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Deep-sea hydrothermal-vent organisms are often
cited as examples of adaptation to extreme environ-
mental conditions. Since the discovery of the first
‘black smokers' (the vent chimneys expelling super-
heated metal-laden fluids), the polychaete worm
Alvinella pompejana has been considered the inverte-
brate most exposed to the harsh conditions, hence its
nickname 'Pompeii worm' (Desbruyeéres & Laubier
1980). As a result, its ecology and biochemistry have
received considerable attention. Several years ago,
some of us (P.C., D.D. & J.J.C.) observed a live A. pom-
pejana seemingly unaffected by temperatures above
100°C (Chevaldonné et al. 1992). Cautiously, we did
not propose that Pompeii worms can live and prosper
at such temperatures, but that they can withstand brief
exposures to extreme heat. More recently, Cary et al.
(1998), using a clever new device, reported additional
observations that only corroborate previous findings
(Desbruyeres et al. 1982, Chevaldonné et al. 1991,
1992, Chevaldonné 1996) but concluded that the
worms have body temperatures well above 60°C, with
their ‘proteins, chromosomes, nucleic acid processing
machinery and other macromolecules’ ...functioning...
‘at temperatures above 80°C’. Considering the general
significance of this conclusion, it is important to make
clear that although some of the observations reported
by Cary et al. have long been accepted by hydrother-
mal vent biologists, the spectacular conclusions pro-
posed by these authors contradict a substantial body of
biochemical evidence. We here review the facts and
evidence overlooked by Cary et al., address methodol-
ogy issues, and set our knowledge of the Pompeii
worm's ecophysiology back into a more cautious and
reasonable perspective.
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Thermal tolerance is usually defined through exper-
imentally-measured parameters (Trso, CTMax, heat
stupor point), which are regarded as characterising the
physiological, ecological or behavioural tolerance lim-
its. Another approach is to determine the actual body
temperatures by inserting fine gauge thermocouples
into live animals released into their natural environ-
ment. To date, with 1 exception (Mickel & Childress
1982), most of the information on the thermal tolerance
of vent species consists of attempts to characterise their
microhabitat and in vitro biochemical studies. Because
Pompeii worms inhabit environments with the steepest
temperature gradients and potential exposure to the
highest temperatures, there has been substantial inter-
est in their capacities. Unfortunately these polychaetes
have never been maintained alive on board ship for
experiments, despite numerous attempts to do so. As a
result the only direct data on their temperature toler-
ance come from studies of isolated tissues, organelles
and biomolecules.

Table 1 summarises the information available to date
on the thermal stability of Pompeii worm macromole-
cules and organelles. In addition, recent observations
of unusually high numbers of linker chains (involved in
maintaining the quaternary structure) in the extracel-
lular hemoglobin of these worms concur to suggest an
improved thermostability for this molecule, but most
likely not above 50°C (Zal et al. 1997). Taken together
these data suggest that Alvinella pompejana is indeed
the most thermotolerant hydrothermal-vent metazoan
investigated to date. Some of these indices, like
enzyme thermal stabilities, are only roughly indicative
of possible heat tolerance of the organism, and are
most useful for comparative purposes. Some others
such as the collagen denaturation temperatures, or
the Arrhenius break temperatures for mitochondrial
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Table 1. Alvinella pompejana thermotolerance: biochemical data

Parameter measured Mazx. temperature (°C) Source

Mitochondrial respiration (Arrhenius break temperature) 49 Dahlhoff et al. (1991)
Hemoglobin optimal cooperativity 30 Toulmond et al. (1990)
Hemoglobin dissociation 50 Terwilliger & Terwilliger (1984)
Kinetics of cytosolic malate dehydrogenases (cMDHs) 31 Dahlhoff & Somero (1991)
Thermal stability of aspartate-amino transferase 61 Jollivet et al. (1995)

Thermal stability of glucose-6-phosphate isomerase 52 Jollivet et al. (1995)

rDNA denaturation 87 Dixon et al. (1992)

Cuticle collagen denaturation 45 Gaill et al. (1995)

Interstitial collagen denaturation 46 Gaill et al. (1995)

metabolism, have been extensively referenced to shal-
low living species and are accepted as good predictors
of temperature tolerances (Dahlhoff et al. 1991, Gaill et
al. 1995, Guderley & St Pierre 1996). However the data
summarised in Table 1 also suggest a maximum physi-
ological body temperature below 50°C, and that allow-
ing the body temperature to rise to 50°C for an
extended period of time would be lethal.

This conclusion seems to be in conflict with the sub-
stantially higher in situ habitat temperatures reported
by Cary et al. (1998) and numerous other investigators
over the years (Desbruyeres et al. 1982, Chevaldonné
et al. 1991, 1992, Chevaldonné 1996). However, none
of these studies measured the body temperatures of
Pompeii worms in situ. Reliable, long-term tempera-
ture records exist of the environment directly adjacent
to the anterior end of the worms tubes, which all indi-
cate a similar pattern: a strong temporal and spatial
variability, with temperature ranging from 2°C to
about 25°C (mean = 6 to 12°C), rarely 45°C (Cheval-
donné et al. 1991, 1992, Chevaldonné 1996). Deeper
within the tube, although temperature likely increases,
the exact nature of the thermal environment remains a
mystery. Tubes have tortuous shapes and they are not
mechanically robust (they have been compared to
parchment and are punctured by probes during
attempts to monitor inside temperature). They are
rarely straight over more than 2 to 3 cm; thus, no mat-
ter how gently the probe is introduced into the tubes
there is a very high probability that the tube will be
punctured, the worm will be displaced or water flow
patterns disrupted. Indeed, the diameter of the probe
deployed by Cary et al. (0.75 cm) is only slightly
smaller than the maximum recorded width (1.2 cm) of
Alvinella pompejana (Jollivet 1993, Desbruyeéres et al.
1998). Cary et al. did not indicate the size of the moni-
tored tubes, but it is safe to assume they tried to force
an object about the size of a worm into a tube fit for
only 1 individual. Also, tubes, in addition to the cuticle,
offer an efficient thermal protection (Gaill & Hunt
1986), and they do not ‘channel the hot fluids over the

worm's body', as proposed by Cary et al. (1998). The
worms can only build their tubes when the chimney
walls are sealed from the superheated fluids (Cheval-
donné 1996, Desbruyeres et al. 1998). Regardless of
the diameter of the probe, it is impossible to unam-
biguously ascertain, without the help of a device such
as an endoscopic camera, that the temperature sensor
was 'adjacent to a worm's tail' (Cary et al. 1998), when
the worm might have been disturbed by the device.
‘Adjacent’ is a very imprecise word in a temporally
variable microhabitat where the spatial gradients of
temperature are arguably the greatest of any habitat
on the planet. Because of the gradient and the nature
of the tubes, obtaining in situ temperature measure-
ments indicative of the worms' body temperatures is
virtually impossible. Even with very fine scale spatial
and temporal control of the measurements one must
assume that the cuticle and its thick covering of
ectosymbiotic bacteria, coupled with the behaviour
and currents created by the living animals (ventilation
is common among tube-dwelling polychaetes), will
dramatically affect the actual body temperature expe-
rienced by the worms (Chevaldonné et al. 1991).

In the same way, Cary et al. (1998) indicated that
they could ‘monitor unoccupied tubes’, which is also
impossible without an endoscope. Some individuals
may indeed remain hidden inside their tubes for
extended periods of time (Chevaldonné & Jollivet
1993). Alvinella pompejana are extremely sedentary
and rarely leave their dwelling tubes unless disturbed
by submersible manipulations (Chevaldonné & Jollivet
1993). In contrast, Cary et al. (1998) report that ‘indi-
viduals make regular excursions of up to 1 m to feed’,
which undoubtedly indicates that (1) the submersible
operations greatly disturbed the Pompeii worm popu-
lation, or (2) authors have confused A. pompejana with
the sympatric alvinellid Paralvinella grasslei, which
does move a lot around its dwelling tube, and never
entirely retracts into it (Chevaldonné & Jollivet 1993).

Although Pompeii worms undoubtedly live in close
association to one of the hottest environments on the
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planet colonised by metazoans, and perhaps survive
brief external exposure to higher temperatures than
other metazoans (Chevaldonné et al. 1992), their phys-
iological thermotolerance appears to be only in the
range of other high temperature adapted inverte-
brates. In addition to Cataglyphis desert ants (ca 50°C;
Wehner et al. 1992) referred to by Cary et al. (1998),
the pseudoscorpion Eremogarypus perfectus, with a
heat stupor point of 65°C (Heurtault & Vannier 1990),
is the most thermotolerant metazoan documented.
Some fungi that can grow at temperatures up to 65°C
(Brock 1978) are, however, the most thermophilic
eukaryotes known. Water has a much higher heat
capacity than air, and until a direct study on the
thermotolerance of Alvinella pompejana provides new
information, Potamocypris ostracods living at 55°C in
hot springs in Oregon (Wickstrom & Castenholz 1973)
are the most thermotolerant aquatic animals we are
aware of.

There is no evidence that Alvinella pompejana expe-
rience body temperatures even close to 80°C, and
(with the normal exception of IDNA, for which denatu-
ration is typically 30 to 40°C above the tolerated tem-
perature) no macromolecules that resist such tempera-
tures have been reported (Table 1). Pompeii worms
have an array of macromolecules clearly adapted to
temperatures toward the upper limits of metazoan life,
but survival in their habitat requires morphological
and behavioural adaptations to avoid sustained, high
body temperatures.
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