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ABSTRAIT.—Interest in the relatKinships between soil microbial communitit's and ecosystem
iunctions is growing with increasing recognition of the key roles microorganisms play in a
variety of ecosystems. With a wealth of microhial methods now available, selecting the most
appropriate method can be daunling, especially to those new to the field of microhial
ecology. In this review, we highlight those methods currently tised and most applicable to
ecological studies, including assays to study various aspects of the carhon and nitrogen cycles
{e.g., pool dilution, acetylene reduction, enzyme analyses, among others), methods to assess
microhial community composition {f.g., ptiospholipid fatty acid analysis (PLFA), denaturing
gradient gel electrophoresis (DGGE), terminal resuiction fragmeni length polymorphism
analysis (TRFLP), quantitative polymerase chain reaction (qPCR)) and methods to directly
link community structure to function (p.^., stable isotope prohing (SIP)). In our discussion of
these methods, we describe the information each method provides, as well as some of their
strengths and weaknesses. Using a case study, we illustrate how these methods can he applied
to investigate relationships hetween microbial communities and the processes they perform
in weiland ecosystems. We end our discussion with a series of questions to consider prior lo
designing experiments, in the hope that these questions will help guide ecologists in selecting
ihe mi)st appropriate method(s) for their research.

INTRODUCTION

Over the past 20 y, the variety of inetliods available to ecosystem and microbial ecologists
has dramatically increased. At the same time, interest in soil microorganisms and the
ecosystem processes tbey drive has expanded. Despite tbis interest, a serious disconnect
exists between ecosystem and microbial ecology, with tliese disciplines approaching the
same questions from very different scales. Ecosystem ecologists focus on the landscape and
regional scales at whicb processes are manifested, whereas microbial ecologists focus on tbe
pore or plot scale at which underlying mechanisms can be discerned and maniptilated. For
example, most studies of nutrient or carbon cycling, processes well known to be mediated by
microorganisms, do not measure the diversity and structure of communities driving these
functions (e.g., Ruckauf et aL, 2004; Ström and Christensen, 2007). Similarly, numerotis
'Corresponding author: Telephone: (216) 397-4451; FAX: (216) 397-4482; e-maU: rdrenovsky®
jcu.edii
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microbial community studies do not directly investigate their ecosystem roles (e.g-., Rinklebe
and Langer, 2006; Dejournett ft at.. 2007). Failtire to connect these scales may limit our
bïLsic understanding of ecosystem functioning or impede identification and/or implementation of strategies for restoration or biodiversity preservation.
Historically, microbial comnmnitit's and processes have been treated as a black box, in
part due to methodological liniitatiuns. Current advances in microbiological techniques
have overcome many of these constraints. Our goal is to introduce those unfamiliar with
microbial ecology to various techniques that can probe ecosystems both functionally and
structurally. A brief discussion of ecosystem funcdon measurements is followed by
de.scriptions of modern biochemical and molecular tools tised to examine microbial
community composidon and to link ecosystem functions to microbial communities. Finally,
a case study of a hypothetical wetlaud is used to illustrate how microhial methods can he
applied to address ecosystem quesdons.
MICROBIAI. COMMUNrrV FUNCTION MEASUREMENTS

Microorganisms are intricately involved in global carbon and nitrogen cycles. Many
methods familiar to ecologisLs quandfy these microbially driven processes. Although these
measurements provide information about microbial activity, most do not assess which
microorganisms are responsible for cycling nitrogen and carbon. Here, we provide a sub-.set
of nicthod.s providing ecosysiem-level function information; later sections will di.sciiss means
to characterize microbial conuimniiies dri\-ing these functions and how these approaches
can be linked for greater understanding.
NITROGEN CYCLE

Each step of the nitrogen cycle is regulated by different bacterial functional groups. The
main processes include nitrogen fixation (fixing atmospheric N.¿ into NHg), ammonia
oxidation (conversion of NH4'^ to NO,"), assimilatory nitrate reducdon (conversion of
NO^ to NH^"*"), nitrogen mineralization (conversion of organic N to inorganic N) and
denitritkadon (conversion of NO^" lo NO, N-¿O and N^). These processes, in addition to
leaching, run-oft and ammonia volatilizadon, regulate ecosystem nitrogen fluxes. To target
specific portions of the nitrogen cycle, one can use acetylene reducdon to measure nitrogen
fixation rates (Hardy et at., 1968), stable isotope techniques to follow nitiogen
transformations and fluxes {e.g., ammonia oxidation and nitrate reduction, denitrificadon.
plant and microbial N uptake rates; Jackson et ai, 1989; Delaune et ai, 1998) and
chloroform futnigadon-incubation to determine potential net N mineralizadon (Jenkinson
and Powlson, 1976).
C:ARBON í:^x:l.E/DECOMPOSITION

Carbon cycle and decomposition processes are intimately linked. Carbon cycling can be
assessed via enzyme activity, mass loss and respiration (Sinsabaugb et ai, 1993; Jackson et ai,
1995). By calculating mass loss from litter bags, decomposition rales can be determined and
microbial activity can be measured as CO2 evolution (ß.^., Jackson et ai. 1995). In wetlands,
microbial methane production and consumption also are important components of tbe
carbon cycle and typically are measured by gas chromatography (e.g.. Ström and
Christensen, 2007).
UNDERSTANDING THE MICROBIAL SPECTES

Before we address means for characterizing communities, we should address the uniLs
that comprise tbese communities—the individual species present. Microbiologists agree that
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species exist (Cohan, 2002), btit how these species are defined explicitly depends on the
species concept applied. Historically, tnicrobial species were classified based on characteristics such as morphology and physiolog)' (Rösselló-Mora and Ainann, 2001; Johansen and
Casamatta, 2005). With the advent of molecular techniques, genetic similarity began to play
an increasingly itnportatit role in defining microbial species (Rosselló-Mora and Amann.
2001 ). Usitïg these characteri.stics, a pragmatic defniition of species can be applied in which
species are clusters of phenot^pically and genetically similar organisms (Cohan, 2002).
However, this definition may yield a conservative estimate of species, as it does not recognize
the unique ecological roles certain ecotypes play in the environment. Thus, applying
Cohan's (2002) ecotypic species concept, we recognize that witbin a given named species,
there are niarty ecotypes and, tbus, a named species may be more sitnilar to a genus tban a
species (as defined by macroecologists).
ASSESSING MICROBIAL COMMUNITY COMPOSITION

Many well establisbed methods reveal information about microbially driven ecosystem
processes; however, to fully undetstand why ecosystem function changes occur, functional
measurements must be linked to microbial communit)' assays. Microbial cells contain a
wealth of information that can be exploited to determine community structure and function
(Fig. 1. Table 1). Cell membrane lipids provide an estimate of total mictobial bioma.ss and
coinmutiit\' composition. DNA-based methodologies can identify organisms, determine
evolutionary relationships and estimate potential function and abtindance of individvial
species and microbial groups. In addition, by measuring rRNA or functional gene
expression, microbia! activity can be assessed. Numerous methods are available for
extracting microbiaJ DNA and RNA from a suite of environmental matrices (i.e., soils,
sediments, water, etc.) (Miller et ai, 1999). However, each of these methods carries its own
bias, such that the specific nucleic acid extraction meüiod can affect which members of a
microbial community are detected (Martin-Laurent et ai, 2001; Luna et ai, 2006),
Therefore, it is important to apply the same nucleic acid extraction metbod consistently
during a given experiment to prevent unwanted variation between satnples. Furtber, care
should be given when choosing a nucleic acid extraction method to ensure that the metbod
employed allows recovery of DNA/RNA from the target organisms and purifies it such that
downstream analyses sucb as PCR are facilitated.
Often, microbial comnuniity composition is determined by examining an entire
microbial community's "fingerprint". Here, a fingerprint is tbe presetice/absence pattern,
and sometimes abundance, of microbial groups in an environmental sample; fingerprint
resolution can vary from species-level (DNA-based tnetbods in conjunction with
sequencing) to group-level (e.g., bacteria, fungi; cell membrane-based methods). Microbial
communities can be compared among en\'ironmenta! samples using tbe same multivariate
statistics as commtinity ecologists studying macro-organisms (e.g., Feris et al., 2003; CordovaKreylos et ai, 2006; Webster and Bourne, 2007). These metbods can indicate if a treatment
or perturbation changes overall community composition, specific groups or individual taxa.
Flequenüy used methods include hierarchical classiiicatioti treasures such as cluster
analysis; inditect gradient analysis metbods sticb as principal compotients analysis,
correspondence analysis and non-metric multidimensional .scaling; and direct gradient
analysis methods such as canonical correspondence analysis. Authors sbould be aware tbat
different types of data are more or less appropriate for the various analyses based on model
assumptions. For example, principal components analysis is not robust witb datasets that are
nonlinear and contain many zeroes (Ludwig and Reynolds, 1988). Additionally, proper
interpretation of tbe output is not trivial. Tbus, we recommend tbat authors consult the
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various texts available discussing these methods before analyzing their data (see Jongman ft
ai, 1995; Legendre and Legendre. 1998; McCune and Grace, 2002; Ixps and Smilauer.
2003). Three frequently used fmget7)rinting techniques tbat generate these mullivariate
dataseus are phospbolipid fatty acid analysis (PLFA), denaturing gradient gel electrophoresis (DGGE) and terminal restriction fragment length polymorpbism analysis (TRFLP).
Additionally, microbial abundance aud identity can be determined by teal-time PCR
methods (qPCR).
Many fingerprinting approaches as well as other DNA and RNA-based analyses of
microorganisms depend on the amplificadon of specific gene sequences via tbe polymerase
chain reaction (PCR). PCR is a highly specific and robust enzymatic reaction that allows one
to specifically amplify a gene target oí interest from low amounts pteseni in an
environmental sattiple to quantides large enough to perform many labotatory-based
analyses. PCR has heen used widely to analyze microbial communit)- responses to
perturbation, assess the metabolic potendal of a community by detecting and quantifying
tbe presence of specific stmctural genes and to quantify levels of specific groups or species
of microorganistns in situ (Feris W al., 2003; Hristova et ai, 2003; and many others).
Successful amplification of a target gene sequence requires the development or selection
from the literature of an appropriate set of PCR primers. While there are a multitude of PGR
primers described in the literature that target large phylogenetic groups {e.g.. Bacteria,
Archaea, Eukarya), specific microbial groups/species {e.g.. ß-proteobacteria, cyanobacteria,
etc.) or functional genes (e.g., genes necessary for nitrogen fixation, ammonia oxidation,
etc.); tbe selection of the appropriate PCR primers for a given study may not be trivial. Some
care should be given to ensure tbat tbe primer set chosen is either highly selecdve for the
targeted group or general enough to capture all the organisms within a targeted group that
are pre.sent in an environmental sample. Tlie importance of proper primer choice is
illustrated wben we consider tbat PCR, while powerful and robust, can only detect genes of
interest if those genes have some sequence homology wiih the PCR primers that are utilized
in the PCR reaction.
In addition, for each of the approaches described bere it is important to replicate eacb
measure at a level appt opriate for a given study to ensure that measui ed microbial responses
can be related to ecosystem processes with a desired level of confidence. Many commercially
available DNA extracdon kits efficiently recover DNA from 0.5-1 g soil/sediment samples.
However, it is unlikely that a single 1 g sample from a complex betetogeneous ecosystem
will adequately describe tbe natural variation in tbe local microbial community. Tbus,
multiple .samples of tbis size may need to be collected, extracted and possibly pooled to
provide a sample that is tepresentative of a given environment. To design an adequate
sampling strategy it is important to consider the level of heterogeneity within a given
environment at scales relevant to the organisms performing processes of interest. For
example, scales of importancre to microorganisms can range from the sub mm' to m^ scales
and greater (Ranjard et ai. 2003; Zhou et ai, 2004; Becker el ai, 2006; Kan et ai, 2007).
Tberefore, sampling at multiple scales and subsequently applying statistical analyses to
determine at which scale microbial communides correlate witli observed ecosystem
functions may be necessary.
HHOSPHOt.IPtD FATTY ACID ANALYSIS {PLFA)

To analyze a community by PLFA, lipids are extracted directly from soil; then
phospholipids are separated from other Upid fractious, methylated, and analyzed by gas
chromatography (While et ai, 1979) (Fig. 2). PLFA should not be confused witli total soil
fatty acid metbyl ester analysis (TSFAME), in which all soil lipids are extracted and analyzed
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FIG. 1.—Illustration ot generalized microbial cell indicating portions of organism which can be
exploited to determine community composition, phylogenetic relationships, oi^anism identity.
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TABLE 1.—Comparison of methodologies for microbial community cbaracterization
Method
PLFA

Structure Function
X

Pros
Quantitative (biomass and
composition)

Standard protocol

All PCR^
based

X

Relatively rapid method
Greater resolution than
biochemical methods
Can target activity (RNA) as
well as presence (DNA) of
community members

Real-time
qPCR

DGGE

TRn.P

X

Cons
Community composition
interpretation can be diñiciilt {e.g.,
lipids responsible for separating
treatments are common among
many oi^anisms)
Biomarker identity based on cultured
oi^anisms
Microorganisms within Archaea are
not extracted
DNA extraction efficiency can vary
depending on properties of
organisms and/or soil
Amplification bias can occur; thus,
re.stilts may not accurately
repre.sent community composition
Primers design is limited by existing
database and other sequences to
which you bave access
Not quantitative

Can target organisms involved
in N cycle (in contrast to
biochemical methods)
High precision in quantification, Expensive reagents and equipment
dynamic range
Eliminates post-PCR processing
of PCR produf ts, reducing
possihle contamination
High level of resolution
Time-consuming
(species to sub-species) in
conjunction witb sequencing
Some skill required to pour gels
Sequence recovery is
Specialized software required to
straigbtforward as bands are
compare gels
physically ctii from gel
Higbly reproducible
Lower resolution (genus level)
Optimization of conditions and
standardization of data is necessary
Can be automated
Coarse level of phylogenetic
information
Optimization of conditions and
standardization of data is necessary

If used in conjunction with labeled substrate

organism or functional group abundance, and/or physiological activity. Abbreviations are defined as
follows: qPCR, quantitative PCR; DGGE, denaturing gradient gel electrophoresis; ITS, intergenic
transcribed spacer analysis; TRFLP, terminal restriction fragment length polymorphism analysis; PLFA,
phospholipid fatty acid analysis; TSFAME, total soil fatty acid methyl ester analysis
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\

Neutral Glyco- Phospholipids lipids
lipids
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PLFAs only

Transesterify
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s*
Run on GC

Chromatogram fingerprint

Chromatogram fingerprint
Fi<;. 2.—Dii^rammatic example of soil extraction for PLFA and TSFAME analysis

(Fig. 2; see Drenovsky ei al., 2004 for a detailed comparison). In contrast to TSFAME, PLFA
extracts contain only cellular membrane lipids, which decompose rapidly in the
environment, and thus, more accurately represent the living microbial community (White
et ai, 1979; Pinkart et ai, 2001).
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PLFA provides information regarding microbial community composition, biomass and
diversity. Since microbial groups \-ary in celhilar membrane composition, changes in
extracted PLFA can indicate shifts in community stnacture (Vestal and Wliite. 1989).
Although some fatty acids are considered biomarkers for certain microbial groups {e.g.,
fungi: 18:2 w6,9c), many PLFAs are shared among organisms; thus, biomarkers must be
interpreted with caution and with consideration of sample environmental conditions
(Bossio and Scow, 1998). Although PLFA analysis can provide biomarker information
regarding organisms involved in the carbon cycle {e.g., methanotrophs, fungi), widely
accepted biomarkers for the N cycle have yet to be determined. Additionally, PLFA cannot
describe the archaeal community {e.g., methanogens), as these organi.sms have ether-linked,
not ester-linked, membrane lipids. Summing all fatty acid concentrations in an
environmental sample estimates total microbial biomass (less the archaeal biomass), and
the number of fatty acids detected in a sample provides a diversity proxy (e.g.. Ravit et al,
2003). Altbough there is not a one-to-one relationship between fatty acids detected and
number of microbial taxa present, large differences between samples may indicate
diflerences in microbial diversity, especially when entire groups of fatty acids are missing
or in low ahundance.
DENATURING GRADIENT GEL EIJICTROPHORESIS (DGGE} AND TERMINAL RESTRICmON FRAGMENT LENGTH
POI.WIORPHISM ANAI-VSIS (TRFLP)

Compared to lipid-based approaches, DNA- and RNA-based metliods provide high
resolution (i.e., species-specific) microbial community characterization. Here we focus on
two common DNA- and RNA-based fingerprinting methods, DGGE and TRFLP analysis. Both
methods exploit gene sequence variation within and between microbial species to assess
community composition and diversity. Both are PCR-based, requiring nucleic acid exüaction
from environmental samples and subsequent PCR amplification of target genes (Fig. 3)
(Muyzer et al, 1993; Clement et ai, 1998). Based on the PCR primers employed, DGGE and/
or TRFLP can assess entire hacterial, archaeal or eukaryotic communities (Feris et ai, 2003;
Feris et ai, 2004; Cookson el ai, 2007; Yergeau et al, 2007). target specific phylogenetic groups
(Perez;|imenez and Keikhof, 2005). detect individual species (Hristova et al. 2003) or identify
specific functional groups (Burgniann ei ai, 2005). Often, ribosomal DNA (rDNA) genes are
targeted because they contain both highly conserved and more variable regions useful in
species-level a.ssessments of community composition (Amann et ai. 1995).
Although there are many molecular tools available for characterizing microbial
communities, including microarrays, metagenomic and metaproteomic approacbes, we
have chosen to focus our review on DGGE and TRFLP. These methods require less
optimization and technical expertise and less expensive instrumentation, and yet they still
provide adequate resolution for characterizing microbial community responses to
environmental perturbations. Additionally, although clone libraiy creation for species-level
characterization of microbial communities is a well-accepted method and can provide a
great deal of information about community structure, this approach is difficult to apply to
multiple samples collected across large scales, as would be of interest to ecosystem
ecologists. Thus, we present approaches that can be used to characterize microbial
communities at larger spatial scales and provide information to guide subsequent high
resolution characterizations of specific samples, as deemed important by the initial higher
throughput screening/analytical tests we describe.
With DGiiE, PCR products are separated based on sequence content via polyacrylamide
gel eiectrophoresis (Muyzer et ai, 1998). The PGR products partially denature as they travel
through a gradient of chemical dénaturants incorporated in tbe gel matrix. Specifically, the
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DNA/RNA Based Methods

Extract
nucleic acids

Amplify gene
target via qPCR

Amplify gene
target via PCR

i

i

Analyze products via
TRFLP, DGGE, or
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gene/organism

i
Relate to
ecosystem
process
j-Phyiogfoup 3

TRFLP trace

Phy!ogroup2 * ;

„

SS
DGGE gel

r-> Phylogroup 1

Phylogenetic tree

ss
Number
of bacteria

FIG. 3.—Diagrammatic example of soil extiaction of DNA/RNA for nucleic acid-based community
analyses

separation of PCR fragments on a DGGE gel is dependent on the GC content of the DNA
fragment, such that PGR products with higher GC contents are more difficult to denature.
This difference i.s due to the three liydrogeii honds between a GC base pair relative to the
two hydrogen bonds between an AT base pair. Thus, PCR products with higher GC. contents
will migrate farther in a DGGE gel before denaturing atid slowing their migration rate.
Denaturation of the PGR products retards further movement, resulting in DNA "hand"
formation. By separating Pf'R product mixtures from environmental .samples, a community
fingerprint is created (Fig. 4). The number of DNA bands, their positions and in some case.s
their relative intensities can be compared by standard diversity analyses. When more specific
information is required, bands can be cut from the gel, sequenced and compared to
sequences of cultured organisms or other environmental sample.s in databases such as
Ribosomal Database Project II (RDPII) {http://tdp.cme.msu.edu/) or NCBI Blast (http://
www. ncbi .nlm. n ih .gov/ BLAST/ )
TRFLP rapidly is becoming the commtniity analytical method of choice due to its high
resolution, reproducibility and throughput. In TRFLP, one or hoth PCR primers contain a
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5'-tenninaI fluorescent tag that becomes incorporated into the PCR product. Amplification
ot community DNA produces PCR products with varying sequence content. Digestion (i.e.,
cutting) of such PCR products with sequence-speciflc resuicdon enzymes forms a mixture of
terminal restriction fragments (TRFs); their sizes and amounts then are detenniued using
an automated DNA sequencer (Clement et al, 1998). Similar to DGGE band patterns, the
resulting TRE pattern can be used to characterize communities and identify the presence of
unique microhial species/groups. However, to obtain precise species-specific identification
requires matching TREs of interest with TRFs in a clone lihrary of known DNA sequences.
Commonly, each DGGE hand or TRE is thought to represent a single sequence type and,
thus, an individual "species". However, a single DGGE hand or TRE can contain multiple
sequences, leading to conservative estimates of species richness (Klappenbach et ai, 2000).
Also, PCR aitifacts can affect hand and TRE peak intensity; thus, intensity does not
neces.saHly imply species ahundance and must be used with caution in comparative analyses.
In contrast to DNA-hased approaches, which characterize community composition, RNAhased measures indicate microhial activity (Burgniann et al, 2005; Holmes et ai, 2005).
Actively growing and dividing cells maintain higher intracellular iRNA concentrations; thus,
rRNA presence indicates cellular activity (Wagner, 1994). By comparing rRNA and rDNA
patterns via DGGE or TRELP, metaholically active and inactive community members can he
detected (Duineveld et ai, 2001; Nords el ai, 2002). However, RNA is degraded rapidly hy
native RNAses present in most environments. Thus, precautions must he taken during
sample collection, transportation and processing to prevent RNA degradation for accurate
in situ assessment of microbial activity.
REAL-TIME PCR QUANTIFICATiON OF SPEaFIC MICROBIAL GROUPS

One drawhack of traditional molecular methods is that they provide qualitative, but not
quantitative, information. Development of quantitative techniques such as fluorescent in
situ hybridization (FISH), competitive reverse-transcriptase (RT)-PCR and real-lime PCR
has improved our ability to garner quantitative information ahout microhial populations in
situ. Here we focus on real-time PCR, which rapidly is hecoming the most commonly used
quantitative molecular method in microhial ecology.
Real-time quantitative PCR (qPCR) has been used to quantify ahundance of specific
microhial groups and/or species in environmental samples hy enumerating 16S rDNA or
functional gene copy numbers {Suzuki et ai, 2000; Hristova et al, 2003; Okano et ai, 2004).
This technique is based on either 5'-nuclease chemistry {e.g., TaqMan assay; Holland et ai,
1991) or incorporadon of a DNA-binding fluorescent dye (e.g., SYBRGreenI; Eeris et ai,
2003; Cavagnaro et ai, 2007). Bolh approaches can provide precise quantitative measures of
a specific DNA or RNA sequence {e.g., species, functional group or phylogenetic group) in
an environmental sample and, depending on the standard used, absolute microhial cell
densities or relative densities can he determined. Some advantages of real-time qPCR
Include sensitivity, a broad linear quantification range, amplification and detection
boniogeneity and potential for high throughput.
COSTS ASSOCIATED WriH COMMUNIIT PROFILING TECHNIQUES

One pragmatic concern regarding these techniques is the associated cost. Instrumentation costs can be substantial. Eor example, a new gas chronuilograph and autosampler for
analyzing PLFA samples can be well over $50,000, and a capillary system for TRELP an
analysis can cost over $100,000. In addition to instrumentation costs, the cost of reagents
aud supplies, as well as lahor costs can quickly accumulate. Those new to the field will
benefit from collaborating with researchers who routinely do these analyses and, thus.
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currently have the appropriate analytical instrumentation and reagents. Additionally, this
type of interaction should foster cross-discipline interactions between microbiologists and
ecosystem ecologists.
()lREcn.Y LINKING .STRUtmjRE TO FtlNCTION IN MICROBIAL COMMUNITIES

Traditionally, links between microbial community structure and function have been
limited to correlative approaches. Whereas these techniques provide some insight into
structure-function relationships, they offer no direct evidence linking particular microbial
community member(s) to specific processes. In this section, we describe how stable isotope
piobing (SIP) techniques can be used to directly link microbial community structure to a
specific function.
SIP applies labeled substrates {e.g., ''^C methane) to environmental samples and monitors
their incorporation into phylogenetically significant bio-molecules {PLFAs, DNA and RNA)
(Radajewski. 2003; Osaka et ai, 2006; Cébron et ai, 2007; Neufeld et al, 2007). If the
substrate is consumed and assimilated, the label is incorporated into new microbial biomass.
which can be extracted and its fingerprint analyzed. Thus, it is possible to directly link a
measurable function {e.g., methane oxidation, carbon consumption/oxidation) with
specific microorganisms in an environment. These techniques, in some cases, are most
applicable to questions regarding incorporation of carbon-based compounds into microbial
biomass, as some nitrogen cycle transformations (e.g, nitrification and denitrification) do
not incorporate N into microbial biomass. However, SIP techniques for identifying
organisms involved in other aspects of tbe N cycle (e.g., nitrogen fixation and other Nassimilation pathways) have been developed {Buckley et al, 2007a, b).
PLFA-SIP relies on gas chromatography-combustion-isotope ratio mass spectrometry {GCc-IRMS) to study isotopic composition of individual PLFA. Although PLFA-SIP is extremely
sensitive and provides quantitative information about soil microbial communities, specieslevel identification is not possible, unlike DNA-based SIP, which can resolve structurefunction relationships at genus and species levels. DNA-SIP relies on separation of heavy
(labeled) and light (unlabeled) DNA by density gradient centrifugaron (Radajewski, 2003;
Ccbron et ai, 2007). However, clear separation of labeled and unlabeled DNA depends on
substrate isotopic enrichment, limiting this method to compounds highly enriched with a
rare stable isotope {^H, '•'*C, or '^N). DNA-SIP mainly has been demonstrated using single
carbon compounds (e.g., methane or CO;.); however, examples using more complicated '"^C
labeled substrates exist (Jeon et ai, 2003; Park et ai, 2006).
Although DNA-SIP provides an enhanced level of resolution relative to PLFA-SIP, a
number of factors may influence '^C enrichment in DNA. These include: whether the
assimilated substrate is used by a few or many community members, wbether the operative
anabolic pathway prevents incorporation in an unevenly labeled substrate and how long the
C substrate pulse duration is relative to how rapidly the labeled carbon is turned over,
converted, and made available to secondary consumers. Tbus, incubation times often must
he empirically determined to maximize label incorporation wbile minimizing the likelihood
of secondary consumption. Other considerations include relative abundance of naturally

FIG. 4.—Diagrammatic example of DGGE gel showing banding patterns for three soil samples
containing unique microbial communities. Banding patterns can be compared between samples to
determine similarity and diversity. Additionally, by sequencing and cloning specific bands, the identity
of microorganisms present in tlie sample can be determined
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TABLE 2.—Major questions used to probe ecosystem function and microbial community structure of
our case study wetlands and examples of lecbniques tbat could be used to address them
Question
Does the effluent change overall community composition?
Is the efíluent reducing or increasing diversity/number of
methanogens/methanotroph.s,
nitdfiers/denitrifiers?
Do ga.s fltixes (NaO. CH4) change with effluent addition?
How does effluent loading influence the N cycle?
Which organisms ;u e metabolixing the effluent pollution?
Which microbial groups are metabolizing the effluent
pollution?
What is the population size of organisms that are actively
metabolizing the etiliient pollution?

Me(hod(s)
PLFA, DGCE, TRFLP
DGGE, TRFLP, qPCR
Gas chromatography (GC). siable
isotopes
' ^ pool dilution, enzyme assays
DGCiE or TRFLP in combination with SIP
PLFA, DGGE or TRFLP in combination
with SIP
qPCR in combination with SIP

occurring tinlabeled substrate, and the active microbial population's DNA synthesis rate
{Lueders el ai, 2004).
RNA-based SIP avoids some of tliese complications. In active cells RNA synthesis rates are
high, and labeling can occtir without DNA synthesis or organi.sm replication (i.e., the
organism can be metabolically active btit not growing/dividing). Therefore, labeled RNA
may be detected more quickly than labeled DNA and, thus, may be more appropriate for
environmental sttidies, if RNA can be extracted reliably from the environment in question
(Lueders et ai, 2004; Schwane et ai, 2007).
CASE STUDY: APPLYING MICROBIAL TECHNIQUES T O ASSESS WETLAND SYSTEMS

Methane production and denitrification are two ecosystem functions affected by the
specific types and activities of microorganisms present (Sylvia et al. 2005). Here, we use
approaches presented above to measure how pollutant loading could impact these
functions. We compare two hypothetical wetlands, 20 km apart, with similar geology and
hydrology but different pollutant loadings. The first is relatively pristine, with limited inputs
from urban and industrial settings. The second is impacted heavily by anthropogenic
activity, annually receiving significant sewage effluent rich in labile C and N. With these
inputs, methane emissions and denitrification rates are five and ten times higher in the
polluted wedand, respectively. In our study, we want to: (1) understand how the effiuent is
changing microbial community composition, (2) determine if community changes correlate
with alterations in methane effltix and denitrification rates and (3) link observed functional
changes to specific organisms or functional groups (Table 2).
Using both lipid and DNA-based approacbes, we can examine commtinity changes In
response to sewage input at two levels of resolution while simultaneously taking advantage of
these approaches' strengths. Since PLFA is relatively rapid and standardized, we can sample
intensively, quickly gaining quantitative, landscape-level information about microbial
groups associated with particular site characteristics. From our mock PLFA chromatograms,
it is apparent that the pristine site has lower total PLFA number (a proxy for diversity) and
lower total PLFA concentjation (i.e., total microbial biomass) (Fig. 5). Analyzing our data
using correspondence analysis (CA), we can see that the soil samples from the two sites
group separately from one another, indicating that they differ in fatty acid composition
(Fig. 6). In New Jersey salt marshes, PLFA revealed significandy fewer fatty acids in
physically disturbed and chemically polluted soils compared to tmdisturbed, relatively
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Sampte from Site 1:
44 PLFAs
Higher total PLFA

Sample from Site 2:
10 PLFAs
Lower total PLFA

Fin. 5.—Mock PLFA chromatograms for soil samples from tbe two case study sites (Site 1. pristine site;
Site 2, impacted site). From these chroinatograms. we can observe large differences in total number of
PLFA present (a proxy for diversity) and toul FLFA concenti-ation {i.e.. total microbial biomass). Note
tbe difference in scale for the y-axis (i.e., the peaks from site 2 are smaller, indicating less biomass)

Site1
00

Site 2

CNJ

(0

Axis1 (61.1%)
Fif;. 6.—Correspondence analysis (CA) plot of PLFA data from the two sampling sites. From the plot,
we can see tbat tbe two samples from tbe two sites group separately, indicating that they have different
microbial communities
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pristine soils, suggesting chemical and physical disturbance may decrease tnicrobial diversity
(Ravit et al., 2003). Likewise, in floodplain soils from Germany, differences in lipid profiles
between sites suggested that permanent flooding, compared to intermittent flooding,
prevented establishment of fungi (Rinklebe and Langer, 2006).
Using DGGE or TRFLP, we can focus on variation in broad ftmctional groups {e.g.,
metbanotrophs, denitrifiers) and target specific organisms {e.g., Methylocyslis or Paracoccus
denitñficans). This greater taxonomic resolution complements the quantitative biomass and
functional grotip information gained by our PLFA analyses. For instance, in a microcosm
study of rice field soil, DGGE and TRFLP were used to assess how changes in protistan
bacteriovore abundance changed bacterial diversity and composition over time (Murase et
ai, 2006). After applying our fingerprinting methods, we can augment our studies by using
qPGR to determine whether sewage additions are altering population densities of specific
microbial grotips. For example, qPCR was used to detect increased ammonia oxidizing
bacteria (AOB) population densities in marine sediments with high anthropogenic N inputs
from wastewater plants and otber urban systems in Tokyo Bay, Japan (Urakawa et ai, 2006).
In this sttidy, qPGR was able to detect cell numbers near the limit of other methods [e.g., in
situ hybridization and slot blot hybridization), indicating its detection sensitivity.
Additionally, cell numbers determined by qPGR and immunofiuorescence staining were
well-correlated, suggesting tbat although DNA may be lost during purification and
amplification, the results from this assay are still quite robust.
Our second objective is lo link greenhouse gas production to changes in community
composition. Using gas cbromatograpby and stable isotope techniques, we could monitor
wetland metbane emission and denitrification rates. Ultimately, we want to understand
direct relationships between community composition and ecosystem function; therefore, a
first step would be to test whether community composition differences correlate with
measured process rates {e.g., denitrification rates and methane fluxes). Understanding how
fluxe.s of greenhouse gases change with conditions can give us important information
linking community structure to community function. Using canonical correspondence
analysis (GCA), we could determine how microbial community composition (as assessed by
PLFA, DGGE, or TRFLP) is related to these measured abiotic variables (Fig. 7). From the
GGA biplot we can see tbat samples from the two sites group separately, indicating that they
have different microbial communities. Additionally, samples from tbe impacted site are
associated with higher methane efflux, N2O efflux and soil nitrate concentrations, as the
vectors for these environmental variables are increasing in the direction of the samples from
the impacted site. In a study of California salt marsh sediments, it was determined that heavy
metal concentrations were stronger drivers of microbial community composition tban
organic pollutants using partial canonical correspondence analysis (pGGA) {i.e., effects of
spatial variables were removed) (Cordova-Kreylos et ai, 2006).
Once a Unk between composition and process rates is established, we can explore wbich
.specific community members are involved in observed changes in ecosystem function. To
target organisms responsible for elevated methane fltixes in the contaminated wetland, a
'^C labeled low molecular weight substrate {e.g., acetate) could be added to wedand
sediments in situ or in microcosms. After short incubation times, '''G levels in GO2 and GH4
pools could be monitored and metbane production and consumption rates calculated via
pool-dilution by GG/MS. Following DNA or RNA extraction and ' \ : DNA/RNA fraction
isolation, DGGE or TRFLP could be used to identify organisms that have incorporated the
'^C label. By simultaneously measuring methane efflux, characterizing GH4 ^^C enrichment
and tracking C flow into microbial biomass we can direcdy link microbial community
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FtG. 7.—Canonical correspondence analysis (CVA) biplot ol PLFA and environmental data from the
two sampling .sites. From the biplot. we can see tbat ihe microbiiii communities from the impacted site
are associated with higher methane eftlux, NgO efflux and soil niu-ate concentrations

stniclure to an observed ecosystem function. Using a similar approach, Padmanabhan et al.
(2003) characterized the soil microbial cominunities involved in phenol and naphthalene
biodégradation via GC/MS atid SIP.
C^ombining GC/MS and SIP. we could track how anthropogenic disturbance alters carhon
flow and conversion through wetland food wehs. Lueders et ai (2004) combined RNA and
DNA-based SIP with real-time PCR, TRFLP and comparative sequence analysis to trace
carhon flow from methylotrophs into secondary eukaryotic consutners in rice field soil. By
obsetving enrichment of specific methylotrophic nucleic acids over time, they identified
methylotrophs actively consuming the applied '''C-methanol and then tracked '^C
enrichment in various RNA sequences from eukar>olic organisms unahle to consume
methanol directly. Thus, SIP provided information about both the primary methanot
oxidizers and their possible interactions with fungi and predators in a complex food web.
CONCLUSIONS

Recent advances in microbial ecology make it possible to ask more specific questions
about how microbial community composition is linked to ecosystem function. Hovk-ever,
with the diversity of new methods, choosing the best method to answer a particular question
can he difficult. Considering the following que.stions may help guide this decision and
develop experimental design: (1) Is the study targeting specific organisms or broad,
functional group changes in microbial community composition? If the study is aimed at
detecting landscape-level patterns, methods such as PLFA, which highlight changes in broad
microbial groups, may he most appropriate. However, if the goal is to detect specific
microorganisms, methods such as DGGE may be more appropriate. (2) What are the
methodological limitations? Recognizing a technique's positive and negative aspects can
guide interpretation and application of microhial data (Table 1). (3) At what scale is the
question being asked, and how will soil heterogeneity affect the outcome? If the research
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questions focus on the role of soil microorganisms on a landscape/ecosystem scale, the
sampling strategy employed must encompass the sampled system's heterogeneity as
perceived on a microhial scale. As with other soil measurements, compositing sub-samples
can help represent this heterogeneity. (4) How will .seasonal lluctuations in precipitation,
temperature, and day length influence the focal microorganisms? Sea.sonal changes can
affect bolh microbial community structure and function and, thus, should be taken into
consideration when developing sampling protocols.
Advancements in microbial ecology provide new avenues for exploring linkages between
environmental processes and microbial communities, allouing both ecosystem and microbial
ecologists to answer questions that previously were intractable. Demystifying recent
methodological developments in microbiology should spark new avenues of investigation
and stimulate collaboration between microbial and ecosystem ecologists, two groups now
recognized to share common goals and offer complementary perspectives in ecosystem studies.
Acknoviledgments.—We thank C. Sheil for illustration of Figure 1. Financial support was provided by
the NSF Microbial Observatories (NSF-MO MCB-Ü13721O), NIEHS Molecular StnicUire/Function of
Organisms Degrading Contaminants (1R21ES012812-01), NIEHS Superfund Basic Research Program
(5 P42 FS04699-16).
LITERATURE CITED

AMANN. R., W . LLÍDWIG .\NI» K SCHIJ^EFER. 1995. Phylogenetic identification and in situ detection of
individual microbiai cells without cultivation. Mirrohioi fini.. 59:143-169.
BECKER, J., T. P.\itKiN, C. NAKATSLI, J. WILBUR AND A. KONOPKA. 200(i. Baclerial activity, community structure,
and centimeter-scale spatial heterogeneity in contaminated soil. Microb. Erol., 51:220-231.
Bossio, D. A. ANO K. M. .Sf:ow. 1998. Impacts of carbon and flooding on soil microhial communities:
phosphotipids fatty acid profiles and substrate utilisation patterns. Microh. Ecot.. 35:20.5-278.
BUCKLEY, D . H . , V. HuANGVtrrrrHAM, S. F. HSD AND T . A. NELSON. 2007a. Stable isotope probing with '"N
achieved by disentangling the effects of genome G + C contení and isotope enrichment on
DNA density. Appi Environ. MicmUoi. 73:.S189-3195.
,
,
AND
. 2007b. Stable isotope probing witli N-li>(2) reveals novel noncultivated diazotrophs in soil. Appl. Envirvn. Microbiol., 73:3196-3204.
BuRiiMANN, H,, S. MFIFR, M . BiiNC.E, F. WiDMtR .\ND J. ZF.W.R. 200."}. F.Oects t)f mode! root exudates on
structure and activity of a soil diazoiroph community. Environ. Mirrohioi.. 7:1711-1724.
CAVA(;NARO, T . , L. E . |AÍ.KSON. K. M . St;ow ANH K. R. HRISTOVA, 2007. EftecLs of arbuscular mycorrhizas on
ammonia oxidizing bacteria in an organic fann soil. Microb. EcoL, 54:618-626.
CÈBRON, A., L. BoDRossY, N. STRALIS-PAVESE, A . C . SINC;ER, I. P. THOMPSON, J. I. PROSSER AND J. C. MURRELL.

2007. Nutrient amendments in soil DNA stable isotope probing experiments reduce the
obsen'ed methanotroph diversity. Appt. Environ. Microlnoi. 73:798-807.
CLFMF-NT, B . G-, L . E . KJ.HI., K. L. DKBORD /\ND G. L . Kirrs. 1998. Tenninal restriction fragment patterns
(TRFPs), a rapid, PCR-based method for the comparison of complex bacterial communities./
Microbiol. Meth., 31:135-142.
GoHAN, F. M. 2002. What are bacterial species? Annu. Rev. Microbioi, 56:457-487.
COOKSON, W . R., M , OSMAN, P. MARSI:HNER, D . A. AÜ-A«;, I. CLARK, D . V. MURPHY, F.. A. STDCKHAI.F AND C . A.

WATSON. 2007. Controls on soil nitrogen cycling and microbial community composition across
land use and incubation temperature. Soil Biol. Bioc/iem., 39:744-756.
CoRDOv.vKRE\tos, A. L., Y. P. CAO, P. G. GREEN, H . M . HWANÍ;, K. M . KUIVIIA, M . G . LAMONTAGNE, L . C . VAN

DF, WFRniORST, P. A. HOLDFN AND K. M . SCOW. 2006. Diversity, composition, and geographical
distribution of microbial communities in California salt marsh sediments. Appl. Environ.
Microbiol., 72:3.1.^7-3366.
DEJOI]RNETT, T . D . , W . A . ARNOLD AND T . M I^XPAR.^, 2007. The characterization and quantification o)

methanotrophic bacterial populations in constructed wetland sedimeiiu using PGR targeting
16S rRNA gene fragments. Appi SiritEcoL, 35:648-659.

2008

DRENOVSKY ET AL.: M]CROBioLOGtci\i. T O O I ^ F O R ECOLOGISTS

157

R. D.. C. W, LíNiíAL, E. SuLAEMAN AND A. JyGSU|lNt)A. 1998. Nitrification and denitritication
estimates in a Louisiana swamp forest soil as assessed by '">) isotope dilution and direcl gaseous
meastirements. Water Mr .Soil Poll.. 106:149-161.
DRFNOVSKV, R. E., G. N . ELUorr, K.J. GR.\HAM .\NI) K. M. SCOW. 2004. Comparison of phospholipid fatty
acid (PLFA) and total soil fatty acid methyl esters (TSFAME) for characterizing soil microbial
communities. Soil. BioL Biochem., 36:1793-1800.
DUINEVELD, B . M . , G . A. KowALcHtJK, A. KFIIZER, J. D. VAN E U S « AN» ]. A. V.\N VFF-N. 2001. Analysi.s of

bacterial communities in the rhizosphere of Chrysanthemum via denaturing gradient gel
electrophore.si.s of PCR-amplified 16S rRNA as well as DNA fragments coding for 16S rRNA.
Appl. Envirim. MinvhioL, 67:172-178.
FKRIS, K. P., P. W. RVMSKV, C. F. Fit-vzAR. M. C. Riii.ii,, J. E. GANNON AND W. E. HOLBFN. 2003. Structure and

seasonal dynamics oí" h^porheic zone microbial communities in free-sione rivers of the western
United States. Microb. Ecol., 46:200-215.
, K. R. HRISTOVA, B. GEBREVT5US. D . MACCW AND K. M. SCOW. 2004. A shallow BTEX and MTBK

contaminated aquifer supports a diverse microhial community. Micro/). EcoL, 48:.5H9-ti00.
HARDY, R. W . F., R. D. HOIXIEN. E . K. JACKSON AND C . BURNS. 1968. The acetylene-ethylene assay for Ny

fixation: laboratory and field evaluation. PInnt I'hysioL. 43:118.T-1207.
HotLANLj, P. M.. R. D. ABR.\MS(>N. R. WATSON AND D. H . G^t^F.^ND. 199L Detection of specific polymera.se
chain reaction product by utilizing the 5 ' - 3 ' exonuclea.se activity' of Tliennus aquatints DNA
polymerase. P. Nail. Acad. Sd. USA, 88:7276-7280.
H01.ME.S. D. E.. K. P. NKVIN, R. A. O'NEIL, J . E . WAR», L . A. ADAMS, T . L . WOODARD. H . A. VRIONIS AND D . R.

LovLEV. 2005. Potential for quantifying expression of the Geobacteraceae citrate synthase gene
to assess the activity of C^obacieraceae in the subsurface and on current-harvesting electrodes.
Appl. Environ. MicrobioL, 71:6870-6877.
HRISTOVA, K.. B. GKBREYt^sus, D. MACKAY.\ND K. M. Sr:ow. 2003. Naturally occurring bacteria similar to the
methyl tert-butyi ether (MTBE)-degrading strain PMl are present in MTBE-conlaminated
groundwaier. Appl. Environ. MicrobioL, 69:2fil 6-2623.
JACKSON, L. E . , J . P. St:[iiMKi. AND M. K. FIRKSTONE. 1989. Short-term partitioning of ammonium and nitrate
between plants and microbes in an annual gra.ssland. SmL Biol Biodievi.. 21:40i^415.
JACKSON, C . R., C. M . FOREMAN AND R. L. SINSARALUÍH. 1995. Microbial enzyme activities as indicators of
organic matter processing rates in a Lake Erie coastal wetland. Freshwater Biol.. 34:.329-342.
JKNKINSON, D. S. AND D. S. POUIÍ;ON. 1976. The effeci of biocidal treatments on metabolism in soil. V. A.
method for measuring soil biomass. SoiL Biol. Biochem.. 8:209-213.
JFON, C . O . , W . PARK, P. P,U>M.\NABHAN, C . DtRrro, J. R. SNAI'E AND E . L . MAIWEN. 2003. Discovery of a

bacterium, with distinctive dioxygenase, that is responsible for in situ biodégradation in
contaminated sediment. P. NatL Acad. Set. U.SA, 100:13591-13596.
JoiUNSEN, J. R. AND D. A. CASAMATTA. 2005. Recognising cyanobacterial diversity through adoption of a
new species paradigm. AlgvL Stud.. 117:71-93.
K\N, J.. M. T. Sii7A'Ki, K. W'\N(i, S. E. EVANS AND F. CHUN. 2007. High temporal but low spatial heterogeneity
of bacterioplankton in the Chesapeake Bay. ApfiL Environ. MinobioL, 73:6776-6789.
Kij\PfEN!W(:H, J. A., J. M. Di'NBAR .VND T. M. ScHMiDi- 2000. rRNA operon copy number reflects ecological
strategies of bacteria. Appl. Environ. Mitrchwl.. 66:1328-1333.
LUNA, G . M., A. DELL'ANNO AN» R. DANOVARO. 2006. DNA extraction procedure: a critical issue for
bacterial diversity assessment in marine sediments. Enmron. MicmMol, 8:308-320.
LuEDPRS, T., M. MANEFIEU) .AND M. W . FRIEDRICH. 2004. Enhanced sensiiivity of DNA- and rRNA-based
stable isotope probing by fractionation and quantitauve analysis of isopycnic ct-ntrifugation
gradients. Environ. Miaob., 6:73-78.
MARTIN-1^LTÍF.\T. F., L. PHIUPPOT, S. HALLET, R. CHAIISSOD, J. C. GERMON, G. SÎJUIAS ANO G. CI-UROUX. 20O1.

DNA extraction from soils: old bias for new microbial diversity analysis methods. Appl. Environ.
Mitrolrioi, 67:2354-2359.
MILLER, D . N . , J. E. BRYANT, E . L . MAUSEN AND W . C . GHIORSE. 1999. Evaluation and optimization of DNA

extiaction and purification procedures for soil and sediment samples. AppL Envir. MicrobioL,
65:47L5-4724.

158

T H E AMEIUCAN MtDiAND NATURAUST

160(1)

MitKASt.,J., M. Nt)u. .\ND p. FRENZEL. 2006. Impact of protists on the activity and structure of the bacterial
community in a rice field soil. Appl. Environ. Microbio/,, 72:543(1-5444.
MLÍYZER, G., S. HoTTF.NTRAtiKR, A. Tt:sKE ANÜ C. WAWtR. 1993. Denaturing gradient gel electrophoresis of
PCR-aniplified 16S rDNA—a new molecular approach to analyze tlie genetic diversity of mixed
microbial communities, p. 1-23. In: A. D. L. Akkermans, J. D. Van Elsas and F. J. De Bruijn
(eds.). Molecular microbial ecology manual. Kluwer Academic, Dordrecht, The Netherlands.
, E. C. DEWAAI, ANO A. G. UmTRi-iNUKN. 1998. Profiling of complex microbial populations by
denaturing gradient gel electrophoresis analysis of polynierase chain reaction-amplified genes
coding for 16S rRNA AppL Environ. MicrohioL 59:695-700.
NEUFELD, J. D., M. G. DtJMoNi, J. VOHRA ANDJ. C . MLIRRILL. 2007. Methodological considerations for the

use of stable isotope probing in microbial ecology. Microb. F.coL, 53:435—442.
NoRRis, T. B., J. M. WR-MTH, R- W . CAsreNHot.z AND T . R. MCDERMOTT. 2002. Soil microbial community
structure across a thermal gradient following a geothermal heating event. Appl. Environ.
MirrolnoL. 68:6300-6309.
OKANO. Y , K. R. HRISTOVA. C . LEtiTENEC.GER, L. E. JACKSON, R. F. DENISON, B. GEBREVESUS, D . LEBAUER AND

K. M. Scow. 2004. Application of real-time PCR to study effects of ammonium on population
si/e of ammonia-oxidizing bacteria in soil. Appl. Environ. Microbiol., 70:1008-1016.
OSAKA, T., S. YOSHIE, S. TSUNEDA, A. HIRATA, N . IWAMI AND Y. INAMORJ. 2006. Identification of acetate- or

methanol-assimilating bacteria under nitrate-reducing condition.s by stable-isotope probing.
Mirroh. Eroi, 52:253-266.
PARK, f., S. CONGF.EVARAM, D . W. KI ANDJ. M. Tur»|F,. 2006. Use of stable isotope probing in selectively
isolating target microbial community genomes from environmental samples for enhancing
resoUiüon in ecotoxicological tissessment. Mot Cell. ToxiroL, 2:11-14.
P.'UIMANABHA.N, P., S. PADMAN.^IIAN, C. DERITO, A. GR/\Y, D . GANNON.J. R. SNAPE, C . S. TSAI, W . PARK, C . JI:ON

AND E. L. MADSEN. 2003. Respiration of ' C-Iabeled substrates added to soil in the field and
subsequent 16S rRNA gene analysis of '^C-laheled soil DNA. Appl. Environ. MicrohioL,
69:1614-1622.
PF.RKZ-J[MENEZ, J. R. AND I.. J. KERKIIOF. 2005. Phylogeography of stilfate-reducing bacteria among
disturbed sediments disclosed by analysis of the dissimilatory sulfite reductase genes (dsrAB).
Appl Envinm. Mtcrofnol., 71:1004-1011.
PiNKART, H. C , D. B. RiNc.ELBERG, Y. M. PiCENO, S. J. MAOIAUCHTON ANt) D. C. WuETV!. 2001. Biochemical
approaches to biomass measurements and community structure analysis, p. 101-113. In: C. J.
Hurst, R. L. Crawford, G. R. Knudsen, M. J. Mclnemey and L. D. Stetzenbach (eds.). Manual of
environmental microbiology, 2"'' edition. American Society for Microbiology Press, Washington D.C.
R\iiAjEWSKi, S., 1. R. MCDONALD AND J. C. MuRREtJ.. 2003. Stable-isotope probing of nucleic acids: a window
to the ftinction of uncultured microorganisms. Curr. Opin. Biotech.. 14:296-302.
RANJ.ARD, 1.., D. P. H. LFJON, (.. MoniiEi.. L. ScHtHRtR, D. MERIJINOGLI' AND R. CHAi!,s.sun. 2003. Sampling
strategy in molecular microbial ecology: influonce of soil sample size on DNA fingerprinting
analysis of fungal and bacterial communities, linwrvn. MiaobioL, 5:1111-1120.
RAvrr, B.,J. G. EHRENFELD AND M. M. HAGGBLOM. 2003. Acompatison of sediment microbial communities
associated with Pkragmites austraUs and Spartina altemißora in two brackish wedands of New
Jersey. Estuarim, 26:465-474.
RiNKLEBE, J. AND V. LANGER. 2006. Microbial diversity in three floodplain soils at the Elbe River
(Germany). Soil. liioi Hiwhem.. 38:2144-2151.
RosEt.Lt>-MoRA, R. .ANt) R. AMANN. 2001. The species concept for prokaryotes. EEMS Microbiol. Rev.,
25:39-67.
RucKAUF, U., J. AUGUSTIN, R. Rtjssow AND W. MERBACH. 2004. Nitrate removal from drained and reflooded
fen soils affected by soil N transformation processes and plant uptake. Sail, BioL Biockem.,
36:77-90.
S(:nw/\Rz. J. I. K., T. LUEDKR-S, W. ECKERT .AND R. GÜNR/\I>. 2007. Identification of acetate-utilizing Bacteria
and Archaea in methanogenic profundal sédiments of Lake Kinnerct (Israel) by stable isotope
probing of rRNA. Environ. Microbiol., 9:223-237.

2008

DRENOVSKY ET AL.: MicROB!ot.OGicAi, T O O L S FOR ECOLOCISTS

159

SINSABAUGH, R. L., R. K. ANTIBLIS, A. E. LINKINS, C . A. MCCLAUGHERTY, L . RAYBURN, D . RKPERT AND T . WEILAND.

1993. Wood decomposition: nitrogen and phosphorus dynamics in relation to extracelhilai"
enzyme activity. Ecology, 74:L586-I593.
SYI VIA, D. M., |. j . EuuRMANN, P. G. RARTEI. AND D. A. ZL'BERKR. 2005. Principles and Applications of Soil
Microbiology, 2nd ed. Pearson Prentice Hall, Upper Saddle River, New Jersey.
SuzLiRi, M. T., L. T. TAYLOR AND E. F DELONG. 2000. Quantitative analysis of small-subunit rRNA genes in
mixed microbial populations via ."i'-nuclease assays. AppL Environ. MicrobioL. 66:4605-4614.
UR.\K.\WA. H . . S. KURATA, T . FUJIWARA, D . KUROIWA, H . MAKE. S. KAWABATA, T . HIWATARI, H . ANDO, T . KAWAI. M .

W.vr.WABE .AND K. KoHATA. 2006. Characterization and quantification of ammonia-oxidizing
bacteria in eutrophic coastal marine sediments using polyphasic molecular approaches and
immunofiuorescence staining. Eniaron. MicrobioL, 8:787-803.
VtsTAL, J. R. AND D. (-.. WHITE. 1989. Lipid analysis in microbial ecology: quantitative approaches to the
study oí microbial communities. BioSdence. 39:535-541.
WAGNER, R. 1994. The regulation of ribosomal RNA synthesis and bacterial cell growth. Arch. MicmbioL.
161:100-109.
WEB.s-rr,R. N. S. AND D . BOURNE. 2007. Bacterial community structure associated with the Antarctic soft
coral, Alrytniium antarclicum. EEMS MicrobioL Ecol., 59:81-94.
WHITE. D . C , W . M . D.WS. J. S. Ni<;Kti.s, J. D. KING AND R. ). BIIBBIE. 1979. Determination of the

sedimentary microbiai biomass by exuactable lipid phosphate. Decolora. 40:51-62.
YER<-.F.\IS E . , S. BOKHOR.ST. A. H. L. HUI.SKF.S, H . T . S. BOSCHKER, R. AERTS ,\ND G . A. KOWALCHUK. 2007. Size

and structure of bacterial, fungal and nematode communities along an Antarctic environmental gradient. EEMS MicrobioL EcoL, 59:436-451.
ZHOU, J., B. Xu, H. HUANG, A. V. PALUMBO AND J. M. TIEOJE. 2004. Microbial diversity and heterogeneity in

sandy subsurface soils. AppL Envinm. MicrobioL. 70:1723-1734.
SuBMiTrt.D 6 JULY 2007

ACŒPTED 6 DEŒMBER 2007

