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Abstract Isoprenoidal glycerol dialkyl glycerol tetraethers (iGDGTs) from the Gulu hot springs

(23e83.6 �C, pH> 7) andYangbajing hot springs (80e128 �C, pH> 7) were analyzed in order to investigate

the distribution of archaeal lipids among different hot springs in Tibet.A soil sample fromGuluwas incubated

at different temperatures and analyzed for changes in iGDGTs to help evaluatewhether surrounding soil may

contribute to the iGDGTs in hot springs. The sources of bacterial GDGTs (bGDGTs) in these hot springswere

also investigated. The results revealed different profiles of iGDGTs betweenGulu andYangbajing hot springs.

Core iGDGTs and polar iGDGTs also presented different patterns in each hot spring. The PCA analysis

showed that the structure of polar iGDGTs can be explained by three factors and suggested multiple sources

of these compounds. Bivariate correlation analysis showed significant positive correlations between polar and

core bGDGTs, suggesting the in situ production of bGDGTs in the hot springs. Furthermore, in the soil incu-

bation experiment, temperature had the most significant influence on concentration of bGDGTs rather than

iGDGTs, and polar bGDGTs had greater variability than core bGDGTs with changing temperature. Our

results indicated that soil input had little influence on the composition of GDGTs in Tibetan hot springs.
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On the other hand, ring index and TEX86 values were both positively correlated with incubation temperature,

suggesting that the structure of archaeal lipids changed in response to varying temperature during incubation.

ª 2011, China University of Geosciences (Beijing) and Peking University. Production and hosting by Else-

vier B.V. All rights reserved.
Figure 1 A geographic map showing the sampling locations on the

Tibetan Plateau, China. GL65, GL66, GL67, GL68, GL69 and GL70

were from Site 1; YBJ72 and YBJ73 were from Site 2. The distance

from Gulu hot spring area to Yangbajing hot spring area was 85 km.
1. Introduction

Archaea have been of significant research interest because they
serve as analogs for studying life in early earth environments
(Pentecost, 1996; Cavicchioli et al., 2002) and are valuable for
bioprospecting for thermostable biomolecules (Demirjian et al.,
2001; Schiraldi and De Rosa, 2002). Archaea also synthesize
isoprenoidal glycerol dialkyl glycerol tetraethers (iGDGTs) that
distinguish them from Bacteria and Eucarya (Cavicchioli, 2011).
Different compositions of iGDGTs have been used to taxonomi-
cally distinguish between phenotypic subgroups of the domain
Archaea (Gambacorta et al., 1995). Driven by the development of
high performance liquid chromatography/atmospheric pressure
chemical ionization mass spectrometry (LC-APCI-MS), archaeal
lipids can be identified based on their mass spectra and chro-
matographic behavior (Hopmans et al., 2000). Since then,
iGDGTs have been used as molecular biomarkers of Archaea for
their biogeochemical and ecological functions in the natural
environment (e.g., Schouten et al., 2000; Pearson et al., 2004;
Ingalls et al., 2006; Lipp et al., 2008). Furthermore, recent years
have seen an increase in various proxies based on core GDGTs
(compounds without headgroups), including TEX86 for studies of
paleo-sea surface temperatures (Schouten et al., 2002; Kim et al.,
2008, 2010), branched and isoprenoid tetraethers (BIT) for studies
of sources of terrestrial organic matter in oceans (Hopmans et al.,
2004), methylation index of branched tetraethers/cyclization ratio
of branched tetraethers (MBT/CBT) for studies of continental air
temperatures (Weijers et al., 2007), and Methane Index for studies
of gas hydrate instability in deep sea sediments (Zhang et al.,
2011). However, the application of these proxies in hot springs
has been limited (Schouten et al., 2007b).

Intact polar GDGTs are composed of headgroups linked to the
core GDGTs, which include but may not be limited to phospho-
lipids, glycolipids or a combination of the two polar headgroups
(Lipp and Hinrichs, 2009; Schubotz et al., 2009; Liu et al., 2011).
Traditionally, directly extracted core lipids or core lipids released
by the acid hydrolysis of total lipid extracts are analyzed to obtain
information on the biogeochemistry and microbial ecology of
natural ecosystems (e.g., Pearson et al., 2004, 2008; Reigstad
et al., 2008). However, core lipids can also serve as an impor-
tant fossil biomarker to indicate microbial community structures
in the past (Kaur et al., 2008, 2011). In contrast, polar lipids are
presumed to represent living microbes, which reveal the modern
prokaryotic ecosystems and are taxonomically more specific than
their apolar counterparts (White et al., 1979). Recently, an
increasing number of studies show the difference in composition
between core and intact polar GDGTs in various environments
(Rossel et al., 2008; Lipp and Hinrichs, 2009; Pitcher et al., 2009a;
Liu et al., 2011; Peterse et al., 2011). A variety of methods are
explored to measure core and polar lipids (Oba et al., 2006;
Pitcher et al., 2009b; Huguet et al., 2010) and the modified
Bligh and Dyer method is preferred for analysis of intact polar
lipids (Pitcher et al., 2009b; Peterse et al., 2010; Tierney et al.,
2011; Weijers et al., 2011).
, et al., Distribution of glycerol dialky
The distributions of archaeal tetraethers in terrestrial hot
springs have been reported worldwide including Yellowstone,
Nevada, California, Kamchatka, Tengchong and Thailand (Ward
et al., 1985; Pearson et al., 2004, 2008; Zhang et al., 2006;
Schouten et al., 2007b; Zhang et al., 2007; Li et al., 2008;
Pitcher et al., 2009a). iGDGTs are abundantly present in hot
springs and structurally diverse due to different species of Archaea
(Pearson et al., 2004; Zhang et al., 2006; Schouten et al., 2007b).
For example, the biphytanyl moieties released from GDGTs in
microbial mats from Yellowstone National Park are likely derived
from GDGT-0 to GDGT-4 (Figs. 1 and 2), which are attributed to
methanogenic and thermoacidophilic Archaea (Ward et al., 1985).
GDGT-0 to GDGT-4 and GDGT-5* (Fig. 2) in sinters from hot
springs (75e82 �C) in New Zealand are attributed to hyper-
thermophilic Archaea (Pancost et al., 2006).

Changes in lipid compositions of Archaea correspond to
environmental factors. A major observation is that changes in
structure of lipids contribute to the stability of membrane of
hyperthermophiles at high temperatures and low pH (Uda et al.,
2001; Schouten et al., 2002; Shimada et al., 2008). Recent
studies also revealed the correlation between GDGTs and other
physical or geochemical variables. For example, the distribution of
archaeal lipids in Nevada hot springs was observed having
significant correlation with the concentration of bicarbonate
l glycerol tetraethers in Tibetan hot springs, Geoscience Frontiers (2012),



Figure 2 Structures of GDGTs presented in the Tibet hot springs and the surrounding soil.
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(Pearson et al., 2004). Recently, Zhang et al. (2006) observed that
the amount of crenarchaeol relative to GDGT-0 was at a maximum
in hot springs with temperatures of ca. 40e50 �C.

However, no research about archaeal tetraethers in Tibetan hot
spring has been reported. Different from other areas, the Tibetan
Plateau is located in the east central Mediterranean-Himalayas
tectonic zone, which is characterized by elevation >4000 m
above sea level. Our study aimed to investigate the distribution of
core and intact polar lipids in Tibetan hot springs (Gulu and
Yangbajing) and to explore the changes in lipid structure when soil
derived lipids are transferred into hot springs. Our results revealed
two distinct patterns of lipids in Gulu and Yangbajing hot springs.
Gulu hot springs were characterized by “fingers” pattern lipid
profiles, while Yangbajing hot springs showed a GDGT-0 and
crenarchaeol-dominated pattern. Our data also showed the in situ
production of bGDGTs in hot springs, which expands our
knowledge about the possible sources of bGDGTs in the natural
Please cite this article in press as: He, L., et al., Distribution of glycerol dialky
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environment, which are so far to be known only from soils
(Hopmans et al., 2004; Weijers et al., 2006a, b, 2007; Sinninghe
Damst�e et al., 2011; however, see Schouten et al., 2007b for
discussion of bGDGTs in Yellowstone National Park hot springs).
We also performed soil incubation experiments, which indicated
that polar bGDGTs may be more susceptible to degradation under
higher temperatures than polar iGDGTs. On the other hand, ring
index and TEX86 values were both positively correlated with
incubation temperatures.
2. Materials and methods

2.1. Field sampling

In June 2008, seven hot springs were sampled in two areas of the
central Tibet, which included the Gulu (GL) and Yangbajing
l glycerol tetraethers in Tibetan hot springs, Geoscience Frontiers (2012),
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(YBJ) (Fig. 1). Gulu is located in southern central Tibet (30�520 N,
91�360 E), at an altitude of 4723 m. The dominant feature was
a sinter-depositing boiling geyser several meters in height in near-
continuous eruption. Yangbajing is located in central Tibet (30�040

N, 91�280 E), at an altitude of 4362 m. Geographical locations and
elevations were determined using a portable GPS unit (eTrex H,
Garmin, US). Water pH and temperature were determined in the
field using a thermometer and pH meter, respectively. Microbial
mats and surface sediments were collected with a hand trowel,
which was sterilized with 75% ethanol and dried after each use.
A sympatric soil at Gulu was also collected for comparison with
the adjacent hot spring samples. At each location, hot spring
samples (sediment or mat) were collected into sterile 50 mL
Falcon tubes and preserved in the sucrose lysis buffer (Mitchell
and Takacs-Vesbach, 2008). Hot spring samples were shipped to
the laboratory within one week and were then stored at �80 �C
until further analysis. The soil sample was taken near one of the
hot springs in the Gulu area and stored for several weeks at
ambient temperature before analysis.

2.2. GDGT extraction

Sediment and microbial mat samples were freeze-dried and
ground to a fine powder. About 2e5 g of the powder was extracted
ultrasonically at room temperature using a modified Bligh and
Dyer method according to methods described previously by Sturt
et al. (2004). The extracts were separated into organic phase and
aqueous phase by centrifugation at 2500 rpm for 10 min; the
bottom DCM phase was collected using a glass pipette, repeated
three times. The total lipid extracts were dried over Na2SO4 and
concentrated under a stream of nitrogen gas at about 37 �C. The
total lipid extracts were fractionated over a preactivated silica gel
column (130 �C, 3 h) to obtain a non-polar fraction (F1) and
a polar fraction (F2) according to the procedures from Pitcher et al.
(2009a, b).

2.3. Separation of polar GDGTs and core GDGTs

A known amount of C46 compound was added as internal standard
to both F1 and F2. F1 contained core GDGTs. F2 was divided into
two halves, one half of the F2 was saved as F2I. The other half was
subjected to acid hydrolysis by refluxing in 2 mL 5% HCl in
methanol (MeOH) (96%) at 70 �C for 3 h. After cooling down to
room temperature, the solution was adjusted to pH 5.0 with 2 N
KOH in methanol (1:1, v/v). Bidistilled water was added into the
solution to reach the final ratio of H2O-MeOH (1:1, v/v), and this
mixture was washed three times with DCM. The DCM fractions
were collected to obtain the polar GDGTs. Finally, core GDGTs,
polar GDGTs and F2I of each sample were dissolved in hexane/
isopropanol (99:1, v/v) and filtered using a 0.45 mm PTFE filter for
further analysis. F2I was used to detect whether there was core
lipids elute in the polar lipids as suggested by Shouten et al.
(2010). If there was, we combined the core GDGTs detected in
both F1 and F2I to get the final core GDGTs.

2.4. Analysis and quantification of GDGTs

Core GDGTs, polar GDGTs and F2I were analyzed using LC-
APCI-MS following a procedure modified from Hopmans et al.
(2000) and Schouten et al. (2007a). Analyses were performed
using an Agilent 6460 HPLC device connected to a mass detector
Please cite this article in press as: He, L., et al., Distribution of glycerol dialky
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(triple quadrupole mass spectrometer). Separation was achieved
on an Alltech Prevail Cyano column (150 mm � 2.1 mm, 3 mm)
maintained at 30 �C. Injection volume was 5 mL. For the first
5 min, GDGTs were eluted isocratically with 99% A (hexane) and
1% B (isopropanol), followed by a linear gradient to 1.8% B in
45 min with a constant flow rate of 0.2 mL/min. After each
analysis the column was cleaned by back-flushing hexane-prop-
anol (9:1,v/v) at 0.2 mL/min for 10 min. GDGTs were detected
with single ion monitoring (SIM) of their protonated molecules
[M þ H]þ (dwell time Z 234 ms).

GDGTs were quantified by integration of peak area from the
extracted ion chromatogram (Schouten et al., 2007a, 2008).
Because naturally occurring isotopes of crenarchaeol contribute to
the peak area of GDGT-4, the final integrated peak area of GDGT-
4 was calculated as follows: The final peak area of 1294 Z the
peak area of 1294 from extracted ion chromatogram �0.4597* the
peak area of 1292 from extracted ion chromatogram. The final
relative masses of GDGTs were obtained based on the assumption
that all GDGTs (including the C46 internal standard) have the
same response.

2.5. Statistical methods

Statistical analyses were performed using Spss version 16.0.
Bivariate correlation analyses were carried out to link the relative
abundance of polar and core GDGTs in hot spring samples.
Pearson correlation coefficients (r) were based on linear ordinary
least squares regression, and p values were calculated using one
way analysis of variance (ANOVA). A significant correlation was
defined when p < 0.01.

Principle components analysis (PCA) was used to describe
variability among observed variables in Tibet hot spring samples.
KMO and Bartlett’s test of sphericity were calculated to test if all
the variables were suitable for factor analysis. Correlation matrix
decided the potential factors, which formed three significant
factors. Varimax rotation was used to maximize the variable
loading upon the three factors (Kaiser, 1958). The cumulative
percentage variance was calculated and factor score coefficient
matrix was displayed at the end.

2.6. Soil incubation experiment

The ambient temperature of the Tibetan Plateau is from 10 to 22 �C,
according to local weather report. The purpose of soil incubation
from 20 to 100 �C was to examine the degradation of GDGTs and
variation of the ratio of polar vs. core fractions in response to
increase in temperature. An adequate amount of the soil samplewas
freeze-dried, ground to fine power, and sieved to below 100 meshes
to ensure homogeneity of the sample. We freeze dried the soil
samples without preservation agent and assumed that the microor-
ganisms would be no longer viable while the cells may contain
intact polar lipids. Subsequently, aliquots (10 g) of the sieved soil
sample were incubated in 160 mL sealed glass bottles filled with
phosphate buffer (pH 7.0). The incubation experiments were pro-
cessed in phosphate buffer to avoid dramatic change in pH, which
might affect changes in compositions ofGDGTs. Each two replicate
bottles were kept at constant temperatures of 20, 40, 60, 80 and
100 �C, respectively, in thermal incubators controlled by thermo-
stats. A head space of 60 mL was left at the top of each bottle to
allow exchange with the ambient air. Control samples were the
aliquots of soil samples without incubation.
l glycerol tetraethers in Tibetan hot springs, Geoscience Frontiers (2012),
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A two-sample t test (Anderson et al., 1987) was used to
compare mean polar and core GDGTs concentrations of control
sample and samples that were incubated at those temperatures.

2.7. GDGT proxy calculations

TEX86 was calculated following the equation of Schouten et al.
(2002):

TEX86Z
ðGDGT� 2Þþ ðGDGT� 3ÞþCren

ðGDGT� 1Þþ ðGDGT� 2Þþ ðGDGT� 3ÞþCren
ð1Þ

The BIT index was calculated according to Hopmans et al.
(2004):

BITZ
Iþ IIþ III

Iþ IIþ IIIþCren
ð2Þ

Ring index was calculated using the equation modified from
Pearson et al. (2004):
RingindexZ
ð%GDGT�1Þþ2ð%GDGT�2Þþ3ð%GDGT�3Þþ4ð%GDGT�4Þþ5ðð%GDGT�5Þþð%GDGT�5Þþð%GDGT�5�ÞÞ

100

ð3Þ
3. Results and discussion

3.1. Distribution of iGDGTs among different hot springs in
Tibet

In our survey of 13 hot springs fromGulu andYangbajing in Tibet in
2008, the temperature varied between 23 �C and 128 �C; however,
the pH data were incomplete and for springs measured all pH values
were >7. The most abundant core iGDGTs was observed at
GL65He at 52 �C with the concentration of 437.73 ng/g of dry
sediments, among which GDGT-0 accounted for 94.4% of total
GDGTs. GL67He at 83.6 �C contained the most abundant polar
iGDGTs of 192.69 ng/g of dry sediments, in which the sum of
GDGT-1 to GDGT-4 accounted for about 94.5% of total GDGTs.
GL67Lv contained the most abundant crenarchaol for both polar
and core lipids, so did the crenarchaeol isomer (Table 1).

The profiles of iGDGTs were different between Gulu and
Yangbajing hot springs (Fig. 3 and Table 1). iGDGTs from Gulu
hot springs were observed to have “fingers” profiles (Figs. 3
b1-h2), which revealed the similar abundances of GDGT-0 to
GDGT-4 in different hot springs. GL65He at 52 �C and GL70Lv at
64 �C were the only two exceptions, which had GDGT-0 being the
most abundant (Fig. 3a and i). GL65He had gases bubbling up
strongly from the bottom of the spring. GL70Lv had bubbles of
gases rising from time to time. CO2 and N2 were the two types of
geothermal gases that can be distinguished in Tibet Plateau.
However, Zhao et al. (2002) reported that CO2 was the dominant
component of gases released from Gulu hot spring waters.
Besides, hydrogen was the common gas in geothermal systems
and had a proportion of 2.90%e7.21% compared to the concen-
tration of CO2 in Gulu hot springs (Zhao et al., 2002). Most of the
methanogens can use carbon dioxide and hydrogen to produce
methane (Shima et al., 2002). We speculated that methanogenesis
Please cite this article in press as: He, L., et al., Distribution of glycerol dialky
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occurred in GL65He and GL70Lv, which is supported by the
predominance of GDGT-0 that is characteristic of most of the
methanogens (Schouten et al., 2007b). From the analysis of
mineralogy (data not shown), GL65He and GL70Lv were the only
two samples that had no calcite but aragonite. The cyclic alter-
nation from calcite precipitation to aragonite precipitation in hot
springs was discussed by Renaut and Brian (2011), which was
proved to be caused by changes in pCO2

of the spring water. The
“fingers” patterns were also observed in Yellowstone hot springs
and Kamchatka hot springs (Zhang et al., 2006; Schouten et al.,
2007b; Pearson et al., 2008; Pitcher et al., 2009a); however, it is
noticeable that Tibetan hot spring samples were characterized by
the most abundant GDGT-3 in all these “fingers” pattern samples
(Fig. 3 and Table 1), which was not observed in other hot springs.

The “fingers” pattern was not observed in Yangbajing hot
springs. Instead, GDGT-0 and 4/5 represented the most abundant
individual GDGTs while other GDGTs were kept at low levels
(Fig. 3jem). This pattern was comparable to those in the Great
Basin (Pearson et al., 2004, 2008) because both of these patterns
contained outstanding relative abundance of GDGT-0 and cren-
archaeol; however, the content of crenarchaeol was a bit lower than
GDGT-0 at Yangbajing hot springs, whereas the opposite was re-
ported in the Great Basin hot springs (Pearson et al., 2004, 2008).

YBJ72-S at 80 �C had a unique GDGT profile, which is char-
acterized by relatively high abundance of GDGT-5* and low
abundance of GDGT-0 (Fig. 3m). YBJ72-S was an artificial well
with strong water flow and high concentrations of sulfur and salt
release. The sample we collected was heated soil at temperature as
high as 128 �C and there was no water covering it. It was unknown
whether the unique archaeal lipids were from organisms growing at
this extreme temperature or from heated soil of lower temperatures.

The patterns of core iGDGTs and polar iGDGTs were different
for the hot springs. Although the “fingers” pattern was similar in
core iGDGTs and polar iGDGTs for Gulu hot spring samples, the
relative abundance of GDGT-0 and GDGT-1 were higher in core
fractions than in polar fractions, while GDGT-4/5 were lower in
core fractions than in polar fractions. Other samples also had
higher abundance of GDGT-0 in the core fraction. In the case of
samples from Yangbajing hot springs, however, they had higher
GDGT-0 and less GDGT-4/5 in polar fraction than in the core
fraction. In contrast to GDGT-4, the relative abundance of cren-
archaeol was high in the polar fraction and low in the core fraction
in all Yangbajing hot spring samples.

3.2. Distribution of bGDGTs among different hot springs in
Tibet

The most abundant core bGDGTs was observed at GL70Lv with
the concentration of 235.16 ng/g, among which GDGT III
accounted for 91.2% of total branched GDGT. Actually, all the
samples from Tibetan hot spring samples contained large amount
of GDGT III, ranging from 41% to 91% of total bGDGTs (the sum
of GDGT I, GDGT II and GDGT III). On the other hand, the soil
l glycerol tetraethers in Tibetan hot springs, Geoscience Frontiers (2012),



Table 1 Absolute concentrations of polar and core GDGTs for all hot spring and soil samples and correlation analysis between individual polar or core GDGTs.

Sample

source

Sample

name

Location Temp

(�C)
pH PL/CL GDGT abundance (ng/g)

Elevation

(m)

North East GDGT-0 GDGT-1 GDGT-2 GDGT-3 GDGT-4 GDGT-5 GDGT-50 GDGT-5*
b

GDGT I GDGT II GDGT III

GL65 GL65-He 4735.00 30�52012.900 91�36044.700 52.00 ND PL 35.10 2.52 1.28 0.97 0.70 0.01 0.00 0.00 0.00 0.04 0.32

CL 413.40 22.98 0.53 0.27 0.55 0.00 0.00 0.00 UD UD UD

GL66 GL66-Hu 4726.00 30�52034.100 91�36040.000 81.20 8.20 PL 1.48 3.79 4.77 10.65 3.02 0.04 0.00 0.00 0.00 0.03 0.17

CL 2.40 1.79 0.91 1.02 0.91 0.05 0.04 0.10 0.09 0.19 1.68

GL66-He 4726.00 30�52034.100 91�36040.000 81.20 8.20 PL 0.79 1.59 1.91 4.36 1.23 0.01 0.00 0.00 0.00 0.10 0.34

CL 0.06 0.05 0.03 0.06 0.05 0.01 0.00 0.00 0.01 0.03 0.07

GL67 GL67-Hu 4723.00 30�52033.500 91�36039.200 83.60 ND PL 2.18 5.17 8.37 21.10 6.97 0.11 0.00 0.05 0.00 0.14 0.70

CL 8.83 6.04 6.09 7.93 4.62 0.14 0.00 0.14 0.10 1.20 4.33

GL67-Lv 4723.00 30�52033.500 91�36039.200 83.60 ND PL 7.44 9.42 16.99 41.41 16.57 2.80 0.21 0.15 0.18 1.86 37.56

CL 40.80 17.11 11.51 17.80 17.70 5.04 0.40 0.48 2.10 8.25 86.99

GL67-He 4723.00 30�52033.500 91�36039.200 83.60 ND PL 9.95 21.41 35.64 91.38 33.71 0.34 0.00 0.26 0.00 0.20 0.41

CL 24.42 18.09 7.53 12.92 15.04 0.44 0.00 0.40 0.55 0.95 6.16

GL68 GL68-He 4712.00 30�52033.700 91�36038.300 23.00 ND PL 0.33 0.18 0.22 0.41 0.13 0.15 0.03 0.00 0.04 0.44 0.55

CL UD UD UD UD UD UD UD UD UD UD UD

GL69 GL69-LH 4715.00 30�52035.600 91�36035.200 63.80 ND PL 32.25 37.17 42.26 40.29 4.40 0.91 0.08 0.12 0.28 0.29 3.58

CL 43.49 19.31 21.13 12.52 16.28 1.56 0.07 3.36 2.52 2.98 31.45

GL70 GL70-Lv 4711.00 30�52035.400 91�36035.000 64.00 ND PL 20.23 1.21 1.22 1.15 0.81 0.33 0.02 0.00 0.60 2.84 19.48

CL 165.74 2.91 3.02 1.73 3.41 0.82 0.08 0.23 6.59 14.03 214.54

YBJ72 YBJ-S 4384.00 30�0503.8000 91�28015.300 128.00 ND PL UD UD UD UD UD UD UD UD UD UD UD

CL 0.08 0.04 0.09 0.18 1.23 0.18 0.01 1.56 0.08 0.33 0.28

YBJ73 YBJ73-Hu 4362.00 30�04055.500 91�28019.700 80.00 8.30 PL 0.65 0.04 0.09 0.04 0.04 0.19 0.01 0.00 0.08 0.22 0.34

CL 1.63 0.12 0.56 0.24 1.18 0.37 0.00 0.12 0.24 1.08 1.68

YBJ73-Lv 4362.00 30�04055.500 91�28019.700 80.00 8.30 PL 0.22 0.02 0.04 0.02 0.03 0.09 0.00 0.00 0.03 0.06 0.10

CL 0.39 0.13 0.17 0.09 0.75 0.17 0.00 0.05 0.11 0.26 0.33

YBJ73-He 4362.00 30�04055.500 91�28019.700 80.00 8.30 PL 0.55 0.02 0.10 0.01 0.14 0.30 0.02 0.00 0.09 0.10 0.51

CL UD UD UD UD UD UD UD UD UD UD UD

Tibet soila ND ND ND ND ND PL 12.40 2.82 1.88 0.52 0.01 2.44 0.18 0.00 14.21 23.06 9.99

CL 21.85 2.39 1.40 0.34 1.52 2.77 0.30 0.00 18.22 27.64 11.14

Correlation analysis Pearson correlation 0.754c 0.696d 0.611d 0.563 0.104 0.804c NC NC 0.717d 0.753d 0.862c

Sig. (2-tailed) 0.007 0.017 0.046 0.071 0.760 0.003 NC NC 0.045 0.031 0.006

PL: Polar lipids; CL: Core lipids; ND: Not detected; UD: Under detection limit.
a Tibet soil was soil near source hot springs.
b GDGT-5* (m/z 1292) was GDGT with m/z 1292 but eluted 2 min after crenarchaeol isomer.
c Correlation is significant at the 0.01 level (2-tailed).
d Correlation is significant at the 0.05 level (2-tailed).

L
.
H
e
et

a
l.
/
G
eo
scien

ce
F
ro
n
tiers

-
(-

)
(2
0
1
2
)
1
e
1
2

6

+
M
O
D
E
L

P
lease

cite
th
is
article

in
p
ress

as:
H
e,
L
.,
et

al.,
D
istribu

tio
n
o
f
g
ly
cero

l
d
ialk

y
l
g
ly
cero

l
tetraeth

ers
in

T
ib
etan

h
o
t
sp
rin

g
s,
G
eo
scien

ce
F
ro
n
tiers

(2
0
1
2
),

d
o
i:1

0
.1
0
16
/j.g

sf.2
0
1
1
.1
1
.0
1
5



Figure 3 HPLC-APCI-MS base peak chromatograms showing distribution of iGDGTs (iGDGTs) from all Tibet hot spring samples, with

temperature values. (aei) Samples at Gulu hot spring area: (a) GL65He; (b) GL66He; (c) GL67He; (d) GL67Hu; (e) GL68He; (f) GL66Hu;

(g) GL67Lv; (h) GL69LH; (i) GL70Lv. (jem) Samples at Yangbajing hot spring area: (j) YBJ73Hu; (k) YBJ73Lv; (l) YBJ73He; (m) YBJ72S.

The relative abundance of GDGT-4 and crenarchaeol for each sample was marked in this figure. Additionally, “1” stands for Polar-iGDGTs, such

as, from a1 to l1; “2” stands for core iGDGTs, for example, from a2 to m2. Note that core iGDGTs was not measured in GL68He and YBJ73He;

and polar iGDGTs was not measured in YBJ72S. Numbers in parentheses next to GDGT-4 and crenarchaeol indicated the percent composition

each in the labeled peak where these GDGTs co-elute.
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sample contained 20% GDGT III. The ratio of GDGT III to total
bGDGTs was also quite different from that in the surrounding soil
sample (Table 1).

High concentrations of branched GDGTs were found in soils or
peats with low pH values and acidobacteria were presumed to be the
biological sources of the orphan bGDGTs (Weijers et al., 2009).
However, acidobacteria were also found in Gulu hot spring with
pH Z 6.9 through the 16S ribosomal DNA analyses (Huang et al.,
2010). Although there was no direct evidence to support the “acid-
obacteria-derived bGDGTs”, this report provided a possible link
between the “hot spring acidobacteria” and the “hot spring bGDGTs”.

3.3. Individual GDGT sources revealed by Principle
Component Analysis

The objective of Principle Component Analysis (PCA) analysis
was to identify the sources of individual GDGTs (particularly the
Please cite this article in press as: He, L., et al., Distribution of glycerol dialky

doi:10.1016/j.gsf.2011.11.015
polar fraction) in hot springs. The Kaiser-Meyer-Olkin Measure of
Sampling Adequacy was 0.513 and the significance of Bartlett’s
Test of Sphericity was 0.00, which allowed the PCA analysis to be
valid. The individual iGDGTs variables included GDGT-0 to
GDGT-50 (see Table 2). Three factors (factor 1, 2 and 3, which had
the cumulative contribution of 94.98%) were identified to explain
the variations in polar GDGTs (See Table 2 for the Varimax-
rotated factor loadings for the seven variables). Factor 1 had
significant correlation with GDGT-3 (r Z 0.809) but factor 2 and
3 had insignificant correlations with GDGT-3 (r Z 0.162 and
r Z 0.128, respectively), so GDGT-3 contributed to factor 1 but
not to factor 2 or 3 (Table 2). Similarly, GDGT-1, GDGT-2, and
GDGT-4 contributed to factor 1, suggesting that the qualitative
relationships between these variables were significant. Also, the
correlation between them was in the same direction, hinting
they were from the same source or produced under similar
circumstances.
l glycerol tetraethers in Tibetan hot springs, Geoscience Frontiers (2012),



Table 2 Total variance loading for each of the 7 variables as

represented by factors 1 to 3 for polar lipids.

Rotated component matrixa

Variables Component

1 2 3

GDGT-0 0.013 0.047 0.937

GDGT-1 0.669 0.163 0.659

GDGT-2 0.809 0.198 0.513

GDGT-3 0.974 0.162 0.128

GDGT-4 0.938 0.168 �0.101

GDGT-5 0.230 0.970 0.051

GDGT-50 0.124 0.985 0.102

a Rotated component matrix: the best correlations between variables

and factors are in boldface, which among them are significant (r2> 0.5).
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Factor 1 revealed the positive correlations among polar
GDGT-1, GDGT-2, GDGT-3 and GDGT-4, suggesting they were
from the same sources or produced under similar circumstances.
The observation that GDGT-1 to GDGT-3 showed the most
significant correlations with factor 1 was consistent with the report
by Pearson et al. (2008). Factor 2 was associated with GDGT-5
and GDGT-50; the high r value indicated the positive relation-
ship between them. GDGT-5 and GDGT-50 were associated with
each other, which were consistent with the observation that they
were only produced by Crenarchaeota (Sinninghe Damst�e et al.,
2002; Schouten et al., 2007b). GDGT-0, GDGT-1 and GDGT-2
had the highest loading on principle component 3, suggesting
that they may be related. We noted that GDGT-1 and GDGT-2
were significantly correlated to both factor 1 and factor 3, which
suggested multiple sources of GDGT-2 and GDGT-3.

According to Huang et al. (2010), Thaumarchaeota (6.1%e
93.5%), Euryarchaeota (including Halobacteriales and Meth-
anomicrobiales; 2.1%e83.7%) and Crenarchaeota (including
uncultured Crenarchaeota and Desulfurococcales; 4.3%e44.7%)
contributed to the archaeal community in Gulu hot spring samples.
It is known that Thaumarchaeota produced GDGT-0 to GDGT-50
Table 3 Relative concentrations of polar- and core iGDGTs for soil i

Sample

source

PL/CL Incubation

temp (�C)
Relative abundance of individual isop

GDGT-0 GDGT-1 GDGT-2 GD

Tibet soil PL Control 0.577 0.129 0.091 0.02

20.0 0.674 0.141 0.072 0.01

40.0 0.663 0.130 0.091 0.02

60.0 0.604 0.139 0.080 0.02

80.0 0.594 0.138 0.093 0.02

100.0 0.575 0.138 0.099 0.02

CL Control 0.723 0.071 0.046 0.01

20.0 0.756 0.072 0.040 0.00

40.0 0.731 0.083 0.042 0.00

60.0 0.717 0.091 0.051 0.01

80.0 0.719 0.092 0.056 0.01

100.0 0.707 0.093 0.058 0.01

a Mean difference of iGDGTs: mean difference of total iGDGTs between
b The mean difference is significant at the 0.05 level.
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(Schouten et al., 2007b); GDGT-0 contributes to Meth-
anomicrobiales (Sprott et al., 1994); and GDGT-0 or GDGT-0 to
GDGT-4 accumulate in Desulfurococcales (Huber et al., 1998).
Since the accumulation of individual core GDGTs varies among
different species of Archaea, iGDGTs likely reflect a mixture of
different populations of Archaea in these hot springs.

3.4. Correlation analysis between polar and core GDGTs

To examine the correlation between the relative abundance of
polar and core GDGTs, bivariate correlation analysis was per-
formed for each individual GDGT (Zhang et al., 2009). Recent
studies have compared core GDGTs and polar GDGTs (Pitcher
et al., 2009a; Liu et al., 2011; Tierney et al., 2011). The correla-
tion between core GDGTs pool and polar GDGTs pool indicates
that fossil GDGTs and polar GDGTs may come from the same
source organisms. The significant linear correlation between core-
and polar GDGTs observed for GDGT-0, GDGT-1, GDGT-2,
GDGT-5, GDGT I, GDGT II and GDGT III (Table 1) suggests
the in situ production of these compounds. This is consistent with
conclusion made by Liu et al. (2011), from which the results
claimed that only when the data clearly scatter along the 1:1 line
for core GDGTs and polar GDGTs, can it be concluded that the in
situ production of polar GDGTs and their subsequent degradation
to core GDGTs. On the other hand, Huguet et al. (2010) suggested
that the variation in values of polar GDGTs/core GDGTs may be
a result of environmental factors that control the GDGTs content
per cell and the lifetime of polar GDGTs in a given environment.

GDGT-50 and GDGT-5* were not proper for this correlation
analysis because only a few hot spring samples contained GDGT-
50 and GDGT-5*. No significant correlations existed between the
relative abundance of polar and core fractions for GDGT-3 and
GDGT-4, which according to PCA were the two individual
iGDGTs that contributed only to factor 1.

3.5. BIT values

Hot spring samples contained bGDGTs that were very different
from that of the soil (Table 1) and showed significant correlation
ncubation samples.

renoid GDGT Two-sample t test

GT-3 GDGT-4 GDGT�5 GDGT-50 Mean difference

of iGDGTa
Sig.

5 0.054 0.117 0.008

6 0.028 0.065 0.003 2.634 0.064

0 0.032 0.059 0.005 0.015 0.990

1 0.042 0.109 0.005 4.68b 0.007

2 0.051 0.097 0.006 0.819 0.508

2 0.051 0.110 0.006 3.16b 0.035

0 0.051 0.090 0.009

9 0.040 0.080 0.003 5.606 0.058

9 0.048 0.081 0.006 4.895 0.087

1 0.039 0.086 0.004 9.22b 0.008

6 0.035 0.078 0.005 3.172 0.233

6 0.042 0.077 0.006 5.542 0.060

control sample and each sample at different incubation temperature.
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Table 4 Relative concentrations of polar- and core bGDGTs for all soil incubation samples.

Sample

source

PL/CL Incubation

temp (�C)
Relative abundance of individual branched GDGT Two-sample t test

GDGT I GDGT II GDGT IIb GDGT IIc GDGT III GDGT IIIb GDGT IIIc Mean difference

of bGDGTa
Sig.

Tibet soil PL Control 0.228 0.385 0.110 0.008 0.169 0.082 0.018 0.000

20.0 0.206 0.395 0.117 0.011 0.160 0.090 0.021 11.37b 0.001

40.0 0.246 0.356 0.087 0.028 0.180 0.073 0.029 17.77b 0.000

60.0 0.215 0.389 0.113 0.007 0.167 0.088 0.020 12.44b 0.001

80.0 0.240 0.382 0.114 0.008 0.156 0.081 0.018 6.46b 0.018

100.0 0.217 0.396 0.120 0.009 0.153 0.085 0.020 6.78b 0.015

CL Control 0.236 0.380 0.110 0.011 0.159 0.084 0.019 0.000

20.0 0.232 0.363 0.127 0.010 0.171 0.079 0.018 8.780 0.254

40.0 0.233 0.386 0.106 0.012 0.156 0.087 0.020 9.498 0.221

60.0 0.210 0.395 0.111 0.011 0.165 0.087 0.022 24.82b 0.012

80.0 0.228 0.378 0.117 0.008 0.160 0.087 0.020 12.622 0.120

100.0 0.218 0.387 0.123 0.011 0.147 0.088 0.025 12.978 0.111

a Mean difference of bGDGTs: mean difference of total bGDGTs between control sample and each sample at different incubation temperatures.
b The mean difference is significant at the 0.05 level.
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between polar bGDGTs and core bGDGTs, which suggested that
these hot springs contained minor contribution of the allochtho-
nous bGDGTs from the surrounding soils. However, BIT values
for core GDGTs from the hot spring and soil had the same ranges
(0.80e1.00), indicating that BIT value was not proper as indica-
tion of soil contribution in the study of hot springs.

BIT values were also calculated in Pearson et al. (2008), in
which the BIT values for all measured hot springs varied from
0.03 to 0.66, while the surrounding soil BIT was 0.81. However,
their samples were all derived from floating mats and not in
contact with sediments of the springs, and the possibility of soil
contamination was discarded (Pearson et al., 2008).

3.6. Variation of GDGTs in soil incubation experiments

When soil GDGTs were transferred into the adjacent hot spring,
the structure of GDGTs was expected to change in response to the
Figure 4 Variation in content of polar and core fractions for both iGD

iGDGTs; B: polar bGDGTs; C: core iGDGTs; D: core bGDGTs. Two rep
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changed environment, particularly temperature. To test this
hypothesis, the soil incubation experiments were conducted.

To evaluate how an external source might affect the composition
of GDGTs in hot spring samples, a two-sample (t-test) was per-
formed between control sample and each incubation sample under
every single temperature to compare the responses of the structure
of GDGTs subjected to corresponding incubation temperature. The
results indicated the effect of temperature on the composition of
individual GDGTs under different temperatures with more notice-
able structural variations in bGDGTs (Tables 3 and 4) than iGDGTs
(Table 3).

The results revealed that the abundance of total polar and core
GDGTs exhibited varying degrees of degradation under different
incubation temperatures (Fig. 4A). A significant degradation for
polar bGDGTs was observed for all five incubation temperature
from 20 to 100 �C; while significant degradation for polar
iGDGTs only occurred at 60 �C and 100 �C, suggesting that polar
GTs and bGDGTs as a function of incubation temperature. A: polar

licates were analyzed for each cultivation condition.

l glycerol tetraethers in Tibetan hot springs, Geoscience Frontiers (2012),



Figure 5 GDGT ring index for polar (A) and core (C) GDGTs; TEX86 for polar (B) and core (D) GDGTs as a function of incubation

temperature. Two replicates were determined for each cultivation condition.
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bGDGTs were more susceptible to temperature increase than polar
iGDGTs. Total polar iGDGTs decreased the most (by 70%) at
60 �C compared to the control samples (Fig. 4A), while total polar
bGDGTs dropped the most (by 84%) at 40 �C (Fig. 4B). The
degradation of core iGDGTs and bGDGTs at 60 �C was also
calculated, which was by 50% for iGDGTs (Fig. 4C) and by 54%
for bGDGTs (Fig. 4D). It was unknown why degradation of core
GDGTs did not occur at other temperatures. Nevertheless, these
results suggested that polar GDGTs were more sensitive to
temperature effect than the core GDGTs.

In previous studies, the rapid turnover of polar GDGTs was
reported (Thiel et al., 2007; Lipp and Hinrichs, 2009). Although
all the degradation observations were just made for marine sedi-
ments, the rapid degradation of polar GDGTs would also be ex-
pected to happen in hot springs because of the tougher condition
for preservation of polar GDGTs under geothermal conditions
compared to the colder marine sediment condition. In contrast to
polar GDGTs, the core bGDGTs were assessed to have a turnover
time of about 17 years in arable soils (Weijers, 2010), which was
consistent with the lack of degradation after only two weeks
incubation in the majority of experiments.

The polar/core ratio for both iGDGTs and bGDGTs were
calculated, which revealed significant variation between each
incubation sample and soil control. The results showed that when
the soil derived GDGTs were transferred into the hot spring, the
correlation between polar GDGTs and core GDGTs in hot springs
would be destroyed, especially for bGDGTs that presented the
more obviously change than iGDGTs.

Positive correlations between incubation temperatures were
plotted with ring index of polar and core lipids; both showed
significant linear relationship with incubation temperature (Fig. 5A
andC). An increase in ring indexwith increasing temperaturewas in
agreement with previous evidence presented in other studies which
suggested that GDGTs cyclization increased with increasing
temperature (Pearson et al., 2004; Boyd et al., 2010). The plot of the
TEX86 as a function of increasing temperature revealed a positive
trending relationship in both polar lipids (r2 Z 0.535) and core
lipids (r2Z 0.796) (Fig. 5B andD). However, it is unknownwhether
Please cite this article in press as: He, L., et al., Distribution of glycerol dialky
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the change in GDGTs profiles was due to abitoic configuration or
caused by growth of thermophilic Archaea that were originally
present in the soil environment.

4. Summary

This is the first paper that describes the distribution of archaeal
GDGTs and bacterial GDGTs in Tibetan hot springs. This study
presents two different patterns of archaeal lipids: a “fingers” pattern
of iGDGTs profiles at Gulu hot springs and a GDGT-0 and
crenarchaeol-dominated pattern in Yangbajing hot springs. Prin-
ciple component analysis reveals the variable biological sources of
individual polar GDGTs. The presence of polar bGDGTs in hot
springs suggest that they can also produced by thermophilic
organisms. Significant correlations between core iGDGTs and polar
iGDGTs indicate the in situ production of archaeal lipids and
bacterial lipids in Tibetan hot springs. The analyses of natural
samples are combined with a soil incubation experiment to clarify
the variation when GDGTs are transported from soil into hot
springs. The results reveal that the ratios of polar lipids to core lipids
vary considerably due to temperature change; and polar bGDGTs
are more susceptible than polar iGDGTs to increased temperatures.
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