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Abstract
Background Phospholipid fatty acid (PLFA) analysis is
an effective non-culture-based technique for providing
information on the living soil microbial community. The
coupling of 13C tracers with PLFA analysis can indicate
the response of microbial populations to environmental
change and has been widely used to trace C flux in soil-
plant systems.
Scope Based on studies applying 13C PLFA analysis,
the current technological status, current applications and
future opportunities are discussed and evaluated. First
we describe some aspects of the labelling and analytical
methodology. The approaches to study the incorporation
of 13C substrate and rhizodeposition C into soil micro-
bial communities are compared. We continue with the
application of 13C-labelling to study soil microbial com-
munities, including the utilization of soil mineralisation
products, the C flux from plants into the soil microbial

pool, the biodegradation of pollutants and on the appli-
cation to a specific microbial group, i.e. methanotrophs.
Additionally, some perspectives on the limitations of the
13C PLFA method and future research avenues are
noted.
Conclusions Although including some limitations and
complications, the 13C PLFAmethod provides an excel-
lent tool for understanding the relationship between
microbial populations and soil biogeochemical cycling,
thus providing a key to open the soil microbial black
box.

Keywords C flux . Isotope labelling .Methanotrophy .
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Introduction

Soil microbial ecology has always been hampered by
the difficulty in seeing the activities of microorganisms
in their natural environment. A major breakthrough
occurred nearly 40 years ago when Jenkinson and col-
leagues at Rothamsted and Anderson and Domsch in
Braunschweig developed methods for estimating the
soil microbial biomass (Anderson and Domsch 1978;
Vance et al. 1987; Insam 2001). However, for many
years the soil microbial biomass remained very much a
black box until the advent of molecular methods began
to reveal the vast diversity of the microbial community
(Tiedje et al. 1999). At the same time, simpler methods
based upon specific biomarkers were developed (Insam
2001). Among these was the use of phospholipid fatty
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acid (PLFA) analysis, first applied to soil by Frostegård
et al. (1993).

The advantage of PLFAs over other biomarkers is
that they are indicative of living organisms since they
are rapidly hydrolysed upon cell death. Their disadvan-
tage is that the taxonomic resolution, with a few notable
exceptions (given below), is relatively coarse. We can
distinguish bacteria and fungi, to some extent Gram
negative and Gram positive organisms, actinomycetes
and certain mycorrhizal fungi. Archaea are not included
as they do not contain PLFAs; they can be typed how-
ever if phospholipid ether lipids are analysed (Gattinger
et al. 2003). However to take analysis beyond just
community structure, we can utilize stable isotope prob-
ing (PLFA-SIP) to link microbial populations to specific
biogeochemical processes (Boschker et al. 1998).
Another advantage is that the ability to perform PLFA-
SIP is relatively easy compared with, say, DNA and
RNA-SIP. Using 13C-labelled substrates (including
13C-CO2) we can follow their utilization by different
microbial groups as the label is incorporated into their
PLFAs. In longer term experiments this label may then
enter the soil microbial food web and insights gained
into the flow of soil carbon. In this review we have
restricted ourselves to the application of 13C PLFAs to
soil microbiology though clearly there are applications
in other ecosystems.

From the late 1990’s there has been a continual
increase in the number of studies applying PLFA-SIP
to soil studies (based on ISI Web of Science search: a
total of 174 references up until July 2014, excluding
review articles). The majority of studies have used iso-
tope labelling but about 16 % took advantage of natural
abundance; this is where differences in the natural abun-
dance of 13C, such as between C3 and C4 plants, can be
exploited (Stemmer et al. 2007; Nottingham et al. 2009).
About 70 % of studies have used some form of pulse
labelling technique while 30 % have taken a continuous
labelling approach. The most common substrate is plant
material, either labelled beforehand or in situ with
13CO2, or using differences in natural abundance. The
next most common substrate is actually 13CH4, followed
by 13C-glucose. In terms of ecosystem, there has been a
fairly even split between grassland, forest and arable
land, with fewer studies on wetlands (including
peatlands). The majority of studies report on the pres-
ence of bacteria and fungi with about half giving the
Gram positive-Gram negative split. A minority report
on actinomycetes but very few pick up protozoa. In the

following, we describe briefly some aspects of the la-
belling methodology and analytical methodology. We
continue with the application of 13C-labelling to study
soil microbial communities, including the soil-plant
ecosystem, the biodegradation of soil pollutants and
with some detail on the application to methanotrophy
in soil. We conclude with some perspectives on the
limitations of the method and likely future opportunities
and developments.

Labelling and analysis approaches

Labelling methodology

A wide range of possibilities exist both in potential
labelling approaches and in potential labelling materials.
In most labelling studies there is an intention to cause a
shift in the δ13C signature of the PLFAs extracted from
soil and from this infer the sources of carbon being used
by soil microbes. To be useful as a labelling material it is
necessary that the isotopic value of the label differs from
that of the unlabelled material. Labelling can therefore
be achieved using material which is either enriched or
depleted in 13C compared to the unlabelled material.
The scientific question being addressed should be the
main driver for selecting both the labelling material and
the approach to be used.

Potentially any carbon containing compound which
can be labelledwith 13C can be added to soil directly and
the δ13C values of PLFAs followed to assess utilisation
of the labelled carbon component of the compound by
various soil microbe groups. The added 13C substrates
include plant litter, root residue, root exudates and envi-
ronmental pollutants. The use of 13C labelled CH4 or
CO2 coupled with compound specific analysis of PLFAs
has been also used to study specific microbial commu-
nities in soil-plant systems (Nazaries et al. 2013;
Chowdhury and Dick 2013)

In soil-plant ecosystems, a common form of 13C
labelling used in conjunction with compound specific
isotope analysis of soil PLFAs is that where atmospheric
CO2 is labelled. The

13CO2 is first fixed by plants in the
process of photosynthesis; labelled plant inputs then
enter the soil to be potentially taken up and assimilated
by soil microbes, subsequently labelling their PLFAs.
Two main approaches are used to deliver 13CO2 to the
plants: either pulse or continuous steady state labelling.
In pulse labelling, as its name suggests, the 13CO2 is
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delivered to plants over a discrete period of time, typi-
cally this period tends to be short measured in hours,
after which the plant is returned to an atmosphere con-
taining unlabelled CO2. In continuous steady state la-
belling the labelled CO2 is constantly maintained fol-
lowing a single switch from unlabelled CO2. In steady
state labelling the labelling periods tend to be longer,
ranging from days to years. Pulse and steady state
labelling are two contrasting methods but other ap-
proaches have been developed which lie somewhere
between these two extremes, using for example a series
of repeated pulse labelling periods. This approach
avoids the use of the complex equipment required for
steady state labelling but is considered to give more
homogenous labelling of plant pools than single pulse
labelling, though it is accepted that such labelling will
not be as homogeneous as that achieved using steady
state labelling (Bromand et al. 2001; Subedi et al. 2006;
Sangster et al. 2010).

One common element of pulse, repeat pulse and
steady state labelling is that they all use plants to deliver
the labelled materials into the soil and subsequently into
soil microbial PLFAs. Other methodologies such as leaf
labelling and stem injection have been proved to be
successful in introducing labelled carbon materials into
plants. These are usually low molecular weight com-
pounds such as bicarbonate, urea and aspartic acid (Putz
et al. 2011; Powers andMarshall 2011; Churchland et al.
2012; Rasmussen et al. 2013). Churchland et al. (2012)
successfully traced 13C-labelled aspartic acid injected
into the stems of 22 year old Sitka spruce trees into the
soil PLFA pool. An advantage of these techniques is that
they can be applied to trees where 13CO2 labelling
would require very large chambers (Powers and
Marshall 2011; Churchland et al. 2012) and that they
allow individual plants within natural communities to be
labelled (Putz et al. 2011).

13C PLFA analysis

The main components of a typical GC-C-IRMS system
are shown in Fig. 1. In order to make PLFAs amenable
for GC analysis they are derivatised to their fatty acid
methyl esters (FAMEs) prior to analysis. A mixture of
FAMEs is injected into the instrument prior to the GC
column; on their passage through the GC column the
FAME mix is separated into a series of individual
FAME peaks which enter the oxidation (or combustion)
column. On passing through the oxidation column all

the carbon present in the FAMEs is converted into CO2.
A series of CO2 peaks therefore leaves the oxidation
column. These CO2 peaks are subsequently separated
into peaks of 12CO2 and 13CO2, and quantified in the
isotope ratio mass spectrometer. The δ13C values deter-
mined by GC-C-IRMS are therefore those of the methyl
esters (δ13C FAME). A mass balance equation is used to
account for the one carbon added in the methyl group
during the derivatisation process (Esperschütz et al.
2009) to determine the isotope ratio of the PLFAs them-
selves (δ13C PLFA).

Application of 13C-PLFAs to investigate soil
microbial communities

Microbial utilization of added substrates

One important use of 13C-labelling is for the investiga-
tion of microbial utilization of soil organic matter min-
eralization products. Often the labelled compounds
added to soil are chosen to mimic soil organic matter
mineralization products or plant inputs. A range of 13C
enriched low molecular weight compounds typical of
those lost by plants in rhizodeposition, such as glucose,
glycine, acetate, amino acid mixtures, and water extracts
of plants, have all been successfully traced into soil
PLFA pools (Paterson et al. 2008a; Rinnan and Bååth
2009; Dungait et al. 2011, 2013; Andresen et al. 2014;
Lemanski and Scheu 2014). More recalcitrant fractions
typical of those entering soil through leaf litter and root
residues have been added to soil and traced into soil
PLFA pools. Pure compounds of starch and vanillin
were traced into the PLFA pools of tundra soils by
Rinnan and Bååth (2009). The incorporation of 13C-
labelled crimson clover, ryegrass root and straw residues
into PLFAs was studied byWilliams et al. (2006). Their
results confirmed that a subset of the soil biomass was
primarily responsible for assimilating residue-derived
C, and residue properties and soil conditions influenced
which members of the community were assimilating
residue-derived C. Stemmer et al. (2007) traced C4
maize straw added to soil developed under C3 vegeta-
tion into the soil PLFA pools. Elfstrand et al. (2008)
successfully traced decomposing 13C enriched green
clover manure into PLFAs associated with actinomy-
cetes and Gram-positive bacteria. While Paterson et al.
(2008a), in individually applying both labelled labile
and recalcitrant fractions to soil and compound specific
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analysis of the soil PLFAs, was able to show that distinct
microbial communities utilised the different fractions.
Where recalcitrant plant inputs have been controlled,
either through plant exclusion (Paterson et al. 2011), or
by litter removal/addition treatments (Brant et al. 2006),
the capacity of the microbial community to utilise recal-
citrant substrates is increased where the soil has a history
of these as inputs, with δ13C-PLFA identifying a central
role for the fungal component. The capacity of δ13C-
PLFA to link microbial identity with function capacity
has also been applied to identify groups potentially
involved in decomposition of native soil organic matter
(Garcia-Pausas and Paterson 2011). However, for fungal
communities the utility of δ13C-PLFA is limited by the
availability of discrete biomarkers. For example, al-
though it is likely that distinct fungal populations are
involved in the group’s strong utilisation of both labile
and recalcitrant substrates, this cannot be resolved with
PLFA biomarkers.

As mentioned, the labelled C compounds added to
soil do not necessarily relate to those mimicking plant
losses. Wang et al. (2014) followed the incorporation of
urea derived 13C into the soil microbial pools of four
different arable soils. The distribution and 13C PLFA
composition derived from a weathering profile devel-
oped on a black shale suggested that some assimilation
of shale organic matter was carried out by anaerobic
microorganisms (Petsch et al. 2003). 13C-labelled bio-
char has been used to monitor its degradation and me-
tabolism by microbial communities; the actinomycetal
PLFA 18:0(10Me) and Gram-negative bacterial PLFAs

(16:1ω7c, 16:1ω5c, 18:1ω7c) were found to link with
its degradation (Watzinger et al. 2014). A few studies
have followed the fate of 13C-labelled microbial cultures
added to soil (Kindler et al. 2009; Murase et al. 2011).
Recently, the use of position-specific 13C-labelled sub-
strates, coupled with quantification of 13CO2 efflux from
parallel incubations of substrate isotopomers, has been
demonstrated as a means of characterising the relative
activity of metabolic pathways in soil (Dijkstra et al.
2011). Apostel et al. (2013) extended this concept to
also quantify fate of position-specific 13C-label into
PLFA fractions, which offers an exciting opportunity
to further link microbial identity with C-cycling
processes.

Carbon flux in soil-plant systems

In pulse labelling the relatively short labelling period
followed by a chase period results in the label being
biased towards tracking carbon which has been recently
fixed by the plants. In these instances the labelled plant
inputs entering the soil tend to be in the form of
rhizodeposition comprising of root exudates (a range
of generally low molecular weight compounds),
sloughed cells, etc. Pulse labelling techniques as applied
to studying carbon allocation in trees have recently been
reviewed (Epron et al. 2012). Considering the supply of
carbon to plant meristems, de Visser et al. (1997) state
that the accurate determination of the contribution of
recently fixed and older carbon requires homogenous
labelling and knowledge of the specific activity of the

Fig. 1 Schematic of a typical GC-C-IRMS system used for detection of 13C-fatty acidmethyl esters (FAMES) derived from PLFAs, in some
instruments the oxidation and reduction columns are combined within a single column
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assimilate pools. Such homogenous labelling is not
achieved in short term pulse labelling experiments (De
Visser et al. 1997) and the mixing of labelled and non-
labelled C pools in transport to plant carbon sinks is not
accounted for (Schnyder 1992). The same constraints
apply to attempts to quantify the contribution of recently
fixed and older plant carbon to rhizodeposition and
subsequently into soil microbes. On the other hand,
pulse labelling approaches are very well suited to study
the temporal dynamics of the transfer of the carbon fixed
by plants into rhizodeposition and subsequently into soil
microbial pools. In PLFAs extracted from soil following
a pulse chase experiment using CO2 enriched in 13C, it
would be expected that their 13C enrichment would
immediately, or following a lag period due to plant
metabolization and re-allocation of store carbon pools,
increase to amaximum value after which theywould fall
again to approach the δ13C values of unlabelled con-
trols. The shape of the tracer time course can provide
information on both the extent to which the label has
mixed with unlabelled pools before arrival in microbial
PLFAs and the turnover rate of the various PLFA pools
(Epron et al. 2012).

Steady state labelling (Fig. 2) has the potential to
quantify the flux of carbon from plants into the soil
microbial pool. With steady state labelling of 13CO2

the labelling periods used have varied greatly. In labo-
ratory experiments periods of days to weeks have been
utilised, whilst in free air CO2 enrichment (FACE) ex-
periments the labelling periods are typically much lon-
ger (Esperschütz et al. 2009; Grams et al. 2011). For
example, Esperschütz et al. (2009) used a steady state
approach to trace 13CO2 into soil PLFA pools following
the labelling of young beech trees in open top chambers
over an entire growing season. As the labelling period
increases, the labelled plant inputs will not just contain
recent photosynthate but will additionally contain mate-
rial derived from carbon fixed by the plant considerably
earlier – from the start of the labelling period until
the time of sampling. It will therefore start to
include material derived from tissue turnover such
as root and leaf litter. Comparing results from
pulse with steady state labelling techniques and
considering not just soil microbes but additionally
other soil animal groups, Högberg et al. (2010)
noted “the longer the labelling period and time
elapsed after labelling, the greater the numbers of
individuals and animal groups that are likely to be
labelled”.

Another technique which utilises the plant to deliver
carbon to soil is where advantage is taken of the differ-
ing discrimination against 13C in the photosynthetic
pathways used by C3 and C4 plants; resulting in them
having different δ13C signatures. Typically C3 plants
and the soil organic matter beneath them have δ13C
values of around −27 ‰, whilst C4 plants and their
associated soil organic matter both have values around
−13 ‰ (Boutton 1996). In effect a single switch from
C3 to C4 plants, or vice versa, is equivalent to steady
state labelling. In conjunction with compound specific
analysis of PLFAs it allows discrimination of the use of
new carbon fixed after the vegetation switch from the
use of older carbon fixed prior to the switch (Kramer
and Gleixner 2006, 2008).

The presence of plant roots is known to affect both
the abundance and composition of microbial communi-
ties (Paterson et al. 2007), but application of δ13C-PLFA
allows direct identification of components of communi-
ties active in utilisation of plant-derived C, concurrent
with assessment of community shifts (Tavi et al. 2013).
Butler et al. (2003) were first to apply 13CO2 pulse-
labelling coupled with δ13C-PLFA to identify microbial
groups active in utilisation of plant-derived C. Their
greenhouse experiment tracked recent assimilate from
Lolium perenne and identified fungal and Gram nega-
tive groups as being dominant in utilisation of plant-
derived C, and that the partitioning of C-flow through
these groups was affected by plant growth stage. Treonis
et al. (2004) applied a similar approach, under field
conditions, and found consistent results, confirming that
recent plant assimilate is predominantly channelled
through fungal and Gram negative components, but to
a much lesser extent through abundant Gram positive
biomarkers. The application of continuous labelling to
establish uniform 13C-enrichment of root inputs to soil
extends this approach to allow quantification of the
relative use of plant- and SOM-sources by rhizosphere
microbial groups. Taking this approach has identified
that free-living microbial groups, including fungi and
Gram negatives active in utilisation of root-derived C,
obtain a large proportion (>40 %) of C from SOM
sources (Paterson et al. 2007, 2011). An implication of
this is that environmental factors (e.g. elevated atmo-
spheric CO2) that increase root-derived C-flowmay also
increase microbial utilisation of SOM, i.e. priming ef-
fects (Paterson et al. 2008b). The importance of root-
derived C for sustaining soil food webs was demonstrat-
ed by Pollierer et al. (2012) in an elegant experimental
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design exploiting long-term FACE labelling coupled
with litter substitutions with paired, unlabelled plots.
Isotopic analyses of soil animal populations indicated
that the majority of decomposer biomass was derived
from root inputs to soil, as opposed to above ground
litter. For experiments utilising FACE sites or C3/ C4
vegetation shifts, microbial utilisation of C-sources can
be extended to consider plant C that has been incorpo-
rated into SOM pools. That is, microbial substrate can
be partitioned into that derived from plant inputs from
the onset of FACE treatments or vegetation change,
relative to SOM present prior to these treatments.
Kramer and Gleixner (2008) quantified the contribution
of C derived from 40 years of maize cultivation on a soil
previously cultivated with C3 vegetation to bulk SOM
and to microbial PLFA. The contribution of maize C to
SOM declined with depth, but at each depth the total
microbial PLFAwas relatively enriched indicating pref-
erential use of maize inputs, relative to SOM >40 years
old. They further identified a greater preference for
maize-derived C in Gram negative biomarkers, relative
to Gram positives, supporting that these groups have
distinct roles in soil C-cycling processes. Streit et al.
(2014) utilised a FACE site incorporating a warming
treatment to demonstrate that, despite no effect on com-
munity structure, soil warming resulted in greater mi-
crobial (specifically fungal) use of older SOM
(>9 years), highlighting potential impacts of changing
climate on stabilised SOM pools.

Mycorrhizal hyphae represent an important route for
C-transfer to soil, being both abundant and having rapid

rates of turnover (Godbold et al. 2006). Van Aarle and
Olsson (2003) identified (in axenic systems), that AM
fungi (Scutellospora calospora and Glomus
intraradices) associated with Plantago lanceolata could
be quantified by the abundance of PLFA 16:1ω5 and
that the corresponding neutral lipid accumulated as a
storage compound. Subsequent studies have highlighted
that PLFA 16:1ω5 is also abundant in Gram negative
biomass, limiting its utility as an AM biomarker (van
Aarle and Olsson 2003). However, studies applying
13CO2 pulse-labelling have been successful in demon-
strating rapid transfer of plant assimilate to neutral lipid
16:1ω5, consistent with it being a marker of AM fungal
biomass (Olsson and Johnson 2005). While continuous
labelling offers the opportunity to quantify the extent to
which it is a biomarker unique to AM fungi, as if it is
assumed that the AM biomass is derived exclusively
from plant assimilate (Ho and Trappe 1973), the extent
of biomarker 13C-enrichment should match that of the
plant C-source.

Pollution biodegradation

PLFA analysis combined with 13C-labelled tracers has
been used recently as an effective technique for
distinguishing the specific microbial populations in-
volved in soil pollutant biodegradation (Evershed et al.
2006). Many studies (Hanson et al. 1999; Pelz et al.
2001; Mauclaire et al. 2003) have focused on 13C-la-
belled toluene as a microbial substrate, due to its wide
distribution as part of the BTEX (Benzene-Toluene-

Fig. 2 Steady state labelling system for investigating carbon flux in soil-plant ecosystem
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Ethylbenzene-Xylene) set of petroleum pollutants and
its rapid biodegradation. Hanson et al. (1999) compared
the incorporation of 13C-toluene and 13C-glucose into
soil microbial communities. They found that 27 and
91 % of the total soil PLFA species were labelled in
the 13C-toluene and 13C-glucose treatments, respective-
ly, confirming the advantage of coupling 13C tracers
with PLFA analysis for investigating pollutant biodeg-
radation in complex environments. However, the shift in
PLFA profile should be explained carefully when using
the 13C-labelled technique, since the high amount 13C-
labelled pollutant generally applied can exert an inhib-
itory effect on fatty acid biosynthesis and change the
microbial community structure (Fang et al. 2004).

The wide application of herbicides, fungicides, pes-
ticides and other agrochemicals has resulted in serious
pollution in soil-plant ecosystem. Since soil microor-
ganisms are the main drivers for the biodegradation of
these mainly organic pollutants, 13C-labelled pollutants,
e.g., polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), pentachlorophenols
(PCPs), are usually amended to soil samples and then
the 13C labelling of PLFAs used for characterizing the
pol lu tant -degrading microbia l communi t ies
(Kamashwaran and Crawford 2001; Johnsen et al.
2002; Tillmann et al. 2005; Antizar-Ladislao et al.
2008). Changes in Gram-positive to Gram-negative bac-
terial PLFAs (Mellendorf et al. 2010), dominating deg-
radation species (Tillmann et al. 2005) and total micro-
bial biomass (Tomco et al. 2013) have been all been
demonstrated in herbicide polluted soils. The applica-
tion of 13C-labeling PLFAs combined with gene probe
methods to study biocide-degrading microbial popula-
tions suggested a shift in PLFA profile where the phy-
lum Acidobacteria and the genera Phenylobacterium
and Comamonas were the main assimilators during
Cu-N-cyclohexyldiazenium dioxide degradation
(Jakobs-Schönwandt et al. 2010).

Methanotrophs

The application of 13C-labelling of PLFAs to the study
of methanotrophy in soils has several advantages over
other areas of interest. First, we are dealing with a single
substrate, methane, which as a gas, is easily applied to
soil. Second, it is fortuitous that most known
methanogens possess some very specific PLFAs that
are not found in other organisms (Bodelier et al. 2009;
Chowdhury and Dick 2013). Third, we also understand

much about the unique methane monooxygenase
(MMO) genes in these organisms such that a number
of studies have benefited from the combination of label-
ling of PLFAs with genetic analysis (Knief et al. 2006;
Mohanty et al. 2006).

The impetus behind most studies on methanotrophy
is to understand that part of the methane cycle respon-
sible for removing atmospheric methane or for mitigat-
ing emissions from methanogenesis in flooded soils in
the context of methane as a major greenhouse gas.
Hence there has been considerable interest in using
13C-labelling of PLFAs to the study of methanotrophy.

In the real world, methane is available at two levels:
either at 1.8 ppmv as atmospheric methane or at much
greater concentrations in environments where there is
active methanogenesis. This has led to the speculation
that there are two physiological groups: high affinity
methanotrophs, which can take up methane at 1.8 ppmv,
and low affinity methanotrophs, which are only opera-
tive at >40 ppmv (Chowdhury and Dick 2013). To date,
only low affinity methanotrophs have been isolated in
pure culture so we only know the PLFA profiles for this
group.

Based primarily upon their metabolic pathways, the
arrangement of their intracytoplasmic membranes, G +
C content and pmoA genotype, methanotrophs have
been divided into two major groups, Type I and Type
II (Chowdhury and Dick 2013; Nazaries et al. 2013).
Type I and II organisms are also described as
Gammaproteobacteria and Alphaproteobacteria, re-
spectively (Nazaries et al. 2013). The differences be-
tween these two groups are also reflected in their PLFA
profiles (Table 1). Generally, Type I methanotrophs
have been described as containing primarily 16:1
PLFAs and Type II methanotrophs as having 18:1
PLFAs (Chowdhury and Dick 2013) but this is an
over-simplification. As Table 1 shows, Type I organisms
may contain 18:1 PLFAs and Type II organisms may
contain 16:1 PLFAs. However, it is generally accepted
that 16:1ω8c and 16:1ω5t are particularly valuable
biomarkers for Type I and 18:1ω8c for Type II
methanotrophs since they have not been found in non-
methanotrophs (Bodelier et al. 2009) while 16:1ω6c
and 18:1ω7c may also be useful biomarkers
(Chowdhury and Dick 2013).

The pattern of 13C labelling of PLFAs in soil exposed
to 13CH4 will give an indication of the methanotroph
type. A primary question is whether there are character-
istic patterns found in similar ecosystems? Looking at
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studies on various grasslands, we find the prime PLFA
to be 18:1ω7c with lesser amounts in either 16:1ω5c or
16:0 (Maxfield et al. 2006, 2011; Menyailo et al. 2008;
Singh et al. 2009). While 18:1ω7c may be found in
Type I methanogens, it is always accompanied by
16:1ω7c so the strong indication is of Type II
methanogens in grasslands. An exception was in New
Zealand pasture which was dominated by 16:1ω7c,
16:1ω11c and 16:1ω11t, indicating a Type I communi-
ty (Singh et al. 2007).

Forest systems follow a similar pattern to grassland
with 18:1ω7c being the prime PLFA but with lesser
amounts of 16:0 and/or some form of 17:0 (Bengtson
et al. 2009; Bull et al. 2000; Crossman et al. 2006; Knief
et al. 2003; Maxfield et al. 2011; Menyailo et al. 2010;
Nazaries et al. 2011; Singh et al. 2007). Occasionally
other PLFAs were seen to be present in large amounts,
i.e. 18:0 (Maxfield et al. 2011), br18:0 (Bengtson et al.
2009; Bull et al. 2000) and cyc19:0 (Nazaries et al.
2011). In contrast to grasslands, 16:1ω5c was absent
from those forest soils studied. Again the overall pattern
points to Type II methanogens dominating in forest

ecosystems. However, there were some exceptions.
Mohanty et al. (2006) looking at a German beech forest
report label in 16:1ω8c, 16:1ω5t and 18:1ω8c, indicat-
ing the presence of both Type I and Type II organisms.
Knief et al. (2003), studying four forest sites in Germany
found three sites, a mixed forest and two deciduous
forests, to have large amounts of 16:0, some 14:0 and
16:1ω7c but only traces of 18:1ω7c, suggesting a Type
I methanotrophic community.

Only one study has examined non-flooded arable
soils. Maxfield et al. (2011), using some of the
Broadbalk plots in England, found label in 16:0, 18:0
and 18:1ω7c on mineral-fertilized plots. On plots with
farmyard manure additions there was also label in
16:1ω7c, 14:0 and other minor PLFAs. The indication
is of Type II in the former plots but also the possibility of
Type I organisms in the manured plots. Three studies
have looked at rice soils. Here the general pattern is of
label in 16:1ω7c, 16:0 and 16:1ω6c with minor label-
ling of 18:1ω7c and 18:1ω9c (Qiu et al. 2008; Shrestha
et al. 2008), indicating a Type I community. Mohanty
et al. (2006) only reported the presence of 16:1ω8c,
16:1ω5t and 18:1ω8c, indicating a mixture of Type I
and II organisms.

Wetland habits, i.e. peatlands and flooded soils, gen-
erally show dominance by 16:1ω7c, 16:0, 18:1ω7c,
other 16:1 PLFAs and sometimes 18:1ω9c (Bodelier
et al. 2012; Knief et al. 2006). The dominance of 16:1
over 18:1 would indicate a largely Type I community.
Knief et al. (2006) suggest that in their gleysols the
dominance of 18:1ω7c and 16:0 indicates a Type II
community but these PLFAs are equally found in Type
I isolates (Bodelier et al. 2009). Bodelier et al. (2012),
studying a series of wet soils, found traces of 18:1ω8c
in their more flooded soils, suggesting the presence of
Type II in addition to a majority of Type I organisms.

It is worth noting that those studies using near ambi-
ent methane concentrations during their labelling, pre-
sumably to label “high affinity” methanogens, have
usually obtained most label in 18:1ω7c with the excep-
tion ofMaxfield et al. (2011) who obtainedmost in 16:0.
This would point to a Type II assignment. Chowdhury
and Dick (2013) have stated that Type II methanotrophs
prefer a methane-rich environment while Type I
methanotrophs prefer a methane-limited environment.
The evidence from the above survey would suggest the
reverse. Those environments generally exposed to only
ambient methane, grasslands, forests and non-flooded
arable land, appear to be dominated by Type II

Table 1 Phospholipid fatty acid occurrence in major
methanotroph groups. +present in at least one isolate at >5 %;
++ present in at least one isolate at >25 %. Note that
Verrucomicrobia is represented by only one isolate. Taken after
Bodelier et al. (2009)

PLFA Type I Type II Verruco-microbia

i14:0 +

14:0 ++ +

a15:0 +

16:1ω8c ++ ++

16:1ω7c ++ ++

16:1ω7t +

16:1ω6c +

16:1ω5c +

16:1ω5t ++

16:0 ++ +

cyc17:0 +

18:1ω9t +

18:1ω9c +

18:1ω8c ++

18:1ω7c ++ ++

18:0 + ++

18:2ω7c,12c +

18:2ω6c,12c +
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methanotrophs while those environments potentially
exposed to much larger methane concentrations, wet-
land soils and paddy soils, appear to be dominated by
Type I methanotrophs. There are some exceptions where
the opposite is true, situations where both Type I and
Type II methanotrophs coexist and several cases where
it is not entirely clear. It is perhaps important to bear in
mind that we are still limited by the number of
methanotrophs that have been obtained in culture and
had their PLFA profiles characterised. The evidence
from 13C labelling is that that there are many uncultured
methanotrophs out there that have rather different PLFA
profiles.

Other specific groups

Specific lipid biomarkers have been ascribed to both
sulphur-oxidizing and sulphate-reducing bacteria
(Green and Scow 2000). However, there are few exam-
ples of PLFA-SIP being applied to these groups in soils.
Lipski (2006) describes some results of 13CO2 uptake
(as carbonate or bicarbonate) into the PLFAs of both
sulphur and iron-oxidizing bacteria in sediments and
gleysols.

Perspectives

Limitations of the 13C PLFA method

The approach of combining lipid biochemistry and car-
bon isotope labelling provides greater analytical capa-
bilities for biogeochemical systems than the sum of the
two approaches applied separately. However, the com-
bined technique also includes the potential limitations of
the two approaches. We generally assume that certain
PLFAs are markers for a particular group or at least
indicative of changes in that group when evaluating
the change in soil microbial community due to a specific
treatment (Frostegård et al. 2011). However, PLFAs are
not perfect markers. Up to now, no PLFA is exclusive to
one species/group of soil microbes except perhaps for
methanotrophs. There are several examples where the
same PLFAs are stated to indicate very different groups.
The PLFA 16:1ω 5c was used as a marker of arbuscular
mycorrhizal fungi when a non-mycorrhizal control can
be included that accounts for the background levels
originating from bacteria (Olsson 1999), but is also
found in high relative abundance in Gram-negative

bacteria (Butler et al. 2003; Yao et al. 2012). The
PLFA 18:1ω7c, usually considered to be indicator of
Gram-negative bacteria (Butler et al. 2003) is also found
in large amounts in arbuscular mycorrhizal fungi
(Sakamoto et al. 2004).

Plant roots contain some PLFAs; these PLFAs gen-
erally have an even number of carbon atoms and are
unbranched (McMahon et al. 2005). The most common
PLFAs in plants include 16:0, 18:1ω9c, and 18:2ω6,9c,
which also exist in many other eukaryotic microorgan-
isms, including fungi. Most of the 13C-labelled plant
rhizodeposition carbon in some studies was distributed
into 16:0, 18:1ω7c, and 18:1ω9c and their rates of
increase in labelled C were high (Lu et al. 2004; Yao
et al. 2012). Since these PLFAs can be derived from
plant roots, the effect of contaminating fine roots on soil
PLFA pattern cannot be ruled out as a reason for the
high relative abundance of these PLFAs.

Cross-feeding is a universal complication in stable
isotope probe techniques. During the labelling period,
soil microorganisms will use the labelling substrate C in
soil. On the other hand, secondary assimilation may
have occurred. After long incubation periods, microbes
that feed on either metabolites produced by the primary
utilizer of the substrate, or on the dead primary utilizer
itself, may be detected (Uhlík et al. 2009). The direct
assimilation of respired 13CO2 is a distinct possibility
that some experimenters have tried to avoid by increas-
ing the ambient concentration of 12CO2. The incorpora-
tion of labelled CH4-derived carbon into bacteria which
do not grow on CH4 confirmed that the cross-feeding of
methane carbon occurred (Qiu et al. 2009).

Future opportunities and developments

The application of 13C-labelling PLFAs is mainly based
on the fact that certain PLFAs are indicative of particular
microbial groups. Up to now, several characteristic
PLFAs, such as 16:1ω8c and 18:1ω8c, can be used as
indicative of methanotrophic bacteria (Sundh et al.
2000). The PLFA 18:2ω6,9 of casing soil demonstrated
the change of microbial community structure during
mushroom cropping stage (Cai et al. 2009). An expan-
sion of characteristic PLFAs will enhance the stable
carbon isotopic analysis of microbial community struc-
ture. Some new potential PLFA biomarkers, e.g., ther-
mophilic, stress and starvation indicators, have been
reviewed and discussed (Ruess and Chamberlain 2010;
Frostegård et al. 2011). Some neutral lipids or non-lipids
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were also used as indicators recently, e.g. the neutral
lipid fatty acid 16:1ω5c as an indicator arbuscular my-
corrhiza (Olsson et al. 1995; Olsson and Johnson 2005)
and glycerol dialkyl glycerol tetraethers (GDGT) as
indicators of soil archaea (Leininger et al. 2006).

In order to reduce the cross-feeding effect in the 13C
PLFA method, ideally a short sampling time should be
chosen, but this is difficult to optimize in practice. The
rate of label incorporation by primary autotrophic as-
similation may be slower than secondary heterotrophic
incorporation if sampling is too late but if sampling is
too early there may be insufficient 13C label in PLFAs
for accurate detection. Generally, the 13C-PLFA patterns
for the same soil are analysed at a series of time points,
and then the rates of primary assimilation and secondary
heterotrophic incorporation can be compared (Wang
et al. 2014).

The 13C PLFA analysis method can identify the
living microbial biomass due to the rapid degradation
of PLFAs following cell death. The method is more
sensitive in detecting shifts in microbial community
structure when compared to DNA/RNA based methods
(Ramsey et al. 2006). However, the incorporation of
13C-labelled substrate into soil microbial communities
cannot give the information on detailed species compo-
sition or phylogenetic resolution using only 13C PLFA
analysis. On the other hand, DNA/RNA stable isotope
probing (SIP) methods provide little information on the
activity of soil microorganism in the environment.
Consequently, the combined use of PLFA-SIP and
DNA/RNA-SIP methods can complement one another
and expand our understanding of who is doing what
within the soil ecosystem, thus providing keys to open
the soil microbial black box.
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