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A new approach, termed whole-community RNA amplification (WCRA), was developed to provide sufficient
amounts of mRNAs from environmental samples for microarray analysis. This method employs fusion primers
(six to nine random nucleotides with an attached T7 promoter) for the first-strand synthesis. The shortest
primer (T7N6S) gave the best results in terms of the yield and representativeness of amplification. About 1,200-
to 1,800-fold amplification was obtained with amounts of the RNA templates ranging from 10 to 100 ng, and
very representative detection was obtained with 50 to 100 ng total RNA. Evaluation with a Shewanella oneidensis
Afur strain revealed that the amplification method which we developed could preserve the original abundance
relationships of mRNAs. In addition, to determine whether representative detection of RNAs can be achieved
with mixed community samples, amplification biases were evaluated with a mixture containing equal quantities
of RNAs (100 ng each) from four bacterial species, and representative amplification was also obtained. Finally,
the method which we developed was applied to the active microbial populations in a denitrifying fluidized bed
reactor used for denitrification of contaminated groundwater and ethanol-stimulated groundwater samples for
uranium reduction. The genes expressed were consistent with the expected functions of the bioreactor and
groundwater system, suggesting that this approach is useful for analyzing the functional activities of microbial
communities. This is one of the first demonstrations that microarray-based technology can be used to
successfully detect the activities of microbial communities from real environmental samples in a high-

throughput fashion.

Microarray-based genomic technology is a powerful tool for
viewing the expression of thousands of genes simultaneously in
a single experiment (13). While this technology was initially
designed for transcriptional profiling of a single species, its
applications have been dramatically extended to environmen-
tal applications in recent years (1, 3, 4, 7, 8, 20, 23, 30, 32, 33,
46, 47, 48). One of the greatest challenges in using microarrays
for analyzing environmental samples is the low detection sen-
sitivity of microarray-based hybridization in combination with
the low biomass often present in samples from environmental
settings. We previously developed a DNA-based microarray
detection approach coupled with whole-community genome
amplification, and we utilized this technique to analyze micro-
bial community structure and demonstrated that it can be used
for low-biomass groundwater microbial communities (41).
However, this approach could not be directly adapted and used
for mRNA-based activity analyses.

A practical problem in detecting mRNAs from environmen-
tal samples by microarray hybridization is obtaining a sufficient
amount of mRNAs for analysis. Some type of signal amplifi-
cation prior to hybridization is needed. However, random
PCR-based amplification is not an appropriate choice due to
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amplification bias and thus the loss of quantitative information
(27, 38). Additionally, the gene-by-gene nature of conventional
PCR (while potentially useful for rRNAs) severely restricts the
throughput advantages of microarray analyses for functional
genes. T7 polymerase-based linear amplification is an attrac-
tive alternative because of its ability to preserve the quantita-
tive information for various mRNA species, and this approach
has been widely used in eukaryotic studies (2, 11, 28, 37, 43,
45). In eukaryotic studies, a T7 RNA promoter sequence is
attached to poly(dT) oligonucleotides, which are then used for
reverse transcription of mRNAs to synthesize cDNAs. The
synthesized cDNAs are in turn used as templates for mRNA
amplification with T7 RNA polymerase. Generally, 1,000-fold
amplification can be obtained by a single round of amplifica-
tion, and a 10°-fold increase can be obtained by two rounds of
amplification (39). However, these approaches cannot be used
for directly amplifying prokaryotic mRNAs because of the lack
of a poly(A) tail in the mRNAs.

In this study, a new method, termed whole-community RNA
amplification (WCRA), was developed for randomly amplify-
ing whole-community RNAs. In this approach, a T7 RNA
promoter sequence is attached to a random hexamer, which is
then used for reverse transcription of RNAs. The cDNAs syn-
thesized are in turn used as templates for linear RNA ampli-
fication with T7 RNA polymerase. This method was optimized
with primers of various sizes and was evaluated using an in-
frame deletion mutant of Shewanella oneidensis with a muta-
tion in a regulatory gene, artificial mixed communities, and
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TABLE 1. Bacterial strains, samples, and microarrays used in this study

Material

Relevant characteristics

Source or reference

Bacteria and samples

S. oneidensis MR-1 Wild type Labstock
S. oneidensis Afur In-frame fur deletion mutant derived from MR-1 Labstock
D. radiodurans Strain DEIRA Labstock
R. palustris Strain CGA009 Labstock
N. europaea Strain ATCC 19718 Labstock
FBR Samples from FRC site 41
FW029 Well 29 of FRC site 41
Microarrays
S. oneidensis Whole-genome cDNA array 12
D. radiodurans Whole-genome cDNA array 21
R. palustris Whole-genome cDNA array 41
N. europaea Whole-genome cDNA array 40
FGA Functional gene array for environmental samples 41

real environmental samples from a bioreactor and a ground-
water remediation site. Our results indicate that the method
which we developed can preserve the original abundance re-
lationships of mRNAs and is useful for analyzing functional
activities of microbial communities.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All biological samples used in this
study are listed in Table 1. Most of the strains were grown in Luria-Bertani broth;
the exceptions were Nitrosomonas europaea and Rhodopseudomonas palustris,
which were grown under the conditions described previously by Ensign et al. and
Kawasaki et al., respectively (9, 19).

Microarray construction and specifications. Whole-genome microarrays for S.
oneidensis MR-1 (~4.9 Mb), a metal-reducing bacterium, Deinococcus radio-
durans (~3.2 Mb), a radiation-resistant bacterium, R. palustris (~4.8 Mb), a
photosynthetic bacterium, and N. europaea, an ammonium-oxidizing bacterium
(~2.7 Mb), were constructed as described previously (Table 1) (12, 21, 40). The
numbers of genes of S. oneidensis, D. radiodurans, R. palustris, and N. europaea
spotted on slides were 4,648, 2,976, 4,752 and 2,318, respectively. Functional
gene arrays (FGAs) were also constructed as previously described (30, 41). The
FGAs contained probes for various groups of genes involved in carbon, nitrogen,
and sulfur cycling along with genes involved in organic contaminant degradation
and metal resistance and reduction. Each FGA contained 2,006 oligonucleotide
probes printed in duplicate along with 10 eukaryotic gene probes (6 probes for
human genes and 4 probes for plant genes) and two highly conserved 16S rRNA
gene probes as negative and positive controls.

Sampling and RNA extraction. Cells growing logarithmically under aerobic
conditions were harvested by centrifugation at the maximum speed with a 5415R
centrifuge (Eppendorf, Germany) for 10 s, and the pellets were then placed in
liquid nitrogen. Altogether, three parallel identical experiments were performed
and treated as biological replicates.

Environmental samples were obtained from the Field Research Center (FRC)
site of the DOE Environmental Remediation Science Program at the Oak Ridge
Reservation in Oak Ridge, TN. Detailed descriptions of the FRC are available
online at http://www.esd.ornl.gov/nabirfrc/. Two types of samples were collected
from the FRC site. One type was from a denitrifying fluidized bed reactor (FBR),
which contained a granular activated carbon matrix. This FBR was used for
removing nitrate from groundwater (41). The FBR samples were frozen in liquid
nitrogen immediately after collection and transported to the laboratory on dry
ice for storage until RNA extraction. Groundwater was also collected from a
heavily contaminated well (FW029) in FRC Area 1, which was repeatedly bio-
stimulated with ethanol to increase microbial activity for uranium reduction (17).
Two liters of groundwater was collected in glass bottles and transported to the
laboratory on ice. Microbial biomass was then harvested onto 0.2-pm Nuclepore
polycarbonate filters (Whatman, Clifton, NJ) using vacuum filtration. Cell pellets
were either processed immediately for RNA or stored at —80°C.

Total RNA from laboratory-grown bacterial cells was extracted using the
Trizol reagent according to manufacturer’s instructions (Invitrogen, Carlsbad,
CA). For R. palustris the cells were thawed in 100 pl of denaturing solution (4 M

guanidine isothiocyonate, 10 mM Tris [pH 7.4], 1 mM EDTA, 0.5% mercapto-
ethanol). The samples were then subjected to grinding and three freeze-thaw
cycles before 1 ml of the Trizol reagent was added. For the environmental
samples, both RNA and DNA were extracted by using a previously described
procedure and separated with a QTAGEN RNA/DNA mini kit (14). The result-
ing crude RNA was treated with DNase I (Ambion, Austin, TX) and then
purified with an RNeasy mini kit (QIAGEN, Valencia, CA) used according to
the manufacturer’s instructions. The quantity and quality of RNA were assessed
using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technology, Rock-
land, DE) and agarose gel electrophoresis.

RNA amplification. All reagents used for RNA amplification were obtained
from Invitrogen unless indicated otherwise. For first-strand synthesis we em-
ployed a 20-ul reverse transcription reaction mixture containing 200 U Super-
Script III, 1 pl of linear acrylamide (100 pg/ml; Ambion, Austin, TX), and 1 g
of a primer (see Fig. 2A) in 1X first-strand buffer with 5 to 500 ng of total RNA,
which was incubated at 50°C for 3 h. Second-strand synthesis was carried out in
a 150-pl mixture containing 40 U of Escherichia coli DNA polymerase I, 2 U of
E. coli RNase H, and 10 U of E. coli DNA ligase in 1X second-strand buffer,
which was incubated at 16°C for 2 h. The double-stranded cDNA was polished by
adding 20 U of T4 DNA polymerase and incubating the preparation at 16°C for
5 min. The reaction was stopped by adding 10 pl of 0.5 M EDTA and then adding
10 pl of 1 M NaOH, and the mixture was then incubated at 65°C for 10 min. The
c¢DNA mixture was neutralized with 25 pl of 1 M Tris-HCI (pH 7.5), and an equal
volume of phenol-chloroform-isoamyl alcohol (25:24:1) was added. The entire
mixture was transferred to a Phase Lock gel (Bio-Rad, Hercules, CA) and
separated by centrifugation. To the aqueous phase, 1 wl of linear acrylamide was
added, followed by 0.5 volume of 7.5 M ammonium acetate and 2.5 volumes of
100% ethanol prior to storage at —20°C overnight. The cDNA was then pelleted
by centrifugation for 20 min, air dried, and resuspended in 16 .l of water. The
in vitro transcription reaction was carried out in a 40-pl mixture using a
MEGAscript T7 kit (Ambion) according to the manufacturer’s instructions at
37°C in a Problot24 hybridization oven (Labnet, Edison, NJ) for 16 h. Amplified
antisense RNA was purified using either an RNeasy MinElute cleanup kit or an
RNeasy mini kit (QIAGEN, Valencia, CA). The resulting antisense RNA was
quantified by determining the absorbance at 260 nm with the NanoDrop ND-
1000 spectrophotometer and/or by determining the fluorescence using Ribo-
green dye (Molecular Probes, Eugene, OR).

RNA labeling and hybridization. Aliquots (5 pg) of total RNA or amplified
RNA were fluorescently labeled using random primers, SuperScript III (Invitro-
gen), and Cy3 or Cy5 dye (Amersham) to generate cDNA according to the
manufacturer’s instructions. Hybridization and posthybridization procedures
were performed as previously described (12, 21, 41). All microarray experiments
were carried out in triplicate.

Microarray scanning and data processing. A ScanArray Express scanner
(Perkin-Elmer, Wellesley, MA) was used for scanning microarray slides accord-
ing to the manufacturer’s instructions. Scanned images were then processed with
ImaGene (Biodiscovery, Los Angeles, CA). Positive hybridization spots were
determined based on the signal-to-noise ratio (SNR), which was calculated using
the following formula (35): SNR = (signal intensity — background)/standard
deviation of background. Spots with an SNR greater than or equal to 3 were
considered positive hybridization spots (PHS). Data processing procedures, such
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FIG. 1. Outline of the WCRA method. Gray type, RNA; black
type, DNA. The primers used and other details are described in the
text.

as outlier removal, poor spot removal, and normalization, were carried out as
described previously (41). Various statistical analyses of gene expression data
obtained with whole-genome microarrays were carried out using GeneSpring as
described previously (12). The FGA data from the environmental samples were
analyzed as described previously (41).

Data analysis. Further statistical analysis was performed for all hybridizations
using methods developed in our laboratory (41). In brief, three indexes were used
for evaluating amplification representativeness. The first index is representional
bias (D).

N

D = [ D (LR, — 07N, = 4 | D (LR,VN,

i=1 i=1

where LR;; is the log ratio of the signal intensity with amplified RNA to the signal
intensity w1th unamplified RNA for the ith gene in the jth experiment, N, is the
number of genes detected in unamplified RNA in the jth experiment, and D;****!
is the overall average representational bias for the jth experiment. The smaller
the D;'°**!, the smaller the bias. However, there is no upper limit for the value of
D' Thus, D;°" is more meaningful for relative comparisons. The second
index is the percentage of significantly different genes (%SDG) in amplified
RNA and unamplified RNA at a P value of 0.01; this index describes the
proportion of the genes in an amplified sample that are significantly different
from the genes in an unamplified RNA. The smaller the value, the less bias is
introduced by amplification. The third index is the percentage of genes having a
change in the ratio of amplified RNA to unamplified RNA greater than 1.5-fold,
2.0-fold, 3.0-fold, or 4.0-fold.

RESULTS

Primer design and evaluation. The WCRA approach de-
scribed here consists of reverse transcription with random oli-
gonucleotide primers bearing a T7 promoter and in vitro tran-
scription of the resulting cDNA with T7 RNA polymerase (Fig.
1). The primers were designed to contain the full-length T7
RNA polymerase promoter (5'-AAA CGA CGG CCA GTG
AAT TGT AAT ACG ACT CAC TAT AGG CGC-3") and six,
seven, or nine random oligonucleotides (34).

To select optimal primers for amplification, experiments
were carried out with one of the primers shown in Fig. 2A
using 500 ng of total RNA from S. oneidensis MR-1 as de-
scribed in Materials and Methods. The amplified products
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FIG. 2. Evaluation of amplification biases using whole-genome S.
oneidensis cDNA microarrays. (A) Primers tested in this study. N
indicates a random nucleotide. (B) Ratios (amplified/unamplified)
were plotted against the order of the genes in the genome, from
SO0001 to SOA0173. In the unamplified panel, hybridization was
carried out with the same unamplified RNA labeled with Cy3 and Cy5.
In all other panels, 500 ng of RNA was amplified using WCRA with
the primers indicated, labeled with Cy5, and hybridized with unampli-
fied RNA (Cy3).

were labeled with Cy5 and mixed with Cy3-labeled unamplified
control RNAs. The RNA mixture was hybridized with S. onei-
densis whole-genome microarray slides. A reference control
experiment was also carried out by hybridizing two cDNA
samples labeled separately with Cy3 or CyS dye from the same
unamplified total RNA pool. The hybridization results re-
vealed that the PHS covered approximately 70% of the spotted
genes on slides. The results also demonstrated that about 99%
of the signals were within a 1.5-fold change, and a plot of
Cy3/CyS5 ratios showed data points aligned along the line cor-
responding to ratios close to 1:1 (Fig. 2B, upper left panel)
(Table 2).

In the amplified-RNA experiments with different primers,
the overall amplification yields (data not shown) and percent-
ages of PHS with primers T7N6, T7N7, and T7N9 were virtu-
ally the same (Table 2), but the representational bias increased
noticeably with the length of primer (Fig. 2B and Table 2).
Based on the observation that the longer primers resulted in
more scattered ratios and greater representational biases, we
designed a new primer to reduce the length. This primer
(T7N6S) was derived from T7N6 but had only the five bases
immediately upstream of the T7 promoter. As expected, a plot
of the amplified RNA/unamplified RNA ratios obtained with
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TABLE 2. Representativeness of amplifications with the primers tested using an S. oneidensis microarray

% of genes having a change in the ratio of amplified RNA to
unamplified RNA greater than:

Primer No. of PHS Drow! SDGy
1.5-Fold 2.0-Fold 3.0-Fold 4.0-Fold

Unamplified 3,243 £ 62 0.076 14 1.2 0.8 0.2 0

T7N6 3,301 = 87 0.101 2.9 2.5 1.8 1.0 0.3
T7N7 3,255 £ 121 0.102 3.1 2.6 1.9 1.1 0.3
T7N9 3,311 + 159 0.125 3.8 33 22 1.6 0.8
T7N6S 3,365 + 74 0.083 1.7 1.4 1.0 0.3 0.1
T7T7N6S 3,170 = 233 0.178 9.9 8.7 4.5 2.3 1.5

T7N6S showed even tighter alignment along the 1:1 ratio line
than the T7N6 plot showed (Fig. 2B, upper right and middle
panels). In addition, to explore the possibility of double am-
plification, we tested primer T7T7N6S, which was derived from
T7N6S and was composed of two T7 promoter sequences in
opposite orientations. However, no significant increase in am-
plification yields was obtained. Instead, a much greater repre-
sentational bias was observed (Fig. 2B).

The proportions of the genes whose hybridization signal
ratios (experimental RNA/control RNA) were significantly dif-
ferent from 1 at a P value of 0.01 (SDG,,) (more than 1.5-
fold, 2.0-fold, 3.0-fold, or 4.0-fold different) were calculated
(Table 2). While these indexes were not dramatically different
for different treatments with different primers, the indexes
obtained with T7N6S were the closest to the indexes obtained
with unamplified RNA. Based on these observations, we used
T7NG6S for all subsequent amplification reactions.

Amplification sensitivity and representational bias. In an
experiment to determine the minimum amount of total RNA
required for WCRA, we performed an amplification reaction
with as little as 5 ng of S. oneidensis total RNA as the starting
material, and more than 20 pg of amplified products was ob-
tained (data not shown). This sensitivity is slightly lower than
that obtained with eukaryotic total RNA (2).

In order to use WCRA for monitoring gene expression and
functional activity, it is desirable that the relative mRNA abun-
dance in the original samples is retained after amplification. To
determine the minimum amount of total RNA required for
WCRA while the original abundance was maintained, various
amounts of RNA (10, 50, 100, and 500 ng) from S. oneidensis
were used for amplification, and the amplified products were
labeled and hybridized with microarrays. As mentioned above,
the number of PHS in the reference experiment was 3,243 = 62
(Table 3), representing approximately 70% of the genes spot-
ted on the array. The representational bias for the reference
experiment was 0.076 (Table 3), which is comparable to the

values obtained by multiple displacement amplification with
DNA as the template (41).

The amount of template RNA had significant effects on the
overall average representational bias. The representational
bias obtained with 500 ng of template RNA was similar to that
obtained with the unamplified RNA (Table 3). The overall
average representational bias was approximately fivefold
greater with 10 ng of template RNA than with 500 ng of RNA
template (Table 3). While the overall average representational
biases with 50 and 100 ng of template RNA were slightly
greater than that with 500 ng of template RNA, they were
three- to fourfold less than that with 10 ng of RNA. In addi-
tion, SDG, ,, increased as the amount of template RNA de-
creased (Table 3). With 10 ng of template RNA, SDG,, ,, was
20% of the open reading frames (ORFs), but SDG ,, was less
than 6% of the ORFs with amounts of RNA template ranging
from 50 to 500 ng (Table 3). Furthermore, only a small portion
of the ORFs (=2%) showed more than a twofold difference
when 50 ng or more of the template RNA was used. These
results suggest that very good representative amplification can
be achieved with as little as 50 ng of RNA. They also indicated
that amplification with even smaller amounts of template RNA
(i.e., 10 ng) can still provide representative information for
most of the genes examined.

Detecting differences in gene expression between wild-type
and mutant strains. Besides representational bias, compres-
sion of expression differences between RNA samples has been
a major concern in RNA amplification studies (2). To deter-
mine whether WCRA-based microarray hybridization is able
to reflect expression differences between samples, experiments
were carried out with RNAs from S. oneidensis wild-type and
Afur mutant strains. Both the mutant and wild-type strains
were grown under aerobic conditions and sampled as described
in Materials and Methods. Fifty or 100 ng of total RNA from
the mutant was amplified, labeled with Cy5, and cohybridized
with Cy3-labeled unamplified wild-type RNA on S. oneidensis

TABLE 3. Representativeness of amplifications with different amounts of template and the T7N6S primer using an S. oneidensis microarray

% of genes having a change in the ratio of amplified RNA to

Amt of No. of PHS protal SDG, unamplified RNA greater than:
template (ng) : 001
1.5-Fold 2.0-Fold 3.0-Fold 4.0-Fold

Unamplified 3,243 = 62 0.076 1.4 12 0.8 0.2 0

10 2,265 + 328 0.385 19 14 5 2 0.8
50 3,159 = 173 0.122 5.7 4.1 2 0.9 0.3
100 3,241 £ 119 0.098 3.6 3.0 2 0.7 0.2
500 3,365 £ 74 0.083 1.7 1.4 0.8 0.1 0.1
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FIG. 3. Scatter plots of genes from replicate hybridizations and
replicate amplification reactions. (A to C) Scatter plots comparing the
expression profiles of unamplified RNA from the wild-type strain (wt)
with the expression profiles of unamplified RNA (A), 100 ng amplified
starting RNA (B), or 50 ng amplified starting RNA (C) from the Afur
strain. (D) Quantitative analysis of relationships for expression ratios
of all genes (Afur RNA/wild-type RNA) between the amplified RNA
(100 ng) and the unamplified RNA.

microarrays. A reference experiment was performed with un-
amplified RNAs from both the mutant and wild-type strains.

The overall expression profiles for these hybridizations
showed that there were significant similarities (Fig. 3A, B, and
C). To quantify differences among these profiles, expression
ratios obtained with amplified template RNA of the mutant
(amplified mutant RNA/unamplified wild-type RNA) were
plotted against expression ratios obtained with unamplified
template RNA of the mutant (unamplified mutant RNA/un-
amplified wild-type RNA) (Fig. 3D). The results clearly
showed that the gene expression profiles for amplified prod-
ucts were significantly correlated (» = 0.955 for 100 ng of RNA
and r = 0.931 for 50 ng of RNA) (data not shown) with the
gene expression profiles for the reference unamplified RNA
(Fig. 3D), suggesting that the WCRA-based amplification
largely retained the abundance relationships characteristic of
the starting materials.

To determine whether the WCRA-based amplification sig-
nificantly altered the differences in expression of highly in-
duced or repressed genes, we selected 30 genes known to be
greatly affected by a fur mutation for further analysis (36).
While the levels of expression of these genes differed slightly
among the hybridizations, none of the genes showed a contra-
dictory response (Fig. 4A). The differences in expression of
these genes were then quantitatively accessed by plotting the
expression ratios for the amplified RNA (amplified mutant
RNA/unamplified wild-type RNA) against the expression ra-
tios obtained for the unamplified RNA (Fig. 4B). Strong linear
relationships were observed (for 100 ng RNA, = 0.912; for 50
ng RNA, » = 0.895). These results indicated that WCRA with
50 ng or more of starting RNA is able to largely preserve the
original abundance relationships.

Representational amplification with artificial communities
of mixed species. To determine whether representative detec-
tion of RNAs can be achieved with mixed community samples,
equal quantities of RNAs (100 ng) from S. oneidensis, D. radio-
durans, R. palustris, and N. europaea were mixed, amplified,
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FIG. 4. Amplification bias analysis by expression ratio comparison.
All 30 genes examined have been reported to be highly affected by the
fur mutation (36). (A) Expression ratios (Afur RNA/wild-type RNA)
for the genes obtained with unamplified RNA and 50 and 100 ng of the
starting RNA. (B) Quantitative analysis of relationships for expression
ratios of the 30 genes (Afur RNA/wild-type RNA) between the ampli-
fied RNA and the unamplified RNA.

and subjected to hybridization. A mixture containing 2.5 ng
unamplified RNA from each species was used as a control. For
all four genomes examined, similar numbers of PHS were
detected using the amplified and unamplified products of each
individual bacterium from these hybridizations (Table 4).
Also, the overall representational biases between the ampli-
fied treatment samples and unamplified reference samples
were more or less comparable for all genomes examined.
While about 7 to 18% greater representational biases for the
amplified treatment samples were observed for S. oneidensis,
N. europaea, and R. palustris, the representational bias of the
amplified treatment sample was about 7% less than the repre-
sentational bias of the unamplified reference sample for D.
radiodurans. In addition, the proportions of the genes whose
hybridization ratios were significantly different from the refer-
ence point at a P value of 0.01 were less than 7% for all of the
genomes examined (Table 4). Only a small portion of the
ORFs (4%) exhibited a >2-fold difference across all genomes
(Table 4). These results suggest that very good representative
detection can be obtained with mixed RNA templates.
Application to environmental samples. To further test the
representative nature of WCRA, experiments were carried out
with environmental samples containing microbial communities
that were more complex than the artificial mixtures used in the
experiments described above. Two different types of samples
from the Environmental Remediation Science Program FRC
site were tested by the WCRA procedure. The FBR samples
were obtained from a continuously operated, ethanol-stimu-
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TABLE 4. Representativeness of amplifications with mixed samples using the T7N6S primer

% of genes having a change in the ratio of amplified RNA
to unamplified RNA greater than:

Species Sample PHS Dl SDGy o,
1.5-Fold 2.0-Fold 3.0-Fold 4.0-Fold
S. oneidensis Unamplified 3,704 = 73 0.111 3.8 3 14 0.4 0.1
WCRA 3,631 £ 103 0.135 5.1 4.1 2.9 0.5 0.2
D. radiodurans Unamplified 2,388 * 90 0.094 3 23 12 0.4 0.2
WCRA 2,293 = 83 0.087 2.8 22 1.8 0.3 0.1
N. europaea Unamplified 1,969 * 65 0.12 39 3 1.3 0.3 0.1
WCRA 1,901 = 92 0.143 4.5 34 2.6 0.5 0.1
R. palustris Unamplified 3,673 £ 174 0.197 6.4 5.1 2.8 0.7 0.2
WCRA 3,512 =227 0.216 7.3 5.6 3.6 0.9 0.2

lated, fluidized bed reactor which actively denitrified and con-
tained large amounts of biomass. The bacterial community in
these samples has been examined previously using a 16S rRNA
gene clonal library (15). Only three unique operational taxo-
nomic units were found, including bacteria exhibiting at least
97% sequence identity to Zoogloea ramigera, Rhodobacter, and
an uncultivated Azoarcus (83%), suggesting that the biological
diversity in these samples was extremely low. WCRA was car-
ried out with 5 pg of amplified RNA that originated from 100
ng of starting total RNA and was hybridized to FGA slides
along with 5 g of unamplified total RNA as a control. While
eight genes were detected with unamplified RNA, an addi-
tional seven genes were found with amplified RNAs (data not
shown). The genes that were detected were mostly involved in
the reduction of nitrate, nitrite, and sulfite, as well as contam-
inant degradation, which is consistent with the functions of the
bioreactor (15). On the basis of the fact that more genes were
detected in the amplified RNAs, this WCRA-based method
appears to have advantages over conventional microarray hy-
bridization for dissection of the bacterial community.

We also used WCRA with groundwater samples collected
from well FW029 at the FRC. The FRC is contaminated with
a variety of organic solvents and hydrocarbons in addition to
nitrate and uranium, and many wells have been repeatedly
biostimulated with ethanol for uranium reduction (17, 42). A
few recent studies revealed that the microbial community is
much more complex than the FBR community (17, 41). In this
experiment, 5 pg of labeled amplified products from 100 ng of
community RNA was hybridized on FGA slides, and a total of
39 PHS were observed (Table 5). The genes that were detected
were mainly genes from members of common genera, such as
Pseudomonas, Rhodococcus, Burkholderia, and Streptomyces.
Some of the representative genes included bmoC (benzene
monooxygenase ferredoxin) from Pseudomonas aeruginosa,
pcaG (protocatechuate dioxygenase alpha subunit) and cleD
(dienelactone hydrolase) from Rhodococcus opacus, ppk
(polyphosphate kinase) from Vibrio cholerae, estF1 (lactone-
specific esterase) from Pseudomonas fluorescens, pcaG (proto-
catechuate 3,4-dioxygenase alpha subunit) and pcaF (beta-ke-
toadipyl-coenzyme A thiolase) from Streptomyces sp. strain
2065, pcaH (protocatechuate 3,4-dioxygenase beta subunit)
from alphaproteobacterial strain Y3F, amnA (2-aminophenol
1,6-dioxygenase alpha subunit) from Pseudomonas sp., boxA

(reductase) from Azoarcus evansii, dsr (dissimilatory sulfite re-
ductase subunit B) from an uncultured bacterium, and an
unknown gene from Ralstonia eutropha. In addition to genes
involved in nitrate and sulfate reduction, most of these genes
encode enzymes which degrade various organic chemicals.
This is in agreement with the nature of well FW029 at the
FRC, where compounds such as organic solvents and hydro-
carbons probably are some of the prominent sources of carbon
in this otherwise highly oligotrophic environment.

It is worth noting that a few sets of genes whose products
participate in the same metabolic pathways were revealed by
hybridizations with amplified RNAs. The largest group con-
tained five genes, pcaG and pcaL (3-oxoadipate enol-lactone
hydrolase/4-carboxymuconolactone decarboxylase) from R.
opacus, pcaG and pcaF from Streptomyces sp. strain 2065, and
pcaH from alphaproteobacterial strain Y3F. All of these genes
are involved in aromatic compound degradation via the cate-
chol or protocatechuate branch of the 3-oxoadipate pathway
(6, 10, 18). Except for pcaL, all of these genes were detected in
our previous study using genomic DNA hybridization (41).

Other sets included cbdS (transcriptional activator) and
¢bdC (NADH acceptor reductase) from Burkholderia sp. strain
TH2 and boxA and boxB of A. evansii. While cbdC is a member
of the ¢cbdABC operon, whose products function in the halo-
benzoate metabolic pathway, CbdS is the regulatory protein
controlling the operon (31). The boxA and boxB genes belong
to the same operon in A. evansii. Physiologically, BoxBA act as
a benzoyl-coenzyme A dioxygenase/reductase which also plays
a role in aromatic metabolism (44). However, only box4 was
identified in hybridizations with genomic DNA. Unfortunately,
only a few such genes from the same operons were represented
on the FGA, but these types of genes appear to be useful for
testing the reliability of amplification methods.

DISCUSSION

Recently, several RNA amplification approaches have been
developed to generate the microgram quantities of RNA re-
quired to perform microarray hybridizations. The method most
commonly used is derived from a protocol first described by
Eberwine’s group, which utilizes DNA-dependent phage (T7)
RNA polymerase because of its extremely high specificity for
its cognate promoter sequence (34). After modification, the
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TABLE 5. Genes identified in an FW029 sample by WCRA using amplified RNA

Gene no. Gene Product Source SNR
151578 tcbD Cycloisomerase 11 Pseudomonas sp. strain AP-3 10.30 = 3.70
1754625¢ bmoC Benzene monooxygenase ferredoxin Pseudomonas aeruginosa 6.73 = 2.67
2588986 phdK 2-Carboxybenzaldehyde dehydrogenase Nocardioides sp. strain KP7 4.05 = 0.82
2645418 xynD Xylanase Caldicellulosiruptor saccharolyticus 13.51 = 4.30
2935025¢ pcaG Protocatechuate dioxygenase alpha subunit Rhodococcus opacus 3.03 £0.97
2935027 pcal 3-Oxoadipate enol-lactone hydrolase/ Rhodococcus opacus 6.44 = 2.69

4-carboxymuconolactone decarboxylase
2935034¢ cleD Dienelactone hydrolase Rhodococcus opacus 3.63 =0.48
3059198 bphC6 2,3-Dihydroxybiphenyl 1,2-dioxygenase Rhodococcus erythropolis 722 = 1.74
3372191 nifH Dinitrogenase reductase Unidentified bacterium 6.62 = 3.04
3452465 ppk Polyphosphate kinase Vibrio cholerae 3.08 = 0.18
3641341 estF] Lactone-specific esterase Pseudomonas fluorescens 3.06 = 0.27
3659633 ureC Urease alpha subunit Synechococcus sp. strain WH7805 8.76 = 2.08
3758885 nirk Nitrite reductase Sinorhizobium meliloti 3.05x1.12
4160661“ pcaG Protocatechuate 3,4-dioxygenase alpha subunit Streptomyces sp. strain 2065 525+ 134
4530443 pcaF Beta-ketoadipyl-coenzyme A thiolase Streptomyces sp. strain 2065 4.50 = 1.01
4633082 msmD Reductase component of methanesulfonate Methylosulfonomonas methylovora 9.24 +3.93
6048988 phnGl 2-Hydroxymuconic semialdehyde dehydrogenase Burkholderia sp. strain RP007 3.44 = 0.36
6049281 xenA Xenobiotic reductase A Pseudomonas putida 16.65 = 3.91
6540593 febC 4-Hydroxybenzoyl coenzyme A thioesterase Pseudomonas sp. strain DJ-12 352+ 1.16
7619816 phdA Iron-sulfur protein large subunit Nocardioides sp. strain KP7 12.08 = 2.05
7649293 pcaH Protocatechuate 3,4-dioxygenase beta subunit Alphaproteobacterial strain Y3F 3.05 +0.23
8926385 ohpB 3-(2-Hydroxyphenyl)propionic acid monooxygenase Rhodococcus sp. strain M5 797 £3.41
8978311 bphD2 2-Hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase Rhodococcus sp. strain RHA1 597 = 1.64
9651045 amnA AmnA (2-aminophenol metabolism) Pseudomonas sp. strain AP-3 3.44 = 0.63
10956967 bphA2b Large subunit of aromatic oxygenase Novosphingobium aromaticivorans 832 =274
11967273 Putative type II GTP-cyclohydrolase Ralstonia eutropha 9.53 = 0.94
12655804 boxB BoxB (component of a putative benzoyl-coenzyme A Azoarcus evansii 8.51 = 0.57

oxygenase)
12655805 boxA BoxA (component of a putative benzoyl-coenzyme A Azoarcus evansii 3.07 = 0.37

oxygenase)
12697568 cbdS Transcriptional activator Burkholderia sp. strain TH2 10.22 = 0.81
12697571 cbdC NADH acceptor reductase Burkholderia sp. strain TH2 541+ 1.77
13249547 dsr Dissimilatory sulfite reductase subunit B Uncultured bacterium 6.00 = 1.61
15787976 dsrB Dissimilatory sulfite reductase beta subunit Desulfitobacterium dehalogenans 8.98 = 1.83
16304107 ppk Polyphosphate kinase Nodularia spumigena 3.02 = 0.83
16506222 nasA Assimilatory nitrate reductase Uncultured bacterium 7.23 £ 2.86
17385085 narG Putative nitrate reductase Bacillus sp. strain Lgg5.2 3.82 = 0.58
20502011 dsrA Dissimilatory sulfite reductase subunit A Uncultured bacterium 3.61 =214
M305054 nirk Nitrite reductase Lab clone (accession no. AY195834) 10.62 = 5.11
W306677A dsr Dissimilatory sulfite reductase Lab clone 6.84 = 1.22
E08-16-129 nirK Nitrite reductase Lab clone 6.05 = 1.10

“ Gene detected by microarray hybridization of both amplified RNA (WCRA) and DNA (whole-community genome amplification).

method has been successfully used for microarray studies when
too little RNA was available to perform the analysis using
conventional labeling protocols (2, 22, 25). Furthermore, use
of additional rounds of amplification with much smaller
amounts of RNA has been shown to give reproducible results
for a single RNA sample (24, 37). However, the approaches
using T7 RNA polymerase developed so far do have one major
limitation: they are all designed for eukaryotic mRNA using
poly(T) primers and therefore cannot be used for prokaryotic
systems. One attempt to overcome this limitation has been
described, and in this attempt additional steps that added a
poly(A) tail to total RNA from prokaryotic or environmental
samples were used (5). This method requires up to 2 pg of
gel-purified RNA for the poly(A) tailing reaction, and ampli-
fication is achieved by PCR, which tends to distort abundance
relationships. Theoretically, this technique is applicable to
mRNA and therefore to transcriptomic analyses of environ-
mental samples. However, the feasibility of the method was
established with the 16S rRNA gene. It is not known whether

the sensitivity of the method is sufficient for mRNA-based
microarray analysis. In addition, an attempt by Moreno-Paz
and Parro to use random-primed reverse transcription coupled
to in vitro transcription has been reported recently (26). In this
approach the workers employed the same strategy that we used
in this study for amplification of a small quantity of bacterial
RNA. The primer used for first-strand cDNA synthesis by
Moreno-Paz and Parro was T7N9, with which we have per-
formed amplification successfully. However, our systematic
analysis revealed that T7N9 introduced a higher level of rep-
resentational bias in amplified products than T7N6 and T7N7
introduced. Based on the observation that the longer the prim-
ers are, the higher the levels of representational bias are, we
designed a new primer, T7N6S. The representational biases of
amplification with T7N6S were significantly reduced. Although
different primers were used in these two studies, a common
conclusion was drawn, that random-primer-based RNA ampli-
fication is reliable and powerful enough to allow workers to
perform microarray analyses with environmental samples.
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In the present study, we developed a technique (WCRA)
capable of amplifying small amounts of environmental pro-
karyotic RNA without significantly distorting the abundance
relationships among different mRNA species. Our results in-
dicated that primer lengths have significant effects on amplifi-
cation representativeness. The shorter primer (T7N6S) had
significant advantages in terms of amplification evenness. In
addition, our results demonstrated that the amplification bias
increased as the amount of template RNA decreased, suggest-
ing that the amount of starting material is critical for WCRA
reproducibility. With this approach, representational amplifi-
cation can be achieved with 50 ng or more of prokaryotic RNA,
although amplification was successfully carried out with 5 ng of
RNA. Compared to eukaryotic mRNA amplification using a
poly(dT) primer, this method requires significantly more start-
ing material for representational amplification (2).

One of the main applications of microarray analysis is iden-
tification of transcripts whose abundance is different in differ-
ent samples. It has been reported that the differences decrease
when less starting RNA is used for amplification (11, 16, 24, 29,
37). An examination of transcriptional profiles for S. oneidensis
wild-type and fur mutant strains revealed that WCRA with 50
ng or more of RNA as the starting material was able to largely
preserve the expression differences identified by microarray
analysis of unamplified RNA. The compression effects of the
method reported here are in good agreement with those re-
ported previously (11, 16, 28, 29).

One of our main goals is to use microarray technology to
monitor functional activities of microbial communities in nat-
ural settings. However, it is difficult to assess microbial com-
munities in many natural samples because of the extremely low
biomass or because of difficulty in extracting sufficient quanti-
ties of high-quality nucleic acids for microarray analysis. Func-
tional gene microarrays and DNA-based amplification proto-
cols have been developed to detect microorganisms in
environmental samples (41). Thus, approaches for amplifying
prokaryotic RNAs, followed by microarray hybridization, are
needed. As a confirmative step for analysis of real environmen-
tal samples, we examined whether representative amplification
can be obtained using this approach with mixed mRNAs from
four known species. Our results indicated that good represen-
tative detection can be obtained with mixed RNA templates.

Although some noticeable amplification biases were intro-
duced by other bacterial RNAs, WCRA with mixed RNAs
remained largely representative. Moreover, the effects in
WCRA appeared to be species independent since the biases
were consistent for profiles of all four bacteria in the mixture.
Thus, WCRA is able to dissect the differences among genomes
and should be applicable to environmental samples, although
further tests with artificial communities having more complex
structures may be needed.

A direct examination of the applicability of WCRA for the
FBR samples revealed a significant difference between the num-
ber of genes identified in the amplified RNA and the number
of genes in unamplified RNA. Fifteen genes were identified
using WCRA, eight of which were also detected in the unam-
plified control sample, suggesting that WCRA provides higher
detection sensitivity. The most likely reason for the increased
sensitivity is the possible interference of residual contaminants
with reverse transcription in the unamplified RNAs isolated
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from environmental samples. It is known that residual levels of
contaminants can still be present in the nucleic acids purified
from environmental samples by many commonly used purifi-
cation methods. In this case, the residual level of contaminants,
if they were present, would have been 50 times higher in the
unamplified RNA samples than in the amplified samples be-
cause 50 times more original RNA was used. It is also likely
that the mRNA levels of the additional seven genes in the
unamplified sample were below the detection threshold and
that amplification increased the levels to levels greater than the
limit of detection.

A significant difference in the number of genes identified
from an FWO029 groundwater sample using unamplified
genomic DNA (61 genes) (41) and amplified RNA (39 genes)
was also observed. This difference was most likely due to the
fact that many populations may not have been active and thus
were not detected by mRNA-based microarray hybridization.
Moreover, only a small proportion of these genes overlapped.
The genes detected by RNA hybridization but not by DNA
hybridization could have represented genes from minor pop-
ulations (whose levels of DNA were below the detection limit
of the FGA) that were detectable due to the highly upregu-
lated levels of expression of the genes.

In summary, WCRA proved to be a reproducible and reli-
able method for amplification of prokaryotic RNA from pure
cultures for differential gene expression. Use of this approach
to detect the community activities in an ethanol-stimulated
groundwater sample demonstrated that it is useful for analyz-
ing functional activities of microbial communities. This is one
of the first demonstrations that the microarray-based technol-
ogy can be used to successfully detect the activities of microbial
communities from real environmental samples in a high-
throughput fashion. It is expected that such a technology
should be particularly useful when microbial samples are lim-
ited. While further improvements in data comparison and
analysis are needed, broad applications to environmental sam-
ples under different conditions to address ecological and envi-
ronmental questions are critical to realize the full potential of
this new approach for microbial ecology studies.
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