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Summary
Protein synthesis is a fundamental and energetically translational efficiencies were low and very variable.
expensive physiological process in all living organisms. Protein synthesis rates inN. concinna approached those
Very few studies have examined the specific challenges of measured in temperate mussels, while RNA:protein ratios

manufacturing proteins at low ambient temperatures.
At high southern latitudes, water temperatures are
continually below or near freezing and are highly stable,
while food availability is very seasonal. To examine the
effects of low temperature and a highly seasonal food
supply on protein metabolism, we have measured whole-
body protein synthesis, RNA concentrations, RNA:protein
ratios and RNA translational efficiencies in the Antarctic
limpet Nacella concinnaat four times of the year. From

were considerably higher than in temperate species. Inter-
specific comparisons show that species living at low
temperatures have elevated RNA:protein ratios, which are
probably needed to counteract a thermally induced

reduction in RNA translational efficiency. Calculations

using theoretical energetic costs of protein synthesis
suggest that Antarctic species may allocate a larger
proportion of their metabolic budget to protein synthesis

than do temperate or tropical species.

summer to winter, protein synthesis rates decreased
by 52%, RNA concentrations decreased by 55% and
RNA:protein ratios decreased by 68%, while RNA

Key words: protein synthesis, RNA:protein ratio, Antarctic limpet,
Nacella concinnatemperature.

Introduction

Proteins are essential in all living organisms, performingvhile balancing their metabolic budgets (Buttgereit and Brand,
roles ranging from structural to catalytic. The synthesisl995). Some cellular parameters, such as the cycling of
and degradation of proteins is therefore a fundamentahicrotubules and red muscle mitochondrial densities, are cold
physiological process, and an animal’s protein pool is in adapted in polar species (Detrich et al., 1989; Johnston et al.,
continual state of flux, with new proteins entering the pool via 994). Interestingly, the temperate fiSadus morhuand the
protein synthesis and being removed via protein degradatioisopod Saduria entomotincrease tissue RNA concentrations
Protein synthesis is energetically expensive, accounting favhen acclimated to low temperatures in the laboratory (Foster
11-42% of basal metabolism in a range of ecto- anetal., 1992; Robertson et al., 2001a). If a major cellular process
endotherms, and is therefore a major component of overa#l cold adapted in a polar species (i.e. the rate is maintained)
animal energetics (Houlihan et al.,, 1995a). The continughen it seems likely that the process will require a larger
synthesis and degradation of proteins is not only vital for tissugroportion of the metabolic budget and there will therefore be
maintenance and animal growth but is also important im shift in the balance of ATP consumption between cellular
allowing animals to adapt to changing environmentaprocesses.
conditions, to replace denatured or damaged proteins, toln vivo protein synthesis rates have only been measured in
mobilize amino acids and to allow metabolic regulationa few Antarctic species e.g. the giant isog@lyptonotus
(Hawkins, 1991). antarcticus and the sea urchinSterechinus neumayeri

Recent analyses of resting respiration rates in fish an@hiteley et al., 1996; Marsh et al., 2001; Robertson et al.,
bivalves have demonstrated a positive non-linear relationship001b). Earlier studies have examined protein synthesis rates
with temperature (Clarke and Johnston, 1999; Peck anid a range of fish species (Smith and Haschemeyer, 1980;
Conway, 2000). Therefore, polar animals have low restinglaschemeyer, 1983). Evidence so far suggests that protein
metabolic rates but must still generate sufficient ATP for theynthesis rates in polar species are similar to those in temperate
major cellular energy sinks (protein synthesis, RNA/DNAspecies. All of these studies have concentrated on answering
synthesis, proton leak, N&*-ATPase and Ca&-ATPase) specific physiological questions relating to protein synthesis,
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but none has examined seasonal changes in protein synthdsispets was dissected to establish the relationship between
related to the highly variable Antarctic environment (Clarkeflesh mass,y (mass excluding shell) and total mass,
1983). (y=0.84x-0.14, r2=99.2%, P<0.001, N=88). This scaling
Several studies have examined various aspects of thelationship was used to estimate the flesh mass of the
seasonal physiology and ecology of Antarctic marineexperimental animals used in protein synthesis measurements
invertebrates, including feeding (Barnes and Clarke, 1994nd, hence, to adjust the isotope dose. A preliminary group
Bréthes et al., 1994), oxygen consumption and nitrogeof limpets was injected in the pedal sinus with a solution of
excretion (Brockington and Clarke, 2001; Brockington andAlcian blue (Sigma, Poole, UK) and dissected to examine
Peck, 2001), reproduction (Picken, 1980; Kim, 2001) andvhether the injectate was successfully delivered to the
growth (Barnes, 1995; Peck et al., 1997). In all cases, pedal sinus. In all cases, the injections were successful in
strongly seasonal pattern was evident. The primary aims of tlelivering the injectate to the pedal sinus. Each experimental
current study were to rigorously validate the flooding dosanimal was injected in the pedal sinus with a solution
methodology for measurements of protein synthesis at sulbontaining unlabelled and3H-labelled phenylalanine
zero water temperatures and to answer the following questiofis0 pl g—1flesh mass of 135 mmot} L-[2,6-3H]
using the Antarctic limpetNacella concinnaas a model phenylalanine at 3.6 MBgqmi (100uCimi-1); Amersham,
species: (1) does protein synthesis vary seasonally; (2) ddttle Chalfont, UK]. After injection, limpets were placed in
tissue RNA concentrations and RNA:protein ratios changa beaker containing 4| of seawater, maintained at a
with season and do they show temperature adaptation; and (8mperature of —1.1+0.6°C. After 1 h, 2h and 4 h, six or seven
doesN. concinnaallocate a similar proportion of its metabolic limpets were removed from the beaker, had their shells
budget to protein synthesis as do temperate and tropice@moved, and the flesh mass weighed and homogenised
species? (X120 Status homogeniser) in a known volume of ice-cold
0.2 mol 1 perchloric acid (PCA, 2ml per 100 mg flesh mass).
Homogenised limpets were stored at 4°C prior to analysis.
_ A group of ten non-injected limpets were analysed to
Sampling measure baseline phenylalanine concentrations and to allow
Experimental work was carried out at Rothera Researctalculation of phenylalanine flooding levels.
Station (67°3D7'S, 68°0730"'W), Adelaide Island, Antarctic
Peninsula between February and December 18B@ella Fractional protein synthesis and RNA content: sample
concinna Strebel 1908 were collected in February, July, analysis
October and December by SCUBA divers from South Cove, PCA samples containing individual homogenised limpets
Rothera Point at depths between 6 m and 15m (for details ofere mixed and a 2ml sub-sample removed for further
the site, see Brockington and Peck, 2001). Immediately aftemalysis. The sub-sample was centrifuged (Hermle Z 323 K
collection, limpets were returned to the laboratory and placecdentrifuge, 3500g, 20 min, 4°C, fixed rotor) to separate
in a through-flow aquarium under a simulated local light:darkhe precipitated protein pellet, RNA and DNA from
cycle. Predicted sunrise and sunset time (POLTIPS 3he intracellular free-pool (Houlihan et al.,, 1995a). The
Proudman Oceanographic Laboratory, Birkenhead, UK) weramount of NaOH-soluble protein in the protein pellet
used in conjunction with a mechanical timer to control thevas measured (Lowry et al., 1951) using bovine serum
lighting regime. Aquarium mean water temperatures variedlbumin as the standard. Total RNA was measured by
daily between 0.48°C and 0.68°C in February, —1.31°C andomparing the sample concentrations to known RNA
—1.40°C in July, —1.03°C and —1.07°C in October, and —0.28°6tandard (Type IV, calf liver, Sigma) concentrations
and —0.43°C in December. Animals were maintained in thdetermined spectrophotomically at 665 nm after reaction with
aquarium for a maximum of 24 h prior to use in experimentsan acidified orcinol reagent (Mejbaum, 1939). The protein
Collected limpets were not fed directly but were observegellet was washed twice in 0.2motIPCA before being
grazing biofilms on the sides of the tank. hydrolysed in 6moH! HCI for 18h. Phenylalanine
concentrations in the intracellular free-pool, hydrolysed
Measurement of fractional protein synthesis rates, tissue RNfrotein pellet and injection solution were measured using a
concentrations, RNA:protein ratios and RNA translational flourometric assay, after the enzymatic conversion of
efficiencies the phenylalanine top-phenylethylamine (PEA); these
Limpet fractional protein synthesis rates were measureprocedures are described in detail by Houlihan et al. (1995a).
using a modification of the flooding dose technique (Garlickknown phenylalanine standards were also enzymatically
et al., 1980; Houlihan et al., 1986). The length of each animalonverted to PEA to assess the conversion efficiency.
was measured to the nearest 0.05 mm using vernier calipe@pecific radioactivities of the intracellular free-pools, protein
After surface drying with paper tissues, the animal (includingellet and injection solution were measured using
shell) was weighed to the nearest mg. Each limpet was thesintillation counting §H counting efficiency 34%, Hionic
individually labelled with a plastic number glued to theFluor scintillation fluid, LKB-Wallac Rack Beta scintillation
shell using cyanoacrylate adhesive. A preliminary sample ofounter). Intracellular free-pool, protein and injection

Materials and methods
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solution specific radioactivities were expressed asneasurements were repeated in winter on a second group of
d.p.m.nmot! phenylalanine. Whole-animal fractional limpets collected in June. Growth was measured as previously
protein synthesis rates (expressed as a percentage of thescribed after a 96-day growth period.

protein mass synthesised per day) were calculated using the

following equation (Garlick et al., 1980): Statistical analysis
S 100 All data are expressed as means.em. Data were tested
ks= — x—— x 1440, Q) for normality prior to statistical testing using the
S Anderson—Darling test (Sokal and Rohlf, 1995). If data were

whereks = % protein mass synthesizeddhyS, = specific  hormally distributed, they were analysed using analysis of
radioactivity of protein-incorporated radiolabel (d.p.m.variance (ANOVA); otherwise, the non-parametric
nmoll), S = specific radioactivity of intracellular free-pool Kruskal-Wallis test was used.

(d.p.m.nmotY), t = incorporation time from injection to death
(min) and 1440 represents the number of minutes in a day. The Results
fractional protein synthesis equation above requires the I .

intracellular free-pool-specific radioactivities to be increased Validation F’f flgodlng QOse methodology

and stable throughout the time period during which protein There was no significant difference between the body

synthesis is measured. masses (Kruskal-Wallis?=0.312, H=3.56, d.f.=3) or shell
The absolute rates of protein synthe#i§ (vere calculated lengths (KruskaI—Walllsl,Z"ZO.964,H:'O.28, d.f.=3) of limpets '
using the following equation: used to measure protein synthesis at the seasonal sampling

points of February, July, October or December. The overall
mean body masses and shell lengths of limpets used in the four
seasonal experiments were 2.05+0.66g and 25.21+0.24 mm,
respectively.

The successful application of the flooding dose technique to
measure fractional protein synthesis rates requires several
criteria to be met, namely that the intracellular free-pool
specific radioactivities increase rapidly and are stable over the
course of the protein synthesis measurement, the intracellular
free-pools are flooded by the injected unlabelled phenylalanine
and, finally, the increase in protein radiolabelling with time is
significant and linear. In our studies, the intracellular free-pool
specific radioactivities increased rapidly after the flooding dose
injection at all seasonal sampling points (Fig. 1). There were

_ 10x ks no significant differences in intracellular free-pool specific
Krna = RNA:protein ratio’ () radioactivities over time up to 4.5h after injection at any
seasonal sampling point (Kruskal-Wallis, ai>0.05),
indicating that free-pools had increased rapidly and were stable

Measure.ment of grpwth rates . during thge time couF;se of measurement. Py

12months after protein synthesis rates were measuiéd in g second criteria of the flooding dose technique is that the
concinng in situ growth rates were measured. Duringjneacellular free-pools are completely flooded by the
December, limpets were collected from the same site used {Q\apelied phenylalanine. Injection of the limpets resulted in a
collect animals for the protein synthesis measurements and to|q increase in whole body phenylalanine concentrations
were returned to the aquarium. The animals were gently drieg e the baseline (0.34nmolthgresh mass). After the
with a paper tissue, and the mass of each limpet was measug%ding dose injection of 1.35nmolmig fresh mass,

to the nearest mg. Each animal was numbered on the shgl{anyiajanine concentrations should have increased to
using enamel paint (I_—|umbr0|, Hull, .UI.<). Marked an'malsl.69nmo|mgl. At all sampling points, phenylalanine
were returned to the site of capture within 48 h. After 64 days,oncentrations increased to 87—100% of the theoretical post-

as many marked limpets as possible were collected aqﬁjection concentration (February = 1.48 nmothgluly =
reweighed. Wet specific-growth rates (SGR, expressed 4570 nmolmgl, October = 1.58nmolmd December =

% body mass!) were calculated for each individual using the 1.54nmolmgY). The close agreement between the predicted

ks
As= 100 x (protein mass) , (2)
whereAsis expressed as mg protein synthesised anfrday 1,
and protein mass is expressed as mg protein arfimal

Calculation of RNA concentrations, RNA:protein ratios and
RNA translational efficiencies

Tissue RNA concentrations were expressgagedRNA mg
fresh mass, and RNA:protein ratiogg(RNA mg1protein).
The translational efficiency of the RNARnA; expressed as
mg proteinmg?RNAday ) was calculated using the
following equation (Preedy et al., 1988):

following equation (Ricker, 1979): and actual phenylalanine concentrations after injection
IN(W5) — In(Wh) suggests that the injected phenylalanine had equilibrated
SGR =——— %100, (4)  within the limpet tissues.

Intracellular free-pool specific radioactivities were pooled
whereW, andW represent the mass at the end and start of thaithin each sampling point and compared with the injection
growth period, respectively, ands the time in days. Growth solution specific radioactivity. The overall mean intracellular
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free-pool specific radioactivity for all sampling points flooding dose injection, then the specific radioactivity of the
(1013+30d.p.m.nmot phenylalanine) was significantly intracellular free-pool would be expected to be approximately
lower than the injection solution specific radioactivity 25% lower than the injection solution specific radioactivity. In
(1622+43d.p.m.nmot phenylalanine), owing to dilution by fact, the mean free-pool specific radioactivity was 37% lower
tissue baseline phenylalanine concentrations. If the total tisstiean the injection solution. The mean free-pool specific
phenylalanine concentrations were increased 4.4-fold after thadioactivity was probably slightly lower than predicted due to
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0 50 100 150 200 250 flooding dose injections at time zero. Data are expressed as

Time (min) d.p.m.nmot? phenylalanine. (A) February y£0.0026~0.0346,
r2=0.58); (B) July ¥=0.002x-0.0747, r2=0.59); (C) October
Fig. 1. Intracellular free-pool phenylalanine specific radioactivities in(y=0.004-0.1147,r2=0.67); and (D) Decembey+0.0054-0.1986,
Nacella concinnaat Rothera Point, Antarctica in (A) February, (B) r2=0.63), wherey is the protein-incorporated specific radioactivity
July, (C) October and (D) December. Measurements were macexpressed as d.p.m.nmblandx is the time in min. Data points are
after flooding dose injections at time zero and are expressed means s.E.M. N=6, except for the last two data points of (B), (C)
d.p.m. nmat? phenylalanine. All data points are meansem. N=6, and (D), in whichN=7. All regression slopes are highly significant
except for the last two data points of (B), (C) and (D), in whisf. (P<0.001), with intercepts not significantly different from zero.
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some loss of the injection solution from the injection site afteOctober and December [analysis of variance (ANOVA),
injection. The fact that both unlabelled and radiolabelled?<0.05,F=12.49, d.f.=3].
phenylalanine concentrations in the animal approximate to The RNA:protein ratio also decreased significantly in winter
predicted levels after injection suggest that the intracellulafANOVA, P<0.05,F=40.01, d.f.=3), with winter values falling
free-pools have successfully flooded with phenylalanine; thusp a third of summer values (Table 1). There was also a
the second criteria of the flooding dose technique is satisfieceasonal pattern in the absolute protein synthesis rates, with the
Regression analysis demonstrated a significant linedrighest rates in the austral summer, although the high variance
increase in incorporated specific radioactivity with time for allin these measurements means that the differences were not
seasonal sampling points (Fig. 2). Second- and third-ordesignificant (Kruskal-Wallis,P=0.147, H=5.36, d.f.=3). The
regression models were also fitted to the protein radiolabellingeasonal pattern in RNA translational efficiencies was far less
data but these did not significantly improve the residual meaciear; the RNA translational efficiency measured in February
squares in any data set; the linear model was therefore us&ehs significantly lower (Kruskal-Wallis9<0.05, H=16.28,
At all seasonal sampling points, the intercepts of regressiahf.=3) than in July and December but, overall, no clear
equations describing the incorporation of radiolabelledseasonal pattern was evident (Table 1). In summary, this study
phenylalanine into protein were not significantly different fromhas revealed a clear seasonal pattern in fractional protein
zero, suggesting that the radiolabel rapidly equilibrated witlsynthesis and RNA concentration and a less-distinct
the intracellular free-pool and that incorporation of theseasonality in RNA translational efficiency and absolute
radiolabel occurred rapidly after injection. The current workprotein synthesis.
thus fulfils all the requirements of the flooding dose technique;
the specific radioactivities of the intracellular free-pools Growth rates
increased and were stable, the intracellular free-pools were During summer, the marked limpets increased in mass from
flooded with phenylalanine and, lastly, there was significan2.07£0.15g to 2.30+0.16 gNE31) with a mean SGR of
linear incorporation of the radiolabelled amino acid into0.07+0.01% body massddy In winter, the marked animals
proteins. Protein synthesis rates were calculated for eadecreased from an initial mass of 2.42+0.01g to a final mass
animal using the animal’s individual intracellular free-pool andof 2.35+0.01 g l=44), with a mean SGR of —-0.01+0.01% body
radiolabelled protein specific radioactivity. A mean proteinmassday!, giving a clear seasonal difference in growth rate
synthesis rate was calculated for each seasonal sampling po{Student’st-test,P<0.001,t=5.93, d.f.=39).
using the protein synthesis rate measurements for each
individual animal at all three labelling time points.

Discussion
Fractional protein synthesis rates, tissue RNA concentrations, Validation of flooding dose methodology
RNA:protein ratios and RNA translational efficiencies When examining a new study-organism, particularly in an

Fractional protein synthesis rates during the austral summenvironment such as the polar regions where relatively few
in December were significantly higher than during the othestudies have been undertaken, it is important to establish the
sampling points in February, July and October (Table lyalidity of the technique being used. As previously discussed,
Kruskal-Wallis,P<0.05,H=25.33, d.f.=3). The highest rate of the current work fulfilled the criteria of the flooding dose
fractional protein synthesis (December) was twofold highemethodology in that Fig. 1. demonstrates that intracellular
than the lowest protein synthesis rate (July). free-pool specific radioactivities increased and were stable

Tissue RNA concentrations also showed a similar seasonaVer the time period in which protein synthesis was measured,
pattern, with maximum values in summer and minimum valuethe predicted unlabelled and radiolabelled phenylalanine
in winter (Table 1). Peak RNA concentrations in Februaryconcentrations after injection were very close to measured
were significantly higher than at all other sampling points. Theoncentrations and, finally, there was a significant linear
RNA concentration in July was significantly lower than inincorporation of the radiolabelled phenylalanine into tissue

Table 1.Seasonal protein synthesis, RNA concentration, RNA:protein ratio and translational efficidlamelta concinna

Fractional protein RNA translational Absolute protein
synthesisKs) RNA concentration RNA:protein ratio efficienciriva) synthesis A
(% day?) (ug RNAmgfresh mass) (g RNAmglprotein) (mgproteinmgRNAday?l) (mg proteinanimafday1)
February 0.40+0.0% 5.57+0.58bc 53.71+4.4%bc 0.09+0.02b 0.71+0.13
July 0.27+0.08 2.55+0.1pde 17.42+1.284de 0.17+0.02 0.53+0.05
October 0.35£0.08 4.30+0.29d 29.67+1.184d 0.12+0.01 0.62+0.05
December 0.56+0.04¢ 3.79+0.28¢ 35.68+2.70¢ 0.18+0.02 0.81+0.08

All data are means sE.Mm. In FebruaryN=19; in July, October and Decembi§r20.
Values with the same superscript letter are significantly diffeRar@1.05).
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protein (Fig. 2). In whole-animal studies, it is also importantprotein synthesis rates might be unusually high in cephalopods
that the injected radiolabel equilibrates with the periphera{Clarke et al., 1989).
organs and does not simply remain at the injection site. Whole bodyks has only been measured previously in the
Individual organs inN. concinnaare too small to allow the adult stage of one Antarctic speci€s,antarcticus for which
measurement of organ protein synthesis rates; howevenhiteley et al. (1996) reporteckaof 0.24+0.04% day* in fed
previous whole-body flooding dose studies have shown thanimals held at 0°C, while Robertson et al. (2001b) reported
individual organs successfully equilibrated with the injectecks values ranging between 0.16% dhyand 0.38%day in
radiolabelled amino acid (Fauconneau and Arnal, 1985starved and fed animals at the same temperature. These results
Hewitt, 1992; Houlihan et al., 1994). Other studies have alsare well within the range of those measurel.iconcinnaand
shown that the individual organs of an Antarctic holothuriarare very similar to those measuredMn edulis (Hawkins et
species successfully equilibrated with  radiolabelledal., 1985). Protein synthesis rates in Antarctic and temperate
phenylalanine after an intraperitoneal flooding dose injectiosea urchin embryos are also very similar (Marsh et al., 2001).
at the same water temperature as the current study (K. P. IPtherefore appears that, despite the low water temperature and
Fraser, A. Clarke and L. S. Peck, unpublished data). Thereforeighly seasonal food supply typical of Antarctic waters, marine
it is highly likely that the peripheral tissues will have invertebrates are able to maintain fractional protein synthesis
equilibrated successfully after the flooding dose injectidd.in rates that are comparable with related temperate species.
concinna Previous workers have suggested that liver and white-
muscle protein synthesis rates in some species of Antarctic
Fractional protein synthesis rates fish show a degree of temperature adaptation (Smith and
Seasonal variability in fractional protein synthesis rage ( Haschemeyer, 1980; Haschemeyer, 1983yematomus
has previously been measured in only one other maringansoni, Trematomus bernacghiirematomus newnesind
invertebrate: the temperate bivaliytilus edulis Hawkins ~ Gymnodraco acuticepshave protein synthesis rates
(1985) reportettsin fedM. edulisof 0.29% day?, 0.40% day!  approximately two times higher than would be predicted from
and 0.38%day in March, June and October, respectively.extrapolation of temperate fish protein synthesis rates to polar
Seasonal differences in protein synthesis rates were alsmter temperatures (Smith and Haschemeyer, 1980). However,
evident inN. concinnain the current study. It is likely that caution does need to be exercised in interpreting these results,
seasonal variation in food consumption is the main factoas predicted protein synthesis rates are simply calculated using
driving seasonal changes M. concinnaprotein synthesis. estimatedQio (2.5) values and do not consider ecological or
Faecal egestion data, collected simultaneously with the currestaling factors. Laboratory-based studies have shown
work in a separate group of limpets, showed that foodemperate fish increasing their tissue RNA:protein ratios and
consumption inN. concinnadecreased by nearly an order of decreasing theikrna in some tissues as water temperatures
magnitude during winter, while the experimental waterdecrease (Foster et al., 1992). After juvenile cod were
temperature in which the animals were maintained only variedcclimated to 5°C or 15°C for 40 days, there was no significant
by approximately 2°C from summer to winter (Fraser et al.difference in protein synthesis rates, suggesting that intra-
2002).N. concinna faecal egestion rates were 11.92+0.76 mg drgpecific protein synthesis rates are maintained at some
faecesdayt, 1.41+0.58 mgdryfaecesda¥; 7.35+0.84mgdry ‘optimum’ level by altering RNA:protein ratios to counter
faecesday* and 10.75+1.07 mgdryfaecesddyn February, temperature-induced changeskitna (Foster et al., 1992).
July, October and December, respectively (Fraser et al., 2002).
A long-term reduction in food consumption has previously RNA concentration, RNA:protein ratios and RNA
been shown to decrease protein synthesis rates and tissue RNA translational efficiencies
concentrations in several species (McNurlan et al., 1979; There was a clear seasonal variation in both RNA
Foster et al., 1993; Arndt et al., 1996). Although proteinconcentrations and RNA:protein ratios, closely following
synthesis rates iN. concinnaandM. eduliswere measured at changes inks (Table 1). Seasonal changes in tissue RNA
water temperatures differing by a minimum of 8°C, the proteirtoncentrations and RNA:DNA ratios have been demonstrated
synthesis rates were very similar (Hawkins et al., 1983in several species (Bulow et al., 1981; Robbins et al., 1990;
Hawkins, 1985; Table 1). Kent et al., 1992), and food consumption has been shown to
The only other comparable protein synthesis rates imfluence tissue RNA concentration, which, in turn, has a large
molluscs are those measuredQuotopus vulgarisat 22°C by  effect onks (Millward et al., 1973). As food consumption rates
Houlihan et al. (1990). The authors reported whole-bodghange, initial alterations in protein synthesis rates are
protein synthesis rates ranging from 2%datp 7% day?, controlled by modification okrna, While changes in RNA
which are considerably higher than thos&lirconcinnagven  concentration occur over longer time periods (Millward et al.,
allowing for differences in water temperature. Cephalopod4973). RNA:protein ratios measured M concinnaappear
are, however, notable for being semelparous and having raphidgh in comparison with temperate species, wkiiea values
somatic growth, so direct comparison is difficult (O’'Dor andseem low.
Wells, 1987). Larval cephalopod RNA:DNA ratios are Animals studied in the current work had effectively
substantially higher than in juvenile fish, again suggestingindergone a natural acclimatisation to seasonal environmental
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conditions. Therefore, RNA:protein ratios w 16 -
likely to have reached optimum levels for varia
such as the rate of food consumption and v 144

temperature. The lack of any consistent sea
pattern inkrna in the current work is therefc
perhaps not surprising. The significant differenc
krna that do exist probably reflect short-te
nutritional variations.

Inter-specific comparison of the effect of
temperature on RNA:protein ratios and RNA
translational efficiencies

Comparisons of inter-specific temperat

RNA:protein (ug mg™2) ratio
[e0]

induced changes in RNA:protein ratios akigha 5 1o 12 119 “

are complicated by mass-specific change: 1
RNA:protein ratios (Goldspink and Kelly, 19t 0 : . . . : .
Houlihan et al., 1995a; Tesseraud et al., 1¢ -10 0 10 20 30 40 50
To allow valid inter-specific comparisons Temperature®C)

RNA:protein ratios, suitable data were compg

from the literature and standardised to the r Fig 3. Mass-standardised whole-body RNA:protein ratios plotted against

body mass of all the animals used in the ane  temperature. All values were standardised to a mean body mass of 129g, the

using a scaling coefficient of —0.24 (Fig. 3). - mean body mass of all t_h_e animals in the data sc_atZ using a scaling coefficient_ of

scaling coefficient was calculated by least-squ —0.24. The scaling coefficient was calculated by fitting a Ieast-sql_Jares' regression

regression analysis of log-transformed body model tg the natural-log-.tran.sformed.body mass and RNA.prot.eln rapo dgtta for
. . all species. The regression line relating temperature and RNA:protein ratio was

and RNA:protein data' for the _Comp!ete data fitted by least-squares regression analygid@.4—0.274, r=0.20, P<0.05) to

Data were used only if the animals in the stL

) all data with the exception of points labeled 14 (rat). For sources of plotted data,
were fed and experiments were conducter  gee Taple 2.

temperatures within the environmental ra
encountered by the species. There was a signi
inverse relationship between RNA:protein ratios anc Table 2.Source of data and animal species used to plot Fig. 3
temperature across a wide range of species (Fig. 3). It sholpgta

be noted that the2 value for the relationship is low, only pgint

explaining 20% of the variation in RNA:protein ratios. Much label Species Author

of the unexplained variation in the relationship is probably du

. . ' . Limanda limandgteleost) Houlihan et al., 1994

to nutritional differences between the studies (Millward e, Nacella concinnggastropod) This paper
al.,, 1973). It is probable that a much stronger relationshis Glyptonotus antarcticuésopod)  Robertson et al., 2001b
could be demonstrated in animals maintained at differing Saduria entomofisopod) Robertson et al., 2001a
temperatures but under the same nutritional regimes. The 15 Glyptonotus antarcticuisopod)  Whiteley et al., 1996
data of Goldspink and Kelly (1984) were not included withiné Idotea rescatdisopod) Whiteley et al., 1996
the data set used to fit the regression line, as the rat was 7 Homarus gammaru&lecapod) Mente et al., 2001
only non-ectotherm included in Fig. 3. However, the rat dat8 Oncorhynchus mykiggeleost) McCarthy et al., 1994
do clearly lie very near to the regression line fitted to thé® Ctenopharyngodon ideligeleost) ~ Carter etal., 1993
ectotherm data. 10 G_adus morhudteleost) Lyndon et al., 1_992

There was no significant relationship between body mastt — Dicentrarchus labraxteleost) Lalr;%ir and Guillaume,
andkrna in the overall data seP(:0:187,F:1.85,N:26), and Clupea harengufteleost) Raae et al., 1988
krna was therefore not standardised to a mean body mas, 4 Oncorhynchus mykiggeleost) Mathers et al., 1993
Whole-body krna did however increase significantly with 14 Rattus norvegicugnammal) Goldspink and Kelly,
temperature (Fig. 4), although théwas comparatively low. 1984

Thekrna is very sensitive to the nutritional state of an animal.
and variations in nutrition are likely to explain the Itwalue
(Millward et al., 1973). ratio and krna data sets were therefore re-analyzed after
The limited amount of suitable data in the literature meanteducing each species to a single data point by calculation of
that several species in these analyses (Fig. 3, 4) are represerdedpecies mean. There was still a significant relationship
by more than one data point. This can lead to a biasduktween RNA:protein ratio and temperatuyel@.0-0.45%,
analysis, which could unduly influence conclusions through?=0.53, P<0.05, F=10.29,N=11). However, the relationship
overestimation of the degrees of freedom. Both RNA:proteimelatingkrna and temperature just failed to reach significance
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(r?=0.34,P=0.076,F=4.16,N=10). It is likely that 71
significant relationship will be obtained when ¢

from further studies are available. 6 11
The relationship of both RNA:protein ratio €
krna with temperature is therefore similar 51
conspecifics acclimated to different we
temperatures (Foster et al., 1992) and i 44 %3 12
specifically across a broad range of animal grc 413
3 7

This suggests strongly that ectotherms living at
temperatures maintain considerably elevated ti

RNA translational effici ency (mg mg day1)

RNA:protein ratios to counteract very lokgna 21
(Figs 3, 4; Robertson et al., 2001b; Whiteley et
1996). The elevation of tissue RNA:protein ratio 19
Antarctic species is thus a clear evolutior 1
adaptation to living at low temperatures, allown 0
the continued synthesis of sufficient protein : : : : : ,
temperatures approaching the lower thermal li -5 0 5 10 15 20 25
of RNA translation. Temperature®C)
Growth rates Fig 4. Whole-body RNA translational efficienciekria) plotted against

temperature. The plotted regression line was fitted by least-squares regression
analysis ¥=0.738+0.104, r2=0.20,P<0.05) to all data within the data set. For
sources of plotted data, see Table 3.

Growth in Antarctic ectotherms is gener:
considered to be variable and reduced in compa
to temperate and tropical species with sin
ecology and size (Barnes, 1995), although ther
a few species that do demonstrate relatively high growth ratc Table 3.Source of data and animal species used to plot Fig. 4
(Dayton et al., 1974; Dayton, 1989; Rauschert, 1991). Specifpgta
growth rates measured in the current work suggest that overpoint
growth rates inN. concinnaare also slow in summer but label Species Author
negative in wipter. Previous'authors hgve reported low .she Limanda limandaeleost) Houlihan et al., 1994
growth rates inN. concinnain comparison with those in , Nacella concinndgastropod) This paper

temperate and tropical limpets (Shabica, 1976). Interestinglz Glyptonotus antarcticusopod) Robertson et al., 2001b

overall  proportional —growth rates (expressed ay Saduria entomofisopod) Robertson et al., 2001a
% body massday) in N. concinnaare considerably lower 5 Glyptonotus antarcticu§sopod)  Whiteley et al., 1996
than proportional protein synthesis rates (expressed 6 Idotea rescatdisopod) Whiteley et al., 1996
% protein mass synthesiseddfly suggesting that protein 7 Homarus gammaru@lecapod) Mente et al., 2001
growth rates are also likely to be low (unless very large Oncorhynchus mykiggeleost) McCarthy et al., 1994
changes occur in animal protein content). In turn, this sugges® Dicentrarchus labraxteleost) Langar and Guillaume,
that protein degradation rates are considerable. i 1994

10 Oncorhynchus mykiggeleost) Mathers et al., 1993

11 Ctenopharyngodon idell@eleost)  Carter et al., 1993

Estimated energetic cost of protein synthesis

Current estimates indicate that protein synthesis ilg
energetically expensive and accounts for 25-42% of tote
oxygen consumption in a wide range of animal specie
(Houlihan et al., 1995a; Houlihan et al., 1995b). Two recenly a factor of eight (Houlihan et al., 1995b; Marsh et al., 2001).
studies have reported widely differing energetic costs oft seems unlikely that this apparent difference of two orders of
protein synthesis in Antarctic marine invertebrates. Whiteleynagnitude in the cost of protein synthesis between these two
et al. (1996) calculated that protein synthesis following apecies can be real.
satiating meal accounted for 66% of total post-prandial oxygen The reason for the widely differing costs of protein synthesis
consumption in the giant isopd@al antarcticusand estimated in these two Antarctic species remains to be resolved. Reported
an energetic cost of 148mmot@?! protein. In contrast, costs of protein synthesis in non-polar species also vary widely
Marsh et al. (2001) reported that protein synthesis accountéreviewed in Houlihan et al., 1995b). The large variation in
for 1-53% of oxygen consumption in developing embryos oéxperimentally derived energetic costs of protein synthesis is
the Antarctic sea urchiS. neumayerand estimated a cost of probably largely due to differences in methodology and
only 1 mmol @ gprotein (Marsh et al., 2001). This latter cost insufficient validation of techniques. For example, recent work
of protein synthesis i6. neumayegmbryos is lower than the has shown that high concentrations of cycloheximide may
minimum theoretical stoichiometric cost of peptide elongatioraffect cellular processes other than protein synthesis, leading

Salmo salarteleost) Houlihan et al., 1995¢c
Oncorhynchus mykiggeleost) Houlihan et al., 1995¢c
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Table 4.The estimated percentage of oxygen consumption part of the British Antarctic Survey Marine Organismal
used for protein synthesis Macella concinna Adaptations project, part of the Life at the Edge: Stresses and
Thresholds programme. In addition, the work contributes to

Absolute Percentage of .
Oxygen protein oxygen consumption the EASIZ (Ecology of the Antarctic Sea-lce Zone)

consumption synthesis utilised for programme of SCAR (Scientific Committee on Antarctic
Month (mmolday))  (mgday?) protein synthesis Research).
February 16.99 0.712 34
July 11.81 0.533 36 References
October 13.97 0.618 35 Arndt, S. K. A., Benfey, T. J. and Cunjak, R. A(1996). Effect of temporary
December 16.03 0.806 40 reductions in feeding on protein synthesis and energy storage of juvenile
Mean — — 36 Atlantic salmon.J. Fish Biol.49, 257-276.

Barnes, D. K. A.(1995). Seasonal and annual growth in erect species of
. . . . Antarctic bryozoans]. Exp. Mar. Biol. Ecol188 181-198.
Energetic costs of protein synthesis were calculated using th§ymes, D. K. A. and Clarke, A.(1994). Seasonal variation in the feeding
theoretical minimum cost of protein synthesis (8.0mmylg activity of four species of Antarctic bryozoan in relation to environmental
Houlihan et al., 1995b), expressed as mmaj®protein. Oxygen factors.J. Exp. Mar. Biol. Ecol181, 117-133.

; Bréthes, J.-C., Ferreyra, G. and de la Vega, $1994). Distribution, growth
consumption data was taken from Fraser et al. (2002). and reproduction of the limpBiacella (Patinigera) concinngStrebel 1908)

in relation to potential food availability, in Esperanza Bay (Antarctic
Peninsula)Polar Biol. 14, 161-170.
. . . Frockington, S. and Clarke, A.(2001). The relative influence of temperature
to an overestimate of protein synthesis costs (Fuery et a ~rand food on the metabolism of a marine invertebratéxp. Mar. Biol.
1998; Wieser and Krumschnabel, 2001). Ecol. 258, 87-99.

The proportion of oxygen consumption used for proteirﬁrockington, S. and Peck, L. S.(2001). Seasonality of respiration and
.. . . _ammonium excretion in the Antarctic echin&tbrechinus neumayekilar.
synthesis in the current work (34-40%) was estimated USINGgq| prog. Ser219 159-168.

the minimal stoichiometric cost of protein synthesis (Table 4Bulow, F. J., Zeaman, M. E., Winningham, J. R. and Hudson, W. F.
Houlihan et al., 1995b). This technique provides a minimum (1981). Seasonal variations in RNA-DNA ratios and in indicators of

. . ., feeding, reproduction, energy storage, and condition in a population of
cost of protein synthesis, based solely on the cost of pept|de'bluegill, Lepomis macrochiruRafinesqued. Fish Biol 18, 237-244.

bond formation. TheN. concinnaoxygen consumption data Buttgereit, F. and Brand, M. D. (1995). A hierarchy of ATP-consuming

used to make the calculations were from measurements mag@rocesses in mammalian ce&ochem. J312 163-167.
arter, C. G., Houlihan, D. F., Brechin, J. and McCarthy, I. D.(1993).

f"‘t the same time as the prptein synthesis measurements Uhhe relationships between protein intake and protein accretion, synthesis,
in a separate group of animals (Fraser et al., 2002). Theand retention efficiency for individual grass ca@enopharyngodon idella

proportion of oxygen consumption used for protein synthesis (Valenciennes)Can. J. Zoal71, 392-400.

in N . is fairl istent th hout th arter, C. G. and Houlihan, D. F. (2001). Protein synthesis. IRish
In N.-concinnas tairly consisten roughou € season an Physiology: Nitrogen Excretigrvol. 20 (ed. P. Wright and P. Anderson),

falls at the upper extreme range of estimates made using thep. 31-75. London: Academic Press.

same theoretical cost of protein synthesis in a range Gilarke, A. (1983). Life in cold water: the physiological ecology of polar
arine ectotherm®ceanogr. Mar. Biol. Ann. Re21, 341-453.

temperate and tropical fish _species (mean 26%; range 11_42%?§1rke, A. and Johnston, N. M.(1999). Scaling of metabolic rate with body
(Table 4; Carter and Houlihan, 2001). Measurements of the mass and temperature in teleost fishAnim. Ecol68, 893-905.

proportion of oxygen consumption used for protein synthesi§larke, A., Rodhouse, P. G., Holmes, L. J. and Pascoe, P(1989). Growth
bv Marsh et al. (2001) and Whitelev et al. (1996) and from our rate and nucleic acid ratio in cultured cuttlef8gpia officinaligMollusca:
y ( ) Yy ( ) Cephalopoda)J. Exp. Mar. Biol. Ecol133 229-240.

calculated value suggest that the proportion of the energetiyton, P. K. (1989) Interdecadal variation in an Antarctic sponge and its

budget dedicated to protein synthesis in polar species might bepredators from oceanographic climate shifisience245 1484-1486.
Dayton, P. K., Robilliard, J. S., Paine, R. T. and Dayton, L. B(1974).

h'gher than in tt_'-zmpergte or tro_plcal species. Further Biological accommodation in the benthic community at McMurdo Sound,
experimental work is required to clarify the absolute costs of Antarctica.Ecol. Monogr 44, 105-128.

protein synthesis in polar species and the proportion of theetrich, H. W., Ill, Johnson, K. A. and Marchese-Ragona, S. R1989).
. . . Polymerization of Antarctic fish tubulins at low temperature: energetic
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species use a higher proportion of their metabolic budget f@fauconneau, B. and Amal, M.(1985).In vivo protein synthesis in different

protein synthesis and for maintaining considerably elevated issues and the whole body ‘,’gai“b‘)EV,Y t",?a"“%%a"%gzeﬂRi)%é”fE?m
. . of environmental temperatur€omp. Biochem. ysI y - .
tissue RNA concentrations, the overall costs of growth may b%ster, A. R., Houlihan, D. F. and Hall, S. J(1993). Effects of nutritional

considerably higher than in temperate and tropical species. Inregime on correlates of growth rate in juvenile Atlantic c@hdus
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Can. J. Fish Aquat. Sch0, 502-512.
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