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Abstract

Clostridium thermocellum is an anaerobic, thermophilic bacterium that
can directly convert cellulosic substrates into ethanol. Microarray technol-
ogy is a powerful tool to gain insights into cellular processes by examining
gene expression under various physiological states. Oligonucleotide
microarray probes were designed for 96.7% of the 3163 C. thermocellum
ATCC 27405 candidate protein-encoding genes and then a partial-genome
microarray containing 70 C. thermocellum specific probes was constructed
and evaluated. We detected a signal-to-noise ratio of three with as little
as 1.0 ng of genomic DNA and only low signals from negative control
probes (nonclostridial DNA), indicating the probes were sensitive and spe-
cific. In order to further test the specificity of the array we amplified and
hybridized 10 C. thermocellum polymerase chain reaction products that rep-
resented different genes and found gene specific hybridization in each
case. We also constructed a whole-genome microarray and prepared total
cellular RNA from the same point in early-logarithmic growth phase from
two technical replicates during cellobiose fermentation. The reliability of
the microarray data was assessed by cohybridization of labeled comple-
mentary DNA from the cellobiose fermentation samples and the pattern of
hybridization revealed a linear correlation. These results taken together
suggest that our oligonucleotide probe set can be used for sensitive and
specific C. thermocellum transcriptomic studies in the future.
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Introduction

In 2004, 3.4 billion gal of ethanol was blended into gasoline, which
was approx 2% of gasoline sold in the United States by volume or 1.3%
(2.5 x 1017 ]) of its energy content (1). Transportation ethanol is derived
primarily from corn; however, there is need to develop an emerging
industry to produce ethanol from lignocellulosic biomass to meet
expected future demand (2). Because of the complexities of biomass,
extraction and hydrolysis of the cellulose requires thermochemical pre-
treatment of the biomass followed by the addition of enzymes needed to
hydrolyze these polymers to simple sugars that can be fermented to
ethanol by an added fermentative microorganism (3). However, a game-
changing technology is being developed for a process to simultaneously
convert the cellulosic component of biomass to end products with a
single processing step that consolidates cellulase enzyme production, cel-
lulose hydrolysis, and fermentation (4). Particularly important is that no
added cellulase enzymes are needed, thus avoiding the added cellulose
production costs, recently been reported in the range of 10-20 ¢/gal of
ethanol produced (5). Central to this consolidated bioprocessing
approach is a thermophilic (high-temperature) bacterium called Clostridium
thermocellum, which has the critical ability to produce its own cellulases
that permit it to very rapidly hydrolyze cellulose, using a structure
called the cellulosome, for growth and energy. In fact, C. thermocellum
exhibits the highest rate of cellulose hydrolysis known and as a result
the protein chemistry of this process has been extensively studied for
20 yr (6).

There has been significant for cellulosome structural biology, and cel-
lulose fermentation (6), however, little is known regarding key enzyme
expression levels that might be either bottlenecks or key catalytic steps
that will serve as targets for further metabolic engineering of this organism
to maximize ethanol yields from biomass. Therefore, this article outlines
initial progress aimed at investigating the intrinsic biology of this unique
organism, especially toward gene expression during cellobiose and cellu-
lose fermentation.

The application of microarray technology to study gene expression at
the level of whole transcriptome has been widely used for many years (7,8)
and more recently transcriptomic studies have been conducted in ethanolo-
genic bacteria and yeast (9-14). The availability of the 3.8 Mb C. thermocellum
genome sequence (http://genome.ornl.gov/microbial/cthe) predicted to
encode 3163 candidate protein-encoding genes permitted the development
of a whole-genome microarray, thus allowing the application of microarray
technology to investigate patterns of gene expression during fermentation
of cellulose to ethanol in C. thermocellum. As a first step, in this study, we
present the design, fabrication, and assessment of a whole-genome
microarray for C. thermocellum ATCC 27405.
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Materials and Methods

Bacterial Strains, Culture Conditions, and Chemicals

C. thermocellum strain ATCC 27405 was a kind gift from Prof. Herb
Strobel, University of Kentucky, Lexington, KY. A 1 : 25 dilution of a fresh
overnight culture (16 h, optical density [OD, ] approx 0.9) of C. thermocellum
was used to inoculate 2 L of MTC medium containing 5.0 g/L cellobiose
and 1.0 g/L yeast extract in a Braun BioStat B fermentor (Sartorius BBI
Systems Inc., Bethlehem, PA), essentially as described previously (15),
except that C. thermocellum was cultured at 58°C and pH 7.0 (controlled
through addition of 3 N NaOH) with an agitation of 250 rpm. Reagent grade
chemicals were obtained from Sigma (St. Louis, MO) unless indicated oth-
erwise. Cell free culture supernatants were analyzed by high-performance
liquid chromatography (Waters Corp, Milford, MA) to measure cellobiose,
acetate, lactate, and ethanol concentrations.

Whole-Genome DNA Microarray Construction and Design
of Polymerase Chain Reaction Primers

DNA sequences for the 3163 C. thermocellum ATCC 27405 predicted
protein-encoding genes were obtained from The Joint Genome Institute
(http:/ /genome.ornl.gov/microbial / cthe/17nov03_obsolete/) using sequence
assembled in November 2003. Oligonucleotide probes that represented the
whole genome of C. thermocellum were designed using the CommOligo soft-
ware (16,17) and were commercially synthesized without modification (MWG
Biotech, High Point, NC) in 96-well plates. The concentration of the probes was
adjusted to 100 pmol/uL, transferred to 384-well printing plates in a final con-
centration of 50% dimethyl sulfoxide using a BioMek FX liquid handling robot
(Beckman-Coulter, Fullerton, CA) and then spotted onto UltraGAPS glass slides
(Corning Life Sciences, Corning, NY) using a BioRobotics Microgrid II microar-
rayer (Genomic Solutions, Ann Arbor, MI) in a dust-free clean room maintained
at 21°C and 50% relative humidity. Spotted DNA was stabilized on slides by
ultraviolet crosslinking using an Ultraviolet 1800 Stratalinker (Stratagene, La
Jolla, CA) according to slide manufacturer’s instructions (Corning Life
Sciences). A partial genome microarray that contained 16 replicates for 72 C.
thermocellum and control probes was constructed initially, and subsequently,
whole-genome microarrays were fabricated, which contained two replicates per
probe on each slide. The Primer3 software (http://frodo.wimit.edu/cgi-
bin/primer3/ primer3_www.cgi) was used to design primers to amplify gene
specific polymerase chain reaction (PCR) products for hybridizations.

Nucleic Acid Isolation and Preparation of Labeled
complementary DNA Targets

Early-exponential phase (OD,,, 0.25) batch cultures were used
for RNA isolation. Total cellular RNA was isolated using a lysozyme
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coupled with TRIzol reagent (Invitrogen, Carlsbad, CA) treatment as
described previously (18). Precipitated RNA was further treated with
RNase-free DNase I (Qiagen, Valencia, CA) to digest any residual chro-
mosomal DNA, and subsequently purified with RNeasy Mini kit
according to the manufacturer’s instructions (Qiagen). C. thermocellum
genomic DNA was isolated using the DNeasy Tissue kit (Qiagen). The
concentration and purity of the extracted nucleic acids was deter-
mined at OD,,, and OD,g, with a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE). Purified RNA was
used as the template to generate complementary DNA (cDNA) copies
labeled with either Cy3-dUTP or Cy5-dUTP (Amersham Biosciences,
Piscataway, NJ) and in a duplicate set of reactions the fluorescent Cy
dyes were reversed for the different technical replicates to analyze
dye-specific variations in hybridization signal intensity. Genomic
DNA and PCR products were labeled with Cy-3dUTP and Cy-5dUTP,
respectively, using a Bioprime Labeling kit (Invitrogen) with random-
primers and then purified using a Qiaquick PCR kit (Qiagen) (19). The
labeled and purified cDNA were then dried using the SDP1010
SpeedVac System (ThermoSavant, Holbrook, NY). The sequences for
the oligonucleotides used to amplify the probe-specific PCR products
are shown in Table 1.

Microarray Hybridization, Scanning, Image Quantification,
and Data Analysis

Preliminary microarray quality assessments were made by staining the
microarrays with a 1 : 1000 dilution of Syto61 dye (Invitrogen) pure con-
taining 10.0 ug/mL of bovine serum albumin (New England Biolabs,
Ipswich, MA) for 20 min at room temperature, followed by two 0.1X SSC
(Ambion, Austin, TX) washes. Hybridization and washing conditions for
oligonucleotide microarrays have been described elsewhere (20). Microarray
images were scanned using a ScanArray Express (PerkinElmer) scanner, and
spot signal, quality, and background fluorescent intensities were quantified
using ImaGene version 6.0 (Biodiscovery, Marina Del Rey, CA). Signal-to-
noise ratio were calculated as described previously (21) in Microsoft Excel,
and GeneSpring 7.0 (Agilent Technologies, Palo Alto, CA) was used to trans-
form microarray data with the locally weighted scatterplot smoothing method
of normalization and to remove poor/empty spots.

Results and Discussion

C. thermocellum Cellobiose Fermentations

Initially, we investigated the growth of C. thermocellum during
fermentation of cellobiose. Cells were grown in amended MTC medium
and growth was monitored for approx 12 h. Two independent experiments
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Fig. 1. C. thermocellum cellobiose fermentations. OD at 600 nm (OD,,) (blue lines),
cellobiose (red lines), acetate (pink lines), and ethanol (green lines) concentration (g/L)
is plotted against fermentation time (h). Open and closed symbols correspond to data
from two independent fermentations. Arrow indicates sample harvest time for total
RNA isolation.

based on culture turbidity measurements and high-performance liquid chro-
matography analysis of substrate (cellobiose) consumption and byprod-
uct (acetate and ethanol) formation, indicated that batch cultures of
C. thermocellum had typical bacterial growth cycle kinetics (Fig. 1). Total
cellular RNA was extracted from two technical replicates at the same
point in early-logarithmic growth phase during single cellobiose fermenta-
tion (Fig. 1).

C. thermocellum Microarray Probe Design

Unique 70-mer oligonucleotide probes were designed for 94.2% of the
3163 C. thermocellum candidate protein-encoding genes by the CommOligo
software (16). A further 10 probes were designed for groups of highly sim-
ilar genes, so that 96.7% of the putative coding sequences were repre-
sented and only 104 coding sequences remained unrepresented on the
whole-genome microarray. The C. thermocellum genome sequence contains a
large number of putative genes whose products are predicted to encode pro-
teins with transposon-related functions (22). Wherein sequences were highly
similar, such as for genes encoding proteins with transposon-related func-
tions, individual gene probes could not be designed. Group probes 1-10 rep-
resented putative hypothetical, transposase, transposase (I5116/15110/15902),
phage/plasmid primase P4, hypothetical, transposase (mutator type),
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A B

Fig. 2. Specificity of C. thermocellum microarray probes. C. thermocellum partial-genome
microarray stained with nonspecific Syto61 dye for DNA (A) and hybridized with
gDNA labeled with Cy3 dye (green), which hybridizes to all C. thermocellum probes and
Ct3187 PCR product labeled with Cy5 dye (red) that hybridizes to replicates of Ct3187
probe (B).

transposase (IS3/1S911), transposase (mutator type, transposase (IS30
family), and transposase proteins, respectively. The percentage of C. thermocel-
lum probes designed for the whole genome is similar to several recently con-
structed whole-genome microarrays for Desulfovibrio vulgaris (Hildenborough)
and Shewanella oneidensis MR-1, which had 98.6 and 94.3% probe coverage of
the genomes, respectively (20,23). The group probe design feature of
CommOligo enabled probes to be designed for highly homologous sequences,
thus extending the fraction of gene expression comparisons that will be able
to be made in the future.

Microarray Probe Specificity and Sensitivity

Initially, a subset of the whole-genome microarray probes was tested
for sensitivity and specificity by producing partial-genome microarrays that
contained 70 C. thermocellum probes representing the range of functional
diversity in the predicted gene products. The DNA stain Syto61 was used to
assess the quality of the partial-genome microarrays and to confirm signal
was observed from negative control probes (Fig. 2A). PCR products designed
to hybridize to individual probes that represented specific genes were labeled
with Cy-5 and hybridized to the partial array to confirm signal specificity of
the designed oligonucleotide probes (Fig. 2B). In each case the 10-labeled
PCR products gave signal-to-noise ratios of more than three, or positive for
probe-target hybridization interaction (24), whereas only low values and
SNRs below three were observed from negative control probes (Fig. 3).

The hybridization of different amounts of C. thermocellum genomic
DNA labeled with Cy-dye to C. thermocellum partial microarrays showed
that as little as 1.0 ng of genomic DNA could be labeled and give signal-to-
noise ratios more than three (Fig. 4). A signal-to-noise ratio more than three
is a general criterion considered as the minimum probe signal necessary that
can be quantified accurately (24). Our results were in keeping with other
studies (25,26) and were indicative of the C. thermocellum microarray probes
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Fig. 3. Hybridization of PCR products for specific C. thermocellum genes to partial-
genome microarray. Signal-to-noise ratios for gene-specific probes: 1, Ct3187; 2,
Ct0462; 3, Ct0463; 4, Ct3150; 5, Ct3185; 6, Ct3012; 7, Ct1135; 8, Ct2924; 9, Ct3589; 10,
Ct3735; and 11, remaining C. thermocellum probes. Primer sequences used to amplify
PCR products and probe descriptions are given in Table 1.
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Fig. 4. Hybridization of C. thermocellum genomic DNA to C. thermocellum partial
microarray. Average of all C. thermocellum probes, Bl and == regression plot; negative
control 1, @; negative control 2, O.
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Time 25 (raw)

Time 0.25 (control)

Fig. 5. Scatterplot of whole-genome microarray data. The upper and lower green
lines represent twofold levels of differential expression and the middle green line
represents no change in expression.

being sensitive as well as specific. In order to further assess the reliability of
the microarray data we constructed a whole-genome microarray and cohy-
bridized cDNA prepared from total cellular RNA extracted from two tech-
nical replicates from the same C. thermocellum cellobiose fermentation in
early-logarithmic growth phase. The pattern of hybridization revealed a lin-
ear relationship between the samples and 97.4% of the genes fell within a
twofold threshold after data normalization and poor/empty spot removal
by GeneSpring (Fig. 5). This value may be further improved on in future
studies, as one potential source of variation was average incorporation of
the Cy-dye, which was less than 1 pmol/uL of purified target DNA. In this
experiment only three of the 1708 genes were slightly outside the bounds of
a threefold change in expression value between samples. Overall, the results
described above suggest our oligonucleotide probe set can be used for sen-
sitive and specific C. thermocellum transcriptomic studies in the future.

Conclusion

To our knowledge this is the first whole-genome microarray for a
thermophile capable of converting cellulose to ethanol in a consolidated
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Cellulose
i <4— Cellulosome complex
Cellobiose
<«— Cellobiase phosphorylase
Glucose-1-phosphate
<«4— Phosphoglucomutase
Glucose-6-phosphate
<4— Glucose-6-phosphate isomerase 10
Fluctose-6-phosphate
<«— 6-Phosphofructokinase 9
Fructose-1,6-phosphate
<4— Fructobisphosphate aldolase
Glyceraldehyde-3-phosphate
<4— Glyceraldehyde-3-phosphate dehydrogenase 5
1,3-Phosphoglycerate
<«— 3-Phosphoglycerate kinase 1
3-Phosphoglycerate
<—— Phosphoglycerate phosphomutase
2-Phosphoglycerate
<4— Enolase
Phosphoenolpyruvate

<— Pyruvate kinase

Pyruvate
<« |— Lactate dehydrogenase 7,8
Lactic acid
4—— Pyruvate dehydrogenase
AcetylCoA
% l Phosphotransacetylase 2
Acetylphosphate
Acetaldehyde
l < Acetate kinase 3
<— Alcohol dehydrogenase 4
Acetate Ethanol

Fig. 6. Metabolic pathway for conversion of cellulose to ethanol, lactic acid, and
acetic acid. The numbered genes correspond to PCR products in Table 1 and their loca-
tion in this metabolic pathway.

process. The PCR products shown in Table 1 were chosen not only to verify
the quality of the C. thermocellum microarray, but also for future quantitative-
PCR primer analysis of key genes in the pathway from cellulose to the
final metabolic end products of ethanol, lactic acid, and acetic acid (Fig. 6).
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Future transcriptomics using the whole-genome microarray will provide
insight into the expression genes whose products are thought to be important
for cellulose fermentation and also potentially provide insight into the roles
of other genes whose importance cannot be inferred by a priori assumptions.
Interestingly, such experiments will answer questions whether both genomic
copies of lactate dehydrogenase are expressed (Table 1, genes 7 and 8) or if
transcription occurs from only one locus during fermentation of either cel-
lobiose and/or cellulose. Information on these and other genes contribut-
ing to or detracting from the pathway for ethanol production will be
invaluable as the complexities of C. thermocellum metabolic circuits are
unraveled. In conclusion, the application of transcriptomic profiling, along
with other molecular biology tools and physiological studies offer the
opportunity to better understand fundamental biology of ethanologenic
bacteria and the potential for improved production of ethanol.
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Note Added in Proof

As this paper was going to press, the C. thermocellum ATCC 27405
genome was closed and finished. The finished genome sequence can be found
at http://genome.jgi.psf.org/finished_microbes/cloth/cloth.home.html.
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