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Abstract Combining high-throughput growth physiology
and global gene expression data analysis is of significant
value for integrating metabolism and genomics. We com-
pared global gene expression using 500 ng of total RNA
from Escherichia coli cultures grown in rich or defined
minimal media in a miniaturized 50-pl bioreactor. The
microbioreactor was fabricated out of poly(dimethylsilox-
ane) (PDMS) and glass and equipped to provide on-line,
optical measurements. cDNA labeling for microarray hy-
bridizations was performed with the GeniconRLS system.
From these experiments, we found that the expression of
232 genes increased significantly in cells grown in mini-
mum medium, including genes involved in amino acid
biosynthesis and central metabolism. The expression of275
genes was significantly elevated in cells grown in rich
medium, including genes involved in the translational and
motility apparatuses. In general, these changes in gene
expression levels were similar to those observed in 1,000-
fold larger cultures. The increasing rate at which complete
genomic sequences of microorganisms are becoming avail-
able offers an unprecedented opportunity for investigating
these organisms. Our results from microscale cultures using
just 500 ng of total RNA indicate that high-throughput
integration of growth physiology and genomics will be
possible with novel biochemical platforms and improved
detection technologies.
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Introduction

Global gene expression analysis using DNA microarrays is
a technique widely applied in general biological research
and in specialized fields such as drug screening, environ-
mental testing, and clinical diagnosis (Debouck and Good-
fellow 1999; Bodrossy and Sessitsch 2004). The ability to
combine global gene expression analysis and high-through-
put screening of microbial growth parameters allows the
simultaneous rapid characterization of microbial strains
at the physiological and molecular levels. The increasing
availability of complete genomic sequences of microor-
ganisms offers the unprecedented opportunity for detailed
investigations of the functioning of these organisms. Ge-
nomic expression assays provide the ability to look at a
single aspect of physiology and to see the interaction
of those genes and operons with every other aspect of
physiology.

To reach the goal of a rapid and informative high-
throughput screening technology there remain two signif-
icant obstacles: first, as the techniques for DNA microarrays
continue to be developed, an ongoing need persists for
methods of performing microarrays on very small samples
of bacterial cultures, and second, of the many metabolic
and genetic experiments that can now be designed and
performed in bacteria, only a small fraction can be tested
using standard culture systems. The number of culture
conditions that can be tested using tubes, flasks, and bench-
scale bioreactors (with volumes of 0.5-10.0 1) is limited
by the time required to obtain sufficient data, the effort
required to obtain reproducible data, and the high costs of
operation. In microbiological research, there clearly exists
a need for a biochemical platform with integrated sensors
yielding real-time data on process parameters. This allows
high-throughput, parallel, and automated processing of a
variety of microbial cultures under a variety of controlled
conditions. Multidisciplinary efforts that link engineering
and biology are generating novel miniaturized bioreactor
platform devices that enable the production of multiple
disposable bioreactor units for high-throughput data anal-
ysis (Kostov et al. 2001; Lamping et al. 2003; Maharbiz



et al. 2004; Zanzotto et al. 2004). The 50-ul bioreactor
platform, recently described by Zanzotto et al. (2004), is a
step toward a system that can be economically scalable
and can generate real-time data for optical density (OD),
pH, and dissolved oxygen (DO), thereby offering the
advantages of high-throughput processes in terms of
labor, time, reproducibility, and cost.

We demonstrated (Zanzotto et al. 2004) that Escherichia
coli cultures grown in the 50-pl microbioreactor platform
exhibit reproducible growth characteristics in complex and
minimal media, including OD, pH, and DO time-courses, as
well as cell number and morphology, substrate uptake, and
organic acid production. In these respects, growth of E.
coli mimics that seen in conventional culture conditions
(e.g. shake-flasks). They also demonstrated that serial
harvest of microbioreactors was a feasible way to obtain
samples for off-line analysis. The microbioreactor was fab-
ricated out of poly(dimethylsiloxane) (PDMS) and glass,
using soft lithography and was equipped with on-line mea-
surements for OD, pH, and DO. Aeration of cultures was
through a gas-permeable PDMS membrane.

In the present study, we sought to determine whether our
microbioreactor format can be used to study global gene
expression using DNA microarrays, as a step toward in-
tegrating high-throughput transcription profiling and bac-
terial fermentation analysis. To perform DNA microarray
analysis for gene expression profiling, we used resonance
light scattering (RLS) labeling technology. While micro-
array analysis is now well established, the technology
continues to evolve, particularly toward an ongoing need
for more sensitive methods and amplification techniques
(Loge et al. 2002; Call et al. 2003). Current protocols for
prokaryotic DNA microarrays require 5-10 pg of total
RNA as starting material. Bao et al. (2002) reported the
high-sensitivity detection of DNA hybridization on micro-
arrays of human genes using RLS technology, by labeling
the ¢cDNA with colloidal metal particles (40-120 nm
diam.), which scatter light. As detailed by Y guerabide and
Yguerabide (2001), the light-emitting power of a single
RLS particle label is an order of magnitude greater than
fluorescent labels such as Cy3 and Cy5. More recently,
Francois et al. (2003) were able to detect and identify bac-
terial pathogens with the RLS system from small culture
volumes, starting with only 10-500 ng of total RNA. We
performed global gene expression analysis using 500 ng
of total RNA from E. coli cultures grown in LB medium
and in defined minimal medium in the 50-pl bioreactor,
using the GeniconRLS system (Invitrogen) for cDNA Ila-
beling. The data compare favorably with similar micro-
array studies conducted on bacterial cultures grown at
larger scales. Our growth conditions were chosen based
upon two earlier studies which compared gene expression
in E. coli grown in 50-ml volumes of the same media
(Tao et al. 1999; Wei et al. 2001), and their findings can
be used to validate our experiments.
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Materials and methods
Organism and growth conditions

E. coli FB21591 (thiC::Tn5-pKD46, Kan), obtained from
the E. coli Genome Project at the University of Wisconsin
(http://www.genome.wisc.edu), was used in all experi-
ments. Cultures were grown in LB medium or defined min-
imal medium (DM), both supplemented with 10 g/l glucose.
The composition of LB was: 10 g/l tryptone (Difco
Laboratories, Sparks, Md.), 5 g/l yeast extract (Difco), 5
g/l NaCl. Following sterilization, the medium was supple-
mented with final concentrations of 10 g/l glucose
(Mallinckrodt, Phillipsburg, N.J.), 100 mM MES buffer
(pH 6.9; Sigma, St. Louis, Mo.), and 100 pg/ml kanamycin
(Sigma). The 40% (w/v) glucose stock was autoclaved for
20 min at 120°C, 150 kPa; and the MES (2 M) and
kanamycin (100 mg/ml) stocks were filter-sterilized. The
composition of the DM was: 60 mM K,HPO,, 35 mM
NaH2PO4, 15 mM (NH4)2$O4, 70 mM NH4C1, 0.8 mM
MgSO47H20, 0.06 mM Ca(NO3)2-4H20, 20 mM FCC13,
0.003 LLM (NH4)6MO70244H20, 0.4 LLM H3BO3, 0.01 }lM
CuS04-5H,0, 0.08 uM MnCl,-4H,0, 0.01 uM ZnSOy4 7-
H,0, 10 g/l glucose, 100 uM thiamine, 100 mM MES (pH
6.9), 100 pg/ml kanamycin. Glucose, MES, and kanamycin
were added to DM as stock solutions, as described for the
LB medium. Thiamine was also added as stock solution
(100 mM, previously filter-sterilized).

For inoculum preparation, the strain was first adapted to
LB or DM as follows: 5 ml of LB were inoculated with a
single colony from an overnight LB-kanamycin agar plate
and incubated at 37°C on a roller drum at 60 rpm. At an
ODggp of 1.0+£0.1, 1.6 ml were used to inoculate 30 ml of
fresh LB or DM in 500 ml baffled shake-flasks and in-
cubated at 37°C on a horizontal rotary shaker at 150-200
rpm until the ODgy reached about 1.0. At this point, the
culture was diluted in fresh LB or DM to reach an ODg( of
about 0.05 and used to inoculate the microbioreactors.

Microbioreactor fermentations

Microbioreactors (Fig. 1) fabricated from PDMS and glass
(Zanzotto et al. 2004) were utilized for all fermentations. A
separate microbioreactor was fabricated for each experi-
ment. The bottom layer in which the sensors were embed-
ded, the body of the fermentor, and the aeration membrane
were made of PDMS. The base support of the bioreactor
was made of glass, which provided the necessary rigidity
and the optical access. The working volume of the mi-
crobioreactor was 50 ul. Optical sensing methods were se-
lected to monitor OD, DO, and pH. The bottom layer of the
microbioreactor contained two sensor foils (PreSens, Re-
gensburg, Germany), one for DO and one for pH. The
ODggy was used to monitor biomass. Light from an orange
LED (L600-10 V, 600 nm; Epitex, Kyoto, Japan) was
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Fig. 1 Schematic of the microfermentor and experimental set-up.
After inoculation, a single microbioreactor is placed inside the
chamber, which is kept at 100% humidity and 37°C. Three optical
fibers carry three different wavelengths of light to the bottom of the

passed through the microbioreactor, collected by a col-
limating lens (F230 SMA-A; Thorlabs, Newton, N.J.), and
sent to a photodetector (PDAS5S; Thorlabs). The ODggo was
calculated using Eq. 1.

In Eq. 1, Lsignar is the intensity of the signal and /¢ ference 18
the intensity of the first measurement for a given experi-
ment. The multiplication factor of 33.33 in Eq. 1 is used to
normalize the data for the microbioreactor pathlength (300
um), which enables direct comparisons with results from
conventional cuvettes with pathlengths of 1 cm. This ad-
justment is only strictly valid if the absorption and light
scattering by the cell culture are in a linear range. A cal-
ibration of OD measurements in the microbioreactor was
performed using serial dilutions of an E. coli culture grown
to an ODggy of about 7.0. The ODg(, measurements of
diluted cultures were made in the microbioreactor to a depth
of 300 um, using a Spectronic 20 Genesys spectrophotom-

]I'C erence
OD = 33.33log,, < If (1))

signal

microbioreactor for the three measurements: OD, DO, and pH.
Photodetectors collect the transmitted or emitted light and send it to
a lock-in amplifier, where the signal is detected and analyzed

eter (Spectronic Instruments, Rochester, N.Y.). The cali-
bration data (Fig. 2) produced a linear fit with a slope close
to 1.0.

All instruments were PC-controlled under a LabVIEW
software routine (National Instruments, Austin, Tex.),
which allowed for automated and on-line measurements
of ODg¢o0, pH, and DO every 10 min.

Each fermentation data set was obtained from an inde-
pendent fermentation derived from a single colony inoc-
ulum and run in a single microbioreactor.

Experiments were carried out in an airtight, aluminum
chamber (Fig. 1), which allowed control of humidity and
the composition of the gas above the microbioreactor mem-
brane; it also provided a large thermal mass, which sta-
bilized the temperature at the desired set-point of 37°C.
Temperature was controlled by circulating water at 37°C
through the chamber base. In addition to controlling en-
vironmental parameters, the chamber provided optical iso-
lation and optical access from directly above and below the
microbioreactor.
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Fig. 2 Calibration curve for OD measurements in the microbio-
reactors. A dilution series of E. coli cells was used to compare direct
measurements in a spectrometer with pathlength-adjusted measure-
ments in the microbioreactor. The OD was measured at 600 nm in
both systems; and the OD in the microbioreactor was adjusted to a
pathlength of 1 cm (from 300 pum)

The microbioreactor was inoculated from outside of the
chamber by injection with a 1-ml syringe, equipped with a
23 gauge needle, through the microbioreactor side-channels
(Fig. 1). The needle holes created in the channels were then
sealed with epoxy and the microbioreactor secured to the
base of the chamber. Open reservoirs of water were placed
inside the chamber to provide humidity. Maintaining high
humidity within the chamber minimized evaporation loss
through the PDMS membrane. The chamber was then
closed and real-time data collection initiated. Sterility was
maintained through the addition of the antibiotic kanamycin
to the growth medium. Additional details of the microbio-
reactor and its set-up are described by Zanzotto et al. (2004).

Total RNA isolation

Total RNA was isolated from three independent 50-ul
fermentations in LB and three in DM. To isolate total RNA
from 50-pl cultures, we developed the following proce-
dure. Cells were harvested during exponential growth at
ODgg0~1.0, typically at a population density of 2—4x10°
cells/ml; and thus ~1-2x10® cells were recovered from 50
ul. To harvest cultures, the incubation chamber was opened
and the entire culture withdrawn from the microbioreactor
through the PDMS membrane, using a 200-p Pipetman.
The samples were transferred immediately to 1.5-ml Ep-
pendorf tubes containing 2 vol. of RNAprotect Bacteria
(Qiagen, Valencia, Calif.) for RNA stabilization. After 5
min of incubation at room temperature, cells were pelleted
and resuspended in 200 pl of TE (10 mM Tris-HCI, 1 mM
EDTA, pH 8.0) containing lysozyme (15 mg/ml) and in-
cubated for 20 min at room temperature on a Nutator
(Becton Dickinson, Parsippany, N.J.) for gentle mixing.
The samples were then transferred to 2-ml tubes (Sarstedt,
Newton, N.C.) containing 50 mg of acid-washed zirconia/
silica beads (0.1 mm diam.; Biospec Products, Bartesville,
Okla.) and lysed in a FastPrep FP120 beadbeater (Qbio-
gene, Carlsbad, Calif.) for 90 s at maximum speed. We
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found that we obtained consistently higher yields and bet-
ter RNA quality when we performed a combination of en-
zymatic and mechanical cell disruption. Total RNA isola-
tion was performed using an RNeasy kit (Qiagen) by
loading the lysed sample, without the beads, directly onto
RNeasy columns and then following the manufacturer’s
protocol. The concentration and quality of the purified RNA
was assessed by determination of the OD ratio at 260
nm/280 nm and analysis using an Agilent 2100 Bioanalyzer
(Palo Alto, Calif.). RNA samples were stored at —80°C. The
average yield of total RNA from 50 ul of E. coli culture
grown in LB or DM to an ODygy, of about 1.0 was ap-
proximately 3 pg and 1 pg, respectively.

Microarray hybridizations and analysis

DNA microarrays were printed at the MIT BioMicro Center
(Cambridge, Mass.) with a BioRobotics MicroGrid Two
printer (Genomic Solutions, Ann Arbor, Mich.) on Corning
GAPS slides (Acton, Mass.) with a 50-mers oligo set
(MWG-Biotech, High Point, N.C.) composed of 4,288
gene-specific oligonucleotide probes representing the com-
plete E. coli (K12) genome.

Microarray hybridizations were performed with the
GeniconRLS two-color array detection system (Invitrogen,
Carlsbad, Calif.), based on RLS technology. From each
fermentation, 500 ng of total RNA were used to generate
cDNA labeled with biotin-16-dUTP (Enzo Life Sciences,
Framingdale, N.Y.) for LB samples and fluorescein-12-
dUTP (Roche, Indianapolis, Ind.) for DM samples. Direct
labeling was performed with the LabelStar kit (Qiagen),
using a modified protocol as follows. For each of the biotin-
labeled reactions, the labeling mix contained the following
components: 5 pl of 10x buffer, 5 ul INTP-Mix H, 1 ul of
biotin-labeled dUTP, 1 ul of random DNA hexamers
(Roche Diagnostic, Indianapolis, Ind.), 0.5 ul of RNase
inhibitor, 2.5 ul of LabelStar reverse transcriptase, 15 pl of
RNase-free water, and 20 pl of denatured RNA template.
The fluorescein-labeled mixes were prepared as described
for the biotin-labeled mixes, except that 2 ul of fluorescein-
labeled dUTP and 14 pl of RNase-free water were used.
dNTP mixes contained dATP, dCTP, dGTP (0.5 mM each),
and 0.04 mM dTTP. RNA templates were denatured before
cDNA labeling by adding 2 pl of denaturation solution to
18 ul of RNA sample, followed by incubation for 5 min at
65°C in a water bath and subsequent cooling on ice.

Labeling mixes were incubated for 2 h at 37°C in a
thermocycler with a hot lid. Then, 1 pl of dTTP (20 mM)
was added to each labeling mix and incubation at 37°C
was continued for 1 h. Reactions were then stopped with
the addition of 2 pl of stop solution LS (Invitrogen). Pu-
rification of labeled cDNA was performed immediately,
using the LabelStar kit (Qiagen) as directed, except that
each of the six samples was purified independently. Also,
in the final step of the purification, each column was
eluted twice with 50 pl of EB (Qiagen). Each labeled
c¢DNA sample (100 pl) was then diluted with 400 pl of
RNase-free water. One labeled cDNA sample generated
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from a LB culture and one labeled cDNA sample gen-
erated from a DM culture were pooled and concentrated to
12 ul with a Microcon Y-30 0.5-ml column (Millipore,
Bedford, Mass.) as directed by the manufacturer.

Before hybridization, microarray slides were baked in
an oven at 80°C for 2 h. After cooling, the slides were
cross-linked with UV light in a Stratalinker 2400 (Stra-
tagene, La Jolla, Calif.) at 300 mJ. Slide prehybridization
was performed as recommended by the manufacturer: in-
cubated for 30 min at 42°C in a polypropylene slide mailer
filled with 25 ml of pre-hybridization solution, washed
twice in deionized water at room temperature, and dried
with a stream of filtered nitrogen gas.

We performed three co-hybridizations, in each case
comparing LB and DM fermentations on a single array
(Fig. 4). The hybridization mixes (25 pl) contained 12.5 pl
of hybridization solution (pre-heated to 42°C), 0.5 ul of
hybridization blocker (salmon sperm DNA, 10 mg/ml), and
12 pl of labeled target cDNA (biotin-, fluorescein-labeled
cDNA). We used a smaller volume than the one recom-
mended in the protocol, since we used lifter slips (Erie
Scientific, Portsmouth, N.H.) of smaller dimensions (24x24
mm). Hybridization mixes were incubated at 95°C for 5
min. Before hybridization, the lifterslips were washed first
with deionized water, then with 70% ethanol, and finally
dried with a stream of filtered nitrogen gas. The lifterslips
were then placed over the arrays and the hot (95°C)
hybridization mix was added to one of the free edges of the
lifterslip, to flood the array area by capillary action. The
slides were placed in Arraylt hybridization cassettes (Tele-
Chem International, Sunnyvale, Calif.), together with 250
ul of water for humidity control, and placed in a 42°C
incubator overnight. Post-hybridization washes were per-
formed as directed. Microarray slides were then blocked in
25 ml of blocking solution (Invitrogen) for 2 min at room
temperature. The slides were then placed on a wet paper
towel and placed in a Tupperware container, which func-
tioned as a hydration chamber. Each array was covered with
45 pl of the RLS particle mix, composed of 15 ul of Anti-
Biotin RLS particle Au (gold), 15 pl of AntiFluorescein
particle Ag (silver), and 15 pl RLS particle diluent. Lift-
erslips were washed and dried as described above and care-
fully lowered over the array area. Microarray slides were
then incubated in the hydration chamber for 1 h. The RLS
particle wash was performed as directed with wash solu-
tions, using a squirt bottle and a slide mailer. Following
final washes in a glass tank with deionized water, the slides
were dried with a stream of filtered nitrogen gas and ar-
chived in 25 ml of archiving solution (Invitrogen) and dried
for about 2 h in a laminar flow hood.

To determine spot intensities, microarray slides were
scanned in a GSD-501 RLS detection and imaging instru-
ment (Invitrogen) and image data were calculated using
MolecularWare software (Cambridge, Mass.).

To obtain normalized ratios from the two fluorescence
intensity channels, we performed rank-invariant intensity-
dependent non-linear normalization LOWESS (Tseng et al.
2001) on the intensity data of each array, using the IcDNA
ver. 0.03 program (Hyduke et al. 2003). Normalized in-

Table 1 Pearson’s correlation coefficients among the three micro-
array replicates

Array 1 Array 2 Array 3
Array 1 1.0000 0.8156 0.8231
Array 2 0.8156 1.0000 0.8234
Array 3 0.8231 0.8234 1.0000

tensity ratios were calculated, using DM as numerator and
LB as denominator. The two growth conditions were com-
pared by determining mean log2 intensity ratios across the
three replicates. Genes were considered upregulated if the
log2 ratio of DM intensity (positive numbers) over LB
intensity (negative numbers) for each ORF was greater than
+1 or less than —1. The complete set of gene expression data
can be viewed on the NCBI gene expression omnibus web
site (http://www.ncbi.nlm.nih.gov/geo/, accession number
GSE1981). Pearson’s correlation coefficients were calcu-
lated using the three normalized log ratios to determine the
concordance among the microarrays (Table 1).

For gene annotation, E. coli sequences were compared
to proteins in the cluster of orthologous group (COG) da-
tabase (Tatusov et al. 1997) using the BlastP sequence
similarity search program (Altschul et al. 1997). Assign-
ment to a particular COG group was made by transferring
the COG function of the top alignment to the E. coli pro-
tein. This allowed a high-throughput annotation of gene
functions.

Results

Triplicate fermentations of E. coli grown in LB and DM in
50-pul microbioreactors with on-line measurements for
ODg00, pH, and DO are shown in Fig. 3. All fermentations
were independent (inoculum derived from a single colony)
and run in single microbioreactors on different days. As
expected (Cooper 1991), in the microbioreactors E. coli
grew faster in rich than in minimal medium, with average
generation times of 28.843.2 min and 45.3 2.1 min in LB
and DM, respectively. Also as expected, oxygen depletion
and acidification of the medium occurred earlier in LB
cultures than in DM cultures, since growth was more rapid
in rich medium. Growth patterns across the three fermenta-
tions in each medium were reproducible. To investigate
global gene expression in cells grown in our miniaturized
50-pl bioreactors, we carried out triplicate fermentations in
DM and LB. Cells for RNA isolation were harvested when
the cultures reached an ODgqq of about 1.0. At this pop-
ulation density, the average pH of both media was about pH
6.6 and the DO concentrations were on average 60—-80% in
DM and 40-60% in LB, where 100% was the oxygen con-
centration of saturated medium in equilibrium with air.

To assess gene expression profiles under the two growth
conditions, we identified upregulated genes by taking the
log2 ratio of the spot mean intensities of DM over LB
(Fig. 4). The Pearson’s correlation coefficient among the
three microarrays replicates was about 0.82 for all three


http://www.ncbi.nlm.nih.gov/geo/

523

Fig. 3 Fermentations (n=3) of T
E. coli grown in 50-pl micro- c
bioreactors in LB (left panels) 8
and in DM (right panels). The  ©
fermentations, each represented >
by a single data set, were @
performed on different days in [}
single microbioreactors g
9
o
®)
S
c
©
o
>
X
o
- 40 A
o
>
8 20 N A Y - il Y
2
(@]
0 T T T T
7.0
6.5
::E:. 6.0 1
5.5 1
5.0 T T T T T — 71—
0 2 4 6 80 3 6 9 12
Time (h) Time (h)

arrays (Table 1). Table 2 summarizes the numbers of up-
regulated genes under the two growth conditions, anno-
tated by functional group and class. The total number of
upregulated genes in the two media was 507, of which 232
were upregulated in DM and 275 in LB (Table 2). When
E. coli was grown in DM, a larger number of “Metabo-
lism” genes was upregulated, while in LB more “Cellu-
lar processes” and “Information storage and processing”
genes were upregulated.

Fig. 4 E. coli microarrays (leff)
hybridized with cDNA obtained
from 500 ng of total RNA from
cultures grown in 50-pl micro-
bioreactors in DM (green) and
LB (red). Normalized mean spot
intensities averaged from three
replicates from each of the two
growth conditions were plotted
against each other (right); and
the log2 ratios of DM (green)
over LB (red) intensities were
binned to identify genes upreg-
ulated more than two-fold

These results were expected, since E. coli growing on
glucose (DM) as sole carbon and energy source must
generate de novo building blocks (i.e. amino acids, vi-
tamins, nucleosides, etc.) for macromolecular synthesis.
But E. coli grows more rapidly in LB, since the building
blocks for macromolecular synthesis are provided by yeast
extract and tryptone, and both transcrption and translation
are expected to be upregulated (Gaal et al. 1997).
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Table 2 Numbers of upregulated genes in E. coli growing in DM
and LB. Functional annotation was performed by comparing E. coli
sequences to proteins in the COG database

Function group Function class Medium
DM LB
Metabolism Amino acid transport 48 10
and metabolism
Carbohydrate transport 19 20
and metabolism
Coenzyme metabolism 2 4
Energy production and 25 6
conversion
Lipid metabolism - 4
Nucleic acid transport 2 5
and metabolism
Cellular processes Cell division and - 1
chromosome partitioning
Cell envelope biogenesis, 7 7
outer membrane
Cell motility and secretion 1 16
Defense mechanisms - 3
Inorganic ion transport 13 13
and metabolism
Posttranslational modification, 5 3
protein turnover
Signal transduction 5 5
mechanisms
Information storage  DNA replication, 8 10
and processing recombination, and repair
Transcription 11 22
Translation, ribosomal 2 3
structure, and biogenesis
Poorly characterized Function unknown 84 143
Total 232 275

The total number of upregulated genes in the “Metab-
olism” functional group, in E. coli grown in DM versus LB
was 96 and 49 respectively (Table 3). The major differences
arose in the two functional classes “Amino acid transport
and metabolism” and “Energy production and conversion”.
Specifically, in DM, 48 “Amino acid transport and metab-
olism” genes were upregulated, including genes involved
in the synthesis of all 20 amino acids found in proteins
(Table 3). For example, three genes for proline biosynthesis
(proVWX) were strongly upregulated, with proX showing
the most significant increase in this functional class. Other
genes highly upregulated in DM were leuB (responsible,
with leuACD, for leucine biosynthesis), the three genes of
the thrABC operon for threonine biosynthesis, four genes
(aroCFGL) for the synthesis of chorismate (a central in-
termediate in aromatic amino acids biosynthesis), and
seven genes (cysACDHJMP) for the synthesis and metab-
olism of cysteine.

In LB medium, only ten genes in the functional class
“Amino acid transport and metabolism” were upregulated,
none of which are involved in amino acid biosynthesis but

Table 3 Differential expression profile of genes involved in
metabolism in E.coli grown in DM and LB. Genes were considered
upregulated if the log2 ratio of DM intensity (positive numbers) over
LB intensity (negative numbers) for each ORF was greater than +1
or less than —1

Gene ID  Gene product Log?2 intensity

ratio (DM/LB)

Amino acid transport and metabolism

proX Transport system for 5.8
glycine and proline

leuB 3-Isopropylmalate 4.2
dehydrogenase

thrB Homoserine kinase 3.6

proV Transport system for 3.5
glycine, betaine
and proline

oppA Oligopeptide transport; 34
periplasmic binding
protein

dppA Dipeptide transport 33
protein

leuC 3-Isopropylmalate 3.1
isomerase (dehydratase)

metE Tetrahydropteroyltriglutamate 3.1
methyltransferase

gltD Glutamate synthase, 2.9
small subunit

asd Aspartate-semialdehyde 2.9
dehydrogenase

ddpA Putative hemin-binding 24
lipoprotein

thrC Threonine synthase 23

gltB Glutamate synthase, 2.3
large subunit

hisC Histidinol-phosphate 2.3
aminotransferase

livJ High-affinity amino 2.2
acid transport system

gadB Glutamate decarboxylase 22
isozymes

proW Transport system for 2.1
glycine and proline

trpC 1 N-(5-Phosphoribosyl)anthranilate 1.8
isomerase

cysM Cysteine synthase B, 1.7
O-acetylserine
sulfhydrolase B

cysD ATP:sulfurylase , 1.6
subunit 2

trpC 1 N-(5-Phosphoribosyl)anthranilate 1.5
isomerase

vgjl Putative oxidoreductase 1.4

aroL Shikimate kinase II 1.4

hisF Imidazole glycerol phosphate 1.4
synthase subunit

hisl 1 Phosphoribosyl-amp 1.4

cyclohydrolase
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Table 3 (continued) Table 3 (continued)

Log2 intensity
ratio (DM/LB)

Gene ID  Gene product Log2 intensity

ratio (DM/LB)

Gene ID  Gene product

yhiX Predicted amino -1.2 leuD Isopropylmalate 1.4
acid racemase isomerase subunit
tdcB Threonine dehydratase, -1.2 gatD Galactitol-1-phosphate 1.4
catabolic dehydrogenase
ptrB Protease 11 -1.2 ddpF ATP-binding component 1.4
sdaB L-Serine dehydratase -1.0 of a transport system
(deaminase), L-SD2 ilvN Acetolactate synthase I, 1.3
Coenzyme metabolism valine sensitive
folE GTP cyclohydrolase 1 1.5 cysH 3’-Phosphoadenosine 1.3
bioD Dethiobiotin synthetase 1.4 5'-phosphosulfate reductase
abgT Putative pump -1.8 thrd Aspartokinase I, homoserine 1.3
protein (transport) dehydrogenase 1
ubiA 4-Hydroxybenzoate- -1.5 IivG ATP-binding component 1.2
octaprenyltransferase of amino acid
ubiX 3-Octaprenyl-4- -1.5 transport system
hydroxybenzoate serd D-3-Phosphoglycerate 1.2
carboxy-lyase dehydrogenase
moaA Molybdopterin -1.1 aroC Chorismate synthase 1.2
biosynthesis, protein A ilvD Dihydroxyacid 1.1
Nucleic acid transport and metabolism (F) dehydratase
cmk Cytidylate kinase 2.1 trpB Tryptophan synthase, 1.1
purF Amidophosphoribosyl- 1.2 beta protein
transferase aroG Arabinoheptulosonate- 1.1
guaA GMP synthetase -2.0 7-phosphate synthase
(glutamine-hydrolyzing) aroF Arabinoheptulosonate- 1.1
dgt Deoxyguanosine triphosphate -1.5 7-phosphate synthase
triphosphohydrolase cysA Sulfate permease 1.1
purH Phosphoribosylcarboxamide- -1.1 A protein
formyltransferase aegd 2 Putative oxidoreductase, 1.1
guaB IMP dehydrogenase -1.1 Fe-S subunit
pyrl Aspartate carbamoyltransferase, -1.1 ginH Periplasmic glutamine- 1.1
regulatory subunit binding protein; permease
Lipid metabolism speE Spermidine synthase 1.0
atoE Short-chain fatty acid —2.6 yfeK 2 Putative peptidase 1.0
transporter phnC ATP-binding component 1.0
ynjF Putative cytochrome 2.4 of phosphonate transport
oxidase ilvB Acetolactate synthase 1.0
idnO 5-Keto-p-gluconate -1.2 I,valine-sensitive
S-reductase leuA 2-Isopropylmalate synthase 1.0
entA 2,3-Dihydro-2,3- -1.2 poxB Pyruvate oxidase 1.0
dihydroxybenzoate ygfK Putative oxidoreductase, 1.0
dehydrogenase Fe-S subunit
Carbohydrate transport and metabolism xasA Acid sensitivity protein, -2.3
gatA Galactitol-specific of 4.2 putative transporter
phosphotransferase system tnaA Tryptophanase -2.0
gatZ Putative tagatose 3.5 gtk Glutamate/aspartate -1.8
6-phosphate kinase 1 transport system permease
gatY Tagatose-bisphosphate 3.0 vdgR Putative transport protein -1.7
aldolase 1 vhaP Putative L-serine -1.6
gapC Glyceraldehyde 3-phosphate 2.6 dehydratase
dehydrogenase C potH Putrescine transport -1.4
yieM Putative transport protein 2.5 protein; permease
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Table 3 (continued)

Table 3 (continued)

Gene ID  Gene product

Log2 intensity
ratio (DM/LB)

Gene ID  Gene product

Log2 intensity
ratio (DM/LB)

galP Galactose-proton
symport of
transport system
malG Part of maltose
permease, inner membrane
gmhA Phosphoheptose
isomerase
lacY Galactoside permease

(M protein)
Energy production and conversation

aceB Malate synthase A

aced Isocitrate lyase

yodB Putative cytochrome

sucC Succinyl-CoA synthetase,
beta subunit

narJ Nitrate reductase 1,
delta subunit

narG Nitrate reductase 1,
alpha subunit

sdhA Succinate dehydrogenase,
flavoprotein subunit

nuoB NADH dehydrogenase
I chain B

pntA Pyridine nucleotide
transhydrogenase, alpha
subunit

nuok NADH dehydrogenase
I chain E

sdhA Succinate dehydrogenase,
flavoprotein subunit

fdx [2FE-2S] ferredoxin,
electron carrer protein

nuoG NADH dehydrogenase
I chain G

ybiC Putative dehydrogenase

hyfl Hydrogenase 4
Fe-S subunit

glcB Malate synthase G

fdhD Affects formate
dehydrogenase-N

nuol NADH dehydrogenase
I chain I

glt4 Citrate synthase

sucD Succinyl-CoA synthetase,
alpha subunit

hyfF Hydrogenase 4
membrane subunit

proC Putative citrate synthase;

propionate metabolism
nuoH NADH dehydrogenase
I chain H
sdhD Succinate dehydrogenase,
hydrophobic subunit

-1.1

-1.1

-1.0

-1.0

4.8

35

2.6

24

2.3

2.0

1.7

1.6

1.5

1.5

1.3

1.3

1.3

1.3
1.2

1.2
1.2

1.2

1.2
1.2

1.2

1.2

1.1

1.1

gapC 2
gatY
otsA
rbsB

PYkF

gatC
glgX
glgC

uxaC
pixA

alsC
malK
YR

tal4
agaD

xapB
shiA

uidB
fivX
agaW

mglC

pisG

rhaT
ybhC
agaC

yfev_2
fucl
ebgA
gntP

xylE

Glyceraldehyde
3-phosphate dehydrogenase
Tagatose-bisphosphate
aldolase 1
Trehalose-6-phosphate
synthase
D-ribose periplasmic
binding protein
Pyruvate kinase [
(formerly F), fructose
stimulated
PTS system galactitol-
specific enzyme IIC
Part of glycogen operon,
glycosyl hydrolase
Glucose-1-phosphate
adenylyltransferase
Uronate isomerase
Putative PTS system
enzyme II A component
Putative transport
system permease protein
Transport system
for maltose
Putative transient receptor
potential locus
Transaldolase A
PTS system, N-acetyl-
glucosamine enzyme IID
Xanthosine permease
Putative transport
protein, shikimate
Glucuronide permease
Frv operon protein
PTS system N-acetylgalac-
tosameine-specific 1IC
Methyl-galactoside
transport and
galactose taxis
PTS system, glucose-
specific [IBC component
Rhamnose transport
Putative pectinesterase
PTS system N-acetylgalactos-
amine-specific 1IC
Putative PTS enzyme 11
L-fucose isomerase
Evolved beta-D-
galactosidase, gene
Gluconate transport
system permease 3
Xylose-proton symport

24

1.9

1.8

1.7

1.5

1.4

1.4

1.3

1.3
1.3

1.3

1.1

1.1

1.0
-2.6

2.2
—2.0

-1.7
-1.7
-1.7

-1.6

-1.5
-14
-1.3
-1.3
-1.3
-1.3
-1.2
-1.2

-1.2




Table 3 (continued)

Log2 intensity
ratio (DM/LB)

Gene ID  Gene product

ydgN Putative membrane 1.0
protein

ybiW Putative formate -1.6
acetyltransferase

ydeP Putative oxidoreductase, -1.4
major subunit

lldp L-lactate permease -1.3

cydA Cytochrome d terminal -1.1
oxidase, polypeptide
subunit [

araB L-ribulokinase -1.1

hyfD Hydrogenase 4 membrane subunit -1.0

four of which are involved in amino acid degradation: sdaB
and yhaP (glycine), tnaA (tryptophan) and 7dcB (threonine).

In the functional classes “Carbohydrate transport and
metabolism” and “Energy production and conversion”,
again a larger number of genes was upregulated in DM than
in LB (Table 3). In DM cultures, genes involved in acetate
utilization and the glyoxylate shunt (aced, aceB, gitA),
those in the tricarboxylic acid cycle, [e.g. citrate synthetase
(sdhAD), succinyl-CoA synthetase (sucCD), and the
NADH dehydrogenase genes (nuoBEGHI) involved in
oxidative phosphorylation and ubiquinone biosynthesis
were upregulated. Also upregulated were genes and operons
involved in galacitol and tagatose transport and metabolism
(gatACDYZ) and in glycolysis, such as glyceraldehyde 3-
phosphate dehydrogenase (gapC [) and pyruvate kinase
(pYkF).

During growth in LB, the most strongly upregulated
genes belonging to the two functional classes “Carbohy-
drate transport and metabolism” and “Energy production
and conversion” were those involved in the expression of
the phosphotransferase system (PTS) protein N-acetyl glu-
cosamine (agaCDW) and another PTS protein that is
glucose-specific (ptsG).

In contrast, compared with growth in DM, the E. coli
cells grown in LB had a larger number of genes categorized
as “Cellular processes” that were upregulated (Table 2).
The marked differences within this functional group were
in the functional class “Cell motility and secretion”, where
E. coli grown in LB exhibited 17 upregulated genes
(Table 4), with eight of these involved in flagellum
assembly (fliACNS, flgACEK) and five involved in che-
motaxis (cheAYZ, tar, motB), indicating that the strain
grown in rich medium at an OD of 1.0, was actively motile.

As expected, higher expression of genes from the group
“Information storage and processing” was observed in LB
than in DM (35 vs 21; Table 2). Indeed, E. coli divides more
rapidly in LB than in DM and faster-growing cultures
synthesize protein at a higher rate than the slower-growing
ones (Grunberg-Manago 1996; Keener and Nomura 1996;
Gaal et al. 1997). Of the 35 “Information” genes upregu-
lated in LB medium, most (22) belonged to the “Transcrip-
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Table 4 Differential expression profile of genes involved in cellular
processes in E. coli grown in DM and LB

Gene ID Gene product Log?2 ratio
(DM/LB)

Cell envelope biogenesis, outer membrane

yedS Putative outer 2.5
membrane protein

dniR Transcriptional regulator 2.4
for nitrite reductase

spr Putative lipoprotein 1.6

murG UDP-N-acetylglucosamine 1.2

nlpD Lipoprotein 1.1

b1980 ADP-heptose:LPS 1.1
heptosyltransferase

yaiP Polysaccharide metabolism 2.1

rhsC Protein in rhs element -1.7

mreD Rod shape-determining -1.7
protein

rhsE RhsE protein in -1.6
rhs element

rfbC dTDP-6-deoxy-p- -1.3
glucose-3,5 epimerase

kdsB CTP:CMP-3-p-manno- -1.1
octulosonate transferase

Cell motility and secretion

flhA4 Flagellar biosynthesis 2.0

flic Flagellar biosynthesis; -2.5
flagellin

tar Methyl-accepting 22
chemotaxis protein II

motB Enables flagellar 2.1
motor rotation

yqiH P pilus assembly protein, -1.6
chaperone PapD

yebT Homologue of Salmonella -1.5
FimH protein

flid Flagellar biosynthesis -1.4

ched Sensory transducer -1.4
kinase

ppdD Prelipin peptidase -1.4
dependent protein

flgE Flagellar biosynthesis, -1.3
hook protein

cheZ Chemotactic response; -1.2
CheY protein phophatase

SN Flagellar biosynthesis, -1.2
component of motor switch

vehD P pilus assembly protein, -1.2
pilin FimA

1S Flagellar biosynthesis; -1.2
repressor of (RflA activity)

flgA Flagellar biosynthesis; —-1.1
periplasmic P ring

flgC Flagellar biosynthesis, -1.1

basal-body rod
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Table 4 (continued)

Table 4 (continued)

Gene ID Gene product Log?2 ratio Gene ID Gene product Log?2 ratio
(DM/LB) (DM/LB)
flgK Flagellar biosynthesis, -1.1 yoaE 2 Putative transport protein 1.1
hook-filament nikB Transport of nickel, -2.0
cheY Chemotaxis regulator -1.0 membrane protein
Signal transduction mechanisms focB Probable formate transporter -1.8
ginL Histidine protein 1.6 (formate channel 2)
kinase sensor for nikC Transport of nickel, -1.8
GInG regulator membrane protein
vbeZ Putative 2-component 1.4 kdpB ATPase of high-affinity -1.7
sensor protein potassium transport system
ypdA Putative sensor protein 1.2 yliD Putative transport system -1.7
phoQ Sensor protein PhoQ 1.2 permease protein
ygelV Putative transcriptional 1.2 nirCm Nitrite reductase activity -1.5
Regulator tolQ Inner membrane protein, -1.5
yjiY Putative carbon 2.1 membrane-spanning
starvation protein dppB Dipeptide transport -1.5
ybdQ Universal stress -1.6 system permease protein 1
protein UspA yiiC Putative transport -1.3
yeiL cAMP-binding proteins- -1.3 system permease protein
catabolite gene activator emrE Methylviologen -1.3
fimZ Fimbrial Z protein; -1.1 resistance
probable signal transducer ccmD Heme exporter -1.2
barA Sensor—regulator, -1.0 protein C
activates OmpR yieL Putative xylanase -1.1
by phophorylation fecB Citrate-dependent -1.1
Cell division and chromosome partitioning iron transport
sulA Suppressor of lon; -1.0 znuA Putative adhesin 1.1
inhibits cell division vbhI Putative membrane 1.1
Defense mechanisms pump protein
bacA Bacitracin resistance -1.9 Posttranslational modification, protein turnover
mcrC Component of McrBC -1.1 sipA FKBX-type peptidyl-prolyl 1.5
restriction system cis-trans isomerase
dinF DNA-damage-inducible -1.0 nrdH Glutaredoxin-like protein; 1.5
protein F hydrogen donor
Inorganic ion transport and metabolism hslJ Heat-shock protein HslJ 1.4
cysJ Sulfite reductase 1.6 grxB Glutaredoxin 2 1.1
(NADPH) ybeW Putative dnaK protein 1.0
oppB Oligopeptide transport 1.6 sird Regulator of disulfide -1.3
permease protein bond formation
dps Global regulator, 1.5 groL GroEL, chaperone -1.2
starvation conditions Hsp60, heat-shock protein
oppC Homologue of Salmonella 1.4 yqiG Putative transferase -1.0
transport permease
cutCm Cporg fe ei;homeosmm t4 tion” functional class (Table 2). Among t'he.more strongly
Ve Putative transport 14 expressed were ﬁcaR (Table 5), a transcriptional regula'.wr
. of the LysR family that controls the 4ca cluster for propio-
system permease protein . . .
esC Adenosine 5-phospho- 13 nate catabolism (Diaz et al. 1998), and iclR, a repressor of
. the aceBA operon that mediates acetate utilization. Ac-
sulfate kinase . .
i o cordingly, the aceBA genes were strongly upregulated in E.
cysP Thlosglfate-blndmg 1.3 coli grown in DM (Table 3).
protein . In DM, rpoS, which encodes the RNA polymerase
phnM Phosphonate metabolism 12 sigma subunit regulating many cellular responses to en-
cysWm Sulfate transport system 1.2

permease W protein

vironmental stress (Hengge-Aronis 1993; Loewen and
Hengge-Aronis 1994), was strongly expressed (Table 5),



Table 5 Differential expression profile of genes involved in
information storage and processing in E. coli grown in DM and LB

operon

Gene ID Gene product Log?2 ratio
(DM/LB)

Transcription

cespG Homologue of Salmonella 3.5
cold shock protein

feaR Regulatory protein 24
for 2-phenylethylamine
catabolism

b1770 Putative DEOR-type 2.1
transcriptional regulator

rpoS RNA polymerase, sigma 1.7
S (sigma38) factor

yrbL ORF, hypothetical protein 1.6

cspH Cold-shock-like protein; 1.6
cold-shock protein

dsdC p-Serine dehydratase 1.5
transcriptional activator

nusA Transcription pausing; 1.5
L factor

rnc RNase III, ds RNA 1.4

narP Nitrate/nitrite response 1.3
regulator (sensor NarQ)

torR Response transcriptional 1.2
regulator for torA

ygeV Putative transcriptional 1.2
regulator

uhpA Positive activator of 1.1
uhpT transcription

psiF Induced by phosphate 1.1
starvation

ygeP OREF, hypothetical protein 1.1

VgRi ORF, hypothetical protein 1.0

yicA Putative 2-component 1.0
transcriptional regulator

hcaR Transcriptional activator -2.6
of hca cluster

ygilU Transcription regulator 2.1
containing HTH domain

ydeO Putative ARAC-type -1.8
regulatory protein

yghW Transcription regulator -1.8
containing HTH domain

ypdB Putative 2-component -1.7
transcriptional regulator

cadC Transcriptional activator -1.7
of cad operon

yqgel Putative sensory transducer -1.6

vgZi Transcription regulator -1.6
containing HTH domain

ydiP Putative ARAC-type -1.6
regulatory protein

iclR Repressor of aceBA -1.6

Table 5 (continued)
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Gene ID Gene product Log2 ratio
(DM/LB)

ybaD Predicted transcriptional -1.5
regulator

yjeT Putative NAGC-like -1.5
transcriptional regulator

flid Flagellar biosynthesis -1.4

b2635 Predicted transmembrane -1.4
transcriptional regulator

hcaR-r Transcriptional activator -1.4
of hca cluster

perR Putative transcriptional -1.3
regulator LY SR-type

yhcO Barstar, RNAse -1.3
(barnase) inhibitor

nhaR Transcriptional activator -1.3
of nhaA

gntRR Regulator of gluconate -1.2
(gnt) operon

yiaG Predicted transcriptional -1.2
regulator

vkgD Putative ARAC-type -1.2
regulatory protein

yejWw Putative LACI-type -1.2
transcriptional regulator

PSSR Regulator of pssA -1.2

fimZ Fimbrial Z protein; -1.1
probable signal transducer

paaX Phenylacetic acid-responsive -1.1
transcriptional repressor

vgJ Transcription regulator -1.1
containing HTH domain

vegW Putative transcriptional -1.1
regulator

lexA Regulator for SOS(lexA) -1.0
regulon

rhaR Positive regulator for -1.0
rhaRS operon

nusG Component in -1.0
transcription antitermination

DNA replication, recombination, and repair

vi91b IS911 hypothetical 1.9
protein (IS911B)

trs5 1 ISS transposases 1.4

yeaJ Putative polynucleotide 1.3
enzyme

dinJ Damage-inducible 1.2
protein J

recR Recombination and 1.2
repair

rnhB RNAse HII, 1.1
degrades RNA of
DNA-RNA hybrids

dnaX DNA polymerase III, 1.1

tau and gamma subunits
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Table 5 (continued)

Gene ID Gene product Log2 ratio
(DM/LB)

dnaQ DNA polymerase 11, 1.1
epsilon subunit

b0105 Transposase and -2.5
nactivated derivatives

fimB Regulator for fimA 2.2

b2596 Transposase and -2.0
inactivated derivatives

b1788 Transposase -1.9

lit Phage T4 late gene -1.8
expression

ynjG OREF, hypothetical -1.7
protein

intA Prophage CP4-57 -1.6
integrase

sbmC SbmC protein -1.6

nfi Endonuclease V -1.5
(deoxyinosine 3’endoduclease)

b0309 Transposase and -1.4
inactivated derivatives

b1903 Transposase -1.4

b2191 Transposase and -1.4
inactivated derivatives

alkB DNA repair system -1.2
specific for alkylated DNA

hupB-r DNA-binding protein -1.2
HU-beta, NS1 (HU-1)

recG DNA helicase, -1.2
resolution of Holliday
junctions

recN Protein used in -1.1
recombination and
DNA repair

b0165 Transposase and -1.1
inactivated derivatives

recA DNA strand exchange -1.1
and renaturation

yefH Mg-dependent DNase -1.0

seqA Negative modulator -1.0
of initiation of replication

Translation, ribosomal structure and biogenesis

tsf’ Protein chain elongation 1.4
factor EF-Ts

rsuAd 16S pseudouridylate 1.1
516 synthase

smpA Small membrane -1.6
protein A

lysU Lysine tRNA synthetase; -1.5
heat shock protein

rplS 50S ribosomal subunit -1.1

protein L19

in agreement with the reports of Tao et al. (1999) and Wei
et al. (2001), and suggests that RpoS regulation may be
important not only during the transition between the ex-
ponential and stationary phases, but also in the early and
late logarithmic phases. Other genes that exhibited upregu-
lation in DM were narP, a nitrate/nitrite response regulator
belonging to the LuxR/UhpA family of the two-compo-
nent regulatory system controlling the expression of several
genes involved in anaerobic fermentation and respiration
(Rabin and Stewart 1993), and uhpA of the two-compo-
nent regulatory system UhpB/UhpA, involved in the up-
take of hexose phosphates (Dahl et al. 1997).

Discussion

Rapid screening for microorganisms exhibiting specific
patterns of gene expression and protein production is crit-
ical for progress in microbiology, biotechnology, and the
pharmaceutical industry. We used a novel microbioreactor
platform that is scalable and has the advantage of providing
real-time data on bacterial growth parameters for ODgqo,
pH, and DO. E. coli cultures grown in this microbioreactor
platform exhibited growth patterns that are comparable
with those from bench-scale 500-ml bioreactors (Zanzotto
et al. 2004). Microbioreactors have the potential to provide
much of the data and functionality that a large bioreactor
system does, while offering the advantages of scale for
high-throughput processes. Also, the use of microbioreac-
tors is of increasing value, since recent advances in
molecular biology make it possible to create large numbers
of evolved biocatalysts, new pathway designs, and to dis-
cover a variety of unique biological organisms from diverse
sources. It is likely that microbioreactors with integrated
sensors and actuators will be the driving force behind re-
search in high-throughput screening for general biological
research.

Our aim was to demonstrate that the microbioreactor
platform we had previously described (Zanzotto et al. 2004)
can be used not only to grow potentially large numbers of
microbial strains to study their physiology, but also to link
this real-time information to global gene expression anal-
ysis. To this end, we performed a microarray analysis on
500 ng of total RNA from E. coli cultures grown in LB
medium and in minimal medium (DM) in an instrumented
50-pl bioreactor, using the RLS system for cDNA labeling.
Two previous studies (Tao et al. 1999; Wei et al. 2001)
reported microarray analysis on E. coli MG1655 grown in
rich and minimal media in 50-ml batch culture in 250-ml
Erlenmeyer flasks. The two studies then used different
methods for microarray analysis. Tao etal. (1999) used 1 pg
of total RNA (with 32P-dCTP to label cDNA) and Nylon
DNA arrays; and Wei et al. (2001) used 6 pg of total RNA,
Cy3 and Cy5 fluorophores to label cDNA, and printed
microarrays with PCR-amplified ORFs.

The two studies reached similar general conclusions
indicating that, in E. coli grown in minimal medium, met-
abolic genes for processes such as amino acid biosynthesis



and energy production and conversion are upregulated,
while in cultures grown in rich medium, genes involved in
translation and ribosome structure and biogenesis are stim-
ulated. These results confirm general predictions that bac-
teria grown in minimal media must generate the monomers
needed to build macromolecules de novo, whereas in con-
ditions that support rapid growth they increase the assem-
blage of ribosomes and translation factors de novo.

In our miniaturized system, we found that E. coli grown
in minimal medium, with glucose as sole carbon and energy
source, upregulated a large number of genes involved in
amino acid biosynthesis, energy production, and energy
conversion. This parallels the two large-scale studies de-
scribed above, in which threonine, phenylalanine, leucine,
serine, tryptophan, isoleucine/valine, and histidine biosyn-
thesis genes were over-expressed. Other similarities in-
cluded the overexpression of acedB, involved in acetate
metabolism, and 7poS, a global gene expression regulator.
Several additional genes that were upregulated in minimal
medium in our microbioreactors were also upregulated
in minimal medium in at least one of the two studies
mentioned.

However, we found some differences with reported
results (Tao et al. 1999; Wei et al. 2001) in the gene
expression profiles of E. coli cultures grown in LB. One was
the clear upregulation of genes for chemotaxis and motility
in our system. Our result was, however, expected since E.
coli is motile in LB but not in minimal medium due to
catabolite repression by glucose (sole carbon source) in the
medium (Silverman and Simon 1974). Also in our study, we
did not observe large differences between cells grown in LB
versus DM in their expression of the genes for transla-
tional apparatus, ribosomal structure, and biogenesis. This
dissimilarity with previous reports may be attributable to dif-
ferences in growth and analytical conditions, such as me-
dium composition, phase of physiological growth at which
cells were harvested, type of microarray platform used, etc.
It could also be due to the cDNA labeling system that we
used. At the time of our investigations, the RLS system had
proven to be sufficiently sensitive to obtain gene expression
profiles of human genes (Bao et al. 2002) and we were
among the first to apply it to bacterial cultures. In a more
recent study, the RLS system was used to efficiently detect
bacterial cultures down to 10° cells (Francois et al. 2003). In
our experiments with RLS, we found some variability be-
tween replicates. Also, we were not able to confirm all of
our results in dye-swap experiments (data not shown) and
excluded these data from the analysis. We believe that these
difficulties may be due to the facts that: (1) we were using
much more complex arrays than Francois et al. (2003), who
tested a limited number of ORFs and used a single RLS
label (gold), and (2) the RLS system may require opti-
mization to perform a global gene expression analysis.
Nevertheless, it was useful in our proof of concept study of
cDNA arrays from small volume bacterial cultures.

In summary, we have shown that microbioreactors can be
used to reproducibly grow bacterial cultures, we have
developed protocols to isolate high-quality total RNA from
small volumes of cultures grown in microbioreactors, and
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we have performed differential gene expression analysis in
E. coli grown under two different conditions in microbio-
reactors equipped with real-time monitoring of growth pa-
rameters. In general, E. coli exhibited gene expression
profiles that were predicted for growth under the conditions
tested, essentially in agreement with data from 1,000-fold
larger culture volumes.

The ability to obtain reliable data from 50-pl cultures
demonstrates that, in the future, rapid screening of meta-
bolic and genomic data will be possible with the use of
scalable microbioreactor platforms and improvements in
technology that increase the sensitivity of microarrays.
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