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Effects of water temperature on protein
synthesis and protein growth in juvenile
Atlantic wolffish (Anarhichas lupus)

lan D. McCarthy, Erlend Moksness, Dimitri A. Paviov, and Dominic F. Houlihan

Abstract: The effects of water temperature (5, 8, 11, and 14°C) on the fractional rate (percent per day) of protein
consumption k) and on white muscle and whole-body fractional rates of protein synthlejsp(otein growth k),

and growth efficiency (PPV, growth/consumptidglks, growth/synthesis) of juvenile Atlantic wolffisPAgarhichas

lupug (initial body weight 26 g) were studied. Rates of protein consumption and white muscle and whole-body protein
synthesis increased in a linear fashion between 5 and 14°C. In contrast, the relationships between temperature and
white muscle and whole-body protein growth, protein growth efficiency (PPV) and protein synthesis retention
efficiency gk were parabolic. The results indicated that the optimum water temperatures for gihyyth) @nd

growth efficiency Top.ce were 10-11 and 9-10°C, respectively. The maximum white muscle and whole-body protein
growth rates recorded &, c were 0.9 and 0.7 %-day respectively. AtT,, cg the maximum white muscle and
whole-body PPV values were 28 and 34%, respectively,kgfid values were 92 and 51%, respectively. The growth
performance data for juvenile Atlantic wolffish in comparison with published data for salmonids (rainbow trout
(Oncorhynchus mykiysAtlantic salmon $almo sala)) at 9—11°C further highlight its suitability as an alternative
species for cold-water aquaculture in northern Europe and Atlantic Canada.

Résumé: Nous avons étudié les effets de la température de I'eau (5, 8, 11 et 14°C) sur le taux fractionnel (pour cent
par jour) de la consommation de protéin&g €t sur les taux fractionnels de la synthése de protéikgsde la

croissance protéiniquekd) et de I'efficacité de la croissance (PPV, croissance/consommagtjig; croissance/synthése)

dans les muscles blancs et le corps entier de loups atlantigueeshichas lupuls (poids corporel initial de 26 g)

juvéniles. Les taux de consommation de protéines et la synthése de protéines dans les muscles blancs et le corps entier
se sont accrus linéairement entre 5 et 14°C. Par ailleurs, les relations entre la température et la croissance protéinique
dans les muscles blancs et le corps entier, I'efficacité de la croissance protéinique (PPV) et I'efficacité du maintien de

la synthése de protéinekyks) étaient paraboliques. Les résultats ont indiqué que les températures de I'eau optimales
pour la croissanceT(y, o) et 'efficacité de la croissancel, g9 étaient de 10-11 et de 9-10°C, respectivement. Les
taux de croissance protéinique maximaux dans les muscles blancs et le corps entier enregigtrgstaient de 0,9 et
0,7%-jour’, respectivement. ATy, cg les valeurs maximales de PPV dans les muscles blancs et le corps entier étaient
de 28 et 34%, respectivement, et les valeurkgdg étaient de 92 et 51%, respectivement. Les données sur la
performance de la croissance chez les loups atlantiques juvéniles en comparaison des données publiées pour les
salmonidés (truite arc-en-cieDficorhynchus mykiyssaumon atlantiqueS@imo sala)) a 9-11°C témoignent de la

valeur de cette espece a titre d’espece de remplacement pour I'aquaculture en eau froide dans le nord de I'Europe et

au Canada atlantique.

[Traduit par la Rédaction]

Introduction

breakdown of protein with growth occurring under condi-
ions where the rate of protein synthesis exceeds protein

. . . . i
In all animals, there is a continual cycle of synthesis anci)reakdown (Sugden and Fuller 1991; Houlihan et al. 2995
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In fish, the effects of various abiotic and nutritional influ-
ences on protein synthesis and protein growth have been
studied for over 20 years and have been the subject of sev-
eral reviews (Haschemeyer 1978; Fauconneau 1985; Houli-
han 1991; Houlihan et al. 1993, 1995199%; McCarthy

and Houlihan 1997). Water temperature has been identified
as the major abiotic factor affecting the physiology and
growth of fish (Brett 1979; Jobling 1997). However, al-
though the effects of water temperature on rates of protein
synthesis in fish have been well studied (reviewed by Hasche-
meyer 1978; McCarthy and Houlihan 1997), there are very
few examples where rates of protein synthesis and growth
have both been measured for the same animals (e.g., Faucon-
neau and Arnal 1985; Mathers et al. 1993; Reid et al. 1995,
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1997). However, these measurements are of value, as thepown that the optimum water temperatures for wet weight
allow the effects of water temperature on these two fundagrowth and growth efficiency of juvenile Atlantic wolffish
mental processes (synthesis and growth) to be modelled arade 11 and 9.6°C, respectively (McCarthy et al. 1998). At
also allow the effects of water temperature on the efficiencythe end of that study, we had the opportunity to measure
with which fish retain synthesised proteins as growth to befractional rates of protein synthesis in fish sampled from
examined. each of the temperature groups, using the flooding dose
Our knowledge of the temperature response of proteinmethod of Garlick et al. (1980) (for reviews of this tech-
synthesis and protein growth in fish is still limited in a num- nique, see Houlihan et al. 1985199%). Thus, the aims of
ber of respects. Any fish species exhibits thermal tolerancéhis paper are toiY examine the effect of water temperature
over a range of water temperatures where feeding and growtn white muscle and whole-body rates of protein synthesis
will occur and where growth performance (in terms of bothand protein growth in juvenile Atlantic wolffishji] deter-
rate and efficiency) can vary according to the water temperamine the water temperature(s) at which white muscle and
ture (Jobling 1997). However, previous studies have rearewhole-body protein growth rates and protein synthesis reten-
groups of fish at a limited number of water temperaturedion efficiencies are maximal, andiij compare the protein
within the thermal tolerance range for that species, 2°C (Reidnetabolism of juvenile Atlantic wolffish with that of salmo-
et al. 1995, 1997) to 10°C (Fauconneau and Arnal 1985hid fish (rainbow trout @ncorhynchus mykiks Atlantic
Mathers et al. 1993) apart. To our knowledge, rates of prosalmon Galmo sala)), the most commonly studied species
tein synthesis and growth have not been measured overia temperature—growth studies in fish and also the dominant
range of water temperatures within the range of thermal tolfish species in cold-water aquaculture.
erance for a species enabling the temperature response of
these processes to be modelled. Secondly, most of the previ- .
ous studies on protein synthesis and growth in fish havdaterials and methods
been carried out using salmonid fish (e.g., Fauconneau and
Arnal 1985; Houlihan et al. 1986; Foster et al. 1991; CarteAnimal husbandry
et al. 1993; McCarthy et al. 1994; Owen et al. 1999), most The experiment was carried out at the Institute of Marine Re-
likely due to their commercial importance and the ease witrfearch. Fledevigen Marine Research Station, Norway, between
which salmonids can be reared in the laboratory. It has beeFIebruary antt)nlt \_]uI)(/j f1995 L:jSl:]tgbjuvgn;Ie ?Ham'ct"t"ﬁlﬁ'?ht.reaﬂ?ﬂ
suggested that the pattern of protein turnover and the reter?)r—om €ggs obtained from adult broogstock held at the staton. the

. - . .~ origin of the broodstock and the methods of artificial fertilisation
tion of synthesised protein as growth may vary between fisfy,q eqq incubation are described in the review of Moksness and

species that adopt different lifestyles (Houlihan et al. )95 payiov (1996). The fish used in this experiment were hatched and
For example, recent work has suggested that the proportiofeaned onto food during May and June 1994. The holding condi-
of synthesised proteins retained as protein growth may beons and water quality are as previously described in McCarthy et
higher in more sedentary fish (e.g., Atlantic halibHfifpo-  al. (1998). The thermal history experienced by these fish prior to
glossus hippoglossiisFraser et al. 1998) compared with the experiment was 6°C in May 1994, rising to about 12°C in

salmonids. However, little data are available to examine thi$eptember—October and then declining to 5°C by February 1995.
hypothesis. This experiment was started on 20 February 1995 and lasted for

The Atlantic wolffish @narhichas lupusprovides an ideal 98 days. A total of 400 juvenile Atlantic wolffish were divided into

. s - four treatments, with two replicate tanks of 50 fish per treatment.
alternative model species for the study of protein metaborifeen fish in each tank were individually tagged using a coding

lism in fish. It is a benthic marine fish whose habits differ system of visible implanted fluorescent elastomer (Northwest Ma-
from those of salmonid fish in that it has a sedentary naturgine Technology, Shaw Island, WA 98286, U.S.A.) injected into

and exhibits little aggression between conspecifics, factorgheir dorsal fins. A control group of 10 fish (mean weight 25.1 +

that may promote increased growth efficiency through re0.7 g,n = 10) from the same stock were killed on 20 February
duced energy expenditure. The Atlantic wolffish has alsol995 in order to estimate the initial white muscle and whole-body
been |dent|f|ed as a poss|b|e Candldate Spec|es for Coldlrotewl content and initial Wh|te muscle fillet WEIght (eXpl’essed as
water aquaculture in northern Europe (Tilseth 1990) and ifft percentage of initial body weight) of the experimental fish. These

Atlantic Canada (Brown et al. 1995). The progress made iﬁjata were used to calculate the white muscle and whole-body growth

. . rates of the experimental fish (see below).
the development of Atlantic wolffish aquaculture has been All groups of fish were kept in green-walled tanks & 1 x

reviewed recently (Moksness and Pavlov 1996); howeverg 5 m, 260-280 L) and exposed to a 16 h tigl8 h dark photo-

there are no protein metabolism data available for this Speseriod. Salinity varied between 33.6 and 34.8%o, the average oxy-
cies. The study of the protein metabolism (rates of proteiyen saturation was about 115%, and the dissolved ammonium
consumption, synthesis, and growth) of any potential aguaconcentration varied between 1.0 and fifsiol NH,-L™. Desired
culture species will be of value in providing a better under-experimental water temperatures were obtained using three sources:
standing of the growth performance and food conversior(i) water pumped directly from the sea channel, which fluctuated
efficiency for that species and in allowing more meaningfulbetween 5 and 10°C during the study, and water from the same
comparisons to be made with the growth performance of exsource that had beeniiX cooled to between 2 and 5°C or
isting culture species. (i) heated to between 15 and 16°C. Water from two of the three

T fth | tol for the Atlanti Iffish i sources was mixed to provide the desired temperature of water for
€ range or thermal tolerance tor the Atlantic WOIISA IS o4c tank. The water temperature in each tank was checked daily

unknown; however, Atlantic wolffish have been recorded atynq carefully regulated to minimise day-to-day fluctuations. Nomi-

water temperatures ranging between O and 16°C (reviewegh| water temperatures of the four treatments were 5, 8, 11, and
in Moksness and Pavlov 1996). Recently, by rearing fish at @4°C, respectively. Although the measured water temperatures var-
range of water temperatures between 5 and 14°C, we haved slightly from those expected, they were not significantly differ-
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ent from 5, 8, 11, and P€ (x* = 1.32-3.51, 94-97 dip < 1.00) k = ((‘;onp.;|_00)x/vpr0t
(Table 1). The experimental groups were designated as groups 5.1,
5.2,8.1,8.2, 11.1, 11.2, 14.1, and 14.2, respectively. where Cop is the average daily protein consumption rate (grams

The fish were fed a fish meal diet (NorSeaMink; Elite Plus, protein per fish per day) and/,, is the average final protein mass
Skretting, Stavanger, Norway) by hand to apparent satiation two tdi-e., wet weight x percent protein content) of the tagged fish in
six times per day (feeding motivation dependent on water temperaeach group.
ture). At each feeding, the fish were fed slowly and care was taken The white muscle and whole-body specific growth rates (SGR,
to ensure that food offered was eaten before more was presente@ercent per day) of the tagged fish were calculated according to
The fish usually fed quickly, and uneaten food on the bottom of theRicker (1979):
tank after 5 min was taken as indicating satiation. The amount of
food presented to each group was calculated by weighing the amount SGR = [In(W) — In(W)]-100¢

g;éﬂovt\jlégkeach group's feeding jar at the beginning and end OfwhereWO andW; are the initial and final white muscle or whole-

body weights of the fish, respectively, ahé the length of the ex-
) ) periment in days for each experimental group. A value of 38.3%
Measurement of protein synthesis (0.5, n = 10) of the body weight, derived from the initial control

At the end of the experiment, fractional rates of protein synthegroup, was used to estimate the initial white muscle weight of the
sis were measured in the surviving tagged fish in each group. Oagged fish. The value dfvaried between experimental groups ac-
the day of injection, 24 h after their last meal, the fish were cording to the days on which fish were killed: day 95 (groups 5.1
quickly weighed in a pretared beaker of water to estimate their webnd 14.2), day 96 (groups 8.1 and 11.1), day 97 (groups 5.2 and
weight and then injected into the peritoneum without anaesthesia4.1), and day 98 (groups 8.2 and 11.2), respectively.
with a solution containing 135 mM.v-phenylalanine and White muscle and whole-body fractional rates of protein synthe-
L-[2,6-*H]phenylalanine (Amersham International, 37 x°1Bg-  sjs (., percent per day, expressed as a percentage of the protein
mL™). The injection volume administered was 1 mL-100 g bodymass synthesised per day) were calculated using the equation of
weight?, and the specific activity of the injection solution was Garlick et al. (1983):
2682 (+x117,n = 4) disintegrations per minute (dpm) per nanomole
of phenylalanine. The fish were injected over 4 days in the morn- ks = (S,/S,):(14401)-100
ing (a.m.) and afternoon (p.m.) in the following order: day 95, )
groups 14.2 (a.m.) and 5.1 (p.m.); day 96, groups 8.1 (a.m.) anWhere §, and S, are the protein-bound and free-pool

11.1 (p.m.); day 97, groups 5.2 (a.m.) and 14.1 (p.m.); day 98phenylalanine-specific radioactivities ands the incorporation time
groups 11.2 (a.m.) and 8.2 (p.m.) (from injection to death) in minutes. Incorporation times ranged

killed by an overdose of the anaesthetic MS 222 (Sigma, Pooledde of 190 min (#8,n = 110). The mean white muscle and
Dorset, U.K), the time of death noted, and the fish weighed. Thevhole-bodyS, values were 1648 dpm-nmbl(+25, n = 110) and
peritoneum was opened up and rinsed with water in order to rel615 dpm-nmof (+39, n = 110), respectively, and attained values
move any excess unabsorbed injection solution. For each fish, orff 61.5% (£0.9,n = 110) and 60.2% (+1.2n = 110) of the
white muscle fillet was quickly removed and weighed. The fillet phenylalanine-specific radioactivity of the injection solution, re-
and remaining carcass were frozen together on dry ice. Prior t§Pectively. White muscle and whole-body fractional protein growth
analysis, the samples were stored at —70°C in Flgdevigen and wef@tes g, percent per day, expressed as a percentage of the final
transported from Flgdevigen to Aberdeen on dry ice (total transProtein mass) were calculated using the equation of Ricker (1979)
port time <24 h). The subsequent treatment of triplicate white mus20ove whereéW, and W; are the initial and final white muscle or
cle and whole-body samples to measure the white muscle an¥hole-body protein masses, respectively. The initial white muscle
whole-body free-pool phenylalanine-specific radioactivi))( pro- ~ and whole-body protein contents were estimated using the values
tein content, protein-bound phenylalanine-specific radioactiiy, (  obtained from the initial control fish (white muscle, 214.1 mg
and RNA concentrations was as described in Houlihan et al. 6,995 Protein-g* (7.1, n = 10); whole body, 229.8 mg proteirr’y+8.5,
199%). Values ofS, and S, were measured using the methodolo- N = 10)). White muscle and whole-body RNA concentrations were
gies of Suzuki and Yagi (1976) and Garlick et al. (1980). Protein€Xpressed using the RNA:protein ratio, which has been termed the
contents were measured using the method of Lowry et al. (1951) agpacity for protein synthesi€{, milligrams RNA per gram pro-
modified by Schacterle and Pollock (1973). RNA concentrationst€in) (Sugden and Fuller 1991). White muscle and whole-body

were measured using the orcinol method of Mejbaum (1939).  RNA activity (krya, grams protein synthesised per gram RNA per
day) gives an approximate indication of the translational efficiency

of the ribosomes and was calculated by dividigdpy the appropri-
ate C value (Houlihan et al. 199. The protein growth efficiency
PPV, percent), the efficiency with which ingested protein was re-
ined as growth, was calculated by dividing the fractional protein
g&ow’[h rate by the fractional protein consumption rate. The effi-
ciency with which synthesised proteins were retained as growth
(ky/ks percent) was calculated by dividing the fractional rate of

Calculations
The average daily fractional protein consumption rates fer-

daily protein consumption rate for each group (Garams protein
per fish per day) was derived using the equation

Conp = (FD-0.435)/K,-W,4t) protein growth by the synthesis rate.
where FD is the amount of feed offered to the group during the exStatistical analysis
periment, 0.435 is the proportion of protein in the dilf, is the All data are presented as mean vaudel SE. Two-way analysis

average number of fish in the group ((initial + final)/2) during the of variance was used ta)(examine for differences between repli-
experiment,W,,4 is the average body weight of the group ((ini- cate groups at each of the four temperature treatmentsignei¢

tial + final)/2), andt is the length of the experiment in days. These amine the effect of water temperature on various indices of growth
data are presented in table 2 of McCarthy et al. (1998). Followingperformance. Where the two-way analysis of variance indicated a
this, fractional rates of protein consumptiok ,(percent per day) significant temperature effect, this was further analysed using both
were estimated for the tagged fish as linear (method of least squares) and quadratic regression analysis
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and the model of best fit (as indicated by the highest coefficient oftwo replicate groups at each water temperatée 4= 0.89
determination,R?) presented. Where a linear model was the best(WB k), 0.18 (WMky), 1.68 (WBkg), and 1.72 (kag), re-

fit, analysis of covariance was used to compare the slopes of thgpectively, allp > 0.05), but there was a significant tempera-
regression lines. All statistical tests are as described in Zar (1984) .o offect (WBkg F = 2.71,p < 0.05; WMk F —
and differences present at the 5% level were considered signifi2 95, p < 0.05; WB (3,_69|): M '18 70. . ,< 0 001.. V(\?i\t;lgﬁg'

. y . y . (3 69) — . y . y .

cant. Fios = 955, p < 0.001). WBk, (Fig. 10) and WM k
(Fig. 1c) increased in a linear fashion with increasing water
Results temperature. Analysis of covariance indicated that there was
The average initial body weight of the tagged fish in each© difference between thg sllope_s of the two regression lines
of the experimental groups varied between 25.0 and 26.3 § = 109, 12 df,p>0.05), indicating a common temperature

(Table 1). Two-way analysis of variance indicated that therd€SPonse in the fractional rates of protein synthesis in the
were no differences in the average initial body weight of theWhole-body and white muscle (Figsb nd ). The rela-
tagged fish of the two replicate groups at each temperaturbonships between water temperature and WBnd WMk,

(F.06) = 1.95,p > 0.05) and among the four temperature were parabolic; fractional p_rotein growth rates increased be-
treatments F(s.04) = 0.36,p > 0.05). Likewise, at the end of tween 5 and 11°C, were highest at 11°C, and decreased at

the experiment, the average final body weight of the tagged4°C (Figs. H and %). Differentiation of the regression co-
fish in the two replicate groups at each water temperatur&fficients for these relationships (see captions to Figs. 1
were not significantly different Ry 5 = 1.02, p > 0.05). and %, respectively) indicated that mfmmum Wi and
However, there was a significant temperature effect on finafVM Ky values were at 11.2 and 10.2°C, respectively. The
body weight F(zee) = 11.54,p < 0.001). The average final percent protein contents of the white muscle (R and
body weight increased between 5 and 11°C, was highest d¢holé body (PRQg) are shown in Table 1. Two-way analy-
11°C, and declined at 14°C (Table 1). sis of variance indicated that for both PR and PRQg,

The effects of water temperature on white muscle specifidh® percent protein contents of the tagged fish in the two
growth rate (SGR,,) and whole-body specific growth rate TePlicate groups at each water temperature were similar
(SGRyg) Of the tagged fish in each group are presented ifPRQwm: F1,23)= 3.35,p > 0.05; PRQyg: F(1 2= 2.73,p >
Table 1. Two-way analysis of variance indicated that for0-09). PRQ increased with increasing water temperature
both SGRyy and SGRys, the growth rates of the tagged (Fz.69)= 3.08,p < 0.05), although no temperature effect was
fish in the two replicate groups at each water temperatur@PServed with PRQg (F360) = 2.39,p > 0.05). _
were similar (SGRuy: F 23 = 0.51, p > 0.05; SGRyg: The relationships between water temperature and protein
F(.23= 0.97,p > 0.05) and there was a significant tempera-growth efficiency in the whole body (PR)) and white
ture effect (SGRwm: Fize) = 12.87,p < 0.001; SGR: muscle (PPYy) and between water temperature and the ef-
F = 7.76,p < 0.001). Both SGR,, and SGR,s exhib-  ficiency of retention of synthesised proteins in the whole
! (3,69) o ’ : g ~ WM B i .
ited a similar parabolic relationship to water temperature, inPody (WBky/ky) and white muscle (WMy k) were para-
creasing between 5 and 11°C and declining at 14°C witholic and are shown in Fig. 2. PR) values increased be-
growth rates being highest at 11°C (Table 1), and were bedween 5 and 11°C, were maximal at 11°C, and decreased at

described by the following equations: 14°C (Eig. a)._ PP\,{.,\,,\,I values also appeared to be exhibit a
parabolic relationship to water temperature (Fig), 2lthough
SGRyym = -0.826 + 0.330F — 0.01672 this relationship was not significant at the 5% level €

(R2 = 0.733,n = 8, p < 0.02) 0.07). Differentiation of the regression coefficients for these
relationships (see captions to Figa @nd D, respectively)
SGRyg = —0.690 + 0.293F — 0.01472 indicated that maximum PRM and PP\, values were at
(R2 = 0.761,n = 8, p < 0.01) 10.0 and 9.5°C, respectively. Two-way analysis of variance
: ’ ' : indicated that for both the WRy/ks and WMkg/k; values,
whereT is the water temperature (degrees Celsius). there were no differences between the replicate groups at
Differentiation of the regression coefficients indicated thateach water temperature (W/ks: F123 = 0.92,p > 0.05;
maximum SGR,, and SGRs values were at 10.3 and WM kgks F(; 53 = 1.42,p > 0.05), but there was a signifi-
10.5°C, respectively. As expected, the fish exhibited isometcant temperature effect (WR/ks: F369 = 4.72,p < 0.01;
ric growth: least squares regression analysis of the relationM Kkg/ks F(3s9) = 2.86, p < 0-053- Both WBKky/ks and
ships between SGR and SGR,, at the four water WM kyk; values increased between 5 and 11°C, were maxi-
temperatures indicated slope coefficients ranging betweefal at 11°C, and decreased at 14°C (Figsafd 2). Dif-
1.04 and 1.07 (data not shown). ferentiation of the regression coefficients for these
The effects of water temperature on the fractional rate ofelationships (see captions to Fige @nd 21, respectively)
protein consumptionkf) and whole-body and white muscle indicated that maximum WRy/ks and WMKk/ks values were
fractional rates of protein synthesis (W8and WMk) and  at 10.4 and 8.6°C, respectively.
protein growth (WBk, and WMk,) are presented in Fig. 1. The effects of water temperature on the whole-body and
Values ofk, increased with increasing water temperature bewhite muscle capacity for protein synthesis (W& and
tween 5 and 14°C (Fig.d), the relationship of which was WM Cg) and ribosomal translational efficiency (WExya
best described by a linear model (see caption to Fay.Ror  and WM kgzya) are shown in Fig. 3. For each of WB,,
each of WBk;, WM ks, WB k;, and WMk, two-way analy- WM Cg, WB kgya, and WMkgya, two-way analysis of vari-
sis of variance indicated that there were no differences beance indicated that there were no differences between the
tween the average fractional rates of the tagged fish in thaverage values of the tagged fish in the two replicate groups
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Table 1. Initial and final numbersN, and N;), initial and final body weights\{,; and W;, g), white muscle
(SGRyy) and whole-body (SGRg) specific growth rates (%-day), and white muscle (PR@Q,) and
whole-body (PR@g) protein contents (% wet weight) of juvenile Atlantic wolffisArfarhichas lupugat 5,
8, 11, and 14°C.

Temperature
Group (°C) No Wo Ny W SGRym SGRyg PRQGuwm PRQyg
5.1 4.9 (0.04) 15 26.3(0.6) 15 46.0(2.0) 0.39 (0.06) 0.43 (0.05) 21.1(1.0) 21.4(0.8)
5.2 4.8 (0.04) 15 25.3(0.8) 15 40.8(1.9) 0.54 (0.05) 0.48 (0.04) 18.9 (0.9) 19.5(0.9)
8.1 7.7 (0.08) 15 26.7 (0.6) 11 48.8(3.8) 0.68 (0.09) 0.62 (0.08) 18.4 (0.7) 19.7 (0.9)
8.2 7.8 (0.05) 15 258 (0.7) 14 56.3(3.6) 0.74(0.09) 0.73 (0.07) 21.4(1.0) 22.3(1.0)

111  10.9(0.08) 15 255.(0.7) 14 64.6(5.7) 0.98 (0.10) 0.94 (0.09) 19.2 (1.1) 19.8 (0.6)
112  11.0(0.07) 15 258 (0.5) 14 64.9(2.9) 1.03(0.05) 0.93 (0.05) 22.9 (1.2) 22.7 (0.8)
141  14.0(0.07) 15 26.3(1.0) 12 525(3.9) 0.70 (0.12) 0.65 (0.10) 22.7 (1.3) 21.0 (0.9)
142  13.9(0.05) 15 250 (0.5) 15 50.1(5.1) 0.67 (0.12) 0.66 (0.10) 22.1 (0.9) 21.9 (0.5)

Note: Values are presented as mea 1l SE.

at each water temperaturg{ ,3= 0.31 (WBCy), 0.10 (WM  this range of water temperatures, and it was not possible to
Cy, 0.76 (WBkgna), and 0.22 (WMkgya), respectively, all  identify T,y s (Fig. 1a) (also see McCarthy et al. 1998).

p > 0.05), but there was a significant temperature effecHowever, the growth rate and growth efficiency data of the
(WB Cg F369)= 12.09,p < 0.001; WMCy. Fi369)= 14.63, tagged juvenile Atlantic wolffish did exhibit a

p < 0.001; WBkgna: Fze0)= 16.23,p < 0.001; WMkgna,  temperature-dependent pattern, and it was possible to deter-
F(s.69) = 15.02,p < 0.001). The relationships between water mine T, g and T, e The results of this study indicated
temperature and WE; and WM C, were linear with the ca-  that T,  for whole-body and white muscle specific growth
pacity for protein synthesis decreasing with increasing waterates and fractional protein growth rates in juvenile Atlantic
temperature (Fig.&. WB kgya and WMkgya Values exhib-  wolffish was 10-11°C (Table 1; Fig. 1) and thgg, g for

ited an exponential increase with increasing water tempergprotein growth efficiency and protein synthesis retention ef-
ture (Fig. ®) and, following log transformation of thiesy,  ficiency in both the whole body and white muscle of juve-
values, were best described by a linear regression model (sede Atlantic wolffish was 9-10°C (Fig. 2). As expected,
caption to Fig. 8). Analysis of covariance indicated that these values are in agreement with fyg; c and Ty e Val-
there was no difference between the slopes of the two redes for whole-body specific growth and growth efficiency
gression linest(= 1.27, 12 df,p > 0.05), indicating a com- (wet weight gain/dry weight of food offered) obtained using
mon temperature response in RNA activity in the wholethe group growth rate data from this experiment (McCarthy
body and white muscle. et al. 1998).

This is the first study to measure fractional rates of pro-
tein synthesis in juvenile Atlantic wolffish. Therefore, it is
desirable to examine whether the protein synthesis rates

For ectotherms, the relationship between the rate of manjieasured at 5, 8, 11, and 14°C in this study are within the
biochemical or physiological processes and water temperd@nge of values to be expected for an ectotherm at these wa-
ture is asymmetrical. Providing that resources are not limit{€r temperatures. In a recent review on the effects of water
ing and the temperature increase is within the thermal limit§€mperature on protein synthesis in fish, McCarthy and Hou-
for the species, the rate of any biochemical or physiologicalihan (1997) summarised the general effect of water temper-
process will increase with increasing water temperature to &tureé on the process of muscle protein synthesis using the
maximum, above which the rate declines near the uppe@vanable ecto_therm_ and endotherm data. Figure 4 summa-
limit for the species (Huey and Kingsolver 1989; Atkinson "S€S the relgtlons'hlp between temperature and muscle pro-
1994). Since growth performance is the net expression ofin synthesis derived from these data (references are cited
physiological performance, these parameters would also b® McCarthy and Houlihan (1997) or are available from the
expected to follow an asymmetrical relationship with tem-corresponding author). The fractional rate of muscle protein
perature. In fish, consumption rates, growth rates, an@ynthesis Ky increased exponentially with increasing tem-
growth efficiency (growth/consumption) all follow this Perature (°C) and, following logarithmic transformation of
temperature-dependent increase to an optimum followed b{f¢ Protein synthesis values, was best described by the fol-
a decline with any further increase in water temperature/OWing linear regression equation:

Previous studies have shown that the optimum water temper- .

ature for consumptionTq,y ) is higher than the optimum log;o ks = 0.0357°C — 0.529

water temperature for growtf{ o), which in turn is higher (R2 = 0.738,n = 34, p < 0.001).
than the optimum water temperature for growth efficiency

(Topt.ce) (Woiwode and Adelman 1991; Imsland et al. 1995; The average fractional rates of white muscle protein synthe-
Bjornsson and Tryggvadottir 1996; Jobling 1997). In thissis for juvenile Atlantic wolffish at 5, 8, 11, and 14°C mea-
study, the protein consumption rates, growth rates, and growtbured in this study (0.55, 0.82, 0.88, and 1.20%-Hay
efficiency of juvenile Atlantic wolffish were examined at 5, respectively) are also shown in Fig. 4. These average values
8, 11, and 14°C. Protein consumption rates increased ovavere significantly higher than the muscle protein synthesis

Discussion
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Fig. 1. Relationships between water temperatuf gnd @) the fractional rate of protein consumptioky, (k, = 1.527 + 0.124F, R? =
0.881,n = 8, p < 0.001), p) the fractional rate of whole-body protein synthesis, \WRWB k, = 1.105 + 0.060F;, R?> = 0.693,n = 8,
p < 0.006), €) the fractional rate of white muscle protein synthesis, WMWM k. = 0.230 + 0.067F, R> = 0.854,n = 8, p < 0.001),
(d) the fractional rate of whole-body protein growth, Vg (WB k; = —0.695 + 0.290" — 0.013T 2 R>=0.774,n = 8, p < 0.01), and
() the fractional rate of white muscle protein growth, WKI(WM k, = —0.604 + 0.264F — 0.0137 2 R?=0.652,n = 8, p < 0.03),
for juvenile Atlantic wolffish @narhichas lupus Values are presented as mea 1 SEM.
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rates predicted from the regression analysis (0.44, 0.56, 0.724°C (0.59, 0.74, 0.93, and 1.18%-tfayespectively) (paired
and 0.91%-day, respectively) (paired test,t = 4.87, 3 df, ttest,t = 0.08, 3 df,p > 0.05).

p < 0.02) but were not significantly different from the mus-  In this study, under satiation feeding conditions, white
cle protein synthesis rates predicted at the upper 95% confmuscle and whole-body fractional rates of protein synthesis
dence limit for the above regression line at 5, 8, 11, andncreased with water temperature between 5 and 14°C
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Fig. 2. Relationships between water temperatuf §nd @) whole-body protein growth efficiency, PR} (PPVyg = —25.314 +
11.720T — 0.583T 2, R? = 0.609,n = 8, p < 0.04), p) white muscle protein growth efficiency, PR} (PPVyw = —15.191 + 8.933:
— 0.469T % R? = 0.503,n = 8, p < 0.07), €) whole-body protein synthesis retention efficiency, WK (WB kylks = —24.110 +
14.410T — 0.693T %, R? = 0.614,n = 8, p < 0.04), and @) white muscle protein synthesis retention efficiency, VMK (WM ky/ks =
—14.792 + 24.779-— 1.438T % R? = 0.617,n = 8, p < 0.04), for juvenile Atlantic wolffish Anarhichas lupu Values are presented
as mean = 1 SEM.
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(Figs. b and k). These results are in agreement with earliercarp Cyprinus carpi9 and rainbow trout. Their results suggest
studies that have shown that protein synthesis rates in fisthat the relationship between protein synthesis and water
increase with increasing water temperature when food is ndemperature may reach an asymptote at water temperatures
limiting (Fauconneau and Arnal 1985; Loughna and Gold-of 25 and 15-20°C for common carp and rainbow trout, re-
spink 1985; Waitt et al. 1988; Mathers et al. 1993; McCarthyspectively (their fig. 2). These temperature values are close
and Houlihan 1997) compared with no increase in synthesito the T, ¢ values that have previously been reported for
rates when food is restricted (Foster et al. 1992). In thighese species, 27°C for common carp (Goolish and Adelman
study, between 5 and 14°C, a linear model was the best984) and 17°C for rainbow trout (Hokanson et al. 1977),
descriptor of the relationship between water temperature andnd would support the hypothesis that maximum rates of
protein synthesis in juvenile Atlantic wolffish (Figsblnd  protein synthesis occur at water temperatures close to the
1c). However, there is evidence to suggest that the relationt,, s value for a particular species. To date, however, where
ship between protein synthesis and water temperatuasysn-  the effect of water temperature on in vivo rates of protein
metrical with maximum rates of protein synthesis occurringsynthesis has been measured on whole animals (as opposed
at the optimum temperature for any single species. Pannevis isolated cell cultures) over a range wéter temperatures
and Houlihan (1992) measured in vivo rates of protein syn{Loughna and Goldspink 1985; this study), tfemge selected
thesis in isolated hepatocytes from rainbow trout at incubafor study has not included a sufficient number of PoOSicc

tion temperatures of 5, 10, 14.5, 17.5, and 20°C and reportegmperature values to allow this hypothesis to be tested

an asymmetrical relationship between protein synthesis and | this study, the capacity for protein synthes&, (milli-
temperature (their fig. 2) with the highest rates occurring ayrams RNA per gram protein) in the white muscle and whole
14.5 and 17.5°C, close to th& g for rainbow trout of  hody increased with decreasing water temperature (. 3
17°C (Hokanson et al. 1977). The work of Loughna andrhjs increase in RNA concentration with decreasing water
Goldspink (1985) also suggests the possibility of maximumemperature has been noted in previous studies (e.g., Goolish
rates of protein synthesis occurring at g g for common et a1, 1984; Foster et al. 1992; Mathers et al. 1993) and is
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Fig. 3. Relationships between water temperatufe gnd Fig. 4. Relationship between temperature and muscle fractional
(a) whole-body (WB, solid circles) and white muscle (WM, open rates of protein synthesig; (open circles), for ectotherms (fish,
circles) RNA to protein ratiosCs (WB Cg = 21.292 — 0.97(; frog, lizard) and endotherms (birds, mammals) (note logarithmic
R? = 0.963,n = 8, p < 0.001; WMC, = 9.437 — 0.34T, R? = y-axis). The regression line (solid line) and its 95% confidence
0.939,n = 8, p < 0.001), and i§) whole-body (WB, solid circles) limits (dotted lines) are also presented. The least squares linear
and white muscle (WM, open circle&xya values (logo(WB regression analysis of the data, following logarithmic
kgna) = —0.340 + 0.052%; R? = 0.922,n = 8, p < 0.001; transformation of the protein synthesis rates, is presented in the
10g10(WM kgna) = —0.428 + 0.059; R? = 0.970,n = 8, p < text. The sources of these data are cited in McCarthy and
0.001) for juvenile Atlantic wolffish Anarhichas lupup Values Houlihan (1997) and are also available from the corresponding
are presented as mea 1 SEM. author. The average white musdigvalues at 5, 8, 11, and 14°C
) for the juvenile Atlantic wolffish in this study are indicated by
a 18'_ Py the solid circles.
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& 1 In this study, although whole-body fractional rates of pro-
- 251 tein synthesis were higher than those in the white muscle
'< ] (Figs. b and k), both exhibited a similar response to water
é 2.0 temperature as indicated by the similar slope coefficients
1 (see captions to Figs.bland X, respectively). McCarthy
&0 1.5 and Houlihan (1997) have also shown a common tempera-
g T ture response when comparing the general effect of tempera-
% 1.0 ture on protein synthesis in the liver and muscle of ecto-
2 i therms and endotherms (their figa)3 Despite significant
o 0.57 differences in relative rates at any given temperature, protein
= 1 synthesis rates being higher in the liver compared with the
z 0+——F——+——+— muscle, similar slope coefficients were observed for the two
=4 2 4 6 8 10 12 14 16 tissues. However, in contrast with the protein synthesis re-
sults, liver and musclégy, vValues did not differ and there
Temperature (°C) was a single temperature response (McCarthy and Houlihan

1997, their fig. ®): this single temperature response was
recognised as a thermal compensatory response by fish also seen in the whole-body and white muskiga values
colder water temperatures where the rate at which proteinsalculated in this study (Fig.B3. At any given temperature,
are translated during the ribosome cycle is lower (McCarthyRNA concentrations are known to vary significantly between
and Houlihan 1997). This decrease in translation rates at lowlifferent tissues, when expressed on a weight-specific basis
water temperatures is also indicated by the decrease in whifgnilligrams RNA per gram) or as the capacity for protein
muscle and whole-bodigzya Values (grams protein synthe- synthesis €, milligrams RNA per gram protein), in both
sised per gram RNA per day), also known as “RNA activ-ectotherms (e.g., Fauconneau and Arnal 1985; Foster et al.
ity” or “RNA translational efficiency” (Sugden and Fuller 1991; Martin et al. 1993) and endotherms (e.g., Garlick et al.
1991), observed in this study (Figb)3 This decrease in 1980, 1983; Sugden and Fuller 1991). Therefore, it appears
krna With decreasing temperature has been observed in bothat tissue-specific differences in RNA concentrations, rather
single-species studies (e.g., Foster et al. 1992; this studyhan tissue-specific differences in RNA translational effi-
and is also a general biological phenomenon observed acrosgncy, are responsible for the differences in relative synthe-
ectothermic and endothermic vertebrate species (McCarthsis rates observed between tissues. However, both tissue and
and Houlihan 1997, their fig.13. whole-body fractional protein synthesis rates and tissue and
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Table 2. Comparison between the fractional protein growth rag %-day?) and protein synthesis retention efficiendy/k, %)
in the white muscle (WM) and whole body (WB) of juvenile Atlantic wolffish and salmonid fish.

Temperature
Species Body weight (g) (°C) ks kyks Reference
Atlantic wolffish (Anarhichas 65 9-11 WB 0.7 51 This study
lupug
WM 09 92 This study
Rainbow trout Oncorhynchus 65 10 WB 0.9 35 McCarthy et al. (1994)
mykis$
WM 10 67 I.D. McCarthy et al. (unpublished)
65 12 WM 0.4 73 Houlihan et al. (1986)
75 12 WB 20 45 Foster et al. (1991)
108 10 WB 09 30 Fauconneau and Arnal (1985)
WM 13 52 Fauconneau and Arnal (1985)
Atlantic salmon §almo salay 37 12 WwB 16 53 Owen et al. (1999)

Note: The body weight and temperature for each study are also presented.
“Calculated from equations presented in table 2 of Houlihan et al. (1986).

whole-bodykgna Values appear to follow a common temper-in the white muscle, may be due to a reduction in energy
ature response as indicated by similar slope coefficientsexpenditure as a result of the behaviour of wolffish under
Also, for both protein synthesis argy,a, @ single line for  culture conditions. In comparison with salmonid fish, Atlan-
both ectotherms and endotherms indicates a commonality itic wolffish exhibit much less swimming activity with both
these processes controlled simply by temperature. juveniles and adults spending long periods of time inactive
The study of protein synthesis and protein growth is ofon the tank bottom (reviewed in. Moksness and Pavlov
particular relevance to aquaculture of finfish species, wherd996). Also, the only phase of the life cycle where any overt
the aim in culture is essentially to maximise white muscleaggression has been observed is as small juveniles,
protein deposition. As a result, much of the work on protein90-100 mm in length. However, in comparison with
synthesis and growth in fish has been carried out on salmorsalmonid fish, the frequency of aggression is much lower
ids (e.g., Fauconneau and Arnal 1985; Houlihan et al. 1986(reviewed in Moksness and Pavlov 1996) and no consequent
Carter et al. 1993; McCarthy et.d1994; Owen et al. 1999), body injuries have been reported to date. This reduction in
as these are the dominant culture species in cold-water aquaggression will both lower the energy costs associated with
culture. The suitability of any new finfish species for cold- activity and reduce the negative effects of stress on interme-
water aquaculture will be, in part, dependent on its growthdiary metabolism (Van der Boon et al. 1991) in Atlantic
performance, in terms of growth rate and growth efficiency,wolffish. The growth performance results of this study fur-
in Comparison with salmonids. Therefore, the results ob.ther hlgh'lght the potential of Atlantic wolffish as an alterna-
tained for Atlantic wolffish in this study were compared tive species for cold-water aquaculture in northern Europe
with those of salmonid fish of a comparable size at a simila@nd Atlantic Canada.
water temperature. Table 2 provides a comparison of the Houlihan et al. (199&) have suggested that the pattern of
whole-body and white muscle fractional protein growth ratesprotein turnover and protein retention efficiency may vary
and protein synthesis retention efficiencies for juvenile At-between fish species that differ in their lifestyle. For exam-
lantic wolffish at 9—11°C (i.e., the range covering thE&ip;c  ple, herbivorous fish appear to be able to better utilise a
and T, ge Values) with values obtained for salmonid fish of wider range of diets, exhibiting higher rates of protein syn-
a comparable size (40-100 g) at a similar water temperaturinesis and protein growth and increased protein retention ef-
(10-12°C). The whole-body and white muscle fractional pro-ficiencies, compared with carnivorous fish (Houlihan et al.
tein growth rates of juvenile Atlantic wolffish recorded in 199%). The results of this study also suggest that differ-
this study were lower than most of the growth rate values foences in protein metabolism may exist between sedentary
salmonid fish of a comparable size presented in Table 2. Thand active fish species. Whole-body protein synthesis reten-
growth rate of juvenile Atlantic wolffish is significantly in- tion efficiencies ky/ky) of 51-77% have been recorded for
fluenced by factors such as feed composition, dietary proteisedentary fish species such as Atlantic cGaqus morhup
source, and the physical characteristics of the pellets (floats3%, Houlihan et al. 199, Atlantic wolffish (51%, this
ing or sinking) (reviewed in Moksness and Pavlov 1996;study), and Atlantic halibut (77%, Fraser et al. 1998). In
McCarthy et al. 1998). However, increased growth rates willcomparison, whole-body protein synthesis retention efficien-
be possible as the optimal dietary formulation and pellet deeies of 30-53% have been reported for the more active
sign for juvenile Atlantic wolffish become known and rear- salmonid fish (Table 2). Also, this study has shown a higher
ing conditions are optimised (McCarthy et al. 1998). Thewhite muscle protein synthesis retention efficiency in a sed-
protein synthesis retention efficiencies for juvenile Atlantic entary species, 92% for Atlantic wolffish, compared with
wolffish recorded in this study were higher for both the values of 52—73% for more active salmonids. This increased
whole body (51% cf. 35-53%) and white muscle (92% cf.efficiency may be a result of lower turnover rates of muscle
52-73%) compared with salmonid fish at a similar watermyofibrillar proteins in a less active fish. However, to test
temperature. This increased growth efficiency, particularlythis hypothesis, a comparative study of myofibrillar growth
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and turnover rates in a sedentary and active fish species islin infusion and food intake on muscle protein synthesis in
necessary. postabsorptive rats. Biochem. 10 669-676.
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