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Archaea, bacteria, microeukaryotes, and the viruses
that infect them (collectively “microorganisms”)

are foundational components of all ecosystems, inhabit-
ing almost every imaginable environment and comprising
the majority of the planet’s organismal and evolutionary
diversity. Microorganisms play integral roles in ecosystem
functioning; are important in the biogeochemical cycling
of carbon (C), nitrogen (N), sulfur (S), phosphorus (P),
and various metals (eg Barnard et al. 2005); and may be
vital to ecosystem responses to large-scale climatic
change (Mackelprang et al. 2011). Rarely found alone,
microorganisms often form complex communities that
are dynamic in space and time (Martiny et al. 2006). For
these and other reasons, ecologists and environmental

scientists have become increasingly interested in under-
standing microbial dynamics in ecosystems. Ecological
studies of microbes in the environment generally focus on
determining which organisms are present and what func-
tional roles they are playing or could play. Rapid advances
in molecular and bioinformatic approaches over the past
decade have dramatically reduced the difficulty and cost
of addressing such questions (Figure 1; WebTable 1). Yet
the range of methodologies currently in use and the rapid
pace of their ongoing development can be daunting for
researchers unaccustomed to these technologies.

The goals of this article, which originated in an orga-
nized session at an Ecological Society of America annual
meeting, are (1) to introduce non-specialists to a selec-
tion of the approaches currently used to study microbial
communities in the environment and (2) to provide
examples of their application through a series of case
studies. We include examples from diverse microbial
habitats – from the human mouth to geothermal springs
to soil. The scale of observation in these systems ranges
from millimeters to thousands of kilometers. We also
suggest possible contexts in which each technique can be
used and highlight a number of insights and potential
applications. 

n Culture-independent assessment of microbial
diversity

One of the first steps in many ecological research projects
is to assess which organisms are present in a given envi-
ronment and to determine their diversity and distribution
patterns. Biogeography – the study of the distribution of
organisms over space and time – is often a prerequisite to
documenting life histories, investigating the impact of
imposed treatments, or seeking a mechanistic under-
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standing of microbial roles in the envi-
ronment (Martiny et al. 2006). Tradi-
tional methods of studying microorgan-
isms generally relied upon removing a
sample from the environment and then
cultivating individual strains in the labo-
ratory. This dependence on cultivation
made it hard to assess highly diverse
microbial assemblages in situ. Further-
more, many microorganisms are resistant
to lab-culturing techniques (see Epstein
[2013] for a recent review). Despite this
obstacle, modern molecular techniques
have advanced the understanding of
microbial dynamics in natural habitats by
culture-independent characterizations of
nucleic acid biomarkers (DNA and
RNA) instead of direct assays of living
organisms. 

In some cases, particularly in commu-
nity diversity studies, it is necessary
to assay only particular genomic regions
(loci) of interest instead of all the
genetic material in a given sample. All
such studies require the use of a genetic
locus with a nucleotide sequence that
does not vary too much (ie is conserved)
across diverse taxa but varies enough to
allow differentiation among taxa.
Conservation is important because it
enables the use of a single set of primers
– short DNA sequences used to target
specific genetic regions – for in vitro
replication (amplification) of this locus
across broad taxonomic groups during
polymerase chain reaction (PCR). This
approach is known as “amplicon
sequencing” because the target is an
amplified fragment. The locus com-
monly used for studies of bacteria and
archaea (among others) is the gene
encoding a subunit of ribosomal RNA
(16S rRNA; Tringe and Hugenholtz
2008). While studies of eukaryotes typi-
cally also rely on sequencing rRNA
genes, they often use slightly different
loci. Many studies will use either the
rRNA gene encoding for the small sub-
unit, sometimes labeled 18S or SSU, or
the gene encoding the large subunit (LSU).  Still other
studies, and particularly those targeting fungi, will use the
non-coding Internal Transcribed Spacer (ITS) regions
between rRNA genes (Nilsson et al. 2009). The amplicon
sequencing approach can also be used to target specific
functional genes (eg amoA, a locus encoding ammonia
monooxygenase, an enzyme that catalyzes a necessary
step in the process of nitrification) to determine the

diversity of organisms capable of performing that func-
tion (Smith et al. 2009). As finer-level taxonomic bound-
aries between microorganisms are often unclear, studies of
this type commonly use the term “Operational
Taxonomic Units” (OTUs) as the unit of interest instead
of “species” derived from known cultivable organisms.
OTUs are groups of sequences that are classified together
based on their sequence similarity and can be attributed

Figure 1. Decision diagram for choosing a molecular approach for use in microbial
ecology studies.
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to species when reference strains are available. Many
studies of bacteria, archaea, and microeukaryotes group
sequences together as an OTU when they are 97% simi-
lar to each other at the 16S rRNA locus; however, it is
known that OTUs grouped together based on this level of
sequence similarity can contain multiple, ecologically
differentiable microorganisms (Koeppel et al. 2008). 

Sequencing through the Sanger method has been used to
identify nucleotide sequences for several decades (Sanger et
al. 1977) and can generate high-quality, long (750–1000
base pair [bp]) sequences. However, Sanger sequencing can-
not be performed on mixed assemblages of DNA without
first separating each unique DNA fragment. Therefore, to
use this method with amplicons from an environmental
sample, researchers must create a clone library. This is
accomplished by transforming individual host cells (gener-
ally Escherichia coli) with a single sequence variant and then
growing these cells in separate colonies, thereby isolating
and replicating each fragment of interest many times.
Although some of the steps in this procedure can be auto-
mated, creating and sequencing clone libraries is time-con-
suming and costly, particularly for diverse microbial com-
munities that may harbor millions of microorganisms.

Advances in sequencing technology over the past
decade have largely supplanted the methods described
above for many applications. While there are an increas-
ing number of different technologies used for next-genera-
tion sequencing (NGS), the two most common
approaches in contemporary environmental microbiology
studies are 454 pyrosequencing by Roche Inc (Taberlet et

al. 2012) and the sequencing by synthesis approach by
Illumina Inc (Caporaso et al. 2012). These methods allow
researchers to perform extremely high-throughput ampli-
con sequencing, resulting in large numbers of sequencing
reads for many samples simultaneously. It should be noted,
however, that usage of particular sequencing technologies
may shift rapidly. As of 2014, researchers still regularly use
454 sequencers. However, Roche announced in October
2013 that it would be terminating its 454 sequencing
operations by the end of 2015. Existing 454 sequencers
will continue to be supported until then, but approaches
such as sequencing by synthesis, used by the various
Illumina platforms, and single-molecule sequencing, as
used in the Pacific Biosciences or Oxford Nanopore sys-
tems, will likely be increasingly relied upon by microbial
ecologists in the near future.

In the context of NGS, amplicon sequencing is also
sometimes referred to as “barcode sequencing”, “barcod-
ing”, or “meta-barcoding”. The term “barcode” has been
used to describe two separate features of the amplicon
sequencing process: (1) the sample DNA locus targeted
for sequencing, due to its use in taxonomic classification
(eg Taberlet et al. 2012); and (2) the unique sequence of
nucleotides (also called a “tag”) incorporated into each
amplified DNA fragment in a sample via PCR, and used
to identify individual samples within a single “multi-
plexed” (multiple sample) run (eg Mackelprang et al.
2011). In this review, the terms “amplicon” and “tag” are
used for the former and latter examples, respectively. The
latter tags allow multiple samples, each containing many

Panel 1. Landscape distribution of fungal endophytes revealed through pyrosequencing

Foliar fungal endophytes – microfungi that inhabit the asymptomatic leaf tissue of plants – are ubiquitous in all plant species yet sur-
veyed and have been shown to exhibit many diverse ecological roles, including latent saprotrophy (Voriskova and Baldrian 2013), latent
pathogenicity (Rodriguez et al. 2009), and mutualism (Arnold et al. 2003). However, relatively little is known about the way that abiotic
factors influence the makeup of these communities across a landscape. One reason for this is that these communities can be hyperdi-
verse, particularly in the tropics (Arnold et al. 2000), and fully sampling them is expensive and time-consuming.  Tagged amplicon pyrose-
quencing alleviates both of these difficulties. Zimmerman and Vitousek (2012) used this approach to sequence the endophyte commu-
nities of 130 trees across an environmental matrix in Hawaii (Figure 2); this study design allowed them to decouple the effects of
elevation, rainfall, and substrate age on these communities. They found high diversity at the landscape scale (> 4000 fungal OTUs), pri-
marily driven by between-site differences, which were strongly correlated to both elevation and rainfall.

Figure 2. ‘O
–
hi’a lehua (Metrosideros polymorpha) on Mauna Loa volcano, Hawaii.
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different DNA fragments, to be sequenced together and
later separated via computer programs (ie through
bioinformatics). 

Relied upon for nearly two decades, genetic microarrays
are another technique used to assess the diversity of genetic
material in a given sample. Microarrays (often given pro-
prietary names such as GeoChips or PhyloChips) are pre-
fabricated microchips lined with short, known sequences
(“probes”) that provide information on the phylogenetic
relationships between organisms, the functional capacity
of those organisms (in the case of sequences encoding for
particular genes of interest), or both. When a sample is
applied, sequences in the sample that match the probes
hybridize with them (based on sequence complementarity)
and fluoresce in proportion to the number of matching
sequence fragments present. These different levels of fluo-
rescence can then be quantified, providing information on
gene diversity and abundance (Zhou et al. 2011b). One of
the more commonly used functional microarrays is the
GeoChip, which is so named because it primarily targets
genes with biogeochemical functions.

Examples of NGS used to characterize the makeup of
microbial communities in the environment include studies
describing the landscape distribution of fungal endophytes
in Hawaii (Panel 1; Zimmerman and Vitousek 2012) and
the microbiota residing on the human tooth (Panel 2;
Segata et al. 2012). An example of using microarrays for
assaying community composition comes from research

focusing on microbes involved in methane cycling in a
pine forest soil (Panel 3; Aronson et al. 2013).

n Identifying functional traits and assaying gene
expression

Upon gaining some understanding of the composition of a
microbial community, researchers often seek to assay the
possible ecological functions of its members. For example,
what is the connection between the diversity observed in
a microbial community and its functional capability, and
how do these microorganisms interact with the flux of
energy and nutrients in their ecosystems? The techniques
commonly used in the investigation of microbial commu-
nity functions include functional gene microarrays and
what has become known as “shotgun sequencing”, so-
called because the extracted nucleic acids are broken up
randomly into small fragments of up to several hundred
base pairs and subsequently sequenced. Here, as in a shot-
gun blast, targeting and precision are traded for breadth.
In comparison to the more targeted amplicon sequencing
approach, shotgun sequencing is used when researchers
are interested in a comprehensive, non-targeted sampling
of the DNA or RNA (genomics or transcriptomics,
respectively) from a given organism. This type of
approach can reveal the functional potential of microor-
ganisms and, since it is non-targeted, can be used to iden-
tify novel genes or pathways that encode these functions. 

Panel 2. Moving toward a greater scrutiny of the human microbiota through pyrosequencing

With an estimated 300 million bacterial cells on a single tooth
surface (Haffajee 2009), the greater number of sequences pro-
vided by tagged pyrosequencing (relative to clone libraries and
the Sanger approach) enhances our ability to investigate popula-
tion structure, shifts over time, and multiple habitats per subject.
Observing diversity through ecological indices is the first step,
but the challenge lies in explaining observed shifts in both abun-
dant and rare members of the microbiota. In other words, what
is the importance of specific OTUs with high variability per body
habitat among a population? Are any of them useful biomarkers?
Many approaches are influenced by the abundance of highly
prevalent organisms, while a combination of statistical tests
allow for the detection of both low and high abundance mark-
ers (Segata et al. 2011). The latest approach, using linear discrim-
inant analysis effect size (LEfSe) software, enables quantification
of the impact of different microbial markers along the human
tooth in areas affected by differing levels of oxygen exposure,
resulting in proportional differences of aerotolerants and anaer-
obes (Segata et al. 2012). The circular cladogram (Figure 3,
reprinted from Segata et al. 2012) is based on the Ribosomal
Database Project (RDP) Taxonomy (Cole et al. 2009) and shows
taxa differentially represented between the supragingival (above
the gum line; in red [SupP]) and the subgingival (below the gum
line; in green [SubP]) plaque. This demonstrates the extensive
preferential organization, even at these highly related sites.
At the class level, Actinobacteria, Bacilli, Gamma-proteo-
bacteria, Beta-proteobacteria, and Flavobacteria are characteristic of the supragingival plaque, whereas Fusobacteria, Clostridia,
Epsilon-proteobacteria, Spirochaetes, Bacteroidia, and unclassified Bacteroidetes are biomarkers for the subgingival plaque.

Figure 3. Cladogram showing the different but overlapping
microbial communities on the exposed portion of the tooth
(SupP) and below the gum line (SubP).
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Meta-omic (eg metagenomic, metatranscriptomic)
approaches involve characterization of complex samples
representing multiple organisms or entire communities
(versus genomics or transcriptomics, which focus on
sequences from a single organism). The challenges in
metagenomics are twofold: to identify and quantify gene
function from short random sequences, and then to link
those functional gene fragments to other genes that allow
for taxonomic inference. Determination of gene function is
often accomplished by matching short sequence fragments
to already-published and annotated reference genomes.
These annotations, in turn, are generally based on the
results of manipulative genetics experiments that have
characterized the function of individual genes. The differ-
ence between metagenomics (DNA) and metatranscrip-
tomics (RNA) is that the latter includes information about
which organisms in the sample are currently active and
what they are doing. This inference is based on the observa-
tion that the residence time of RNA is much shorter than
DNA in both microbial cells and in, for example, the soil
matrix; therefore RNA extracted from an environmental

sample theoretically represents a snapshot of recent levels
of gene expression in the organisms from that sample.

Extremely deep meta-omics studies are being used for
understanding dynamics in complex communities, but the
computational resources required for such projects (partic-
ularly in soil) remain prohibitive (however see Fierer et al.
2012). Despite the ongoing limitations imposed by com-
putational hardware, development of new pipelines (sets
of software programs or scripts, each performing one step
in a multi-step process) and algorithms for data processing
has progressed more rapidly. While new pipelines are
developed seemingly every month, several – for example,
WebCarma (Gerlach et al. 2009), QIIME (Caporaso et al.
2010), Galaxy (Goecks et al. 2010), and MG-RAST
(Meyer et al. 2008) – have reached wider use.

Here, we highlight two studies that assay the functional
potential of microbes: one that uses a GeoChip microar-
ray to examine the effect of soil warming on microbial
communities in the US Great Plains (Zhou et al. 2011b;
Panel 4) and another that uses shotgun metagenomic
sequencing to investigate the composition and functional

Panel 3. Identifying the primary drivers of greenhouse-gas cycles with PhyloChips

An important trace gas responsible for at least 20% of the current greenhouse
effect, methane (CH4) is produced and consumed by soil microorganisms across
the globe, with rates of flux driven by environmental conditions in the soil, mea-
sured by means of soil chambers (Figure 4) and gas chromatography. Aronson et
al. (2013) used a genetic microarray to investigate the target microbes involved in
the CH4 cycle in a pine forest soil under different experimental conditions. The
third generation PhyloChip, a 16S rRNA gene microarray designed to provide
information on almost 60 000 different OTUs (Hazen et al. 2010), was used to
quantify the community. Gene arrays are uniquely suited to identify the relative
representation of particular microorganisms between locations, time-points, and
treatments. This study focused on the diversity of methanotrophic (CH4 consum-
ing) and methanogenic (CH4 producing) microorganisms in the soil and their asso-
ciation with variations in CH4 flux into and out of the soil (Aronson et al. 2013).
Differences were detected in target communities across sites, time-points, and N
treatments, particularly among the less common members of the community.
These differences in the least common OTUs (the so-called rare biosphere) might
have been obscured by the more common soil microbial phyla in a clone-based
screening method and possibly even using high-throughput sequencing without suf-
ficient depth or replication (Zhou et al. 2011a).

Figure 4. Soil collar for in situ methane
quantification.

Panel 4. Investigating ecosystem function with microarrays

Understanding the mechanisms of biospheric feedbacks to climate change is critical to project future climate warming. Although
microorganisms catalyze most biosphere processes related to fluxes of greenhouse gases, little is known about the microbial role in
regulating future climate change.  The GeoChip functional gene microarray can quantify the presence of genes involved in C, N, S, and
P cycling, organic contaminant degradation, metal resistance, antibiotic resistance, stress responses, virulence, and bacterial phage-medi-
ated lysis, among others. In Zhou et al. (2011b), the GeoChip was used in conjunction with high-throughput sequencing in an analysis of
soil from a long-term experimental warming site in the US Great Plains.  The goal was to explore the role of microbial mediation in
C-cycle feedbacks to climate warming. First, long-term experimental warming induced a decline in temperature sensitivity of
heterotrophic soil respiration by 14.5% in comparison to the control, largely attributable to functional adjustments in soil microbial
communities. Second, warming significantly stimulated functional genes for labile C decomposition but did not affect genes for recalci-
trant C decomposition, although both labile and recalcitrant C input to soil increased under warming. Such differential impacts on
microbial functional groups may promote long-term stability of ecosystem C.  Third, warming stimulated functional genes for nutrient
cycling, possibly favoring plant growth and vegetation C uptake. These results indicate that microorganisms critically regulated the
ecosystem C-cycle feedback to climate warming, with important implications for C–climate modeling.
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potential of microbial communities in geothermal springs
(Klatt et al. 2011, 2013; Panel 5).

n Caveats and technical biases

New molecular techniques allow for comprehensive
assessment of the structure and function of microbial
communities; however, there are several caveats associ-
ated with their use. Many of these, including DNA/RNA
extraction biases and PCR biases, are not specific to NGS
techniques. Nucleic acid extraction includes a step
intended to disrupt the cell membranes and release
nucleic acids, but this disruption can be incomplete, caus-
ing researchers to inadvertently exclude cells that are
more resistant to being lysed (Kim and Bae 2011). PCR
bias can occur whenever a particular amplified locus
(such as the gene encoding the 16S rRNA subunit) is
used as the basis of comparisons; the specific choice of
primers can intentionally or unintentionally limit the
gene variants amplified. Furthermore, sequence artifacts
known as chimeras can be introduced during PCR.
Chimeras represent fusions of multiple disparate tem-
plates from the original DNA pool and can sometimes
account for as much as 45% of the dataset (Ashelford et
al. 2006). Many, but not all, of these chimeric sequences
can be removed bioinformatically (ie with programs such
as ChimeraSlayer; Haas et al. 2011). 

Beyond the vagaries of extraction and PCR, each of the
different microarray or sequencing technologies has its own
particular biases. While microarrays make it possible to assay
thousands or millions of fragments simultaneously, inaccura-
cies can be introduced as a result of biases in how fragments
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anneal to the array (Gentry et al. 2006). Particular sequenc-
ing technologies have characteristic biases as well: 454
sequencers (and those based on certain other technologies,
such as the Ion Torrent sequencers produced by Life
Technologies) can have difficulty quantifying long runs of
homopolymers (repeats of the same base in a given
sequence; Zhou et al. 2011a; Loman et al. 2012), whereas
Illumina sequencers can exhibit a bias when sequencing
guanine–cytosine (GC) rich regions (Minoche et al. 2011). 

Even after the sequence data are retrieved from the
sequencer, bioinformatic challenges remain. In shotgun
sequencing, because the sequence fragments are often
several hundred base pairs or less, they can be difficult to
assemble into complete genes. The function of many
genes is still unknown, despite having their full sequence;
comparing sequence similarity with that of known genes
or motifs (sequences that encode a putatively functional
domain) is often the only approach available.
Unfortunately, this approach does not always provide
definitive mapping from sequence to function.
Additional studies of individual pathways will be
required, to fill in the gaps in our understanding of micro-
bial biochemistry and to better understand dynamic
microbial communities.

n Rapid technological change and data
management

Most research published thus far on microbial community
ecology using NGS has been based on sequences from
Roche’s 454 or one of the several Illumina platforms (eg
GAIIx, HiSeq, MiSeq). However, less commonly used

Panel 5. Identifying functional traits of microbial assemblages with shotgun sequencing

Microbial communities from extreme environments (such as those
inhabiting hypersaline environments, acid mine drainage, or geo-
thermal springs) may exhibit lower species diversity and complex-
ity as compared with communities inhabiting mesophilic habitats,
including many soils or marine environments. With less diverse
communities, relatively modest levels of shotgun metagenomic
sequencing have successfully revealed functional genes that can
readily be assigned to dominant members of these communities
(Kunin et al. 2008; Inskeep et al. 2010). The research described by
Klatt et al. (2011, 2013) utilized metagenomics to discern the func-
tional attributes of dominant community members in pho-
totrophic microbial mat communities inhabiting geothermal
springs in Yellowstone National Park (Figure 5) and partitioned the
members of these communities into interacting functional guilds.
Two of the dominant members in these communities were only
distantly related to any cultured organisms, so that it was not pos-
sible to discern which taxonomic group they belonged to. Instead,
their genomic signatures, characterized by oligonucleotide fre-
quency patterns, were used to cluster sequence data together
with others that originated from the same taxonomic group.  This
technique provided the means to link 16S rRNA genes with func-
tional genes involved in phototrophy, which established the pres-
ence of two previously uncharacterized phototrophic bacteria.

Figure 5. A phototrophic microbial mat community –
inhabiting a geothermal spring located in the Mammoth Hot
Springs area of Wyoming’s Yellowstone National Park –
exhibits a conspicuous and colorful representation of the
microbial diversity observed across geochemical gradients at
millimeter scales.
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techniques may soon become more widespread. Emerging
technologies include the longer reads of the bench-top
Illumina MiSeq (up to 300 bp per read); single molecule
sequencers made by PacBio, which can produce reads of
up to 10 kilobase pairs (kbp) but have higher per-base
error rates (Mosher et al. 2013); and sequencers that rely
on non-optical sensing, such as those manufactured by
Ion Torrent (Rothberg et al. 2011) and Oxford Nanopore
(Clarke et al. 2009). 

To illustrate how rapidly methods are evolving, con-
sider the changes that have occurred in one of the global
centers of genome-level sequencing, the US Department
of Energy’s (DOE’s) Joint Genome Institute (JGI) in
Walnut Creek, California. Within just the past decade,
JGI has transitioned from using only Sanger sequencers,
to Sanger in conjunction with 454, to Illumina in con-
junction with 454, to an Illumina/PacBio pipeline for
their genome sequencing projects. More detailed discus-
sions of these technologies and their applications are
available (Glenn 2011; Loman et al. 2012; Shendure and
Aiden 2012; Thomas et al. 2012; Segata et al. 2013).

The methods described here produce datasets that are
often gigabytes to terabytes in size; thus, archival storage has
become increasingly resource-intensive. The canonical
repository for genetic sequences in the US is the National
Center for Biotechnology Information (NCBI). NCBI now
hosts several databases that serve as repositories for sequence
data: two examples are the Sequence Read Archive (SRA;
Leinonen et al. 2011) for data from high-throughput
sequencing projects and the Gene Expression Omnibus
(GEO; Barrett et al. 2013) for gene expression studies.
However, these databases are not curated, and the quality of
the metadata can vary markedly between submitted projects.
Other locations where NGS data can be deposited and made
publicly available include MG-RAST (Meyer et al. 2008), a
server-side metagenomics processing resource run by the US
DOE’s Argonne National Laboratory, and a repository asso-
ciated with the Quantitative Insights Into Microbial
Ecology (QIIME) pipeline (Caporaso et al. 2010). There are
also efforts underway to streamline the management of, and
access to, publicly funded data. Ongoing initiatives include
JGI’s Integrated Microbial Genomes and Metagenomes
(IMG/M; Markowitz et al. 2011), the Community
Cyberinfrastructure for Advanced Microbial Ecology
Research and Analysis (CAMERA; Sun et al. 2010), and
the US DOE’s KBase platform (http://kbase.us).

n Conclusions

Current methods for elucidating microbial community
composition and function are based on reference datasets,
which are predominantly created from genes identified
through cloning, targeted Sanger sequencing, and/or
genome assemblies. Thus, despite the huge potential of
new sequencing technologies, culture-based research and
archiving of type specimens must continue; without these
foundational data, results with the potential to yield

important ecological insights will remain undecipherable.
The challenges are substantial, yet the field is also seeing
rapid improvement in sequencing technologies and the
development of more efficient and rigorous data analysis
tools, coupled with a growing number of ecologists being
trained in microbial methods. Just as a better understand-
ing of the human microbiome has enabled a new set of
medical treatments and more accurate diagnoses, our grow-
ing understanding of microbial communities in the envi-
ronment will lead to a better understanding of how ecosys-
tems function and will provide new opportunities to test
and formulate ecological theory. The ongoing application
of this growing field will provide new approaches for envi-
ronmental remediation and for the sustainable manage-
ment of natural and agricultural ecosystems worldwide.
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