
OPEN 3  ACCESS Freely available online © PLOSI o -

Thermal Limit for Metazoan Life in Question: In Vivo 
Heat Tolerance of the Pompeii Worm
Juliette Ravaux1*, Gérard Hamel2, Magali Zbinden1, Aurélie A. Tasiemski3, Isabelle Boutet4, Nelly Léger1, 
Arnaud Tanguy4, Didier Jollivet4, Bruce Shillito1*
1 A dap ta tions aux  Milieux Extrêmes, UMR CNRS 7138, Université Pierre e t  Marie Curie - Paris 06, Paris, France, 2  Institut d e  M inéralogie e t  d e  Physique d es  Milieux 
C ondensés, UMR CNRS 7590, Paris, France, 3 Ecoim m unology o f  M arine Annelids, UMR CNRS 8198, Université d e  Lille 1, V illeneuve d'Ascq, France, 4 G én é tiq u e  d e  
l'A daptation en  Milieux Extrêmes, UMR CNRS 7144, S tation  Biologique d e  Roscoff, Université Pierre e t  Marie Curie - Paris 06, Roscoff, France

Abstract
The thermal lim it for metazoan life, expected to  be around 50°C, has been debated since the discovery o f the Pompeii worm 
Alvinella pompejana, which colonizes black smoker chimney walls at deep-sea vents. While indirect evidence predicts body 
temperatures lower than 50°C, repeated in situ temperature measurements depict an animal thriving at temperatures o f 
60°C and more. This controversy was to  remain as long as this species escaped in vivo investigations, due to irremediable 
mortalities upon non-isobaric sampling. Here we report from the first heat-exposure experiments w ith  live A. pompejana, 
fo llow ing isobaric sampling and subsequent transfer in a laboratory pressurized aquarium. A prolonged (2 hours) exposure 
in the 50-55°C range was lethal, inducing severe tissue damages, cell mortalities and triggering a heat stress response, 
therefore showing that Alvinella's upper thermal lim it clearly is below 55°C. A comparison w ith hsp70 stress gene 
expressions o f individuals analysed directly after sampling in situ confirms that Alvinella pom pejana  does not experience 
long-term exposures to temperature above 50°C in its natural environment. The thermal optim um  is nevertheless beyond 
42°C, which confirms that the Pompeii worm ranks among the most therm otolerant metazoans.
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Introduction

D eep-sea hydrotherm al vents are believed to host the most 
therm ophilic m icroorganism s, an d  the actual upper therm al limit 
(UTL) for life was indeed recorded in hydrotherm al A rchae, which 
grow a t tem peratures up  to 122"C [1], Some vent anim als also 
thrive close to the hydrotherm al fluids an d  live at the edge o f the 
U T L  for m etazoan life (50"C, [2]), like some of the alvinellid 
polychaetes, chim ney dwellers found exclusively in association to 
high tem perature  venting. Discrete m easurem ents have reported  
tem peratures a round  100"C [3,4] in  the close surrounding of the 
em blem atic species Alvinella pompejana D esbruyères and  Laubier 
1980 [5]. Furtherm ore, continuous recordings inside the worm  
tubes witnessed o f sustained tem peratu re  o f 60"C, well beyond the 
m etazoan LTTL, w ith regular spikes above 80"C [6,7]. Several 
studies on A. pompejana thence focused on bo th  the therm ostability 
and  the optim al efficiency o f its m acrom olecules, an d  while 
proving m olecular perform ance similar o r greater than  for 
hom eotherm s, nevertheless suggested body tem peratures below 
50"C [8], How ever, recent in vitro studies continuously present in 
situ therm al limit inference above 50"C as a  start for m olecular 
investigations while sim ultaneously em phasizing this in vitro/ in situ 
discrepancy [9,10,11,12,13,14], O nly  the in vivo approach  can 
solve this contentious issue, bu t so far this species hardly survives 
recovery from  2,500 m eters depth, precluding the em pirical 
determ ination  of therm al lim it on  live specimens [8,15,16,17,18],

T o  m inim ize the collection an d  depressurization traum a, we 
developed a  system o f isobaric sam pling an d  transfer o f .4. 
pompejana colonies towards a  receiving high-pressure aquarium  
nam ed  BALIST, according to the pro ject’s acronym  (Biology of 
ALvinella, Isobaric Sam pling an d  Transfer). This system allowed 
in vivo experim entation  to be carried  out under controlled 
tem perature, at in situ pressure o f 25 M Pa, w hich subsequently 
provided the first em pirical dem onstration  o f .4. pompejana’s 
therm al limit.

Materials and M ethods

Animal Collection and Experimentation
Alvinella pompejana were collected using the D SV  Nautile (Bio9 

and  P  vent sites, East Pacific Rise, 9"50 'N , 2,500 m  depth, M escal 
2012 cruise). D uring  4 different dives, 70 worm s were recovered 
under pressure by using the P E R IS C O P  system [19], com posed of 
an  in situ sam pling cell and  an  isobaric recovery device. Pom peii 
w orm  colonies were sam pled as such, and  placed inside the 
sam pling cell, using the subm ersible’s hydraulic arm  (Figure le). 
Tw o autonom ous recorders p laced inside the sam pling cell in 
direct contact with the samples, provided tem peratu re  history 
during  sam pling (NKE instruments). A nother autonom ous record­
er provided pressure history, and  was checked upon recovery on 
bo ard  of the ship, p rio r to transfer tow ards the B ALIST aquarium  
(Text S I, Figure SI). R eproducible pressure profiles rem ained
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w ithin 68%  (mean value, s.d. = 0.5% , n  = 3) to 91% (m ean value, 
s.d. = 2.4% , n  = 3) o f  in situ pressure th roughout 3 o f the recovery 
processes, and  pressure was set to 25 M P a after successful transfer 
in the B ALIST aquarium , in o rder to proceed to in nivo 
experim ental heat-exposures (Figure lb). In  one case however, 
the pressure profile in P E R IS C O P  was different (reaching a 
m inim um  of 52%  o f in situ value during the ascent, before 
increasing again to 63%  upon  reaching the surface), an d  the 
samples (referred to as ‘sam pling’) were processed directly after 
recovery. Survival o f all anim als was ascertained through 
observations o f m ovem ents, ju st before sam pling their coelomic 
fluid. T h e  trypan blue exclusion test was em ployed to determ ine 
the percentage of viable coelomocytes (free circulating cells) per 
individual [20], Cell counting was perform ed on bo ard  using a 
M alassez cham ber. T h e  anim als were further dissected an d  stored 
in liquid n itrogen pending  analyses. A lthough not subjected to 
specific property  regulations (international w ater areas), authors 
have obtained perm ission to use samples for any analysis from 
bo th  chief-scientists. This study did not involve endangered  or 
pro tected  species.

Microscopy
A portion  o f the dorsal and  ventral regions were fixed in 2.5% 

glutaraldehyde-seaw ater solution and  post-fixed in 1% osm ium  
tetroxide. Samples were em bedded  in epoxy resin, semi-thin 
sections were stained w ith toluidine blue an d  observed with a 
BX61 m icroscope (Olympus).

RNA Extraction and Real-time Quantitative RT-PCR (qPCR)
T otal R N A  was extracted from  grounded tissues [21] and  

controlled for their quality w ith the Experion® au tom ated  
electrophoresis system (BioRad) and  quantified by spectropho­
tom etry. q P C R  analyses were perform ed as previously described
[22] w ith specific prim ers designed for hsp70 gene (Hsp70 sequence 
has been deposited w ith G enB ank database under accession 
num ber JX 560964; sequenced as previously described [22] and  
assem bled w ith clone T era  04634 from  Alvinella database [12]) 
and  for reference R P S 2 6 gene (Alvinella database [12]). T h e  hsp70 
expression was norm alized to the R PS26  expression.

Results and Discussion

W orm  colonies collected w ith the isobaric sam pling device and  
further transferred towards the B ALIST high-pressure aquarium , 
were subjected to three therm al regimes, a  constant m ild 20"C- 
exposure, and  two heat-exposures followed by a  3 hour-recovery 
period  a t 20"C (Figure 1). T h e  heat-exposures lasted about 2 
hours, the first one ram ped  from  30"C to 42"C, and  the second 
one from  50"C to 55"C (thereafter referred to as ‘42"C ’ an d  ‘55"C ’ 
experim ents respectively). T h e  behaviour o f A. pompejana was 
observed th rough  the aquarium  view port as far as possible, which 
proved feasible only during  the 55"C-exposure because the 
anim als rem ained  inside their tubes during  the 20"C -experim ent 
and  were no t in front o f the viewport during the 4 2 uC-experim ent. 
D uring  the first 10 m inutes o f the 55"C -experim ent, individuals o f 
A. pompejana, after a  short period  o f ‘norm al’ behaviour during  
w hich they ventilated their tube by  m oving up  and  down, were 
observed leaving their tubes (Figure 2) and  crawling on the surface 
o f the colony. Since -4. pompejana is extrem ely sedentary and  rarely 
leaves its tube [3], this unnatu ra l behaviour likely reveals a 
disturbance. At the end o f the experim ent at 55"C, all worm s 
(n =  18) were dead (Figure 3a, Figure 4b). T hey  all showed very 
serious dam age o f their tissues and  cells, w ith a  detachm ent o f the 
tegum ent and  a disorganization of internal tissues (Figure 4), as
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Figure 1. Isobaric sampling and transfer o f the Pompeii worms 
(step = circled num ber in a and b). a, 1 : in situ  s am p lin g  o f Alvinellas 
inside a "c rocod ile"  cy linder (C), fu r th e r  c lo sed  a n d  in serted  in th e  
recovery  cell PERISCOP (P). 2: PERISCOP (closed) a sc e n d s  th ro u g h  th e  
w a te r  co lu m n . 3: O n th e  sh ip , s a m p les  a re  tran sfe rred  from  PERISCOP 
(P) to  BALIST (B). 4: th e rm a l ex p o su res , b. P ressu re  (black line) an d  
te m p e ra tu re  (red lines) re c o rd in g s  inside  th e  "crocodile" (arb itrary  tim e  
units). T he aste risk  a n d  arrow  in d ica te  th e  b eg in n in g  a n d  e n d  o f  th e  3 
th e rm a l e x p o su res  (20, 42  an d  55 C, d o tte d , plain an d  bo ld  lines 
respectively). N um bers  circled in g re e n  re fer to  th e  s te p s  d e sc rib ed  in 
fig. 1a. c, d, see  a, s te p  1 (P h o to g rap h ic  c red it Ifremer/MESCAL 2012). e, 
s ee  a, s te p  3. A v ie w p o rt (arrow) allow s sam p le  o b se rv a tio n  inside 
BALIST.
do i:10.1371 /jou rnal.pone .0064074 .g001

well as a  high m ortality  o f circulating cells (7 5± 4% , Figure 3b). 
T h e  m R N A  extracted  from  the tissues (gills and  posterior part) and  
circulating cells o f these anim als contained a  significantly higher 
quantity  o f hsp70 stress gene transcripts in com parison with
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anim als directly processed after sam pling (Kruskal-Wallis test, 
‘gills’ H  = 7.536 p  = 0.056, ‘posterior p a r t’ H  = 12.40 p  = 0.006; 
post-hoc M ann-W hitney two-sided test for ‘55"C gills’ p  = 0.0119 
and  ‘55"C posterior p a r t’ p  = 0.0079; t-test following a m ean 
resam pling by bootstrap  (n = 100) using the R  library ‘stats’, and  
Bonferroni correction, pairwise t-test p -value<0 .0001; Figure 3c 
and  3d). Since H SP70 proteins are know n to be  m obilized in 
response to environm ental stresses, am ong w hich tem perature
[23], this confirms that a  therm al exposure up  to 55 "Cl is harm ful 
for A. pompejana. T h e  results o f  this study provide the first direct 
em pirical evidence that A. pompejana cannot w ithstand prolonged 
exposure to tem peratures in the 50-55"C  range, an d  that its 
therm al optim um  lies below 50"C. Since a h igher therm al 
tolerance was expected from  in situ m easurem ents, this emphasizes 
the difficulty o f assessing the species therm al tolerances through in 
situ prob ing  in such a  stochastic environm ent.

In  contrast w ith the severe 55"C -heat shock, the 42"C- 
experim ent displayed the highest survival rates at bo th  specimen 
and  cellular levels (92% and  78% respectively; Figure 3a), w ith no 
observable structural dam age in the tissues (data not shown). T he 
anim als did trigger a  m ild heat stress response with a  level o f hsp70 
gene expression significantly lower th an  for the ‘55"C ’ specimens 
(t-test: see previous resam pling procedure, pairw ise t-test p-value 
< 0 .0001 ; Figure 3c and  3d). T aken  together, these da ta  suggest 
that -4. pompejana is able to cope w ith tem peratures greater than  
40"C, at least for 1 hour, w ithout a  high therm al stress response. 
R egard ing  the constant 20"C experim ent, no obvious structural 
dam age was evidenced (Figure 4). Flowever, specim en survival (13 
a liv e /19 total) was lower than  for ‘sam pling’ (9/9) o r for ‘42"C ’ 
(22/24) individuals (Figure 3a). Besides, cell m ortalities were 
significantly h igher in specimens from  the 20"C exposure (48%) vs. 
sam pling (20.6%) and  42"C (21.6%) anim als (t-test: see previous 
resam pling procedure, pairwise t-test p -value<0 .0001; Figure 3b). 
A nd finally, stress gene expression followed the same tren d  with 
values significantly h igher in anim als subjected to the ‘20"C ’ vs. 
‘sam pling’ and  ‘42"C ’ treatm ents (t-test: see previous resam pling 
procedure, pairw ise t-test p -value<0 .0001; Figure 3c and  3d). 
Specim en survival, cell m ortality an d  stress gene expression data  
therefore show that -4. pompejana endured  m ore dam ages subse­
quent to the 20"C exposure w hen com pared  to the 42"C 
experim ent (lh20  above 30"C followed by 1 hour above 40"C). 
This finding reinforces the idea that -4. pompejana is a  therm ophilic 
species w ith the low er boundary  o f its therm al optim um  being 
above 20"C.

W ith  an  optim al therm al range expanding from  above 20"C to 
beyond 40"C, A. pompejana ranks am ong the m ost therm otolerant 
m etazoan species. Interspecies com parisons for therm al lim it/ 
tolerance rem ain  however a  difficult issue, due to the variety o f 
indexes an d  protocols used to evaluate the anim als’ therm al scope. 
T h e  highest therm al tolerance limits estim ated for any anim al 
were previously reported  in the ho t springs ostracod Potamocypris 
sp., w hich survived prolonged exposures to 49"C [24], and  in the 
desert ants Cataglyphis bombycina an d  Cataglyphis bicolor based  on 
their critical m axim um  tem perature  (C T m ax 55"C and  54"C 
[25]). M ore recently, the alvinellid Paralvinella sulfincola was proven 
highly therm oto leran t based  on its preference for tem peratures in 
the I" 5n ( zone an d  its ability to w ithstand short exposures at 
55UC (therm al lim it 5 0 -5 5 uC [17,18]). A. pompejana can  be 
suggested to share a  similar therm al preference w ith the alvinellid 
P. sulfincola, and  clearly has a  shifted stress response to higher 
tem peratures w hen com pared  to the desert ants. T h e  an t response 
reached its highest po in t at 37UC and  ended  a round  4 5 UC [25] 
while -4. pompejana should yield its highest expression in  the 42 UC — 
55UC range. This m eans that -4. pompejana only triggers this

Figure 2. In vivo experiments on Alvinella  p o m p eja n a .  V iews o f a 
p o rtio n  o f  A. pom pejana  tu b e s  inside th e  BALIST a q u ariu m  d u rin g  th e  
10 first m in u te s  o f  th e  55°C -exposu re  e x p erim en t. In th e  m id d le  o f  th e  
figure, an  indiv idual is o b se rv ed  leaving  its tu b e  (ap p ro x im ate  d ia m e te r 
o f tu b e  o p e n in g  = 1 cm ). 
do i:1 0 .1371 /jou rna l.pone.0064074 .g002

m olecular response upon  tem perature  extrem es, an d  w ould not 
have a  constantly up-regulated heat shock response, in o rder to 
counter-balance the rap id  pro tein  dénaturation  that m ight have 
been  expected from  an anim al at the edge of its therm al 
preference. T his was confirm ed by the low levels o f hsp70 
expression m easured  in the freshly collected worm s (‘sam pling’, 
Figure 3c an d  3d) in com parison with the therm al stress response 
induced during  the in vivo experim ents, an d  especially the 55UC- 
experim ent. M oreover, the low natural vs. in vivo stim ulated levels 
o f  hsp70 expression m ean  that these ‘sam pling’ worm s had  not 
experienced heat stress during  the hours th a t preceded  the 
collection. A com parable result was previously obtained in ano ther 
vent chim ney dweller, the Atlantic shrim p Rimicaris exoculata [21].
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Figure 3. Tem perature effect on survival, cell m ortality and h sp 7 0  gene expression in A. p o m p eja n a , a, Survival o f A. pom pejana  
sp ec im e n s  a fte r th e  recovery  from  th e  PERISCOP sam p lin g  dev ice  ( 'sam p ling ', n =  9) an d  th e  s u b s e q u e n t in vivo e x p e r im e n ts  in th e  BALIST aq u ariu m  
( '2 0 C ',  n =  19; '4 2 C ',  n = 24; '5 5 C ',  n =  18). b, C o elo m o cy tes  d e a th  in an im als from  Fig. 3a. c, Hsp70 g e n e  ex p ress io n  (m ean  fo r n = 5 indiv iduals ±  
s.e.m .). A m ong  th e  fo u r A. pom pejana 's hsp70  g e n e s  (Alvinella d a ta b a s e  [12]), tw o  fo rm s s h o w e d  s ign ifican t c h a n g e s  acco rd in g  to  te m p e ra tu re ,  an d  
th e  form  th a t  s h o w e d  th e  m o s t sign ifican t c h an g e s  is p re s e n te d  he re , d. N orm alized fo ld  hsp70  e x p ress io n  in gills, p o s te r io r p a rt a n d  c o e lo m o cy te s  o f 
e x p e r im e n te d  an im als w ith  re sp ec t to  'sam p lin g ' sp ec im en s . 
do i:10 .1371/jo u rn a l.p o n e .0064074 .g003

As proposed for o ther vent species, these anim als m ay prefer 
tem peratures well w ithin their tolerated  range, thereby m ain tain ­
ing a ‘safety m argin’ against rapid  tem perature  fluctuation that 
could expose them  to therm al extrem es [26].

T h e  extrem e tem perature  variability in the close surrounding of 
A. pompejana, an d  notably the sharp therm al gradient the anim al is 
believed to endure  in its tube (up to 60"C from  the opening to the 
bottom ) [3,6], have led  to propose this anim al as one o f the most 
eurytherm al on earth . T h e  ksp70 gene analyses revealed a 
differential expression in the an terio r an d  posterior parts o f the 
worm s (‘20"C ’ and  ‘42"C ’ specimens; Figure 2c), the posterior part 
responding less to therm al variations than  the gills (One-way 
A N O V A  across treatm ents following bootstrap  resam pling 
(n = 1 0 0 ) perform ed on gills (F = 27.84, p-value = 2 e - 7 ) and  
posterior p a rt (F = 5.42, p-value = 0.02)). A dded to previous results

on  differential cell m em brane com positions [27], this tends to 
confirm  the existence o f such a therm al gradient inside the tube 
and  consequently the exceptional eurytherm y o f -4. pompejana.

In  conclusion, while -4. pompejana is not as therm ophilic as 
previously suspected, it nevertheless rem ains am ong the most 
therm oto leran t and  eurytherm al m etazoans. T h e  accurate defini­
tion o f the m etazoan U T L  will further require standardized 
indexes, like the C T m ax  (i.e. a  behavioural response [28]), to be 
provided for alvinellids. Since these tubicolous anim als m ay retract 
inside their tubes, or m ove beh ind  the tube masses, behavioural 
studies are challenging, an d  future isobaric sam pling processes 
could aim  at collecting Alvinella worm s w ithout their tubes. 
Finally, isobaric sam pling an d  transfer should allow m any m ore 
deep-sea species to be studied alive. Such studies are urgently 
needed to be tte r understand  the biological responses o f deep fauna
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Figure 4. Morphological consequences of a 55°C-exposure in A. pompejana. P h o to g ra p h s  o f  20°C -exposed  (left co lum n) versus 55°C- 
e x p o se d  (righ t co lum n) sp ec im e n s , a, b. G eneral v iew  o f sp e c im en s  a fte r th e  in vivo e x p e rim en ts ; c, d. S ec tions  o f th e  do rsa l reg io n  sh o w in g  th e  
d é lam in a tio n  o f  th e  ep id e rm is  (e) a n d  cu tic le  (c) a t  55°C; e, f. S ec tions  o f th e  v en tra l tu b e  sec re tin g  reg io n  sh o w in g  th e  d isa p p e a ra n c e  o f  th e  
te g u m e n t  a n d  d iso rg an iza tio n  o f th e  underly in g  tissu es  a t 55°C; g, h. S ec tions  o f  m uscles  (m) sh o w in g  th e  d iso rg a n iza tio n  o f  cells a t  55°C. Bar 
re p re s e n ts  a p p ro x im a te ly  1 cm  in a, b an d  50  pm  in c-h. 
doi:10 .1371/jo u rn a l.pone .00 6 4 0 7 4 .g 0 0 4

to environm ental changes, in times w hen evidence for an th ropo­
genic im pact on  the w orld’s largest ecosystem is accum ulating
[29]-

Supporting Information

Figure SI G e n e r a l s c h e m a t ic  v ie w  o f  th e  BALIST  
a q u a r iu m . For detailed legend see T ex t S I.
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