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9.1
Introduction

Studies on the diversity of microbial life within soils indicate that there
are several thousand distinct microbial genome types present per gram
of soil (Torsvik et al. 1990, 1996), and efforts to further characterise this
diversity have revealed significant numbers of previously unknown organ-
isms within the bacterial, archaeal and eukaryal domains of life (Bintrim
et al. 1997; Hugenholtz et al. 1998; Dawson and Pace 2002; Schadt et al.
2003; Zhou et al. 2003). Microbial communities in soils also often exhibit
extreme spatial and temporal variability; however, the factors that underlie
and influence this variation remain largely unknown (Zhou et al. 2003).
Perhaps one reason that this goal has remained elusive is a lack of com-
mon methodologies that allow for rapid, inexpensive and comprehensive
characterisation of these extremely high levels of diversity.

The application of microarrays to the study of gene expression in mi-
crobial genomicsnowregularly allows for comprehensive, high-throughput
studies of organisms under a variety of physiological conditions (e.g. Lock-
hart et al. 1996; Schena et al. 1996; DeRisi et al. 1997; Ye et al. 2000; Thomp-
son et al. 2002; Liu et al. 2003) and this technology is becoming cheaper
and easier to implement. Currently, the adaptation of such techniques to
problems of microbial ecology in soils and other environments is a major
focus effort that is taking place in many research groups. However, the
adaptation of these technologies for the detection of microbial genes in
complex environmental samples presents many unique challenges (Zhou
and Thompson 2002; Zhou 2003; Schadt et al. 2005). This chapter reviews
the progress of those efforts to date with an emphasis on the potential
application of this technology to questions in soil ecology.
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9.2
Types of Environmental Microarrays

Based on the type of probes arrayed and their potential applications, Zhou
and Thompson (2002) classified microarrays of potential use in environ-
mental studies into three different basic groups: (i) Phylogenetic oligonu-
cleotide arrays (POAs) primarily contain sequence probes derived from
rRNA genes. These types of arrays might be used for the analysis of micro-
bial community composition and structure under a phylogenetic frame-
work (e.g. Loy et al. 2002; Valinsky et al. 2002a,b; El Fantroussi et al. 2003).
(ii) Functional gene arrays (FGAs) contain probe sequences for genes en-
coding key proteins involved in various environmental processes such as
steps in denitrification or the degradation of naphthalene. These arrays
are useful for monitoring the physiological status and functional activi-
ties of microbial communities in natural environments (e.g. Wu et al. 2001;
Taroncher-Oldenburg et al. 2003; Rhee et al. 2004). (iii) Community genome
arrays (CGAs) are constructed using whole genomic or large fragment DNA
isolated from pure culture microorganisms or even large fragments of ge-
nomic DNA originating from fosmid or BAC libraries. These arrays can be
useful to describe a microbial community in terms of its cultivable compo-
nent or screen isolates and metagenomic libraries for discovery of target
genes and organisms (e.g. Cho and Tiedje 2001; Wu et al. 2004).

9.3
Important Issues in Microarray Analysis

9.3.1
Specificity

Although gene-based oligonucleotide microarrays have been used suc-
cessfully for monitoring genome-wide gene expression, the use of POAs
and FGAs with complex environmental samples presents unique technical
challenges in terms of specificity. The highly conserved nature of the rRNA,
and the often high degree of similarity among homologous and ortholo-
gous functional genes, makes specific probe design much more difficult to
achieve. Additionally, especially in the case of rRNA, the hybridisation of
oligonucleotide probes to target nucleic acids possessing stable secondary
structure can be particularly challenging. Stable secondary structure of
target DNA or RNA must be overcome in order to make complementary
sequence regions available for duplex formation with probes and, for this
reason, these regions should be avoided. Thus the stable secondary struc-
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ture of rRNAs can have serious effects on hybridisation specificity and
detection sensitivity.

The potential advantage of oligonucleotide probes is that target se-
quences containing single base mismatches can be differentiated by mi-
croarray hybridisation. However, in reality, with the high number of possi-
ble probe and target combinations, this has been difficult to systematically
demonstrate. To systematically determine whether single mismatch dis-
crimination can be achieved for 16S rRNA genes using microarray hybridi-
sation, a model oligonucleotide microarray consisting of probes derived
from three different regions of the 16S rRNA molecule corresponding to dif-
ferent bacterial taxa was generated in our laboratory (X. Zhou and J. Zhou,
unpubl. data). The probes had 1–5 mismatches in different combinations
along the length of the oligonucleotide probe with at least one mismatch
at the central position. Hybridisation signal intensity with a single-base
mismatch was decreased by 10–30% depending on the type and position
of the mismatched nucleotide base. The signal intensity of probes with two
base mismatches was 5–25% of that of the perfect match probes. Probes
with three or four base-pair mismatches yielded signal intensities that were
5% of that of the perfect match probes. Maximum discrimination and sig-
nal intensity was achieved with 19-base probes. These results indicated
that single base discrimination for small subunit (SSU) rRNA genes can be
achieved with glass slide-based array hybridisation, but complete discrimi-
nation appears to be problematic with SSU rRNA genes and most likely not
possible using only single mismatches. Letowski et al. (2004) recently pub-
lished similar studies showing optimal discrimination was achieved with
mismatches distributed nearly evenly across the oligos. Many others have
reported similar findings (Liu et al. 2001; Loy et al. 2002). This incomplete
discrimination presents great difficulties when DNA derived from diverse,
uncharacterised environmental samples is hybridised against POAs and
FGAs. Interpretation of signals will obviously be confounded by the fact
that, in environmental samples, lower than expected signals could be due
either to low abundance of the target or imperfect matches between probe
and target.

Compared to the short oligonucleotides commonly used for rDNA in
POAs, the protein-coding genes used in FGAs are often designed using
longer probes (40–70mer). While these probes may provide less hybridi-
sation specificity, they provide better sensitivity levels. Additionally, the
higher nucleotide variability of such genes often allows for species-specific
design even at such probe lengths. Our recent studies indicated that genes
having less than 88% nucleotide sequence identity could most often be
discriminated with FGAs under hybridisation conditions of high strin-
gency (50% formamide and 50 ◦C; Rhee et al. 2004). Additionally, a further
characterisation of probe specificity in our laboratory has shown that by
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limiting non-target hybridisation free energy to > −35 kcal/mol and lim-
iting long stretches of continuously matched non-target bases to less than
20 bp can provide for further predictability in specificity, when considered
simultaneously with percent similarity. Taroncher-Oldenburg et al. (2003)
have reported similar results for 70mer oligonucleotide FGAs designed for
nitrogen cycle genes.

Our past results have also shown that DNA/DNA hybridisation on CGAs
in the presence of 50% (v/v) formamide at 55 ◦C could discriminate between
microbial genomes of different species within a genus, whereas genomes, in
many cases, could not be clearly distinguished at the subspecies level (Wu et
al. 2004). By raising the hybridisation temperature to 65–75 ◦C, CGA-based
discrimination between closely related bacterial strains could be achieved.
Although some genes within bacterial genomes, such as rRNA genes, are
highly similar even among different strains or species, the presence of
such highly conserved sequences does not appear to affect the overall
hybridisation specificity in CGAs.

9.3.2
Sensitivity

Sincevery smallhybridisationvolumesareused inmicroarrayexperiments,
it is generally thought that the sensitivity of microarray hybridisation is
higher than that of conventional membrane-based hybridisation. However,
the sensitivity of hybridisation with glass-based microarrays may still be
on the order of 100- to 10,000-fold less than with polymerase chain reaction
(PCR) amplification and 100-fold less than with membrane-based hybridi-
sation (Taniguchi et al. 2001). One of the main reasons that the sensitivity
of glass-based microarray hybridisation is lower than membrane-based hy-
bridisation could be because the probe-binding capacity on glass surfaces
is much lower than that on porous membranes (Cho and Tiedje 2001).
Increasing the DNA-binding capacity of glass slide microarrays could be
one way to enhance microarray hybridisation sensitivity, and efforts to
accomplish this using new types of chemical compounds for coating glass
slides are ongoing.

Often detection limits are assessed using a known amount of target DNA
for a given probe and progressively reducing target DNA concentration
until the signal cannot be distinguished reliably from background fluores-
cence [e.g. signal-to-noise ratio (SNR) <2]. Using a 50mer biodegradation
FGA and temperature of 50 ◦C in the presence of 50% formamide, Rhee
et al. (2004) showed gene-dependent detection sensitivities to be between
5–10 ng in the absence of other DNA. However, DNA targets of environ-
mental samples are present in a complex background of non-target DNA.
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When assessed in a background of 2 µg of non-target Shewanella DNA, it
was found that the detection limit for the same genes was about 10 times
lower (∼50–100 ng for a range of gene/probe targets). Assuming 4 Mbp
genome size, this corresponds to a detection limit of ∼107 cells being re-
quired for a gene to be detected in an environmental sample. These results
correspond well with other published studies of detection limits. Using
nirS gene PCR products as probes about 1 ng of labeled pure genomic DNA
in the absence of background DNA could be detected (Wu et al. 2001).
With PCR product targets of 500–900 bp, Cho and Tiedje (2002) showed
detection limits to be ∼10 pg in the presence of background DNA. The
detection limit of CGAs is much lower and was estimated to be ∼0.2 ng
with pure labeled genomic DNA in the absence of background DNA, and
about 5 ng of genomic DNA or 2.5×105 cells in the presence of background
DNA (Wu et al. 2004). While such limits should be sufficient for detection
of at least the more dominant members of a microbial community, this is
still not sensitive enough to detect less abundant microbial populations in
complex communities. To detect rare populations in natural environments,
other approaches for increasing hybridisation sensitivity are needed. Our
and other groups are currently exploring ways to enhance the levels of
detection sensitivity.

9.3.3
Quantitation

We have evaluated the quantitative potential of microarray hybridisation
for both FGA (Wu et al. 2001; Rhee et al. 2004; Tiquia et al. 2004) and CGA
formats (Wu et al. 2004). Linear quantitative relationships are most often
observed between signal intensity and target DNA concentration over con-
centration ranges from 1–1,000 ng for both pure cultures and mixed target
DNA populations. These results suggest that DNA microarrays may poten-
tially be used for quantitative analysis of environmental samples. However,
the difficult challenge in quantifying microbial populations in natural envi-
ronments is that the community composition of the environmental samples
is largely unknown. It is assumed that hybridisation signal intensity is di-
rectly related to population abundance of the target organism. However,
non-specific hybridisation due to unknown diverse members in a sample
may contribute to signals.

One way to assess quantitative accuracy of microarray hybridisations is
the use of real-time PCR with sequence-specific primers. While it is not
possible to verify an entire large microarray data set because these tech-
niques are labour and time intensive, verification of microarray findings
for several key genes is achievable and is common practice in microbial



194 C.W. Schadt, J. Zhou

Fig.9.1. Correspondence of microarray-based hybridisation signals with quantitative PCR
for genes associated with naphthalene degradation (Rhee et al. 2004). Quantitative PCR may
be used for independent verification of key results associated with microarray studies

gene expression studies. Rhee et al. (2004) used such an approach to verify
microarray hybridisation results associated with naphthalene degradation
(Fig. 9.1). Overall, significant correlations between the microarray hybridi-
sation signals and the gene copy number determined by real-time PCR
were obtained with r2 = 0.74 for all genes tested, and r2 = 0.96 for the
genes with SNR > 3. Such results showing consistency between microarray
hybridisation data and real-time PCR data are encouraging for the use of
microarray data in quantitative interpretations.

9.4
Applications of Different Formats of Microarrays

9.4.1
Phylogenetic Oligonucleotide Arrays (POAs)

POAs primarily contain probes/sequences derived from rRNA genes; how-
ever, efforts have been made to incorporate other markers such as gyrB
(Fukushima et al. 2003; Kakinuma et al. 2003) or rpoB (Dahllöf et al.
2000). The probes incorporated into POAs may be designed on a species-
specific basis, a hierarchical manner, or some combination thereof, such
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that several different taxonomic or phylogenetic levels of information are
targeted. While species-specific probes can be easily generated on a one-by-
one basis using relatively computationally simple algorithms or searches
such as those available through the ribosomal database project (RDP; Cole
et al. 2003), ARB (Ludwig et al. 2004) and ProbeBase (Loy et al. 2003),
comprehensive and effective hierarchical probe design remains more dif-
ficult. These efforts require full and accurate alignments as well as robust
phylogenetic information in order to accurately target specific groups of
organisms and predict hierarchical probe behaviour. However, recently,
significant progress has been made towards these fundamental issues. Us-
ing new search methods and quality score calculations, Zhang et al. (2002)
were able to identify 10,487 perfect-match 15–25mers that together covered
more than 86% of the phylogenetic nodes in a representative bacterial tree
that included 929 operational taxonomic units (OTUs). This represented
a core set from the RDP of highly reliable and complete sequences. Addi-
tionally, a new potential resource for comprehensive probe design called
CASCADE-P is also under development (http://greengenes.llnl.gov/16S/).
Through the incorporation of new global alignment algorithms (DeSantis
et al. 2003), this group hopes to offer comprehensive data mining and probe
design tools to the scientific community in the near future. While still un-
der evaluation, these tools have already been used to build a 500,000 feature
Affymetrix microarray containing sets of hierarchical probes (up to 25) for
each OTU in the RDP database. Such phylogenetic arrays, once fully devel-
oped and evaluated, will be extremely useful for the analysis of microbial
community composition and structure under a phylogenetic framework.
Additionally, these methods offer much more quantitative potential than
PCR-based methods. Unfortunately, because of low sensitivity levels, at
present most studies still rely on a pre-hybridisation PCR amplification.
This is feasible with POAs because of the highly conserved nature of the
targeted 16S rDNA, but greatly complicates the quantitative interpretation
of results due to the potential for biases in PCR amplifications. Additionally,
as expression of rRNA has been shown to be highly correlated with growth
rate and activity level (Asai et al. 1999a,b), rRNA targets could potentially
also provide information on relative activity levels of the different target
organisms on POAs if the sensitivity of hybridisations could be improved.

The actual application of POAs to the study of microbial ecology has
come thus far from only a few example studies. While no comprehensive
studies have yet been published from any environment, several groups have
made great progress in targeting specific groups of organisms. For exam-
ple, Loy et al. (2002) have developed a POA that includes probes claimed
to distinguish all known sulfate-reducing lineages based on 16S rDNA se-
quences. In evaluative tests, this array of 132 probes was able to distinguish
at least 41 species of sulfate-reducing taxa. In some cases these probes were
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specific at even the strain and isolate level. Additionally, in application to
mixed environmental samples from periodontal and hypersaline mat com-
munities, this array returned results suggesting the presence of dominant
taxa that were consistent with results from PCR-based studies targeting
16S rDNA and dissimilatory sulfite reductase (dsrAB) genes. Another re-
cent study used a promising new combination of techniques to track active
ammonium-oxidisingbacteria inactivated sludge samples (Adamczyket al.
2003). The authors combined isotope labeling to track ammonia-oxidising
bacteria incorporating 14C-labeled bicarbonate, with a POA for the detec-
tion of specific rRNA associated with these organisms. The total rRNA in
the sample was then labeled with Cy3 dyes, and, by using sequential flu-
orescent and autoradiographic scans of the resulting hybridizations, the
authors could estimate the proportion of the population that was actively
incorporating the labeled bicarbonate. Both of these studies demonstrate
the promise of array technologies. However, both are extremely limited in
depth of application and do not fully realise the potential of microarrays
for comprehensive, high-throughput analyses.

9.4.2
Functional Gene Arrays (FGAs)

FGAs contain genes encoding key proteins involved in various environmen-
tal processes. Microbial involvement in processes important to ecosystem
biogeochemistry such as nitrification, denitrification and sulfate reduction
in ocean sediments (Wu et al. 2001; Tiquia et al. 2004), nitrogen fixation
in picoplankton communities (Jenkins et al. 2004; Steward et al. 2004),
and naphthalene degradation in soils (Rhee et al. 2004) have recently been
targets of studies using FGAs. Our laboratory has been actively developing
FGAs designed to be comprehensive for the known diversity of microbial
functional genes involved in N, C (including methane) and S cycling, as
well as genes involved in the biodegradation of organic contaminants and
in the resistance to metal toxicity (Wu et al. 2001; Zhou 2003; Rhee et al.
2004; Schadt et al. 2005; Tiquia et al. 2004).

A 50mer-based oligonucleotide microarray was developed in our labo-
ratory based on known genes and pathways involved in: biodegradation,
metal resistance and reduction, denitrification, nitrification, nitrogen fixa-
tion, methane oxidation, methanogenesis, carbon polymer decomposition,
and sulfate reduction. Rhee et al. (2004) have demonstrated the applica-
bility of this type of array design in studies of degradation of naphthalene
from both enrichments and soil microcosms. In this study it was demon-
strated using both unamplified DNA and mRNA as targets for probes that
different sets of organisms were primarily responsible for naphthalene
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degradation in each system. While the naphthalene-degrading genes from
Rhodococcus-type microorganisms were found to be dominant in enrich-
ments, the genes involved in naphthalene degradation from Gram-negative
microorganisms, such as Ralstonia, Comamonas, Burkholderia, were most
abundant in the soil microcosms (Fig. 9.2). Although naphthalene degra-
dation is widely known and studied primarily in Pseudomonas, genes from
these organisms were not detected in either system. Comparatively little
is known about the organisms and pathways found to dominate this pro-
cess in both systems. To verify these results four genes detected in these
hybridisations were also amplified and quantified using real-time PCR and
results showed good correlation between the two methods (Fig. 9.1).

9.4.3
Community Genome Arrays (CGAs)

The CGA is conceptually analogous to membrane-based reverse sample
genome probing (RSGP; Greene and Voordouw 2003). In contrast to RSGP,
CGAs use a non-porous surface, a microarray, for fluorescence-based de-
tection. This development enables the utility of RSGP to be scaled up in
the number of hybridisations that can be achieved simultaneously allowing
high-throughput analyses. These arrays have been used to describe a mi-
crobial community in terms of its cultivable component or screen isolates
for identification (Cho and Tiedje 2001; Wu et al. 2004). Because of the ease
of construction and greater sensitivity, such arrays may be particularly
useful for monitoring the abundance of known species that are important
in a given environment. Like RSGP, the main disadvantage of the CGAs has
been that only the cultured components of a community could be moni-
tored, because the construction required the availability of large amounts of
high-molecular-weight genomic DNA from individual pure sources. How-
ever, CGA-based hybridisation itself does not require culturing and, with
the recent advances in environmental genomics, high-molecular-weight
DNA from uncultivated microorganisms can also be accessed through
bacterial artificial chromosome (BAC)-based or fosmid-based cloning ap-
proaches (e.g. metagenomes). BAC or fosmid clones could then be used
to fabricate CGAs, thus allowing the further investigation of uncultivated
components of a complex microbial community. Additionally, these types
of arrays could potentially be very useful for the screening of metagenomes
for specific genes of interest. For example, preselected 16S rDNA targets
or functional gene targets involved in C cycling, N cycling, etc., could be
hybridised against arrayed environmental BAC or fosmid clones to better
identify those clones of interest for further study, such as high-throughput
genome-sequencing efforts of inserts.
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� Fig.9.2.Cluster analysis of naphthalene-enriched (TFD-NP) and control DNA microarray
hybridisations using a 50mer oligonucleotide FGA (Rhee et al. 2004). Genes involved in
naphthalene biodegradation show significantly greater average hybridisation signals (as
indicated by more intense red coloration) in naphthalene-enriched soils. Cluster analyses
allow for straight forward visualisation and analysis of differences between microarray
hybridisations

Wu et al. (2004) recently tested a multispecies and strain CGA using mix-
tures of known amounts of DNA or known number of cells from 16 different
species. This CGA was used to examine differences in microbial community
composition in soil, river, and marine sediments. Consistent with expec-
tations, principal components analysis of the microarray results revealed
samples from within each habitat to contain communities more similar to
one another than between habitat types (Fig. 9.3). The microarray data
also revealed considerable differences for some abundant microbial pop-
ulations among these samples. For instance, Marinobacter species similar
to the strains D3-15, D5-10, and E1-7, and Shewanella species similar to S.
algae and S. oneidensis, were abundant in the top layer of a marine sediment
sample; however, they were not observed in microarray hybridisations of
soil and river sediments. Similarly, bacteria similar to the Pseudomonas sp.
G179, a typical nirK-containing soil denitrifier, were abundant in soil sam-
ples but not in the river and marine sediment samples. Such results suggest
that these arrays may be especially useful for monitoring the abundance of
microbial targets of known interest in a given environment.

Fig.9.3. Principal components analysis (PCA) showing the ability of CGAs to distinguish
among environmental microbial DNA samples of different origins (Wu et al. 2004). PCA
allows for systematic reduction and visualisation of patterns within the large and complex
volumes of data generated by microarray analysis



200 C.W. Schadt, J. Zhou

9.5
Conclusions and Future Perspectives

Several challenges still remain for environmental microarrays to reach their
full potential. Firstly, inherent experimental variation is a critical issue in
microarray hybridisation and novel experimental designs and strategies
for evaluating such variation are needed for improving the accuracy of
microarray-based studies. Standardisation procedures and technologies
need to be developed so that microarray results can be easily compared
across laboratories and microarray platforms. Second, microarray hybridi-
sation is still not sensitive enough for some environmental studies when the
amount of recoverable biomass is very low and community complexity is
very high. Novel methods for increasing detection sensitivity are urgently
needed. Third, the quantity of data generated by microarray-based studies
of environmental samples will likely be enormous, but rapid processing
and mining of hybridisation data still remain difficult endeavours. Finally,
although microarrays may provide a rapid means of characterising a micro-
bial community once they are constructed, preparing high-quality samples
and probes suitable for microarray analysis appears to be the bottleneck.
Automation and improvements in sample processing and probe design are
necessary for alleviating this bottleneck.

Despite these remaining issues, the usefulness of this technology is
rapidly improving. Once arrays are fully developed, they will be very use-
ful for microbial ecology studies. With fully developed and comprehensive
arrays it will become possible to assess simultaneously in a single assay all
or most of the constituents of a complex natural community, which could
allow us to begin to build a comprehensive view of microbial community
dynamics. Although some of the studies reviewed here have shown that
microarrays hold promise as valuable tools for analysing environmental
samples, the specificity, sensitivity, and quantitative capabilities of mi-
croarray technology for environmental applications require close attention
and further refinement. Additionally, studies have yet to take full advan-
tage of the high-throughput capabilities of microarrays. More rigorous and
systematic assessment, development and applications are needed to realise
the full potential of microarrays for microbial ecology studies.
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