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Abstract

Artificial substrata of different material composition were deployed at deep-sea hydrothermal areas on the Mid-Atlantic
Ridge for exposure times ranging from 1 to 12 days. After 4 days of exposure, a very thick but loosely-bound biofilm formed on
all surfaces. Two bacterial morphotypes dominated the attached microbial community: rod-shaped bacteria sometimes several
cell layers thick and large filamentous forms attached to the substratum at one end of the filament. Quantitative extraction of
biofilm lipids associated with the substratum surface indicated the accumulation of a large amount of bacterial biomass after
4 days of exposure for all substrata. Microbial biomass accumulated at different rates on the different substrata. The greatest
biomass was associated with 316L stainless steel and titanium substrata. Polar lipid fatty acid (PLFA) analysis of lipid extracts
contained signatures of sulfate reducing bacteria and fatty acids (FA) previously reported in filamentous sulfur-oxidizing
bacteria. The results demonstrate rapid in situ colonization of artificial substrata by hydrothermal vent microbial populations
irrespective of the nature of the substratum. z 1998 Federation of European Microbiological Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Deep-sea hydrothermal vent ecosystems depend
on microbial systems for the conversion of reduced
inorganic forms of energy to organic forms of energy
and carbon. Attached microbial populations have
been described in these environments and likely rep-
resent an important contribution to the primary pro-

duction [1,2]. Little is known on the diversity of
these attached microbial populations, microbial col-
onization rates and biomass associated with surfaces
in hydrothermal vent ¢elds [3].

Analysis of cellular lipids provides a satisfactory
way to gain insight into microbial community struc-
ture and biomass [4]. Microbial biomarkers are
chemical components of microorganisms which can
be extracted directly from the environment, provide
qualitative information on the types of microorgan-
isms present as well as quantitative information on
in situ microbial biomass [5]. Membrane lipids and
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their associated fatty acids are particularly useful
biomarkers as they are essential components of every
living cell and have great diversity coupled with high
biological speci¢city [6]. Phospholipid ester-linked
fatty acids (PLFA) have proved to be of great value
in describing bacterial community structure in sedi-
ments, the establishment of a biochemical basis to
bacterial phylogeny and taxonomy, and in the detec-
tion of speci¢c physiological groups of bacteria as-
sociated with microbiologically in£uenced corrosion
studies [7^10]. The use of PLFA from the polar lipid
fraction eliminates interference from many contami-
nants as well as endogenous storage lipids present in
the neutral or the glycolipid fractions of the extract-
able lipids. Phospholipids are not found in storage
lipids and have relatively rapid turnover in sediments
[11].

A study was carried out to investigate the extent
to which the nature of the substratum in£uenced
bio¢lm development, population structure and bio-
mass in areas under the in£uence of venting hydro-
thermal £uids at a site (Snake Pit) along the Mid-
Atlantic Ridge during the French `Microsmoke'
cruise. A spectrum of arti¢cial substrata was used
in this study to determine the importance of substra-
tum properties on microbial colonization rates, pop-
ulation structure and succession in the vent environ-
ment.

2. Materials and methods

2.1. Substratum deployment and recovery

Arti¢cial substrata were deployed at three loca-
tions on the ocean bottom along the Mid-Atlantic
Ridge at the Snake Pit site (23³22N, 45³57W) using
the manned submersible `Nautile' during the French
oceanographic cruise in November 1995. Two loca-
tions (sites 1 and 2) were under the in£uence of vent-
ing hydrothermal £uid. The temperatures at sites 1
and 2 £uctuated between 5^20³C. A third location
(site A) was outside the in£uence of the hydrother-
mal £uids where the temperature maintained a con-
stant 2³C. Water samples were collected from the
3 locations using a Niskin bottle operated by the
mechanical arm of the submersible.

The following materials were used as arti¢cial sub-

strata: 316L stainless steel (316L SS), titanium (Ti),
aluminum 5052 (Al), copper 90/10 (Cu), copper-nick-
el alloy (Cu-Ni), Te£on (PTFE), polyamide (PA),
polyacrylate (PAc) and polycarbonate (PC). SS and
Ti were selected on the basis of their resistance to
marine corrosion; Al was selected for its extensive
oxide ¢lm in seawater; Cu and Cu-Ni were selected
for their ability to inhibit microbial colonization.
The non-metallic surfaces were selected to o¡er a
range of surface energies in natural seawater
(PTFE, 18 mlWm32 ; PA, 38 mlWm32 ; PC, 35.5
mlWm32 ; and PAc, 40 mlWm32) di¡erent from those
provided by the metallic substrata.

One-cm diameter coupons of each material were
glued on one surface to a sample holder, allowing
the other surface exposure to the surrounding envi-
ronment (Fig. 1). A set of sample holders (one for
each site and sampling time), each containing an
array of coupons of di¡erent composition, was trans-
ported from the sea surface to the sea £oor in the
externally-located, seawater-¢lled box mounted at
the front of the Nautile. A mechanical arm trans-
ferred the sample holders from the box to their re-
spective location on the sea £oor. After 1, 4, 8 and
12 days exposure, a sample holder from each loca-
tion was retrieved by the mechanical arm of the sub-
mersible, and transported to the surface in the sea-
water-¢lled, externally-located box on the sub-
mersible.

As soon as the submersible was brought on board
the support ship, Nadir, the sample holders (l/loca-
tion) were immediately retrieved from the box and
3 coupons of each type of material removed from
each holder and treated as follows: one coupon
was lyophilized and stored for lipid analysis; the
two remaining coupons were preserved in arti¢cial
seawater containing 2.5% glutaraldehyde for subse-
quent microscopic observations.

2.2. Scanning electron microscopy

Coupons were sputter-coated with a thin ¢lm of
gold to minimize charging and examined with a Phi-
lips XL 30 Lab 6 scanning electron microscope.

2.3. Lipid analysis

Lipids were extracted using a modi¢ed Bligh/Dyer
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method [11,12]. Samples were placed for 1 h in an
ultrasonic bath with adequate volumes of methanol,
dichloromethane and water (2:1:0.8, v/v). Identical
volumes of water and dichloromethane were then
added to the solution and the two resulting phases
allowed to separate in a funnel for 18 h. The total
lipids were separated into three general lipid classes
by silicic column chromatography using a series of
mobile phases of increasing polarity (dichlorometh-
ane, acetone and methanol). Fatty acid methyl esters
were prepared from the esteri¢ed lipids in the polar
(methanol) lipid fraction by mild alkaline methanolic
trans-esteri¢cation and analyzed by gas chromatog-
raphy (GC) and gas chromatography-mass spec-
trometry (GC-MS).

An aliquot of the polar lipid fraction was analyzed
for its ether glycerol content as a biomarker of ar-
chaebacteria. A fraction of the polar phase was sub-
jected to a strong acid hydrolysis and the resulting
core ether lipids digested with 55% HI solution for
18 h at 100³C. The resulting alkyliodides were ex-
tracted with hexane and successively washed with
Na2S2O3 and Na2CO3 solutions [13,14]. After ex-
traction with hexane, the iodide derivatives were an-
alyzed using GC equipped with an electron capture
detector using 1,2 di-O-hexadecyl-rac-glycerol as in-
ternal standard. Authentic glycerol diethers and di-
glycerol tetraethers were purchased from Sigma or
isolated from cells of Sulfolobus sp.

2.4. Gas chromatography and gas
chromatography-mass spectrometry analyses

GC analyses were performed on a Carlo Erba
(Rodano, Italy) HRGG 5360 gas chromatograph
equipped with a fused silica column coated with a
non-polar phase (60 mU0.2 mm i.d.; ¢lm thickness
0.25 Wm). Hydrogen was used as carrier gas (33 cm
s31).

GC-MS analyses were performed on a Carlo Erba
(Rodano, Italy) model 5160 HRGC chromatograph
coupled to a quadrupole Nermag (Delsi) r10-10H
mass spectrometer. The fatty acid separation was
achieved on a CP Sil5CB capillary column (60
mU0.20 mm i.d.; ¢lm thickness 0.25 Wm; JpW Fol-
son, California) with helium as carrier gas (1.5 bar).
Standard fatty acids were purchased from Sigma
along with fatty acids of pure culture of Vibrio na-

triegens, Desulfovibrio desulfuricans and members of
the Alteromonas group isolated from an hydrother-
mal environment [15,16].

2.5. Fatty acid nomenclature

A shorthand nomenclature is used which is in the
form of numbers separated by a colon. The number
before the colon indicates the carbon chain length
and the ¢gure after the colon corresponds to the
number of double bonds. The position of the double
bond is de¢ned by the symbol `g' followed by the
number of carbons from the methyl end. The pre-
¢xes `i' and `a' refer to iso and anteiso, respectively.
The geometry of the double bonds is indicated by cis
and trans.

3. Results

Coupons of di¡erent material composition, de-
ployed at 2 vent-in£uenced sites (sites 1 and 2) accu-
mulated a thick, loosely-bound bio¢lm on their sur-
face, whereas coupons deployed at control site A,
not under vent in£uence, accumulated a sparser bio-
¢lm. The chemistry of water samples from the 3 lo-
cations is presented in Table 1. With the exception of
the silica and ammonia concentrations, the chemistry
of the £uids collected at sites 1 and 2 was similar to
that of control site A.

Fig. 2a^j shows the most commonly observed
morphological types of microorganisms on the sur-
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Fig. 1. Sample holder.
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Fig. 2. a^j : Selected SEM photographs from colonized surfaces. a: 316L SS (control, 9 days at site A). b,c: One day colonization (Ti,
316L SS). d: Sample holder after 4 days in the vicinity of the vents; e,f,g: Two main bacterial morphotypes commonly found on all sur-
faces (4 days). Filamentous bacteria forming rosettes on the surfaces and rod-shaped bacteria (Ti, 316L SS, PTFE); h: Filaments perpen-
dicular to the surfaces (PTFE); i,j : Multilayers of bacteria on 316L SS and titanium (8 days).
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Fig. 3. Biomass expressed as total PLFA Wg cm32 vs. time.

Fig. 2. (continued)
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face of coupons from the three sites. Contamination
during the di¡erent steps of the deployment/recovery
procedures was estimated by examination of cou-
pons kept in the shuttle box on the submersible for
a typical one-day dive. Both SEM and lipid analyses
indicated that contamination of surfaces during cou-
pon deployment and retrieval was negligible.

Most coupons retrieved from sites 1 and 2 after
one day of exposure to the vent environment were
colonized by rod-shaped bacterial colonies heteroge-
neously distributed over their surface (Fig. 2b,c). The
Cu, Cu-Ni and Al coupons were sparsely colonized
after one-day exposure.

After four days, all coupons and adjacent areas of
the sample holders at sites 1 and 2 were covered with
a very thick white bio¢lm ¢lamentous microorgan-
isms (Fig. 2d). Rod-shaped and rosette-forming ¢la-
mentous microorganisms were the two dominant
morphotypes on the surfaces of all coupons, includ-
ing the Cu and Cu-Ni coupons exposed at these sites
(Fig. 2e,f). The ¢laments were up to 50 Wm length
and appeared to be anchored to the surface at a
single pole, extending perpendicularly to the substra-
tum (Fig. 2g,h).

After 8 days exposure to the vent environment the
surface of all coupons deployed at sites 1 and 2 were
colonized by a ¢lamentous bio¢lm. Bio¢lm morphol-
ogy varied with substratum type. Cu and Cu-Ni cou-
pon surfaces exhibited the most heterogeneous dis-
tribution of microorganisms. The bio¢lm on Al
coupons was contained within the aluminium oxide
¢lm on the surface. Windows of ¢laments were fre-
quently observed on the surface of the SS coupons.
Ti coupon surfaces accumulated a multi-layer of sim-
ilarly-sized, tightly-packed, rod-shaped bacteria (Fig.
2i,j). Bio¢lms dominated by rod-shaped bacteria
were also observed on the surfaces of the non-met-
allic coupons.

After 12 days exposure to the vent environment,

the surface of all coupons deployed at sites 1 and 2
had accumulated a multi-layered bio¢lm containing
both rod-shaped bacteria and ¢lamentous forms.
Metallic and non-metallic surfaces were similarly
fouled by these microorganisms based on SEM ob-
servations.

Surfaces of coupons exposed to ambient seawater
for 9 days at control site A contained fewer rod-
shaped bacteria than those exposed to hydrothermal
£uids (Fig. 2a). No ¢lamentous forms were observed.
No bacteria were detected on the copper and alumi-
nium surfaces.

3.1. Lipid analysis

Twenty-six PLFA were recovered from the surface
of the di¡erent coupons exposed to the hydrothermal
vent environment. The total PLFA-based bio¢lm
biomass associated with the surface of the di¡erent
coupons was determined between 1 and 12 days ex-
posure to the hydrothermal vent environment (Fig.
3). The most rapid increase in biomass occurred be-
tween one and four days exposure on all coupons
regardless of composition. Biomass remained rela-
tively unchanged between days 4 and 8 on coupons
composed of Ti, 316L SS, and the 4 synthetic poly-
mers PC, PTFE, PA and PAc, while the biomass on
Al, Cu-Ni and Cu increased slowly between days 4^
12. Between days 8^12, biomass on the Ti, SS and
the 4 synthetic polymers increased at rates compara-
ble to those observed between days 1^4. After
12 days exposure, Ti and 316L SS coupons had
accumulated the greatest biomass, Cu, Cu-Ni and
Al accumulated the least biomass, and 4 synthetic
polymers accumulated intermediate amounts of bio-
mass.

In contrast to the coupons exposed to the venting
£uids, control coupons exposed to ambient sea-
water at Side A accumulated a low PLFA-based
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Table 1
Seawater composition for exposure sites (sites 1 and 2) and site A

Sampling sites pH T (³C) Caa Mga SO3
4

a S3a NO3
3

b NH�4
b PO33

4
b Sib

Site 1 7.8 10^15 9.2 47.9 26.2 6 1 11.2 5 0.26 655
Site 1(2) 7.9 10^15 9.8 48.1 26.2 6 1 11.1 5.1 0.26 648
Site 2 7.8 10^15 9.4 48.7 26.6 6 1 13.4 8.8 0.47 460
Site A 8.1 2 9.8 52.8 28.2 ND 15.1 0.5 1.28 152

ammol l31 ; bWmol l31.
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Fig. 4. C16:1, C18:1 isomers and iC17:1g7c vs. exposure time.
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microbial biomass after 9 days of exposure (data not
shown).

For all coupons the common microbial fatty acids
C16:1g7, C18:1g7 and C18:1g9 were the major
monounsaturates, i and a C15:0 and C17:0 were
the major branched chain acids, and C14:0, C16:0
and C18:0 constituted the main saturates. With the
exception of C18:2g 6,9 no polyunsaturates were
recovered from the bio¢lms. Cycle C19:0 was in
low abundance (up to 1.98% of the total acids) on
some surfaces after 4 days. iC17:1g7c fatty acid was
present in most bio¢lms after 4 days and its propor-
tion increased with exposure time (Fig. 4). 10Me
C16:0 fatty acid was present in low proportions after
12 days on non-metallic surfaces, aluminium and
copper alloys as well. The diversity of PLFA in-
creased with exposure time, with C16:1 and C18:1
g9, g7 and g5 isomers appearing only after 12 days.
The absence of ether glycerol in lipid extracts of the
various coupon surfaces indicated that archaebacte-
ria were either absent or below the level of detection.

Coupons exposed to site A for 9 days yielded
PLFA pro¢les that were similar to those recovered
from surfaces exposed for 1 day at sites 1 and 2:
equivalent proportions of C16:1g7 and C18:1g7.
No C18:1g9 fatty acid was present in the bio¢lms
at site A.

4. Discussion

Bacterial mats have been observed on the surface
at many hydrothermal sites [17,18]. Whitish bacterial
mats, similar in morphology to those described here,
reportedly cover substrata in the vicinity of vents at
the Guaymas basin [19]. Natural and arti¢cial mate-
rials exposed to hydrothermal features at the Gala-
pagos Rift Ocean Spreading Zone at a depth of
2550 m for periods ranging from several days to
one year accumulated massive bio¢lms, 5 Wm to
10 Wm in thickness, containing populations of coc-
coid microorganisms interspersed with ¢lamentous
microorganisms [1]. However, no biomass estimates
were obtained from these substrata. That microbial
morphotypes similar to those observed at the Gala-
pagos Rift Ocean Spreading Zone occurred in bio-
¢lms accumulating on the various arti¢cial substrata
deployed at the Snake Pit site along the Mid-Atlantic

Ridge supports previous evidence that ¢lamentous
microorganisms are widely dispersed in the world's
oceans. The dominance of ¢lamentous forms on sub-
strata under hydrothermal in£uence but not in sur-
rounding areas supports the idea that the venting
hydrothermal £uids provide the limiting nutrient or
energy source for these organisms.

It has been di¤cult to assess biomass accumula-
tion rates in the vicinity of deep-sea hydrothermal
vents, primarily because of inaccessibility. The `Mi-
crosmoke' cruise permitted frequent excursions to
the vent environment, facilitating a study on in situ
microbial biomass accumulation rates of di¡erent
arti¢cial substrata. Coupons of varying composition
were evaluated to take into account the possible in-
£uence of substratum features on the types of micro-
bial bio¢lms that colonize the di¡erent natural sub-
strata at these sites and on rates of colonization and
biomass accumulation. Both SEM observations and
PLFA pro¢les indicated that the coupons deployed
at the two sites under the in£uence of the hydrother-
mal vents were colonized by similar bio¢lm-forming
microbial populations. After only 4 days exposure,
all surfaces were covered with a bio¢lm composed of
microbial morphotypes similar to those found in the
white mats observed in many hydrothermal deep-sea
vents. That similar populations of microorganisms
accumulated on all the di¡erent arti¢cial substrata
deployed does not contradict the possibility that
the natural surfaces may be colonized in a similar
manner.

Bacterial biomass associated with coupon surfaces
at the control site (site A) was similar to that re-
ported for metallic and non-metallic surfaces ex-
posed to natural £owing seawater [20]. That bacterial
biomass was three orders of magnitude higher on
surfaces exposed to the vent environment than on
those exposed to the surrounding ambient deep-sea
environment suggests that the conditions of the vents
were more conducive for colonization and growth of
these microbes. The only measured variables that
appeared di¡erent at the vent and control sites
were temperature, ammonia and silica concentra-
tions. Interestingly, sul¢de concentrations were not
signi¢cantly di¡erent in spite of the fact that sulfur
oxidizers and reducers were detected at signi¢cant
levels at the vent sites but not at the control site.
The sul¢de concentrations reported here may not
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re£ect in situ concentrations as it is unstable and
some may have been lost from the gas phase during
sample manipulation.

Some interesting trends were observed in the col-
onization behavior of the microorganisms over the
12-day exposure to the vent environment. Surfaces of
316L SS and Ti coupons accumulated the highest
biomass, while non-metallic surfaces, Al, Cu and
Cu-Ni surfaces accumulated the least biomass over
the duration of the experiment. All non-metallic sur-
faces were similarly colonized at the end of the ex-
periment (Fig. 3). The delay observed in the coloni-
zation of pure Cu and Cu alloy may be related to the
formation of toxic copper (Cu2�) species at the sur-
face of the coupon. The protective oxide ¢lm formed
on the Al coupons in seawater may have obscured
the attached microorganisms during SEM examina-
tion or, alternatively, impeded attachment of micro-
organisms on these surfaces.

Two distinct morphological types of microorgan-
isms contributed to the bio¢lm observed on both
metallic and non-metallic surfaces. Filamentous mi-
croorganisms, sometimes in rosettes, were heteroge-
neously distributed over the surfaces, often overlay-
ing a layer of rod-shaped bacteria. The latter formed
mono- or multi-layers by the end of the experiment.
However, morphological data based on SEM o¡ers
limited insight on microbial diversity of the attached
microbial populations.

PLFA pro¢les o¡er insight into bio¢lm bacterial
community structure. The di¡erent fatty acid pro¢les
obtained at di¡erent sampling times suggest a suc-
cession in bacterial community structure between 1^
12 days in the vent environment. After one day,
monounsaturates C16:1g7 and C18:1g7 were in
similar proportions for substrata that had acquired
a detectable attached microbial population. Interest-
ingly, trans isomer was only detected on non-metallic
surfaces. The ratio of C16:0/C16:1g7c/C18:1g7c
was di¡erent in bio¢lms from the Cu, Cu-Ni and
Al surfaces than that of other coupon materials after
the one-day exposure period, suggesting that the mi-
crobial populations on these three material surfaces
were similar and distinct from those on the other
material surfaces.

The appearance of large ¢laments after 4 days co-
incided with the predominance of C18:1g7 (up to
62% of the total surface-associated PLFA). The g7

PLFAs are common to many Gram-negative eubac-
teria and have been shown to be major fatty acids of
the membrane of mat-forming bacteria at hydrother-
mal deep-sea vents [21]. Membrane lipids of sulfur-
oxidizing bacteria have been described by several au-
thors and are usually characterized by large amounts
of monounsaturated fatty acids with either C16:1g7
or C18:1g7 predominating [22^25]. Thiomicrospira
crunega, an obligate chemoautotrophic sulfur-oxidiz-
ing bacterium isolated from a deep-sea hydrothermal
vent, exhibited a fatty acid pro¢le dominated by
C16:1g7 and C18:1g7c [17]. Filamentous bacteria,
identi¢ed as members of the genus Beggiatoa by glid-
ing motility and internal globules of elemental sulfur
have been identi¢ed in massive red or white aggre-
gations at the deep-sea hydrothermal vents of the
Guaymas basin [19,26]. Other ¢lamentous bacteria
common to the vents included the genera Leucothrix
and Thiothrix [27]. Only the latter forms rosettes
during growth on the surfaces.

C18:1g9 fatty acid was only present in high pro-
portions in bio¢lms formed after 8 days on 316L SS,
accounting for 30% of the total acids. Interestingly,
high concentrations of this acid corresponded to the
presence of multiple layers of rod shaped bacteria on
surfaces. Some budding bacteria have oleic acid
(C18:1g9) as the second most abundant component
[28]. This acid is also common to many psychrophilic
microorganisms such as Pseudomonas sp. and some
Colwellia/Vibrio sp. (D. Nichols and J. Bowman, per-
sonal communication). Moreover, one species of the
genus Desulfobacter, D. latus, also contained oleic
acid as the dominant PLFA [29]. The occurrence of
this acid as a major component of the total FA pool
in 8-day-old bio¢lms is unusual, however. To our
knowledge, the occurrence of C18:1g9 as a major
fatty acid in sulfur-oxidizing bacteria has never
been reported. Its presence in signi¢cant proportions
in mature microbial bio¢lms on surfaces exposed to
hydrothermal venting in the deep sea deserves fur-
ther investigation.

At the end of the 12-day experiment the presence
of C16:1 and C18:1 g9, g7 and g5 cis and trans
isomers indicated a more diversi¢ed bacterial popu-
lation on the surfaces.

Signi¢cant contributions of SRB biomarkers were
detected after 12 days, particularly on the metallic
surfaces with the highest SRB biomass associated
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with the Al surface (Fig. 4). Iso and anteiso C15:0,
and particularly i C17:1g7c, are speci¢c biomarkers
for sulfate-reducing bacteria. Previous studies per-
formed on sulfate reducers isolated from the deep-
sea environment have demonstrated the presence of
these markers for Desulfovibrio species [30].
iC17:1g7c is the predominant and characteristic
PLFA of Desulfovibrio spp. with the exception of
Desulfovibrio gigas [31,32]. The presence of 10 Me
C16:0 in the absence of other 10 methyl-branched
PLFA is a signature for the SRB genus, Desulfo-
bacter [33]. These data indicate that the sulfate-re-
ducing bacteria, the genus Desulfobacter in particu-
lar, appear after the Thiothrix-like sulfur-oxidizing
organisms during bio¢lm succession on surfaces ex-
posed to the hydrothermal £uids at these slow-
spreading centers on the sea£oor.

5. Conclusions

Microbial biomass accumulation rates varied with
substratum. 316L SS and Ti were colonized faster
than Al, Cu and Cu-Ni alloy. Biomass accumulation
rates varied less among the non-metallic substrata.
Rod-shaped bacteria colonized all the substrata
while large ¢lamentous forms became abundant
only after 4 days exposure to the vent environment.
The elevated levels of C18:1g7 fatty acid that coin-
cided with the increasing abundance of the ¢lamen-
tous forms suggest they are similar to those shown to
oxidize sulfur at other vent sites. The occurrence of
oleic acid (C18:1g9) indicated a change in commun-
ity structure after 8 days, coinciding with the pres-
ence of multiple layers of bacteria found on arti¢cial
substrata deployed in the vicinity of the vents. Sul-
fate reducing bacteria appeared on surfaces exposed
to the vent £uids after 12 days. Filamentous forms
were not observed on substrata deployed outside the
vent ¢eld. On the basis of ether lipid analysis, ar-
chaebacteria do not contribute to the bacterial bio-
mass present on all surfaces evaluated in this study.
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