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Summary

Glycerol dialkyl glycerol tetraether (GDGT) membrane
lipids of Archaea respond to gradients in temperature
and pH; however, it is unclear how these lipids
respond to gradients of other environmental variables.
Here, we analysed water chemistry, archaeal lipids and
amoA- and nirS genes from 37 Tibetan hot springs.
Strong correlations between intact polar lipids and
their degradation product core lipids indicate that
these two pools of lipids are closely related and may be
formed in situ in the hot springs. Cluster analysis
resulted in three major groups, within each of which
the individual samples showed better correlations
between ring index or TEX86 (TetraEther Index of
tetraethers with 86 carbons) and temperature, pH or
geochemical variables (e.g. nitrite, phosphate) in the
polar fraction than in the corresponding core fraction.
Most of these relationships did not exist when all of the
samples were considered as a whole. Abundances of
amoA- and nirS genes were strongly correlated with
some of the intact polar- or core lipids. Our results

suggest link between specific microbial functions (e.g.
ammonia oxidation or nitrite reduction) and the pro-
duction of individual GDGT lipids and highlights
the potential utility of GDGT lipids as proxies for
biogeochemical processes.

Introduction

Archaea are one of three domains of life on earth (Woese
et al., 1990), and the majority of them contain cellular
membranes that consist primarily of isoprenoid glycerol
dialkyl glycerol tetraethers (GDGTs) that can contain
up to eight cyclopentyl rings (De Rosa and Gambacorta,
1988; Schouten et al., 2000; 2007a). The distribution of
isoprenoid GDGTs have been extensively studied in the
natural environments, including marine (e.g. Schouten
et al., 2002; 2007b; Sluijs et al., 2006; Kim et al., 2008;
2010; Huguet et al., 2011; Wei et al., 2011; Jia et al., 2012),
lacustrine (Powers et al., 2004; 2010; Sinninghe Damsté
et al., 2009; Tierney et al., 2010; Blaga et al., 2011;
Woltering et al., 2011; Schouten et al., 2012; Wang et al.,
2012), soil and peat bog (Weijers et al., 2004; 2006), and
geothermal (e.g. Pearson et al., 2004; 2008; Zhang et al.,
2006) systems.

A number of proxies have been developed to character-
ize the response of Archaea at the level of membrane lipid
composition to temporal or spatial gradients in environ-
mental variables such as temperature and pH. For
example, a ring index (RI) has been established to char-
acterize the response of (hyper)thermophilic Archaea to
gradients in temperature or pH in either culture-based
systems or the natural environment (Uda et al., 2004;
Schouten et al., 2007a; Boyd et al., 2011). The TetraEther
Index of tetraethers with 86 carbons (TEX86) proxy was
developed to predict sea surface temperatures on the
basis of the composition of GDGT lipids (e.g. Schouten
et al., 2002; 2007b; Powers et al., 2005; Kim et al., 2008;
2010; Huguet et al., 2011); this index was more recently
applied to lake waters (Powers et al., 2004; 2005; 2010;
Tierney et al., 2010; Woltering et al., 2011; Schouten et al.,
2012; Wang et al., 2012). However, Pearson and
colleagues (2004) noted a poor correlation between TEX86

and temperature or pH in the geothermal systems and a
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moderate, inverse correlation with the concentration of
bicarbonate. To date, it is still not well known whether
variations in GDGT compositions may be controlled by
multiple environmental factors other than temperature and
pH.

GDGTs in living cells are decorated with polar head
groups such as sugars, phosphates or a mixture of both
(Koga et al., 1993; Koga and Morii, 2005; Rossel et al.,
2008; Schouten et al., 2008; Strapoc et al., 2008; Sturt
et al., 2004), which then are termed intact polar GDGT
lipids. It is assumed that detection of intact polar GDGTs
(IP-GDGTs) reflect on the residence of living microbial
biomass (e.g. Petsch et al., 2001; Biddle et al., 2006; Lipp
et al., 2008), whereas, upon cell death, the IP-GDGTs are
rapidly degraded into more recalcitrant core GDGTs
(C-GDGTs), usually by cleavage or degradation of the
polar head groups (White et al., 1977; Harvey et al., 1986).
The resulting C-GDGTs accumulate as fossil lipids in the
environment and can resist further degradation for millions
of years (Kuypers et al., 2001). However, a recent labora-
tory experiment demonstrated that polar ether lipids can be
persistent during degradation (Logemann et al., 2012).

In this study, we aimed to evaluate the potential that the
composition of IP-GDGTs or C-GDGTs reflects spatial
gradients in geochemistry in Tibetan hot springs. To probe
for an allochthonous or autochthonous origin of archaeal
lipids, IP-GDGTs and C-GDGTs were compared. Cluster
analysis was performed to identify patterns of archaeal
GDGT lipid compositions (IP-GDGTs and C-GDGTs) that
may differentiate hot spring types. Statistical analyses
were then performed to test whether environmental vari-
ables, other than temperature and pH, correlated with the
distribution of archaeal lipids better in the IP-GDGT fraction
than in the C-GDGT fraction. In addition, we compared the
abundance of archaeal amoA- and bacterial nirS genes to
the distribution of IP-GDGTs and C-GDGTs in communities
inhabiting these hot springs. This approach provided
insights into the potential links between biogeochemical
processes and the archael GDGT lipids in geothermal
environments.

Results

Concentrations and proxies of archaeal lipids

High-performance liquid chromatography with mass spec-
trometry (HPLC-MS) analysis revealed the presence of
GDGTs containing 0–6 cyclopentyl rings, as well as
thaumarchaeol and a thaumarchaeol regioisomer (Appen-
dix 1) in Tibetan hot spring sediments and surrounding
soils (Table 1 and Fig. 1; thaumarchaeol was also referred
to as crenarchaeol, a GDGT containing four cyclopentyl
rings and one cyclohexyl ring; Sinninghe Damsté et al.,
2002). The total archaeal IP-GDGT concentrations varied

widely from spring to spring, ranging from 0.78 ng g–1

(Nima; NM-1) to 1625.99 ng g–1 (Gulu; GL-13-8; Support-
ing Information Table S1). The total archaeal C-GDGT
concentrations varied to a lesser extent than IP-GDGTs in
the hot springs examined, ranging from 2.04 ng g–1 (NM-1)
to 508.47 ng g–1 (GL-22; Supporting Information Table S1).
A significant correlation existed between the abundances
of IP- and C- GDGTs in all hot springs examined, which had
a slope of 0.141 (R2 = 0.208, P = 0.004; Fig. 2A).

Samples from soils surrounding the studied hot springs
contained lower abundances of GDGTs than hot spring
sediments on a per unit mass basis, ranging from
0.12 ng g–1 to 19.46 ng g–1 in the IP-GDGT fraction and
0.41 ng g–1 to 44.93 ng g–1 in the C-GDGT fraction (Fig. 2A
and Supporting Information Table S1). The average total
archaeal IP-GDGT concentration from all soil samples was
8.08 ± 8.97 ng g–1, which was about 20-fold lower than the
average concentration from all of the hot spring sediments
(193.60 ± 326.58 ng g–1). The average of the total archaeal
C-GDGT concentrations from all soil samples was
15.97 ± 20.03 ng g–1, which was about fivefold lower than
the average of C-GDGT from all hot spring sediments
(71.95 ± 100.76 ng g–1). The IP- and C-GDGTs from the
soil also correlated significantly (R2 = 0.961, P = 0.003),
which had a slope of 2.188 (Fig. 2A).

The RI and TEX86 proxies showed significant correla-
tions between the IP- and C-GDGTs (R2 ≥ 0.5, P < 0.001;
Fig. 2B and C).

Cluster analysis

Cluster analysis was performed to identify patterns of hot
springs based on the composition of GDGTs. Hot spring
IP-GDGTs comprised a major group (group 1) that con-
sisted of three subgroups (group 1.1.1, group 1.1.2 and
group 1.2) and a minor group (group 2) that consisted of
only two samples dominated by thaumarchaeol (Fig. 3A).
Group 1.1.1 hot spring samples were dominated by
GDGT-0 with relatively high abundances of GDGTs-1, −2,
−3 and −4, and thaumarchaeol. One exception was NM-6,
which contained a substantial amount of GDGT-6. Group
1.1.2 samples were dominated by GDGT-0 with relatively
small amounts of GDGTs-1, −2, −3 and −4, and
thaumarchaeol. In contrast, group 1.2 samples were char-
acterized by high relative abundances of GDGT-3 in addi-
tion to GDGTs-0, −1, −2 and −4.

C-GDGTs were classified into two major groups, group
1a and group 2b, with each group containing two sub-
groups (Fig. 3B). In group 1a, hot spring samples that
contained a predominance of GDGT-0 and relatively
high abundances of GDGT-1 to GDGT-4 as well as
thaumarchaeol formed group 1.1a; whereas hot spring
samples that consisted primarily of GDGT-0 formed group
1.2a. In group 2b, hot spring samples with a predominance

2 F. Li et al.

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology Reports



of GDGT-0 to GDGT-4 comprised group 2.1b whereas
thaumarchaeol was most abundant in the only sample
(Quacai; QC-7) that formed group 2.2b.

The IP-GDGT subgroups 1.1.1, 1.1.2 and 1.2 corre-
sponded largely to the C-GDGT subgroups 1.1a, 1.2a and
2.1b when the two sample sets were compared. The
distributions of archaeal GDGTs in both of two pools in the
cluster analysis were similar to those in the redundancy
analysis (RDA; Supporting Information Fig. S1). However,
the hot spring QC-7 was the only sample that comprised

group 2.2b containing a high relative abundance of
thaumarchaeol. Sample QC-9 had a lower relative abun-
dance of thaumarchaeol in the C-GDGT fraction than in
the IP-GDGT fraction and as a result grouped within group
1.1a. When IP- and C-GDGTs were combined, the com-
posite cluster diagram showed that 70.9% of hot springs
had similar distributions between IP- and C-GDGTs (data
not shown).

In summary, GDGT-0 was more abundant in the
C-GDGTs than IP-GDGTs whereas GDGT-1 to GDGT-3

Table 1. Information on the location, elevation (Elev.), temperature (Temp.), and water chemistry for Tibetan hot springs (#1–37) and soil samples
(#38–42).

Location Elev. Temp. NH4
+ NO2

− NO3
− S2− SO4

2− PO4
3− Fe2−

No. Samplea Lat.b (N) Long.c (E) (m) (°C) pH (mg l−1) (mg l−1) (mg l−1) (mg l−1) (mg l−1) (mg l−1) (mg l−1)

1 GL-4 30°52′14.9″ 91°36′49.3″ 4694 77.0 7.9 0.00 0.004 0.00 0.62 1 1.36 0.08
2 GL-7 30°52′31.3″ 91°36′42.9″ 4702 66.0 8.8 0.09 0.003 0.01 0.30 0 1.23 0.07
3 GL-10 30°52′32.0″ 91°36′38.8″ 4708 80.0 8.8 0.04 0.000 0.03 0.08 1 1.37 0.01
4 GL-13-3 30°52′33.0″ 91°36′38.8″ 4710 70.0 7.8 0.10 0.000 0.08 0.48 0 1.21 0.08
5 GL-13-4 30°52′33.0″ 91°36′38.8″ 4710 66.0 7.8 0.10 0.000 0.08 0.48 0 1.21 0.08
6 GL-13-5 30°52′33.0″ 91°36′38.8″ 4710 46.0 7.8 0.10 0.000 0.08 0.48 0 1.21 0.08
7 GL-13-7 30°52′33.0″ 91°36′38.8″ 4710 56.0 7.8 0.10 0.000 0.08 0.48 0 1.21 0.08
8 GL-13-8 30°52′33.0″ 91°36′38.8″ 4710 42.0 7.6 0.10 0.000 0.08 0.48 0 1.21 0.08
9 GL-13-9 30°52′33.0″ 91°36′38.8″ 4710 27.0 7.6 0.10 0.000 0.08 0.48 0 1.21 0.08

10 GL-15 30°52′34.1″ 91°36′40.3″ 4709 80.0 9.1 0.13 0.008 0.03 0.80 4 0.91 0.01
11 GL-16 30°52′34.8″ 91°36′40.6″ 4708 67.0 7.0 0.23 0.016 0.06 0.25 80 2.11 0.00
12 GL-20 30°52′34.9″ 91°36′34.0″ 4715 46.0 7.4 0.00 0.042 ND 0.24 1 1.51 0.03
13 GL-21 30°52′34.9″ 91°36′34.0″ 4716 56.0 7.6 0.10 0.006 0.01 0.06 24 1.52 0.04
14 GL-22 30°52′34.3″ 91°36′34.0″ 4715 73.0 8.1 0.04 0.013 0.03 0.03 11 1.61 0.02
15 GL-24 30°52′42.9″ 91°36′48.1″ 4705 68.0 7.5 0.00 0.000 0.04 0.21 0 0.99 0.08
16 GL-26 30°52′43.6″ 91°36′50.6″ 4702 68.3 7.4 0.19 0.019 0.01 0.22 0 0.89 0.03
17 GL-30 NDd ND ND 49.0 7.3 0.03 0.000 0.04 0.02 20 2.75 0.03
18 NQ-1 31°38′45.4″ 91°45′8.0″ 4555 54.0 7.4 0.52 0.531 0.10 0.02 35 0.55 0.03
19 NQ-2 31°38′45.6″ 91°45′8.2″ 4554 46.0 7.8 0.52 0.540 0.14 0.03 22 0.35 0.00
20 NQ-4 31°38′45.6″ 91°45′8.2″ 4554 48.0 7.8 0.60 0.493 0.08 0.01 21 0.99 0.02
21 NQ-5 31°38′45.1″ 91°45′8.3″ 4554 53.0 7.7 0.60 0.211 0.11 0.00 46 0.61 0.01
22 GZ-1 31°40′52.6″ 91°51′21.4″ 4610 22.1 7.2 0.07 0.260 0.17 0.01 80 0.80 0.02
23 GZ-2 31°40′54.1″ 91°51′19.8″ 4612 23.6 7.5 0.11 0.250 0.14 0.03 80 0.77 0.01
24 GZ-3 31°40′54.6″ 91°51′18.9″ 4612 21.9 7.5 0.34 0.289 0.15 0.02 80 0.65 0.26
25 NM-1 31°44′38.4″ 92°5′59.2″ 4642 50.0 7.3 0.11 0.608 1.10 0.06 32 0.80 0.07
26 NM-2 31°44′38.6″ 92°5′59.6″ 4642 51.0 7.0 0.01 0.706 0.96 0.01 35 1.04 0.02
27 NM-3 31°44′37.7″ 92°5′56.2″ 4639 42.0 7.0 0.03 0.724 0.96 0.02 28 1.40 0.36
28 NM-5 31°44′36.6″ 92°5′55.2 4637 47.0 7.0 0.00 0.702 0.25 0.00 35 1.27 0.02
29 NM-6 31°44′34.1″ 92°5′57.4″ 4635 48.0 7.0 0.00 0.673 0.35 0.02 40 1.03 0.08
30 NM-7 31°44′33.6″ 92°6′0.9″ 4636 43.0 7.0 0.00 0.774 0.33 0.01 44 ND 0.01
31 QC-1 30°40′0.4″ 91°35′27.9″ 4501 71.0 7.8 0.29 0.114 0.04 0.05 6 2.57 0.03
32 QC-2 30°52′0.2″ 91°35′28.9″ 4505 75.0 7.6 0.44 0.054 0.03 0.02 12 1.52 0.03
33 QC-4 30°39′59.2″ 91°35′28.2″ 4500 74.0 8.1 0.29 0.052 0.04 0.02 10 1.49 0.15
34 QC-5 30°39′59.2″ 91°35′28.2″ 4500 74.0 8.0 0.18 0.043 0.01 0.06 9 1.53 0.03
35 QC-7 30°39′58.6″ 91°35′28.6″ 4500 62.5 7.9 0.08 0.347 0.14 0.00 10 1.53 0.03
36 QC-8 30°39′57.7″ 91°35′29.3″ 4499 62.6 8.0 0.31 0.067 0.01 0.02 12 1.13 0.15
37 QC-9 30°39′58.0″ 91°35′29.4″ 4499 60.0 8.1 0.23 0.042 0.00 0.00 7 1.37 0.01
38 GL-S-1 ND ND ND ND ND ND ND ND ND ND ND ND
39 GL-S-2 ND ND ND ND ND ND ND ND ND ND ND ND
40 NQ-S ND ND ND ND ND ND ND ND ND ND ND ND
41 NM-2S ND ND ND ND ND ND ND ND ND ND ND ND
42 QC-S ND ND ND ND ND ND ND ND ND ND ND ND

a. GL,Gulu; NQ, Naqu; GZ, Guozu; NM, Nima; QC, Qucai; S, soil (GL-S-1 and GL-S-2 are close to the GL-4 hot spring. NQ-S locates above all
the Naqu hot springs. NM-2S locates near the NM-2 hot spring and above all the Nima hot springs. QC-S locates above all the Qucai hot springs).
See Fig. 1 for sample locations on the map.
b. Latitude.
c. Longitude.
d. Not detected.
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and thaumarchaeol in the C-GDGTs was less abundant in
the hot spring sediments (Fig. 3).

Pattern correlations between environmental variables
and IP- or C-GDGT distribution

Variations in temperature, pH and other chemical factors
were examined for their correlations with the distribution
pattern of each of the major groups of GDGTs as defined
by cluster analysis (Table 1, Fig. 4A and B). In the

IP-GDGT fraction, samples from sites characterized by
higher temperatures and pH values generally clustered in
group 1.1.1 and group 1.2; whereas samples from lower
temperature and pH sites generally clustered in group
1.1.2. In addition, group 1.2 samples originated generally
from sites with lower concentrations of ammonia, nitrite/
nitrate and sulphate and elevated concentrations of sul-
phide, whereas samples from hot springs with high
ammonia, nitrite/nitrate and sulphate and low sulphide
concentrations tended to cluster in groups 1.1.1 and

Fig. 1. A geographic map of the locations of hot springs on the Tibetan Plateau, China, examined in this study. The intensity of contours
reflects the complex topography of the area. The geographic map was generated by the computer software of Global Map and Google Earth.
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1.1.2. Phosphate and ferrous iron concentrations did not
vary in correlation with variations among different groups
of IP-GDGT fractions (Fig. 4A).

In contrast to the patchy correlation between envir-
onmental variables and IP-GDGT fractions, correlation
patterns between environmental characteristics and
C-GDGT groups 1.1a, 1.2a and 2.1b were similar to those
for groups 1.1.1, 1.1.2 and 1.2 (Fig. 4). These differences
in correlation patterns between environmental factors and
the different subgroups in both of two pools were similar to
those revealed by RDA (Supporting Information Fig. S1).

Regression analyses of RI and TEX86, and
environmental variables

The RI and TEX86 were examined for relationships with
environment variables using linear regression approaches
(Fig. 5). Only weak correlations (R2 < 0.5 or P > 0.05) were
identified in both pools of GDGTs, when all samples were
considered together (data not shown). On the other hand,
when samples were analysed in groups as defined by
cluster analyses mentioned earlier, significant correlations

were noted in both pools of GDGTs. For example, when the
polar lipid fraction was considered, in group 1.1.1 samples,
the TEX86 index varied positively with phosphate (R2 =
0.520, P = 0.001; Fig. 5A). In group 1.1.2 samples, the
RI correlated positively with pH (R2 = 0.909, P = 0.001;
Fig. 5A). In group 1.2 samples, the TEX86 index
varied inversely with temperature (R2 = 0.531, P = 0.011;
Fig. 5A).

When the C-GDGT fraction was considered, the RI
correlated positively with temperature (R2 = 0.553, P =
0.004) and negatively with nitrite (R2 = 0.515, P = 0.006) in
group 1.1a samples (Fig. 5B); the TEX86 index correlated
positively with phosphate (R2 = 0.559, P = 0.004; Fig. 5B).

Bivariate correlation analyses between the relative
abundance of individual GDGTs and environment
variables resulted in only one significant correlation
(R = 0.781, P < 0.001) in the IP-GDGT fraction (i.e. the
relative abundance of GDGT-3 varied positively with sul-
phide) and no significant relationships were noted in the
C-GDGT fraction when all samples were considered
(Supporting Information Table S2). However, when
samples were divided into the major subgroups, 23 sig-

Fig. 3. Cluster analysis of archaeal lipids in hot spring sediments for intact polar GDGTs (IP-GDGTs) (A) and core GDGTs (C-GDGTs) (B).
Sample names are shown on the right of each figure. Glycerol dialkyl glycerol tetraethers (GDGTs) are colour coded and shown at the bottom
of the figure.
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Fig. 4. Patterns of environmental variables for
intact polar glycerol dialkyl glycerol tetraethers
(IP-GDGTs) (A) and core GDGTs (C-GDGTs)
(B), including temperature, pH, ammonium,
nitrite/nitrate, sulphide, sulphate, phosphate
and ferrous iron. Samples are in the order in
which they appear in the cluster diagrams
(Fig. 3). For example, in IP-GDGTs (A),
sample 1 is Gulu (GL)-16 hot spring within
group 1.1.1 and sample 35 is GL-22 hot
spring within group 1.2, and in C-GDGTs (B),
sample 1 is nima (NM)-1 within group 1.1 and
sample 36 is GL-22 within group 2.1.

Biogeochemical processes inferred by organic proxies 7
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nificant correlations were identified in the IP-GDGT frac-
tion and 11 such relationships were noted in the C-GDGT
fraction (Supporting Information Table S2).

Again, the relationships between environmental factors
and archaeal lipids in the correlation analysis (Fig. 5 and
Table 2) were similar to those in the RDA (Supporting
Information Fig. S1).

Archaeal amoA gene and bacterial nirS gene
abundances in sediment samples and their correlations
with IP-GDGTs or C-GDGTs

The abundance of archaeal amoA gene copies ranged
from 9.93 × 103 copies per g (Naqu; NQ-5) to 3.99 × 106

copies per g (NM-3), whereas the abundance of bacte-
rial nirS gene copies ranged from 1.67 × 108 copies per
g (QC-2) to 2.52 × 1013 copies per g (NM-2). These
genes did not exhibit significant correlations (R > 0.7 or
< −0.7, P < 0.05) with either IP-GDGTs or C-GDGTs
when all of the samples were considered (data not
shown). However, significant correlations were noted
in the polar lipid fraction when individual subgroups
of samples were analysed (Table 2). In group 1.1.2
samples, the abundances of the amoA- and nirS
genes varied positively with thaumarchaeol (for amoA:
R = 0.965, P < 0.001; for nirS: R = 0.947, P = 0.001) and
its isomer (for amoA: R = 0.820, P = 0.024; for nirS:
R = 0.985, P < 0.001; Table 2).

Fig. 5. Correlations between temperature, pH and chemical variables and ring index (RI) and TetraEther Index of tetraethers with 86 carbons
(TEX86) for intact polar glycerol dialkyl glycerol tetraethers (IP-GDGTs) (A) and core GDGTs (C-GDGTs) (B) in different cluster groups
according to Fig. 3.

Table 2. Bivariate correlations between amoA- and nirS gene abundances with intact polar GDGTs or core GDGTs.

GDGT-5 Thaumarchaeol Thaumarchaeol’

Group Gene
Bivariate

correlationa
Significance
(two-tailed)b

Bivariate
correlation

Significance
(two-tailed)

Bivariate
correlation

Significance
(two-tailed)

Group 1.1.2 of IP-GDGTs amoA gene −0.208 0.654 0.965 0.000 0.820 0.024
nirS gene −0.390 0.387 0.947 0.001 0.985 0.000

The significant correlations are highlighted in bold.
a. Calculated as R value.
b. Calculated as P value.
GDGT, glycerol dialkyl glycerol tetraethers.
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Discussion

Origin of archaeal lipids in the hot springs

Several extraction methods have been recommended for
examining the abundance and composition of IP-GDGTs
or C-GDGTs in natural environmental samples (Huguet
et al., 2010; Lengger et al., 2012; Zhang et al., 2012). We
chose the sonication method for extraction of the total
lipids and the subtraction method to determine the con-
centration of IP-GDGTs (Huguet et al., 2010). While this
method results in greater variability in IP-GDGT-derived
proxies than the Bligh and Dyer method (Lengger et al.,
2012), it is unlikely to have had a significant effect on the
elucidation of patterns in the distribution of GDGT struc-
tures and abundances among different hot spring types
examined in the current study.

The generally higher abundance of archaeal lipids in
both IP- and C-GDGT fractions in hot springs than in
surrounding soils is consistent with previous results from
hot springs in the Great Basin, USA (Pitcher et al., 2009).
The difference in the linear slopes of IP-GDGTs to
C-GDGTs from the two sample settings is strong evidence
that the GDGTs in the hot springs are synthesized endog-
enously and are only minimally impacted (if any) by soil
contamination. The separate trends may be due to the
greater reutilization of fossil C-GDGTs by the in situ
archaeal community in hot springs than in soils, an impor-
tant recycling mechanism proposed by Liu and colleagues
(2011).

The in situ production of archaeal GDGTs in hot springs
is supported by two more lines of evidence. One is the
significant correlations of the core structures between
the two pools of GDGTs in GDGT-inferred proxies, as
observed in individual GDGTs in a previous study of
Tibetan hot springs (He et al., 2012); the other one is the
similarity of the core structures between IP- and C-GDGT
distributions in these hot springs.

Proxy inferences into temperature and pH spatial
gradients and biogeochemical processes

The GDGT compositions, expressed by the RI and TEX86,
are known to correlate with temperature (Uda et al., 2001;
Schouten et al., 2002; Boyd et al., 2011) and pH (e.g.
Boyd et al., 2011). Pearson and colleagues (2004) further
observed that it is bicarbonate and not temperature that
impacts TEX86 in alkaline hot springs in the Great Basin.
Our regression and RDA provide strong evidence for that
multiple environmental factors can significantly impact
these organic proxies in the hot spring environment.

IP-GDGTs are correlated to more environmental vari-
ables than C-GDGTs, suggesting that the former are more
susceptible to changes in the environmental conditions
and may be more appropriate for reflecting the interac-

tions between extant archaeal populations and their envi-
ronment. This is reinforced by the RDA (Supporting
Information Fig. S1), which demonstrated stronger corre-
lations between GDGTs and environmental variables in
the intact polar lipid pool.

The positive correlation between temperature and RI
indicates that the number of cyclopentyl rings increases
with environmental temperature (De Rosa et al., 1980;
Uda et al., 2001; Schouten et al., 2002; 2003; Shimada
et al., 2008; Boyd et al., 2011). The negative correlation
between temperature and TEX86 is opposite to previous
observation that TEX86 can be positively calibrated by
temperature in the global marine sediments (Schouten
et al., 2002). Our results indicate that TEX86 may have a
different correlation with temperature in the hot spring
environments.

The RI was positively correlated with increasing
pH, which is consistent with previous reports for the
euryarchaeon Thermoplasma acidiphilum (Shimada
et al., 2008). However, this finding is contrary to those in
the previous studies of pure cultures (Macalady et al.,
2004; Boyd et al., 2011). One explanation of this dis-
crepancy could be the absence of GDGTs with seven to
eight cyclopentyl rings and the relatively low abundance
of GDGTs with five to six cyclopentyl rings in the hot
springs examined in this study. GDGTs with five to eight
cyclopentyl rings are predominantly synthesized by
certain crenarchaeotal and euryarchaeotal populations
that are dominant at low pH (i.e. < 4; Trincone et al.,
1992; Uda et al., 2004; Boyd et al., 2007; Inskeep et al.,
2010). Hot springs in this study are characterized by
neutral to alkaline pHs, which may lead to the absence
or low abundance of GDGTs with five to eight
cyclopentyl rings.

The correlations between nitrite and the individual
GDGTs (Supporting Information Table S2) or organic proxy
suggest that ammonia oxidizing Archaea (AOA), which
synthesize thaumarchaeol and GDGTs with zero to three
cyclopentyl moieties (Schouten et al., 2008; Pitcher et al.,
2010; 2011a; 2011b), are likely a significant member of the
microbial community through their participation in the nitro-
gen cycling in these systems. This hypothesis is supported
by the detection of archaeal amoA genes in all of the hot
springs, coding for a subunit of ammonia monooxygenase
(Pester et al., 2011; Hatzenpichler, 2012), and their exclu-
sive correlations with thaumarchaeol and its isomer, which
further indicate that Thaumarchaeota might perform an
important role in nitrogen cycling and thaumarchaeol is a
biomarker for AOA in the natural environment (Leininger
et al., 2006; De La Torre Et Al., 2008; Pitcher et al., 2009).
The correlation of thaumarchaeol or its isomer with nirS
gene, coding for catalysing dissimilatory nitrite reduction
(Zumft et al. 1997; Throbäck et al., 2004), may indicate
that the AOA are a major source for providing nitrite-
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reducing bacterial populations with nitrite as the result of
their nitrification activity (Hooper, 1968; Casciotti and
Ward, 2001).

The correlation between phosphate and TEX86 indicates
that phosphate may affect the distribution of archaeal
GDGTs, which supports the implication that TEX86 can also
record changes in nutrient concentrations (Turich et al.,
2007). It has been shown that the variation in bacterial
phospholipids in both culture-based systems and natural
environment was related to phosphate limitation (Minnikin
and Abdolrahimzadeh, 1974; Benning et al., 1995; van
Mooy et al., 2006; Rossel et al., 2011).

Summary of findings

Analyses of absolute and relative abundances of archaeal
IP- and C-GDGTs in Tibetan hot springs revealed that
archaeal lipids in both fractions are primarily produced in
situ and are not the result of contamination from surround-
ing soils. This conclusion is also supported by the strong
correlations between IP-and C-GDGT fractions for
organic proxies (RI and TEX86). Cluster analysis sepa-
rated the hot springs into three major groups in each lipid
pool, which facilitated the identification of patterns in
GDGT proxies that correlated with geochemistry. Through
regression analysis of major clusters, we find that nitrite
and phosphate, as well as temperature and pH, are more
important drivers of the distribution of archaeal GDGTs in
the IP-GDGT fraction rather than in the C-GDGT fraction.
When all samples were pooled, these correlations were
obscured, which indicates that clustered subgroups are
better suited for the correlation analysis. These results
document that integration of cluster and correlation
analyses are effective in delineating the potential
biogeochemical processes (e.g. ammonia oxidation or
nitrite reduction) and may lead to discovery of important
organisms involved in these processes in the natural envi-
ronment. Further studies require progress in experimental
enrichment or cultivation of hot spring microbes. Archaeal
lipid analyses in context with analysis of biogeochemical
processes have the potential to aid in reconstruction of
ancient microbial ecosystems through the use of GDGT-
inferred geochemical proxies.

Experimental procedures

Sample collection

A total of 42 samples were collected from five hot spring
locations on the Tibetan Plateau in the northwest of China
(Fig. 1), among which 37 were from surface sediments
(mostly 0–3 cm) of the hot springs and 5 from surface soil
adjacent to some of the hot springs. Samples were stored in
liquid nitrogen in the field and at −80°C in the lab. Longitude
and latitude at each spring were measured with a portable
global positioning system. The elevation was obtained from

the Global Map software. Temperature and pH were meas-
ured with a portable temperature and pH meter respectively.
The concentrations of ammonium (NH4

+), nitrite (NO2
−),

nitrate (NO3
−), sulphide (S2

−), sulphate (SO4
2−), phosphate

(PO4
3−) and ferrous iron (Fe2+) were measured in the field

using portable Hach kits according to the manufacturer’s
instructions (Hach Company, Loveland, CO, USA).

Lipid extraction and fractionation

Hot spring sediment and soil samples were freeze-dried and
then roughly 5 g of each sample was extracted using a
sonication method (Schouten et al., 2007a; Wei et al., 2011)
with methanol (MeOH; twice), methanol-dichloromethane
(DCM; 1:1, v/v; twice) and finally DCM (twice). All superna-
tants were collected in a flask and completely dried under N2.

The total lipid extract was fractionated over a pre-activated
silica gel chromatography into apolar (alkane) and polar (IP-
GDGTs and C-GDGTs) fractions using hexane-DCM (9:1, v/v)
and DCM-MeOH (1:1, v/v) as eluents respectively. The polar
fraction was amended with 0.1 μg of a C46 internal GDGT
standard (Appendix 1), divided into two equal aliquots, and
evaporated under N2. One aliquot of lipids was re-dissolved in
the solvent of hexane-isopropanol (99:1, v/v) and filtered with
a 0.45 μm membrane to obtain the C-GDGTs, which was
prepared directly for HPLC-MS analysis. The other aliquot was
subjected to acid hydrolysis by refluxing it in 2 mL of 5% HCl in
MeOH for 3 h at 70°C to remove polar head groups from the
IP-GDGTs. The solution was cooled to room temperature,
adjusted to pH 5 with KOH-MeOH (1:1, v/v) and partitioned by
addition of double-distilled water and DCM to achieve a ratio of
1:1 H2O-MeOH with the DCM phase containing the hydrolysed
lipids. The mixture was washed two more times with DCM. All
the DCM phases were dried under N2 and processed following
the description for the C-GDGTs mentioned earlier. The
abundance of IP-GDGTs is calculated as the difference
between hydrolysed (IP- and C-GDGTs) and non-hydrolysed
(C-GDGTs only) fractions.

HPLC-MS analysis

Samples (C-GDGTs) and (IP- and C-GDGTs) were analysed
on HPLC-atmospheric pressure chemical ionization-MS
(1200 Series/6460 Triple Quad, Agilent Technologies, Santa
Clara, California, USA). Five microliters of the sample was
injected into the device. GDGTs were eluted isocratically with
99% hexane (solventA) and 1% isopropanol (solvent B) for the
first 5 min, and followed by a linear gradient to 1.8% solvent B
for 45 min, with a constant flow rate of 0.2 ml min−1. The
(M + H)+ ion diagnostic of each GDGT was monitored by
selected ion (SIM; Appendix 1) in an Alltect Prevail Cyano
column (150 mm × 2.1 mm, 3 μm) maintained at 30°C. Quan-
tification of GDGTs (m/z 1302, 1300, 1298, 1296, 1294, 1292
and 1290) and a C46 GDGT internal standard (m/z 744) was
achieved by integration of the extracted peak areas of their
(M + H)+. Because GDGT-4 and thaumarchaeol coelute and
the isotopes of thaumarchaeol naturally contribute to the
signal of GDGT-4, the GDGT-4 peak area was corrected by
subtracting 46% of the thaumarchaeol peak area, according to
theoretical isotope distributions described by Hopmans and
colleagues (2000) and Pitcher and colleagues (2011a).
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Calculations of RI and TEX86

RI and TEX86 were calculated according to the following
equations described by Uda and colleagues (2004) and
Schouten and colleagues (2002), respectively:

RI

GDGT- GDGT- GDGT- GDGT-
GDGT- GDGT-

GDGT- GD
=

+ + + +
+

+

1 2 2 3 3 4 4
5 5 6 6

0 GGT- GDGT- GDGT-
GDGT- GDGT- GDGT-

1 2 3
4 5 6

+ + +
+ +

TEX
GDGT- GDGT- thaumarchaeol

GDGT- GDGT- GDGT- tha
86

2 3
1 2 3

= + + ′
+ + + uumarchaeol′

where GDGT-0 to GDGT-6, thaumarchaeol and thaumar-
chaeol’ refer to GDGT structures in Appendix 1.

DNA extraction, polymerase chain reaction (PCR) and
quantitative PCR (qPCR) of archaeal amoA gene and
bacterial nirS gene

Approximately 0.5 g of each of the hot spring sediment
samples were subjected to DNA extraction using the FastDNA
SPIN Kit for soil (MP Biomedicals, SantaAna, California, USA)
according to the manufacture’s protocol. Fragments of the
archaeal amoA and bacterial nirS genes were amplified using
the primer pairs Arch-amoAF (5′ STAATGGTCTGGCTTAG
ACG 3′)/Arch-amoAR (5′ GCGGCCATCCATCTGTATGT 3′;
Francis et al., 2005) and nirSF1acd (5′ TAYCACCCSGA
RCCGC 3′)/nirSR4cd (5′ GGSTGGCCRTTCAAGTTGC 5′;
Hallin and Lindgren, 1999) respectively. The PCR conditions
for amoA gene amplification were 5 min at 95°C for initial
denaturation of the DNAs followed by 30 cycles of 45 s at
94°C, 1 min at 51°C and 1 min at 72°C. The PCR conditions for
nirS gene amplification were 2 min at 94°C followed by 25
cycles of 30 s at 94°C, 1 min at 60°C and 1 min at 72.

The qPCR primers were Arch-amoAF/Arch-amoAR and
nirSCd3aF (5′ AACGYSAAGGARACSGG 3′)/nirSR3cd (5′
GASTTCGGRTGSGTCTTSAYGAA 3′; Throbäck et al., 2004)
for archaeal amoA gene and bacterial nirS gene respectively.
The qPCR was performed on archaeal amoA gene at 95°C for
30 s and 40 cycles at 94°C for 45 s, 53°C for 1 min and 68°C
for 45 s. The bacterial nirS gene qPCR was conducted at
95°C for 30 s and 40 cycles at 95°C for 15 s, 58°C for 30 s and
72°C for 30 s. Quantification standard comprised a dilution
series of purified DNA from a positive clone for each qPCR on
amoA or nirS gene. Triplicate measurements were run for
each sample and standard. The R2 values for standard curve
were above 0.99 and slope values were from −3.3 to −3.7,
indicating that the efficiency of each qPCR was between 87%
and 99%.

Statistical analysis

Cluster analysis was performed using the base program in R
2.12.1. The relative abundances of IP- or C-GDGTs from hot
spring sediments were imported into R and the heatmap in
the lattice library was used to establish the clustering tree.
The distance matrix was computed by Euclidean method. A
hierarchical clustering tree was generated using the complete

method. Bias can be caused by the introduction of a particu-
lar GDGT which is absent from a sample or below detection
limits. In order to minimize such bias, we used the criterion in
Pearson and colleagues (2008), which selects samples that
have at least five GDGT structures. Because each hot spring
sample contained a minimum of five of the nine GDGTs
(Appendix 1), all the hot spring samples were included in the
clustering analysis.

Regression analysis was performed to compare IP-GDGTs
and C-GDGTs and correlate archaeal GDGTs with environ-
mental variables. P values of regression model and bivariate
correlations between functional genes and P-GDGTs or
C-GDGTs were calculated by the SPSS software. We defined
the significant correlation when R2 value was no less than 0.5
or bivariate correlation above 0.7 or below −0.7 and P value
was less than 0.05.
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Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Redundancy analysis (RDA) ordination diagram of
major archaeal lipids with all environmental variables from
hot springs.
Fig. S2. Cluster analyses of archaeal IP-GDGTs from Tibetan
hot springs by the Euclidean and complete method (A), the
Canberra and complete method (B), the Euclidean and ward
method (C), the Canberra and ward method (D), the Eucli-
dean and median method (E) and the Canberra and median
method (F).
Table S1. Absolute concentrations of total GDGTs; RI and
TEX86 calculations for archaeal lipids; and amoA- and nirS
gene copy numbers for Tibetan hot springs (#1–37) and soil
samples (#38–42).
Table S2. Bivariate correlations between individual
IP-GDGTs or C-GDGTs and environmental variables. The
significant correlations are highlighted in bold.
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Appendix 1. Structures of archaeal core lipids from Tibetan hot springs. Thaumarchaeol’, thaumarchaeol regioisomer.
IS, internal standard.
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