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Review
Recent advances in molecular biology have resulted in
the application of DNA microarrays and next-generation
sequencing (NGS) technologies to the field of microbial
ecology. This review aims to examine the strengths and
weaknesses of each of the methodologies, including
depth and ease of analysis, throughput and cost-effec-
tiveness. It also intends to highlight the optimal appli-
cation of each of the individual technologies toward the
study of a particular environment and identify potential
synergies between the two main technologies, whereby
both sample number and coverage can be maximized.
We suggest that the efficient use of microarray and NGS
technologies will allow researchers to advance the field
of microbial ecology, and importantly, improve our un-
derstanding of the role of microorganisms in their var-
ious environments.

Introduction
Microbial ecology is a broad study of the relationship
between microorganisms and their biotic and abiotic
environments, predominantly comprising the analysis of
abundance, composition and activity of microbial commu-
nities. This discipline is currently undergoing a paradigm
shift, driven by the development and application of ‘omics’
technologies, including genomic andmetagenomic tools [1].
With the application of these technologies, in particular
next-generation sequencing (NGS) and DNA microarrays,
it is apparent that the diversity and population density of
microbial communities that inhabit the biosphere are
much higher than previous estimates, based on traditional
culture-based methods and small-subunit rRNA sequence-
based surveys. We are now aware that the low-abundance
microorganisms, or so-called ‘rare biosphere’ that is over-
shadowed by dominant populations, are highly diverse and
largely unexplored [2] and could represent the key to
ecosystem resilience.

DNA microarrays comprising hundreds or thousands of
DNA fragments arrayed on small glass slides were origin-
ally developed for gene expression profiling in 1995 [3].
These were subsequently applied to the study of different
aspects of microbial ecology, including methane cycling,
total microbial diversity and a range of biogeochemical
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functions [4–7]. Alternatively, NGS approaches, including
pyrosequencing (introduced by 454 Life Sciences, Inc.) as
well as other platforms such as Solexa (Illumina, Inc.) and
SOLiD (ABI, Inc.), provide cost-effective, rapid and highly
parallel sequencing of large numbers of DNA fragments
from complex samples or transcriptomes. Pyrosequencing
is particularly suited to microbial ecology studies because
of its relatively long read length, as compared to other NGS
technologies platforms, and therefore has been widely
adopted by researchers in microbial ecology [8–11],
although other platforms have also been recently applied
to the field [12]. Although they are still considered an
effective and economical tool for the analysis of complex
microbial communities, DNA microarrays are being
rapidly superseded by NGS approaches [13]. Although
some scientists have utilized pyrosequencing and micro-
array tools for pathogen genotyping [14] and for human
intestinal microbiota exploration [15], Ledford noted that
NGS platforms have largely infiltrated the space pre-
viously occupied by DNA microarray technologies [13].
Although these two approaches can be considered compet-
ing technologies, each tool possesses distinct complemen-
tary features suited to different applications in microbial
ecology.

In this review, we compare the relative merits, weak-
nesses and suitability of high-throughput DNA microar-
rays and NGS as analytical tools in different areas of
microbial ecology research. To achieve this comparison,
we consider the following: (i) which technique provides the
more accurate description of an unknown microbial com-
munity? (ii) Which technique is more suitable in terms of
sample throughput? (iii) Which technique is more suitable
in terms of cost-effectiveness, ease of sample preparation
and data analysis? Furthermore, we discuss the suitability
of the different approaches to particular research objec-
tives, as well as future directions and potential synergy of
these two high-throughput technologies.

Microbial ecological studies using NGS technologies
and DNA microarrays
The gene that encodes 16S rRNA is currently regarded as
the most versatile phylogenetic marker; it contains hyper-
variable regions interspersed with highly conserved
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Box 1. 454 pyrosequencing in microbial ecology

The Roche (454) Genome Sequencer generates massive parallel

DNA sequence reads from amplified PCR products through a

sequencing-by-synthesis approach. Because this technology de-

pends on the detection of pyrophosphate release upon nucleotide

incorporation, it is also termed 454 pyrosequencing. Although the

454 pyrosequencing method is more expensive per base and

requires more starting material than other next-generation DNA

sequencing platforms [e.g. Illumina (Solexa) and Genome Analyzer

and Applied Biosystems SOLiD], the 454 platform operates as a

high-throughput sequencing tool as a result of the longer read

length that is appropriate for de novo sequencing – that is,

sequencing in which a reference sequence to be aligned with

generated sequences is not required.

High-throughput pyrosequencing technology has been used in

the various fields of microbial ecology, including microbial diversity

and functional genes diversity. The limitation of the capacity for

physically partitioning the pyrosequencing sample plate (PicoTiter-

Plate) for each of the samples to be analyzed has been somewhat

circumvented by recent use of sample-specific key sequences called

barcodes (or tags). Samples from multiple libraries can be PCR-

amplified, tagged with unique barcodes, and combined and

sequenced together in a single region of the PicoTiterPlate device.

Each of the barcodes ligated to the beginning of a read contains a

unique sequence tag that is recognized and sorted bioinformatically.

Pyrosequencing technology with sample-specific key sequences

was introduced in 2007 through the use of barcode sequences that

consisted of 2–10 nucleotides [90,91]. Hamady et al. recently have

applied error-correcting DNA barcodes of eight-nucleotide se-

quences using error-correcting codes to overcome the limit in the

number of unique barcodes and enhance the ability to recognize

sequencing errors that alter sample assignments [92]. In this study,

a total of 1544 error-correcting barcodes, which can be tagged only

to the 3’ end of the read, were selected after filtering in order to

optimize PCR and sequencing performance with a bacteria-specific

primer set, 27F and 338R. With this modified approach, the

multiplex barcoded pyrosequencing technology allows users to

perform studies of microbial ecology that involve in-depth analysis

of large numbers of samples simultaneously, at a reduced cost per

sample. This is particularly useful when the analysis of large

quantity of samples is required as a result of the high spatial or

temporal variability of the target community.

Box 2. DNA microarrays in microbial ecology

The term ‘environmental microarrays’ was introduced by Staffan

Kjelleberg [93] in ‘Microarrays for environmental studies.’ This term

was limited to ‘microbial diagnostic microarray’ in microbial

ecology [4], followed by ‘microbial ecological microarrays’ [6].

DNA microarrays for use in microbial ecology (environmental

microarrays, microbial diagnostic microarray or microbial ecologi-

cal microarrays), have been developed utilizing different types of

probes: oligonucleotides, cDNA and microbial genomes. The first

oligonucleotide microarray applied to microbial ecology utilized

nine probes that comprised 15–20mer oligonucleotides for the

discrimination of nitrifying bacteria [94]. This has subsequently led

to the development of the high-density 16S rRNA gene-targeting

microarray that comprised �30 000 20mer oligonucleotide probes

[7] and �300 000 25mer probes [37] for the investigation of bacterial

and archaeal diversity.

cDNA microarrays, initially fabricated using randomly generated

�1-kb gene fragment probes to reveal taxonomic relationships

among Pseudomonas species with high sensitivy [95], allow higher

sensitivity and better resolution than oligonucleotide microarrays.

Alternatively, community genome arrays (CGAs) or genome prob-

ing microarrays (GPMs) that employ microbial genome probes have

been developed using reverse sample genome probing technology.

These arrays can circumvent PCR artifacts and bias and also

enhance their specificity and sensitivity. CGA and GPM have been

used to characterize the complex microbial composition of soil, river

and marine sediments [77], as well as fermented vegetable food

monitored over the course of the fermentation process [76].

Another microarray platform called metagenome microarray

(MGA) was fabricated for rapid characterization of metagenomic

libraries with whole microbial and community genomes. This MGA

is distinct in terms of the concept of microarray probe and target.

Microarray probes are generally spotted onto a glass slide, whereas

the MGA format contains microarray targets arrayed on a glass slide

and uses a labeled, specific gene as a probe. The reverse approach

used with MGA has made it possible to rapidly screen metagenomic

libraries that comprise cosmid clones derived from a groundwater

microcosm [96] and fosmid clones from marine sediment [97].

Lastly, the application of the isotope array technique for identify-

ing groups of organisms based on their ability to use radiolabeled

substrates [98] represents a significant advancement in the use of

microarrays in microbial ecology, and has been used in the

physiological analysis of different microbial communities in acti-

vated sludge [99].
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regions, and is present in all prokaryotes, thus allowing its
application to the study of microbial community structure
[16]. NGS targeting these hypervariable regions of the
gene that encodes 16S rRNA has been widely applied to
the exploration ofmicrobial community composition, diver-
sity and distribution, and to the description of the roles of
microbes in various ecosystems [2,12,17–20] (Box 1). NGS
approaches based not only on single-gene amplification,
but also on metagenome or metatranscriptome shotgun
sequencing, have been used to discover novel genes and
their functions in environmental samples fromThe Soudan
Mine, Minnesota, USA [8], oceanic samples [10] andmicro-
biota of the termite hindgut [9], as well as for metatran-
scriptomic analysis of marine microbial communities [21],
and cultivated bacterial [22,23] and archaeal transcrip-
tomes [24].

High-throughput microarray technology has also been
applied to studies of complex microbial communities in
various environments, as well as the diversity of functional
genes and gene expression [4,5,25,26] using different types
of microarray probes, such as oligonucleotides, cDNAs and
microbial genomes (Box 2). Recently, He et al. developed a
comprehensive microarray called GeoChip - a functional
gene array that comprises >24 000 oligonucleotide probes
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that target thousands of functional genes, which are pre-
dominantly involved in biogeochemical cycling processes,
metal resistance and contaminant degradation [27]. The
GeoChip has been successively applied to the analysis of
functional microbial communities in deep-sea hydrother-
mal vents [28] and uranium-contaminated aquifer sites
[29]. Microarrays can also be applied to metatranscrip-
tomic analysis, as shown by the application of oligonucleo-
tide arrays to the study of transcriptomics of a phosphorus
removal sludge [30].

Quantitative assessment: accuracy and depth of sample
coverage
Which high-throughput platform provides a more detailed
analysis of an unknown microbial community in a bio-
logical sample? The crucial point to consider when addres-
sing this question is the nature of the technology, in that
NGS and microarrays represent ‘open and closed architec-
ture systems’, respectively [31] (Table 1). NGS is suitable
for cataloguing gene diversity (including discovery of novel
gene diversity), without a priori sequence information,
through sequencing of 16S rRNA and functional gene



Table 1. Notable features of 454 pyrosequencing and DNA microarray technologies

454 pyrosequencing DNA microarray

System type Open architecture system Closed architecture system

Depth of sample coverage Higher Lower

Appropriate throughput Lower Higher

Ease of sample preparation Simple to prepare PCR products

or extracted DNAs

Complex preparation of target and microarray slides

Cost efficiency with multiple samples More expensive per sample Less expensive per sample (for short oligo arrays)

Ease of data handling/analysis Complex annotation and sorting of

massive sequence reads

Simple analysis of signal intensities

Applicability to study of species

genomic relatedness

Potentially the best method with

complete re-sequencing

of microbial genomes

Currently the best for the DNA-DNA hybridization

method

Recommended application In-depth studies of unknown

microbial community diversity

Routine studies of functional gene diversity across

many samples (spatio-temporal mapping of functional

gene diversity and distribution)
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amplicons (given the limitations of the PCR primers used),
or whole-genome shotgun sequence characterization of
microbial communities. As such, NGS technologies can
be considered ‘open’ systems. Conversely, microarrays
can only account for sequences that are targeted by probes
on the array, and therefore, represent ‘closed’ systems.

Analysis of sequence data from NGS amplicon sequen-
cing projects has demonstrated varying sample coverage,
depending on the environment examined. NGS studies of
soil revealed between 1000 and 5500 distinct taxa (at 97%
similarity) [19,32,33], whereas studies of human fecal
samples and oral cavities have demonstrated 1400–1800
and up to 8000 taxa, respectively [12,15]. The number of
taxa revealed through NGS is dependent on the targeted
region of the gene that encodes 16S rRNA, the number of
sequences generated, as well as the stringency of quality
control imposed [12,15]. The accuracy of taxa assignment
of NGS sequences using pipelines, such as the Ribosomal
Database Project (RDP) classifier [34], depends on the
variable region used as well as the confidence value
threshold applied. The RDP classifier assigns taxonomy
down to the genus level with a bootstrap confidence value
[35]. Conversely, analysis of 16S rRNA and other gene
compositions of environmental samples using microarray
platforms such as the PhyloChip and HIT chip platforms
[36,37] can only account for taxa for which there are target
probes (�10 000 and 1140 distinct taxa, respectively). For
microarrays that utilize multiple probes per taxa (multiple
probe concept) [38], stringency and confidence of taxa
assignment can be controlled by defining the number of
positive probes within a taxa set required for detection of
those taxa. Microarrays (i.e. the PhyloChip) can be used to
identify taxa that vary in abundance by 5+ orders of
magnitude [37].

Recently, a microbial ecological microarray that uses
microbial genomes as probes was developed with unculti-
vated bacterial genomes retrieved from multiple displace-
ment amplifications based on bacteriophage phi29
polymerase [39]. This study expanded the use of micro-
arrays to analyze unexplored bacterial populations from
single cells through serial sample dilutions. However, the
application was limited to the genomes of the dominant
microorganisms present in a given biological sample. In
contrast, NGSpermits ultra-deep sequencingwithmassive
DNA sequence reads from amplified PCR products, allow-
ing insight into the diversity contained within the highly
divergent ‘rare biosphere,’ and as a result, has been applied
to various environmental niches [2,19,40,41].

Sample throughput
How many samples can be analyzed appropriately with
each of the two platforms? Conventional, widely applied
molecular tools, such as denaturing gradient-gel electro-
phoresis (DGGE), fluorescence in situ hybridization (FISH)
and terminal restriction-fragment length polymorphism
(tRFLP), are unsuitable for in-depth analysis of large
numbers of samples as a result of their labor-intensive
and time-consuming protocols. NGS and microarray plat-
forms are comparable in the number of samples that can be
analyzed. Microarray analysis is limited only by the prep-
aration of sufficient target DNA samples and probe-spotted
microarray slides; in contrast, NGS analysis is limited by
the number of samples processed in a single run by the
physical partitioning or sample-specific barcoding
approach utilized. The major limitations that govern the
throughput of these methods are the labor, time and cost
involved in sample analyses. Although it is possible to
analyze many samples using multiplexed barcoded NGS,
the sample size (i.e. number of reads for the gene that
encodes 16S rRNA) is strongly correlated with measures of
community evenness (the numerical measure of how even
the biodiversity of a community is) and richness (the
number of species) [42], whereas for some low-diversity
genes, large sample size might not be required to account
for the majority of taxa.

The sheer volume of data associated with whole meta-
genomic or metatranscriptomic analysis of multiple
samples - as opposed to a single gene-based community
analysis - can be a burden to researchers. Comprehensive
functional microarrays such as the GeoChip are altern-
atives to NGS-based metagenomic analysis. Such arrays
can be used to assess functional gene diversity and expres-
sion in large numbers of samples in a highly efficient
manner. Individual probes on the array can represent a
single taxonomic group or a functional gene, therefore, the
analysis coverage can be estimated in advance according to
the design and arrangement of probes of the microarray.
Although the fabrication of microarrays designed to pro-
vide comprehensive coverage of all target genes is both
time-consuming and costly, microarrays are suitable for
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routine studies of themetagenome andmetatranscriptome
using large numbers (i.e. hundreds) of samples.

Cost-effectiveness, ease of sample preparation and data
analysis
For a majority of pyrosequencing studies, researchers only
need to prepare PCR products of target genes or extracted
DNA from biological samples. For new applications of
microarrays analysis, however, it is necessary to prepare
and spot the microarray slides, as well as process sample
targets for hybridization. Each of these factors can make
microarray-based projects time-consuming and expensive
(Figure 1). Nevertheless, if an existing, well-evaluated,
probe-spotted microarray is available, the platform is suit-
able for the analysis of hundreds of samples, particularly
for the analysis of relatively low-diversity functional genes
(e.g. pmoA).

Using an array that comprises a few hundred different
probes that target a functional gene (e.g. pmoAmicroarray
analysis for methanotrophic bacteria [43]), a skillful
researcher can analyze as many as 40 environmental
samples per day at a low cost-per-sample ($45 USD). This
results in small, easy-to-analyze data files that account for
the majority of gene diversity. In contrast, the same
analysis using NGS could cost more (>$15 000 USD),
and involve a longer waiting time for receiving sequence
data. Furthermore, the downstream analysis of the result-
ing pyrosequencing dataset requires sophisticated compu-
ter systems, bioinformatics tools and a significant time
contribution.

Limitations of pyrosequencing and microarrays in
microbial ecology
Pyrosequencing

Although NGS is widely viewed as a method for accessing
the rare and unknown biosphere in microbial ecology, it
has been demonstrated that the large datasets produced by
pyrosequencing contain not only true sequences, but also
artifactual sequences that are referred to as pyrosequen-
cing noise [44], systematic artifacts [45] or ‘wrinkles’ [46].
Pyrosequencing data acquisition is based on the detection
of light intensities from pyrophosphates released during
nucleotide incorporation. Base-calling of the number of
nucleotides within a homopolymer relies on the light
intensity, which corresponds to the actual number of
incorporated nucleotides [47]. The base-calling method is
problematic for long homopolymers because the accuracy of
the base-calling decreases as the length of the homopoly-
mer increases. Consequently, pyrosequencing of long
homopolymers frequently results in sequence errors in
the form of insertions or deletions [48].

Artifactual sequences also stem from multiple tem-
plates on a single bead [47], and miscoding lesions [49].
A single base pair difference in the hypervariable region of
the 16S rRNA gene sequence can result in the mis-assign-
ment of short sequence reads. Quince et al. analyzed the
true population diversity in a known artificial mixture of
90 pyrosequenced gene clones for 16S rRNA. As a result of
at least sixfold overestimation at the 3% operational taxo-
nomic unit level with the standard RDP pyrosequencing
pipeline, it is recommended to use a noise reduction algor-
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ithm [44]. Gomez-Alvarez et al. reported that artificially
replicated sequences from the systematic error subsisted
at a high rate (11–35%) in several published and original
pyrosequencing datasets [45]. By using a single strain of
Escherichia coli as the template for 16S rRNA gene
sequencing, Kunin and colleagues suggested that a com-
bination of 97% clustering threshold and 0.2% quality
trimming is necessary for reliable estimation of com-
munity diversity, and also have claimed that the use of
unique reads as a diversity estimation tool can overesti-
mate the community diversity by as many as two orders of
magnitude [46].

To analyze accurately the diversity of microbial com-
munities in environmental samples, it is necessary to
eliminate artificial sequences that can lead to incorrect
analyses from true sequence data generated by pyrose-
quencing [50]. A number of approaches to this have been
described, including: Pyrobayes - an advanced base-calling
program for pyrosequencing reads [48]; objective criteria to
exclude low-quality reads to improve data quality [51]; the
PyroNoise algorithm [44]; and a web-based 454 replicate
filter [45] for artificial sequence removal. For consistent
and accurate phylogenetic assignment of short reads to
taxonomic information derived from full-length 16S rRNA
gene sequences, Liu et al. recommend the automated
bioinformatics pipelines [34] - Greengenes and RDP clas-
sifier with >250-bp fragments flanked by primer sets that
encompass the hypervariable V2 and V3 regions of the
gene that encodes 16S rRNA - for rapid, consistent and
accurate taxonomic assignment with excellent coverage
and recovery.

The shorter gene sequence lengths for the 16S rRNA
gene (as compared to full-length gene sequences) achieved
with pyrosequencing [versus those of traditional Sanger
sequencing (<800 bp)], can lead to inaccurate phylogenetic
assignment for 16S rRNA. This is further compounded by
the PCR primer sets that target various hypervariable
regions in the gene that encodes 16S rRNA, which are
utilized in the pyrosequencing approach [52]. Although the
59-bp V6 hypervariable region of the 16S rRNA gene is a
sufficient length for sequencing reads to classify organisms
down to the genus level [53], short NGS reads, such as
those produced by the original GS20 instrument (454 Life
Sciences, Inc.), cannot guarantee accurate taxonomic
assignment at the species level in accordance with
sequenced regions of the gene [52]. Recently, the length
of sequences achievable with NGS technology has
increased with the new GS FLX Titanium series (Roche,
USA); it is now possible to sequence more than 1 million
reads (>400 bases) during a single run. This approach is
still limited by the primer sets available for the gene of
interest. Fragment size is a crucial factor in pyrosequen-
cing (amplicons >500 bp do not amplify well in emulsion
PCR; Roche Genome Sequencer System Application Note
No. 5, 2007); therefore, primer sets that result in large
fragments are not suited to pyrosequencing. This can be
particularly problematic for the analysis of functional
genes (e.g. nitrite reductase nirS/nirK), for which universal
primer pairs that result in fragments of the correct length
are often not available or do not provide comprehensive
coverage.



Figure 1. Schematic diagram demonstrating the experimental processes for the application of DNA microarrays and 454 pyrosequencing technologies to microbial

ecology. Samples are taken from an environment that encompasses treatment, spatial or temporal scales. From these samples, nucleic acids (RNA or DNA) are extracted,

and either analyzed directly with microarray or NGS technologies (metagenomic or metatranscriptomic analyses), or used as templates for PCR amplification of target

genes. For microarray analysis, target material is labeled and hybridized onto a pre-fabricated microarray, followed by imaging and data analysis of the resulting images.

For NGS analysis, the target template is processed (barcode incorporation, fragmentation, etc.) and applied to the appropriate NGS platform. DNA sequences are processed

(quality control, bar-code binning, etc.) and analyzed using the appropriate bioinformatics approaches.
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Microarrays

Nucleic acid hybridization-based methods, such as
Southern and northern blotting, FISH and microarrays,
are sensitive to cross-hybridization of probes to non-target
sequences that result from the presence of similar
sequences within a sample [54,55]. This can be alleviated
to a large degree through the use of multiple probes for
each target taxa [56]. Probe specificity is strongly affected
by probe length in microarrays: as probe length increases,
specificity decreases [57]. As a result, cDNA microarrays
that utilize DNA fragments that span hundreds to a few
thousand base pairs in length are highly variable in their
probe lengths and specificity thresholds. Long oligonucleo-
tides and cDNA arrays both have reported cut-off values
that spann the range of 75–87% [58–60]; however, it should
be noted that a 100-bp, perfectly matched fragment of a full
cDNA fragment might be sufficient to yield a strong,
positive signal.
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For oligonucleotide microarrays that utilize short oligo-
nucleotides (19mers), single, central, probe-target mis-
matches have been easily discriminated, producing a
signal intensity 15–25% of the perfect match signal,
whereas multiple sequence mismatches (3–5 nucleotides)
are better discriminated, and show a signal intensity <5%
of the perfect match signal [61]. A single-bp mismatch has
also been discriminated by using non-equilibrium dis-
sociation rates [62]. Although short oligo-probes (20–

25 bp) allow significantly better specificity for identifying
microorganisms present in environmental samples, they
also have the disadvantage of much lower sensitivity than
long oligonucleotide arrays, under the same experimental
conditions [63], and therefore, require PCR amplification of
the target gene. When considering the choice of oligo-probe
length in terms of both specificity and sensitivity, a suit-
able compromise is to utilize oligo-probes with well-estab-
lished, non-equilibrium, thermal dissociation for real-time
hybridization analysis, thereby allowing the discrimi-
nation of perfect-match and mismatch duplexes in micro-
array platforms [64,65].

Common limitations: PCR-induced artifacts and bias

PCR is a preliminary step in DNA sample analysis inmany
microbial ecology studies that utilize traditional molecular
microbiology methods as well as oligonucleotide microar-
rays and pyrosequencing. PCR-induced artifacts and
biases have been well documented, including chimeras,
mutations and heteroduplex molecules [66], and skewed
template-to-product ratios [67]. As a result of the fact that
artifacts and bias can lead to over- or underestimation of
microbial community diversity, high-throughput technol-
ogy that depends on PCR is sensitive to errors in the
estimation of microbial diversity. The disadvantage of
PCR-based approaches can be somewhat reduced through
methods such as ‘reconditioning PCR’ [68], modified ampli-
fication protocols [69], the use of new specific and multiple
PCR primer sets [70], or ‘miniprimer PCR’ that utilizes
novel engineered polymerases (S-Tbr) and short 10mer
primers [71].

Sequence data screening for potential chimeric
sequences can be performed using tools such as the chi-
mera check program at RDPII, Bellerophon [72] and Pin-
tail [73]. An approach utilized by a number of groups to
avoid PCR artifacts and bias is the application of pyrose-
quencing-based whole metagenome shotgun sequencing to
the characterization of microbial communities [74,75] or
the use of whole-genome hybridization that employsmicro-
arrays without PCR amplification of metagenomic target
samples [76,77]. Investigation of microbial diversity with-
out PCR artifacts and bias can be achieved through shot-
gun sequencing of environmental metagenomic DNA
sheared into short fragments and sequenced directly by
pyrosequencing. PCR artifacts can also be avoided in a
microarray system by direct labeling of environmental
rRNA from soil [78] and marine bacterioplankton [79].
All components of metagenomic sequences can be used
in the classification through methods such as MEGAN,
which utilizes BLAST results and subsequent phylogenetic
assignment of sequences [80], or MLTreeMap [81], which
uses a set of universally occurring marker genes to assign
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phylogeny. Although these approaches can help to circum-
vent PCR artifacts and bias, they require complex analyti-
cal methods and only a limited depth of coverage is likely to
be achieved. Moreover, some organisms that provide key
ecosystem functions (i.e. nitrifying bacteria and archaea)
will likely be absent from the sequence data because of
their rarity.

Prokaryotic species determination
Species are the basic units of the composition and diversity
of microorganisms in ecological studies. The prokaryotic
species concept based on genomic relatedness is crucial to
the taxonomic assignment of microorganisms. Genomic
relatedness among prokaryotes has been analyzed using
genomic DNA–DNA hybridization (DDH) methods [82].
The 70% criterion of DDH value is considered the gold
standard for the discrimination of prokaryotic species.
Conventional DDH methods in which strands of DNA
are hybridized onto a micro-well plate or a nylon mem-
brane filter have certain limitations, including limited
reproducibility. Chang and colleagues reported that the
genome probing microarray, which comprises microbial
genomes printed as probes, shows statistical superiority
with reduced background signals and a higher degree of
reproducibility as compared to the DDH methods [83]. As
whole-genome sequencing becomes more rapid and econ-
omical, genome-comparison (re-sequencing) using NGS
will substitute for conventional and microarray-based
DDH methods to identify genomic relatedness among
microorganisms, thus providing more comprehensive data
based on entire microbial genomes.

Future directions for DNA microarrays
Recent advances in DNA sequencing technology that have
resulted in novel NGS platforms can be expected to con-
tribute to the availability of higher sequence density and
longer read lengths. DNA microarray technology is also
undergoing significant changes with advances in microar-
ray instrumentation, including developments in slides,
printing devices, fluidic systems for hybridization, micro-
array scanners and analytical software technology. In
order to improve detection methods, significant effort
has been directed at increasing signal detection sensitivity
and reliability [84], as well as progress towards real-time
monitoring of microarray hybridization events [65,85].
New methods for signal amplification using novel fluor-
escent agents (i.e. quantum dots and metal colloids), in
addition to the development of new and improved optical,
electronic and electrochemical detection systems are
together expected to improve microarray sensitivity and
accuracy. One such development is an oligonucleotide
microarray based on the total internal reflection fluor-
escence detection system that utilizes the excitation of
fluorescent dyes in an evanescent field; this detection
method has been used to rapidly identify septicemia-caus-
ing bacteria in less than 6 h with high sensitivity, using
approximately 2 ng of target DNA [86]. Optical fiber sensor
arrays promise low detection limits (10 fM target), and
enable monitoring of microarray hybridization in real-time
[87]. Label-free methods, including imaging surface plas-
mon resonance and ellipsometry, do not require labeling



Figure 2. Proposed workflow for the study of a novel environment or functional gene. Pyrosequencing and microarray development are combined to achieve the greatest

depth of gene coverage as well as the study of the environment over spatial, temporal and functional scales, thereby leading to an understanding of the ecology of a certain

environment or functional group.
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strategies with expensive labeling materials and are also
not subject to photobleaching or quenching effects [84].

Several electronic detection systems have been devel-
oped, including cyclic and square-wave voltammetry, scan-
ning electrochemical microscopy, detection of conduction
changes of carbon nanotubes upon protein adsorption,
and the scanning Kelvin nanoprobe; such electronic detec-
tion technologies pave the way for highly miniaturized and
portable microarrays. Along with the innovation of these
techniques, it is predicted that single-molecule sensitivity
using microarrays will be a possibility in the near future
[84]. Blohm and Guiseppi-Elie have predicted a single,
ready-to-use piece of equipment in which these new tech-
niques are combined to create a single instrument [88].
Recently, an integratedmicroarrayplatformcalled ‘eSensor’
wasdeveloped,which allows the operator to performhybrid-
ization, detection and analysis on a single instrument.
Compared topyrosequencing, this electrochemicaldetection
system consisting of an economical printed circuit board
substrate and microfluidics components represents an
emerging cost-effective, ‘sample-to-answer’ genetic analysis
technology in the field of molecular diagnostics [89].

Conclusions and synergy of two high-throughput
technologies
The current generation of pyrosequencing technology has
the potential to replace microarrays in microbiological
applications for which a few environmental samples are
to be investigated in detail. However, microarray technol-
ogy is a powerful method for routine studies of selected
target sequences. NGS data enable a detailed understand-
ing of microbial gene diversity, which can be used in the
design of microarray probe sets. As such, the two tech-
niques can be combined, which results in the improved
target coverage of microarrays and allows confirmation of
the specificity of microarray-based results (Figure 2).
Recently, NimbleGen has developed ‘Sequence Capture
Arrays’ in which target fragments hybridized to probes
can be eluted and used for downstream analysis, such as
sequencing. Such a combined approach should permit a
detailed examination of environmental microbial commu-
nities, and could contribute significantly to improved un-
derstanding of the relationship between microorganisms
and their environment through the in-depth analysis of the
large number of samples that is required to cover the
temporal, spatial and functional scales within a given
environment.
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