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Highlights:

e The role of indole in a wide range of stress responses is explored and explanations for

the lack of consistency in the scientific literature are discussed.

e In view of the absence of a defined indole receptor protein, we discuss a proposal that
the cell membrane is the primary target. The accumulation of indole in cell membranes,
as well as its ability to pass thorough membranes in the absence of a protein transporter,

offer explanations for its promiscuous effects on bacteria and eukaryotic cells.

e Indole signalling is exerted through one of two modes: a long lasting but low-level
(persistent) signal or a transient, high-level (pulse) signal. Persistent signalling mediates
resistance to multiple stresses including persister and biofilm formation while pulse
signalling has been shown to contribute to E. coli survival under starvation and the

regulation of cytoplasmic pH.

Abstract:

Indole is a signalling molecule produced by many bacterial species and involved in
intra-species, inter-species and inter-kingdom signalling. Despite the increasing volume of
research published in this area, many aspects of indole signalling remain enigmatic. There
is disagreement over the mechanism of indole import and export, and no clearly-defined
target through which its effects are exerted. Progress is hindered further by the confused
and sometimes contradictory body of indole research literature. We explore the reasons
behind this lack of consistency and speculate whether the discovery of a new, pulse mode
of indole signalling, together with a move away from the idea of a conventional protein
target, might help to overcome these problems and enable the field to move forward.
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Indole, a ubiquitous yet enigmatic signalling molecule

Bacteria produce and sense a wide variety of small molecules for inter- and
intracellular communication [1]. They use these chemical messages to respond optimally to
physical and biological changes in the environment. Intercellular communication requires
extracellular signals that may exert their effects on the producer organism itself, on other
bacteria of the same species (intra-species signalling), or on bacteria of different species
(inter-species signalling). In some cases, extra-cellular signals are also involved in inter-

kingdom signalling between bacteria and their eukaryotic hosts.

Indole is an example of a signalling molecule involved in all of these scenarios [2,3]. A
heterocyclic aromatic compound [4], it is produced in bacteria by the tetrameric enzyme
tryptophanase (TnaA) that catalyses the conversion of tryptophan to indole, pyruvate and
ammonia [5,6]. Over 85 bacteria are known to produce indole [7] and the list includes

Gram-negative, Gram-positive, pathogenic and non-pathogenic species.

Indole displays a diverse range of effects on bacterial physiology and metabolism [7,8], yet
its molecular targets and mechanisms of action remain obscure. Thus, while there is
general agreement that indole affects responses to stressors such as antibiotics, abnormal
pH, heat and reactive oxygen species, there is disagreement on whether responses to
stressors such as the establishment of biofilms or the formation of bacterial persisters are
enhanced or supressed by indole. Furthermore, there is no consensus on fundamental
guestions such as how indole is transported across the cell membrane and what is its
primary target in the cell. In this review we explore these disputed territories and discuss
the main gaps in our understanding of indole signalling. In seeking ways forward, we ask
how recent advances, including the discovery of alternative signalling modes and the effect
of indole on cell membranes, may lead to a more complete understanding of this complex

topic.

Indole transport across cell membranes

One of the most fundamental yet controversial questions about indole signalling is how
the signal crosses the cytoplasmic membrane. Despite a report fifty years ago that indole
can diffuse through a lipid membrane [9], it is still often asserted that proteins such as Mtr
and AcrEF play important transport roles. Mtr was identified originally as a tryptophan
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transporter [10], and the suggestion that it also imports indole came from indirect but
elegant genetic experiments in the Yanofsky laboratory. An E. coli strain deficient in
tryptophan biosynthesis (Trp’) could not grow on tryptophan-free medium. However, it was
rescued by adding indole to the growth medium, as long as the tryptophanase operon
(Figure 1) was induced by a non-metabolised inducer. When the Mtr gene was knocked-
out, rescue no longer occurred. It was proposed that indole restored growth because it was
transported into the cell by Mtr where it was converted to tryptophan by tryptophanase in a
reversal of the indole synthesis reaction [11]. When the work was replicated in another
laboratory, Trp cells lacking Mtr did grow slowly on indole-containing medium. In an attempt
to explain the lack of consistency between the two laboratories, the authors of the latter
study proposed that the slow growth of the Trp~ Mtr- strain on indole-containing medium was
evidence of slow indole uptake by passive diffusion or lower-affinity transporters in the
absence of the main indole transporter, Mtr [12]. Further evidence for the role of passive
diffusion in indole uptake is discussed below.

24 bp Rho
leader dependent
peptide termination
sites

tnaC
CRP / cAMP \ |
dependent
promoter Y

320 bp regulatory region

Figure 1: The tryptophanase operon in E. coli.

The operon consists of a CRP/cCAMP-dependent promoter, a 320 bp regulatory region
(transcription initiation site, thaC & Rho-dependent termination sites) and genes encoding
tryptophanase (tnaA) and tryptophan specific permease (thaB). Note: not drawn to scale.
Figure based on references [13,14].
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The search for an indole exporter started with an assumption that blocking export should
increase the intracellular indole concentration, while simultaneously decreasing
extracellular indole. An E. coli mutant lacking the AcrEF multidrug exporter (AacrEF)
appeared to show this phenotype [15]. However, the conclusion that AcrEF is an indole
exporter should be treated with caution. Firstly, the “indole excretion” assay used in this
work in fact measured the total indole concentration (i.e. indole both inside the cells and in
the growth medium; see Box 1). This total indole concentration should remain constant,
irrespective of alterations in transport. The observed decrease in total indole for the AacrEF
mutant [15] therefore seems more likely to indicate decreased indole production, rather
than decreased export. Secondly, the reported increase in intracellular indole in the AacrEF
strain was small (1.6-fold from a very low basal level). Unfortunately, the authors give no
indication of the number of replicates they performed, nor do they estimate the error
introduced into their measurements by washing the cells before conducting the assay (see
Box 1).

In parallel with the publication of evidence supporting protein-mediated indole transport,
other studies have concluded that indole does not require protein transporters to pass
through a lipid membrane. One investigation used plasmid-based expression of styrene
mono-oxygenase to convert intracellular indole to indigo. Exogenous indole was added to a
culture of indole non-producing (AtnaA) cells and the rate of intracellular indigo
accumulation was used to estimate the rate of indole uptake. The uptake rate was found to
be independent of the presence of the putative importer Mtr [16]. The same report showed
that the cell membrane is permeable to indole by demonstrating indole movement into
protein-free vesicles made from E. coli lipid extract. A separate study, focussed on the
biochemical properties of indole, concluded that indole displays high membrane
permeability and can diffuse freely through cell membranes [17].

A possible resolution of these contradictions is that, in vivo, indole passes not only
through lipid membranes but also via protein transporters,. However, evidence for high
membrane permeability makes it difficult to see how indole concentrations inside or outside
the cell could be regulated efficiently by modulating the activity of protein transporters.
Nevertheless, it is by no means impossible and, if the debate is to be resolved, the onus is
on supporters of protein-mediated indole transport to provide direct evidence for their
hypothesis
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Box 1: The perils of indole assays.

A variety of assays, including chromatographic approaches [18] have been used to measure
indole in bacterial culture. Most often, Kovac’s reagent is used but experimental approaches vary,
and consistent assay design is essential to ensure comparability of results from different
laboratories. The use of analytical instruments such as mass spectrometry to measure indole has
been described [18] but Kovac’s remains the most widely used approach. Some experimenters add
Kovac’s directly to samples of bacterial culture [15]. Since the reagent lyses cells, this approach
makes no distinction between indole dissolved in the growth medium and indole associated with the
cells. In contrast, other experimenters first remove cells from the culture by centrifugation and so
measure only the extra-cellular indole in the supernatant [19]. Some attempts have been made to
estimate intra-cellular or cell-associated indole [15] but the permeability of lipid membranes to indole
[9,16] means that a substantial error will almost inevitably be introduced if the cell pellet is washed.
An alternative approach is to omit the washing step and make a correction for the amount of
supernatant indole trapped in the unwashed cell pellet [19].

When interpreting the results of indole assays, it is important to remember that even when
extra-cellular and cell-associated indole are at equilibrium, they will be at very different
concentrations. This is because the lipid-to-water partition coefficient for indole is approx. 100 [19],
so indole partitions selectively into a non-polar environment. Consequently, in a bacterial culture,
indole shows greater affinity for cells than for the culture medium. Furthermore, the concentration
within the cells is non-uniform since indole shows a preference for lipid membranes over the
cytoplasm. It has been determined experimentally that when indole is in equilibrium between cells
and the culture medium, the cell-associated indole concentration (i.e. the concentration of indole in
the cell pellet) is approx. 16-fold greater than the indole concentration in the growth medium [19].
However, in a non-equilibrium situation such as during the pulse of indole synthesis that occurs
during the transition from exponential to stationary phase the cell-associated concentration can
exceed the culture medium by up to 80-fold.

Indole and antibiotic persisters

The addition of 4-5 mM indole to E. coli growing exponentially in broth culture arrests growth
[20, 21]. The cells remain viable and indole removal is followed by a resumption of growth. In
an interesting parallel, reversible dormancy has increasingly been recognised as a natural
strategy for antibiotic survival, and bacteria that avoid killing by this mechanism are known
as persisters [22]. Persistence is seen for only a small sub-population of cells in a culture
(<1%) and is a physiological, rather than a genetic, state. The descendants of persisters that
resume growth after antibiotic removal display the same antibiotic sensitivity as the original
population. [23].

Page | 6



Unsurprisingly, the ability of indole to switch cells into a dormant state has attracted the
attention of researchers seeking a plausible mechanism of persister cell establishment.
However, these investigations have produced conflicting evidence. Some have found that
indole stimulates E. coli persister formation at physiological concentrations [12, 24] while
others [25] have come to the opposite conclusion, finding that reducing indole stimulates

persister formation.

It is entirely possible that the role of indole in persister generation is variable across different
antibiotics, different bacterial species and even different strains within the same species.
When attempting to rationalise this conflict, it is important to remember that these studies
have used diverse experimental approaches. Hu et al. [25] exposed exponential and
stationary phase indole-negative (AtnaA) E. coli to 0-2 mM indole for 2 h before antibiotic
treatment. Vega et al. [12] compared stationary-phase indole-negative (AtnaA) and wild-type
cultures, and also supplemented an exponentially growing wild-type culture with 500 yuM
indole. Kuczynska-Wisnik et al. [24] added 0-0.2 mM indole exogenously to stationary phase
wild-type cells in LB medium. In the studies of Kuczynska-Wisnik et al. and Vega et al., where
wild-type cells are used, it is difficult to quantify the indole responsible for the observed effects

since no account seems to be taken of endogenously-produced indole.

The lack of consensus over the effect of indole on persister frequency may also be explained
by the use of different antibiotics in the various studies (Table 1). Some studies use ofloxacin,
a DNA gyrase inhibitor that targets both growing and non-growing cells, while others use
ampicillin, a cell wall synthesis inhibitor that kills only actively growing cells. It is becoming
clear that the persistent state cannot simply be equated with dormancy [26]. Persistent cells
may need to enter different physiological states to survive the stresses imposed by antibiotics
with different modes of action and these states might well be achieved via different
mechanisms [27]. There is an urgent need for a comprehensive study, comparing the role of
indole signalling in persister formation for different antibiotic classes under consistent

experimental conditions.
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Table 1: How variable experimental design causes persistent confusion.

Cases where indole enhances persister formation

Antibiotic Indole added Method & Outcome Ref
Ofloxacin (5 pg/mL) 0.5mM Indole addition to wild-type E. coli increased  [12]
Ampicillin (100 pg/mL) persister by 10-fold.

Kanamycin (10 yg/mL) An indole non-producing E. coli mutant

(AtnaA) had 10-fold fewer persisters, which
was rescued by indole addition.

Ofloxacin (5 pg/mL) 0.05 mM Indole addition to wild-type E. coli increased  [24]
0.1 mM persister formation: two-fold increase for 0.1
0.2 mM mM indole & 3-fold increase for 0.2 mM
indole.

Cases where indole decreases persister formation

Antibiotic Indole added Method & Outcome Ref
Ampicillin (100 pg/mL)  None An indole non-producing E. coli mutant [25]
(AtnaA) had 10-fold more persisters than
wild-type E. coli
Ampicillin (100 pg/mL) 0.5 mM Incubating an indole non-producing E. coli [25]
Ciprofloxacin (5 yg/mL) 1 mM mutant (AtnaA) with indole for 2 h before
2mM antibiotic treatment decreased persister

frequency (the higher the indole
concentration, the fewer the persisters).

Rifampicin (100 pg/mL) 2 mM Indole addition to wild-type E. coli decreased [28]
persisters by 75%.

The role of indole in biofilm formation

Biofilms are bacterial populations in which cells embedded in a secreted matrix adhere
to each other and to surfaces or interfaces. They show high tolerance to the host immune
system and cause persistent infections that are resistant to treatment with antibiotics [29].
Up to 80% of bacterial infections in human patients are biofilm associated; such infections
are caused mainly by Staphylococcus epidermidis, Pseudomonas aeruginosa,
Staphylococcus aureus and Enterobacteria such as E. coli [29]. An effect of indole on
biofilm formation has been reported for a wide range of indole-producing and non-producing

strains, but there is no consensus on the direction of the effect [2] (Figure 2, Key Figure).
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-: | TTTT T AL Acinetobacter baumanii [32]
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: : R P Vibrio anguillarum [45]
| r — — — = Fdwardsiella trada @ [46]
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== == Salmonella enterica serovar Typhimurium ﬁ [55-57]
Gram classification Indole Production Antibiotic Resistance Biofilm Formation
Gram Positive Indole Positive @ Increased Increased
==eea= Gram Negative Indole Negative @ Decreased Decreased

Figure 2: A cladogram of bacterial strains used in studies of the effect of indole

on bhiofilm formation and antibiotic resistance.

The effect of indole is highly variable with no clear correlation with evolutionary
relationships, Gram classification or indole production. The cladogram is derived from [58]

(Details on the production of the cladogram are available as supplementary information).
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Confusion over indole modulation of bacterial biofilms is illustrated by studies on two
clinically relevant strains, E. coli and P. aeruginosa. In E. coli (an indole producer), biofilm
formation was reported initially to be inhibited by indole, via stress response and stationary
phase regulatory pathways [2,50,51]. However, it was also reported that an indole-negative
mutant of E. coli, and a wild-type strain treated with a chemical inhibitor of tryptophanase,
displayed decreased biofilm formation compared to wild-type. Adding indole to the cultures
restored their biofilm formation capacity [48,49]. P. aeruginosa cannot synthesise indole but
biofilm formation was nevertheless enhanced by indole and 7-hydroxyindole [39], although
it was inhibited by 2-aminobenzimidazole [40]. It has been suggested that the effect of
indole on biofilm formation is concentration-dependant and strain specific [2] and it seems
likely that this might be the source of the discrepancies in the data for E. coli and P.

aeruginosa.

Indole signalling and antibiotic resistance

Indole has been shown to modulate resistance and tolerance to antibiotics in both indole-
producing and non-producing bacteria (Figure 2). Resistance increases the minimum
inhibitory concentration (MIC) of the antibiotic, while tolerance increases the minimum
duration for killing (MDK) [23]. Studies have been focussed mainly on Gram-negative
species, where indole is often found to increase antibiotic resistance and tolerance via the
activation of efflux pumps and induction of oxidative stress responses [35, 39, 46, 52-57].
However, two studies reported that indole decreases antibiotic resistance in the Gram-
negative Lysobacter species by stimulating the vitamin B1> importer BtuD [37,38]. The weak
selectivity of the importer causes cells to increase antibiotic uptake, resulting in cell death [38].
In contrast to the extensive work on antibiotic resistance of Gram-negative bacteria, studies
on Gram-positive bacteria are few and are mainly limited to reports that indole decreases

the formation of antibiotic-resistant spores by a poorly understood mechanism [31,34].

Again, the lack of a consistent message in the literature may be explained by the choice
of different bacterial strains or the different modes of action of the antibiotics used. It is also
important to note that studies in most areas of indole action have been limited to persistent
signalling. The effect of indole pulse signalling on biofilms, persister formation or antibiotic

resistance remains unknown (Box 2).
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Box 2: Pulse and persistent; alternative modes of indole signalling

An LB culture of E. coli grown into stationary phase accumulates approx. 0.5 mM indole in the
growth medium. Reports of indole concentrations in human stool samples vary, but the mean is
around 2.6 mM [59]. Hence indole concentrations in the range 0.5-2.5 mM are often described as
physiologically relevant and are used experimentally as medium supplements. The discovery of a
new signalling mode, termed indole pulse signalling, has called into question this simple view of
physiological relevance. In LB culture, E. coli makes the majority of its indole during stationary
phase entry. Cell-associated indole rises dramatically over approx. 20 min, peaking at
approximately 60 mM [19]. A plausible explanation for this high, transient concentration is that
during this period indole is synthesised faster than it can exit the cell by diffusion or via membrane
transporters. Attempts to reproduce the indole pulse experimentally have been made by adding 4-5
mM indole to the culture medium, then resuspending the cells in indole-free medium after 20 min
[60]. To distinguish between the long-lasting and transient modes of indole signalling we refer to
them as pulse and persistent. When considering their effects, one key distinction is that persistent
signalling is the result of indole in the growth medium and hence is experienced equally by the
producer cell and any other cells (producers or non-producers) in the same environment. Pulse
signalling, on the other hand, is not experienced by indole non-producing cells. It is experienced
exclusively by the producer cell and only during the period of rapid indole synthesis.

The role of indole in acid and heat resistance

Optimum growth and survival of E. coli occurs close to neutral pH. A study by Hirakawa
et al. found that indole increased survival when E. coli was exposed to acid stress at pH 3.5
[53]. They showed that pre-incubation of E. coli with 1-2 mM indole increased the
expression of acid resistance genes of the glutamine decarboxylase system, which in turn
increased acid resistance. However, in apparent contradiction, 2 mM indole added to a
culture of E. coli during stress at pH 2.5 was found to reduce survival significantly [47].
Once again, the contrasting outcomes may be explained by differences in the experimental
design, with indole being present before the stress in one case but only during the stress in
the other. Furthermore, the discrepancy in pH values used to stress the cells corresponds
to a ten-fold difference in acid strength which may also have had an influence on the

outcome.

The ability of E. coli to survive at high temperatures is an important challenge in the
food industry [61]. A link with indole was established when E. coli was reported to show
elevated indole production at 50°C [62]. The authors hypothesised that indole might
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increase survival at high temperatures but provided no evidence to support this. However,
subsequent work showed that a low concentration of indole (20 uM) added to a culture of
indole non-producing cells (TnaA") stressed at 50°C does increase the proportion of
survivors after 24h [63]. Interestingly, this latter study suggested that elevated indole
production at 50°C [62] might not be a direct response to heat stress. It was noted that
incubation of an E. coli culture at 50°C arrests growth, and growth arrest has been found to
stimulate indole production, whether it is due to heat stress, antibiotic treatment or the

removal of nutrients [63].

Apart from acid and heat stress, indole was shown to increase E. coli survival during
exposure to rhodamine 6G and sodium dodecyl sulphate [64]. More recently, indole was
proposed to be an important modulator in a complex stress response of cells in aging
colonies [65]. Indole increased genetic diversity in these ageing colonies, resulting in the
formation of clusters of cells characterised by unique phenotypes in comparison to their
neighbours [65]. Perhaps unexpectedly, these authors found that indole production did not
protect the aging cells from death but correlated with enhanced production of reactive
oxygen species (ROS) and cell death. An element of kin selection was suggested by the
authors who proposed that indole-mediated death of a proportion of cells might be providing
nutrients for surviving neighbours. If indole production does indeed constitute a useful

stress response, its mechanism of action is still far from being fully understood.

Indole as an inter-species signal

In an environment such as the human gut, bacteria are exposed to indole even when they
do not themselves produce it. The diffusion of indole through a lipid membrane means that
these non-producer cells inevitably experience indole in their cytoplasm and lipid
membranes and this could potentially alter gene expression or other aspects of metabolism
and physiology. The published literature suggests that inter-species effects of indole can be
either beneficial or detrimental (Table 2). However, as in other areas, there is considerable
variation in experimental approaches, as well as the test organism, so care is needed when

making broad generalisations.
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Table 2: Indole as an inter-species signal: friend or foe?

Cases where the indole signal is beneficial to a bacterial recipient*

Bacterial Indole Method & Outcome Ref
recipient added

Salmonella 2mM Increased the expression of genes encoding the multidrug [66]
typhimurium 7h exporters acrAB, emrAB, acrD, and mdtABC.

Increased survival after exposure to benzalkonium.

Salmonella 0.5 mM Increased survival by 3-fold after exposure to carbenicillin or = [55]
typhimurium 1.25 mM ciprofloxacin.
Salmonella 1 mM Up-regulated 24 genes with regulatory functions & down- [57]
typhimurium 4 mM regulation 53 genes involved in flagella biosynthesis and
chemotaxis.
Increased antibiotic tolerance via expression of efflux
pumps.
Pseudomonas 300 uM Increased expression of the multidrug exporter pump [42]
putida TtgGHI.

Increased the ability to grow in the presence of an inhibitory
level of ampicillin.

Cases where the indole signal is detrimental to a bacterial recipient*

Antibiotic Indole Method & Outcome Ref
added

Salmonella 1 mM Decreased motility and invasion of HeLa intestinal [67]

typhimurium 24 h epithelial cells and mouse macrophages.

Salmonella None Indole made by E. coli in the human gut reduced the [57]

enterica virulence of Salmonella enterica serovar Typhimurium,

serovar thereby providing an advantage to E. coli as well as to the

Typhimurium human host.

Clostridium None C. difficile induces the production of indole from E. coliin  [68]

difficile the human gut, thereby inhibiting the growth of bacterial

species that compete with C. difficile, allowing the
pathogen to persist and recur 1 to 4 weeks after antibiotic

treatment.
Pseudomonas 1 mM 1 mM altered expression of 47 genes, of which 11 are [69]
putida 2mM involved in the tricarboxylic acid cycle and 12 function as
3 mM chaperones or proteases.

2 mM Reduced growth substantially.
3 mM caused complete growth inhibition.

* Bacterial recipient does not encode tryptophanase and cannot make indole.
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Choosing indole concentrations for experimental investigations

We have suggested that the confusing and sometimes contradictory nature of much of
the indole literature might be due to a lack of standardised experimental conditions in
different laboratories. Indeed, it is impossible to describe one standard concentration at
which indole signalling occurs. Most experimenters use LB medium and, under these
conditions, there is huge variation in the production of indole during different phases of
culture growth. Thus cells in lag and exponential phase experience a very low level of
indole (< 0.05 mM) [63,70,71], and the main period of indole production occurs in late
exponential and early stationary phase [20]. Levels of indole detected in stationary phase
LB cultures vary depending on the measurement technique and the specific E. coli strain,
but are typically 0.5-1 mM [20,62,70,71]. This corresponds closely to the concentration of
free tryptophan in LB medium, which varies between 0.5 mM [71] and 1 mM [72]. Indeed, E.
coli appears to convert to indole all free tryptophan remaining in the growth medium during
stationary phase entry [71].

Indole as stress response or stress insurance?

As described previously, many researchers have explored the role of indole when bacteria
are subjected to a range of stresses (temperature, pH, antibiotics, etc). In studying these
processes, it is important to distinguish indole production as a response to a specific stress,
from pre-conditioning where indole makes cells better able to resist future, unknown

stresses. Examples of both scenarios have been described in recent years.

There is no shortage of examples where indole production is a response to challenging
conditions. A study of the effect of pH on indole production in E. coli reported that low pH
inhibited indole production whilst high pH increased production both at 30 °C and at 37 °C
[62]. This result was consistent with previous work showing that at pH 5 expression of the
tryptophanase gene was reduced, whilst at pH 9 it was increased [73-75]. A response to
antibiotic stress was seen where indole production per cell was increased by sub-inhibitory
concentrations of ampicillin (2 pg mL1) and kanamycin (2 yg mL1) [62]. Also, under
conditions of oxidative stress (elevated H202 and superoxide ion) caused by mutations or
antibiotics [76], tryptophanase activity was up-regulated and the extracellular indole
concentration increased accordingly [77]. It is tempting to speculate that there might be a

single mechanism that links indole production to diverse stresses. Certainly, changes in
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temperature and pH, and exposure to antibiotics and oxidative stress are likely to increase
RpoS levels [78], which is known to induce tryptophanase expression and hence indole
production [79]. However, this might not be the only mechanism. Many stresses also slow
or arrest bacterial growth, and this alone has also been shown to stimulate indole synthesis
[63].

Indole also plays a role pre-conditioning cells to resist future stresses. For wild-type E.
coli in LB medium, an indole pulse at the end of exponential phase advances the transition
into stationary phase, stopping growth before resources are exhausted [19]. When
incubation of the stationary phase culture was continued in the same medium for a further
ten days, wild-type cells showed much better survival than an indole non-producing mutant.
The mutant displayed a short-term advantage over the wild-type, entering stationary phase
at a higher cell density. However, this advantage was not maintained during the subsequent
period of starvation, presumably because only the wild-type had set aside resources that

could be used for survival and repair during the famine.

Recently, the indole pulse was shown to have a role regulating the cytoplasmic pH of
E. coli [70]. This may also prove to be a form of pre-conditioning against stress but, as yet,
there are no data to support this. Interestingly, maintenance of the correct cytoplasmic pH
during exponential growth was dependent upon the indole pulse at the transition from the
previous period of exponential growth into stationary phase. Thus, the cells retain some
“‘memory” of the pulse even after being sub-cultured into fresh medium. The nature of this
memory is unknown but one possibility is that the indole pulse could influence the
distribution of membrane proteins, with the indole-dependent distribution serving as the

memory repository [70].

Quorum sensing or leaking metabolite; what is the true nature of the indole signal?

The enigmatic nature of indole signalling is evidenced by the difficulty of pinning-down its
mode of action. Several reports refer to indole as a quorum sensing molecule [7,80,81] and
it is true that the use of conditioned medium, or chemical complementation, has been
effective in reproducing the induction of xenobiotic exporter genes acrD, acrE, cusB and
emrK [64]. However, for other genes including gabT, astD and tnaB, chemical
complementation has failed to reproduce the full effect of natural indole production [82]. In

mathematical models of quorum sensing, it is typically assumed that the autoinducer is
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produced and secreted at a constant rate [83] but this is clearly not true for indole
production [19]. Finally, the recent description of indole pulse signalling clearly places at

least these aspects of indole action well outside the quorum sensing paradigm.

In an attempt to rationalise the field of bacterial cell signalling, Winzer et al listed
qualifying attributes for cell-to-cell signalling molecules (CCSM) [84]. The objective was to
distinguish true signalling molecules from non-signalling metabolites that accumulate in the
culture supernatant. An aspiring CSSM must satisfy four criteria: (i) it must be made at a
specific stage, (ii) it must accumulate externally and be recognised by a specific receptor,
(iif) accumulation must generate a concerted response and (iv) the cellular response must
extend beyond physiological changes that remove or detoxify the molecule. When indole
was assessed against these key criteria, it was concluded that low levels of indole (<1 mM)
satisfy at least some of them [7]. Certainly, indole produced by cells growing in LB broth is
made at a specific stage of growth and accumulates externally. Although a specific receptor
remains hard to find, the lack of discovery does not mean it does not exist, especially
considering that potential indole receptors have been described in mammalian cells, such
as aryl hydrocarbon receptor (AHR) in the human gastrointestinal cells [85,86]. Also, the
bacterial membrane-bound histidine sensor kinase (HK) CpxA has been recently proposed
as an indole sensor [87]. Additionally, an almost overwhelming number of responses has
been identified and these are certainly distinct from removal or detoxification of the signal.
However, pulse signalling during stationary phase entry [19] confuses the argument once
again. Here the accumulation of indole in the external medium is irrelevant, while the cell-
associated (intracellular) concentration is crucial. Indeed, since pulse signalling is by
necessity independent of cell density, it fails to meet the qualifying criteria for either quorum

sensing or CCSM.

A final puzzle: there is no clearly-defined target or mode of action for indole in

the bacterial cell

Unusually for a signalling molecule, indole has no clearly-defined protein receptor [8]. It
has been reported that indole inhibits DNA gyrase in vitro [88], implying a direct interaction
with this protein. However, significant inhibition of supercoiling activity only becomes
apparent in the 2-5 mM range, suggesting that the indole-gyrase interaction is relatively

weak. It has also been proposed that the effect of indole on biofilm formation is mediated
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via the quorum sensing regulator SdiA, possibly by direct binding [47]. However,
subsequent studies have disputed this, suggesting that the effect is indirect and that higher

concentrations of indole inhibit N-acyl-L-homoserine lactone sensing by SdiA [89].

Three envelope stress response modules (BaeSR, CpxAR and the phage shock
pathway) respond to indole, suggesting that the cell membrane itself might be an important
target [12,60,90]. Certainly, indole favours a lipid environment over aqueous solution. The
lipid:aqueous partition coefficient for indole is approx. 100 [19], so stationary phase E. coli
cells in LB would have an indole concentration of 50-100 mM in their membranes. In vitro,
the incorporation of indole into a lipid bilayer has been shown to result in alteration of the
activity of the bacterial tension-activated channel MscS [17], providing further evidence that
membrane accumulation might be responsible for some effects of indole via modulation of

membrane protein activity.

In addition to altering membrane tension, indole makes membranes permeable to
protons in a dose-dependent manner [91]. This explains why 4-5 mM indole inhibits E. coli
cell division in broth culture [20]. The loss of the proton gradient prevents MinCD oscillation,
which disrupts the proper localisation of FtsZ, thus inhibiting cell division [21]. The recent
discovery that the MinCD system is responsible for the distribution of a wide range of
functionally-unrelated membrane proteins [92] raises the possibility that the same
mechanism might underpin other indole responses. Finally, it is possible that by acting as a
partial uncoupler, indole has effects on key processes including membrane transport and

ATP synthesis, although these areas have not yet been explored.

Concluding Remarks

Indole signalling underpins an extraordinarily diverse field of study with major
implications for bacterial communication and human health. It is unfortunate that such an
important field is underwritten by a confusing and, sometimes, contradictory body of
scientific literature. In this review we have discussed the major gaps and contradictions in
the field and have attempted to understand how these problems have arisen. We conclude
that in part difficulties arise from a lack of consistent approaches by the many groups
working in the area. We also draw attention to the potential confusion caused by the

existence of at least two very different modes of indole signalling (pulse and persistent) and
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underline the need to take their differences into account when assessing the effects of

indole on cells producing and receiving the signal.

Outstanding Questions

Indole has been shown to diffuse freely across lipid membrane but do specific indole

transporters also play a role?

What is the primary target of the indole signal? Should we move away from the concept
of a conventional protein receptor and consider the membrane as the main organ of

indole detection and response?

Are the effects of indole on persister and biofilm formation, ageing in colonies and
resistance to heat, acid and antibiotics due only to conventional (i.e. persistent)
signalling? Could the involvement of pulse signalling explain some of the conflicting and
contradictory results coming from different laboratories?
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