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Abstract
A proteomic approach was taken to study how fish respond to changes in calorie availability, with
the longer-term goal of understanding the evolution of lipid metabolism in vertebrates. Zebrafish
(Danio rerio) were fed either high (3 rations/day) or low (1 ration/7 days) calorie diets for 5 weeks
and liver proteins extracted for proteomic analyses. Proteins were separated on two-dimensional
electrophoresis gels and homologous spots compared between treatments to determine which
proteins were up-regulated with high-calorie diet. Fifty-five spots were excised from the gel and
analyzed via LC–ESI MS/MS, which resulted in the identification of 69 unique proteins (via
multiple peptides). Twenty-nine of these proteins were differentially expressed between
treatments. Differentially expressed proteins were mapped to Gene Ontology (GO) terms, and
these terms compared to the entire zebrafish GO annotation set by Fisher's exact test. The most
significant GO terms associated with high-calorie diet are related to a decrease in oxygen-binding
activity in the high-calorie treatment. This response is consistent with a well-characterized
response in obese humans, indicating there may be a link between lipid storage and hypoxia
sensitivity in vertebrates.
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1. Introduction
Calorie availability pivotally affects metabolic rate, reproductive fitness, growth, and
survival in fish (Tocher, 2003). Calories in the form of fatty acids are the most significant
source of ATP for many species of fish. Accordingly, fish manipulate storage and
mobilization of fatty acids as part of their natural history. Striped bass increase intracellular
lipid droplets 13-fold in red muscle during cold acclimation (Egginton and Sidell, 1989) and
salmon increase serum cholesterol without eating during spawning migrations (Farrell and
Munt, 1983). The expression of lipid metabolism genes is regulated by free long-chain fatty
acids and their metabolic by-products, however the definitive mechanism by which they do
so remains elusive (Duplus et al., 2000). Characterizing the molecular signaling behind these
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changes in lipid metabolism has traditionally been approached by looking at candidate
proteins, (e.g. fatty acid binding proteins (FABPs; Londraville and Sidell,1995) organelle
function (peroxisomes; Crockett and Sidell, 1993), and enzymatic indicators of fatty acid
flux (Crockett et al., 1999). However, these specific indicators are only part of a poorly
characterized integrated system through which cells respond to changes in calorie
availability.

Studying the effects of a single protein in isolation is limited in explanatory power for many
reasons, one of which is uncertainty about how the rest of the proteome is responding.
Proteomics can quantitatively estimate changes in tissue protein expression on a large scale
(Abbott, 1999). By using protein extracted from tissue, proteomics documents those proteins
that are actually expressed (vs. those potentially expressed as in microarray studies, e.g.
(Hogstrand et al., 2002; Paulson et al., 2003). Also, by separating large numbers of proteins
simultaneously, researchers can examine relative differences in expression among pathways.

In this study, we employed proteomics to gain further insight into how fish respond to
changes in calorie availability. Our long-term goal is to characterize the evolution of lipid
metabolism in vertebrates. As the most basal vertebrate class, fish represent a valuable
reference for comparison to mammalian lipid metabolism. Using proteomics, we
documented expression differences in fish under increased-calorie diet. We chose to use
zebrafish (Danio rerio) due to the near-complete knowledge of their genome
(www.sanger.ac.uk), which greatly facilitates protein identification. The liver proteome was
chosen because it is a central lipid-storage organ in fish (Sheridan, 1988; Sheridan, 1994)
and because zebrafish on high-calorie diets increase liver lipid storage (Schlegel and
Stainier, 2006).

Our a priori hypothesis was that proteins in lipid metabolism pathways would be the
predominant up-regulated proteins in livers of fish on a high-calorie diet. However, the
largest signal comes from changes in oxygen-binding heme proteins. This is consistent with
a well-established response in humans (Le Guenno et al., 2007), but is not a pathway we
were likely to pursue had it not been suggested by proteomics. This illustrates the power and
utility of this approach for questions in comparative biology.

2. Materials and methods
2.1. Animals

Wild-type, age-matched adult D. rerio (Cypriniformes, Cyprinidae) were purchased from
Scientific Hatcheries Inc. (Huntington Beach, CA, USA). Zebrafish were sorted by gender
and treatment in separate 38-liter aquaria (26 fish/tank) with filtered, dechlorinated tap water
at a constant 28.5 °C. Water quality was monitored for ammonia levels and temperature
daily. Fish were fed Scientific Hatcheries (Huntington Beach, CA) 3-pigment mash fed 3×/
day (high-calorie) or 1×/week (low-calorie) at ~1% of body weight per feeding via
automatic feeders for 5 weeks. Diet composition was: protein 52%, carbohydrate 19%, fat
10%, ash 10%, moisture 8%, and fiber 1% (pers. comm. Silver Cup Fish Feed, Murray, UT,
USA). In the high-calorie treatment, this left a minimal excess of food, ensuring fish ate to
satiety (excess food and feces removed daily). After completion of the experiment, treatment
animals were euthanized by overdose of clove oil.

Total length, weight, and body condition (100*mass/length3) were recorded from all
individuals (Table 1). Whole-body total fat mass was determined from a subset of each
population via petroleum ether extraction (Folch et al., 1957) and total protein by Bradford
assay (Bradford, 1976). Morphometric data were compared between high and low-calorie
treatments using a non-parametric Wilcoxin sign-rank test. Because females on the low-

Jury et al. Page 2

Comp Biochem Physiol Part D Genomics Proteomics. Author manuscript; available in PMC 2012 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.sanger.ac.uk


calorie treatment were smaller, livers had to be pooled for the proteomics experiments, thus
reducing the sample size available for fat mass and total protein determination. This left a
relatively small sample size in the low-calorie group, which was not normally distributed
and thus would violate the assumption of a parametric test. From the remaining individuals,
liver was harvested and immediately frozen in liquid nitrogen.

2.2. 2-D electrophoresis
Only females were characterized for protein expression changes with diet due to their
greater magnitude change in body composition under to 2 diet regimes, and due to their
significantly larger livers (final female liver weight 2–3×> male). A 10% (w/v) homogenate
of each zebrafish liver was made in 50 mM Tris (pH 7.8) via sonication (5 s at 5 W). Total
protein (1 mg/first dimension strip, as estimated by Bradford assay) was extracted using a
commercial kit (Perfect-FOCUS, GenoTech, St. Louis, MO, USA).

Extracted protein pellets were resuspended in a 2-D suspension buffer consisting of 7 M
urea, 2 M thiourea, 1% (v/v) Triton X-100, 100 mM DTT, 1% (v/v) ampholytes,1% (w/v)
CHAPS,1% (v/v) of protease inhibitor cocktail (Sigma), and a trace of bromophenol blue.
First-dimension focusing was done on commercial immobilized pH gradient strips (BioRad
IEF strips, pH 3–10) with active overnight rehydration 50 V overnight (BioRad Protein IEF
Cell), followed by focusing to an accumulation of 10,000 V h (gradient of 0–1000 V for
approximately 2.5 h). Following focusing, strips were equilibrated in 50 mM Tris, 6 M urea,
30% (v/v) glycerol, and 1% (w/v) SDS, and 3.3 mM DTT, followed by a second
equilibration was done in 50 mM Tris, 6 M urea, 35% v/v glycerol, and 1% (w/v) SDS, and
12 mM iodoacetamide. Equilibrated strips were run on 15% polyacrylamide gels (BioRad
Criterion). Gels were fixed in 50% ETOH, 10% acetic acid and stained with a colloidal
Coomassie blue stain (GelCode Blue, Pierce, Rockford, IL, USA) (Fig. 1).

Stained gels were scanned with a transmittance scanner (Epson 2450, 3.3 Dynamic range)
and analyzed with Melanie software (version 4.0, Genebio, Geneva, Switzerland). This
software can quantify spot volume (area*density) and normalize values relative to total
staining intensity, correcting for gel-to-gel variation in total protein loaded. Spot selecting
algorithms matched proteins among replicate gels from established landmarks, accounting
for local distortions in electrophoretic migration and pairing them to a master gel.

2.3. Mass spectrometry
Spots selected for mass spectrometry analyses were excised from the gel and digested in-gel
using the protocol detailed in (Goel et al., 2005). Briefly, spots were destained, dehydrated
in acetonitrile, washed in 0.1 M ammonium bicarbonate, and again dehydrated in
acetonitrile before drying in a vacuum centrifuge. Trypsin (Mass Spec grade, Promega) was
prepared in 50 mM ammonium bicarbonate to a concentration of 20 ng/µL and enough
volume added to just rehydrate the gel pieces (typically 10–20 µL). Digestion proceeded
overnight at room temperature. Digested peptides were extracted from the gel piece in 50%
acetonitrile/5% formic acid, concentrated in a vacuum centrifuge, and resuspended in 1%
acetic acid for injection into the HPLC.

Digests were analyzed on either a LCQ Deca quadrupole ion trap or a LTQ linear ion trap
mass spectrometer (ThermoFisher, San Jose, CA, USA) utilizing an operator packed 8 cm ×
75 µm id Phenomenex Jupiter C18 reversed-phase capillary chromatography column. The
individual extracts were injected and the peptides eluted from the column by an acetonitrile/
0.05 M acetic acid gradient at a flow rate of ~200 nL/min. The microelectrospray ion source
was operated at 2.5 kV. Digests were analyzed using the data dependent multitask capability
of the instrument, acquiring full scan mass spectra to determine peptide molecular weights
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and collisionally induced dissociation (CID) product ion spectra to determine amino acid
sequence in successive instrument scans.

The data were analyzed by using all CID spectra collected in the experiment to search the
NCBI non-redundant database with the search program Mascot (www.matrixscience.com).
Parameters were set to monoisotopic, peptide tolerance ± 3 Da, MS/MS tolerance ± 1.5 Da,
fixed modifications: carbamidomethyl (C-term) and variable modifications Pyro-glu (N-
term Q) and oxidation (M). Putative matches (Probability Mowse scores> 100,
corresponding to p<0.05 that match is a random event) verified by manual interpretation. If
the search program was unable to identify the protein based on these spectra, then the CID
spectra were interpreted manually by a published strategy (Kinter and Sherman, 2000) to
determine the amino acid sequence. This sequence was then used to search sequence
databases. The great majority (83%) of identifications were made by ≥3 peptides covering
≥10% of total amino acid sequence. All spectra were searched against a chicken + zebrafish
RefSeq database (NCBI) compiled 12/07.

2.4. Analysis
Relative pixel volume ((spot area*density)/total pixel density) for all spots on each gel was
estimated by Melanie software, and compared across and within groups for matched spots
(spots were matched by the software and matched sets verified visually). Both ‘landmark’
spots (prominent spots on the gel used for orientation) and putative differentially expressed
spots were selected for MS identification. Spots were identified as putatively differentially
expressed if: 1) the same spot was found in at least 2 gels per treatment and its mean relative
pixel volume varied by > 200% between treatments, and variability within a treatment was
<60% (standard deviation as a percent of the mean), or if 2) the spot was present in multiple
gels of one treatment and absent in the other.

All differentially expressed proteins (Table 3) were matched to Gene Ontology (GO) terms
using Blast2Go software (Conesa et al., 2005). To determine which GO terms were
expressed as an effect of treatment, we used Fisher's exact test to determine whether GO
terms from differentially expressed proteins represented a non-random subset of all mapped
GO terms for zebrafish. Analyses were done separately for differentially expressed proteins
(between groups) defined one of four ways:

1. relative pixel volume significantly different via Student's t-test

2. mean relative pixel volume ≥2-fold different

3. presence in one group and absent in another

4. categories 1–3 combined.

GO terms were judged significant if they exceeded the Bonferroni-corrected probability
value (0.05/77 GO groups = 0.00065).

3. Results and discussion
Few proteomics studies exist for fishes, probably due to both the relative novelty of the
technique and the relative paucity of fish genomic information compared to mammals. The
earliest efforts at proteome screening in fish documented changes in protein expression
patterns without the ability to identify individual proteins (Kültz and Somero, 1996). Later,
proteins could be identified via mass spectrometry, but typically few proteins were
positively identified (Martin et al., 2001), and recently large numbers of fish proteins can be
identified with high confidence (Martin et al., 2003, 2007; Bosworth et al., 2005; Lee et al.,
2006). Martin et al. (2003) also studied changes in the liver proteome of rainbow trout fed
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control vs. soy-based diets (Martin et al., 2003). Of the 19 proteins positively identified,
only apolipoprotein A-1 and aldolase are common between the Martin study and the current
study. We also detected a significant change in the expression of apolipoprotein A-1 (Table
2), but not aldolase with diet treatment. Based on these two studies, liver apolipoprotein A-1
expression seems to be sensitive to dietary manipulation in fish. Alternatively,
apolipoproteinmay simply be a highly expressed protein that is easily identified and one
which responds to a variety of physiological perturbations (Anderson, 2005).

Five spots (SB3-3-7, SB8-3-18, SB8-3-21, SB8-28-21, SB8-28-22), collectively containing
6 unique proteins were expressed at a significantly lower relative value in the high-calorie
treatment (Table 2, outlined in black). Five additional spots (SB8-3-2, SB8-3-11,
SB8-28-12, SB8-28-18, SB8-28-20), containing 9 proteins, had a mean expression
difference of ≥2-fold (Table 2, medium grey). Finally, 9 spots (SB8-3-3, SB8-28-1,
SB8-28-3, SB8-28-6, SB8-28-7, SB8-28-10, SB8-28-15, SB8-28-16, SB8-28-24),
containing 15 proteins, were primarily only expressed in the low-calorie treatment (Table 2,
light grey). In fact, in nearly all cases where there is an apparent difference in expression
between groups (whether by t-test, fold-difference, or presence/absence), expression is
higher in the low-calorie vs. high-calorie group (the exceptions are GOT2/A1 globin,
profilin2/FABP7, and Galectin 9). Further, the sum total of quantifiable spots is significantly
higher in the low-calorie group (650 ± 51 vs. 411 ± 62, p <.05). Therefore, high-calorie diet
lowers protein expression diversity in the zebrafish liver (alternatively, the diversity of
proteins expressed is not changed, but expression level is reduced below that detected by
Coomassie blue).

With the goal of determining which cellular functions respond to the high-calorie treatment,
we mapped Gene Ontology (GO) terms to all differentially expressed proteins, and then
tested whether these functions represented a non-random sampling of the entire zebrafish
GO set via Fisher's exact test (Table 3). Proteins differentially expressed via t-test are
associated with guanidinoacetate N-methyl-transferase (GAMT) and ferric-iron binding
activity (Table 3A). GAMT is essential for creatine synthesis (knockout mice for GMAT
have no measurable creatine (Kan et al., 2004), and GAMT deficiency is associated with
creatine deficiency syndrome in humans (Torremans et al., 2005). Reduced GMAT
expression in the high-calorie diet may result in altered ATP-buffering capacity, as seen in
humans with steatosis (Perseghin et al., 2008). Ferric-iron binding activity is consistent with
other GO functions that indicate changes in heme protein metabolism (see below). The
decrease in glutathione transferase expression (Table 3B) we interpret as increased exposure
to lipid peroxide radicals, as increased lipid deposition typically decreases the titer of
glutathione transferases (Grimsrud et al., 2007). Expression changes mapped to the GO term
of decreased actin-binding activity in the high-calorie treatment (Table 3B) are consistent
with a general rearrangement of the cytoskeleton to accommodate lipid deposition. Zeidan et
al. recently determined that leptin increases phosphorylation of actin-binding proteins, and
in doing so stimulates F-actin polymerization (Zeidan et al., 2006; 2007a,b). Because leptin
is positively correlated with lipid mass in fish (Johnson et al., 2000), increased lipid
deposition could explain decreased actin-binding activity in the high-calorie treatment.

Our most consistent result from the GO analyses is that oxygen binding activity decreases in
the high-calorie treatment (Tables 2 and 3). If one adopts a 2-fold difference as a criterion
for differential expression (Table 3C), or if one combines all criteria (t-test, fold-difference,
and presence absence; Table 3D), the most significant GO terms are all associated with
decreases in oxygen binding proteins (oxygen transporter activity and binding, tetrapyrole
binding, heme binding, and iron ion binding). This is consistent with a well-established
phenomenological link between obesity and iron metabolism in mammals. Genetically
obese, ob/ob mice (Kennedy et al., 1986; Failla et al., 1988) and rats (Serfass et al., 1988)
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have decreased iron concentration in the liver but normal plasma iron. Iron absorption,
however, is higher in ob/ob mice vs. lean mice, as is hematocrit (Failla et al., 1988).
Circulating iron (as ferritin) is highly correlated with insulin resistance in humans
(Tuomainen et al., 1997). Obesity is thought to lead to increased erythropoiesis, with
increased iron absorption rate as an adaptation and increased hematocrit as a product (Le
Guenno et al., 2007). Some aspects of the link between iron metabolism and diet may be
species specific, however, as iron absorption is significantly reduced in rats on a high-fat
diet (Boesch-Saadatmandi et al., 2007).

We fed high and low-calorie diets to zebrafish in order to determine the major changes in
liver protein expression associated with a change in available calories. The high-calorie diet
significantly increased total body lipid in females but not males, and total weight and body
condition in both sexes (Table 1). We assume that the increase in total body lipid also results
in an increase in liver lipid storage, as liver is the central storage organ for lipid in fish
(Sheridan, 1988; Sheridan, 1994), and zebrafish on a high-calorie diet deposit lipid in liver
(Schlegel and Stainier, 2006). However, we did not extract lipid from liver separately, and
significant lipid deposition likely went to eggs, as high-calorie females were visibly more
gravid than low-calorie (data not shown). Therefore, even though we interpret results in light
of an assumed increase in liver lipid stores (above), the largest effect on protein expression
may interact with other processes (e.g. perfusion or growth).

Proteomics experiments are designed to be hypothesis-generating, rather than explicitly
hypothesis-testing. Although the techniques are extremely powerful in their sensitivity and
breadth, they present significant statistical and analytical challenges in the post-data
generation phase of the study (Aebersold and Mann, 2003). One challenge is determining
how one will delineate differentially expressed proteins. In a related study, we determined
(with a common sample) that total spots detected among gels varied 4.6% and mean pixel
volume for any given spot varied 12.5% (Edmonds, 2005). Therefore, we are confident that
when pixel volume varies ≥200% between treatments, that most of that variation is
biological vs. experimental. However, fold-difference cutoffs do not account for variation
among individuals. The Student's t-test does account for variation among individuals, but the
probability corrections needed for ~800 comparisons are often prohibitive. Finally, spots
that are present only in one treatment are certainly differentially expressed, at least
intuitively. We tested which GO functions are associated with differentially expressed
proteins, as defined by the above 3 criteria. Ideally, the conclusions derived from each of
these methods should converge, and they do to some extent (Table 3). We could now justify
pursuing hypotheses related to any of the highly significant GO functions listed in Table 3.
However, the largest signal is that the zebrafish liver proteome responds to a high-calorie
diet with a decrease in heme binding proteins. From this we would predict that hematocrit
increases in the high-calorie diet as predicted in humans (Le Guenno et al., 2007). This
response is also consistent with reduced heme proteins and increased lipid deposition seen in
cold-bodied fishes (Londraville and Sidell, 1990; Sidell et al., 1997). Going forward, we will
test the hypothesis that lipid deposition and heme protein metabolism are linked in fishes
using more statistically tractable techniques (e.g. real-time PCR and immunoblotting).

The fact that we did not find support for our initial hypothesis (that pathways of lipid
metabolism would be up-regulated in the high-calorie treatment) is a testament to the power
of the proteomics experiment. Rather than referring to proteomics derisively as a ‘fishing
expedition’ (Aebersold and Mann, 2003), we view it as an unbiased analytical measurement
of how a tissue responds to treatment. We took an admittedly conservative approach to
analyzing these data, and with less rigorous analyses we could undoubtedly tease out a
response in lipid metabolism among the data. However, we can definitely say that changes
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in lipid metabolism do not account for the largest share of the cell's protein expression
budget when exposed to a high-calorie diet.
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Abbreviations

RefSeq reference sequence

NCBI National Center for Biotechnology Information

CID collisionally induced dissociation

ESI electrospray ionization

GO gene ontology

LC–ESI MS/MS liquid chromatography, electrospray ionization tandem mass
spectrometry

kDa kilodaltons

GAMT guanidinoacetate N-methyltransferase
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Fig. 1.
Representative 2-DE electrophoresis map of zebrafish liver (female, low-calorie treatment),
visualized with Coomassie brilliant blue. The pH gradient is listed at the top and MW (kDA)
on the left. All labeled spots were characterized by LC–ESI MS/MS; multiple numbers on
the same spot indicated multiple analyses from different fish. Labels without obvious spots
are only visible in high-calorie treatments.
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Table 3

Gene ontology terms associated with differentially expressed proteins

A.

GO ID and descriptiona p-valueb

GO:0030731 : guanidinoacetate N-methyltransferase activity 2.30E-04

GO:0008199 : ferric iron binding 0.004823142

GO:0008757 : S-adenosylmethionine-dependent methyltransferase activity 0.010995826

GO:0005319 : lipid transporter activity 0.016455839

GO:0016853 : isomerase activity 0.042049128

GO:0008168 : methyltransferase activity 0.043158809

GO:0016741 : transferase activity, transferring one-carbon groups 0.044489012

GO:0003735 : structural constituent of ribosome 0.053097825

GO:0008289 : lipid binding 0.062514577

GO:0005506 : iron ion binding 0.090085189

GO:0004252 : serine-type endopeptidase activity 0.098139

B.

GO ID and description c p-valueb

GO:0004364 : glutathione transferase activity 0.00551

GO:0003779 : actin binding 0.00585

GO:0008092 : cytoskeletal protein binding 0.008973

GO:0004175 : endopeptidase activity 0.01043

GO:0005344 : oxygen transporter activity 0.010536

GO:0019825 : oxygen binding 0.015539

GO:0004298 : threonine endopeptidase activity 0.015993

GO:0004252 : serine-type endopeptidase activity 0.017129

GO:0016859 : cis–trans isomerase activity 0.018258

GO:0003755 : peptidyl-prolyl cis–trans isomerase activity 0.018258

GO:0016765 : transferase activity, transferring alkyl or aryl (other than methyl) groups 0.019615

GO:0008236 : serine-type peptidase activity 0.0203

GO:0017171 : serine hydrolase activity 0.0203

GO:0008236 : serine-type peptidase activity 0.0203

GO:0004089 : carbonate dehydratase activity 0.020971

GO:0008233 : peptidase activity 0.024492

GO:0003824 : catalytic activity 0.03972

GO:0016836 : hydro-lyase activity 0.039765

GO:0016835 : carbon-oxygen lyase activity 0.043307

GO:0016787 : hydrolase activity 0.068755

GO:0016853 : isomerase activity 0.082339
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C.

GO ID and description d p-valueb

GO:0005344 : oxygen transporter activity 5.02E-08

GO:0019825 : oxygen binding 1.69E-07

GO:0046906 : tetrapyrrole binding 1.33E-04

GO:0020037 : heme binding 1.33E-04

GO:0005506 : iron ion binding 2.96E-04

GO:0004069 : aspartate transaminase activity 0.001035

GO:0004422 : hypoxanthine phosphoribosyltransferase activity 0.00138

GO:0008943 : glyceraldehyde-3-phosphate dehydrogenase activity 0.002758

GO:0004365 : glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) activity 0.002758

GO:0048037 : cofactor binding 0.005614

GO:0004550 : nucleoside diphosphate kinase activity 0.00654

GO:0004550 : nucleoside diphosphate kinase activity 0.00654

GO:0016620 : oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as acceptor 0.009283

GO:0016776 : phosphotransferase activity, phosphate group as acceptor 0.010993

GO:0016903 : oxidoreductase activity, acting on the aldehyde or oxo group of donors 0.013042

GO:0008483 : transaminase activity 0.013383

GO:0022892 : substrate-specific transporter activity 0.013863

GO:0051287 : NAD binding 0.015769

GO:0016769 : transferase activity, transferring nitrogenous groups 0.018149

GO:0019205 : nucleobase, nucleoside, nucleotide kinase activity 0.022894

GO:0016763 : transferase activity, transferring pentosyl groups 0.02357

GO:0005215 : transporter activity 0.028768

GO:0030170 : pyridoxal phosphate binding 0.029973

GO:0019842 : vitamin binding 0.061757

GO:0050662 : coenzyme binding 0.076978

D.

GO IDe p-valueb

GO:0005344 : oxygen transporter activity 6.79E-09

GO:0019825 : oxygen binding 3.53E-08

GO:0005506 : iron ion binding 4.54E-05

GO:0046906 : tetrapyrrole binding 2.38E-04

GO:0020037 : heme binding 2.38E-04

GO:0030731 : guanidinoacetate N-methyltransferase activity 9.97E-04

GO:0004069 : aspartate transaminase activity 0.002989

GO:0004422 : hypoxanthine phosphoribosyltransferase activity 0.003983

GO:0008943 : glyceraldehyde-3-phosphate dehydrogenase activity 0.007951

GO:0004365 : glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) activity 0.007951

GO:0004252 : serine-type endopeptidase activity 0.009592
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D.

GO IDe p-valueb

GO:0004364 : glutathione transferase activity 0.011903

GO:0008236 : serine-type peptidase activity 0.012238

GO:0017171 : serine hydrolase activity 0.012238

GO:0008236 : serine-type peptidase activity 0.012238

GO:0005215 : transporter activity 0.01401

GO:0016853 : isomerase activity 0.014701

GO:0022892 : substrate-specific transporter activity 0.017835

GO:0004175 : endopeptidase activity 0.018272

GO:0004550 : nucleoside diphosphate kinase activity 0.018783

GO:0004550 : nucleoside diphosphate kinase activity 0.018783

GO:0008199 : ferric iron binding 0.020741

GO:0003779 : actin binding 0.026343

GO:0016620 : oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as acceptor 0.02659

GO:0003824 : catalytic activity 0.02974

GO:0008289 : lipid binding 0.031318

GO:0016776 : phosphotransferase activity, phosphate group as acceptor 0.031439

GO:0004298 : threonine endopeptidase activity 0.034337

GO:0016903 : oxidoreductase activity, acting on the aldehyde or oxo group of donors 0.037227

GO:0008483 : transaminase activity 0.038189

GO:0016859 : cis–trans isomerse activity 0.039149

GO:0003755 : peptidyl-prolyl cis–trans isomerse activity 0.039149

GO:0008092 : cytoskeletal protein binding 0.039528

GO:0016765 : transferase activity, transferring alkyl or aryl (other than methyl) groups 0.042025

GO:0048037 : cofactor binding 0.04391

GO:0051287 : NAD binding 0.044893

GO:0004089 : carbonate dehydratase activity 0.044893

GO:0008757 : S-adenosylmethionine-dependent methyltransferse activity 0.0468

Gene ontology terms and the probability that the GO term is identified randomly for differentially expressed proteins, defined 3 different ways
(A,B,C).
A) Gene ontology terms associated with proteins differentially expressed via Student's t-test (see Table 2).
B) Gene ontology terms associated with proteins differentially expressed via presence in low-calorie and absence in high-calorie (see Table 2).
C) Gene ontology terms associated with proteins differentially expressed via ≥2-fold difference in mean pixel volume between treatments (see
Table 2).
D) Gene ontology terms associated with proteins differentially expressed via all methods combined (t-test, ≥2-fold difference, presence/absence;
see Table 2).

a
Probability value for Fisher's exact test-comparing number of GO terms nested within each GO term with total GO terms in the category for the

entire zebrafish reference set. Terms that are significant for Fisher's exact test after Bonferroni correction are highlighted.
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