Chapter 5
Analysis of Microbial Communities
by Functional Gene Arrays

Joy D. Van Nostrand, Zhili He, and Jizhong Zhou

Introduction

A major hurdle to the study of microbial communities is that only about 1% of
microorganisms are cultivated (Whitman et al. 1998). As such, culture-independent
approaches are necessary in order to examine the vast majority of environmental
microorganisms. Many molecular techniques are available for community analy-
sis, and most of these techniques utilize phylogenetic markers such as the 16S
rRNA or the DNA gyrase gene (gyrB) (Wilson et al. 1990; Yamamoto and
Harayama 1995; Hugenholtz et al. 1998; Brodie et al. 2006). While the use of
these genes provides information regarding phylogenic diversity and structure of
a microbial community, they don’t provide much, if any information relating to the
functional potential and/or activity of the community. Functional genes have been
used to examine both phylogenetic and functional diversities (e.g., McDonald
et al. 1995; Braker et al. 1998). However, even if multiple functional genes are
examined, conventional molecular techniques only provide information on a small
fraction of the community. This is because conserved PCR primers cannot be
designed for many functional genes of interest due to a lack of sequence homology
or a lack of a sufficient number of sequences. Consequently, conventional PCR-
based approaches cannot be used to detect and quantify many functional genes of
interest. As such, a more comprehensive technique is required to provide a full
picture of microbial community activity and dynamics in a rapid, parallel, and
high-through-put manner.

Use of microarrays is one way to overcome these limitations. Microarrays
provide a rapid and high-throughput method of examining thousands of functional
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genes at one time without the need for conserved primers. Microarray technology
was first developed for analyzing gene expression in the plant Arabidopsis thaliana
(Schena et al. 1995). Such gene expression arrays are now commonly used to study
individual microorganisms. However, the potential usefulness of microarray technology
was greatly expanded when Guschin and colleagues (1997) proposed and tested the
use of microarrays to study microbial communities. Now, several different types of
arrays are available for the study of microbial communities in the environment
(Zhou and Thompson 2002; Zhou 2003; Gentry et al. 2006). Phylogenetic oligonu-
cleotide arrays (POA) are designed to determine community composition or phylo-
genetic relatedness using 16S rRNA or other phylogenetically informative genes
(Small et al. 2001; Loy et al. 2001; Wilson et al. 2002). The most comprehensive
POA is the PhyloChip, which contains almost 300,000 perfect-match and mismatch
probes for 842 subfamilies (Brodie et al. 2006); although the 23S rRNA gene has
also been used for POA construction (Lee et al. 2006). Community genome arrays
(CGA) are used to examine the relatedness of microbial strains or to detect specific
microorganisms in the environment using whole genomic DNA of individual species
or strains as probes (Wu et al. 2004; Zhang et al. 2004; Wu et al. 2008). Metagenomic
arrays (MGA) are made using clone libraries created from environmental DNA as
probes (Sebat et al. 2003). This array was used as a high-throughput screening
method for clone libraries. Whole-genome open reading frame (ORF) arrays (WGA)
are comprised of probes for all ORFs in one or more genomes (Wilson et al. 1999).
This type of array has been used to examine the diversity and relatedness of several
metal-reducing Shewanella strains (Murray et al. 2001). A WGA of 353 virulence
factors was used to evaluate over 100 strains of Pseudomonas syringae to determine
those genes associated with host specificity and several genes were identified that
were statistically associated with specific hosts (Sarkar et al. 2006). Functional gene
arrays (FGA) are composed of probes for key genes involved in microbial functional
processes of interest (Wu et al. 2001; Gentry et al. 2006; He et al. 2007). FGAs allow
for the simultaneous examination of many functional gene groups (Wu et al. 2001;
Zhou and Thompson 2002; Gentry et al. 2006; Wu et al. 2006; He et al. 2007;
Wagner et al. 2007; Zhou et al. 2008; Wang et al. 2009) unlike PCR-based tech-
niques, which limit the number of genes that can be examined at once. The focus of
this chapter will be the development and application of FGAs.

Functional Gene Array Development

The first reported FGA contained ~100 PCR-amplicon probes targeting N-cycling
genes (nirS, nirK, amoA, and pmoA) (Wu et al. 2001). However, the use of PCR-
based probes limits the comprehensiveness of an array since a very large number of
diverse bacterial strains and environmental clones would be required. Another issue
with the use of PCR probes is the need to develop conserved primers for each gene
or gene group, which would pose a problem as no conserved PCR primers can be
designed for many functional genes of interest. In addition, although fairly conserved
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primers can be designed for some functional genes of interest, it iS sometimes
difficult to amplify these genes from environmental samples. To overcome these
technical challenges, oligonucleotide probes have been used instead of PCR
amplicons. Oligonucleotide probes have higher specificity but lower sensitivity than
PCR-based probes (Zhou 2003), can be easily customized allowing more targeted
probe design (Denef et al. 2003; Zhou 2003; Gentry et al. 2006), and are relatively
inexpensive. As such, FGAs are often constructed using oligonucleotide probes.

In the decade since the first FGA was reported, several different FGAs have been
developed (Cho and Tiedje 2002; Bodrossy et al. 2003; Rhee et al. 2004; Gentry
et al. 2006; Zhang et al. 2006). Some have targeted specific functional groups or
genes, such as antibiotic resistance (Call et al. 2003), organic contaminant degradation
and metal resistance (Rhee et al. 2004), N-cycling (Taroncher-Oldenburg et al. 2003;
Steward et al. 2004; Tiquia et al. 2004), methanotrophs (Stralis-Pavese et al. 2004),
virulence factors and pathogen-specific markers (Miller et al. 2008; Palka-Santini
et al. 2009), nodC variants (Bontemps et al. 2005), or specific locations like acid
mine drainage sites (Yin et al. 2007). To date, the most comprehensive FGA reported
is the GeoChip 2.0 (He et al. 2007), a high density FGA, with 24,243 50-mer oligo-
nucleotide probes, targeting ~10,000 functional genes from 150 gene families
involved in the geochemical cycling of C, N, and P cycling, sulfate reduction, metal
reduction and resistance, and organic contaminant degradation. The GeoChip was
designed to provide sufficient oligonucleotide probe specificity for genes that have
high homologies and to provide a truly comprehensive FGA probe set, both of which
were lacking in previous FGAs (He et al. 2007). A newer version, GeoChip 3.0,
which covers ~47,000 sequences from 292 gene families, covering twice as many
functional gene groups as GeoChip 2.0, including the phylogenetic marker gyrB, has
been developed (He et al. 2010a).

Comparison of FGA to Other High-Throughput Genomic
Technologies

Several high-throughput methods are available for microbial community studies in
addition to GeoChip, including the PhyloChip and barcode-based high-throughput
sequencing. In contrast to 16S rRNA gene-based microarrays (e.g., PhyloChip) and
sequencing technologies (e.g., 454), functional gene arrays (e.g., GeoChips) have
several advantages: (a) Detecting functions. While PhyloChip is a powerful tool for
examining microbial communities, this array only has probes for the 16S rRNA
gene to detect the presence of a strain but not its functional activity. Sequencing
allows for obtaining hundreds of thousands of sequences, but requires an initial
PCR step. As mentioned above, the use of PCR primer based methods are limited
since primers are only available for a limited number of functional genes. In addi-
tion, the sheer number of reactions would be prohibitive. Therefore, an examination
of a wide variety of functional genes of interest is nearly impossible with this
method. FGAs, however, use functional gene markers and thus provide information
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on the potential metabolic functions of a community (Wu et al. 2001; He et al.
2007). As such, GeoChip, which contains probes for thousands of functional genes,
is particularly useful in linking microbial community structure to community func-
tion (He et al. 2007; 2010a). (b) Higher resolution. GeoChip can provide resolution
at the species-strain level (Tiquia et al. 2004); whereas the resolution of PhyloChip
is at the family-subfamily level (DeSantis et al. 2007) and 16S rRNA gene-based
sequencing can generally provide resolution at the genus-species level (He Z et al.,
unpublished data). (c) Quantitation. Many ecological studies require quantitative
information regarding microbial abundance. Since PhyloChip and sequencing
require PCR amplification steps, these techniques may not provide quantitative
results because amplification bias is a well-known phenomenon in PCR (Warnecke
et al. 1997, Lueders and Friedrich 2003; Suzuki and Giovannoni 1996). In contrast,
GeoChip does not rely on PCR amplification for detection. Previous studies with
FGAs have shown that hybridization of template DNA with or without random
amplification are quite quantitative (Wu et al. 2001; Tiquia et al. 2004; Rhee et al.
2004; Wu et al. 2006; Gao et al. 2007). In addition, whole community genome
amplification (WCGA), which can be used to increase the amount of DNA avail-
able for hybridization has been shown to produce minimal bias (Wu et al. 2006).
In addition to the process differences discussed above, these technologies also
have advantages and disadvantages specific to the study of microbial community
structure and dynamics. These include (a) Random sampling errors. Although meta-
genomic technologies are able to provide a lot of data, only a small portion of the
microbial community is actually sampled in most studies. Mckenna et al. (2008)
obtained only ~1,400 rRNA gene sequences per sample from the gut microbiome of
Rhesus macaques using 454 sequencing, an underestimate of the gut community
based on Chaol estimates. With an estimated density of 10''-10'? bacterial cells per
mL (Whitman et al. 1998) or 10°-10' g=! of stool (Palmer et al. 2007) in the human
gut, results of 454 pyrosequencing would be expected to greatly underestimate the
microbial community. If the sampling process is completely random, theoretically,
the probability of sampling the same portion of a community over multiple sampling
events would be small (Zhou et al. 2008). Although dominant populations would, in
all probability, be sampled multiple times, it is still not possible to ensure that the
same populations of a microbial community are measured across different sampling
events. As such, the estimated species richness would be subjected to random sam-
pling errors. In contrast, microarray-based approaches compare all samples against
the same set of probes (i.e., those contained on the array), ensuring that the same
population are sampled for comparison across all samples in a study. As a result, the
artifact due to the nature of random sampling can be minimized if not eliminated. (b)
Relative abundance. Unlike pure cultures, the abundance of different species in a
microbial community varies greatly. Sequencing-based approaches will be very sen-
sitive to the distribution of species abundance. For instance, if the abundance of spe-
cies A is 5% of the abundance of species B; theoretically, only one of the 20 molecules
sequenced will be from species A while the remainder would be from species B.
To have a 1x sequence coverage for species A, 20-fold more sequencing effort would
be required. Thus, detecting all of the rare species within a community would not be
cost effective or feasible even with next-generation sequencing technologies.
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Microarray-based detection approaches are not affected by the relative abundance of
species as long as their abundance is above the detection limit. (c) Detecting new
sequences. Sequenced-based technologies can find new or novel sequences since
there are no limitations on what sequences are sequenced. However, because microar-
rays are limited to detecting only sequences covered by the probe sequences on an
array, detecting new sequences is impossible. (d) Community comparison. Randomly
sequencing a small portion of the microbial communities from different environ-
ments or conditions may not be informative or meaningful for comparative purposes
due to random sampling errors (Zhou et al. 2008), as discussed above, unless sufficient
sequencing coverage is achieved. In contrast, since microarrays interrogate communi-
ties with the same set of probes across samples, comparisons between samples and
environments can easily be made. (e) Cost. In addition, although sequencing tech-
nology has developed rapidly and the cost per base pair has decreased considerably,
sequencing capacity and cost are still limiting factors when entire microbial commu-
nities and/or multiple communities are considered. In contrast, after the initial
output for printing and imaging equipment, microarray analysis is much less expen-
sive than 454 pyroequencing, even for multiple samples with a barcode approach.

Design and Development of Geochip

Probe Design

A flowchart of the basic design protocol is shown in Fig. 5.1. First, specific func-
tional genes for key functional processes of interest are selected. Genes should be
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Fig. 5.1 Major steps for GeoChip design and use. See text for full explanation of all steps
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chosen for key enzymes or proteins that are vital to pathways or functions of inter-
est. Public databases (e.g., GenBank) are searched automatically using selected
keywords and resulting sequences are downloaded. Care should be taken in select-
ing keywords as genes may be annotated differently in different microorganisms or
may have a more general or specific description so using very broad key words is
often best. Second, the downloaded sequences are evaluated using HMMER align-
ment (http://hmmer.wustl.edu/) with seed sequences, which have had protein iden-
tity and function and experimentally confirmed. The selection of seed sequences is
a critical step in probe design and care should be taken in choosing appropriate
sequences. The seed sequences are stored in a database for later array updates.
Sequences passing HMMER alignment are deposited to a local sequence database.
Third, gene-specific or group-specific 50-mer oligonucleotide probes are designed
with CommOligo (Li et al. 2005) using experimentally determined criteria based
on sequence homology (<90% identity for gene-specific; >96% for group-specific),
continuous stretch length (<20 bases for gene-specific; >35 for group-specific), and
free energy (= —35 kJ mol! for gene-specific; < —60 kJ mol™ for group-specific
(He et al. 2005b; Leibich et al. 2006). In addition, to ensure specificity, all designed
probes are screened against the GenBank database. Finally, the resultant probes are
then commercially synthesized and used for array construction. Probes can be spotted
onto glass slides (Taroncher-Oldenburg et al. 2003; Tiquia et al. 2004; Rhee et al.
2004) or nylon membranes (Steward et al. 2004). Glass slides are generally used
since they produce less background fluorescence (Schena et al. 1995, 1996) and
allow higher probe density (Ehrenreich 2000).

Target Preparation

An important factor in obtaining reliable microarray data is to use high quality DNA
or RNA. The key steps in target preparation are shown in Fig. 5.1. Microbial com-
munity DNA from environmental samples is generally extracted and purified using
a well-established freeze-grind method since it results in large fragments of genomic
DNA (Zhou et al. 1996; Hurt et al. 2001) which are important if the DNA needs to
be amplified. The purified DNA should have A, :A, > 1.8 and A ‘A, > 1.7. We
have had success with the use of agarose gel purification followed by a phenol-
chloroform-butanol extraction (Liang et al. 2009b). Impurities in the DNA can
inhibit subsequent amplification, labeling and hybridization processes. If < 2.0 ug of
DNA is obtained, WCGA can be used to increase the amount of DNA available for
hybridization with small quantities of DNA (1-100 ng) (Wu et al. 2006). WCGA
provides a sensitive (10 fg detection limit) and representative amplification (<0.5%
of amplified genes showed >twofold different from unamplified) (Wu et al. 2006).
While the use of DNA provides information on the community structure and the
functional potential of the microbial community, it does not provide information on
the activity of the community. To examine activity of microbial communities,
mRNA can also be used with FGAs. However, two major challenges in using RNA
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are the relatively low abundance of mRNA in environmental samples, and short
turnover rates of mRINA. Several methods are available for extraction of community
RNA from environmental samples, including simultaneous extraction of DNA and
RNA (Hurt et al. 2001), RNA extraction via a bead-beating method (Burgmann et al.
2003), or use of gel electrophoresis to isolate mMRNA from total RNA (McGrath et al.
2008). Purified RNA should have A :A,  >1.90 and A, :A,, >1.70. Since only a
small portion of the total RNA is mRNA, a large quantity of RNA (10-20 ng) is
required for hybridization. However, environmental samples often do not provide a
sufficient quantity of RNA, so whole community RNA amplification (WCRA) (Gao
et al. 2007) may be required. WCRA employs a fusion primer comprised of a short
(6-9) set of random nucleotides and a T7 promoter. Amplification of 50-100 ng of
total RNA resulted in a representative amplification that maintained the original
relationship of mRNA (Gao et al. 2007). Another option is the use of stable isotope
probing of active community members (Leigh et al. 2007).

The DNA or RNA is then labeled with fluorescent dyes (e.g., Cy3, Cy5). For DNA,
random priming with the Klenow fragment of DNA polymerase is used (Wu et al.
2006). RNA is labeled using Superscript™ II/IIl RNase H-reverse transcriptase (He
et al. 2005b). The labeled nucleic acids are then purified and dried for hybridization.

Hybridization

Labeled DNA or RNA is suspended in hybridization buffer for hybridization. GeoChips
can be hybridized at 42-50°C and 50% formamide (He et al. 2007; Mason et al. 2009;
Liang et al. 2009a, b; Van Nostrand et al. 2009; Waldron et al. 2009). The hybridization
temperature and formamide concentration can be adjusted to increase or decrease strin-
gency in order to detect more or less diverse sequences. The effective hybridization
temperature can be increased by the use of formamide (0.6°C for every 1%).

Hybridizations using glass arrays can be carried out manually or using automated
or semi-automated hybridization stations. Manual hybridizations are performed
using a water bath or hybridization oven and specially designed hybridization
chambers that help maintain humidity levels within the chamber. Several hybridiza-
tion stations provide incubation at controlled temperatures and mixing (e.g., Mai
Tai® from SciGene, SlideBooster from Advalytix, Maui from BioMicro Systems).
Washing after hybridization can be accomplished manually or using an automated
wash station (e.g., Maui Wash Station, BioMicro Systems). Other systems are
completely automated from pre-hybridization through post-hybridization washes
(e.g., Tecan HS4800Pro, TECAN US).

Image Analysis

After hybridization, the array is imaged using a microarray scanner with a reso-
lution of 10 um or better. The image is then digitally analyzed by quantifying
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the pixel density (intensity) of each spot using microarray-analysis software.
The analysis software can also be used to evaluate spot quality using predetermined
criteria and flag poor or low quality spots for later removal. Distinguishing a positive
spot from background noise is generally based on signal-to-noise ratio [SNR; SNR
= (signal mean — background mean)/background standard deviation]. However,
other calculations can be used instead of SNR. He and Zhou (2008) developed a
signal-to-both-standard-deviations ratio [SSDR; SSDR = (signal mean — back-
ground mean)/(signal standard deviation — background standard deviation)] which
resulted in fewer false positives and negatives than the SNR calculation.

This raw data is then uploaded to the GeoChip data analysis pipeline (http://ieg.
ou.edu/) and evaluated. The quality of individual spots, evenness of control spot
hybridization signals across the slide surface, and background levels are assessed.
Poor and low quality spots are removed along with outliers. Outliers are determined
based on the signal intensities of replicate arrays and are defined as those positive
spots with (signal — mean signal intensity of all replicate spots) is greater than three
times the replicate spots’ signal standard deviation (He and Zhou 2008). The signal
intensities are then normalized and the data is stored in an experiment database for
further statistical analysis using the data analysis pipeline.

Data Analysis

The most difficult task with FGAs, especially GeoChip, is data analysis due to the
seemingly overwhelming amount of data obtained. A few data analysis methods
have been used frequently and include relative abundance of gene groups based on
gene number or total signal intensity, richness and diversity indices based on gene
number, percent of gene overlap between samples, and response ratios. Methods
commonly used for statistical analysis of microarray data include principal compo-
nent analysis (PCA), cluster analysis (CA), and neural network analysis (NNA) (He
et al. 2008). PCA is a multivariate statistical method which reduces the dimension-
ality of variables to maximize the visible variability of the data. The major advan-
tage of PCA is that it identifies outliers (e.g., genes) in the data set that behave
differently from most of the genes across a set of experiments. CA is used to identify
groups with similar gene profiles, and it can help establish functionally related
groups of genes to gain insights into structure and function of a given microbial
community. NNA is a relatively new analysis technique for FGA data but can be
used to examine gene relationships. Response ratios, which compare community
response (e.g., gene levels or signal intensity) between conditions (e.g., control
versus treatment, contaminated versus uncontaminated) (Luo et al. 2006), has been
used to compare the community response to varying levels of oil contamination
(Liang et al., 2009a). In addition, if environmental variables are available, canonical
correspondence analysis (CCA) (ter Braak 1986), variation partitioning analysis
(VPA) (@kland and Eilertsen 1994; Ramette and Tiedje 2007), and other correla-
tion analyses (e.g., Mantel test) can be used to correlate environmental conditions
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with the community structure for further understanding of the relationship between
the microbial community and ecosystem functioning. CCA has been used in several
GeoChip-based studies to better understand how environmental factors are affecting
community structure (Yergeau et al. 2007; Wu et al. 2008; Zhou et al. 2008;
Waldron et al. 2009; Van Nostrand et al. 2009). VPA is used to determine the relative
influence of environmental parameters on the microbial community structure and
is based on results of the CCA. The Mantel test has been used to correlate environ-
mental factors with functional genes detected with GeoChip (He et al. 2007;
Wau et al. 2008; Van Nostrand et al. 2009; Waldron et al. 2009).

Important Issues for Microarray Application

A great deal of progress has been made over the past decade with regards to the develop-
ment of microarray technology for studying environmental communities (Wu et al. 2001,
2004, 2006; Adey et al. 2002; Rhee et al. 2004; Leibich et al. 2006; Gao et al. 2007; He
et al. 2007; He and Zhou 2008). However, several challenges and key issues remain.

Nucleic acid quality. One of the most important steps for successful FGA analysis
is obtaining high-quality DNA or/and RNA from environmental samples. Our lab
has successfully used an established freeze-grind extraction method (Zhou et al.
1996; Hurt et al. 2001) followed by agarose gel purification (Liang et al. 2009b).
However, some samples are still difficult to purify to the necessary level. In addi-
tion, gel purification only works for fresh DNA and for samples which yield a rela-
tively large amount of DNA, since some portion of DNA may be lost with this
method. Use of mRNA presents an even greater challenge. Isolation of mRNA from
environmental samples is difficult due to the low abundance and instability of the
mRNA. Very few studies have used FGAs for environmental mRNA analysis (Hurt
et al. 2001; Dennis et al. 2003; Gao et al. 2007).

Probe coverage. One of the drawbacks of earlier FGA versions is that they lacked
a comprehensive probe set and focused on only a few genes or gene groups.
GeoChip 2.0 provided the most comprehensive FGA currently available and cov-
ered >150 gene groups (He et al. 2007). GeoChip 3.0 provides coverage of 292 gene
groups and about four times as many genes as GeoChip 2.0 (He et al. 2010a).
However, regardless of how comprehensive the GeoChip is now, sequences are
constantly being added to public databases, leading to an exponential increase in
the number of functional genes as well as the number of sequences for each particu-
lar functional gene. As such, continual updates of GeoChip are necessary. The
probe design system used in our lab has an automatic update feature using prede-
termined keywords and seed sequences. However, even with the advances in probe
design software, this process is still time consuming due to the large number of
sequences and probes that must be designed and tested.

Specificity. Specificity is an important attribute of gene probes, especially for those
designed to analyze environmental samples. However, a difficulty in designing
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specific probes is that so many environmental sequences are unknown, and that
many homologous genes are highly similar. Careful design of oligonucleotide
probes can provide highly specific hybridizations. Criteria based on similarity,
stretch and free energy have been used to design specific probes (He et al. 2005a,
2007; Leibich et al. 2006). Our evaluation of GeoChip 2.0 probes designed using
these criteria revealed that a minimal number of false positives (0.002-0.004%)
were observed (He et al. 2007).

In addition to probe design criteria, specificity can be adjusted by changing the
hybridization conditions to increase or decrease stringency. Hybridization strin-
gency is generally controlled by temperature or formamide concentration. At 65°C,
hybridization occurred for sequences with similarities >87% (Wu et al. 2001). At
45°C, hybridization occurred for sequences with similarities as low as 70-75% (Wu
et al. 2001). Hybridizations using 50-mer oligonucleotide FGAs at 50°C and 50%
formamide (effective temperature, 80°C) were able to discriminate sequences with
<88 to 94% similarities (Rhee et al. 2004; Leibich et al. 2006; Deng et al. 2008).

Signal intensity can be affected by sequence divergence as well as by sequence
abundance; therefore, strategies need to be developed to determine which condition
is occurring. One option to determine a true signal is the use of mismatched probes.
Deng et al. (2008) found that probes with mismatches (3-5) distributed evenly across
the probe were better able to distinguish perfect-matched targets versus mismatched
targets than randomly distributed mismatched nucleotides. In addition, using relative
comparisons across samples (i.e., comparing signal intensities from test samples to a
control or background sample) rather than absolute comparisons will minimize or
eliminate the effects of potential cross-hybridization (He et al. 2007). Assuming that
test and control samples have similar community composition, using the ratios of test
to control samples will cancel out any cross-hybridization (He et al. 2007).

Sensitivity. Another important aspect of microarrays is sensitivity, especially for envi-
ronmental samples which often have complex communities with many strains in low
abundance. Based on current FGA technology, the detection limit is 5% of the micro-
bial community (Bodrossy et al. 2003), which provides coverage for only the dominant
community members. PCR-based probes had sensitivity of 1 ng of pure genomic DNA
or 25 ng of community DNA (Wu et al. 2001). Similar detection limits were observed
for 50 mer oligonucleotide probes (Rhee et al. 2004; Tiquia et al. 2004). Several strate-
gies could be used to increase sensitivity although these also decrease specificity. For
example, increasing the length of probes, increases sensitivity (Denef et al. 2003; He
et al. 2005a), but at the cost of specificity (Reldgio et al. 2002). Another strategy that
has been suggested is to increase the amount of probe per spot (Cho and Tiedje 2002;
Reldgio et al. 2002; Zhou and Thompson 2002) since membrane based arrays are
generally more sensitive, due to the higher probe concentrations on the array surface
(>1 pgf/spot for membranes; <20 pg/spot for glass slides) (Cho and Tiedje 2002).
Although increasing the probe concentration may result in a lower signal intensity
(Denef et al. 2003), which would effectively counteract any gain in sensitivity.

In addition to probe or array design strategies, sensitivity can also be increased by
utilizing several sample preparation and hybridization strategies. Whole community
genome amplification (WCGA) can increase the concentration of all community
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DNA; including low abundance sequences (Wu et al. 2006). WCGA is able to
representatively amplify 1 to 250 ng of community DNA (Wu et al. 2006). This
amplification method showed a detection limit of 10 pg of the original DNA, although
with a much higher amplification bias than observed with 1 ng of DNA. Amplification
via multiplex PCR, using primers for all genes contained on an array, has been used
to increase the amount of array-specific DNA for a pathogen array (Palka-Santini
et al. 2009). While this strategy may work for some FGAs, especially those focused
on relatively small numbers of genes, this would not work for GeoChip because of
the difficulty in designing primers for all genes on the array. Another option is the use
of more sensitive labeling techniques. Using cyanine dye-doped nanoparticles (Zhou
and Zhou 2004) or tyramide signal amplification labeling (Denef et al. 2003) can
increase sensitivity up to tenfold. A final strategy is to develop more sensitive signal
detection systems (Cho and Tiedje 2002; Zhou and Thompson 2002).

Quantitative applications. A major goal for microarray analysis is to be able to pro-
vide quantitative information. Some studies have shown a correlation between signal
intensity and DNA concentration. PCR probes showed a correlation (r = 0.94) between
signal intensity and DNA quantity over the concentration range of 0.5-100 ng (Wu et al.
2001). Oligonucleotide probes (50-mer) provided a linear relationship (r = 0.98-0.99)
over a concentration range of 8—1,000 ng (Tiquia et al. 2004). Hybridizations with RNA
have also been shown to be linear over the range of 50-100 ng (Gao et al. 2007).

Activity. Using DNA with FGAs provides information on population changes
which can be used to infer microbial activity; but does not provide absolute evidence
of that activity. The use of community mRNA would provide information on which
community members or functional processes are active, similar to transcriptional
arrays for pure cultures (Dennis et al. 2003; Bodrossy et al. 2006; Gao et al. 2007).
However, our current difficulties with community mRNA are the low amount and
the stability of environmental mRNA. WCRA overcomes the problem of low abun-
dance (Gao et al. 2007) although the current amplification protocol is complex and
time consuming. Therefore, improved methods for RNA extraction from environ-
mental samples and mRNA amplification are needed. Another option for determin-
ing microbial activity is SIP analysis (Leigh et al. 2007).

Application of GeoChip for Microbial Community Analysis

The GeoChip has been used in numerous studies to examine the functional com-
munity structure and dynamics of microbial communities. Most of these studies
have utilized community DNA to measure gene abundance although RNA or stable
isotope probing (SIP) can also be used to examine gene expression. These studies
have shown the power of GeoChip to link microbial community functional structure
to biogeochemical, ecological, and environmental processes.

U(VI) contaminated environments. GeoChip has been used in several studies to
examine U-contaminated groundwater at the US DOE’s Field Research Center
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(FRC) in Oak Ridge, TN. GeoChip 1.0, a prototype array containing 2006 (50-mer)
oligonucleotide probes (Rhee et al. 2004; Tiquia et al. 2004), was used to examine
communities within the FRC, which is contaminated with nitrate, uranium, and
organic compounds. This study examined samples from contaminated and uncon-
taminated areas and observed higher gene numbers in uncontaminated sites com-
pared to the contaminated sites, indicating the deleterious effect of the contaminants
on the microbial communities (Wu et al. 2006). Using GeoChip 1.0, another study
examined samples with a range of contamination levels and found that more genes
were detected from the uncontaminated control site compared to the numbers
detected from contaminated wells (Waldron et al. 2009). Microbial communities
were examined within a pilot-scale test system established for the biostimulation of
U(V]) reduction in the subsurface by injection of ethanol. A significant correlation
(r=0.73, p < 0.05) was observed between the U(VI) concentration and the amount
of cytochrome genes detected, indicating the importance of cytochrome containing
microorganisms in U(VI) reduction at this site (He et al. 2007). In the same biore-
mediation system, the effects of dissolved oxygen (DO) and ethanol amendment on
the microbial community were examined, and the results showed that ethanol was
a much stronger driver in controlling community structure than U(VI) or DO (Van
Nostrand et al. 2009).

Hydrocarbon contaminated sites. GeoChip 2.0 was used to examine the microbial
community of a bioremediation system designed for the remediation of diesel fuel
in Vega Baja, Puerto Rico (Rodriguez-Martinez et al. 2006). Genes involved in the
degradation of diesel and organic contaminants (phthalate, biphenyl, cyclohexanol,
benzoate, and naphthalene degradation genes) were detected. The amount of anaero-
bic degradation genes increased over time, suggesting that, consistent with other
evidence, the system shifted to an anaerobic process. Liang et al. (2009b) used
GeoChip 2.0 to examine the microbial community of contaminated oil fields before
and after bioremediation treatment. Ozonation treatment resulted in a decrease in
most functional gene categories, including carbon, nitrogen, and sulfur cycling and
organic contaminant degradation genes, but all gene categories recovered after treat-
ment. Another study examined microbial communities from a contaminated oil field
in China and found that higher levels of oil contamination resulted in lower diversity
and a decreased number of functional genes detected (Liang et al., 2009a). In addi-
tion, genes associated with oil degradation, including catechol, protocatechuate,
biphenyl degradation, increased under a moderate oil contamination level.

Soil communities. GeoChip 1.0 was used to examine functional changes of microbial
communities under different land use strategies and found that diversity and functional
gene numbers increased as soil organic carbon increased (Zhang et al. 2007). In
another study, Yergeau et al. (2007) examined Antarctic sediments and found that cel-
lulose degradation and denitrification genes were positively correlated with soil tem-
perature. Additionally, Zhou et al. (2008) used GeoChip 2.0 to assess the gene-area
relationship of microbial communities of forest soils, and the results suggest that the
forest soil microbial community demonstrated a relatively flat gene-area relationship
with less turnover than observed for plants and animals (Zhou et al. 2008).
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Marine environments. Sediments from the Gulf of Mexico were examined using
GeoChip 1.0 (Wu et al. 2008). Genes for carbon degradation, nitrification, denitrification,
nitrogen fixation, sulfur reduction, phosphorus utilization, contaminant degradation,
and metal resistance were detected and communities become more distinctive as
depth increased. The environmental parameters, depth, porosity, and concentrations
of ammonium, phosphate, Mn(II), and silicic acid appeared to be important drivers in
determining the structure of the microbial communities in this environment. Another
study characterized microbial communities from deep sea hydrothermal vents,
including a mature chimney and the inner and outer portions of a 5-day-old chimney
with GeoChip 2.0, and the results showed communities from the inner chimney were
less diverse than those from the outer portion of the 5-day-old chimney or the mature
chimney (Wang et al. 2009). GeoChip 2.0 has also been used to examine microbial
communities from deep sea basalt and genes involved in carbon fixation, methane
oxidation, methanogenesis, and nitrogen fixation, processes not previously associated
with this environment, were detected (Mason et al. 2009).

Climate change. The latest version of GeoChip (GeoChip 3.0) has been used to
study the effects of elevated CO, on microbial communities at a multifactor grass-
land experiment site, BioCON (Biodiversity, CO,, and Nitrogen deposition) at the
Cedar Creek Ecosystem Science Reserve in Minnesota, USA. This study suggests
that elevated CO, significantly affects the soil microbial community (He et al.,
2010b). In addition, the soil microbial community appears to influence global car-
bon and nitrogen cycling and may moderate the effects of climate change. These
studies show the power and utility of GeoChip for analyzing microbial community
functional structure from a variety of environments.

Other. In addition to these community DNA-based studies, several other studies
have used GeoChip 2.0 to examine pure cultures and microbial activity within
communities. Van Nostrand et al. (2007) used GeoChip 2.0 to probe four metal-
resistant (Ni, Co, Cd, Zn) actinomycetes for metal resistance genes. Multiple
metal resistance genes were detected including some implicated in Ni, Co, Cd, and
Zn resistance. Leigh et al. (2007) used stable isotope probing (biphenyl) in con-
junction with GeoChip to detect active PCB-degrading microbial populations
within a hydrocarbon-contaminated aquifer. Gao et al. (2007) used amplified com-
munity mRNA to examine the activity of microbial communities from a denitrify-
ing fluidized bed reactor at a uranium contaminated site. Genes expected to be active
at this site were detected including nitrate reduction genes and several organic con-
taminant degradation genes.

Summary

Over the past decade great advances have been made in microarray technology and
in FGA development. The GeoChip 2.0 has garnered a great deal of attention,
and numerous studies over the last couple of years have demonstrated its applications
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in the study of microbial ecology and linking microbial communities and
geochemistry. These studies have demonstrated GeoChip’s ability to provide sensitive,
specific, and potentially quantitative information concerning microbial communities
from a wide range of environments. This high-throughput, cutting edge technology is
expected to revolutionize the field of microbial ecology and the study of microbial
community functional structure and dynamics.

However, there are still technical, experimental and analysis challenges that need
to be overcome. These include increasing sensitivity either through new technologies
and methods in array printing or novel and/or improved target labeling methods to
better detect functional genes at a low abundance. Strategies must be developed
to improve the quantitative accuracy of FGA hybridizations. Bioinformatic tools and
techniques are needed to assist in analysis, evaluation, and interpretation of the vast
amounts of data resulting from FGA analysis. New tools are also needed for sequence
retrieval, evaluation, and probe design. Novel analytical techniques are needed to
fully utilize the FGA data. In addition, strategies and techniques must be developed
in order to be able to compare data sets across samples, experiments, and labs.
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