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Protein growth rate in rainbow trout(Oncorhynchus mykiss) is
negatively correlated to liver 20S proteasome activity
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Abstract

The efficiency with which fish and other animals add and maintain body proteins is a balance between synthesis of
proteins and their degradation. In fish that have similar food consumption and protein synthesis rates, a greater ratio of
synthesis to degradation would be expected to produce more efficient conversion of food into growth. In addition, we
hypothesised that high activities of the proteasome, a major pathway of protein degradation, would be negatively
correlated with growth rate. In order to test this hypothesis we maintained rainbow trout for 62 days, during which
repeat measurements of food consumption and growth were made. We selected fish for high and low growth efficiencies.
Protein degradation was estimated from the difference between protein synthesis(determined by N flux) and protein15

growth. We found that protein synthesis rates were significantly higher in the low growth efficiency group, as were
estimated protein degradation rates. In another group of fish that also did not differ in food consumption, the activity of
the proteasome in the liver, but not in the muscle, was negatively correlated with growth rates. These two experiments
showed that high proteasome activity is linked to decreased growth efficiency.
� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In salmonid fish, individuals exhibit large dif-
ferences in food consumption(Jobling et al., 1989;
McCarthy et al., 1993). This is partly due to the
hierarchy that develops in a group of fish; when
the animals are fed in a group, dominant individ-
uals gain a higher share of the food provided than
subordinate animals(McCarthy et al., 1992). Food
consumption stimulates the synthesis of new pro-
teins and also to a lesser extent, protein degrada-
tion (Houlihan et al., 1988). However, fish with
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similar food consumption and similar protein syn-
thesis rates, may exhibit different efficiencies with
which they deposit synthesised protein as growth
(Carter et al., 1993; McCarthy et al., 1994). Hence,
as protein growth results from the difference
between protein synthesis and protein degradation,
it has been hypothesised that protein degradation
rates play a key role in regulating protein growth
(Houlihan et al., 1995; Carter and Houlihan,
2001). These analyses of protein metabolism may
be important for aquaculture as they reveal the
mechanisms that determined the efficiency with
which food is converted into growth.

Usually an indirect approach has been taken to
estimate protein degradation rates in whole animals



76 A. Dobly et al. / Comparative Biochemistry and Physiology Part A 137 (2004) 75–85

Table 1
Protein metabolism

High efficiency fish Low efficiency fish P

Weight (g) 305"21 256"16 NS
Long-term food intake(g per fish per day) 4.6"0.1 3.3"0.7 NS
Long-term growth efficiency(k yk =100)g c 45.6"4.0 31.0"2.7 F0.05
k (% of protein in fish per day)g 1.61"0.14 1.00"0.03 F0.05
k (% of protein in fish per day)c 4.31"0.37 3.53"0.48 NS
k (% of protein in fish per day)s 4.06"0.38 7.14"1.05 F0.05
k (% of protein in fish per day)d 2.45"0.60 6.14"1.00 F0.05
Growth efficiency(k yk =100)g c 38.1"6.4 29.0"2.4 F0.05
Deposition efficiency(k yk =100)g s 41.2"8.7 14.4"1.5 F0.05

Long-term food intake and growth efficiency are averages of four X-ray measurements between days 23 and 55. Protein intake is
on the day of the N experiment(day 55); k is protein intake,k is protein synthesis,k is protein degradation andk is protein15

c s d g

growth. Deposition efficiency is the efficiency of deposition of synthesised proteins. Data are shown as mean and S.E.M. We used one-
tailed Mann–Whitney test withns6.

from the difference between protein synthesis and
growth (Carter and Houlihan, 2001). This indirect
method has been required due to the difficulties in
measuring protein degradation rates directly, as
this process is carried out by a variety of enzyme
pathways(Attaix et al., 1999) and it is not etabli-
shed which ones predominate in fish(Carter and
Houlihan, 2001).

Protein degradation is a highly regulated and
controlled process(Hershko and Ciechanover
1998). Eukaryotic cells contain two major systems
for protein degradation(Attaix et al., 1999). First-
ly, the lysosomal system, a membrane bound vac-
uole that contains acidic proteases, such as
capthepsins and other hydrolases, and secondly the
ubiquitin-proteasome mediated proteolysis path-
way (Cuervo et al., 1995; Tanaka and Chiba, 1998;
Pillay et al., 2002).

In rainbow trout the activity of the proteasome
in the liver and muscle was found to decrease
following two weeks starvation(Martin et al.,
2002) most likely as a result of decreased protein
turnover and decreased whole animal metabolism.
This is in contrast to the case in mammals where
proteasome activity increases dramatically follow-
ing even short periods of starvation(Wing et al.,
1995). In trout the activity of lysosomal enzymes,
in particular cathepsin D, increase during both
starvation(Krupnova et al., 1985; Martin et al.,
2001) and following exposure to pollutants(Kai-
varainen et al., 1998).

In this paper we have investigated the links
between protein metabolism in terms of protein
consumption, protein synthesis and growth effi-
ciency. We determined the individual variation in

food consumption through X-rays of fish that have
eaten food containing known amount of radio-
opaque beads(McCarthy et al., 1993). Protein
synthesis rates were determined with a N tech-15

nique (Carter et al., 1994). In order to better
understand the link between protein anabolism and
catabolism, we analysed two ratios: growth com-
pared to synthesis(the efficiency of deposition of
synthesised protein) and degradation compared to
synthesis. The activity of 20S proteasome was also
measured in selected fish to determine if there was
any relationship between the activity of proteasome
and growth rates.

2. Materials and methods

2.1. Animals

Immature female rainbow trout were maintained
in three circular 250 l freshwater tanks of 39, 38
and 38 fish, respectively. The tanks were outdoors
with a natural photoperiod varying from 7:45Ly
16:15D to 12:30Ly11:30D in 62 days(from 23y
1y2002 until 25y3y2002). Water temperature was
regulated at 14.08C ("0.2 8C) with pH 7.60
("0.05) and 90%("1%) of oxygen saturation.
The fish were individually marked on the ventral
surface, which enabled recognition of individuals.
The initial mean fish wet weight was 34.4 g("1.0,
ns115) with no statistical difference between the
tanks(1-Way ANOVA, F s0.57,Ps0.57).2,115

2.2. Feeding

Between 09.00 and 10.00 h each day of the
feeding trial, the fish were hand fed a commercial
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diet ad libitum(3.0 mm, Royale Optima 30, Trouw
Ltd, 47% of protein; fed until at least three pellets
were left uneaten on the floor of the tank). Feeding
did not exceed 2.7% body weight on any one day.
Total daily food consumption was monitored for
each of the 62 days in each tank. Individual food
consumption was recorded five times during the
course of the experiment by X-radiography using
a Todd Research 80y20 portable X-ray unit as
described by Talbot and Higgins(1983), Jørgensen
and Jobling(1989) and McCarthy et al.(1993).
On days 17, 23, 31, 41 and 55, the fish were fed
a diet labelled with 1% radio-opaque ballotini glass
beads (400–600 mm, Jencons Scientific Ltd,
Leighton Buzzard, UK; 66 beadsyg of dry food).
As described below, on day 55, the food also
contained N-labelled proteins. All the food(for15

X-rays or not) was air-dried until it reached a
constant weight. One hour after the end of each
feeding session, before weighing and X-rays, fish
were anaesthetised with benzocaine(Sigma, 20
mgyl). The individual consumption was expressed
as the mean of the X-ray sessions in grams of dry
food eaten per gram of wet weight of fish per day.

In order to determine if the X-ray method could
be independently verified, the total amount of food
consumed by fish in a tank determined by radi-
ography was compared with the amount of food
consumed by the whole group from the ad libitum
feeding procedure. This accountability of feeding
with X-ray is expressed in percent and defined as:

Accountability for whole tank
s(radiographic estimateyfood consumed
from hand-feeding)=100

Food consumption of individual animals was
calculated from the four X-rays and the accounta-
bility was determined from a mean of four X-rays.

Out of the original 115, 86 fish were used for
the final analysis. Fish were only included in the
analysis if they consumed food on three or more
X-ray occasions and if they remained healthy.

2.3. Growth

On every X-ray session, the length and the
weight of the fish were measured. The weight of
the meal estimated from radiography for that indi-
vidual fish on any particular day was subtracted
from the wet weight. The specific growth rate
(SGR, % of body weight increase per day, Ricker,

1979), was calculated from the equation:

SGRs((ln W2yln W1)yt)=100

where W2 is the final weight, W1 is the initial
weight andt is time between W1 and W2 in days.
We calculated the SGR from growth between the
second(day 23) and last X-ray(day 55). The
individual protein intake on a given day(k , % ofc

protein content per day) is defined as:

k s(gram of dry food eatenc

=gram of protein per gram of dry
foodyprotein content of fish)=100

with gram of protein per gram of dry food being
determined as 0.47. An average protein content of
the fish of 16.8% was used; it is based on McCar-
thy et al.(1994) and Carter et al.(1994).

Protein growth efficiency(GE, %) was calcu-
lated as:

GEs(k yk )=100g c

with k being protein growth calculated as SGRg

but with protein estimated content and not wet
weight (between days 23 and 55) andk being thec

protein intake expressed as a percentage of the
protein content of the fish;k was estimated as ac

mean of the four X-rays carried out between days
23 and 55.

The coefficient of variation of food consumption
(CV, %) was defined as:

CVsS.D.(food intake)ymean(food intake)=100

where S.D.(food intake) is the standard deviation
of food intake and the mean food intake is in
percent of body weight(McCarthy et al., 1992).

The hierarchy in terms of consumption of food
for an individual fish feeding in the group was
expressed in percent on a given day as(McCarthy
et al. 1999):

Food hierarchys(F yF )=100i a

with F being the grams of food consumed by ai

given individual andF being the average fooda

available to a fish in its tank calculated from the
ad libitum feed delivered and the number of fish
in the tank. When this index is less than 100 an
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individual was eating less than the average amount
of food available to each individuals in the group.
The index is independent of the number of fish in
a tank. It was determined for the four last X-rays.
This allowed a comparison between the feeding
hierarchy in the three tanks.

We used data from the fourth X-ray in order to
select fish for the protein synthesis experiment
(see below). All fish were killed on day 62, 24 h
following the meal. Their livers were frozen imme-
diately in liquid nitrogen for the proteasome assay.

2.4. Protein metabolism

After the fourth X-ray measurement, 18 trout
(chosen from the three tanks) were selected: nine
with high efficiency and nine with low efficiency.
The following criteria were used in this selection:
(1) all 18 fish had similar food consumption values
on day 41(low efficiency fish: 3.09"0.41% per
day, high efficiency fish: 2.57"0.33% per day,
Mann–Whitney U test,ns18, P)0.05); (2) all
18 fish were in similar hierarchical positions on
day 41 (food hierarchy, high efficiency:
140.6"27.1, low efficiency: 92.6"11.3, Mann–
Whitney U test,ns18, P)0.05); and (3) nine
animals with the highest and nine animals with
the lowest growth efficiency on day 41(see
definition above, high efficiency: 61.6"5.7, low
efficiency: 35.3"4.0). All fish remained as before
in their original tank until the fifth X-ray session
(on day 55), which followed a meal containing
1% glass beads and 0.5%Spirulina sp. proteins
containing N stable isotope as the labelled pro-15

tein tracer(Martek Biosciences, Columbia, MD,
USA). After the X-ray, the selected trout were
placed in groups of three with similar total weight
in six 20 l-tanks(three tanks with high growth
efficiency fish and three with low efficiency fish).
The water flow was stopped and an air-stone
provided aeration to each tank for 6 h or 12 h
periods. At 6, 12, 24, 36 and 48 h post-feeding,
50-ml and 4-l samples were collected from each
tank. The water volume was reduced to approxi-
mately 5 l and fresh water flowed through for 10
min to ensure the complete change of water. The
volume was readjusted to 20 l. A 50-ml sample of
inflowing water was taken at each sampling time
to determine ammonia, urea and N backgrounds.15

All water samples were acidified with 2 M HCl to
bring the pH below 2 to prevent ammonia loss
(Wilkie and Wood, 1991). The samples were

maintained at 48C until further analysis. The
ammonia concentrations at the end of 6 h or 12 h
periods did not reach toxic levels, as defined by
Wicks and Randall(2002).

Ammonia and urea concentrations were deter-
mined in the 50-ml samples by colorimetric assays
(Le Corre and Treguer, 1976; Rahmatullah and
Boyde, 1980, respectively). Recovery of N was15

carried out by distillation of ammonia in the 4-l
sample into 1-M boric acid described by Fraser et
al. (1998). The ammonium borate was then freeze-
dried (Edwards Super Modulyo Freeze Drier,
Edwards, Crawley, UK). Duplicate 25-mg samples
of dried ammonium borate were packed in tin
capsules for analysis of the enrichment of the
samples with N compared to natural N back-15 15

ground on a ANC Robopreprep-CN linked to a
tracer mass isotope ratio mass spectrometer. These
results were used to calculate the whole animal
rates of protein synthesis from the end point
stochastic model of Waterlow et al.(1978) as
applied to fish by Carter et al.(1994) and Fraser
et al. (1998). The proportion of protein mass
synthesised per day was determined(k , % pers

day). Protein growth(k ) was calculated as men-g

tioned above. Whole animal protein degradation
rates(k per day) were calculated as the differenced

betweenk and k . Efficiency of deposition ofs g

synthesised proteins were calculated as(k yg

k )=100 and called deposition efficiency.s

2.5. Assay of proteasome activity in-vitro

Twenty fish(from the three tanks) were selected
using the following criteria:(1) trout with data
available for the five X-ray sessions,(2) animals
from a wide range of growth efficiencies(range
38.6%–66.0%), (3) animals with a similar protein
consumption calculated from days 16 to 55
(3.26"0.14% per day). The animals were killed
by approved method, tissues were immediately
frozen in liquid nitrogen and stored aty80 8C.
Frozen tissue samples were homogenised in lysis
buffer (50 mM Tris pH 8.0, 0.1 mM EDTA, 1.0
mM 2b-mercaptoethanol) on ice using a Dounce
homogeniser(200 mg tissue to 1 ml buffer)
followed by centrifugation at 20 000=g for 1 h at
4 8C and the supernatnant retained. The concentra-
tion of soluble proteins were determined by Brad-
ford protein assay(Bradford, 1976) using BSA for
the standard curve. For the 20S proteosome pep-
tidase activity, the proteasome-specific fluorogenic
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substrate LLVT-AMC (Alexis Corporation, Not-
tingham, UK) was dissolved in DMSO. The final
concentration of DMSO in the reaction did not
exceed 4%. LLVT-AMC was incubated with tissue
cytosolic proteins and SDS, as described by Shi-
batani and Ward(1995). Briefly, 50 mg protein
was incubated with 40mM fluorogenic substrate
in 100 ml 100 mM Tris pH 8.0y0.0475% SDS.
The reaction was allowed to proceed for 30 min
at 15 8C and stopped by the addition of 0.3 ml
1% SDS and 1 ml 0.1 M sodium borate(pH 9.1).
For control reactions protein and all reagents were
stopped immediately so as to determine back-
ground fluorescence. The release of the fluorogenic
reagent AMC (7-amido-4-methylcoumarin) was
determined with a fluorimeter with excitation 370
nm and emission 430 nm. Enzyme activity is
presented as pmol AMC h 50mg protein . Ay1 y1

standard curve was constructed for each assay with
AMC ranging from 0 to 100 pM. Proteasome-
specific inhibitor (MG115 and ZLLnV, Sigma
C6706) was added to reactions to a final concen-
tration of 50 mM to confirm that LLVT-AMC
degradation was proteasome-specific(Tsubuki et
al., 1993; Lee and Goldberg, 1998). The 20S
proteasome activity was expressed as pmol AMC
released min 50mg protein .y1 y1

2.6. Statistical analysis

Statistics were carried out using SPSS software
(version 11, SPSS UK Ltd, Chertsey, UK). As no
distribution was assumed to be normal, we used
only non-parametric tests. We used 1-way analysis
of variance and Mann–Whitney U test to deter-
mine differences between independent variables.
Wilcoxon signed rank test was used for dependent
variable. The correlations were identified by Spear-
man method. All tests were two-tailed with a level
of significance of 0.05, except the comparison of
high and low efficiency fish, which was one-tailed
as we anticipated the direction of differences.
Unless otherwise indicated mean values"S.E.M
are presented.

3. Results

3.1. Growth and food consumption

We observed no statistical difference between
the three tanks in growth rate, mean food con-
sumption determined by visual observation or

mean food hierarchy, so data for all tanks were
pooled(1-Way ANOVA, growth rate:F s1.33,2,84

Ps0.27; mean food:F s1.14, Ps0.32; food2,85

hierarchy:F s0.009,Ps0.99). The mean spe-2,88

cific growth rate after 62 days was 1.29% per
day"0.05(ns86, day 23 to 55). Individual SGRs
varied from 0.15 to 2.87% per day. Mean food
consumption determined by visual observation was
not different from consumption of the tank deter-
mined by the X-ray method(0.79"0.04 vs.
0.90"0.14 g per day per fish, Mann–Whitney U
test,ns29 and 4,P)0.05)

The mean food consumption determined from
the X-rays in percent of wet body weight was
1.21% per day"0.04 (ns86, minimum: 0.49%
per day, maximum: 2.28% per day). The corre-
spondingk was 3.39% per day"0.11(minimum:c

1.37% per day, maximum: 6.39% per day); this
was used to calculate growth efficiency. The mean
accountability of feeding with X-ray, similar
between the three tanks, was 95.3%"0.5 of the
food seen to be eaten by the fish in the tanks. The
coefficient of variation of food consumption(CV)
from the X-ray determinations of individual food
consumption in three tanks was 42.5%"2.1 (ns
86, minimum: 10.5, maximum: 99.0).

Protein growth efficiency(ratio between protein
growth and protein consumption) was highly var-
iable between individuals: the mean ratio was
38.3%"1.04 (ns86, minimum: 10.8, maximum:
66.0). The 20 fish selected for assays for 20S
proteasome activity had a wide range of protein
growth efficiencies(from 38.6% to 66.0%) with a
very similar k for the 10 most efficient fish andc

the 10 less efficient fish(high efficiency: 3.25%
per day"0.22, low efficiency: 3.27% per
day"0.19). The specific growth rate was 1.77%
per day"0.18 for the high efficient fish and 1.36%
per day"0.08 for the low efficient fish. At the
end of the experiment(day 62), these 20 fish had
a weight of 91.2 g"6.7.

3.2. Protein metabolism

After a meal containing N-labelled proteins,15

protein synthesis was determined over 48 h for
isolated groups of low and high efficiency fish.
The average weight of fish groups and the mean
food consumption were not significantly different
between low and high efficiency fish(Table 1).
Nitrogen excretion peaked 24 h following the meal
in all tanks and had returned to basal levels of
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Table 2
Spearman’s rho andP from correlations between the main physiological variables

Specific growth Protein intake Growth Proteasome Proteasome
rate (k )c efficiency in liver in muscle

Final body weight rho 0.105 0.208 y0.448 y0.328 y0.272
P 0.658 0.379 0.048* 0.158 0.245

Specific growth rate rho 0.501 0.397 y0.507 0.060
P 0.024* 0.083 0.023* 0.802

Protein intake(k )c rho 0.172 y0.476 y0.266
P 0.469 0.034* 0.257

Growth efficiency rho 0.184 0.102
P 0.438 0.668

Proteasome in liver rho 0.302
P 0.196

The first line of each variable gives the correlation coefficient, the second line gives the significance. All weights are in g, protein
intake is in % of body weight. Proteasome in liver and in muscle are the 20S proteasome activity in these tissues(see Section 2 for
the details of calculations). Correlations are 2-tailed Spearman’s rho (Ns20), *-0.05.

nitrogen excretion by 48 h following the meal
(6.8"1.4mg N h g ). Percent of total nitrogeny1 y1

excreted as urea was found to be 6.6%"3.0 for
the high efficiency fish and 10.9%"2.0 for the
low efficiency fish (not significantly different:
one-tailed Mann–Whitney U test,ns6, P)0.05).
The cumulative excretion of N had reached a15

plateau by 48 h following the meal indicating that
the amino acid free pool was depleted of the label.

The values for protein metabolism are shown in
Table 1. As fish were chosen with similar protein
intakes and different growth efficiencies, the low
efficiency fish as expected had a lower growth
rate than the high efficiency fish. The synthesis
rates and the protein degradation were higher in
low efficiency fish than in high efficiency fish
(see Table 1). The efficiency of deposition of
synthesised protein(k yk ) was higher in highg s

efficiency fish(Table 1). The ratio between protein
degradation and synthesis(k yk ) was negativelyd s

correlated with the specific growth rate(Spear-
man’s rho,ns6, rsy0.829,Ps0.042). The low
efficiency fish had a higher meank yk ratio thand s

the high efficiency fish (low efficiency fish:
88.7"1.1, high efficiency fish: 67.8"6.8, 1-tailed
Mann–Whitney test,ns6, PF0.05).

3.3. Proteasome activity and growth efficiency

A second experiment tested with linear correla-
tions the presence of significant associations
between the main physiological variables already
obtained(SGR, k , GE) and proteasome activity.c

The 20S proteasome activity was significantly
greater in the liver than in the muscle tissue(ns
20, 42.0"2.77 vs. 24.2"3.75 pmol AMC h 50y1

mg protein , Wilcoxon Test,PF0.001). Table 2y1

shows that there were no correlations between the
proteasome activity in the muscle and all the
physiological variables tested. Liver proteasome
activity was negatively correlated tok and to SGRc

(Fig. 1). SGR was positively correlated tok (Fig.c

2). Growth efficiency was negatively correlated to
final weight.

4. Discussion

In this study, we observed a relatively low mean
coefficient of variation in food consumption(42%,
range: 10–99%). These values are in agreement
with other studies where variation was between 26
and 62% (McCarthy et al., 1992) and 1–62%
(Jobling and Baardvik, 1994). It is known that
low rations increase the variation(McCarthy et
al., 1992; Carter et al., 1996). As in this study the
fish were hand-fed until all fish has cessed feeding,
the food was probably difficult to defend(Koebele,
1985) and most fish could eat as much as they
wanted. This method of feeding is, therefore,
probably the reason for the relatively low individ-
ual variability (McCarthy et al., 1999).

For both experiments, we chose fish that had
high or low efficiency. To avoid effects of protein
consumption on protein synthesis, fish were chosen
with no significant difference in food consumption
as increased protein consumption results in
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Fig. 1. Correlation between specific growth rate and 20S proteasome activity in liver expressed in pmol AMC released per minute per
50 mg protein(Ns20, ysy12.6xq61.6,rs0.507,Ps0.023).

Fig. 2. Correlation between specific growth rate and protein consumption of 20 fish; both measures are expressed as percent of body
weight per day(ys0.46xq0.12,rs0.524,Ps0.018).
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increased protein synthesis in both fish(Houlihan
et al., 1989; Carter et al., 1998) and mammals
(reviewed in Houlihan et al., 1995). This increase
in protein synthesis may be brought about by a
result of amino acid and hormonal stimulation
(Sugden and Fuller, 1991). The relationship
between protein degradation and consumption is
less clear, with some studies indicating degradation
is stimulated by increased consumption(Houlihan
et al., 1989; Millward, 1989) whereas other studies
show degradation rates are not linked to ration
(McCarthy et al., 1994).

During the protein synthesis experiment, the
profile of ammonia excretion showed a peak
between 12 and 24 h following the meal, this is
later than that reported previously(6–12 h, Geli-´
neau et al., 1998). This may be a reflection of
temperature(14 8C in this experiment, 168C in
Gelineau et al.(1998)). The proportion of digested´
nitrogen excreted as urea(7% and 11%, respec-
tively, for high and low efficiency fish) is within
the normal range for rainbow trout(between 4%
and 13%, Dosdat et al., 1996; Medale et al., 1998).´
The rates of protein synthesis were within the
range of published whole animal synthesis rates
for salmonid fish(Houlihan et al., 1986; McMillan
and Houlihan, 1992; McCarthy et al., 1994).

Protein synthesis rates were significantly greater
in the low efficiency groups of fish(Table 1).
This result is in contrast to that reported by
McCarthy et al.(1994) where a radioactive tracer
method was used to measure protein synthesis 24
h after a meal. In that report, rainbow trout with
different growth efficiencies had similar protein
synthesis rates and hence protein degradation was
suggested as being the major controlling factor in
growth efficiency. As the method used here inte-
grates protein synthesis over 48 h following a
meal, greater reliance can be placed on the results
compared with the short-term radioactive method.
Using this approach protein synthesis is measured
over a short time(1–2 h) and thus the variations
in synthesis rates over a full day following feeding
are not accounted for. The end product measure-
ment of protein synthesis used here also integrates
temporal fluctuations and measurements are taken
without disturbing the fish(reviewed by Carter
and Houlihan, 2001).

Here we find degradation rates higher in the
low efficiency group(6.4% per day) compared to
the high efficiency group(2.8% per day, Table 1).
Degradation rates published for trout are highly

variable; Peragon et al.(1999) report degradation`
rates between 3.5% per day for fed fish whilst this
increases to 11% per day for trout that have been
starved for 70 days. With the flooding dose meth-
od, McCarthy et al.(1994) report lower degrada-
tion rates in high efficiency fish than in low
efficiency fish(1.6 and 2.4% per day).

Protein growth efficiencies for rainbow trout
have been reported to be 35–45%(Owen et al.,
1999) and 14.4–34.6%(McCarthy et al., 1994),
our results for high and low efficient fish are
within this range(45.6% and 31.0%, respectively,
see Table 1). This study also showed that fish with
high protein consumption show a higher growth
rate.

In all animals in this study the proteasome
activity was greater in liver than in muscle as had
been previously described for fish(Martin et al.,
2002) and for mammals(Selman et al., 2002).
This is likely to reflect the high metabolic activity
of the liver. No relationship was found between
20S proteasome activity and growth efficiency in
the muscle, however, a significant negative corre-
lation was found between liver 20S activity and
growth rate, demonstrating that fast growing ani-
mals had lower activity of 20S proteasome in the
liver (Table 2). This is of great interest as it could
indicate that fast growing animals show lower
overall protein turnover in liver. These results
parallel the higher deposition efficiency(k yk ) ing s

high efficiency fish. Our assays were performed
on tissues extracted 24 h following a meal, which
could reflect basal rates of protein degradation. It
is possible that the 20S activity varies with time
following a meal similar to the synthesis rates.
Protein synthesis in both rainbow trout and cod
are know to increase following a meal, with
maximum rates being observed before 6 h in both
species (McMillan and Houlihan, 1989, 1992;
Lyndon et al., 1992). A significant negative cor-
relation was also found between 20S proteasome
and food consumption. This is unexpected and
may be due to temporal changes in proteasome
activity 24 h after the meal. Further studies will
be required to fully elucidate this.

Both protein synthesis and protein degradation
are energy requiring processes, with an estimated
20–40% of oxygen consumption being required
for protein synthesis(Houlihan et al., 1988; Hou-
lihan, 1991) and up to 15% of ingested energy
may be required for protein degradation(Siems et
al., 1984). Hence, efficient fish are using less
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energy for the continual turnover of proteins. In
chickens selected for high growth efficiency, pro-
tein breakdown is significantly reduced in fast
growing chickens compared to slower growing
chickens(Maruyama et al., 1978; Muramatsu et
al., 1987; Flannery and Beynon, 1991). Recent
studies on ubiquitin proteasome mediated proteol-
ysis in chickens showed that ubiquitin conjugation
was not related to differences in growth rates
(Harper et al., 1999). Evidently, caution needs to
be taken when synthesis rates and derived degra-
dation rates are measured over two days and the
activity of proteasome is taken at a fixed time 24
h following the meal. Turnover of cellular proteins
can be extremely rapid. Up to 30% or more of
newly synthesised proteins can be degraded almost
immediately following ubiquitination(Yewdell et
al., 2002). They suggest these proteins are in some
way defective and cannot reach their intended
conformation or cellular location in a time frame
deemed appropriate by the cells.

Efficiency of protein deposition is a key goal in
aquaculture and in the underlining regulation of
growth in other cultivated animals. In this paper
we have demonstrated that fish that are poor in
terms of growth efficiency also have higher rates
of protein turnover, this high rate of turnover is
energy demanding and means poor utilisation of
nutrients. In parallel we have shown that the 20S
proteasome activity is decreased in livers of fish
that have high specific growth rates, which indi-
cates reduced protein degradation by the ubiquitin
proteasome pathway.
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