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The 1-O-monoalkyl glycerol ethers (MAGESs) were initially viewed as the biomarkers for sulfate-reducing bacteria (SRB) me-
diating anaerobic oxidation of methane in the marine environments. However, limited information is known about their distri-
bution in terrestrial and other aquatic settings including soils, fresh water lakes, and cave sediments, which may obscure our
understanding of their biological sources. Here we found that MAGEs were ubiquitous but differed obviously in distributional
pattern among those environments. The surface soils are dominated generally by iC;s5.,,-MAGE, followed by nC,so-MAGE
whereas the lake sediments show the opposite, resulting in significantly higher iC,s./nC g ratios in soils than in lake sedi-
ments. The cave deposits are characterized by considerably higher proportions of branched MAGEs than the former two envi-
ronments. The logarithm of iC,5.¢/aC s, ratio shows a significant negative correlation with soil pH, likely reflecting an adapta-
tion of microbial cell membrane to change in the ambient proton concentration. The MAGE profiles in cultured bacteria cannot
fully explain the MAGE distribution in all the samples analyzed. Therefore, MAGE:s in soil, lake sediments, and cave deposits
likely have additional biological source(s) other than SRB and cultured MAGE-producing bacteria. The difference in MAGE

pattern among environments is likely to be attributed to change in microbial communities.
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The glycerol ether lipids (GEL) in natural environments
exhibit a large structural diversity in the alkyl substituent.
These compounds, including glycerol dialkyl glycerol tetra-
ethers (GDGTs), dialkyl glycerol ethers (DAGEs), 1-O-
monoalkyl glycerol ethers (MAGESs), and glycerol dialkanol
diethers (GDDs), etc. have unique ether bonds that are more
stable than ester and amide bonds in the diacylglycerol of
eukaryotes and bacteria. The isoprenoidal GELs, e.g., ar-
chaeol, generally come from Archaea with 2,3-di-O-alkyl-
sn-glycerol stereo-configuration whereas non-isoprenoidal
GELs, like MAGEs and DAGEs, typically have bacterial
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sources with alkyl chain(s) bound to sn-1 and sn-2 positions
of glycerol backbone (Weijers et al., 2006a). GELs were
initially found primarily in marine hydrothermal vents
(Bradley et al., 2009), cold seeps with anaerobic oxidation
of methane (AOM) (Hinrichs et al., 2000; Pancost et al.,
2001; Blumenberg et al., 2004), terrestrial hot springs
(Jahnke et al., 2001), silica sinters (Pancost et al., 2005,
2006), and a natural CO, vent in soil (Oppermann et al.,
2010). Later on, more studies show the ubiquity of some
GELs including archaeal isoprenoid GDGTs (iGDGTs),
bacterial branched GDGTs (bGDGTs), and their corre-
sponding GDDs in the temperate environments, e.g., soils
(Weijers et al., 2006b; Liu et al., 2012; Yang et al., 2014a),
lakes (Pearson et al., 2011), and marine water columns
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(Schouten et al., 2000). The earliest discovery of MAGEs
and iGDGTs in marine sediments has been extended to the
Middle Triassic (Saito et al., 2013) and Middle Jurassic
(Jenkyns et al., 2012), respectively, reflecting the resistance
of ether bond to degradation. The sensitivity of iGDGTs and
bGDGTs to temperature allows them to be used as paleo-
thermometers in marine and terrestrial environment, respec-
tively (Schouten et al., 2002; Weijers et al., 2007).

The widespread recognition about MAGEs (Figure 1(a))
in sediments was often associated with AOM because
MAGEs were considered as the biomarkers for sulfate-
reducing bacteria (SRB) that work in syntrophy with meth-
anotrophic archaea (Hinrichs et al., 2000; Pancost et al.,
2001; Blumenberg et al., 2004). This can be supported by
the strongly depleted 5"°C of MAGEs found in the AOM
environments (Hinrichs et al., 2000; Orphan et al., 2001) as
well as the occurrence of MAGEs in some SRB pure cul-
tures, e.g., Desulfosarcinales (Riitters et al., 2001). Never-
theless, MAGEs have been also reported in sulfur-oxidizing
Aquifex (Jahnke et al., 2001), denitrifying Planctomycetes
(Sinninghe Damsté et al., 2004), and nitrate-reducing Am-
monifex degensii (Huber et al., 1996), all of which are bac-
teria favoring anoxic and (or) high temperature habitats.
Reasonably, Oppermann et al. (2010) found abundant
MAGEs with a tremendous structural diversity in anoxic
soils at a natural CO, vent. A recent study of marine sus-
pended particulate organic matter and surface sediments
shows that MAGEs are widespread in the marine water
column and sediments, suggesting they likely originate from
some unknown aerobic bacterial sources other than SRB in
marine environments (Hernandez-Sanchez et al., 2014). In
fact, MAGEs are probably the constituents of 1-O-alkyl-
2, 3-diacyl-sn-glycerol, 1-O-alkyl-2-acyl-3-sn-glycero-phos-
pholipids or structurally similar glycerolipids (e.g., plas-
malogens; Rezanka et al., 2012) because MAGEs can be
detected only in the samples subjected to saponification or
acid hydrolysis in most cases (Pape et al., 2005; Figure
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1(b)). The latter compounds, however, can be biosynthe-
sized by bacteria (Riitters et al., 2001) as well as animals
such as fish (Hallgren and Larsson, 1962), sponge (Quijano
et al., 1994), abyssal holothurians (Santos et al., 2002), cor-
als (Imbs et al., 2006), etc. This may complicate the inter-
pretation of biological source for MAGEs particularly in
marine environments. Indeed, Hernandez-Sanchez et al.
(2014) attributed different MAGESs distribution for marine
water column and sediments, respectively, to mutiple
microbial sources.

Compared to marine realms, MAGEs in terrestrial and
other aquatic environments are less studied, thereby hinder-
ing our comprehensive understanding of their biological
sources and subsequently of the biogeochemical roles of
their precursors. Here we investigated the MAGEs distribu-
tion in surface soils across large environmental gradients
(varied pH and climate), lake sediments and cave deposits.
Given that lipid distribution pattern can generally provide
important information about the microbial community
structures and associated environmental change, MAGE
distribution in these terrestrial settings was compared with
those in previously reported bacterial pure cultures and ma-
rine environments to determine whether MAGESs in varied
environments share the same sources.

1 Materials and methods
1.1 Sample collection and preparation

Thirty-four surface soil samples were collected from dif-
ferent climatic zones of China. Thirty-three samples of them
have been used for GDGTs analysis by Yang et al. (2014b)
(Figure 2). The detailed sample information is presented in
Table 1. Soil samples were wrapped in the aluminum foil
and kept in paper envelopes. Upon arrival at the laboratory,
the samples were stored at —20°C refrigerator. The soils
were then freeze dried and ground into powder with a pestle
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Figure 1 The structures of selected 1-O-monoalkyl glycerol ethers (a) and the transformation of 1-O-alkyl-2-acyl-3-sn-glycerol to 1-O-monoalkyl glycerol

ether by base or acid hydrolysis (b).



Yang H,etal.  Sci China Earth Sci  June (2015) Vol.58 No.6 1007
Table 1 Sample information for lake sediments, soils, and cave deposits

No. Samples Sample type MAT (°C) pH MAP (mm) Latitude (N)  Longitude (E)  Altitude (m) Depth
1 QHL-5 Lake sediment 0.5 9.08 391.9 n.a.? n.a. 3197 n.a.
2 QhL-7 Lake sediment 0.5 8.77 391.9 37°00" 100°01' 3197 25 m water depth
3 QHL-9 Lake sediment 0.5 8.13 391.9 37°00’ 100°01’ 3197 0.5 m water depth
4 Qhi-11 Lake sediment 0.5 8.56 391.9 36°44' 99°49’ 3197 5 m water depth
5 Lzi-L-6 Lake sediment 17.1 8.16 1269.0 30°14.4 114°36.2' 16 1.6 m water depth
6 Lzi-L-26 Lake sediment 17.1 8.12 1269.0 30°13.2" 114°36.1' 16 2.2 m water depth
7 Lzi-L-29 Lake sediment 17.1 8.19 1269.0 30°12.4' 114°34.6' 16 2.2 m water depth
8 Lzi-L-12 Lake sediment 17.1 7.70 1269.0 30°16.0 114°34.8' 16 3 m water depth
9 WAL-16 Lake sediment 17.1 6.90 1269.0 30°35' 114°32’ 20 n.a.

10 WAL-4 Lake sediment 17.1 6.89 1269.0 30°33’ 114°31’ 18 1.4 m water depth

11 WAL-14 Lake sediment 17.1 7.26 1269.0 30°32’ 114°22' 20 3.7 m water depth

12 WAL-17 Lake sediment 17.1 7.12 1269.0 30°32’ 114°22' 20 3.7 m water depth

13 LP-22 Soil 9.0 9.90 428.8 37°34.3' 110°30.7" 1001 Surface soil

14 PJ-6 Soil 9.5 8.49 643.4 n.a. n.a. 6 0-10 cm

15 LP-34 Soil 10.6 6.93 582.5 35°13.4' 109°2.1' 1098 Surface soil

16 XYB-2 Soil 11.4 7.76 924 33°33.8' 108°36.0' 1037 Surface soil

17 XJBC-5 Soil 12.1 8.41 61.1 39°45.1' 78°31.3’ 1116 0-12 cm

18 Salt pool Soil 8.3 9.14 273.5 37°45.9' 107°25.7 1293 Surface soil

19 CD-5 Soil 16.1 7.46 870.1 30°40.9' 103°49.2' 530 0-5cm

20 CD-7 Soil 16.1 7.38 870.1 30°40.9' 103°49.2' 530 0-5cm

21 DYLJ-1 Soil 12.6 8.69 568.5 37°29.6' 118°15.3’ 9 Surface soil

22 DYLJ-3 Soil 12.6 8.40 568.5 37°29.6' 118°15.3’ 9 Surface soil

23 SNJ 3-1 Soil 14 5.94 n.a. 31°27.0 110°16.0’ 2840.00 0-7 cm

24 DHS-6 Soil 20.8 3.50 1956 23°10.2 112°32.8' 100 0-10 cm

25 DHS-7 Soil 20.8 4.18 1956 23°10.1 112°32.9' 44 0-10 cm

26 HS-S-2 Soil 16.8 7.78 1138 30°27.0 110° 25.2 ca. 294 Surface soil

27 HS4-11 Soil 16.8 7.95 1138 30°27.0 110° 25.2 ca. 294 Surface soil

28 2009-5-31 Soil 16.6 5.10 1269 30°31.5' 114°24.3’ 64 Surface soil

29 2009-1-13 Soil 17.1 n.a. 1269 30°31.5' 114°24.3’ 64 Surface soil

30 WH2009 Soil 17.1 5.11 1269 30°31.5" 114°24.3’ 64 0-2cm

31 XZ-49 Soil 8.0 7.18 426.4 29°39.6’ 90°55.7' 3696 Surface soil

32 XZ-23 Soil 8.2 6.34 641 29°45.9' 94°44.3' 3351 Surface soil

33 10NJ-S-2 Soil 13.7 8.17 553.3 34°21.0¢ 109°32.0' 637 0-5cm

34 JFL-1-1 Soil 16.1 4.69 n.a. 18°43.0’ 108°52.2' 1405 0—ca.10 cm

35 JFL-2b-1 Soil 16.7 4.40 n.a. 18°43.0’ 108°52.5' 1296 0—ca.10 cm

36 JFL-4b-1 Soil 17.7 4.49 n.a. 18°42.8’ 108°52.5' 1137 0—ca.10 cm

37 JFL-5a-1 Soil 18.6 4.18 n.a. 18°42.7' 108°52.6' 1002 0—ca.10 cm

38 JFL-6a-1 Soil 19.2 4.40 n.a. 18°42.3’ 108°52.3' 899 0—ca.10 cm

39 JFL-7a-1 Soil 19.9 4.24 n.a. 18°42.2' 108°52.1' 790 0—ca.10 cm

40 JFL-8b-1 Soil 20.4 4.35 n.a. 18°41.8’ 108°51.3' 701 0—ca.10 cm

41 JFL-9a-1 Soil 21.4 4.24 n.a. 18°42.0’ 108°51.1" 597 0—ca.10 cm

42 JFL-10a-1 Soil 21.7 4.03 n.a. 18°42.0’ 108°50.5' 497 0—ca.10 cm

43 JFL-11-1 Soil 22.3 4.81 n.a. 18°42.1 108°50.2' 402 0—ca.10 cm

44 JFL-12-1 Soil 23.0 4.38 n.a. 18°41.9 108°49.9' 290 0—ca.10 cm

45 JFL-13-1 Soil 23.5 5.89 n.a. 18°42.1' 108°49.7' 199 0—ca.10 cm

46 JFL-14-1 Soil 24.2 6.20 n.a. 18°42.2' 108°47.4' 86 0—ca.10 cm

47 Lotus Down Cave deposit 16.8 n.a. 1138 30°27.0 110°25.2" ca. 294 Surface sediment

48 Rock-surf Cave deposit 16.8 n.a. 1138 30°27.0 110°25.2' ca. 294 Surface sediment

a) n.a.: not available.

and mortar. The mean annual air temperature (MAT) for the
sampling sites varies from 1.4 to 24.2°C and mean annual
precipitation (MAP) from 61.1 to 1956 mm. The soil pH
was measured following Yang et al. (2011). Briefly, soil
powder was mixed with ultrapure water in a ratio of 1:2.5
(g/mL) and allowed to stand for 30 min. The supernatant

was measured with a pH meter (x3) and final pH result was
the average of three replicates.

A total of eight surface sediments were collected using a
grabber from five fresh water lakes around Wuhan, the cap-
ital city of Hubei Province in Central China (Figure 2). Ad-
ditionally, four surface sediments from the Lake Qinghai, a
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Figure 2 Sampling sites for surface soils, lake sediments, and cave deposits.

saline lake on the Qinghai-Tibetan Plateau were also sam-
pled to make comparison with those fresh water lakes (Ta-
ble 1). Sediments were transported to laboratory immedi-
ately and freeze dried. The dried samples were homoge-
nized and ground into powder with a pestle and mortar. The
MAT for Wuhan and Lake Qinghai are 17.1°C and —0.3°C,
and MAP for them 1269 mm and 381.3 mm, respectively.
The pH for lake sediments are measured following the
methods for soils. The lakes around Wuhan are subjected to
a typical East Asian monsoon climate, whereas the Lake
Qinghai is situated at the boundary of Asian summer mon-
soon.

Two cave carbonate deposits were collected in the
Heshang Cave of Hubei Province, China (Figure 2). Car-
bonate samples were scraped from the surface of a growing
stalagmite and a collapsed dolomite, respectively, using a
steel shovel. These samples were also ground into powder
for further analysis. The MAT and MAP outside the
Heshang cave (from 1971 to 2000) are 16.8°C and 1138
mm, respectively.

1.2 Lipid extraction and fractionation

An aliquot of each sample including soil, lake sediments
and cave deposit was extracted (x6) ultrasonically with a
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mixture of dichloromethane (DCM) and methanol (MeOH)
(9:1, v/v). The supernatant was collected and combined to
yield total lipid extraction (TLE) after the mixture was cen-
trifuged. The TLE was concentrated in a rotary evaporator
and dried under a gentle nitrogen gas. The TLE was then
subjected to saponification by 2 N KOH/MeOH solutions
(5% H,O) at 80°C. The resulting solution was extracted
with hexane (x6), yielding the neutral fraction containing
MAGESs and alkanols. The neutral fraction was then sepa-
rated into alkanes and polar fractions. Preganol was added
to polar fraction as the internal standard. The polar fraction
was silylated with BSTFA (70°C, 1.5 h) to convert alcohols
into trimethylsilyl derivatives.

1.3 GC-MS analysis

The derivatised alcohols were analyzed by an Agilent 7890
gas chromatography and 5975 mass spectrometer (GC-MS)
equipped with a silica capillary column (DB-5MS; 60 mx
0.25 mmx0.25 pm). The GC and MS conditions were as
follows. The GC oven temperature ramped from 70 to
230°C at 3°C/min, and then from 230 to 300°C at 2°C/min,
held at 300°C for 20 min with helium as the carrier gas. The
inlet temperature was 300°C and the injection volume was 1
pL. The ionization energy was 70 eV and the temperature of
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interface between GC and MS was set as 280°C. The nor-
mal, iso- and anteiso-MAGE were denoted, respectively, by
nCy,, iC,,, and aC,.,, where x represents the carbon number
before derivatisation and y means the number of double
bonds. The prefix “Me” or “m” represents middle-chain
methyl branching.

2 Results and discussion
2.1 Identification of MAGEs

A variety of MAGEs detected in all samples were identified
based on the characteristic fragment ions in the mass spectra
and the relative elution order. The glycerol moiety of
MAGEs has the sn-1,2 configuration, and MAGEs in the
environmental samples have been proposed to be of a bac-
terial origin in a number of previous studies (Pancost et al.,
2005; Oppermann et al., 2010). All the mass spectra of
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MAGE:s show a typical m/z 205 fragment ion at the base
peak, consistent with the cleavage between the sn-1 and
sn-2 position of glycerol moiety and the assignment of the
stereostructure of glycerol moiety (Figure 3(a) and (b)). The
molecular ions (M™) for saturated MAGEs are generally
absent in the spectra as they readily lose a methyl moiety
and consequently yield a [M-15]" ion that can be used to
determine the molecular weight of related MAGE:s. In con-
trast, both of the molecular and [M-15]" ions of monoun-
saturated MAGEs (e.g., nCyq,) are apparent and 2 Da less
than their saturated counterparts, with higher abundance of
the former than the latter (Figure 3(b)). Useful fragment
ions for determination of molecular weight also include
[M-90]™, [M-103]* and [M-147]", which represents the loss
of one HOSi(CHj3); moiety, an additional methylene (CH,)
moiety from the former [M-90]" fragment and two Si(CH3);
moieties, respectively. The above diagnostic fragment ions
allow identifying a series of MAGE homologs with carbon
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Figure 3 Examples showing the diagnostic fragment ions of normal (a), tentatively assigned monounsaturated MAGEs (b), and the elution orders of

MAGE isomers (c) in the gas chromatogram.
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number ranging from 14 to 22 in soils, lake sediments, and
cave deposits.

Identification of MAGE isomers with different methyl
positions relies largely on the elution order and published
literatures (Oppermann et al., 2010) as these isomers have
similar mass spectra to their corresponding normal MAGEs.
The branched MAGEs generally have lower boiling points
than their normal and monounsaturated counterparts, and
hence the former elutes earlier in the gas chromatogram
than the latter. This is similar to other branched lipid bio-
markers (e.g., fatty acids and alcohols), which show an ear-
lier elution time than their normal isomers as well as un-
saturated counterparts (Yang et al., 2014c). In general,
iso-MAGE elutes first, closely followed by anteiso-MAGEs
and then the unsaturated MAGEs, whereas isomers with
methyl group at middle position (Me-MAGE) elute before
iso-MAGEs (Figure 3(c)). We did not perform the dime-
thyldisulfur derivatisation on the fatty alcohols and, there-
fore, the monounsaturated MAGEs are tentatively assigned.
The tentatively assigned double bond of nCjs; is perhaps
located at either -1 or -2, or -3 positions because m/z 55
reveals there is an unsaturated bond in this fragment ion.
The similar time interval between two adjacent iso-, an-
teiso- or normal MAGE homologs can also aid in the as-
signment of MAGEs isomers.

2.2 MAGE:s in surface soils

The branched, monounsaturated and saturated MAGEs can
be found in all the surface soil samples. As these soils were
formed in considerably different climatic conditions, the
ubiquitous occurrence of MAGEs in soils reveals that the
precursor bacteria can tolerate a large soil pH range from
3.5 t0 9.9. The carbon number of MAGEs generally ranges
from Cy4 to C, (Figure 4(a)), whereas nC,; and nCpy,-
MAGE can be detected in some samples, e.g., JFL-11. Un-
like the marine realms where nCi,.,-MAGE and nCis.o-
MAGE are apparent (Hernandez-Sanchez et al., 2014),
MAGE:s with carbon number <C,; are below the detection
limit in all the soils analyzed (Table 2). The concentration
(normalized to TOC) of total MAGEs varies from 0.12 to
13.2 pg g”' TOC. The average MAGE concentrations for
soil at pH > 7 and pH < 7, respectively, do not show a sig-
nificant difference (P > 0.05, independent-sample #-test by
SPSS software), indicating the MAGE-producing bacteria
might have no obvious preference for soil pH. The iCjs.
component generally dominates the MAGE profile, fol-
lowed by nCigy, iCi60 and nCiqi. The large structural di-
versity in branched MAGEs, including iso/anteiso MAGEs
as well as MAGEs with methyl moiety at the middle posi-
tion indicates MAGEs are primarily of a bacterial origin in
soils. The nC,7o-MAGE generally has more than 3 isomers
with different methyl position, similar to the fatty acids and
alcohols in a given sample (Yang et al., 2014c). The
branched MAGEs including mC¢., mCjs.9 and mCig, occur
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in these soils, whereas their fatty acids and alcohols coun-
terparts are generally absent.

The overall distribution of MAGE:s in all these soils does
not change significantly with any given environmental vari-
able including MAT, MAP, and soil pH. However, we ob-
serve that the ratio of iCys,0/aC;s.o shows a significant loga-
rithmic relationship with soil pH (R*= 0.62, P < 0.001). The
pH essentially represents the logarithm of proton concentra-
tion and the proton gradient across the cell membrane de-
pends primarily on the proton concentration outside the cell.
Hence, we employ the logarithm of iC,s,0/aC;s, ratio and
find it shows a negative linear correlation with soil pH (R*=
0.62, P < 0.001; Figure 5). Specifically, the abundance of
iCi5.0-MAGE relative to aCjs,, decreases with soil pH. This
is most likely to be the result of adaptation of microbial
membrane composition to proton gradient in soils. In fact,
the decrease in the abundance of iC,7.,-MAGE relative to
aCy7,9 with pH can also be observed in these soils.

2.3 Distribution of MAGE:s in lake sediments

A large diversity of branched, saturated, and monounsatu-
rated MAGESs can be found in both the Qinghai Lake and
the freshwater lake around Wuhan. The carbon number of
MAGE in the lakes ranges from 14 to 22 (Figure 4(c)) and
the summed concentration of total MAGEs varies from 0.76
to 458.8 pg g' TOC (Table 2). Almost all the lake sedi-
ments show a similar MAGE distributional pattern domi-
nated by nCeo. Most of the samples are also characterized
by high abundance of 10-Me-Cjg.9, nCig.0 or aCjs.. In three
samples (WAL-4, QHL-9, QHL-11), iC;s, accounts for
20%, 37%, and 20% of total MAGEs, respectively, which
closely resembles the MAGE distribution in soils. In both
QHL-7 and QHL-11, aCs, exceed iC;s( in abundance
whereas other lake samples have higher abundance of iC;s.
than aCis.y. The ratio of iC;s.¢/aC,s. for lake sediments var-
ies from 0.58 to 6.43, which is significantly smaller than
that for soils (2.5-36.2; independent-sample 7-test by SPSS
software, F = 7.36, P < 0.05, Figure 6).

The MAGE distributional difference between soils and
lake sediments can also be reflected by the ratio of iCjs./
nCigo, Which is significantly higher in soils than in lake
sediments (Figure 6). This difference indicates that there is
in situ production of MAGEs in the lake environment,
though contribution of MAGEs from catchment soils cannot
be fully excluded. The pH and temperature variation cannot
explain the considerable difference in MAGE distribution
between lake sediments and soils. Although MAT and soil
pH span large ranges across the climatic transect in this
study, the dominance of iC;s.,,-MAGE followed by nCig, is
not changed throughout the soil samples. Similarly, climatic
parameters are not likely to impact on the MAGE distribu-
tion in lake sediments where nC50-MAGE generally dom-
inates. Therefore, the different MAGE assemblages between
aquatic and soil environment are likely to be the result of
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Table 2 Fractional abundances of major MAGEs (normalized to total MAGEs for each sample) for lake sediment, soil, and cave deposit

14 il5 als 15 i16 16:1 16 10-Me-16 i17 17 18:1 18:1 18
QHL-5 0.04 0.10 0.04 0.05 0.03 0.04 0.36 0.05 0.03 0.03 0.00 0.07 0.05
QhL-7 0.03 0.06 0.11 0.04 0.07 0.03 0.27 0.07 0.03 0.03 0.02 0.06 0.05
QHL-9 0.00 0.37 0.10 0.00 0.00 0.00 0.38 0.00 0.00 0.00 0.00 0.00 0.00
Qhi-11 0.00 0.20 0.30 0.00 0.00 0.00 0.51 0.00 0.00 0.00 0.00 0.00 0.00
Lzi-L-6 0.02 0.07 0.04 0.03 0.03 0.02 0.29 0.13 0.03 0.06 0.01 0.02 0.07
Lzi-L-26 0.02 0.08 0.06 0.05 0.03 0.02 0.29 0.08 0.03 0.05 0.02 0.02 0.09
Lzi-L-29 0.01 0.05 0.04 0.03 0.03 0.01 0.31 0.12 0.02 0.05 0.01 0.01 0.08
Lzi-L-12 0.02 0.08 0.05 0.03 0.04 0.02 0.28 0.13 0.03 0.06 0.02 0.00 0.06
WAL-16 0.04 0.11 0.04 0.04 0.03 0.01 0.39 0.06 0.02 0.05 0.01 0.01 0.07
WAL-4 0.04 0.20 0.03 0.09 0.04 0.01 0.23 0.04 0.07 0.02 0.00 0.01 0.04
WAL-14 0.04 0.09 0.06 0.02 0.03 0.02 0.27 0.10 0.03 0.05 0.01 0.02 0.10
WAL-17 0.03 0.08 0.06 0.02 0.04 0.01 0.26 0.12 0.02 0.04 0.01 0.02 0.09
LP-22 0.02 0.23 0.03 0.04 0.06 0.06 0.17 0.00 0.04 0.02 0.00 0.04 0.05
PJ-6 0.04 0.17 0.04 0.03 0.03 0.03 0.23 0.05 0.04 0.03 0.02 0.01 0.08
LP-34 0.02 0.18 0.03 0.03 0.05 0.03 0.09 0.04 0.04 0.07 0.00 0.05 0.08
XYB-2 0.03 0.21 0.03 0.03 0.07 0.03 0.14 0.02 0.05 0.04 0.03 0.04 0.06
XJBC-5 0.02 0.22 0.06 0.01 0.07 0.01 0.15 0.09 0.04 0.00 0.00 0.00 0.02
Salt pool 0.01 0.06 0.01 0.00 0.01 0.02 0.15 0.02 0.02 0.05 0.00 0.01 0.02
CD-5 0.05 0.30 0.02 0.02 0.04 0.00 0.16 0.03 0.05 0.03 0.00 0.00 0.08
CD-7 0.05 0.27 0.02 0.03 0.04 0.02 0.22 0.02 0.03 0.02 0.02 0.01 0.06
DYLIJ-1 0.05 0.29 0.04 0.02 0.04 0.00 0.22 0.03 0.04 0.02 0.00 0.03 0.05
DYLJ-3 0.03 0.33 0.13 0.03 0.06 0.02 0.18 0.01 0.02 0.01 0.00 0.00 0.03
SNJ 3-1 0.03 0.34 0.05 0.02 0.04 0.02 0.15 0.10 0.04 0.05 0.00 0.00 0.02
DHS-6 0.02 0.16 0.01 0.04 0.12 0.00 0.22 0.13 0.05 0.03 0.00 0.01 0.04
DHS-7 0.03 0.26 0.01 0.02 0.05 0.05 0.20 0.10 0.07 0.05 0.00 0.00 0.08
HS-S-2 0.02 0.13 0.02 0.03 0.17 0.01 0.10 0.02 0.03 0.05 0.01 0.01 0.03
HS4-11 0.02 0.16 0.02 0.03 0.16 0.01 0.14 0.02 0.03 0.06 0.00 0.01 0.08
2009-5-31 0.03 0.29 0.03 0.04 0.25 0.00 0.16 0.03 0.04 0.03 0.00 0.00 0.03
2009-1-13 0.02 0.39 0.03 0.02 0.07 0.00 0.08 0.05 0.06 0.08 0.01 0.00 0.02
WH 2009-2 0.04 0.35 0.03 0.04 0.17 0.10 0.10 0.04 0.03 0.02 0.00 0.00 0.02
XZ-49 0.01 0.16 0.04 0.04 0.06 0.02 0.21 0.07 0.04 0.08 0.00 0.03 0.07
XZ-23 0.03 0.35 0.03 0.03 0.05 0.01 0.18 0.03 0.04 0.02 0.00 0.00 0.03
10NJ-S-2 0.03 0.23 0.03 0.03 0.18 0.00 0.16 0.00 0.02 0.04 0.00 0.00 0.04
JFL-1-1 0.02 0.23 0.02 0.02 0.22 0.06 0.18 0.05 0.04 0.06 0.01 0.01 0.03
JFL-2b-1 0.02 0.25 0.00 0.02 0.11 0.15 0.21 0.02 0.03 0.08 0.01 0.02 0.04
JFL-4b-1 0.01 0.21 0.01 0.02 0.18 0.04 0.19 0.05 0.10 0.08 0.01 0.00 0.03
JFL-5a-1 0.01 0.21 0.00 0.00 0.17 0.02 0.18 0.14 0.11 0.09 0.00 0.00 0.05
JFL-6a-1 0.02 0.26 0.01 0.02 0.13 0.03 0.23 0.07 0.06 0.05 0.00 0.00 0.06
JFL-7a-1 0.03 0.29 0.01 0.02 0.04 0.08 0.30 0.02 0.04 0.03 0.02 0.01 0.05
JFL-8b-1 0.02 0.27 0.02 0.02 0.06 0.00 0.28 0.03 0.04 0.04 0.01 0.02 0.07
JFL-9a-1 0.03 0.42 0.02 0.03 0.07 0.06 0.20 0.01 0.04 0.03 0.01 0.01 0.03
JFL-10a-1 0.02 0.26 0.02 0.03 0.13 0.04 0.16 0.04 0.09 0.08 0.02 0.01 0.05
JFL-11-1 0.02 0.28 0.03 0.02 0.10 0.04 0.16 0.05 0.06 0.06 0.01 0.01 0.07
JFL-12-1 0.02 0.22 0.01 0.02 0.12 0.04 0.20 0.04 0.09 0.08 0.02 0.01 0.06
JFL-13-1 0.03 0.35 0.03 0.03 0.12 0.07 0.12 0.03 0.05 0.05 0.00 0.01 0.04
JFL-14-1 0.04 0.29 0.03 0.02 0.12 0.07 0.14 0.03 0.05 0.04 0.02 0.01 0.05
Lotus Down 0.00 0.12 0.02 0.01 0.15 0.01 0.06 0.02 0.27 0.12 0.00 0.00 0.04

Rock Surf 0.00 0.02 0.00 0.00 0.03 0.00 0.07 0.00 0.01 0.01 0.00 0.00 0.00
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Figure 6 Box plot showing the range of iCs.0/nCieo ratio for soil and
lake sediments. The boxplot shows minimum, maximum, median, lower
quartile (25%), and upper quartile (75%) information for the ratio in dif-
ferent environments. An independent-sample #-test by SPSS software
shows that the ratio of iCys.0/nCieyis statistically higher in soils than in the
lakes (F =7.36, P < 0.05).

changed bacterial communities.

The principal component analysis (PCA) on the fractional
abundance of MAGEs in soils, and lake sediments clearly
shows that samples from different environments cluster in
different regions of the PCA plot (Figure 7), only except
one lake sediment sample (WAL-4) that falls in the region
of soils. This lake sediment has comparable abundance of
iCys,9 and nCi6.0 MAGES, closely resembling that of soils.
However, it has much higher abundance of nC;s, MAGE
than other lake sediments and soils. As this lake is the shal-
lowest (1.4 m) among all the fresh water lakes, the MAGE
distribution in lake sediments is more likely to be influ-
enced by the contribution from surrounding soils, resulting

9
'\ Lake sediments
N /
\\\ //
- ;

-20
-1.0 PCAaxis 1; 11=29% 2.4

Figure 7 Principal component analysis (PCA) showing the clustering of
different samples based on the fractional abundances of MAGEs. Note that
a lake sediment sample, WAL-4, falls in the area for soils as its MAGE
distribution closely resembles that for soils and might be impacted by soil
organic input.

in a MAGE distribution more similar to soils than to other
lake sediments. This is also true for a sample collected from
the nearshore area of the Qinghai Lake, i.e., QHL-9, with a
water depth of 0.5 m, shows approximate abundance of
iCys,0 and nCj 60 MAGESs. The BIT value, a proxy reflecting
the terrigenous organic input (Hopmans et al., 2004), for
this sample is high (0.93, unpublished data), probably indi-
cating a significant amount of soil organic matter input.
Therefore, the autochthonous MAGEs in lake sediments are
likely to be dominated by nC,so MAGEs while increased
abundance of iC;s.) MAGEs in lake sediments may be in-
dicative of enhanced soil organic input.

2.4 MAGE:s distribution in cave deposit

The karst cave is a unique isolated subsurface environment
where sunlight cannot readily reach and chemolithotrophic
lifestyle generally dominates. Although cave deposit, e.g.,
stalagmite or sinter, may inherit organic matter from over-
lying soils, the archaeal and bacterial lipids in these deposits
are thought to be both predominantly produced in situ in the
cave (Yang et al., 2011; Blyth et al., 2014), based princi-
pally on the distinct GDGT distribution between soils over-
lying the caves and stalagmites. The two cave deposit sam-
ples (Rock Surf and Lotus Down) also show remarkably
different MAGE distribution than soils overlying the cave
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(HS-S-2 and HS4-11), although the carbon number for these
samples also ranges from 14 to 22 (Table 2). The branched
MAGE:s including iC,7., iC6 and iC,s.,o dominate in Lotus
Down, a surface calcite sample from a growing stalagmite
with iC;7o being the most abundant component (Figure
4(b)). The summed amount of branched MAGEs accounts
for 84.2% of the total MAGE concentration in Lotus Down,
which is much higher than that in HS-S-2 and HS4-11
(41.7% and 44.6%, respectively). Likewise, the dominant
MAGE:s in another cave deposit sample, Rock Surf, are also
branched MAGESs, accounting for 91.1% of the total
MAGEs. Specifically, aC ¢y dominates in the MAGE pro-
file, followed by mC,;, (Figure 4(d)) in this sample. As
Rock Surf is less influenced by the dripping water and in
turn the soil organic matter, the MAGEs for it are contrib-
uted primarily by the microbial mats residing on its surface.
The dominance of MAGE:s in the neutral lipid fraction of
Rock Surf also highlights the importance of MAGE-
producing bacteria in the microbial community. The auto-
chthonous MAGEs in the cave obviously contrast with
those in two overlying soils where MAGE distributions are
dominated by iC,s.y and iC,¢,, most likely pointing to a dif-
ferent bacterial source than soils.

2.5 Comparison of MAGEs distribution among envi-
ronments and implication for their microbial sources

The previous knowledge about MAGEs has been generally
related to phylogenetically deeply branching SRB or ex-
tremophiles (Hinrichs et al., 2000; Jahnke et al., 2001;
Orphan et al., 2001; Riitters et al., 2001; Ge et al., 2011). A
recent study of MAGE distribution in the particulate organic
matter of water column and marine sediments reveals that
some unknown aerobic bacteria other than SRB may also
contribute significantly to the MAGE pool in marine realms
(Hernandez-Sanchez et al., 2014). The ubiquitous occur-
rence of MAGEs in soils, lakes, and cave deposits in this
study further expands our horizon about the habitats of
MAGE-producing organism and also the sources of these
orphan biomarkers.

The potential precursors of MAGEs in surface soils
would be expected to at least have two characters, i.e.,
ubiquitous occurrence in soils and tolerance to oxygen ex-
posure. The MAGE:s in surface soils are not likely to be
derived solely from the SRB for several reasons. Firstly, all
the cultured SRB, e.g., Desulfosarcina variabilis, Ther-
modesulfobacterium geofontis, etc. (Table 3) do not produce
a substantial amount of iCs,, that dominates in MAGE pro-
files for soils. They generally have nC,4,0-dominated MAGE
pattern as observed in many cold seep sediments (Hinrichs
et al.,, 2000). Secondly, the well-ventilated surface soils,
particularly those dry soils from semiarid or arid regions,
may not favor the anaerobic proliferation of mesophilic
SRB. Instead, the abundant MAGEs in dry alkaline soils
may point to aerobic microbial sources. In fact, Myxcoccus
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xantus, an aerobic bacteria found ubiquitously in soils, has
been reported to biosynthesize iC;s(-MAGE during for-
mation of the fruiting body (Ring et al., 2006). This bacte-
rium and its phylogenetic relatives are likely contributors of
MAGEs in surface soils. Additionally, some cultured Ac-
idobacteria species, e.g., Acidobacteriaceae strain A2-4c
and Pyrinomonas ethylaliphatogenes falling into subdivi-
sions 1 and 4 are also potential precursors of soil MAGEs as
their lipids contain abundant iC,5,-MAGE (Sinninghe
Damsté et al., 2011; Crowe et al., 2014). The Acidobacteria
subdivisions 1 and 4 are aerobic chemoorgantrophic bacte-
ria. They have been found to be ubiquitous and abundant
members of soil bacteria in diverse soils (Jones et al., 2009),
indicating that they can potentially contribute considerable
amount of iCys. to soil MAGE pool. Nevertheless, as iC;s,
and iC,7, were the only MAGEs found in the recently cul-
tured Acidobacteria, other MAGESs including nC¢, nCi7.,
mCy7,, and nCygetc. in surface soils are not likely to be of
Acidobacteria origin. Hence, we speculate that the complex
MAGE assemblages in soils are the results of bacteria fall-
ing into Myxococcales and Acidobacteria as well as other
kinds of previously uncharacterized organisms.

The MAGE distribution pattern appears to be similar for
different aquatic settings. Specifically, the nCc-MAGE
has been found to be dominant in lake sediments, cold seep
sediments, marine surface sediments, particulate organic
matter in marine water column and microbialites (Heindel et
al., 2012; Hernandez-Sanchez et al., 2014). These water-
saturated sedimentary environments facilitate the formation
of anoxic micro-niches, which are conditions favorable to
the production of widespread anaerobic SRB, Aquifex and
Firmicutes (Langworthy et al., 1983; Langworthy and Pond,
1986; Huber et al., 1992; Huber et al., 1996; Riitters et al.,
2001; Hamilton-Brehm et al., 2013) (Table 3). The SRB, as
reflected by cultured mesophilic and thermophilic species
(Table 3), are likely to be important contributors of nCig,0-
MAGE in lake sediments despite that these SRB are not
necessarily the participants of AOM. The phylogenetic rela-
tives of cultured Firmicutes, e.g., Ammonifex degensii,
Clostridium thermocellum, etc. can contribute primarily
iCi60, iCis0, and nCygo as well as other relatively less
abundant MAGEs with carbon number ranging from Cy4 to
C,s to MAGE pool in lake sediments. The thermophilic Ag-
uifex in the hot spring primarily produces MAGEs with
longer chains (C;3—Cy) than other bacteria. These long-
chain MAGEs are perhaps the diagnostic characters for Ag-
uifex rather than the adaption of microbial membrane lipids
to higher temperature because other MAGE-producing
thermophilic bacteria like Thermodesulfobacterium geofon-
tis do not produce any MAGE with carbon chain length >17.
As mesophilic Aquifex is an important member of bacterial
community in lakes, it is likely to be the source of long
chain MAGEs (C >17) in the analyzed lake sediment sam-
ples.

The cave deposits, despite of only two samples, show
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completely different MAGE pattern than other environ-
ments. The dominance of iCy7, and aCje,, respectively in
Lotus Down and Rock Surf, is not consistent with MAGE
profile for any cultured bacterial species, likely pointing to
other as-yet uncharacterized bacterial sources. This indi-
cates that MAGEs, a suite of unique ether lipids, can be
produced by more bacteria than ever expected. Although
future genetic work is required, this initial survey on
MAGEs in the terrestrial and aquatic environments high-
lights a variety of possible indicators. The ether lipids, due
to their resistance to degradation, can be preserved in sedi-
ments over a relatively long geological time (Pancost et al.,
2006; Saito et al., 2013). The potential of MAGEs as bi-
omarkers for specific bacteria enables MAGE to be used to
examine the past bacterial communities, which can further
aid in interpreting the paleoenvironment. For example,
MAGEs found in carbonate rocks and mud rocks deposited
during the Early and Middle Triassic were likely derived
from SRB, indicating that anoxic conditions might expand
in the depositional and/or water column environment during
that period (Pancost et al., 2006; Saito et al., 2013).

The ether lipids are generally believed to be more re-
sistant to extremely acid, alkaline conditions or high tem-
perature than acylglycerol lipids, because the addition of
MAGESs may enhance the overall rigidity of cell membrane.
Hence, more ether lipids can be found in hot spring envi-
ronments where temperatures are generally high (Zeng et al.,
1992a, 1992b; Pancost et al., 2005, 2006). However, the
wide occurrence of MAGEs in mesophilic bacteria is ap-
parently not an adaptation of their cell membrane to ex-
treme environments. Instead, these mesophilic bacteria may
inherit the nature of their extremophilic ancestors, which
may biosynthesize a considerable amount of ether lipids to
resist the extreme conditions. The MAGE-producing bacte-
ria are capable of producing both ether and ester lipids, and
they possess genes encoding the biosynthesis of both ether
and ester lipids, which are common in Archaea and bacte-
ria/Eukaryotes, respectively. Therefore, in terms of lipids,
these MAGE-producing bacteria, including those uncharac-
terized, are likely to be the evolutionary intermediate
between deeply branching microorganisms and non-ex-
tremophilic bacteria.

3 Conclusions

The MAGE distributions were investigated in the surface
soils and lake sediments spanning large environmental gra-
dients, and also in two typical cave deposit samples. These
lipids, previously known as the biomarker of SRB mediat-
ing the AOM, were found ubiquitously in terrestrial and
lake environments studied. This reveals that a great variety
of bacteria can biosynthesize MAGEs and utility of MAGE
as the biomarker for SRB is likely to be only limited to
AOM environment. The three environments show distinc-
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tive MAGE distributions while the overall distribution pat-
tern in either soil or lake sediments is generally consistent
among samples. The MAGEs for surface soils are dominat-
ed by iC;s., followed by nCig, as opposed to the domi-
nance of nC¢.¢ over iC;s. in lake sediments. This difference
can be clearly reflected by the ratio of iC;s.¢/nCigqo. The
higher values of this ratio in soils than in lake sediments, as
well as other distributional difference between them, collec-
tively suggest that MAGEs in lake sediments are likely to
be produced in situ rather than contributed by catchment
soils. The logarithm of the iC,5.0/aC;s. ratio for soil shows a
significant negative correlation with soil pH, presumably
reflecting an adaptation of cell membrane to proton concen-
tration. The branched MAGEs are dominated in the two
cave deposit samples, also pointing to different microbial
sources than soils and lake sediments. The large diversity of
MAGE:s in soils, lake sediments, and cave deposits cannot
be fully attributed to cultured bacterial species, suggesting
MAGE:s can be biosynthesized by more organisms than ever
expected.
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