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The gene expression profiles of Escherichia coli strains grown anaerobically with or without Acacia mearnsii
(black wattle) extract were compared to identify tannin resistance strategies. The cell envelope stress protein
gene spy and the multidrug transporter-encoding operon mdtABCD, both under the control of the BaeSR
two-component regulatory system, were significantly up-regulated in the presence of tannins. BaeSR mutants
were more tannin sensitive than their wild-type counterparts.

Condensed tannins, or proanthocyanidins, are common sec-
ondary metabolites of plants, consisting of flavonol polymers
(17). High concentrations of tannins in fodder plants inhibit
gastrointestinal bacteria (6, 9, 10, 20) and reduce animal per-
formance (9, 18, 21, 23). Numerous mechanisms of how
tannins may inhibit bacteria have been proposed, including
tannin-polymer complexation, tannin-induced membrane dis-
ruption, and metal ion chelation (22). Despite the antimicro-
bial activities of tannins, many tannin-resistant bacteria have
been isolated. However, the mechanisms behind this resistance
are still unknown (22). Gram-negative bacteria may be less
sensitive to the inhibitory effects of tannins, as gastrointestinal
bacterial populations shifted toward gram-negative Enterobac-
teriaceae and Bacteroides species in rats fed diets containing 0.7
to 2.0% condensed tannins (20). There was a corresponding
decrease in the gram-positive Clostridium leptum group. Esch-
erichia coli is resistant to concentrations of up to 1% Acacia
mearnsii (black wattle) tannin extract (WTE) under anoxic
conditions. However, it was demonstrated to be sensitive to
0.1% under oxic conditions due to auto-oxidation of tannins
resulting in hydrogen peroxide generation (19). To get insight
into the mechanisms responsible for resistance to condensed
tannins under anoxic conditions, we conducted a gene expres-
sion study to measure the total transcriptional responses of E.
coli in the presence of WTE.

The E. coli strains used in this study are described in Table 1.
All growth experiments were performed with MOPS (3-morpho-
linopropane-1-sulfonic acid) medium (12), with glucose (0.4%) as
the carbon source, and iron and trace elements were provided by
trace element solution SL-10 (Deutsche Sammlung von Mikro-
organismen und Zellkulturen GmbH, Braunschweig, Germany).
MOPS medium was prepared, gassed with N2, and dispensed in

an anaerobic chamber (Coy Laboratory Products, Ann Arbor,
MI) under an atmosphere of 95% N2 and 5% H2. Cysteine-
sulfide solution as a reducing agent was added to anaerobic
medium (the final concentrations of L-cysteine � HCl and
Na2S � 9H2O were 0.025%). WTE, an aqueous extract from Aca-
cia mearnsii (black wattle) bark, was added to the MOPS medium
at a final concentration of 1% (wt/vol). WTE contained 65.6%
phenols as tannic acid equivalents and was donated by Wickett
and Craig of America, Inc. (Curwensville, PA). WTE was filter
sterilized before addition to growth medium. In order to identify
specific transcriptional responses to the presence of tannins, as
opposed to differences in environmental conditions and growth
rate, E. coli BW13711 cells were grown anaerobically in continu-
ous culture (dilution rate � 0.14 h�1) in the presence and absence
of WTE at 37°C. Under both steady-state conditions, E. coli
reached an optical density at 600 nm (OD600) of �0.2. The pH
values at steady state were 5.7 and 5.3 without and with WTE,
respectively. These conditions indicated that the presence of tan-
nins in the medium did not inhibit the growth of E. coli. E. coli
BW13711 cells were harvested from continuous culture after
steady-state conditions were reached. Duplicate samples were
collected after an additional 4-volume turnover of the culture
medium, and total RNA was isolated from these samples by using
an RNeasy mini kit (Qiagen Inc., Valencia, CA). The presence of
residual DNA was checked by PCR using the primers for ampli-
fication of cca (see Table S2 in the supplemental material). When
necessary, the remaining DNA was removed by RQ1 RNase-free
DNase (Promega Corp., Madison, WI) according to the manu-
facturer’s instructions. E. coli whole-genome transcriptional pro-
filing was performed by hybridization on the GeneChip E. coli
antisense genome array (Affymetrix Inc., Santa Clara, CA) ac-
cording to the manufacturer’s instructions. Microarray data were
analyzed using MicroArray Suite 5.0 (Affymetrix Inc.) and Gene-
Spring 5.0 (Silicon Genetics, Redwood City, CA) software. The
95% confidence interval of the WTE array duplicates demon-
strated that genes �1.9-fold up- or down-regulated could be con-
sidered significantly differentially regulated. After removal of sig-
nificantly up- or down-regulated genes which had large variability
in expression on the duplicate arrays, it was found that in total
1,498 genes were up- or down-regulated (see Table S1 in the
supplemental material). Genes from a wide variety of functional
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classes were regulated, with “viral functions,” “protein fate,” and
“unclassified” as functional categories with the highest percent-
ages of up-regulated genes (Fig. 1). On the other hand, “protein
synthesis,” “amino acids,” and “nucleic acid building blocks” were
the categories with the highest percentages of down-regulated
genes.

Gene expression responses determined with the Affymetrix
GeneChip were verified with quantitative reverse transcrip-
tion-PCR (qRT-PCR). Primers were developed for amplifying
mRNA from 28 single genes, which included 2 constitutive
control genes, cca and dnaC (see Table S2 in the supplemental
material). Neither control gene was differentially expressed in
any of the experiments reported here, based on Affymetrix
GeneChip data. Besides the constitutive control genes, the 10

most highly up-regulated genes, supplemented with additional,
randomly selected genes, including the most down-regulated
gene, were selected for gene-specific qRT-PCR. In addition,
the mdtABCD and marRAB operon genes were included, as
will be explained later (see Table S1 in the supplemental ma-
terial). After the PCR conditions were optimized, the suitabil-
ity of the primers for qRT-PCR was determined by using total
RNA isolated from E. coli grown in WTE medium in a 10-fold
dilution series (from 100 to 10�4) as templates. These RNA
dilution series were subsequently used as standards for qRT-
PCR of specific gene expression. qRT-PCR was performed on
a GeneAmp 5700 sequence detection system, using a Quanti-
tect SYBR green RT-PCR kit (Qiagen Inc., Valencia, CA). A
total volume of 25 �l per sample consisted of 8.75 �l of RNase-
free water, 12.5 �l of 2� Quant SYBR green RT-PCR master
mix, 1.25 �l of each primer (10 �M), 0.25 �l of Quant RT mix,
and 1.0 �l of (diluted) RNA. A one-step real-time RT-PCR
protocol was performed as follows: warming up at 50°C for 2
min, RT at 50°C for 30 min, PCR initiation at 94°C for 15 min,
and 40 amplification cycles (94°C, 15 s; 60°C, 30 s; and 72°C,
30 s). These conditions were used for all primer pairs (see
Table S2 in the supplemental material), with the exception of
those amplifying ylbE, for which 45 cycles of amplification and
10-fold-diluted primer concentrations were used to minimize
primer-dimer formation. The gene expression ratios (Table 2)
were calculated after normalization of the data by use of the
expression ratios from the two constitutive control genes cca
and dnaC.

Contrary to expectations, genes involved in energy metabo-
lism were up-regulated in WTE medium. For example, the

FIG. 1. Representation of E. coli BW13711 genes that are regulated during exposure to black wattle tannins. The genes are categorized
according to the TIGR functional annotation (http://cmr.tigr.org/). Genes for which no categorization data were found were excluded. Up- and
down-regulated genes are represented in black and gray, respectively. The percentages of up- and down-regulated genes compared to the total
number of genes in each functional category are indicated in brackets.

TABLE 1. E. coli strains used in this study

Strain Genotype Source or
reference

BW13711a �(lac)X74 17 8
WTT1 Spontaneous wattle tannin-tolerant

mutant of BW13711
19

�BaeSR13711 �BaeSR mutant of BW13711 This study
BW25113b lacIp4000(lacIq) rrnB3 �lacZ4787

hsdR514 �(araBAD)567
� (rhaBAD)568 rph-1

4

BW27553b �BaeSR mutant of BW25113 26
BW28357b rph� derivative of BW25113 4
BW29744b �BaeSR mutant of BW28357 26

a Supplied by W. Metcalf, University of Illinois, Urbana, IL.
b Supplied by E. coli Genetic Stock Center, New Haven, CT.
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expression of citC, an activator of citrate lyase, was increased
14.7-fold, as determined by qRT-PCR, in WTE medium. The
expression levels of metabolic genes and the lower pH in the
presence of WTE indicated that additional carbon sources
were available for E. coli in WTE. E. coli BW13711 was there-
fore grown with WTE as the sole C source. The growth rate of
E. coli BW13711 on WTE medium without glucose was similar
to that on WTE medium and MOPS medium with glucose, but
the yield was lower (end OD600, �0.2 instead of �0.6) (data
not shown). This could indicate that other, possibly sugar-
containing compounds were coextracted in the crude WTE.
Even though there appeared to be an increase in energy me-
tabolism, the presence of WTE caused apparent down-regula-
tion of genes involved in the biosynthesis of amino acids, pro-
teins, nucleotides, and cofactors as well as transcription (Fig.
1). It remains to be investigated whether the down-regulation
of these biosynthetic pathways is related to an alteration in the
physiological state of the cells in the presence of tannins or to
the presence of additional compounds that are coextracts in
the WTE.

The expression of spy was increased 493.5-fold, as deter-
mined by qRT-PCR, in WTE medium. The exact function of
Spy (spheroblast protein y) (8) is unknown, but it is suggested

to be involved in outer membrane protein folding and cell
envelope synthesis (15). spy is regulated by the BaeSR two-
component system, which was found to be important in the
tolerance of E. coli toward gallic acid, a simple phenolic com-
pound, under aerobic conditions (26). This BaeSR two-com-
ponent system has also recently been described to regulate the
mdtABCD operon, which encodes a recently identified multi-
drug transport system (2, 11, 14). Indeed, this operon was also
found to be significantly up-regulated, as determined by gene-
specific qRT-PCR (Table 2). To verify the importance of
BaeSR in the resistance of E. coli toward tannins, �BaeSR
knockout mutants were constructed using amplicons for chro-
mosomal gene disruptions with the phage 	 Red recombinase
one-step gene inactivation protocol (4). A direct construction
of this mutant was not possible, which is likely due to the fact
that E. coli BW13711 can utilize arabinose, the inducer of the
	 Red recombinase activity, thus hampering the gene disrup-
tion efficiency. Therefore, the �baeSR::kan transformant was
first constructed in E. coli BW25113 by using primers baeS-
H1-P1 and baeR-H2-P4 (see Table S3 in the supplemental
material), since successful construction of a BaeSR knockout
was previously demonstrated for this strain (26). The resulting
mutant was used as a template to construct E. coli

TABLE 2. Relative expression levels of Escherichia coli genes grown in a 1% WTE-containing medium as determined by
Affymetrix microarray and qRT-PCR analyses

Locus tag Genea
Fold change

Gene function (cellular role
s�)b

Microarray qRT-PCR

b1743 spyc 17.5 493.5 Periplasmic protein related to spheroblast formation (unclassified)
b2074 mdtAc 4.5 35.9 Multidrug efflux system, subunit A (cellular processes; toxin production and resistance)
b2075 mdtB 4.4 24.8 Multidrug efflux system, subunit B (cellular processes; toxin production and resistance)
b2076 mdtC 2.1 15.3 Multidrug efflux system, subunit C (cellular processes; toxin production and resistance)
b2077 mdtD 3.8 27.6 Multidrug efflux system, subunit D (cellular processes; toxin production and resistance)
b1531 marA 6.3 22.5 Multiple antibiotic resistance; transcriptional activator of defense systems (cellular

processes; toxin production and resistance)
b1532 marB 2.6 21.5 Multiple antibiotic resistance protein (cellular processes; toxin production and resistance)
b1530 marR 2.6 27.4 DNA-binding transcriptional repressor of multiple antibiotic resistance (cellular

processes; toxin production and resistance)
b0005 yaaX 4.9 26.6 Hypothetical protein (unclassified)
b2390 ypeC 2.8 20.5 Hypothetical protein (unclassified)
b0618 citC 34.6 14.7 Citrate lyase synthetase (energy metabolism; TCA cycle)
b3687 ibpA 6.9 10.4 Heat shock chaperone (protein fate; protein folding and stabilization)
b3686 ibpB 9.5 48.0 Heat shock chaperone (protein fate; protein folding and stabilization)
b3238 yhcN 3.1 7.9 Hypothetical protein (unclassified)
b2675 nrdE 26.8 5.2 Ribonucleoside-diphosphate reductase (purines, pyrimidines, nucleosides, and

nucleotides; 2�-deoxyribonucleotide metabolism)
b3119 tdcR 13.1 4.7 Threonine dehydratase operon activator protein (unclassified)
b1306 pspC 3.6 4.6 Phage shock protein: activates phage shock-protein expression (unclassified)
b3265 acrE 12.1 3.1 Membrane fusion protein (cell envelope; biosynthesis and degradation of murein sacculus

and peptidoglycan)
b3071 yqjI 2.9 2.1 Predicted transcriptional regulator (unclassified)
b0929 ompF 0.1 0.04 Outer membrane protein 1a (transport and binding proteins; porins)
b3056d cca 1.0 1.0 tRNA nucleotidyl transferase (protein synthesis tRNA and rRNA base modification)
b4361d dnaC 1.1 0.9 DNA biosynthesis protein (viral functions; general)
b2871e ygeX 27.1 0.9 Putative diaminopropionate ammonia-lyase (energy metabolism; amino acids and amines)
b2971e yghG 17.5 0.4 Hypothetical protein (unclassified)
b3948e yijI 28.6 1.4 Hypothetical protein (NCBI record discontinued)
b0303e ykgI 13.2 0.4 Hypothetical protein (unclassified)
b0519e ylbE 26.2 1.1 Pseudogene (unclassified)

a Based on information from the NCBI genome resources (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi).
b Based on information from TIGR Cellular Role Category (http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi).
c BaeR consensus binding region upstream of the gene.
d Constitutively expressed control genes.
e Genes for which there was no correlation between the microarray and qRT-PCR data.
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�BaeSR13711 by using the yegP-R primer and the mdtD for-
ward primer, since this generated amplicons with longer re-
gions of homology to the chromosome. Wild-type and mutant
strains of E. coli were grown in anaerobic batch culture on
MOPS medium with and without 1.0% WTE. Growth curves
were determined by measuring the OD600 values at regular
time intervals.

The growth rates in standard MOPS medium with glucose
were similar for E. coli strains BW13711, �BaeSR13711, and
WTT1 (a spontaneous mutant that is not sensitive to tannins
under oxic conditions) (Table 1), indicating that the mutants
have not lost additional functions needed for anaerobic growth
in this medium. When WTE was present in MOPS medium,
the growth rates of strains BW13711 and WTT1 were identical
(data not shown). There was a significant lag time of approx-
imately 35 h before strain �BaeSR13711 grew on medium
containing WTE (Fig. 2). Results were similar for two other
wild-type strains of E. coli (BW25113 and BW28357) and their
�BaeSR mutants (BW27553 and BW29744, respectively) (data
not shown). Interestingly, the lag times of the mutants were
reduced to levels close to those of the respective wild-type
strains when WTE medium was stored at 37°C for 40 h prior to
incubation (data not shown). This suggests that components in
the media, possibly the metallic trace elements, reacted with
the hydroxyl groups of the tannins and thereby decreased the
tannic reactivity. This loss of tannin reactivity can explain the
sudden growth of the �BaeSR mutants after 35 h, whereas
the wild-type strains had reached stationary phase by 16 h.

It is evident that the BaeSR two-component system has a
prominent role in the mechanisms for the resistance of E. coli
toward the presence of tannins. Interestingly, a similar two-
component system in Pseudomonas putida has been described.
In this case, the ColRS two-component system protected P.

putida against phenol by regulating membrane functionality
(7).

A recent paper indicated that BaeSR is part of a cross-
regulation system which includes the PhoBR and CreBC two-
component systems (13). This suggests that constructing
�BaeSR mutants may not just affect the expression levels of
genes that are under the direct control of BaeSR but may even
cause disruptions in a complex regulatory network. The impact
of tannins on this cross-regulation among BaeSR, PhoBR, and
CreBC remains to be addressed in future studies.

The most down-regulated gene was ompF, encoding an
outer membrane porin for small organic molecules (3). The
down-regulation of this gene has been described to be regu-
lated by the marRAB (multiple-antibiotic-resistance) regulon.
This regulon was also found to be significantly up-regulated in
WTE medium, as determined by gene-specific qRT-PCR (Ta-
ble 2). Interestingly, this operon is expressed under various
stress conditions, including the presence of phenolic com-
pounds (24).

The finding that low-level efflux pump antibiotic resistance
mechanisms (marRAB and mdtABCD operons) are up-regu-
lated in the presence of naturally occurring plant secondary
compounds is intriguing. If further studies confirm that these
efflux pumps are integral to the resistance of E. coli to tannins,
then the potential implication is that plant secondary com-
pounds that are well documented in terms of biological activ-
ity, such as the oligomers of flavanols (proanthocyanidins or
condensed tannins in A. mearnsii), also provide a nonantibiotic
selection mechanism for development, maintenance, and
transfer of antibiotic resistance. Antibiotic selective pressure is
not required for the selection of antibiotic resistance genes
carried by replicons that contain other selectable markers, such
as heavy metal resistance genes (1, 5, 25). The gastrointestinal

FIG. 2. Growth curves of E. coli BW13711 (solid line) and the baeSR deletion mutant �BaeSR13711 (dashed line) inoculated in MOPS medium
containing 1% WTE. The means and standard deviations for six replicates are indicated.
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tract is a natural arena for such a mechanism to operate since
it combines a large reservoir of commensal bacteria of high
density and wide genomic diversity with a daily intake of di-
etary material containing fruit and fruit juices, tea, wine, veg-
etables, and fiber, which are natural sources of plant secondary
compounds, such as flavanols. Our hypothesis is that this may,
in part, account for the “easy-to-gain” and “hard-to-lose” re-
sistance gene phenomenon (16), but more extensive and rig-
orous experimentation is required in order to study these re-
sistance mechanisms in commensal gastrointestinal bacteria
and the role of flavanols in the development, selection, and
maintenance of antibiotic resistance.

In conclusion, E. coli overcomes the inhibitory effect of tan-
nins by a variety of mechanisms, which include genes that are
under the control of the BaeSR two-component system, such
as the mdtABCD efflux pump gene and the outer membrane
protein gene spy, in WTE medium. In addition, the down-
regulation of the outer membrane porin gene ompF, mediated
by the marRAB regulon, seems to be important in this resis-
tance. We hypothesize that these systems prevent cytosolic and
membrane damage caused by condensed tannin fractions.
While this study has provided insight into the mechanisms
involved in tannin resistance in E. coli, this resistance appeared
to be very complex, leaving many questions that remain to be
answered.

Microarray data accession number. Microarray data have
been deposited in the Gene Expression Omnibus database (http:
//www.ncbi.nlm.nih.gov/) under accession number GSE9755.
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