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A B S T R A C T

Variation in food intake affects somatic growth by altering the expression of hormones in the somatotropic
endocrine axis including insulin-like growth factor-1 (IGF-1). Here, we examined IGF-1 pathway responses to
long- and short-term variation in food availability in copper rockfish (Sebastes caurinus), a nearshore Pacific
rockfish important for commercial and recreational fisheries. Juvenile copper rockfish were raised under dif-
fering ration amounts (3% or 9% mass feed·g−1

fish wet mass·day−1) for 140 d to simulate ‘long-term’ feeding
variation, after which some fish from both rations were fasted for 12 d to generate ‘short-term’ conditions of food
deprivation. Rockfish on the 9% ration treatment grew more quickly than those on the 3% ration and were larger
in mass, length, and body condition (k) after 152 d. Fish on the 9% ration had higher blood glucose than those on
the 3% ration, with fasting decreasing blood glucose in both ration treatments, indicating that both long-term
and short-term feed treatments altered energy status. Plasma IGF-1 was higher in rockfish from the 9% ration
than those in the 3% ration and was also higher in fed fish than fasted fish. Additionally, plasma IGF-1 related
positively to individual variation in specific growth rate (SGR). The positive association between IGF-1 and SGR
showed discordance in fish that had experienced different levels of food and growth over the long-term but not
short-term, suggesting that long-term nutritional experience can influence the relationship between IGF-1 and
growth in this species. Rockfish on the 3% ration showed a lower relative abundance of gene transcripts en-
coding igf1 in the liver, but higher hepatic mRNAs for IGF binding proteins igfbp1a and igfbp1b. Fasting similarly
decreased the abundance of igf1 mRNAs in the liver of fish reared under both the 9% and 3% rations, while
concurrently increasing mRNAs encoding the IGF binding proteins igfbp1a, -1b, and -3a. Hepatic mRNAs for
igfbp2b, -5a, and -5b were lower with long-term ration variation (3% ration) and fasting. Fish that experienced
long-term reduced rations also had higher mRNA levels for igfbp3a, -3b, and IGF receptors isoforms A (igf1rA)
and B (igf1rB) in skeletal muscle, but lower mRNA levels for igf1. Fasting increased muscle mRNA abundance for
igfbp3a, igf1rA, and igf1rB, and decreased levels for igfbp2a and igf1. These data show that a positive relationship
between circulating IGF-1 and individual growth rate is maintained in copper rockfish even when that growth
variation relates to differences in food consumption across varying time scales, but that long- and short-term
variation in food quantity can shift basal concentrations of circulating IGF-1 in this species.

1. Introduction

Oceans are dynamic environments with temperature, surface cur-
rents, and vertical mixing varying on seasonal, interannual, or longer

timescales (Deser et al., 2010). In the nearshore ocean, seasonal
changes in wind intensity contribute to variation in upwelling intensity,
which alters the abundance and quality of food resources for marine
fishes (Beare and McKenzie, 1999; Logerwell et al., 2003). While the
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behaviors and life histories of marine fishes may be adapted to such
seasonal variation, interannual variability in the timing and intensity of
processes such as upwelling can generate spatial and temporal dis-
parities in food availability (e.g., Bograd et al., 2009). Understanding
the ecophysiological mechanisms by which food variability impacts
somatic growth in marine fishes is crucial for predicting consequences
for population processes including growth performance, reproductive
output, and recruitment in marine fishes (Barth et al., 2007; Caselle
et al., 2010; VenTresca et al., 1996; von Biela et al., 2015), as well as
how fish populations will respond to future changes in climate condi-
tions (Lefevre et al., 2017; Waples and Audzijonyte, 2016).

Food availability and nutritional composition influence somatic
growth in fishes via several endocrine pathways including those in-
volving thyroid hormones, glucocorticoids, and somatotropic hormones
such as the growth hormone (GH)/insulin-like growth factor (IGF) axis
(Picha et al., 2008a; Power et al., 2001; Sadoul and Vijayan, 2016; Won
and Borski, 2013). The GH/IGF system, in particular, has been shown to
regulate growth in response to both shorter- and longer-term variation
in food availability (Fuentes et al., 2012a,b; Picha et al., 2008a; Reindl
and Sheridan, 2012). In vertebrates, GH mediates growth directly by
promoting certain metabolic processes in tissues (i.e., increasing lipo-
lysis in adipose tissues, elevating triglyceride uptake by the liver, etc.)
as well as indirectly by stimulating the synthesis and release of soma-
tomedins including IGF-1 (Bergan-Roller and Sheridan, 2018), which
promotes cell proliferation, cell differentiation and growth (Chen et al.,
2000; Laviola et al., 2007; Reinecke et al., 2005; Wood et al., 2005).
These effects of IGF-1 are influenced by IGF binding proteins (IGFBPs)
that modulate the availability of IGF-1 (Butler and Le Roith, 2001; Duan
and Xu, 2005). In addition to the hepatic production of IGF-1, the local
production of IGF-1 in peripheral tissues also appears to be an im-
portant regulator of growth, as can be IGFBPs via their direct actions on
metabolism, cell proliferation, and growth (e.g., Baxter, 2015; Chan
et al., 2009; Clemmons, 2016; Jogie-Brahim et al., 2009).

Several components of the GH/IGF-1 system have been observed to
respond to food availability and nutritional status in fishes. The ma-
jority of evidence for nutritional regulation of GH/IGF-1 signaling
comes from experimental studies exposing teleost fishes to short-term
conditions of complete food deprivation (i.e., fasting). Several studies
have found that plasma GH concentrations in fish increase hours to
weeks after beginning fasting (Fuentes et al., 2012a; Norbeck et al.,
2007; Pierce et al., 2005; Salgin et al., 2012). Although fasting induces
an elevation of circulating GH, plasma IGF-1 concentrations and growth
typically decline in fasted fish (Norbeck et al., 2007; Pierce et al.,
2007). Studies have also shown that liver igf1 mRNA levels decline
when fish experience complete food deprivation (Ayson et al., 2007;
Breves et al., 2016; Duan and Plisetskaya, 1993; Fox et al., 2010;
Kawaguchi et al., 2013; Larsen et al., 2001; Pedroso et al., 2006;
Peterson and Waldbieser, 2009; Pierce et al., 2005; Vera Cruz et al.,
2006; for reviews, see Beckman, 2011; Picha et al., 2008a), suggesting
that GH stimulation of hepatic IGF-1 production is inhibited by fasting.
This inhibition may occur via several interacting mechanisms including
a downregulation of hepatic GH receptor expression that reduces liver
sensitivity to GH (Gray et al., 1992; Norbeck et al., 2007; Peterson
et al., 2009; Picha et al., 2008b; Saera-Vila et al., 2005; Small et al.,
2006), the activation of pathways exerting inhibitory control on liver
IGF-1 production (e.g., fibroblast growth factor 21 [FGF21]; see
Beauloye et al., 2002; Inagaki et al., 2008), or a shift in GH action away
from anabolism-promoting pathways in the liver and toward catabolic
pathways such as hepatic lipolysis (Bergan-Roller and Sheridan, 2018).

Experimental studies in fishes and other vertebrates have found that
short of complete food deprivation, small variations in nutrition can
also alter plasma IGF-1. In rodents, long-term moderate caloric re-
striction without malnutrition reduces serum IGF-1 by ∼40% (Breese
et al., 1991; Dunn et al., 1997). Teleost fishes appear to show similar
IGF-1 responses to moderate food restriction. For example, juvenile
coho salmon (Oncorhynchus kisutch) reared under larger feed rations

have been shown repeatedly to have higher circulating IGF-1 (Beckman
et al., 2004a; Pierce et al., 2001). Individual IGF-1 concentrations in
these salmon also associated positively with individual variation in
growth rate (Beckman et al., 2004a; Pierce et al., 2001). A recent study
with juvenile olive rockfish (Sebastes serranoides) also found lower
plasma IGF-1 levels in fish raised on a reduced ration compared to fish
under a higher ration allocation and higher somatic growth rate (Hack
et al., 2018). In gilthead sea bream (Sparus aurata), fish fed a smaller
ration showed both reduced GH binding capacity and lower IGF-1 im-
munoreactivity in the liver, suggesting that reduced food intake di-
minishes liver sensitivity to GH induction of IGF-1 production (Pérez-
Sánchez et al., 1995).

Despite the large number of studies examining how food availability
influences GH/IGF-1 signaling in fishes, it remains largely unclear
whether prior food availability might alter the effects of fasting on IGF-
1 production or peripheral tissue sensitivity to IGF-1. In some scenarios,
animals have been observed to adjust later metabolic and growth re-
sponses to severe nutritional stresses based on prior experiences (e.g.,
Criscuolo et al., 2008; Krause et al., 2009), and adjustments to IGF-1
production or tissue sensitivity to IGF-1 could be contributing factors in
such adjustments. In this study, we tested whether prior nutritional
experience alters responses of circulating IGF-1 and IGF-1 signaling-
associated gene expression in the liver and skeletal muscle of juvenile
copper rockfish (Sebastes caurinus), a nearshore Pacific rockfish species
important for both recreational and commercial fisheries. By feeding
juvenile rockfish under a 9% or 3% food ration amount (% mass of feed
per fish wet mass) over 140 d (‘long-term’ food ration variation), we
raised fish to have higher or lower growth rates. After that 140 d
period, some rockfish from both ration treatments were then fasted for
12 d while other fish continued to be fed (‘short-term’ food depriva-
tion). We then examined the interactions of variation in ‘long-term’
ration amount on the responses of IGF-1 signaling pathways in liver and
skeletal muscle to ‘short-term’ fasting.

2. Materials and methods

2.1. Animal collection

Young-of-the-year juvenile copper rockfish (S. caurinus) were col-
lected during their coastal pelagic juvenile life phase using a Standard
Monitoring Unit for the Recruitment of Fishes (SMURF) (e.g., Ammann,
2004; Wilson et al., 2008), which was positioned 1–2m below the
ocean surface at California Polytechnic State University’s Center for
Coastal Marine Sciences (CCMS) pier facility in Avila Beach, CA, USA
(35°10′12.3″N 120°44′27.2″W). The SMURF was deployed between 5
May and 23 Sept 2016 for durations of 3 to 11 d (mean ± SD:
4.35 ± 1.66 d). All fish collected from the SMURF were maintained in
captivity at the CCMS pier facility in flow-through 340 L tanks under
ambient photoperiod, salinity (33‰) and temperature (range: 12.4 –
18.9 °C). Fish were fed ad libitum daily with commercial fish pellet feed
(BioPro 2 pellets, BioOregon, Longview, WA, USA; BioPro 2 composi-
tion: 50% protein [min.], 22% lipid [min.], 8.5% moisture [max.],
1.0% fiber [max.], 13% ash [max.]) prior to beginning the experimental
ration treatments (at least 5 months following collection). All experi-
mental procedures were approved by the Animal Use and Care Com-
mittee of California Polytechnic State University, San Luis Obispo
(Protocol # 1504).

2.2. Sequencing of partial cDNAs associated with IGF signaling in copper
rockfish

2.2.1. RNA isolation and reverse transcription
In order to identify and sequence partial cDNAs for genes associated

with IGF-1 signaling in S. caurinus, a single juvenile fish (101.2mm SL,
24.54 g body mass) was euthanized using tricaine methanesulfornate
(MS222, 300mg/L; Argent Chemicals, Redmond, WA, USA). Total RNA
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was extracted from the liver and skeletal muscle tissues using
TRIreagent® (Molecular Research Center, Inc., Cincinnati, OH, USA),
with bromochloropropane used for phase separation. Extracted RNA
was then quantified by spectrophotometry (260:280= 2.02; P300
NanoPhotometer, Implen, Inc., Westlake Village, CA, USA) and DNase
treated (TURBO DNA-free Kit, Life Technologies, Grand Island, NY,
USA).

First strand cDNA was synthesized in 20 μl reverse transcription
reactions by incubating 2.85 µg total DNase-treated RNA template (8 µl)
with 1 μl dNTPs (10mM, Promega Corp., Madison, WI, USA), 1 μl oligo
(dT) primers (500 μg/ml; Promega Corp.), 0.5 μl recombinant RNasin
ribonuclease inhibitor (40 u/μl; Promega Corp.), 1.5 μl nuclease-free
H2O, 4 μl 5x buffer, 3 μl MgCl2 (25mM), and 1 μl GoScript™ reverse
transcriptase (Promega Corp.). Reverse transcription reactions were run
with a thermal profile of 25 °C for 5min and 42 °C for 1 hr, followed by
70 °C for 15min to inactivate the reverse transcriptase.

2.2.2. Amplification and sequencing of partial cDNA sequences
PCR was performed using degenerate primers designed from con-

sensus regions of sequences for igf1, igf2, IGF-1 receptors A (igf1rA) and
B (igf1rB), and IGFBPs identified from the genomes of the following
rockfish species: flag rockfish, Sebastes rubrivinctus (GCA_000475215);
tiger rockfish, Sebastes nigrocinctus (GCA_000475235), and rougheye
rockfish, Sebastes aleutianus (GCA_001910805). Select cDNAs encoding
the complete open reading frames for igf1 (AF481856), elongation
factor 1α (ef1α, KF430623), and 60S ribosomal protein L17 (rpl17,
KF430620) from Schlegel’s black rockfish (S. schlegelii) were also used
for primer design. A detailed description of the design and nucleotide
sequences for most of these degenerate primers is provided in Hack
et al. (2018), and nucleotide sequences of degenerate primers for ig-
fbp3a and igfbp3b are available in Supplementary Materials Table S1.

Complementary DNA was amplified in 50 μl reactions comprised of
25 μl of GoTaq® Colorless PCR Master Mix (Promega Corp.), 1 μl each of
forward and reverse primer (10 μM for gene-specific primers, 50 μM for
degenerate primers), 21 μl of RNase-free H2O, and 2 μl of cDNA under a
thermal profile of 94 °C for 2min followed by 35 cycles of 94 °C for 30 s
and 52–55 °C for 1min, and then 72 °C for 2min. The resulting PCR
products were then examined on 2% ethidium bromide gels. If needed,
nested PCR reactions were performed to further amplify cDNA pro-
ducts. Resulting PCR products of predicted size were cleaned (QIAquick
PCR Purification Kit, Qiagen) and Sanger sequenced (Molecular Cloning
Lab, Inc., South San Francisco, CA, USA) using the same forward and
reverse primers for the PCR reactions. The resulting sequences were
assembled using Sequencher v5 software (Gene Codes Corp., Ann
Arbor, MI, USA), and then compared for identity using the National
Center for Biotechnology Information BLAST program (http://blast.
ncbi.nlm.nih.gov/). Additional characterization and comparative ana-
lyses of the deduced polypeptide generated by the resulting IGFBP
cDNAs was conducted by alignment using ClustalX software (Larkin
et al., 2007) followed by phylogeny construction in MEGA v.7 software
(Kumar et al., 2016), using the Neighbor-Joining method and a p-dis-
tance model for tree construction (Saitou and Nei, 1987). Positions
containing alignment gaps were deleted only in pairwise comparisons
(pairwise deletion of gaps) and uniform rates were assumed among
sites. Confidence values for nodes were obtained by bootstrapping
(1000 replicates).

2.3. Experimental growth rate treatments

All sexually-immature, juvenile copper rockfish were tagged in-
traperitoneally with passive integrated transponders (PIT tags) (7mm,
Loligo Systems, Inc., Viborg, Denmark), which permitted individual
identification for repeated measurements of fish body size throughout
the experiment. Tagged rockfish then were systematically assigned to
one of eight 340 L tanks (0.97 m diameter× 0.48m depth), with 9 fish
per tank. Tanks were maintained with flow-through filtered seawater

(∼33 ppt) under ambient ocean water temperatures (12.45 ± 0.27 °C,
mean ± SD) and photoperiod throughout the duration of the experi-
ment. Rockfish were assigned to these 340 L tanks on the basis of body
mass, so that each tank had a similar average body size at the beginning
of the experiment.

On 10 Feb 2017, juvenile copper rockfish in the 340 L experimental
tanks were weighed and measured for an initial (day 0) body size
measurement prior to commencing experimental ration treatments.
That day 0 measurement confirmed that the body mass (one-factor
ANOVA: body mass, F7,63= 0.059, p=0.9997) and standard length
(F7,63= 0.016, p=0.9999) of copper rockfish in the experimental
tanks was similar prior to commencing the experimental ration treat-
ments. On that same day, rockfish began to be fed one of two experi-
mental food ration treatments: 3% or 9% mass of feed per fish wet mass.
Four replicate tanks were used for each ration treatment, for a total
sample size of n=35–36 fish per ration level (due to the mortality of a
single fish in one of the 9% ration tanks on day 21 of the experiment).
Fish were fed these 3% or 9% rations for 140 d, with all fish weighed
and measured on days 28, 58, 87, 120 and 140.

At the end of this 140 d period, rockfish in two of the 340 L tanks for
each ration treatment (3% and 9%, n=18 per treatment) were fasted
for 12 d. Rockfish in the remaining two tanks for each food ration
treatment, however, continued to be fed the 3% or 9% rations (% mass
of feed per fish wet mass) daily over that 12 d period. This experimental
design allowed examination of the effects on the GH/IGF-1 pathway of
both different growth rates and of fasting on previous varying food
availability.

At the end of this 12 d fasting or feeding period (day 152), all fish
were euthanized using MS222, weighed, and measured. Blood collected
by severing the tail was divided into two samples: one sample was
centrifuged at 3000×g for 10min at 4 °C to obtain plasma, while the
other sample was used for quantifying blood parameters including
glucose levels, pH, and concentrations of several ions. Plasma was
stored at −80 °C until analysis of IGF-1 hormone quantification. The
liver and skeletal muscle tissue (fast-twitch or ‘white’ muscle from the
caudal region) were also dissected, immediately frozen in liquid N2, and
stored at −80 °C until nucleic acid extraction.

2.4. Quantification of blood glucose, pH, Na+, Cl− and Ca+2

Blood parameters including glucose (mmol l−1) levels, pH, and
concentrations of several ions (Na+, Cl− and Ca+2) were measured
using an ABL90 FLEX Blood Gas Analyzer (Radiometer America,
Inc., Brea, CA, USA). To achieve sufficient blood volumes, samples from
2 to 3 fish from the same treatment tank were pooled to obtain a sample
volume (65 μl) sufficient for blood parameter analysis, while still
leaving enough blood from each separate fish to allow for plasma IGF-1
quantification. Sample sizes were reduced to n=4–7 per treatment
following blood pooling.

2.5. Plasma IGF-1 hormone quantification

Plasma IGF-1 concentrations were determined using a time-resolved
fluoroimmunoassay (TR-FIA) method (Small and Peterson, 2005). This
TR-FIA was modified from an RIA described by Shimizu and colleagues
(2000) and is described in detail elsewhere (Ferriss et al., 2014). In
brief, 20–35 μl volumes of plasma extract from rockfish were assayed
using antiserum to recombinant barramundi (Lates calcarifer) IGF-1
(GroPep BioReagents, Ltd., Thebarton, SA, Australia) (Degger et al.,
2000). Assays were run using dissociation enhanced lanthanide fluor-
escence immunoassay (DELFIA®, Perkin-Elmer) anti-rabbit IgG-coasted
yellow 96-well plates and custom-labeled recombinant salmon IGF-1
(GroPep BioReagents, Ltd.). Extracts from all plasma samples were as-
sayed in duplicate.
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2.6. Measurement of RNA:DNA ratio

RNA/DNA ratio in the liver and muscle was measured using a
spectrofluorimetric method described by Grémare and Vétion (1994),
and modified by Kawaguchi and colleagues (2013). Frozen tissue was
digested at 4 °C in a 20mM phosphate buffered saline solution (with
0.15M NaCl, pH 7.5) using Protease K (20mg/ml; Invitrogen). After
digestion, 56 µl of 0.1% sodium dodecyl sulfate (SDS) was added, and
samples were incubated on ice for 15min with mixing every 3min.
Samples were then centrifuged for 15min at 4500×g and 4 °C, and the
resulting supernatant was used for measurement of RNA:DNA ratio.

DNA concentrations were measured spectrophotometrically using
Hoechst 33,258 (Sigma-Aldrich), and total nucleic acid concentrations
were measured using Thiazole orange (Sigma-Aldrich). DNA was
quantified by combining 100 μl of supernatant with 50 μl of PBS buffer
and 5 μl of Hoechst 33,258 solution (0.02 mg/ml). After incubation at
37 °C for 30min, fluorescence was measured on a VICTOR X4
Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA) at an ex-
citation of 355 nm and emission of 460 nm. To quantify total nucleic
acids, supernatant (100 μl) was combined with 50 μl of PBS buffer and
5 μl of Thiazole orange (4 μg/ml), and then assayed at 490 nm excita-
tion and 545 nm emission. Standard curves for both assays were gen-
erated using purified DNA from the testes of chum salmon,
Oncorhynchus keta (Sigma-Aldrich). Standards were assayed in tripli-
cate, and all samples assayed in duplicate. The intra-assay % CV was
8.2% for the Hoechst 33,258 assay, and 4.7% for the Thiazole orange
assay.

2.7. SYBR Green real-time quantitative RT-PCR assays

Total RNA was extracted from the liver and skeletal muscle using
TriReagent (Molecular Research Center, Inc.) with bromo-
chloropropane as the phase separation reagent. Total RNA was then
DNase I treated (TURBO DNA-free Kit, Ambion), quantified by spec-
trophotometry (P300 NanoPhotometer, Implen; 260:280 ra-
tios≥ 1.95), and diluted to the same concentration before being re-
verse transcribed in 28 µl reactions containing 5.6 µl of 5× GoScript™
Buffer, 4.2 µl of MgCl2 (25mM), 1.4 μl dNTPs (10mM, Promega Corp.,
Madison, WI, USA), 1.4 μl random hexamer primers (500 μg/ml;
Promega Corp.), 0.11 μl recombinant RNasin ribonuclease inhibitor (40
u/μl; Promega Corp.), 0.25 μl nuclease-free H2O, 1.05 μl GoScript™ re-
verse transcriptase (Promega Corp.), and 14 µl of RNA template (68 ng/
μl for liver RNA, 35.3 ng/μl for muscle RNA) under a thermal profile of
25 °C for 5min and 42 °C for 1 h, followed by 70 °C for 15min.

Real-time quantitative PCR was then used to measure relative
mRNA levels of genes involved in IGF signaling. Quantitative PCR re-
actions were run in 16 µl volumes containing 8 µl of iTaq™ Universal
SYBR Green Supermix (BioRad Laboratories, Inc.), 4.5 µl of nuclease-
free H2O, 1.5 µl of cDNA, and 1 µl each of forward primer (10 µl) and
reverse primer (10 µl). SYBR Green primers for each gene of interest
were designed to the partial cDNAs isolated from copper rockfish as
described above. Primers designed to ef1α and 60S ribosomal protein
L17 (rpl17) from copper rockfish were used as endogenous reference
genes. When possible, primers were designed to span an intron
boundary. All primers were synthesized by Eurofins MWG Operon
(Huntsville, AL, USA). Primer sequences are provided in Supplementary
Materials Table S2. The specificity of each primer set was confirmed by
cloning (TOPO® TA Cloning, Life Technologies) and Sanger sequencing
select PCR products (Molecular Cloning Laboratories, South San Fran-
cisco, USA).

Quantitative real-time PCR (qRT-PCR) was performed in accordance
with the guidelines of Bustin and coworkers (2009). All quantitative
PCR reactions were run on a CFX96™ Real-Time PCR Detection System
(BioRad Laboratories, Inc.) under a thermal profile of 95 °C for 2min
and 45 cycles of 95 °C for 10 s and 60 °C for 30 s, followed by a melt
curve analysis. Standard curves for qRT-PCR were made for each tissue

from RNA pooled from fish representing all treatment groups. Each
standard was serially diluted and assayed in triplicate. DNA con-
tamination was assessed by analyzing RNA samples that were not re-
verse-transcribed. Each qPCR run also included samples without cDNA
as a further control. PCR efficiencies for each gene were calculated as %
efficiency= [10(1/slope)− 1]·100, and are provided for each set of
primers in Supplementary Materials, Table S2. Correlation coefficients
(r2) were>0.97 for the standard curve for each gene. For each tissue,
the geometric mean value of ef-1α and rpl17 was calculated and used to
normalize the relative expression level of each mRNA in that given
tissue. This geometric reference gene value did not vary with treatment
conditions in the skeletal muscle (p > 0.16) but was affected by both
food ration amount and fasting in the liver (p < 0.0001). The geo-
metric reference gene value in liver was therefore normalized further to
RNA:DNA ratio, as per the suggestion of Metzger and coworkers (2012)
for the use of qRT-PCR approaches to measure liver mRNA levels in
fasted teleost fishes. The RNA:DNA ratio in the liver varied among
treatment groups (one-factor ANOVA, ration effect: F1,66= 16.091,
p= 0.0002), with fasted fish exhibiting lower RNA:DNA ratios than fed
fish (Supplementary Materials, Fig. S4). In muscle, RNA:DNA ratio did
not vary significantly among treatments (F1,66= 0.707, p= 0.5514).
Normalizing the reference gene value to RNA:DNA, however, resulted
in similar hepatic reference gene values across all treatment groups
(p=0.5429). All gene transcript abundance data were therefore first
normalized to RNA:DNA ratios and reference gene abundances for each
tissue (Metzger et al., 2012), and then plotted as a relative level nor-
malized to the mean value of that gene observed in rockfish from the
9% ration, fed treatment.

2.8. Statistical analyses

All data were examined for normality and equivalence of variances
using both a Levene’s test and a Bartlett test prior to treatment analyses.
In cases where data failed to conform to normality, data was log(x+ 1)
transformed prior to analysis. All tests were two-tailed using an
α=0.05, and were performed using JMP® Pro 12.2.0 software (SAS
Institute Inc., Cary, NC, USA).

First, t tests were used to compare initial standard length, body
mass, and body condition (k) between rockfish in the 3% and 9% ration
treatment tanks at day 0, prior to commencing the different feeding
amounts. Two-factor repeated measures ANOVA models with ration
treatment (3% or 9%) and ‘fed’ or ‘fasted’ condition (representing the
last 12 d) were then used to test for ration treatment effects on standard
length (SL), body mass and condition factor between day 0 and day
152, immediately prior to commencing fasting of a subset of treatment
tanks. Since rockfish in the ‘fed’ and ‘fasted’ categories from the same
ration (3% or 9%) treatment showed no statistically significant differ-
ences in SL, mass or condition factor prior to commencing fasting on
day 140, fish from these treatments were combined from day 0 to 140
in the data visualizations shown in Fig. 1. Specific growth rate (SGR)
values as calculated from the change in body mass or length (SL) from
day 0 to day 152 were compared using two-factor ANOVA models with
‘ration’ treatment, ‘fed/fasted’ treatment, and the interaction between
these factors. Tukey HSD tests were used for pairwise comparisons of
SGR among treatment groups.

Blood concentrations of glucose, Cl−, and Ca+2 – as well as blood
pH – were ln(x) transformed prior to comparison using a two-factor
ANOVA model with ‘ration’ and ‘fed/fasted’ as main effects, followed
by a Tukey HSD test for multiple comparisons. Plasma IGF-1 con-
centrations were compared using a two-factor ANOVA model with
‘ration’ treatment, ‘fed/fasted’ treatment, and the interaction between
these factors. Post hoc comparisons between treatments was conducted
using Tukey HSD tests. Linear regression models were used to test for
relationships between individual variation in plasma IGF-1 and SGR
(mass-specific and length-specific). The relative abundance of gene
transcripts in the liver and muscle tissues were compared using two-
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factor ANOVA models with ‘ration’ and ‘fed/fasted’ as main effects and
the interaction between these factors. Post hoc comparisons between
treatments for each gene transcript were calculated using Tukey HSD
tests.

3. Results

3.1. Identification of partial cDNAs from copper rockfish

PCR and Sanger sequencing using degenerate or gene-specific pri-
mers amplified partial cDNAs encoding igf1 (469 bp nucleotides,
GenBank Accession no. MH476242) and igf2 (419 bp, MH476243)
from S. caurinus, as well as partial cDNAs for IGF binding proteins ig-
fbp1a (676 bp, MH476244), igfbp1b (687 bp, MH476245), igfbp2a
(515 bp, MH476246), igfbp2b (677 bp, MH476247), igfbp3a (157 bp,
MH476248), igfbp3b (571 bp, MH476249), igfbp5a (200 bp,
MH476250), and igfbp5b (696 bp, MH476251). Partial cDNAs for IGF-
1 receptors a (426 bps; igf1ra: MH476252) and b (364 bps; igf1rb:
MH476253) were also amplified and sequenced. Lastly, partial cDNAs
encoding ef1a (725 bps; MH476254) and rpl17 (458 bps; MH476255)
were sequenced from S. caurinus for use as reference genes for qPCR
analyses. BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) analyses of
the deduced amino acid sequences of these partial cDNAs was used to
confirm their identities. Phylogenetic analyses of deduced amino acid
sequences for the copper rockfish IGFBP cDNAs confirmed the identities
of these binding proteins (Supplemental Materials, Fig. S1).

3.2. Ration-induced variation in body size, condition factor (k), and growth
rate

At the beginning of the food ration treatments (day 0), copper
rockfish in the four treatment groups (i.e., fed ‘3% or 9% rations’ and
then ‘fed or fasted’ for the last 12 d) were similar in body length (SL:
t=−0.077, p=0.939), body mass (t=−0.284, p=0.777), and body
condition (t=−0.530, p=0.598). Across the 140 d of rearing in the
ration treatments, however, rockfish in the 9% ration treatment grew to
become larger in mass (ration·time interaction: F6,65= 23.594,
p < 0.0001) (Fig. 1a) and length (ration·time interaction:
F5,65= 15.500, p < 0.0001) (Fig. 1b) than fish in the 3% ration
treatment. At day 140, rockfish in the 9% ration treatment thus ex-
hibited larger body mass (F3,67= 6.485, p=0.0006) and length
(F3,67= 4.085, p=0.01), as well as a greater condition factor
(F3,67= 4.978, p=0.0035) (Fig. 1c), compared to fish in the 3% ration
treatment. There were no differences in mass, length, or condition
factor among the ‘fed’ and ‘fasted’ tank replicates within each ration
treatment (3% or 9% rations) on day 140, prior to beginning the 12 d
period of fasting (days 140–152 of the experiment). Following the 12 d
period of fasting for some fish, juvenile rockfish reared under the 3%
and 9% ration amounts continued to showed differences in length
(F1,67= 12.931, p=0.0006) and mass (F1,67= 18.798, p < 0.0001)
(Fig. 1a,b). Despite fasting itself not resulting in any statistically sig-
nificant differences in length (p=0.321) or mass (p=0.067) as mea-
sured on day 152, body condition of the juvenile rockfish on day 152
was lower in fish reared under the 3% ration than the 9% ration
(F1,67= 24.309, p < 0.0001), and was also reduced in fish from both
ration treatments that experienced fasting for the final 12 d
(F1,67= 15.159, p=0.0002) (Fig. 1c).

Feeding fish the differing 3% or 9% ration amounts coupled with
either fasting or feeding for 12 d generated significant differences in
both specific growth rates (SGRs) as calculated using mass or length.
Prior to fasting, fish in the 3% and 9% rations already exhibited dif-
ferences in both mass- and length-specific SGRs (Supplemental
Materials, Fig. S2). At 152 d (after 12 d fasting), mass-specific SGR
remained different between ration treatments (F1,67= 130.018,
p < 0.0001), and also differed between fasted and fed fish in the 9%
ration treatment (F1,67= 13.525, p=0.0005) (Fig. 2a). Similarly,
length-specific SGR was lower in fish experiencing reduced rations
whether fed (F1,67= 81.088, p < 0.0001) or fasted (F1,67= 5.755,
p=0.0192) (Fig. 2b). No statistically significant interactions between
ration amount and fasting/fed treatments were observed for either
mass- or length-SGR.

Fig. 1. Mean (± SEM) values of (a) body mass, (b) standard length, and (c)
body condition factor (k) for juvenile copper rockfish reared under the 9%
(dark squares) or 3% (light circles) ration (% wet wt.) treatments for 140 d, and
then either fasted (dotted line) or continually fed for 12 d (days 140–152).
Asterisks indicate difference between 3% and 9% ration treatments on that
sampling day. Letters indicate pairwise differences among the four treatment
combinations on day 152 (Tukey HSD tests).
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3.3. Blood glucose, pH, and ion concentrations

Blood glucose concentrations were over twice as high in rockfish in
the 9% ration treatment compared to fish in the 3% ration treatment
(F3,20= 6.641, p=0.018). Fasted fish, however, exhibited significantly
lower blood glucose concentrations in both ration treatments
(F3,20= 35.060, p < 0.0001) (Fig. 3). No interaction was observed
between the effects of fasting and ration level; rockfish in the 3% ration
experienced a 46.7% decline in blood glucose concentration, and fish in
the 9% ration experienced a 49.8% decline, after 12 d of fasting.

Blood pH was measured at pH 7.01 ± 0.02 (mean ± SEM) and
was similar across treatment groups. Likewise, blood concentrations of
Na+ (184.52 ± 1.10mmol/L, mean ± SEM), Cl−

(150.36 ± 0.92mmol/L), and Ca+2 (1.38 ± 0.12mmol/L) did not
differ across treatments, indicating that these blood parameters were
not affected by feeding variation.

3.4. Plasma IGF-1 varied with nutritional status and growth rate

Plasma IGF-1 concentrations were lower in rockfish that were fasted

than those that continued to be fed for the last 12 d, but those differ-
ences also depended on prior ration treatment (ration·fasting interac-
tion: F1,65= 16.683, p=0.0001) (Fig. 4). Fish in in the 9% ration that
were fasted for the final 12 d had lower plasma IGF-1 than fish that
continued to be fed. Similarly, fish in the 3% ration treatment that were
fasted had lower IGF-1 than those on the 3% ration that continued to be
fed. Rockfish reared on the 9% ration for the entire 152 d experimental
period also had higher IGF-1 than those on the 3% ration, and fish from
the 9% ration that were fasted had higher IGF-1 than those from the 3%

Fig. 2. Mean (± SEM) values of specific growth rate (SGR) on day 152 as
calculated by (a) body mass or (b) length. Letters indicate pairwise differences
among treatments (Tukey HSD tests).

Fig. 3. Blood glucose concentration (mmol·L−1) of juvenile copper rockfish in
the 9% or 3% ration treatments that were fasted or continued to be fed for 12 d
prior to sampling. Values are plotted as mean ± SEM values. Letters indicate
pairwise differences among the treatments (Tukey HSD tests).

Fig. 4. Comparison of mean (± SEM) plasma IGF-1 concentrations in rockfish
across ration and fast/fed treatments. Rockfish in the 9% ration had higher
plasma IGF-1 than fish in the 3% ration, and fasted fish from both ration groups
showed a reduction in plasma IGF-1, but the degree of that IGF-1 decline dif-
fered with prior nutritional experience (ration·fasting interaction;
F1,65= 16.683, p=0.0001). Letters indicate pairwise differences among the
treatments (Tukey HSD tests).
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ration that were fasted.
Individual variation in plasma IGF-1 related positively to individual

SGR values when SGR was calculated either by change in mass or length
from day 0 to 152 (Fig. 5), with the strength of the relationship more
robust for mass-specific SGR (r2= 0.491, F1,67= 64.631, p < 0.0001)
than for length-specific SGR (r2= 0.366, F1,67= 38.739, p < 0.0001).
Notable, plasma IGF-1 also associated positively with the variation in
body size that was generated intentionally by rearing fish under dif-
ferent ration amounts (Supplemental Materials, Fig. S3). To verify that
the relationship between individual IGF-1 and SGR resulted from

growth variation and not merely variation in size, we calculated re-
sidual IGF-1 values from the IGF-1 regression to mass. Fish reared under
the 3% ration amount had lower residual IGF-1 values, and mean re-
sidual IGF-1 was lower in fasted fish. Individual variation in residual
IGF-1 values also associated positively with SGR (Supplemental
Materials, Fig. S3), indicating that the observed relationship between
circulating IGF-1 and SGR doesn’t just emerge from variation in fish
body size, but reflects a physiological association between plasma IGF-1
concentrations and growth.

Looking further at mass SGR only, the slope of the positive asso-
ciation with IGF-1 was consistent across all four treatment group
combinations of ration-fed/fasting conditions (F3,61= 0.234,
p=0.8724). However, the intercepts of the mass SGR association with
IGF-1 concentrations varied across the four treatments (F3,64= 13.980,
p < 0.0001), suggesting that these particular food ration treatments
generated consistently positive relationships between circulating IGF-1
and growth, but with some discordance among treatment groups
(Beckman, 2011). Further examination of mass SGR and IGF-1 re-
lationships revealed that long-term rearing under the 9% or 3% rations
generated discordance in the elevation (i.e., intercept) of the mass-SGR
and IGF-1 positive association (Fig. 6a) (F1,66= 40.266, p < 0.0001),
despite similar slopes for the relationships in both ration treatments
(p=0.6980). When examined separately by grouping fish from both
rations into fasting/fed treatments only, mass SGR still associated po-
sitively with circulating IGF-1 concentration (Fig. 6b) (‘fed’ groups:
r= 0.779, p < 0.0001; ‘fasted’ groups: r= 0.592, p < 0.0001); the
relationships for ‘fed’ and ‘fasted’ fish in these ‘fed’ and ‘fasted’ groups
did not differ in either slope (p=0.0845) or intercept (p=0.0722).

Similarly, the relationships between plasma IGF-1 and SGR calcu-
lated by length had similar slopes (p=0.3585) but different intercepts
(F3,64= 10.525, p < 0.0001) for each of the four ration-fed/fasted
treatment combinations. When grouped by ration treatment, the slopes
of the association between length SGR and IGF-1 were found to be si-
milar for fish in both the 9% and 3% rations (p=0.3585), but had
distinct intercepts (Fig. 6c) (F3,64= 10.525, p < 0.0001). When
grouped by fasting/fed treatments only, the length SGR associations
with IGF-1 had similar slope (p=0.2036) and intercept (p=0.0813)
parameters (Fig. 6d).

Since RNA:DNA in the liver varied with fasting (Supplemental
Materials, Fig. S4a), individual RNA:DNA values were examined for
correlation with an individual’s SGR. Individual variation in liver
RNA:DNA did not correlate significantly with mass-specific growth rate
(r= 0.210, p=0.081) or length-specific SGR (r= 0.197, p=0.103)
(Supplemental Materials, Fig. S5). Likewise, muscle RNA:DNA values
for individual fish did not correlated with SGR as determined by change
in either mass (p=0.761) or length (p=0.519) (Supplemental
Materials, Fig. S6).

3.5. Food ration and fasting experience alter liver gene transcript
abundance

The relative abundance of transcripts encoding igf1 in the liver was
lower in rockfish fed the 3% ration compared to the 9% ration amount
(Fig. 7a) (F1,66= 29.220, p < 0.0001), and also was reduced by fasting
(F1,66= 14.694, p=0.0003). Individual variation in hepatic igf1
mRNA level correlated positively with plasma IGF-1 concentrations
(Fig. 7b) (r= 0.707, p < 0.0001), indicating that individual differ-
ences in circulating IGF-1 arose in part from differences in hepatic igf1
expression. Each ration-fed/fasting treatment group showed positive
associations between liver igf1 and plasma IGF-1 that were similar in
slope (F3,61= 0.187, p=0.9049) and intercept (F3,64= 0.366,
p=0.778), indicating concordance in the hepatic igf1 and plasma IGF-
1 relationship across treatments experiencing differing nutritional
conditions (Beckman, 2011).

Similar to igf1 mRNAs, transcripts for igf2 were lower in relative
abundance under fasting, but only in rockfish reared on the 9% ration

Fig. 5. Relationships between individual variation in plasma IGF-1 and specific
growth rate (SGR) as calculated by change in (a) body mass or (b) body length
(SL). Individual variation in both mass- and length-SGR, as calculated across the
entire experimental period (152 d), associated positively with individual IGF-1
concentrations.
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amount (ration·fasting interaction: F1,66= 12.337, p=0.0008), and
not in fish raised under the 3% ration, who already showed lower he-
patic igf2 mRNA abundance (Fig. 8).

The abundance of transcripts encoding IGF binding proteins igfbp1a
(Fig. 9a) and igfbp1b (Fig. 9b) were elevated significantly in the liver of
fasted fish in both ration treatments (fasting effect: igfbp1a,
F1,66= 43.776, p < 0.0001; igfbp1b, F1,66= 38.051, p < 0.0001), and
were also elevated in fish under the 3% ration compared to those under
the 9% ration (ration effect: igfbp1a, F1,66= 8.894, p=0.004; igfbp1b,
F1,66= 20.287, p < 0.0001). While the hepatic abundance of igfbp2a
mRNAs was not altered by either fasting or ration amount (Fig. 9c),
igfbp2b mRNA levels were lower both in fish that were raised under the
reduced 3% ration (Fig. 9d) (F1,66= 37.934, p < 0.0001), and in fish
that were fasted (F1,66= 13.721, p=0.0004). Liver transcript levels for
the type 3 binding protein igfbp3a were also altered by both fasting and
ration amount (Fig. 9e) (ration·fasting interaction: F1,66= 8.469,
p=0.0049), with fasting increasing igfbp3amRNA levels nearly 10-fold
in rockfish raised under both the 9% ration and 3% ration. Additionally,
unfasted fish in the 3% ration showed an igfbp3a mRNA level that was
3.5-fold higher than 9% ration unfasted fish. Transcripts encoding the
other teleost type 3 IGF binding protein, igfbp3b, in the liver also were
affected by ration amount, but showed a response to longer-term ration
variation distinct from that of igfbp3a. Transcript abundance for igfbp3b
was∼ 40% lower in rockfish reared under the 3% ration compared to
those under the 9% ration (Fig. 9f) (F1,66= 13.651, p=0.0004), and
were not affected by short-term fasting in either ration treatment.

Transcripts encoding the type 5 binding proteins igfbp5a (Fig. 9g) and
igfbp5b (Fig. 9h) showed similar changes in the liver, with rockfish
raised under the 3% reduced ration exhibiting lower relative mRNA
levels for both igfbp5a (F1,66= 20.144, p < 0.0001) and igfbp5b
(F1,66= 7.525, p=0.0078). Although not shown in the Tukey HSD
pairwise comparison analyses, the ANOVA analyses indicated that
short-term fasting decreased both liver igfbp5a (F1,66= 4.077,
p=0.0475) and igfbp5b (F1,66= 8.404, p=0.0051) mRNA levels.

3.6. Food intake regulation of skeletal muscle mRNAs

Food ration and fasting altered gene transcript abundances for both
IGF-1 receptors igf1rA and igf1rB in the skeletal muscle (Fig. 10).
Transcripts for igf1rA in muscle were elevated in rockfish fed the 3%
ration compared to the 9% ration (F1,66= 36.521, p < 0.0001), and
also were elevated in fasted fish in both ration treatments
(F1,66= 41.645, p < 0.0001). Similarly, transcripts for igf1rB were
also observed to be at higher relative levels in the 3% ration rockfish
compared to the 9% ration fish (F1,66= 35.950, p < 0.0001), and were
again elevated in fish from both rations that were fasted for the final 12
d (F1,66= 42.466, p < 0.0001).

The abundance of mRNAs for igf1 (Fig. 11a) – but not those for igf2
(Fig. 11b) – varied in skeletal muscle in patterns dependent on nutri-
tional experience. Transcript abundance for igf1 in muscle was lower
under the 3% ration than the 9% ration and was also at lower relative
levels in fasted fish from both treatments (ration·fasting interaction:

Fig. 6. Relationships between an individual’s plasma IGF-1 concentration and specific growth rate (SGR) as calculated by grouping fish by long-term ration treatment
(a and c) or fasting or continued feeding (b and d) for the final 12 d. Separate correlation analyses are shown for SGR calculated by change in body mass (a and b) or
length (SL) (c and d). Relationships between SGR and IGF-1 in rockfish grouped by ration treatment had similar slopes but showed relationship discordance as
differing intercepts, while relationships in fish grouped by recent feeding/fasting had similar slopes and intercepts.
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F1,66= 6.241, p=0.0150). While individual variation in muscle igf1
mRNA levels correlated positively with individual variation in plasma
IGF-1 when fish from all treatment groups were examined together
(r= 0.5218, p < 0.0001), no such correlations were observed within
each treatment separately, suggesting that an individual’s plasma IGF-1
levels may not relate to their muscle igf1 expression level directly via
any causal mechanism, but rather may reflect broader changes in
muscle tissue state induced by the different ration treatments.

Transcripts encoding several of the Igfbps in skeletal muscle also
varied in relative abundance among rockfish with differing food
availability (Fig. 12). While neither ration amount nor fasting influ-
enced muscle mRNA levels for igfbp1a (Fig. 12a) or igfbp1b (Fig. 12b),

short-term fasting reduced the relative abundance of mRNAs encoding
igfbp2a in muscle (Fig. 12c) (fasting effect: F1,66= 14.575, p=0.0003),
despite the long-term rations themselves not affecting muscle igfpb2a
mRNA levels (ration effect: F1,66= 0.040, p=0.8416). Transcript
abundance for igfbp2b in muscle was not affected by either the ration or
fasting treatments (Fig. 12d).

The abundance of mRNAs encoding both rockfish type-3 IGFPBs
(igfbp3a and igfbp3b) in muscle also varied with food intake. Ration
amount affected the relative abundance of muscle igfbp3a gene tran-
scripts with elevated mRNA levels in fish that experienced the reduced,
3% ration amount (Fig. 12e) (ration effect: F1,66= 26.756,
p < 0.0001). Fasted fish in both the 9% and 3% rations also showed
elevated mRNA levels for igfbp3a in muscle (fasting effect:
F1,66= 10.473, p=0.0019). Transcripts for the other type 3 Igfbp –
igfbp3b – also were significantly elevated in fish under the 3% ration
compared to the 9% ration (Fig. 12f) (ration effect: F1,66= 31.734,
p < 0.0001), and again showed a statistically significant – albeit
smaller – increase in relative abundance in fasted fish (fasting effect:
F1,66= 4.349, p=0.0410).

Transcript levels for igfbp5a in muscle also were altered by fasting,
with the direction of change dependent on prior ration amount
(Fig. 12g) (ration·fasting interaction: F1,66= 34.564, p < 0.0001).
While rockfish in the 9% and 3% rations that were not fasted had no
differences in muscle igfbp5a mRNA levels, fasting led to decreased
muscle igfbp5a mRNA abundance in fish from the 9% ration, but in-
creased mRNA abundance in those from the 3% ration. While less
distinct than the ration-induced changes in muscle igfbp5a mRNAs,
igfbp5b mRNAs also occurred at a lower abundance in the muscle of
rockfish from the 3% ration compared to those from the 9% ration
(Fig. 12h) (ration effect: F1,66= 4.216, p=0.0440), although that ra-
tion effect appeared minor compared to the feeding-induced changes in
muscle igfbp5a mRNA abundance.

4. Discussion

4.1. Modulation of the IGF-1 relation to growth by long-term food
availability

GH/IGF-1 pathways of the somatotropic axis respond to food or
macronutrient (i.e., protein) restriction in patterns suggestive of an
adaptive response to shift energy allocation from cellular and somatic
growth to essential cellular functions (e.g., Picha et al., 2008a; Reindl
and Sheridan, 2012; Sonntag et al., 1999). Our results generally support
those previous patterns of IGF-1 regulation by ration amount, but also
point to differences in how long- versus short-term variation in food
intake influences the relation of circulating IGF-1 to growth. Here, we
tested for such differential effects by rearing juvenile copper rockfish on
dissimilar food rations (9% and 3%) for a ∼4.5month period to mimic
‘long-term’ variation in feeding status. In doing so, we generated two
groups of fish experiencing different rates of positive growth linked to
ration variation. While the growth rates of copper rockfish in both the
3% and 9% ration treatments appear lower than growth rates observed
for age-1 copper rockfish in the wild (e.g., Byerly, 2001), the variation
in growth created by these rations still enabled analyses of how IGF-1
signaling related to positive growth rate variation. What is more, we
also then fasted subsets of fish from those two ration groups for 12 d
(‘short-term’) to examine whether differences in long-term food avail-
ability would affect how fish responded to short-term food deprivation.

Our data show that juvenile copper rockfish given a high ration
amount, and therein showing faster growth, had a higher plasma IGF-1
concentration and liver igf1 mRNA level than fish reared under condi-
tions of reduced ration. Additionally, we found that fish which were
fasted for 12 d had significantly lower plasma IGF-1 and hepatic igf1
mRNA levels than conspecifics fed during that same 12 d period.
Despite these treatment-induced differences in growth rate and plasma
IGF-1, individual variation in plasma IGF-1 associated positively with

Fig. 7. Liver mRNA levels for igf1 varied with nutritional experience. (a) Liver
igf1 mRNA levels were lower in rockfish reared on the 3% ration treatment than
the 9% ration, and were also reduced by fasting. Data are plotted as
mean ± SEM, and letters indicate pairwise differences among treatments
(Tukey HSD tests). (b) Individual variation in liver igf1 mRNA level correlated
positively with plasma IGF-1 concentration (r= 0.707, p < 0.0001).
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variation in growth rate under all ration and fed/fasting conditions.
That relationship between growth rate and IGF-1 held even when cir-
culating IGF-1 concentrations were corrected for body size differences,
indicating that the observed nutrition-related variation in IGF-1 linked
to growth variation, and not just body size variation. Fasting has been
shown to reduce plasma IGF-1 concentrations in several fishes in-
cluding sea bream (Pérez-Sánchez et al., 1995), tilapia (Breves et al.,
2014; Uchida et al., 2003), as well as salmon and trout (Beckman et al.,
2004a; Breves et al., 2016; Pierce et al., 2005; Wilkinson et al., 2006),

and our observations here generally agree with the findings of those
prior studies. Since several studies have observed hepatic igf1 mRNA
abundance to be at lower levels in fasted fish (e.g., Ayson et al., 2007;
Kawanago et al., 2014; Montserrat et al., 2007; Pierce et al., 2005;
Peterson and Waldbieser, 2009; Small et al., 2006; Vera Cruz et al.,
2006), the fasting-induced reduction in circulating IGF-1 has assumed
to be linked to reduced hepatic IGF-1 secretion.

As a whole, the consistency of the positive relationship between
variation in circulating IGF-1 and growth in juvenile copper rockfish
provides additional support for IGF-1 as a key endocrine regulator of
growth in teleost fishes (Picha et al., 2008a; Beckman, 2011). A recent
study with juvenile olive rockfish similarly found a positive correlation
between individual variation in plasma IGF-1 and somatic growth rate
(Hack et al., 2018), and IGF-1 has likewise been shown to relate posi-
tively with growth in coho salmon (Beckman et al., 2004a,b; Shimizu
et al., 2009), Chinook salmon (Oncorhynchus tshawytscha; Beckman
et al., 1998), masu salmon (O. masou; Kawaguchi et al., 2013), Atlantic
cod (Gadus morhua; Davie et al., 2007), gilthead sea bream (Pérez-
Sánchez et al., 1995; Mingarro et al., 2002), tilapia (Oreochromis mos-
sambicus; Uchida et al., 2003), and several other fishes (e.g., Dyer et al.,
2004; Picha et al., 2006). Taken together, our results here support the
idea that IGF-1 can be used as a reliable growth index for juvenile
copper rockfish in fisheries management and aquaculture applications
(e.g., Picha et al., 2008a; Beckman, 2011).

However, our data also indicate that while the overall positive re-
lationship between individual variation in plasma IGF-1 and growth
may hold across a variety of nutritional conditions, differences in long-
term differences in food intake can lead to discordance in the relation of
IGF-1 to growth. This discordance was apparent as a difference in the
elevation (i.e., intercept) of the positive relationship in rockfish be-
tween IGF-1 and SGR under the 3% and 9% ration treatments. Such
discordance was observed between fish in the 3% and 9% treatments
when SGR was calculated using change in mass or length. Discordance
in the IGF-1 relationship with growth rate was not, however, observed
under the short-term, 12 d fasting treatments, suggesting that persistent
variation – but not short-term differences – in food availability may
alter the relationship between IGF-1 and growth rate, even while still

Fig. 8. Gene transcript abundance for igf2 in the liver of copper rockfish reared
on a 9% or 3% ration amount for 140 d, and then fed or fasted for an additional
12 d. Fasting resulted in lower liver igf2 mRNA abundance in fish reared on the
9% ration, but not the 3% ration. Data are plotted as mean ± SEM. Letters
indicate pairwise differences among treatments (Tukey HSD tests).

Fig. 9. Relative mRNA levels for IGF binding proteins (Igfbp) type 1, 2, 3 and 5 in the liver. Data are plotted as mean ± SEM. Letters indicate pairwise differences
among treatments (Tukey HSD tests).
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supporting a positive relationship between the variables.
While it is unclear at present why differences in long-term food

experience altered the IGF-1/growth relationship in rockfish, several
possible factors may have contributed. Fish can show changes in basal
metabolism, food consumption rates, feed utilization rate, and nutrient
use and deposition efficiency as they grow in size (e.g., Paloheim and
Dickie, 1966; Wurtsbaugh and Davis, 1977; Azevedo et al., 2004;
Handeland et al., 2008; Van Leeuwen et al., 2012; Auer et al., 2015).
While the cellular and molecular changes underlying such shifts are not
fully known, changes in metabolic and feed efficiency parameters may
be an adaptive response to maximize growth rates under varying con-
ditions of food abundance and quality (Auer et al., 2015). Our

observation here that rockfish reared on the 3% and 9% rations showed
dissimilar elevation (i.e., intercepts) of the IGF-1 relationship to growth
rate points to a possible role for the GH/IGF-1 axis in mediating
adaptive growth flexibility under changing food availability

Beckman (2011) examined the possibility that certain environ-
mental or physiological conditions could generate discordant relation-
ships between IGF-1 and growth in fishes by looking at the available
data on a multitude of demographic and ecological contextual factors.
Based on Beckman’s (2011) review of studies available at the time,
many factors including diet composition, diel photoperiod variation,

Fig. 10. Relative mRNA levels for IGF-1 receptors (a) igf1rA and (b) igf1rB in
the skeletal muscle. Transcripts encoding both IGF-1 receptors were elevated in
fish experiencing the reduced, 3% ration amount, and were also elevated in fish
under fasting stress prior to sampling. Data are plotted as mean ± SEM. Letters
indicate pairwise differences among treatments (Tukey HSD tests).

Fig. 11. Gene transcript abundance for (a) igf1 and (b) igf2 in the skeletal
muscle. Muscle levels of igf1mRNA varied with nutritional experience and were
observed to be at lower abundance in fish reared on the 3% ration compared to
the 9% ration, and in fasted fish of both ration treatments. The abundance of
igf2 mRNAs, however, did not vary in muscle with nutritional experience. Data
are shown as mean ± SEM values, and letters indicate pairwise differences
among treatments (Tukey HSD tests).
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and salinity did not appear to alter the IGF-1 relationship to growth.
Juvenile Chinook salmon, for instance, reared on diets differing in
protein/energy rations showed similar, concordant relationships be-
tween plasma IGF-1 and growth rate (Beckman et al., 2001). However,
other factors including photoperiod/season, water temperature, and
sexual maturation status (i.e., juvenile versus sexually mature) can alter
the slope or intercept of associations between IGF-1 and growth under
some circumstances (Beckman, 2011). For example, the relationship of
plasma IGF-1 to SGR in coho salmon was found to be positive and si-
milar in slope in juvenile male and female fish, but different from that
of mature males, indicating that sexual maturation can alter the IGF-1/
growth relationship (Beckman et al., 2004b). Photoperiod has also been
observed to alter that relationship, as the IGF-1/growth relationship –
while consistently positive – varied in slope in juvenile salmon sampled
across a summer season from July to September (Beckman et al.,
2004b).

Indeed, the effects of moderate food or macronutrient (e.g., protein)
restriction on GH/IGF-1 pathways has been proposed as part of an
adaptive response of the somatotropic endocrine axis to shift energy
from growth to essential cellular functions such as tissue maintenance
and repair when nutrients are limited (e.g., Sonntag et al., 1999).
However, not all species respond similarly to caloric or macronutrient
restriction. For instance, species can vary in how blood glucose levels
are affected by food deprivation (Polakof et al., 2011). In some teleost
fishes such as rainbow trout (Oncorhynchus mykiss) and warm-water
carp and catfish, blood glucose levels remain stable even during several
months of fasting (Hanna, 1962; Navarro and Gutiérrez, 1995). How-
ever, in juvenile sea bass (Dicentrarchus labrax) (Gutiérrez et al., 1991)
and juvenile brown trout (Salmo trutta) (Navarro et al., 1993), glycemia
declines within days of fasting. Our results here with juvenile copper
rockfish are similar to those in juvenile bass and trout, and may reflect
broader, age-dependent glycemia and growth modulation in teleosts, or
differences in liver glucose metabolism related to different adaptive
growth responses to dissimilar ecological foraging niches (e.g., Polakof
et al., 2011). Such species variation in glucose responses to food de-
privation may evolve if the shift of limited energy toward tissue
maintenance and repair does not increase evolutionary fitness across all

taxa—especially given likelihood for diverse ecological challenges and
distinct life history tradeoffs across species (e.g., Shanley and
Kirkwood, 2006). It might therefore also be expected that some species
may also have evolved differences in IGF responses to nutritional de-
privation. Studies to date in humans, for instance, have not observed
reductions in serum IGF-1 under long-term caloric restriction as has
been observed in other mammals (e.g., Fontana et al., 2008, 2016; Most
et al., 2017). One way or another, future studies should explore not
only how GH/IGF-1 pathways may act as adaptive modulators of
growth under varying conditions of food availability, but also how
differences in nutritionally-mediated growth modulation may have
evolved among species experiencing divergent selective pressures.

4.2. Ration influences on hepatic gene expression for igf binding proteins

Other components of the somatotropic endocrine axis including
IGFBPs and receptors play important roles in modulating IGF-1 avail-
ability and tissue sensitivity (e.g., Rajaram et al., 1997; Shimizu et al.,
2009; Clemmons, 2016; Shimizu and Dickhoff, 2017; Bergan-Roller and
Sheridan, 2018; Allard and Duan, 2018). These components can be
regulated independently across individual tissues making examination
of their regulation patterns crucial for understanding the phenotypic
and fitness consequences of environmentally-induced changes in hor-
mone level (e.g., Lema and Kitano, 2013).

IGFBPs have been shown to be critical for modulating the ratio of
free:bound IGF-1 in blood circulation, therein reducing glomerular fil-
tration of IGFs and altering the availability of IGF-1 to interact with
receptors in target tissues (e.g., Guler et al., 1989; Rajaram et al., 1997;
Clemmons, 2016; Allard and Duan, 2018). In mammals, only 1–5% of
IGF-1 in blood circulation is free, and 95% of IGF-1 is bound to IGFBPs
(Frystyk et al., 1994), with IGFBP3 being the most abundant binding
protein for IGFs in circulation (Martin and Baxter, 1992; Allard and
Duan, 2018). This also appears to be the case in teleost fish (e.g., Kelley
et al., 1992; Shimizu et al., 1999). And yet, similar to mammals, teleost
fishes possess at least six types of IGFBPs. In teleosts, however, these six
IGFBP types have diverged further into multiple isoforms via gene
duplication events (Daza et al., 2011; Garcia de la Serrana and

Fig. 12. Relative mRNA levels for IGF binding proteins (Igfbp) type 1, 2, 3 and 5 in the skeletal muscle. Data are plotted as mean ± SEM. Letters indicate pairwise
differences among treatments (Tukey HSD tests).
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Macqueen, 2018), and as many as 22 igfbp genes have been identified in
some teleost taxa (Allard and Duan, 2018). While IGFBPs are generally
viewed as modulating IGF-1 and IGF-2 availability by binding these
hormones in blood or extracellular fluid, some IGFBPs also can in-
dependently activate IGF receptors or other membrane or nuclear
proteins (i.e., peroxisome proliferator-activated receptor γ, trans-
forming growth factor-β5 receptor) to have cellular effects independent
of the IGF hormones (Baxter, 2015; Chan et al., 2009; Clemmons, 2016;
Jogie-Brahim et al., 2009; Allard and Duan, 2018).

Here, we examined how different food availabilities impacted gene
transcript abundance for IGFBPs type-1, -2, -3, and -5 in the liver and
skeletal muscle of rockfish, with transcriptional responses differing
depending on the tissue and type of IGFBP. In the liver, rockfish
maintained on the 3% ration treatment showed higher relative mRNA
levels for igfbp1a, -1b, and -3a compared to fish on the 9% ration, with
fasting significantly increasing transcript abundance of those IGFBPs in
both ration groups. In contrast, transcripts encoding igfbp3b were lower
in the liver of rockfish under the 3% ration than the 9% ration, and
were unaffected by short-term food deprivation (fasting) in either ra-
tion treatment. Hepatic mRNA levels for the igfbp2b, -5a, and -5b iso-
forms were at lower relative abundance in fish maintained on the long-
term 3% ration and were also lower in fasted fish in both treatment
rations, while igfbp2a mRNA levels did not differ with either ration
amount or fasting.

Taken as a whole, these results point to complex, independent
patterns of IGFBP regulation in fish experiencing different durations of
feeding variation. The functional implications of these isoform-specific
transcriptional responses, however, are largely unknown, given that the
functional roles of IGFBPs in fishes remain largely unexplored (Shimizu
and Dickhoff, 2017; Garcia de la Serrana and Macqueen, 2018). Similar
to our finding here in copper rockfish, IGFBP1a (which corresponds to
the 28–32 kDa IGFBP in teleosts) and IGFBP1b (the 20–25 kDa IGFBP)
expression in teleost liver is highly responsive to food deprivation, and
several studies have shown that both mRNA and protein levels of Ig-
fbp1a and -1b increase in the liver and serum of fish under complete
food deprivation (Shimizu et al., 1999, 2006; Kelley et al., 2001;
Peterson and Small, 2004; Picha et al., 2008a; Hevrøy et al., 2011;
Kawaguchi et al., 2013; Breves et al., 2014, 2016). Given those in-
creases in IGFBP-1a and -1b expression under catabolic conditions, as
well as evidence that IGFBP1 can delay developmental rates in fish
(Kajimura et al., 2005), IGFBP1a and -1b are thought to be primarily
inhibitory for cell proliferation and growth (Shimizu and Dickhoff,
2017; Allard and Duan, 2018). Our results here showing elevated he-
patic mRNA abundance for igfbp1a and -1b in copper rockfish – as well
as in olive rockfish in a prior study (Hack et al., 2018) – experiencing
lower food availability lend further support for the possible role of type
1 IGFBPs as inhibitors of IGF-1 availability and growth under condi-
tions of food limitation.

Both long-term food limitation and short-term fasting also led to
decreased hepatic igfbp2b, but not -2a, mRNA abundance in copper
rockfish. In salmonid fishes, IGFBP2b protein (the salmon 41-kDa
IGFBP) levels have been shown to decline in responses to food depri-
vation, and then increase upon refeeding (Shimizu et al., 2003, 2009;
Beckman et al., 2004a,b; Pierce et al., 2005). Corresponding with these
changes in IGFBP2b protein levels, several studies have shown liver
transcript abundance for igfbp2b to be lower in fasted fish (Duan et al.,
1999; Chen et al., 2014; Gabillard et al., 2006; Kelley et al., 2001;
Safian et al., 2012), implying that the igfbp2b response that we observed
here in rockfish may be a general response in teleost fishes. Shimizu and
Dickhoff (2017) proposed that Igfbp2b in teleost fishes may be func-
tionally analogous to mammalian Igfbp3 by acting as the primary car-
rier of IGF-1 in blood circulation and acting as a stimulator of IGF ac-
tion in peripheral tissues. If accurate, the reduced hepatic igfbp2b
mRNAs observed in copper rockfish implies a downregulation of IGF-1
promotion of cell proliferation and growth under both long- and short-
term conditions of lower food availability.

In mammals, IGFBP3 serves as the major IGFBP by facilitating the
IGF-1 transport and releasing the hormone in target tissues that express
IGFBP proteases which degrade the binding protein (e.g., Martin and
Baxter, 1992; Rajaram et al., 1997; Bunn and Fowlkes, 2003; Ranke,
2015). In fish, however, the function of IGFBP3 appears diverged from
that in mammals despite retention of sequencing similarity (Shimizu
and Dickhoff, 2017). GH has been shown to increase liver igfbp3mRNAs
in some fishes (e.g., Cheng et al., 2002; Pedroso et al., 2009), and
IGFBP3 has been shown to modulate development of zebrafish (Danio
rerio) via mechanisms independent of IGF-1 (Li et al., 2005; Zhong
et al., 2011).

While IGFBP5 has been demonstrated to regulate early development
(Salih et al., 2004), bone growth (Duan and Xu, 2005), and muscle
differentiation (Ren et al., 2008; Safian et al., 2012), the role of IGFBP5
isoforms in teleost fishes remains largely unknown. Gene transcripts for
igfbp5a and -5b are present in the liver and a variety of other tissues in
teleosts (e.g., Breves et al., 2014; Gabillard et al., 2006; Safian et al.,
2012; Pedroso et al., 2009). Unlike what we observed here in copper
rockfish, hepatic mRNAs encoding IGFBP5s were not responsive to
fasting stress in trout or tilapia (Gabillard et al., 2006; Breves et al.,
2014). While future studies are needed to better define the functional
roles of the Igfbp3 and Igfbp5 isoforms in fishes, our observation of
nutritional regulation of liver igfbp3 and -5 gene expression suggests
that changes to hepatic production of IGFBP3 and IGFBP5 may play a
role in regulating cell function and growth in fishes.

4.3. Nutritional effects on IGF signaling in skeletal muscle

Feeding amount effects on IGFBP gene transcript abundance in
muscle had a distinct pattern from those in liver. Messenger RNAs en-
coding igfbp2a were lower in fish experiencing short-term fasting stress,
but unaffected by long-term variation in food availability, while ig-
fbp1a, -1b, and -2b mRNA levels were not affected by either long-term
or short-term nutritional variation. Transcripts for igfbp3a and -3b were
more abundant in the muscle of fish experiencing long-term feed re-
striction as well as in fish coping with short-term food deprivation.
Transcripts encoding igfbp5a and -5b both changed with short-term
fasting stress, although the direction of that change depended on prior,
long-term food availability.

IGFBPs within skeletal muscle are thought to exert autocrine or
paracrine actions by altering the local availability of IGFs. Such effects
may occur via IGFBPs influencing the half-life of local IGFs, or via the
sequestration of IGFs from IGF receptors (Garcia de la Serrana and
Macqueen, 2018). In teleost fishes, IGFBP5 has been established as
exerting a regulatory influence on myogenesis and muscle growth
(Garcia de la Serrana et al., 2017). The role(s) of other IGFBPs in fish
muscle, however, are much less clear. Similar to our results here,
muscle igfbp1a and igfbp1b mRNA levels were unaffected by food ration
amount in juvenile olive rockfish (Hack et al., 2018), but the functional
significance muscle IGFBP1s are not known. Similarly, little informa-
tion is available concerning the actions of IGFBP2 or IGFBP3 in per-
ipheral tissues of teleosts, although fasting has been shown to reduce
muscle igfbp2 mRNA levels and increase muscle igfbp3 mRNAs in fine
flounder (Paralichthys adspersus) (Safian et al., 2012), a result similar to
our findings here where fasted copper rockfish had lower muscle ig-
fbp2a transcript abundance and higher muscle igfbp3a abundance.

Food restriction or deprivation has also been shown to alter IGFBP5
mRNAs in the skeletal muscle of several fish taxa (Bower et al., 2008;
Bower and Johnston, 2010; Gabillard et al., 2006; Zheng et al., 2017;
Hack et al., 2018). In juvenile olive rockfish, Hack and coworkers
(2018) observed lower relative levels of igfbp5a and igfbp5b mRNAs in
the skeletal muscle of fish reared under a reduced food ration amount
for 98 d. Here, our data suggest a small reduction in igfbp5b mRNA
abundance in the skeletal muscle of copper rockfish reared on reduced
rations over ∼4.5 mo., but also point to acute responses of muscle ig-
fbp5a transcription in response to short-term fasting. Interestingly,
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these fasting effects on igfbp5a were dependent on long-term ration
experience such that fasting decreased muscle igfbp5a mRNA levels in
rockfish reared under the 9% ration, but increased muscle igfpb5a
mRNA abundance in fish reared on the reduced 3% ration. That ob-
servation points to a role for longer-term feeding experience in shaping
how muscle igfbp5 gene expression responds to more recent, short-term
changes in food intake.

While prior research with olive rockfish by Hack and coworkers
(2018) did not examine effects of fasting, muscle igfbp5 mRNAs were
observed to be at lower relative levels in fasted grass carp Ctenophar-
yngodon idella (Zheng et al., 2017), and downregulated by complete
food deprivation and upregulated by refeeding in flounder (Safian
et al., 2012). IGFBP5 proteins appear to have a role in modulating
muscle growth and myogenesis in fishes (Garcia de la Serrana and
Macqueen, 2018). In Atlantic salmon (S. salar), igfbp5a and -5b gene
expression was observed to be at greatest levels in early-stage, cultured
myoblasts but declined as these cells began exhibiting characteristics of
myogenic differentiation (Bower and Johnston, 2010). Prior work has
also documented in rainbow trout that IGFBP5 protein levels decline in
atrophying fast-twitch muscle during the spawning season (Salem et al.,
2010), again implying a role for IGFBP5 in the autocrine or paracrine
regulation of muscle growth (e.g., Bower and Johnston, 2010; Garcia de
la Serrana and Macqueen, 2018).

Our findings that the abundance of igfbp5 mRNAs in rockfish muscle
is dependent on long-term feeding experience may point to a role for
plastic modulation of muscle IGFBP5 gene regulation as part of an
adaptive response to maximize growth when food is limited (e.g.,
Sonntag et al., 1999; Auer et al., 2015). Such effects of prior, long-term
feeding amount on IGFBP5 expression in muscle could be part of the
mechanism for accelerated compensatory growth shown by fishes after
a period of food deprivation (e.g., Ali et al., 2003). Under such a sce-
nario, the divergent transcriptional responses of igfbp5a and -5b ob-
served in rockfish might relate to context-dependent IGF signaling
regulation under differing forms of stressors – specifically, in this case,
nutritional stressors – as has been proposed as one hypothesis for why
so many IGFBP forms evolved in some vertebrates (Allard and Duan,
2018). While such an adaptive role for muscle IGFBP5 is clearly spec-
ulative at this time, this should be examined further in future studies
that test for interactions between long- and short-term nutritional
stresses and IGF induction of muscle cell proliferation and growth.

Looking beyond changes in IGFBPs, we also found that the relative
abundance of gene transcripts encoding the IGF receptor genes igf1rA
and igf1rB were altered in skeletal muscle by ration amount.
Specifically, we observed higher relative igf1rA and igf1rB mRNA levels
in the muscle of copper rockfish on the 3% ration compared to those on
the 9% ration, and also discerned that short-term fasting increased re-
ceptor mRNAs in both ration groups. While Hack and coworkers (2018)
did not observe any differences in mRNA levels for either igf1rA or
igf1rB in juvenile olive rockfish reared under differing food rations for
98 d, Chauvigné and colleagues (2003) detected increased mRNA levels
for igf1rA – but not igf1rB – in the muscle of rainbow trout during
fasting. Muscle IGF-1 receptor gene expression in fish can be regulated
by a variety of factors including both IGF-1 and IGF-2 (Azizi et al.,
2016), and tissue- and isoform-specific regulation of IGF-1 receptors
may be common (Maures et al., 2002). In any case, our observation of
increased IGF-1 receptor mRNA levels in rockfish muscle under long-
and short-term food restriction implies a role for receptor expression
changes as part of a compensatory response of peripheral GH/IGF-1
pathways when fish experience nutritional stresses (e.g., Bower et al.,
2008).

4.4. Conclusions

Taken together, these findings with copper rockfish point to a role
for prior food intake in shaping how the GH/IGF-1 axis responds to
later conditions of food deprivation. More specifically, differences in

long-term food ration amount appear to change the sensitivity of
growth by rockfish to IGF-1, as indicated by the shift in elevation of
how individual variation in circulating IGF-1 relates to growth rate in
fish from the 3% and 9% ration treatments. The mechanism(s) by which
nutritional experience alters the sensitivity of growth pathways to IGF-1
is not clear, but our data suggest that shifts in the sensitivity of muscle
igfbp5a and -5b transcription to nutritional conditions may be con-
tributing factors. Future work should explore the interactions between
long- and short-term feeding experience on IGF-1 pathways further, and
look in more detail at igfbp5a and -5b as possible contributors to what is
likely to be a larger set of coordinated cellular and molecular me-
chanisms for altering skeletal muscle growth in fishes in response to
long- or short-term conditions of poor food availability.
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