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Abstract Microarray technology has contributed significantly to the understanding of bacterial
genetics and transcriptional regulation. One neglected aspect of this technology has been opti-
mization of microarray-generated signals and quality of generated information. Full genome mi-
croarrays were developed for (lostridium acetobutylicum through spotting of PCR products that
were designed with minimal homology with all other genes within the genome. Using statistical
analyses it is demonstrated that signal quality is significantly improved by increasing the hybridi-
zation volume, possibly increasing the effective number of transcripts available to bind to a
given spot, while changes in labeled probe amounts were found to be less sensitive to improving
signal quality. In addition to Q-RT-PCR, array validation was tested by examining the transcrip-
tional program of a mutant (M5) strain lacking the pSOL1 178-gene megaplasmid relative to the
wildtype (WT) strain. Under optimal conditions, it is demonstrated that the fraction of false
positive genes is 1% when considering differentially expressed genes and 7% when considering
all genes with signal above background. To enhance genomic-scale understanding of organismal
physiology, using data from these microarrays we estimated that 40~55% of the C. acetobutyii-
cum genome is expressed at any time during batch culture, similar to estimates made for Bacillus
subtilfs.
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INTRODUCTION

The advent of DNA-microarray technology has re-
sulted in the generation of an enormous amount of new
information about microbial genetics and transcriptional
regulation [1-4]. An important aspect of the DNA mi-
croarray technology is that large amounts of information
can be generated for organisms whose genome is se-
quenced but whose genetics has not been as extensively
studied as Escherichia coli or Bacillus subtilis. An exam-
ple is the industrially relevant microbe Clostridium aceto-
butylicum that was used extensively in the first half of the
20th Century for production of the solvents acetone, bu-
tanol, and ethanol. Biochemical production of these
chemicals fell out of favor with the rise of the petro-
chemical industry [5]. Today there is a significant interest
in studying this organism not only because of the re-
newed interest in production of chemicals through re-
newable resources, but because C. acetobutylicum is a
strong candidate as a model organism for all clostridia,
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including many pathogenic, clinically important strains.
We have previously constructed and used targeted cDNA
microarrays with ca. 25% genome coverage to study
asporogenic and nonsolventogenic C. acetobutylicum strains
[6], recombinant strains featuring overexpression of the
stationary phase transcriptional regulator SpoOA 17] and
the chaperone GroESL [8], product-concentration driven
changes [9], and the effects of butanol stress on cellular
transcription [7,10]. One of the most important aspects
of these studies was that many of the cellular programs
studied with partial genome arrays, like motility and fatty
acid synthesis, had not been extensively examined in any
clostridia and it is unlikely that these programs would
have been a priori hypothesized to be affected by seem-
ingly unrelated cellular events like sporulation and the
stress response to solvents.

To continue our understanding of clostridial genomics
we undertook the design, construction and validation of
full genome microarrays for C. acetobutylicum, an organ-
ism with ca. 73% A+T genome,. Basic production of glass
microarrays and optimization of printing conditions has
been extensively covered [11]. However, a neglected as-
pect of microarray construction is the optimization of
signal quality. The quality of the data generated from
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microarrays can only be as good as the microarray itself
and the methodology used to normalize data and identify
differentially expressed genes. We previously demonstrated
the advantages of using a nearest neighbor approach for
normalization and identification of differentially ex-
pressed genes [12]. While constructing C. acetobutylicum
arrays we took several approaches to optimize the gener-
ated signal, namely through reduction of nonspecific
binding of probes with spotted material and optimization
of signal quality with probe quantity and hybridization
volume. We also undertook a thorough validation of these
microarrays with the aim of further improving the quality
of outcomes through understanding of gene- and probe-
specific issues that affect the data. Finally, we use data
from these arrays to examine interesting questions in the
context of microbial physiology in the genomic era, fore-
most among which is the number of genes expressed dur-
ing key stages of this well-known (“classical”) batch fer-
mentation.

MATERIALS AND METHODS
PCR Primer Design

The probes for the full genome array were designed us-
ing the PRIMEGENS [13] program to select regions of
each open reading frame (ORF) that has minimal se-
quence similarity with any other ORFE. PRIMEGENS first
carries out a BLAST [14] comparison for each target ORF
against all other genomic ORFs to identify possible ho-
mologous sequences with a similarity of 90% or greater.
Then it performs optimal sequence alignment between
the target ORF and each of its homologous ORFs using
dynamic programming. Based on these alignments, a
gene-specific fragment is selected and a pair of suitable
primers to amplify such fragment is automatically gener-
ated by PRIMER3 [15]. After several trial runs, we de-
termined that the best results were obtained using a
maximum expectation value (e-value) of 1x10" and a
minimum fragment size of 150 nucleotides. Whenever a
new set of suitable primers could not be generated from
the non-homology zone of the gene determined by
PRIMEGENS, the 100 nucleotides upstream and down-
stream of it were also used in the search for a suitable
new pair of primers. PCR primers for 632 genes de-
signed for a previous set of microarrays [6] were also
used for this set of microarrays.

PCR Ampilification

In order to minimize genomic DNA in the spotted PCR
product and thus minimize nonspecific hybridization of
cDNA probes, a two-step PCR amplification [16] was
used to dilute the amount of chromosomal DNA in the
final PCR product. For the first reaction in a total volume
of 50 ul, 90~100 ng of C. acetobutylicum chromosomal
DNA were combined with 1.25 units AmpliTaq Gold
DNA Polymerase (Applied Biosystems, Foster City, CA,
USA), PCR buffer (Applied Biosystems), 2.5 mM MgCl,,
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0.63 uM of each primer, and 0.66 mM dNTPs (Applied
Biosystems). Fragments were amplified in a GeneAmp
PCR System 9700 (Applied Biosystems) by 32 cycles of
94°C for 50 sec, the primer-specific melting temperature
for 50 sec, and 72°C for 60 sec. A second PCR reaction
was performed using 2 pl. of the first PCR reaction as
the template, and fragments were amplified as previously
described but with a final volume of 100 pL and using 35
amplification cycles. Products in each step were verified
using a Ready-To-Run Separation Unit (Amersham Bio-
sciences, Piscataway, NJ, USA). PCR products from the
second amplification reaction were purified by loading
samples on a Millipore MultiScreeny; Cleanup Plate (Bed-
ford, MA, USA) following manufacturer’s instructions.
Purity and products sizes were verified by running 1 pL
of samples on a 1.5% agarose gel. Quantification was
performed by running approximately 12 samples per 96
well plate on gels with serial dilutions of $X174-Haelll
digest (New England Biolabs, Beverly, MA, USA). After
the gel was imaged using a Kodak DC-120 digital cam-
era (Rochester, NY, USA) and quantitated with Kodak
1D 2.0.2 software, linear regression was| performed on
the 603 bp fragment of the $X174-Haelll lanes to relate
DNA quantity and signal intensity. Results|from quantita-
tion of some samples of a single plate were used to evalu-
ate all samples from the same plate. For| PCR products
that did not meet the quantitation benchmark of 1.2 ng
total, the reaction was repeated under less stringent PCR
reannealing conditions or PCR primers were redesigned
and products reamplified.

For microarray negative controls, portions of the C.
pasteurianum genes dhaC (primers 5-CCCCTGCCCTG
CAA-3" and 5'-TGCAGAAGAGACGAA-3') and mop (5'-
AAATTGTAAAACTAGGAGGAATTAATTATG-3’ and 5'-
ACTATGTTGGTTATTAAGTGAAAACAATL3") were PCR
amplified as described above. Also used as negative con-
trols were SpotReport Alien PCR Produdts (Stratagene,
La Jolla, CA, USA). Negative controls represented ca. 2%
of all spots in the complete microarrays.

Microarray Printing

PCR products were transferred from 96 well plates to
384-well V-bottom polystyrene plates (Genetix, Dorset,
UK). Samples were concentrated in a rotary SpeedVac
until dried, then redissolved in either a 35% dimethyl sul-
foxide (DMSO) solution (Sigma, St. Louis, MO, USA)
or Pronto Hybridization Solution (Corning, NY, USA) to
a final concentration of 0.1 or 0.2 pug/ulL] For long-term
storage, plates were covered with Corning Costar Ther-
mowell Sealing Tape and stored at -20°C.

Microarrays were printed (University) of Wisconsin
Gene Expression Center, Madison, W1, USA) with a Ge-
nomic Solutions GeneMachines OmniGrid arrayer (Ann
Arbor, MI, USA) on Corning UltraGAPS |slides and then
UV cross-linked at 300 m]. A Pronto Universal Microar-
ray Hybridization kit (Corning) was used|to reduce slide
autofluorescence via sodium borohydride|treatment [17]
and to block nonspecific binding on the glass surface.
Both unblocked and blocked slides were|stored in a ni-
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trogen-purged dessiccator. It was found that slides could
be stored under nitrogen-purged desiccation with no in-
crease in background signal for over four months if the
slides were unblocked and over one month if blocked
(data not shown).

RNA Sampling and Isolation

Cell pellets were collected by centrifuging 3 to 10 mL
of cultures at 5,000xg for 10 min, 4°C. Cells were then
lysed by resuspending in 200 pL. SET buffer (25% su-
crose, 50 mM EDTA [pH 8.0], 50 mM Tris [pH 8.0])
with 20 mg/mL lysozyme (Sigma) and incubation at
37°C for 4 min. One milliliter of ice cold TRIzol (Invitro-
gen, Carlsbad, CA, USA) was added and the sample was
vortexed. Samples were immediately stored at -85°C and
used within one month to minimize RNA degradation. To
isolate and purify the RNA, samples were thawed at room
temperature; 500 pL of sample was diluted with an equal
amount of ice cold TRIzol and then purified following
manufacturer’s instructions. The RNA was resuspended
in 20~30 pl. RNase-free water and quantitated in a spec-
trophotometer by measuring absorbance at 260 and 280
nm. Samples were only used if the A, /A,g ratio was
greater than 1.8. RNA integrity was also verified by run-
ning 0.5 pL of sample on a 1.0% agarose gel. Purified
RNA were stored at -85°C and used within one week of
purification.

cDNA Probe Labeling

Since reverse transcriptases do not efficiently incorpo-
rate dye-labeled dNTPs into nascent cDNA, an indirect
labeling approach was followed where cDNA was first
made in the presence of nucleotides and aminoallyl dUTP,
purified, and then the aminoallyl dUTP groups were cou-
pled to a monoreactive dye (Cy3 or Cy5). This protocol
was adapted from one developed by The Institute for Ge-
nomic Research (http://www.tigr.org/tdb/microarray/pro-
tocolsTIGR.shtml). Briefly, total RNA (25 ug) was mixed
with 15 ug random hexamers (Roche, Indianapolis, IN,
USA) and the volume brought up to 18.5 upl with
RNase-free water. Samples were incubated at 70°C for
10 min and then snap-frozen in a dry ice/ethanol bath for
30 sec. Deoxynucleotide triphosphates (Invitrogen; 0.6
mM dATP, 0.4 mM dCTP, 0.4 mM dGTP, and 0.36 mM
dTTP), 0.24 mM aminoallyl dUTP (Sigma), 400 units
SuperScript II reverse transcriptase (Invitrogen), First
Strand Buffer (Invitrogen), and 6 uM dithiothreitol were
added to a final volume of 30 pL. The samples were in-
cubated for 3 h to overnight at 42°C, and the reaction
was stopped by addition of 0.5 M EDTA (pH 8.0). The
remaining RNA was degraded by addition of NaOH (fi-
nal concentration 11 mM), incubation at 65°C for 15 min,
and neutralization with HC1 (final concentration 11 mM).
The cDNA was purified by bringing up the volume to
450 pL with sterile water and concentrating three times
on a Millipore YM-30 column. The samples were dried in
a rotary SpeedVac, redissolved in 4.5 ul. of a 0.1 M so-
dium carbonate buffer (pH 9.0), and combined with 54
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nmol NHS-ester Cy3 or Cy5 monofunctional dye (Amer-
sham Biosciences) dissolved in an equal volume of
DMSOQ. The mixture was incubated in the dark for 1 h.
To purify the labeled ¢cDNA, 35 pL of a 100 mM sodium
acetate solution (pH 5.2) was added before purifying on
a Qiagen Qiaquick PCR purification column (Valencia,
CA, USA). cDNA quantity, quality, and dye incorpora-
tion was measured (Ao, Azgo, Assg [Cy3 probe], and Agy,
[Cy5 probe]) on a spectrophotometer. Only samples with
a dye incorporation of at least 10 dye molecules per
1,000 nucleotides were hybridized on microarrays. Sam-
ples were stored at -20°C for up to 3 weeks until mi-
croarray hybridization.

Microarray Hybridizations

Oppositely labeled microarray probe pairs were mixed
together, dried in a rotary SpeedVac, and redissolved in
Pronto Universal Hybridization Solution. The samples were
incubated at 95°C for 5 min and loaded on the microar-
ray under a LifterSlip (Erie Scientific, Portsmouth, NH,
USA). The microarrays were placed in a Corning hy-
bridization chamber with 50 pul. 10xSSC (1xSSC is 0.15
M NaCl and 0.015 M sodium citrate) to maintain humid-
ity. Microarrays were hybridized for 14~16 h in a 42°C
water bath. Following hybridization, microarrays were
washed in TeleChem (Sunnyvale, CA, USA) wash buifers
A (42°C, 5 min), B (room temperature, 5 min), and C
(room temperature, 2 min) and water. Slides were then
spun dry at 240xg for 10 min, scanned with an Agilent
Scanner model G2656BA (Wilmington, DE, USA), and
quantitated with GenePix software (Molecular Devices,
Union City, CA, USA).

Microarray Analysis

Microarray expression data were normalized using a
segmental nearest neighbor logarithmic expression ratio-
of-the mean (SNN-LERM) approach that has been pre-
viously described [12] and coded in MATLAB (Math-
Works, Natick, MA, USA). Three self-self hybridizations
were used to calibrate the number of genes per interval,
number of intervals and gamma factor needed to run the
SNN-LERM algorithm with the microarrays in this set of
experiments. The number of genes per interval (200), the
number of intervals (25) and the gamma factor (2.0)
used in previous experiments with smaller genome-
coverage microarrays [12] were also applicable for the
microarrays described here (data not shown).

Normalized ratios were grouped by expression similar-
ity using an average linkage clustering algorithm in Clus-
ter [18]. Data was visualized by heat maps (or ‘Eisen
plots’) in Treeview [18].

Strains

C. acetobutylicum ATCC 824 (American Type Culture
Collection, Manassas, VA, USA) is the wildtype (WT)
strain. Degenerate strain M5 lacks the pSOL1 megaplas-
mid [19].
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Table 1. Primers used for Q-RT-PCR in this study
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Gene Name  Gene Accession Number Left Primer Right Primer

abrB CACO0310 TGGTGAGCAAATCATTTTAAAGAAA  CCTTCTTTTAATTCTTCAAGACAATGC
nadE CAC1050 GCCCCTATACCTCCAAGCAG GCACATGCACCTTCCACTTT

sigG CAC1696 CATGACGATGGTGATGCAAT CGCTTAGCTTTTTCATAGCCTCT
spo0A CAC2071 CCGCTGTTGGACAGGATAAA TGACCTTTTCTGCTCTGAATTTG

sigF CAC2306 ATGGGACTCGTAAAGGCTGTT CAAAAATCTTTTTATCTCCCCCATA
pullulanase CAC2679 TTCTCCACTGTGGCGTAGAGTT TCTCTAAGATCCCAATCTATCCAATTT
hsp18 CAC3714 ATGGAAATGCAGGCTTCAAA CAACAATGTCATCTCTTTTTGCAT

aad CAP0162 AGAAAATGGCTCACGCTTCA GCAATGCCACTAGGAATATTGTG

ade CAPO165 GAAAGCGGACAGGCTATTCC GCTTTGGATACCCGAGCTTT

Growth Conditions and Maintenance

Strains were stored at -85°C in clostridial growth me-
dium (CGM) [20] containing 15% glycerol. Strains were
grown in an anaerobic chamber (Forma Scientific, Mari-
etta, OH, USA) in CGM supplemented with 80 g/L. glu-
cose or on agar-solidified 2xYTG plates. WT cultures
were inoculated with single colonies from plates at least 4
days old and heat shocked at 70~80°C for 10 min. Liquid
cultures of M3 were inoculated with single colonies from

a plate not more than two days old without heat shocking.

Analytical Methods

Cell growth was determined by absorbance measure-
ment at 600 nm (Agy) in a spectrophotometer. Linearity
of measurements was ensured by diluting samples to an
absorbance below 0.40 with the appropriate media. Cul-
ture supernatants were analyzed for glucose, acetate, bu-
tyrate, acetoin, ethanol, acetone, and butanol on a Waters
high-performance liquid chromatography system (Mil-
ford, MA, USA) [21,22].

Housekeeping Genes Determination

The data from six previously published microarray hy-
bridizations [6] comparing the expression profiles of C.
acetobutylicum and strain M5 (lacking the pSOL1
megaplasmid) were used to find potential candidates for
housekeeping genes to be used in Q-RT-PCR. The subset
of common genes present in at least four of the six slides
was used as a starting set. For each slide, the log ratios
and log mean intensities of each gene were sorted, and
percentile ranks of 0 and 100 were assigned respectively
to the lowest and highest values. For each gene the mean
rank and standard deviation across slides was calculated
for both the log ratio and the log mean intensity. Since
genes with relatively low expression levels have high error
associated with intensity measurement and genes with
relatively high expression may also be inaccurate due to
saturation or nonspecific binding effects, genes with a
mean rank (either log ratio or log mean intensity) be-
tween O and 15 or 85 and 100 were discarded. Of the
remaining genes, the best candidate housekeeping genes
had a relatively small standard deviation of log ratio or

log mean intensity ranking; in other words, these genes
had a relatively consistent pattern of gene expression.
Selected as putative housekeeping genes were CAC1050
(nadE, an NH;-dependent NAD™*-synthetase) and CAC
2679 (pullulanase).

Quantitative Reverse Transcription Polymerase Chain
Reaction (Q-RT-PCR)

Two micrograms of total RNA was reverse transcribed
in a total volume of 100 pl using a Tagman (Applied
Biosystems) kit following the manufacturer instructions.
One microliter of the reverse transcription reaction was
then mixed with 1 uM of each gene specific primer (Ta-
ble 1), SYBR Green (Applied Biosystems), and sterile
water up to 25 pL. Samples were run on an iCycler iQ
Real-Time PCR Detection System (Bio-Rad Laboratories
Hercules, CA, USA) following the manufacturer’s direc-
tions. To reduce data variability, samples for each gene
were run in triplicate on the same 96 well plate along
with two negative control wells per gene (defined as all
Q-RT-PCR components with 1 pl. water substituted for
the reverse transcription product) to verify that true sig-
nals were above background. For each gene, a PCR stan-
dard curve was generated in order to calculate the PCR
efficiency and to verify that all real time PCR results were
linear. Housekeeping genes (selected as described above)
were run on each plate and used to normalize the calcu-
lated expression ratios (M5/WT).

RESULTS AND DISCUSSION

Effect of Microarray Spotting Solution and Contact
Time on Spot Diameters

PCR products spotted on glass microarrays are usually
redissolved in spotting solutions at concentrations in the
range of 0.1~0.5 pg/pl [23-25]. While solutions like 3x
SSC are convenient for redissolving PCR products, the
small volumes required for maintaining the proper con-
centration will often evaporate away by the end of print-
ing. DMSO solutions of 25~50% were introduced [11]
as an improvement; it is not only a denaturant of double
stranded PCR products, but its hygroscopic properties

E
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Fig. 1. Histograms showing typical results of spot size distribution as a function of contact time (t=100, 50, and 0 msec) and spot-
ting solution. PCR products were redissolved in either Pronto Spotting Solution (closed squares) or 35% DMSO (open triangles).
Results are from a single microarray containing three subarrays with all three contact times.

minimizes evaporation within the plate holding the spot-
ting DNA solutions (spotting plate). A product recently
introduced by Corning, the Pronto Spotting Solution, is
marketed as a minimally evaporating alternative to DMSO.
The ability to print more arrays is very desirable consider-
ing the cost and labor involved in making PCR products
for an entire bacterial genome, but the spotting solution
must perform similarly (in terms of signal-to-noise ratio,
spot diameter, and ability to withstand repeated freeze
thaws) or better to currently used solutions like DMSO.

Two 384-well plates, each containing identical PCR
products from 192 randomly selected C. acetobutylicum
genes, were generated as described in Materials and
Methods. One plate was redissolved in 35% DMSO and
the other in Pronto Spotting Solution; in each case PCR
products were redissolved to a final concentration of at
least 0.2 ug/pL. Three separate subarrays were printed
from both plates on the same glass slides with contact
times (the length of time a microarray pin touches the
glass slide during the printing process) of 0, 50, and 100
msec. Within each subarray there were ten spots from
each well in the two separate microarray spotting plates.
By printing the arrays in this manner the effects of con-
tact time and spotting solution could be tested simultane-
ously with the same hybridization solution. For each con-
dition (spotting solution and contact printing time) 1,920
spots (192 genesx10 replicates) were quantitated. Spots
for which the quantitation software could not detect sig-
nal were omitted from the analysis.

The frequencies of various spot sites from a typical
single microarray are shown in Fig. 1, which demon-
strates that increased contact time generally leads to in-
creased spot diameter. Contact times of 50 and 100 msec
for the Pronto spotting solution results in a spot size dis-
tribution that “tails” off towards 240 um. Such a distribu-
tion is not acceptable for high density microarrays due to
the risk of spots touching each other; increasing the dis-
tance between spots would reduce the total number of
genes spotted on the array. At a 0 msec contact time, the
distributions become narrower. At a 100 msec contact
time the mean spot diameters for the Pronto- and
DMSO-dissolved spots are, respectively, 141.4 and 119.5
um; when the contact time is decreased to 0 msec the
mean spot diameters decrease to 129.5 and 110.0 pm.

While the Pronto Spotting Solution results in larger spot
diameters, the increase relative to the DMSO spots is
small enough to use in high density arrays printed with 0
msec contact time.

Increased Hybridization Volume Results in improved
Signal Quality

Under standard static hybridization conditions, the
movement of labeled ¢cDNA molecules is by diffusion
alone. Even during the course of a 12~20 h hybridization,
a microarray spot is likely to only hybridize complemen-
tary cDNAs in the local neighborhood of a few hundred
microns [26]. While some devices have been demon-
strated [27,28] to introduce fluid circulation across the
microarray (and some of which are commercially avail-
able [Affymetrix, http://www.affymetrix.com; Agilent,
http://www.agilent.com]), it is probably a reasonable
assumption that most researchers still perform microar-
ray hybridizations statically. One way to increase the
probability that a transcript will bind to a spot is to in-
crease the distance (which is typically considerably
shorter than the diffusion distance of a labeled cDNA
molecule [26,29,30]) between the coverslip and slide by
increasing the total hybridization volume. For a 22x60
mm coverslip (total surface area 1,320 mm?®) the volume
of hybridization fluid that can fit between the coverslip
and slide is approximately 35 pl. or 35 mm’; therefore
the distance between coverslip and slide is approximately
25 pm. LifterSlips are commercially available coverslips
with Teflon “rails” on two opposite sides. The volume
underneath a 22x60 mm LifterSlip is approximately 75
uL, corresponding to a height of 57 um. Since this dis-
tance is still smaller than the distance a cDNA can diffuse
within 12~20 h, it was hypothesized that hybridizations
performed under a LifterSlip would result in improved
hybridization signal quality. However, another logical
way to improve signal quality may be to simply increase
the amount of probe hybridizing on the microarray. One
approach to examining this issue could be to hybridize
the same probe concentrations under different volumes;
with this approach the cDNA molecules under different
hybridization conditions would have a statistically equal
likelihood of entanglement and ability to bind with other
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Fig. 2. Comparison of the number of genes with improved mi-
croarray signal quality between microarray hybridization condi-
tions (probe mass or hybridization volume varied). Each test
case represents separate one-way ANOVA comparisons of Z-
test statistic scores between identical genes in two different
conditions (see text). In each condition 192 genes were tested,
but the number of genes without improved signal quality is not
shown. While the resuits are shown for a single emission chan-
nel (Cy3 dye), results are similar in the second channel (Cy5
dye, data not shown).

cDNA molecules. However, cDNA probes are typically
relatively dilute under hybridization conditions (0.1~0.2
pg/ul). We, thus, hypothesized such ¢cDNA-cDNA inter-
actions under hybridization conditions are relatively un-
important and chose to simultaneously vary the probe
quantity and hybridization volume without keeping the
probe concentration constant. To simultaneously examine
the effects of probe quantity and hybridization volume on
signal quality, four microarray hybridizations were per-
formed on test microarrays where the amount of probe
hybridization volume were varied: 5 ug probe-35 pL hy-
bridization volume; 5 pg-75 pL; 7 ug-35 pl; and 7 ug-
75 pL. Cy3- and Cy5-labeled ¢cDNA pools were created
by reverse transcribing identical pools of RNA taken from
exponential, transitional, and stationary stages of C. ace-
tobutylicum cultures to improve the chance that transcripts
would be present. Also, the cDNA from individual reac-
tions were combined so that the dye incorporation for
probe hybridized on all microarrays would be equal. After
quantitation, spots that were not located by the software
(low signal intensity compared to background) were ex-
cluded. For each remaining spot in each channel, the Z-
test statistic

437

yspot B ybackground

2 2
\/OFSWJFM

Z =

nspot nbackground .

was calculated where y, ., and Yeaogrouna  are, respectively,
the average intensity of a spot and the average back-
ground intensity of a spot (the area taken for background
calculation is a region, excluding the spot itself and other
local spots, three diameters surrounding the spot); G,
and Gpygouna are standard deviations of signal intensity;
and ng,,, and Ny,gr0uma are the number of pixels in the spot
and background. While the Z-test statistic can be inter-
preted as an indicator that the spot intensity is greater
than background intensity, it is used here to compare
signal-to-background ratios between spots; with a higher
Z-test statistic, there is higher confidence that a spot in-
tensity is greater than background. Z values were aver-
aged for replicates of genes spotted from the same
spotting solutions.

If we compare genes spotted in 35% DMSO and
hybridized with 5 pg probe (Fig. 2), we see that 83 genes
out of 192 in the 75 uL hybridization have significantly
improved signal quality compared to the 35 pL hybridiza-
tion; the 35 pL hybridization has only 11 genes with im-
proved signal quality compared to the 75 pL hybridiza-
tion. When we compare spots from the same spotting
solution hybridized with 7 pg probe, we find that 55
genes in the 75 pL hybridization have significantly im-
proved signal quality compared to the 35 pL hybridiza-
tion which has only 21 significantly improved genes.
When the same comparison is made (constant probe
quantity) with genes spotted in the Pronto hybridization
solution, the same trend of improved signal quality in the
larger (75 pL) hybridization volume still holds. For ex-
ample, when the amount of probe is held constant at 5 pg,
91 genes have significantly better signal quality in the 75
ul. case compared to only 5 in the 35 uL case.

The same method can be used to compare signal qual-
ity in hybridizations with constant volume, or to compare
signal quality when probe quantity is varied. When signal
quality from genes spotted in 35% DMSO and hybridized
at 75 uL is compared, it is found in the 5 pg probe case
that 59 genes have improved signal quality compared to
the 7 ug case which has 45 genes with improved signal
quality. This trend (improved signal quality with 5 pg
hybridized probe in a 75 pl. volume) is consistent with
spots in the Pronto hybridization solution (5 pg probe:
67 improved genes; 7 pg probe; 17 improved genes) but
the same trend is not consistent at the smaller hybridiza-
tion volume. For genes spotted in 35% DMSO and hy-
bridized in 35 pl volume, 44 genes are significantly bet-
ter in the 7 pg case compared to 38 in the 5 pg case.
When comparing genes spotted in the Pronto solution
and hybridized in 35 pl volume, 37 genes have signifi-
cantly improved signal quality in both the 5 ng and 7 pg
hybridizations. These results indicate that signal quality
can be significantly improved when the hybridization vol-
ume is increased from 35 to 75 pl. At this larger volume
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Fig. 3. Growth kinetics for the WT (open diamonds) and M5 (closed diamonds) strains (A). Time points for which microarray (1-5)
and Q-RT-PCR (2, 3, and 5) analysis was performed are indicated by numbers directly below the symbols. Comparison of M5/WT
expression ratios using microarray analysis (open squares) and Q-RT-PCR (closed circles) (B). Asterisks next to microarray data
points indicate differential expression to a 95% confidence interval. Error bars on the Q-RT-PCR data indicate the standard error of
the mean. Q-RT-PCR ratios are averaged from results calculated using nadE (CAC1050) and pullulanse (CAC2657) as housekeeping
genes. Note the aad and adc graphs have a different scale than the other graphs.

it seems that signal quality can be improved further by,
counterintuitively, reducing the amount of hybridizing
probe from 7 to 5 pg. However, at lower hybridization
volumes signal quality is not necessarily improved by re-
ducing the amount of probe hybridized on the microarray.
While these results are shown for scannings made in the
Cy3 channel, the same trends were also observed simul-
taneously in the Cy5 channel (data not shown).

Signal Quality is Retained When Spotted PCR Product
Concentration is Decreased

Repeated microarray printings may allow PCR prod-
uct-dissolving solvents to evaporate. This may change the
PCR product concentration and thus the spotting mor-
phology; this issue may be offset by increasing the final
PCR product volume. On the other hand, if PCR product
concentration becomes too low, the quality of signal may
be diminished by reducing the signal-to-noise ratio.
Manufacturer guidelines suggest redissolving PCR prod-
ucts in the Pronto hybridization solution to a final con-
centration of 0.15 pg/uL. To test how signal quality
changes under diluted conditions, we examined signal
quality from spotted PCR products when the PCR prod-
uct concentration is reduced from 0.2 pg/ul to 0.1
ug/pL. A microarray spotting plate was made where 192
wells contained PCR products redissolved in 6 pl. Pronto
spotting solution; 96 wells had a final concentration of
~0.2 pg/pL and 96 wells had a final concentration of

~0.1 nug/pL. While there was a different set of 96 genes
in each concentration condition, the genes in each set
were selected at random; thus it is assumed that each of
the two 96 gene subsets has an equal intensity distribu-
tion. The microarray printing quality between the two
sets of genes was the same as determined by average spot
diameter (data not shown). Six slides were hybridized on
the same day with 5, 7, or 9 ug of both Cy3- and Cy5-
labeled probe (n=2 slides) from the same ¢cDNA pool.
Microarrays were scanned in a random order with identi-
cal laser and PMT settings. After the slides were quanti-
tated and Z-test statistics were calculated for spots with
signal intensities above background, a two-way ANOVA
test was used to compare signal quality as a function of
spotted PCR-product concentration and probe quantity.
The calculated P-value for the effect of PCR-product
concentration versus signal quality was 0.145, indicating
that statistically there was no difference in signal quality
when the PCR-product concentration is decreased from
0.2 to 0.1 pg/pL. This indicates that redissolving the
spotted PCR products at a final concentration of 0.1
pg/ul would give as good signal quality as 0.2 pg/uL.

Microarray Validation: Comparison to Genotype Data
and Quantitative Reverse Transcriptase Polymerase
Chain Reaction (Q-RT-PCR)

Microarray validation ensures data can be reliably
trusted; errors such as misprimed PCR products, incot-



Biotechnol. Bioprocess Eng. 2005, Vol. 10, No. 5

rectly located PCR products, and microatray spotting
plate contamination can lead to false information. Mi-
croarray data confirmation with a second, independent
technique such as quantitative reverse transcriptase po-
lymerase chain reaction (Q-RT-PCR) or Northern blots
improves the data reliability.

C. acetobutylicum genes are located on a chromosome
(3739 ORFs) and an extrachromosomal megaplasmid
pSOL1 (178 ORFs) [31] which contains the solvento-
genic genes aad, ctfA, ctfB, and adc [32]. Repeated
transfers of C. acetobutylicum during growth results in
strain degeneration whereby the pSOL1 megaplasmid is
lost. Various strains of C. acetobutylicum, including M5
[19] and DG1 [33], have been created in which pSOL1
has been lost and are neither able to produce solvents nor,
surprisingly, sporulate. Analysis of these strains through
microarray analysis would increase the understanding as
to how clostridial strains produce solvents and sporulate,
which genes on the pSOL1 megaplasmid are required for
sporulation, and when these genes are transcribed. The
M5 strain was previously analyzed on a partial genome
microarray containing approximately 25% of the C. ace-
tobutylicum genome [6]. Analysis of M5 versus WT is
particularly helpful when used for microarray validation
since up to 178 transcripts are present only in WT but
not M5.

WT and M5 cultures were grown in static flasks and
RNA and supernatant samples were taken through out
exponential, transitional, and stationary phases of growth
(Fig. 3(A)). Growth (Fig. 3(A)) and metabolite kinetics
(not shown) for both the WT and M5 strains were similar
to previously published results [6]. Microarray analysis
was performed on five time points (Fig. 3(A), numbered
1-5), and Q-RT-PCR was performed on three time points
(numbers 2, 3, and 5) from both the WT and M5 strains.
Rank invariant [34] or housekeeping genes are often
used to normalize expression levels of Q-RT-PCR data.
Since candidate genes for the entire C. acetobutylicum
genome were not known a priori, data from a previous
partial genome microarray analysis of M5 (hybridized
against WT) [6] were used to generate a list of candidate
genes based on (1) rank invariant expression ratio and (2)
rank invariant average spot intensity. The two genes se-
lected as housekeeping genes have accession numbers
CAC1050 (nadE, annotated as being an NH;-dependent
NAD"-synthetase) and CAC2679 (pullulanase). PCR plates
were run in pairs where samples were prepared simulta-
neously and plates run immediately after each other; for
each pair, one plate contained housekeeping gene
CAC1050 and the other CAC2679. Expression ratios
(M5/WT) were calculated twice using each housekeeping
gene; since the normalized data resulted in similar trends
(data not shown), the data generated by normalizing to
each housekeeping gene was averaged together (Fig.
3(B)) to generate an average expression ratio.

Since M5 lacks the pSOL1 megaplasmid and the mi-
croarray spotted material was designed to minimize non-
specific hybridization, it was expected that all expressed
pSOL1 genes would have greater expression in the WT
channel. A subset of pSOL1 genes was selected for which

439

expression ratios (M5/WT) could be calculated for at
least four out of five time points and were identified as
being differentially expressed to a 95% confidence inter-
val for at least one time point (n=102). Of the 509 ratios
in this data set (one ratio could not be calculated due to
signal intensities close to background), only 6 (1%) had
higher expression in M5 than WT, and the highest false
positive indicated a minimal 1.9-fold difference (Fig.
4(A)). Now we consider the case (Fig. 4(B)) where the
differential expression condition is dropped and all
pSOL1 genes with expression ratios available at four out
of five time points are examined (n=144). Fig. 4(B)
shows that of the 706 ratios (14 ratios were not calcula-
ble due to low signal intensities) calculated from the av-
eraged data, 50 (7%) have positive ratios indicating higher
expression in M5 (a false positive). The actual ratios of
the false positives are relatively low compared to true
positives. The highest false positive indicates M5 having
expression 3.3-fold higher than WT at a single time
point; by contrast, 453 ratios indicate expression of at
least 3-fold higher in WT than M5. The results indicate
that relative patterns of gene expression generated from
these arrays are reliable whether or not differential ex-
pression filters are applied. In an attempt to understand
the source of these errors (and thus filter out such false
positives in future experiments), we first examined spot
signal intensities of all occurrences of false positives. Of
the 50 false positives, 19 came from 12 genes in which
the spot signal intensity was less than 300 on a scale of 0
to 65,535. At signal intensities of such a low magnitude,
there is inherently a higher degree of error in the ratio
calculation and these genes may not even be expressed
(as discussed later). Next, we used BLAST [14] searches
of the spotted PCR products to look for cross-homologies
with chromosomal genes. Seven more false positives oc-
curred from two genes whose PCR products contained
homologous regions with chromosomal genes; the 187
bp PCR product from CAP0011 contained a 60 bp match
with a chromosomal gene, and the 383 bp PCR product
from CAP0022 contained stretches of 60 bp matches
over a 72 bp region of DNA and another 64 bp matches
over a 79 bp region. Finally, four additional false posi-
tives from a single gene (CAPO161) were attributed to a
misprimed PCR product. These last three genes will be
excluded in future experiments; their probe-design was
retained from our earlier partial genome array [6] and
was not designed by the PRIMEGENS program.

As expected, the solvent formation genes aad (CAP0162)
and adc (CAP0165) were expressed higher in WT at all
five microarray time points (Fig. 3(B)); expression at
each time point was differential with a 95% confidence.
aad and adc expression has previously been shown [35]
by Northern analysis to occur primarily in transitional
and stationary phases of culture; these culture phases
correspond with the last three microarray time points,
where expression ratios indicate much higher expression
in WT. Expression of both aad and adc were up to 400-
fold higher in WT as determined by microarrays (Fig.
3(B)). Q-RT-PCR results also indicate higher transcrip-
tion levels of aad and adc in WT; expression of adc is up
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Fig. 4. Comparison of pSOL1 gene ratios of expression (M5/
WT); genes with data available in four out of five time points
were selected by having differential expression for at least one

time point (A) or regardless of differential expression (B). Grey
rectangles indicate no measurable ratio for the time point.

to 4900-fold higher in WT (Fig. 3(B)).

Since M5 exhibits a nonsporulating phenotype it would
be expected that transcription of genes related to control
of growth stage-specific expression would be affected. In
B. subtilis, abrB has been shown to be the transcriptional
regulator of transitional phase genes [36] and whose ex-
pression is repressed by the SpoOA protein [37,38],
which is a stationary phase specific transcriptional regula-
tor. The C. acetobutylicum genome contains three genes
whose proteins greatly resemble the AbrB protein
(CACO0310, CAC1941, and CAC3647), making it diffi-
cult to design a PCR product-specific target for each in-
dividual transcript [7]. Reporter studies of the three
genes have shown that gene CAC0310 is expressed sig-
nificantly higher than the other two candidate abrB genes
[39]. For this reason, microarray probes were designed
specifically for the CAC0310 abrB gene with the under-
standing that it will pick up nonspecific signals from the
other two probes; probes specific for the other candidate
abrB genes were not included on the microarray. Com-
parison of the microarray and Q-RT-PCR generated ra-
tios show similar patterns (Fig. 3(B)). During exponen-
tial phase abrB is expressed equally in WT and M5. In
transitional phase (time point 3) expression is higher in
M5 (Q-RT-PCR: 4.3-fold higher; microarray: 2.3-fold
higher), and this trend continues through stationary
phase. It is then expected that abrB overexpression in M5
may be due to decreased expression of the spo0A gene
which has been shown in B. subtilis [37], C. beijerinckii
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[40], and C. acetobutylicum [35] to regulate expression
of stationary phase-specific genes. This hypothesis is
confirmed only by microarray data, which indicates a
decrease in spo0OA expression in stationary phase (4.1-
fold higher expression in WT at time point 5) but is not
statistically differentially expressed. Interestingly, this pat-
tern is not confirmed by Q-RT-PCR data, which shows
an induction of expression at the transitional time point 3
(1.88-fold higher expression in M5) and nearly identical
expression at the stationary time point 5. The spo0A Q-
RT-PCR results were confirmed by additional Q-RT-PCR
experiments (data not shown). We have previously used
and validated the same spo0A microarray probe success-
fully [6,7] and it is not clear here why these results do not
match.

sigG (CAC1696) and sigF (CAC2306) encode sporula-
tion-related sigma factors specifically for, respectively,
late forespore and late mother cell genes [41]. Since M5
does not sporulate, it would be expected that these genes
would be expressed higher in WT than M5. This hy-
pothesis is confirmed by the microarray and Q-RT-PCR
data. According to the microarrays sigG is differentially
expressed in the stationary phase time points 4 and 5
(18-fold higher in WT at time point 5) and, although not
statistically differentially expressed, sigF is expressed at
higher levels in WT (8.0-fold higher in WT at time point
5). Q-RT-PCR data show the same pattern but with
smaller fold differences; at time point 5, expression of
sigG is 2.3-fold higher in WT and sigF is 2.5-fold higher
in WT.

hsp18 (CAC3714) is annotated as a small heat-shock
protein. Previous results have shown that translation of
the gene is induced by butanol stress [7,10], and protein
expression is increased during pH-induced solventogenic
chemostat cultures [42]. Both microarrays and Q-RT-
PCR results indicate higher expression in M5 during sta-
tionary phase time points 4 and 5; at time point 5 expres-
sion is 4.6-fold higher as determined by microarrays and
15.5-fold higher by Q-RT-PCR analysis.

Estimation of the Number of Genes Expressed in WT
and M5 Cultures

Generally it is not known which and what fraction of
an organism’s genes is utilized during various culture
conditions, and such information can provide significant
insight into microbial physiology. In order to estimate the
number of genes expressed during these C. acetobutyli-
cum culture, the intensity values of each channel (WT
and M5) and for each gene were calculated from the log
mean intensities and the normalized log ratios. Given that
strain M5 lacks all of the pSOL1 megaplasmid genes, any
intensity measured in the M5 channel of the pSOL1
genes cannot represent real gene expression. Hence, a
distribution (Fig. 5) of the intensities of such pSOLI1
genes yields an estimation of the minimum intensity that
a gene should have to be considered as expressed. It can
be seen (Fig. 5) that 90% of the pSOL1 genes in the M5
channel show an intensity less than or equal to 300 units
(on a scale from 0 to 65,535). In contrast, only 47% of
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Fig. 5. Cumulative distribution of normalized intensities of
pSOL1 genes for the strains WT (black line) and M5 (gray
line).

the pSOL1 genes in the WT channel have an intensity of
300 units or less, which implies that 53% of the pSOL1
genes plotted are actually expressed. Therefore this cutoff
method can provide an estimate of the actual number of
expressed genes.

Table 2 shows the number of expressed genes through
the culture using a threshold of 300 intensity units. In
both strains the evolution of genes expression follows the
same trend. The number of expressed genes peaks in
time point 2 (midexponential phase) whereby around
55% of the genes are expressed and then decreases until
the end of the culture whereby only 40% of the genes are
expressed.

An array-based approach for estimating the number of
expressed genes in exponential phase B. subtilis cultures
has also been proposed [43]. Using single channel macroar-
ray results, Eymann and coworkers selected genes for
which spot intensities minus the spot intensity standard

deviation exceeded 20% of the background intensity [43].

Using this approach, it was estimated that 2,515 of 4,100
B. subtilis genes (61%) are expressed during exponential
phase, a value that is similar to the results presented here.
These microarray-based methods select within a popula-
tion the genes that are most likely to be expressed. How-
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Fig. 6. Venn diagrams showing the distribution of expressed
chromosomal and megaplasmid genes in the WT and M5
strains.

ever, these methods are less likely to identify rarely ex-
pressed transcripts (<1 copy/cell).

The WT and M5 strains have major phenotypic and
genotypic differences. To understand these differences
further, we used the threshold results to determine in
what strains each gene was expressed in at least one time
point (Fig. 6). The completed microarrays contained tar-
gets for 3,628 of the 3,739 chromosomal genes and 171
of the 178 pSOL1 genes (this takes into account that 3
pSOL1 genes have been omitted from further analysis as
previously described). A total of 2,233 chromosomal
genes were expressed in both strains while 140 and 202
were expressed only in, respectively, the WT and M5
strains. Over 1,000 genes were not expressed in either
strain, although these may include low expressed (<1
copy/cell) transcripts. Using the KEGG Pathway Data-
base [44], some of these genes are included in pathways
that are not expected to be expressed in either strain due
to culture conditions; these pathways include fructose
and mannose metabolism (10 genes), galactose metabo-
lism (7 genes), and starch and sucrose metabolism (7
genes) and suggests that this type of analysis is reasona-
bly accurate. Genes expressed in WT but not M5 include
several chemotaxis genes (CAC0117-CAC0121) and po-
tassium transport genes (CAC3679-CAC3682). Among
the megaplasmid genes, 100 were expressed in the WT
strain and 71 genes were not expressed. Complete lists of
expressed genes and microarray data can be found at
http://www.papoutsakisresearch.northwestern.edu.

Table 2. The estimated number of expressed genes during the time course of WT and M5 static flask cultures. Percentages are based
on the total number of genes on the microarray (3,628 chromosomal genes, 171 megaplasmid genes), and the percentage of M5

expressed genes excludes all megaplasmid genes

# Genes Expressed

% Genes Expressed

Time Point Time (hr)
wT M5 WT M5
1 2.7 2,046 1,997 54% 55%
2 4.4 2,086 2,046 55% 56%
3 7.4 2,028 1,973 53% 54%
4 13.5 1,922 1,926 51% 53%
5 17.5 1,518 1,489 40% 41%
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CONCLUSION

In this study we showed that microarray design, con-
struction, and use to achieve complete and reliable data
can be optimized and evaluated by (1) using microarray
probes that target nonhomologous genetic regions, (2)
increasing the hybridization volume (as compared to in-
creasing the amount of hybridizing probe), and (3) com-
parison of signal intensities and ratios between the C.
acetobutylicum wildtype strain with the M5 mutant that
lacks 178 genes. The optimized microarrays showed that,
to a 95% confidence, 40~56% of each strain’s genes are
expressed at any given time and that sporulation in the
M5 strain was probably arrested in the preseptational
phase. These microarrays will be useful in future studies
for further interpreting the transcriptional basis of C. ace-
tobutylicum’s solventogenic, sporulation, and stress-res-
ponse programs.
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