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The kingdom Crenarchaeota is now known to include archaea which inhabit a wide variety of low-temperature
environments. We report here lipid analyses of nonthermophilic crenarchaeotes, which revealed the presence
of cyclic and acyclic dibiphytanylglycerol tetraether lipids. Nonthermophilic crenarchaeotes appear to be a
major biological source of tetraether lipids in marine planktonic environments.

Archaea are a phenotypically diverse group of microorgan-
isms whose evolutionary history distinguishes them from the
two other domains of life, Eucarya and Bacteria (41-44). Al-
though cultivated archaea once appeared to be limited to re-
stricted “extreme” habitats (42), recent ecological surveys have
suggested that novel, uncultivated archaeal groups are com-
mon inhabitants of temperate and polar seas (5, 6, 11, 21, 23,
30, 36), freshwater lake sediments (14, 22, 31), and terrestrial
soils (2, 16, 26, 39). Of the newly detected but as-yet-unculti-
vated archaeal groups, the most frequently encountered are
closely affiliated with the Crenarchaeota (37, 43, 44), a king-
dom once thought to consist solely of thermophilic microor-
ganisms.

One of the few unique, unifying phenotypic features of char-
acterized and cultivated archaea is the presence of ether-linked
isoprenoids as the dominant cell membrane lipid (9, 18, 20, 35,
38, 42). Diphytanylglycerol diether (archaeol) is the predomi-
nant membrane core lipid in most methanogens and all ex-
treme halophiles (9, 18, 20, 35, 38). In contrast, the cell mem-
branes of hyperthermophilic archaea and a few methanogens
contain caldarchaeol, a dibiphytanyldiglycerol tetraether (20,
35, 38).

To further characterize nonthermophilic crenarchaeotes
phenotypically, we collected microbial biomass from several
disparate natural habitats known to harbor large numbers of
them (5, 6, 11, 30). Samples were analyzed for archacal rRNA
and DNA and for lipids by gas chromatography-mass spec-
trometry.

Samples AM-1 and AM-7 were collected in nearshore wa-
ters of Arthur Harbor, Anvers Island, Antarctica, in early Au-
gust 1996. Approximately 1,500 liters of seawater was prefil-
tered through a 1.6-um-pore-size glass fiber filter, and the
filtrate was concentrated by ultrafiltration through a polysul-
fone hollow-fiber filter with a 30,000-molecular-weight (MW)
cutoff (Amicon). Concentrated cells were collected by centrif-
ugation (4°C, 38,900 X g, 1 h) and frozen until rRNA and lipid
analysis. Samples SMB3 and SMB4 were collected from a
depth of 100 m in the Santa Monica Basin, on 293-mm-diam-
eter glass fiber filters (0.7-,um nominal pore size) as previously
described (40). Filters were frozen until nucleic acid extraction
and lipid analysis. Enriched cell fractions of the sponge-asso-
ciated archaeon Cenarchaeum symbiosum were prepared by
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differential and Percoll gradient centrifugation as previously
described (30, 32).

Filter-collected samples were Soxhlet extracted in methylene
chloride-methanol, 2:1 (vol/vol). Five percent saline was added
and the sample was extracted into three aliquots of methylene
chloride. The combined organic layers were dried over
Na,SO,. The extracted material was saponified in 5% NaOH-
methanol, 3:1, and neutral products were isolated and fraction-
ated by column chromatography on 5% deactivated SiO, with
hexane, toluene-hexane, ethyl acetate-hexane, and methanol.
Lipids which were eluted in solvent more polar than 20% ethyl
acetate-hexane were acid hydrolyzed by heating for 4 h at
110°C in 57% HI (concentrate). The acid was diluted with
distilled water and extracted with three aliquots of hexane. The
combined organic layers were dried over NaSO,. The sample
was dissolved in tetrahydrofuran under a nitrogen atmosphere,
and LiAIH, was added. The sample was then heated for 2 h at
70°C, ethyl acetate was added to quench the LiAlH,, and the
solution was diluted with 5% saline. The hydrocarbons were
extracted with three aliquots of ethyl acetate. The organic
layers were combined and dried over NaSO,.

Antarctic picoplankton cell pellets were exhaustively ex-
tracted by sonication in five successive aliquots of methylene
chloride-methanol, 2:1 (vol/vol). The cellular residue was then
allowed to dry and was acid hydrolyzed with 57% HI (concen-
trate) by heating for 4 h at 110°C. The sample was then diluted
with extracted, distilled H,O and extracted three times with
hexane. The organic layers were combined and dried over
Na,SO,. Reduction with LiAlH, and subsequent analysis were
performed as described above.

Gas chromatography was performed on a Carlo Erba 6180
gas chromatograph equipped with a J&W DB-5 column, on-
column injection, and a flame ionization detector, by using H,
as the carrier gas. The oven was programmed with injection
and a 1-min hold at 80°C, followed by a 3°C/min ramp to
320°C, and held at 320°C for 20 min. Gas chromatography-
mass spectrometry analysis for all samples was performed on a
Finnigan Incos 50 mass spectrometer with an HP 5890 Series 11
gas chromatograph by using a J&W DB-5 column and He as
the carrier gas, with on-column injection. The oven was pro-
grammed from 80 to 150°C at 20°C/min and then to 320°C at
4°C/min, followed by a 20-min isothermal period at 320°C.
Identifications were made by comparison of gas chromatogra-
phy retention times and mass spectra with those of ether lipid-
derived hydrocarbons prepared from Sulfolobus solfataricus
and by comparison with previously reported data (7).

rRNA extraction, gene cloning, and hybridization experi-
ments were performed as previously described (21), except
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TABLE 1. Percentage of rRNA hybridization signal from Eucarya,
Bacteria, and Archaea in filtered picoplankton samples
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TABLE 2. Phylogenetic identification of archaeal rDNA clones in
libraries derived from Antarctic plankton samples

% of group-specific rRNA:

Sample Normalized to total rRNA Normalized to archaeal
Eucarya Bacteria Archaea RNA (group I)

AM-1 10.9 93.5 11.3 74.5

AM-7 2.4 84.4 18.2 80.1

SMB3 324 80.4 2.9 ND“

SMB4 54.5 23.1 0.7 ND

“ND, not determined.

that a different universal probe (S-*-Univ-1390-a-A-18 [45])
was used to quantify total rRNA. rRNA extracted from the
symbiotic crenarchaeon C. symbiosum (30) was used as a pos-
itive control and to normalize results obtained with the marine
crenarchaeotal group I probe (S-O-Cenar-0554-a-A-20) to
those obtained with the domain-specific archaeal probe (21).

No. of clones in: % of clones in:

Sample

Archaea Group I Group II Group I Group II
AM-1 276 273 3 98.9 1.1
AM-7 283 277 6 97.9 2.1

rRNA analyses. In plankton samples collected from Arthur
Harbor (Anvers Island, Antarctica), approximately 11 to 18%
of the total TRNA was attributable to archaea (AM-1 and
AM-7 [Table 1]), consistent with previous studies (6). Cloning
experiments from the same samples recovered only two major
phylogenetic types of Antarctic archaea (group I crenarchae-
otes and group II euryarchaeotes [Fig. 1; Table 2]). The pre-
ponderance of archaeal ribosomal DNA (rDNA) genes recov-
ered from Antarctic samples were of the crenarchaeotal type
(98% group I [Table 2]), while the remainder of the cloned
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FIG. 1. Evolutionary relationships of uncultivated marine planktonic Archaea (groups I and II) relative to known and cultivated Crenarchaeota and Euryarchaeota.
Evolutionary relationships were inferred from 687 unambiguous aligned residues by transversion distance analysis as previously described (5). Numbers appearing at
each bifurcation indicate the number of bootstrapped replicates which supported that bifurcation, out of 1,000 bootstrap replicates. pSL12 represents a cloned rRNA
fragment recovered from a hot spring microbial community, which appears to be specifically related to the rRNA sequences of marine nonthermophilic crenarchaeotes
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FIG. 2. Gas chromatogram of an Antarctic sample which corresponds to the mass spectral analysis shown in Fig. 3, in the region of biphytane elution. Subscripts

denote the number of carbon atoms in the biphytane. R, pentacyclic ring; i, isomer.

rDNA genes were associated with the planktonic euryarcha-
eota (Table 2), as determined by group-specific rRNA probing.
Quantitative rRNA hybridization experiments also indicated
that the crenarchaeotal group I archaea dominated Antarctic
surface water samples (Table 1). Hybridization experiments
with the rRNA extracted from subsurface waters of the Santa
Monica Basin (SMB3 and SMB4 [Table 1]) indicated that
between 0.7 and 2.9% of the total rRNA was archaeal. There
was insufficient rRNA available in the Santa Monica Basin
samples to probe for archaeal subgroups. However, several
previous reports (5, 6, 11, 21, 36) have indicated that nonther-
mophilic crenarchaeotes are the majority component of sub-
surface marine archaeal populations. Enriched cell prepara-
tions of the crenarchaeotal symbiont of Axinella mexicana (30,
32) yielded on average (n = 10) 22% archaeal rRNA, relative
to total rRNA (data not shown).

Lipid analyses. Marine picoplankton samples from Antarc-
tica and the Santa Monica Basin, as well as the crenarchaeal
sponge symbiont C. symbiosum, all contained caldarchaeol-
derived acyclic and cyclic dibiphytanes (Fig. 2 to 4). Several
isoprenoids were common to Antarctic plankton, Santa
Monica Basin plankton, and the symbiotic crenarchaeon C.
symbiosum. These ether-derived lipids also corresponded to
those recently found in Black Sea sediments and suspended
particulate material (15, 19); data are shown for comparison in
Fig. 4 (e.g., BS sediments). The acyclic head-to-head-linked
biphytane was the most abundant isoprenoid identified in most
samples (C,, H-H [Fig. 2 and 3]). In all samples, significant
amounts of cyclic biphytanes containing one, two, or three
cyclopentane rings (Fig. 2 and 3) were evident (Fig. 4). Iso-
prenoids containing one and two rings were identical to those
found in S. solfataricus (7), while the three-ring biphytane is a
structural isomer of the three-ring isoprenoid found in S. sol-
fataricus. Other possible isomers of cyclic biphytanes, identi-
fied based on their retention times, were also observed in most
samples, but their structures have not yet been confirmed. In
one Santa Monica Basin plankton sample (SMB3), the most

abundant caldarchaeol-derived isoprenoid was a three-ring cy-
clic biphytane (Fig. 4).

Origins of dibiphytanyl ether lipids in marine plankton.
Although diverse in origin, the archaeal samples from Antarc-
tica, the Santa Monica Basin, and the sponge A. mexicana had
at least two properties in common. They all appear to be
dominated by nonthermophilic crenarchaeotes (e.g., group I
[Fig. 1]), and they all contained caldarchaeol-derived acyclic
and cyclic dibiphytanes. Cyclopentane ring-containing phytanyl
ether lipids have been previously identified only in thermo-
philic archaea (18, 25, 33). Additionally, some thermophilic
archaea increase the proportion of cyclic and acyclic tet-
raethers in respose to increasing growth temperatures and
pressure (8, 17, 34). It is therefore somewhat surprising that
identical lipids are present in nonthermophilic crenarchaeotes,
some of which thrive at temperatures as low as —1.5°C (6).
However, recent phylogenetic studies (1) suggest that nonther-
mophilic crenarchaeotes share a most recent common ancestor
with contemporary thermophiles (1) (pSL12 in Fig. 1), so the
presence of these lipids could indeed represent the remnants
of a thermophilic ancestry. However, crenarchaeotal psychro-
philes and mesophiles likely contain other membrane lipids not
detected in our analyses, which may differentiate them from
their hyperthermophilic close relatives and which might be
adaptive for lower temperature growth.

Several studies have recently reported the occurrence of
tetraether lipids in suspended particulates and sediments from
the Indian Ocean, the Cariaco Trench, and the Black Sea (15,
19). However, the majority of the samples from these prior
studies was derived from anaerobic sediments, and the types of
archaea present in these samples were not determined. The
possibility that methanogens are responsible for the ether lip-
ids observed in these predominantly anaerobic sediment sam-
ples cannot be ruled out (15). In contrast, archaea in the
marine samples which we examined consisted predominantly
of nonthermophilic crenarchaeotes, and they also contained
acyclic and cyclic dibiphytanes. No previously cultivated types
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FIG. 3. Mass spectra of the four identified caldarchaeol derivatives that were common to all samples analyzed. Lipids were extracted, derivatized, and analyzed as
described in the text. The mass spectra are derived from the Antarctic picoplankton lipid sample used for the GC trace in Fig. 2. R, pentacyclic ring; i, isomer.

of archaea, including methanogens, were detected in any of
our samples. The combined rRNA and lipid analyses reported
here strongly suggest that nonthermophilic crenarchaeotes
(group I [Fig. 1]) are the predominant biological source of
biphytanyl tetraether lipids in temperate and polar marine
plankton.

Archaebacterial lipids are potentially useful biogeochemical
tracers. Acyclic and cyclic ether lipids have been detected in a

wide variety of contemporary (3, 4, 15, 19, 27, 28) and ancient
(12, 24) marine sediment samples. Archaebacterial lipids have
also been reported to be more resistant to degradation and
turnover than are the ester-linked lipids of bacteria and euca-
rya (10, 13, 29). In coastal marine sediments, archaeal diphyta-
nyl glycerol diether degraded significantly more slowly than did
bacterial ester-linked phospholipids (13). The presence of ar-
chaeal tetraethers as “molecular fossils” in ancient sediments
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FIG. 4. Caldarchaeol-derived biphytanes from diverse marine samples. Com-
pounds correspond to the structures shown in Fig. 3, as identified by comparison
to known standards. Relative abundances of cyclic and acyclic biphytanes in
diverse marine samples are shown. The value for most abundant of the four
components was arbitrarily set at a relative value of 1. BS, Black Sea sediment;
Antarctic, Antarctic picoplankton lipids; C. symbiosum, C. symbiosum lipids;
SMB3 and SMB4, Santa Monica Basin suspended particulate lipid samples.

and petroleum deposits also attests to the inherent resistance
of these lipids to decomposition (3, 12, 24). Considering the
relative stability of such ether lipids, and the ubiquity and
abundance of nonthermophilic crenarchaeotes in marine hab-
itats (5, 6, 11, 21, 23, 30, 36), planktonic archaea may well
contribute to carbon deposition in the sea in part through
production, sedimentation, and accumulation of their biphyta-
nyl tetrather lipids in marine sediments.
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