
Organic Geochemistry 83-84 (2015) 54–64
Contents lists available at ScienceDirect

Organic Geochemistry

journal homepage: www.elsevier .com/locate /orggeochem
Temporal variation in community structure and lipid composition of
Thaumarchaeota from subtropical soil: Insight into proposing a new soil
pH proxy
http://dx.doi.org/10.1016/j.orggeochem.2015.02.009
0146-6380/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +86 2165982012; fax: +86 2165988808.
E-mail address: archaeazhang_1@tongji.edu.cn (C. Zhang).

1 These authors contributed equally to this work.
Wei Xie 1, Chuanlun Zhang ⇑, Cenling Ma 1

State Key Lab of Marine Geology, Tongji University, Shanghai 200092, China

a r t i c l e i n f o
Article history:
Received 13 June 2014
Received in revised form 21 January 2015
Accepted 25 February 2015
Available online 3 March 2015

Keywords:
Thaumarchaeota
Crenarchaeol
Thaumarchaeota Index
Soil
Chongming Island
a b s t r a c t

Crenarchaeol is a unique glycerol dialkyl glycerol tetraether (GDGT) lipid specific to Thaumarchaeota,
which play an important role in the global C and N cycles. GDGTs from Thaumarchaeota have been used
to develop proxies for paleoclimate or paleoenvironment studies in aquatic environments. However, our
understanding of their response to environmental change in soil remains poor. We addressed this ques-
tion by investigating the change in archaeal lipid composition and community structure in the context of
other environmental variables over a period of 12 months in a subtropical soil from Chongming Island,
China. The results showed that Nitrososphaera spp. were the dominant archaeal population producing
crenarchaeol in the soil. The relative abundance of GDGTs with one and three cyclopentane moieties,
and crenarchaeol and its isomer in the core lipid (CL) fraction correlated with seasonal pH change in
the soil. We therefore propose a molecular fossil proxy, the thaumarchaeota index (TI), which signifi-
cantly related to pH in not only Chongming Island soil (R2 0.56, RMSE 0.14, P < 0.05), but also global soils
(R2 0.51, RMSE 1.39, P < 0.001) and five thaumarchaeotal enrichments (R2 0.99, RMSE 0.04, P < 0.001). This
suggests that TI could be a useful proxy for soil pH, which may corroborate the use of the bacterial GDGT
proxy for soil pH, the cyclisation ratio of branched tetraethers (CBT).

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Thaumarchaeota comprise a recently proposed phylum within
the domain Archaea (Brochier-Armanet et al., 2008; Spang et al.,
2010). The members are characterized as chemoautotrophs cap-
able of NH3 oxidation and containing NH3 monooxygenase
(amoA) genes. However, some of the species may be mixotrophs
or heteorotrophs (Mussmann et al., 2011). Thaumarchaeota are
present in diverse environments, including soils (e.g. Leininger
et al., 2006; He et al., 2007; Jia and Conrad, 2009), wastewater
treatment bioreactors (e.g. Zhang et al., 2011a), hot springs (e.g.
de la Torre et al., 2008; Zhang et al., 2008; Jiang et al., 2010), coastal
waters (e.g. Mincer et al., 2007; Beman et al., 2008; Urakawa et al.,
2010), closed oceanic basins (e.g. Coolen et al., 2007; Lam et al.,
2007), estuaries (e.g. Mosier and Francis 2008; Bernhard et al.,
2010; Xie et al., 2014b), marine sediments (e.g. Dang et al., 2009,
2013; Cao et al., 2011; Wang et al., 2014) and open ocean water
columns (e.g. Hu et al., 2011; Luo et al., 2013; Swan et al., 2014).
Although the archaeal community structure has been shown to
vary significantly along soil depth profiles (Pesaro and Widmer,
2002), Bates et al. (2011) observed that Thaumarchaeota are domi-
nated by just two phylotypes, which together account for 70% of all
archaeal sequences obtained in a survey of 146 surface soils, cover-
ing different biomes such as forests, grasslands, deserts and agri-
cultural soils across North and South America and the Antarctic.
Cao et al. (2012) revealed that the structure of archaeal communi-
ties in 59 soil samples, which represent four major soil types
in China (cinnamon soil, brown soil, red soil and fluvo-aquic soils;
pH ranging from 4 to 8.2), are also dominated by Thaumarchaeota.
These global surveys, together with other local and regional stud-
ies, have revealed a number of factors that may affect the dis-
tribution of thaumarchaeotal subgroups, including pH (Nicol
et al., 2008; Bengtson et al., 2012; Cao et al., 2012), elevation
(Zhang et al., 2009), climate and vegetation cover (Angel et al.,
2009) and C/N ratio (Bates et al., 2011).

Crenarchaeol is a specific biomarker for Thaumarchaeota (e.g.
Sinninghe Damsté et al., 2002; Pearson et al., 2004; de la Torre
et al., 2008), and contains 4 cyclopentane moieties and a cyclohex-
ane moiety (Fig. 1). Recent research shows that it can also be pro-
duced by Marine Group II (MG II) Euryarchaeota (Lincoln et al.,
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2014a); however, the exact profile of GDGTs produced by the latter
is debated (Schouten et al., 2014; Lincoln et al., 2014b) because of
the lack of a pure MG II culture.

The membrane lipids of Thaumarchaeota also include a variety
of glycerol dialkyl glycerol tetraethers (GDGTs) with 0 to 3
cyclopentane moieties (Sinninghe Damsté et al., 2002).
Crenarchaeol and its isomer have been used to develop proxies
for characterizing the response of Archaea to temporal or spatial
gradients in environmental variables such as temperature. For
example, the relative abundance of the crenarchaeol isomer is part
of the TEX86 index (tetraether index of tetraethers consisting of 86
carbons; Schouten et al., 2002; Wuchter et al., 2004), which has
been shown to correlate with sea surface temperature (e.g.
Schouten et al., 2002; Kim et al., 2008, 2010; Zhang et al., 2014)
and lake surface temperature (e.g. Powers et al., 2004, 2005,
2010; Tierney et al., 2010; Schouten et al., 2012; Wang et al.,
2012). The BIT index, the ratio of crenarchaeol vs. three major
branched (br) GDGTs (br GDGT-I, -II and -III) of bacterial origin
(Fig. 1) has been used as a proxy for evaluating the contribution
of terrestrial soil organic matter in oceanic settings (Hopmans
et al., 2004; Huguet et al., 2007). BIT has also been proposed as a
proxy for paleo-humidity variation in soil (Wang et al., 2013).
The methane index (MI), the ratio of isoprenoid (iso) GDGTs-1, -2
and -3 vs. the sum of crenarchaeol plus iso GDGTs-1, -2 and -3
(Fig. 1), has been used to estimate the contribution of methane-
oxidizing euryarchaea to the iso GDGT pool in marine sediments
(Zhang et al., 2011b). However, it has also been used to reflect
the temperature control on GDGT distribution in terrestrial hot
springs (Wu et al., 2013).

The occurrence and distribution of GDGTs in modern surface
soils have been investigated extensively; most studies focus on
the temperature and/or pH control on br GDGT distributions of
bacterial origin (e.g. Sinninghe Damsté et al., 2008; Peterse et al.,
2009a,b; 2010). Fewer studies have reported on GDGTs from soil
Archaea. In a global survey, Weijers et al. (2006) observed an
increase in crenarchaeol with increasing soil pH. Yang et al.
(2014) showed greater abundance of crenarchaeol in alkaline
Fig. 1. Structures of iso G
Chinese soils than in acid soils. Wang et al. (2013) found that the
relative abundance of crenarchaeol correlated negatively with soil
water content (SWC). On the other hand, the soil TEX86 showed sig-
nificant correlation with elevation or temperature along mountain
slopes (Yang et al., 2010; Liu et al., 2013; Coffinet et al., 2014).

Although archaeal communities and GDGTs have been investi-
gated separately, few studies have integrated lipid and DNA analy-
ses for the examination of ecological function of Archaea and their
response to environmental variables in soil. This approach has,
however, been used to study archaeal and bacterial biogeochemi-
cal process in hot springs (Li et al., 2013, 2014; Xie et al., 2014a).
The aim of this study, therefore, was to examine on one hand tem-
poral variation in core ether lipids and archaeal communities and,
on the other hand, how they respond to seasonal change in
environmental conditions at a subtropical soil site. The implication
for global soil environment is also discussed.
2. Material and methods

2.1. Collection of soil samples and wet chemistry

Soil samples were collected from Chongming Island at the
mouth of the Yangtze River, China. Covering about
1.225 � 103 km2 and increasing about 5 km2 annually because of
the deposition of sediments transported by the Yangtze River,
Chongming is the third largest island in China and the largest allu-
vial island in the world. It is an ecologically sensitive area and has
been designated as an eco-island with respect to future develop-
ment (Huang et al., 2008). It has a subtropical monsoon climate.
The annual mean air temperature (MAT) is 15 �C and varies from
3–4 �C in winter to around 27 �C in summer. The mean annual pre-
cipitation is ca. 1022 mm with 60% of rainfall occurring between
May and September. The average humidity is around 82% (Tian
et al., 2010). The origin of soil on the island is sediments deposited
in the Yangtze Estuary. Soil mineralogy is dominated by hydromica
with minor proportions of kaoline, chlorite and vermiculite (He,
1992).
DGTs and br GDGTs.
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Surface soil (top 2 cm) was collected monthly from within a
4 m2 open grassy area (31� 31.840N and 121� 36.860E) between
March 2012 and March 2013 (except August 2012). Sampling
was conducted to avoid disturbed soil from previous collections.
All the samples were divided into two aliquots in the field: one
was saved at 4 �C and processed immediately for chemical analy-
sis; the other was saved in liquid N2 and stored at �80 �C for
DNA and lipid extraction. An iButton (DS-1922, Embedded Data
System, US) was buried at 2 cm depth in the area to record the
temperature every 2 h. We assigned samples into 4 groups accord-
ing to seasonality. Specifically, samples collected in April, May
2012 (mean soil temperature 17.9 ± 4.9 �C) were assigned to the
spring group, samples collected in June, July, September and
October 2012 (mean soil temperature 27.0 ± 2.5 �C) were assigned
to the summer group, samples collected in November and
December 2012 (mean soil temperature 15.4 ± 3.5 �C) were
assigned to the autumn group and samples collected in January,
February, March 2013 and March 2012 (mean soil temperature
9.5 ± 2.3 �C) were assigned to the winter group.

Deionised water from a Milli-Q Gradient system (Millipore,
USA) was used for extraction and preparation. The resistivity was
18.2 MX cm (at 25 �C). Ca. 4 g freeze dried sample were added to
distilled water (1:2.5 g/ml), shaken vigorously and left to stand
for 30 min before the extracts were used for pH measurement.

Ca. 5 g of freeze dried sample were added in 2 M KCl (1:5 g/ml)
and shaken vigorously, left to stand for 30 min and centrifuged at
2500 rpm for 5 min. The extract was filtered through 0.45 lm cel-
lulose acetate membrane for nutrient analysis. NH4

+ and NO2
� were

measured with an Auto-Analyzer Technicon II (AAII, Bran Luebbe).
Ca. 5 g of freeze dried sample were homogenized for acidification
in 10% HCl, washed with deionized water to remove chloride, dried
at 80 �C overnight for analysis of total organic carbon (TOC) and
total nitrogen (TN) using an elemental analyzer (CarloErba
EA1110). Soil water content (SWC) was obtained by measuring
sample weight before and after freeze drying.

2.2. Lipid extraction and fractionation

Aliquots of each sample were freeze-dried and ground to fine
powder. Ca. 25 g of the powder were extracted at room tempera-
ture using a modified Bligh and Dyer method (Sturt et al., 2004).
Extraction was performed 4� using MeOH, dichloromethane
(DCM) and phosphate buffer at pH 7.4 (2:1:0.8 v/v). After son-
ication (5–10 min), additional DCM and buffer were added to
achieve a final MeOH/DCM/buffer ratio of 1:1:0.8. The extract
was separated into an organic phase and an aqueous phase by cen-
trifugation at 2500 rpm for 10 min; the bottom DCM phase was
collected using a glass pipette (repeated 3�). The extract was dried
under N2. A known amount of a C46 GDGT was added as internal
standard to the extract, which was equally divided into two parts.
One was dried under N2, dissolved in hexane/isopropanol (99:1,
v/v) and filtered using a 0.45 lm PTFE filter. Core lipids in the soil
samples were directly quantified from this part.

2.3. Analysis and quantification of GDGTs

The lipid fraction was analyzed using published methods
(Hopmans et al., 2000; Li et al., 2013). Analysis was performed
using an Agilent 1200 high performance liquid chromatography
(HPLC) device connected to an Agilent 6460 triple quadrupole mass
spectrometer. Separation was achieved with an Alltech Prevail
Cyano column (150 mm � 2.1 mm, 3 lm) at 30 �C. Injection vol-
ume was 10 ll. For the first 5 min, GDGTs were eluted isocratically
with hexane/isopropanol (99:1, v/v), followed by a linear gradient
to 1.8% hexane/isopropanol (90:10, v/v) in 45 min with a constant
flow rate of 0.2 ml/min. After each analysis the column was
cleaned by back flushing hexane/propanol (90:10, v/v) at 0.2 ml/
min for 10 min. Quantification of GDGTs (m/z 1302, 1300, 1298,
1296, 1294, 1292, 1018, 1020, 1022, 1032, 1034, 1036, 1046,
1048 and 1050) and the C46 GDGT internal standard (m/z 744)
was achieved by integration of the extracted peak areas. GDGTs
were quantified by integration of peak areas from the extracted
ion chromatograms. The peak area of GDGT with 4 cyclopentane
moieties was corrected with respect to crenarchaeol as reported
by Hopmans et al. (2000).

2.4. Calculation of TEX 86, MI and CBT

TEX86 was calculated as follows (Schouten et al., 2002):

TEX86 ¼ ðGDGT-2þ GDGT-3þ crenarchaeol’Þ=ðGDGT-1

þ GDGT-2þ GDGT-3þ crenarchaeol’Þ ð1Þ

MI was calculated as described by Zhang et al. (2011b):

MI ¼ ðGDGT-1þ GDGT-2þ GDGT-3Þ=ðGDGT-1þ GDGT-2

þ GDGT-3þ crenarchaeolþ crenarchaeol’Þ ð2Þ

CBT was calculated as described by Weijers et al. (2007):

CBT ¼ �logððIaþ IIaÞ=ðIþ IIÞÞ ð3Þ

The structures of GDGTs-0 to -4, crenarchaeol, the crenarchaeol
isomer (crenarchaeol’), brGDGTs-I, -Ia, -II and -IIa are shown in
Fig. 1.

2.5. DNA extraction and qPCR of archaeal amoA gene

DNA was extracted from 0.5 ± 0.1 g soil using the FastDNA SPIN
Kit for Soil (MP Biomedical, OH, US) with a final elution in 50 ll de-
onized water. DNA samples were preserved at �80 �C until further
processing. The quantitative PCR primers were Arch-amoAF/Arch-
amoAR for archaeal amoA gene. The quantitative PCR primers were
Arch-amoAF (50 STAATGGTCTGGCTTAGACG 30)/Arch-amoAR (50

GCGGCCATCCATCTGTATGT 30) (Francis et al., 2005). The qPCR
was performed at 95 �C for 30 s and 40 cycles at 94 �C for 30 s,
53 �C for 30 min and 68 �C for 1 min on archaeal amoA gene. The
quantification standard comprised a dilution series of purified
DNA from a positive clone for the archaeal amoA gene from the soil
sample in March 2013. Triplicate measurements were run for each
sample and standard. In addition, melting curve analysis was per-
formed to demonstrate that the fluorescent signal obtained in a
given reaction was consistent with the expected profile for specific
PCR products on the basis of comparison with standards. Analysis
of real-time PCR data showed that a single melting peak
corresponding to the standard DNA was observed for all samples.

2.6. 454 sequencing

Pyrosequencing was conducted on all 12 samples, targeting the
archaeal 16S rDNA- and archaeal amoA genes. The primers were
Arch_915R (50 GTGCTCCCCCGCCAATTCCT 30) for archaeal 16S
rDNA (Gantner et al., 2011) and Arch_amoA_1F (50 STAATGGTC
TGGCTTAGACG 30)/Arch_amoA_2R (50 GCGGCCATCCATCTGTAT
GT 30) (Francis et al., 2005) for the archaeal amoA gene. The pyrose-
quencing was conducted using a Roche GS FLX + (454) system by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw
pyrosequencing data were extracted from the 454 data format
using Mothur (version 1.29.2; Schloss et al., 2009) and analyzed
using QIIME standard pipeline (Caporaso et al., 2010). Sequence
reads with < 50 bp were removed and remaining reads were
checked with ChimeraSlayer (Haas et al., 2011). The chimeric
sequences were excluded from further analysis. The remaining
high quality 16S rDNA sequences were clustered into operational
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taxonomic units (OTUs) using UCLUST (Edgar et al., 2011) with a
97% sequence identity threshold. Taxonomy was assigned using
the Ribosomal Database Project (RDP) classifier 2.2 (minimum con-
fidence 80%; Cole et al., 2009). The reference database for archaeal
amoA gene classification was generated by Pester et al. (2012).
Rarefaction curves were generated for each sample using QIIME
at a genetic distance of 3%.

2.7. Statistics

The relationship between the distribution of archaeal phylo-
types, GDGTs and environmental factors was explored using
redundancy analysis (RDA) with the Canoco software (version
4.5; Microcomputer Power; Ter Braak and Smilauer, 2002).
Variable significance was examined via the Monte-Carlo signifi-
cance test with permutation number 999. Pearson correlation
and P values of regression models were calculated in Statistics
16.0 (SPSS, Chicago, IL, USA) to identify correlative relationships
between community structure, distribution of GDGTs and environ-
mental variables. A significant correlation was identified when the
P value was < 0.05 and R2 > 0.25. For the global soils, samples
whose calculated pH proxies were greater than twofold their stan-
dard deviation were thought to be outliers and not included in the
regression analysis. Data in the relationship between pH and MI
were even more scattered, which resulted in a threshold of MI that
was threefold of the standard deviation (Conte et al., 2006).

2.8. Accession number

The GenBank Sequence Read Run accession numbers are
SRR1367259 for the archaeal 16S rDNA and SRR1367260 for the
archaeal amoA genes.
3. Results and discussion

3.1. Seasonal change in archaeal amoA gene abundance and
community structure

Analysis of qPCR showed that the amoA gene copies/g soil (wet
wt) ranged from 7.1 ± 1.6 � 107 in January 2013 to 5.7 ± 1.2 � 108

in July 2012 with an average value of 3.4 ± 1.7 � 108 over the sam-
pling periods (Table 1). The abundance of the archaeal amoA gene
significantly negatively correlated with SWC (Fig. S1; R2 0.4,
P < 0.05), which is consistent with previous findings for temperate
forest soils (Szukics et al., 2011), indicating that Thaumarchaeota
were better adapted to the lower SWC. One exception was the
Table 1
Chemistry data and archaeal amoA gene copies for the Chongming Island soil.

Season Sample ID Date pH SWC (%) T (�C) TOC (%)

Spring CM.2 4/15/2012 7.91 19.1 14.4 1.1
CM.3 5/15/2012 7.80 18.4 21.3 1.2

Summer CM.4 6/17/2012 8.30 0.8 25.0 1.2
CM.5 7/23/2012 8.10 7.2 28.6 0.9
CM.6 9/23/2012 8.02 5.4 29.7 0.8
CM.7 10/13/2012 8.06 6.7 24.9 1.1

Autumn CM.8 11/10/2012 7.69 25.8 17.9 1.0
CM.9 12/5/2012 7.96 23.0 12.9 0.9

Winter CM.10 1/17/2013 7.97 21.3 7.9 0.9
CM.11 2/27/2013 7.82 24.0 8.7 0.9
CM.12 3/9/2013 8.02 12.3 12.8 1.6
CM.1 3/11/2012 7.98 19.9 8.6 1.3
June 2012 sample, which had an extremely low SWC (0.8%), result-
ing in less archaeal amoA genes (1.6 � 108) than the second driest
sample in September 2012.

The composition of the archaeal community was assessed by
pyrosequencing of PCR-amplified archaeal 16S rDNA gene frag-
ments. A total of 92,049 effective sequences having an average
length of 474 bp were generated. Sequence numbers per sample
ranged from 6311 (March 2012) to 8541 (May 2012) with a mean
of 7670 ± 639 (Table S1). Rarefaction was performed at the species
level (97% identity OTUs), which demonstrated considerable varia-
tion in diversity (number of OTUs observed) among individual
samples. Rarefaction analysis showed that the majority of archaeal
phylotypes were identified because of the saturation of the curves
calculated from the OTUs observed in these samples (Fig. S2). At
97% sequence similarity, the average number of observed OTUs
of the twelve samples was 72 ± 9. The archaeal community was
dominated by Nitrososphaera spp. (Fig. 2A; Table S1), ranging from
92.9% in March 2012 to 98.8% in Feb. 2013 with minor groups
including Thermoplasmata (1.4 ± 1.6%), methanogens (1.1 ± 0.7%;
including Methanobacterium, Methanocella, Methanoregulaceae,
ANME-2D, Methanosaeta, Methanosarcina) and YLA114
(0.4 ± 0.4%). The distribution of Archaea in the 12 samples corre-
lated significantly with TOC (P 0.04) via RDA (Fig. 3A). We also
grouped these samples into four seasons, as described above, to
examine the seasonal pattern of the archaeal community.
Pearson correlation analyses between the archaeal community
and environmental variables of the four groups resulted in only
one significant relationship between extremely low abundant
Methanosaeta (0.05 ± 0.05%) and temperature (P < 0.05; Table S2),
suggesting that the majority of the archaeal community did not
significantly vary seasonally in response to environmental change.

The archaeal amoA gene was used to examine the diversity of
Thaumarchaeota. A total of 83,801 sequences having an average
length of 431 bp was generated. Rarefaction analysis (97% identity
OTUs) showed that all curves tended to be asymptotic, indicating
that the majority of AOA were observed (Fig. S3). The OTUs of
the twelve samples ranged from 62 to 79 (Table S3). All the
archaeal amoA genes were affiliated with the Nitrososphaera clus-
ter, which is consistent with a finding that the archaeal amoA genes
were affiliated mainly with Nitrososphaera in 16 geographically
and climatically very distinct soils (Pester et al., 2012). The
archaeal amoA genes were affiliated mainly with Nitrososphaera
under ‘‘cluster_others’’ (Fig. 2B; Table S3; 84.0 ± 5.3%) and mini-
mally with Nitrososphaera subclusters 1.1 (0.5 ± 0.7%), 2.1
(2.7 ± 2.3%) and 4.1 (12.8 ± 4.7%). The distribution of the 12 sam-
ples did not correlate significantly with any tested environmental
variables using RDA (Fig. 3B). Pearson correlation analysis using
TN C/N NO2
� (lm) NH4

+ (lm) Archaeal amoA gene
(copies/g soil)

AOA_ST

0.16 6.9 1.4 34.4 3.8E+08 1.7E+07
0.12 10.3 1.6 15.2 5.6E+08 9.3E+06

0.13 8.9 1.2 15.8 1.6E+08 3.6E+06
0.13 6.9 3.1 21.2 4.5E+08 2.3E+07
0.11 7.4 1.2 14.4 5.7E+08 1.2E+08
0.12 9.1 3.4 22.7 4.1E+08 1.4E+07

0.16 6.4 0.6 39.0 1.2E+08 8.7E+06
0.11 8.7 9.5 27.4 4.2E+08 7.6E+06

0.12 7.3 1.1 19.7 4.4E+08 2.4E+07
0.13 6.8 1.1 30.9 7.1E+07 1.6E+07
0.12 13.3 1.4 16.7 3.8E+08 2.5E+07
0.16 8.7 0.9 25.5 1.7E+08 7.4E+06



Fig. 2. Monthly changes in archaeal community composition (A), archaeal amoA-based phylogenetic composition (B) and iso GDGTs (C) in Chongming Island soil.

58 W. Xie et al. / Organic Geochemistry 83-84 (2015) 54–64
the grouped samples showed that Nitrososphaera subclusters 2.1
correlated significantly with TOC (P < 0.05) and C/N (P < 0.05;
Table S2), which was consistent with the finding by Bates et al.
(2011) that some OTUs from Thaumarchaeota group I.1b correlate
with input of soil carbon.

3.2. Changes in GDGT composition

Iso GDGTs could be detected and quantified in all samples
(Table S4). Analysis of multiple samples from the same soil
environment on the island showed little heterogeneity in GDGT
distribution among different samples (data not shown), suggesting
that relationships between environmental variables and organic
proxies may not be biased by lack of replicate sampling each
month.

The relative abundance of crenarchaeol was significantly higher
than other iso GDGTs (P < 0.05; Fig. 2C; Table S4). This was consis-
tent with the study of soils across a large climate transect from
south to north in China (Yang et al., 2014), but different from the
World Soil Database collection, which had equal GDGT-0 in some
samples (Weijers et al., 2006).

RDA showed that pH (P 0.01) and TN (P 0.01) correlated signifi-
cantly with the distribution of iso GDGTs in the 12 samples
(Fig. 3C). Pearson analysis was used to investigate the relationships
between GDGTs, archaeal taxonomy and Nitrososphaera subclus-
ters and environmental variables for the grouped samples
(Table S2). The results showed that crenarchaeol correlated posi-
tively with pH (P < 0.05), while GDGT-1, GDGT-3 and crenarchaeol
isomer correlated negatively with pH (Table S2). However, none
correlated with any archaeal phylotype or archaeal amoA phy-
logeny (Table S2), suggesting change in iso GDGTs with pH might
not be due to genetic variation within the archaeal community.

3.3. Organic proxies based on GDGTs in soils

TEX86 values did not correlate with monthly or seasonal tem-
perature during the sampling period (Table S4), suggesting that
the composition of iso GDGTs from these soil Nitrososphaera
might not be used to reflect monthly or seasonal temperature
variation in Chongming Island soil. The results were consistent
with the findings from soils in World Soil Database collections
(Weijers et al., 2006), from a large climate transect between the
humid and warm southern part of China to the dry and cold
northern part (Yang et al., 2014) and from longitudinal transects
in the USA (Dirghangi et al., 2013). Even when TEX86 correlates
with air temperature (Liu et al., 2013; Coffinet et al., 2014), the
data are scattered, implying that the distribution of GDGTs pro-
duced by Archaea in these soils may be affected by multiple vari-
ables (soil cover, humidity, pH, etc.) rather than temperature
alone.

The Pearson correlation analysis did show that crenarchaeol
had a significant positive correlation with pH, while GDGT-1,
GDGT-3 and crenarchaeol isomer (crenarchaeol’) had significant
negative correlations with pH for the seasonal samples
(Table S2). This allowed us to propose a ‘‘thaumarchaeota index’’
(TI) as a function of soil pH. It is defined as



Fig. 3. RDA ordination plots for the first two principal dimensions of the
relationship between the distribution of archaeal community composition (A),
archaeal amoA-based phylogenetic composition (B) and iso GDGTs (C) and relevant
environmental parameters, respectively, in Chongming Island soil. Sample numbers
relate to Table S3.
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TI ¼ crenarchaeol=ðGDGT-1þ GDGT-3þ crenarchaeol’Þ ð4Þ

It correlated significantly with the pH of seasonal samples from
the island [Fig. S4A; R2 0.98, root mean square error (RMSE) 0.02,
n = 4, P < 0.05]. MI values calculated from the seasonal samples
also correlated significantly with pH but with a lower deter-
mination coefficient (Fig. S4B, R2 0.93, P < 0.05) than the TI-pH cor-
relation. The TI from these monthly samples also correlated
significantly with pH (Fig. 4A; R2 0.56, RMSE 0.14, n = 12,
P < 0.01). The average CBT-pH (Weijers et al., 2007) of these 12 soil
samples was 8.2 ± 0.3, slightly higher than the average measured
pH of 8.0 ± 0.2, indicating a suitability of CBT for soil pH calculation
for Chongming Island. However, the narrow pH range of these sea-
sonal soil samples prevented a significant correlation between soil
pH and CBT for them (Fig. 4B).

Correlations between TI, MI or CBT and pH were also tested
using an extended dataset including soils from semiarid and arid
regions of China (Yang et al., 2014), western and east coast tran-
sects in the USA (Dirghangi et al., 2013), Mt. Xiangpi (Liu et al.,
2013), Mt. Rungwe (Coffinet et al., 2014) and World Soil
Database collections (Weijers et al., 2006). For comparison, we also
calculated three other related combinations defined as

TI0 ¼ crenarchaeol=ðGDGT-1þGDGT-2þGDGT-3þcrenarchaeol0Þ
ð5Þ

TI00 ¼ crenarchaeol=ðGDGT-1þ GDGT-2þ GDGT-3Þ ð6Þ

TI000 ¼ crenarchaeol=ðGDGT-1þ GDGT-3Þ ð7Þ

TI showed significant correlation with pH [R2 0.51, n = 135,
RMSE 1.39, P < 0.001; Fig. 4C; 11 outliers were removed to avoid
the unrealistically large influence of a few data points on the whole
calibration dataset (Conte et al., 2006)]. The determination coeffi-
cient was higher and the RMSE lower for the TI-pH relationship
(0.51 and 1.39, respectively; Fig. 4C) than those for MI-pH (0.40
and 1.74, respectively; Fig. 5A), TI0-pH (0.48 and 1.49, respectively;
Fig. 5B), TI00-pH (0.45 and 1.59, respectively; Fig. 5C) and TI000-pH
(0.48 and 1.49, respectively; Fig. 5D), indicating that TI could
reflect pH change better than other combinations of iso GDGTs in
these global soils of different texture. In the extended soil database,
the proportion of crenarchaeol ranged from 3% to 65%; all samples
fitted the regression equation (Fig. 4C), suggesting the TI proxy to
be applicable even when crenarchaeol is not the main iso GDGT.
The samples having low proportions of crenarchaeol (defined
as < 30%) could be divided into two groups (Fig. S5): one had high
GDGT-0 (> 40%), the other low GDGT-0 (< 40%). The samples having
high GDGT-0 might contain more methanogens than other sam-
ples. Because GDGT-0 is not involved in the TI calculation, the high
GDGT-0 would not affect the application of TI in these samples. For
low GDGT-0 samples, the low crenarchaeol might represent soil
Thaumarchaeota in acclimitization to a decrease in pH through
decreasing the proportion of crenarchaeol because it reduces the
density of the membranes of Thaumarchaeota (Sinninghe Damsté
et al., 2002). The acclimitization process could be corroborated
by way of the positive correlation (although not significant, P
0.19; Fig. S6) between crenarchaeol and optimal pH for the five
thaumarchaeotal enrichments. However, this needs to be con-
firmed by testing the composition of GDGTs in Thaumarchaeota
enrichments from acid soils.

3.4. Possible mechanisms for TI-pH relationship

One characteristic property of archaeal lipid membranes is the
low permeability of solutes (Koga and Morii, 2005). Unilamellar
liposomes made up of tetraether polar lipids from Sulfolobus
acidocaldarius have been shown to be less permeable to protons
and carboxyfluorescein between 25 �C and 75 �C than ester phos-
pholipids (Chang, 1994; Elferink et al., 1994; Komatsu and
Chong, 1998). The lower permeability of archaeal lipid membranes
provides an energetic advantage to Archaea — less energy is lost
during the maintenance of a chemiosmotic potential (Valentine,
2007). Valentine (2007) proposed that this adaptation effectively
reduces the maintenance energy for Archaea compared with



Fig. 4. Linear regression plots for relationship between TI and pH (A), CBT and pH (B) from Chongming Island soil. Also shown are the linear regression plots for the
relationship between TI and pH (C), CBT and pH (D) from extended datasets including soils from semiarid and arid regions of China, western and east coast transects in USA,
and World Soil Database collections, Mt. Xiangpi, Mt. Rungwe and Chongming Island. In (C), the red circles represent the samples having 0–10, crenarchaeol, the green circles
those having 10–30% and the black circles those having 30–65%. In (C and D), the red triangles represent Chongming Island soil.
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Bacteria having ester-linked fatty acids. It has been shown that the
thermoacidophiles Thermoplasma acidophilum (Uda et al., 2001),
Sulfolobus solfataricus (De Rosa et al., 1980) and Acidilobus sulfurire-
ducens (Boyd et al., 2011) respond to increase in incubation tem-
perature by increasing the number of cyclopentyl rings in their
GDGT core lipids. Other environmental investigations have also
demonstrated that the resident Archaea in terrestrial hot springs
effect change in the packing density of their membranes in
response to low pH, by increasing the cyclopentyl rings in GDGTs
at the rank of community (Boyd et al., 2013; Xie et al., 2014a).

The composition of thaumarchaeotal membranes is quite differ-
ent from those of thermoacidophilc Archaea and comprises mainly
crenarchaeol having 4 cyclopentane moieties and a cyclohexane
moiety. The 3D structure of the crenarchaeol shows that the cyclo-
hexane moiety is a bulge on one of the alkyl side chains, which
seems to prevent dense packing of biphytanyl chains in the
GDGT membranes of Thamarchaeota (Sinninghe Damsté et al.,
2002). Crenarchaeol was first thought to be an adaption of the
membrane lipids of hyperthermophilic Archaea to relatively cold
conditions (Sinninghe Damsté et al., 2002). Zhang et al. (2006)
observed that the apparent 40 to 45 �C temperature optimum for
crenarchaeol exceeds the warmest sea surface temperatures (27
to 36 �C), which suggests that crenarchaeol could be an original
and ancient biochemical property of the thermophilic
Thaumarchaeota.

For the Thaumarchaeota in the island soil, we found that both
GDGT-1 and GDGT-3 showed a negative correlation with pH, while
crenarchaeol showed a positive correlation, which inspired us to
propose TI as a proxy for pH in the soil environment. The involve-
ment of crenarchaeol suggests that Thaumarchaeota might
increase the membrane density with decreasing pH through syn-
thesizing more GDGTs having cyclopentane moieties (such as
GDGT-1 and GDGT-3 here) but less crenarchaeol having the cyclo-
hexane moiety. The involvement of the crenarchaeol isomer is also
important for a higher determination coefficient between TI and
pH. The physiological function of the crenarchaeol isomer is, how-
ever, largely unknown and needs to be addressed in the future.

Although we investigated only one site on the island, our results
are consistent with other molecular ecological studies, which
reveal that archaeal 16S sequences in surface soils belong mainly
to Thaumarchaeota and only a minor proportion to
Euryarchaeota (Bintrim et al., 1997; Jurgens et al., 1997;
Ochsenreiter et al., 2003; Bates et al., 2011). The similar high abun-
dance of Thaumarchaeota in most surface soils makes it possible
for the wide application of TI. In the extended global soils, GDGT-
1 correlated significantly with pH (R2 0.36, n = 135, P < 0.001;
Fig. S7B); GDGT-2 and GDGT-3 showed negative correlations with
pH but less significantly (Fig. S7C and S7D, respectively) and cre-
narchaeol also showed less significant positive correlation with
pH (Fig. S7E). GDGT-0 and crenarchaeol isomer were randomly dis-
tributed with varying pH (Fig. S7A and S7F, respectively). The add-
ing of GDGT-2 would reduce the determination coefficient of TI
(from 0.51 to 0.48), which is consistent with the finding for
Chongming Island soil (from 0.56 to 0.52; calculated from
Table S4). This suggests a similar acclimation process might exist
in global soils, as well as in Chongming Island soil.

The samples having a low proportion of crenarchaeol in the
extended soil database also fit the TI-pH regression equation, pro-
viding a wide application of TI in reflecting pH change in soils.
However, the determination coefficient for the TI-pH relationship



Fig. 5. The linear regression plots for the relationship between MI (A), TI0 (B), TI00 (C), TI000 (D) and pH from the extended dataset, including soils from semiarid and arid regions
of China, western and east coast transects in USA, and World Soil Database collections, Mt. Xiangpi, Mt. Rungwe and Chongming Island.

Fig. 6. Linear regression plot for TI and pH for five thaumarchaeotal enrichments.
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was lower than that for the CBT-pH relationship (R2 0.67, RMSE
1.23, n = 122, P < 0.001; Fig. 4D; the samples were the same as
those for the TI calculation), suggesting that the Archaea-derived
proxy is more affected by multiple variables than the Bacteria-
derived proxy. Yang et al. (2014) report that pH, mean annual pre-
cipitation (MAP) and mean annual atmospheric temperature
(MAAT) do not account for the variation in iso GDGT distribution
in soils from semiarid and arid regions of China. Thus, other factors
(such as soil type, vegetation cover, etc.) might affect the dis-
tribution of iso GDGTs in soils. On the other hand, Yang et al.
(2014) showed that the distribution of br GDGTs is 88% affected
by pH, indicating that br GDGTs would be better than iso GDGTs
in reflecting pH change in global soils. TI is thus a complementary
proxy to CBT for global soils. However, it seems to have an advan-
tage in reflecting narrow pH changes at local scales in soils having
similar texture and vegetation.

A significant correlation (R2 0.99; RMSE 0.04; Fig. 6) was also
observed between TI and optional growth pH in enrichments of
terrestrial or estuarine Thaumarchaeota (Nitrososphaera viennensis,
‘‘Ca. Nitrosoarchaeum koreensis’’ MY1, ‘‘Ca. Nitrososphaera’’ strain
JG1 (Sinninghe Damsté et al., 2012), Nitrosoarchaeum limnia
(Pitcher et al., 2011) and ‘‘Ca. Nitrososphaera gargensis’’ (Pitcher
et al., 2010). This is consistent with the results from the
Chongming Island soil, which indicate that the distribution of
GDGTs is not affected by the genetic variation within
Thaumarchaeota, suggesting TI could be used to reflect pH changes
in different subgroups of Thaumarchaeota (such as Group I.1a and
Group I.1b here). The difference in the equation between cultiva-
tion and Chongming soil might be due to different acclimitization
processes in the synthetic medium in laboratory and in the natural
environment. More work needs to be done in addressing this
question.
4. Conclusions

From a study of the seasonal change in the archaeal community
and lipids in Chongming Island soil, we found (i) that the archaeal
community was composed mainly of Nitrososphaera and (ii) a new
proxy defined as TI [(crenarchaeol/(GDGT-1 + GDGT-3 + crenar-
chaeol’)] correlated positively with pH in the soil, global soils and
in five thaumarchaeotal enrichments. Our findings suggest that
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the archaeal TI may be used as a complementary proxy to bacterial
CBT proxy in the reconstruction of ancient soil pH.
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