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a b s t r a c t
The 1-O-monoalkyl glycerol ethers (MAGEs) are traditionally considered as biomarkers for sulfatereducing bacteria (SRB), but recent studies suggest other biological sources are likely. In this study, we
examined the MAGEs in the Yellow River and Bohai Sea. The results show the ubiquitous occurrence of
MAGEs in soils, river and marine sediments with the mean concentration one order of magnitude higher
in Bohai Sea sediments (91.8 lg/g OC) than in soils (9.8 lg/g OC) and river sediments (12.9 lg/g OG). The
distributional patterns of MAGEs differ between soils and aquatic environments with the maximum at
i-C15:0 and n-C16:0, respectively. Comparison of the MAGEs and phospholipid fatty acids reveals that
Gram-negative and Gram-positive bacteria and even fungi are all possible biological sources for MAGEs.
The abundance ratio of (n-C16:0 + m-C17:0)/(i-C15:0 + n-C16:0 + m-C17:0) MAGEs gradually increases from
soil, river, lake, marginal sea to open ocean, suggesting that the MAGEs can be used for discerning different
environmental conditions.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The glycerol ether lipids such as glycerol dialkyl glycerol tetraethers (GDGTs), dialkyl glycerol ethers (DAGEs), glycerol dibiphytanol diethers (GDDs) and 1-O-monoalkyl glycerol ethers
(MAGEs) have been detected in different environments such as
soil, peatland, lake, estuary and sea (Hinrichs et al., 2000;
Volkman et al., 2008; Chevalier et al., 2011; Liu et al., 2012;
Schouten et al., 2013; Yang et al., 2015). Among them, archaeaderived isoprenoid GDGTs and bacteria-derived branched GDGTs
have received the most intense attention in the past decade
because of their capability to infer organic matter sources, sea or
lake surface temperature, continental air temperature and soil pH
(e.g., Schouten et al., 2002; Hopmans et al., 2004; Weijers et al.,
2007; Powers et al., 2010). Compared to GDGTs, MAGEs consisting
of one glycerol and one alkyl moiety with 14–20 carbon atoms are
much less studied. As ether lipids, MAGEs are thought to be more
resistant to degradation than acylglycerol lipids, and can be preserved in carbonate and mudrocks dated back to the Early and
Middle Triassic (Saito et al., 2013). Because MAGEs were only
detected in samples after acid hydrolysis or saponification, they
⇑ Corresponding author at: Hadal Science and Technology Research Center,
College of Marine Sciences, Shanghai Ocean University, Shanghai 201306, China.
E-mail address: yunpingxu@pku.edu.cn (Y. Xu).

are likely the constituent of 1-O-alkyl-2,3-diacyl-sn-glycerol, 1-Oalkyl-2-acyl-sn-glycerol or other structurally related compounds
(Řezanka et al., 2012). If so, MAGE-producing organisms may represent an important evolutionary intermediate since they are able
to biosynthesize both ether and ester lipids which are biomarkers
for archaea and bacteria/eukaryotes, respectively (Weijers et al.,
2006; Lombard et al., 2012).
MAGEs were detected in some marine animals such as elasmobranch fish (Hallgren and Larsson, 1962), Japanese oyster Crassostrea gigas (Thunberg) (Koizumi et al., 1990) and abyssal
holothurian (Oneirophanta mutabilis; Santos et al., 2002). However,
it is not clear whether MAGEs are produced by those animals or
their symbiotic microorganisms. Their nonisoprenoid structure
and short-chain carbon skeleton (14–20) support a bacterial origin
(Hinrichs et al., 2000). Sulfate reducing bacteria (SRB) such as
Desulfatibacillum alkenivorans PF2803T (Grossi et al., 2015),
Desulfosarcina variabilis and Desulforhabdus amnigenus (Rütters
et al., 2001), anaerobic and thermophilic bacteria Ammonifex
degensii (e.g., Huber et al., 1996) and sulfur oxidizing bacteria
Aquificales genera (Jahnke et al., 2001) have been reported to contain MAGEs. In addition, MAGEs occur at relatively high abundance
in marine sediments from hydrothermal vents, cold seeps and
upwelling regions (e.g., Hinrichs et al., 2000; Orphan et al., 2001;
Teske et al., 2002; Elvert et al., 2005; Arning et al., 2008) as well
as terrestrial geothermal sediments (e.g., Zeng et al., 1992;
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Pancost et al., 2005, 2006). Most these environments are associated
with anaerobic oxidation of methane (AOM) (Joye et al., 2004;
Kallmeyer and Boetius, 2004; Treude et al., 2005; Biddle et al.,
2012), supporting MAGEs as biomarkers for sulfate reducers
(Arning et al., 2008). However, Hernandez-Sanchez et al. (2014)
reported a wide variety of MAGEs including straight-chain,
branched-chain, saturated and unsaturated components in
suspended particles of surface water, and in oxic and nitrogenous–ferruginous sediments of the Southern Ocean and eastern
South Atlantic Ocean. Similarly, Yang et al. (2015) found the
ubiquitous occurrence of MAGEs in surface soils, lake sediments,
and cave deposit samples in China. These results suggest that other
sources besides sulfate reducers (probably mesophilic bacteria)
may also contribute to the MAGE pool.
Here, we conducted a comprehensive study on MAGEs in the
Yellow River and Bohai Sea. The Yellow River is the world’s second
largest river in terms of sediment load, discharging enormous
amount of sediments into the Bohai Sea. From the lower Yellow
River, estuary to Bohai Sea, physical, chemical and biological
parameters dramatically change, providing an ideal venue to study
biogeochemical cycles. In previous studies, we have reported spatial and temporal variability of GDGTs, polycyclic aromatic hydrocarbons (PAHs), lignin phenols and other lipid biomarkers (Sun
et al., 2011; Wu et al., 2013, 2014; Ding et al., 2014). In this study,
we attempt to: (1) determine the abundance and distribution of
MAGEs in soils and river sediments along the Yellow River and in
marine sediments of the Bohai Sea; (2) assess the source and transport of MAGEs based on their distribution patterns and by comparison with phospholipid fatty acids (PLFAs) which are biomarkers
for bacteria/fungi (Zelles, 1999; Green and Scow, 2000); and (3)
test whether MAGE distributions are useful for distinguishing different depositional environments.

2. Materials and methods
2.1. Study area and sampling
The Yellow River has a total length of 5464 km (Wang et al.,
2007). It originates in the Bayan Har Mountains in the Qinghai Province of western China, flows through nine provinces and empties
into the Bohai Sea in the Shandong Province of eastern China. The
river basin mainly spans semi-arid and semi-humid regions, characterized by warm and wet summers and cold and dry winters. In
the middle and lower reaches, the Yellow River is shallow with a
mean depth of 2.5 m. The Bohai Sea is the largest internal sea in
China, with an area of 7.8  104 km2 and an average depth of
18 m (Wu et al., 2013). It is microtidal and the influence of the tide
is limited to within 50 km of the river mouth (Saito et al., 2001).
The Yellow River, accounting for over 90% of sediment loads of
the Bohai Sea, has formed a broad alluvial fan at the lower reaches
(Wang et al., 2014).
A total of 38 samples (soils, river and marine sediments) were
collected in the middle and lower reaches of the Yellow River
and in the Bohai Sea, including 13 sites along the Yellow River
and 12 sites in the Bohai Sea (Fig. 1). Those sampling sites cover
a large area from 110°24.30 E to 120°59.90 E and 34°48.10 N to
40°10.50 N. In August 2014, we collected samples along the Yellow
River from Togtoh County, Inner Mongolia Autonomous Region
(middle reach) to Kenli County, Shandong Province (close to the
river mouth). At each site, one sediment and one soil were collected. For sediments, we sampled the top 5 cm layer using a stainless steel spatula, usually 10 m away from the riverbank. The
average distance between adjacent sampling sites is 150 km,
although a higher sampling resolution (ca. 50 km) was achieved
in the lower Yellow River (Fig. 1). For soils, we removed the

vegetation and the top 1 cm layer, and sampled 1–5 cm layers with
a stainless steel shovel. Three replicate soils were combined as one
sample. The soil and sediment samples are denoted by Y-soil and
Y-sed, respectively. In addition, the marine sediments (marked as
B-sed) were collected during two fieldworks conducted in July
2011 and July 2013, respectively. All samples were kept in ice,
transported to the lab within one week and then kept at 20 °C.
Before analyses, the samples were freeze-dried and homogenized
using a mortar and pestle.
2.2. Organic carbon and nitrogen contents
The total organic carbon (TOC) and total nitrogen (TN) were
measured with an Elementar Vario EL element analyzer after the
addition of excess 1 N HCl to completely remove inorganic carbon.
The standard deviations based on the replicate analyses were 0.02%
for TOC and 0.005% for TN.
2.3. MAGEs extraction and analysis
Soils and sediments (ca. 10 g) were ultrasonically extracted
three times with a mixture of dichloromethane (DCM) and methanol (MeOH) (9:1, v/v). The combined extracts were rotary evaporated to near dryness and transferred to small vials. The extracts
were subjected to saponification by 2 N KOH/MeOH solutions (5%
H2O) at 80 °C for 1.5 h, followed by liquid–liquid extraction of
the neutral fraction with hexane six times. The neutral
fraction was separated into nonpolar (hexane) and polar fractions
(DCM/MeOH) on the silica column. The polar fraction was derivatized with N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) at
70 °C for 90 min.
The polar fraction containing MAGEs was analyzed using an
Agilent 7890A gas chromatograph (GC) coupled to a 5975C mass
selective detector (MSD). A DB-5 MS capillary column
(30 m  0.25 mm i.d.  0.25 lm film thickness) was used and high
purity helium (> 99.999%) was the carrier gas. The injection temperature was 300 °C. The column temperature was programmed
from 70 to 130 °C at a rate of 20 °C/min, increased to 250 °C at a
rate of 3 °C/min, further increased to 300 °C at a rate of 6 °C/min,
and held at 300 °C for 15 min. The injection volume was 1 ll. Compounds were quantified using 5a-androstan-3b-ol which was
added to the polar fractions prior to GC analyses. Since we assume
the same response factor for all MAGEs and 5a-androstan-3b-ol,
our study can be only considered as semi-quantitative. The
n-Cx:y, i-Cx:y and a-Cx:y denote the normal, iso and anteiso MAGE
respectively, and x and y represent the carbon number of the alkyl
chain and the number of double bonds, respectively. The prefix
‘m’ represents mid-chain methyl branching.
2.4. Polar lipid fatty acids (PLFA) extraction and analysis
PLFA were extracted according to the method described by
Dijkman and Kromkamp (2006). The lipids were extracted in
CHCl3-MeOH-phosphate buffer solution using a modified Bligh
and Dyer method. Total lipid fraction was fractionated on silica columns into neutral-, glyco- and phospholipids by chloroform, acetone and methanol, respectively. The phospholipids were
derivatized by mild alkaline methanolysis to yield fatty acid
methyl esters (FAMEs). FAME concentrations were determined by
GC–MS with DB-5 MS capillary column as described above. The
GC oven temperature started at 50 °C and held for 2 min, then
ramped up to 250 °C at a rate of 5 °C/min, held at 250 °C for
10 min. The injection temperature was 250 °C. An external mixed
standard containing 37 FAMEs (CDAB-SU854176) was used for
PLFA quantification. The nomenclature of the PLFAs is same as that
of MAGEs.
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Fig. 1. Sampling sites in middle and lower reaches of the Yellow River (dots) and Bohai Sea (triangles).

2.5. Statistical analysis

3.2. Concentration and distribution of MAGEs

The program package SPSS 16.0 (IBM, USA) was used for the statistical analyses. The test of the significant difference between
samples was based on one-way analysis of variance (ANOVA).
Correlation between MAGEs with PLFA was conducted. In addition,
the principal component analysis (PCA) was conducted based on
the concentration of MAGEs (expressed in ng/g dw; dry weight)
to understand the relationship between different MAGEs and
samples.

The concentration of total MAGEs varies substantially in our
study (Tables S1–S3). The marine sediments (B-sed) are characterized by the highest abundance of MAGEs ranging from 26.1 to
592.6 ng/g dw with an average of 208.2 ng/g dw, followed by surface soils (3.5–84.4 ng/g dw with an average of 25.6 ng/g dw) and
river sediments (0.15–121.3 ng/g dw with an average of 18.8 ng/
g dw). A similar spatial trend is observed for the MAGE abundances
when normalized to organic carbon (OC), which decreases from
91.8 lg/g OC in B-sed to 12.9 lg/g OC in Y-sed and then to
9.8 lg/g OC in Y-soil.
Besides absolute abundance, the diversity of MAGEs is also the
highest in marine sediments (Fig. 2). Among 21 detectable MAGEs
in B-sed, n-C16:0 is the dominant compound accounting for
24.5–34.4% of total MAGEs, followed by m-C17:0, i-C15:0, n-C18:0
and n-C14:0. For Y-sed, several MAGEs such as m-C16:0, C16:1, C17:1,
m-C18:0, m-C19:0 and C19:1 are below the detection limit. Similar
to B-sed, Y-sed samples are also dominated by n-C16:0 (24.6–
51.4% of total MAGEs), followed by i-C15:0, n-C18:0 and n-C14:0
MAGEs. In contrast, the MAGEs in the soil samples (Y-soil) are
dominated by i-C15:0 (17.9–33.5% of total MAGEs), followed by
n-C16:0 and C16:1x5. Our results agree with those of Yang et al.
(2015) who reported the predominance of i-C15:0 in soils and
n-C16:0 in lake sediments.

3. Results and discussion
3.1. Identification of MAGEs
A variety of MAGEs were detected in soils, river and marine sediments. Their structures were tentatively determined by the comparison of mass spectra with literature data (e.g., Zeng et al., 1992;
Hinrichs et al., 2000; Hernandez-Sanchez et al., 2014; Yang et al.,
2015). All MAGEs show the base peak m/z 205, arising from the
cleavage between C1 and C2 of the glycerol. Other ions include
m/z 117, 147, 130 and 133, which are typical fragments of
MAGE-TMS (Fig. 2). In addition, fragment ions such as m/z
[M15]+, [M90]+ and [M103]+ are present, attributed to the loss
of one CH3, one TMS-OH and one additional methylene group from
the [M90]+ fragments, respectively. The identification of MAGE
isomers largely relies on the elution order besides mass spectra
since branched MAGEs elute earlier than their normal and
monounsaturated counterparts on the DB-5 column. The
mid-chain methyl branched MAGEs (m-MAGE) elutes earlier than
i-MAGE which was closely followed by a-MAGE and unsaturated
MAGEs. The mass spectra of monounsaturated MAGE-TMS show
much higher abundances of molecular ions (M+) than corresponding saturated MAGE-TMS. In our samples, the alkyl chain length of
MAGEs ranged from C14–C19 with the C15, C16 or C17 homologues
typically dominant (Fig. 2).

3.3. Principal component analysis (PCA) for MAGEs
The PCA based on the concentration of MAGEs clustered the
samples into three regions, mainly composed of marine sediments,
river sediments and soils, respectively (Fig. 4a). The first two PCs
explain 92% of the total variance with 46.6% for PC 1 and 46.2%
for PC 2. Most B-sed samples have high positive loadings on PC 2
(> 0.9) and low positive loadings on PC 1 (< 0.2), whereas Y-soil
samples have high positive loadings on PC 1 (> 0.83) and low positive loadings on PC 2 (< 0.4). In addition, the Y-sed samples have
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Fig. 2. Mass chromatogram of polar lipids extracted from surface sediments of the Bohai Sea (m/z 205), representing a diagnostic fragment of 1-O-monoalkyl glycerol ethers.
Peaks are labeled with the carbon number of attached alkyl moieties and the number of double bonds in the alkyl chain.

3.4. Source of MAGEs in the Yellow River and Bohai Sea

compound was also detected as the second most abundant MAGE
after n-C16:0 in surface sediments from Wilson Inlet, an enclosed
coastal inlet in Western Australia (Volkman et al., 2008). The
occurrence of m-C17:0 strongly links to the activity of SRB of the
genus Desulfobacter (Oude Elferink et al., 1998) or the Actinomycetes (Cranwell, 1973). This source assignment is corroborated
by our data that the relative abundance of m-C17:0 is much higher
in anoxic marine sediments than oxic Yellow River sediments and
soils (Fig. 3).
Another important question is whether soil-associated MAGEs
can be transported to the sea and thereby influence the composition of MAGEs in marine environments. Every year, rivers export
approximate 0.4  1015 g of organic carbon into seas (Hedges
et al., 1997). The Yellow River once transported ca. 1.0  1015 g/y
sediments and 6.4  1012 g/y of organic carbon (Zhang et al.,
1992), although its sediment load has dramatically decreased to
0.15  1015 g per year since 2000 due to intense human activities
and climatic change (Wang et al., 2007).
We performed linear regression analyses for the TOC contents
and the abundance of MAGEs to assess sources of MAGEs (Fig. 5).
A strong correlation (r = 0.968; p < 0.01) was observed for the Ysoil, remarkably higher than that for the B-sed (r = 0.405; p > 0.1).
For the Y-sed, an intermediate r value (0.828) was obtained when
all data were included (Fig. 5b). Because one river sample (Y-3 sed)
has an unusually high abundance of MAGEs (Table S1), the
observed strong correlation may be driven by this single datum.

Although MAGEs are generally regarded as biomarkers for SRB
or extremophiles (Hinrichs et al., 2000; Jahnke et al., 2001;
Orphan et al., 2001; Rütters et al., 2001), their occurrence in a
diverse range of environments in our study strongly suggests that
other organisms can contribute to the MAGE pool. This is consistent with previous findings that MAGEs were detected in particulate organic matter of water column and marine sediments
(Hernandez-Sanchez et al., 2014) and soils, lake and cave deposits
(Yang et al., 2015). Some aerobic soil bacteria including Myxococcus
xanthus (Ring et al., 2006) and Acidobacteriaceae strain A2-4C and
Pyrinomonas (Sinninghe Damsté et al., 2011) can biosynthesize odd
carbon numbered MAGEs (i.e. C15 and C17). Given these facts, the
presence of MAGEs in environments is not necessarily related to
sulfate reduction conditions. However, certain MAGEs may have
specific microbial sources and therefore are indicative of specific
environmental conditions. In our study, a major component elutes
between n-C16 and i-C17:0 (Fig. 2) and presents a similar mass spectrum as n-C17:0, which was tentatively assigned as 10methylhexadecanoic glycerol ether (m-C17:0). Interestingly, this

Fig. 3. The distributional pattern of MAGEs in soil near the Yellow River (Y-soil),
river sediments (Y-sed) and Bohai Sea sediments (B-sed).

comparable loadings on PC 1 and PC 2 (0.4–0.8). These results suggest that PC 1 and PC 2 are related to soil and marine sediments,
respectively. Three Bohai Sea sediments (B-10, B-11 and B-12)
are closer to the region of Y-sed than that of other B-sed
(Fig. 4a). These samples are from the Yellow River estuary and
therefore are influenced by mixed freshwater and seawater.
The PCA is also used to evaluate the relations between different
MAGEs. The first two PCs account for 96.8% of total variances
(Fig. 4b). Three MAGEs including C16:1x5, i-C15:0 and a-C16:0 have
high positive loadings on PC 2 (> 0.6), whereas other MAGEs have
high positive loading on PC 1 (> 0.8) but low loadings on PC 2
(< 0.6). Considering that C16:1x5, i-C15:0 and a-C16:0 MAGEs are
more enriched in soils (49.4 ± 7.1% of total MAGEs) than in aquatic
sediments (29.1 ± 12.1% in Y-sed and 14.1 ± 3.1% in B-sed), we propose that C16:1x5, i-C15:0 and a-C16:0 MAGEs are produced by source
organisms different from other MAGEs. Alternatively, the different
compositions of MAGEs between soils and aquatic environments
may reflect an adaptation of microbes to environments since bacteria and archaea can change membrane lipids under different
ambient temperature and pH (Schouten et al., 2002; Weijers
et al., 2007). Further studies are needed to understand the relation
between microbial community and distributional patterns of
MAGEs.
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Fig. 4. Principal component analysis (PCA) for: (a) 38 samples; (b) all detectable MAGEs. B-sed: Bohai Sea sediments; Y-sed: Yellow River sediments; Y-soil: soils near the
Yellow River.

Fig. 5. Linear correlations between total organic carbon (TOC) and the abundance of MAGEs (ng/g dw) in (a) Y-soil; (b) Y-sed and (c) B-sed. The correlation coefficient and the
p-value were calculated using SPSS 16.0.

Removal of this datum and re-analysis resulted in a much lower r
value (0.486), suggesting that the Y-3 sed is an outlier.
The different r values reflect different sources of MAGEs among
terrestrial, freshwater and marine environments. In soils, both TOC
(predominantly from plants) and MAGEs (from soil microbes) are
of autochthonous origins, and microbial biomass is strongly influenced by the quality and quantity of soil organic matter, leading to
a high r value between MAGEs and TOC. However, in the Bohai Sea,
sedimentary organic matter is a mixture of terrestrial and marine
components because of large sediment inputs by the Yellow River
and relatively high productivity in the Bohai Sea (Wu et al., 2014).
The much higher abundance of MAGEs in the B-sed than the Y-sed
and Y-soils suggests that MAGEs in the Bohai Sea are primarily
in situ products (see Section 3.2). This source difference results
in a low r value for the B-sed samples. In the middle and lower Yellow River, severe soil erosion in the China Loess Plateau causes
extremely high turbidity, limiting aquatic productivity (Wang
et al., 2012; Wu et al., 2014). Consequently, sedimentary organic
matter in the Yellow River is mainly of terrestrial origin. The soil
erosion also contributes to the MAGEs pool. However, a higher
mean concentration of MAGEs in the Y-sed (12.9 lg/g OC) than
the Y-soil (9.8 lg/g OC) suggests the existence of autochthonous,
aquatic contributions, lowering the correlation between the
MAGEs and TOC in the Y-sed.
PLFAs are commonly used biomarkers for the estimation of
microbial biomass and community (Rajendran et al., 1997; Zelles,
1999; Green and Scow, 2000). For example, C18:2x6,9c is indicative
of fungi, whereas the PLFAs C16:1x7c, cy-C17:0 and cy-C19:0 are
mainly produced by Gram negative bacteria (G), and the PLFAs
i-C14:0, i-C15:0, a-C15:0, i-C16:0, i-C17:0 and a-C17:0 are biomarkers
for Gram positive bacteria (G+). If MAGEs are derived from some
microorganisms, they would show good correlations with some
specific PLFAs. In soils, most MAGEs have strong correlations with

G+ bacterial and fungal biomarkers (r > 0.8), but poor correlations
with G bacterial biomarkers (Table 1). Such correlations support
the idea that G+ bacteria are a major source for MAGEs in soils. It
has been reported that the spores of the aerobic M. xanthus (Ring
et al., 2006) and Acidobacteria (Oppermann et al., 2010) can
biosynthesize some MAGEs with the dominance of i-C15 alkyl moieties, which is consistent with our MAGEs distributional pattern in
soil samples where i-C15 is the most abundant MAGE.
In the river sediments, MAGEs showed strong positive correlations with G and G+ bacteria as well as fungi biomarkers
(r > 0.9). This is likely due to the fact that the biomass of all heterotrophic microbes, source organisms for MAGEs, are largely dependent on the organic matter content. Previous studies reported that
the SRB species such as D. variabilis and D. amnigenus (Rütters et al.,
2001), thermophilic bacteria such as Clostridium thermocellum
(Langworthy and Pond, 1986) and Aquifex pyrophilus (Huber
et al., 1992) as well as unknown autotrophic organisms
(Oppermann et al., 2010) can biosynthesize n-C16:0 MAGE, which
may account for the predominant n-C16:0 MAGE in Y-sed. However,
all river sediments in our study are oxic, so the sulfate cycle is
unimportant there.
In the Bohai Sea sediments, the MAGEs exhibited relatively
weak correlations with fungi, G+ and G bacteria PLFAs (r < 0.6).
As mentioned above, this can be attributed to mixed sources of
MAGEs because benthic bacteria, planktonic and even some fauna
might be source organisms for MAGEs in marine settings
(Hernandez-Sanchez et al., 2014).
3.5. MAGEs indicative of different environmental conditions
To understand environmental implications of MAGEs, we compiled available MAGE data from soils (this study and Yang et al.,
2015), river sediments (this study), lake sediments (Yang et al.,
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Table 1
Correlation coefficients between MAGEs and microbial community based on PLFAs.
MAGEs

B-sed
G

a-C14:0
n-C14:0
i-C15:0
a-C15:0
n-C15:0
m-C16:0
i-C16:0
a-C16:0
C16:1x7
C16:1x5
n-C16:0
m-C17:0
i-C17:0
a-C17:0
C17:1
n-C17:0
m-C18:0
C18:1
n-C18:0
m-C19:0
C19:1



0.56
0.54
0.55
0.48
0.55
0.48
0.35
0.53
0.52
0.49
0.56
0.53
0.56
0.51
0.46
0.52
0.47
0.50
0.55
0.49
0.44

Y-sed
G

+

0.56
0.53
0.58*
0.52
0.54
0.48
0.35
0.54
0.53
0.49
0.55
0.55
0.57
0.53
0.48
0.52
0.48
0.48
0.53
0.51
0.45

Fungus
0.57
0.55
0.57
0.51
0.54
0.48
0.31
0.54
0.54
0.52
0.55
0.52
0.58*
0.53
0.47
0.52
0.48
0.49
0.55
0.45
0.45



G

0.43
0.48
0.43
0.14
0.11
na
0.12
0.60*
0.18
0.51
0.47
0.75**
0.10
0.70**
0.12
0.08
0.94**
0.35
0.26
0.10
na

Y-soil
G

+

Fungus
**

0.85
0.88**
0.86**
0.63*
0.66*
na
0.16
0.94**
0.59*
0.89**
0.87**
0.94**
0.56*
0.95**
0.54
0.65*
0.56*
0.73**
0.68*
0.28
na

**

0.70
0.76**
0.70**
0.44
0.46
na
0.16
0.86**
0.45
0.79**
0.76**
0.92**
0.38
0.93**
0.26
0.43
0.72**
0.67*
0.57*
0.37
na

G
**

0.87
0.97**
0.90**
0.90**
0.97**
na
0.18
0.91**
0.12
0.90**
0.99**
0.60*
0.94**
0.86**
0.13
0.96**
na
0.95**
0.96**
na
na

G+

Fungus

0.96**
0.99**
0.96**
0.97**
0.97**
na
0.13
0.97**
0.07
0.96**
0.97**
0.72**
0.99**
0.95**
0.11
0.97**
na
0.99**
0.87**
na
na

0.93**
0.99**
0.95**
0.94**
0.98**
na
0.15
0.95**
0.07
0.94**
0.99**
0.68*
0.97**
0.92**
0.13
0.97**
na
0.98**
0.92**
na
na

na: not available due to at least one variable was not determined.
*
Correlation is significant at the 0.05 level (2-tailed).
**
Correlation is significant at the 0.01 level (2-tailed).

Fig. 6. (a) Boxplot showing the ratio (n-C16:0 + m-C17:0)/(i-C15:0 + n-C16:0 + m-C17:0) in modern environments (soils, river sediments, lake sediments, marginal sea sediments
and suspended particle matter from the open ocean). (b) Ternary diagram showing the distribution of i-C15:0, n-C16:0 + m-C17:0 and i-C16:0 + C16:1x5. The data are from the
studies by Yang et al. (2015) and Hernandez-Sanchez et al. (2014). Different letters (a–d) denote significant difference at the level of p < 0.05.

2015), marginal sea sediments (this study) and open ocean
suspended particles (Hernandez-Sanchez et al., 2014). A ternary
diagram based on the fractional abundance of i-C15:0, n-C16:0 +
m-C17:0, and i-C16:0 + C16:1x5 successfully separated different types
of samples, e.g., soils and marine sediments (Fig. 6a). We thus
calculated the abundance ratio of (n-C16:0 + m-C17:0)/(i-C15:0 +
n-C16:0 + m-C17:0) for different environmental samples, which
shows a significant difference between soils and aquatic conditions
(p < 0.05; Fig. 6b). This ratio has the lowest value in soils
(0.47 ± 0.10) and the highest value in suspended particles from
the eastern South Atlantic Ocean where the terrestrial input is negligible (0.95 ± 0.04). The samples from the rivers, lakes and marginal seas have intermediate values between the soils and open
oceans, likely attributed to the mixed contribution of terrestrial
and aquatic organisms to MAGEs. Our results, combined with the
presence of MAGEs in ca. 250–240 Ma rocks (Saito et al., 2013),

support the idea that the composition of MAGEs in geological samples supplies useful information on paleoenvironments.

4. Conclusions
Up to 21 MAGEs were detected in soils, river and marine sediments in the Yellow River and Bohai Sea. Their ubiquitous occurrence (particularly in well ventilated soils) shows that a variety
of microorganisms other than sulfate reducing bacteria can biosynthesize MAGEs. The abundance and composition of MAGEs vary
significantly among soils, river sediments and marine sediments.
The concentration of MAGEs in the Bohai Sea sediments is about
one order of magnitude higher than that in soils and river sediments, suggesting that terrestrial input is minor to the MAGE pool
in marine environments. The abundance ratio (n-C16:0 + m-C17:0)/
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(i-C15:0 + n-C16:0 + m-C17:0) gradually increases from soil, river, lake,
marginal sea to open sea. Because MAGEs can be preserved in rocks
as old as ca. 250–240 Ma, the analyses of MAGEs provide useful
information on paleo-depositional conditions particularly when
combined with other paleo-proxies such as d13C and C/N.
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