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Abstract Microarrays have unprecedented potential for the high-throughput
detection and characterization of uncultivated microorganisms. Several different
types of arrays have been developed or adapted for the interrogation of microbial
genomes and monitoring microbial population dynamics and/or activity in relation
to various microbial processes such as bioremediation and biogeochemical cycling.
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Even though the number of such microarray studies has increased dramatically over
the last few years, microarray analysis of uncultivated microorganisms still poses
several challenges including a lack of sequence information for many organisms
and related issues regarding the sensitivity and specificity of detection. As research
continues to address these difficulties, and with further technological advances,
microarrays will undoubtedly find even broader application to the investigation
of uncultivated microorganisms, thus greatly increasing our understanding of the
genetics, physiology, and distribution of these heretofore largely uncharacterized
microorganisms.

1 Introduction

Research over the last few years has begun to reveal the incredible diversity of
microorganisms that inhabit many environments, with one study suggesting as
many as a million distinct genomes per gram of soil (Gans et al. 2005). While
there is some debate over the accuracy of that specific estimation (Bunge et al.
2006; Volkov et al. 2006), it is now well established that there are enormous num-
bers and diversity of environmental microorganisms that we know little to nothing
about — largely because the inability to cultivate these organisms has precluded
their phenotypic characterization (Handelsman 2004). The development of molecular
methods (e.g., polymerase chain reaction, PCR) has reduced the need for cultivation
as a prerequisite for microbial characterization and has resulted in the discovery of
many novel organisms; however, most of these methods are relatively of low
throughput and reveal only limited information, usually phylogenetic, about the
organisms they detect. Other methods such as metagenomic sequencing can reveal
enormous amounts of information about uncultivated microorganisms or commu-
nities but are typically only used on a small number of samples. Microarray-based
analyses have the potential to bridge this analytical gap.

Microarrays have unprecedented capability as a specific, sensitive, quantitative,
and high-throughput technology for the detection and characterization of uncultivated
microorganisms. Microarrays are currently available that can simultaneously detect
thousands of different target organisms or genes, and this capacity continues to
increase as the technology rapidly progresses (Brodie et al. 2006; He et al. 2007).
Novel types of microarrays are continually being developed, but most arrays can be
classified in one of five groups on the basis of the design and targets of the array:
phylogenetic oligonucleotide arrays (POAs), functional gene arrays (FGAs),
community genome arrays (CGAs), metagenomic arrays (MGA), and whole-genome
open reading frame arrays (WGA). These microarrays are rapidly being developed
and/or adapted to environmental microbiology-related research with nearly 40 such
papers being published in 2006 alone (Wagner et al. 2007). Researchers have used
different approaches for microarray-based analyses (Fig. 1) to investigate pertinent
topics ranging from the elucidation of microorganisms involved in bioremediation
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Fig. 1 Possible approaches for microarray analysis of uncultivated microorganisms (*SIP Stable
isotope probing, FACS Fluorescence-activated cell sorting)

and biogeochemical cycling processes to the detection of potential bioterrorism
agents. The use of microarrays for studying uncultivated microorganisms still poses
several challenges with respect to target sequence information, sensitivity, specificity,
and data analysis, but applications will undoubtedly continue to increase as advances
in microarray technology are made.

2 Types of Microarrays

2.1 Phylogenetic Oligonucleotide Arrays

Most POAs are based on specific regions of the ssu-rRNA (i.e., 16S rRNA) gene
(Table 1). The rRNA gene has several characteristics that make it useful as a phylo-
genetic marker: e.g., (1) it exists in all organisms; (2) it appears to be rarely transferred
between organisms; (3) it contains both conserved and variable regions of sequence;
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Table 1 Microarrays for characterization of uncultivated microorganisms?

Type of Array

Property POA FGA CGA MGA WGA
Probe tem- Ribosomal Functional genes Whole Environmental Open read-
plate rRNA genes genome DNA or ing frames
RNA in whole
genome
Probe target rRNA or IDNA mRNA or DNA DNA DNA or RNA DNA or mRNA
Probe ~18-25 nt ~50-70 nt oligos Whole ~1,000 nt ~25 nt oligos or
length or ~200- genome ~200-3,000 nt
1,000 nt PCR PCR products
products
Information Phylogenetic Phylogenetic and Phylo- Functional Phylogenetic and
provided functional genetic functional
Specificity  Species level < 80-90% Species —  >Strain Strain or single
or single sequence strain nucleotide
nucleotide homology difference
difference
Sensitivity  ~500 ~1-8 (~0.01%) ~0.2 Undetermined ~0.1 (~0.04%)
(ng of (~0.1°%) [PCR-based
DNA) probes]

POA Phylogenetic oligonucleotide array, FGA Functional gene array, CGA Community genome array,
MGA Metagenomic array, WGA Whole genome open reading frame array

Change Poa, fga, cga, mga, and wga to all caps like the table header and the Figure 1 caption.
*Adapted from (Zhou 2003)

"Quantitative detection limits using whole-community genome amplification methods are indi-
cated in parentheses (Wu et al. 2006)

and (4) a vast amount of sequences exist in public databases such as the Ribosomal
Database Project (RDP) (Cole et al. 2007).

One challenge for POAs targeting rRNA; (or DNA) is the formation of secondary
structures in the target, which could result in decreased binding to the arrayed
probes and thus reduce detection sensitivity. Several software programs exist that
can identify self-complementarity in oligonucleotide probes, but it is difficult to
predict the effects of target secondary structure on hybridization efficiency. Since
the secondary structure of rRNA occurs in specific regions, it is possible to reduce
the problem of target accessibility by designing probes complementary to regions
less likely to form secondary structures. However, in contrast to the nonspecific
binding of oligonucleotide probes to rRNA targets (false positives), which may be
eliminated by stringent hybridization conditions, it is more difficult to eliminate
instances where the probe and target cannot bind as a consequence of secondary
structure in the target molecule (false negatives) (Peplies et al. 2003). One potential
option to reduce this problem is to fragment or shear the target prior to hybridiza-
tion (Chandler et al. 2003; Liu et al. 2007). Another potential option is the use of
oligonucleotide helper probes designed to disrupt local secondary structure in the
target by binding the target adjacent to the probe binding site (Peplies et al. 2003).
This approach, however, can potentially be problematic if the helper probe binds
too closely to either end of the capture probe binding site (Chandler et al. 2003).
Furthermore, reduction of secondary structure in one region may result in the
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formation of secondary structure(s) in other regions of the target, potentially affect-
ing the binding sites of other probes (Peplies et al. 2003). It is also difficult to use
the helper probe approach with high-density arrays since the helper probes also
need to have a level of specificity similar to the capture probes. Recent research
suggests that it may be possible to overcome the limitations imposed on probe
design by the secondary structure of the rRNA target as long as the thermodynamic
affinity of the probe for the target is sufficient and the incubation period of the
hybridization is extended to optimize the kinetics of target unfolding and probe
binding (Yilmaz and Noguera 2004; Yilmaz et al. 2006).

The conserved nature of rRNA genes may necessitate the use of short oligonucle-
otides (~20-mers) as POA probes, especially for high density arrays, in order to
achieve the required level of specificity. A common POA format for high-density
arrays consists of using multiple probes that perfectly match a specific target along
with corresponding probes containing a single mismatch, usually at the central position
(Wilson et al. 2002; El Fantroussi et al. 2003; Peplies et al. 2003; Urakawa et al. 2003;
Brodie et al. 2006; Brodie et al. 2007). Larger signal intensity for a perfectly matched
probe relative to the mismatched probe indicates detection of the target sequence.

The POAs are among the most commonly used microarrays owing to the well-
established use of rRNA as a tool for characterizing microbial communities.
Researchers have used POAs to examined microbial populations in a diverse set of
environments including air (Brodie et al. 2007), lake water and sediments (Rudi et al.
2000; Castiglioni et al. 2004), estuary sediments (El Fantroussi et al. 2003) and enrich-
ments (Koizumi et al. 2002), soil (Brodie et al. 2006), activated sludge (Adamczyk
et al. 2003), and hypersaline cyanobacterial mats (Loy et al. 2002). The largest POA
developed to date, dubbed the PhyloChip, used the perfect match/mismatch approach
and contained over half million 25-mer oligonucleotide probes (Brodie et al. 2006).
Approximately 300,000 of the probes were perfect match/mismatch probes targeting
16S rRNA genes and the rest were for image orientation, controls, or other purposes.
The PhyloChip was designed on the basis of >30,000 16S rRNA gene sequences.
These sequences were grouped into ~9,000 operational taxonomic units (OTUs). The
researchers attempted to design a set of 11 or more probes specific to each OTU, which
were then screened for potential cross-hybridization. Detection was considered posi-
tive if (1) the perfect match probe signal was >1.3 times the mismatch probe signal and
(2) the difference in the signal between the two probes (perfect match — mismatch) was
at least 500 times greater than the squared noise value. The PhyloChip has been
successfully used to characterize microbial communities in urban aerosols and to
monitor subsurface microbial populations during in situ reduction of uranium
(discussed in more detail in a later section) (Brodie et al. 2006, 2007).

2.2 Functional Gene Arrays (GeoChips)

In contrast to POAs, which are primarily designed on the basis of phylogenetic
genes (e.g., rRNA), FGAs are based on genes that encode for specific functional
processes or phenotypic characteristics. (While rRNA genes are technically functional
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genes critical to microbial growth, the term functional gene in this context has tra-
ditionally been used to indicate genes that encode proteins that directly impact
some externally measurable process besides cell growth.) This enables FGAs to
both provide information on the genetic capacity for and/or activity of a specific
microbial process and also provide a level of phylogenetic classification. However,
FGAs are not as well suited as POAs for the design of broad-group and universal
probes because of the variability of many functional genes. Therefore, individual
FGA probes are typically designed to detect only specific or small groups of
organisms.

Several different groups of genes encoding key enzymes in various metabolic
processes have been used for FGAs, including those involved in biogeochemical
cycles (Wu et al. 2001; Cho and Tiedje 2002; Bodrossy et al. 2003; Taroncher-
Oldenburg et al. 2003; Jenkins et al. 2004; Rhee et al. 2004; Steward et al. 2004;
Stralis-Pavese et al. 2004; Tiquia et al. 2004; He et al. 2007), contaminant remedia-
tion (Cho and Tiedje 2002; Denef et al. 2003; Dennis et al. 2003; Rhee et al. 2004;
He et al. 2007), and pathogen detection/characterization (Call et al. 2003; Grimm
et al. 2004; Korczak et al. 2005; Perreten et al. 2005). Important characteristics that
any gene should possess in order to be potentially be included in an FGA include
that (1) it encodes an important enzyme or protein in the process of interest; (2) it
is evolutionarily conserved yet has enough sequence divergence in different organisms
to allow probe design for individual species; and (3) it has substantial sequence data
from various isolates and environmental samples available in public databases.
Because of enormous environmental sequence variability, it may be beneficial in
many instances to initially do clone libraries for the gene and environment of inter-
est in order to verify that the sequences used for FGA design adequately represent
sequence diversity in a specific set of samples. Caution should be exercised when
attempting to link FGA results based on “key” genes with the capacity for a specific
function since the presence of a particular gene may not indicate the presence of all
the genes necessary to complete the process of interest.

The FGA probes can be either PCR amplicons of various functional genes
(Wu et al. 2001; Cho and Tiedje 2002) or synthesized oligonucleotides (Denef
et al. 2003; Rhee et al. 2004). One advantage of PCR amplicon probes is that they
can be constructed using conserved primers designed from known sequence data in
other organisms and therefore do not require prior sequence information for the
specific target organism/sample. It can, however, be practically impossible to obtain
all the requisite isolates and environmental clones from their divergent sources in
order to produce a comprehensive PCR amplicon FGA. In contrast, synthesized,
oligonucleotide probes can be designed directly from available sequence data
thereby eliminating the need to physically obtain (and maintain) the original iso-
lates or clones. Oligonucleotide probes are also usually much shorter, being
designed on the basis of only a portion of a particular gene. This potentially enables
the design of better probes by allowing the avoidance of highly conserved regions
or problematic regions of a gene. Additional probe design criteria also impact the
specificity and sensitivity of both PCR amplicon and oligonucleotide probes as
discussed in subsequent sections.
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The development of comprehensive FGAs is currently limited only by the avail-
ability of essential isolates and/or sequence data and the capital resources needed
for array construction. The largest FGA constructed to date, dubbed the GeoChip,
contains over twenty-four thousand 50-mer oligonucleotide probes representing
>10,000 genes involved in the C, N, and S cycles; organic contaminant degradation;
and metals resistance and reduction (He et al. 2007). The GeoChip has been already
been used in a variety of studies that delineated the microbial populations involved
in bioremediation of uranium (He et al. 2007) and polychlorinated biphenyls (Leigh
et al. 2007), examined the diversity of C and N cycling genes across an Antarctic
transect (Yergeau et al. 2007), and interrogated the genomes of nickel-resistant
bacteria (Van Nostrand et al. 2007).

2.3 Community Genome Arrays

The community genome array(CGA) is similar to membrane-based reverse sample
genome probing (Greene and Voordouw 2003), but instead uses a nonporous
hybridization surface and fluorescence-based detection. These features enable
high throughput analyses but reduce the sensitivity of detection. Wu et al. (2004)
developed a CGA which contained the genomic DNA of 67 different bacteria
including o-, B-, and y-Proteobacteria and Gram-positive bacteria. The array con-
tained one species’ genome per spot and could achieve species- to-strain-level
differentiation depending on the hybridization conditions. The primary disadvan-
tage of the CGAs designed so far is that only cultivated microorganisms have been
included. However, with recent advances in the creation of large-insert, metagen-
omic libraries, it may also be possible to use DNA from uncultivated organisms
for microarray construction.

2.4 Metagenomic Arrays

As evidenced by the publication of this book, the vast majority of environmental
microorganisms are yet to be, and possibly cannot be, isolated using current tech-
niques. This has led to recent development of the field of metagenomics (see Miao
and Davies (2008)) (Handelsman 2004). Metagenomic approaches have been used
to sequence entire communities in an acid mine drainage site (Tyson et al. 2004)
and a portion of a more complex community from the Sargasso Sea (Venter et al.
2004). While it is currently difficult to assemble even the dominant genomes from
microbially diverse sites such as surface soils and sediments (Torsvik and Ovreas
2002; Venter et al. 2004; Tringe et al. 2005), the combination of microarray and
metagenomic technologies has the potential to reveal considerable information on
these yet-uncultivated microorganisms.
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MGA:s are still in the early stages of development but have enormous potential
for characterizing both the genetic capacity and activity of microbial communities.
One of the few MGAs published so far was based on ~1-kb inserts amplified from
672 cosmids derived from a groundwater enrichment and was used as a high-
throughput method to screen groundwater isolates and community DNA (Sebat
et al. 2003). While the above array contained probes that were only ~1 kb, larger
fragments from fosmid or bacterial artificial chromosome libraries could poten-
tially be used to provide higher genomic throughput (Berry et al. 2003; Wu et al.
2004). Furthermore, it may be possible to create MGAs for measuring microbial
activity if enough mRNA can be obtained to generate a cDNA library from which
probes could be designed. The use of MGAs has great promise for the study of
uncultivated microorganisms since one of the major current limitations for microar-
ray analysis is the lack of sequence information.

2.5 Whole-Genome Open Reading Frame Arrays

WGAS contain probes for all (or at least many) of the open reading frames (ORFs) in
a genome. Like FGAs, MGAs can be either based on PCR amplicon or oligonucle-
otide probes. One application of WGAs is to study the environmental transcriptomics
of relatively simple systems — containing a single or few different types of organisms
(Barnett et al. 2004). These arrays can also be used for comparative genomics with
specific potential for studying lateral gene transfer and microevolution (Behr et al.
1999; Salama et al. 2000; Dong et al. 2001; Murray et al. 2001; Dziejman et al. 2002;
Ochman et al. 2005; Ochman and Santos 2005). Custom WGAs can be designed,
based only on sequence data, through companies such as NimbleGen Systems Inc.
(http://www.nimblegen.com/products/cgr/index.html) for rapidly surveying microbial
genomes through comparative genome sequencing via microarrays.

2.6 Isotope Arrays

While microarrays have unprecedented power for the high-throughput detection and
characterization of microorganisms, their greatest utility lies perhaps in combined use
with other complementary methods (Wagner et al. 2007). This approach can be used
not only to validate microarray results but also to produce robust, synergistic tools for
investigating microbial processes. One of the potentially most powerful combined
approaches is the use of microarrays in conjunction with isotope techniques. By using
labeled substrates (e.g., *C or *C), this system can achieve high-throughput differen-
tiation between microorganisms which are actively involved in a process of interest
and those that are not, based on incorporation of the labeled substrate by the active
organisms. Both radioisotopes (e.g., C) and stable isotopes (e.g., '*C) have been
successfully used for these purposes (Radajewski et al. 2000; Adamczyk et al. 2003;
Polz et al. 2003; Wagner et al. 2006; Cebron et al. 2007; Leigh et al. 2007). One
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distinction between radioisotopes and stable isotopes is that methods are currently
available to detect radioisotopes directly on an array. The use of the stable isotopes
requires separation of labeled and unlabeled nucleic acids, usually by centrifugation,
prior to microarray hybridization, which can limit the sensitivity of stable isotope
detection. However, this limitation may be eliminated in the future if methods are
developed for directly detecting *C on arrays.

2.7 Other Types of Arrays

Numerous other types of microarrays have been used for microbial characterization
— primarily of cultivated isolates. Random or digested genomic fragments have
been used as probes on arrays for applications where the genome sequences of the
target organisms were unknown (Cho and Tiedje 2001; Parro and Moreno-Paz
2003; Kim et al. 2004). For some applications, mixed-genome arrays containing
random gene fragments from multiple organisms may enable greater discrimination
(Wan et al. 2007). Likewise, randomly selected oligonucleotide arrays (consisting
of 47 nonamer probes randomly generated based on the E. coli K-12 genome) have
been used to fingerprint bacteria (Kingsley et al. 2002). In another approach
researchers generated an array based on a library of 9,600 rRNA clones (Bent et al.
2006). The rRNA inserts were PCR amplified, arrayed, and then hybridized with a
series of different oligonucleotide probes to generate a fingerprint for each clone.
These fingerprints were then used to classify new, unidentified clones.

As the technology continues to progress, new array formats will undoubtedly
expand the utility of microarrays for analysis of uncultivated microorganisms.
While advances in extraction and amplification methods are making microarray
analysis of environmental RNA more practical, this is only an indirect measure of
microbial activity. The development and adaption of protein arrays would poten-
tially allow direct measurement of enzymatic expression in environmental samples
(Duburcq et al. 2004; Ro et al. 2005; Bjornstad et al. 2006; Gregson et al. 2006).
Additional research may ultimately improve microarray automation and make it
possible to construct microarrays that are field-deployable and can achieve real-
time characterization of microbial communities (Chandler and Jarrell 2004; Liu
et al. 2004; Liu and Zhu 2005).

3 Applications of Microarrays

3.1 Microbial Detection

The high-throughput potential of microarrays can be advantageous for several
applications where it is necessary to simultaneously detect many different microor-
ganisms, such as assessing microbial diversity and/or biogeography or screening
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for potential bioterrorism agents (Table 2). In one of the most descriptive ecological
applications of POAs to date, a POA containing 132 probes (18-mer) was used to
characterize sulfate-reducing bacteria at four depths (ranging from 0 to 30 cm) in
two acidic, low-sulfate fens (wetland soils) in Germany (Loy et al. 2004). The POA
consisted of probes specific to the rRNAs of individual and groups of organisms,
covering all known lineages of sulfate-reducing bacteria. The fens differed in iron
content, vegetation, acidity, and to some degree, seasonal water saturation. The
POA results indicated that stable sulfate-reducing populations varied little with
depth within each of the two sites but were different between the sites. Members of
the Syntrophobacteraceae were detected in the upper 30 cm of both sites, but
Desulfomonile spp. were only found in one soil which also contained a more
diverse sulfate-reducing community. These results were confirmed by direct PCR
amplification with the appropriate group-specific rRNA primers and by the detec-
tion of the corresponding dsrAB genes from the samples. The same research group
also developed a POA targeting all of the cultured and uncultured members of the
Rhodocyclales (Loy et al. 2005). The array detected Rhodocyclales populations
representing <1% of the total community, following Rhodocyclales-selective PCR
amplification. The POA indicated the presence of several uncultured Zoogloea-,
Ferribacterium/Dechloromonas-, and Sterolibacterium-like organisms in the acti-
vated sludge from an industrial wastewater treatment plant, which was corroborated
by the results from a 16S rRNA gene clone library. The results also demonstrated
that the Rhodocyclales community in the reactor, thought to represent the major
denitrifiers in the system, had dramatically changed, possibly as a result of alterations
in treatment plant operations.

One of the most comprehensive POAs developed so far contained 31,179 per-
fectly matched hierarchical 20-mer probes (with a corresponding number of sin-
gle mismatch probes as negative, mismatch controls) targeting 1,945 prokaryotic
and 431 eukaryotic sequences (Wilson et al. 2002). The array was used to inves-
tigate microorganisms collected from a 1.4 million liter air sample. The POA
results generally agreed with those from an rRNA gene clone library, but could
only resolve differences to the third level of phylogenetic rank, as defined by
RDP, and could not identify individual species. Eight of 10 phylogenetic clusters
detected by the array were represented in the rRNA gene clone libraries, and the
organisms not detected had relatively low signals on the array. Approximately 7%
of the clones were not detected by the POA, but these were from novel organisms
not represented in the RDP or on the array. In contrast, there was no good correla-
tion between the relative numbers of clones in each group and the signal intensity
of that group detected by the array, indicating a potential limitation with respect
to microbial quantitation with this system. Subsequent research has indicated that
this array format does enable quantitative detection and may actually reveal more
diversity than a normal-sized clone library (Desantis et al. 2005, 2007). A larger,
more recent version of the array was used to monitor urban aerosols in two U.S.
cities over a 17-week period (Brodie et al. 2007). The POA analysis indicated that
the aerosols contained at least 1,800 diverse bacterial types including several
organisms related to known pathogens and potential bioterrorism agents.
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3.2 Microbial Population Dynamics and Activity

Several studies have used FGAs to investigate microbial involvement in biogeo-
chemical processes including nitrogen fixation, nitrification, denitrification, sulfate
reduction (Wu et al. 2001; Taroncher-Oldenburg et al. 2003; Jenkins et al. 2004;
Steward et al. 2004; Tiquia et al. 2004), methane oxidation (Bodrossy et al. 2003;
Stralis-Pavese et al. 2004), and remediation of organic and metal contaminants
(Denef et al. 2003; Rhee et al. 2004; He et al. 2007; Leigh et al. 2007). In one of the
largest-scale FGA applications to date, Stralis-Pavese et al. (2004) used an array
containing 68 different 17- to 27-mer probes, primarily targeting the particulate
methane monooxygenase (pmoA) genes of several methanotrophs, to investigate the
impact of five different plant covers on methanotrophic activity in lysimeters under
landfill-simulating conditions. The authors linked the methanotrophic community
structure in the vegetated lysimeters, in which type II methanotrophs had a competi-
tive advantage over type Ia methanotrophs, with increased methane oxidation rela-
tive to the nonvegetated lysimeters. Furthermore, the relative abundances of
methanotrophs were lower in the lysimeters that did not receive biogas.

One of the first applications of the GeoChip FGA was to monitor groundwater
microbial populations during in situ uranium reduction (He et al. 2007). The array
detected several different c-type cytochrome and dsrAB (dissimilatory sulfite
reductase) genes that were significantly correlated with uranium reduction. This
included genes from Geobacter-type iron-reducing bacteria and Desulfovibrio-type
sulfate-reducing bacteria, suggesting that these organisms actively or indirectly
played a role in uranium reduction. Demonstrating the potential for biogeographi-
cal applications, Yergeau et al. (2007) used the GeoChip to examine soil microbial
communities across an Antarctic latitudinal transect. The GeoChip revealed that
cellulose degradation and denitrification genes were correlated with soil tempera-
ture, and N-fixation genes were linked to plots mainly vegetated by lichens. The
GeoChip has also been used to detect biphenyl-degrading organisms in polychlo-
rinated biphenyl-contaminated soil (Leigh et al. 2007).

One of the major potential benefits of FGAs is that they can also potentially be
used to determine environmental gene expression by measuring mRNA. However,
only a handful of studies have used FGAs for mRNA analysis to date (Dennis
et al. 2003; Rhee et al. 2004; Bodrossy et al. 2006; Gao et al. 2007). Dennis et al.
(2003) constructed a PCR amplicon FGA (271-1,300 bp fragments) containing
probes for 64 genes including several from the 2,4-dichlorophenoxyacetic acid
(2,4-D)-degradation pathway of Ralstonia eutropha JMP134 and related organisms.
The FGA was used to test mixed cultures consisting of four isolates from a batch
reactor treating pulp mill effluent and varying concentrations of R. eutropha
JMP134. The cultures were amended with 2 mM of 2,4-D and incubated 6 h prior
to mRNA extraction. Significant induction of 2,4-D degradation genes was detected
from populations as low as 0.0037% (3.7 x 10° cells in 10® total community) to
3.7%, depending on the specific genes detected and sequence similarity of the
probes that were used.
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Rhee et al. (2004) used a 50-mer oligonucleotide FGA (a predecessor to the
GeoChip that contained 1,662 probes) to determine both the presence and expres-
sion of naphthalene-degradation genes in soil enrichments. Previously contami-
nated soil was enriched with naphthalene. Four different naphthalene-degradation
genes, three of which were from Rhodococcus spp., were detected at higher levels
in the naphthalene-amended enrichment, based on DNA analysis. Likewise, FGA
analysis of mRNA detected three different Rhodococcus sp. genes involved in
naphthalene degradation that were upregulated (40- to 100-fold) in the naphtha-
lene-amended enrichment, including two of the genes detected by DNA analysis.
The results also indicated that other potential naphthalene-degrading organisms,
whose genes were detected in the enrichments by the DNA hybridizations, were not
the primary naphthalene degrading organisms under the tested conditions. An FGA
has also been used to detect active methanotrophs in lysimeters simulating landfill
covers (Bodrossy et al. 2006).

Most of the above studies that analyzed mRNA were relatively simple systems
— mixed cultures or enrichments. In many cases, it remains challenging to use
FGAs to analyze mRNAs from more complex environmental samples because of
difficulties in extracting sufficient quantities of high-quality mRNA (Saleh-Lakha
et al. 2005). While advances in extraction techniques (Hurt et al. 2001; Sessitsch
et al. 2002; Burgmann et al. 2003) and newly available commercial kits (e.g.,
TruRNA from Atom Sciences, Inc. and FastRNA from Qbiogene) are helping with
this process, it may be necessary to further purify many samples which may
decrease mRNA yields. This can be especially problematic for low-biomass envi-
ronments that already do not contain sufficient mRNA for FGA analysis. New
approaches such as (1) the addition of a poly(A) tail to bacterial RNA for subse-
quent amplification (Botero et al. 2005) or (2) the amplification of whole commu-
nity mRNAs using random primers with an attached T7 promoter sequence for
subsequent amplification (Bodrossy et al. 2006; Moreno-Paz and Parro 2006; Gao
et al. 2007) will likely expand the applications of microarray analyses for determi-
nations of microbial activity in environmental samples.

Besides FGAs, other types of arrays also can be used to study different microbial
processes. The PhyloChip POA containing >500,000 probes based on 16S rRNA gene
sequences was used to examine microbial populations in subsurface material during
uranium remediation (Brodie et al. 2006). PhyloChip analysis revealed that popula-
tions of metal-reducing bacteria (e.g., Geobacteraceae) were abundant during uranium
reduction (induced by lactate biostimulation) and did not decrease during subsequent
uranium re-oxidation. These results indicated that decreases in the populations of
uranium-reducing bacteria were likely not responsible for the re-oxidation.

3.3 Microbial Characterization

Several different types of arrays (e.g., CGAs, FGAs, and WGAs) have been used
to characterize microbial genomes. While many of the examples below are for
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isolated microorganisms, similar analyses could be done for large insert metagen-
omic DNA. The main use of CGAs is to determine the genomic relatedness of
isolated bacteria (or metagenomic DNA) to each other and also the organisms
represented on the array. A CGA that contained the entire genomic DNA of 67
different bacteria (one species’ genome per spot) including o-, B-, and y-Proteo-
bacteria and Gram-positive bacteria — most being Azoarcus, Pseudomonas, or
Shewanella spp. — was designed as a tool for detecting specific microorganisms
within a natural microbial community (Wu et al. 2004). The CGA could achieve
species- to strain-level differentiation depending on the hybridization temperature
used. The CGA was also capable of correlating differences in microbial communi-
ties in different environmental samples with differences in biogeochemical and
physical properties between the sites.

Similarly, WGAs can be used to characterize microbial isolates or metagenomic
DNA. Dong et al. (2001) used a WGA containing 96% of the annotated ORFs in
Escherichia coli K-12 to comparatively interrogate the genome of a related bacte-
rium, Klebsiella pneumoniae 342. Only 70% of E. coli K-12 ORFs were found in
K. pneumoniae 342. Both bacteria shared many highly conserved genes including
those for energy, amino acid, and fatty acid metabolism along with cofactor synthe-
sis, cell division, DNA replication, transcription, translation, transport, and regula-
tory proteins. In contrast, many E. coli K-12 hypothetical and putative regulatory
proteins, chaperones, and enzymes, in addition to genes thought to have been
acquired from phage, plasmids, or transposons via lateral transfer, were not found
in K. pneumoniae. Other researchers have used a WGA to find evidence for hori-
zontal gene transfer in Shewanella spp. (Murray et al. 2001).

Van Nostrand et al. (2007) used the GeoChip FGA to characterize the genomes
of four nickel-tolerant bacteria isolated from contaminated sediment at the U.S.
Department of Energy Savannah River Site in Aiken, SC. Phenotypic assays had
indicated that the bacteria were resistant to several metals and antibiotics.
Subsequent GeoChip analysis detected between 20 and 86 metal-related genes,
including some for arsenic, chromium, copper, mercury, and nickel in the genomes
of the different isolates.

4 Challenges and Limitations of Microarray Analysis

4.1 Reliance on Cultivated Organisms and/or Known Sequences

Many types of microarrays require isolated organisms or prior knowledge of target
sequences for the construction of probes. This represents one of the greatest chal-
lenges for the analysis of environmental samples given the vast number of unknown
DNA sequences in many samples. Microorganisms critical to the process of interest
may be completely overlooked if they do not have corresponding probes on the
array. Furthermore, probes that are designed to be specific to known sequences can
also cross-hybridize to similar, unknown sequences from related or unrelated genes.
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This can potentially result in either an underestimated signal due to weak binding
of a slightly divergent sequence or a completely misleading signal due to binding
of a nontarget sequence. In any case, microarray data from environmental samples
should be cautiously interpreted.

4.2 Sensitivity

Another challenge for microarray analysis is the limited sensitivity of detection,
with usually only dominant organisms being identified. Most microarrays are
printed on nonporous, planar glass slide platforms because this enables high-density
printing. However, this reduces detection sensitivity several orders of magnitude as
compared to membrane-based hybridizations, most likely due to less probe being
attached to the nonporous surfaces (Cho and Tiedje 2002). New slide chemistries,
such as ultra thin or three-dimensional platforms, may ultimately help to increase
detection sensitivity while maintaining the capacity for high-throughput printing
(Guschin et al. 1997; Urakawa et al. 2003; Zhou et al. 2004; Hesse et al. 2006;
Sunkara et al. 2007).

The choice of probe format can also impact sensitivity. Oligonucleotide probes
have several advantages for probe design, but they are typically ~10- to 100-fold
less sensitive than longer PCR amplicon or CGA probes (Wu et al. 2001; Denef
et al. 2003; Rhee et al. 2004; Wu et al. 2004). For example, detection limits of
0.2 ng of target genomic DNA for a CGA (Wu et al. 2004), 1 ng for a PCR ampli-
con FGA (Wu et al. 2001), and 5-8 ng for a 50-mer oligonucleotide FGA (Rhee
et al. 2004) have been reported for hybridization in the absence of background
DNA. In the presence of background DNA, sensitivity is further reduced about
10-fold (Rhee et al. 2004; Tiquia et al. 2004; Wu et al. 2004). For one 50-mer
FGA, this detection limit corresponded to ~107 cells or 5% of the total community,
which is similar to other published studies (Cho and Tiedje 2002). One study
recently directly compared the detection sensitivity of 50-, 60-, and 70-mer oligo-
nucleotide probes with PCR amplicon probes (He et al. 2005a). The oligonucle-
otide probes had detection limits of 25-100 ng of genomic DNA, while the PCR
amplicon probes had a detection limit of 5 ng of genomic DNA. These limits
roughly corresponded to 107 and 10° gene copies for the oligonucleotide and PCR
amplicon probes, respectively. The 70-mer probes produced results most similar
to the PCR amplicons. The detection sensitivities of other arrays (MGAs and
WGAs) will depend on the specific probe design.

Advances in nucleic acid labeling methods may also help to increase sensitivity
(Denef et al. 2003; Steward et al. 2004; Zhou and Zhou 2004). One study reported
that tyramide signal amplification labeling increased the signal intensity of a
70-mer FGA ~10-fold compared to commonly used Cy dye-labeling techniques
(Denef et al. 2003). Use of new labels such as nanoparticles (Zhou and Zhou 2004)
or even the development of label-free arrays may ultimately further enhance detec-
tion sensitivity (Thompson et al. 2005; Liu and Bazan 2006).
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While the approaches discussed above may help to detect dominant members of
relatively high biomass communities, improved methods are needed for detecting
less abundant microorganisms. Potential approaches for selectively enriching spe-
cific targets include (1) PCR amplification of specific genes using conserved primers
(Bodrossy et al. 2003), (2) use of capture techniques such as magnetic beads (Tsai
et al. 2003), and (3) directed cell separation using fluorescence in situ hybridization
and flow cytometry (Podar et al. 2007). For low-biomass samples, or small numbers
of sorted cells, nonspecific amplification of whole community DNA can be used to
generate sufficient material for microarray analysis (see Podar et al. 2008).

A whole-community genome amplification (WCGA) procedure has been
developed, based on phi 29 DNA polymerase, that can amplify nanogram quanti-
ties of DNA to microgram quantities with a linear relationship between the starting
template and the final product (Wu et al. 2006). The method was capable of
quantitatively detecting 0.04—125 ng (* = 0.65-0.99) of pure culture DNA using
a WGA, 0.1-1,000 ng (# = 0.91) of genomic DNA using a CGA, and 0.01-250 ng
(r = 0.96-0.98) of environmental DNA using a 50-mer FGA. The approach
allowed representative detection of individual genes from 1 to 500 ng of initial
environmental (groundwater) DNA template. Smaller amounts of template, as low
as 10 fg, could be detected via WCGA, but this affected the representativeness of
amplification.

4.3 Specificity

The specificity of microarray probes is governed by several factors including
probe design and hybridization conditions. While probes can be designed to meet
specific binding characteristics, at least theoretically, there is always potential for
cross-hybridization if used with environmental samples that contain unsequenced
microbial populations (Chandler and Jarrell 2004). This issue can be reduced by
obtaining more sequence data (i.e., clone libraries) for specific samples prior to
microarray analysis, but will likely remain a concern for most environments.

It is, however, possible to improve probe specificity for specific targets. This is
especially true for oligonucleotide probes that can be designed to avoid conserved
regions of genes or those producing stable secondary structures. Arrays can dif-
ferentiate a single mismatch in a probe—target hybridization using shorter oligonu-
cleotide probes (~20-mers) (Wilson et al. 2002; Urakawa et al. 2003; Zhou et al.
2004). One of the more common formats for POAs uses at least one probe for a
given target that perfectly matches a target sequence and a corresponding probe(s)
that contains one mismatched nucleotide, usually at a central position (Brodie
et al. 2006). Detection of the target sequence is usually determined on the basis of
greater signal intensity (using some predetermined level) for the perfectly matched
probe relative to the mismatched probe. Owing to the potential for unexpected
probe behavior (higher signal for the mismatched probe), several different sets of
probes are commonly included on these arrays for each target sequence. Thermal
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dissociation curves for individual probe—target duplexes have been used to further
improve the discriminating power of these arrays (Liu et al. 2001; EIl Fantroussi
et al. 2003; Urakawa et al. 2003; Li et al. 2004; Eyers et al. 2006).

While short oligonucleotide probes are often preferred for POAs in order to
achieve the desired level of specificity, it is possible to use longer oligonucleotide
probes (~40- to 70-mers) for FGAs owing to the more variable nature of most
functional genes. This allows for an increase in detection sensitivity while still
achieving species-level specificity. Different FGAs have been reported to be capa-
ble of differentiating sequences with less than 87-94% sequence identity using
oligonucleotide probes (50 or 70-mers). This is slightly higher than the 80-85%
reported for a PCR amplicon FGA (Wu et al. 2001; Taroncher-Oldenburg et al.
2003; Rhee et al. 2004). Besides percent sequence identity, other factors including
long stretches of a probe that perfectly match a nontarget sequence (Kane et al.
2000; Chen et al. 2006), the position of mismatches (Letowski et al. 2004), and the
free energy of probe-target duplexes can also affect specificity (Li and Stormo
2001; Held et al. 2003). While it may be difficult to design probes that optimally
match all these criteria using a sequential test and select process for each factor, it
may be possible to use more relaxed criteria but yet produce specific probes if the
factors are simultaneously considered during probe design (Liebich et al. 2006).
This would increase the number of probes that can be designed for a given target
and could be very important when designing probes from very similar sequence
data (i.e., clone libraries) for which only a limited number of specific probes can
be designed.

Several different software programs are currently available for the design of
oligonucleotide microarray probes; however, many of these were developed for
use with individual genomes and may design nonspecific probes when used with
environmental sequence data (Li et al. 2005). A relatively new software program,
called CommOligo, is now available that is capable of designing specific probes
from orthologous gene sequences such as those produced by clone libraries (Li
et al. 2005). CommOligo can design single or multiple unique probes for each
sequence using multiple, user-specified criteria, including maximal sequence
identity, maximal length of continuous perfectly matched nucleotides, free energy,
self-binding, melting temperature, and GC content. Another feature of CommOligo
is the ability to design group-specific probes for clusters of sequences whose
sequence identities are too similar to each other to allow the design of unique
probes for each sequence.

The specificity of microarray hybridizations can also be affected by increasing
or decreasing the stringency of the hybridization conditions (e.g., temperature,
formamide concentration, etc.) (Wu et al. 2001; Letowski et al. 2004; He et al.
2005b). For example, the specificity of one CGA could be increased from species-
level to strain-level detection by increasing the hybridization temperature from 55
to 65 or 75°C (Wu et al. 2004). This may be useful for some applications in order
to achieve more or less specificity depending on the research objective, but it also
illustrates the need for careful use of microarrays in order to achieve the appropriate
level of hybridization stringency for which the array was designed.
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4.4 Quantitation

Several studies have indicated that microarrays can quantitatively detect target
sequences in environmental samples (Wu et al. 2001, 2004; Rhee et al. 2004;
Desantis et al. 2005). It has been demonstrated that short oligonucleotide arrays
(e.g., POAs, WGAs) based on perfect match/mismatch probes pairs can quan-
titatively detect targets (» = 0.917) in the presence of background DNA
(Desantis et al. 2005). However, POAs of this format are commonly used with
PCR-amplified nucleic acids, which may complicate quantitative detection.
Another study reported a good linear relationship (7 = 0.94) between a mixture
of 11 different genes, varying in concentration from 1 pg to 1 ng, that were
hybridized to a PCR amplicon FGA (Wu et al. 2001). Similarly, Rhee et al.
(2004) found a linear relationship (2 = 0.95-0.99) for multiple genes, over a
range of 75-1,000 ng genomic DNA, detected by a 50-mer FGA in the presence
of background DNA. This study also demonstrated that FGA detection of
mRNA was linear (#* = 0.96-0.99) over a range of 5.0 x 10’-1.6 x 10° cells in
the presence of background RNA. Linear detection (r? = 0.98), from 25 to 1,000
ng of DNA, has been reported for at least one CGA (Wu et al. 2004). Even with
these examples of successful quantitative detection by microarrays, caution
should be used when conducting experiments and interpreting data because of
the potential variability introduced by multiple analytical steps including DNA
extraction, amplification, labeling, hybridization, and analysis.

4.5 Data Analysis and Standardization

Another challenge for microarray analysis of uncultivated microbial communities is the
availability and standardization of methods for data analysis. Many researchers cur-
rently adapt statistical methods that were initially developed for functional genomics of
pure cultures. In some cases, it may be possible to use traditional statistical methods to
analyze data, but these methods may not be adequate for analyzing the complex data
sets that are frequently generated from environmental samples (Eyers et al. 2006).
These problems will only be magnified as more comprehensive arrays are developed
that will require more involved methods such as artificial neural networks in order to
interpret the results (Pozhitkov et al. 2005). Furthermore, researchers commonly use
different analytical methods for microarray construction, labeling, and hybridization,
which can make it difficult to compare data between experiments and laboratories
(Wilkes et al. 2007). The development and consistent use of universal standards for
microarray experiments would help address these issues. One approach that appears
promising is the use of labeled oligonucleotides or DNA fragments, spiked into the
hybridization solution, as a control (Cho and Tiedje 2002; Dudley et al. 2002). This
allows microarray results to be normalized on the basis of the signal intensity resulting
from hybridization of these controls with corresponding control probes on the array.
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5 Concluding Remarks

Comprehensive microarrays are now available for the study of uncultivated micro-
organisms. As the technology continues to progress rapidly, new advances will
undoubtedly expand the potential of microarrays for microbial characterization
even further. However, the true power of these arrays will begin to be realized only
as they are used to investigate complex microbial communities and interactions in
a variety of environments.
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