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Who eats what, where and when? Isotope-
labelling experiments are coming of age
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Isotope-labelling experiments have changed the way microbial ecologists investigate the
ecophysiology of microbial populations and cells in the environment. Insight into the ‘uncultivated
majority’ accompanies methodology that involves the incorporation of stable isotopes or
radioisotopes into sub-populations of environmental samples. Subsequent analysis of labelled
biomarkers of sub-populations with stable-isotope probing (DNA-SIP, RNA-SIP, phospholipid-
derived fatty acid-SIP) or individual cells with a combination of fluorescence in situ hybridization
and microautoradiography reveals linked phylogenetic and functional information about the
organisms that assimilated these compounds. Here, we review some of the most recent literature,
with an emphasis on methodological improvements to the sensitivity and utility of these methods.
We also highlight related isotope techniques that are in continued development and hold promise to
transform the way we link phylogeny and function in complex microbial communities.
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Introduction

The environment fosters an intricate combination of
organisms, nutrients and physical matrices, har-
bouring almost immeasurable niche diversity. With-
in this context, microorganisms inhabit every
conceivable location on earth, gaining energy by
coupling most energetically favourable electron
donors and receptors (Schmidt, 2006). Linking the
identification of uncultured microorganisms with
their potential to metabolize compounds in the
environment represents the Holy Grail of scientific
discovery for microbial ecologists. The advent of
stable- and radioactive-isotope-based techniques
was welcomed for the link it provided between the
phylogeny and function of uncultivated microbes.
Stable-isotope probing (SIP) for use in microbial
ecology was based on the premise that a physio-
logically active subset of organisms within environ-
mental samples, when offered substrates labelled
with a stable isotope, would incorporate the heavier
C- or N-source into cell components. The first
demonstrations of stable-isotope labelled phospho-
lipid-derived fatty acids (PLFA; Boschker et al.,

1998), DNA (Radajewski et al., 2000) and RNA
(Manefield et al., 2002) established the method for
clear identification of specific sub-populations of
microorganisms that metabolized specific com-
pounds. The parallel development of the fluores-
cence in situ hybridization and microautoradio-
graphy (FISH-MAR) technique (Lee et al., 1999)
offered microbial ecologists the ability to directly
observe the incorporation of substrates labelled with
a radioactive isotope into single microbial cells.
Over the past few years, dedicated research in many
laboratories has refined earlier SIP and FISH-MAR
methodology by reducing bias, increasing sensitivity
and expanding the applications of isotope studies
(multiple environments, substrates and target organ-
isms). Related techniques are rapidly being devel-
oped and gaining in applicability. For example,
isotope arrays, Raman microscopy and nanoSIMS
are all expanding our suite of isotope-based techni-
ques. Here, we highlight recent and notable achieve-
ments, including up-and-coming developments that
are set to transform the way we study the phylogeny
and function of microbes in the biosphere.

Stable-isotope probing

SIP experiments are dependent upon the availability
of suitable stable isotopes of atoms (for example, 13C,
15N, 18O), and access to target compounds which are
fully, or significantly, substituted with the stable
isotope of choice. The earliest PLFA-SIP and DNA-
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SIP studies focused on one-carbon (C1) metabolism
in sediments and soils (Boschker et al., 1998;
Radajewski et al., 2000), but SIP studies have now
diversified to include a wide range of substrates and
environments (reviewed by Dumont and Murrell,
2005; Evershed et al., 2006; Friedrich, 2006; Madsen,
2006; Whiteley et al., 2006). In fact, a sampling of
the most recent literature highlights the diverse
extent to which substrates and environments are
being coupled. Examples include 13C-labelled acet-
ate in Israel’s Lake Kinneret (Schwarz et al., 2007)
and in the Florida Everglades (Chauhan and Ogram,
2006), cellulose in an agricultural soil (el Zahar
Haichar et al., 2007), benzene in contaminated
groundwater (Kasai et al., 2006), organic substrates
in marine sediments (Webster et al., 2006), atmo-
spheric methane in an upland soil (Maxfield et al.,
2006), 2,4-dichlorophenoxyacetic acid in a field soil
(Cupples and Sims, 2007), pyrene in a soil bior-
eactor (Singleton et al., 2006), bicarbonate in an
estuarine sediment (Freitag et al., 2006), propionate
in a wastewater bioreactor (Meyer et al., 2006),
acetate/methanol in activated sludge (Osaka et al.,
2006) and wheat residue in soil (Bernard et al.,
2007). For most of these studies, 499% fully 13C-
labelled substrates were purchased from commercial
suppliers. However, limited commercial availability
of 13C- or 15N-labelled molecules suitable as micro-
bial growth substrates constrains the design of
isotope experiments. As a result, several research
groups have pioneered in-house chemical and
biological synthesis for the preparation of their
desired substrates. Singleton et al. (2005, 2006)
employed chemical synthesis of commercially un-
available 13C-labelled salicylate, naphthalene, phe-
nanthrene and pyrene from the ‘building blocks’ of
purchased 13C-phenol, succinic acid and phenol. In
a recent study of soil cellulolytic bacteria, the 13C-
labelled cellulose was purified from the growth
medium of Acetobacter xylinus, which was grown
on 13C-glucose as a sole source of carbon (el Zahar
Haichar et al., 2007). Finally, 13CO2-labelling of
plants represents a clever approach to tracking
plant-derived carbon to microorganisms in the
rhizosphere (Cadisch et al., 2005; Lu and Conrad,
2005; Rangel-Castro et al., 2005). Such creative
chemical and biological synthesis of complex
organic compounds widens the application and
versatility of SIP.

One of the challenges of SIP experiments is
employing substrate concentrations and incubation
times that mirror the in situ conditions found in the
natural environment. The high sensitivity of PLFA-
SIP helps realize this goal, but for RNA-SIP and
DNA-SIP, the synthesis of labelled nucleic acid must
be sufficient for the separation and detection of
labelled molecules from the abundant background of
unlabelled material (reviewed by Neufeld et al.,
2007a). Recent developments have increased the
sensitivity of the nucleic acid-based SIP technique.
In particular, fractionation of cesium chloride or

cesium trifluoroacetate gradients (Lueders et al.,
2004) enables the objective recovery of nucleic acids
and for DNA-SIP, circumvents the visualization of
large quantities of unlabelled and labelled DNAwith
ethidium bromide (Radajewski et al., 2000). Further,
purification of low amounts of DNA from gradient
fractions is inefficient, but this shortcoming has
been overcome by the addition of labelled archaeal
DNA (Gallagher et al., 2005) or glycogen (Neufeld
et al., 2007b) as carriers for precipitation.

Metagenomic analysis of labelled DNA is one
desired goal of current DNA-SIP studies (Dumont
et al., 2006). But herein lies the dilemma: incubate
samples with near in situ conditions and generate
low nanogram yields of labelled DNA or incubate
samples with unrealistic substrate concentrations
and incubation times, generating microgram yields
of labelled DNA for direct cloning? For some
studies, so little is known about the organisms and
genes involved in metabolizing a particular sub-
strate that any relevant genetic information is a
significant discovery; incubation conditions are less
important. However, a likely outcome is that with
excessive substrate and incubation times, character-
ized organisms will be similar to those previously
identified with cultivation-based approaches. One
strong possibility for future innovation is the ability
to couple low substrate incubations, j29-based
whole-genome amplification of labelled DNA and
metagenomics analysis. The major hurdle to over-
come will involve balancing the cloning of large
DNA fragments with the associated limitation of
chimeric artefacts that are generated by cloning
genome-amplified DNA (Zhang et al., 2006).

The traditional SIP technique has been tweaked
and modified to enable a suite of novel applications
and experiments. One recent advance has involved
improvements to the labelling and detection of DNA
using 15N-labelled substrates (Cadisch et al., 2005).
The resolution of labelled and unlabelled DNA (or
RNA) following 15N incorporation is less than that
for 13C incorporation (Cupples et al., 2006), reflect-
ing the differential abundance of nitrogen and
carbon in DNA, respectively. Buckley et al. (2007b)
have demonstrated a unique approach to disentan-
gle the parallel effects of GþC content and isotopic
enrichment on isopycnic separation of DNA.
Through a combination of two ultracentrifugation
steps and the addition of an intercalating compound
to the second ultracentrifugation, 15N-labelled DNA
is effectively separated from high GþC unlabelled
DNA. The utility of such an approach was demon-
strated by the discovery of uncultured and puta-
tively novel nitrogen-fixing bacteria in the
Alphaproteobacteria (Rhodoplanes), Betaproteo-
bacteria and Actinobacteria (Buckley et al., 2007a).

Expanding on the stable isotopes molecules
available for nucleic acid-based SIP, Schwartz
(2007) recently demonstrated the utility of stable
oxygen (18O) for DNA-SIP. DNA and RNA may be
labelled efficiently with 18O because of the five
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oxygen atoms per nucleotide in the sugar backbone
of DNA, in addition to the two neutrons offered by
each incorporated molecule of stable oxygen. In-
cubating Escherichia coli cultures or soil samples
with H2

18O yielded DNA from actively growing cells
that was sufficiently labelled to separate 18O-
containing DNA from a background of 18O-DNA.
Such an approach offers a substrate-independent
ability to characterize active community members
and will be particularly helpful in examining the
impact of moisture content on soil microbial com-
munities (Schwartz, 2007).

An often-cited disadvantage of SIP-based studies
is that biomarkers from organisms that can feed on
metabolic degradation products of other organisms
may become labelled during an SIP incubation.
Cross-feeding is a lingering explanation for the
puzzling observation of labelled DNA possessing
an Acidobacteria 16S ribosomal RNA (rRNA) gene
sequence after a soil methanol incubation in the
original DNA-SIP publication (Radajewski et al.,
2000). Regardless of this, what has been a common
criticism, that is, ‘cross-feeding’ can now be turned
into an advantage to look at the flow of carbon
through ecosystems. For several SIP experiments,
studying trophic networks was performed by label-
ling macroorganisms that provide nutrients for a
natural microbial community (Cadisch et al., 2005;
Lu and Conrad, 2005; Rangel-Castro et al., 2005) or
by labelling microbial cells. Lueders et al. (2006)
recently conducted a cross-feeding study by supple-
menting indigenous soil microbial communities
with an excess of 13C-labelled E. coli cells. An
important consideration was that the soil commu-
nities were monitored over time, revealing a com-
plex trophic network, including the labelling of
rRNA gene sequences associated with gliding
micropredators.

Near-future SIP developments will likely include
its combination with phylochips for highly parallel
analyses of the community composition represented
by the heavy DNA or rRNA (Wagner et al., 2007) and
the long-awaited advent of mRNA-SIP and polypep-
tide-SIP. The current DNA-SIP protocol (Neufeld
et al., 2007b) does not directly implicate the
expression of genes that are associated with labelled
DNA. The RNA-SIP protocol (Whiteley et al., 2007)
focusses on 16S rRNA and does not capture mRNA.
There is no questioning the value of retrieving
expressed genes (that is, mRNA) or synthesized
polypeptides from the environment, which are
involved in growth on a particular compound. Once
these methods are developed and optimized, we
anticipate that both mRNA-SIP and polypeptide-SIP
will serve as sensitive and powerful tools, assisting
in novel environmental gene discovery and com-
plementing experiments that use RNA-SIP and
DNA-SIP.

SIP-based studies have largely focussed on the
discovery of taxonomic and functional gene
sequences associated with labelled nucleic acid.

Understandably, the environments and substrates
being examined yield surprising glimpses into
organisms involved in substrate metabolism. A few
examples include the possible involvement of
Acidobacteria in methanol metabolism (Radajewski
et al., 2000), a possible role for Betaproteobacteria in
CH4 oxidation (Morris et al., 2002), the implication
of a Thauera sp. in phenol degradation (Manefield
et al., 2002), and the role of methanogenic Archaea
in consuming plant exudates (Lu and Conrad, 2005).
However, SIP experiments offer more than an
insight into unknown and uncultured contributors
to substrate metabolism. Importantly, the retrieval
and characterization of sequences belonging to
extant cultured isolates and characterized strains
suggests that the organisms we study in the
laboratory are involved in relevant processes in the
natural environment. As the use of SIP in microbial
ecology increases, we anticipate a shift from dis-
covery-driven science to hypothesis-testing experi-
mentation. The questions SIP may be used to answer
will gradually shift from ‘who eats what?’ to ‘who
eats what, where and when?’. Instead of simply
determining which organisms consume a specific
substrate in a particular soil, we anticipate that the
effects of pH, depth, latitude, altitude or tempera-
ture on active microbes will be elucidated. Such
experiments would be best served by carrying out
SIP alongside ecosystem process measurements,
demonstrating the relevance of substrate concentra-
tions and metabolic rates while identifying and
characterizing functionally relevant microorgan-
isms. With substantial research interest focussed
on climate change, ecosystem loss and human
health, linking active organisms with their preferred
C- and N-sources will remain a strong research
incentive in microbial ecology, one for which SIP
can play an ever-expanding role.

FISH-MAR

The adoption of FISH for microbial ecology involved
the use of 16S or 23S rRNA-targeted gene probes to
detect single microbial cells from within a complex
microbial community (reviewed by Wagner et al.,
2003). This enabled image analysis-assisted quanti-
fication of microbes in the environment (Daims
et al., 2006) and the visualization of cells relative to
one another, revealing information about spatial
structuring and physical interactions that occur in
highly aggregated environments, such as biofilms
(Gieseke et al., 2001) and activated sludge flocs
(Maixner et al., 2006). By quickly exposing an
environmental sample to a low dose of radioactively
labelled substrate, slides prepared for FISH analysis
can also be used to expose an autoradiographic
emulsion for several days, causing silver grains to
form in areas immediately adjacent to radioactive
cells. Now referred to as FISH-MAR, this approach,
which requires much shorter incubation times than
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DNA-SIP, was first demonstrated in 1999 (Lee et al.,
1999; Ouverney and Fuhrman, 1999). Since then,
FISH-MAR has provided many direct cultivation-
independent links between the phylogeny and
function of individual microbial cells in various
natural and man-made ecosystems (reviewed by
Wagner et al., 2006). At present, FISH-MAR can
target up to seven different bacterial populations
(Amann et al., 1996), uses ‘hierarchical’ probe
combinations to reduce the possibility of false-
positive signals (Loy et al., 2007) and has an optical
resolution of 0.5–2mm (Nielsen et al., 2003b), ideal
for individual microbial cells. Further, the number
of silver grains formed adjacent to individual cells
provides a quantitative estimate of the contributions
of different cells to substrate metabolism (Nielsen
et al., 2003a). In oligotrophic environments, physio-
logically active cells may contain low rRNA copy
numbers and be undetectable with standard FISH
techniques. This limitation can be overcome by use
of catalysed reporter deposition with horseradish
peroxidase-labelled probes (CARD-FISH), which can
also be combined with MAR (MICRO-CARD-FISH)
(Sintes and Herndl, 2006). Recently, the uptake of
radiolabelled substrate into FISH-identified bacter-
ial populations was monitored by beta microimaging
instead of MAR (Gieseke et al., 2005). This elegant
approach offers quantitative data without the need
of counting silver grains, but suffers from a rela-
tively low spatial resolution of about 10 mm, which
is above the single-cell level. Therefore, this techni-
que is currently only suitable for application to well-
structured microbial communities like those found
in biofilms (Gieseke et al., 2005), microbial mats and
anaerobic granules (Collins et al., 2005).

A strength of FISH-MAR is that the detection of
labelled substrate incorporation does not rely on a
specific biomarker. This feature increases the sensi-
tivity of the approach and enables the detection of
certain physiological activities, like the incorpora-
tion of added substrate into intracellular storage
compounds (Wagner and Loy, 2002), which cannot
be monitored with SIP techniques. On the other
hand, FISH-MAR is limited by the availability and
affordability of radiolabelled substrates. As with SIP,
synthesizing complex organic compounds is chal-
lenging and requires safety precautions, because of
the radioactive label. Alternatively, heterotrophic
growth can be studied by incubating environmental
samples with an unlabelled substrate in the pre-
sence of 14CO2 (Hesselsoe et al., 2005). Because
heterotrophic organisms assimilate CO2 during
growth under aerobic and anaerobic conditions, this
approach (HetCO2-MAR) is affordable and has the
convenience of using the same labelled compound
for assessing growth on multiple substrates. Such an
approach has been demonstrated for pure cultures
and filamentous ‘Candidatus Microthrix parvicella’
in activated sludge under different electron donor/
acceptor combinations (Hesselsoe et al., 2005). If
HetCO2-MAR is used as a discovery tool, it is

important to remember that not only heterotrophic
substrate-consuming but also all active autotrophic
microorganisms will be labelled. The latter can be
avoided by addition of specific inhibitors (Wagner
et al., 2006).

Drawbacks of FISH-MAR are its restriction to
environments amenable to FISH and a requirement
for some prior empirical knowledge of the organisms
that are likely to assimilate a radioactively labelled
carbon source. Without specific probes targeting
active populations, only higher level phylogenetic
assignments (for example, by using the ever-expand-
ing collection of phyla-specific probes; Loy et al.,
2007) of the detected radioactive cells may be
possible. To achieve higher phylogenetic resolution,
SIP has been used to complement FISH-MAR by
identifying putative key players before identifying
active populations on an individual cell basis.
Combining SIP with FISH-MAR has thus far been
demonstrated with denitrifying communities in
wastewater that use methanol or acetate as carbon
sources (Ginige et al., 2004, 2005). In both cases,
probes designed against predominant phylotypes in
the 13C-labelled SIP DNA successfully targeted
radioactive cells with FISH-MAR. These results
support SIP as a method for identifying environ-
mentally relevant phylotypes and highlight the
utility of combining SIP and FISH-MAR for linking
phylogeny and function in a focussed and logical
approach.

If dealing with uncultured microorganisms, mi-
crobial ecologists, in most cases, use the 16S rRNA
gene to classify diversity and to define units, which
can be specifically recognized with molecular tools
like oligonucleotide probes or PCR-primers (re-
viewed by Neufeld and Mohn, 2005). However,
genomics and environmental metagenomics data
have revealed pronounced differences in gene
content of microbial strains which share identical
16S rRNA gene sequences (Konstantinidis et al.,
2006) and even genomically identically strains
might show dramatic differences in protein compo-
sition and physiological activity in the various
microniches of an environmental sample. As a
single-cell tool, MAR-FISH can decipher such
ecophysiological heterogeneity within rRNA se-
quence types and offers in parallel spatial informa-
tion on the arrangement of the individual cells
relative to other community members and to abiotic
environmental components. We expect that this
combined information will enable microbial ecolo-
gists in the future to tackle key questions on how
abiotic and biotic interactions influence the eco-
physiology of individual microbial cells.

The isotope array

The isotope array is a powerful method that offers
a level of throughput not readily afforded by
FISH-MAR or SIP techniques (Adamczyk et al.,
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2003) and should become a useful tool for any
environment that yields sufficient RNA for direct
hybridization. After incubating samples with a
radioactive substrate, RNA is extracted, fluores-
cently labelled and hybridized to rRNA probes in a
microarray format. Subsequently, the microarray is
analysed with a fluorescence scanner and beta
microimager to reveal microbial community compo-
sition and to identify substrate-consuming commu-
nity members, respectively. The applicability of this
approach to complex samples was shown by
Adamczyk et al. (2003) who designed a simple
prototype array to monitor 14C-bicarbonate incor-
poration into the lithoautotrophic ammonia-oxidi-
zers of activated sludge. They indicated that the
main advantages of the isotope array was the direct
detection of labelled RNA from active organisms,
without the potential to detect unlabelled back-
ground as can occur with DNA- and RNA-SIP. For
exploiting the full potential of the isotope array
approach, it would be best combined with encom-
passing phylochips (Loy et al., 2005) or even high-
density DNA microarrays (Brodie et al., 2007), but at
least the latter option will have to await the
development of beta microimagers with higher
spatial resolution. However, even if microarrays
with larger spot sizes are applied, the isotope array
approach should be ideally suited to decipher
microbial food webs in complex microbial commu-
nities by performing experiments at different time
points after incubation of the sample with the
labelled substrate.

Other techniques in development

Raman microscopy and its combination with FISH
Raman confocal microscopy employs an excitation
laser incident on samples to measure the vibrational
energy of chemical bonds. The scattered laser light
is captured by a charge-coupled device camera, and
a spectrum is obtained that has discernable peaks for
different biological molecules in the cell. When
tested on single microbial cells, the peaks in the
Raman spectra corresponding to phenylalanine,
proteins and nucleic acids were ‘red-shifted’ by
the incorporation of 13C-labelled substrate (Huang
et al., 2004). The magnitude of this red shift was
independent of bacterial species tested and corre-
sponded to the proportion of label. Nucleic acids
with only 20% 13C incorporation were clearly
discernable from 100% 12C-fed cells (Huang et al.,
2007). As the optical resolution of Raman micro-
scopy (B1mm) is similar to that of FISH, the two
methods are conceivably complementary. As Raman
microscopy detects stable-isotope incorporation into
cellular constituents, this would offer a possible
advantage over FISH-MAR by obviating the need to
handle radioisotopes and facilitates the somewhat
cumbersome quantification of silver grains. Further-
more and in contrast to FISH-MAR, Raman provides

information into which cellular compounds the
labelled substrate was incorporated. Recently, FISH
and Raman confocal microscopy have been directly
combined to confirm the involvement of Pseudo-
monas spp. in the assimilation of 13C10-naphthalene
in groundwater (Huang et al., 2007).

Stable-isotope mass spectrometry
Multi-isotope imaging mass spectrometry (or nano-
SIMS) is conceptually similar to the approach of
Raman confocal microscopy. It improves upon the
earlier secondary ion mass spectrometry (SIMS)
technology, which was originally coupled with
FISH (Orphan et al., 2001), but at only low
resolution (B10–15 mm). The nanoSIMS technol-
ogy analyses the stable- or radioactive-isotope
content of single cells at a resolution (50 nm) that
exceeds a Raman microscope, possesses sensitivity
in cellular 14C detection that exceeds MAR by
1000� , has a stable-isotope measurement preci-
sion of71%, and a price (4d1 300 000) to match its
impressive performance (Kuypers and Jørgensen,
2007). As already achieved for Raman-FISH, a
combination of FISH-nanoSIMS would enable
phylogenetic and isotopic analysis of an environ-
mental sample in a single scan. Furthermore, it
might even become possible to couple isotope array
experiments, performed after the addition of stable-
isotope labelled substrates, with nanoSIMS. Such
an exciting combination would provide high-
throughput, stable-isotope-based analysis of micro-
bial communities and their functions. Owing to the
high spatial resolution of nanoSIMS, these analyses
could possibly be performed in a massively parallel
manner with high-density arrays. Microbial ecolo-
gists will need patience for nanoSIMS instru-
ments to become commonplace and affordable,
but with unparalleled versatility, quantification
and sensitivity (Lechene et al., 2006), the potential
looms large.

Conclusions

Isotope-based techniques have become firmly esta-
blished in international microbial ecology research.
Their relative ease-of-use and unparalleled ability to
link the structure and function of uncultivated
organisms enables long unanswered questions to
be addressed with creative experimentation. As
discovery science becomes increasingly comple-
mented with hypothesis-driven research, we antici-
pate learning vastly more about who eats what,
where and when. Microbial communities are foun-
dational to almost all aspects of nutrient cycling in
the natural environment. Learning more about the
metabolic contributions of bacteria, Archaea and
microbial Eukarya will shed increasingly more light
on their behaviour as single cells, populations and
communities. As microbial ecologists focus on
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issues of global importance, we anticipate that
isotopic techniques can and will continue to
catalyse good science and innovative research.
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