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One of few techniques that is able to spatially resolve chemical data, including organic molecules, to mor-
phological features in modern and ancient geological samples, is time-of-flight secondary ion mass spec-
trometry (ToF-SIMS). The ability to connect chemical data to morphology is key for interpreting the
biogenicity of preserved remains in ancient samples. However, due to the lack of reference data for geo-
logically relevant samples and the ease with which samples can be contaminated, ToF-SIMS data may be
difficult to interpret. In this project, we aimed to build a ToF-SIMS spectral database by performing par-
allel ToF-SIMS and gas chromatography–mass spectrometry (GC–MS) analyses of extant photosynthetic
microbial communities collected from an alkaline silica-depositing hot spring in Yellowstone National
Park, USA. We built the library by analyzing samples of increasing complexity: pure lipid standards com-
monly found in thermophilic phototrophs, solvent extracts of specific lipid fractions, total lipid extracts,
pure cultures of dominant phototrophic community members, and unsilicified phototrophic streamer
communities.
The results showed that important lipids and pigments originating from phototrophs were detected by

ToF-SIMS (e.g., wax esters, monogalactosyldiacylglycerol, digalactosyldiacylglycerol, sufloquinovosyl-
diaglycerol, alkanes, etc.) in the streamer lipid extracts. Many of the lipids were also detected in situ
in the unsilicified streamer, and could even be spatially resolved to individual cells within the streamer
community. Together with the ToF-SIMS database, this mapping ability will be used to further explore
other microbial mats and their fossilized counterparts in the geological record. This is likely to expand
the geochemical understanding of these types of samples.
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Lipids – a universal structural component of cellular mem-
branes – comprise the most important group of organic geo-
biomarkers (Hayes, 2001). Lipid biomarkers – the carbon
‘‘skeletal” remains of microbial membranes – can survive for bil-
lions of years in the sedimentary rock record (Brocks and
Summons, 2005). Preservation of the structures and isotopic com-
positions of lipid biomarkers can provide important paleobiologi-
cal information about microbial metabolism, biogeochemical
cycling, and the role of specific taxa in microbial communities
(Summons et al., 1999; Hayes, 2001; Brocks and Summons, 2005;
Peters et al., 2005; Brocks and Grice, 2011).
The principal methods for analysis of lipid biomarkers
(and other organic compounds) from sediments are gas
chromatography–mass spectrometry (GC–MS) and liquid chro-
matography–mass spectrometry (LC–MS). Such methods separate
complex mixtures of organic compounds so that individual com-
pounds can be identified on the basis of their retention time and
mass spectra. GC–MS and LC–MS require the separation of organic
materials from their host mineral matrix, typically by solvent
extraction or pyrolysis, prior to analysis (Pohl et al., 1970; Jahnke
et al., 1992, 2004). This type of sample preparation, however, elim-
inates the potential to correlate the spatial distribution of the
organic compounds to morphological evidence of carbonaceous
cells and extracellular remains, and to mineral and sedimentary
structures that may have hosted and/or preserved the organics. It
also eliminates the potential to spatially correlate organic and inor-
ganic biosignatures, if such structures were produced (directly or
indirectly) by the microbes that sourced the organics.
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The ability to correlate organic and morphological evidence for
life can prove the biogenicity and syngeneity of fossilized organic
compounds (Cady et al., 2003). For example, controversy over the
biogenicity of some of the most ancient purported microfossils
(Schopf, 1983, 2006; Brasier et al., 2006) illustrates the relevance
of correlating spatially resolved three-dimensional chemical and
morphological evidence of cell-like objects.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is
one of the few in situ high spatial resolution techniques capable
of identifying organic compounds and correlating their distribution
with morphological features indicative of life (e.g., microfossils,
stromatolitic biofabrics, biominerals) (Cady et al., 2003; Oehler
and Cady, 2014). ToF-SIMS detects the secondary ions that are
emitted, or sputtered, from a surface when it is bombarded with
energetic primary ions (Benninghoven, 1994; Vickerman and
Briggs, 2001) and combines high sensitivity and mass resolution
(m/Dm 5000–10,000) with the capability to obtain chemical infor-
mation in 2- and even 3-dimensions when a focused ion beam is
used (Vickerman and Briggs, 2001; Siljeström et al., 2010). ToF-
SIMS ion images with a spatial resolution of < 1 lm can be
obtained routinely and, when samples are ideal (i.e., flat with a
high secondary ion yield), a spatial resolution of 40 nm can be
obtained (Hagenhoff, 2000). This high spatial resolution allows
for the organic compounds to be mapped to individual organisms,
or even structures within individual cells (Sjövall et al., 2004;
Kurczy et al., 2010).

ToF-SIMS analyses of geological samples have been performed
for over a decade, and during the last couple of years there has
been a growing use of ToF-SIMS in the study of fossil-bearing
material (Guidry et al., 2000; Toporski et al., 2002; Guidry and
Chafetz, 2003; Schweitzer et al., 2009; Siljeström et al., 2009,
2010, 2013; Westall et al., 2011; Heim et al., 2012; Lindgren
et al., 2012, 2014; Greenwalt et al., 2013, 2015; Ivarsson et al.,
2013; Colleary et al., 2015; Labandeira et al., 2016; Surmik et al.,
2016). This includes an analysis of an Eocene mosquito, which
revealed the localization of heme molecules in the abdomen of
the mosquito (Greenwalt et al., 2013). As the specimen was unique
it was not possible to use destructive techniques such as GC–MS.
These studies have shown that the ability to map chemical signals
to distinct features in a fossil is key in distinguishing the original
fossil material from material introduced later by, for example,
microbes. ToF-SIMS analyses of microfossils, fossilized bacterial
biofilms, and lipids in environmental samples have shown that it
is possible to map specific organic molecules to microbes and
microfossils (Toporski et al., 2002; Thiel et al., 2007a, 2007b;
Heim et al., 2012; Ivarsson et al., 2013; Leefmann et al., 2013a).
Additionally, there are numerous ToF-SIMS studies that have
applied lipid imaging to various tissues and cells (Sjövall et al.,
2004; Brunelle and Laprévote, 2009; Passarelli and Winograd,
2011).

The routine use of ToF-SIMS to study complex organic material
in modern and ancient geological samples is hampered by the lack
of spectral libraries for these types of samples. Often only a small
portion of ToF-SIMS spectral data are interpreted, which can lead
to mis- or over-interpretation of the results. The ease with which
samples can become contaminated, combined with the lack of
appropriate negative controls, can make it difficult to rule out con-
tributions from compounds that are not indigenous to the material
of interest. However, the analyses of an increasing number of dif-
ferent types of geological samples with possible and known biosig-
natures, along with positive (e.g., standards) and negative controls,
will over time lead to an improved understanding and interpreta-
tion of ToF-SIMS data.

This study aimed to build a ToF-SIMS spectral library to aid in
the interpretation of lipid biomarkers in modern and fossilized
microbes. We performed parallel GC–MS and ToF-SIMS analyses
of extant photosynthetic microbial communities collected from
an alkaline silica-depositing spring in Yellowstone National Park.
The GC–MS data provided a baseline that improved the efficiency
of interpreting the complex ToF-SIMS spectra, and helped to recon-
struct the community composition and ecology of the system. We
constructed a ToF-SIMS spectral library by analyzing relevant sam-
ples of increasing complexity, which included: (i) pure lipid stan-
dards commonly found in thermophilic phototrophs; (ii) solvent
extracts of total lipids and specific lipid fractions from pure cul-
tures of phototrophs that were isolated from alkaline hot spring
outflow channels; (iii) solvent extracts of total lipids and specific
lipid fractions from green streamers composed of oxygenic and
anoxygenic phototrophs collected from the Queen’s Laundry hot
spring and (iv) whole frozen and freeze dried samples of the same
green streamers. We anticipate that our strategy to construct a
spectral library of ToF-SIMS data for the microbial communities
that inhabit modern silica-depositing hot springs can be used to
analyze preserved silicified lipid biomarkers in ancient hydrother-
mal deposits on Earth.
2. Methods

2.1. Field collection of samples

Samples of microbial streamer communities composed of oxy-
genic and anoxygenic phototrophs were collected from the main
outflow channel of an alkaline silica-depositing hot spring known
as Queen’s Laundry, which is located at the westernmost end of
Sentinel Meadows in Yellowstone National Park, WY, USA (Fig. 1A).
At the time of collection of the samples on November 9, 2009, the
hydrothermal fluid temperature was between 44 and 49 �C and
the pH was between 8.5 and 8.7. The samples were collected along
the edge of the outflow channel and upstream from the bath house
structure (Fig. 1A). The phototrophic streamers consisted of
numerous individual dark green streamers (< 1 to a few mm thick)
that flowed freely in the hot spring outflow channel (Fig. 1A). In the
field, the green streamers were found mainly in the fastest flowing
parts of the outflow channel. Optical and scanning electron micro-
scopy images confirmed that they primarily consisted of rods of
the cyanobacterium Synechococcus, and filaments of the green
non-sulfur anoxygenic phototrophs Chloroflexus and/or Roseiflexus
spp., as well as smaller populations of chemotrophic microbes
(Fig. 1).

The field samples were processed for various types of micro-
scopy and spectroscopy. Microbial streamers were collected in
the field using sterile tweezers, and placed in pre-cleaned and
heat-sterilized (400 �C for 4 h) 40 ml I-Chem vials (Thermo Scien-
tific). The vials were immediately placed on dry ice in the field to
rapidly freeze the streamers and halt biomolecular degradation.
The samples for ToF-SIMS analysis were then maintained on dry
ice and transferred within 4 h to a dry-shipping Dewar, where they
remained frozen and stored in liquid nitrogen vapor (T � �150 �C)
until they were received at the SP Technical Research Institute of
Sweden in Borås, Sweden. Samples collected for GC–MS analysis
at NASA Ames Research Center were maintained on dry ice during
transport, and then stored in a �80 �C freezer until analysis. Sam-
ples used that were for optical and scanning electron microscopy
were maintained at 4 �C until prepared for microscopy, as
described below.
2.2. Single lipid standards

Pure single standards purchased from various manufactures
were analyzed by ToF-SIMS to build the spectral reference data-
base (Table 1). The selection of lipid standards was based on the
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Fig. 1. Field site and samples. (A) Outflow channel of Queen’s laundry hot spring. Black arrow indicates where green phototrophic streamers were collected. (B) Micrograph of
green streamers. Arrows indicate major phototrophic community members: rods of the cyanobacterium Synechococcus (white arrow) and filaments of the green non-sulfur
filamentous anoxygenic phototrophs Roseiflexus and Chloroflexus (black arrow). (C) Phase contrast image of green streamer. (D) Epifluorescence image of same field shown in
(C) displaying red Chlorophyll a autofluorescence in the Synechococcus rods. (E) Sample preparation for ToF-SIMS. (F) SEM images of green streamers. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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results of solvent extraction and GC–MS analyses of the green
streamers. Details on ToF-SIMS analyses of the standards follow
in Section 2.7.
2.3. Pure cultures

Pure cultures of representative members of the hot spring pho-
totrophic community that live at and above the temperature at
which the green streamers were collected were analyzed using
ToF-SIMS to support the interpretation of the complex spectra of
the green streamers. The following cultures were analyzed (details
on growth conditions are contained in the references): the type
strain Chloroflexus aurantiacus J-10-fl, a green non-sulfur filamen-
tous anoxygenic phototroph (Pierson and Castenholz, 1974);
Phormidium OSS4, a filamentous cyanobacterium isolated from
Octopus Hot Springs (Jahnke et al., 2004) and Phormidium RCO,
isolated from Rabbit Creek Hot Springs (Jahnke et al., 2004).
Although the Phormidium spp. are now encompassed by the genus
Leptolyngbya (Castenholz et al., 2001), the original genus name was
used to identify hot springs biofacies zone of Yellowstone hot
springs (Walter et al., 1976), and is used extensively in a
paleobiological context to describe a morphological group of
non-heterocystous, thinly sheathed filaments (< 3 mm), with cells
somewhat narrower in width than length, consistent with the
definition for Leptolyngbya.

2.4. Light microscopy

Light micrographs of the green streamers were acquired using a
Nikon Microphot FXA microscope. Epifluorescence images were
obtained by illuminating the cells using blue light, and observing
the red autofluorescence of chlorophyll a (Fig. 1D).

2.5. Scanning electron microscopy (SEM)

The green streamers were imaged with a scanning electron
microscope (SEM) after ToF-SIMS analysis, which enabled correla-
tion of the chemical information in the ToF-SIMS ion images with



Table 1
Pure laboratory lipid standards analyzed by ToF-SIMS to develop a spectral library.

Name Common name Supplier Formula Mass

3-Methylnondecane anteiso C13 alkane Ultra Scientific C14H30 198.23
n-Pentadecane C15 alkane Chiron C15H32 212.25
n-Tricosane C23 alkane Sigma C23H48 324.38
n-Pentacosane C25 alkane Chiron C25H52 352.46
n-Hexatriacontane C36 alkane Analabs C36H74 506.57
Palmityl stearate C34 wax ester Sigma C34H68O2 508.51
Myristyl behenate C36 wax ester Sigma C36H72O2 536.55
Palmityl behenate C38 wax ester Sigma C38H76O2 564.59
Behenyl stearate C40 wax ester Sigma C40H80O2 592.62
Arachidyl behenate C42 wax ester Sigma C42H84O2 620.65
Behenyl behenate C44 wax ester Sigma C44H88O2 648.68

1,2-Dimyristoyl-sn-glycero-3-phospho-
rac-(1-glycerol) sodium salt

Phosphatidylglycerol (PG),
alkyl chain length C14

Sigma C34H66O10PNa 688.43

Digalactosyl diacylglycerol Digalactosyl diacylglycerol (DGDG) Sigma Mixture of chain lengths Mixture of chain lengths
Monogalactosyl diacylglycerol Monogalactosyl diacylglycerol (MGDG) Sigma Mixture of chain lengths Mixture of chain lengths

1-O-Palmityl-rac-glycerol C16 monoalkyl glycerol ether (MAGE) Sigma C19H40O3 316.30
1-O-Octadecyl-rac-glycerol C18 MAGE Sigma C21H44O3 344.32
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specific cell morphologies and cellular features in SEM images
(Fig. 4J). For SEM examination, the silica wafer with the green
streamer sample (see Section 2.7.1 for ToF-SIMS preparation) was
mounted on a SEM stub and coated with a 20 nm layer of gold/pal-
ladium to avoid sample charging just prior to insertion into the
SEM. The samples were imaged in a Supra 40 VP FEG SEM (Zeiss,
Germany) operating at 2 keV in secondary electron mode.
2.6. Solvent extraction of lipids for parallel GC–MS and ToF-SIMS
analyses

2.6.1. Lipid extraction, separation, and derivatization
The frozen Queen’s Laundry green streamer samples were lyo-

philized and ground to a fine powder using a solvent-cleaned mor-
tar and pestle. The lipids were extracted from the streamers using a
modified Bligh and Dyer procedure to generate a total lipid extract
(TLE) (Jahnke et al., 1992). A synthetic didocosanoyl phosphatidyl-
choline (Sigma) was added as an internal extraction standard. The
TLE was separated into polar and neutral fractions using a cold ace-
tone precipitation. The polar lipid precipitate was separated into
glycolipids and phospholipids by preparative thin layer chro-
matography (TLC) on Silica gel G plates (Merck) using an
acetone-benzene-water (91:30:8, v:v:v) solvent system (Pohl
et al., 1970). The Sigma standards digalactosyl diglyceride (DG)
and phosphatidylglycerol (PG) were used to aid in the identifica-
tion of the glycolipids and phospholipids, respectively.

The neutral lipids contained in the acetone supernatant were
separated into hydrocarbons, wax esters, pigments, and glycolipids
by preparative TLC on Silica gel G plates (Merck) by subsequent
development in methylene chloride and then hexane (Jahnke
et al., 2004). The Sigma standards C14–C25 n-alkane mix
(Rf = 0.95; Rf is the ratio of the migration distance of the lipid and
migration distance of the solvent front), hexadecyl hexadecanoate
(Rf = 0.8), and cholestanol (Rf = 0.2) were used to identify hydrocar-
bon (HC), wax ester (WE), and pigment/glycolipid zones, respec-
tively. The (bacterio)chlorophylls and glycolipids were recovered
from the lower portion of the plate (Rf = 0 to �0.2).

The polar fractions (polar glycolipids and phospholipids) and
the neutral fractions (pigments and neutral glycolipids) were
recovered from the TLC plates by elution using the Bligh and Dyer
procedure. The polar glycolipids, phospholipids, pigments, and
neutral glycolipids were treated with a mild alkaline methanolysis
(MAM) procedure, which generates fatty acid methyl esters
(FAMEs) and chlorophyll-derived phytol (Jahnke et al., 2004).
Sulfoquinovosyl diacylglycerol (SQ) was isolated as a ToF-SIMS
standard from a pure culture of the cyanobacterium Phormidium
RCO (Jahnke et al., 2004). Briefly, the lyophilized biomass was
extracted using a modified Bligh and Dyer protocol to generate a
TLE as described above. The SQ was separated from the TLE using
two-dimensional TLC (Sato and Tsuzuki, 2004). Briefly, the TLE
was spotted on a silica gel plate (same as above) and developed
in the first dimension in a chloroform/methanol/H2O (65:25:4, v:
v:v) solvent system (1 � 15 cm). The plate was removed from the
solvent, dried, and then developed in the second dimension using
a chloroform/methanol/28% ammonium hydroxide solution
(65:35:5, v:v:v) solvent system (1 � 15 cm). The location of the
SQ on the plate matched that of Sato and Tsuzuki (2004), and
was eluted using a modified Bligh and Dyer protocol.

2.6.2. GC–MS
FAMEs, hydrocarbons, and wax esters were analyzed by GC–MS

as previously described (Jahnke et al., 2004). The FAMEs were
quantified on the GC–MS using methyl tricosanoate (Sigma) as
an internal standard. The wax esters and hydrocarbons were quan-
tified on the GC–MS using cholestane (Sigma) and methyl tride-
cane (Sigma) as internal standards, respectively. All quantified
compounds are reported as lg lipid per g of dry weight of the bio-
mass lyophilized for lipid extraction (Table 2).

2.6.3. Lipid nomenclature
Fatty acids are named according to the delta convention X:YDZ,

where X is the number of carbon atoms in the chain, Y is the num-
ber of double bonds, and Z is the position of the unsaturation rel-
ative to the carboxyl carbon. Methyl branching at C-2 and C-3 is
designated relative to the methyl end as iso (i) and anteiso (a),
respectively, while the position of mid-chain branching is specified
relative to the carboxyl end (e.g., 10-Me). Straight chain com-
pounds lacking branching are designated normal (n). Cyclopropyl
compounds are indicated by the prefix cy.

2.7. ToF-SIMS analysis

2.7.1. Phototrophic green streamer samples
The green streamers were received frozen and stored in a

�80 �C freezer. The samples were removed from the freezer imme-
diately prior to ToF-SIMS analysis and thawed in a laminar flow
hood. The samples were allowed to thaw until a few of the individ-
ual streamers could be separated with tweezers (cleaned by



Table 2
Diagnostic lipid biomarkers found in the green streamers from Queen’s Laundry hot
spring. See Methods text for lipid nomenclature.

Lipid lg/g dry weight

Hydrocarbons
n-C17 43.8
7 Me-C17 37.2
6 Me-C17 12.4
7,11DiMe-C17 6.8
n-C18 7.6
i-C19 4.7
n-C19:1 9.3
n-C19 25.5
n-C20:1 1.0
n-C20 6.7
i-C21 0.9
n-C21 1.4
n-C22 1.8
n-C29:2 2.1
n-C31:3 9.5
n-C31:2 1.3
Diploptene 1.8

Total 173.8

Wax Esters
n,n-C30 1.5
n,n-C31 3.8
Branched-C32 2.4
n,n-C32 21.8
Branched-C33 2.6
n,n-C33 15.3
Branched-C34 3.3
n,n-C34 31.7
n,n-C35 5.5
n,n-C36 3.4

Total 91.4

18 S. Siljeström et al. / Organic Geochemistry 109 (2017) 14–30
ultrasonication in heptane, acetone and ethanol, in that order).
These streamer fragments were placed on a Si-wafer (cleaned �1 h
in UV-ozone), covered with another cleaned Si wafer, and the
entire package was frozen immediately in liquid nitrogen. After
freezing, the samples were freeze-fractured by splitting the Si
wafers apart under liquid nitrogen, to expose fresh sample surfaces
(Fig. 1E). These frozen freeze-fractured samples were then directly
mounted in a pre-cooled (liquid nitrogen) ToF-SIMS sample holder
(ION-TOF heating and cooling holder G). The sample holder where
then placed into the ToF-SIMS and maintained the sample temper-
ature at �90 �C during analysis.

Some of the freeze-fractured streamer samples were freeze-
dried overnight in a vacuum system by placing the Si wafer with
the fractured sample surfaces upright on a cooled (liquid nitrogen)
aluminium block. In the morning, these freeze-dried samples were
mounted in the ToF-SIMS sample holder (at room temperature
(RT)) inside a laminar flow hood and then transferred to and ana-
lyzed directly with ToF-SIMS. The ToF-SIMS analyses of freeze-
dried samples were performed at RT.

2.7.2. Single lipid standards, solvent extracts, and pure cultures
The extracts and standards were received at SP in glass vials

where the solvent had been removed by drying with argon gas.
On arrival, they were diluted with �16 drops (Pasteur pipette
baked at 550 �C for 8 h) of distilled dichloromethane (DCM) and
then placed immediately into a �20 �C freezer for storage. Care
was taken to ensure that none of the extracts dried after DCM
was added to avoid oxidation of the double bonds in the lipids.
Before analysis, the different extracts were deposited on cleaned
Si-wafers (UV-ozone for �1 h) using a baked Pasteur pipette. The
ToF-SIMS analyses of the TLE, the polar, and neutral fractions were
performed below �20 �C. Additional analyses of the TLE were also
performed at RT and �90 �C, the lowest temperature possible
without getting condensation on the samples. The HC fraction
was analyzed at �90 �C. Standards of the different lipids (Table 1)
were similarly prepared and analyzed at RT except for some smal-
ler compounds such as alkanes, and MAGEs which were analyzed
between �20 and �90 �C, depending on the size of the molecule.
The pure cultures were received freeze-dried or in liquid and
placed in a �20 �C freezer. Before analysis, the freeze-dried sam-
ples were mounted on double-sided sticky tape on a clean silica
wafer. A drop of the liquid pure culture was placed on a clean Si
wafer using a baked Pasteur pipette. Analyses were performed at
RT, except for one sample of the liquid pure culture of Chloroflexus
aurantiacus, which was also analyzed at increasing temperatures,
in steps of 10 �C, from �90 �C up to RT.

The reason for the different analysis temperatures for different
samples was that during initial measurements at RT, the wax
esters and alkanes were detected in neither the lipid solvent
extracts, pure cultures, nor in the streamer samples. Therefore,
new analyses of extracts and pure cultures were performed ini-
tially at �20 �C and then at lower temperature until these com-
pounds could be detected; for alkanes, detection occurred when
analyzing the HC fraction at �90 �C. As the freeze-dried streamer
was brought up to RT during the freeze-drying process, the strea-
mer sample had to be frozen to be analyzed at lower temperatures.

2.7.3. ToF-SIMS operating conditions
Analyses of all of the samples (standards, extracts, pure cultures

and green streamers) were performed in a ToF-SIMS IV instrument
(ION-TOF GmbH, Germany) located at SP Technical Research Insti-
tute of Sweden. Samples were analyzed by rastering a 25 keV Bi3+

beam over an 80–500 mm2 area for 200–300 s. The analyses were
performed in both positive and negative mode at high mass reso-
lution (bunched mode: m/Dm � 7000 at m/z 30, Dl � 5 mm) with
a pulsed current of 0.1 pA. In addition, spectra were collected over
the same areas at high spatial resolution (burst alignment mode:
m/Dm � 100–300, Dl < 1 mm) with a pulsed current of 0.04–
0.05 pA. As the samples were insulating, the sample surface was
flooded with electrons for charge compensation.

The positive and negative spectra were calibrated using small
hydrocarbon fragments found in respective spectra. The deviation
between the calculated theoretical mass of the assignments and
that of the observed peaks are always less than 100 ppm, which
is considered sufficiently close in ToF-SIMS. The assignments of
the peaks in the ToF-SIMS spectra were based on comparisons with
the spectra of standard lipids (sulfoquinovosyl diacylglycerol [SQ],
monogalactosyl diacylglycerol [MGDG], digalactosyl diacylglycerol
[DGDG], wax esters [WE], alkanes) and spectra available in the lit-
erature (Toporski and Steele, 2004; Heim et al., 2009; Siljeström
et al., 2009; Passarelli and Winograd, 2011; Thiel and Sjövall,
2011; Leefmann et al., 2013b). In addition, the ToF-SIMS data of
the fractions were compared with GC–MS data of the same frac-
tions to further confirm different assignments.

The general areas of ToF-SIMS analyses were located with the
help of micrographs taken with the ToF-SIMS camera and the
microscope (Fig. 4). For the precise co-localization of ToF-SIMS
ion images with SEM images, topographic features identified in
the ToF-SIMS total ion images of the streamer (mostly edges and
cracks) were matched against those found in the SEM image of
the same area.

3. Results

3.1. GC–MS results

The diagnostic hydrocarbons, wax esters, and the ester-linked
membrane-bound fatty acids and their concentrations are summa-
rized in Tables 2 and 3. The hydrocarbon fraction of the green
streamers was dominated by normal straight chain alkanes
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(n-C17–n-C20) (Table 2). A long chain tri-unsaturated alkene,
n-C31:3, was detected, as was the free hopanoid diploptene. One
series of short chain monomethylalkanes (MMAs) and one
dimethylalkane (DMA) (7,11-dimethylheptadecane) were also
recovered (Table 2).

Straight chain saturated normal, normal (n,n-) wax esters dom-
inated the wax ester profile of the green cyanobacterial mat
(Table 2). The n,n-C34 and n,n-C32 wax esters were most abundant,
with slightly greater quantities of the C34. Wax esters with one and
two iso-methyl moieties as iso, normal- (i,n-) and iso, iso- (i,i-),
respectively, were also detected and were quantified together as
‘‘branched” wax esters. The green cyanobacterial mat was domi-
nated by glycolipids. There was also an unusual series of di- and
tri-methylated fatty acids present in the mat (Table 3).
3.2. ToF-SIMS results

The positive and negative ToF-SIMS spectra of the frozen green
streamers and the TLE of the same streamers are shown in
Table 3
Diagnostic membrane-bound fatty acids found in the green streamers from Queen’s Laund

Phospholipids mg/g dry weight Polar

n-C14 76.4 0.2
i-C15 (13Me-C14) 63.9 1.9
a-C15 (12Me-C14) 4.5 0.4
n-C15:1 – –
n-C15 10.3 1.4
i-C16 (14Me-C15) 27.7 2.1
a-C16 (13Me-C15) 1.1 –
n-C16:1 11.7 7.4
n-C16 355.3 105.5
10Me-C16 5.8 1.2
i-C17 (15Me-C16) 59.4 9.8
a-C17 (14Me-C16) 10.9 1.8
n-C17:1 6.5 1.4
Cy-C17 1.0 1.3
n-C17 20.4 5.0
3Me-C17 5.8 1.9
n-C18:2 1.0 3.6
n-C18:1 115.0 65.2
n-C18 270.4 50.5
2Me-C18 3.5 0.3
10Me-C18 9.6 2.1
i-C19 (17Me-C18) 2.3 0.7
n-C19:1 2.8 1.0
Cy-C19 27.1 64.7
2,X-DiMe-C18 2.0 –
n-C19 5.6 2.0
2Me-C19 6.1 0.3
2,X,Y-TriMe-C19 0.5 –
2,X-DiMe-C19 0.9 –
n-C20:1 40.8 13.9
Cy-C20 5.8 1.9
2,X-DiMe-C19 0.7 –
n-C20 25.7 7.8
2,X,Y-TriMe-C19 1.1 –
2Me-C20 33.1 2.5
2,X-DiMe-C20 2.2 0.3
2,X-DiMe-C20 1.4 0.1
2,X-DiMe-C20 2.7 0.2
n-C21:1 2.0 0.8
2,X-DiMe-C20 1.1 0.1
n-C21 – 0.1
2Me-C21 3.5 0.4
n-C22:1 – 2.2
n-C22 0.9 1.2
2Me-C22 0.7 0.1
n-C23:1 – 0.3
n-C24:1 – 3.9
n-C24 0.4 0.5

Total 1230 367.9

–: not detected.
Fig. 2A and B and Fig. 2C and D, respectively (the freeze-dried sam-
ple spectra are not shown). The positive and negative spectra of
several standards, the HC fraction of the TLE, a SQ extract from
the Phormidium RCO pure culture, and the pure culture Chloroflexus
aurantiacus are shown in the supplementary online material (Sup-
plementary Figs. 1–4). Exact masses and assignments of peaks pre-
sent in the different ToF-SIMS spectra are found in Table 4 and
Supplementary Table 1.
3.2.1. Lower mass region (m/z < 100)
The mass region below m/z 100 of the positive spectra of the

green streamers, the TLE, and the various individual lipid extracts
were dominated by fragments of lipids, proteins, and sugars
(Fig. 2, Table 4).

The positive spectra of the TLE and the green streamers contain
typical HC fragment ions such as C3H7, C4H7 and C4H9 (Fig. 2,
Table 4). They are more prominent in the spectra of the TLE than
in those of the streamer, where fragment ions of proteins and sug-
ars dominate (e.g., C2H3O, C3H3O, C4H8N and C5H12N) (Fig. 2,
ry hot spring. See Methods text for lipid nomenclature.

glycolipids mg/g dry weight Neutral glycolipids mg/g dry weight

37.7
145.0
13.8
15.8
66.0
43.7
–
701.1
5049
13.1
114.3
22.7
52.1
33.9
88.5
27.0
129.9
2635
847.8
7.8
17.6
–
11.9
1589
–
21.8
5.6
–
–
39.1
–
–
62.0
–
13.1
–
–
–
–
–
–
–
–
–
–
–
–
–

11,804
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Fig. 2. Positive (m/z 25–1100) and negative (m/z 20–1100) ToF-SIMS spectra of the frozen green streamers (A and B), and the total lipid extract (TLE) of the streamers (C and
D). Abbreviations: polydimethylsiloxanes (PDMS), fatty acid (FA), wax ester (WE), diacylglycerols (DG), phosphatidylglycerol (PG), monogalactosyldiacylglycerol (MGDG),
sulfoquinovosyldiacylglycerol (SQDG) digalactosyldiacylglycerol (DGDG), chlorophyll a (Chl a) and bacteriochlorophyll c (Bchl c). Numbers indicate unassigned peaks
expected in the mass range for chlorophyll fragments (m/z 439, 453, 467 and 481).
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Table 4
ToF-SIMS results.

Assignment Observed positive peaks m/z
(tentative assignment)

Observed negative peaks m/z
(tentative assignment)

Detected in which
solvent extracts

Detected in pure
culture

Detected in
green
streamers

Sugars and head
groups

43.02 (C2H3O) 41.00 (C2HO) TLE, neutral and polar Yes all Yes
55.02 (C3H3O) 59.02 (C2H3O2)

71.02 (C3H3O2)

Fragments of proteins 58.07 (C3H8N) TLE and polar Yes all Yes
70.07 (C4H8N)
86.10 (C5H12N)
120.08 (C8H10N)

CN, CNO 26.00 (CN)
42.00 (CNO)

TLE and more strongly in
polar

Yes all Yes

Phosphonic head group 78.96 (PO3) TLE and more strongly in
polar

Yes all Yes

Sulfonic head group 79.96 (SO3) TLE and more strongly in
polar

Yes all Yes

Hydrocarbons 41.04 (C3H5)
43.06 (C3H7)
55.06 (C4H7)
57.07 (C4H9)
69.07 (C5H9)
71.09 (C5H11)
83.09 (C6H11)

25.00 (C2H) TLE and more strongly in
neutral

238.27 (C17H34) HC None no
239.28 (C17H35)
252.28 (C18H36)
253.29 (C18H37)
266.31 (C20H38)
267.31 (C19H39)
280.32 (C20H40)
281.33 (C20H41)
294.34 (C21H42)
295.35 (C21H43)
308.37 (C22H45)
309.37 (C22H45)

Fatty acids 227.20 (C14H25O2) TLE, neutral and polar Yes all Yes
239.22 (C15H27O2)
241.21 (C15H29O2)
253.23 (C16H29O2)
255.23 (C16H31O2)
267.24 (C17H31O2)
269.24 (C17H33O2)
281.24 (C18H33O2)
283.26 (C18H35O2)
295.27 (C19H35O2)
297.28 (C19H37O2)
311.29 (C20H39O2)

Wax esters 229.23 (C14H29O2) 451.46 (C30H59O2) TLE and neutral Chloroflexus No
243.24 (C15H31O2) 465.47(C31H61O2)
257.26 (C16H33O2) 479.49 (C32H63O2)
271.28 (C17H35O2) 493.52 (C33H65O2)
285.29 (C18H37O2) 507.52 (C34H67O2)
299.31 (C19H39O2) 521.54 (C35H69O2)
313.30 (C20H41O2) 535.55 (C36H71O2)
451.47 (C30H59O2)
465.48 (C31H61O2)
479.50 (C32H63O)
493.51 (C33H65O2)
507.53 (C34H67O2)
521.55 (C35H69O2)
535.56 (C36H71O2)

Chlorophyll a 439.14 (C27H19MgN4O)
453.15 (C28H21MgN4O)
467.17 (C29H23MgN4O)
481.18 (C30H25MgN4O)
614.25 (C35H34MgN4O5)
893.54 (C55H73MgN4O5)
915.52 (C55H72MgN4O5Na)

453.11 (C28H21MgN4O)
467.15 (C29H23MgN4O)
481.16 (C30H25MgN4O)
525.17 (C31H25MgN4O3)
540.19 (C32H28MgN4O3)
893.54 (C55H73MgN4O5)

TLE and neutral Phormidium RCO and OSS4 Yes

Bchl a 910.55 (C55H74MgN4O6) 910.55 (C55H74MgN4O6) Weakly in TLE Chloroflexus Yes
911.56 (C55H75MgN4O6)

(continued on next page)
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Table 4 (continued)

Assignment Observed positive peaks m/z
(tentative assignment)

Observed negative peaks m/z
(tentative assignment)

Detected in which
solvent extracts

Detected in pure
culture

Detected in
green
streamers

Bchls cS 441.13 (C27H21MgN4O) 441.13 (C27H21MgN4O) Weakly in TLE Chloroflexus Yes
455.15 (C28H23MgN4O) 455.14 (C28H23MgN4O)
469.17 (C29H25MgN4O) 469.14 (C29H25MgN4O)
483.19 (C30H27MgN4O) 483.17 (C30H27MgN4O)
500.21 (C30H28MgN4O2/
C31H32MgN4O)

497.17(C30H25MgN4O2)/
C31H29MgN4O)

514.23 (C31H30MgN4O2/
C32H34MgN4O)

515.18 (C31H31MgN4O2/
C32H35MgN4O)

588.27 (C34H36MgN4O4) 587.26 (C34H35MgN4O4)
840.56 (C52H72MgN4O4) 840.55 (C52H72MgN4O4)
841.56 (C52H73MgN4O4) 841.55 (C52H73MgN4O4)

b-carotene 536.45 (C40H56) 536.45 (C40H56) TLE Phormidium OSS4 and
Chloroflexus

Yes

Hopene 191.19 (C14H23) TLE and neutral None No
409.42 (C30H49)

DG 551.54 (C35H67O4) TLE and neutral Phormidium OSS4 Yes in freeze-
dried.

579.57 (C36H69O4)
593.59 (C37H71O4)
607.60 (C38H73O4)

Lipid at m/z 646 in
negative

664.48 (618 + Na2)
678.50 (632 + Na2)
692.51 (646 + Na2)

350.25 (unknown)
364.25 (unknown)
378.25 (unknown)
602.44 (unknown)
618.46 (unknown)
632.47 (unknown)
646.49 (unknown)

TLE and more strongly in
polar

None Yes

PG 679.36 (C35H68O10P)
693.40 (C36H70O10P)
707.41 (C37H72O10P)
721.44 (C38H74O10P)
735.45 (C39H76O10P)
749.48 (C40H78O10P)
763.50 (C41H82O10P)
777.53 (C42H84O10P)

TLE and polar Phormidium RCO and OSS4 yes

MGDG 313.30 (C19H37O3)
339.31 (C21H41O3)
341.32 (C21H43O3)
353.32 (C22H43O3)
549.48 (C35H65O4)
577.55 (C37H69O4)
591.57 (C38H71O4)
751.55 (C41H76O10Na)
779.58 (C43H80O10Na)
793.59 (C44H82O10Na)

755.58 (C43H79O10)
769.58 (C44H81O10)

TLE and more strongly in
neutral

Yes all Yes

SQDG 839.51 (C41H77O12SNa2)
855.52 (C41H77O12SNaK)
867.54 (C43H81O12SNa2)
883.55 (C43H81O12SNaK)
895.58 (C45H85O12SNa2)

793.49 (C41H77O12S)
821.52 (C43H81O12S)
849.56 (C45H85O12S)

TLE and more strongly in
polar

Phormidium RCO and OSS4 Yes

DGDG 941.62 (C49H90O15Na) TLE and polar Phormidium OSS4 Yes
955.65 (C50H92O15Na)

Abbreviations: bacteriochlorophyll (bchl), phosphatidylglycerol (PG), diacylglycerols (DG), monogalactosyldiacylglycerol (MGDG), sulfoquinovosyldiacylglycerol (SQDG) and
digalactosyldiacylglycerol (DGDG).
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Table 4). The HC fragments are also more prominent in the spectra
of the neutral fraction (not shown) than the polar fraction (not
shown), indicating that they mainly originate from the wax esters
and hydrocarbons.

The negative spectra of the TLE and the green streamers (Fig. 2,
Table 4) are dominated by peaks that can be assigned to sugars,
nitrogen-containing compounds, and polar head groups of intact
lipids such as C2H3O2, C3H3O2, CN, CNO, PO3 and SO3. The PO3

and SO3 probably originate from the phospho/glycolipid polar head
groups, and in the case of PO3, also from DNA and RNA. These peaks
are stronger in the polar fraction (not shown), while in the neutral
fraction (not shown) peaks originating from sugars are more
prominent (C2H3O2 and C3H3O2).

3.2.2. Alkanes
In the positive ToF-SIMS spectra of the HC fraction of the TLE,

there are peaks at m/z 238.28, 239.28, 252.28, 253.29, 266.31,
267.31, 280.32, 281.33, 294.34, 295.35, 308.37 and 309.37, which
can be assigned to the [M�H]+ and [M�2H]+ ions of methyl-
branched and straight-chained C17–C22 alkanes (Supplementary
Fig. 1A, Table 4) (Toporski and Steele, 2004; Siljeström et al.,
2009; Thiel and Sjövall, 2011). Peaks at m/z 252.28 and 253.29
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are the strongest of these peaks and represents all alkanes contain-
ing 18 carbons (C18H37). No peaks from longer chain alkanes such
as C29, C31 and C32 alkanes, as observed by GC–MS, were found in
the spectra.

3.2.3. Fatty acids
In the negative spectra of the TLE (Fig. 2B) and the green strea-

mer (Fig. 2D), significant peaks at m/z 227.20, 239.22, 241.21,
253.23, 255.23, 267.24, 269.24, 281.24, 283.26, 295.27, 297.28,
and 311.29 can be assigned to saturated and unsaturated C14–C20

fatty acids (Fig. 2, Table 4) (Passarelli and Winograd, 2011).
The C16:0 fatty acid at m/z 255.22 dominates the ToF-SIMS spec-

tra of the streamer and the TLE (Figs. 2 and 5). The C17:0 fatty acid
at m/z 269.23 and C15:0 fatty acid at m/z 241.20 are the second and
third strongest peaks in spectra of the TLE, while in the spectra of
the streamer, the C16:1 and C18:1 fatty acid peaks at m/z 253.24 and
281.24 are the second and third strongest peak. The fatty acids pre-
sent in the spectra of the streamer and TLE extract are most likely
derived from the intact membrane lipids and the wax esters found
in the streamer.

3.2.4. Wax esters (WE)
ToF-SIMS analyses of the wax ester standards palmityl stearate

and myristyl behenate are shown in Supplementary Fig. 2 and
summarized in Supplementary Table 1. These analyses show that
wax esters produce strong [M�H]� ions in both the positive and
negative mode. Additionally, wax esters produce strong [RCO2H2]+

ions in the positive mode, where R represents the acid alkyl group
of the wax ester (Aasen et al., 1971). Peaks that can be assigned to
wax esters are found in the positive (Supplementary Fig. 4) and
negative (not shown) spectra of the pure culture of Chloroflexus
aurantiacus (Knudsen et al., 1982).

In the positive ToF-SIMS spectra of the TLE (Fig. 2C) and the
neutral fraction of the TLE (not shown), there are peaks at m/z
451.47, 465.48, 479.50, 493.51, 507.53, 521.55 and 535.56 that
can be assigned to the [M�H]+ ions of C30, C31, C32, C33, C34, C35

and C36 wax esters. Similar peaks at the same masses with the
same distribution can found in the negative spectra of the TLE
(Fig. 2D), and in the positive and negative spectra of the neutral
fraction of the TLE. Associated with these peaks in the positive
spectra are peaks at m/z 229.23, 243.25, 257.26, 271.28, 285.29,
299.31 and 313.30, which most likely originate from the [RCO2H2]+

ions of the wax esters (Aasen et al., 1971). The peaks that can be
assigned to wax esters were not found in the spectra of the frozen
or the freeze-dried green streamers.
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Fig. 3. Zoom-in of parts of ToF-SIMS spectra in Fig. 2. Part (m/z 745–800) of positive sp
monogalactosyldiacylglycerol. Part (m/z 789–855) of negative spectra of (C) f
sulfoquinovosyldiacylglycerol.
3.2.5. Chlorophylls and bacteriochlorophylls
Chlorophyll a peaks are present in the positive and negative

spectra of the TLE (Fig. 2), the neutral fraction of the TLE (not
shown), and in the green streamer. Peaks are present at m/z
439.14, 453.15, 467.17, 481.18, 614.25, 893.54 and 915.52 in the
positive spectra, and at m/z 451.11, 467.15, 481.16, 525.17,
540.19 and 893.54 in the negative spectra, respectively (Fig. 2,
Table 4) (Leefmann et al., 2013b). In the frozen streamer (Fig. 2,
Table 4), the peaks are not as obvious as in the TLE and the
freeze-dried streamer (not shown), but some peaks can still be
found, including the Gaussian distribution pattern (Mazel et al.,
2007; Leefmann et al., 2013b). Chlorophyll forms a repeating set
of peaks with Gaussian distribution separated by m/z 14.02
(CH2), which is typical of porphyrin-type molecules (Fig. 2)
(Mazel et al., 2007; Greenwalt et al., 2013; Leefmann et al.,
2013a,b). In the positive spectrum, this pattern is dominated by
peaks at m/z 439.14, 453.15, 467.17 and 481.18 (Fig. 2, Table 4).

The analysis of the pure culture of Chloroflexus aurantiacus (Sup-
plementary Fig. 4), whose main pigment is bacteriochlorophyll cs
(bchl cs) with minor amounts of bacteriochlorophyll a (bchl a)
(Gloe and Risch, 1978; Brune et al., 1987), indicate that bchl cs pro-
duces peaks at m/z 841.56, [M+H]+, 840.56, [M]+, and 588.27,
[M�stearyl side chain]+. Similar to other porphyrins, bchl cs also
produce a repeating set of peaks with a Gaussian distribution pat-
tern with the strongest peaks in this pattern at m/z 441.13, 455.15,
469.17, 483.19, 500.21 and 514.23 (Supplementary Fig. 4). A simi-
lar pattern of peaks as in the positive spectrum can be observed in
the negative spectrum of the pure culture Chloroflexus aurantiacus
(not shown) with peaks at m/z 841.55, 840.55, 587.26, 515.18,
497.17, 483.17, 469.14, 455.14 and 441.13. There are also weak
peaks at m/z 910.55 and 911.56 in the positive and negative spec-
tra of the pure culture of Chloroflexus aurantiacus (Supplementary
Fig. 4), which can be tentatively assigned to the [M]+ and [M+H]+

ions of bchl a.
Weak peaks at m/z 840.56, 841.56, 910.55 and 911.56 in the

positive of the green streamer and the TLE can be tentatively
assigned to bchl cs and a (Fig. 2), which are the main pigments of
Chloroflexus and Roseiflexus, respectively (Pierson and Castenholz,
1974; Takaichi et al., 2001). No peaks in the negative spectra of
the TLE and the green streamer could convincingly be assigned
to either bchl a or cs.

3.2.6. b-Carotene
The molecular ion of b-carotene occurs at m/z 536.45, in both

positive and negative spectra of the freeze-dried green streamer
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(not shown) (Leefmann et al., 2013b). It is also weakly seen the
positive and negative spectra of the TLE extract, but not in the fro-
zen samples (Fig. 2).

3.2.7. Bacteriohopanepolyols (BHP) and hopanoids
The bacteriohopanepolyols (BHP) (Ourisson et al., 1987) should

be present in the green streamers. Previous ToF-SIMS analyses of
aminobacteriohopanetriol (ABHT) and bacteriohopanetetrol (BHT)
show that these BHPs produce peaks at m/z 546.51 and 547.52,
respectively, in the positive spectrum (Leefmann et al., 2013b).
We did not detect these lipids in the green streamers because no
peaks were present at the above masses, in either spectra of the
TLE or the streamer. The m/z 191 fragment ion was not present
in the green streamer, but was weakly detected in the positive
spectrum of the TLE. It should be noted that BHP does not produce
a large peak at m/z 191.19 or 205.20 (Leefmann et al., 2013b), so
the lack of this peak in a ToF-SIMS spectrum does not mean that
BHPs are not present in the sample. Peaks that can be tentatively
assigned to hopene (m/z 191.19, 409.42) were detected in the pos-
itive spectra of the TLE, but not in spectra of the green streamer
(Leefmann et al., 2013b).

3.2.8. Diacylglycerols (DG)
There is a set of peaks at m/z 551.54 (C32:0), 579.57 (C34:0),

593.59 (C36:0) and 607.60 (C36:0) in the positive spectrum of
the TLE (Fig. 2B) and that of the neutral fraction of the TLE that
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might represent fragments ions from DG (Passarelli and Winograd,
2011). Some of these peaks might be explained as fragments of
MGDG but the strong intensity of these peaks indicates an addi-
tional source such as DG. The peak at m/z 551, though weak, was
sometimes present in the positive spectrum of the green streamer.

3.2.9. m/z 602–646
The higher mass range of the negative spectra of the green

streamer sample, the TLE, and the polar fraction of the TLE contain
a set of peaks at m/z 602.44, 618.46, 632.47 and 646.49, which
have not been identified yet. As these peaks occur in the polar
but not the neutral extract of the TLE, they probably originate from
polar lipids. The ion images of m/z 602.44, 618.46, 632.47 and
646.49 indicate that peaks at m/z 78.79 (PO3) and m/z 350.25,
364.25 and 378.25 are fragment ions of 602.44, 618.46, 632.47,
and 646.49. The peaks m/z 350.25, 364.25, and 378.25 represent
the loss of m/z 268.24 from the parent molecule. In addition, there
are similar pattern of peaks in the positive spectra of the green
streamer, TLE, and polar fraction of the TLE at m/z 664.48, 678.50
and 692.51, which probably represent the 2Na+ (m/z 45.98)
adducts of the peaks at m/z 618.46, 632.47 and 646.49.

3.2.10. Phosphatidylglycerol (PG)
In the negative spectra of the TLE (Fig. 2C), the polar fraction of

the TLE (not shown), and the green streamer (Fig. 2A), there are
peaks at m/z 679.36, 693.40, 707.41, 721.44, 735.45, 749.48,
763.50, 777.53, and all the way to at least m/z 833.54. These peaks
can be assigned to the [M]� ion of the intact phosphatidylglycerols
(PG) (Heim et al., 2009). No peaks that could be assigned to PG are
detected in the positive spectra of the TLE and microbial streamer
even though PG is known to produce [M+Na2]+ ions (Heim et al.,
2009).
3.2.11. Monogalactosyldiacylglycerol (MGDG)
Analysis of the standard MGDG indicates that the lipid produces

a positive spectrum that contains [M+Na]+ ions and several frag-
ment ions (Supplementary Fig. 3A, Supplementary Table 1). The
fragment ions (Supplementary Fig. 3A, Supplementary Table 1)
include ones formed by loss of the sugar head group plus a sodium
ion (m/z 202.04, C6O6H11Na) from the parent ion and ones formed
by an fatty acid plus glycerol backbone (Kim et al., 1997). In addi-
tion, some much smaller fragment ions that can be tentatively
assigned to the head group of MGDG (Supplementary Table 1)
are also present in the positive spectrum.

The negative ToF-SIMS spectrum of the standard MGDG (Sup-
plementary Fig. 3B, Supplementary Table 1) contains no significant
peaks other than fatty acid peaks. The [M�H]� ions were tenta-
tively detected in the spectrum of the MGDG standard, which is
similar to the peaks produced by the same compound in Fast Atom
Bombardment (FAB)-MS (Ward et al., 1994; Kim et al., 1997).

In the positive ToF-SIMS spectra of the green streamer
(Figs. 2A and 3A Table 4), the TLE (Figs. 2C and 3C, Table 4), and
the neutral fraction of the TLE (not shown), peaks occur at m/z
751.55, 779.58 and 793.59, which can be assigned to the [M
+Na]+ ions of MGDG. The peak at m/z 751.55 is most likely a
MGDG16:0/16:1 while the peak at m/z 779.58 is a MGDG16:0/18:1.
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The peak at m/z 793.59 can be assigned to a MGDG16:0/19:1. These
assignments are based on the abundance of different fatty acids
in the ToF-SIMS negative spectra (Fig. 2B and D), and the detection
of fatty acids in the GC–MS data (Table 3). There are also fragment
ions in the positive spectra of the TLE and in the streamers that can
be attributed to MGDG at m/z 313.30, 339.31, 341.32, 353.32,
549.48, 577.55 and 591.57 (Kim et al., 1997). It should be noted
that the peaks at m/z 313, 339, 341 and 353 might be produced
by numerous other lipids including monoacylglycerols (MG)
(Passarelli and Winograd, 2011). In the case of m/z 313, there
might also be some contribution from the wax esters. This means
that MGDG cannot be identified solely on these fragments in a
sample.

Some weak peaks that can be attributed to the [M]� ions of
MGDG also occur in in the negative spectrum of the TLE extract
(Fig. 2B), the neutral fraction of TLE, and very weakly in the nega-
tive spectrum of green streamer at m/z 755.58 and 769.58.

3.2.12. Sulfoquinovosyldiaglycerol (SQDG)
TOF-SIMS analysis of SQDG extracts (Supplementary

Fig. 1B and C) and the pure cultures of the cyanobacterium
Phormidium (not shown) show that SQDG produces [M+Na2]+ ions
in positive mode and [M]� ions in negative mode. The tendency for
SQDG to form adducts with two sodium ions was observed in ear-
lier MS studies and is explained as being due to the acidity of the
sulfonic head group (Kim et al., 1997). No fragments ions other
than fatty acids and a peak at m/z 79.96 (SO3) in the negative spec-
trum could convincingly be assigned to SQDG in the spectra of the
extracts and pure cultures (Kim et al., 1997).

The peaks at m/z 793.49, 821.52 and 849.56 in the negative
spectrum of the streamers (Figs. 2B and 3B), the TLE
(Figs. 2D and 3D), and polar fraction of the TLE (not shown) can
be assigned to the [M]� ions of SQDG (Ward et al., 1994; Kim
et al., 1997). The peak at m/z 793 most likely represents the intact
SQDG16:0/16:0, while the peak at m/z 821 represents intact
SQDG16:0/18:0. Finally, the peak at m/z 849 probably represents
the intact MGDG18:0/18:0. In the positive spectra (Fig. 2B and D) of
the streamer and the TLE, [M+Na2]+ ions and [M+NaK]+ ions occur
at m/z 839.51, 855.52, 867.54, 883.55, and 895.58.

3.2.13. Digalactosyldiacylglycerol (DGDG)
ToF-SIMS analysis of the DGDG standard indicates that this lipid

mainly produces [M+Na]+ ions in the positive spectrum (Supple-
mentary Fig. 3C, Supplementary Table 1). No strong fragment ions
in the positive spectrum or any strong peaks in the negative spec-
trum were detected (Supplementary Fig. 3). This finding differs
from what had been detected during FAB-MS studies of DGDG,
where significant fragment peaks were present in the positive
and negative spectra, including a [M�H]� ion (Kim et al., 1997).
The only two prominent peaks in the negative spectrum (SOM
Fig. 3D) of the DGDG standard are at m/z 367.26 and 901.65, nei-
ther of which could be confidently assigned to DGDG. The negative
spectrum the DGDG standard contained only weak fatty acids
peaks, which indicates that this lipid is not a significant contributor
of the fatty acid signal in spectra of the green streamer and TLE.

The peaks at m/z 941.62 and 955.65 in the positive ToF-SIMS
spectrum of the green streamer, the TLE, and the polar fraction of
the TLE can be assigned to the [M+Na]+ ions of DGDG (Fig. 2,
Table 4). The m/z 941 ion probably originates from an intact
DGDG16:0/18:0, while the m/z 955 ion is produced by an intact
DGDG16:0/19:0.

3.2.14. Contaminants
In the different extracts (Fig. 2B) there are peaks in positive

spectra at m/z 73.07, 147.09, 207.05, 221.09, 281.08, etc., which
can be assigned to polydimethylsiloxanes (PDMS) (Vickerman
and Briggs, 2001), which are most likely derived from the prepara-
tion of the lipid extracts. In the negative spectra, the PDMS peaks
occur at m/z 223.02, etc. There are also a number of peaks that
are present in the spectrum of the freeze-dried green streamers
(not shown) that are not present in the spectrum of the frozen
streamers (Fig. 2), which are mostly likely due to contaminants
from the freeze-drying process. These include peaks at m/z
149.02 and 413.26 in the positive spectrum, which can be attribu-
ted to fragments and [M+Na]+ ion of dioctyl phthalate (Vickerman
and Briggs, 2001), a common organic contaminant. In the negative
spectra, a peak of this compound is sometimes present at m/z
479.14. In the negative spectra of freeze-dried mat there are also
peaks of unknown compound at m/z 277.14, 391.27 and 405.24.

3.2.15. Unidentified peaks
In addition to the identified peaks, there are some significant

peaks in the spectra that have not yet been assigned to any partic-
ular compound (Fig. 2). These include a repeating series of peaks at
m/z 695.66, 709.68, 723.68, 737.71, and 751.72, which are present
in the positive spectra of the TLE, the polar fraction of the TLE, and
the green streamer. There is also another set of peaks in the posi-
tive spectra of the TLE and neutral fraction of TLE at m/z 503.51,
517.52, 531.54 and 545.55.

In the negative spectra of the green streamer, the TLE, and the
polar fraction of the TLE, there is a set of unknown peaks at m/z
555.26, 565.26 and 583.28 that are yet to be identified.

3.3. ToF-SIMS ion images

Ion images were generated from different ions present in the
positive and negative spectra of the green streamer. These images
revealed that most compounds are evenly distributed over the sur-
face of the streamer, including MGDG, DGDG, chlorophyll a, and b-
carotene (Fig. 4). However, the peaks assigned to SQDG in negative
spectrum at m/z 793.49, 821.52 and 849.56 clearly localize to
specific areas (Fig. 4I) The same is true for the unidentified peaks
at m/z 618.46, 632.47 and 646.49 in the negative spectrum that,
in addition, have different localization to those of SQDG (Fig. 4I).
When the combined ion image of m/z 618, 632, 646, 793, 821
and 849 is overlain on an SEM image of same area (Fig. 4J), the
SQDG signal mainly localizes to the curved rod-shaped cells of
the cyanobacterium Synechococcus, while the peaks at m/z 618,
632 and 646 mainly localize to the Chloroflexus spp. filaments,
which is an anoxygenic phototroph.
4. Discussion

Although this study represents the first comprehensive ToF-
SIMS analysis of a hot springs biofacies (Walter et al., 1976), it is
worth noting that the lipid composition of extant microbial com-
munities has been characterized by GC–MS in a number of samples
collected from hot springs in Yellowstone National Park (Shiea
et al., 1990; Ward et al., 1994; van der Meer et al., 1999, 2000,
2002; Jahnke et al., 2001, 2004; Gibson et al., 2008; Pearson
et al., 2008; Parenteau et al., 2014). Hot springs, like those in Yel-
lowstone, have been used extensively as a natural laboratory to
study the formation of biosignatures (e.g., fossilized cells and
extracellular polymeric substances (EPS), the carbonaceous
remains of biofilms and mats, stromatolites and biofabrics, and
lipid biomarkers). Hot springs have also been used to study micro-
bial fossilization processes, which are geochemically driven by the
cooling and/or evaporation of hot spring fluid, followed by mineral
precipitation (Hinman and Lindstrom, 1996). These processes can
cause the entombment, permineralization, and replacement of
the microbial cells, leading to the formation of a variety of
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chemical and morphological biosignatures in hot spring deposits
(Walter, 1972; Walter et al., 1972; Ferris et al., 1986; Cady and
Farmer, 1996; Jones and Renaut, 1996; Campbell et al., 2001;
Lowe and Braunstein, 2003; Konhauser et al., 2004; Kyle et al.,
2007; Hugo et al., 2011).

4.1. GC–MS analyses of phototrophic green streamers

Lipid analyses can be used to characterize the structure of
microbial communities, and how they respond to environmental
change. When coupled with compound-specific stable isotope
analyses, biogeochemical cycling and trophic structure within
these communities can be elucidated. The cyanobacterial mats in
Yellowstone hot springs have been the focus of numerous studies
(Shiea et al., 1990; Ward et al., 1994; van der Meer et al., 1999,
2000, 2002; Jahnke et al., 2004; Parenteau et al., 2014) and provide
a relatively well-characterized system with which to test the capa-
bility of ToF-SIMS.

GC–MS analyses of the green streamers from Queen’s Laundry
hot spring provided detailed taxonomic data that enabled the iden-
tification of the major phototrophs. Briefly, the streamers repre-
sented a unique community because they were composed of
filaments of the green non-sulfur filamentous anoxygenic pho-
totrophs (FAPs) Chloroflexus and Roseiflexus. These filaments inter-
twined together and provided the ‘‘backbone” of the streamer, into
which rods of the cyanobacterium Synechococcus were embedded
(Fig. 1). The Synechococcus-Chloroflexi community is a common
one in hot springs throughout the world; however, the community
typically occurs as a laminated benthic mat (e.g., Ward et al.,
1994).

The identity of the phototrophs was revealed by the lipid com-
position. The green streamers at Queen’s Laundry were found to be
dominated by lipids such as SQDG, MGDG, DGDG, and PG, which is
to be expected as most of the cell and photosynthetic membranes
of cyanobacteria are comprised of such lipids (Murata and
Siegenthaler, 1998; Wada and Murata, 1998). In addition, Chlo-
roflexus aurantiacus is known to produce MGDG, DGDG and PG
(Kenyon and Gray, 1974; Ward et al., 1994). The wax esters
detected in the green streamers are considered biomarkers for
Chloroflexus and Roseiflexus (Knudsen et al., 1982; Shiea et al.,
1991; van der Meer et al., 1999). Alkanes, including mid-chained
mono- and dimethylalkanes, were also detected in the streamers
and are considered biomarkers for cyanobacteria (Shiea et al.,
1990; Jahnke et al., 2004). We also detected an unusual series of
mono-, di-, and trimethylated fatty acids (Table 3) that yielded
characteristic fragments of 88 and 101. The source of these lipids
is currently unknown, but they likely originate from chemotrophic
community members.

4.2. Comparison of ToF-SIMS and GC–MS

We found several key differences in the results from the analy-
ses of the green streamers by ToF-SIMS vs GC–MS, which probably
originates from the temperature and vacuum conditions of the
ToF-SIMS, as well as the sensitivity and the ability to identify intact
compounds. The main groups of lipids present in the in situ ToF-
SIMS spectra of the frozen and freeze-dried green streamers were
MGDG, DGDG, PG, SQDG, the unidentified lipids at m/z 618.46,
632.47 and 646.49, b-carotene, and chlorophyll a (Table 2). There
is no major difference in the ToF-SIMS results between frozen
and freeze-dried streamer, except non-detection of b-carotene in
the frozen streamer. The ToF-SIMS results are similar to the GC–
MS results except for the non-detection of alkanes and wax esters
in the streamer fabric. However, both were detected in the solvent
extracts of the green streamers, which were analyzed at lower
temperatures. One cause for the non-detection of the WE and
alkanes in the in situ analysis of the streamers could be the loss
of these compounds in the high vacuum of the chamber. ToF-
SIMS analyses of crude oils has previously shown a loss of alkanes
in the vacuum chamber over time (Siljeström et al., 2013), espe-
cially if the samples were not cooled. Similarly, WE were detected
more strongly in the TLE of the green streamers analyzed at �20 �C
than the same extract analyzed at RT in a separate analysis, consis-
tent with the loss of these compounds in the vacuum chamber
above certain temperatures. However, the wax esters were
detected in the samples of pure culture the Chloroflexus aurantiacus
at RT and temperatures all the way down to at �90 �C but not in
the analysis of the green streamer samples at �90 �C. This suggests
there might other causes for the non-detection of WE in the in situ
analysis of the streamer sample. The non-detection of alkanes in
the spectra of the streamer sample and the TLE might be caused
by the lower concentration of these compounds in these samples
compared with the HC extract.

The quantification of the abundance of any particular lipid in a
compound mixture with ToF-SIMS is difficult due to the matrix
effect, which states that the absolute response of the compound
is not only dependent on the molecule itself, but also on the envi-
ronment of that molecule. Therefore, it is advantageous to combine
ToF-SIMS data, which characterizes intact compounds and is very
sensitive, with GC–MS data, which can be used to carefully quan-
tify the cleaved and derivatized compounds. By using the lipid
abundances provided by the GC–MS data (Tables 2 and 3), we cal-
culated the ToF-SIMS limit of detection for different lipids (MGDG,
wax esters and polar lipids such DGDG and SQDG) in the TLE
extract of the green streamer. From the ToF-SIMS spectrum of a
300 s analysis of the TLE, we obtained the following ion responses:
MGDG 33,000 total counts (summed peak intensities at m/z 751,
779 and 793); wax esters 60,000 counts (summed peak intensities
atm/z 451, 465, 479, 493, 507, 521 and 535) and polar lipids (SQDG
and DGDG) 19,000 counts (summed peak intensities at m/z 793,
821, 849, 941 and 955). If all extracted lipids (Tables 2 and 3) were
available to the ion beam during the acquisition of the spectrum,
0.015 mg of a wax ester would be needed to produce a peak of
100 counts. As a comparison, 3.6 mg of MGDG and 0.19 mg of SQDG
and DGDG are needed to produce the same response. However, this
should be regarded as the upper limit of the Lower Limit of Detec-
tion (LoD) as �20 ml diluted (of unknown concentration) droplet
was applied to the wafer surface and only a small fraction (<
1/200) of the surface of the evaporated drop was analyzed. When
these numbers are taken into account, especially when considering
that ToF-SIMS only analyzes the top monolayers of a multilayer
surface, the LoD is lowered by at least three orders of magnitude
which would mean only 3 ng of MGDG, 1.5 pg of WE and 0.19 ng
of polar lipids are needed for a solid detection with ToF-SIMS.
These numbers show that different lipid classes have different ion-
ization probability, which means that wax esters and polar lipids
are more easily ionized than neutral lipids. It is worth noting that
this interpretation of the LoD of different types of lipids is based
upon the assumption that the compounds are homogenously dis-
tributed across the surface of the TLE extract when they are
scanned by the ion beam in ToF-SIMS. In other words, no com-
pounds are more pronounced at the sample surface when analyzed
with the ion beam than any other. Also, the fragmentation behav-
ior of different lipids will have an impact on the response of the
molecular ions, as some lipids (e.g., MGDG) fragment more easily
than others and therefore their spectra contain molecular ions of
weaker intensity.

By comparing the intensity i.e., ion counts measured by ToF-
SIMS and the abundances measured by GC–MS, it is evident that
ToF-SIMS detects fairly similar relative abundances of compounds
within a molecular class (alkanes, fatty acids, and wax esters) as
the GC–MS does (Fig. 5). For example, both GC–MS and ToF-SIMS
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analyses indicate that methylheptadecane is the most abundant
alkane in the green streamers (Fig. 5A). Similarly, the most abun-
dant wax ester in GC–MS analyses was a C34 wax ester, which is
represented by a strong peak at m/z 507 in the ToF-SIMS spectra
(Fig. 5B). Yet another example is illustrated by the predominance
of the C16 and C18 fatty acid peaks in the GC–MS spectra, and
ToF-SIMS spectral peaks at m/z 255.23, 281.24 and 283.26, which
represent the C16:0, C18:1, and C18:0 fatty acids, respectively.
Although these findings indicate that the ToF-SIMS response
within a particular lipid class correlates fairly well with the relative
abundance as detected by GC–MS, the results presented in Fig. 5
show that this correlation is not always a one to one response.
For example, the ToF-SIMS response for lower abundance alkanes
and wax esters are generally more intense than would be expected
from the measured GC–MS quantities (when GC–MS lipid abun-
dances and ToF-SIMS ion counts for the most abundant compound
are set one to one). This could be a consequence of either ToF-SIMS
overestimating the lower abundant compounds or underestimat-
ing more abundant compounds. At this point it is unclear which
is correct. For the fatty acids, there are more differences between
the two methods, such as the underestimation of the C18:1 and
C19:1 FAs by ToF-SIMS. One reason for this difference might be that
the ToF-SIMS data come from a small heterogeneous area on the
streamer, while the GC–MS data are retrieved from a larger sample
that has been homogenized. Another probable cause for this differ-
ence is that fatty acids are sourced from different lipids (MGDG,
DGDG, SQDG and wax esters) that have different tendencies to
generate fatty acid fragments. For example, as seen in analysis of
the standard, DGDG, this lipid does not seem to contribute much
to the fatty acid signal in the negative ToF-SIMS spectra.
4.3. ToF-SIMS imaging

The co-localizations of the lipid signals to the two different cell
morphologies (Synechococcus and Chloroflexus) are not perfect, and
are clearly better in some areas than in others (as indicated with
the arrows shown in Fig. 4J). There are a number of reasons for a
non-perfect correlation of chemical signal to morphological fea-
ture. First, it is difficult to obtain a perfect spatial alignment
between the two sets of data (ToF-SIMS and SEM) at this small
scale (micrometers). Other reasons include a possible ‘‘smearing”
of the lipid signals when the green streamer is freeze-fractured,
and distortion of the ion image due to the topography of the sam-
ple surface.
4.4. Future of ToF-SIMS analyses of indigenous microbial mat and
biofilm samples

The development of imaging mass spectrometry is progressing
rapidly (McDonnell and Heeren, 2007; Watrous and Dorrestein,
2011; Shih et al., 2014) due to improvements in instrument tech-
nology. New ToF-SIMS instruments, for example the J105, utilize
a continuous beam with a pulsed mass spectrometer coupled to
a second mass spectrometer, which enables MS–MS analyses
(Fletcher et al., 2008; Fletcher and Vickerman, 2010). MS–MS is
important as it provides more reliable identification of different
peaks in the mass spectra. Initial experiments with this instru-
ment, which uses an argon cluster source as the primary analysis
beam, produced spectra of the TLE with many of the same peaks
that were detected with the ToF-SIMS, with a set of additional
peaks detected abovem/z 1000. Another promising recent develop-
ment is a hybrid dual analyzer SIMS which includes, in addition to
the ToF-MS, an orbitrap (Hu et al., 2005) with a mass resolution of
140,000 and mass accuracy of 3 ppm (Pirkl et al., 2016). This
instrument combines high mass resolution, mass accuracy, and
MS–MS capability for accurate molecular identification with high
spatial resolution.

Another promising recent development is the measurement of
magnitude and sign of the matrix effect for binary (two-
component) mixtures (Shard et al., 2015). If the matrix can be esti-
mated also for more complex mixtures, then this would be a step
toward the absolute quantification of lipids in natural samples.

In summary, ToF-SIMS was able to detect most of the lipids
identified by GC–MS, in the frozen and freeze-dried green stream-
ers, with the added benefit of spatially resolving specific lipids to
cell morphotypes. It is promising that ToF-SIMS was able to detect
a variety of organic compounds in the solvent extracts and in the
green streamer, such as chlorophylls, b-carotene and hydrocar-
bons, which are capable of surviving degradation after cell death
and fossilization. In addition, mid-chained branched mono- and
di-methyl alkanes are considered to be biomarkers for cyanobacte-
ria (Shiea et al., 1990, 1991; Jahnke et al., 2004), and can therefore
be used to perform taxonomic assignments. Our comparison of the
GC–MS and ToF-SIMS data from this hydrothermal setting enabled
us to establish the first spectral library of ToF-SIMS data for envi-
ronmental samples, which could then be used to identify and spa-
tially correlate lipid biomarkers to a distinctive biofabrics (e.g.,
green streamers) and specific organisms (e.g., Chloroflexus and
cyanobacteria) in the green streamers. We propose that such a
strategy can be applied to the study of fossilized organic com-
pounds, including lipid biomarkers, in progressively older sub-
aerial hydrothermal deposits (e.g., Walter, 1996), and possibly in
ancient ones.
5. Conclusions

Parallel bulk GC–MS and in situ ToF-SIMS analyses were per-
formed on phototrophic green streamers from an alkaline silica-
depositing hot spring in Yellowstone National Park. The results
show that ToF-SIMS was able to detect most of the lipids that were
found using GC–MS, which included the major cyanobacterial
lipids MGDG, DGDG, SQDG, and alkanes. Furthermore, ToF-SIMS
was able to spatially resolve some of these lipids to individual cell
morphologies present in the fabric of the streamer. Our strategy
resulted in the construction of a library of ToF-SIMS peak assign-
ments. This library, coupled with the ability to assign specific lipids
to individual cells, can now be used for future investigations of
sub-recent and ancient fossilized microbes. This study expands
the relevance of ToF-SIMS to the realm of paleobiological discovery
in ancient sediments on the Earth.
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