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a b s t r a c t

13,16-Dimethyl octacosanedioic acid (iso-diabolic acid) is a major membrane-spanning lipid of subdivi-
sions (SDs) 1, 3 and 4 of the Acidobacteria, a highly diverse phylum within the Bacteria. It has been sug-
gested that these lipids are potential building blocks for the orphan bacterial glycerol dialkyl glycerol
tetraethers (GDGT) that occur widely in a variety of environmental settings. Here, we expand the knowl-
edge on the occurrence of iso-diabolic acid in Acidobacteria by examining the lipid composition of six
strains belonging to SDs 6, 8, 10, and 23 of the Acidobacteria, not previously analyzed for these lipids.
In addition, we examined 12 new strains belonging to SDs 1, 3 and 4. Acid hydrolysis of total cell material
released iso-diabolic acid in substantial quantities (25–39% of all fatty acids) from the strains of SDs 1 and
3 (except ‘‘Candidatus Solibacter usitatus”), and, for the first time, strains of SD 6 (6–25%), but not from
SDs 8, 10, and 23. The monoglycerol ether derivative of iso-diabolic acid was only dominantly present
in SD 4 strains (17–34%), indicating that the occurrence of ether-bound iso-diabolic acid is mainly
restricted to SD 4 species. Methylated iso-diabolic acid derivatives were encountered in SDs 1, 3, 4,
and 6, but only SD 4 species produced 5-methyl iso-diabolic acid derivatives, whereas the other SDs
formed 6-methyl iso-diabolic acids. This suggests that the position of methylation of iso-diabolic acid
may be controlled by the phylogenetic affiliation within the Acidobacteria and thus may not be a direct
but an indirect response environmental to environmental conditions as inferred from the bacterial GDGT
distributions in soil, peat and rivers.

� 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Unusual glycerol dialkyl glycerol tetraethers (GDGTs) with n-
alkyl chains containing 2–4 methyl groups (so-called branched
GDGTs; brGDGTs; e.g., structures 1–3 in Fig. 1) were identified
for the first time in peat by isolation and structure determination
by NMR spectroscopy (Sinninghe Damsté et al., 2000). Hints for
the existence of such structures were already obtained much ear-
lier when selective ether cleavage was applied to sedimentary
organic matter of the Messel Oil Shale (Chappe et al., 1980). How-
ever, only the introduction of liquid chromatography coupled to
mass spectrometry, enabling the analysis of intact GDGTs in com-
plex environmental samples (Hopmans et al., 2000), made it possi-
ble to reveal their structural diversity and distribution. It has now
been demonstrated that these brGDGTs are ubiquitous in soil, peat,
lake water and sediments, river water and sediments, hot springs
and coastal marine sediments (see Schouten et al., 2013 for a
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Fig. 1. Structures of lipids mentioned in the text. Note that structures 13 and 14 are hypothetical and have been proposed on results from acid hydrolysis experiments of cell
material of SD 4 acidobacterial strains (Sinninghe Damsté et al., 2014).
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review), but their microbial sources are still unclear. This is trou-
blesome because of their potential extensive application in geo-
chemistry and paleoclimatology (Schouten et al., 2013).

The assessment of the stereochemistry of the glycerol units in
brGDGTs isolated from peat revealed that it is opposite to that of
archaeal isoprenoidal GDGTs, suggesting that they are derived
from Bacteria (Weijers et al., 2006). The abundance of Acidobacte-
ria in both peat and soil environments, where brGDGTs are also
abundant, suggested that these bacteria may be a biological source
of the brGDGTs (Weijers et al., 2009). The bacteria producing
brGDGTs are supposed to be heterotrophs based on the natural
stable carbon isotopic composition of the alkyl building blocks of
brGDGTs occurring in peat (Pancost and Sinninghe Damsté,
2003), soil (Weijers et al., 2010; Colcard et al., 2017), lake water
and sediments (Weber et al., 2015; Colcard et al., 2017) and ‘‘nat-
ural labelling experiments” (Oppermann et al., 2010; Weijers et al.,
2010). Many of the isolated species of Acidobacteria are, indeed,
heterotrophic (see Kielak et al., 2016; Dedysh and Sinninghe
Damsté, 2018 for reviews).

Acidobacteria is a diverse phylum of the domain Bacteria,
whose members are especially abundant in soils and peat. On the
basis of environmental 16S rRNA gene sequences (Barns et al.,
2007), Acidobacteria have been divided into 26 subdivisions
(SDs). However, at present only seven SDs (i.e., 1, 3, 4, 6, 8, 10,
and 23) contain taxonomically characterized representatives
(Kielak et al., 2016; Dedysh and Sinninghe Damsté, 2018). Molecu-
lar ecological studies based on 16S rRNA genes have indicated that,
in wetlands, the most abundant Acidobacteria are affiliated with
SDs 1 and 3 (Serkebaeva et al., 2013), whereas in lakes SDs 1, 6,
and 7 are more abundant (Zimmermann et al., 2012). In soils,
SDs 1, 3, 4 and 6 are more dominant (Janssen, 2006; Jones et al.,
2009; Foesel et al., 2014; Naether et al., 2012).

The hypothesis that Acidobacteria may be a source of brGDGTs
in the environment was supported by the presence of the uncom-
mon membrane-spanning lipid, 13,16-dimethyl octacosanedioic
acid (iso-diabolic acid; 7), as a major lipid in 13 species of SDs 1
and 3 of the Acidobacteria (Sinninghe Damsté et al., 2011). Iso-
diabolic acid can be considered as a potential building block of
the brGDGTs but occurs predominantly ester- and not ether-
bound in the SDs 1 and 3 of the Acidobacteria. However, in two
of the 13 analyzed strains of SD 1, ether-bound iso-diabolic acids,
including brGDGT 1, were also detected after hydrolysis of the
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cells, albeit in small amounts. A subsequent study revealed that
iso-diabolic acid also occurs in SD 4 but that in six out of seven
strains ether-bound iso-diabolic acid 9 was much more abundant
than iso-diabolic acid itself (Sinninghe Damsté et al., 2014). This
suggested that these acidobacteria produce the hypothetical
membrane-spanning diester/diether 13, a compound that is even
more structurally similar to the brGDGTs present in the environ-
ment than iso-diabolic acid itself. However, brGDGTs were not
detected in SD 4 Acidobacterial strains. Hence, a clear microbial
source for brGDGTs has still not been identified. The structural
diversity of brGDGTs in the environment is complex; they may also
contain cyclopentane moieties (Weijers et al., 2006) and occur with
additional methyl groups at positions other than the C-5 position
(Liu et al., 2012; De Jonge et al., 2013; Ding et al., 2016). Therefore,
there is a need for further screening of potential bacterial brGDGT
producers since, ultimately, there is a strong need to test brGDGT-
derived organic proxies using controlled culture experiments.

Here, we expand the knowledge on the occurrence of iso-
diabolic acid in Acidobacteria by examining the lipid composition
of six strains belonging to SDs 6, 8, 10, and 23 of the Acidobacteria,
not previously studied for the presence of these lipids, completing
the screening of all SDs for which cultured representatives are
available. In addition, we examined 12 novel strains belonging to
SDs 1, 3 and 4. We also detected iso-diabolic acid or its glycerol
ether derivative methylated at the C-5 or C-6 positions and identi-
fied potential genes involved in ether bond formation. Lastly, we
discuss the implications of our findings for the use of the brGDGTs
as paleoenvironmental proxies for temperature and pH.
2. Materials and methods

2.1. Cultures

The acidobacterial strains used in this study are listed in Table 1.
Vicinamibacter silvestris Ac_5_C6T and Luteitalea pratensis HEG_-
6_39T (both SD 6) were grown at DSMZ using the conditions previ-
ously described (Huber et al., 2016; Vieira et al., 2017). Arenimicro-
bium luteum Ac_12_G8T, Stenotrophobacter roseus Ac_15_C4T,
Brevitalea deliciosa Ac_16_C4T, Stenotrophobacter namibiensis
Ac_17_F2T, and Tellurimicrobiummultivorans Ac_18_E7T, all belong-
ing to SD 4, were also grown at DSMZ using conditions as previ-
ously described (Pascual et al., 2015; Wüst et al., 2016). Biomass
Table 1
Acidobacterial strains studied for their lipid composition.

Acidobacterium SD

Ca. Koribacter versatilis Ellin345 (=DSM 22529) 1
Telmatobacter sp. 15-8A 1
Telmatobacter sp. 15-28 1
Acidicapsa sp. CE1 1
Acidicapsa sp. CE14 1
Granulicella aggregans TPB6028T (=DSM 25274T) 1
Granulicella sp. AF10 1
Paludibaculum fermentans P105T (=DSM 26340T) 3
Ca. Solibacter usitatus Ellin6076 3
Arenimicrobium luteum Ac_12_G8 T (= DSM 26556T) 4
Stenotrophobacter roseus Ac_15_C4T (= DSM 29891T) 4
Brevitalea deliciosa Ac_16_C4 T (= DSM 29892T) 4
Stenotrophobacter namibiensis Ac_17_F2T (= DSM 29893T) 4
Tellurimicrobium multivorans Ac_18_E7T (= DSM 26557T) 4
Vicinamibacter silvestris Ac_5_C6 T (= DSM 29464T) 6
Luteitalea pratensis HEG_-6_39 (= DSM 100886T) 6
Holophaga foetida TMBS4T (= DSM 6591T) 8
Geothrix fermentans H-5T (= DSM 14018T) 8
‘Thermotomaculum hydrothermale’ AC55 (= DSM 24660) 10
Thermoanaerobaculum aquaticum MP01T (= DSM 24856T) 23
was harvested by centrifugation (9000g, 30 min; Avanti-J26 XPI,
Beckman Coulter), frozen (�20 �C, overnight), and lyophilized
(0.05 mbar, �30 �C).

Acidicapsa sp. CE1 and CE14, Granulicella aggregans TPB6028T,
Granulicella sp. AF10, and Paludibaculum fermentans P105T were
grown at the Winogradsky Institute of Microbiology using condi-
tions as previously described (Pankratov and Dedysh, 2010;
Pankratov, 2012; Kulichevskaya et al., 2014; Belova et al., 2018).
‘Thermotomaculum hydrothermale’ AC55 (SD 10) was grown at
Kyoto University using conditions as previously described (Izumi
et al., 2012). Telmatobacter spp. strains 15–8A and 15–28 were iso-
lated from the sediment of a warm, acidic geothermal pool (pH 5.0,
29.7 �C) in Reporoa, New Zealand, using a mineral salts medium as
previously described (Sharp et al., 2014; site LOR16, see Supple-
mentary Table S1).

Cell material of ‘‘Ca. Koribacter versatilis” Ellin345 (SD 1), ‘‘Ca.
Solibacter usitatus” Ellin6076 (SD 3), Holophaga foetida TMBS4T,
Geothrix fermentans H-5 T (both SD 8), and Thermoanaerobaculum
aquaticum MP01T (SD 23) was available from previous studies
(Losey et al., 2013; Sinninghe Damsté et al., 2017), where details
on the conditions of their cultivation have been described.

2.2. Lipid analysis

Lyophilized cells were hydrolyzed with 1.4 N HCl in methanol
by refluxing for 3 h, using our previously described procedure
(Sinninghe Damsté et al., 2011). Fatty acids in the extracts were
converted into methyl esters using diazomethane, and an aliquot
was subsequently silylated with N,O-bis(trimethylsilyl)-trifluoroa
cetamide (BSTFA) in pyridine at 60 �C for 20 min. This fraction
was subsequently analyzed by gas chromatography (GC) and GC–
mass spectrometry (GC–MS) using conditions previously described
(Sinninghe Damsté et al., 2011). Another aliquot of the methylated
extract was separated over an activated Al2O3 column using
dichloromethane (DCM) and DCM/methanol (1:1, v/v) into an apo-
lar and polar fraction, respectively. The apolar fraction was used to
determine the double bond positions of the mono-unsaturated
fatty acid methyl esters (FAMEs) using the mass spectra of their
dimethyl disulfide derivatives as described by Nichols et al.
(1986). The polar fraction was dissolved in hexane/iso-propanol
(99:1, v/v), filtered through a 0.45 mm polytetrafluorethylene filter,
and analyzed by high performance liquid chromatography/
atmospheric pressure chemical ionization mass spectrometry
origin Reference

Pasture soil Joseph et al. (2003)
Geothermal spring sediment Dunfield, unpublished
Geothermal spring sediment Dunfield, unpublished
Spaghnum peat Pankratov (2012)
lichen Cladonia sp. Pankratov (2012)
Spaghnum peat Pankratov and Dedysh (2010)
forested tundra soil Dedysh, unpublished
Littoral wetland Kulichevskaya et al. (2014)
Pasture soil Joseph et al. (2003)
Savannah soil Wüst et al (2016)
Fallow soil Pascual et al. (2015)
Savannah soil Wüst et al (2016)
Woodland soil Pascual et al. (2015)
Fallow soil Pascual et al. (2015)
Savannah soil Huber et al. (2016)
Grassland soil Vieira et al. (2017)
Anoxic mud Liesack et al. (1994)
Aquifer Coates et al. (1999)
Hydrothermal vent Izumi et al. (2012)
Hot spring Losey et al. (2013)
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(HPLC–APCI-MS) for branched GDGTs using a method described
elsewhere (Hopmans et al., 2016).

2.3. Characterization of the branching position of methylated iso-
diabolic acid

Cells of Vicinamimibacter silvestris Ac_5_C6T were base hydro-
lyzed with 1 N KOH (96% methanol). The obtained extract, contain-
ing the iso-diabolic acids, was treated with LiAlH4 in dioxane to
convert acid groups into alcohol moieties. The formed diols were
converted to alkyl iodides by treating them with HI following a
procedure described elsewhere (Schouten et al., 1998) and the
formed iodides were reduced to hydrocarbons with PtO2 in hexane
supplying H2 (Kaneko et al., 2011). The formed hydrocarbons were
analyzed with GC and GC–MS. Kovats retention indices were deter-
mined by co-injection with a mixture of n-alkanes.

2.4. Identification of ether-lipid biosynthetic genes and phylogenetic
analyses

Specific biosynthetic genes were identified in acidobacterial
(meta)genomes with PSI-BLAST (Position-Specific iterated BLAST)
searches at the protein level (www.ncbi.com) using two iteration
steps using in most cases the annotated proteins ofMyxobacterium
xanthus DK 1622 (NC_008095.1) as query sequences.

Nearly complete 16S rRNA gene sequences of the acidobacterial
strains investigated were obtained from the ARB SILVA database
(https://www.arb-silva.de/) and aligned with ClustalW
(Thompson et al., 1994). A phylogenetic tree was generated with
MEGA 6 (Tamura et al., 2013) using the Neighbor-joining method
(Saitou and Nei, 1987); bootstrapping values were based on 1000
replicates and are shown next to the branches (Felsenstein,
1985). Evolutionary distances were computed using the Jukes-
Cantor method (Jukes and Cantor, 1969). The analysis involved
44 nucleotide sequences, and a total of 1587 positions in the final
dataset. Putative and annotated partial homologs of the ElbD pro-
tein were aligned by Muscle (Edgar, 2004) in the MEGA 6 software
(Tamura et al., 2013) and edited manually. Phylogenetic recon-
struction was performed by maximum likelihood in PhyML v3.0
(Guindon et al., 2010) using the best model according to AIC indi-
cated by the MEGA 6 software (Tamura et al., 2013).
3. Results

A total of 20 strains of bacteria belonging to Acidobacteria SDs
1, 3, 4, 6, 8, 10, and 23 were (re)analyzed for their lipid composi-
tion using direct acid hydrolysis of cell material, a method that
allows not only the quantification of the more common fatty
acids, but also of the specific membrane-spanning lipids that
occur in Acidobacteria, i.e. iso-diabolic acid and its derivatives
(see Sinninghe Damsté et al., 2011). Phylogenetic relationships
of most of these strains to other cultured and uncultured Aci-
dobacteria, based on 16S rRNA and functional genes, have
recently been presented elsewhere (e.g., Kielak et al., 2016;
Sinninghe Damsté et al., 2017).

3.1. Fatty acids and ether lipids released by acid hydrolysis

Three examples of typical gas chromatograms of total lipid frac-
tions obtained after acid hydrolysis of cells (i.e., for Arenimicrobium
luteum Ac_16_C4, SD 4, Vicinamibacter silvestris Ac_5_C6T, SD 6, and
‘Thermotomaculum hydrothermale’ AC55, SD 10) are shown in Fig. 2.
All investigated acidobacterial strains contained iso-C15:0 as a dom-
inant fatty acid (6–55% of all lipids, on average 31%; Table 2), with
its unsaturated counterpart, iso-C15:1D9c, also present in relatively
high abundance (7–17%; Table 2) in all studied SD 4 strains and
in Ca. S. usitatus (SD 3). The structurally related iso-C17:0 only
occurs in relatively high fractional abundances in the SD 10 and
23 strains (24–33%; Table 2), but its unsaturated counterpart, iso-
C17:1 D9c, is sometimes a dominant fatty acid as well. Other pre-
dominant fatty acids are monounsaturated C16 and C18 fatty acids
(Table 2).

In addition to these common bacterial fatty acids, the less
common, later-eluting (Fig. 2) membrane-spanning lipid, 13,16-
dimethyloctacosanedioic acid (or iso-diabolic acid 7) was
detected in varying amounts (1–47% of total lipids; Table 2). This
work represents the first report of its occurrence in SD6 strains,
where the fractional abundance of iso-diabolic acid amounts to
ca. 30% (Table 2). Iso-diabolic acid was not detected in the strains
of SD 8, 10, and 23 (Table 2). In the five studied strains of SD 4
the fractional abundance of iso-diabolic acid was low (1–2%;
Table 2). Strikingly, however, in these strains acid hydrolysis
released substantial amounts of 1-monoalkyl glycerol ethers
(MGE) (e.g., Fig. 2a). The ether lipids were MGE derivatives of
the abundant saturated fatty acids, with a dominance of iso-
C15:0 MGE (11) (15–20%; Table 2) and the MGE derivative 9 of
iso-diabolic acid (17–34%; Table 2). The full structural identifica-
tion of MGE 9 has previously been described (Sinninghe
Damsté et al., 2014).
3.2. Methylated iso-diabolic acid derivatives

In addition to iso-diabolic acid 7 and its MGE derivative 9, two
related components containing an additional methyl group, i.e. 8
and 10, were also detected in some of the strains (Table 2). This
was apparent from their mass spectra, which revealed a shift of
several fragment ions in the highm/z region by 14 Da. The position
of the additional methyl group in the iso-diabolic acid MGE deriva-
tive 10 occurring in SD 4 Acidobacteria has previously been deter-
mined to be at the C-5 position (Sinninghe Damsté et al., 2014).
The five newly analyzed strains of SD 4 all contained this methyl
derivative, sometimes in relatively high fractional abundance
(e.g., 13% in A. luteum Ac_12_G8T; Table 2).

Both SD 6 species contained a methylated iso-diabolic acid; in
one case even in relatively high fractional abundance (14% for V.
silvestris; Table 2). To identify the position of the additional methyl
group in the methylated iso-diabolic acid of V. silvestris, it was con-
verted to the corresponding hydrocarbon (see Methods). The
formed component was identified as 6,13,16-trimethyloctacosane
as indicated by comparison of its mass spectral analysis and rela-
tive retention time data (Table 3) with earlier reported data
(Sinninghe Damsté et al., 2000). This revealed that the position of
methylation of the methylated iso-diabolic acid in SD 6 strains
(i.e., C-6) is different from the one in the iso-diabolic acid MGE
derivative 10 occurring in SD 4 Acidobacteria (i.e., C-5; Sinninghe
Damsté et al., 2014).

In the examination of the SD 1 and 3 strains we came across two
species that also produced methylated iso-diabolic acid (i.e.
‘Ca. Koribacter versatilis’ and Paludibaculum fermentans), although
these components were only encountered in a second batch cul-
ture (Table 2), suggesting that their formation may depend on
the growth phase of the culture. By comparison of their mass spec-
tra and relative retention time data (Table 3) with 6-methyl iso-
diabolic acid 8 of V. silvestris, it was concluded that they are also
methylated at C-6. Comparison of these data with that of the ten-
tatively identified 5-methyl iso-diabolic acid in Chloracidobac-
terium thermophilum (Sinninghe Damsté et al., 2014; Table 3)
revealed that this identification is most likely incorrect since it
has a Kovats index that is substantially higher than would be
expected for 5-methyl iso-diabolic acid. It is likely that this

http://www.ncbi.com
https://www.arb-silva.de/
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Fig. 2. Gas chromatograms of lipids released after acid hydrolysis of whole cell material of (a) Tellurimicrobium multivorans Ac_18_E7T (SD4), (b) Vicinamibacter silvestris
Ac_5_C6T, (SD6) and (c) ‘Thermotomaculum hydrothermale’ AC55 (SD10). Carboxylic groups were derivatized to the corresponding methyl esters and alcohol moieties were
derivatized to trimethyl silyl ethers prior to gas chromatographic analysis. Numbers refer to structures shown in Fig. 1.
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component is a homologue of iso-diabolic acid, i.e. 13,16-dimethyl
nonacosanoic acid (Table 2).

3.3. Branched GDGTs

The acid-hydrolyzed biomass of some of the acidobacterial cul-
tures (see Table 2) was also analyzed for the presence of GDGTs by
HPLC–APCI-MS using selected ion monitoring (SIM). However, we
were unable to identify any branched GDGTs 1–6 in the species
investigated.
3.4. Bioinformatic search for ether lipid biosynthetic genes

Recently, Lorenzen et al. (2014) described the first gene cluster
in the bacterial domain that is involved in the biosynthesis of fatty
acid-derived ether lipids in myxobacteria. It is composed of four
genes (elbB – elbE; where elb stands for ether lipid biosynthesis),
where the gene encoding the multifunctional enzyme ElbD plays
a key role. Prompted by this discovery, we searched acidobacterial
genomes and metagenomes (for a description see Sinninghe
Damsté et al., 2017) for the genes of this cluster. In three (meta)



Table 2
Relative abundance of fatty acids and ether lipids after acid hydrolysis of cell material and general characteristics of the membrane lipids in strains of the different
subdivisions of the studied Acidobacteria.
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a Bold numbers refer to structures in Fig. 1; MGE = monoalkyl glycerol ether; DGE = dialkylglycerol ether.
b Normalized on the sum of the FID-integrated GC peak areas of all the lipids listed. Values for major components (i.e., >5%) are underlined.
c Strains: (1) Ca. Koribacter versatilis Ellin345; (2) Telmatobacter sp. 15-8A; (3) Telmatobacter sp. 15–28; (4) Acidicapsa sp. CE1; (5) Acidicapsa sp. CE14; (6)
Granulicella aggregans TPB6028T; (7) Granulicella sp. AF10; (8) Paludibaculum fermentans P105T; (9) Ca. Solibacter usitatus Ellin6076, (10) Brevitalea deliciosa
Ac_16_C4T; (11) Tellurimicrobium multivorans Ac_18_E7T; (12) Stenotrophobacter roseus Ac_15_C4T; (13) Stenotrophobacter namibiensis Ac_17_F2T; (14) Aren-
imicrobium luteum Ac_12_G8T; (15) Vicinamibacter silvestris Ac_5_C6T; (16) Luteitalea pratensis HEG_-6_39T; (17) Holophaga foetida TMBS4T; (18) Geothrix
fermentans H-5T; (19) ‘Thermotomaculum hydrothermale’ AC55; (20) Thermoanaerobaculum aquaticum MP01T.
d Different cultures of the same species.
e Strains that were tested for the presence of brGDGTs.
f Also contains some iso C17:1 D7.
g Also contains some iso C19:1 D9.
h Calculated on a molar basis.

Table 3
Kovats retention indicesa of iso-diabolic acids and the corresponding hydrocarbons for different strainsb of SDs 1, 3, 4 and 6 of Acidobacteria.

Carbon skeleton Hydrocarbon Diacid

SD1 SD3 SD4c SD6 SD1 SD3 SD4 SD6
(1) (2) (3) (4) (5) (2) (6) (4)

13,16-Dimethyloctacosane 2856, 2863 2856, 2864 2855, 2862 2856, 2862 3489 3484, 3490 3487 3483, 3489
6,13,16-Trimethyloctacosane – – – 2900d, 2905 3525 3517, 3525 – 3521, 3525
5,13,16-Trimethyloctacosane – – 2909 – – – – –
13,16-Dimethylnonasacosane – – – – – – 3588 –

a Measured on a 50 m CP-Sil5 CB capillary column (0.32 mm i.d., df = 0.12 mm). In most cases two values are given for two closely eluting components likely representing
two different diastereomers. Two GC-separable diastereomers were also reported for synthetic 13,16-dimethyloctacosane (Chappe et al., 1980). The retention index of the
most abundant isomer is underlined.

b Strains: (1) Acidobacteriaceaea A2_4c; (2) Paludibaculum fermentans P105T; (3) Brevitalea aridisoli Ac_11_E3T; (4) Vicinamibacter silvestris Ac_5_C6T; (5) Ca. Koribacter
versatilis Ellin345; (6) Chloroacidobacterium thermophilum BT. Strains (1), (3), and (6) have been characterized previously (Sinninghe Damsté et al., 2011, 2014).

c The hydrocarbons measured had previously been obtained by subjecting a fraction containing MGEs 9 and 10 LiAlH4 reduction followed by HI degradation and
hydrogenation (Sinninghe Damsté et al., 2014).

d Because of co-elution with the n-C29 alkane used for the measurement of the Kovats retention indices, this value is less accurate.
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genomes of SD 4 the elbB – elbE gene cluster was identified and has
a close resemblance to the organization of this cluster in deltapro-
teobacteria (Fig. 3a). The elbD gene of the acidobacteria was 43–
48% similar (at the protein level) to that of Myxococcus xanthus
DK 1622 and phylogenetically it is associated with the cluster
formed by the deltaproteobacteria (Fig. 3b). The elbD gene of Aci-
dobacterium OLB17, an acidobacterium present in the sludge of a
wastewater treatment plant, was divided into two adjacent genes
(Fig. 3a). The elbB – elbE gene cluster was not identified in the three
available genomes of Chloracidobacterium thermophilum, which has
also been classified as an SD 4 acidobacterium (Bryant et al., 2007;
Tank and Bryant, 2015).

4. Discussion

4.1. Occurrence of iso-diabolic acid

In this study we determined the occurrence of the membrane
spanning lipid iso-diabolic acid in four previously uninvestigated
SDs of the Acidobacteria for which cultured relatives are currently
available (i.e., SDs 6, 8, 10 and 23). Unfortunately, the number of
isolated strains in these SDs is rather limited. Nevertheless, a
clear-cut division between the occurrence of iso-diabolic acid
was observed; the two species of SD 6 did contain iso-diabolic acid
in considerable amounts (30–45% including the methylated deriva-
tives), whereas the SD 8, 10, and 23 strains did not contain iso-
diabolic acid. The data of newly studied strains from SDs 1, 3,
and 4 (Table 2) confirmed the previous conclusion (Sinninghe
Damsté et al., 2011, 2014) that they are all capable of producing
iso-diabolic acid. An exception is the SD 3 acidobacterium ‘‘Ca.
Solibacter usitatus”: it is the only species of all 40 strains from
SDs 1, 3, 4, and 6 examined so far where iso-diabolic acid was
not detected. Remarkably, it is also characterized by a high abun-
dance (i.e., almost 50%; Table 2) of iso-C15 fatty acid, the presumed
building block of iso-diabolic acid (Sinninghe Damsté et al., 2011).
This is one of the highest abundances of this fatty acid detected so
far in acidobacteria. Perhaps this species is lacking the as yet
unknown gene(s) required for the coupling of two iso-C15 fatty acid
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Fig. 3. Identification of the ether lipid biosynthesis gene cluster (elbB – elbD) in genomes and metagenomes of SD 4 Acidobacteria. (a) Constitution of the gene cluster in
comparison with four species of the deltaproteobacteria includingM. xanthus DK 1622, where this gene cluster was first identified (Lorenzen et al., 2014). This shows a highly
similar arrangement of this gene cluster in SD 4 Acidobacteria and the deltaproteobacteria. The genes were identified by BLAST protein searches using the protein sequences
of elbB – elbD of M. xanthus as queries; the various genes are indicated by different colors. Stippled lines indicate a distance between the genes. The numbers refer, in
combination with the code below the species name, to the locus tags in the annotated genomes from the NCBI database. These numbers typically increase by 5 for every next
gene. (b) Phylogenetic tree of the ElbD proteins encoded by the SD 4 acidobacterial genomes of a cultured strain and environmental genomes in comparison with those of a
number of selected deltaproteobacteria revealing their close relatedness. The tree was constructed using the maximum likelihood method with a LG model plus gamma
distribution and invariant sites (LG + G + I). The analysis included 2531 positions in the final dataset. The scale bar represents the number of amino acid substitutions per site.
Branch support was calculated with the approximate likelihood ratio test (aLRT) and values �50% are indicated on the branches.
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moieties resulting in the formation of iso-diabolic acid, or perhaps
the culture conditions used did not lead to expression of these
unknown gene(s).

The lipid profiles of the five additional strains of SD 4 predom-
inantly reveal iso-diabolic acid in an ether-bound form (Table 2),
confirming earlier findings of SD 4 strains (cf. Sinninghe Damsté
et al., 2014). The single exception remains the SD 4 acidobacterium
C. thermophilum, which does produce iso-diabolic acid but not in an
ether-bound form (Sinninghe Damsté et al., 2014). In the 16S rRNA
gene tree C. thermophilum is also clearly separated from the other
SD 4 Acidobacteria (Fig. 4). This distinct taxonomic position of C.
thermophilum is consistent with its physiological capabilities. It is
the only known phototrophic member of the Acidobacteria
(Bryant et al., 2007), while all other known species are organ-
otrophs (Kielak et al., 2016). It is also the only SD 4 acidobacterium
that produces hopanoids (Sinninghe Damsté et al., 2017; Fig. 4),
signifying its unique (chemo)taxonomic position. Interestingly,
we identified the elbB – elbE gene cluster, which is presumed to
be responsible for ether bond formation in bacteria (Lorenzen
et al., 2014), in all available whole genomes and (almost) complete
metagenomes of SD 4 Acidobacteria, but not in C. thermophilum or
Fig. 4. Chemotaxonomic traits of Acidobacteria indicated in a phylogenetic tree of the nea
in this and previous studies (Sinninghe Damsté et al., 2011, 2014). The various SDs are ind
iso-diabolic acid acid, (b) iso-diabolic acid MGE, (c) brGDGTs, (d) 5-methyl iso-diabolic ac
et al., 2017), (f) hopanoids, and (g) methylated hopanoids. Red color indicates absence
percentage of replicate trees in which the associated taxa clustered together in the boot
sequence divergence. (For interpretation of the references to color in this figure legend,
any other acidobacterium belonging to other SDs. This fits well
with the chemotaxonomic observations: only SD 4 Acidobacteria
(excepting C. thermophilum) produce iso-diabolic acid bound
through an ether linkage to glycerol at position C-1 in substantial
amounts.

Although myxobacteria produce an array of ether lipids (Ring
et al., 2006), Lorenzen et al. (2014) showed that the elbB – elbE gene
cluster controlled the production of 1-O-13-methyl tetradecyl
glycerol (11), even though the exact biochemical mechanism
remains unclear. This MGE may also be an important intermediate
product in the biosynthesis of ether lipids in SD 4 Acidobacteria.
The phylogeny of these genes (e.g., Fig. 3b) suggests that the ances-
tor of the SD 4 Acidobacteria obtained the capacity to produce
these ether lipids through lateral gene transfer of this elbB – elbE
gene cluster from the deltaproteobacteria. Indeed, many of the spe-
cies of the order Myxococcales, which show the closest relationship
with the SD 4 Acidobacteria in terms of ElbD phylogeny (Fig. 3b),
have been isolated from soil. Soil is also a niche for SD 4 Acidobac-
teria, which would enable the exchange of genes. The SD 4 Aci-
dobacteria forming the branch composed of C. thermophilum
(Fig. 4) are an exception: the lateral gene transfer event may have
rly complete 16S rRNA gene sequences of the Acidobacteria that have been analyzed
icated in different colors. Chemotaxonomic traits indicated are the occurrence of (a)
id MGE, (e) 6-methyl iso-diabolic acid and, for reference (data of Sinninghe Damsté
, blue color indicates confirmed presence, white color means not determined. The
strap test (1000 replicates) are shown next to the branches. Scale bar indicates 2%
the reader is referred to the web version of this article.)
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happened after the evolution of this group or it may have lost this
capacity.

4.2. General chemotaxonomy

When we compare all available lipid profiles of Acidobacteria
from this and previous studies (Sinninghe Damsté et al., 2011,
2014) (see Supplementary Tables; 46 strains in total), a consistent
pattern emerges. The general chemotaxonomic signature, i.e. ester-
or ether-bound iso-diabolic acid present in SD 1, 3, 4 and 6 but not
in SD 8, 10, and 23 Acidobacteria, generally fits with the 16S rRNA
gene molecular phylogeny of the Acidobacteria since SDs 1, 3, 4
and 6 are more closely related to each other than to SDs 8, 10,
and 23 (Fig. 4). This also becomes evident when the contribution
of the membrane-spanning lipids is calculated; in SDs 1, 3, 4 and
6 these typically amount to 25–40%, whereas in SDs 8, 10, and
23 membrane-spanning lipids do not occur (Fig. 5c). The degree
of ether linkages in the membrane (Fig. 5d) is generally low; only
the SD 4 Acidobacteria have on average 30% with ether linkages
(excepting C. thermophilum; see Section 4.1).

However, there are some strains that produce small amounts of
ether lipids. Two SD 1 acidobacterial species, Edaphobacter aggre-
gans Wbg-1 T and Acidobacteriaceae bacterium strain A2-4c, pro-
duce small amounts of ether-bound iso-diabolic acid and iso-C15

MGE (Sinninghe Damsté et al., 2011). The SD 3 acidobacterium
‘‘Ca. Solibacter usitatus” produces small amounts of the iso-C15

MGE (predominantly at position 1 but also at position 2; Table 2)
and an 1,2-dialkyl glycerol ether (DGE) containing two the iso-
C15 units. These ether lipids together with some others (Table 2)
also occur in the SD 8 acidobacterium Holophaga foetida TMBS4T

in small relative amounts. This suggests that membrane ether
lipids in these bacteria can perhaps also be produced by biochem-
ical pathways other than that catalyzed by the enzymes encoded
by the elbB – elbE gene cluster, which was exclusively detected in
SD 4 acidobacteria.

All studied acidobacteria contain iso-C15 fatty acid as an impor-
tant building block for the membrane lipids. Even in acidobacteria
that do not produce iso-diabolic acid (SDs 8, 10, and 23), iso-C15

fatty acid-derived lipids still represent 30–56% of the lipids
(Fig. 5b). The degree of unsaturation of the membrane lipids varies
considerably (Fig. 5a). However, this is likely related to the adjust-
ment to physiological conditions rather than to the genetic make-
up since all the strains that do not contain unsaturated lipids are
thermophilic (SD 4: C. thermophilum and Pyrinomonas methy-
laliphatogenes; SD 10: ‘Thermotomaculum hydrothermale’; SD 23:
Thermoanaerobaculum aquaticum). It is well known that bacteria
adjust the degree of unsaturation of lipids according to growth
temperature with increasing fractional abundances of unsaturated
lipids at low temperatures (e.g., Chintalapati et al., 2004).

4.3. Acidobacteria as a potential source for brGDGTs.

BrGDGTs occur ubiquitously in soil, peat bogs, lakes, and coastal
marine sediments (see Schouten et al., 2013 for a review), suggest-
ing that their source must be a common and abundant group of
bacteria in the environment. Acidobacteria have been proposed
as a potential candidate group for the production of brGDGTs
because both occur abundantly in peat bogs (Weijers et al.,
2009). This prompted our earlier work on cultures of Acidobacteria
(Sinninghe Damsté et al., 2011). The identification of the presumed
‘‘building block” of brGDGTs (iso-diabolic acid) in all investigated
cultures of SDs 1 and 3 Acidobacteria was an important step in this
respect. However, iso-diabolic acid occurred predominantly in an
ester-bound form and not in an ether-bound form. Trace amounts
of brGDGT 1 were detected in two SD 1 strains but the amounts
were so low that other Acidobacteria were considered as the pre-
dominant producers of the brGDGTs. A subsequent study of seven
different strains of SD 4 Acidobacteria revealed that they also do
not produce brGDGTs (Sinninghe Damsté et al., 2014). However,
six of the seven investigated strains produced lipids in which iso-
diabolic acid occurs ether-bound to a glycerol moiety (i.e., MGE
5) in high relative amounts. Hence, the hypothetical diester/diether
lipid 13, composed of two esterified MGE 9 units, is thought to be
an important building block of the membrane of most members of
SD 4. It has the closest structural resemblance to brGDGTs 1; only
the two ester bonds at the sn2 position have to be changed into
ether bonds. The results of the six other strains of SD 4 Acidobac-
teria reported here confirm these findings since they also contain
relatively high amounts of MGE 9/10. However, the examination
of the other SDs (i.e., SDs 6, 8, 10, and 23) did not lead to new clues
towards the biological origin of the brGDGTs. SD 6, an environmen-
tally significant SD (e.g., Jones et al., 2009; Zimmermann et al.,
2012), does produce iso-diabolic acid but only in an ester-bound
form like most members of SDs 1 and 3, and the other SDs investi-
gated in this study do not produce iso-diabolic acid at all. Further-
more, we were able to identify a gene cluster that potentially codes
the enzymes involved in the production of the ether bond at the
sn1-position in all but one SD 4 species for which genome data
are available (Fig. 3). However, this gene cluster is not present in
any of the other genomes of isolated Acidobacteria or in environ-
mental genomes of Acidobacteria, suggesting that the occurrence
of ether-bound iso-diabolic acid is limited to most members of
SD 4. Although new isolates of as yet uncultivated SDs of Acidobac-
teria may still reveal the production of brGDGTs, the quest for the
bacterial producers of brGDGTs in the environment may need to be
extended to other bacterial phyla. Unfortunately, this quest is ham-
pered by the limited knowledge of the enzymes that are involved
in the biosynthesis of iso-diabolic acid, specifically the reaction
step in which two C15 iso-fatty acids are condensed. This knowl-
edge would enable the search of (meta)genomic data for the poten-
tial to biosynthesize iso-diabolic acid.

In the environment brGDGTs are not only found as the parent
component 1 but also with additional methylation of the alkyl
chain(s). Initially, this additional methyl group was identified to
be positioned at C-5 based on the isolation of 2 from a Dutch peat
and subsequent structural determination by NMR spectroscopy
(Sinninghe Damsté et al., 2000). Subsequently, other brGDGT iso-
mers with additional methyl groups at different positions have
been identified (e.g., Liu et al., 2012; Weber et al., 2015; Ding
et al., 2016) of which the 6-methyl brGDGTs 4–6 (De Jonge et al.,
2013, 2014a) are the most abundant in addition the 5-methyl
brGDGTs 1–3. However, SD 1 and 3 Acidobacteria did not contain
iso-diabolic acid with an additional methyl substituent
(Sinninghe Damsté et al., 2011). The detection of 5-methyl iso-
diabolic acid-MGE 9 in five out of seven species of SD 4 Acidobac-
teria (Sinninghe Damsté et al., 2014) bridged this gap. This is con-
firmed by our analysis of six additional species of SD 4
Acidobacteria; all species contain 5-methyl iso diabolic acid-MGE
10, sometimes in relatively high abundance (Table 2). The SD 6 aci-
dobacterium Vicinamibacter silvestris also contains substantial
amounts of a methylated iso-diabolic acid but in this case the
methyl group is not positioned at C-5 but at C-6. Smaller amounts
of 6-methyl iso-diabolic acid 8 were also encountered in two spe-
cies of SDs 1 and 3 and the other SD 6 acidobacterium examined,
Luteitalea pratensis (Table 2). V. silvestris was isolated from an alka-
line (pH 7.5–8.0) savannah soil, has a wide pH tolerance (4.7–9.0),
and grows optimally at pH 7.0 (Huber et al., 2016). L. pratensis dis-
plays a narrower pH tolerance (5.3–8.3) (Vieira et al., 2017) and
grows optimally at a pH of ca. 6.1–7.5. These strains are phyloge-
netically (16S rRNA gene) closely related to 11 other isolated
strains from a slightly alkaline soil (George et al., 2011). Hence,
in contrast to the other Acidobacteria, SD 6 strains seem better



Fig. 5. Box plots for various characteristics of the membrane lipid composition of SDs 1, 3, 4, 6, 8, 10 and 23 based on this and previous studies (Sinninghe Damsté et al., 2011,
2014). (a) The degree of unsaturation (i.e., one double bond). (b) The contribution of the C15 iso fatty acid as a presumed building block to the membrane, assuming that also
esterified and ether-linked iso-diabolic acid and its methylated counterparts, are derived from the iso-C15 fatty acid. (c) The contribution of membrane-spanning lipids (i.e.,
iso-diabolic acid and its methylated counterparts) to the membrane. (d) Contribution of ether instead of ester linkages to the membrane. (e) The degree of methylation (in
addition to the two mid-chain methyl groups) of esterified and ether-linked iso-diabolic acid in the membrane. Since SD 8, 10, and 23 Acidobacteria do not contain iso-
diabolic acid values cannot be given for these bacteria. The data are derived from 46 different strains summarized in the Supplementary Information. In cases where two
separate batch cultures of one strain were studied, the average values were used to compile this plot.
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adjusted to more alkaline conditions than most other Acidobacte-
ria of SDs 1 and 3, which commonly do not grow at a pH > 7.0
(see Kielak et al., 2016 for an overview). In soils, river water, and
lakes, 6-methyl brGDGTs are found in higher relative abundances
at higher pH conditions (De Jonge et al., 2014a,b; Yang et al.,
2015; Russell et al., 2018). Hence, the detection of 6-methyl iso-
diabolic acid-MGE in SD 6 Acidobacteria isolated from slightly
alkaline soils is in line with what we observe for brGDGTs in the
environment. This, together with the fact that the additional
methyl groups of the methylated iso-diabolic acid are at exactly



74 J.S. Sinninghe Damsté et al. / Organic Geochemistry 124 (2018) 63–76
the same position as those of the environmental brGDGTs (i.e., at
C-5 and C-6), would still be in line with the hypothesis that
brGDGTs derive from Acidobacteria.

4.4. Implications for the use of brGDGTs in paleoenvironmental
assessment

The distribution of brGDGTs in sediments and soils is used to
reconstruct past pH and temperature based on a set of empirical
relationships (e.g., Weijers et al., 2007; Peterse et al., 2010; De
Jonge et al., 2014a; Sinninghe Damsté, 2016; Naafs et al., 2017;
Dearing Compton-Flood et al., 2018; Russell et al., 2018), which
are thought to reflect the ability of bacteria in soil, peat, lake water
and marine sediments to adjust their brGDGT-based membrane
composition in response to temperature and pH. Three main
responses have been noted:

(1) an increase in the relative abundance of the 6-methyl
brGDGTs at increasing pH;

(2) an increase in the number of cyclopentane moieties with
increasing pH; and

(3) an increase in the degree of methylation at position C-5 of
the brGDGTs with decreasing temperature.

With respect to (1), as discussed in the previous section, the
biosynthesis of 6-methyl iso-diabolic acid by SD 6 Acidobacteria
that are more common in alkaline soils, does provide biological
support for this empirical observation and for the use of composi-
tional changes in brGDGT distributions to reconstruct past pH.
With respect to (2), our data do not provide support for this empir-
ical relationship simply because the formation of cyclopentane
moieties by an internal cyclization reaction as proposed for the for-
mation of cyclized brGDGTs (Weijers et al., 2006) has not been
observed for iso-diabolic acid or its derivatives in any of the cul-
tures studied. With respect to (3), the two thermophilic species
(i.e., P. methylaliphatogenes and C. thermophilum) within the group
of studied SD 4 species produce no additionally methylated iso-
diabolic acid or its derivatives. In contrast, nine out of the ten
mesophilic SD 4 Acidobacteria produce these components (Table 2;
Sinninghe Damsté et al., 2014), with Stenotrophobacter terrae, S.
roseus, and Arenimicrobium luteum containing them in the highest
relative abundance (i.e., 26–32%). Among these members of SD 4,
S. terrae has the lowest optimal growth temperature range
(Foesel et al., 2013; Losey et al., 2013; Crowe et al., 2014; Huber
et al., 2014; Wüst et al., 2016; Pascual et al., 2015; Tank and
Bryant, 2015). These results indeed suggest that the degree of
methylation may be an adaption to temperature. It should be
noted, however, that most of the non-thermophilic members of
SD 4 were isolated from Namibian savannah soils and still have
optimal growth temperatures at >30 �C, which is still fairly high
and probably explains why the degree of methylation is still
<25% in most cases. Furthermore, it should be tested in culture if
the degree of additional methylation of iso-diabolic acid is indeed
a physiological response. Such experiments have been performed
with the thermophile, P. methylaliphatogenes (Sinninghe Damsté
et al., 2014), in the 50–69 �C range but, although some changes
in membrane lipid composition were observed, additional methy-
lation of iso-diabolic acid was not observed. For the studied species
of SDs 1 and 3 the degree of methylation is much lower (up to 8%),
highly variable between different batches of cultures (Table 2), and
6-methyl iso-diabolic acid occur in only two of 26 examined spe-
cies (Table 2; Sinninghe Damsté et al., 2011). This is surprising
since the optimal growth temperature range (see Kielak et al.,
2016 for an overview) is typically lower than that of the studied
SD 4 species. Although temperature experiments need to be per-
formed to test if additional methylation of iso-diabolic acid may
also be a physiological response, these data suggest that there is
also a genetic control (i.e., not all Acidobacteria may be able to syn-
thesize methylated iso-diabolic acid). Quite a number of the SD 1
and 3 acidobacterial strains have been isolated from peat bogs
(Kielak et al., 2016). Furthermore, environmental studies also show
SD 1 Acidobacteria to occur abundantly in these environments
(Weijers et al., 2009; Serkebaeva et al., 2013). This may perhaps
explain why in peat systems the brGDGT distribution is often dom-
inated by the tetramethylated core structure (Sinninghe Damsté
et al., 2000; Weijers et al., 2006, 2009) and why the degree of
methylation of brGDGTs shows a different response with temper-
ature (Naafs et al., 2017). Altogether, this may indicate that the dif-
ferences we observe in brGDGT distributions in the environment
may not only reflect physiological responses but may also be
related to compositional changes in the (acido)bacterial species.
This may explain why different environments have different tem-
perature calibrations for brGDGTs.

5. Conclusions

Detailed investigation of 46 acidobacterial strains from seven
SDs has revealed that only two of them produce small amounts
of brGDGTs. However, the strains of SDs 1, 3, 4, and 6 do produce
the presumed building block of brGDGTs, iso-diabolic acid, as an
important constituent of their membranes. In members of SD 4
iso-diabolic acid occurs predominantly in an ether-bound form
and is connected at the C-1 position to the glycerol moiety. A speci-
fic gene cluster present in all but one available (meta)genomes of
the SD 4 species is probably responsible for the formation of this
ether bond and is probably inherited through lateral gene transfer
from deltaproteobacteria. This gene cluster is absent in known
genomes of cultured species of other SDs and in Acidobacteria gen-
omes recovered from metagenomes, including those belonging to
SDs for which no cultured relatives are available. This suggests that
the quest for the biological sources of brGDGTs should be extended
into other bacterial phyla. Methylation of iso-diabolic acid occurs
at exactly the same positions (i.e., C-5 and C-6) as observed for
brGDGTs in the environment. Most SD 4 species produce the glyc-
erol ether derivative of 5-methyl iso-diabolic acid, while members
of SD 6, and to a much lesser extent SDs 1 and 3 produce 6-methyl
iso-diabolic acid. These observations support the empirical use of
the degree of methylation of 5-methyl brGDGTs as a temperature
proxy and the use of the relative abundance of the 6-methyl
brGDGTs as a pH proxy.
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