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Abstract The contents and nature of the membrane
lipids of Nanoarchaeum equitans and Ignicoccus sp.
strain KIN4/I, grown at 90"C, and Ignicoccus sp. strain
KIN4/I, cultivated at its lowest and highest growth
temperatures (75"C and 95"C) were analyzed. Both
organisms contained very simple and qualitatively
identical assemblages of glycerol ether lipids, showing
only differences in the amounts of certain components.
LC–MS analyses of the total lipid extracts revealed that
archaeol and caldarchaeol were the main core lipids. The
predominant polar headgroups consisted of one or more
sugar residues attached either directly to the core lipid or
via a phosphate group. GC–MS analyses of hydrolyzed
total lipid extracts revealed that the co-culture of
N. equitans and Ignicoccus sp. strain KIN4/I, as well as
Ignicoccus sp. strain KIN4/I grown at 90"C, contained
phytane and biphytane in a ratio of approximately 4:1.
Purified N. equitans cells and Ignicoccus sp. strain KIN4/
I cultivated at 75"C and 95"C had a phytane to biphy-
tane ratio of 10:1. Sugar residues were mainly mannose
and small amounts of glucose. Consistent 13C fraction-
ation patterns of isoprenoid chains of N. equitans and its
host indicated that the N. equitans lipids were synthe-
sized in the host cells.

Keywords Nanoarchaeum equitans Æ Ignicoccus Æ
Lipid analysis Æ Intact polar lipids Æ Archaeol Æ

Caldarchaeol Æ Glycerol dibiphytanyl glycerol
tetraether

Introduction

Hyperthermophilic microorganisms having an optimal
growth temperature between 80"C and 105"C (Stetter
1989) exist in the domains of Archaea and Bacteria,
where they cluster around the root in 16S rRNA-based
phylogenetic trees (Stetter 1995). Within the Archaea,
three phyla have been identified, namely the Cre-
narchaeota, Euryarchaeota and ‘‘Korarchaeota’’ (Wo-
ese et al. 1990; Barns et al. 1996). However, members of
the ‘‘Korarchaeota’’ have not been isolated or identified
and are only known through their 16S rDNA sequences
(Barns et al. 1996).

Recently, a novel member of the Archaea was iso-
lated, Nanoarchaeum equitans, which represents a new
phylum, the Nanoarchaeota (Huber et al. 2002). N.
equitans is a tiny coccus (Ø 400 nm) growing on the
surface of a newly discovered Ignicoccus species, Igni-
coccus sp. strain KIN4/I. It was isolated from a hydro-
thermal system at the Kolbeinsey Ridge, north of
Iceland. N. equitans can only be cultivated in co-culture
with Ignicoccus sp. strain KIN4/I under strict anoxic
conditions at temperatures between 75"C and 98"C
(Huber et al. 2003a). With a genome size of only
490,885 bp, it has one of the smallest genomes known so
far. Analysis of its gene content revealed a lack of most
biosynthetic pathways, including lipid biosynthesis
(Waters et al. 2003). Phylogenetic analyses confirmed
that the Nanoarchaeota branch very deeply within the
archaeal domain (Huber et al. 2002). Their 16S rRNA
genes exhibit base exchanges even at former ‘‘universal’’
sequence signatures previously thought to be identical
for all organisms (Hohn et al. 2002). Although very little
is known about the physiology of N. equitans, recent
studies suggested that it may be a parasite for Ignicoccus
sp. strain KIN4/I (Jahn 2003).
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The composition of archaeal cell membranes is one of
their most characteristic and diagnostic features. They
contain lipids with isoprenoidal hydrocarbon chains
linked by ether bonds to glycerol. In contrast, the
membranes of Bacteria and Eukarya contain polyme-
thylenic hydrocarbon chains in fatty acids that are, in
the main, linked to glycerol via ester bonds. Notable
exceptions to this are membranes of the Thermotogales,
Aquificales and some sulfate-reducing bacteria; they
possess ether lipids or mixed ether/ester lipids that
contain exclusively polymethylenic (i.e., non-isoprenoid)
hydrocarbon chains (Aquificales and sulfate-reduc-
ing bacteria) (Huber et al. 1992; Rütters et al. 2001)
or 15,16-dimethyl-30-glyceroloxytriacontanoic acids
(Thermotogales) (De Rosa et al. 1988; Jahnke et al.
2001). The diether lipids of Archaea have chains that
derive from isoprenoid precursors with 15, 20, 25 or 30
carbon atoms and, ultimately, from acetyl-CoA via the
mevalonate pathway (Langworthy 1985; De Rosa and
Gambacorta 1986; Lange et al. 2000). C40 (biphytane)
chains also occur but these form by linking opposed
geranylgeranyl (C20) chains in preformed diethers
yielding tetraethers. In the case of methanogens and
possibly other Archaea, saturation of the geranylgeranyl
chains is sometimes incomplete or there are other
modifications resulting in isoprenoids with hydroxyl
groups or combinations of pentacyclic or hexacyclic
rings (Koga et al. 1993). In addition, all glycerol ethers
of Archaea contain 2,3-sn-glycerol, whereas the glycerol
in lipids of Eukarya and Bacteria exhibits a 1,2-sn ste-
reochemistry (Kates 1978; De Rosa et al. 1991).

Since no lipid biosynthesis genes have been identified
in N. equitans (Waters et al. 2003), the analysis of its
membrane in comparison to its host should give insights
into the origin of N. equitans lipids and whether or not
either organism contains specific biomarkers. In this
study, we report the lipid analysis from purified N.
equitans cells, the co-culture of N. equitans and Igni-
coccus sp. strain KIN4/I, as well as from a pure culture
of Ignicoccus sp. strain KIN4/I, cultivated at its mini-
mal, optimal and maximal growth temperatures. Dif-
ferences between the inner (cytoplasmic) membrane and
the outer membrane of Ignicoccus sp. strain KIN4/I
were examined (Rachel et al. 2002).

Material and methods

Culture conditions and purification of N. equitans cells

Pure cultures of Ignicoccus sp. strain KIN4/I and the co-
culture of N. equitans and Ignicoccus sp. strain KIN4/I
were grown in 1/2 SME medium, pH 5.5 (Huber et al.
2003b), with elemental sulfur as electron acceptor and a
gas phase of H2/CO2 (80/20 v/v) at 90"C in a 300-l en-
amel-protected fermenter. In addition, Ignicoccus sp.
strain KIN4/I was cultivated at 75"C and 95"C. To
obtain high amounts of free N. equitans cells, it was
necessary for the co-culture to be purged with H2/CO2 at

very high flow rates (15–20 l min)1) after the Ignicoccus
sp. strain KIN4/I cells reached a cell density of about 106

cells ml)1 (Huber et al. 2002). N. equitans cells were
separated from their host cells by differential centrifu-
gation (Huber et al. 2002). All cell masses were freeze-
dried for transportation and lipid extraction.

Samples and lipid extraction

Lipids were extracted from the purified N. equitans
fraction, the co-culture of N. equitans and its host, and
the pure Ignicoccus sp. strain KIN4/I culture, all culti-
vated at 90"C. In addition Ignicoccus sp. strain KIN4/I
cells grown at 77"C and 95"C were analyzed. About
0.1 g freeze-dried cells (corresponding to about 0.5 g wet
weight) were used for lipid extraction by applying a
single-phase modification of the Bligh and Dyer proce-
dure (Bligh and Dyer 1959, modified by Kates 1986).
One unavoidable consequence of the culture and har-
vesting methods was a variable, and sometimes large,
content of free elemental sulfur in the samples. This
sulfur was removed by one, or more, passages of the
total lipid extract over a bed of activated copper (Jahnke
et al. 2001) but its presence reduced the accuracy of
gravimetric analysis of the total lipid extract. Finally, the
total lipid extract was dried under nitrogen, weighed and
stored at 4"C.

Following total lipid extract isolation, the insoluble
residues were re-extracted with 10:1:1 MeOH/CHCl3/
HCl 37% at 95"C overnight. This procedure, which
hydrolyzes polar head groups or chains in acid-sensitive
cores such as hydroxyarchaeols (Koga et al. 1998),
nevertheless allows the presence of lipids that are
strongly bound to membranes to be determined, al-
though they cannot be identified precisely (Nishihara
and Koga 1987). This resulted in release of a further 10–
20% of material, the acid-extractable lipids (AEL),
which were analyzed separately for hydrocarbon chain
composition.

Preparation of the hydrocarbon chains for GC, GC–MS
and GC–IRMS analyses

This was accomplished using two methods. Initially,
about 1 mg of the total lipid extract was treated with an
excess of BBr3 in dry dichloromethane for 2 h at 90"C
under an atmosphere of dry nitrogen. This afforded a
mixture of alkyl bromides (Summons et al. 1998) which
were subsequently converted to the corresponding
hydrocarbons by reaction with a slight excess of ‘‘Su-
perhydride’’ for 2 h at 70"C in dioxan, also under dry
nitrogen. After quenching the reaction, the products
were extracted into dichloromethane and the hydrocar-
bons were purified by passing the mixture through a
silica gel column and eluting with hexane. The hex-
ane eluate was carefully reduced under a nitrogen
stream to a final volume of 150 ll for analysis by gas
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chromatography (GC), GC–mass spectrometry (GC–
MS) and GC–combustion-isotope ratio mass spectrom-
etry (GC–C-IRMS). Hydrocarbon samples prepared
using this method contained small, but variable,
amounts of phytenes and biphytenes as artifacts formed
by HBr elimination. Accordingly, ether cleavage prod-
ucts were then obtained on a further aliquot of the total
lipid extract and on aliquots of the AEL using hydriodic
acid (57%) followed by reduction with superhydride. To
these latter samples, an aliquot of 3-methylhenicosane
(ai-C22) was added as an internal standard for semi-
quantitative analysis of the abundances of C20 and C40

hydrocarbon chains by GC-FID.

Preparation of the carbohydrates of the total lipid
extract

Acetal linkages between the sugars and the lipid residues
were cleaved by mild acid hydrolysis. Approximately
0.5 mg of the dried total lipid extract was incubated
overnight with 1 M hydrochloric acid, and the sample
dried under a stream of nitrogen. Sugar derivatives were
prepared using N,O-bis(trimethylsilyl)-trifluoroaceta-
mide with 1% trimethylchlorosilane (1:1 in pyridine) for
3 h at 80"C. The samples were then analyzed by GC–
MS.

GC–MS analysis

Qualitative analyses of the hydrocarbons, derivatized
total lipid extract, and sugars were carried out using a
HP 6890 gas chromatograph interfaced to an HP 5973
mass-selective detector. The GC was equipped with a
temperature-programmable, septum-less injector system
and a Chrompack CP-Sil5CB column (60 m·0.32 mm,
0.25-lm film) with the samples injected while the oven
was held constant at 40"C and the injector programmed
to 320"C over 2 min. The oven then followed a tem-
perature program of 10"C min)1 to 120"C and
4"C min)1 to 320"C where it was held constant for
50 min (Jahnke et al. 2001, modified). The sugars were
identified by comparing their mass spectra and retention
times to those of the following sugar standards: man-
nose, glucose, galactose, arabinose, rhamnose, and xy-
lose. Each sugar showed two peaks with different
retention times, which represent their a-conformation
and b-conformation isomers. The ratio of the two con-
formations does not reflect the state of the sugars in the
sample, but is a consequence of the derivatization con-
ditions.

LC–MS analysis

Complex lipids were analyzed as described in Sturt
et al. (2004). Briefly, a LiChrospher Diol column
(125·2 mm2, 5 lm (Alltech Associates, Deerfield, Ill.,

USA) was used at 30"C in a column oven of a Ther-
moFinnigan Surveyor HPLC system (ThermoFinnigan,
San Jose, Calif., USA) . The following linear gradient
was applied with a flow rate of 0.2 ml min)1: 100% A
to 35% A:65% B over 45 min, hold for 20 min, then
back to 100% A for 1 h to re-equilibrate the column
for the next run, where A=79:20:0.12:0.04 of hexane/
2-propanol/formic acid/14.8 M NH3aq and B=88:10:
0.12:0.04 of 2-propanol/water/formic acid/14.8 MN
H3aq. Typical amounts injected were 100 pg for pure
standards and up to 60 lg for microbial total lipid
extracts.

MSn experiments were performed using a Thermo-
Finnigan LCQ Deca XP ion-trap mass spectrometer
with an electrospray interface (ESI). ESI settings were as
follows: capillary temperature 200"C, capillary voltage
±11 V, sheath gas flow 40 (arbitrary units), spray
voltage was set at ±5 kV. During routine analyses, the
mass spectrometer was configured to run ‘‘data depen-
dent ion tree’’ experiments in which the base peak from
each full scan (typically 500–2,000 m/z) was fragmented
up to MS3. Separate runs for positive and negative ion
modes yielded complimentary structural information.
Direct infusion of microbial total lipid extracts into the
electrospray source via a syringe pump allowed for a
greater depth of MSn analysis, while the collision energy
was controlled manually to optimize fragmentation.

Some high-resolution LC–MS analyses were con-
ducted using a Waters Q-TOF Micro instrument in
positive ion electrospray mode and with the LC condi-
tions specified above. In particular, the molecular species
of a putative phospholipid, glycosylphosphoarchaeol,
was analyzed in Ignicoccus sp. strain KIN4/I (90"C)
giving m/z 895.7001 (C49H100O11P requires 895.7003 vs
C49H99O11S requires 895.6908). In addition, modeling of
the isotope cluster of the same molecular species in four
analyses of Ignicoccus sp. strain KIN4/I and two anal-
yses of N. equitans was consistent with the presence of a
phosphorous atom and inconsistent with the presence of
a sulfur atom in the relative abundance of M+2 ions.

GC–C-IRMS

Compound-specific isotope analysis was conducted
using a Thermo-Finnigan Trace GC interfaced to a
Thermo-Finnigan MAT Delta XP isotope ratio mass
spectrometer via a combustion interface. The GC was
equipped with a programmable split/splitless injector
system operated in the splitless mode. The column was a
J&W DB-5MS (30 m·0.25 mm, 0.25-lm film) and
operated at constant flow of 2 ml min)1. The oven
conditions for analysis of alkanes were 60–150"C pro-
grammed at 10"C min)1, then at 4"C min)1 to 310"C,
held isothermal for 30 min. Isotopic compositions were
determined by comparison with co-injected standards
comprising perdeuterated C24 and C32 n-alkanes. The
isotopic compositions of all peaks, including the ai-C22

internal standard were reproducible to ±0.1&.
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Results

Yields of lipid from N. equitans and Ignicoccus sp.
strain KIN4/I

Lipid contents of the different cultures were calculated
by difference in mass of lipid extracts before and after
removal of elemental sulfur. As expected, due to the
small cell size, the highest lipid yield was in the cells of
N. equitans, which contained approximately 16%. Of
this, approximately 3% was recovered from the insolu-
ble residues by extraction under strong acids conditions.
The Ignicoccus sp. strain KIN4/I–N. equitans co-culture
contained approximately 6.3% lipids, with about 2.3%
of this recovered using acid extraction. Cultures of Ig-
nicoccus sp. strain KIN4/I grown at 77, 90 and 95"C all
contained very low lipid contents, with 3.2, 1.9 and 2.4%
lipid, respectively, after correction for the elemental
sulfur contents. Of this lipid, an average of 0.5% was
recovered from the acid extracts.

Hydrocarbon chains prepared from the lipid fractions

The purified N. equitans cells, the co-culture of N. equ-
itans and its host, as well as the Ignicoccus sp. strain
KIN4/I cells exhibited no difference in the qualitative
composition of hydrocarbons. All cultures contained
phytane as the main hydrocarbon, with a retention time
of 29.18 min, and a smaller amount of biphytane, with a
retention time of 60.66 min, and with mass spectra
identical to the same hydrocarbons released from other
Archaea. Traces of phytenes and biphytenes (monoun-
saturated phytane/biphytane, retention times 329.6 min
and 361.3 min) were detectable in the hydrocarbons
released by the boron tribromide procedure but absent
from those released by hydriodic acid, suggesting these
were artifacts.

By comparing the relative amounts of the hydrocar-
bons, major differences in the quantitative composition
became evident, as shown in Table 1. The co-culture of
N. equitans with Ignicoccus sp. strain KIN4/I contained
approximately 20% biphytane, while the purified N.
equitans cell fraction contained only 10%. Ignicoccus sp.
strain KIN4/I grown at its optimal temperature of 90"C

showed a higher proportion of biphytane (20%) than
when cultivated at its minimal and maximal growth
temperatures (77"C and 95"C). These samples contained
only about 10% biphytane.

Results of this analysis conducted on the fractions of
the lipid that were rendered extractable in the presence
of hot hydrochloric acid yielded hydrocarbon mixtures
dominated by biphytane in all samples. The ratio of
phytane to biphytane varied from 2:3 to 1:3 (individual
data not shown); Table 1 reflects the results of the
combined Bligh–Dyer lipids and AEL. An analysis of a
small aliquot of the total lipid extract which had been
derivatized with BSFTA/pyridine showed only archaeol
and that there were no hydroxyarchaeols present.

In addition, the 13C contents of the hydrocarbons in
the total lipid extracts of the co-culture and of purified
N. equitans cells from the same co-culture were deter-
mined. As shown in Table 1, essentially the same d13C
values for phytane and biphytane were measured in each
sample analyzed. d13C values for each cultivation
experiment were different as a consequence of using
different and multiple CO2 tanks for the various incu-
bations.

Intact polar lipids

The LC–MS analyses of the intact polar lipids (IPL) in
the total lipid extracts of all samples revealed 2,3-di-O-
phytanyl glycerol diether (archaeol) and glycerol dib-
iphytanyl glycerol tetraether (GDGT or caldarchaeol)
core lipids (structures shown in Fig. 1). Figure 2 shows
ion chromatograms constructed from the most intense

Table 1 Amounts (%/lg per mg total lipid extract/lg per mg
biomass) and isotopic compositions of hydrocarbons obtained
from the total lipid extracts of the different samples. The weight of
biomass was estimated by subtracting the weight of elemental
sulfur removed from the Bligh–Dyer total lipid extract from the

weight of freeze-dried cells used for lipid extraction. Hydrocarbon
data represent the sum of products from the Bligh–Dyer and acid-
modified extracts. d13C values are reported relative to VPDB.
Purified Nanoarchaeum equitans cells were derived from the co-
culture experiment

Sample Phytane d13C Biphytane d13C

Purified N. equitans cells, cultivated at 90"C 89.4/79.6/12.79 )16.0 10.6/9.5/1.52 )16.3
Co-culture of N. equitans and Ignicoccus sp. strain
KIN4/I, cultivated at 90"C

80.3/17.6/1.83 )16.1 19.7/4.3/0.45 )16.0

Ignicoccus sp. strain KIN4/I, cultivated at 77"C 89.3/9.9/0.31 )15.2 10.7/1.2/0.04 )15.2
Ignicoccus sp. strain KIN4/I, cultivated at 90"C 80.7/25.9/0.48 )42.1 19.3/6.2/0.12 )43.6
Ignicoccus sp. strain KIN4/I, cultivated at 95"C 90.5/2.1/0.04 )18.6 9.5/0.2/0.005 )19.8

Fig. 1 Structures of archaeal core lipids. a archaeol; b glycerol
dibiphytanyl glycerol tetraether or caldarchaeol
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ions (i.e., base peak) in both positive ion and negative
ion modes for N. equitans and positive ion mode for a N.
equitans/Ignicoccus sp. strain KIN4/I co-culture. Dif-
ferences in relative responses for the IPLs can be ob-
served for positive and negative ion modes and, while
the overall response in negative ion mode is two orders

of magnitude lower, there is less background interfer-
ence so that small peaks tend to be more obvious. The
predominant IPLs are glycolipids (1–5 sugar residues)
with an archaeol core (Fig. 2). Much smaller amounts of
phospholipids with caldarchaeol and archaeol cores
were observed with one or more sugar residues attached
to the phosphate or glycerol moiety of the caldarchaeol.
Isomers of these complex lipids were also evident in the
LC–MS analysis and may represent the presence of
different hexoses linked to the core lipids (see below) or
some other form of isomerism.

The comparison of the LC–MS results from the
purified N. equitans cells, the co-culture of N. equitans
and Ignicoccus sp. strain KIN4/I, and of the pure host
Ignicoccus sp. strain KIN4/I (Table 2) showed that there
are no qualitative differences in the lipid compositions of
their membranes. Ignicoccus sp. strain KIN4/I cells

Fig. 2 Base peak chromatograms of full-scan (650–2,000 m/z) mass
spectra of N. equitans (a positive ion; b negative ion) and a N.
equitans/Ignicoccus sp. strain KIN4/I co-culture (c positive ion).
Identifications were made on the basis of MSn spectra in both
positive and negative ion modes from LC–MS and from direct
infusion of total lipid extracts. Peaks are labeled as follows: 1–5
number of glycosyl units, G glycolipid, GP phospholipid, A
archaeol lipid core, C caldarchaeol lipid core and * unidentified
lipid. The dominant lipids are glycolipids with an archaeol core,
with smaller amounts of phospholipids which consist of a
phosphate group with glycosyl headgroup and either an archaeol
or caldarchaeol lipid core
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grown at 77, 90, and 95"C exhibited similar lipid pat-
terns. The only deviation from this was found in the
purified outer membrane of Ignicoccus sp. strain KIN4/
I, which was devoid of biphytane in the hydrocarbons
released by ether cleavage or polar lipids with caldar-
chaeol cores. This indicated that the two membranes of
Ignicoccus sp. strain KIN4/I (the cytoplasmic and the
outer membrane) must exhibit a significant difference in
their compositions.

The identification of glycolipids is based upon LC
retention times, mass spectra and MSn spectra such as
those shown in Figs. 3, 4. These spectra were compared
with those of authentic standards and with lipids known
to be present in reference organisms. The identification
of glycolipids is based upon our own analyses of total
lipid extracts of Archaea, namely, Methanocaldococcus
jannaschii, Methanopyrus kandleri, Methanothermus fer-
vidus and Sulfolobus shibatae (Ferrante et al. 1990; Ha-
fenbradl et al. 1996; Sprott et al. 1997; Sugai et al. 1995),
whereas the identification of the glycosylphospho-lipids
(Fig. 4) is more tentatively based on our own analyses of
phosphoarchaeol standards with other headgroups and
diacylglycerophosphoinositol standards together with
well established fragmentation patterns for diacylglyce-
rophosphoinositols.

The presence of a phosphate moiety in the putative
glycophosphoarchaeol in Fig. 4 was demonstrated by
high-resolution LC–MS analysis. Accurate mass mea-
surement of the 895.7-Da molecular ion gave results that
were more consistent with a phospholipid than with a
sulfur-containing species. Sulfur (i.e., sulfate) was ex-
cluded on the basis of the isotope patterns of the
molecular species being incompatible with the presence

of an element with such a high M+2 isotope. The
caldarchaeol lipid structures shown in Fig. 4 are one
possible arrangement of glycosyl units, although it is
reasonable to assume that there is only one glycosyl unit
attached to the phosphate, and subsequent glycosyl
units are attached to the glycerol end of the caldarchaeol
core, since no diglycosylphosphoarchaeol was observed.
The ion at 1,381 Da corresponds to the loss of one
glycosyl unit ()162) to leave the caldarchaeol core with
the phosphate group attached. The ion at 1,543 Da re-
tains one of the two original sugar moieties. The 241-Da
ions are not observed in these MSn spectra since the scan
range of the ion trap is limited by the mass of the parent.
Note that the molecular ions shown as 1,543 Da and
1,705 Da correspond to the species containing one 13C
atom, this being the most common for molecules of this
size (e.g., [M)H]) for diglycosylphospho caldarchaeol
= C98H192O19P

), monoisotopic mass 1,704.38 (91.1%),
with one 13C=1,705.38 (100.0%).

Sugar analysis

Figure 5 shows the gas chromatographic separation of
the sugars prepared by hydrolysis of the total lipid ex-
tracts and analyzed as their TMS derivatives. The sam-
ples were compared to the TMS derivatives of reference
sugars mannose and glucose. The two peaks for each
standard reflect co-occurrence of these sugars as their a-
conformations and b-conformations. Qualitatively
identical and quantitatively similar sugar compositions
were obtained for the purified N. equitans cells, the co-
culture and the Ignicoccus sp. strain KIN4/I cells grown

Table 2 Summary of the distributions of intact polar lipids (IPL) of all samples as determined by LC–MS analysis. ) Not detectable, +
less than 20%, ++ between 20 and 50%, +++ more than 50%, GDGT Gycerol dibiphytanyl glycerol tetraether or caldarchaeol

Purified
N. equitans
cells,
cultivated
at 90"C

Co-culture
of N. equitans
and Ignicoccus sp.
strain KIN4/I,
cultivated at 90"C

Ignicoccus sp.
strain KIN4/I,
cultivated
at 77"C

Ignicoccus sp.
strain KIN4/I,
cultivated at 90"C

Ignicoccus sp.
strain KIN4/I,
cultivated
at 95"C

Ignicoccus sp.
strain KIN4/I,
outer membrane

Archaeol + + + + + +
Monoglycosyl-archaeol
isomer a + + + + + +
isomer b + + + + + +
isomer c + + + + + )

Diglycosyl-archaeol
isomer a + + + + + +
isomer b + + + + + +
isomer c ++ ++ + + + )

Monoglycosyl-
phosphoarchaeol

+ + + + + +

Triglycosyl-archaeol
isomer a + + + + + +
isomer b + + + + + +
isomer c + + + + + )

Tetraglycosyl-archaeol
isomer a ++ ++ +++ +++ +++ ++
isomer b + + + + + )

Monoglycosyl-phospho-GDGT + + + + + )
Diglycosyl-phospho-GDGT + + + + + )
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at different temperatures, each of which showed
approximately 95.5% mannose and 4.5% glucose. Nei-
ther inositol nor other polyols were positively identified
in the hydrolysates. However, they may have been
present in trace amounts but overwhelmed by the other
sugars.

Discussion

Lipid analyses of Ignicoccus sp. strain KIN4/I and N.
equitans revealed qualitatively identical compositions.
The hydrocarbons, derived from the ether lipids by
chemical degradation, comprised just phytane derived
from lipids with an archaeol core and biphytane derived
from caldarchaeol (i.e., GDGT-based lipids). A signifi-
cant quantitative difference was obtained for the relative

amount of biphytane, which was half as abundant in
purified N. equitans cells as in Ignicoccus sp. strain
KIN4/I. Biphytanyl ether lipids tended to be more
tightly bound and difficult to extract than archaeol-
based core lipids. Re-extraction of the Bligh–Dyer resi-
due in the presence of strong acid liberated more cald-
archaeol than archaeol from all samples, although the
amounts of extra lipid released in this way were only
20% of the total. Carbon isotopic analyses of the
hydrocarbons derived from N. equitans and its host
yielded essentially identical results. All cultures showed
the same isotopic composition for phytane and biphy-
tane. However, there was a wide dispersion in the d13C
values for various experiments due to the necessity of
using multiple CO2 tanks to provide the high gassing
rates required by the cultures. Accordingly, the variable
isotopic composition of the carbon source precluded

Fig. 3 Negative ion MSn

spectra of the lipid identified as
triglycosylarchaeol. The data
were collected by infusion of the
total lipid extract dissolved in
the starting eluent used for LC–
MS analyses. In the MS
spectrum (top), a mixture of
related glycolipids is observed
with the molecular species at
1,021, 1,183 and 1,345 Da,
corresponding to the
monoisotopic masses of
formate-adducted glycolipids
(i.e., [M+45])) containing 2, 3
and 4 glycosyl groups,
respectively. The smaller ions at
975, 1,137, 1,299 Da
correspond to the equivalent,
but non-adducted glycolipids
i.e., [M)H]). The MS/MS
spectrum of the formate adduct
of 1,183 Da gives a major ion at
1,137 Da, corresponding to loss
of the formate. Subsequent loss
of a glycosyl group is observed
in each of the MS3 and MS4

spectra. A similar analysis of
the diglycosyl archaeol in
positive ion mode (994 Da, data
not shown) yielded fragments of
653 Da (archaeol) and 373 Da
(archaeol–phytanyl) as verified
by MSn analysis of an authentic
archaeol standard
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measurement of the isotopic fractionation associated
with carbon assimilation in the experiments reported
here.

LC–MS analyses of the IPL of both organisms con-
firmed the results of the degradative experiments and
showed that they contained only archaeol and caldar-
chaeol cores. These are the basic lipid elements of most
Archaea (Kates 1993). Glycolipids with an archaeol core
made up the vast majority of the IPL while small
amounts of glycosylphospholipids were observed with
archaeol and caldarchaeol cores. Although the differ-
ential ionization efficiencies means that different com-
pound classes may be detected with quite different
sensitivities, the data from LC–MS were quite consistent
with the GC and GC–MS data showing that phytanyl
ether lipids were in excess of those of biphytane. In
Fig. 3, it is also important to note that all of the
molecular ions in the positive ion mode are ammonium
adducts (i.e., M+NH4

+). In negative ion mode, only
the glycolipids form an adduct with formate ion, while
the phospholipids form [M)H]) molecular ions.
Ammonium formate is present in the LC solvent system
to promote ionization under electrospray conditions.

The propensity for different headgroups to form ad-
ducts, or not, is diagnostic and is observed in glycolipid
and phospholipid standards.

Our structural assignments for the major polar lipids
of Ignicoccus sp. strain KIN4/I and N. equitans are fully
supported by additional LC–MS and MSn analyses we
conducted on other thermophilic Archaea known to
contain abundant glycosyl archaeols and caldarchaeols
(Sturt et al. 2004 and other unpublished results). The
IPLs of M. jannaschii comprise a number of core lipids,
including archaeol, a macrocyclic version of archaeol
and caldarchaeol. The polar headgroups encompass a
diverse array of glycosyl and phosphate-based head-
groups, with phosphatidic acid derivatives being the
most abundant. Other polar headgroups include phos-
phatidylethanolamine and phosphatidylserine (Ferrante
et al. 1990; Sprott et al. 1991). The IPL distribution in S.
shibatae is much simpler than that in M. jannaschii:
glycolipids with tetraether core lipids. The lipids of the
order Sulfolobales have been studied in detail (Sugai
et al. 1995) since they were found to contain a novel
derivative of caldarchaeol unique to the order.
M. kandleri IPLs were exclusively archaeol core lipids

Fig. 4 Negative ion mode MS/
MS spectra of three glycosyl-
bearing phospholipid species
observed in the total lipid
extracts of both N. equitans
(shown above) and Ignicoccus
sp. strain KIN4/I. Unlike
glycolipids, these phospholipids
do not form formate adducts
and are directly observed as
[M)H]-ions. Spectrum a is
identified as a
glycosylphosphoarchaeol (at
33 min in Fig. 2), since the 241-
Da ion is diagnostic for
phosphoinositol lipids and
corresponds to the dehydrated
glycophosphate headgroup.
The 731-Da ion corresponds to
an archaeol phosphate ion and
is observed in phosphoarchaeol
standards with different
headgroups. The exact structure
of the glycosyl unit attached to
the phosphate is unknown since
these MSn analyses do not give
detailed structural information
on the nature of the glycosyl
units. Spectra b, c are identified
as phosphoglycosyl
caldarchaeols with one
phosphate and one (at 32.6 min
in Fig. 2) or two (at 41.1 min in
Fig. 2) glycosyl groups,
respectively, attached either via
the phosphate group or the
glycerol moiety
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with mainly glycosyl headgroups and some phospho-
lipids with phosphoethanolamine, phosphoglycerol and
phosphocholine headgroups (Sprott et al. 1997).

Since multiple isomers of some structures were evi-
dent in the LC–MS of total lipids, the sugar residues
were released by hydrolysis and analyzed separately by
GC–MS. Mannose was the dominant sugar residue in all
samples, at about 95.5% with glucose subordinate at
around 4.5%.

The results demonstrate that there is a remarkable
similarity in the compositions of the membrane lipids of
N. equitans and its host Ignicoccus sp. strain KIN4/I,
both qualitatively and quantitatively.

Considering the great phylogenetic distance between
N. equitans and Ignicoccus sp. strain KIN4/I (Huber
et al. 2002) and particularly the result of the whole-
genome analysis of N. equitans, in which no genes for the
biosynthesis of lipids could be identified (Waters et al.
2003), we conclude that N. equitans does not synthesize
its own membrane lipids. Instead, it must obtain them
from its host. While the mechanism of the lipid uptake is
unknown, the differences in abundances of certain
compounds may be explained by a selective uptake of
the components by N. equitans. As the genome analysis
of N. equitans shows the presence of genes for modifi-
cations such as glycosylation (Waters et al. 2003) it re-
mains an open question as to whether or not this
capacity is expressed.

Growth of Ignicoccus sp. strain KIN4/I at different
temperatures also resulted in the same qualitative lipid
pattern. LC–MS analysis showed that the patterns of
glycosylation were essentially identical at all tempera-
tures. However, there was a marked decrease in the
relative abundance of biphytane in Ignicoccus sp. strain
KIN4/I, from about 20% at the optimum growth tem-
perature of 90"C to both its minimal growth tempera-
ture (77"C) and maximal (95"C) growth temperatures.
Other Archaea, such as M. jannaschii (Sprott et al.
1991), have been shown to increase the amount of tet-
raether as a function of increasing temperature. How-
ever, several hyperthermophilic Archaea, such as
M. kandleri and Thermococcus celer, contain no tetrae-
ther lipids in the cytoplasmic membrane (Kurr et al.
1991; De Rosa et al. 1987). Therefore, an increase of the
amount of tetraethers in the cytoplasmic membrane is
neither characteristic nor essential for preserving mem-
brane stability at very high temperatures. More likely,
for Ignicoccus sp. strain KIN4/I, growth at sub-optimal
temperatures disrupts the biosynthetic processes leading
to tetraether formation.
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