoform 2 EB649995

Gm_39p17 Unclassifiable Sequence

Gm_40a22 Protein-glutamine gamma-glutamyltransferase K (EC EB649666

Gm_40b18 Unclassifiable Sequence EB649336

Gm_40d22 Zinc finger MYND domain containing protein 17 EB650257

Gm_40e12 Tubulointerstitial nephritis antigen-like precursor EB651498

Gm_40f14 hect domain and RLD 2 [Homo sapiens] EB651441

Gm_40h24 Unclassifiable Sequence

Gm_40i04 Tubulointerstitial nephritis antigen-like precursor EB650119

Gm_40i15 Myocyte-specific enhancer factor 2C EB650286

Gm_40i16 Probable RNA-dependent helicase p68 (DEAD-box protein p68) EB648712

Gm_40j04 Vacuolar protein sorting 39 EB650531

Gm_40j16 Probable RNA-dependent helicase p68 (DEAD-box protein p68) EB651500

Gm_40j24 Orphan sodium- and chloride-dependent neurotransmitter EB650511

Gm_40k02 Unclassifiable Sequence EB649100

Gm_40k22 Myocyte-specific enhancer factor 2C EB649578

Gm_40l02 Heat shock 70 kDa protein (HSP70) EB649223

Gm_40l05 Glucose-6-phosphate 1-dehydrogenase (EC 1.1.1.49) (G6PD) EB650782

Gm_40l06 NT-3 growth factor receptor precursor (EC 2.7.1.112) EB648587

Gm_40l15 Thrombospondin-1 precursor EB648015

Gm_40l17 Unclassifiable Sequence EB650858

Gm_40m08 Glutaredoxin EB651469

Gm_40n12 Solute carrier family 2, facilitated glucose transporter, EB650249

Gm_40o24 Rp42-pen protein EB650305

Gm_40p16 Solute carrier family 2, facilitated glucose transporter, EB647831

Gm_40p22 Unclassifiable Sequence EB650947
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Gm_41a10 Ornithine carbamoyltransferase, mitochondrial (EC 2.1.3.3) EB649346

Gm_41a17 Unclassifiable Sequence EB649225

Gm_41d16 Unclassifiable Sequence EB651080

Gm_41d18 Unclassifiable Sequence EB649334

Gm_41e12 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 EB650261

Gm_41l11 Unclassifiable Sequence

Gm_41l18 Unclassifiable Sequence EB650930

Gm_41l22 Unclassifiable Sequence

Gm_41m08 Poly(rC)-binding protein 2 (Alpha-CP2) (hnRNP-E2) EB648136

Gm_41n16 Unclassifiable Sequence

Gm_41o07 Unclassifiable Sequence EB648894

Gm_42b24 Unclassifiable Sequence EB648805

Gm_42d08 Unclassifiable Sequence EB649187

Gm_42e15 interleukin-20 receptor alpha EB651247

Gm_42j20 Serine/threonine-protein kinase PAK 2 (EC 2.7.1.37) EB651679

Gm_42k17 interleukin 13 receptor alpha-2 EB650362

Gm_42l02 60 kDa heat shock protein, mitochondrial precursor (Hsp60) EB651214

Gm_42l22 Unclassifiable Sequence EB647919

Gm_42m17 Unclassifiable Sequence

Gm_43a16 hypothetical protein LOC447856 EB649163

Gm_43d15 unnamed protein product EB651277

Gm_43k11 Unclassifiable Sequence EB649534

Gm_43m07 (NM_021245) myozenin 1; myozenin; calsarcin-2 [Homo sapiens] EB647902

Gm_43m08 (NM_021245) myozenin 1; myozenin; calsarcin-2 [Homo sapiens] EB650013

Gm_43m14 Unclassifiable Sequence EB650907

Gm_43o10 similar to crystallin, gamma S EB649824

Gm_43p15 peptidoglycan recognition protein SC2 EB648465

Gm_43p19 Translocation protein SEC63 homolog EB650759

Gm_44b09 Centaurin alpha 2 EB649648

Gm_44e05 Periplakin (195 kDa cornified envelope precursor protein) EB651470

Gm_44g16 DnaJ (Hsp40) homolog, subfamily A, member 1 EB650701

Gm_44h12 5'-nucleotidase, cytosolic II EB648706

Gm_44i23 AT rich interactive domain 2 (ARID, RFX-like) EB651113

Gm_44k15 Unclassifiable Sequence EB648933

Gm_45d21 similar to GTPase, IMAP family member 4 isoform a EB651203

Gm_45g19 Ras-related protein R-Ras2 EB648550

Gm_45i24 Signal recognition particle 68 kDa protein (SRP68) EB649626

Gm_45j05 Oxysterol binding protein-related protein 9 (OSBP-related EB651117

Gm_45j06 ELK1, member of ETS oncogene family EB650648

Gm_45j10 Unclassifiable Sequence EB650692

Gm_45k13 similar to M83 protein EB649815

Gm_45l09 Acetyl-Coenzyme A acyltransferase 1 EB647931

Gm_45m13 Golgi autoantigen, golgin subfamily a, 3 EB648297

Gm_45o09 Unclassifiable Sequence EB651174

Gm_45o13 Histone deacetylase 9 (HD9) (HD7B) (HD7) EB651082

Gm_46a08 Von Willebrand factor precursor (vWF) (Fragment) EB650124

Gm_46a12 Unclassifiable Sequence

Gm_46a22 Integrin beta-1 binding protein 2 (Melusin) EB650794

Gm_46c15 Unclassifiable Sequence EB648364

Gm_46c23 Unclassifiable Sequence EB647830

Gm_46d05 Unclassifiable Sequence EB649545

Gm_46d17 Phosphatidylinositol transfer protein alpha isoform EB650011

Gm_46f20 RIKEN cDNA 4933425A18 EB649411

Gm_46g12 cAMP response element binding protein 2 (CREB2) (Cyclic EB648210

Gm_46g14 DnaJ homolog subfamily C member 1 EB649752

Gm_46h16 rac/cdc42 guanine nucleotide exchange factor 6 EB647774

Gm_46i09 Unclassifiable Sequence EB648372

Gm_46j01 phenylalanine-tRNA synthetase-like EB649451

Gm_46j07 Unclassifiable Sequence EB649669

Gm_46l05 Endoplasmin precursor (Heat shock 108 kDa protein) EB648542

Gm_46l11 Unclassifiable Sequence EB649246

Gm_46o07 Nucleolysin TIA-1 (RNA-binding protein TIA-1) EB650077

Gm_47a14 Unclassifiable Sequence EB649962

Gm_47d09 Unclassifiable Sequence EB648321

Gm_47f08 Clathrin heavy chain EB648554

Gm_47k04 Unclassifiable Sequence

Gm_47k22 Unclassifiable Sequence EB651039

Gm_47l13 Unclassifiable Sequence EB651604

Gm_48a04 Unclassifiable Sequence

Gm_48b01 Unclassifiable Sequence EB649897

Gm_48b02 Unclassifiable Sequence
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Gm_48b03 Unclassifiable Sequence

Gm_48b05 protein tyrosine phosphatase 4a2 EB648213

Gm_48b13 Unclassifiable Sequence EB650905

Gm_48b23 Unclassifiable Sequence

Gm_48c13 Myotonin-protein kinase (EC 2.7.1.-) (Myotonic dystrophy EB649963

Gm_48c22 DNA-directed RNA polymerase II largest subunit (EC 2.7.7.6) EB649940

Gm_48j06 Rho guanine nucleotide exchange factor 5 (Guanine EB651431

Gm_48k11 Endoplasmin precursor (Heat shock 108 kDa protein) EB648160

Gm_48l13 Pleckstrin 2 EB649340

Gm_48m07 Ceramide kinase (EC 2.7.1.138) (Acylsphingosine kinase) EB651163

Gm_48p09 Unclassifiable Sequence

Gm_48p13 Unclassifiable Sequence EB649663

Gm_49a06 Ankyrin repeat and SOCS box protein 13 (ASB-13) EB648261

Gm_49b03 Unclassifiable Sequence EB650334

Gm_49c20 Homo sapiens chemokine (C-C motif) receptor 9 (CCR9), transcript EB650433

Gm_49d02 Unclassifiable Sequence EB649552

Gm_49e19 (NC_000911) ATP-dependent proteinase; BsgA [Synechocystis sp. PCC EB649253

Gm_49g09 Unclassifiable Sequence EB649484

Gm_49g12 Unclassifiable Sequence EB650640

Gm_49k03 Unclassifiable Sequence EB651627

Gm_49k13 Unclassifiable Sequence

Gm_49k21 Unclassifiable Sequence EB648796

Gm_49k22 Unclassifiable Sequence

Gm_AC09 Tob1 protein (Transducer of erbB-2 1) EB650204

Gm_AH23 Unclassifiable Sequence

Gm_AJ09 Cathepsin L (EC 3.4.22.15) (Fragments) EB649443

Gm_AM13 Unclassifiable Sequence

Gm_AN20 Tob1 protein (Transducer of erbB-2 1) EB649386

Gm_AO22 Unclassifiable Sequence

Gm_BC03 Tob1 protein (Transducer of erbB-2 1) EB648445

Gm_BG10 Unclassifiable Sequence

Gm_BI20 Unclassifiable Sequence EB650424

Gm_BN24 Unclassifiable Sequence EB650585

Gm_CC04 Unclassifiable Sequence EB648870

Gm_CK12 Unclassifiable Sequence EB648501

Gm_DA06 Unclassifiable Sequence

Gm_DA21 Mitochondrial carrier protein RIM2 EB650370

Gm_DC09 60S acidic ribosomal protein P0 (L10E) EB648631

Gm_DC23 Nucleoside diphosphate kinase NBR-B (EC 2.7.4.6) (NDK EB649002

Gm_DD07 Unclassifiable Sequence

Gm_DD20 Unclassifiable Sequence

Gm_DE05 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) EB649806

Gm_DG07 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) EB651305

Gm_DJ09 Unclassifiable Sequence

Gm_DK08 Unclassifiable Sequence

Gm_DL01 Unclassifiable Sequence

Gm_DL16 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) EB650125

Gm_DL21 Unclassifiable Sequence EB651478

Gm_DP20 60S acidic ribosomal protein P0 (L10E) EB648830

Gm_EB17 Unclassifiable Sequence

Gm_EE08 Serine--pyruvate aminotransferase, mitochondrial precursor EB650853

Gm_EL11 Unclassifiable Sequence

Gm_EN12 Cathepsin L precursor (EC 3.4.22.15) (Major excreted EB650159

Gm_FB02 Serotransferrin precursor EB651182

Gm_FD05 Unclassifiable Sequence

Gm_FH07 Unclassifiable Sequence EB647955

Gm_FK13 (NM_016438) CLST 11240 protein; CLST 11240-15 protein [Homo EB651363

Gm_FL10 Unclassifiable Sequence

Gm_FP10 Unclassifiable Sequence EB648565

Gm_FP20 Heat shock protein HSP 90-alpha EB648956



Table S3: Clone identifier and common names of genes from gill tissue that passed one-
way ANOVA for ‘Treatment’

Clone identifier Common name P-value

Gm_23f08 Unclassifiable 0.0494

Gm_44o12 Prostasin precursor (EC 3.4.21.-) 0.0494

Gm_36m07 Protein disulfide-isomerase precursor (EC 5.3.4.1) (PDI) 0.0494

Gm_45k22 Elongation of very long chain fatty acids protein 1 0.0477

Gm_20f07 Putative adenosylhomocysteinase 2 (EC 3.3.1.1) 0.0477

Gm_36p10 150 kDa oxygen-regulated protein precursor (Orp150) 0.0477

Gm_47f10 Serine/threonine protein phosphatase 4 catalytic subunit 0.0477

Gm_46m11 Nuclear factor erythroid 2 related factor 1 (NF-E2 related 0.0477

Gm_32a20 Transmembrane emp24 domain containing protein 9 precursor 0.0477

Gm_09i20 Eukaryotic translation initiation factor 3 subunit 1 0.0477

Gm_44h09 Alpha-1 catenin (102 kDa cadherin-associated protein) 0.0477

Gm_49g03 Neuroblast differentiation associated protein AHNAK 0.0477

Gm_10o19 Parvalbumin alpha (A1) 0.0477

Gm_14f15 Fructose-bisphosphate aldolase A (EC 4.1.2.13) 0.0477

Gm_48l16 similar to periaxin [Mus musculus] 0.0475

Gm_47b10 Alpha-1 catenin (102 kDa cadherin-associated protein) 0.0463

Gm_40g05 Protein disulfide-isomerase A3 precursor (EC 5.3.4.1) 0.0463

Gm_40h13 Unclassifiable 0.0463

Gm_44o10 FK506-binding protein 1B (EC 5.2.1.8) (Peptidyl-prolyl 0.0463

Gm_46g12 cAMP response element binding protein 2 (CREB2) (Cyclic 0.0463

Gm_14a08 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) 0.0463

Gm_14b15 Myosin regulatory light chain 2, skeletal muscle isoform 0.0463

Gm_47m11 Discoidin, CUB and LCCL domain containing protein 2 0.0463

Gm_11k12 Mitochondrial glutamate carrier 1 (Glutamate/H(+) 0.0463

Gm_18e01 Beta-1,3-galactosyltransferase 8 (EC 2.4.1.-) 0.0463

Gm_36h20 14-3-3-like protein 2 0.0463

Gm_32f12 Heat shock protein HSP 90-alpha 0.0463

Gm_23o02 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) 0.0463

Gm_46n16 Alpha-actinin 1 (Alpha-actinin cytoskeletal isoform) 0.0411

Gm_47i24 Beta-1,3-galactosyltransferase 8 (EC 2.4.1.-) 0.0411

Gm_11h16 Chloride intracellular channel 6 0.0411

Gm_36g23 14-3-3-like protein 2 0.0411

Gm_09h23 Eukaryotic translation initiation factor 3 subunit 1 0.0411

Gm_09n24 Keratin, type II cytoskeletal 8 (Cytokeratin 8) 0.0411

Gm_38j10 Tubulin beta chain (Beta tubulin) 0.0411

Gm_39f04 Arginase II, mitochondrial precursor (EC 3.5.3.1) 0.0411

Gm_40e12 Tubulointerstitial nephritis antigen-like precursor 0.0411

Gm_37h11 Histamine N-methyltransferase (EC 2.1.1.8) (HMT) 0.0411

Gm_37l06 Alpha-aminoadipic semialdehyde synthase, mitochondrial 0.0411

Gm_32c16 Suppressor of G2 allele of SKP1 homolog 0.0257



Table S4: Clone identifier and common names of genes from white muscle tissue that
passed one-way ANOVA for ‘Treatment’

Clone identifier Common name P-value

Gm_FP20 Heat shock protein HSP 90-alpha 0.0494

Gm_37a17 Mitogen-activated protein kinase 3 (EC 2.7.1.37) 0.0467

Gm_41a10 Ornithine carbamoyltransferase, mitochondrial (EC 2.1.3.3) 0.0456

Gm_13g23 GTP:AMP phosphotransferase mitochondrial (EC 2.7.4.10) 0.0443

Gm_09n19 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (EC 0.044

Gm_40j24 Orphan sodium- and chloride-dependent neurotransmitter 0.044

Gm_37e04 Unclassifiable 0.0438

Gm_10i05 Very-long-chain acyl-CoA synthetase (EC 6.2.1.-) 0.0416

Gm_45d21 Unclassifiable 0.037

Gm_37j12 Diacylglycerol O-acyltransferase 1 (EC 2.3.1.20) 0.0359

Gm_32e24 Lipin 1 0.0335

Gm_DG07 Creatine kinase, M chain (EC 2.7.3.2) (M-CK) 0.0317

Gm_32i06 RNA polymerase II transcription factor TAFII140 [Homo sapiens] 0.0317

Gm_31d11 Unclassifiable 0.0315

Gm_DP20 60S acidic ribosomal protein P0 (L10E) 0.0315

Gm_46o07 Nucleolysin TIA-1 (RNA-binding protein TIA-1) 0.0295

Gm_20c07 Sarcalumenin precursor 0.0292

Gm_40d22 Zinc finger MYND domain containing protein 17 0.0212

Gm_31f18 Alpha-fetoprotein enhancer binding protein (AT motif-binding 0.0212

Gm_32f12 Heat shock protein HSP 90-alpha 0.0212

Gm_36i07 SH3 domain-binding glutamic acid-rich-like protein 0.0206

Gm_31c04 Fibroblast growth factor-6 precursor (FGF-6) (HBGF-6) 0.0206

Gm_48k11 Endoplasmin precursor (Heat shock 108 kDa protein) 0.02

Gm_DA21 Mitochondrial carrier protein RIM2 0.0198

Gm_18i01 Glutamine synthetase (EC 6.3.1.2) (Glutamate--ammonia 0.018

Gm_14a12 Developmentally regulated GTP-binding protein 1 (DRG 1) 0.0173

Gm_09f02 transducer of ERBB2, 1a [Danio rerio] 0.0167

Gm_44g16 Unclassifiable 0.0167

Gm_32c12 DNA-directed RNA polymerase III subunit 127.6 kDa 0.0122

Gm_45j06 Unclassifiable 0.0122

Gm_AJ09 Cathepsin L (EC 3.4.22.15) (Fragments) 0.012

Gm_10j16 Heat shock cognate 71 kDa protein (Hsc70.1) 0.0109

Gm_37n04 Histidine ammonia-lyase (EC 4.3.1.3) (Histidase) 0.0107

Gm_34e11 Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac 0.0107

Gm_39d06 Lamin A 0.0107

Gm_43m07 (NM_021245) myozenin 1; myozenin; calsarcin-2 [Homo sapiens] 0.0105

Gm_34c12 ADP-ribosylation factor-like protein 1 0.00965

Gm_31a13 S-adenosylmethionine synthetase gamma form (EC 2.5.1.6) 0.00964

Gm_46a08 Von Willebrand factor precursor (vWF) (Fragment) 0.0088

Gm_36a22 LDHA|cDNA clone MGC:55215  complete cds 0.0088

Gm_40i16 Probable RNA-dependent helicase p68 (DEAD-box protein p68) 0.00752

Gm_38c22 Ornithine decarboxylase (EC 4.1.1.17) (ODC) 0.00722

Gm_11d12 40S ribosomal protein S6 0.00722

Gm_DL16 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) 0.00679



Gm_09d05 Isocitrate dehydrogenase [NADP], mitochondrial precursor 0.00652

Gm_37c15 Stress-70 protein, mitochondrial precursor (75 kDa glucose 0.00594

Gm_12d22 Probable ATP-dependent helicase LGP2 (EC 3.6.1.-) (Protein 0.00581

Gm_16o10 DNA excision repair protein ERCC-6 (Cockayne syndrome 0.00553

Gm_31a04 EH-domain containing protein 3 0.00553

Gm_32c18 Heat shock 70 kDa protein (HSP70) 0.00553

Gm_38a06 Transcription factor VBP (Vitellogenin gene binding 0.00553

Gm_14h20 CCAAT/enhancer binding protein delta (C/EBP delta) 0.00553

Gm_10d11 Cytochrome c oxidase subunit 1 (EC 1.9.3.1) (Cytochrome c 0.00553

Gm_09g14 Mitochondrial carrier protein RIM2 0.00553

Gm_32c16 Suppressor of G2 allele of SKP1 homolog 0.0055

Gm_40i04 Tubulointerstitial nephritis antigen-like precursor 0.0055

Gm_17c23 FK506-binding protein 5 (EC 5.2.1.8) (Peptidyl-prolyl 0.0055

Gm_DE05 L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) 0.00472

Gm_48j06 Rho guanine nucleotide exchange factor 5 (Guanine 0.00472

Gm_12o12 Tob1 protein (Transducer of erbB-2 1) 0.00352

Gm_32n20 ADAM 17 precursor (EC 3.4.24.86) (A disintegrin and 0.00352

Gm_40p16 Solute carrier family 2, facilitated glucose transporter, 0.00188

Gm_34k14 sushi domain containing 2; Sushi domain (SCR repeat) containing 0.00188

Gm_AC09 Tob1 protein (Transducer of erbB-2 1) 0.00188

Gm_36o09 Isocitrate dehydrogenase [NADP], mitochondrial precursor 0.000819

Gm_14j08 Heat-shock protein beta-1 (HspB1) (Heat shock 27 kDa 0.000744

Gm_10i20 Heat shock cognate 71 kDa protein (Hsc70.1) 0.000673

Gm_40e12 Tubulointerstitial nephritis antigen-like precursor 0.000572

Gm_40k22 Myocyte-specific enhancer factor 2C 0.000572

Gm_40i15 Myocyte-specific enhancer factor 2C 0.000299

Gm_36n09 Endoplasmin precursor (Heat shock 108 kDa protein) 0.000239

Gm_10o19 Parvalbumin alpha (A1) 0.000117

Gm_40l02 Heat shock 70 kDa protein (HSP70) 5.16E-05


