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DNA microarray technology was applied to detect differential transcription profiles
of a subset of the Escherichia coli genome. A total of 111 E. coli genes, including those
in central metabolism, key biosyntheses, and some regulatory functions, were cloned,
amplified, and used as probes for detecting the level of transcripts. An E. coli strain
was grown in glucose, acetate, and glycerol media, and the transcript levels of the
selected genes were detected. Despite extensive studies on E. coli physiology, many
new features were found in the regulation of these genes. For example, several genes
were unexpectedly up-regulated, such as pps, ilvG, aroF, secA, and dsbA in acetate
and asnA and asnB in glycerol, or down-regulated, such as ackA, pta, and adhE in
acetate. These genes were regulated with no apparent reasons by unknown mecha-
nisms. Meanwhile, many genes were regulated for apparent purposes but by unknown
mechanisms. For example, the glucose transport genes (ptsHI, ptsG, crr) in both acetate
and glycerol media were down-regulated, and the ppc, glycolytic, and biosynthetic genes
in acetate were also down-regulated because of the reduced fluxes. However, their
molecular mechanisms remain to be elucidated. Furthermore, a group of genes were
regulated by known mechanisms, but the physiological roles of such regulation remain
unclear. This group includes pckA and aspA, which are up-regulated in glycerol, and
gnd and aspA, which are down- and up-regulated, respectively, in acetate. The DNA
microarray technology demonstrated here is a powerful yet economical tool for
characterizing gene regulation and will prove to be useful for strain improvement and
bioprocess development.

Introduction
Understanding how genes work at the genomic scale

is essential for biotechnological research and application.
Achieving this goal involves genome sequencing and
determining the role of each gene in the cell. Recent
development of DNA or oligonucleotide microarray tech-
nology has accelerated the investigation of gene regula-
tion. By hybridization with labeled mRNA, cDNA, or
chromosomal DNA, arrayed PCR products or oligonucleo-
tides on a substrate, such as membranes, glass slides,
or silicon chips, have been successfully used for monitor-
ing transcript levels (1), single nucleotide polymorphism
(2), or genomic variations between different strains (3).
One of the most significant applications of this technique
is the gene expression profiling at the whole genomic
scale. The expression levels of the whole 6400 genes in
the Saccharomyces cerevisiae genome have been detected
successfully with either DNA or oligonucleotide micro-
array technology (4-7). The technique has also been used
to investigate physiological changes of human cells, such
as the aging process (8), or the response of fibloblasts to
serum stimulation (9).

The impact of this technology in biotechnology would
be tremendous, because most problems in this field call
for knowledge of global regulation, which can be studied
efficiently using this technology. As illustrated in S.
cerevisea, cell metabolism adapts to the environment
during growth in a chemostat culture (7). The transcript

levels of approximately 10% of the genes were changed
more than 2-fold after 250 generations in the fermentor.
In addition to analyzing the physiological changes,
detecting the effects of gene structure changes using the
microarray technique are expected to improve the speed
of strain development (10).

Despite its potential, the application of microarray
technology in Escherichia coli, one of the most common
industrial microorganisms, has just begun (11). Because
of the cost, we limit our attention to genes that are most
relevant to metabolic engineering applications. In this
work, we arrayed 111 E. coli genes, which include genes
in glycolysis, pentose pathway, the tricarboxylic acid
(TCA) cycle, key biosynthetic pathways, and selected
regulatory and protein processing genes. These genes
were cloned to a common vector, and amplified by
polymerase chain reaction (PCR) using a pair of vector-
specific primers before arraying onto glass slides. The
differential transcription levels of these genes in a
common E. coli strain (MC4100) were monitored during
the exponential growth phase in a minimal medium using
glucose, glycerol, or acetate as the carbon source. Results
show many new regulatory features within the subset of
the genome and support the utility of DNA microarrays
for sub-genomic applications.

Materials and Methods
Strains. E. coli MC4100 (F- araD139 (argF-lac) U169

rpsL150 relA1 flb5301 deoC1 ptsF25 rbsR) was used for
monitoring the transcription levels. XL1-Blue (Strat-
agene, La Jolla, CA) was used for cloning of E. coli genes
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in pBluescript II KS+ (Stratagene). The strain MC4100
was grown in â-galactosidase minimal medium (con-
tained per liter: KH2PO4, 5.44 g; K2HPO4, 10.49 g;
(NH4)2SO4, 2 g; MgSO4‚7H2O, 0.05 g; MnSO4‚H2O, 5 mg;
FeSO4‚7H2O, 0.125 mg; CaCl2, 0.5 mg) with a concentra-
tion of 40 mM of the specified carbon source prepared as
previously described (12).

Cloning and Arraying of E. coli Genes. A total of
111 genes (shown in Figure 3 and legend) in glycolysis,
TCA cycle, pentose phosphate pathway, fermentation,
heat shock regulon, and selected biosynthetic pathways
were amplified from the E. coli chromosome with the
predesigned E. coli PCR primer pairs (Genosys, The
Woodlands, TX) or with custom-designed primers (syn-
thesized by Genosys) by taq polymerase from Promega
(Madison, WI). Unpurified E. coli chromosome from
MC4100 was used as the template for PCR. The products
were cloned, directly or after purification using QIAquick
PCR purification kit (Qiagen, Valencia, CA), to pBlue-
script II KS+ (Stratagene) by the T-A cloning method
(13). The T-A cloning vector was made by digesting
pBluescript II KS+ with EcoRV followed by adding T to
the blunt ends using taq polymerase and dTTP. Plasmids
containing the desired insert were selected by blue/white
screening on 5-bromo-4-chloro-3-indolyl-â-D-galactosidase
(X-gal) plates and by checking plasmid sizes with the
Quick-Check method (14). The resulting plasmids were
used as templates for further PCR amplification of the
inserted genes. The PCR was conducted in a volume of
100 µL with pBluescript II KS+ specific primers (Geno-
sys), 5′-CAATTAACCCTCACTAAAGGGAACA-3′ and 5′-
GTAATACGACTCACTATAGGGCGAATTGG-3′. These
amplified DNA fragments were checked by size using
agarose gels, precipitated with ethanol, and dissolved in
15 µL of 350 mM sodium bicarbonate/carbonate buffer
(pH ) 9.0). The resulting gene probes were arrayed on
silylated slides (PGC Scientific, Gaithersburg, MD) using
a robotic arrayer according to the protocol described
previously (15). Three genes, fadA and mvaA from
Archaeoglobus fulgidus and cDNA of HMG-CoA synthase
from Blatella gernamica, were cloned in the same manner
and arrayed as controls. The distances between spots
were 0.4 mm, and each gene probe was duplicated on the
same slide.

RNA Purification and Labeling. E. coli total RNA
was purified from 1 × 109 cells by RNeasy Midi Kit from
Qiagen. The purified RNA solution was incubated at 37
°C with 100 units of DNase (Gibco BRL, Rocksville, MD)
and 40 units of RNAsin (Promega) for 30 min, extracted
with phenol/chloroform, and then precipitated with etha-
nol. After being dissolved in 10-20 µL of RNase-free
water, 80 µg of total RNA was subjected to labeling,
which occurred during reverse transcription with 200
units Superscript RNase H- reverse transcriptase (Gibco
BRL). The mixture of 111 C-terminal E. coli primers were
used as primers and 0.5 mM dATP, dTTP, dGTP, 0.2 mM
dCTP, and 0.1 mM Cy-3 or Cy-5 dCTP (Amersharm
Pharmacia, Piscataway, NJ) were used as monomers for
reverse transcription. After reverse transcription, RNA
was degraded by incubation at 65 °C for 40 min with 10
µL of 1 N NaOH. The resulting labeled cDNA was diluted
with 60 µL of TE buffer (pH ) 8.0). The Cy-3 and Cy-5
labeled cDNA solutions were mixed and then concen-
trated to 1-2 µL by Micron-50 from Millipore (Bedford,
MA).

Hybridization and Scanning. Before hybridization,
the slide was hydrated over 55 °C water for 5 s, snap
dried on a 100 °C heating block, and cross-linked by UV
light using the Stratalinker (Stratagene, La Jolla, CA).

The slide was washed in 0.1% SDS solution and then in
distilled water. The PCR products on the slide were
denaturated in 95 °C water for 1 min, followed by quick
desiccation in -20 °C ethanol, and air-dried. The slide
was prehybridized with 10µL of 50% formamide, 5X SSC,
0.1% SDS, 1X Denhardt’s solution, and 0.2 mg/mL
salmon sperm DNA.

The concentrated Cy-3 and Cy-5 cDNA was resus-
pended in 10 µL of 50% formamide, 3X SSC, 1% SDS,
5X Denhardt’s solution, 6% dextran sulfate, 0.15 mg/mL
salmon sperm DNA and 0.075 mg/mL yeast total RNA.
The labeled cDNA was denaturated at 95 °C for 3 min
and then quickly chilled on ice. The cDNA was placed
on the slide and covered by HYBRISLIP (PGC Scientific).
The slide was assembled in the hybridization chamber
(Corning, Charlotte, NC), and hybridization occurred for
14-20 h at 42 °C. The hybridized slide was washed in
2X SSC, 0.1% SDS for 5 min at room temperature, then
0.2X SSC for 5 min prior to scanning.

Hybridized slides were dried by spinning and scanned
with a custom-built two-color laser scanning fluorimeter,
and the scanned images were analyzed with the program
Imagene (Biodiscovery, Santa Monica, CA). The bright-
ness of each spot was normalized by the ratio of total
intensities of Cy-3 and Cy-5 signals.

Results and Discussion

Cloning of Metabolic Genes. A total of 111 E. coli
genes involved in central catabolic pathways, main
biosynthesis, and key regulatory mechanisms were cho-
sen for studying differential gene expression in different
carbon sources. Initially, the genes were PCR-amplified
from the E. coli chromosome using commercially avail-
able primer pairs. However, about 10% of the primers
did not yield the desired products, while others yielded
uneven amounts of PCR products, which may skew the
result of hybridization. To alleviate this problem and to
reduce the future cost of PCR primers for individual
genes, we cloned all of these genes to a common cloning
vector, pBluescript II KS+ (Stratagene). To do so, we
used the successful commercial primers and redesigned
the unsuccessful primers to amplify these genes. After
purification, these PCR products were ligated to the
EcoRV site of the cloning vector. The genes were then
reamplified from the plamids using a pair of plasmid-
specific primers. The resulting PCR products were uni-
form in quantity and quality. These PCR products were
arrayed on glass slides for hybridization experiments.

Gene Expression Profiling of E. coli in Different
Carbon Sources. The expression levels of metabolic
genes were monitored when E. coli MC4100 was grown
in minimal media with three different carbon sources,
glucose, glycerol, and acetate. The glucose culture was
used as a reference for comparison. The organism was
cultured to the mid-exponential phase (OD 0.5-0.7 at 550
nm) in shake flasks at 37 °C for several generations,
quickly chilled on an ethanol/dry ice bath, and centri-
fuged for RNA purification. The RNA of the cells cultured
in glycerol and acetate medium were labeled with Cy-3
dCTP during reverse transcription, while RNA from the
glucose culture was labeled with Cy-5 dCTP. Each Cy-3
labeled cDNA was cohybridized with Cy-5 labeled cDNA
on the same slide. Images for the microarray were
scanned at two different wavelengths, 570 nm for Cy-3
fluorescence and 670 nm for Cy-5. The ratio of Cy-3 and
Cy-5 intensities for a spot was normalized with the ratio
between the total Cy-3 and Cy-5 intensities on the slide.
The final results represent the ratios of transcript
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abundance in glycerol (or acetate) medium relative to the
glucose medium.

Each experiment was repeated twice, and each slide
had duplicated spots for each gene. Therefore four data
sets were generated for each condition. Figure 1 shows
comparisons of the repeated or duplicated experimental
data. The consistency of these results was very good
within the same slide (Figure 1a), and slightly degener-
ated between slides (Figure 1b). The four data sets were
averaged geometrically to compare the expression levels
of genes in different carbon sources.

The histograms of transcript level changes (Figure 2)
demonstrated that in general the gene expression profile
changed more significantly from glucose to acetate media
and changed moderately from glucose to glycerol. Com-
pared to the transcript abundance in glucose, 8 out of
111 genes in glycerol were up-regulated more than 2-fold,
while 4 were down-regulated more than 2-fold. In com-
parison, in the acetate medium, 14 genes were up-
regulated more than 2-fold, whereas 32 genes were down-
regulated more than 2-fold. Overall, most biosynthetic
genes were down-regulated in both glycerol and acetate
media, while TCA cycle genes were up-regulated in both
media (Figures 2a and 2b). The glycolytic genes were
roughly unchanged in the glycerol medium but decreased
in the acetate medium (Figures 2a and 2b).

Glycolysis. Most glycolytic genes were thought to be
unregulated, with expression levels varying less than
2-fold (16). However, the results showed that the tran-
script abundance of several glycolytic genes (pgi, pfkA,
fba, tpiA, gapA, pgk, eno, pykF, and ppc) were decreased
2- to 6-fold in the acetate medium compared to those in
the glucose medium (Figure 3a). From a flux regulation
standpoint, the decreases were not surprising, because
these genes were not used as much in acetate. The first
seven of these genes catalyze reversible reactions. Their
down-regulation may reduce the flux in the gluconeogenic
direction, which is much smaller than the glycolytic flux
during growth in glucose. The down-regulation of pykF,
but not pykA (Figure 3a), suggests that these two
isoenzymes were differentially regulated. Indeed, pykF,
but not pykA, has been suggested to be regulated by FruR
(17), a global regulatory gene.

The ppc gene was down-regulated almost 3-fold in the
acetate medium (Figure 3a). Although the regulation of
this gene has not been reported, this result is consistent
with the direction of the metabolic flux. During growth
in acetate, the carbon flux is from oxaloacetate (OAA) to
phoephenolpyruvate (PEP), which is catalyzed by pckA.
In fact, the pckA gene was up-regulated more than 4-fold.
High-level expression of both ppc and pckA led to futile
cycling (18), which results in an energy waste. It is thus
consistent with down-regulated ppc during growth in
acetate. The underlying molecular mechanism, however,
remains to be determined.

In contrast, the glycolytic genes were not affected
significantly during growth in glycerol. The only gene
that was significantly affected was pykA (Figure 3c).
When E. coli is cultured in glycerol, the flux from PEP
to pyruvate is mediated by pyruvate kinases rather than
the phosphotransferase system (PTS). Therefore, it is
reasonable to expect that one of the pyruvate kinase
genes is up-regulated to satisfy the greatly increased
demand for pyruvate kinase. The pykA gene, rather than
pykF, apparently serves this role. PykF is activated at
the protein level by 1,6-fructose diphosphate (F1,6P),
whose concentration is present at a relatively low level
(19) and is not a good indicator for the metabolic state
during growth in glycerol. Therefore, pykF may not be
very active. PykA, on the hand, is activated by AMP, and
its activity can still be regulated at the protein level.
Therefore, pykA is a better choice during growth in
glycerol.

The glucose transport genes ptsHI, crr, and ptsG were
all down-regulated by 2- to 4-fold during growth in either
acetate or glycerol, compared to glucose. This was
consistent with previous observations (20). Even though
ptsHI and crr are in the same operon, they are differen-
tially regulated through different promoters (21).

Pentose Pathway. The pentose pathway genes were
not regulated significantly in the media tested. An
exception is the gnd (coding for 6-phosphogluconate
dehydrogenase) gene, which is known to be under the
control of growth rate (22). Thus, their transcription rates
relative to other genes are proportional to the growth rate
supported by the media. As expected, we observed that
the gene was down-regulated more than 3-fold during
growth in acetate (Figure 3a) in accordance with the
growth rate decrease from 0.99 to 0.30 h-1. However, the
regulation was less significant in the glycerol medium
because the growth rate in glycerol was only 30% lower
(0.69 h-1) than that in glucose.

Gluconeogenic Genes. The pckA gene was up-
regulated 4- and 3-fold in acetate and glycerol, respec-
tively, compared to that in glucose. This up-regulation

Figure 1. Comparison of the transcript ratios (a) detected by
the duplicated spots on the same slide or (b) detected in different
slides. The black dots are the results of the comparison between
cells cultured in glycerol and glucose media, and the red dots
are comparison between cells in acetate and glucose media. Each
pair of data was plated on the figure. If the data were completely
reproducible, they will fall on the 45° line.
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was expected in acetate because of the need for metabolic
flux from oxaloacetate (OAA) to phosphoenolpyruvate
(PEP). However, the up-regulation in glycerol was un-
expected, as the flux in the Pck-mediated reaction is not
needed. It is possible that pckA is induced gratuitously
by the increased cAMP (23) during growth in glycerol.

The pps gene was up-regulated 10-fold during growth
in acetate but was almost unchanged during growth in
glycerol. The up-regulation in acetate was surprising, as
the pps gene was not required for growth under this
condition. The gluconeogenic flux was expected to be
mediated by PckA (24). Therefore, it is possible that at
least one of the malic enzymes, which catalyze the
transformation from malate to pyruvate, was also up-
regulated, so that part of the gluconeogenic flux was
carried by the malic enzyme-Pps path.

Fermentative Genes. Among the fermentation genes,
the regulation of pta and ackA was most interesting.
These genes were thought to be involved in both acetate
synthesis and consumption and constitutively expressed
in the cell (25). They are present in the same operon but
are regulated differentially through different promoters
(26). During growth in glycerol, ackA was down-regulated
by almost 3-fold. This result is consistent with the
observation that acetate production during growth in

glycerol is much lower than in glucose (24). However,
during growth in acetate, both pta and ackA were down-
regulated. This result suggests that other gene(s) may
be responsible for acetate uptake and consumption dur-
ing growth in acetate. Indeed, the acs gene (coding for
acetyl-coA synthetase) may play such a role.

The intermediate of this pathway, acetyl phosphate,
is known as an important metabolite involved in global
regulation of metabolism (27). The 3-fold down-regulation
of ackA in the glycerol medium was in stark contrast to
the 30% down-regulation of the pta gene. The relatively
small change of the latter may ensure the production of
acetyl phosphate for regulatory purposes.

The pflBD (encoding for pyruvate formate-lyase I and
II, respectively) transcripts were not changed much in
either media, although this fermentative pathway was
not used when growing in acetate aerobically (28). This
result suggests that the main control for switching
between growth in glucose and acetate media may be at
the posttranscriptional level. Indeed, pyruvate formate-
lyase I is known to be interconverted between the active
and inactive forms by an activase (29) and deactivase
(30). These regulations may serve as the main control

Figure 2. The histograms of the expression level ratios of the genes tested in (a) acetate and (b) glycerol media compared to those
in glucose medium. These figures show the number of genes that exhibited a certain level of transcriptional regulation. The culture
in glucose was used as a reference (the denominator in the transcript ratio). The histograms were plotted for all 111 genes together
and for each individual pathway. PPP stands for pentose phosphate pathway.
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Figure 3. The transcript levels of (a) central metabolic pathway genes and (b) biosynthetic pathway genes in acetate and (c and d)
in glycerol relative to those in glucose. Five additional genes (gpm, manA, pdhR, sspA, cobT) were monitored but were not included
in the figure because they did not show significant differences under the experimental conditions and their physiological roles are
not as important. The abbreviations are glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-phosphate (F1,6P),
glyceraldehyde-3-phosphate (G3P), 3-phosphoglycerate (3PG), phosphoenolpyruvate (PEP), pyruvate (PYR), acetyl-CoA (AcCoA), acetyl
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Figure 3. (continued) phosphate (Ac-P), isocitrate (ICT), R-ketoglutarate (KG), succinate (SUC), oxaloacetate (OAA), 6-phospho-
gluconate (6PGnt), ribulose-5-phosphate (Ru5P), ribose-5-phosphate (R5P), xylulose-5-phosphate (X5P), erythrose-4-phosphate (E4P),
chorismate (Chor), ubiquinone (UQ), isopentenyl diphosphate (IPP), trans-octaprenyl diphosphate (OPP), and undecaprenyl
diphosphate (UPP). Other metabolite symbols are three letter symbols for amino acids. Symbols for genes inside the boxes follow the
E. coli K-12 linkage map. Red color represents increases greater than 2-fold, and green represents decreases greater than 2-fold.
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during the carbon source switching. Thus, it is not
surprising that the transcriptional regulation was insig-
nificant.

TCA Cycle. Most TCA cycle genes were up-regulated
by 2- to 6-fold in the acetate medium. This up-regulation
was expected since growth in acetate must be supported
by aerobic metabolism. In addition, the glyoxylate shunt
was increased by 20-fold, as this pathway was absolutely
essential for growth in acetate and is highly regulated
(31). The TCA cycle genes were also up-regulated in
glycerol compared with cells cultured in glucose. These
genes are known to be regulated by several regulators,
such as cAMP-CRP, ArcA, and Fnr (32). Among these
regulators, it is likely that the observed up-regulation
in acetate and glycerol was mediated by cAMP-CRP, as
cAMP level should be increased in nonglucose media.

To check the reliability of the microarray data, the
transcript levels of six TCA cycle genes (sucA, mdh, gltA,
sdhC, fumA, fumC) were compared with literature data
that used lacZ transcriptional fusion for monitoring
expression levels (Figure 4) (12, 33-36). Results showed
that the microarray data were reasonably consistent with
the data from the reporter genes, considering that the
two approaches reported different information. The mi-
croarray data reflects the relative abundance of the
transcript, which is influenced by both the transcriptional
activity and the mRNA stability. The lacZ-reporter
system, however, detects the integral of the transcrip-
tional activity, assuming that the â-galactosidase protein
is stable and the lacZ mRNA stability is constant. It
should be noted that the reporter gene system cannot
reflect the stability of the target mRNA. The largest
deviation was seen in sdhC, which may suggest dif-
ferential transcript stability between the reporter system
and the native sdhC transcript.

Major Biosynthetic Pathways. The most striking
result was the 30-fold increase in the ilvG transcript

abundance in acetate compared with that in glucose
(Figure 2b). The ilvG gene, which is responsible for the
synthesis of isoleucine, is regulated by many factors, such
as IHF, ppGpp, isoleucine, and valine (37). The reason
for this up-regulation was not immediately apparent.
This gene was only mildly up-regulated (by about 2-fold)
in glycerol media.

Most other biosynthetic genes were either decreased
or insignificantly changed. The expression levels of 50%
(18/36) of biosynthetic genes were decreased more than
30% in the glycerol medium (Figure 2b), reflecting the
low growth rate which requires less fluxes to the biosyn-
thetic monomers. Similarly, 80% (28/35) of biosynthetic
genes were down-regulated to the same level in acetate
media (Figure 2a). However, the expression levels of asnA
(coding for the ammonia-dependent asparagine syn-
thetase) and asnB (coding for the glutamine-dependent
asparagene synthtase) were increased 3- and 2-fold,
respectively, in the glycerol medium (Figure 3d) but were
decreased 3- and 2-fold, respectively, in the acetate
medium (Figure 3b). The transcript levels of these genes
were changed in the similar way, although they are not
in the same operon. This result suggests that they may
serve the same purpose under these conditions. Since
both genes can be induced by limitation of asparagine in
the medium, it was possible that asparagine was limiting
when the cells were grown in glycerol. However, supple-
menting asparagine in the glycerol medium did not
increase the growth rate of the organism (data not
shown). Therefore, the asparagine limitation hypothesis
was not sustained.

The aspA gene was up-regulated in both glycerol and
acetate. This result is consistent with the finding that
aspA is under the control of catabolite repression (38).
Therefore, it is de-repressed in media without glucose.
However, the metabolic role of this gene in glycerol and
acetate media is unclear.

The aroF (encoding 3-deoxy-D-arabino-heptulosonate-
7-phosphate synthase) gene increased slightly in the
glycerol medium but significantly in the acetate medium.
Both aroF and tyrB are known to be induced during
tyrosine starvation (39). However, tyrB is either down-
regulated slightly or insignificantly changed. These
results suggest that additional regulation exists for aroF
transcription.

Regulatory Genes. The transcript levels of rpoE and
rpoH (encoding σE and σ32, respectively) were decreased
2- to 3-fold in either acetate or glycerol. However, the
transcript levels of heat shock genes (dnaKJ, grpE,
mopA, htpG, lon) were unchanged in both media. Since
the heat shock gene expression is largely proportional
to the amount of σ32, the constant heat shock gene
expression implies that the level of σ32 activity remains
constant despite its down-regulation at the transcript
level. The level of σ32 is known to be regulated at multiple
stages, including translational efficiency and protein
stability (40, 41). It is likely that such posttranscriptional
regulations of σ32 are significant in these conditions. The
lon gene, coding for a heat-shock protease, was not
significantly changed in either glycerol or acetate media,
suggesting that protein degradation rate may remain
unchanged in these media.

The expression levels of the genes for protein secretion
and disulfide bond formation, secA, lepB, and dsbA, were
decreased 2- to 3-fold in acetate. This result suggests that
acetate accumulation, which is commonly observed in
protein production in E. coli, may reduce the activity for
protein secretion and disulfide bond formation.

Figure 4. The comparison of transcript level changes detected
by DNA microarrays and by lacZ operon fusions. The DNA
microarray data are the geometric averages of four data for each
gene with standard deviations. The increases of the gene
expression levels in (a) acetate and (b) glycerol are compared
to those in glucose. The lacZ fusion data were taken from the
literature (12, 33-36), and the ratios were calculated from these
data.
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Comparison between Transcript Levels and
Fluxes. It is known that metabolic flux ratios change
significantly between cells grown in different carbon
sources, particularly between glycolytic and gluconeo-
genic substrates. Although DNA microarray technology
does not detect any regulation at the translational or
posttranslational level, with a few well-characterized
exceptions, the transcriptional regulation is the main
mode of regulation in E. coli. Comparing the transcript
profiles and the flux distribution showed that there was
only a qualitative correlation between changes in fluxes
and transcript levels, and many exceptions existed (Table
1). In glycerol, the TCA cycle fluxes increased by 30-
70% (24), and similar changes in transcript levels were
observed, except that gltA, sucA, and fumA increased
much more (about 3-fold). The flux catalyzed by the
pyruvate kinases was increased more than 3-fold (24),
which was supported by the pykA up-regulation. The
glycolytic fluxes decreased by about 30%, but the tran-
script levels were almost unchanged.

In acetate, most glycolytic genes catalyze the flux in
the gluconeogenic direction. This gluconeogenic flux is
much smaller than the glycolytic flux when the cells were
grown on glucose. The transcript levels of these genes
did qualitatively reflect such changes. The TCA cycle flux
increased significantly, and so did the transcript levels
of the TCA cycle genes. As discussed above, the pps gene
was not known to support E. coli growth in acetate, and
thus the flux mediated by this gene was calculated to be
zero. However, its transcript level increased by 10-fold,
suggesting an unknown role of this gene during growth
in acetate.

This comparison shows that transcript levels cannot
be used to infer fluxes in a quantitative manner. How-

ever, changes in transcript levels reveal the existence of
significant regulation and suggest possible strategies of
genetic modification.

Conclusion
This work demonstrates the utility of the DNA micro-

array technology in studying regulation of gene expres-
sion. Complete analysis of the data requires a statistical
model, which is currently under development. Therefore,
relatively large (2-fold) and consistent changes were used
as criteria for analysis. As discussed above, many genes
are regulated either by unknown mechanisms or for
unknown functions. Table 2 categorizes the genes that
are differentially regulated in different media according
to the knowledge of their mechanisms and functions.
Surprisingly, despite the extensive work on E. coli
physiology in different carbon sources, still many genes
are regulated for unknown purposes by unknown mech-
anisms. For example, several genes were unexpectedly
up-regulated, such as pps, ilvG, aroF, secA, and dsbA in
acetate and asnA and asnB in glycerol, or down-
regulated, such as ackA, pta, and adhE in acetate,
without apparent reasons. Meanwhile, many genes are
regulated for apparent purposes but by unknown mech-
anisms. For example, the down-regulations of PTS genes
in both acetate and glycerol media and down-regulations
of glycolysis and biosynthesis genes in acetate could be
explainable by the flux requirement, but further inves-
tigation for the molecular regulatory mechanisms is
needed. Furthermore, there exists a group of genes whose
regulation can be attributed to known mechanisms, but
the physiological roles of such regulation remain unclear.
This group includes pckA and aspA, which are up-
regulated in glycerol, and gnd and aspA, which are down-
and up-regulated, respectively, in acetate.

Apparently, much more remains to be learned regard-
ing E. coli physiology. Before complete understanding of
regulation, flux analysis based only on pathway stoichi-
ometry needs to proceed with caution. The technology
demonstrated here provides a powerful yet economical
tool for characterizing different strains under various
conditions. It may prove to be useful for strain develop-
ment, process diagnosis, and process monitoring in
bioreactors.
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Table 1. Comparison between Fluxes and Transcript
Levels of E. coli Cultured in Glycerol and Acetate
Compared to Those in Glucosea

glycerol vs glucose acetate vs glucose

gene flux ratio transcript ratio flux ratio transcript ratio

pgi -0.08 0.9 -0.05 0.5
pfkA -0.08 0.9 -0.05 0.3
pfkB -0.08 1.0 -0.05 1.0
fbp b 0.9 b 2.0
fba -0.08 1.0 -0.05 0.3
tpiA 1.60 0.9 -0.05 0.3
gap 0.66 1.2 -0.09 0.4
pgk 0.66 1.2 -0.09 0.3
gpmA 0.65 0.9 -0.14 0.8
eno 0.65 0.8 -0.14 0.2
pykA 3.48 2.1 0.00 1.0
pykF 3.48 0.8 0.00 0.5
pps b 0.9 0.00 10
pflB 0.61 1.5 0.00 1.1
pflD 0.61 1.0 0.00 0.9
lpdA 0.61 0.7 0.00 0.6
ppc 0.74 0.9 b 0.4
pckA b 3.0 0.93 4.2
gltA 1.39 3.6 4.30 4.5
acnA 1.39 1.9 4.30 1.9
acnB 1.39 1.4 4.30 3.9
icd 1.39 1.2 2.93 1.4
sucA 1.66 3.8 3.96 5.7
sdhC 1.66 1.4 5.90 2.1
fumA 1.66 2.6 5.90 5.4
fumC 1.66 1.5 5.90 4.7
mdh 1.66 1.9 5.90 4.0

a Metabolic fluxes were taken from the literature (24) and
expressed as the ratio between the glycerol (or acetate) culture
and the glucose culture. The negative flux ratios represent fluxes
occur in opposite directions. b Flux cannot be separated from the
reverse reaction catalyzed by another enzyme.

Table 2. Genes Differentially Regulated in Acetate and
Glycerol Compared to Glucosea

(a) Acetate/Glucose

mechanism

function known unknown

known TCA cycle, pckA PTS, ppc, glycolysis,
biosynthesis genes

unknown aspA, gnd pta.ackA, adhE, pps,
ilvG, aroF, secA, dsbA

(b) Glycerol/Glucose

mechanism

function known unknown

known TCA cycle (gltA, sucA,
fumA), pykA

ptsG, crr ackA

unknown pckA, aspA asnA, asnB
aThe genes are divided into four groups according to the

knowledge of their mechanisms and functions.
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