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Abstract
A variety of both Gram-positive and Gram-negative bacteria produce large quantities of indole as
an intracellular signal in microbial communities. Biosynthesis of indole is well-studied, and while
carbon sources and amino acids are important environmental cues for indole production in
Escherichia coli, other environmental factors affecting indole production for this strain are less
clear. This study demonstrates that the environmental cue pH is an important factor for indole
production that further controls biofilm formation of E. coli. Moreover, E. coli produced a higher
level of extracellular indole in the presence of the antibiotics ampicillin and kanamycin, and the
increased indole enhanced cell survival during antibiotic stress. Additionally, we found here that
temperature is another important factor for indole production; E. coli produces and accumulates a
large amount of indole at 50°C, even at low cell densities. Overall, our results suggest that indole
is a stable biological compound, and E. coli may utilize indole to protect itself against other
microorganisms.
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1. INTRODUCTION
In nature, bacteria are most commonly found in complex communities (Vendeville et al.,
2005). Many bacteria have developed their ability to sense the local environment, such as
the nutritional limitation, their population, the presence of toxic chemicals from other
bacteria and host signals. Therefore, it is important to coordinate their behavior in order to
adapt and survive in environmental niches. For example, bacteria have developed signaling
systems, such as intercellular signaling systems (Waters and Bassler, 2005; Keller and
Surette, 2006) and diverse two-component regulatory systems (Mitrophanov and Groisman,
2008) to synchronize cellular behavior.

Among intercellular signal molecules, indole is often produced by a variety of both Gram-
positive and Gram-negative bacteria (to date, more than 85 species) (Lee and Lee, 2010).
Importantly, recent studies have demonstrated many biological functions of indole, such as
drug resistance in E. coli (Hirakawa et al., 2005), plasmid stability in E. coli (Chant and
Summers, 2007), virulence control in pathogenic E. coli (Anyanful et al., 2005; Hirakawa et
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al., 2009), and biofilm formation in E. coli (Di Martino et al., 2003; Lee et al., 2007a) as
well as in Vibrio cholerae (Mueller et al., 2009). Interestingly, indole controls phenotypes of
other bacteria that cannot produce indole. For example, indole decreases the growth of
fungus Aspergillus niger (Kamath and Vaidyanathan, 1990), increases drug resistance in
Salmonella enterica (Nikaido et al., 2008), and attenuates virulence in Pseudomonas
aeruginosa (Lee et al., 2009). Moreover, indole significantly affects gene expression for
human epithelial cells leading to tighter cell-junctions and increases in beneficial cytokines
(Bansal et al., 2010).

An early report showed that Bacillus coli (Escherichia coli) and Asiatic cholera (Vibrio
cholerae) produced indole during a stationary cell growth phase in 1897 (Smith, 1897).
Indole biosynthesis in E.coli has been investigated over many decades (Newton and Snell,
1965; Botsford and DeMoss, 1971; Yanofsky et al., 1991). In E. coli, indole is produced by
tryptophanase (TnaA; EC 4.1.99.1) that can reversibly convert tryptophan into indole,
pyruvate, and ammonia (Newton and Snell, 1965) in the tryptophan pathway in E. coli
(Pittard, 1996; Lee et al., 2007a). E. coli uses several mechanisms (repression, transcription
attenuation, and feedback inhibition) to regulate the expression of the tryptophan
(trpABCDE) and tna operons (tnaCAB) in tryptophan metabolism (Yanofsky et al., 1991;
Gong and Yanofsky, 2002; Lee et al., 2007a). Environmental conditions and composition of
media critically influence the level of extracellular indole. For example, the extracellular
indole concentration is cell population density-dependent in E. coli (Wang et al., 2001;
Kobayashi et al., 2006). Extracellular indole reached 0.5 mM in a rich medium in the
stationary phase so that it has been called a stationary-phase signal molecule (Wang et al.,
2001; Kobayashi et al., 2006). In addition, glucose repressed indole biosynthesis (John and
Wyeth, 1919) due to catabolic repression of tnaA (Botsford and DeMoss, 1971). Different
carbon sources also influence the accumulation of extracellular indole (John and Wyeth,
1919; Botsford and DeMoss, 1971). Additionally, temperature and pH affect indole
biosynthesis in E. coli. A low pH inhibited indole production in E. coli (John and Wyeth,
1919), and TnaA was one of the most induced proteins at pH 9.0 (Blankenhorn et al., 1999).
Gene expression of tnaAB was induced in E. coli by temperature shifting from 30°C to 43°C
(Li et al., 2003), and E. coli lost the ability of indole biosynthesis at 44.5°C (Bueschkens and
Stiles, 1984).

Although the importance of indole signaling in microbial communities (Lee and Lee, 2010)
as well as in the human immune system (Wikoff et al., 2009; Bansal et al., 2010) has been
recently demonstrated, environmental factors that contribute to and regulate indole
production remain poorly defined. Recently, several transcriptomic studies provide
informative data on the expression of tnaA in response to various environmental cues in E.
coli (Table 1). Hence, the overall objective of this study is to identify the important
environmental factors that control indole production as well as cell growth to better
understand indole signaling in microbial communities.

2. MATERIALS AND METHODS
2.1. Bacterial strains, materials and growth rate measurements

E. coli K-12 BW25113 (lacIq rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBA-DAH33 ΔrhaBADLD78)
and its isogenic tnaA mutant (Baba et al., 2006) that does not produce indole (Lee et al.,
2008) were used. Luria-Bertani (LB) (Sambrook et al., 1989) was used as a basic medium
for growth unless indicated. Indole, ampicillin, kanamycin, chloramphenicol, N-hexanoyl-
DL-homoserine lactone, N-(3-oxotetradecanoyl)-L-homoserine lactone, N-(3-
oxododecanoyl)-L-homoserine, N-(3-oxooctanoyl)-L-homoserine lactone, paraquat,
cadmium chloride, sodium dodecyl sulfate (SDS), and 4-(dimethylamino)-benzaldehyde
were purchased from Sigma-Aldrich Co. (Missouri, USA). Hydrogen peroxide (H2O2), HCl,
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NaOH, NaCl, FeCl3, ethanol, methanol, and dimethyl sulfoxide (DMSO) were purchased
from Duksan Pure Chemical Co. (Ansan, Korea). Bacterial strains were initially streaked
from −80°C glycerol stocks on LB plates, and a fresh single colony was inoculated into LB
medium (25 mL) in 250-mL flasks and routinely cultured at 250 rpm at 37°C unless
indicated. Overnight cultures were diluted 1:100 using LB medium. For cell growth
measurements, the optical density was measured at 600 nm (OD600) with a
spectrophotometer (UV-160, Shimadzu, Japan). When the value of OD600 was above 0.7,
culture sample was diluted to fit in a linear range of 0.2 and 0.7. The specific growth rates
were determined by measuring OD600 and calculated by using the linear portion of the
natural logarithm of OD600 versus time. In order to measure cell viability and cell number,
diluted cells were enumerated with LB agar plates.

2.2. Indole assays
Extracellular and intracellular indole concentrations were measured as indicated previously
using Kovac’s reagent (Kawamura-Sato et al., 1999). Briefly, Kovac’s reagent (0.4 mL) was
mixed with supernatants (1 mL) of bacterial cultures. The reaction mixture was diluted 1:10
in HCl-amyl alcohol solution (30 mL of HCl and 90 mL of amyl alcohol), and the
absorbance of the mixture was measured at 540 nm with a spectrophotometer (Shimadzu
UV-160). For the intracellular indole concentrations, cells were completely lysed with 1%
SDS and 0.2% NaOH by mixing well (Sambrook et al., 1989). In addition, the
spectrophotometric indole assay was corroborated with reverse-phase HPLC (Lee et al.,
2007a) using a 100 × 4.6 mm Chromolith Performance RP-18e column (Merck KGaA,
Darmstadt, Germany) and elution with H2O-0.1% (v/v) trifluoroacetic acid and acetonitrile
as the mobile phases at a flow rate of 0.5 mL/min (50:50). Under these conditions, the
retention time and the absorbance maximum was 5.1 min/271 nm for indole.

2.3. Crystal-violet biofilm assay
A static biofilm formation assay was performed in 96-well polystyrene plates (Fisher
Scientific, Pittsburg, USA) as previously reported (Pratt and Kolter, 1998). Briefly, cells
were inoculated at an initial turbidity at 600 nm of 0.05 for 24 h without shaking at 30°C and
37°C. Cell density (turbidity at 620 nm) and total biofilm (absorbance at 540 nm) were
measured using crystal violet staining. Total biofilm was normalized by bacterial growth for
each condition. Each data point was averaged from at least twelve replicate wells (six wells
from each of two independent cultures).

2.4. Scanning electron microscopy (SEM)
In order to investigate the impact on cell morphology upon addition of ampicillin and indole,
SEM was used by modifying the protocol (Hossain et al., 1996). Briefly, E. coli cells were
cultured in LB medium at 37°C for 6.5 h, and cells were directly fixed by adding
glutaraldehyde (2.5% final) and formaldehyde (2% final) and incubated at 4°C overnight.
Fixed cells were collected by filtering with a 0.45 μm nylon filter (Nalgene, New York,
USA) with vacuum. The filter contained cells was cut into 0.5 × 0.5 mm squares and washed
with 0.2 M sodium phosphate buffer before fixating for 90 min with osmium solution
(containing 1.5 mL of sodium phosphate buffer 0.2 M, 3 mL of 2% OsO4 and 3mL
deionized water). Then, samples were washed and dehydrated by successive 10 min
incubations in 50% ethanol, 70% ethanol, 80% ethanol, 90% ethanol, and 95% ethanol
followed by two successive incubations for 20 min in 100% ethanol. After dehydrating, the
filters with cells were incubated in isoamyl acetate for 20 min and dried with critical-point
dryer (HCP-2, Hitachi, Japan). The nylon filters were affixed to SEM stubs and coated with
white gold for 200 seconds using ion sputtering (E-1030, Hitachi). Specimens were
examined with the SEM S-4100 (Hitachi). The voltage was set at 15 kV and viewed at a
magnification from x 2,000 to x15,000.
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3. RESULTS
The main purpose of this research was to determine key environmental factors affecting the
production of extracellular indole in E. coli. Environmental conditions such as pH,
antibiotics, temperature, heavy metals, oxidative reagents, osmolarity, solvents, and quorum-
sensing molecules (acylhomoserine lactones) from other bacteria were tested. Since indole
signaling shows different responses at different temperatures (Lee et al., 2008), both a
human body temperature (37°C) and a low temperature (25°C or 30°C) were investigated
with various conditions.

3.1. pH controls indole production and biofilm formation
Low pH (pH 4) inhibits indole production (John and Wyeth, 1919) while high pH (pH 9)
induces the expression of tnaA significantly in E. coli (Blankenhorn et al., 1999; Stancik et
al., 2002; Yohannes et al., 2004). Hence, different pHs (4, 5, 6, 7, 8, 9, and 10 adjusted with
37% HCl and 5 N NaOH which caused the total volume change less than 0.2 %) were tested
to measure the production of extracellular indole at the same cell turbidity of 1.5 at 30°C and
37°C, respectively. Growth rates of E. coli were similar between pH 5 and pH 9 as 0.83 ±
0.01 h−1 at pH 5, 1.01 ± 0.01 h−1 at pH 6, 1.04 ± 0.02 h−1 at pH 7, 0.87 ± 0.01 h−1 at pH 8,
and 0.70 ± 0.08 h−1 at pH 9, respectively at 30°C and 1.37 ± 0.02 h−1 at pH 5, 1.51 ± 0.04
h−1 at pH 6, 1.50 ± 0.02 h−1 at pH 7, 1.35 ± 0.01 at pH 8, and 1.21 ± 0.04 h−1 at pH 9,
respectively at 37°C, while cell growth of E. coli was much slow at pH 4 and 10 so that data
at pH 4 and 10 were excluded in the comparison. The initial pH (between pH 5 and pH 9)
was not changed until the cell turbidity of 1.5 at which the production of indole was
measured.

Fig. 1A clearly shows that low pH inhibits indole production while high pH increases indole
production both at 30°C and at 37°C. The results match well with the previous
transcriptomic data (Table 1) in which tnaA was repressed under acidic conditions while
tnaA was induced with a basic condition. It was also observed that indole production was
higher at 37°C than at 30°C for all tested pHs.

Since indole inhibited the biofilm formation of E. coli BW25113 strain (Lee et al., 2007a)
and pH significantly changes indole production (Fig. 1 A), the effect of pH was investigated
for biofilm formation in E. coli BW25113 (Fig. 1B). Biofilm formation was clearly
decreased at alkali conditions (pH 8 and 9) due to the high level of indole accumulation. To
confirm the biofilm reduction by indole, when indole (0.5 mM) was exogenously added in
the medium at pH 5, the biofilm formation/cell was significantly decreased as 0.29 ± 0.06 at
30°C and 0.27 ± 0.09 at 37°C. This result supports the previous result that indole decreases
biofilm formation in nonpathogenic E. coli as well as pathogenic E. coli O157:H7 (Lee et
al., 2007b; Lee et al., 2007a; Lee et al., 2008).

3.2. Antibiotics induce indole production
Since indole increased drug resistance in E. coli by inducing multidrug export genes
(Hirakawa et al., 2005), we investigated the effect of antibiotics on indole production.
Antibiotics (bactericidal ampicillin of the β-lactam class of antibiotics, bactericidal
kanamycin of the aminoglycosides, and bacteriostatic chloramphenicol) at sub-inhibitory
concentrations were added in the beginning of each cell culture and indole production and
cell growth were measured at 25°C and 37°C. E. coli produced significantly more
extracellular indole/cell density (22-fold) in the presence of ampicillin (2 μg/mL) (Fig. 2);
1900 ± 260 μM indole/cell OD with ampicillin vs. 88 ± 3 μM indole/cell OD for the control
at 8 h. Similarly, kanamycin (2 μg/mL) also enhanced indole production/cell density by 4-
fold with 338 ± 87 μM indole/cell OD compared to the control at 8 h (Fig. 2). However,
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bacteriostatic chloramphenicol did not affect the indole production (data not shown).
Additionally, the effect of antibiotics at a low temperature, such as 25°C, was similar to the
results at 37°C (data not shown). Therefore, E. coli produced more indole signal in the
presence of the bactericidal antibiotics, ampicillin and kanamycin, at both 25°C and 37°C.

Since indole induced the expression of multidrug exporter genes in E. coli and increased cell
survival rate in the presence of several drugs, such as rhodamine 6G, sodium dodecyl
sulfate, carbenicillin (Hirakawa et al., 2005), we studied the effect of indole on cell growth
in the presence of antibiotics. As expected, the addition of indole (1 mM) to both E. coli
K-12 BW25113 wild-type and tnaA knock mutant(non-indole producing strain (Lee et al.,
2008)) increased cell growth 2- to 5-fold in the presence of ampicillin at 8 h (Fig. 3).
Apparently, cell growth of the tnaA mutant was more sensitive against ampicillin than the
wild-type, and the effect of indole on cell growth was more significant (5-fold) in the tnaA
mutant than the wild-type (Fig. 3). Also the exogenous addition of indole (1 mM) to the
tnaA mutant complemented the effect of indole on cell growth in the presence of ampicillin
(Fig. 3). Therefore, we conclude that E. coli produces a high amount of indole against
antibiotics, which leads to enhanced cell survival.

To better understand the effect of indole on cell survival in the presence of antibiotic
ampicillin, cell morphology was examined using SEM because indole could inhibit cell
division in E. coli (Chant and Summers, 2007; Lee et al., 2008). Addition of ampicillin
blocks cell division and made cells elongated (Fig. 4) which matches with the previous
result (Comber et al., 1975). However, the addition of indole (1 mM) in the presence and
absence of ampicillin does not affect cell morphology. Hence, indole did not prevent the
inhibition of cell division by antibiotics.

3.3. High temperature induces indole production
Since temperature is an important factor in indole cell signaling (Lee et al., 2008) and
thermal destruction of E. coli is important in the food industry (Juneja et al., 1997), the
effect of temperature (25, 37, 42, and 50°C) on indole production was investigated. Maximal
indole accumulation at a low temperature (25°C) and at a high temperature (42°C) was
similar to that at 37°C (data not shown). For example, extracellular indole accumulation was
reached maximally at about 500 μM and maintained at this concentration at 25°C and 37°C.
However, at 50°C, E. coli quickly started to produce indole within 2 hours although E. coli
could not grow at 50°C (Fig. 5). The indole concentration increased to 7020 ± 1420 μM
indole/cell OD after 14 h although the optical cell density of E. coli was 120 times lower
than that at 37°C. Therefore, the extracellular indole/cell density at 50°C was 89-fold higher
than that at 37°C (79 ± 2 μM indole/cell OD) at 14 h. This experiment was conducted six
times to confirm the result. Therefore, we sought to find some mechanism of this
phenomenon. Initially, cell survival was measured. The cell survival rates were maintained
more than 73% for more than 10 hours (98 ± 1% at 1 h, 93 ± 1% at 2 h, and 73 ± 1% at 10 h,
respectively), which indicates the small number of live E. coli produced a large amount of
indole at 50°C. Additionally, the intracellular indole concentration of the inoculum was
measured because intracellular indole from dead (lysed) cells could affect the level of
extracellular indole. However, the intracellular indole concentration of the inoculum was an
insignificant 0.25 ± 0.07 μM. Therefore, we concluded that a small number of E. coli
(optical cell density of 0.05 at 600 nm that is about 4 × 107 cells/mL) produce more than 300
μM extracellular indole at 50°C. This result is quite different from the previous report that E.
coli lost the ability of indole biosynthesis at 44.5°C (Bueschkens and Stiles, 1984).

Notably, indole was quickly produced for the first two hours at 50°C and stably accumulated
even at a low cell density (Fig. 5). The result supports the previous transcriptomic study that
the gene expression of tnaAB is induced in E. coli by temperature shifting from 30°C to

Han et al. Page 5

Res Microbiol. Author manuscript; available in PMC 2011 September 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



43°C (Li et al., 2003). Hence, we hypothesized that E. coli may enhance indole production
at high temperatures, which may lead to a higher survival rate at high temperatures. In order
to test the impact of heat shock, the culture temperature was shifted from 37°C to 50°C at
the optical density of 1.5. However, the final accumulation of indole with the temperature
shift is similar to that without the temperature shift (data not shown). Additionally, the effect
of indole on cell growth at a high temperature was investigated by adding indole (1 mM) at
the beginning of the cell culture and culturing at 46°C. However, indole (1 mM) did not
increase cell growth of E. coli at 46°C (data not shown). Therefore, it appears that a high
temperature enhances indole production, which does not increase cell growth. The genetic
mechanism of this phenomenon has not been resolved yet.

3.4. Effects of acylhomoserine lactones, osmolarity, aeration, metals, solvents, and
oxidative stresses

E. coli increased indole production against antibiotics originated from other microorganisms
(Fig. 2) and SdiA (a LuxR homologue) of E. coli recognizes acylhomoserine lactones
(AHLs) from other bacteria (Lindsay and Ahmer, 2005) and binds AHLs (Yao et al., 2006),
and AHLs decrease the biofilm formation of E. coli (Lee et al., 2007a). Hence, we
hypothesized that AHLs may affect indole production. However, four kinds of AHLs (N-
hexanoyl-DL-homoserine lactone, N-(3-oxotetradecanoyl)-L-homoserine lactone, N-(3-
oxododecanoyl)-L-homoserine, and N-(3-oxooctanoyl)-L-homoserine lactone) up to 10 μM
did not change the accumulation of extracellular indole as well as cell growth either at 30°C
or at 37°C (data not shown).

Since various environmental stimuli, such as osmolarity, aeration, metals, and solvents,
affect AI-2 production in chemostat cultures (DeLisa et al., 2001), the effects of these
stimuli were investigated. Osmolarity, adjusted by the addition of sodium chloride (0, 2, 10,
and 40 g per liter in NaCl-free LB medium) did not much affect indole production (data not
shown). Anaerobic conditions created by sealing culture flasks from the beginning of
culturing also did not change the indole production (data not shown). The addition of ferrous
chloride (III) (up to 10 mg/L) did not change the indole production as well as cell growth.
Also, the addition of cadmium chloride (II) (up to 150 mg/L) and ethanol (5 v/v%) did not
alter the final indole production (0.5 mM), although both cadmium chloride and ethanol
inhibited cell growth significantly (less than 1.0 of optical density at 600 nm after 10 h).
These results indicate that the enhanced indole production seen with high pH, antibiotics,
and temperature does not always occur under the inhibition of cell growth.

Since the previous transcriptomic data showed that oxidative stresses (1 mM hydrogen
peroxide (Zheng et al., 2001) and 35 ppm paraquat (Kim et al., 2005)) induced tnaA (Table
1), oxidative stress was investigated. However, unexpectedly, hydrogen peroxide up to 5
mM and paraquat up to 200 ppm did not alter indole production and cell growth (data not
shown). These results suggest that oxidative stresses cause induction of tnaA gene
expression but do not led to the accumulation of extracellular indole.

DISCUSSION
Bacteria can sense environmental cues, regulate their overall gene expression, and control
their phenotypes. As a well-known metabolite, indole has recently shown diverse biological
roles as an intercellular signal in microbial communities (Lee and Lee, 2010). Our current
study demonstrates that a variety of environmental cues play an important role in the
accumulation of extracellular indole in E. coli and can lead to significant increases in indole
production per cell.
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Carbon sources (John and Wyeth, 1919; Botsford and DeMoss, 1971) amino acids (Newton
and Snell, 1965), and growth status (Wang et al., 2001; Kobayashi et al., 2006) are
important factors for indole biosynthesis and TnaA activity for E. coli. Several reports also
indicated that pH is important factor for indole production (John and Wyeth, 1919). It was
even proposed that TnaA counteracted alkaline stress, such as trimethylamine N-oxide
because an indole-mutant (ΔtnaLAB) showed low survival in trimethylamine N-oxide (Bordi
et al., 2003). We clearly demonstrated that E. coli produces more indole at high pH, which
further impacts biofilm formation (Fig. 1). These results support the hypothesis that E. coli
may turn off tnaA in the acidic stomach and turn it on in the basic gut (Lee et al., 2007a).

This study demonstrated for the first time that E. coli has the ability to enhance the
accumulation of indole against antibiotics (Fig. 2) and the enhanced indole production
increases cell survival (Fig. 3). Although highly speculative, these results suggest that E. coli
may utilize indole to compete against other microorganisms that could produce antibiotics.
For example, the β-lactam antibiotic penicillin may be derived from Penicillium fungi
(Fleming, 1929) and bactericidal kanamycin may be isolated from Streptomyces
kanamyceticus (Garrod, 1981). In natural environments, E. coli may encounter these
antibiotic-producing microorganisms outside animal host. It was previously reported that
indole increases drug resistance by inducing intrinsic xenobiotic exporter genes (mdtEF and
acrD) in E. coli, where indole acts via two-component signal transduction systems (BaeSR
and CpxAR) (Hirakawa et al., 2005). Similar to E. coli, non-indole producing bacteria, such
as S. enterica (Nikaido et al., 2008) and P. aeruginosa (Lee et al., 2009) also increased drug
resistance in the presence of indole. The results indicate that the presence of environmental
signal indole could seriously affect the drug resistance of pathogenic bacteria.

The degradation of indole is possible because various oxygenases from non-indole
producing bacteria, plants, and animals may transform indole (Lee and Lee, 2010). Hence,
non-indole producing bacteria may have acquired some defense against indole. For example,
P. aeruginosa, could rapidly decrease the level of extracellular indole (Lee et al., 2009).
Furthermore, previous results showed that indole from E.coli diminished Pseudomonas
virulence by repressing quorum sensing regulated genes encoding the mexGHI-opmD
multidrug efflux pump, phz operon, pqs operon, pch operon, and pvd operon while AHLs
induce these genes (Lee et al., 2009). Therefore, it appears that signaling interference for
indole and defense against indole could be widespread in microbial communities.

Temperature is another important cue for indole signaling (Lee et al., 2008) as well as for
indole production (Fig. 5). tnaAB is induced in E. coli by temperature shifting from 30°C to
43°C (Li et al., 2003) and mutants that lack heat shock proteins IbpA and IbpB have
elevated extracellular concentrations of indole (Kuczyńska-Wiśnik et al., 2009). The current
study confirms that the indole production is significantly increased at high temperatures
(Fig. 1 and Fig. 5). Moreover, E. coli produced indole even at 50°C, which was different
from a previous result that E. coli lost the ability of indole production at 44.5°C after 6 days
(Bueschkens and Stiles, 1984). The difference is probably because of different culture times
(16 hrs at 50°C vs. 6 days at 44.5°C) and different cell lines (BW25113 vs. ATCC 11775). It
was also previously reported that indole cell signaling for biofilm formation, antibiotic
resistance, and cell division in E. coli occurs primarily at a low temperatures (Lee et al.,
2008), while indole could control plasmid stability in E. coli (Chant and Summers, 2007)
and attenuate the virulence in P. aeruginosa at 37°C (Lee et al., 2009). Hence, it appears that
E. coli may utilize indole signaling in different ways depending on the environmental
temperature.

Humans maintain a symbiotic relationship with their intestinal microbial flora over a long
time, and some bacteria are crucial for nutrient assimilation and are beneficial for the
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immune system (Hooper and Gordon, 2001). A variety of intestinal bacteria produce a large
quantity of indole in the animal gut (a weak basic condition) including the human intestine
(DeMoss and Moser, 1969; Lee and Lee, 2010). A recent study suggested that indole could
be important in the intestinal epithelial cells response to gastrointestinal tract pathogens
because indole beneficially affected gene expression of human epithelial cells (Bansal et al.,
2010). Moreover, a mass spectrometry-based metabolomics study demonstrated that the
production of a powerful antioxidant compound indole-3-propionic acid in animal blood
completely depended on indole-producing enteric bacteria (Wikoff et al., 2009). The result
suggested that animals possibly utilize indole derivatives originated from gut microflora for
their immune systems (Wikoff et al., 2009). The current study further suggests that the
intestinal microbial flora may protect itself using indole against pathogenic bacteria.

Recently, the role of indole has been also studied in Vibrio cholerae in which indole
decreases its biofilm formation while increasing its grazing resistance to the phagocytic
eukaryote Dictyostelium discoideum, probably by inducing expression of virulence-
associated secretion proteins (Mueller et al., 2009). Furthermore, more than 85 species of
both Gram-positive and Gram-negative bacteria produce large quantities of extracellular
indole in microbial communities (Lee and Lee, 2010). Because the habitats of these bacteria
are diverse, the mechanisms of indole production are probably different among bacterial
species. Hence, it would be interesting to investigate indole production in other indole-
producing bacteria. Further studies are essentially required to understand why many
bacterial species produce indole, how bacteria regulate indole signaling, and how other
species react to environmental indole.
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Fig. 1.
Effect of pH on extracellular indole production (A) and biofilm formation after 24 h (B) in
E. coli in LB medium. pH (5, 6, 7, 8, and 9) was adjusted with 37% HCl and 5 N NaOH and
cells were cultured at 30°C and 37°C. Extracellular indole was measured at a cell turbidity
(optical density at 600 nm) of 1.5. The pH at the cell turbidity of 1.5 was almost same as the
initial pH. Total biofilm (OD540) was normalized by cell growth (OD620) for each condition.
Each data point was averaged from at least two independent cultures and one standard
deviation is shown.
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Fig. 2.
Effect of antibiotics on extracellular indole production/cell growth in E. coli. Sub-inhibitory
concentrations of ampicillin (2 μg/mL) and kanamycin (2 μg/mL) were added at the
beginning of culturing in LB medium at 37°C. Each data point was averaged from at least
four independent cultures and one standard deviation is shown.
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Fig. 3.
Effect of indole on cell growth in the presence of ampicillin. Sub-inhibitory concentration of
ampicillin (2 μg/mL) was added at the beginning of culturing E. coli K-12 BW25113 and E.
coli K-12 BW25113 ΔtnaA (indole deficient mutant (Lee et al., 2008)) in LB medium at
37°C. Exogenous indole (1 mM) was added to test the effect of indole. Each data point was
averaged from four independent cultures and one standard deviation is shown.
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Fig. 4.
Effect of indole and ampicillin on cell morphology of E. coli. For SEM analysis, cells were
grown in LB medium in the absence of exogenous indole (A), with 1 mM indole (B), with 2
μg/mL ampicillin (C), or with 2 μg/mL ampicillin and 1 mM indole (D). Cells were cultured
in LB medium at 37°C for 6.5 h and were directly fixed by adding glutaraldehyde and
formaldehyde and filtered with 0.45 μm Nylon filter.
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Fig. 5.
Effect of temperature on extracellular indole production/cell growth in E. coli. Cells were
cultured in LB medium at 25°C, 37°C, and 50°C. Each data point was averaged from at least
four independent cultures and one standard deviation is shown.
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Table 1

Transcriptomic data for gene expression of tnaA in wild-type E. coli with various environmental factors. Each
comparison was made with its own control condition in the same reference. Studies with mutant strains are not
included here.

Factors Conditions Fold change
of tnaA

Reference

Culture time 15 h suspension cells vs. 4 h suspension cells
in LB

−588 (Domka et al., 2007)

Glucose No glucose vs. 0.4% glucose in LB 100 (Gosset et al., 2004)

Carbon
sources

Glycerol vs. glucose in a minimal medium 5 (Liu et al., 2005)

Succinate vs. glucose in a minimal medium 5 (Liu et al., 2005)

Acetate vs. glucose in a minimal medium 13 (Liu et al., 2005)

Amino acids

Alanine vs. glucose in a minimal medium 6 (Liu et al., 2005)

Proline vs. glucose in a minimal medium 12 (Liu et al., 2005)

50 μg/mL L-tryptophan for 60 min in a
minimal medium with 0.2% glucose

18 (Khodursky et al., 2000)

Acid pH 5.0 vs. pH 7.0 in LB −14 (Maurer et al., 2005)

Base
pH 8.7 vs. pH 5.0 in LB 16 (Maurer et al., 2005)

10 mM trimethylamine N-oxide vs. none in
LB

15 (Bordi et al., 2003)

Pressure 0.1 Mpa vs. 30 MPa in LB −25 (Ishii et al., 2005)

Oxidative
stress

35 ppm paraquat vs. none for 60 min in LB 20 (Kim et al., 2005)

1 mM hydrogen peroxide vs. none in LB 18 (Zheng et al., 2001)

Heavy
metals

1.2 mM cadmium (II) vs. none in LB −15 (Brocklehurst and Morby, 2000)

4 mM nickel (II) vs. none in LB −15 (Brocklehurst and Morby, 2000)

Aeration

Aerobic vs. anaerobic for 60 min in a
minimal medium with 30 mM glucose

7 (Patridge and Ferry, 2006)

Aerobic vs. anaerobic in a minimal medium
with 0.1% glucose

−2 (Kang et al., 2005)
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