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Branched glycerol dialkyl glycerol tetraethers (bGDGTs) are produced by bacteria and originally identified
from soils and peat bogs; recently, however, in situ production of bGDGTs in hot springs has been reported.
Consequently, we designed this study to evaluate the linkage between the distribution of bGDGTs, their biological
sources and inferred metabolic processes based on the distribution and abundance of bGDGTs, pertinent water
chemistry, the nirS gene (possibly in Beta- and Gamma-proteobacteria) and available 16S rRNA (tag) gene
pyrosequencing data from 37 Tibetan hot springs. The absolute and relative concentrations of intact polar and
core bGDGTs suggest that bGDGTs are predominantly produced in situ in these hot springs. Redundancy analyses
revealed correlations between the distribution of bGDGTs and concentrations of ammonium, nitrite, and nitrate
and the abundance ofnirS gene,which are better reflected in the core bGDGT fraction than in the respective intact
polar bGDGT fraction. Reanalysis of published bacterial 16S rRNA gene sequences showed that residence of
members of the bacterial phyla Proteobacteria and Bacteroidetes correlated positively with a new methylation
index (R(III + II)/I) of bGDGTs. Some representatives of these taxa examined in this study are capable of
nirS-encoded nitrite reduction, suggesting that bGDGT-synthesizing bacteria might be affiliated with these two
phyla in Tibetan hot springs.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Branched glycerol dialkyl glycerol tetraethers (bGDGTs; structures
presented in Fig. 1) were discovered in samples from peat bogs and
identified as a new group of cell membrane lipids (Sinninghe Damsté
et al., 2000). The bGDGTs exhibit amixture of archaeal (transmembrane
tetraethers) and bacterial (branched alkyl chains) traits; nevertheless,
the bGDGTs have 1,2-di-O-alkyl-sn-glycerol stereochemistry (Weijers
et al. 2006a), which is diagnostic for lipids of bacteria (Wächtershäuser,
2003 and references therein).
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).
The bGDGTs are ubiquitous in soils and peat deposits (Sinninghe
Damsté et al., 2000; Schouten et al., 2000; Weijers et al., 2006a,
2006b; Peterse et al., 2009a, 2010, 2012; Liu et al., 2010) and have
also been identified in lakes (e.g. Powers et al., 2004; Blaga et al.,
2009), coastal marine sediments (Schouten et al., 2000; Hopmans
et al., 2004) and hot springs (e.g. Schouten et al., 2007; He et al., 2012;
Hedlund et al., 2013; Zhang et al., 2013). In an empirical study of
about 130 soils worldwide, Weijers et al. (2007a) found significant
linear correlations between bGDGT compositions and annual mean air
temperature (MAT) or soil pH,which are expressed by twonovel indices,
the Methylation of Brached Tetraethers (MBT) index and the Cyclisation
of Branched Tetraethers (CBT) index. The MBT and CBT indices have
been successfully applied to reconstruct past continental temperatures
and soil pHs (Weijers et al., 2007b, 2007c, 2011; Ballantyne et al.,
2010; Bendle et al., 2010; Fawcett et al., 2011; Peterse et al., 2011b;
Rueda et al., 2009; Schouten et al., 2008; Tyler et al., 2010; Zhou et al.,
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Fig. 1. The structures of bacterial core lipids examined in Tibetan hot springs.
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2011; Zink et al., 2010). The bGDGTs recovered from aquatic systems in
earlier studieswere inferred to be attributed to contamination by erosion
of the catchment soils; however, recent studies demonstrated that
bGDGTs can be synthesized in situ in aquatic environments such as
lakes (Sinninghe Damsté et al., 2009; Tierney and Russell, 2009; Sun
et al., 2011; Tierney et al., 2011; Wang et al., 2012), fjords (Peterse
et al., 2009b), estuaries (Zhu et al., 2011; Zhang et al., 2012) and hot
springs (He et al., 2012; Hedlund et al., 2013; Zhang et al., 2013).

Upon cell death, intact polar lipids are degraded quickly into more
recalcitrant core lipids by cleavage of the polar head groups; therefore,
intact polar lipids were proposed to originate from living cells (Harvey
et al., 1986; White et al., 1977). The head groups of intact polar (IP)
bGDGTs have been identified to be sugars, phosphates, or a mixture
of both (Liu et al., 2010; Peterse et al., 2011a). It has been recently
suggested that the IP-bGDGTs may remain intact over a longer time
than originally suspected (Liu et al., 2010; Schouten et al., 2010).

Although bGDGTs are widely distributed in nature, their source
bacteria are still elusive. Weijers et al. (2009) combined organic
geochemical- and diverse culture-independent techniques to propose
Acidobacteria as potential biological sources of bGDGTs in peat bogs
but failed to identify specific organisms. Examination of a suite of pure
cultures of Acidobacteria identified only one bGDGT (bGDGT-I; Fig. 1)
in the membranes of three aerobic strains (Sinninghe Damsté et al.,
2011). However, abundant bGDGTs have been isolated from the anoxic
layers of peat bogs (Weijers et al., 2006a; Peterse et al., 2011a), suggest-
ing that other acidobacterial groups may contribute significantly to the
detectable pool of bGDGTs. Recently, Zhang et al. (2013) reported a
significant positive correlation between bGDGT abundance and the
presence of certain thermophilic bacteria in a Great Basin hot spring,
suggesting that bGDGTs in this hot spring may be produced in situ by
thermophiles. Hedlund et al. (2013) expanded this study to other hot
springs of the Great Basin and demonstrated that most bGDGTs are
more abundant in hot springs than in surrounding desert soils, again
suggesting that bGDGTs can be produced by thermophiles.

Here, we report the spatial distributions of core (C)- and IP-bGDGTs
in Tibetan hot springs to evaluate an allochthonous or autochthonous
origin of these lipids. We also examined the relationships between
bGDGTs and environmental factors and attempted to link abundances
of bGDGTs and the proteobacterial nirS gene (encoding the cytochrome
cd1 nitrite reductase, Zumft, 1997 and Throbäck et al., 2004) in commu-
nity DNA. Our data and the reanalysis of 16S rRNA gene pyrosequencing
data published by Wang et al. (2013) implicate that the source
organisms producing more bGDGTs with a high degree of methylation
and less bGDGTs with a low degree of methylation in the studied hot
springs may be bacteria affiliated with the phyla Proteobacteria and
Bacteroidetes, some representatives of which have the capacity for
nirS-encoded nitrite reduction as a major physiological trait.

2. Material and methods

2.1. Sampling

Thirty-seven surface sediment samples from hot springs and five
surrounding surface soil samples were collected from Gulu (GL), Naqu
(NQ), Guozu (GZ), Nima (NM) and Qucai (QC) regions on the Tibetan
Plateau in the northwest of China (Fig. 2). The sampling locations,
temperature and water chemical parameters were summarized in
Table 1. Samples were frozen immediately in liquid nitrogen in the
field and further stored at −80 °C in the lab. Temperature and water
chemical parameters (i.e. pH, ammonium, nitrite and nitrate) in
Table 1 have been reported in Li et al. (2013).

2.2. Lipid extraction and analysis

The total lipids were extracted using a sonication method and
separated into apolar (alkane) and polar (C- and IP-bGDGTs) fractions
following the procedure of Li et al. (2013). One aliquot of the polar frac-
tionwas directly screened by high-performance liquid chromatography-
atmospheric pressure chemical ionization-mass spectrometry (HPLC-
APCI-MS) (1200 Series/6460 Triple Quad, Agilent Technologies, Santa
Clara, California, USA) when the other aliquot was acid hydrolyzed
and subsequently analyzed on HPLC-APCI-MS. Conditions for HPLC-
APCI-MS were set as stated in Li et al. (2013). The abundance of
IP-bGDGTs was obtained using a subtraction method. Two samples,
GL-S-1 and NM-2S, contained non-detectable C- and IP-bGDGTs but
detectable archaeal tetraether lipids (Li et al., 2013).

The MBT and CBT calculations, based on the bGDGT distributions,
were according to Weijers et al. (2007a):

MBT ¼ Iaþ Ibþ Ic½ �= Iaþ Ibþ Icþ IIaþ IIbþ IIcþ IIIaþ IIIbþ IIIc½ � ð1Þ

CBT ¼ −LOG Ibþ IIb½ �= Iaþ IIa½ �ð Þ ð2Þ

The Roman numerals in the equations referred to the bGDGT
structures in Fig. 1.

2.3. Statistical analysis

Redundancy analysis (RDA) was performed using the software
CANOCO for Windows version 4.5. The nine bGDGTs as response
variables and environmental factors and log-transformed values of
proteobacterial nirS gene copy numbers as explanatory variables were
transferred into CANOCO software. Firstly, the lengths of the bGDGT
composition gradients for four axes were measured by the detrended
correspondence analysis (DCA) in the software CANOCO. As all of
these lengths were shorter than 3 (data not shown), the RDA analysis
based on a linear ordination method was suggested to be selected for
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Fig. 2. A map of sampling locations of hot springs examined on the Tibetan Plateau, China. The geographic map was generated by software, Global Map and Google Earth.
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our dataset (Jan Lepš and PetrŠmilauer, 2003). The variable significance
was examined using Monte-Carlo significance test with permutation
number of 999.

The correlations between bGDGTs and bacterial community from
reanalysis of pyrosequencing data in some of the same hot springs
were performed using SPSS software. These are GL-13-4, GL-20, GL-21,
NQ-4, GZ-1, NM-6, NM-7, QC-2, QC-7 and QC-9, which have been ana-
lyzed using pyrosequencing method (Wang et al., 2013). We excluded
the bacterial phyla that were present in no more than three samples.
As a result, 15 bacterial phyla (Acidobacteria, Aquificae, Armatimonadetes,
Bacteroidetes, Chlorobi, Chloroflexi, Cyanobacteria, Deinococcus-Thermus,
Firmicutes, Nitrospirae, Planctomycetes, Proteobacteria, Spirochaetes,
Thermotogae and Verrucomicrobia) were included in the following corre-
lation analysis. These 15 bacterial phyla contributedmore than 87% (usu-
ally 95%) to the bacterial community in each hot spring with the
exception of QC-2, which had 26% contribution from these phyla. Thus
the correlation analysis eventually included total nine hot spring sam-
ples (GL-13-4, GL-20, GL-21, NQ-4, GZ-1, NM-6, NM-7, QC-7 and QC-
9) with both C- and IP-bGDGTs and 15 bacterial phyla and their affiliat-
ed genera.
3. Results

3.1. Temperature and water chemistry

Temperature of the Tibetan hot springs ranged from22.1 °C to 80 °C,
with themajority of springs being cooler than 75 °C (Table 1). The pH of
the springs ranged between 7.0 and 9.1. The springs had relatively low
concentrations of dissolved inorganic nitrogen (DIN, 6.5 to 42.5 μM;
sum of NH4

+, NO2
− and NO3

−), with individual species reaching 33.3 μM
for NH4

+, 16.8 μM for NO2
−, and 17.7 μM for NO3

− (Table 1). DIN pools
inmost springswere dominated byNH4

+,withmoderate concentrations
of NO2

− and low concentrations of NO3
−. An exception was Nima (NM),

in which NO2
− and NO3

− dominated (Table 1).

3.2. Absolute and relative abundances of bGDGTs

Both C- and IP-bGDGTs were detected in all of the hot springs and
some of the surrounding soils. The total bGDGT concentrations ranged
from 3.06 ng/g to 683.41 ng/g in the C-bGDGT fraction and from
0.53 ng/g to 111.53 ng/g in the IP-bGDGT fraction in all hot springs
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Table 1
Information on the location, elevation (Elev.), temperature, water chemistry, absolute concentrations of total bGDGTs, MBT calculations for bacterial lipids, and bacterial nirS gene
abundance from Tibetan hot springs (#1–37) and soil samples (#38–42). All data have been published in Li et al. (2013) except the bGDGT data.

Location Elev. Temp. NH4
+ NO2

- NO3
- Total bGDGTs (ng/g) MBT CBT nirSg

No. Samplea Lat. (N)b Long. (E)c (m) (°C) pH uM uM uM C-bGDGTs IP-bGDGTs C-bGDGTs IP-bGDGTs C-bGDGTs IP-bGDGTs (copies/g)

1 GL-4 30°52′14.9″ 91°36′49.3″ 4694 77.0 7.9 BDf 0.1 BD 11.64 1.42 0.58 0.69 0.39 1.08 1.94E + 08
2 GL-7 30°52′31.3″ 91°36′42.9″ 4702 66.0 8.8 5.0 0.1 0.2 108.63 4.98 0.81 0.55 0.66 0.93 2.36E + 10
3 GL-10 30°52′32.0″ 91°36′38.8″ 4708 80.0 8.8 2.2 BD 0.5 8.46 2.77 0.77 0.80 0.42 0.16 1.00E + 12
4 GL-13-3 30°52′33.0″ 91°36′38.8″ 4710 70.0 7.8 5.6 BD 1.3 3.22 0.85 0.44 0.24 0.32 0.80 1.10E + 10
5 GL-13-4 30°52′33.0″ 91°36′38.8″ 4710 66.0 7.8 5.6 BD 1.3 30.23 8.98 0.57 0.58 0.32 0.93 1.45E + 10
6 GL-13-5 30°52′33.0″ 91°36′38.8″ 4710 46.0 7.8 5.6 BD 1.3 36.97 10.43 0.62 0.58 0.50 0.72 1.85E + 11
7 GL-13-7 30°52′33.0″ 91°36′38.8″ 4710 56.0 7.8 5.6 BD 1.3 46.20 22.51 0.86 0.93 NA 0.71 4.54E + 10
8 GL-13-8 30°52′33.0″ 91°36′38.8″ 4710 42.0 7.6 5.6 BD 1.3 34.61 32.78 0.78 0.80 NA 0.27 7.98E + 10
9 GL-13-9 30°52′33.0″ 91°36′38.8″ 4710 27.0 7.6 5.6 BD 1.3 12.00 7.23 0.42 0.67 1.01 0.13 1.44E + 12
10 GL-15 30°52′34.1″ 91°36′40.3″ 4709 80.0 9.1 7.2 0.2 0.5 8.81 2.60 0.31 0.38 0.24 0.22 3.35E + 09
11 GL-16 30°52′34.8″ 91°36′40.6″ 4708 67.0 7.0 12.8 0.4 1.0 7.37 2.84 0.62 0.63 0.49 0.88 1.02E + 09
12 GL-20 30°52′34.9″ 91°36′34.0″ 4715 46.0 7.4 BD 0.9 ND 4.92 1.16 0.63 0.35 0.42 0.43 1.59E + 11
13 GL-21 30°52′34.9″ 91°36′34.0″ 4716 56.0 7.6 5.6 0.1 0.2 157.23 26.62 0.93 0.84 0.50 0.52 5.35E + 10
14 GL-22 30°52′34.3″ 91°36′34.0″ 4715 73.0 8.1 2.2 0.3 0.5 12.64 3.90 0.63 0.70 0.35 0.30 1.94E + 08
15 GL-24 30°52′42.9″ 91°36′48.1″ 4705 68.0 7.5 BD BD 0.7 57.41 9.72 0.47 0.46 0.41 0.21 8.96E + 08
16 GL-26 30°52′43.6″ 91°36′50.6″ 4702 68.3 7.4 10.6 0.4 0.2 127.19 82.43 0.89 0.77 0.42 0.58 2.54E + 10
17 GL-30 NDd ND ND 49.0 7.3 1.7 BD 0.7 192.95 111.53 0.85 0.78 0.65 0.77 1.01E + 10
18 NQ-1 31°38′45.4″ 91°45′8.0″ 4555 54.0 7.4 28.9 11.5 1.6 49.33 1.41 0.39 0.52 0.10 0.34 2.44E + 11
19 NQ-2 31°38′45.6″ 91°45′8.2″ 4554 46.0 7.8 28.9 11.7 2.3 38.01 3.14 0.53 0.68 0.05 0.01 2.25E + 11
20 NQ-4 31°38′45.6″ 91°45′8.2″ 4554 48.0 7.8 33.3 10.7 1.3 12.40 1.39 0.36 0.50 0.39 0.58 1.93E + 11
21 NQ-5 31°38′45.1″ 91°45′8.3″ 4554 53.0 7.7 33.3 4.6 1.8 41.52 2.58 0.30 0.38 0.50 0.73 1.62E + 11
22 GZ-1 31°40′52.6″ 91°51′21.4″ 4610 22.1 7.2 3.9 5.7 2.7 314.38 90.13 0.26 0.29 0.32 0.49 1.66E + 12
23 GZ-2 31°40′54.1″ 91°51′19.8″ 4612 23.6 7.5 6.1 5.4 2.3 82.48 15.25 0.30 0.35 0.43 0.42 7.11E + 11
24 GZ-3 31°40′54.6″ 91°51′18.9″ 4612 21.9 7.5 18.9 6.3 2.4 31.89 3.62 0.40 0.65 0.41 0.27 6.38E + 11
25 NM-1 31°44′38.4″ 92°5′59.2″ 4642 50.0 7.3 6.1 13.2 17.7 10.97 0.85 0.33 0.08 0.20 0.30 1.66E + 12
26 NM-2 31°44′38.6″ 92°5′59.6″ 4642 51.0 7.0 0.6 15.4 15.5 3.06 0.53 0.58 0.68 0.42 0.77 2.52E + 13
27 NM-3 31°44′37.7″ 92°5′56.2″ 4639 42.0 7.0 1.7 15.7 15.5 31.71 8.22 0.25 0.29 0.27 0.43 1.28E + 13
28 NM-5 31°44′36.6″ 92°5′55.2 4637 47.0 7.0 BD 15.3 4.0 40.04 9.57 0.52 0.58 0.40 0.41 3.08E + 12
29 NM-6 31°44′34.1″ 92°5′57.4″ 4635 48.0 7.0 BD 14.6 5.7 683.41 5.35 0.98 0.72 0.81 −0.18 1.94E + 11
30 NM-7 31°44′33.6″ 92°6′0.9″ 4636 43.0 7.0 BD 16.8 5.3 118.00 16.00 0.69 0.66 0.04 0.91 5.46E + 12
31 QC-1 30°40′0.4″ 91°35′27.9″ 4501 71.0 7.8 16.1 2.5 0.7 73.62 2.09 0.78 0.66 0.06 0.31 1.76E + 10
32 QC-2 30°52′0.2″ 91°35′28.9″ 4505 75.0 7.6 24.4 1.2 0.5 10.39 52.33 0.95 0.92 0.26 0.27 1.67E + 08
33 QC-4 30°39′59.2″ 91°35′28.2″ 4500 74.0 8.1 16.1 1.1 0.7 22.36 1.68 0.76 0.63 0.11 −0.03 4.26E + 09
34 QC-5 30°39′59.2″ 91°35′28.2″ 4500 74.0 8.0 10.0 0.9 0.2 14.70 0.57 0.76 0.77 0.14 −0.59 7.37E + 08
35 QC-7 30°39′58.6″ 91°35′28.6″ 4500 62.5 7.9 4.4 7.5 2.3 55.39 1.17 0.88 0.60 0.67 1.55 6.28E + 09
36 QC-8 30°39′57.7″ 91°35′29.3″ 4499 62.6 8.0 17.2 1.5 0.2 51.28 2.26 0.87 0.59 0.23 0.37 4.91E + 10
37 QC-9 30°39′58.0″ 91°35′29.4″ 4499 60.0 8.1 12.8 0.9 BD 49.07 3.49 0.84 0.74 0.21 0.29 2.77E + 11
38 GL-S-1 30°52′14.5″ 91°36′49.7″ 4714 ND ND ND ND ND BD BD NAe NA NA NA ND
39 GL-S-2 30°52′14.3″ 91°36′49.1″ 4722 ND ND ND ND ND 7.55 0.36 0.36 0.30 0.08 −0.55 ND
40 NQ-S 31°38′45.4″ 91°45′7.6″ 4556 ND ND ND ND ND 6.96 0.48 0.87 0.58 0.74 0.69 ND
41 NM-2S 31°44′38.6″ 92°5′59.6″ 4642 ND ND ND ND ND BD BD NA NA NA NA ND
42 QC-S 30°39′59.7″ 91°35′29.8″ 4507 ND ND ND ND ND 8.46 2.87 0.22 0.47 0.30 0.11 ND

a GL = Gulu region; NQ = Naqu region; GZ = Guozu region; NM = Nima region; QC = Qucai region; S = soil (GL-S-1 and GL-S-2 are sampled fromGulu region and close to
the GL-4 hot spring. NQ-S locates above all the Naqu hot springs. NM-2S locates above all the Nima hot springs and near the NM-2 hot spring. 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.
e Not available.
f Below detection.
g Originally, we did the RDA analysis on bGDGTs and environmental parameters and the results were similar to those described in the main text. As the most abundant bGDGTs were

commonly found in the anoxic layers of peat bogs (Weijers et al., 2006a; Peterse et al., 2011a), the anaerobic metabolism was assumed to be the major process contributing to the pro-
duction of bGDGTs. Because nitrogen species were correlated to bGDGTs, the nirS and nirK genes were selected to test the link between nitrogen-oxide transformation and the production
of bGDGTs (the nirK gene experiment failed; data not shown). Bacterial amoA gene (targeting autotrophic ammonia-oxidizing bacteria) was not tested based on the understanding that all
bGDGT producers are likely hetetrophic (Weijers et al., 2010).
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examined (Table 1). Total C- and IP-bGDGTs were significantly
correlated (Fig. 3a).

In the soil surrounding some of the hot springs, however, the total
bGDGT concentrations ranged from below detection limit to 8.46 ng/g
in the C-bGDGT fraction and from below detection limit to 2.87 ng/g
in the IP-bGDGT fraction (Table 1), whichwere 1–2 orders ofmagnitude
lower and showed less variation than in hot spring sediments. The C-
and IP-bGDGTs in the surrounding soil samples were not significant
correlated (Fig. 3b).

The MBT values calculated for hot spring bGDGTs ranged from 0.25
to 0.98 in the C-bGDGT fraction and from 0.08 to 0.93 in the IP-bGDGT
fraction (Table 1). The MBT values for core and polar bGDGTs were
significantly correlated (Fig. 3c).
3.3. Redundancy analysis (RDA)

RDA analysis was performed for C-bGDGTs and IP-bGDGTs to
examine possible relationships between the compositions of bGDGTs
and concentrations of environmental parameters and log-transformed
values of proteobacterial nirS gene copy numbers (Table 1 and Fig. 4),
which were published in Li et al. (2013). In the C-bGDGT fractions,
the two axes explained 21% (14% for axis 1 and 7% for axis 2) of
the bGDGT distribution and 80% (55% for axis 1 and 25% for axis 2) of
the relations between bGDGTs and environmental factors and nirS
gene abundance (Fig. 4a). The correlations between bGDGTs and
environmental factors and nirS gene abundance were 0.581 on axis 1
and 0.648 on axis 2 (Fig. 4a). Since variables weighted much more



Fig. 3. Correlations between the core- and polar bGDGT fractions in absolute concentrations from hot spring sediments (a) and surrounding soils (b) and in MBT based on relative
concentrations from hot spring sediments (c). The black lines with black equations show the linear correlation between C- and IP-bGDGTs from hot spring sediment samples (R square
value and P value), whereas the red one represents the linear correlation from soil samples. The black dashed line represents the 1:1 line for each graph. X-marks represent hot spring
sediment samples from Gulu region; green squares from Naqu region; yellow triangles from Guozu region; pink circles from Nima region; and blue diamonds from Qucai region
(Table 1 and Fig. 2). The surrounding soil samples are labeled using red color with the same symbols as the counterpart hot spring sediment samples. For example, red X-mark represents
soil sample from Gulu region, whereas black X-mark represents hot spring sediment samples from the same region. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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heavily on axis 1 than on axis 2, we focused on the explanation for axis 1
as follows. The bGDGTswith a high degree of methylation (i.e. bGDGTs-
IIIa, -IIIb, -IIIc, -IIa, -IIb and -IIc; Weijers et al., 2007a) correlated posi-
tively with axis 1 whereas bGDGTs with low degree of methylation
(i.e. bGDGTs-Ia, -Ib and -Ic) correlated negatively with axis 1 (Fig. 4a).
Ammonium, nitrite, nitrate and nirS gene abundance varied positively
with axis 1 whereas temperature and pH varied negatively with axis 1
(Fig. 4a). According to the lengths of vectors, temperature, ammonium,
nitrite, nitrate and nirS gene abundance correlated stronglywith bGDGT
distribution whereas pH correlated weakly with bGDGT distribution
(Fig. 4a). Temperature and pH correlated positivelywith lessmethylated
bGDGTs (i.e. bGDGTs -Ia, Ib, Ic) and negatively with highly methylated
bGDGTs (i.e. bGDGTs-IIIa, IIIb, IIIc, IIa, IIb, IIc). Ammonium, nitrite, nitrate
and nirS gene abundance correlated positively with bGDGTs-IIIa, -IIIb,
-IIIc, -IIa, -IIb and -IIc and negatively with bGDGTs -Ia, -Ib and -Ic.

In the IP-bGDGT fraction, axes 1 and 2 explained less than those in
the C-bGDGT fraction, suggesting that the environmental and nirS
Fig. 4. RDA analysis based on the correlation between the hot spring sediment bGDGT composi
(a) and the IP-bGDGT fraction (b). The numbers in the plot refer to the hot spring samples in th
samples are labeled according to Fig. 3. The horizontal dashed line represents axis 1 on which
represent environmental factors (temperature, pH, ammonium, nitrite and nitrate) and nirS gen
in Fig. 1.
gene abundance data explained the bGDGT data less effectively than
those in the C-bGDGT fraction (Fig. 4b). Since bGDGTs-IIIa and IIIc
weighted too small on either axis 1 or axis 2, these two bacterial lipids
were excluded from the analysis of the pattern correlation between
the bGDGT distribution and environmental factors and nirS gene abun-
dance. The results were similar to those in the C-bGDGT fraction. The
bGDGT-Ia, -Ib or -Ic correlated positively with temperature and pH
and negatively with ammonium, nitrite, nitrate and nirS gene abun-
dance; bGDGTs-IIIb, -IIa, -IIb and -IIc correlated negativelywith temper-
ature and pH and positively with ammonium, nitrite, nitrate and nirS
gene abundance (Fig. 4b).

3.4. Relationship between bGDGT methylation and bacterial 16S rRNA
gene sequences

A new methylation index R(III + II)/I (Eq. (3)) was developed based
on the RDA analysis (see 3.2) to delineate the relationship between
tions and the distributions of environmental factors and nirS gene in the C-bGDGT fraction
e Table 1. Sample 1 represents GL-4 and sample 37 represents QC-9. Hot spring sediment
the variables weight whereas the vertical dashed line represents axis 2. The large vectors
e. The small vectors represent bGDGTs. The Roman numerals refer to structures of bGDGTs

image of Fig.�3
image of Fig.�4


Table 2
Correlations between C-bGDGTs or IP-bGDGTs and the bacterial genera from the
reanalyses of pyrosequencing data in nine of the Tibetan hot springs (Wang et al., 2013).
Significant correlations are in bold.

Lipids Genera

Thiobacillus

C-bGDGTs bGDGT-IIc Bivariate correlation 0.019
Sig. (2-tailed) 0.962

RIII + II/I Bivariate correlation 0.840
Sig. (2-tailed) 0.005

IP-bGDGTs bGDGT-IIa Bivariate correlation 0.576
Sig. (2-tailed) 0.105

bGDGT-IIb Bivariate correlation 0.632
Sig. (2-tailed) 0.068

bGDGT-IIc Bivariate correlation 0.699
Sig. (2-tailed) 0.036

RIII + II/I Bivariate correlation 0.776
Sig. (2-tailed) 0.014
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bGDGT methylation and the bacterial community phylotypes based on
pyrosequencing:

R IIIþIIð Þ=I ¼ IIIaþ IIIbþ IIIcþ IIaþ IIbþ IIc½ �= Iaþ Ibþ Ic½ � ð3Þ

where the Roman numerals referred to the bGDGT structures in Fig. 1.
Two bacterial phyla identified in Wang et al. (2013) in the nine hot

springs (GL-13-4, GL-20, GL-21, NQ-4, GZ-1, NM-6, NM-7, QC-7 and
QC-9) were found to correlate with R(III + II)/I in the C- and IP-bGDGT
fractions (Fig. 5). The phyla Proteobacteria and Bacteroidetes correlated
positively with R(III + II)/I in the C-bGDGT fraction (Fig. 5a). In the
IP-bGDGT fraction, these correlations were also observed and one of
them (correlation between Bacteroidetes and R(III + II)/I) was stronger
than that in the C-bGDGT fraction (Fig. 5b), which is inconsistent with
the result of RDA analysis (Fig. 4). This discrepancy may be due to the
fact that re-analysis of the pyrosenquencing data was only based on
nine hot spring sediment samples rather than all hot spring samples.

In amore detailed analysis, we attempted to determinewhich of the
taxa identified byWang et al. (2013) at the genus level correlated with
R(III + II)/I index or individual bGDGT distribution (Table 2). Thiobacillus
of the class Betaproteobacteria correlated positively with R(III + II)/I in
the C- and IP-bGDGTs (Table 2). In the IP-bGDGT fraction, Thiobacillus
correlated positively with bGDGT-IIc (Table 2). These correlations
were better reflected in the IP-bGDGT fraction than in the C-bGDGT
fraction. Additionally, in the C-bGDGT fraction, significant positive
correlation existed between Candidatus Solibacter of the phylum
Acidobacteria and the distribution of bGDGT-IIc (Suppl. Table 1).

4. Discussion

4.1. Factors affecting nitrogen speciation in Tibetan hot springs

Ammonium (NH4
+) was more abundant than oxidized nitrogen

species (nitrite and nitrate) in most springs, which is consistent with
nitrogen speciation patterns in other geothermal systems such as
Yellowstone National Park (Zhang et al., 2008; Holloway et al., 2011)
and the U.S. Great Basin (Dodsworth et al., 2011; Vick et al., 2010).
Fig. 5. Linear correlations between R(III + II)/I and bacterial phyla in the
The concentrations of ammonium, nitrite, and nitrate in Tibetan
hot springs are also within the range of these species observed in
pristine geothermal springs (Holloway et al., 2011; Dodsworth et al.,
2011). Sources of ammonium are largely controlled by the sedimentary
nature of the subsurface formation and processes affecting the
abundance of nitrogen species may be chemical (e.g., pH), physical
(e.g., temperature) or biological (e.g., nitrification vs. denitrification)
(Holloway et al., 2011; Dodsworth et al., 2011). The wide occurrence
of amoA gene encoding ammonia-oxidizing archaea (AOA) in terrestrial
hot springs (Zhang et al., 2008; Jiang et al., 2010) and theenrichment and
isolation of thermophilic AOA (de la Torre et al., 2008; Hatzenpichler
et al., 2008) suggest that these organisms may play an important role
in controlling the abundance of ammonium in Tibetan hot springs. On
the other hand, ammonia-oxidizing bacteria (AOB) appear to play a
less important role in the consumption of ammonium in hot springs,
particularly when temperature exceeds 50 °C, since few reports
exist of thermophilic AOB. The relatively high concentration of nitrite,
particularly in Nima hot spring, may indicate that chemolithotrophic
oxidation of ammonia supplied in the source water is faster than
C- and IP-bGDGT fractions in nine hot spring sediment samples.

image of Fig.�5
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consumption of nitrite, either by assimilation, chemolithotrophic oxida-
tion (nitrification), or anaerobic respiration (denitrification). However,
the presence of the nirS gene in Tibetan hot springs, as determined by
PCR targeting some Betaproteobacteria and Gammaproteobacteria nirS
genes, suggests that bacterial nitrite reductionmay occur in these envi-
ronments, as has been documented in other terrestrial geothermal
springs (Dodsworth et al., 2011; Hedlund et al., 2011).

4.2. The origin of bGDGTs detected in Tibetan hot springs

Schouten et al. (2007) were the first to report the presence of
bGDGTs in Yellowstone hot springs, which was interpreted to have
been mainly introduced by soil runoff. The authors, however, also
suggested the possibility of in situ production of bGDGTs in the hot
spring environment, which was validated by observations in Great
Basin (Hedlund et al., 2013; Zhang et al., 2013) and Tibetan (He et al.
2012) hot springs. Results of the current study further support these
observations by showing that the bGDGT abundance is generally
muchhigher in hot springs than in surrounding soils and that significant
correlations exist between C- and IP-bGDGTs in hot springs.

4.3. Temperature, pH and nitrogen species effect on bGDGTs in Tibetan hot
springs and implications for the biological sources of bGDGTs

Weijers et al. (2007a) found that the calculated MBT index correlat-
ed positively with temperature, whereas Peterse et al. (2012) observed
that temperature correlated negatively with the relative abundances of
bGDGTs-IIIa and -IIa and positively with bGDGT-Ia. These correlations,
which were originally based on soil samples, are supported by correla-
tions examined between temperature and bGDGTs in the Tibetan hot
springs of this study but not in the previously studied Great Basin
(Hedlund et al., 2013; Zhang et al., 2013) or Tibetan (He et al., 2012)
hot springs.

In the same soil samples studied by Weijers et al. (2007a) and
Peterse et al. (2012), pH was observed to correlate negatively with the
calculated CBT index (Weijers et al., 2007a) or bGDGT-Ia (Peterse
et al., 2012) and positively with bGDGTs-Ib, -IIb and -IIc (Peterse et al.,
2012). The non-metric multidimensional scaling analysis by Hedlund
et al. (2013) suggested weak correlations between pH and bGDGTs
with less methylated bGDGTs favoring high pH conditions. Our study
also showed similar weak correlations between pH and the bGDGT dis-
tribution. The inconsistency between hot spring (Hedlund et al., 2013
and this study) and soil environments (Weijers et al., 2007a; Peterse
et al., 2012) may be explained by the alkaline range of pH in the hot
springs of the Great Basin (6.8 to 10.7) and Tibet (7.0 to 9.1), which is
in contrast to the much wider and often acidic pH conditions in soils
and peat bogs. Hot springs also are characterized by distinct water
chemistry and unique bacterial populations (Zhang et al., 2008; Boyd
et al., 2013; Cole et al., 2013; Hou et al., 2013), which may contribute
to unique distributions of bGDGTs in the hot springs.

In Tibetan hot springs, multiple environmental factors (e.g. reduced
and oxidized fixed nitrogen species) correlated with the distribution of
the C- and IP- fractions of bGDGTs. Additionally, these correlations
appeared to be stronger in the C-bGDGT fraction than the IP-bGDGT
fraction. This suggests that the C-bGDGTs may be more reliable indica-
tors of the interplay between the extant organisms producing bGDGTs
and the surrounding environment. One explanation may be that the
majority of C-bGDGTs are derived from hydrolysis of the more labile
phospholipids that are better indicators for the presence of living cells
(Harvey et al., 1986; Schouten et al., 2010; Peterse et al., 2011a)whereas
the IP-bGDGTs are mainly derived from more recalcitrant glycolipids
that can resist degradation for much longer time and may be preserved
on geological scales (Schouten et al., 2010). This is partially supported
by our incubation experiment using soil samples that showed persistent
presence of IP-bGDGTs at temperatures up to 85 °C for 30 days (unpub-
lished data). Given that the observed core structures of the C-bGDGT
fraction were more abundant in their concentration than those of the
counterpart IP-bGDGT fraction (Fig. 3a), it is suggested that the
bGDGT-producing bacteria in Tibetan hot springs have high regenera-
tion rate (Lipp et al., 2008; Liu et al., 2010), and the amount of glycosidic
lipids decorated in such bacterial membrane is small relative to the
membrane lipids decorated with phosphate head group (Weijers
et al., 2011).

The observed correlations between DIN species and the distribution
of bGDGTs suggest that the bGDGT-producing organisms may actively
participate in nitrogen metabolism in Tibetan hot springs. The nirS
gene abundance, as determined by PCR with primers targeting
sequences that are conserved in Beta- and Gammaproteobacteria nirS
genes (Li et al., 2013; Throbäck et al., 2004) correlated positively with
highly methylated bGDGTs and negatively with minimally methylated
bGDGTs. These observations lead us to hypothesize that the genetic
capacity for nirS-encoded nitrite reduction is a physiological trait of
the source organisms synthesizing more bGDGTs with a high degree
of methylation (e.g. bGDGTs-IIIa, -IIIb,-IIIc, -IIa, -IIb and -IIc) in Tibetan
hot springs. Based on these observations, a new methylation index
(R(III + II)/I) was proposed to identify some of the potential bGDGT-
synthesizing Proteobacteria that harbor a nirS gene in their genomes.

The relative abundance of the bacterial phylum Proteobacteria corre-
lated positively with R(III + II)/I. Interestingly, many representatives
of the genera Thiobacillus and Pseudomonas in these two phyla are
known to utilize the nirS gene product for the reduction of nitrite to
nitric oxide (Zumft, 1997; Beller et al., 2006, 2013), which can be
subsequently denitrified or ammonified (Simon and Klotz, 2013). Resi-
dence of these genera has been verified in nine of the Tibetan hot
springs (Wang et al., 2013). In particular, the presence and distribution
of the proteobacterial genus Thiobacillus correlated positively with
R(III + II)/I and the distribution of bGDGT-IIc. The relationship between
the phylum Bacteroidetes and R(III + II)/I, described here, is consistent
with the significant correlation between Bacteroidetes and the total
abundance of C- and IP-bGDGTs in cellulolytic enrichments in a
Great Basin hot spring (Zhang et al., 2013). These data suggest that
bGDGT-synthesizing bacteria may be affiliated with the two phyla
Proteobacteria and Bacteroidetes.

Acidobacteria are likely biological sources of bGDGTs in peat bogs
and soils (Weijers et al., 2006a; Sinninghe Damsté et al., 2011). No
significant correlation between Acidobacteria and R(III + II)/I was
observed in this study. However, Acidobacteria correlated positively
with the relative abundance of bGDGT-IIc in the IP-bGDGT fraction
(R = 0.790, P = 0.011). Through the genomic analyses, Ward et al.
(2009) postulated that the strain Ellin6076 in the genus Candidatus
Solibacter of the Acidobacteria encoded the ability to use cellulose as
the carbon source and reduce nitrate/nitrite. In our study, the relative
abundance of the genus Candidatus Solibacter positively correlated
with the relative abundance of bGDGT-IIc in nine of the hot springs,
suggesting that “Candidatus Solibacter” may be a source of bGDGTs. In
contrast, Zhang et al. (2013) did not find any significant correlation
between Acidobacteria and bGDGTs in a Great Basin hot spring, suggest-
ing that some organisms producing bGDGTs in the hot springs may be
different from those in the soil environment.

5. Summary and conclusions

Through the analyses of absolute and relative concentrations of
C-bGDGTs and IP-bGDGTs, we revealed that hot spring bGDGTs are
predominantly formed in situ. The RDA analyses suggest that concen-
trations of ammonium, nitrite, nitrate and log transformation values of
proteobacterial nirS gene abundance correlated positively with the
distribution of bGDGTs-IIIa, -IIIb, -IIIc, -IIa, -IIb and -IIc and negatively
with the distribution of bGDGTs-Ia, -Ib and -Ic, which can be defined
by a new methylation index (R(III + II)/I). Through reanalysis of
published bacterial 16S rRNA gene pyrotags from nine of the Tibetan
hot springs, the phyla Proteobacteria and Bacteroidetes were positively
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correlated with the new index R(III + II)/I and some representatives of
these Proteobacteria (including Thiobacillus, which positively correlated
with R(III + II)/I) encode the nirS gene in their genomes. Our results
suggest that some of the thermotolerant or thermophilic bacteria with
the genetic potential of nirS-encoded nitrite reduction and/or members
of the Bacteroidetesmay be the biological sources of heavily methylated
bGDGTs in Tibetan hot springs. Despite these observations, to our
knowledge, none of the thermophilic organisms mentioned above
have been tested for the production of bGDGTs in pure cultures. To
test our hypothesis, future studies will focus on studying moderately
thermophilic or thermotolerant Proteobacteria and Bacteroidetes for
their capacity to synthesize methylated bGDGTs.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2014.08.015.
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