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Abstract Functional gene arrays (FGAs) are a special
type of microarrays containing probes for key genes
involved in microbial functional processes, such as
biogeochemical cycling of carbon, nitrogen, sulfur,
phosphorus, and metals, biodegradation of environmental
contaminants, energy processing, and stress responses.
GeoChips are considered as the most comprehensive
FGAs. Experimentally established probe design criteria
and a computational pipeline integrating sequence retrie-
val, probe design and verification, array construction, data
analysis, and automatic update are used to develop the
GeoChip technology. GeoChip has been systematically
evaluated and demonstrated to be a powerful tool for rapid,
specific, sensitive, and quantitative analysis of microbial
communities in a high-throughput manner. Several gen-
erations of GeoChip have been developed and applied to
investigate the functional diversity, composition, structure,
function, and dynamics of a variety of microbial commu-
nities from different habitats, such as water, soil, marine,
bioreactor, human microbiome, and extreme ecosystems.
GeoChip is able to address fundamental questions related
to global change, bioenergy, bioremediation, agricultural
operation, land use, human health, environmental restora-
tion, and ecological theories and to link the microbial
community structure to environmental factors and ecosys-
tem functioning.

Keywords functional gene arrays (FGAs), GeoChip,
microbial communities, functional diversity/composition/
structure, environmental factor, ecosystem functioning

1 Introduction

Microorganisms are the most diverse groups of organisms
known in terms of phylogeny and functionality. They can
be found in the most inhospitable environments and play
important and distinctive roles in ecosystems, such as
biogeochemical cycling of carbon (C), nitrogen (N), sulfur
(S), phosphorus (P), and metals (e.g., iron, copper, and
zinc) and biodegradation or stabilization of environmental
contaminants. Therefore, one of the most important goals
of microbial ecology is to understand the diversity,
composition, function, dynamics, and evolution of micro-
bial communities and their relationships with environ-
mental factors and ecosystem functioning. Toward such a
goal, several challenges remain. First, microorganisms are
generally too small to see or characterize with approaches
for plant or animal studies. Second, an extremely high
diversity has been observed in microbial communities. It
has been estimated that one gram of soil contains 2000 to
50000 microbial species [1–5] and even up to millions of
species [6]. Characterizing such a vast diversity and then
attempting to understand environmental factors shaping it
presents numerous obstacles. Third, a vast majority of
microorganisms (> 99%) are unculturable [7], making it
even more difficult to study their functional ability. While
studies focused on culturable populations or isolates are
still important, they only provide a limited view of the
microbial community diversity and function, indicating
that culture-independent approaches are necessary in order
to study even a fraction of microorganisms in the
environment. Finally, although microorganisms control,
at least to some degree, various ecosystem processes, in
most cases, we do not know what they are largely doing in
ecosystems; thus, establishing mechanistic linkages
between microbial diversity and ecosystem functioning is
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even more difficult. To address these challenges, culture-
independent high-throughput technologies for analysis of
microbial communities are more important.
Many culture-independent approaches are available,

including polymerase chain reaction (PCR)-based cloning
analysis, denaturing gradient gel electrophoresis (DGGE),
terminal restriction fragment length polymorphism (T-
RFLP), quantitative PCR, and in situ hybridization.
However, both resolution and coverage of these methods
are limited to provide a comprehensive view of a microbial
community. For example, for functional genes, clone
libraries composed of over 2000 clones were still
insufficient to cover the nifH diversity of the Chesapeake
Bay [8,9]. In fact, the clone library sizes commonly used
may be too small by a factor of 10 or greater to capture the
true diversity of microbial communities [10]. Also, most of
these approaches rely on an initial PCR amplification step,
which introduces well-known biases [11–13]. In addition,
these PCR-based analyses are time-consuming and
expensive, especially when many genes or samples are
examined or if multiple runs are necessary to increase their
coverage. Therefore, high-throughput metagenomic tech-
nologies are necessary for providing a rapid, specific,
sensitive, quantitative, and comprehensive analysis of
microbial communities and their relationships with
environmental factors and ecosystem functioning.
Microarray-based technology can examine thousands of

genes at one time, overcoming many of these obstacles and
providing a much more comprehensive coverage of
microbial communities studied. The first microarray
reported was designed to monitor gene expression in the
plant Arabidopsis thaliana [14]. Since then, hundreds to
thousands of organism-specific arrays have been devel-
oped to examine gene expression under different condi-
tions. The potential application for microarrays was greatly
expanded when the utility of microarrays for environ-
mental studies was demonstrated with 16S rRNA gene
probes for detection of key genera of nitrifying bacteria
[15]. Many studies demonstrate that microarrays can
provide information on a microbial community in a
rapid, high-throughput, and parallel manner. Also, micro-
arrays are often more cost-effective than other molecular
techniques due to the amount of data provided. In addition,
since microarrays have a defined set of genes or
microorganisms, they are ideal for comparing environ-
mental samples from different sites, conditions, or times.
These comparisons are difficult to make if clone libraries or
high-throughput sequencing technologies are used since
the chance that the same populations of a given microbial
community are sampled over multiple sampling events
would theoretically be quite small if the process is
completely random [10,16]. These features make micro-
arrays excellent tools for comparing microbial community
structure, functions, activities, and dynamics as well as
linking those properties with ecosystem functioning in

natural settings. In this review, we focus on functional gene
arrays (FGAs), especially the development and applica-
tions of GeoChip for analysis of functional diversity,
composition, structure, function, and dynamics of micro-
bial communities from different ecosystems.

2 Functional gene arrays

FGAs are composed of probes for key genes involved in
microbial functional processes, such as biogeochemical
cycling of carbon, nitrogen, phosphorus, sulfur, and
metals, biodegradation of environmental contaminants,
and stress responses [17–21]. Since the exact functions of
selected genes on FGAs are known, this type of arrays is
especially useful for providing insights into our under-
standing of the functional diversity, composition, and
structure of microbial communities as well as linkages
between microbial community structure and ecosystem
functioning. Unlike PCR-based techniques, which limit
the number of genes that can be examined at one time,
FGAs allow for the simultaneous examination of many
functional genes. Several FGAs have been reported and
evaluated and generally target specific functional pro-
cesses, populations, or environments, which are briefly
described as follows.

2.1 FGAs for nitrogen cycling

The first reported FGA contained PCR-amplicon probes
targeting 89 N-cycling genes (nirS, nirK, amoA, and
pmoA) derived from pure culture isolates and clone
libraries from marine sediments [18]. In addition, ten
16S rRNA genes were included as positive controls and
five yeast genes as negative controls. A probe concentra-
tion of 200 ng$µL–1 in 50% dimethyl sulfoxide (DMSO)
was determined to be optimum. An evaluation of different
hybridization temperatures showed that different levels of
specificities could be obtained by varying hybridization
strengths. The sensitivity of this array was approximately
1.0 ng for pure culture DNA and 10 to 25 ng for
community DNA. This array was then used to examine
marine sediment and soil communities. Genes for nirS,
nirK, and amoA/pmoA were detected in both samples with
higher abundance observed from soil samples than marine
sediment [18]. This FGA was served as the prototype of
GeoChip in later development.
Taroncher-Oldenburg and colleagues [22] developed

two oligonucleotide (70-mer) arrays to examine denitrifi-
cation, nitrogen fixation, ammonia oxidation, and nitrite
reduction with amoA, nifH, nirS, and nirK genes.
Hybridizations were performed at 65°C, which provided
a high specificity. Under these conditions, sequences with
at least 84% to 90% similarity were detected with a
detection limit of ~107 DNA copies. These arrays were
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used to examine N-cycling communities from a river
system and differences in the denitrifying community were
observed. These variations were consistent with differ-
ences observed in the overall microbial community [22].
A macroarray was also developed to study nitrogenase

gene diversity in the environment using PCR amplicons of
nifH as probes on a nylon membrane [8]. At 60°C and 40%
formamide, the array was able to detect sequences
with> 78% sequence similarities, and the detection limit
was detected to be 13 pg target mL–1. An expanded nifH
macroarray was subsequently used to examine diazotroph
communities in the Chesapeake Bay [9], indicating a high
diversity of N-fixing microorganisms in this environment.
In addition, differences in specific phylotypes in the
surface water communities at different sampling stations
across the Chesapeake Bay were observed.
A specific nifH microarray was applied to analyze the

diversity (based on DNA) and activity (based on mRNA)
of diazotrophs in roots of wild rice samples from Namibia.
The results demonstrated that only a small subset of
diazotrophs present in the sample actually had nitrogen
fixation activity, suggesting that the developed nifH
microarray was a highly reproducible and semiquantitative
method for mapping the variability of diazotrophic
diversity and allowed rapid comparisons of the relative
abundance and activity of diazotrophic prokaryotes in the
environment. A further refined nifH microarray with 194
oligonucleotide probes covered more than 90% of
sequences in the nifH database at that time [23].
An FGA composed of probes for the nodC gene, which

is a common nod gene essential for nodulation in all
rhizobial species investigated so far, was developed and
used to detect known and new nodC sequences [24]. One
hundred thirty probes (41- and 50-mer) were designed
from two conserved regions of the nodC gene. The array
was then used to characterize rhizobial isolates. Subse-
quent sequencing of nodC-positive strains indicated that
novel nodC sequences had been detected.

2.2 FGA for assessing methane metabolism

An FGA composed of oligonucleotide probes for 59
pmoA/amoA genes was developed to study methanotrophs
[25]. Hybridizations were carried out using RNA extracted
from samples taken at a landfill in Seiberdorf, Austria, and
amplified using primers containing the T7 promoter. Fifty
of the probes were positive for perfect-match or one
mismatched sequences when hybridized at 55°C. For
environmental samples, the detection limit for this array
was approximately 5% of the total population. This array
was expanded to include 68 oligonucleotide probes and
used to study the effects of plant cover on methanotrophic
communities from simulated landfills [26]. Using commu-
nity DNAs, Methylocystis and Methylocaldum spp. were
found to be the dominant members of the methanotrophic

community, and supplemental biogas (CH4 and CO2 mix,
3∶2) increased the overall abundance of methanotrophs.
Using mRNA, Methylocystis and Methylocaldum spp.
were also detected as the dominant methanotrophic genera
in the simulated landfills, although Methylocaldum spp.
activity was quite low and no activity was detected for
Methylocystis spp. [27]. The results indicated that mRNA-
based microarray analyses may provide additional infor-
mation on the composition and functioning of microbial
communities.

2.3 FGAs for pathogen detection and medical diagnosis

A virulence marker gene (VMG) array was developed to
detect waterborne pathogens [28]. The VMG array
contained two sets of probes, one (n = 791) targeting 35
VMGs from 12 pathogens and the second (n = 2,034)
targeting 67 VMGs from 17 pathogens. This array was able
to detect pathogens in tap water, effluent from a wastewater
treatment plant, and river water at a relative abundance of
as little at 0.01%. An antibiotic resistance array was
developed as a potential high-throughput tool to identify
antimicrobial resistance genes or to screen related strains
[29]. This array was composed of PCR amplicons of
~550 bp in length derived from tetracycline genes. Of the
48 isolates tested, 38 showed positive hybridizations to one
tet gene, one isolate hybridized to two probes, while the
remainder did not have positive hybridizations. These
results indicated that microarray technology could be used
for screening a large number of different antibiotic
resistance genes.
One potential application of FGAs is for high-through-

put medical diagnosis or water and food safety testing. A
preliminary medical diagnostic array was tested using
oligonucleotide probes (70-mer) targeting Salmonella-
specific virulence factors (invA and sopB) and an
Enterobacteriaceae 16S rRNA gene-specific positive
control probe [30]. Whole-genome amplified DNA from
Escherichia coli DH5α and Salmonella enterica serovar
Senftenberg labeled with Cy-5 were used for evaluating
the array. When hybridizations were carried out at 42°C
and 40% formamide, this array was able to detect the target
sequences with as little as 1% of the original community.
A prototype array was designed to detect pathogens

from the bloodstream [31]. The array was composed of
120 PCR amplicon probes (200–800 bp) for virulence
genes, antibiotic resistance genes, and metabolic or
structural genes specific to Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa. The
array was tested using 45 clinical or reference strains of
the target organisms. The hybridizations were specific for
each strain tested. The presence of antibiotic resistance
genes detected on the array was confirmed for S. aureus
strains using traditional culture-based methods, which
agreed with microarray results.
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Another pathogen detection array was designed using
930 genes from 10 different pathogens (Staphylococcus
spp., Streptococcus spp., Enterococcus spp., Proteus spp.,
Klebsiella spp., Stenotrophomonas spp., Enterobacter
spp., Acinetobacter spp., E. coli, Pseudomonas aerugi-
nosa, and Candida albicans), antimicrobial resistance
genes, negative control probes from human, mouse,
amoeba, and grass genes, and bacterial 16S rRNA gene
probes as positive controls [32]. A multiplex PCR
amplification was used with primers specific for all genes
carried on the array (800 primer pairs). Hybridizations
were carried out at 42°C and 25% formamide. With
multiplex PCR amplification, the detection limit was 1.0 ng
DNA. Swabs taken from an infected wound were used to
evaluate the amplification method and the array; positive
hybridizations to multiple Enterococcus faecium and
Staphylococcus epidermidis specific probes were
observed. These results were later confirmed by culturing.

2.4 FGA for analyzing bioleaching systems

An acid mine drainage (AMD) array was designed using
50-mer oligonucleotide probes for genes (n = 1071), both
16S rRNA and functional genes, relevant to AMD and
bioleaching systems [33]. Samples from an AMD site (pH
2.0), a bioleaching system (pH 2.5), and a less acidic site
(pH 5.0) were evaluated using this array. Functional genes
involved in geochemical cycling of carbon, nitrogen, and
sulfur, iron metabolism, DNA replication and repair, and
metal resistance were detected. More 16S genes were
detected in the less acidic samples, but higher functional
diversity was observed in the lower pH samples. This study
indicated that this AMD array could provide specific,
sensitive, and quantitative detection of AMD microbial
communities like bioleaching systems.

2.5 GeoChips

GeoChips constructed with 50-mer oligonucleotide probes
have evolved over several generations. The first generation
of GeoChip was constructed with 763 genes involved in
nitrogen cycling (nirS, nirK, nifH, and amoA), methane
oxidation (pmoA), and sulfite reduction (dsrAB). An
evaluation showed that the developed array could provide
species/strain-level resolution for analyzing microorgan-
isms involved in nitrification, denitrification, nitrogen
fixation, methane oxidation, and sulfite reduction [34].
Then, a similar expanded array was developed with 2402
genes involved in organic contaminant biodegradation and
metal resistance to monitor microbial populations and
functional genes involved in biodegradation and biotrans-
formation [19]. Specificity tests with representative pure
cultures indicated that the designed probes on the arrays
appeared to be specific to their corresponding target genes.
The detection limit was 5 to 10 ng genomic DNA in the

absence of background DNA and 50 to 100 ng pure-culture
genomic DNA in the presence of background DNA. Real-
time PCR analysis was very consistent with the micro-
array-based quantification. This array was applied to
analyze naphthalene-amended enrichment and soil micro-
cosms, and the results indicated that this technology had
the potential as a specific, sensitive, and quantitative tool in
revealing a comprehensive picture of the compositions of
biodegradation genes and the microbial community in
contaminated environments [19]. Those arrays were
referred to as GeoChip 1.0.
Although all of the FGAs mentioned above can be used

to probe specific functional groups or activities, they lack a
truly comprehensive probe set covering key microbial
functional processes occurring in different environments.
Also, many of these probe sets may not provide the
specificity, sensitivity, and/or quantitative capability
necessary to distinguish gene variants with high homo-
logies. In addition, no standardized methods are available
for analyzing such microarray data. To fill these gaps, a
more comprehensive second generation of GeoChips
(GeoChip 2.0) was developed and evaluated. For example,
GeoChip 2.0 containing 24243 (50-mer) oligonucleotide
probes, targeting ~10,000 functional genes from 150 gene
families involved in the geochemical cycling of C, N, and
P, sulfate reduction, metal reduction and resistance, and
organic contaminant degradation, was developed as the
first comprehensive FGA [21]. Two years ago, the third
generation of GeoChip (GeoChip 3.0) was developed,
which contains about 28000 probes and targeting ~57000
sequences from 292 gene families [17]. GeoChip 3.0 is
more comprehensive and has several other distinct features
compared to GeoChip 2.0, such as a common oligo
reference standard (CORS) for data normalization and
comparison [35], a software package for data management
and future updating, the gyrB gene for phylogenetic
analysis, and additional functional groups including those
involved in antibiotic resistance and energy processing
[17]. Based on GeoChip 3.0, the latest generation of
GeoChip (GeoChip 4.0) in the NimbleGen format has been
recently developed, which contains ~84000 probes and
targeting> 152000 genes from 410 functional families.
GeoChip 4.0 not only contains functional categories from
GeoChip 3.0 but also includes additional functional
categories, such as genes involved in stress responses,
bacterial phages, and virulence. In addition, the current
GeoChip also contains ~47000 probes derived from human
microbiomes.
GeoChip technology has been recognized as a ground-

breaking and cutting-edge technology. GeoChip was cited
as an important tool for linking microbial communities to
ecosystem functioning by the National Ecology Observa-
tory Networks (NEON) Program in 2006. The Nature
Publishing Group issued a press release to highlight this
novel technology when the paper describing GeoChip 2.0
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was published in the ISME Journal in May 2007. GeoChip
was also highlighted in the Metagenomics Report by the
National Academy of Sciences in 2007. Based on GeoChip
3.0, OU GeoChip was also awarded a 2009 R&D100
Award by R&D Magazine, which recognizes the 100 most
innovative scientific and technical breakthroughs of the
year that show great promise for commercialization.
Therefore, in the following sections, the development
and applications of GeoChip for microbial community
analysis is focused on.

3 GeoChip development

GeoChip development involves several major steps,
including selection of target genes, sequence retrieval
and verification, oligonucleotide probe design, probe
validation, array construction, and automatic update
(Fig. 1(a)), and such processes are normally realized by a
GeoChip development and data analysis pipeline [17].

3.1 Selection of target genes

A variety of functional genes can be used as functional
markers targeting different processes, such as biogeo-
chemical cycling of C, N, S, P, and metals, bioremediation
of environmental contaminants, and antibiotic resistance.
For example, 292 functional gene families were selected
for GeoChip 3.0, and for the N cycle, 16 genes/enzymes

were selected, including (i) nifH (dinitrogenase reductase)
for N fixation; (ii) amoA (ammonia monooxygenase) and
hao (hydroxylamine oxidoreductase) for nitrification; (iii)
gdh (glutamate dehydrogenase) and ureC (urease) for
ammonification; (iv) napA (nitrate reductase) and nrfA (c-
type cytochrome nitrite reductase) for dissimilatory N
reduction to ammonium (DNRA); (v) nasA (nitrate
reductase) and nirA/nirB (nitrite reductase) for assimilatory
N reduction to ammonium; (vi) narG (nitrate reductase),
nirS/nirK (nitrite reductase), norB (nitric oxide reductase),
and nosZ (nitrous oxide reductase) for denitrification; and
(vii) hzo (hydrazine oxidoreductase) for anaerobic ammo-
nium oxidation (anammox). Similarly, a total of 48 genes/
enzymes were selected for the N, P, and S cycles, 41 for
metal resistance, 173 for biodegradation of a variety of
organic contaminants, and 13 for antibiotic resistance and
energy processing [17]. In addition, phylogenetic markers,
such as 16S rRNA and DNA gyrase (GyrB) genes, are
commonly used to examine the phylogenetic diversity,
composition, and structure of microbial communities [37–
41]. More importantly, if sequences for a known functional
gene are available, they can be added in an updated
GeoChip. For example, functional gene families have
increased to 410 on GeoChip 4.0 from 292 on GeoChip
3.0. Most of those added functional gene families are
involved in stress responses, bacterial phages, and
virulence.
Generally, genes are chosen for key enzymes or proteins

with the corresponding function(s) of interest. If a process

Fig. 1 Schematic presentation of GeoChip development and applications in analysis of microbial communities from a variety of
habitats. (a) GeoChip development; (b) Target preparation; (c) GeoChip data analysis. This figure is adapted from Fig. 1 by Zhou et al. [36]
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involves multiple steps or a protein complex, those genes
responsible for catalytic subunits or with the active site(s)
will be selected. For example, the CnrCBA transporter
complex is composed of three proteins that confer
resistance to Ni and Co via efflux [42–44]. The transporter
is composed of an outer membrane factor (OMF) (CnrC)
that passes through the outer membrane, a trimer of
resistance-nodulation-cell division (RND) protein family
members (CnrA) that forms a tube, and a membrane fusion
protein (MFP) (CnrB) that maintains the alignment of the
OMF and the RND trimer [45–47]. Since the MFP (CnrB)
is not actively involved in Ni or Co efflux, this gene would
not be included, but the OMF (CnrC) and the RND
proteins (CnrA) responsible for Ni and Co transportation
and specificity are selected.

3.2 Sequence retrieval and verification

Sequence retrieval and verification are performed gener-
ally by a pipeline. For example, such a pipeline was
implemented in Perl scripts integrated with the Common
Gateway Interface (CGI) Web standard protocol and some
open-source modules, such as Bioperl and DBI [17]. A
database is integrated with the pipeline to store and manage
all sequence and probe data, such as databases for all
initially retrieved candidate sequences, verified sequences,
seed sequences, keywords, output probes, and the best
probes for GeoChip. For each functional gene, the first step
is to submit a query to GenBank Protein Database through
the National Center for Biotechnology Information (NCBI)
Entrez Programming Utilities (eUtils) and fetch all
candidate amino acid sequences. Each query submitted
usually includes various keywords, such as the name of the
target gene/enzyme, its abbreviation and enzyme commis-
sion number (EC), and affiliated domains of bacteria,
archaea, and fungi. The sequences retrieved by the query
should be as broad as possible to avoid missing any real
sequences but also exclude non-target sequences. Thus, all
these candidate sequences have to be verified by a
sequence-region-consensus finding program, HMMER
[48]. Generally, more than five full-length sequences
with an experimentally verified function are selected as
seed sequences for each functional gene; then, ClustalW
[49] and hmmbuild [48] are used to construct a profile
hidden Markov model (HMM) based on the alignment of
all seed sequences. This model is then used to search
against all candidate sequences through both HMMER
local and global algorithms, and e-values were obtained for
the hits. Only those hits with e-values of the global
alignment less than a cutoff (e.g., 0.1) are considered as
highly confident targets in this design process. Other hits
with local e-values between 0.1 and 1.0 may be listed and
manually determined to be targets. Finally, all confirmed
protein sequences are searched against GenBank again to
obtain their corresponding nucleic acid sequences for
probe design.

3.3 Oligonucleotide probe design

Although many software tools have been used for
oligonucleotide probe design, a new version of CommO-
ligo [50] with group-specific probe design features can be
used to design both gene- and group-specific oligonucleo-
tide probes with different degrees of specificity based on
the following criteria: (i) gene-specific probes:£90%
sequence identity,£20-base continuous stretch, and – 35
or more kcal/mol free energy [51], and (ii) group-specific
probes: a group-specific probe has to meet the above
requirements for non-target groups and must have≥96%
sequence identity,≥35-base continuous stretch, and – 60
or less kcal/mol free energy within the group [52]. Computa-
tional and experimental evaluation indicates that those
designed probes are highly specific to their targets [17,21].

3.4 Probe validation and automatic update

All designed probes are subsequently verified against the
GenBank (NR) nucleic acid database for specificity and the
criteria for nonspecific hits were> 90% sequence identi-
ties,> 20 bp continuous stretches, or less than – 35 kcal/
mol free energy by MegaBLAST [53]. Normally, multiple
(e.g., 20) probes for each sequence or each group of
sequences are designed so that only the best probe set for
each sequence or each group of closely related sequences is
chosen for array construction. To reflect the current status
of functional genes, a pipeline should have a feature to
update gene sequences and their probe design information
automatically.

3.5 GeoChip construction

GeoChip can be constructed in-house or commercially by
NimbleGen (Roche NimbleGen, Madison, WI). For in-
house array construction, all designed probes are synthe-
sized commercially (e.g., Invitrogen, Carlsbad, CA), and
the concentration of all oligonucleotides is adjusted to a
final concentration (e.g., 100 pmol$μL–1). In addition,
positive control probes (e.g., 16S rRNA gene) and negative
control probes (e.g., human genes) are synthesized and
spotted on each sub-grid at least two times. All
oligonucleotide probes and controls were arrayed onto
Corning UltraGAPS (Corning, New York, NY) slides
using a array spotter (e.g., Microgrid II Arrayer, Genomic
Solutions, Ann Arbor, MI) as described previously [17,21].
NimbleGen uses micromirror array synthesis, which
synthesizes the probes directly onto the glass array surface
in different formats with up to 2.1 million probes per slide.

4 GeoChip analysis

Generally, GeoChip analysis includes target preparation,
GeoChip hybridization, image and data preprocessing, and
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data analysis (Figs. 1(b) and (c)).

4.1 Target preparation

The most important step for successful hybridizations is
nucleic acid extraction and purification. For experiments
using GeoChip, environmental DNA is generally extracted
using a well-established method that used freeze-grinding
combined with detergent lysis [54,55]. This method
provides very large fragments of DNA since it is gentler
than the popular bead beating protocols. These large
fragments are needed for the subsequent DNA amplifica-
tion step. DNA can be purified using various methods,
including various column purification methods. Our
laboratory has successfully used an agarose gel purification
followed by a phenol-chloroform-butanol extraction [56],
especially for soil or sediment samples with large amounts
of humic acids or other impurities. The purified DNA
should have A260∶A280> 1.8 and A260∶A230> 1.7. The
A260∶A230 ratio has the most influence on hybridization
success [57]. Impurities in the DNA can inhibit subsequent
amplification, labeling, and hybridization steps. As such,
extra time and attention should be taken for DNA extraction
and purification steps to assure the success of subsequent steps.
Since so much DNA (1–5 μg) or RNA (10–20 µg of total

RNA) is required for GeoChip hybridization, an amplifica-
tion step is often necessary. For DNA amplification, the
whole-community genome amplification (WCGA) method
has been developed [58]. This method uses the Templiphi
500 amplification kit (phi 29 DNA polymerase, GE
Healthcare, Piscataway, NJ) with a modified buffer
containing single-stranded binding protein and spermidine.
The buffer modification increases amplification yield and
provides representative and even amplification with
minimal bias. Using this method as little as 10 fg DNA
can be amplified, the equivalent of one to two bacterial
cells although generally 1 to 100 ng DNA is used for
amplification. It has also been shown to be highly
representative. When pure cultures were tested, less than
0.5% of the genomic DNA showed a greater than 2-fold
change when compared to unamplified controls and no
genes showed a greater than 3-fold change. Amplified
DNAwas quantitative, showing a linear relationship (r2 =
0.91) with starting DNA concentrations of 0.1 to 1,000 ng.
When environmental DNA was tested, minimal bias was
observed when 1.0 ng or greater DNA was used for
amplification [58].
Use of RNA for GeoChip hybridization is still

challenging mainly because environmental mRNA is not
stable with a rapid turnover, usually contains contami-
nants, and may be in a low abundance for some mRNA
species. Several methods are available for extraction of
microbial community RNA from environmental samples.
Hurt et al. [55] developed a method for the simultaneous
extraction of DNA and RNA. RNA can also be extracted

with bead-beating [59]. Another method can separate
mRNA from total RNA using gel electrophoresis [60]. To
overcome the low quantity of mRNA obtained, a whole-
community RNA amplification (WCRA) was developed
[61]. A fusion primer consists of a short (6–9) series of
random nucleotides and a T7 promoter. Representative
amplification was obtained using 50 to 100 ng total RNA.
The original relationship of mRNA quantity was obtained
when 50 ng or more of RNA is used [61].
The amplified nucleic acids are then labeled with

fluorescent dye (e.g., Cy3 and Cy5) using random priming
with the Klenow fragment of DNA polymerase [58]. RNA
is labeled using SuperscriptTM II/III RNase H-reverse
transcriptase [62]. The labeled nucleic acids are then
purified and dried for hybridization.

4.2 Hybridization

Labeled nucleic acid target is suspended in hybridization
buffer containing 50% formamide. The nucleic acid targets
are heated to 99°C to melt the nucleic acids in preparation
for hybridization. GeoChips can be hybridized at 42°C to
50°C and 50% formamide [17,21,56,63–65]. The hybridi-
zation stringency can be adjusted by changing the
temperature and formamide concentration. For every 1%
increase in formamide, the effective temperature increases
by 0.6°C.
Several different methods for hybridization are available

for glass-based arrays. Manual hybridizations are per-
formed using a hybridization oven or in manual hybridiza-
tion chambers using a water bath. Semi-automated systems
are also available, which control temperature and provide
mixing via specially designed mixers, acoustic agitation, or
with rotation (e.g., Mai Tai® from SciGene, SlideBooster
from Advalytix, and Maui from BioMicro Systems). Post-
hybridization washes can be done manually or with an
automated wash station (e.g., Maui Wash Station,
BioMicro Systems). Completely automated systems are
also available, which perform all steps from pre-hybridiza-
tion slide preparation to post-hybridization washes (e.g.,
Tecan HS4800Pro, TECAN US).

4.3 Imaging and data processing

Hybridized arrays are imaged with a microarray scanner
having a resolution of at least 10 µm for homemade arrays
and 2 µm for NimbleGen arrays. Microarray analysis
software is then used to quantify the signal intensity (pixel
density) of each spot. Spot quality is also evaluated at this
point using predetermined criteria. Poor- or low-quality
spots, which do not meet the criteria, are flagged for later
removal. “Good” spots are then evaluated to determine
positive spots. Generally, this is determined based on
signal-to-noise ratio (SNR; SNR = (signal mean – back-
ground mean) / background standard deviation). Other
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calculations can also be used. A signal-to-both standard
deviations ratio (SSDR; SSDR = (signal mean – back-
ground mean) / (signal standard deviation – background
standard deviation)) has been reported, which resulted in
fewer false-positives and false-negatives than the SNR
calculation [66].
Raw GeoChip data are further evaluated via the

GeoChip data analysis pipeline [17]. The quality of
individual spots, evenness of control spot hybridization
signals across the slide surface, and background levels are
assessed to determine the overall array quality. Spots
flagged as poor or low quality are removed along with
outliers (positive spots with (signal – mean signal intensity
of all replicate spots) greater than three times the replicate
spots signal standard deviation [66,67]). The signal
intensities are then normalized and stored in an experiment
database for further statistical analysis.

4.4 GeoChip data analysis

Data analysis is the most challenging aspect of FGA
because of the large amounts of data generated. Several
methods have been frequently used in GeoChip studies.
These include various diversity indices (e.g., richness,
evenness, and diversity) based on the number of functional
genes detected. The relative abundance of specific genes or
gene groups can be determined based on the total signal
intensity of the relevant genes or the number of genes
detected. The percent of genes shared by different samples
can also be calculated to compare communities. The
response ratio can be used to determine changes in gene
abundance based on different treatments or conditions. For
statistical analysis of FGA data, several methods are
commonly used. These include ordination techniques, such
as principal component analysis (PCA) or detrended
correspondence analysis (DCA), cluster analysis (CA),
and neural network analysis (NNA) [67]. PCA and DCA
are multivariate statistical methods that reduce the number
of variables needed to explain the data and highlight the
variability between samples. CA group samples based on
overall similarity of gene patterns. NNA is used to
visualize relationships between genes or gene groups.
Response ratios compare the signal intensities between two
samples, generally control versus treatment [68]. This
method was used to compare community responses to oil
contamination [56] and elevated CO2 [69]. If environ-
mental data are available, several statistical methods are
available to correlate environmental variables with the
functional community structure. These include canonical
correspondence analysis (CCA) [70], variance partitioning
analysis (VPA) [71,72], or other correlation analyses (e.g.,
Mantel test). CCA has been used in many cases in
GeoChip-based studies to better understand how environ-
mental factors are affecting the community structure
[16,63,64,73,74]. Based on the results of the CCA, the

relative influence of environmental variables on the
microbial community can be determined using VPA.
Further correlations of GeoChip data with environmental
parameters can be performed with the Mantel test
[17,21,63,64,69,74].

5 Key issues for GeoChip analysis

Although GeoChip technology has been demonstrated to
be specific, sensitive, and quantitative for analyzing
microbial communities from different habitats [16–
19,21,34,58,63,64,66,69,74–77], some key issues and
challenges remain, including nucleic acid quality, probe
coverage, specificity, sensitivity, quantitative capability,
and the detection of active microbial communities.

5.1 Nucleic acid quality

A critical factor for the success of FGA hybridizations is
the quality of nucleic acids used. There are many nucleic
acid extraction methods available. However, methods that
result in large pieces of DNA or non-degraded RNA are
preferred as fragmentation of nucleic acids decreases the
amplification efficiency. Fresh DNA or RNA is best since
even short-term storage of nucleic acids can result in
degradation or fragmentation if any contaminants or
impurities remain in the nucleic acid solution. The
presence of inhibitors and contaminants is also problematic
since this can inhibit amplification and labeling steps. Gel
purification has worked very well in our laboratory.
However, fresh, large-sized DNA in relatively large
amounts is necessary since some DNA is lost in this
process, and some samples cannot be purified to the
required level. Thus, newer methods of purification that
result in high quality but little loss of DNA are needed.
An even greater challenge is the use of environmental

mRNA. Because of the low abundance, rapid turnover, and
instability of environmental mRNA, extraction is difficult.
Only a limited number of studies used environmental
mRNA for GeoChip analysis [23,55,61,78]. The use of
environmental mRNA often requires tedious and time-
consuming amplification steps. More efficient amplifica-
tion methods are needed.

5.2 Probe coverage

Earlier versions of FGAs were composed of a limited
number of probes and only covered one or a few functional
genes. The GeoChip arrays greatly expanded the number
of probes and gene groups covered on a single array.
GeoChip 2.0 is the first comprehensive FGA targeting
more than 10000 gene sequences in 150 functional gene
families [21], while GeoChip 3.0 targets about 57000 gene
sequences in 292 functional gene families [17]. The latest
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version GeoChip 4.0 is more comprehensive than GeoChip
3.0 with 152000 gene sequences targeted in 410 functional
gene families. However, no matter how comprehensive a
GeoChip is now, the continuous addition of new sequences
to the public databases will result in exponential increases
in available functional sequences. Therefore, frequent
updates are necessary to keep GeoChip to the current
status, and an automatic update feature has been
implemented in GeoChip design pipeline [17].

5.3 Specificity

Another critical issue with microarray detection is
specificity. This is especially important when environ-
mental samples are used since there are most likely many
gene variants within each sample. Array specificity is
controlled by probe design and hybridization conditions. A
challenge in designing specific probes is the number of
unknown sequences in the environment and many gene
variants with high homologies. The use of carefully
selected design criteria can produce highly specific
oligonucleotide probes. Probe design criteria-based
sequence identity, continuous sequence stretches, and
free energy have been systematically evaluated and
experimentally established in order to increase specificity
[51,52]. Also, probe specificity as well as coverage can be
improved with probe design software. A novel microarray
probe design software tool CommOligo [50] and its
improved versions was used to design probes for GeoChip
2.0, GeoChip 3.0, and GeoChip 4.0. Experimental
evaluations of GeoChip 2.0 and GeoChip 3.0 indicated
that a minimal number of false positives (0.002–0.025%)
were observed [17,21].
Optimization of hybridization conditions can also be

used to increase specificity. Specificity is generally
controlled by the temperature and formamide concentra-
tion. With hybridizations at 50°C and 50% formamide,
GeoChip could differentiate sequences with similarities
less than 90% to 92% [19,51,79], which provides a
resolution at the species-strain level [34,51,79]. With PCR
amplicon probes, sequences with similarities as low as
70% to 75%were distinguishable at 45°C, while sequences
with similarities> 87% were distinguishable at 65°C
without formamide added [18].

5.4 Sensitivity

Sensitivity is a major concern with any detection
technology, especially with the samples from complex
environments where many gene variants are expected to be
in low abundance. The current level of sensitivity for
oligonucleotide arrays using environmental samples is
approximately 50 to 100 ng or 107 cells [18,19,25,34,80]
or approximately 5% of the microbial community [25],
providing coverage of only the most dominant community

members. This is an important issue especially for most
environmental samples from soils, groundwater, and
marine water columns since the abundance in these
samples is generally lower than the detection limit. As
such, the use of microarrays for many environmental
studies is very limited.
Several strategies have been utilized to increase

sensitivity. The most important is the use of target DNA
or RNA amplification to increase sensitivity [32,58,61].
WCGA can amplify all of the community DNAs, including
sequences in a low abundance [58]. WCGA has been
shown to provide a representative, sensitive, and quanti-
tative amplification of microbial community DNA using
starting amounts of 1.0 to 250 ng. Use of amplified DNA
for hybridization increased the sensitivity of GeoChip
hybridization to 10 fg (equivalent to 1–2 cells) [58].
Several array modifications can increase sensitivity,

although generally there is a trade-off with a decreased
specificity, another important concern with microarrays.
Increasing the length of oligonucleotide probes increases
sensitivity [62,81], although this does decrease specificity
[82]. Another option is to increase the amount of probe per
spot [82–84]. This strategy is based on the fact that
membrane-based arrays are more sensitive than glass-
based arrays probably because of the higher probe
concentration (> 1μg$spot–1 formembranes;< 20 pg$spot–1

for glass slides) [83]. However, again, this decreases the
array density and may actually decrease sensitivity by
reducing overall signal intensity [81].
Decreasing the volume of hybridization solution can

also increase sensitivity. Wu et al. (2004) demonstrated
that decreasing the hybridization buffer to 3 µL from the
typical 15 µL increased the sensitivity from 5 ng in the
presence of multiple DNA to 0.2 ng for pure culture DNA.
Mixing during hybridization can also increase sensitivity
with SNR values three times that of static hybridizations
[85]. Hybridization results were consistent over a range of
RNA concentrations (5–20 μg), indicating that mixing
during hybridization allows for detection of lower amount
of nucleic acid [85].
Dyes or other labeling techniques can also increase the

detection limit of GeoChip. Cyanine dye-doped nanopar-
ticles [86] or tyramide signal amplification labeling [81]
has been shown to increase sensitivity up to 10-fold.
Development of signal detection systems with higher
sensitivities would also increase the detection sensitivity of
GeoChips [83,84]. In addition, improving air quality where
hybridization and array scanning occurs may improve
sensitivity since ozone has been implicated in loss of cy-
dye signal [87]. Ozone control systems are available for
equipment, work spaces, or entire rooms. Because positive
signals must be distinguished from background noise,
increased sensitivity can be accomplished by reducing
background signal on arrays. The use of unmodified glass
slides for array construction [88,89] may decrease
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background levels since unmodified glass has 4- to 12-fold
less background intensity [88]. Modifications can also be
made to the calculations used to distinguish true signals
from background [66].

5.5 Quantitative capability

An important goal in microarray analysis is to provide
quantitative information. GeoChip has been shown to have
a linear relationship between target DNA or RNA
concentrations and hybridization signal intensities. PCR-
based amplicon probes demonstrated a linear relationship
(r = 0.94) between signal intensity and DNA quantity over
a concentration range of 0.5 to 100 ng [18]. A linear
relationship (r = 0.98–0.99) over a concentration range of 8
to 1,000 ng was observed for 50-mer oligonucleotide
probes as well [34]. This relationship also existed for
hybridizations using RNA as the target as well (r = 0.895–
0.942; 50–100 ng) [61]. Significant correlations between
the gene copy number measured by quantitative real-time
PCR and the signal intensity were observed for GeoChip
2.0 (r = 0.530, n = 85, and p< 0.0001) and GeoChip 3.0 (r
= 0.724, n = 91, and p< 0.0001) with soil samples from the
BioCON experimental site, indicating that GeoChip data
are quantitative [69]. This linear relationship was observed
for pure culture, mixed culture, and environmental samples
with or without amplification by WCGA [18,19,34,58].
While signal intensity can be used to provide quantita-

tive information, it can be affected by sequence divergence
(i.e., the more divergent the sequence, the lower the signal
intensity). As such, strategies and techniques that can
distinguish true signal from noise signal can improve the
quantitative ability of microarrays as well as the specificity.
Mismatch probes have been proposed as a method to
discern true signals from noises [79]. While this strategy
has been used successfully for 16S rRNA probes [41,90],
this strategy may be more difficult to implement for
environmental samples since longer oligonucleotide
probes are used for GeoChips. In addition, so many
unknown sequences exist in the environment. Another
strategy to overcome potential cross-hybridization is to use
relative comparisons across samples rather than absolute
comparisons. By utilizing ratios of gene abundance in
control versus experimental systems, any cross-hybridiza-
tion can be cancelled out assuming the communities are
similar [21].

5.6 Activity

While DNA detection provides information on the
presence of functional genes in the environment, it does
not provide unconditional evidence for microbial activity.
Population changes can be used to infer microbial activity,
but this may not be accurate [27]. To monitor microbial
activity mRNA or other markers of activity must be used

[27,61,78,91]. mRNA is used frequently in pure culture
studies; however, since environmental mRNA is usually in
low abundance, has a rapid turnover, and is only a small
proportion of the total RNA, a large quantity of RNA (10–
20 μg) is required for hybridization. There are some
extraction protocols for environmental RNA [55,59,60],
but these can be time-consuming and laborious. Improved
extraction techniques are needed. In addition, because of
the low quantity of environmental mRNA, amplification
techniques are needed as well. WCRA was developed to
overcome some of the limitations of environmental mRNA
use [61]. This method was able to provide representative
detection of environmental RNAwith 50 to 100 ng starting
material. Positive signals were detected with as little as
10 ng RNA, which provides sufficient sensitivity for many
natural settings. However, the current amplification
protocol is time-consuming and laborious. Therefore,
improved RNA extraction methods are necessary for
environmental samples. Another option for determining
microbial activity is the use of stable isotope probing (SIP)
of active community members [91].

6 GeoChip applications

Different versions of GeoChips have been used to analyze
microbial communities from different habitats, such as
water and marine systems, soils, extreme environments,
human microbiomes, and bioreactors for addressing
fundamental scientific questions related to global change,
bioenergy, bioremediation, agricultural management, land
use, and ecological theories as well as human health and
disease. In this following, we will provide brief highlights
for various representative results.

6.1 Groundwater and aquatic ecosystems

GeoChip has been used to analyze microbial communities
(water and sediment samples) from aquatic ecosystems,
especially U.S. DOE contamination sites like the Field
Research Center, Oak Ridge, TN (OR-FRC), which
originates from the former S-3 waste collection ponds
that received nitric acid, metals, and radionuclide (U and
Tc) contaminated waste until 1983 [92]. Those ponds have
been drained and treated, but the subsurface near the
source zone remains heavily contaminated with acidic pH
(3.4–3.6) and high concentrations of numerous chemicals,
such as uranium (50 mg$L–1) and nitrate (8–12 g$L–1).
A series of contaminated wells and an uncontaminated

background well were examined using GeoChip 1.0 [58].
Higher functional gene numbers and diversity were
observed in the uncontaminated well and in low
contamination wells compared to the high-contamination
wells, and dsr genes that may be involved in U(VI)
reduction were detected along with genes involved in
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denitrification, organic contaminant degradation, and
metal resistance. These wells and an additional well were
further analyzed using GeoChip 1.0 [64]. The results
showed that the microbial community structure was
closely correlated with the geochemistry of each well
and that the environmental parameters with the most
influence on community structure were pH, sulfate, and the
combination of U and Tc, with pH and the combination of
U and Tc each showing the highest level of variance,
approximately 21% for pH and 40% for the combination of
U and Tc [64].
A pilot-scale field test system was established near the S-

3 ponds to examine the feasibility of in situ bioremediation
and immobilization of U(VI) [93], resulting in a successful
reduction of U(VI) through microbial bioreduction and
immobilization [94]. GeoChip 2.0 was used to successfully
track the dynamics of metal-reducing bacteria (MRB) and
associated communities for an in situ bioremediation and
showed that the abundance of cytochrome c and dsr genes
was significantly correlated with the U(VI) concentration
[21]. To further monitor the long-term effects of uranium
bioremediation in this site, GeoChip 2.0 has been used to
examine several experimental periods of this field test
system. During the active U(VI) reduction phase, func-
tional genes associated with denitrification, sulfate reduc-
tion, and Fe(III) reduction increased as U(VI)
concentrations decreased, indicating that these populations
were important in U(VI) reduction, and these populations
leveled off after the initial U(VI) reduction and remained
relatively stable during the maintenance phase.1) Ethanol,
nitrate, pH, sulfate, and U(VI) were found to be the most
important environmental parameters in shaping the func-
tional structure of the microbial community. In a later
period of this system, the stability of the bioreduced U(IV)
was examined by halting ethanol injections and introdu-
cing dissolved O2 (DO) into the system and then allowed
the system to recover by reintroducing ethanol and
decreasing DO [94]. Consistently, a shift in the microbial
community structure was observed following reintroduc-
tion of ethanol to the system, and COD, temperature, and
sulfate and U(VI) were the most important environmental
parameters in controlling the community structure and
were able to explain almost 65% of the variation observed
[63].
In another study, GeoChip was used to examine the

functional composition and structure of microbial com-
munities of sediment samples collected from both inner
and outer loop wells in this site [95]. Distinct microbial
communities were established wells with a higher micro-
bial functional gene number, diversity, and abundance
wells in the inner loop than in the outer loop wells. Also,

MRB, such as Desulfovibrio, Geobacter, Anaeromyxo-
bacter and Shewanella, and other bacteria (e.g., Rhodop-
seudomonas, Pseudomonas), were highly abundant in the
inner loop wells. In addition, the richness and abundance
of microbial functional genes were highly correlated with
the mean travel time of groundwater from the inner loop
injection well, pH, and sulfate concentration in ground-
water. These results suggest that the indigenous microbial
communities can be successfully stimulated for U
bioremediation in the groundwater ecosystem, and their
structure and performance can be manipulated or opti-
mized by adjusting geochemical and hydrological condi-
tions [95].
The above GeoChip studies with groundwater and

sediment samples suggest that key microbial functional
processes are occurring at this contaminated site and that
those indigenous microbial communities, including MRB,
denitrifiers, and sulfate-reducing bacteria (SRB) as well as
organic contaminant degraders, may play important roles
in bioremediation of such a contaminated site.
Another study was to examine microbial communities

from marine sediments in the Gulf of Mexico using
GeoChip 1.0 [74]. Samples were collected from two
stations (200 and 800 m) at different depths (0.75–25.5 cm
for the 200 m station and 0.25–16.0 cm for the 800 m
station). The results showed that the microbial commu-
nities became more distinct with depth and that genes for
all major functional categories were detected by this array,
including carbon degradation, nitrification, denitrification,
nitrogen fixation, sulfur reduction, phosphorus utilization,
contaminant degradation, and metal resistance. Statistical
analyses suggest that sediment depth, porosity, and
ammonium, Mn(II), phosphate, and silicic acid concentra-
tions might play major roles in shaping the microbial
community structure in the marine sediments [74].
Microbial communities from two pesticide-impacted

European rivers, the Ebro in Spain and the Elbe in
Germany, were examined using GeoChip 2.0 [96].
Samples were collected from river sediments and rice
fields within the river delta. GeoChip analysis showed that
spatial and temporal fluctuations were reflected not only in
the abundance of Dehalococcoides spp. but also in the
composition of the populations and reductive dehalogen-
ase (Rdh) gene diversity. The results indicated that the
strongest drivers determining the functional structure
within those systems were the C/N ratio, depth, total N,
and location. This study provides new insights into the
natural occurrence and dynamics of active Dehalococ-
coides spp. in HCB-contaminated river basins [96].
GeoChip 2.0 was also used to examine the functional

structure of microbial communities associated with healthy

1) Van Nostrand J D, Wu L, Wu W, Gentry T J, Huang Z, Deng Y, Carley J, Carroll S, He Z, Gu B, Luo J, Criddle C S, Watson D B, Jardine P M, Marsh T L,
Tiedje J M, Hazen T C, Zhou J. Dynamics of microbial community composition and function correlate with changes in site geochemistry during the in situ
bioremediation of a uranium-contaminated aquifer. Applied and Environmental Microbiology (in review)
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and yellow band diseased (YBD) coral, Montastraea
faveolata [97]. The results suggest a more generalized shift
in functional potential involving various aspects of nutrient
cycling, metal transformations, and contaminant degrada-
tion and provide insights into biogeochemical cycling
capacity in healthy and diseased coral-associated microbial
communities.

6.2 Soil

GeoChip has been used to investigate soil microbial
communities to address fundamental ecological questions,
such as global climate change, bioremediation/phytoreme-
diation, land use, and ecology theories.
GeoChip 1.0 was used to study the effects of different

land use strategies (a primitive fir forest, two spruce
plantations, and cropland) on the microbial community
[98]. The results suggest that the number of functional
genes and the gene diversity index are correlated with
increasing amounts of soil organic carbon, except in the
primitive Abies faxoniana forest site, and that primitive
forest soil was clustered more closely to soil from the
spruce plantation established about 40 years ago [98].
GeoChip 2.0 in combination with SIP was used to

monitor active microbial populations from a polychlori-
nated biphenyl (PCB)-contaminated site [91]. Microcosms
were set up from soil samples, fed 13C-labeled or unlabeled
biphenyl, and sampled at 1, 4, and 14 days. Genes involved
in the degradation of biphenyl (BP) and benzoate as well as
genes for a variety of aromatic ring hydroxylating
dioxygenase (ARHD) subunits and the ketoadipate path-
way were detected by GeoChip 2.0. This study improves
our understanding of BP degradation and carbon flow in
soil [91].
Microbial communities associated with Antarctic sedi-

ments were characterized using GeoChip 2.0 to better
understand N and C cycling in this environment [73].
GeoChip analysis showed that the detected N- and C-cycle
genes were significantly different across different sampling
locations and vegetation types. Statistical analyses showed
that pH and the number of freeze–thaw cycles were
significant factors for all gene groups detected and that the
C:N ratio had a significant effect on the C- and N-cycling
functional genes. In addition, soil temperature was found
to be positively correlated with cellulose degradation and
denitrification genes. This study provides insight into our
understanding of the forces driving important processes of
terrestrial Antarctic nutrient cycling [73].
GeoChip 2.0 was used to examine whether microbial

species richness increases with area in forest soil, as has
been observed in macroorganisms [99], and to better
understand spatial scaling in microbial communities [16].

Samples were collected from forest soils in a nested design
with samples taken over a scale of less than 1 m to 1 km.
The gene-area relationship was determined using the
functional genes detected with GeoChip 2.0, and the
results indicated that the forest soil microbial community
had a relatively flat gene-area relationship with less
turnover than observed for plants and animals [16].
Recently, GeoChip 3.0 has been used to analyze soil

microbial communities associated with plant diversity and
global changes (e.g., elevated CO2 and warming). Two
studies were conducted at a multifactor grassland experi-
ment site, BioCON (Biodiversity, CO2, and Nitrogen
deposition) in the Cedar Creek Ecosystem Science
Reserve, MN [100]. One was to investigate how plant
diversity affects the functional diversity, composition, and
structure of soil microbial communities, and DCA of all
detected 4,012 genes showed that the microbial commu-
nity structure was significantly different between mono-
species (1 species) and multispecies (4, 9, and 16 species),
suggesting that mono-cultures of plants may lead to a
decrease in the soil microbial community diversity [17].
The other was to examine how elevated CO2 affects the
functional composition and structure of soil microbial
communities [69]. The results showed that the microbial
community structure was markedly different between
ambient CO2 and elevated CO2 as indicated by DCA of
GeoChip 3.0 data as well as 16S rRNA gene-based
pyrosequencing data. Also, those involved in labile C
degradation and C and N fixation were significantly
increased under elevated CO2, although the abundance of
genes involved in decomposing recalcitrant C remained
unchanged. In addition, changes in microbial communities
were significantly correlated with soil C and N contents
and plant productivity [69]. Another study was conducted
at a long-term experimental warming site in a tall grass
prairie ecosystem in the U.S. Great Plains of Central
Oklahoma to explore microbial-mediated carbon cycle
feedback in response to 8-year warming by approximately
2°C, and the results indicate that microorganisms critically
regulate ecosystem carbon cycling in response to climate
warming1).
GeoChip 3.0 was also used to understand how microbial

communities respond to arsenic contamination in the
rhizosphere of Pteris vittata, which can tolerate and
accumulate arsenic from arsenic-contaminated soils [76].
Arsenic resistance, sulfur reduction, phosphorus utiliza-
tion, and denitrification genes were remarkably distinct
between P. vittata rhizosphere and non-rhizosphere soils,
which provides evidence for a strong linkage among the
level of arsenic contamination, the rhizosphere, and the
functional gene distribution. CCA revealed that arsenic is
the main driver in reducing the soil functional gene

1) Zhou J, Xie J, Wu L, Xue K, Fei S, Deng S, He Z, Deng Y, Van Nostrand J D, Luo Y. Microbial mediation of carbon cycle feedbacks to climate warming.
Science (submitted)
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diversity, suggesting that rhizobacteria may play an
important role during soil arsenic uptake and hyperaccu-
mulation processes by P. vittata [76].

6.3 Extreme environments

GeoChip has been used to investigate the functional
diversity, composition, structure, and metabolic potential
of microbial communities from extreme environments,
including deep-sea hydrothermal vents, deep-sea basalts,
hypersaline lake, and AMD.
Deep-sea hydrothermal vent microbial communities

were investigated using GeoChip 2.0 [75]. Samples were
taken from a mature chimney and the inner and outer
portions of a 5-day-old chimney. The inner chimney
communities were less diverse than those from the outer
portion of the 5-day-old chimney or the mature chimney,
and genes involved in methanogenesis, aerobic and
anaerobic methane oxidation, nitrification, denitrification,
sulfate reduction, degradation of complex carbon sub-
strates, and metal resistance were also detected, suggesting
that the hydrothermal microbial communities are metabo-
lically and physiologically highly diverse and that the
communities appear to be undergoing rapid dynamic
succession and adaptation in response to the steep
temperature and chemical gradients across the chimney
[75].
Microbial communities from deep-sea basalt were

examined with GeoChip 2.0 to understand key biogeo-
chemically functional processes associated with this
environment [65]. GeoChip analysis showed that genes
coding for previously unreported processes, such as carbon
fixation, methane oxidation, methanogenesis, and nitrogen
fixation, were present, suggesting that these processes may
be important in this environment [65].
Horizontal gene transfer (HGT) among microorganisms

of microbial communities from a hypersaline lake (the
Great Salt Lake, Utah, USA) where NaCl concentration
ranges from near seawater to saturation, with exceptionally
high concentrations of sulfate and heavy metals, was
assessed using GeoChip 2.0 and Phylochip [101]. High
levels of chromium and sulfate across the lake resulted in a
high diversity of dsr and chromium resistance gene
variants in all samples, suggesting that the high selection
pressure from these elements resulted in an increased gene
transfer [101]. This study suggests that active HGT could
be assessed at the population level in microbial commu-
nities and that these biogeographic patterns may serve as a
model to study bacteria adaptation and speciation.
AMD is an extreme environment, which is generally

thought to have a simple microbial community structure
[102]. GeoChip 2.0 was used to analyze the functional
diversity, structure, and metabolic potential of AMD
microbial communities with five samples obtained from
three copper mines in China. Almost all key functional
genes were detected in the AMD microbial communities,

including carbon fixation, carbon degradation, methane
generation, nitrogen fixation, nitrification, denitrification,
ammonification, nitrogen reduction, sulfur metabolism,
metal resistance, and organic contaminant degradation,
suggesting that the functional gene diversity may be higher
than previously thought. This study presents an overview
of functional diversity and structure of AMD microbial
communities and also provides insights into our under-
standing of metabolic potential in AMD ecosystems [102].
All those studies of microbial communities from extreme
environments suggest that the functional diversity is higher
than it was previously thought.

6.4 Bioreactor systems

GeoChip has been also used for analysis of microbial
communities from controlled environments like bioreactor
systems. GeoChip 2.0 was used to examine microbial
communities associated with a bioremediation system in
Vega Baja, Puerto Rico [103]. This system was composed
of a fluidized bed reactor supplied with oxygenated diesel-
contaminated groundwater and sulfate or nitrate com-
pounds as electron acceptors. Genes related to the
degradation of diesel fuel and other organic contaminants
(phthalate, methyl tert-butyl ether, phthalate, protocatech-
uate, biphenyl, aniline, cyclohexanol, toluene, acetylene,
benzoate, and naphthalene) were detected. An increase in
the signal intensity of genes involved in anaerobic
benzoate degradation increased over time, suggesting
that the system shifted to an anaerobic process, and
subsequent increases in nirS, nirK, nosZ, and dsr genes
were also consistent with a shift to anaerobiosis [103].
A microbial electrolysis cell (MEC) is a bioelectro-

chemical system that can produce hydrogen from acetate at
high hydrogen recoveries. GeoChip was used to examine
the microbial community functional structure in MECs
initially operated under different conditions [77]. Hydro-
gen yields were generally higher for reactors that were
always operated as MECs than those initially operated as
microbial fuel cells (MFCs) and independent of startup
conditions. Also, MECs with the largest hydrogen yields
had the highest microbial diversity. In addition, well-
known exoelectrogenic bacteria (e.g., Geobacter, Shewa-
nella, Desulfovibrio, and Anaeromyxobacter) were found
in these systems. Multivariate analyses indicate that reactor
operations altered the microbial community composition,
and community shifts based on a Mantel test were
significantly related to CEs and COD removals in these
reactors, suggesting that there were significant changes in
microbial community composition as a result of conditions
that affected MEC performance [77].

6.5 Oil-contaminated waters and soils

GeoChip has been used to analyze microbial communities
from oil-contaminated waters and soils to explore the
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potential of bioremediation of oil components by indigen-
ous microbial communities.
Ozonation with a subsequent biodegradation treatment

was performed to remove recalcitrant organic compounds
from long-term weathered crude oil contaminated soils
[104]. GeoChip 2.0 was used to examine microbial
community dynamics. The total microbial functional
gene numbers and overall genetic diversity decreased
after ozonation. Also, most of the key functional genes
pertaining to carbon, nitrogen, and sulfur cycling and
organic contaminant degradation decreased. However, in
the subsequent biodegradation treatments, with and with-
out bioaugmentation, the abundance of key genes in most
functional groups recovered. This study provided insight
into changes in crude oil composition and microbial
responses to ozonation and bioremediation treatments [104].
GeoChip 2.0 was used to examine the response of soil

microbial communities to oil contamination [56]. The
overall abundance of soil bacteria, archaea, and fungi in the
oil-contaminated samples decreased to 10%, 40%, and
80% of those in the pristine soil. Genes involved in carbon
and nitrogen fixation and carbon degradation were
significantly decreased with oil contamination, especially
at high contaminations of oil contamination. However, a
few genes encoding key enzymes for catechol, proto-
catechuate, and biphenyl degradation showed a significant
increase at a medium level of oil contamination. The
results indicate the potential of in situ bioremediation of
oil-contaminated soils by indigenous microbial commu-
nities and provide an insight into microbial functional
diversity in oil-contaminated soils [56].
GeoChip 2.0 was also used to analyze surface soil

samples from five oil-contaminated fields located in
different geographic regions of China [105]. The results
indicated that samples from the same field clustered
together with less effect of oil contamination levels based
on all functional gene patterns. However, genes involved
in organic contaminant degradation were significantly
influenced by oil contaminants. Meanwhile, some genes
involved in carbon and nitrogen cycling showed negative
relationships with oil contamination. This study provides
important information for our comprehensive understand-
ing of the in situ microbial functions in oil-contaminated
fields [105].
The latest GeoChip 4.0 and Phylochip have been used to

oil-contaminated water microbial communities from the oil
spill in the Gulf of Mexico [106]. The results showed that
the dispersed hydrocarbon plume stimulated deep-sea
indigenous microorganisms closely related to known
petroleum-degraders. Also, the microbial community

functional composition and structure was dramatically
altered ~40 days after the spill. In addition, a variety of
metabolic genes/populations involved in both aerobic and
anaerobic hydrocarbon degradation were highly enriched
in the plume samples, indicating a great potential for
intrinsic bioremediation of the oil plume in the deep-sea1).
These results suggest that the metabolically highly diverse
marine microbial communities appeared to be undergoing
rapid dynamic adaptation and succession in response to the
vast oil spill and associated geochemical changes, and they
could play significant role in controlling the ultimate fates
and consequences of deep-sea oil plumes.

6.6 Human microbiome

GeoChip 4.0 also contains 36062 probes targeting 139 key
genes/enzymes involved in 19 pathways associated with
the human microbiome and covers 47979 gene sequences.
This array was used to examine the functional structure of
10 fecal samples collected from two remote areas with five
each from a jungle forest and an Andean grassland of Peru,
South America, which are geographically distinct. Sig-
nificantly more genes were detected in the jungle samples
than in the Andean samples, and DCA of all detected genes
showed a clear geographic separation. The results indicate
that such an array could be used to study the functional
diversity, composition, and structure of human micro-
biomes2).

7 Challenges and future directions

Great advances in technology development, applications,
and data analysis have been made in the last decade since
the first FGA was developed. This technology has
revolutionized the study of molecular biology and
microbial ecology. Numerous studies demonstrate that
GeoChip is a powerful tool to provide sensitive, specific,
and potentially quantitative analysis of microbial commu-
nity functional diversity, composition, structure, function,
and dynamics for different ecosystems, such as water, soil,
sediment, extreme environment, bioreactor, and human
microbiome. GeoChips have shown a great promise for
addressing fundamental questions relevant to global
change, bioremediation, bioenergy, agricultural operation,
land use, ecosystem restoration, and human health and
linking microbial structure to geochemical processes and
ecosystem functioning.
However, in order for FGAs to fully realize their

potential, challenges in technology, experiment, and data

1) Lu Z, Deng Y, Van Nostrand J D, He Z, Voordeckers J, Zhou A, Lee Y, Hazen T C, Zhou J. Rapid Succession and adaptation of microbial community
functional structure in response to deepwater oil plume. Proceedings of the National Academy of Sciences of the United States of America (in review)

2) Lewis CM, Yu H, Tito RY, Deng Y, Van Nostrand J D, Wu L, He Z, Zhou J. Human microbiomes from remote native South American communities. Nature
Genetics (submitted)
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analysis still remain with FGA development and applica-
tions. This is especially true for the study of environmental
communities because of the vast diversity and many low
abundance species. Therefore, future directions may focus
on the following key issues: (i) improving experimental
design to overcome and minimize inherent variations
among array hybridizations, (ii) developing new strategies
to improve FGA-based quantitative accuracy, (iii) devel-
oping approaches to increase hybridization sensitivity to
detect extremely low biomass, (iv) developing novel
bioinformatic tools for data analysis and interpretation,
and (v) integrating microarray technology into environ-
mental studies to address overarching ecological and
environmental questions and hypotheses. It is not only
FGA technology should be improved but also data
analysis, interpretation, and modeling should be enhanced.
Novel strategies for experimental controls are needed in
order to fully compare microarray data across samples,
experiments, and laboratories. An integrated pipeline with
improved bioinformatics tools is needed to facilitate
sequence retrieval, probe design and verification, data
analysis, and future updates. Higher-order analysis tech-
niques and mathematical modeling are needed to expand
FGA data analysis into network analysis, environmental
and cellular modeling, simulation, and prediction.
Recently, next-generation, high-throughput sequencing

technologies are available for analysis of microbial
communities. Barcode-based 454 pyrosequencing allows
us to obtain hundreds of thousands of sequences from
many environmental samples in a single run [107–109].
Pyrosequencing of aromatic dioxygenase genes was
performed to understand the relationship between gene
diversity and function for important environmental
processes, and the greater functional gene diversity
revealed by this gene-targeted approach provides deeper
insights into genes potentially important in environmental
processes to better understand their ecology, functional
differences, and evolutionary origins [110]. However, a
target gene needs to be PCR amplified with conserved
primers designed. This is fine with some phylogenetic gene
markers, such as 16S rRNA gene and gyrB, but conserved
primers have been designed for only a few functional
genes with a reasonable coverage of environmental gene
variants, which greatly reduce the number of functional
genes of interest to be examined. Also, even if conserved
primers are designed, it is sometimes difficult to amplify
gene variants from environmental samples. In addition, as
mentioned above, it is known that the initial PCR step
usually introduces biases for quantitative analysis [11–13].
Large-scale (576.7 gigabases of sequences) Illumina-based
shot-gun metagenomic sequencing was conducted with
fecal samples from 124 European individuals, and
assembly and characterization of those sequences showed
that 3.3 million non-redundant microbial genes were
predicted, which is 150 times larger than the human gene

complement [111]. Although those sequencing-based
technologies can discover novel sequences, they are too
expensive if shot-gun sequencing of a community is
performed with a reasonable coverage or suffer without
appropriate conserved primers if a target gene is
pyrosequenced. Sequencing-based technologies may also
have a disadvantage for under-sampling, making it difficult
to compare different samples. However, since microarrays
have a defined set of sequences, comparisons are easier to
perform among different samples. Therefore, due to the
unique features and advantages and disadvantages pro-
vided by both microarray- and sequencing-based technol-
ogies, it is preferred that they are complementarily used for
microbial community analysis in order to address funda-
mental questions in microbial ecology and environmental
biology.
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