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Abstract
Consistent individual differences in animal performance drive individual fitness under vari-

able environmental conditions and provide the framework through which natural selection

can operate. Underlying this concept is the assumption that individuals will display consis-

tent levels of performance in fitness-related traits and interest has focused on individual var-

iation and broad sense repeatability in a range of behavioural and physiological traits.

Despite playing a central role in maintenance and growth, and with considerable inter-indi-

vidual variation documented, broad sense repeatability in rates of protein synthesis has not

been assessed. In this study we show for the first time that juvenile flounder Platichthys fle-
sus reared under controlled environmental conditions on the same plane of nutrition for 46

days maintain consistent whole-animal absolute rates of protein synthesis (As). By feeding

meals containing 15N-labelled protein and using a stochastic end-point model, two non-ter-

minal measures of protein synthesis were made 32 days apart (d14 and d46). As values

(mass-corrected to a standard mass of 12 g) showed 2- to 3-fold variation between individu-

als on d14 and d46 but individuals showed similar As values on both days with a broad sense

repeatability estimate of 0.684 indicating significant consistency in physiological perfor-

mance under controlled experimental conditions. The use of non-terminal methodologies in

studies of animal ecophysiology to make repeat measures of physiological performance

enables known individuals to be tracked across changing conditions. Adopting this

approach, repeat measures of protein synthesis under controlled conditions will allow indi-

vidual ontogenetic changes in protein metabolism to be assessed to better understand the

ageing process and to determine individual physiological adaptive capacity, and associated

energetic costs of adaptation, to global environmental change.
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Introduction
Consistent individual differences (CID) [1] in physiology and behaviour drive individual fit-
ness (i.e. survival and reproductive output) under variable environmental conditions and
hence provide the framework through which natural selection can operate [2, 3, 4]. Underlying
this concept is the assumption that in order for selection to be able to operate, individuals will
display consistent levels of performance in fitness-related traits, i.e. they will maintain the same
levels of performance and/or the same relative performance ranking over time compared to
other individuals.

Although greater attention has focused on individual variation and broad sense repeatability
(defined in [5] as ‘the extent to which individual differences in scores are maintained over time
(in a given context)’) in behavioural performance such as personality/boldness, courtship/mate
choice and parental behaviour (reviewed in [6]), some physiological traits have also been exam-
ined and there is growing interest in describing CIDs in physiological performance and under-
standing how individual physiological and behavioural performance traits interact to
determine specific life-histories within the fast-slow pace of life continuum [1, 7]. Most studies
that have examined CIDs in physiology have focused on locomotor performance (reviewed in
[8]) and metabolic rate (reviewed in [9, 10]) given the obvious fitness-related effects of individ-
ual variation in these parameters with regards to predator evasion and food capture and in
maximisation of energy allocation for growth and reproduction respectively. However, individ-
ual performance consistency has been assessed for a number of other physiological parameters
such as metabolic enzyme activities [11], evaporative water loss [12–15], thermal conductance
[15] and blood chemistry parameters [16, 17, 18], although these parameters have been less
well-studied.

Proteins play a central role in maintenance (i.e. tissue replacement) and growth in animals
through the processes of protein synthesis and breakdown [19] with previous studies highlight-
ing how inter-individual differences in rates of protein synthesis and breakdown affect growth
performance in molluscs [20, 21, 22] and fishes [23, 24, 25]. This work has shown that faster
growing and/or more efficient individuals do so through having lower rates of protein turnover
(equivalent to protein breakdown in growing animals) [26]. However, most studies of protein
synthesis in non-mammalian animals have made single terminal measures using radiolabelled
(3H- or 14C-labelled, but usually 3H-phenylalanine) amino acids using the flooding dose tech-
nique of Garlick et al. [27] (see reviews by Houlihan et al. [28] and Fraser and Rodgers [29] for
application in fishes). Although the wide application of the flooding dose technique using 3H-
phenylalanine across a range of non-human taxa enables direct comparison of data between
studies within and across taxa [26, 28, 29], the drawback of this technique is that it provides a
single terminal measure of protein synthesis precluding any studies of broad sense repeatability
and so conclusions drawn on inter-individual differences in physiological performance are
based on a single measure. In contrast, the use of stable isotopes, i.e. 13C- or 15N-labelled
amino acids, is required in human studies, and is more widely used in mammalian studies of
protein synthesis [30, 31]. In studies of human protein metabolism, repeat measures of protein
synthesis using stable isotopes are common and, for example, longitudinal studies have tracked
rates of protein synthesis for known individuals under different exercise regimens [32, 33] or
dietary regimens [34], or before and after surgery [35] or the application of medical treatments
[36]. However, despite the use of repeated measures of protein synthesis using stable isotopes
in mammalian studies (op. cit.) and in some ectotherm studies (e.g.Mytilus edulis [37]; Pla-
tichthys flesus, [38]), broad sense repeatability, per se, has not been quantified.

Alternative stable isotope techniques for measuring rates of protein synthesis in fish have
been developed using 15N-labelled protein [39, 40], deuterium oxide (2H2O) [41] or

2H-
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labelled amino acids [42, 43]. The advantage of these stable isotope methodologies is that they
are either non-terminal as they determine protein synthesis through the measurement of
whole-animal nitrogen-flux rates [39, 40] or offer the potential for non-terminal biopsy sam-
pling [41, 42, 43] and therefore offer the possibility that repeat measures of protein synthesis
can be made on known individuals. However, repeat measures in fish have only been used
once, by Carter et al. [38], to examine seasonal changes in protein synthesis and growth in juve-
nile (18–60 g) flounder Platichthys flesus over 212 days. Although Carter et al. [38] made three
repeat measurements on known individuals, the protein flux data at different times of the year
were reported as group mean values to examine seasonal changes in protein metabolism and
growth and quantifying individual variation and consistency was not the focus of the study.
Thus, although inter-individual differences in protein metabolism in fishes are well docu-
mented [23, 24, 25], performance consistency and broad sense repeatability have not been
assessed. However, since inter-individual differences in protein synthesis in fish can be due to
differences in body size, plane of nutrition and abiotic factors such as temperature [28, 29, 44],
these factors will need to be controlled for when seeking to determine individual consistency
for this labile physiological trait. Therefore, the aim of this study was to assess individual con-
sistency in rates of protein synthesis (mass-corrected to a standard size) using 15N-labelled pro-
tein in individual juvenile flounder Platichthys flesus reared under constant environmental
conditions and maintained on the same plane of nutrition for 46 days.

Materials and Methods

Fish Husbandry
Eighteen juvenile flounder (Platichthys flesus L.) were caught using a hand-towed 1 m beam
trawl from the intertidal stretches of the Tarty Burn within the River Ythan estuary (Aberdeen-
shire, UK; 57.3358°N, 2.0115°W) [45]. Each beam trawl tow lasted approximately 60 seconds
and was towed for a distance of 30 to 50 metres in a water depth of approximately 30 cm in the
Tarty Burn at low tide. At the end of each tow, juvenile flounder were quickly transferred to a
bucket containing 25 litres of seawater aerated by a battery-powered air pump and all other
animals in the net were quickly released back to the Tarty Burn. After 5 tows, 18 flounder of a
suitable size were collected. Flounder were transferred to the seawater aquarium at Aberdeen
University School of Biological Sciences (a journey time of approximately 30 minutes) where
they were anaesthetized (MS222, 0.2 g l-1) [38] to determine initial mass (day 1, d1) and held
individually in 10 L tanks (14°C, 33 psu; 12 h light: 12h dark photoperiod). The flounder
(mean±SD initial mass 10.02±1.91 g, range = 6.34–12.91 g) were fed daily a single meal of rag-
worm Nereis virens (supplied by Seabait Ltd., Northumberland, UK) approximating to 4% of
their wet body mass each day to maintain the fish on the same plane of nutrition during the
experiment: this daily ration was offered to the fish at the same time of day (between 9 a.m.
and 10 a.m.) and was always consumed by each fish on each day. Rates of protein synthesis
were determined using a non-terminal 15N technique (after Carter et al. [38]; Carter et al. [39];
with additional modifications described below) on days 14 (d14) and 46 (d46). No mortality or
disease symptoms were observed during the course of the study.

[15N] methodology
Two non-terminal measures of protein synthesis were made 32 days apart (d14 and d46) using
the stochastic end-point model [38, 39, 46]. Uniformly labeled 15N-algal protein (0.041g 90%
Atom Percent Excess; Martek BioSciences Corporation, MD, USA) was first mixed thoroughly
with porcine gelatine (0.107 g; Sigma) and then mixed with 500 μL distilled water. Pellets (2
mm diameter x 5.0 mm long) were made by setting the gelatine in silicon tube and cut to length
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under a dissection microscope. Each labeled gelatine pellet was inserted into the washed gut of
a section of Nereis of known mass to provide a labeled meal (ca. 4% body mass d-1) for each
flounder. Reference gelatine and Nereis were prepared without the addition of 15N in the same
manner. Five unlabeled and five labeled preparations were selected at random, frozen (-20°C),
freeze dried (-60°C; 48 hours), ground and each preparation sampled in triplicate by combus-
tion mass spectrometry (see below). The Nereismeals were labelled at 0.879±0.008 (n = 5)
Atom Percent Excess. The mean coefficient of variation (CV) of the five triplicates of the
enriched food delta was 0.5% (range 0.4–2.0%) and the CV of the unlabelled food delta was 4%
(range 0.7–10.8%). The protein content of the labelled meals was 7.29±0.03% (n = 15) of the
wet mass as determined from the total N content of the sample from mass spectrometry data
using a conversion factor of 5.85 as the ratio of N:protein [47]. Protein consumption on d14
and d46 were expressed on an absolute basis (Ar) as mg protein d-1.

On d14 and d46, the same experimental protocol was followed (except for the timings of
water sampling on d46, see below). Labeled Nereismeals were fed to individual flounder
(between 9 a.m. and 10 a.m.); care was taken to ensure that the food was consumed whole.
Individual flounder were then transferred to 1.5 L of aerated water where they remained for 72
h (d14) or 48 h (d46) (see below) with regular water changes. During water changes (see below
for timings), 30 mL samples were taken in order to measure the excretion rate of ammonia-
Nitrogen (AN) using an ion-selective electrode (Unicam, UK). At the same sampling times, 1 L
samples were collected and acidified (5 ml of 2M HCl) for isotope analysis. The ammonia was
trapped in boric acid [26, 39], frozen (-20°C), freeze dried (-60°C, 7 d) and duplicate borate
samples analysed for 15N-ammonia enrichment by combustion in a Carlo Erba NA 1500NC
sample converter linked to a Micromass Optima Isotope Ratio Mass Spectrometer. The rate of
whole-body protein synthesis was calculated from the rate of protein flux through the body less
the total nitrogen excretion as described in Carter et al. [38] and Carter et al. [39]. On d14,
excretion and isotope abundance samples were collected at 6, 12, 24, 36, 48, 60 and 72 h follow-
ing the meal. On d46, a second determination of whole-body protein synthesis was made using
the same methodology as on d14 except isotopic samples were only collected and total ammo-
nia-N excretion was only measured collected 24 and 48 h after the meal (see results). Whole-
body rates of protein synthesis were calculated on an absolute basis (As) as mg protein synthe-
sised d-1.

Ethics statement
No specific permits were required to collect the animals and the sampling procedures were not
subject to review or approval prior to collection. Animals were collected using a standard field
sampling technique. The species collected in this study is not endangered or protected. The
work was conducted in 1995 before the introduction of University Ethical Review Committees
at UK universities and therefore was not subject to approval or review by a University Commit-
tee. The experimental work was conducted under licence from the UK government Home
Office under Animals (Scientific Procedures) Act 1986.

Statistical analysis
All data in this study can be found in S1 File. Statistical comparisons and curve fitting were per-
formed using SPSS v20.0 (SPSS Inc, USA). Data are presented as mean values ± one standard
deviation (SD). The cumulative rate of isotope excretion (e�) was expressed as a percentage of
15N in the meal (dose) and described using the equation e� = a(1-e-kt) where t is time after feed-
ing and a and k are constants [39]. The rate of ammonia excretion (AN, μg N g-1 h-1) was
described using the equation AN = ae-bt where t is time after feeding and a and b are constants
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[48]. Differences in the cumulative rate of isotope excretion and rate of ammonia-N excretion
over time were examined using repeated-measures ANOVA to identify the period of constant
isotope excretion rate and constant ammonia excretion, and hence allow flux and synthesis cal-
culations to be made with least overestimate [39, 46]. Since individual fish increased signifi-
cantly in body mass during the 46 day experiment (see results), absolute rates of protein
synthesis on d14 and d46 were scaled to a standard 12 g fish As(std) using the equation As(std) =
As(obs)

�(12/Mobs)
0.74 [20] where As(obs) and Mobs are the absolute rate of protein synthesis (mg

d-1) and body mass (g) for an individual fish and 0.74 is the mass-exponent for protein synthe-
sis [49]. Absolute rates of protein consumption on d14 and d46 were similarly mass-corrected
for a 12 g flounder using a mass-exponent of 0.75 [50, 51]. Anabolic stimulation of protein syn-
thesis on d14 and d46 was calculated from the mass-corrected data as As/Ar (mg protein synthe-
sized mg-1 protein consumed). Mass-corrected absolute rates of protein synthesis and protein
consumption and As/Ar values for each fish on d14 and d46 were compared using paired t tests.
In addition, individual temporal consistency of rates of protein synthesis on the same plane of
nutrition was assessed using interclass correlation. Although broad sense repeatability is tradi-
tionally assessed using the intraclass correlation coefficient [52, 53], in studies where only two
measures of performance are being compared the interclass correlation coefficient (Pearson’s
product-moment correlation, r) is used as an estimate of broad sense repeatability over time
[54, 55, 56]. Interclass correlation assesses the consistency of a trait relative to the mean, i.e.
examines whether individuals are consistently placed within the population distribution [55].

Results
On d14, cumulative 15N excretion (Fig 1A) was described by e� = 27.36(1-e-0.049t) (r2 = 0.93,
n = 7, P< 0.001) with a constant rate of isotope excretion attained 24h after feeding the
labelled meal. Comparison of the cumulative rate of isotope excretion revealed significant dif-
ferences 6–72 h post-feeding (repeated-measures ANOVA, F6,125 = 118.1, P< 0.001) however,
rates were similar between 24–48 h post-feeding (Tukey HSD test, all P> 0.05). Therefore, the
rate of isotope appearance was constant 24–48 h post-feeding indicating a steady state had
been achieved and on d46 isotopic samples were only collected at 24 and 48h after feeding. On
d14, ammonia excretion rates were determined for each individual and the total ammonia
excretion calculated for the 72 h period following feeding the labeled meal (Fig 1B). Ammonia
excretion rates were described by AN = 8.01e-0.027t (r2 = 0.87, n = 7, P< 0.001). Comparison of
ammonia excretion rates 6–72 h post feeding revealed significant differences (repeated-mea-
sures ANOVA, F6,125 = 76.4, P< 0.001) however, rates were similar between 24–48 h post-
feeding (Tukey HSD test, all P> 0.05). Therefore, constant rates of ammonia excretion and
cumulative isotopic excretion 24–48 h after feeding the labeled meal allowed the stochastic
end-point model to be used to calculate individual rates of protein synthesis between 24 and 48
h after feeding the labeled meal.

The 18 juvenile flounder increased in size over the 46 day experiment and individual body
masses on d14 and d46 were significantly different from each other (Table 1). As a result the
protein consumption and synthesis data were mass-corrected to a standard mass of 12 g.
Although individual flounder were feeding at the same plane of nutrition (ca. 4% body mass d-
1 ration) over the 46 day experiment, whole animal growth rates varied between 14.5 and 91.9
mg wet mass d-1 (mean growth rate 44.9 ± 21.4 mg wet mass d-1). For both protein consump-
tion and protein synthesis, mass-corrected absolute rates on d14 and d46 were similar (P> 0.05;
Table 1). Therefore, the anabolic stimulation of protein synthesis on d14 and d46 were not sig-
nificantly different (Table 1; P> 0.05) with on average 1.13 mg protein synthesized per mg
protein consumed. A significant positive correlation was found between the mass-corrected
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absolute rates of protein synthesis on the two measurement days (Fig 2; r = 0.684, P = 0.002)
indicating significant consistency in individual rates of protein synthesis measured on d14 and
d46 for fish maintained on the same plane of nutrition for 46 days under controlled environ-
mental conditions.

Discussion
This study has utilized the stochastic end-point method of Waterlow et al. [46] (as modified by
Carter et al. [39]) to measure in vivo whole-animal rates of protein synthesis. Our validation
data show that between 24 and 48 hours post-feeding both ammonia excretion and cumulative
isotope excretion rates were constant, as reported in other studies using the same methodology
[38, 39, 57, 58, 59]. Fish appear well suited to the application of the stochastic end-point model
as labelled nitrogen appears in a single major excretory product, ammonia, which on average
accounts for approximately 80–90% of total N excreted with the remaining excreted primarily
in the form of urea [60, 61]. Although urea was not measured in the present study, previous
studies on a range of teleost species that have used this method to measure rates of protein syn-
thesis have concurrently measured rates of ammonia (AN) and urea (UN) excretion and isotope
labelling of these excretory products. These studies [38, 39, 57, 58, 59] have shown that rates of
urea excretion are low (UN equal to 15.7 ± 9.1% of total nitrogen excretion (TN) assuming that
TN = AN + UN) and fall within the values expected for teleost fishes [60, 61]. In addition, stud-
ies using the same methodology have shown that urea remains unlabelled up to 72 h after feed-
ing the uniformly-labelled protein [57, 59] indicating that the nitrogenous waste derived from
the labelled food is excreted solely in the form of AN. Ammonia-N is the primary end-product
for nitrogenous excretion derived from amino acid oxidation whereas urea-N is primarily
derived from pyrimidine and purine base excretion [59, 62].

The absolute rates of protein synthesis for juvenile flounder measured in this study are at
the magnitude expected at this temperature given the plane of nutrition of the fish (Fig 3; Data
presented in S1 Table), providing confidence in the methodology and the resulting protein syn-
thesis data. Fig 3 summarises the available data on absolute rates of protein consumption and
protein synthesis (both mass-corrected to a 12 g fish) in fishes reared between 14 and 16°C. As

Fig 1. Validation of stochastic end-point model to measure rates of protein synthesis in P. flesus on d14. (a) The mean (± SD) cumulative excretion of
15N (expressed as a percentage of the dose) and (b) the mean (± SD) ammonia-nitrogen excretion (μg N g-1 body mass h-1) over 72 hours after feeding a 4%
body mass meal of Nereis virens labeled with 15N to juvenile flounder Platichthys flesus (11.74 ± 1.98 g, n = 18).

doi:10.1371/journal.pone.0152239.g001

Table 1. Absolute rates (mg d-1) of protein consumption (Ar) and protein synthesis (As) and anabolic
stimulation (As/Ar, mg protein synthesised per mg protein consumed) for juvenile flounder Pla-
tichthys flesus (n = 18). Ar and As data have been corrected to a standard mass of 12 g.

d14 d46 Paired t test (17 df)

Mass (g) 11.74 (± 1.98) 13.63 (± 2.43) t = 8.92

[8.54–15.36] [9.63–18.92] P < 0.001

Ar (mg d-1) 23.5 (± 5.5) 23.9 (± 5.0) t = 0.31

[13.3–30.9] [16.5–33.0] P = 0.76

As (mg d-1) 26.0 (6.4) 26.3 (5.8) t = 0.25

[13.8–37.3] [17.8–34.4] P = 0.81

As/Ar* 1.12 (0.18) 1.13 (0.31) t = 0.16

[0.82–1.48] [0.77–1.92] P = 0.87

* = calculated from mass-corrected values

doi:10.1371/journal.pone.0152239.t001
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expected, both diet quality and quantity affect the rate of protein synthesis with most studies
feeding formulated feeds with a high protein content and having higher rates of protein synthe-
sis compared to the present study where natural food (ragworm) with a lower protein content
was fed to juvenile P. flesus (S1 Table). Given the lower rate of protein consumption, rates of
protein synthesis measured in the present study are low but are at the magnitude expected
given the plane of nutrition of the fish and the relation between absolute rates of protein con-
sumption and protein synthesis for fish at 14–16°C (Fig 3). Since Houlihan et al. [63] reported
that the relation between absolute rates of protein consumption and protein synthesis in Atlan-
tic cod Gadus morhua was 1:1, the anabolic stimulation of protein synthesis (synthesis/con-
sumption; [28]) in fishes has been the focus of some research interest and a range of anabolic
stimulation values have been reported ranging from 0.89 to 1.29 milligrammes of protein syn-
thesized per milligramme of protein consumed (see S1 Table, plus data presented in Carter and
Houlihan [64]) with the juvenile flounder in the present study presenting anabolic stimulation
values of 1.12 and 1.13 mg mg-1 respectively (Table 1). This range of anabolic stimulation val-
ues observed may be related to differences in diet composition between studies, as the level of
anabolic stimulation (and subsequent retention efficiency) in salmonids has been shown to be
related to the protein:energy ratio in the diet [64]. Overall, the relation between Ar and As for
fish at 14–16°C (Fig 3) indicates that on average 0.99 milligrammes of protein are synthesized
per milligramme of protein consumed, the same level of anabolic stimulation as proposed by
Houlihan et al. [63]. This level of anabolic stimulation is lower compared to endotherms where

Fig 2. Consistency in rates of protein synthesis in P. flesusmaintained on the same plane of nutrition for 46 days.Mass-corrected absolute rates of
protein synthesis (As, mg protein synthesized d-1) of juvenile flounder Platichthys flesus (n = 18) on days 14 (11.74 ± 1.98 g) and 46 (13.63 ± 2.43 g). As

values have been corrected to a standard mass of 12 g. Broad sense repeatability represented by the Pearson’s product-moment correlation coefficient is
indicated on the plot.

doi:10.1371/journal.pone.0152239.g002
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the data presented by Houlihan et al. [26] for 6 endotherm species suggests that stimulation
ratios are much higher (1.58 mg protein synthesized mg-1 protein consumed, range 1.01–2.72
mg mg-1; data from Fig 2 in Houlihan et al. [26]) with a large proportion (77%, range 64.4–
84.4%) of synthesized protein used for protein turnover, i.e. to replace existing body protein).
This high level of protein turnover, and subsequent recycling of amino acids into the free
amino acid pool in endotherms may account for the higher anabolic stimulation ratio per unit
protein consumption.

In the present study, individual variation in mass-corrected whole-animal rates of protein
synthesis showed a 2.7-fold variation between the lowest and highest rates observed on d14 and
a 1.9-fold variation on d46 respectively (Table 1). This observed individual variability in rates of
protein synthesis in fishes is not uncommon with previous studies reporting 2.1 to 5.0 fold var-
iation in whole-animal synthesis [23–25, 63]. However, it is interesting to note that although
the variability observed in previous studies may, in part, be due to differences in body mass or
consumption rate (but see McCarthy et al. [25] for individual variability in fish of a similar size
on the same plane of nutrition), the present study shows that even controlling for body mass
and plane of nutrition, individuals can still show considerable variation in rates of protein syn-
thesis. This has been attributed to genotype-dependent differences in maintenance require-
ments that drive individual differences in protein turnover and growth efficiency [65, 66].

Fig 3. Effect of protein consumption on protein synthesis in fishes at 14–16°C. The relation between mass-corrected whole-animal absolute rates of
protein consumption (Ar, mg protein d-1) and protein synthesis (As, mg protein synthesized d-1) for various teleost fish species at 14–16°C. Original
consumption and synthesis data have been mass-corrected to a standard mass of 12 g. Information on species, actual body mass and source reference are
presented in S1 Table. Data from the present study are indicated by the large open circles on the plot.

doi:10.1371/journal.pone.0152239.g003
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The results of this study show that individual juvenile flounder reared under controlled
environmental conditions and maintained on the same plane of nutrition maintain similar
mass-corrected absolute rates of protein synthesis with an estimated broad sense repeatability
of 0.68. Repeat measures are routine in studies of human protein metabolism (e.g. [32, 33, 34,
36]) but there are only two published studies in ectotherms [37, 38]. Where repeat measures
have been made, data are usually presented as measures of central tendency with an associated
measure of dispersion (usually mean ± standard deviation) and analysed using a repeated-mea-
sures ANOVA to compare differences in group average responses across treatments or over
time having controlled for repeat measures made on the same individuals [32, 34, 38]. How-
ever, there are two studies, onM. edulis [37] and on humans [67], where individual protein
synthesis data are presented (Table 1 in [37]; Table 3 in [67]) allowing broad sense repeatability
to be calculated (see S2 Table). Hawkins et al. [37] present repeat measures of absolute rates of
protein synthesis (mass-corrected for animals of 1 g dry tissue weight) made on twelveM. edu-
lis acclimated to 10°C followed by an acute temperature transfer to 20°C with a second mea-
surement made 48 hours later. Analysing their data no performance consistency in rates of
protein synthesis can be observed (P> 0.05, S2 Table), however, the data may not be directly
comparable as a result of the effects of abrupt temperature transfer on mussel physiology, indi-
vidual differences in thermal sensitivity and the observed differences in feeding rates at 10 and
20°C [37]. Heys et al. [67] measured fractional rates of protein synthesis in replicate biopsy
samples taken from malignant breast tumours in nine human subjects (see S2 Table). These
concurrent measures of protein synthesis were significantly repeatable (P< 0.001, S2 Table)
with an intra-class correlation coefficient [53] of 0.88 (with 1 indicating perfect repeatability;
S2 Table). Thus, the available data, although limited, indicate significant repeatability in rates
of protein synthesis measured concurrently [67] and significant temporal repeatability in ani-
mals maintained on the same plane of nutrition (the present study).

Most studies that assess consistency of physiological performance have focused on meta-
bolic rate and locomotor performance although some other physiological measures such as
blood chemistry parameters, evaporative water loss and metabolic enzyme activities have also
been assessed for CIDs and performance consistency (see Introduction for references). Broad
sense performance repeatability is reported to decline over time for metabolic rate (reviewed
by White et al. [10]) and for burst locomotor performance (reviewed by Laming et al. [8]). Fig
4 provides a summary of the decline in average broad sense repeatability over time for routine
and maximum metabolic rate and for burst locomotor performance in ectotherms and endo-
therms: average values for defined time intervals (see Figure legend for details) were calculated
from data collated in S1 Table of [10] and S2 Table of [8]. Short-term (i.e.< 2 weeks) repeat-
abilities for these physiological parameters average values of ca. 0.5 to 0.7 (although individual
studies range from -0.1 to 0.98) with medium term (i.e. months) and long term (i.e.� 1 year)
repeatability declining to average values of ca. 0.3 to 0.5 (range = -0.10 to 0.90) and 0.3 to 0.4
(range = 0.02 to 0.47) respectively (see [8, 10] for data) (Fig 4). The repeatability value calcu-
lated from the present study for absolute rates of protein synthesis in juvenile flounder falls
within the range of broad sense repeatability values reported for physiological performance
over the time scale of 28 to 42 days (0.12 to 0.79; see [8, 10] for data), although it is at the higher
end of the data range. Biro and Stamps [5] have recently highlighted how ignoring time-related
changes on both between- and within-individual performance in labile behavioural and physi-
ological traits can result in either invalid or biased (i.e. underestimated) estimates of broad
sense repeatability. These time-related changes may include the effects of changing environ-
mental conditions (e.g. temperature, photoperiod), time of day, feeding history, size, age, sex
and maturity [5]. Biro and Stamps [5] comment that estimates of broad sense repeatability
tend to be low with meta-analyses of labile behavioural and physiological traits providing

Repeatability of Protein Synthesis

PLOS ONE | DOI:10.1371/journal.pone.0152239 March 28, 2016 10 / 15



mean estimates of 0.4 as result of these temporal effects. Interestingly, the average values for
the datasets presented in Fig 4 are 0.43, 0.46 and 0.50 for routine metabolic rate, maximum
metabolic rate and burst locomotor performance respectively. The higher level of broad sense
repeatability observed in the present study may be a reflection of controlling for potential con-
founding factors such as environmental conditions (temperature, photoperiod, salinity), size,
plane of nutrition and time of day (when fed and when the experimental measurements were
taken) in assessing broad sense repeatability. However, repeatability in the present study did
not approach unity (i.e. r = 1) indicating that not all time-related lability may have been
accounted for, e.g. effects of sex, age, differential temporal changes between individuals in
endogenous rhythms of physiological performance or responses to the stress of handling/con-
finement during measurement. Alternatively, as recently highlighted by Biro and Stamps [5], it
is likely that the small sample size (n = 18) and low level of replication (n = 2) in the present
study are insufficient to determine the global broad sense repeatability for this physiological
trait, although the results do indicate a high level of consistency within this group of experi-
mental animals, and future studies will need to increase both of these factors. In addition, it is
interesting to note that performance consistency is not always maintained across different

Fig 4. Temporal changes in repeatability of physiological performance. The effect of increasing time interval between repeat measures on the broad
sense repeatability of routine metabolic rate (RMR), maximummetabolic rate (MMR) and burst locomotor performance (Burst) plus an estimate of broad
sense repeatability for absolute rates of protein synthesis over 32 days calculated from the results of the present study. Metabolic rate data are derived from
S1 Table of White et al. [10] and locomotor performance data are derived from S2 Table of Laming et al. [8] respectively and are presented as average values
for the following time intervals: < 1 day, 1–2 days, 1–2 weeks, 2–4 weeks, 1–3 months, 3 months– 1 year and > 1 year. These data are plotted on the
abscissa as values of 1, 2, 10, 21, 60, 138 and 365 respectively. Raw data used in the plot can be found in S1 File.

doi:10.1371/journal.pone.0152239.g004
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environmental conditions [68] or following significant life-stage transitions such as metamor-
phosis [69] which may help explain why CIDs and phenotypic variation persist within species
as this will always allow some individuals to perform well within a fluctuating environment.

In conclusion, this study has used a non-terminal end-point method using 15N-labelled pro-
tein [39] to determine the consistency of mass-standardized rates of protein synthesis in juve-
nile flounder and has shown, for the first time in fish, that individuals maintained under
controlled environmental conditions (temperature, photoperiod, salinity) on the same plane of
nutrition for 46 days maintain similar rates of protein synthesis with a broad sense repeatability
estimate of 0.68. To the authors’ knowledge, this is the first attempt to estimate broad sense
repeatability for this fundamental metabolic process. The use of the non-terminal methodolo-
gies in studies of animal ecophysiology should be encouraged where possible as this will allow
the individual to be the unit of replication in studies rather than relying on discrete groups of
experimental animals. For example, the use of repeat measures of protein synthesis in fishes
will allow the performance of known individuals to be tracked across changing experimental
conditions (e.g. temperature, salinity, diet quality and quantity), to assess ontogenetic changes
in protein metabolism in order to better understand the ageing process, and to better under-
stand the adaptive capacity and energetic costs of adaptation to global climate change and
ocean acidification. However, as highlighted recently by Biro and Stamps [5] care should be
applied that sample sizes and levels of replication are sufficient to determine robust measures
of performance consistency.

Supporting Information
S1 File. McCarthy et al Flounder data.xlsx. Excel data file containing the raw data used in this
study.
(XLSX)

S1 Table. Protein metabolism data for fish at 14–16°C.Mass-corrected whole–animal
absolute rates of protein consumption (Ar, mg protein d-1) and protein synthesis (As, mg
protein d-1) for juveniles of various fish species at 14–16°C. Data presented or calculated from
the original source have been mass-corrected to a standard mass of 12 g according to Hawkins
et al. [37].
(DOCX)

S2 Table. Repeatability data for protein synthesis. A summary of published studies [37, 67]
where repeat measures of protein synthesis have been made and where data are presented for
individuals allowing repeatability to be calculated.
(DOCX)

Acknowledgments
We thank Dr Luis Giménez for comments on statistical analysis. The work was funded by a
grant from the UK National Environment Research Council awarded to DFH.

Author Contributions
Conceived and designed the experiments: IDM SFO DFH. Performed the experiments: IDM
SFO. Analyzed the data: IDM SFO. Contributed reagents/materials/analysis tools: DFH PWW.
Wrote the paper: IDM SFO. Commented on manuscript once first draft had been written:
DFH PWW. Obtained funding for the study: DFH.

Repeatability of Protein Synthesis

PLOS ONE | DOI:10.1371/journal.pone.0152239 March 28, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152239.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152239.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152239.s003


References
1. Biro PA, Stamps JA. Do consistent individual differences in metabolic rate promote consistent individ-

ual differences in behavior? Trends Ecol Evol. 2010, 2: 653–659.

2. Bennett AF. Interindividual variability: an underutilised resource. In: Feder M, Bennett AF, Burggren
WW, Huey RB, editors. New Directions in Ecological Physiology, Cambridge, UK: Cambridge Univer-
sity Press; 1987. pp. 147–166.

3. Nespolo RF. Evolution by natural selection: more evidence than ever before. Rev Chil Hist Nat. 2003,
76: 699–716.

4. Dall SRX, Houston AI, McNamara JM. The behavioural ecology of personality: consistent individual dif-
ferences from an adaptive perspective. Ecol Lett. 2004, 7: 734–739.

5. Biro PA, Stamps JA. Using repeatability to study physiological and behavioural traits: ignore time-
related change at your peril. Anim Behav. 2015, 105: 223–230.

6. Bell AM, Hankison SJ, Laskowski KL. The repeatability of behaviour: a meta-analysis. Anim Behav.
2009, 77: 771–783. PMID: 24707058

7. Careau V, Garland TD Jr. Performance, personality and energetics: correlation, causation, and mecha-
nism. Physiol Biochem Zool. 2012, 85: 543–571. doi: 10.1086/666970 PMID: 23099454

8. Laming SR, Jenkins SR, McCarthy ID. Repeatability of escape response performance in the queen
scallop, Aequipecten opercularis. J Exp Biol. 2013, 216: 3264–3272. doi: 10.1242/jeb.080416 PMID:
23685972

9. Nespolo RF Franco M. Whole-animal metabolic rate is a repeatable trait: a meta-analysis. J Exp Biol.
2007, 210: 2000–2005. PMID: 17515425

10. White CR, Schimpf NG, Cassey P. The repeatability of metabolic rate declines with time. J Exp Biol.
2013, 216: 1763–1765. doi: 10.1242/jeb.076562 PMID: 23264481

11. Martinez M, Guderley H, Nelson JA, Webber D, Dutil J-D. Once a fast cod, always a fast cod: mainte-
nance of performance hierarchies despite changing food availability in cod (Gadus morhua). Physiol
Biochem Zool. 2002, 75: 90–100. PMID: 11880982

12. Hayes JP, Bible CA, Boone JD. Repeatability of mammalian physiology: evaporative water loss and
oxygen consumption of Dipodomys merriami. J Mammal. 1998, 79: 475–485.

13. Chown SL, Marais E, Picker MD, Terblanche JS. Gas exchange characteristics, metabolic rate and
water loss of the heelwalker, Karoophasma biedouwensis (Mantophasmatodea: Austrophasmatidae).
J Insect Physiol. 2006, 52: 442–449. PMID: 16466738

14. Versteegh MA, Helm B, Dingemanse NJ, Tieleman BI. Repeatability and individual correlates of basal
metabolic rate and total evaporative water loss in birds: a case study in European stonechats. Comp
Biochem Physiol A. 208, 150: 452–457.

15. Cortės P, Quijano SA, Nespolo RF. Bioenergetics and inter-individual variation in physiological capaci-
ties in a relict mammal–the Monito del Monte (Dromiciops gliroides). J Exp Biol. 209, 212: 297–304.
doi: 10.1242/jeb.021212 PMID: 19112149

16. Ford SE, Paillard C. Repeated sampling of individual bivalve mollusks I: intraindividual variability and
consequences for haemolymph constituents of the Manila clam, Ruditapes philippinarum. Fish Shell-
fish Immunol. 2007, 23: 280–291. PMID: 17175171

17. Tieleman BI, Croese E, Helm B, Versteegh MA. Repeatability and individual correlates of microbicidal
capacity of bird blood. Comp Biochem Physiol A. 2010 156: 537–540.

18. Sparkmann AM, Bronikowski AM, Williams S, Parsai S, Manhart W, Palacios MG. Physiological indices
of stress in wild and captive garter snakes: Correlations, repeatability, and ecological variation. Comp
Biochem Physiol A. 2014, 174: 11–17.

19. Doherty MK, Whitfield PD. Proteomics moves from expression to turnover: update and future perspec-
tives. Expert Rev Proteomics. 2011, 8: 325334. doi: 10.1586/epr.11.19 PMID: 21679114

20. Hawkins AJS, Bayne BL, Day AJ. Protein turnover, physiological energetics and heterozygosity in the
blue mussel,Mytilus edulis: the basis of variable age- specific growth. Proc R Soc Lond B Biol Sci.
1986, 229: 161–176.

21. Carter CG, Lynch KA, Moltschaniwsky NA. Protein synthesis in a solitary benthic cephalopod, the
Southern dumpling squid (Euprymna tasmanica). Comp Biochem Physiol A. 2009, 153: 185–190.

22. Moltschaniwskyj NA, Carter CG. Protein synthesis, degradation and retention: Mechanisms of indeter-
minate growth in cephalopods. Physiol Biochem Zool. 2010, 83: 997–1008. doi: 10.1086/656387
PMID: 20979497

23. Carter CG, Houlihan DF, Brechin J, McCarthy ID. The relationships between protein intake and protein
accretion, synthesis and retention efficiency for individual grass carp,Ctenopharyngodon idella (Val.).
Can J Zool. 1993, 71: 392–400.

Repeatability of Protein Synthesis

PLOS ONE | DOI:10.1371/journal.pone.0152239 March 28, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/24707058
http://dx.doi.org/10.1086/666970
http://www.ncbi.nlm.nih.gov/pubmed/23099454
http://dx.doi.org/10.1242/jeb.080416
http://www.ncbi.nlm.nih.gov/pubmed/23685972
http://www.ncbi.nlm.nih.gov/pubmed/17515425
http://dx.doi.org/10.1242/jeb.076562
http://www.ncbi.nlm.nih.gov/pubmed/23264481
http://www.ncbi.nlm.nih.gov/pubmed/11880982
http://www.ncbi.nlm.nih.gov/pubmed/16466738
http://dx.doi.org/10.1242/jeb.021212
http://www.ncbi.nlm.nih.gov/pubmed/19112149
http://www.ncbi.nlm.nih.gov/pubmed/17175171
http://dx.doi.org/10.1586/epr.11.19
http://www.ncbi.nlm.nih.gov/pubmed/21679114
http://dx.doi.org/10.1086/656387
http://www.ncbi.nlm.nih.gov/pubmed/20979497


24. Carter CG, Houlihan DF, Buchanan B, Mitchell AI. Protein-nitrogen flux and protein growth efficiency of
individual Atlantic salmon (Salmo salar L.). Fish Physiol Biochem. 1993, 12: 305–315. doi: 10.1007/
BF00004415 PMID: 24202872

25. McCarthy ID, Houlihan DF, Carter CG. Individual variation in protein turnover and growth efficiency in
rainbow trout, Oncorhynchus mykiss (Walbaum). Proc Biol Sci. 1994, 257: 141–147.

26. Houlihan DF, Carter CG, McCarthy ID. Protein synthesis in animals. In Wright PJ, Walsh PA, editors.
Nitrogen Metabolism and Excretion. Boca Raton, Florida: CRC Press; 1995. pp. 1–29.

27. Garlick PJ, McNurlan MA, Preedy VR. A rapid and convenient technique for measuring the rate of pro-
tein-synthesis in tissues by injection of [phenylalanine-H-3]. Biochem J. 1980, 192: 719–723. PMID:
6786283

28. Houlihan DF, Carter CG, McCarthy ID. Protein synthesis in fish. In: Hochachka P, Walsh PA, editors.
Biochemistry and Molecular Biology of Fishes, 4. Amsterdam: Elsevier; 1995. pp. 191–219.

29. Fraser KPP, Rodgers AD. Protein metabolism in marine animals: The underlying mechanism of growth.
Adv Mar Biol.2007, 52: 267–362. PMID: 17298892

30. Wagonmakers AJM. Tracers to investigate protein and amino acid metabolism in human subjects. Proc
Nutr Soc. 1999, 58: 987–1000. PMID: 10817167

31. Waterlow JC. Protein turnover. Wallingford, Oxfordshire: CABI Books; 1992.

32. Moore DR, Robinson MJ, Fry JL, Tang JE, Glover EI, Wilkinson SB, et al. Ingested protein dose
response of muscle and albumin protein synthesis after resistance exercise in young men. Am J Clin
Nutr. 2009, 89: 161–168. doi: 10.3945/ajcn.2008.26401 PMID: 19056590

33. Rowlands DS, Nelson AR, Phillips SM, Faulkner JA, Clarke J, Burd NA, et al. Protein-leucine fed dose
effects on muscle protein synthesis after endurance exercise. Med Sci Sport Exer. 2015, 47: 547–555.

34. Paddon-Jones D, Sheffield-Moore M, Zhang X-J, Volpi E, Wolf SE, Aarsland A, et al. Amino acid inges-
tion improves muscle protein synthesis in the young and elderly. Am J Physiol -Endoc M. 2004, 286:
E321–E328.

35. Rittler P, Demmelmair H, Koletzko B, Schildberg FW, Hartl WH. Determination of protein synthesis in
human ileum in situ by continuous [1-13C]leucine infusion. Am J Physiol -Endoc M. 2000, 278: E634–
E638.

36. Hartl WH, Demmelmair H, Jauch KW, Koletzko B, Schildberg FW. Effect of glucagon on protein synthe-
sis in human rectal cancer in situ. Ann Surg. 1998, 227: 390–397. PMID: 9527062

37. Hawkins AJS, Wilson IA, Bayne BL. Thermal responses reflect protein turnover inMytilus edulis L.
Funct Ecol. 1987, 1: 339–351.

38. Carter CG, Houlihan DF, Owen SF. Protein synthesis, nitrogen excretion and long term growth of juve-
nile Pleuronectes flesus. J Fish Biol. 1998, 53: 272–284.

39. Carter CG, Owen SF, He Z-Y, Watt PW, Scrimgeour C, Houlihan DF, et al. Determination of protein
synthesis in rainbow trout,Oncorhynchus mykiss, using a stable isotope. J Exp Biol.1994, 189: 279–
284. PMID: 9317802

40. Meyer-Burgdorff KH, Rosenow H. Protein turnover and energy metabolism in growing carp 1. Method
of determining N-turnover using a 15N-labelled casein. J Anim Physiol Anim Nutr. 1995, 73: 113–122.

41. Gasier HG, Previs SF, Pohlenz C, Fluckey JD, Gatlin DM III, Buentello JA. A novel approach for
assessing protein synthesis in channel catfish, Ictalurus punctatus. Comp Biochem Physiol B. 2009,
154: 235–238. doi: 10.1016/j.cbpb.2009.06.012 PMID: 19563906

42. Doherty MK, Brownridge P, OwenMAG, Davies SJ, Young IS, Whitfield PD. A proteomics strategy for
determining the synthesis and degradation rates of individual proteins in fish. J Proteomics. 2012, 75:
4471–4477. doi: 10.1016/j.jprot.2012.03.025 PMID: 22484057

43. Lamarre SG, Saulnier RJ, Blier PU, Driedzic WR. A rapid and convenient method for measuring the
fractional rate of protein synthesis in ectothermic animal tissues using a stable isotope tracer. Comp
Biochem Physiol B. 2015, 182: 1–5. doi: 10.1016/j.cbpb.2014.11.006 PMID: 25481869

44. McCarthy ID, Houlihan DF. The effect of temperature on protein metabolism in fish: the possible conse-
quences for wild Atlantic salmon (Salmo salar L.) stocks in Europe as a consequence of global warm-
ing. In: Wood CM, McDonald G, editors. Global warming: implications for freshwater and marine fish,
SEB Seminar Series No 61. Cambridge: Cambridge University Press; 1997. pp. 51–77.

45. Summers RW. Life cycle and population ecology of the flounder Platichthys flesus (L.) in the Ythan
estuary, Scotland. J Nat Hist. 1979, 13: 703–723.

46. Waterlow JC, Garlick PJ, Millward DJ. Protein turnover in Mammalian Tissues and in the Whole Body.
Amsterdam: Elsevier/North Holland Biomedical Press; 1978.

47. Gnaiger E, Bitterlich G. Proximate biochemical composition and caloric content calculated from ele-
mental CHN analysis: a stoichiometric concept. Oecologia (Berlin). 1984, 62: 289–298.

Repeatability of Protein Synthesis

PLOS ONE | DOI:10.1371/journal.pone.0152239 March 28, 2016 14 / 15

http://dx.doi.org/10.1007/BF00004415
http://dx.doi.org/10.1007/BF00004415
http://www.ncbi.nlm.nih.gov/pubmed/24202872
http://www.ncbi.nlm.nih.gov/pubmed/6786283
http://www.ncbi.nlm.nih.gov/pubmed/17298892
http://www.ncbi.nlm.nih.gov/pubmed/10817167
http://dx.doi.org/10.3945/ajcn.2008.26401
http://www.ncbi.nlm.nih.gov/pubmed/19056590
http://www.ncbi.nlm.nih.gov/pubmed/9527062
http://www.ncbi.nlm.nih.gov/pubmed/9317802
http://dx.doi.org/10.1016/j.cbpb.2009.06.012
http://www.ncbi.nlm.nih.gov/pubmed/19563906
http://dx.doi.org/10.1016/j.jprot.2012.03.025
http://www.ncbi.nlm.nih.gov/pubmed/22484057
http://dx.doi.org/10.1016/j.cbpb.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25481869


48. Hawkins AJS. Relationships between the synthesis and breakdown of protein, dietary absorption and
turnovers of nitrogen and carbon in the blue mussel,Mytilus edulis L. Oecologia (Berlin). 1985, 66: 42–
49.

49. Houlihan DF, McCarthy ID, Carter CG, Marttin F. Protein turnover and amino acid flux in fish larvae.
ICESMar Sci Symp. 1995, 201: 87–99.

50. Savage VM, Gillooly JF, Woodruff WH, West GB, Allen AP, Enquist BJ, et al. The predominance of
quarter-power scaling in biology. Funct Ecol. 2004, 18: 257–282.

51. Kiørboe T, Hirst AG. Shifts in mass scaling of respiration, feeding, and growth rates across life-form
transitions in marine pelagic organisms. Am Nat. 2014, 183: E118–E130. doi: 10.1086/675241 PMID:
24642502

52. Falconer DS. Introduction to Quantitative Genetics. New York: Longman Inc.; 1981.

53. Lessells CM, Boag PT. Unrepeatable repeatabilities: a commonmistake. Auk, 1987, 104: 116–121.

54. Kolok AS. The swimming performance of individual juvenile largemouth bass (Micropterus salmoides)
is repeatable. J Exp Biol. 1992, 170: 265–270.

55. Hayes JP, Jenkins SH. Individual variation in mammals. J Mammal. 1997, 78: 274–293.

56. McCarthy ID. Temporal repeatability of relative standard metabolic rate in juvenile Atlantic salmon and
its relation to life history variation. J Fish Biol. 2000, 57: 224–238.

57. Fraser KPP, Lyndon AR, Houlihan DF. Protein synthesis and growth in juvenile Atlantic halibut,Hippo-
glossus hippoglossus (L.): application of 15N stable isotope tracer. Aquacult Res. 1998, 29: 289–298.

58. Carter CG, Bransden MP. Relationships between protein-nitrogen flux and feeding regime in green-
back flounder, Rhombosolea tapirina (Günther). Comp Biochem Physiol A. 2001, 130: 799–807.

59. Owen SF. Meeting energy budgets by modulation of behaviour and physiology in the eel (Anguilla
anguilla L.). Comp Biochem Physiol A. 2001, 128: 631–644.

60. Wood CM. Ammonia and urea metabolism and excretion. In: Evans DH, editor. The Physiology of
Fishes. Boca Raton, Florida: CRC Press; 1993. pp. 379–425.

61. Wright PA. Nitrogen excretion: three end products, many physiological roles. J Exp Biol. 1995, 198:
273–281. PMID: 7699310

62. Wilkie MP. Ammonia excretion and urea handling by fish gills: present understanding and future
research challenges. J Exp Zool. 2002, 293: 284–301. PMID: 12115902

63. Houlihan DF, Hall SJ, Gray C. Effects or ration on protein turnover in cod. Aquaculture.1989, 79: 103–
110.

64. Carter CG, Houlihan DF. Protein synthesis. In: Wright PA, Anderson PM, editors. Nitrogen Excretion,
New York: Academic Press; 2001. pp. 31–75.

65. Bayne BL, Hawkins AJS. Protein metabolism, the costs of growth, and genomic heterozygosity: Experi-
ments with the musselMytilus galloprovincialis Lmk. Physiol Zool. 1997, 70: 391–402. PMID: 9237299

66. Hawkins AJS, Day AJ. Metabolic interrelations underlying the physiological and evolutionary advan-
tages of genetic diversity. Am Zool. 1999, 39: 401–411.

67. Heys SD, Park KGM, McNurlan MA, Calder AG, Buchan V, Blessing K, et al. Measurement of tumour
protein synthesis in vivo in human colorectal and breast cancer and its variability in separate biopsies
from the same tumour. Clin Sci. 1991, 80: 587–593. PMID: 1647921

68. Nespolo RF, Lardies MA, Bozinovic F. Intrapopulational variation in the standard metabolic rate of
insects: repeatability, thermal dependence and sensitivity (Q10) of oxygen consumption in a cricket. J
Exp Biol. 2003, 206: 4309–4315. PMID: 14581600

69. Watkins TB. The effect of metamorphosis on the repeatability of maximal locomotor performance in the
Pacific tree frog Hyla regilla. J Exp Biol. 1997, 200: 2663–2668. PMID: 9359373

Repeatability of Protein Synthesis

PLOS ONE | DOI:10.1371/journal.pone.0152239 March 28, 2016 15 / 15

http://dx.doi.org/10.1086/675241
http://www.ncbi.nlm.nih.gov/pubmed/24642502
http://www.ncbi.nlm.nih.gov/pubmed/7699310
http://www.ncbi.nlm.nih.gov/pubmed/12115902
http://www.ncbi.nlm.nih.gov/pubmed/9237299
http://www.ncbi.nlm.nih.gov/pubmed/1647921
http://www.ncbi.nlm.nih.gov/pubmed/14581600
http://www.ncbi.nlm.nih.gov/pubmed/9359373

