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H-shaped glycerol dialkyl glycerol tetraethers (H-GDGTs), also called glycerol monoalkyl glycerol tetrae-
thers (GMGTs), are a unique group of membrane lipids found in several lineages of Euryarchaeota and Cre-
narchaeota. Their function in these taxa is, however, not well understood. Here we show their presence in
both core lipid and polar lipid fractions from microbial biomass sampled from hot springs in Tibet, China
(21.9–80.0 �C; pH 7.0–9.1), Tengchong, China (55.1–93.6 �C; pH 2.5–9.4) and Yellowstone National Park
(YNP), USA (16.3–86.7 �C; pH 2.1–9.6) using high performance liquid chromatography–mass spectrome-
try. The number of cyclopentyl rings ranged from zero (H-GDGT-0) to six (H-GDGT-6) in lipid fractions in
Tengchong and YNP and from zero to four (H-GDGT-4) in those from Tibet. While H-GDGT-0 was the
most abundant H-GDGT in Tibetan springs, H-GDGT-4 predominated in Tengchong and H-GDGT-6 pre-
dominant in YNP, resulting in higher ring indices in the latter springs. While pH appeared to be the most
important factor affecting the variation in the relative abundance and average number of cyclopentane
rings in H-GDGTs from YNP communities, both temperature and pH appeared to be important controls
on the abundance of H-GDGT lipids in Tengchong communities, whereas neither pH nor temperature
appeared to influence the abundance or average number of cyclopentane rings in H-GDGTs from Tibetan
spring communities. Furthermore, the relative abundance of H-GDGTs to total iGDGTs was greater in hot
springs with acidic pH, particularly those from YNP. This finding, coupled with taxonomic profiling of
archaeal 16S rRNA genes recovered from the same YNP springs, indicates that H-GDGTs in acidic springs
may be synthesized by members of the archaeal order Thermoplasmatales, which are adapted to acidic pH.

Published by Elsevier Ltd.
1. Introduction pH (Macalady et al., 2004; Pearson et al., 2008; Boyd et al.,
The lipid membrane plays a fundamental role in energy conser-
vation and the maintenance of intercellular homeostasis. Microor-
ganisms synthesize diverse lipid structures with widely varying
biophysical properties (Koga and Morii, 2007; Chong et al., 2012)
that have facilitated their diversification into environments with
wide ranging conditions, including extremes of temperature and
2013). The predominant membrane lipids of Archaea are isopren-
oid glycerol dialkyl glycerol tetraethers (iGDGTs), which occur
ubiquitously in the natural environment (Schouten et al., 2000,
2013). They consist of two ether-linked C40 polyisoprenoid (i.e.
biphytanyl) chains with zero to as many as eight cyclopentyl rings
and up to one cyclohexyl ring (i.e. crenarchaeol; Fig. 1; Sinninghe
Damsté et al., 2002; Schouten et al., 2000, 2003; Pearson et al.,
2004; Zhang et al., 2006; de la Torre et al., 2008). The cyclopentyl
rings are thought to increase the packing density of the membrane
and thereby enhance its thermal stability (Gliozzi et al., 1983;
Gabriel and Chong, 2000) and decrease its permeability to ions
(Elferink et al., 1994). Indeed, both pure culture (Macalady et al.,
2004; Boyd et al., 2011) and environmental surveys (Pearson
et al., 2008; Boyd et al., 2013; Li et al., 2013) indicate that the
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Fig. 1. Structures of isoprenoid GDGTs and H-GDGTs in hot springs.
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number of cyclopentyl rings per iGDGT correlates with the temper-
ature and acidity of the system.

H-shaped GDGTs (H-GDGTs), also known as glycerol monoalkyl
glycerol tetraethers (GMGTs; Knappy et al., 2011; Schouten et al.,
2013), are a unique group of lipids that contain a C–C bond
between the two C40 biphytanyl chains (Fig. 1). They were origi-
nally found in membrane lipid extracts from the hyperthermophil-
ic methanogen Methanothermus fervidus (Morii et al., 1998) and
have since been found in extracts from other Euryarchaea, includ-
ing Aciduliprofundum boonei and several members of the Thermo-
coccales (Sugai et al., 2000, 2004; Schouten et al., 2008b; Knappy
et al., 2011). In addition, they have been detected in the crenarcha-
eon Ignisphaera aggregans (Knappy et al., 2011). The number of
cyclopentyl rings in H-GDGTs in cultures of I. aggregans was similar
to that of the iGDGT lipids, a finding interpreted to indicate that
these two lipid classes might be synthesized via the same enzy-
matic pathway or shared components of the same pathway
(Schouten et al., 2008a; Knappy et al., 2011). Intriguingly, the max-
imum number of cyclopentyl rings per H-GDGT in all the cultures
is four (Knappy et al., 2011), whereas the maximum per iGDGT in
cultures is eight (Schouten et al., 2008a and references cited
therein). Furthermore, no H-GDGT counterpart has been reported
for crenarchaeol, which has four cyclopentyl rings and one cyclo-
hexyl ring (Sinninghe Damsté et al., 2002). These observations
may suggest either a different biosynthetic pathway for H-GDGTs
from iGDGTs or that the synthesis of H-GDGTs and iGDGTs is under
different regulatory control.

Surveys of environments such as marine hydrothermal systems
also reveal a widespread distribution of H-GDGTs. For example,
core H-GDGTs with 0–4 cyclopentyl rings were found in a black
smoker field at the Arctic Mid-Ocean Ridge (Jaeschke et al.,
2012). Likewise, those with zero cyclopentyl rings (H-GDGT-0)
occurred in the core lipid fraction (Lincoln et al., 2013) and the
intact polar lipid fraction (Gibson et al., 2013) in different hydro-
thermal vents at the Mid-Atlantic Ridge. In the latter study, H-
GDGTs comprised 5.9–11.5% of total intact polar iGDGTs (Gibson
et al., 2013). They have also been reported in low temperature
marine or lacustrine environments (Schouten et al., 2008a) where
they represent < 6% of the total iGDGTs. This suggests that H-
GDGTs may be synthesized by mesophilic Archaea. Alternatively,
it is possible that the H-GDGTs in low temperature marine or
lacustrine environments are allochthonous, originating from
hydrothermal vents that are co-located in the sedimentary basin
(Lincoln et al., 2013).

Despite the widespread distribution of H-GDGTs in cultivated
organisms, as well as those in the natural environment, their func-
tion in archaeal physiology is enigmatic. It has been hypothesized
that they represent an added feature of archaeal membrane lipids
that function to maintain cell membrane fluidity as a protective
mechanism against temperature stress or that function to limit
pH-induced membrane over-protonation (Knappy et al., 2011).
Here, in an effort to elucidate the role of H-GDGTs in archaeal
physiology, we report the abundance of and average internal ring
distribution in H-GDGTs from biomass from hot springs in Tibet
and Tengchong, China and Yellowstone National Park (YNP), USA,
for which the iGDGTs have been reported (He et al., 2012; Boyd
et al., 2013; Li et al., 2013; Wu et al., 2013). These springs span a
gradient in temperature from 16.3 �C to 93.6 �C and pH from 2.1
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to 9.6. As such, these springs offer the opportunity to identify shifts
in H-GDGT abundance and average internal ring distributions
along pH and temperature gradients that may shed light on their
potential role in maintaining cellular homeostasis in high temper-
ature or acidic environments.

2. Material and methods

2.1. Sample collection and field measurements

A total of 77 sediment samples were collected (Tables 1–6). The
reader is referred to previous studies documenting the geochemi-
cal characteristics and sampling methods for hot springs from
Tibet (Li et al., 2013) and YNP (Boyd et al., 2013). Briefly, samples
for lipid analysis were stored in liquid N2 (Tibet and Tengchong)
or on dry ice (YNP) immediately following sample collection and
were transferred to a �20 �C freezer (Tibet and Tengchong) or
�80 �C freezer (YNP) following return to the lab. Temperature
and pH were measured with portable meters, respectively. The
concentrations of NH4

+, NO2
�, NO3

�, S2�, SO4
2�, PO4

3� and Fe2+ were
measured in the field using portable Hach kits according to the
manufacturer’s instructions (Hach Company, Loveland, Colorado,
USA). The physicochemical data (Supplementary material,
Table S1) and archaeal 16S rRNA gene pyrotag data (Table S2) from
YNP springs were compiled from Boyd et al. (2013).

2.2. Lipid extraction and analysis

The procedures for lipid extraction and analysis using high per-
formance liquid chromatography–mass spectrometry (HPLC–MS)
were as in Boyd et al. (2013) and Li et al. (2013). Briefly, the
freeze-dried sediment was ground with a mortar and pestle and
an aliquot was extracted using sonication (Schouten et al., 2007)
and a modified Bligh and Dyer extraction procedure (White et al.,
1979). Samples from Tibet were first sonicated with MeOH (2�),
MeOH:dichloromethane (DCM) (1:1, v/v, 2�) and finally DCM
(2�), with centrifugation after each extraction. The YNP and
Table 1
Temperature, pH, relative abundance of P-H-GDGTs and concentration of total P iGDGTs a

Sample Temp. (�C) pH Relative abundance of individual P H-GDGTs (%)

0 1 2 3 4 5

E1 71.0 3.1 0.1 0.1 0.6 2.0 32.0 34.7
E2 83.0 2.3 n.d. n.d. n.d. n.d. n.d. n.d.
E3 58.3 2.8 0.0 0.0 0.3 0.3 3.2 10.3
E4 79.5 4.3 0.1 0.2 1.2 2.4 30.9 27.3
E5 82.0 2.6 0.2 0.2 0.8 2.1 25.5 26.4
E6 75.0 2.9 0.1 0.3 0.6 3.4 21.7 26.1
E7 22.5 2.6 0.3 0.3 1.4 3.2 21.7 18.3
E8 70.0 3.3 0.7 0.5 1.5 3.5 40.5 23.6
E9 64.8 4.5 n.d. n.d. 1.1 4.1 24.7 20.8
E10 82.4 7.2 n.d. n.d. n.d. 7.1 32.0 20.5
E11 60.2 7.5 n.d. n.d. n.d. n.d. 18.9 22.4
E12 47.7 8.5 13.7 3.3 4.3 6.0 36.0 9.1
E14 64.8 3.5 4.1 1.7 2.9 4.8 30.7 26.9
E15 69.0 9.3 40.1 5.8 4.1 5.0 26.9 7.8
E17 86.7 9.1 6.9 6.0 6.1 10.0 53.2 6.7
E18 54.5 9.5 n.d. n.d. n.d. n.d. 58.1 17.2
E19 38.0 9.6 4.9 2.6 2.6 4.2 51.3 12.9
E22 67.0 8.9 7.3 12.3 19.9 24.6 35.9 n.d.
E24 55.0 6.7 1.0 2.9 3.5 6.7 85.9 n.d.
E26 48.0 5.8 65.1 6.8 4.7 5.2 16.4 0.8
E29 81.5 4.1 5.5 2.2 3.7 4.5 23.4 21.7
E31 39.2 3.0 0.3 0.2 0.7 1.7 17.2 22.2
E32 43.1 2.8 2.2 1.9 4.0 8.3 38.8 13.7
E36 32.7 2.1 5.5 1.2 2.2 1.6 18.5 23.1
E39 16.3 5.0 n.d. n.d. n.d. 2.4 72.5 9.3

a Additional data, including GPS coordinates and iGDGT compositions can be found in
Tengchong samples were extracted with MeOH, DCM and phos-
phate buffer (pH 7.4; 2:1:0.8; v/v/v). All extracts from the Bligh
and Dyer method were pooled. DCM and deionized water were then
added to the combined extract to achieve phase separation. The
bottom DCM layer was collected and the solvent removed under N2.

The total lipid extract (TLE) was fractionated over a pre-acti-
vated silica gel column into core lipids (F1) and polar lipids (F2)
containing both iGDGTs and H-GDGTs (simplified as GDGTs) using
hexane:EtOAc (3:1, v/v) and MeOH, respectively. A C46 internal
GDGT standard (0.1 lg) was added to F1 and F2, and the solvent
removed under N2. The polar fraction was divided into two ali-
quots: F2-A and F2-B. Aliquot, F2-A, was subjected to acid hydroly-
sis to release the polar GDGTs as core lipids. Hydrolysis was
achieved by adding 5% HCl in MeOH to the dry extract in a vial,
which was then capped and left for 3 h at 70 �C. The samples were
allowed to cool to room temperature before DCM and MilliQ-water
were added. The DCM fraction was collected and blown to dryness
with N2. F2-B was used to determine whether core lipids would be
eluted in the polar lipids. F1, F2-A and F2-B were dissolved in hex-
ane:isopropanol (99:1, v/v) and filtered with a 0.45 lm membrane
prior to HPLC–MS.

Samples were analyzed with an Agilent 6460 series HPLC–atmo-
spheric pressure chemical ionization (APCI)–MS system, using pub-
lished methods (Schouten et al., 2007). An aliquot (5 ll) of sample
was injected. GDGTs were eluted isocratically with 99% hexane (A)
and 1% isopropanol (B) for the first 5 min, followed by a linear gradi-
ent to 1.8% B for 45 min, at a constant 0.2 ml/min. The (M+H)+ diag-
nostic of each GDGT (m/z 1302, 1300, 1298, 1296, 1294, 1292, 1290,
1288 and 1286) was monitored via selected ion monitoring (SIM) of
the eluent from an Alltect Prevail Cyano column (150 mm � 2.1 mm,
3 lm) at 30 �C. Quantification of iGDGTs and the internal standard
(m/z 744) was achieved by integration of the peak areas of the
(M+H)+ ions. Because iGDGT-4 and crenarchaeol co-elute and the
isotopes of crenarchaeol naturally contribute to the signal from
iGDGT-4, the iGDGT-4 peak area was corrected by subtracting 46%
of the crenarchaeol peak area, according to theoretical isotope distri-
butions as described by Hopmans et al. (2000).
nd total P H-GDGTs from YNP hot springs (n.d., not detected; n.a., not available).a

Relative abundance
of PH-GDGTs (%)

PH-GDGTs (ng/g) PiGDGTs (ng/g) P H-RI

6

30.5 9.4 160 1543 4.9
n.d. n.d. n.d. 2 n.a.
86.1 0.7 11 1634 5.8
37.9 1.4 7 496 5.0
45.0 15.2 588 3282 5.1
47.9 5.2 431 7786 5.2
54.9 10.6 177 1495 5.2
29.8 9.9 285 2588 4.7
49.3 3.1 7 233 5.1
40.4 0.0 n.d. 192 4.9
58.7 1.4 1 748 5.4
27.7 0.4 156 34,838 3.9
28.9 3.7 315 8280 4.5
10.2 0.3 3 891 2.4
11.1 0.2 2 1057 3.6
24.8 0.1 1 850 4.7
21.6 0.1 36 25,532 4.2
n.d. 0.2 76 39,486 2.7
n.d. 0.0 1 17,833 3.7
1.1 3.8 20 5309 1.1
39.0 1.7 13 742 4.6
57.7 6.4 23 333 5.3
31.0 0.7 4 524 4.4
47.9 5.9 28 446 4.9
15.9 0.3 11 3440 4.4

Boyd et al. (2013).



Table 3
Location, temperature, pH, relative abundance of P H-GDGTs, and concentration of total P iGDGTs and total P H-GDGTs from Tengchong hot springs (n.d., not detected).

Sample Location Temp. (�C) pH Relative abundance of individual P-H-GDGTs (%) Relative abundance
of PH-GDGTs (%)

P H-GDGTs
(ng/g)

PiGDGTs
(ng/g)

P H-RI

0 1 2 3 4 5 6

T1 Great Boiling Pot 85.0 7.2 24.7 9.6 12.9 15.7 36.6 0.5 n.d. 0.9 15 1682 2.3
T2 Experimental Site 55.1 2.5 7.7 3.1 5.3 10.5 51.8 13.0 8.6 0.9 11 1170 3.7
T3 Experimental Site 64.5 2.6 n.d. n.d. n.d. n.d. 62.7 21.4 15.9 0.6 3 451 4.5
T4 Experimental Site 85.1 2.6 22.5 6.4 6.4 9.3 46.7 6.6 2.2 3.3 21 618 2.8
T5 Gumingquan 82.5 9.3 21.7 4.1 4.7 15.0 54.5 n.d. n.d. 0.6 9 1634 2.8
T6 Gumingquan 89.1 9.4 16.3 6.4 5.6 11.1 60.2 0.2 0.2 1.0 26 2473 2.9
T7 Gumingquan 93.0 9.4 9.7 7.9 10.0 11.6 60.8 n.d. n.d. 0.5 10 2253 3.1
T8 Sisters Springs 93.6 9.3 14.6 5.6 7.7 11.9 60.3 n.d. n.d. 0.7 9 1195 3.0
T9 Sisters Springs 83.2 9.4 13.0 4.8 5.1 15.0 62.1 n.d. n.d. 0.5 14 2984 3.1
T10 Pearl Spring 90.7 4.6 17.4 7.2 7.6 13.8 48.8 3.2 1.9 0.2 39 15,955 2.9
T11 Hydrothermal Outbreak 79.8 8.0 38.1 19.3 6.5 6.7 29.5 n.d. n.d. 1.4 5 378 1.7
T12 Hydrothermal Outbreak 78.2 8.3 39.0 18.0 8.6 9.5 22.3 1.5 1.1 0.8 3 372 1.7
T13 Ruidian Spring 73.0 7.3 100.0 n.d. n.d. n.d. n.d. n.d. n.d. 0.5 < 1 39 0.0
T14 Ruidian Spring 73.0 7.3 100.0 n.d. n.d. n.d. n.d. n.d. n.d. 2.8 1 34 0.0
T15 Jinze Spring 81.1 6.7 27.4 9.8 11.1 13.6 37.9 0.1 0.1 25.8 630 1814 2.3

Table 4
Location, temperature, pH, relative abundance of C H-GDGTs, and concentration of total C iGDGTs and total C H-GDGTs from Tengchong hot springs (n.d., not detected).

Sample Location Temp. (�C) pH Relative abundance of Individual C H-GDGTs (%) Relative abundance
of C-H-GDGTs (%)

C H-GDGTs
(ng/g)

CiGDGTs
(ng/g)

C H-RI

0 1 2 3 4 5 6

T1 Great Boiling Pot 85.0 7.2 22.8 12.2 9.5 13.1 39.7 2.7 0.0 0.7 1 186 2.4
T2 Experimental Site 55.1 2.5 6.2 3.3 6.8 9.8 51.5 12.0 10.4 1.2 8 700 3.7
T3 Experimental Site 64.5 2.6 n.d. n.d. n.d. n.d. 71.8 15.7 12.5 1.0 2 187 4.5
T4 Experimental Site 85.1 2.6 26.4 4.0 5.6 6.4 48.9 6.5 2.1 7.2 27 354 2.8
T5 Gumingquan 82.5 9.3 20.7 4.2 4.5 5.3 65.2 n.d. n.d. 0.8 2 275 2.9
T6 Gumingquan 89.1 9.4 23.7 10.0 9.0 12.3 44.6 0.3 0.2 3.8 26 645 2.5
T7 Gumingquan 93.0 9.4 8.1 3.6 6.0 10.3 72.0 n.d. n.d. 0.9 5 609 3.3
T8 Sisters Springs 93.6 9.3 21.8 7.0 6.4 8.2 56.6 n.d. n.d. 0.6 1 226 2.7
T9 Sisters Springs 83.2 9.4 21.1 0.0 8.8 10.7 59.4 n.d. n.d. 0.4 2 487 2.9
T10 Pearl Spring 90.7 4.6 29.4 6.2 8.2 6.6 43.2 4.8 1.6 1.0 101 10,332 2.5
T11 Hydrothermal Outbreak 79.8 8.0 31.3 0.0 10.0 10.6 48.0 n.d. n.d. 4.6 4 72 2.4
T12 Hydrothermal Outbreak 78.2 8.3 40.2 0.0 9.9 7.9 30.0 4.6 7.4 2.4 1 47 2.3
T13 Ruidian Spring 73.0 7.3 100.0 n.d. n.d. n.d. n.d. n.d. n.d. 0.7 < 1 9 0.0
T14 Ruidian Spring 73.0 7.3 100.0 n.d. n.d. n.d. n.d. n.d. n.d. 0.7 < 1 14 0.0
T15 Jinze Spring 81.1 6.7 51.0 9.9 9.7 8.4 20.8 0.1 0.1 32.3 447 937 1.4

Table 2
Temperature, pH, relative abundance of C H-GDGTs, and concentration of total C iGDGTs and total C H-GDGTs from YNP hot springs (n.d., not detected; n.a., not available).a

Sample Temp. (�C) pH Relative abundance of Individual C-H-GDGTs (%) Relative abundance
of CH-GDGTs (%)

C H-GDGTs (ng/g) CiGDGTs (ng/g) C H-RI

0 1 2 3 4 5 6

E1 71.0 3.1 0.1 0.1 0.7 2.0 32.5 34.6 30.0 7.5 1234 15,163 4.9
E2 83.0 2.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 11 n.a.
E3 58.3 2.8 n.d. n.d. 0.3 0.2 2.3 9.4 87.8 10.8 194 1601 5.8
E4 79.5 4.3 n.d. n.d. 1.3 2.7 30.7 27.5 37.8 2.2 130 5792 5.0
E5 82.0 2.6 0.2 0.2 0.8 2.1 25.2 26.5 45.1 8.4 5194 56,528 5.1
E6 75.0 2.9 0.1 0.2 1.1 3.7 21.6 24.5 48.8 5.4 595 104,666 5.2
E7 22.5 2.6 0.3 0.1 1.3 2.3 18.7 17.4 59.9 28.2 591 1507 5.3
E8 70.0 3.3 0.7 0.4 1.4 3.4 40.9 23.0 30.3 14.4 3054 18,179 4.7
E9 64.8 4.5 n.d. n.d. n.d. n.d. 17.8 20.4 61.8 10.4 14 123 5.4
E10 82.4 7.2 n.d. n.d. n.d. n.d. 34.5 23.6 41.9 2.7 3 118 5.1
E11 60.2 7.5 n.d. n.d. n.d. n.d. 17.4 20.4 62.1 8.1 15 165 5.4
E12 47.7 8.5 8.5 2.9 5.1 4.4 24.1 10.6 44.4 1.6 110 6602 4.4
E14 64.8 3.5 3.6 2.2 2.9 3.5 20.8 24.0 43.0 45.0 138 169 4.8
E15 69.0 9.3 23.3 n.d. n.d. n.d. 31.9 14.6 30.2 0.6 2 339 3.8
E17 86.7 9.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 339 n.a.
E18 54.5 9.5 n.d. n.d. n.d. n.d. 60.3 14.0 25.7 0.1 1 851 4.7
E19 38.0 9.6 n.d. n.d. n.d. n.d. 44.3 17.3 38.4 0.4 33 8152 4.9
E22 67.0 8.9 8.8 12.2 17.5 23.2 27.7 6.6 4.0 0.3 46 17,063 2.8
E24 55.0 6.7 100.0 n.d. n.d. n.d. n.d. n.d. n.d. 0.0 < 1 5808 0.0
E26 48.0 5.8 47.3 6.1 5.5 6.6 30.4 1.8 2.3 3.4 67 1913 1.8
E29 81.5 4.1 n.d. n.d. n.d. n.d. 26.8 27.5 45.7 2.4 10 398 5.2
E31 39.2 3.0 n.d. n.d. n.d. 1.2 16.5 21.1 61.2 14.4 81 483 5.4
E32 43.1 2.8 n.d. n.d. n.d. n.d. 30.3 16.9 52.8 4.9 7 132 5.2
E36 32.7 2.1 4.8 1.1 1.6 1.7 17.1 24.7 49.0 7.4 51 643 5.0
E39 16.3 5.0 n.d. n.d. n.d. n.d. 36.5 19.5 44.0 1.2 6 497 5.1

a Additional data, including GPS coordinates and iGDGT compositions can be found in Boyd et al. (2013).
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Table 5
Location, temperature, pH, relative abundance of P H-GDGTs and concentration of total P iGDGTs and total P H-GDGTs from Tibet hot springs (n.d., not detected).a

Sampleb Temp. (�C) pH Relative abundance of Individual P H-GDGTs (%) Relative abundance
of P-H-GDGTs (%)

P H-GDGTs (ng/g) PiGDGTs (ng/g) P H-RI

0 1 2 3 4

GL-4 77.0 7.9 64.6 11.8 7.2 7.7 8.6 20.8 19 73 0.8
GL-7 66.0 8.8 58.4 15.6 14.7 7.6 3.7 25.1 128 382 0.8
GL-13-4 66.0 7.8 100.0 n.d. n.d. n.d. n.d. 0.6 5 580 0.0
GL-13-5 46.0 7.8 100.0 n.d. n.d. n.d. n.d. 0.6 2 317 0.0
GL-13-7 56.0 7.8 100.0 n.d. n.d. n.d. n.d. 0.3 3 577 0.0
GL-15 80.0 9.1 100.0 n.d. n.d. n.d. n.d. 2.7 8 232 0.0
GL-16 67.0 7.0 65.5 14.0 10.0 7.4 3.0 12.7 23 156 0.7
GL-20 46.0 7.4 91.1 8.9 n.d. n.d. n.d. 2.6 1 37 0.1
GL-21 56.0 7.6 100.0 0.0 n.d. n.d. n.d. 4.1 2 32 0.8
GL-22 73.0 8.1 90.8 9.2 n.d. n.d. n.d. 8.0 18 208 0.1
GL-24 68.0 7.5 78.2 11.9 10.0 n.d. n.d. 9.2 14 134 0.3
GL-26 68.3 7.4 85.2 7.6 4.0 1.9 1.4 7.8 89 1045 0.3
NQ-2 46.0 7.8 59.9 40.1 n.d. n.d. n.d. 7.6 1 10 0.4
NQ-4 48.0 7.8 100.0 n.d. n.d. n.d. n.d. 7.2 < 1 5 0.0
NQ-5 53.0 7.7 59.7 40.3 n.d. n.d. n.d. 6.4 2 26 0.4
NM-6 48.0 7.0 100.0 n.d. n.d. n.d. n.d. 2.4 1 55 0.0
NM-7 43.0 7.0 55.6 31.4 12.9 n.d. n.d. 8.2 3 36 0.6
QC-1 71.0 7.8 69.5 18.8 11.7 n.d. n.d. 5.1 5 88 0.4
QC-2 75.0 7.6 69.5 30.5 n.d. n.d. n.d. 2.0 3 153 0.3
QC-4 74.0 8.1 100.0 n.d. n.d. n.d. n.d. 13.6 7 44 0.0
QC-5 74.0 8.0 100.0 n.d. n.d. n.d. n.d. 6.0 1 14 0.0
QC-7 62.5 7.9 83.4 16.6 n.d. n.d. n.d. 1.3 3 253 0.2
QC-8 62.6 8.0 89.3 6.7 4.0 n.d. n.d. 24.5 27 84 0.1
QC-9 60.0 8.1 100.0 n.d. n.d. n.d. n.d. 2.4 1 41 0.0

a Additional data, including GPS coordinates, can be found in Li et al. (2013).
b GL, Gulu; NQ, Naqu; NM, Nima; QC, Qucai.

Table 6
Temperature, pH, relative abundance of C H-GDGTs and concentration of total C iGDGTs and total C H-GDGTs from Tibet hot springs (n.d., not detected; n.a., not available).a

Sampleb Temp. (�C) pH Relative abundance of individual C-H-GDGTs (%) Relative abundance
of CH-GDGTs (%)

C H-GDGTs (ng/g) CiGDGTs (ng/g) C H-RI

0 1 2 3 4

GL-4 77.0 7.9 59.2 13.5 11.2 10.8 5.3 11.0 3 28 0.9
GL-7 66.0 8.8 35.9 23.7 25.3 11.8 3.3 25.2 48 142 1.2
GL-13-4 66.0 7.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 150 n.a.
GL-13-5 46.0 7.8 100.0 n.d. n.d. n.d. n.d. 0.4 1 160 0.0
GL-13-7 56.0 7.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 108 n.a.
GL-15 80.0 9.1 100.0 n.d. n.d. n.d. n.d. 2.1 2 74 0.0
GL-16 67.0 7.0 71.8 17.0 11.3 n.d. n.d. 9.9 5 39 0.4
GL-20 46.0 7.4 75.6 24.4 n.d. n.d. n.d. 1.4 3 172 0.2
GL-21 56.0 7.6 100.0 n.d. n.d. n.d. n.d. 2.9 1 19 0.0
GL-22 73.0 8.1 67.8 32.2 n.d. n.d. n.d. 1.4 7 509 0.3
GL-24 68.0 7.5 63.2 36.8 n.d. n.d. n.d. 4.3 2 48 0.4
GL-26 68.3 7.4 55.2 18.4 12.7 9.5 4.2 4.6 9 190 0.9
NQ-2 46.0 7.8 100.0 n.d. n.d. n.d. n.d. 1.5 < 1 18 0.0
NQ-4 48.0 7.8 100.0 n.d. n.d. n.d. n.d. 4.9 < 1 4 0.0
NQ-5 53.0 7.7 100.0 n.d. n.d. n.d. n.d. 3.1 1 22 0.0
NM-6 48.0 7.0 100.0 n.d. n.d. n.d. n.d. 1.4 1 51 0.0
NM-7 43.0 7.0 70.9 29.1 n.d. n.d. n.d. 5.2 2 27 0.3
QC-1 71.0 7.8 100.0 n.d. n.d. n.d. n.d. 1.6 1 45 0.0
QC-2 75.0 7.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 12 n.a.
QC-4 74.0 8.1 100.0 n.d. n.d. n.d. n.d. 7.2 1 13 0.0
QC-5 74.0 8.0 100.0 n.d. n.d. n.d. n.d. 1.2 < 1 9 0.0
QC-7 62.5 7.9 100.0 n.d. n.d. n.d. n.d. 1.0 < 1 28 0.0
QC-8 62.6 8.0 82.1 9.1 8.9 n.d. n.d. 18.6 4 17 0.3
QC-9 60.0 8.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 14 n.a.

a Additional data, including GPS coordinates, can be found in Li et al. (2013).
b GL, Gulu; NQ, Naqu; NM, Nima; QC, Qucai.
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H-GDGTs-0 to -4 were assigned on the basis of known mass
spectra of the compounds (Schouten et al., 2008b). H-GDGTs-5
and -6 were predicted from retention time and mass numbers fol-
lowing the approach of Schouten et al. (2008b) and Liu et al.
(2012). Because the exact covalent bond in H-GDGT-0 had only
been tentatively assigned (Morii et al., 1998), its position in other
predicted H-GDGTs is also uncertain (Schouten et al., 2008b). The
possibility of misassigning a OH-GDGT as a H-GDGT was elimi-
nated because single ion monitoring (SIM) was used, with only
m/z 1302, 1300, 1298, 1296, 1294, 1292, 1290 and 1288 (Fig. 1).
A representative chromatogram showing H-GDGT-0 to H-GDGT-6
is presented in Fig. 2.

To compare the abundance of H-GDGTs at different study sites
we calculated a relative abundance index using the concentration
of the compound according to the following equation:

Relative abundance ¼ H-GDGTs
X

H-GDGTsþ
X

iGDGTs
� �.

ð1Þ



Fig. 2. Base peak chromatogram of a sample from hot spring E12 in YNP with mass
traces shown for sample peak numbers corresponding to compounds numbered in
Fig. 1. Assignment of H-GDGTs was based on retention time characteristics of
H-GDGTs following the approach of Schouten et al. (2008b) and Liu et al. (2012).
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where H-GDGTs include H-GDGT-0, -1, -2, -3, -4, -5 and -6 and
iGDGTs include iGDGT-0, -1, -2, -3, -4, -5, -6, -7, and -8, and crenar-
chaeol and its isomer. The H-Ring Index was calculated using the
fractional abundance according to the following equation:

H-Ring Index ¼ ½ðH-GDGT-1Þ þ ðH-GDGT-2� 2Þ
þ ðH-GDGT-3� 3Þ þ ðH-GDGT-4� 4Þ
þ ðH-GDGT-5� 5Þ þH-GDGT-6� 6Þ� ð2Þ
2.3. Statistical methods

Clustering of YNP samples based on H-GDGT profiles was per-
formed using the base program in R 2.12.1 (freeware available at
http://cran.r-project.org/) (Maindonald, 2007). The relative abun-
dance of P or C H-GDGTs (polar and core H-GDGTs, respectively)
from YNP hot spring sediments were imported into R and were
used to construct a distance matrix (squared Euclidean distance)
using the method of two-way joining (Yang et al., 2013). A hierar-
chical clustering tree was generated using the Heatmap command
in the base R package (Maindonald, 2007). The relationship
between the distribution of P and C H-GDGTs and environmental
factors was explored with redundancy analysis (RDA) using the
software Canoco (version 4.5; Microcomputer Power (Ter Braak
Fig. 3. Concentration (log transformed) of P H-GDGTs vs. the concentration of C H-GDGT
the hashed line (A). The ratio of P GDGTs and C H-GDGTs was plotted vs. spring pH (B)
and Smilauer, 2002)). Equations to predict relationships between
environmental parameters and P or C ring index (calculated using
the average internal ring distributions in P- and C-H-GDGTs or
iGDGTs as described by Uda et al. (2004)) were generated using
multiple regression analysis in Matlab (available at http://
www.mathworks.com/, Version 7.11.0, The Mathworks Inc.,
Natwick, MA).

3. Results and discussion

3.1. Sample description

The hot springs span substantial gradients in temperature and
pH, the extent of which varied with location. For example, YNP
(Table 1) and Tengchong (Table 3) hot springs spanned a similar
pH gradient (2.1–9.6 in YNP; 2.5–9.4 in Tengchong) but differed
in temperature gradient (16.3–86.7 �C in YNP; 55.1–93.6 �C in
Tengchong). In contrast, springs from Tibet (Table 5) spanned a
more restricted pH gradient (7.0–9.1) and a more narrow temper-
ature range (43.0–80.0 �C) than for to YNP and Tengchong (Tables 1
and 3).

3.2. H-GDGT distribution and abundance

All 15 hot spring samples from Tengchong had H-GDGTs in the
core lipid fraction (Table 4) whereas this was the case for only 20 of
the 37 Tibetan samples (Table 6) and 23 of the 25 YNP samples
(Table 2). Among the samples with detectable H-GDGTs in the core
fraction, those from YNP [median 59.9 ng/g dry mass sediment
(GDM)] had a higher concentration than that from Tengchong
(median 2.2 ng/GDM) or Tibet (median 1.3 ng/GDM). H-GDGTs in
the polar lipid fraction were found in all 15 Tengchong samples
(Table 3), 24 of the 37 Tibet samples (Table 5) and 24 of the 25
YNP samples (Table 1). Among the samples with H-GDGTs in the
polar fraction, those from YNP (median 12.5 ng/GDM) and Teng-
chong (median 10.4 ng/GDM) generally had a higher concentration
than those from Tibet (median 3.2 ng/GDM).

The more common occurrence of H-GDGTs in the polar fraction
than the core lipid fraction may indicate that H-GDGTs are endog-
enously produced and unlikely to be derived simply from the allo-
chthonous input of soil-associated microorganisms or their
degradation products. In support of an endogenous hot spring
source, the concentration of P H-GDGTs in springs where they were
detected was greater than that of C H-GDGTs in 23 of the 24 Tibet
samples and 13 of the 15 Tenchong hot springs. In contrast,
s in extracts from springs in Tibet, Tengchong, and YNP with a 1:1 ratio indicated by
.

http://cran.r-project.org/
http://www.mathworks.com/
http://www.mathworks.com/
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H-GDGTs were in higher abundance in the polar fraction than the
core fraction in only 10 of the 24 YNP samples where they were
detected (Fig. 3A). Concentrations of C H-GDGTs and P H-GDGTs
correlated (Pearson R 0.87, P < 0.01; Fig. 3A), which may suggest
that the same populations are responsible for the synthesis of C
and P H-GDGTs. The proportion of P H-GDGTs to C H-GDGTs corre-
lated with pH, albeit not strongly (R 0.42, P < 0.01); Fig. 3B).
This may indicate a lower ratio of living to dead or inactive H-
GDGT-producing Archaea under acidic conditions than in alkaline
environments. Alternatively, it may point to more efficient regen-
eration of P H-GDGTs from C H-GDGTs in populations that dis-
tinctly inhabit alkaline systems vs. those that distinctly inhabit
acidic systems in a manner analogous to that proposed for C
iGDGTs and P iGDGTs (Liu et al., 2011). A similar relationship
was noted for the abundance of P iGDGTs to C iGDGTs in the same
YNP springs, whereby alkaline systems tend to favor a higher ratio
than in acidic systems (Boyd et al., 2013). Both the hypotheses to
explain the elevated ratio of P H-GDGTs to C H-GDGTs (reported
here) and P iGDGTs to C iGDGTs reported by Boyd et al. (2013) in
alkaline environments vs. acidic hot spring communities are con-
sistent with a more active archaeal community in alkaline systems.
In support of this hypothesis, higher rates of assimilation and/or
mineralization of CO2, formate and acetate have been observed in
alkaline springs than in acidic hot spring communities in YNP
(Boyd et al., unpublished data) and a higher abundance of ATP
(proxy for activity) has been detected in alkaline vs. acidic hot
springs on the island of Monterrat (Atkinson et al., 2000).
Fig. 4. Fractional abundance of P H-GDGTs or C H-GDGTs to total GDGT
The relative abundance of P H-GDGTs as a proportion of total P
GDGTs (P iGDGTs + P H-GDGTs) was generally greater in Tibetan
hot springs (median 6.2%) than those from YNP (median 1.4%)
and Tengchong (median 0.8%) (Fig. 4A and B). In contrast, the rel-
ative abundance of C H-GDGTs to total C-GDGTs (C iGDGTs + C
H-GDGTs) was generally greater (Fig. 4C and D) in YNP hot springs
(median 4.2%) than those from Tibet (median 3.0%) and Tengchong
(median 1.0%). The relative abundance of P H-GDGTs to total P
GDGTs (P iGDGTs + P H-GDGTs) was generally greater in Tibetan
hot springs (median 6.2%) than in those from YNP (median 1.4%)
and Tengchong (median = 0.8%).

The average distribution of internal rings in hot spring derived
H-GDGTs varied with location. H-GDGTs with 0–4 cyclopentyls
were detected in both the core and polar fractions obtained from
Tibetan hot springs, H-GDGTs being enriched in H-GDGT-0 (36–
100% of total C H-GDGTs; 56–100% of total P H-GDGTs) and were
depleted in H-GDGT-3 and H-GDGT-4 (Tables 5 and 6). In contrast,
H-GDGTs with 0–6 cyclopentyls were detected in the core and
polar fractions in hot spring samples collected from YNP and Teng-
chong (Tables 1–4 and Fig. 1). H-GDGT-4 was the most prevalent
H-GDGT in both the polar and core fraction in 11 of the 15 hot
spring communities from Tengchong. The other 4 were dominated
by H-GDGT-0, H-GDGT-5 and H-GDGT-6, which generally repre-
sented < 5.0% of total H-GDGTs in both core and polar lipid frac-
tions. Exceptions were the two acidic and mid-temperature sites
(T2 and T3), where the abundance of these two lipid structures
ranged from 8.6–21.4% of total H-GDGTs, respectively. In contrast
s (P or C H-GDGTs + P or C iGDGTs) vs. spring temperature and pH.



Fig. 5. P H-GDGT ring index vs. C H-GDGT ring indices, revealing a strong
correlation in extracts from springs in Tibet, Tengchong and YNP.
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to Tibet and Tengchong, H-GDGT-6 was the most prevalent lipid in
YNP, representing the dominant structure in 10 of the 20 springs
where P H-GDGTs were detected and 12 of the 19 where C H-
GDGTs were detected. In YNP where H-GDGT-6 was not the dom-
inant structure, H-GDGT-4 tended to predominate.

The wide variation in the production of core and polar H-GDGTs
as a total of GDGTs indicated variable production of H-GDGTs by
Archaea inhabiting the hot springs. The core H-GDGTs were gener-
ally more abundant (< 1–45% of total core GDGTs; median 2.9%;
avg. 6.3 ± 8.8%, n = 55) than those for low temperature marine or
lacustrine environments (< 6% of the total iGDGTs; Schouten
et al., 2008a). Yet, the relative abundance of polar H-GDGTs (< 1–
26% of total polar GDGTs; median 2.5%; avg. 5.1 ± 6.4%, n = 60)
was similar to those for marine geothermal vents (< 12% of total
intact polar GDGTs; Gibson et al., 2013) but less abundant than
the proportion in pure cultures (0–48.9%; Knappy et al., 2011 and
references therein). Overall, the results are consistent with previ-
ous observations that ring distributions in H-GDGTs and iGDGTs
mirror each other. This has been interpreted to possibly be the
result of a similar biosynthetic pathway for the two lipid classes
(Schouten et al., 2008a; Knappy et al., 2011) or may indicate that
different biosynthetic pathway(s) involved in the synthesis of
these lipids are under the same regulatory control.

3.3. Relationship between average internal ring distribution in H-
GDGTs and spring temperature and pH

Although H-GDGTs have been proposed to be involved in
enhanced membrane stability in response to temperature
extremes (Morii et al., 1998; Sugai et al., 2000, 2004), studies have
not demonstrated a close correlation between temperature and
abundance of H-GDGTs in either cultures (e.g. Schouten et al.,
2008b; Knappy et al., 2011) or environmental samples (Jaeschke
et al., 2012; Gibson et al., 2013; Lincoln et al., 2013). The fractional
abundance of H-GDGTs in core and polar fractions from all hot
springs samples (Tibet, Tengchong and YNP), when considered
together, did not display significant variation as a function of
spring temperature or pH (Fig. 4A–D). Likewise, individual analysis
of H-GDGT data from both core and polar lipid fractions obtained
from Tibet and Tengchong did not display a significant relationship
with either temperature or pH (Fig. 4A–D), although as mentioned
above, they did peak in the 60–80 �C range. In contrast, the frac-
tional abundance of H-GDGTs in both the core and polar fractions
from hot springs in YNP displayed significant and inverse correla-
tions with spring pH (Pearson R �0.46 and �0.58, respectively; P
0.02 and < 0.01, respectively; Fig. 4B and D), but not temperature
(Fig. 4A and B). Taken together, these observations may indicate
that inclusion of H-GDGTs in lipid membranes in some populations
may serve the purpose of increasing acid tolerance (e.g. YNP acidic
hot spring populations), whereas in others they serve to increase
thermal tolerance (e.g. Tibet alkaline high temperature hot spring
populations).

The differences in the fractional abundance of H-GDGTs to total
GDGTs prompted an evaluation of the taxonomic composition of
communities inhabiting circumneutral to alkaline pH niches. Cir-
cumneutral to alkaline springs in YNP and Tibet were both shown
to harbor an abundance of 16S rRNA genes that exhibited affilia-
tion with putative nitrifying Archaea (Huang et al., 2011; Boyd
et al., 2013). However, while the sequences from circumneutral
to alkaline springs in YNP generally exhibited > 97% sequence iden-
tity to the 16S rRNA gene from Candidatus Nitrosocaldus yellowsto-
nii, those from circumneutral to alkaline springs in Tibet were
more closely related to Nitrosphaera spp. (ca. 96% identity) and
Nitrosopumilus spp. (ca. 94% sequence identity). Characterized
strains of Nitrosphaera (Hatzenpichler et al., 2008) and Nitrosop-
umilus (Könneke et al., 2005) are moderately thermophilic or
mesophilic, respectively, whereas those affiliated with Ca. N. yel-
lowstonii arethermophilic (de la Torre et al., 2008) are capable of
growth up to 74 �C, although RNA-based studies indicate that clo-
sely related strains of Ca. N. yellowstonii are active up to 86 �C
(Hamilton et al., 2014). Based on evidence from existing cultures,
it is surprising that the elevated temperatures in Tibetan hot
springs select for Nitrosphaera or Nitrosopumilus and not Ca. N. yel-
lowstonii. This may suggest the presence of chemical nuances
between YNP and Tibet springs that select against Ca. N. yellowsto-
nii and select for moderately thermophilic or mesophilic nitrifying
Archaea, despite the presence of temperatures in the latter that
would presumably be suboptimal. While such differences between
systems that might be responsible for this demarcation in archaeal
nitrifying lineages are unknown, it is possible that elevated salinity
in Tibetan springs relative to YNP springs is a controlling factor.
The growth and maintenance of the Nitrosphaera or Nitrosopumilus
in the Tibetan springs may require H-GDGTs as a thermal adapta-
tion, which would be consistent with a peak in the fractional abun-
dance of H-GDGTs to total GDGTs in the 60–80 �C range as noted
above. Further work aimed at characterizing the lipid composition
of Nitrosphaera or Nitrosopumilus strains grown under thermal
stress may shed light on the potential for H-GDGT synthesis in
these lineages.

The relative abundance of individual H-GDGTs exhibited vary-
ing levels of correlation with temperature and pH, with differences
in the level of correlation in springs from Tibet, Tengchong and
YNP (Tables 1–6). For example, none of the individual structures
in Tibetan hot spring communities exhibited significant correlation
with temperature or pH. In contrast, the relative abundance of
H-GDGTs-2 and -3 in the polar lipid fraction from communities
inhabiting Tengchong hot springs correlated significantly with
temperature (Pearson R 0.54; P 0.04 for both structures; Fig. S1).
Likewise, the relative abundance of H-GDGT-1 and H-GDGT-4 in
the polar fraction from YNP hot spring communities exhibited sig-
nificant and positive correlation with pH (Pearson R 0.53 and 0.44,
respectively; P 0.01 and 0.03, respectively; Fig. S2). The abundance
of H-GDGT-5 and -6 in the core and polar lipid fractions from hot
spring communities inhabiting both Tengchong and YNP was sig-
nificantly and inversely correlated with pH (P < 0.04 for all correla-
tions; Fig. S3). This indicates that these unique lipids are
preferentially synthesized by thermoacidophilic Archaea inhabit-
ing springs with acidic pH.

The H-GDGT ring index (H-RI) represents an abundance
weighted average of the number of cyclopentyls per structure.
The H-RI in the core (H-C-RI) lipid fractions correlated with the
RI in the polar fractions (H-P-RI) (Pearson R 0.95, P < 0.01) when
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all the samples were considered together (Fig. 5). The RI associated
with H-GDGTs in the core and polar lipid fractions from YNP hot
spring communities (median 4.7 and 5.0, respectively) was higher
(Tables 1–6) than those from Tengchong (median 2.8 and 2.5,
respectively) and Tibet (median 0.2 and 0.0, respectively). Neither
H-C-RI nor H-P-RI correlated significantly with temperature or pH
when lipid profiles from all sampling locations were considered
together (data not shown). However, a significant and inverse cor-
relation was noted between spring pH and the H-C-RI (Pearson R
�0.48, P 0.02) and the H-P-RI (Pearson R �0.65, P < 0.01) in micro-
bial communities from YNP (Table 7).
Fig. 6. Cluster analysis of P H-GDGTs from YNP hot springs. The distribution of H-GDGTs
the right of the figure along with the temperature and pH of the samples. (For interpreta
version of this article.)

Table 7
Pearson correlation (R) and P value for individual lipids, lipid classes and RI calculations of l
Tengchong, and YNP as a function of spring temperature and pH (values in bold are signifi

Fraction Lipid Tibet Tengchon

Temp. pH Temp.

R P R P R

Polar GDGT-0 0.02 0.93 0.18 0.39 �0.19
GDGT-1 �0.18 0.40 �0.22 0.30 0.32
GDGT-2 0.13 0.55 �0.11 0.61 0.54
GDGT-3 0.29 0.17 0.07 0.76 0.54
GDGT-4 0.33 0.12 0.08 0.71 0.28
GDGT-5 n.a. n.a. n.a. n.a. �0.66
GDGT-6 n.a. n.a. n.a. n.a. �0.67
H-GDGTsa 0.24 0.25 0.28 0.19 0.05
iGDGTsb 0.19 0.38 0.05 0.80 0.37
% Abundc 0.27 0.21 0.23 0.29 0.01
P-H-RId 0.07 0.76 �0.14 0.51 0.00

Core GDGT-0 0.02 0.93 0.18 0.39 �0.11
GDGT-1 �0.18 0.40 �0.22 0.30 0.47
GDGT-2 0.13 0.55 �0.11 0.61 0.42
GDGT-3 0.29 0.17 0.07 0.76 0.42
GDGT-4 0.33 0.12 0.08 0.71 0.19
GDGT-5 n.a. n.a. n.a. n.a. �0.64
GDGT-6 n.a. n.a. n.a. n.a. �0.72
H-GDGTsa 0.17 0.48 0.41 0.07 0.09
iGDGTsb 0.15 0.54 0.15 0.54 0.27
% Abundc 0.22 0.36 0.30 0.20 0.05
P-H-RId 0.30 0.20 0.12 0.62 �0.06

a Abundance of H-GDGTs.
b Abundance of iGDGTs.
c Relative abundance of H-GDGTs to total GDGTs (H-GDGTs + iGDGTs).
d Ring index.
3.4. Cluster analysis of C and P H-GDGTs in YNP hot springs

Cluster analysis was performed to further deconvolute the com-
plexity of the P and C H-GDGT profiles and explore for combina-
tions of individual H-GDGT lipids that might be responsible for
adaptation to pH or temperature extremes. The efforts were
focused on YNP springs given the strong relationships between P
and C H-GDGT profiles and spring pH. In the case of P GDGTs, sam-
ples could be clustered into three groups that corresponded largely
to three different pH realms (Fig. 6). P H-GDGTs from environ-
ments of group 1 (pH 3.4 ± 1.7, n = 8) were characterized as having
are color coded and shown at the bottom of the figure. Sample names are shown on
tion of the references to color in this figure legend, the reader is referred to the web

ipid structures from polar and core lipid fractions in communities sampled from Tibet,
cant at a P value < 0.05; n.a., not available).

g YNP

pH Temp. pH

P R P R P R P

0.50 0.17 0.56 �0.05 0.83 0.28 0.18
0.25 0.28 0.31 0.12 0.57 0.53 0.01
0.04 0.22 0.43 0.12 0.59 0.39 0.06
0.04 0.30 0.28 0.19 0.37 0.39 0.06
0.31 �0.04 0.89 �0.16 0.46 0.44 0.03
0.01 �0.81 < 0.01 0.26 0.22 �0.57 < 0.01
0.01 �0.73 < 0.01 �0.03 0.89 �0.57 < 0.01
0.86 �0.03 0.91 0.23 0.28 �0.40 0.05
0.18 �0.14 0.63 �0.11 0.60 0.48 0.02
0.99 �0.06 0.82 0.03 0.90 �0.65 0.00
0.99 �0.33 0.24 0.01 0.96 �0.52 0.01

0.68 0.17 0.55 �0.05 0.80 0.24 0.27
0.08 0.10 0.73 0.02 0.91 0.31 0.15
0.12 0.27 0.32 0.06 0.78 0.28 0.19
0.12 0.33 0.23 0.12 0.59 0.21 0.35
0.50 �0.04 0.90 0.04 0.87 0.41 0.05
0.01 �0.85 < 0.01 0.32 0.13 �0.48 0.02

< 0.01 �0.67 0.01 �0.14 0.53 �0.46 0.03
0.75 �0.09 0.74 0.38 0.08 �0.38 0.08
0.32 �0.25 0.37 0.36 0.10 �0.24 0.28
0.87 �0.08 0.77 �0.10 0.66 �0.48 0.02
0.84 �0.29 0.29 �0.02 0.92 �0.44 0.04



Fig. 7. Cluster analysis of C H-GDGTs from YNP hot springs. The distribution of H-GDGTs are color coded and shown at the bottom of the figure. Sample names are shown on
the right of the figure along with the temperature and pH of the samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 8. RDA ordination plots indicating relationship between distribution of P H-GDGTs (A) and C H-GDGTs (B) and relevant environmental parameters. Correlations between
environmental variables (red arrows) and individual P or C H-GDGTS (blue arrows) and RDA axes are represented by the length and vector. The circles correspond to the H-
GDGT profiles for the samples analyzed here. Samples from low pH environments (2.1–5.8, mean 3.5, n = 15) are in empty circles whereas those from neutral or high pH
environments (6.7–9.6, mean 8.3, n = 8) are in filled circles. (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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a high relative abundance of H-GDGTs-5 and -6 whereas P
H-GDGTs from environments of group 2 (pH 4.6 ± 2.1, n = 8) were
similar to group 1, but contained a lower relative abundance of
H-GDGTs-5 and -6 and a higher abundance of H-GDGT-4. P GDGTs
from sites corresponding to group 3 (pH 7.1 ± 1.9, n = 8) were char-
acterized by a higher relative abundance of H-GDGTs-0, -1, -2, -3
and -4.

C H-GDGTs also clustered into three major groups that largely
corresponded to the same clusters in the P H-GDGT cluster analysis
and generally formed clusters as a function of spring pH (Fig. 7).
Group 1 (pH 4.3 ± 2.1, n = 14) springs were characterized by a high
relative abundance of C H-GDGTs-5 and -6 whereas springs com-
prising group 2 (pH 6.9 ± 3.4, n = 5) contained a lower relative
abundance of C H-GDGTs-5 and -6 and a higher relative abundance
of C H-GDGT-4. C H-GDGTs from environments of group 3 (pH
7.3 ± 2.2, n = 2) contained a higher relative abundance of C
H-GDGTs-0, -1, -2, -3 and -4.

The clustering of C and P H-GDGTs according to pH realms as
opposed to other analytes indicates that pH is a dominant factor
dictating the average distribution of rings in H-GDGTs from YNP
hot springs. This is in contrast to controls on C and P H-GDGTs in
Tengchong hot springs, which indicate a role for both pH and tem-
perature in shaping the internal ring distribution of H-GDGTs, a
finding that is likely attributable to the relatively small sampling
of available acidic springs in the Tengchong system. The strong
influence of pH on the distribution of rings in H-GDGTs from
YNP springs is, however, consistent with a report that indicated
pH as the dominant control on iGDGTs in these hot springs (Boyd
et al., 2013). These series of findings would be consistent with
the suggestion that the biosynthesis of both C and P H-GDGTs
and iGDGTs in YNP is regulated by fluid pH, in particular H-GDGT
structures containing 5- or 6 cyclopentyls. Moreover, the data are
consistent with the hypothesis that the synthesis of these two lipid
classes occurs via the same metabolic pathway, as suggested by
Schouten et al. (2008a) and Knappy et al. (2011). Given that the
synthesis of GDGTs with > 4 rings is fairly unique among Archaea
and requires a different type of ring formation pathway from that
synthesize GDGTs with < 4 rings (after 4 rings, the next ring is
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always adjacent to another; Fig. 1), the presence of H-GDGT-5 and -
6 in acidic systems likely indicates selection for organisms with
this unique functional capability. Comparisons between lipid bio-
synthesis operons in thermoacidophilic and thermophilic archaeal
genomes may identify unique genes that might encode for this
ability in thermoacidophiles.
3.5. RDA analysis of environmental controls on the average internal
ring distributions in P and C H-GDGTs in YNP hot springs

The data were examined using RDA to further evaluate whether
the observed patterns in the average distribution of internal rings
in P or C H-GDGTs in YNP spring communities correlated signifi-
cantly with geochemistry. In this analysis, additional geochemical
variables were compiled from Boyd et al. (2013) and were included
in the analysis (Table S1). Those analytes that did not exhibit sig-
nificant correlation with the distribution of rings in P or C H-GDGT
lipids were not included in the RDA analysis. The first RDA dimen-
sion explained (Fig. 8A and B) the majority of the variance in the
relationship between the distribution of rings in both P (98.3%
for RDA1) and C H-GDGTs (81.4% for RDA1). In the case of the dis-
tribution of rings in P H-GDGT lipids, low pH samples (3.5 ± 1.0,
n = 15) were distinguished (Fig. 8A) from neutral or high pH
samples (pH 8.4 ± 1.0, n = 8) along the pH vector (P < 0.05). The
relationship was driven primarily by the high abundance of P
H-GDGTs-5 and -6 in samples from low pH environments. As men-
tioned above, the increased abundance of P H-GDGTs-5 and -6 in
acidic samples may indicate selection for organisms in acidic sys-
tems that encode for the functional capacity to synthesize these
structures given that the 5th and 6th rings are adjacent to the
3rd and 4th rings, respectively, as compared to the 1st–4th rings,
which are more evenly distributed throughout (Fig. 1). In contrast,
the separation of the neutral or high pH samples was due primarily
to a higher relative abundance of P H-GDGTs-0, -1, -2, -3 and -4.
Fig. 9. Linear regression analysis indicating relationship between H-GDGT abundance an
(a) (B). Curved surfaces indicate relationship between the abundance of P H-GDGTs (C)
Cl� was identified as another environmental factor (P < 0.05)
that contributed to the distribution of internal rings in P H-GDGTs
in YNP hot springs. The high Cl� samples were close to the vector
for P H-GDGTs-5 and -6, while low Cl� samples were close to the
centroids for P H-GDGTs-0, -1, -2, -3 and -4. Subsurface boiling of
hydrothermal fluids produces phase separation, resulting in parti-
tioning and concentration of chemical species between the vapor
phase (such as NH3 and H2S) and the liquid phase (such as Cl�).
Consequently, Cl� represents an indicator of the amount of liquid
phase input that a hot spring receives from subsurface sources
(White et al., 1971; Truesdell and Fournier, 1976; Fournier, 1989;
Nordstrom et al., 2009). Systems receiving a lot of deep liquid
phase input tend to be alkaline, whereas systems receiving
substantial vapor phase input tend to be acidic due to near surface
oxidation of S2�. Thus, alkaline systems tend to have higher Cl�

content because the Cl� in acidic systems is diluted by meteoric
input. Thus, the impact of Cl� on the distribution of P H-GDGTs
might reflect the influence of subsurface processes on partitioning
Cl� toward springs that are liquid phase dominated and which
tend to be circumneutral to alkaline in pH.

C H-GDGT lipids were also demarcated based on pH (Fig. 8B)
with samples from low pH environments (3.5 ± 1.0, n = 15) cluster-
ing distinctly from those from neutral or alkaline environments
(8.4 ± 1.0, n = 8), P < 0.05). Again, the pattern of clustering was dri-
ven primarily by C H-GDGTs-5 and -6 for low pH samples while
neutral or high pH samples clustered primarily due to C
H-GDGTs-0, -1, -2, -3 and -4. Salinity was identified as another sig-
nificant environmental factor (P < 0.05) that shaped the distribu-
tion of rings in C H-GDGTs in the hot springs. Samples from high
salinity environments were close to the vectors for C H-GDGTs-5
and -6, while low salinity samples were close to the vectors for C
H-GDGTs-0, -1, -2 and -3. Thus, the RDA results support the conclu-
sion drawn from the cluster analysis, which together indicate that
pH is the primary factor shaping the distribution of rings in P or C
d pH (A) and relative abundance of sequences affiliated with the Thermoplasmatales
or C H-GDGTs (D), pH, and a.
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H-GDGTs in YNP hot springs, with Cl� or salinity playing a second-
ary role in P or C H-GDGTs, respectively.

3.6. Relationship between community structure and relative
abundance of H-GDGTs in YNP spring communities

The occurrence of 0–4 rings in H-GDGTs is consistent with
observations from pure cultures (Schouten et al., 2008b; Knappy
et al., 2011) and natural samples (Jaeschke et al., 2012). However,
the relative abundance was different between the euryarchaeote
culture A. boonei (Schouten et al., 2008b) and the crenarchaeotal
culture I. aggregans (Knappy et al., 2011); the former was domi-
nated by H-GDGT-0 but the latter by H-GDGT-3 and H-GDGT-4
(Knappy et al., 2011). Nevertheless, the relative abundance of indi-
vidual H-GDGTs was similar to those of non H-shaped GDGTs,
extending the hypothesis that H-GDGTs and GDGTs may be syn-
thesized by the same metabolic pathway (Schouten et al., 2008b).

However, the organisms producing H-GDGTs in hot spring envi-
ronments remain unknown. Wang et al. (2013) analyzed some of
the same samples from Tibet that are reported here. Among the
9 samples that overlapped with those in this study, 5 showed
the presence of archaeal 16S rRNA genes, which revealed a pre-
dominance of Thermoprotei and unknown (i.e. yet to be taxonomi-
cally classified and characterized) organisms at the Class level
(GL13-4, QC-2, QC-7) within the Crenarchaeota phylum and a pre-
dominance of methanogens or yet to be taxonomically classified
organisms at the Class level (NM-7, QC-9) within the Euryarchaeota
phylum. The results support the current understanding that
H-GDGTs can be synthesized by both Euryarchaeota and Cre-
narchaeota (Knappy et al., 2011) and implicate the importance
of these lipid structures in enabling the persistence and ecologi-
cal success of thermophilic Archaea in high temperature
environments.

Archaeal 16S rRNA genes associated with the YNP samples were
sequenced as a part of our prior study of iGDGTs described by Boyd
et al. (2013). The relationship between the relative abundance of
16S rRNA genes, when binned at the order level of taxonomic clas-
sification, and H-GDGT abundance was examined using linear
regression. The abundance of taxonomic orders was calculated as
described in the following equation:

a ¼ ðAbundance of a given OTU=Abundance of total OTUsÞ
� 100 ð3Þ

Only the abundance of sequences affiliated with the archaeal order
Thermoplasmatales (named a and used to denote the abundance of
Thermoplasmatales from here on) was significantly (R2 0.38 and
0.57, n = 18 and 19, P < 0.01 and 0.01, respectively) correlated with
the abundance of P and C H-GDGTs (Fig. 9), indicating Thermoplas-
matales as a potential biological source of H-GDGTs in YNP hot
springs. As calculated, the abundances of P and C H-GDGTs corre-
lated negatively with pH (Fig. 9A), indicating that acidic hot springs
promote the synthesis of H-GDGTs. Multiple regression analysis
was performed to quantitatively investigate the relationship among
C or P H-GDGT abundance, pH and the abundance of sequences
affiliated with Thermoplasmatales (Fig. 9C for P H-GDGTs and 9D
for C H-GDGTs). The results indicate a significant relationship
between these variables. Note that the coefficient of determination
in the analysis was improved (from 0.51 to 0.69 for P H-GDGTs
when comparing panel A and C and from 0.52 to 0.82 for C H-GDGTs
when comparing panel B and D by adding the Thermoplasmatales
abundance variable (a) into the equation, providing further indica-
tion that organisms comprising this order may be involved in the
synthesis of H-GDGTs. The lipids of Thermoplasmatales [including
Ferroplasma ‘‘acidarmanus’’ (Macalady et al., 2004), Ferroplasma aci-
dophilus (Macalady et al., 2004), Thermoplasma acidophilum
(Langworthy et al., 1982), Thermoplasma volcanium (Uda et al.,
2004), Picrophilus torridus (Uda et al., 2004) and Picrophilus oshimae
(Schleper et al., 1995)] were composed mainly of iGDGTs-0, -1, -2,
-3 and -4. While it is unclear whether these or other acidophilic
(e.g. Sulfolobales) taxa produce H-GDGTs, the results here warrant
new investigations of their lipid compositions using present day
extraction and analytical techniques.
4. Conclusions

H-GDGTs were found to occur widely in hot springs of the
Tibetan Plateau, Tengchong, and YNP. Spring pH and to a lesser
extent temperature and salinity or Cl� concentration appeared
to control the average distribution of rings in H-GDGTs and the
fractional abundance of H-GDGTs to total GDGTs in the hot spring
communities. The observations support the hypothesis that H-
GDGTs are added features of the archaeal cell membrane struc-
ture, allowing Archaea to better cope with increased acidity and
temperature. Importantly, the internal distribution of rings in
H-GDGTs from geographically distinct hot spring locations dif-
fered markedly, most notably at the level of the RI and the abun-
dance of individual lipids. This observation points to an
important role for geochemical subtleties in controlling the com-
position of archaeal communities and the lipids that they synthe-
size. It is entirely possible that different lineages of Archaea have
acquired the ability to synthesize H-GDGTs to tolerate a wide
range of environmental stressors. We show here that H-GDGTs
represent a larger fraction of the total GDGTs in YNP hot springs
with acidic pH and suggest the potential biological source of
those H-GDGTs to be from members of the archaeal order Ther-
moplasmatales. The thermoacidophilic nature of Thermoplasma-
tales (Schleper et al., 1995; Uda et al., 2004) and the abundance
of these lipids in acidic environments that also contain a predom-
inance of sequences closely affiliated with these organisms sug-
gest a role for H-GDGTs in maintaining cell membrane
integrity. In contrast, H-GDGTs appeared to be preferentially syn-
thesized by populations that inhabit circumneutral to alkaline
high temperature (60–80 �C) springs in Tengchong and Tibet, sug-
gesting that these populations, which are unlikely to be affiliated
with the thermoacidophilic Thermoplasmatales, synthesize these
lipids in order to tolerate the elevated temperature associated
with these environments. Comparison of 16S rRNA gene compo-
sitions from circumneutral to alkaline springs in YNP and Tibet
suggests nitrifying Archaea affiliated with Nitrosphaera and Nitro-
sopumilus as potential sources for the lipids in Tibetan hot
springs. Further research is clearly needed to decipher the source
of H-GDGTs in Tibetan and Tengchong hot springs, in particular
those with circumneutral to slightly alkaline pH.
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