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A B S T R A C T   

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are membrane lipids of certain soil bacteria, and their 
relative distributions are used as a proxy for air temperature and soil pH. While temperature is recorded by the 
degree of methylation, soil pH is reflected by the amount of internal cyclization and the relative abundance of 6- 
methyl isomers. Since the exact producers of brGDGTs remain enigmatic, the mechanisms underlying their 
empirical relationships with temperature and soil pH, and thus the reliability of brGDGT-based paleorecords, are 
not well understood, especially in arid regions where mean annual precipitation (MAP) is less than 500 mm. 
Here, we evaluate the influence of soil pH and aridity on brGDGT distributions in grassland soils along an aridity 
transect (MAP = 173–415 mm) in Inner Mongolia. While the absolute and fractional abundance of 6-methyl 
brGDGTs increases with increasing soil pH and aridity, following the trend in the global surface soil calibra-
tion dataset, the degree of cyclization does not. This indicates that in arid regions, soil pH reconstructions based 
on the relative contribution of 6-methyl brGDGTs are likely more reliable than those based on the degree of 
cyclization. Furthermore, 5- and 6-methyl brGDGTs respond differently to aridity, supporting prior suggestions 
that the distribution of brGDGTs could be the result of changes in bacterial community composition instead of 
the direct physiological alteration of molecular structures by the source organisms. Analysis of the bacterial 
community composition in the same soil transect indicates that the relative abundance of Acidobacteria, the 
phylum hosting potential brGDGT source-organisms, shows a poor relationship with aridity. Instead, Verruco-
microbia (r2 = 0.70, p < 0.01), and its subclass Spartobacteria (r2 = 0.70, p < 0.01) in particular, show a sig-
nificant negative correlation with aridity, resembling that of 5-methyl brGDGTs. Similarly, Actinobacteria are 
positively correlated with aridity (r2 = 0.59, p < 0.01), following the same trend as that of 6-methyl brGDGTs. 
The ability of certain cultures of Verrucomicrobia and Actinobacteria to produce iso-C15:0 fatty acids that could 
serve as building blocks for brGDGTs hints that Verrucomicrobia and Actinobacteria could possibly produce 
brGDGTs in arid soils.   

1. Introduction 

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are a suite 
of membrane-spanning lipids synthesized by heterotrophic bacteria that 
thrive in soils, peats, the water column of lakes and rivers, as well as 

lacustrine and marine sediments (Schouten et al., 2013, and references 
therein). BrGDGTs can contain 0–2 cyclopentane moieties following 
internal cyclization, as well as 4–6 methyl branches attached to their 
alkyl chains, where the outer methyl branch can be attached to either 
the C-5, C-6, or C-7 position (Sinninghe Damsté et al., 2000; Weijers 
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et al., 2006; De Jonge et al., 2013; Ding et al., 2016). Based on their 
relative distribution in a global collection of surface soils, the degree of 
methylation of 5-methyl brGDGTs (quantified in the MBTʹ5Me) has been 
linked to mean annual air temperature (MAT), whereas the cyclization 
of branched tetraethers and the relative abundance of 6-methyl 
brGDGTs are related to soil pH and quantified in the CBTʹ and the iso-
mer ratio IR (Weijers et al., 2007; Peterse et al., 2012; De Jonge et al., 
2014a,b). Although these empirical relationships allow the use of 
brGDGTs as proxies for paleoclimate reconstructions, the temperature 
and pH estimates based on these transfer functions are still associated 
with a large uncertainty (4.8 ◦C for temperature and 0.5 for pH, 
respectively; De Jonge et al., 2014a). 

This uncertainty can in part be attributed to our incomplete under-
standing of the exact mechanism underlying the response of brGDGTs to 
changes in temperature and soil pH, as their producers are still largely 
unknown. It was initially suggested that brGDGT-producers would alter 
the molecular structure of their membrane to obtain optimal membrane 
fluidity and permeability under different temperature and soil pH con-
ditions (Weijers et al., 2007). Although this scenario was recently sup-
ported by molecular dynamics simulations of brGDGTs (Naafs et al., 
2021), changes in brGDGT distributions have also been proposed to 
indirectly result from shifts in the composition of soil bacterial com-
munities (i.e., brGDGT-producers) under different environmental con-
ditions (Sinninghe Damsté et al., 2018). In fact, a study on a set of 
geothermally warmed soils showed that the brGDGT distribution only 
changes when soil temperature passes a threshold of 14 ◦C, coinciding 
with an abrupt shift in the bacterial community (De Jonge et al., 2019). 
Interestingly, brGDGTs in these geothermally heated soils showed a 
different temperature dependency below and above this threshold, 
suggesting that brGDGT distributions more likely reflect an indirect (i.e., 
bacterial community composition) rather than direct (i.e., membrane 
adaptation) response to environmental change (De Jonge et al., 2019). 

Similar distribution patterns of brGDGTs and Acidobacteria 16S 
rRNA genes in a Swedish peat profile suggested that this phylum may 
host the producers of these compounds (Weijers et al., 2009). This was 
confirmed by the detection of brGDGT-Ia in a culture of Acidobacteria 
subdivision (SD) 1, as well as the presence of 13,16-dimethyl octaco-
sanedioic acid (iso-diabolic acid), a presumed brGDGT precursor lipid in 
strains from SDs 1, 3, 4, and 6 (Sinninghe Damsté et al., 2011, 2014, 
2018). In addition, proposed building blocks of 5-methyl brGDGTs, i.e., 
a mono-glycerol ether derivative of iso-diabolic acid, are so far exclu-
sively detected in SD 4 species, while the strains of SDs 1, 3 and 6 pro-
duce 6-methyl iso-diabolic acids. Although the contribution of 6-methyl 
iso-diabolic acids is low for some strains of SDs 1 and 3, this implies that 
5- and 6-methyl brGDGTs are likely produced by different species 
(Sinninghe Damsté et al., 2018). Regardless, a biological source outside 
the phylum of Acidobacteria cannot be excluded. For example, the gene 
cluster involved in the biosynthesis of ether lipids is also present within 
the δ-proteobacteria (Sinninghe Damsté et al., 2018), and hence more 
insight into their producers is needed to verify the response of brGDGTs 
to temperature and pH in controlled culture experiments. 

Another source of uncertainty regarding brGDGT-based proxies is 
related to confounding factors that, next to temperature and soil pH, also 
exert an influence on brGDGT distributions. For example, soil moisture 
has been suggested to influence brGDGT distributions, especially in arid 
soils that annually receive < 500 mm precipitation and do not experi-
ence a pronounced season of rainfall (Peterse et al., 2012; Dirghangi 
et al., 2013; Menges et al., 2014; Wang et al., 2014; Dang et al., 2016). 
Indeed, brGDGTs in arid soils do not accurately record actual MAT and 
show large deviations from the global surface soil calibration dataset, 
which has led to the development of regional calibrations to reconstruct 
temperature in arid regions such as the Chinese Loess Plateau (Yang 
et al., 2014) or Central Asia (Chen et al., 2021). In soils along a soil 
moisture content gradient (0–61%) around Qinghai Lake, soil moisture 
availability appeared to impact the degree of methylation of 6-methyl 
brGDGTs (MBTʹ6Me), while 5-methyl brGDGTs in the same soils 

primarily responded to temperature (Dang et al., 2016). Based on this 
finding, Naafs et al. (2017) suggested to exclude all soils with a high 
relative abundance of 6-methyl brGDGTs (i.e., IR > 0.5) from global 
temperature calibrations to reduce uncertainties. However, brGDGTs in 
soils along several elevation transects in the Himalayas faithfully re-
flected the adiabatic cooling of air, whereas the majority of the samples 
had an IR > 0.5 (van der Veen et al., 2020). De Jonge et al. (2014a), 
however, found that removing the influence of 6-methyl brGDGTs from 
the temperature calibration indeed could resolve the observed offset in 
arid soils. Nevertheless, the most recent calibration based on an 
expanded global soil dataset found that excluding soils with IR > 0.5 did 
not improve the relationship between brGDGTs and MAT and argued for 
keeping these soils in the global dataset (Dearing Crampton-Flood et al., 
2020). 

Earlier, Xie et al. (2012) noticed that the global, negative relation-
ship between the initial CBT and soil pH abruptly changed to a positive 
relationship in arid soils with pH > 7.5. However, this observation was 
based on a dataset where 5- and 6-methyl brGDGT isomers were not 
separated, and the CBT thus includes both the degree of cyclization 
(represented by brGDGT-IIb and brGDGT-IIbʹ) as well as the isomer ratio 
(represented by brGDGT-IIbʹ). Separation of the isomers indicates that a 
CBT purely based on 5-methyl brGDGTs (CBT5Me) still results in an 
underestimation of soil pH in high pH arid soils, but that the redefined 
CBTʹ, which includes both 6-methyl brGDGTs as well as brGDGTs with 
cyclopentane moieties, resolves this issue (see respective Figs. 9a and 
10a in De Jonge et al., 2014a). Nevertheless, these distinct trends with 
pH suggests that 5- and 6-methyl brGDGTs and/or brGDGTs with and 
without cyclization(s) have a different pH dependency in arid soils. 

To further investigate the behavior of brGDGTs in arid soils, we here 
target temperate grassland surface soils along an aridity gradient (MAP 
= 173–415 mm) in Inner Mongolia, northern China. Grasslands in this 
arid and semiarid region have a low moisture availability with neutral- 
to-alkaline soils, providing an ideal platform to investigate brGDGT 
distributions in moisture-limited environments, which are currently 
underrepresented in the global soil dataset. We base our analysis on 
previously published datasets of brGDGTs (Zhang et al., 2020) and 16S 
rRNA sequencing of soil bacterial communities in the same soils (Liu 
et al., 2019) to assess potential producers of brGDGTs in these semiarid 
grasslands, as well as the environmental parameters that control their 
distribution. 

2. Material and methods 

2.1. Study site and sampling 

A detailed overview of the study area and sampling sites is given by 
Liu et al. (2019) and Zhang et al. (2020). Briefly, 32 surface soils (0–10 
cm) were collected as composite samples from the center and each 
corner of a 10 m × 10 m square plot at each site along an ~1500 km-long 
grassland transect in Inner Mongolia, northern China, in the summer of 
2015 (Fig. 1a). All soils were cooled upon sampling and stored at − 80 ◦C 
after transport to the laboratory. Along the transect, mean annual tem-
perature (MAT) decreases from 7.6 ◦C in the southwest to − 2.1 ◦C in the 
northeast, while mean annual precipitation (MAP) shows the opposite 
trend and increases from 173 to 415 mm (r2 = 0.55, p < 0.01; Fig. 1b). 
This translates into an aridity index (AI; the ratio of MAP to potential 
evapotranspiration) of 0.18–0.56, where a low AI reflects arid condi-
tions. Soils were classified as Chernozems, Kastanozems and Calcisols 
(IUSS Working Group WRB, 2015) with pH decreasing from 9.9 in the 
southwest to 7.7 in the northeast, negatively relating to AI (r2 = 0.43, p 
< 0.01; Fig. 1c). The soil organic carbon (SOC) content ranges from 0.4% 
to 4.7% and decreases with increasing aridity and soil pH (Zhang et al., 
2020). The vegetation is characterized as desert steppe in the southwest, 
changing to typical steppe and subsequently meadow steppe towards the 
northeast (Fig. 1a). 
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2.2. BrGDGT extraction and analysis 

BrGDGTs were extracted from 6–7 g freeze-dried and homogenized 
soil using a modified Bligh-Dyer method (Bligh and Dyer, 1959) at the 
Institute of Botany, Chinese Academy of Sciences in Beijing, as described 
in detail by Zhang et al. (2020). Concentrations of total brGDGTs have 
been reported in Zhang et al. (2020) to compare with other microbial 
biomarkers (such as phospholipid fatty acids and amino sugars), 
whereas concentrations of individual compounds, relative abundances 
and brGDGTs-based proxies for MAT and pH are calculated in this study. 
In short, brGDGTs were extracted ultrasonically (3× ) with a mixture of 
dichloromethane (DCM):methanol (MeOH):0.1 M phosphate buffer 
(2:1:0.8, v/v/v) at pH 7.4 (5 mL g− 1 soil), after which the phosphate 
buffer was replaced by trichloroacetic acid (50 mM) and the soil was 
extracted two more times. All extracts were combined and concentrated 
using a rotary evaporator, and then passed over a silica gel column, 
where core lipids were collected using hexane:ethyl acetate (1:1, v/v, 6 
mL). A known amount of C46 glycerol trialkyl glycerol tetraethers 
(GTGT) internal standard was added to this fraction (Huguet et al., 
2006), which was subsequently re-dissolved in hexane:isopropanol 
(99:1, v/v), and passed over a 0.45 µm polytetrafluoroethylene (PTFE) 
filter. The GDGTs were analyzed on an Agilent 1260 Infinity ultra high 
performance liquid chromatography (UHPLC) coupled to an Agilent 
6130 single quadrupole mass spectrometer (MS) with settings according 
to Hopmans et al. (2016) at Utrecht University. Quantitation was ach-
ieved by peak area integration of the [M+H]+ ions in Chemstation 
software B.04.03. 

BrGDGT proxies were calculated according to the equations listed 
below, in which the roman numerals refer to the molecular structures 
shown in Supplementary Fig. S1, and the square brackets indicate the 

fractional abundance of brGDGTs. 
The degree of methylation of 5-methyl brGDGTs (MBTʹ5Me) and 6- 

methyl brGDGTs (MBTʹ6Me) was calculated following De Jonge et al. 
(2014a): 

MBT’
5Me =

[Ia] + [Ib] + [Ic]
[Ia] + [Ib] + [Ic] + [IIa] + [IIb] + [IIc] + [IIIa]

(1)  

MBT’
6Me =

[Ia] + [Ib] + [Ic]
[Ia] + [Ib] + [Ic] + [IIa’] + [IIb’] + [IIc’] + [IIIa’]

(2) 

The MBTʹ5Me was translated to mean air temperature using the 
BayMBT0 model (Dearing Crampton-Flood et al., 2020) with a prior 
mean of 3 ◦C (modern mean air temperature of all months > 0 ◦C) and a 
prior standard deviation of 15 ◦C as model input. 

The degree of cyclization of brGDGTs is captured by the cyclization 
of branched tetraethers index (CBT and CBTʹ; Weijers et al., 2007; De 
Jonge et al., 2014a), and the weighted average number of cyclopentane 
moieties (#rings; Sinninghe Damsté, 2016): 

CBT = − log
[Ib] + [IIb] + [IIb’]

[Ia] + [IIa] + [IIa’]
(3)  

CBT’ = log
[Ic] + [IIa’] + [IIb’] + [IIc’] + [IIIa’] + [IIIb’] + [IIIc’]

[Ia] + [IIa] + [IIIa]
(4)  

#ringstetra =
[Ib] + 2*[Ic]

[Ia] + [Ib] + [Ic]
(5)  

#ringspenta5Me =
[IIb] + 2*[IIc]

[IIa] + [IIb] + [IIc]
(6) 

Fig. 1. (a) Spatial distribution of sampling sites and vegetation type across the temperate grasslands in Inner Mongolia, adjusted from Liu et al. (2019). Scatter plots 
of (b) the mean annual temperature (MAT) versus mean annual precipitation (MAP), and (c) soil pH versus aridity along the Inner Mongolia soil transect (n = 32). 
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#ringspenta6Me =
[IIb’] + 2∗[IIc’]

[IIa’] + [IIb’] + [IIc’]
(7) 

The isomer ratio (IR) was calculated according to De Jonge et al. 
(2014b):   

2.3. Microbial community composition 

Bacterial DNA was analyzed in the same soils as the brGDGTs using 
the MoBio PowerSoil DNA isolation Kit (MoBio Laboratories, Carlsbad, 
CA, USA). A detailed description of the bacterial DNA extraction, 
amplification and sequencing can be found in Liu et al. (2019). In short, 
amplification of the V4 region of the 16S rRNA gene was performed with 
forward primer 515F (5ʹ-GTGCCAGCMGCCGCGGTAA-3ʹ) and the 
reverse primer 806R (5ʹ-GGACTACHVGGGTWTCTAAT-3ʹ), generating 
around 253-bp fragments. After generating raw DNA sequences from the 
Illumina HiSeq 2500 platform, they were further processed on the Gal-
axy pipeline in Metagenomics for Environmental Microbiology at the 
Research Center for Eco-Environmental Sciences, Chinese Academy of 
Sciences. After serially processing, operational taxonomic units (OTUs) 
clustered at a 97% sequence similarity cut-off and corresponding 
annotation information were obtained for follow-up analyses. 

2.4. Statistical analysis and data visualization 

The statistical analysis and data visualization were undertaken in R 
software (version 4.0.5) (R Core Team, 2021). Due to the non-normal 
distribution of data, Spearman correlation was used and considered 
significant at a level of p < 0.05. Scatter plots were generated with 
package “ggplot2”. 

3. Results and discussion 

3.1. Response of brGDGT signals to aridity and soil pH 

BrGDGTs were present in all soils, although brGDGTs with cyclo-
pentane moieties (i.e., brGDGT-IIIc, -IIIcʹ, -IIIb, -IIIbʹ, -IIc and -IIcʹ) were 
often below the detection limit. The total amount of all brGDGTs in-
creases from 1.8 μg g− 1 SOC in the arid southwest to 7.3 μg g− 1 SOC in 
the more humid northeast along the transect (Fig. 2). This is in agree-
ment with previous studies showing that brGDGT concentrations are 
relatively low in arid, high pH soils (Xie et al., 2012; Dang et al., 2016). 
While the concentrations of individual 5-methyl brGDGTs all negatively 
correlate with aridity (corresponding with a positive correlation with AI 
in Fig. 2), the concentration of 6-methyl brGDGT-IIIaʹ shows the oppo-
site trend, and brGDGT-IIaʹ and -IIbʹ do not consistently vary along the 
transect (Fig. 2). Most soils are dominated by 6-methyl brGDGTs, as 
reflected by the IR, which varies between 0.54 and 0.98 and shows a 

Fig. 2. Spearman’s correlation of the concentration of each individual brGDGT compound with the aridity index (AI). The linear regression lines of correlations with 
p < 0.05 are plotted, the 95% confidence intervals are displayed by the gray shaded area. Values below the limit of quantification are not included in the correlation 
plots. The combination of roman numbers and letters are shown in the supplementary material. 

IR =
[IIa’] + [IIb’] + [IIc’] + [IIIa’] + [IIIb’] + [IIIc’]

[IIa] + [IIa’] + [IIb] + [IIb’] + [IIc] + [IIc’] + [IIIa] + [IIIa’] + [IIIb] + [IIIb’] + [IIIc] + [IIIc’]
(8)   
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strong positive relationship with aridity (r2 = 0.85, p < 0.01; Fig. 3f). 
The brGDGT distribution in the soil transect compares well with that in 
high pH soils from arid Central Asia, which were also characterized by 
high abundances of brGDGTs-IIIaʹ and -IIaʹ as well as a high IR (Chen 
et al., 2021). 

Similar to the global surface soil dataset (De Jonge et al., 2014a), 
positive relationships of the IR and CBTʹ with soil pH are also observed in 
the Inner Mongolia soil transect (r2 = 0.54 and 0.50, p < 0.01; Fig. 3a,b). 
However, the CBTʹ index not only captures the degree of cyclization, but 
also the isomer ratio (see Eq. (4)). Since cyclic brGDGTs are either ab-
sent, or only occur in relatively low abundances along the transect, the 
CBTʹ mostly reflects the relative contribution of 6-methyl brGDGTs in 
the Inner Mongolia soils. To assess the response of cyclic brGDGTs to soil 
pH and aridity, we calculate the weighted average number of rings 
(#rings) for tetra- and pentamethylated 5- and 6-methyl brGDGTs 
(Fig. 3c–e and h–j). The weighted average number of cyclopentane 
moieties of tetramethylated brGDGTs (#ringstetra, Eq. (5)) only weakly 
correlates with soil pH (r2 = 0.13, p < 0.05; Fig. 3c). This likely results 
from the negative relationships of both pH and aridity with all tetra-
methylated brGDGTs in this transect (corresponding with a positive 
correlation with AI in Fig. 2), whereas brGDGT-Ia has an opposite 
relationship with pH compared to that of Ib and Ic in the global soil 
dataset (see Fig. 7 in De Jonge et al., 2014a). A recent study indicated 
that the concentrations of brGDGTs-Ib and Ic in a pH transect at 
Craibstone, Scotland, are highest at pH = 7 and then decrease when soil 
pH further increases (De Jonge et al., 2021). Extrapolating these pH 
optima to Inner Mongolia can explain the similar trends in concentration 
for all tetramethylated brGDGTs in soils with pH > 7.5 from the aridity 
transect, and thus the weak relationship of #ringstetra and soil pH. The 
correlation of the weighted average number of rings of pentamethylated 

brGDGTs (#ringspenta 5Me, Eq. (6) and #ringspenta 6Me, Eq. (7)) with soil 
pH and aridity is slightly stronger than that of the tetramethylated 
brGDGTs (Fig. 3d, e, i and j), although the #rings values are often only 
based on two compounds (brGDGT-IIa and -IIb, or -IIaʹ and -IIbʹ) due to 
the absence of brGDGTs with two cyclopentane moieties in the majority 
of the soils, and #rings values only vary within a limited range. None-
theless, 5- and 6-methyl brGDGTs show opposite behavior along the 
transect. Specifically, #ringspenta 5Me shows a positive relationship with 
soil pH (r2 = 0.17, p < 0.05; Fig. 3d) and aridity (r2 = 0.34, p < 0.01; 
corresponding with an opposite correlation with AI in Fig. 3i), whereas 
#ringspenta 6Me shows a negative relationship with soil pH and aridity (r2 

= 0.28 and 0.44, p < 0.01; Fig. 3e,j). Again, this opposite trend likely 
results from a different pH optimum for the pentamethylated brGDGTs 
in the Inner Mongolian soils if we assume similar responses to pH as in 
Craibstone soils, where the pH optimum for brGDGT-IIa lies < 4.5 but at 
pH = 7 for brGDGT-IIaʹ (De Jonge et al., 2021). Together with the higher 
pH optimum for brGDGT-IIbʹ than for IIb, this results in opposite trends 
for #ringspenta for 5- and 6-methyl brGDGTs at pH > 7.5 (Fig. 3d, e, i and 
j). 

Given the low abundance of cyclic brGDGTs in arid soils as well as 
the different pH optimum for specific brGDGT compounds, a proxy 
including cyclic brGDGTs will introduce a bias towards lower soil pH 
values in arid regions. Thus a transfer function purely based on the 
relative abundance of 6-methyl brGDGTs, such as previously proposed 
by Ding et al. (2015), for example, could be used to circumvent the lack 
of response of cyclic brGDGTs in alkaline soils (pH > 7.5) in high aridity 
regions. This was supported by a study on a large set of temperate soils 
from northeast China, where soil pH was more accurately reconstructed 
using 6-methyl brGDGTs based proxies than those based on the cycli-
zation of brGDGTs (Wang et al., 2016). 

Fig. 3. Spearman’s correlation of brGDGT-based pH proxies (a–j) and temperature proxies (k–p) with soil pH, the aridity index (AI), and mean annual air tem-
perature (MAT). The linear regression lines of correlations with p < 0.05 are plotted, the 95% confidence intervals are displayed by the gray shaded area. 
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Likewise, 5- and 6-methyl brGDGTs show opposite trends in their 
degree of methylation along the transect (temperature-related proxies in 
Fig. 3k–p), driven by the relationship of brGDGT-IIIaʹ with aridity 
(Fig. 2). Although the MBTʹ5Me (Eq. (1)) shows the expected positive 
correlation with temperature that is observed in the global soil dataset, 
the correlation is rather weak (r2 = 0.19, p < 0.05; Fig. 4a). In addition, 
MBTʹ5Me values are relatively high (0.51–0.92), represented by a sub-
stantially higher intercept than that of the global soil dataset (Fig. 4a), 
and result in an overestimation of actual MAT by up to 18 ◦C (using 
BayMBT0; Dearing Crampton-Flood et al., 2020). This indicates that the 
high pH and aridity in the Inner Mongolia transect influence the general 
temperature response of 5-methyl brGDGTs. In fact, MBTʹ5Me correlates 
best with aridity, where stronger aridity corresponds with more meth-
ylations (r2 = 0.33, p < 0.01; Fig. 3m). This relationship is opposite to 
that of MBTʹ5Me along a soil moisture gradient around Lake Qinghai 
(Dang et al., 2016), which is a likely result of high soil pH along the 
Inner Mongolian transect. 

Interestingly, the relationships with aridity and temperature along 
the transect are best captured by MBTʹ6Me (Fig. 3n and p), although the 
temperature relationship is opposite to that in the global soil dataset 
(Fig. 4b). This distinct behavior of MBTʹ6Me could be explained by the 
negative relationship between MAT and MAP in this region (r2 = 0.55, p 
< 0.01; Fig. 1b) as opposed to their positive relationship globally. A 
similar relationship between MBTʹ6Me and MAT was found in an earlier 
study on arid temperate soils from northeastern China where MAT and 
MAP are also negatively correlated (Wang et al., 2016). Given the weak 
correlation between MAT and MBTʹ5Me (r2 = 0.19, p < 0.05; Fig. 3o) and 
the strong correlation between MAT and MBTʹ6Me (r2 = 0.72, p < 0.01; 
Fig. 3p) observed in this study, it may be worthwhile to also consider 6- 
methyl brGDGTs for MAT reconstructions in arid regions, where the 
MAT and MAP show a negative relationship. 

Next to the high soil pH, the negative correlation between MAT and 
MAP/soil pH in this dataset (r2 = 0.55, p < 0.01; Fig. 1b) may also 
contribute to the distinct response of 5- and 6-methyl brGDGTs to 
environmental changes, as these two parameters positively covary in the 
global soil dataset. The distinct behavior of 5- and 6-methyl brGDGTs 
agrees with the suggestion that they may be produced by different 

subdivisions within the phylum of Acidobacteria (Sinninghe Damsté 
et al., 2018), which are known to thrive under different pH ranges 
(Jones et al., 2009). Similarly, the change of brGDGT distributions in 
lakes strongly relates to the bacterial community shifts under different 
redox conditions (Weber et al., 2018; van Bree et al., 2020). This 
furthermore suggests that brGDGT distributions are (also) driven by 
changes in the bacterial community rather than by membrane adapta-
tion, as was recently shown for brGDGTs across bacterial community 
thresholds in temperature (De Jonge et al., 2019) and pH (De Jonge 
et al., 2021). In addition, aridity has been shown to replace soil pH as 
main driver of the abundance and composition of the bacterial com-
munity in arid and semiarid grassland soils (Maestre et al., 2015; Neilson 
et al., 2017; Durán and Delgado-Baquerizo, 2020), and could thus exert 
a major influence on the distribution of brGDGTs in the Inner Mongolia 
transect. 

3.2. Comparison of soil bacterial community composition and brGDGT 
changes along the aridity transect 

In an attempt to inform on the possible producers of brGDGTs, 
changes in the soil bacterial community composition were compared 
with those in brGDGTs along the same soil transect. Liu et al. (2019) 
have previously described the bacterial diversity in the Inner Mongolia 
transect, which remains constant or increases with increasing aridity 
along the soil transect and shows that the soil bacterial community is 
dominated by 11 phyla, of which Actinobacteria (relative abundance 
43.7 ± 7.4%, mean ± standard deviation), Proteobacteria (21.7 ±
4.1%), Acidobacteria (11.8 ± 4.8%), and Verrucomicrobia (5.1 ± 5.4%) 
are the most abundant. Of these phyla, Acidobacteria have been iden-
tified as a likely source of brGDGTs, as certain subdivisions are able to 
produce the building blocks (i.e. iso-diabolic acid) of 5- and 6-methyl 
brGDGTs (Sinninghe Damsté et al., 2011, 2014, 2018). Along the 
aridity transect, however, the relative abundance of Acidobacteria does 
not show a clear trend with soil pH or aridity (Fig. 5a,e). This may result 
from the high soil pH (> 7.5), as Acidobacteria generally prefer lower 
soil pH conditions (Sait et al., 2006; Jones et al., 2009). Only subdivision 
4 (SD 4) appears relatively abundant in arid regions with high pH soils 

Fig. 4. Spearman’s correlation of measured mean annual air temperature (MAT) with (a) methylation of 5-methyl brGDGTs (MBTʹ5Me) and (b) 6-methyl brGDGTs 
(MBTʹ6Me). The global soils (n = 305, Dearing Crampton-Flood et al., 2020) and Inner Mongolia soil transect (n = 32) are represented by open circles and triangles, 
respectively. The color gradient indicates the mean annual precipitation (MAP). The linear regression lines of correlations with p < 0.05 are plotted with dotted line 
(global soils) and solid line (Inner Mongolia transect, IM), the 95% confidence intervals are displayed by the gray shaded area. 
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(Jones et al., 2009; Fierer et al., 2012). Also the strains of SD 6, 7, and 16 
positively relate with soil pH on a global scale, but they are generally 
less abundant than SD 4 (Jones et al., 2009). 

Interestingly, SD 4 is the only subdivision that has so far been found 
to produce 5-methyl iso-diabolic acid and its methylated versions, 
whereas most of the SD 4 strains have been cultured from alkaline, 
dryland/savanna type soils (Janssen, 2006; Pankratov, 2012; Sinninghe 
Damsté et al., 2018). However, 5-methyl brGDGTs have the highest 
fractional abundance in more humid part of the Inner Mongolia soil 
transect, where MAT and soil pH are the lowest (Fig. 2). Also in the 
global soil dataset the 5-methyl brGDGTs are more abundant in acidic 
soils (De Jonge et al., 2014a), which is inconsistent with the warm and 
alkaline conditions from which SD 4 species have been isolated. De 
Jonge et al. (2021) hypothesized that SD 4 could be responsible for the 
production of 5-methyl brGDGTs with cyclopentane groups in mid- and 
high latitude soils. However, SD 4 does not show a clear trend with pH or 
aridity in Inner Mongolia (Fig. 5c,g), unlike the 5-methyl brGDGTs 
(Fig. 2). Of the cultured subdivisions that can produce 6-methyl iso- 
diabolic acid (i.e., SD 1, 3, and 6), only SD 6 increases with soil pH on a 
global scale (Jones et al., 2009; Fierer et al., 2012; Kielak et al., 2016; 
Sinninghe Damsté et al., 2018; De Jonge et al., 2021), but not in the 
Inner Mongolia soils, where it shows no response (Fig. 5b). Although it 
has been suggested that SD 6 responds to calcium content rather than 
soil pH (Navarrete et al., 2013; De Jonge et al., 2021), the relative 
abundance of SD 6 is not related to the calcium content in the Inner 

Mongolia soils (r2 = 0.01, p = 0.66; Liu et al., 2019). SD 1 does relate 
with soil pH along the aridity transect (r2 = 0.45, p < 0.01; Fig. 5d), 
although their abundance is very low compared to that of SD 4 and SD 6 
risking overinterpretation of the trends. In addition, SD 1 has a negative 
relationship with soil pH, opposite to 6-methyl brGDGTs both in our 
aridity transect (Fig. 2) and in the global soil calibration set (De Jonge 
et al., 2014a). 

The above result suggests that instead of Acidobacteria, other bac-
terial phyla could be the producers of brGDGTs in our transect. The 
relative abundances of the three other main phyla present in the transect 
does respond to soil pH and aridity (Fig. 5i,m,u), where aridity consis-
tently explains most of the variation (Fig. 5k,q,w). Also the relationships 
of Actinobacteria, Proteobacteria, and Verrucomicrobia with aridity 
follow those established on a global scale (Maestre et al., 2015). Of these 
phyla, Verrucomicrobia show the strongest relationship with aridity (r2 

= 0.70, p < 0.01; Fig. 5k), which is mostly explained by Spartobacteria, 
the main subclass of Verrucomicrobia (r2 = 0.70, p < 0.01; Fig. 5l), 
although its relationship with soil pH (Fig. 5j) is opposite to that 
observed in earlier studies on soils with pH < 7.5 (Shen et al., 2017; De 
Jonge et al., 2021). 

Verrucomicrobia are aerobic heterotrophs and are ubiquitous and 
abundant in soils globally (Janssen, 2006), similar to the presumed 
heterotrophic lifestyle of brGDGT producers (Weijers et al., 2010), and 
follow the same trend as the 5-methyl brGDGTs (Fig. 2). Similar to 
Acidobacteria, Verrucomicrobia are able to thrive under low nutrient 

Fig. 5. Spearman’s correlation of the bacterial community composition with soil pH and the aridity index (AI) for the phylum Acidobacteria (in bold) and the main 
subclasses SD 6, 4, and 1 (a–h), for the phylum Verrucomicrobia (in bold) and the main subclass Spartobacteria (i–l), and the phylum Actinobacteria (in bold) and the 
main subclasses Thermoleophilia, Actinomycetia, and Nitriliruptoria (m–t), and the phylum Proteobacteria (in bold) and the main subclass γ-Proteobacteria (u–x). 
The linear regression lines of correlations with p < 0.05 are plotted, the 95% confidence intervals are displayed by the gray shaded area. 
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conditions (Fierer et al., 2007, 2012), and occupy the same ecological 
niche in dryland soils, where they follow a fast-response life-strategy, for 
example, to wetting (Barnard et al., 2013). Although the membrane lipid 
composition, and thus the presence of brGDGT (precursor) lipids in this 
phylum has not (yet) been structurally investigated, the presence of iso- 
C15:0 fatty acids, which are presumed building blocks for iso-diabolic 
acid (Sinninghe Damsté et al., 2011), has been reported for several 
Verrucomicrobia isolates. Specifically, iso-C15:0 was found in Methyl-
acidiphilae belonging to methanotrophic Verrucomicrobia isolated from 
geothermal habitats, with an optimum soil pH between 2 and 3.5, and 
optimum growth temperature around 55 ◦C (Dunfield et al., 2007; Op 
den Camp et al., 2009). The iso-C15:0 was also reported as the major 
cellular fatty acids of three species belonging to the subclass Opitutae 
from the surface of a freshwater lake in Germany (Rast et al., 2017). 
Nevertheless, Verrucomicrobia strains isolated from soils so far seem to 
produce mainly anteis-C15:0 and C15:0, instead of iso-C15:0 fatty acids 
(Sangwan et al., 2004; Otsuka et al., 2013), and the relative abundance 
of Methylacidiphilae and Opitutae is low (< 0.1%) along our soil 
transect. 

Although a link between brGDGTs and Actinobacteria has not been 
reported before, the Actinobacteria, dominated by the subclass of 
Thermoleophilia in our aridity transect, is the only phylum that shows a 
strong positive relationship with aridity along the soil transect (r2 =

0.59, p < 0.01; corresponding with a negative correlation with AI in 
Fig. 5q), similar to brGDGT-IIIaʹ (r2 = 0.26, p < 0.01; Fig. 2). The 
presence of iso-C15:0 fatty acids has been reported for members of the 
subclass Actinomycetia isolated from desert soils in Chile (Carro et al., 
2019) and Egypt (Li et al., 2005), saline-alkaline soils in northwest 
China (Tang et al., 2008), and steppe soils in Russia (Nikitina et al., 
2020) and Korea (Jin et al., 2013), most of which have an optimum pH 
of 7–9, a growth temperature of 28–30 ◦C and an aerobic lifestyle. 
Although Actinomycetia are abundant along our soil transect, they do 
not show a clear trend with soil pH or aridity (relative abundance =
9–23%, Fig. 5o,s). The iso-C15:0 was also detected in members of the 
subclass Nitriliruptoria that were isolated from saline-alkaline soils in 
northwest China (Zhang et al., 2016). The Nitriliruptoria show a positive 
relationship with aridity along the aridity transect (r2 = 0.47, p < 0.01; 
Fig. 5t), consistent with that of brGDGT-IIIaʹ. Finally, γ-Proteobacteria 
also show the same trend with aridity as 5-methyl brGDGTs (r2 = 0.35, p 
< 0.01; Fig. 5x), and host species that produce iso-C15:0 fatty acids (Jung 
et al., 2009; Kim et al., 2014; Fang et al., 2015). Despite the shared 
trends along the transect, it remains challenging to identify the specific 
producer of brGDGTs by simply comparing the bacterial community 
composition with the trends in brGDGTs along this aridity transect. For 
example, trends observed here may be influenced by differences in the 
preservation potential of DNA and brGDGTs, and the fact that some of 
the cultured species make one of the presumed brGDGT building blocks 
does not yet guarantee that they also produce brGDGTs. Nevertheless, 
Verrucomicrobia and Actinobacteria could be further investigated as 
(one of the) possible producer of 5- and 6-methyl brGDGTs in arid soils, 
respectively. 

4. Conclusions 

The combined analysis of brGDGTs and the soil bacterial community 
composition in soils along an aridity transect in Inner Mongolia reveals 
that 5-methyl and 6-methyl brGDGT isomers respond differently to 
aridity and associated changes in soil pH. Whereas the isomer ratio 
positively correlates with aridity and soil pH, following global trends, 
the degree of cyclization no longer responds in soils with pH > 7.5. Only 
the #ringspenta displays relatively weak, but notably opposite trend with 
aridity and soil pH when determined for either 5- or 6-methyl brGDGTs. 
This implies that the use of a transfer function based on the relative 
abundance of 6-methyl brGDGTs is recommended to reduce un-
certainties on brGDGT-based reconstructed soil pH. Similarly, the de-
gree of methylation of 5- and 6-methyl brGDGTs have opposite 

relationships with MAT along the transect. The distinct responses of 5- 
and 6-methyl brGDGTs to environmental changes indicate that they are 
more likely driven by shifts in the soil bacterial communities instead of 
by biophysiological adjustments of their membrane structures. Although 
opposite to that in the global soil dataset, the strong relationship be-
tween MBTʹ6Me and MAT indicates that the MBTʹ6Me is worth being 
considered for temperature reconstructions in arid regions with high soil 
pH and where the MAT and MAP are negatively correlated. Finally, 
comparison of brGDGT signals with changes in the bacterial community 
composition in the same soil transect reveals that Acidobacteria are not 
likely the main producers of brGDGTs in this transect. Instead, Verru-
comicrobia and Actinobacteria share the same response to aridity as 5- 
and 6-methyl brGDGTs, respectively. Based on the fact that some Ver-
rucomicrobia and Actinobacteria isolates contain iso-C15:0 fatty acids, 
we propose that Verrucomicrobia and Actinobacteria could be a po-
tential candidate to produce (a)cyclic 5- and 6-methyl brGDGTs in 
alkaline soils from arid regions, which deserves future investigation. 
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Sinninghe Damsté, J.S., 2016. Spatial heterogeneity of sources of branched tetraethers in 
shelf systems: The geochemistry of tetraethers in the Berau River delta (Kalimantan, 
Indonesia). Geochimica et Cosmochimica Acta 186, 13–31. 

Sinninghe Damsté, J.S., Hopmans, E.C., Pancost, R.D., Schouten, S., Geenevasen, J.A.J., 
2000. Newly discovered non-isoprenoid glycerol dialkyl glycerol tetraether lipids in 
sediments. Chemical Communications 1683–1684. 
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