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ABSTRACT: Mitochondrial mechanisms, which may define and adjust an organism's thermal toler-
ance window to the environmental temperature regime, were studied in 2 intertidal populations of
the polychaete worm Arenicola marina (L.) from the North Sea (boreal) and the White Sea (subpolar).
Adaptation to lower mean annual temperatures in the subpolar White Sea population (4 vs 10°C in
the North Sea) was reflected in a 2.4 times higher mitochondrial volume density in their muscle tis-
sue. In White Sea worms acclimated to 6°C, a 10 times higher cytochrome c-oxidase (CytOx) activity
was seen and the activation energy (Ea) for the oxidation of cytochrome ¢ was reduced compared to
boreal specimens acclimated to 11°C. Moreover, mitochondria from White Sea lugworms were char-
acterised by a 2.7 times higher succinate oxidation rate and reduced Ea under mitochondrial State 3
(phosphorylating) respiration at low temperatures, as well as a higher activity of NADP-dependent
isocitrate dehydrogenase (IDH) compared to North Sea worms, even when acclimated to the same
temperature of 11°C. All these patterns reflect an overall rise in the capacity of aerobic energy pro-
duction with cold adaptation. This explains the downward shift in the low critical temperature (Tc),
beyond which anaerobic metabolism set in. However, the higher mitochondrial density is likely to
have induced the rise in standard metabolic rate seen in the White Sea lugworms, causing a
concomitant shift in the high Tc to a lower value. An increase in the Ea for the decarboxylation of
isocitrate in White Sea specimens may help to minimise the increase in the standard metabolic rate
induced by their higher mitochondrial density and capacity, at the expense of a higher thermal
sensitivity of metabolism at higher temperatures.
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INTRODUCTION

During the Pleistocene glaciations, and particularly
during the maximum of the Wirm Glaciation, the
White Sea ceased to exist as a body of water, as its
basin filled entirely with ice (Badyukov 1979). During
these periods, the entire shelf of western Eurasia and
the American Arctic was covered by ice and outlet
glaciers even descended deep into the ocean. There-
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fore, shallow-water benthos was driven from not only
the White Sea, but from the whole West-Eurasian Arc-
tic (Nesis 1983). After the ice began to melt, glacial
lakes were formed which thereafter began to connect
with the ocean waters of the North Polar Sea. How-
ever, not until the second half of the Atlantic time
period (about 5500 yr ago) was the White Sea finally
free from ice in summer, and salinity reached marine
levels (Badyukov 1979). Resettlement then occurred by
animals from the Arctic deep sea and by species from
more southern areas of the North Atlantic (Govberg
1974, Nesis 1983).


mailto:asominer@awi-bremerhaven.de
http://www.int-res.com

172 Mar Ecol Prog Ser 240: 171-182, 2002

For species from the south, settlement in the White
Sea was accompanied by exposure to more extreme
temperature conditions. Not only the mean annual
temperature but also the minimum temperature expe-
rienced in winter was and still is lower. In addition,
temperature changes in the short ice-free period of the
White Sea are much faster than in the southern North
Atlantic or in the North Sea (Zenkevitch 1963, Wolff
1983, Prandle & Lane 1995). Therefore, successful
settlement and reproduction under the new tempera-
ture conditions of the White Sea required adequate
adaptation.

In ectothermic vertebrates, seasonal and latitudinal
cold adaptation comprises a rise in aerobic capacity,
which permits maintenance of cell functions in spite
of low temperatures (for reviews see Guderley 1998,
Portner et al. 1998). Associated processes are rising
enzyme capacities (Crockett & Sidell 1990, Guderley
1990), increased mitochondrial or capillary densities
(Sisson & Sidell 1987, Guderley & Blier 1988, Ressel
2001), changes in mitochondrial structure (Gaebel &
Roots 1989, Archer & Johnston 1991, St-Pierre et al.
1998) and/or alterations in membrane composition
(Miranda & Hazel 1996, Logue et al. 2000).

Comparatively little is known about the adjustment
of aerobic metabolism during cold adaptation in
marine invertebrates (Boyden 1972, Dahlhoff & So-
mero 1993, Vetter & Buchholz 1997). Sommer et al.
(1997) and Sommer &Portner (1999) studied the capac-
ity and constraints of temperature adaptation in 2 pop-
ulations (boreal and subpolar) of the lugworm Areni-
cola marina. 1t is thought that this polychaete, which is
distributed over vast areas of the West Eurasian and
American Arctic (Wesenberg-Lund 1953, Hartmann-
Schroder 1971), migrated into the White Sea from
temperate Atlantic waters. Therefore, the worm is a
suitable model to study the adaptation of marine, eury-
thermal invertebrates not only to harsh winter condi-
tions (seasonal cold) but also to life at lower mean
annual temperatures (latitudinal cold). A low and a
high critical temperature (Tc) were identified that are
characterised by the onset of anaerobic metabolism
(Sommer et al. 1997). As a result of the progressively
insufficient capacity of ventilatory or circulatory mech-
anisms (see Portner 2001 for review), the energy
demand of the lugworm could not be met by an ade-
quate oxygen supply, and additional anaerobic energy
production was thus required. Comparisons of North
Sea with White Sea lugworms as well as of winter with
summer animals revealed that latitudinal or seasonal
temperature adaptations led to a more or less parallel
shift in both Tes (Sommer et al. 1997).

The present study was designed to identify potential
mechanisms that cause an adjustment in thermal
tolerance to the environmental temperature regime.

Lugworms from the North and White Seas were com-
pared with respect to the rate of aerobic metabolism,
the density and functional capacity of mitochondria in
their muscle tissue, and the activities and thermal sen-
sitivities of key enzymes of aerobic metabolism.

In their natural environment, the boreal North Sea
lugworms are rarely exposed to ice cover in January or
February, whereas in summer the sediment can heat
up to 25°C at those depths in which their burrows are
situated. The mean annual surface water temperature
is 10°C. Depending on temperature and season, the
maximum depths of their burrows vary, ranging be-
tween 15 cm in summer and 70 cm in winter. The tem-
perature of the White Sea near Kartesh is on average
4°C, and it is ice-covered for about 6 mo each year
(Howland et al. 1999), when the temperature in the
sediment can drop to -5°C (Kolyakina 1980). During
the short summer period the sediment temperature can
reach 18°C (Sommer 1998, Howland et al. 1999). Be-
cause of a thick layer of clay and rocks below the sandy
sediment, White Sea worms are restricted to burrows
with a maximum depth of 10 to 15 cm.

MATERIALS AND METHODS

Lugworms. Specimens of Arenicola marina were
collected from 1996 to 1999 from intertidal flats of the
North Sea near Dorum, Germany (53°42'N, 8°35'E)
(hereafter called boreal or North Sea lugworms), and
of the White Sea near Kartesh, Russia (66°20.8'N,
33°35.8'E) (hereafter called subpolar or White Sea
lugworms) near the low-water line. The body weight of
the boreal worms was 1 to 8 g, that of the subpolar
worms 1 to 4 g. Despite the lower mean annual tem-
peratures in the environment of the subpolar lug-
worms, late summer was chosen for their collection, so
that surface water temperatures were similar in both
areas. Histological studies were performed on freshly
collected individuals. Prior to physiological measure-
ments, the lugworms were kept in the laboratory for up
to 5 wk in aquaria filled with well-aerated natural
brackish seawater (22 to 24 %.) and a 5 to 10 cm bottom
layer of sand. In accordance with the ambient water
temperatures during collection, both North and White
Sea worms were kept at 11 = 1°C, except for subpolar
worms collected in 1996 for the measurement of
whole-organism metabolic rate and measurement of
cytochrome c-oxidase, which were kept at 6 + 0.5°C
because of problems with the cooling-room facilities.

Oxygen consumption measurements of whole worms.
The influence of temperature on metabolic rate was
quantified by an analysis of oxygen consumption.
Measurements were performed in the dark with
worms inhabiting slightly bent Plexiglas tubes filled
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with heat-sterilised, natural sediment. The water flow
through the tube was set between 2 and 3 ml min-1 by
a peristaltic pump, Perimax 12 (Spetec). Oxygen ten-
sion was monitored continuously by a Clark-type oxy-
gen electrode (Eschweiler). The experiments started at
10°C and temperature was lowered to -3°C or was ele-
vated to 25°C in a stepwise procedure (see Fig. 1).
After an acclimation period of up to 12 h for each tem-
perature, oxygen consumption was recorded and the
mean rate was calculated for a period of 3 h. Values
were expressed as pmol 0 2h 1 g 1 fresh wt standard-
ised to an individual of 1 g by means of an allometric
factor of 0.77 (Kriiger 1964). To prevent errors due to
oxygen uptake by bacteria or the P02-sensor, oxygen
concentrations in the water were monitored at each
temperature in experiments with tubes containing
sediment only. Background oxygen consumption was
less than 5% of the rates obtained with the experi-
mental worms.

Isolation of mitochondria. For the study of coupled
mitochondria from body-wall tissue, specimens of both
populations were acclimated to 11°C. A modified
buffer according to Schroff & Schéttler (1977) was
used for mitochondria isolation. The buffer contained
550 mmol F1glycine; 250 mmol F 1 sucrose; 4 mmol P1
EDTA (ethylenedinitrilo-tetraacetic acid); 40 mmol P1
Tris-HCl (Tris[hydroxymethyl]aminomethane hydro-
chloride), pH20°c 7.5; 1 pg ml4 aprotinin; and 1% w/v
BSA (bovine serum albumine, Fraction V, essentially
fatty acid-free). After decapitation of the worms, their
tails were removed and longitudinal incisions were
made in the body wall musculature to open them. The
digestive tracts and gonads were removed. The body-
wall tissues of 2 to 4 individuals were pooled, washed
in cold seawater and placed in 40 ml ice-cold buffer. A
total of 2 g fresh weight was cut into small pieces and
homogenised using a loose-fitting Teflon pestle and
glass tube (0.7 mm space) with a Heidolph RZR 1drive
and speed controller (Heidolph). Final homogenisa-
tion took place with a Teflon pestle and glass tube of
0.5 mm space with 3 to 4 passes. The resulting homo-
genate was centrifuged at 1300 x g for 8 min (0°C)
to separate cellular debris. The supernatant was
collected and the pellet resuspended in 10 ml buffer
for a second spin (1300 x g, 8 min, 0°C). Thereafter
both supernatants were pooled and a third centrifu-
gation step (10000 xg, 15 min, 0°C) yielded the mito-
chondrial pellet which was resuspended in about 2 ml
buffer.

Mitochondrial respiration. To study the thermal
sensitivity of mitochondrial energy production and
oxygen demand, for comparison to the whole worm
response, mitochondrial oxygen consumption was
assayed under phosphorylating (State 3) and non-
phosphorylating (State 4) conditions. Measurements

were performed at temperatures between -1 and
+32°C using a Clark-type oxygen electrode in a tem-
perature-controlled respiration chamber (Eschweiler)
under continuous stirring; 200 pi of the mitochondrial
suspension and 20 pi of a BSA solution (50 % w/v) were
added to 780 pi of assay medium (550 mmol F 1glycine,
250 mmol F Isucrose, 20 mmol F 1 Tris-HC1 (pH20%¢ 7.5),
4 mmol F1EDTA, 5mmol F1IK2HPO04, 3 mmol F1MgCI12
6 H20, 1 pg mblaprotinin) containing 5 pmol F1Ap5SA,
an inhibitor of myokinase, and up to 10 mmol F 1 succi-
nate as substrate for maximum activity. After monitor-
ing State 2 respiration rate, ADP (125 pmol F1) was
added with a Hamilton syringe to determine the rate of
State 3 respiration. When all ADP had been phospho-
rylated, the rate of State 4 respiration was determined
for about 5 min, before oligomycin, an inhibitor of
mitochondrial FOFi-ATPase was added to a concentra-
tion of 2 pg mh1l. State 4 respiration after the addition
of oligomycin (State 4 ol) reflects oxygen demand
owing to proton leakage and oxygen radical produc-
tion of isolated mitochondria. It indicates to what extent
substrates and oxygen are used without coupling with
ATP synthesis (Brand et al. 1994). Respiratory control
ratios were determined by dividing State 3 by State 4
respiration rates before (RCR [Respiratory Control
Radio]: Estabrook 1967) or after the addition of oligo-
mycin (RCRol: Portner et al. 1999) to provide informa-
tion about the efficiency of energy production in rela-
tion to oxygen demand (van Dam & Wiechmann 1979).
Effective ADP/O ratios were calculated as nanomoles
ADP added divided by nanoatoms oxygen utilised dur-
ing State 3 respiration (Estabrook 1967). Preliminary
examinations revealed that the addition of 5 pM rote-
none had no influence on respiration rates or the ADP/O
ratio. We therefore refrained from further adding this
inhibitor of Complex I of the respiratory chain.
Oxygen solubility in the assay medium at different
temperatures was adopted from Johnston et al. (1994)
taking changes in atmospheric pressure into consider-
ation. Protein concentrations were determined by the
Biuret method (Kresze 1988) using BSA as standard.
Enzyme activities. The activity of the mitochondrial
marker enzyme cytochrome c-oxidase (CytOx; EC
1.9.3.1.) was assayed according to a method modified
from Hand & Somero (1983). Body wall tissues of 3 to
7 animals (-1.5 g) were pooled and washed in ice-cold
extraction buffer (20 mmol F1 potassium phosphate
buffer, pH20°c 7.4). The tissue was minced and homo-
genised using a Teflon pestle and glass tube (see
earlier). The homogenate was centrifuged twice at
2000 xg for 15 min and the supernatants from both
centrifugation steps were pooled. For reversible acid
precipitation of mitochondrial proteins, 1 mol F1acetic
acid was added to the supernatant (pH(0% 5.6). Activity
of CytOx was determined in the pellet after a third
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centrifugation at 5000 x g for 15 min. The assay was
performed with this resuspended precipitate. The
reaction mixture consisted of 200 mmol I-1 potassium
phosphate buffer (pH2°c 6.0) with 1 mmol I-1 EDTA
and 0.2 % reduced cytochrome c. The reaction was ini-
tiated by adding the enzyme. Oxidation of reduced
cytochrome ¢ was monitored by following the decrease
in absorption at 550 nm at controlled temperatures
between 0 and 45°C (Spectrophotometer DU 7400,
Beckman Instruments).

A method by Sugden & Newsholme (1975) was used
to determine the activity of NADP-dependent iso-
citrate dehydrogenase (IDH; EC 1.1.1.42) in homo-
genates prepared from muscle tissue. This enzyme is
supposed to play important roles in the regulation of
flux through the citric acid cycle and the mitochondrial
proton leakage (Urich 1990, Sazanov & Jackson 1994).
Information on the influence of temperature on IDH
may therefore explain parts of the thermal sensitivity
of mitochondrial energy production. Approximately
300 mg of body-wall tissue were carefully rinsed with
cold seawater and blotted dry with tissue paper before
they were minced and homogenised in 5 ml ice-cold
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Fig. 1. Arenicola marina. Metabolic rate, as oxygen consump-
tion (pmol g“lfresh wt h“l) of lugworms collected in summer
from the North Sea (maintenance temperature 11°C) or White
Sea (6°C) after 12 h acclimation to different temperatures.
Oxygen consumption differed significantly between the
2 populations (p =0.002; mean + SE; n ranged between 4 and
8 (14) in North Sea and between 3 and 8 (13) in White Sea
lugworms (numbers 14 and 13 in parentheses are numbers at
10°C, where both temperature series overlapped: (see 'Mate-
rials and methods'); Significantly different from value at
10°C; #: significantly different from value at -1.7°C; arrows
indicate high and low critical temperatures (Tes) according to
Sommer et al. (1997)

extraction buffer using a Teflon pestle and glass tube
(see earlier). The latter consisted of 50 mmol I-1 tri-
ethanolamine, 1 mmol I-1 EDTA, 2 mmol I-1 MgCl2and
30 mmol -1 mercaptoethanol adjusted with KOH to
pH20°c 7.5. Mitochondria were ruptured by sonication
for 2 x 25 s before the homogenate was centrifuged for
10 min at 600 x g to withdraw cellular debris. Activity
in the supernatant was assayed by following changes
in absorption at X =339 nm. Temperature conditions
ranged from 0 to 30°C (Spectrophotometer DU 7400,
Beckman Instruments). The assay medium consisted of
70 mmol -1 Tris-HCI (pH20°c 7.5) with 1 mmol I-1
MnCl2, 8§ mmol T/MgCl2and 2.5 mmol UINADP. The
reaction was initiated by adding 22.5 mmol I-1 citrate
and 3 mmol -1 D,L-isocitrate to the assay.

Electron microscopy. Sommer et al. (1997) sug-
gested that the adjustment of mitochondrial density
is involved in setting Tes in lugworms. Histological
analyses of the body-wall musculature should verify
this hypothesis. The body-wall
excised from freshly collected individuals. Head and
tail were dissected, the worms were opened com-
pletely and gonads as well as digestive tracts removed.
The body-wall tissue was cut into cubes of about 1 mm3
with a sharp blade. Samples were fixed by immersion
in 0.1 mol I-1 sodium phosphate buffer containing 2.5 %
v/v glutaraldehyde (pH = 7.2). Fixation was allowed to
proceed for 30 min. Tissue was washed directly after
fixation and periodically during storage with cold
sodium phosphate buffer (0.1 mol I-1) without glutar-
aldehyde. Samples were stored at 4°C in the dark until
further analysis. Post-fixation was carried out with
phosphate buffer containing 2% w/v osmium tetrox-

musculature was

ide, followed by dehydration in acetone at increasing
concentrations (40 to 100% v/v) and immediate em-
bedding in epoxide resin. Ultrathin sections (50 to
70 nm) were stained with uranyl acetate for 6 min, and
subsequently with lead citrate (Reynolds 1963) for
4 min. Sections were analysed on 200-mesh grids with
a transmission electron microscope, CEM 902 (Cari
Zeiss). Mitochondrial volume densities (VM) were cal-
culated using the point-sampling method in randomly
chosen cross-sections of muscle cells (Plattner & Zing-
sheim 1987):

No. of points covering the mitochondria x 100
M(%) = Total no. of points covering the tested muscle tissue M

A mean volume density was then calculated for each
population from a total sample size of 93 muscle cross-
sections based on 26 tissue preparations of 6 lug-
worms.

Calculations. All data were checked for outliers
beyond the r(99) limits of an r-distribution (rA > r[99])
using Nalimov's test (Noack 1980). Rates of enzyme
activities and mitochondrial respiration rates were
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plotted as a function of temperature. Analysis of vari-
ance (ANOVA) or covariance (ANCOVA) and the post-
hoc Student-Newman-Keuls test were used to assess
the effect of temperature or population origin. Arrhe-
nius break temperatures (TAB) were determined by
comparing sequential linear regressions and selecting
2 intersecting lines when the sum of squares was min-
imal and regressions were significantly different. The
Tab was defined by midpoint approximation (Yeager &
Ultsch 1989). For linear regressions with a break point,
statistical significance of differences between the pop-
ulations was analyzed with an F-test according to
Nickerson et al. (1989). Activation energy (Fa) for each
mitochondrial or enzyme preparation was calculated
according to Eq. (2) where kxand k2 are the specific
reaction rates at the lower or higher temperature (TIr
T2) and R is the general gas constant (Segal 1976):

Fa = Rx x T2xinfe/lq) x (T2- Tj)-1 @

A paired Student's f-test was used to compare Fa
values above and below TABofthe same mitochondrial
or enzyme preparation and an unpaired f-test to com-
pare Fa values between populations. Statistical sig-
nificance of differences was tested at the p <0.05 level.
Data are given as means + SE.

RESULTS
Temperature-dependence of metabolic rate
The influence of temperature on metabolic rate was
investigated in whole worms during exposure to tem-

peratures from -3 to 25°C, starting from different accli-
mation temperatures for the 2 populations. When tem-

perature was lowered in a stepwise procedure from 10
to -3°C, oxygen consumption decreased in North Sea
individuals acclimated to 11°C from 1.71 + 0.36 pmol
021Itl g 1 fresh wt (n = 14) to a minimum value of
0.93 £0.28 pmol 0 2Ir1g 1fresh wt (n=15) (Fig. 1). With
rising temperatures, oxygen consumption increased by
amean Ql0of 1.67 (Table 1) to 4.25 = 1.60 pmol 0 21r1
g 1 fresh wt (n = 4) at 25°C (Fig. 1). However, the
increase in metabolic rate with rising temperature was
not uniform. QI0 values showed a minimum value of
0.96 at temperatures between 10 and 15°C, indicating
that metabolic rate was relatively insensitive to tem-
perature changes around the in situ acclimation tem-
perature. Lugworms from the White Sea also displayed
increased oxygen consumption rates with rising tem-
peratures, from 1.51 £ 0.39 pmol 02 Ir1 g 1 fresh wt
(n=3)at-1.7°C to 13.94 +5.46 pmol 0 2Ir1g 1 fresh wt
(n = 4) at 25°C (Fig. 1). The QIl0increased with rising
temperatures from a low of 1.18 between 5 and 10°C to
a maximum of 6.71 between 20 and 25°C. The temper-
ature range characterised by the low QI0 shifted to
lower values in these worms in accordance with the in
situ acclimation temperature of 6°C. An anomaly was
seen in White Sea worms at low temperatures. When
temperature was reduced from -1.7 to -3°C, oxygen
consumption did not decrease as expected from the
reaction velocity-temperature relationship, but even
showed a significant rise to 2.79 + 0.28 pmol 0 2Irlg 1
fresh wt (n =7). Such a rise in oxygen consumption rate
was not observed in animals from the North Sea at low
temperatures. Therefore, White Sea worms had signif-
icantly higher oxygen consumption rates at -3°C com-
pared with boreal lugworms. The oxygen consumption
rates at high temperatures were also significantly
higher in subpolar than in boreal worms.

Table 1. Arenicola marina. Values of Ql0and Arrhenius activation energies, Ea (kJ moT1) for whole-organism oxygen consump-

tion (n = 7), mitochondrial respiration (n =5 to 8) in States 3 (phosphorylating), 4 (non-phosphorylating) and 4ol (State 4 after

addition of oligomycin) and for the reactions catalyzed by cytochrome c-oxidase (CytOx; n =5 to 7) and NADP-dependent
isocitrate dehydrogenase (NADP-IDH; n =5 to 6) in North and White Sea lugworms. Values are means + SE

Trange (°C) North Sea White Sea
Qio Ea Qio Ea

Whole worm -1.7-25 1.67 +£0.29 27.95 +13.32 2.84 +0.93 55.48 £21.36
State 3 0-5 4.24 +1.16 120.55“+ 8.75 2.11 £0.56 63.81“b+16.94

11-32 1.47 £0.07 12.83 £5.36 1.60 = 0.16 18.03 +2.55
State 4 0-32 241 £0.25 62.77 £3.75 2.15 £0.15 60.90 £4.49
State 4ol 0-5 4.06 + 1.73 116.23 +35.63

5-32 2.07 £0.19 43.75 £2.29

0-32 2.19 £0.19 61.22b+ 1.94
CytOx 0-45 1.77 £0.13 39.75 £5.06 1.23 £ 0.02b 14.01 £ 1.18b
NADP-IDH 3-31 2.53 £0.13 65.38 £4.36 3.49 +£0.50 83.35 £9.36

“Significantly different from values at higher temperatures; bsignificantly different from North Sea worms
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Mitochondrial density, capacity and
thermal sensitivity

Sommer et al. (1997) suggested that the adjustment
of mitochondrial density is involved in setting the re-
values in lugworms. Histological analyses of the body-
wall musculature actually demonstrated that mito-
chondrial density is significantly higher in White Sea
than in North Sea specimens collected at similar in situ
temperatures of about 12°C (Table 2). No differences
were found in the size of mitochondria.

When mitochondria were prepared from worms
acclimated to the same temperature of 11°C, signifi-
cantly higher maximal rates of succinate oxidation
(nmol O min-1 mg-1 protein) were seen in preparations
from subpolar animals at all assay temperatures than
in preparations from boreal lugworms (Fig. 2). For
example, maximal oxidation capacity in mitochondria
at 11°C was 3.96 + 0.58 nmol O min-1 mg-1 mitochon-
drial protein (n = 7) in North Sea animals and 12.83 +
2.40 nmol O min-1 mg-1 protein (n = 8) in White Sea
worms. The significantly lower Ea of State 3 respira-
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Fig. 2. Arenicola marina. Temperature dependence of mito-

chondrial respiration rates determined in North (¢) and White

(O) Sea lugworms acclimated to 11°C. Temperatures varied

between -1 and 32°C. Respiration rates in all States differed

significantly between the 2 populations. Data are means + SE;
n=5to 8

Table 2. Arenicola marina. Mitochondrial volume density (%);

this differed significantly in body-wall muscles of populations

from the North and White Seas both collected at a tempera-
ture of 12°C. Values are means + SE

North Sea (boreal) White Sea (subpolar)

1.84 £0.41 (n=27) 4.47 £0.52 (n = 66)

tion in White Sea lugworms (Table 1) led to reduced
factorial differences between White and North Sea
mitochondria at low temperatures.

In both populations, the increase in mitochondrial
respiration (nmol O min-1 mg-1 protein) in State 3 was
not exponential within the temperature range studied
(Fig. 2). Arrhenius plots of State 3 respiration rates
(Fig. 3) showed discontinuities between 5 and 11°C,

North Sea

B
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3 State 40l

bi)

320 330 340 350 360 370

w ©:
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oo

-3
320 330 340 350 360 370

T (100 000 K'1)

Fig. 3. Arenicola marina. Non-linear Arrhenius plots (In respi-

ration rate vs inverse temperature) of State 3 (O) or State 4ol

() respiration rates, indicating abrupt changes in thermal

sensitivity. Slopes reveal Arrhenius activation energies (Ea:

Table 1). State 3 respiration rates differed significantly

between the 2 populations. Data are means = SE; n =5 to §;
TAB = Arrhenius break temperature
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with a transition to significantly lower values of Q10
and Ea above Tuab (Table 1). The linear regression
analysis indicates that, in White Sea worms, Tab
occurred at higher temperatures than in boreal ani-
mals (Fig. 3). However, the low number of data points
below 7ab does not allow clear distinction between the
Tab values of both populations. Also, since both T7ab
values are close to or even below the acclimation tem-
perature of 11°C, they most probably do not reflect
thermal disturbance of mitochondrial functions, but
rather a change in temperature-dependent regula-
tion of respiratory capacities. Below the 743, White Sea
worms displayed significantly lower Ea values than
North Sea specimens.

RCR values after the addition of oligomycin varied
significantly with assay temperature and population
(Fig. 4). In mitochondria of North Sea worms, RCRol
values decreased from 11.43 + 3.09 at 0°C to 2.70 +
0.19 at 32°C. In mitochondria prepared from subpolar
animals RCRol values were lower and decreased from
4.24 £ 0.76 at 0°C to 2.01 + 0.24 at 32°C. RCR values
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Fig. 4. Arenicola marina. Temperature-dependence of the
ratios of State 3 respiration (induced by ADP phosphorylation)
and State 4 respiration after addition of oligomycin (induced
by proton leakage, RCRol) and of the oxygen consumed per
phosphorylated ADP (ADP/O) in North (¢) and White (O) Sea
lugworms acclimated to 11°C. Temperatures varied between
-1 and 32°C. RCRol ratio differed significantly between the 2
populations. Data are means = SE; n =5to 8

were significantly lower than the RCRol (9.98 + 2.74
(boreal individuals) and 3.31 +0.44 (subpolar individu-
als) at 0°C. State 3 rates were significantly correlated
with RCRol values (p < 0.02), but the r2 value did not
exceed 0.09. State 4ol rates were a major determinant
(p = 0.0001). The ADP/O ratio at the acclimation tem-
perature of 11°C was 1.57 £ 0.07 in boreal animals and
1.67 £ 0.11 in White Sea lugworms, with no significant
differences between populations and no significant
effect of temperature (Fig. 4).

Aerobic enzyme capacities

CytOx activity (U g 1 fresh wt) was about 10 times
higher in subpolar lugworms acclimated to 6°C than in
boreal lugworms acclimated to 11°C (Fig. 5). A higher
mitochondrial density in the subpolar worms would
explain a higher enzyme content and activity, how-
ever, only by a factor of 2.4. It is unlikely that acclima-
tion to 6°C, compared with acclimation to 11°C, would
cause much further mitochondrial proliferation to ex-
plain this drastic difference. Much of the rise in activity
beyond the factor of 2.4 may therefore result from
quantitative changes within each mitochondrion as
well as qualitative changes of the enzyme, as seen in a
significant lowering of the Q10 value and Ea for the
oxidation of cytochrome c in the White Sea lugworms
(Table 1).

The method of enzyme extraction did not allow us to
distinguish between the activity of cytosolic or mito-
chondrial NADP-dependent IDH, but the isozyme pat-
tern following cold adaptation did not indicate a sig-
nificant presence of cytosolic IDH (Hummel et al
1997). The activity of the cytosolic enzyme seems to be
negligible, comparable to the muscle tissue of different
mammals (Plaut et al. 1983). Therefore, the observed
differences in kinetic properties of IDH are likely to
reflect different mitochondrial isozymes. The White
Sea enzyme was more temperature-dependent than
the North Sea enzyme, but due to the high variance,
differences in Q10 and Ea values were not significant
(Table 1). However, ANCOVA comparison revealed
significant differences between the populations. The
higher thermal sensitivity of the White Sea enzyme
resulted in significantly higher activities (U g-1 fresh
wt) at elevated temperatures (Fig. 5).

DISCUSSION
Latitudinal cold compensation of metabolic rate

In an early metabolic study, Kriiger (1964) found a
temperature-independent rate of oxygen consumption
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Fig. 5. Arenicola marina. Activities of cytochrome c-oxidase,
the terminal oxidase of the respiratory chain, and of NADP-
dependent isocitrate dehydrogenase in the body-wall tissue
of lugworms from the North and White Sea at various temper-
atures. Activities differed significantly between the 2 popula-
tions, and indicated a higher aerobic capacity in subpolar
worms (CytOx) or different thermal sensitivities of IDH. Data
are means + SE; n = 5 to 7. For the respective Ea values
see Table 1

in Arenicola marina from Helgoland, North Sea, dur-
ing acute exposure to temperatures between 10 and
20°C after acclimation to 18°C. Our data confirm that
the change in metabolic rate is minimised within the
range of thermal tolerance. However, this range can
shift depending on acclimation temperature. North
Sea lugworms acclimated to 11°C exhibited acute
metabolic compensation between 10 and 15°C, while
this range was shifted to temperatures between 0 and
10°C in White Sea worms acclimated to lower tem-
peratures. Compensatory mechanisms are, therefore,
suitable to minimise short-term metabolic fluctuations
within the window of tide-related and diurnal temper-
ature changes in the respective habitats. The molecu-
lar mechanisms underlying acute temperature com-
pensation of catabolism (energy production) are
complex and have been discussed extensively in an
early review by Hazel & Prosser (1974). However,

maintenance of catabolic rate requires constant rates
of ATP consumption. Virtually nothing is known about
how energy consumption is maintained within the
range of thermal tolerance and how the range of ther-
mal independence shifts with acclimation.

The concept of metabolic cold compensation implies
that metabolic rates of organisms living under different
temperature regimes are adjusted to similar values
regardless of acclimatisation temperature (Hochachka
& Somero 2002). Although this pattern is not evident in
stenothermal polar species (Clarke & Johnston 1999,
Peck & Conway 2000, Portner et al. 2000) such a phe-
nomenon can be seen in eurythermal lugworms. The
metabolic rate of the subpolar worms at their acclima-
tion temperature of 6°C was the same as that of North
Sea worms acclimated to 11°C (Fig. 1). This resulted in
temperature-specific rates of subpolar lugworms by
(on average) 2.1 times above those of North Sea indi-
viduals for all temperatures investigated. Only in the
temperature range of acute metabolic compensation
(see above) was the oxygen consumption rate of White
Sea worms only 1.4 times above those of North Sea
worms. At -3°C and at temperatures above 15°C, tem-
perature-specific rates of subpolar lugworms were
significantly higher than those of North Sea lugworms.
Maximal factorial differences were 2.8 at subzero tem-
peratures and 3.3 at 25°C. The higher mitochondrial
density of White Sea worms (Table 2) may account for
the rise in metabolic rate, in accordance with elevated
metabolic expenditures expected in cold-adapted eury-
thermal compared to stenothermal species (Pdrtner et
al. 2000). The question arises as to whether the higher
metabolic rate observed in White Sea lugworms is
related to their lower acclimation temperature of 6°C
compared with 11°C for the boreal worms. The discus-
sion below will show that differences in aerobic capac-
ity and mitochondrial density prevail even in worms at
the same acclimation temperature. Permanent meta-
bolic cold adaptation set at a genetic rather than
phenotypic level is therefore suggested to distinguish
the White Sea from the North Sea population.

Thermal limits and mitochondrial oxygen demand

In the lugworm Arenicola marina extreme tempera-
tures elicit anaerobic metabolism, indicating the exis-
tence of both a high and a low critical temperature (Tc;
Sommer et al. 1997). At these Tes, aerobic scope is lost
and energy demand cannot be met by adequate oxy-
gen supply. Within the envelope of Tes, a narrower
temperature window is set by limits to maximum aero-
bic scope (pejus temperatures: Tp; Frederich &Portner
2000). Both Tp and Tc values are determined by the
capacity of ventilation and circulation for adequate
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oxygen supply. Onset of limited aerobic scope appears
as the first line of thermal sensitivity close to environ-
mental temperature extremes (Zielinski & Portner
1996, Portner 2001). However, latitudinal or seasonal
temperature adaptation in 4. marina causes a more or
less parallel shift in both Tc and (probably) Tp values
(Sommer et al. 1997). The present study indicates that
the lower thermal limits found in the subpolar popula-
tion depend upon the adjustment of mitochondrial
density and capacity and are related to the latitudinal
cline. This is the first time that increased mitochondrial
volume densities have been observed in cold-adapted
marine invertebrates, indicating that this adaptational
feature is not restricted to fishes (e.g. Guderley & Blier
1988, Archer & Johnston 1991). On an evolutionary
timescale, it must therefore reflect a rather ancient and
fundamental mechanism.

Not only higher mitochondrial densities but also
mitochondrial capacities were increased in muscle tis-
sue of cold-adapted subpolar lugworms compared with
boreal lugworms acclimated to the same temperature
of 11°C (Fig. 2). Values of Ea for State 3 respiration
were reduced in White Sea lugworms (Table 1). The
main advantage of an increase in mitochondrial den-
sity and activity is an increase in aerobic capacity and
increased amount of intracellular membrane lipids,
which constitute an important pathway of intracellular
oxygen transport (Sidell 1998). Energy production is
improved, providing enough energy (e.g.) for ventila-
tion and circulation (Portner 2001). The lower thermal
limits shift downwards. This appears to be a pre-
requisite for the maintenance of high levels of motor
activity at the subzero temperatures (Kolyakina 1980),
which prevail for about 6 mo yr 1 in the White Sea
(Howland et al. 1999).

As a tradeoff in cold adaptation, the maintenance
costs of ionic and proton gradients across each individ-
ual mitochondrial membrane have to be met. A rise in
standard metabolism is the result of increasing mito-
chondrial densities, unless this process is compensated
by a change in mitochondrial properties (Pdrtner et al.
1998). This is not the case in the subpolar worms. The
baseline idling of mitochondria, i.e. State 4ol respira-
tion rate, mainly compensates for the effect of proton
leaks (Brand & Murphy 1987). In subpolar compared to
boreal lugworms, the proton leakage rate in mitochon-
dria, inferred from State 4ol respiration rate, even
increased at all temperatures (Fig. 2), possibly as a
consequence or precondition for enhanced mitochon-
drial capacity. It is presently unclear whether the dif-
ference in proton leakage rate between the 2 popula-
tions is related to a difference in proton motive force
(St-Pierre et al. 2000), to different activator concentra-
tions (Cadenas et al. 2000), or to different membrane
compositions (Brand et al. 1994, van de Vossenberg et

al. 1999). Enhanced mitochondrial capacity and proton
leakage as well as drastically increased activities of the
membrane enzyme CytOx (see next subsection) sug-
gest that different membrane properties are involved.
Increased proton leakage rates (per mg mitochondrial
protein) exacerbate the effect of elevated mito-
chondrial densities on the standard metabolic rate
(Brand 1990, Brookes et al. 1998). This would further
explain the elevated oxygen demand in White Sea lug-
worms at all temperatures. Consequently, the balance
between the oxygen supply to the tissues and oxygen
consumption during environmental warming is dis-
turbed at lower temperatures in the subpolar than in
the boreal population. As suggested earlier (Sommer et
al. 1997), mitochondrial proliferation not only causes a
downward shift in the low Tc, but also a drop in the
upper Tes.

Adaptation of mitochondrial functions to
eurythermal cold

The 3- to 4-fold higher specific rates (per mg mito-
chondrial protein) in States 3, 4 and 4ol respiration in
mitochondria from subpolar lugworms are in line
with similar findings by Tschischka et al. (2000) for
Nereis pelagica and Arctica islandica, and appear to
be a consequence of eurythermality (Portner et al.
2000). Evidently, mitochondrial coupling (RCR) is
maintained regardless of maximum aerobic capacity.
Since neither a dependence of the ADP/O ratio on
temperature nor differences in the ADP/O ratio
between the 2 populations were found (Fig. 4), this
ratio also seems to be independent of the maximum
capacity of succinate oxidation. Obviously, these
eurythermal worms can maintain mitochondrial phos-
phorylation at temperatures beyond Tc values. In
accordance with a hierarchy of thermal tolerance
limits, a failure in the oxygen delivery system at the
whole-organism level occurs prior to a failure in
mitochondrial functions, thereby setting the critical
thermal tolerance thresholds of the intact organism
(Portner 2001).

A higher mitochondrial content ultimately implies a
higher concentration of mitochondrial enzymes, like
CytOx. Actually, compared with worms from the North
Sea, we found a 10 times higher activity of CytOx in
lugworms from the White Sea (Fig. 5). However, this
rise was much higher than expected from the 2.4 times
higher mitochondrial density and the somewhat lower
acclimation temperature (6 vs 11°C for the North Sea
population). A fraction of the rise in activity may result
from an increased expression of CytOx within each
mitochondrion. Hardewig et al. (1999) showed that
in the eelpout Zoarces viviparus mRNA levels of the
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nuclear encoded CytOx subunit IV increase strongly
during cold adaptation. In addition, CytOx activity in
cold-acclimated goldfish Carassius auratus was shown
to rise through a modulation of activity and not enzyme
quantity (Hazel & Prosser 1974). The observation that
the Ea of CytOx is significantly reduced in White Sea
compared to North Sea specimens indicates that the
latter phenomenon also occurs in lugworms. Wodtke
(1981a,b) suggested that in cold-acclimated carp Cypri-
nus carpio the molar activity of CytOx is increased by
changes in the phospholipid composition of mito-
chondrial membranes. Cold-acclimation considerably
increases unsaturation of the neutral phosphatidyl-
choline, whereas it dramatically decreases unsatura-
tion of the negatively charged cardiolipin, which con-
stitutes a lipid shell (annulus) surrounding the oxidase
within the native membrane. Changes in the mem-
brane composition may also be responsible for the rise
in CytOx activity and therewith the increased capacity
and oxygen demand of individual mitochondria in
White Sea compared with North Sea lugworms (Figs. 2
& 5). This would also be in line with the higher proton
leakage rate in the subpolar worms (see foregoing
subsection).

Activities of the mitochondrial NADP-dependent
IDH were also enhanced in White Sea compared to
North Sea lugworms. In Arenicola marina, the expres-
sion of different isozymes of NADP-dependent IDH
shows a linear and highly significant correlation with
the mean annual temperatures in the respective habi-
tats (Hummel et al. 1997). Temperature may have a
selective influence, since the functional properties of
IDH differ in both populations (Fig. 5). The thermal
dependence and activation energy of IDH was higher
in cold-adapted White Sea lugworms (Table 1). This
finding contradicts the paradigm that Ea values of
enzymatic reactions are reduced during cold adapta-
tion. Further examples exist which have recently been
reviewed: e.g. high values of Ea appear to be typical
for NADP-dependent IDH in cold-adapted animals
(Portner et al. 2000). NADP-dependent IDH may play
a role in the regulation of flux through the citric acid
cycle (Urich 1990). This has recently been specified in
that this enzyme may be a significant part of a futile
substrate cycle that involves NAD- and NADP-depen-
dent IDH and transhydrogenase, and accompanies
the transport of protons into the mitochondrial matrix
(Sazanov & Jackson 1994). Our current view is that
a rise in Fa under cold conditions may reflect a nega-
tive compensation for the rise in metabolic flux associ-
ated with mitochondrial proliferation. This substrate
cycle may also regulate proton leakage rate in vivo
(Sazanov & Jackson 1994, Portner et al. 2000) and
minimise the rise in oxygen demand in cold-adapted
lugworms at temperatures around the acclimation

temperature to 1.4 times, a lower value than would be
expected from the 2.4-fold increase in mitochondrial
density.

Conclusions and perspectives

In lugworms from the White Sea, a shift of the low Tc
to a lower value is accompanied by an increase in aer-
obic capacity. This is effected by a higher mitochon-
drial density and an elevated oxidative capacity of
individual mitochondria. In accordance with the gen-
eral assumption that Ea values decrease in cold-
adapted animals, the Ea for the oxidation of cyto-
chrome c and for mitochondrial State 3 respiration at
low temperatures were reduced in the subpolar popu-
lation. This raised their capacity for aerobic energy
production at low temperatures and the low critical
temperature shifted to lower values.

At extreme temperatures, a drastic rise in oxygen
consumption occurred in subpolar lugworms. The
rise in aerobic metabolism correlates with an
increase in the anaerobic metabolic rate and an
improved ability to survive temperatures that are
extreme in comparison to the ambient temperature
regime (Sommer et al. 1997, Sommer & Portner 1999).
This indicates that energy-consuming processes may
be involved in the mechanisms of improved thermal
tolerance. However, the higher mitochondrial density
contributes to the rise in standard metabolic rate
seen in White Sea lugworms. A rise in mitochondrial
proton leakage rate or, to a lesser extent, oxygen
radical production could also be involved in the rise
in oxygen consumption, especially during environ-
mental warming. The latter processes would not con-
tribute to ATP production (Brand et al. 1994). During
environmental warming, a discrepancy between oxy-
gen demand and supply emerges earlier in subpolar
than in boreal lugworms. As a result, the high Tc
shifts to a lower value also. At normal habitat tem-
peratures, a rise in the Ea for the decarboxylation of
isocitrate in White Sea specimens may help to min-
imise the increase in the standard metabolic rate
induced by mitochondrial proliferation. However, this
process occurs at the expense of a greater thermal
sensitivity of the metabolic rate and, thus, a lower Tc
at higher temperatures.
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