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Abstract

Indole is a signalling molecule produced both by bacteria and plants. In this review its signalling role between microbes and in
particular in the human gut is discussed. Besides the natural roles, indole also has value for flavour and fragrance applications,
for example, in food industry or perfumery. Additionally, indole can be derivatized to several halogenated and oxygenated
compounds that can be used as natural colourants or have promising bioactivity with therapeutic potential to treat human
diseases. Indole is traditionally obtained from coal tar. Biocatalytic approaches have been developed to convert indole into
halogenated and oxygenated derivatives. This review will discuss recent advances in production of indole from glucose or
tryptophan by fermentation and the production of derived halogenated and oxygenated derivatives by microbial cell factories.

Keywords Indole - Indigoids - Biological role - Bioactives - Microbial cell factories

Structure of natural indole

More than 4000 indoles are known to occur in nature
(Fig. 1A), and many are biologically active as some com-
pounds exhibit antitumor, antibacterial, antiviral or antifun-
gal activities. The indole ring system is probably the most
ubiquitous heterocycle in nature, and it has long inspired
organic synthesis chemists [1]. In pharmaceutical chemistry,
substituted indoles are considered “privileged structures”
as they show high-affinity binding to many receptors. Free
indole can give rise to substituted indoles (Fig. 1A). Three
examples are given: (a) addition of single groups for func-
tionalization (e.g. 3-bromoindole as synthesised by BrvH, a
flavin-dependent halogenase encoded in a metagenome [2]);
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(b) cascaded enzyme-catalysed and spontaneous reactions,
(e.g. hydroxylation by a P450 monooxygenase followed by
spontaneous oxidation and dimerization yielding indigo [3]),
and (c) complex biosynthetic pathways of plants and fungi
(e.g. biosynthesis of benzoxazinoid alkaloids, whereas vin-
blastine derives from tryptamine [4]).

Indole is important in bacterial signalling

Multiple bacterial species in environmental niches devel-
oped quorum sensing (QS) to adapt and survive in natural
communities. Many bacteria release diffusible chemical
communication signals to sense the local environmental
condition and eventually to regulate diverse physiological
processes [5]. Indole and its derivatives are among these
bacterial signalling molecules, being produced by more
than 85 Gram-positive and Gram-negative bacterial species
primarily from the phyla Bacteroidetes, Firmicutes, Proteo-
bacteria, and Actinobacteria [6]. In many cases, however,
indoles are involved not just in intra-species signalling,
but also in inter-species and even inter-kingdom signal-
ling between bacteria and their eukaryotic hosts [7]. While
indole-producing bacteria employ indole for QS, many non-
indole-producing bacteria as well as eukaryotes sense and
metabolise indole via oxygenases affecting their physiology
in different ways [6]. The following section describes the
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Fig. 1 Examples of indoles (A) and selected routes of chemical indole synthesis (B). EWG, electron withdrawing group

influence of indole in coordinating actions within organisms
as well as its ubiquitous role in intercellular communication.

As an extracellular signal molecule in Escherichia coli,
indole was observed to activate the transcription of genes
gabT and astD involved in the degradation pathway of
amino acids to pyruvate or succinate [8], suggesting that
indole signalling may play a role in preparing the cells for
a nutrient-poor environment when the catabolism of amino
acids becomes important for energy production [9]. Aside
from being an active signal in metabolic control, indole also
participates in cell cycle regulation by delaying cell division
in E. coli until plasmid dimers are resolved to monomers
[10] contributing to the maintenance of plasmid copies and
genetic stability [11]. Bacterial cell division begins with the
assembly of a large number of proteins that form a macro-
molecular complex called divisome [12]. Cells exposed to
indole were observed to have FtsZ, filamenting tempera-
ture-sensitive mutant Z, fluorescence uniformly distributed
throughout the cytoplasm in contrast to cells not exposed
to indole which had FtsZ localised at the cell mid-point as
the cell cycle progressed [13]. Since formation of the FtsZ
ring is a prerequisite for division, prevention of its genera-
tion by indole effectively inhibits cell division. Moreover,
as early as 1982, it has already been recognised that as little
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as 0.5 mM indole can uncouple the mitochondrial oxidative
phosphorylation, the final biochemical pathway in the pro-
duction of ATP [14]. Both preventing FtsZ localisation and
mitochondrial uncoupling may explain the role of indole in
cell cycle regulation.

Several studies also reported that indole modulates bac-
terial persistence, the resistance and tolerance to antibiotics
of some bacteria. Investigations in E. coli show that indole
at physiologic concentrations (below 1 mM) induces the
transition to a persistent state against lethal concentrations
of ofloxacin, ampicillin and kanamycin [15]. By contrast,
toxic concentrations of indole, i.e. 1-2 mM where indole
behaves as a membrane ionophore, lead to decreased per-
sister frequency with ampicillin, ciprofloxacin [16] and
rifampicin [17]. Interestingly, sub-minimal inhibitory
concentrations of the aminoglycoside tobramycin elicited
increased indole production in the pathogen Vibrio chol-
erae which causes the deadly disease cholera [18]. This
indole secretion induced increased persistence to lethal
concentrations of aminoglycoside of V. cholerae through
the action of RaiA, increasing the protection of ribosomes
during stress, a novel pathway in which indole mediates
bacterial persistence. In addition, indole also uses other
mechanism to induce persistence namely, by reducing the
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production of ribosomes and hence, slowing down the
metabolism [19]. Notably, another opportunistic patho-
gen Pseudomonas aeruginosa can be resuscitated with the
amino acid L-Pro after inducing the persister phenotype by
reducing translation through depleting ATP levels. How-
ever, physiological concentrations of indole inhibited cell
resuscitation of P. aeruginosa persister cells [20] hinting
on the positive role of indole produced by the commensal
E. coli in preventing waking of the persister pathogenic P.
aeruginosa in the gut [21]. Consequent to the dissimilar
observations on the effect of indole in bacterial persistence,
more research is needed to demystify the role of indole in
pathways leading to persistence of some bacteria.

Studies also pointed to the involvement of indole in bio-
film formation. Microbial biofilms are bacterial populations
in which cells are embedded in a self-produced matrix of
extracellular polymeric substances that are adherent to each
other and/or a surface [22]. Due to their resistance to anti-
biotics, pathogen biofilms pose a major problem for human
health [23]. Indole interacts with the transcriptional regu-
lator, LuxR homolog SdiA of E. coli and regulates SdiA-
mediated transcription resulting in repressed motility and
decreased acid resistance ultimately leading to reduced
biofilm formation [24]. The effect of presence of indole in
biofilm formation of different microorganisms has also been
previously reviewed [6, 25, 26]. As already pointed out in
these reviews, there is a lack of consensus on the direction of
effect and role of indole in biofilm formation since there are
different outcomes for varied experimental parameters like
strain, indole concentration and condition like medium and
temperature [24, 27-31]. Recently, in a mixed-species co-
culture between the non-biofilm forming indole-degrading
betaproteobacteria Burkholderia unamae and indole-pro-
ducing gammaproteobacteria E. coli, indole produced by
E. coli facilitated the interspecies biofilm formation [32].
In turn, the B. unamae-derived signalling diketopiperazine
cyclo-upregulated indole biosynthesis and enhanced E. coli
biofilm formation, an example of a bidirectional, mutually
beneficial, cell-to-cell communication involving indole-pro-
ducing and indole-consuming species [32]. Interspecies QS
between the human opportunistic pathogens Acinetobacter
baumannii and P. aeruginosa coexisting in human lungs
was observed to be also regulated by indole [33]. Specifi-
cally, indole from A. baumannii reduced the competitive fit-
ness of P. aeruginosa by inhibiting its QS systems and type
III secretion system. Notably, deletion of indole synthase,
homolog of methyl indole-3-acetate methyltransferase,
impaired biofilm formation, motility and virulence of A.
baumannii, a clinically significant finding since A. bauman-
nii has been listed in the World Health Organization’s first-
ever list of priority antimicrobial-resistant pathogens [34].
Another pathogen of particular clinical relevance in both
developed and developing countries is the enteric pathogen

Salmonella enterica serovar Typhimurium, the leading cause
of foodborne illness worldwide [35]. It has been shown that
HeLa intestinal epithelial cells treated with indole prior to
infection with Salmonella decreased motility and invasion
of the pathogen to the HeLa intestinal cells [36]. In addition,
microarray analysis revealed that indole repressed various
genes related to bacterial motility and virulence but induced
expression of genes related to efflux-mediated multidrug
resistance [37]. Since Salmonella does not produce indole
and does not harbour tnaA [37], these results suggest that
the indole produced by tryptophanase-expressing bacteria
in the gut may provide an advantage to the indole-producing
commensal bacteria themselves as well as the host through
QS. However, the indole that offers protection to the indole-
producing commensal bacteria is the same indole that pro-
motes the propagation of the non-indole-producing pathogen
Clostridium difficile, leading to reduced colonic microbial
diversity and dysbiosis that sustain C. difficile infection [38].
Through the Agrl quorum signalling system of C. difficile,
the pathogen induces indole biosynthesis at transcription
level in E. coli. Increased indole concentration creates redox
imbalances that influence cell viability of beneficial com-
mensal bacteria such as Bacteroides species, which tended to
have lower indole tolerance than C. difficile [38]. Due to con-
siderable variation in experimental results and observations,
care is needed when drawing broad conclusions on whether
indole has beneficial or detrimental end effects (Fig. 2).

Another aspect in which indole signalling is relevant is on
biological wastewater treatment plant since there is a signifi-
cant concentration of indole in coal wastewater and in faeces
from healthy adults ranging from 10 mg/L to 18.6 mg/L and
35.14 mg/L to 773.18 mg/L, respectively [39, 40]. Treatment
of indole-containing wastewater is always accompanied by
indigoids formation, hence indigoid-degrading bacteria may
be used in waste treatment process [41]. The next section
will tackle the role of indole and its metabolites in signalling
in the human gut.

Impact of indole on intestinal function

The gastrointestinal tract of humans is home to a high den-
sity and diversity of bacterial cells, with the majority liv-
ing in the colon (10! 1_10'? bacterial cells/mL) [42]. Indole
concentrations are in the order of 0.25-1.1 mM and up to
0.2 mM in the human gut and blood, respectively [18]. Sig-
nalling by indole and its derivatives that are produced by
microorganisms in the colon influences the digestive and
immune systems in humans. Aside from the small portion
of the L-Trp derived from the diet used for protein biosyn-
thesis, L-Trp is also catabolized either by endogenous host
cells via the kynurenine and serotonin pathway [43] or by
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Fig.2 Beneficial (green arrows) and detrimental (red arrows) effects of indole to its bacterial recipient (boxed). Black arrows represent the
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intestinal microorganisms via indole and its derivatives path-
way (Table 1).

Indoles generated from L-Trp catabolism exhibit diverse
biological activities and play important role in the intesti-
nal tract [50]. Typically, tryptophanase (TnaA)-expressing
Gram-negative E. coli and Gram-positive bacteria such as
Clostridium spp., and Bacteroides spp. catalyse the direct
conversion of L-Trp to indole [51]. Commensal E. coli pro-
duce as much as 600 pM indole in suspension cultures [28]
and human faeces contain indole at comparable concentra-
tions (about 0.25 to 1.1 mM) [52]. Indoles play a crucial
role in controlling intestinal barrier efficacy and can either
decrease the early immune response to bacterial elicitors
or trigger induced systemic resistance [50]. This section
summarises the known and well-described mutual crosstalk
between the cytokines involved in the immune response and
indole metabolites derived from the gut.

In a murine model of Nonsteroidal Anti-Inflammatory
Drugs (NSAIDs) enteropathy, it has been shown that co-
administration of indole with indomethacin attenuated mul-
tiple deleterious effects of NSAID enteropathy by modulat-
ing inflammation mediated by innate immune responses and
altering indomethacin-induced shift of the microbiota [44].
This indicates that indole has a potential immunomodula-
tory effect on NSAID enteropathy. In addition, indole was
also found to induce the secretion of the anti-inflammatory
cytokine interleukin-10 (IL-10), reduced the synthesis of the
pro-inflammatory IL-8 and decreased tumour necrosis fac-
tor (TNF)-a-mediated activation of nuclear factor (NF-kB)

@ Springer

[45]. The same study also showed indole to elicit a response
on the intestinal epithelial cells by increasing the expression
of genes involved in strengthening the mucosal barrier and
mucin production.

Besides indole, indole derivatives have also been demon-
strated to have positive effects on enhancing immune barrier
of the colon. The aromatic indole-3-pyruvic acid was shown
to have substantial anti-inflammatory impact on the colon
in the inflammatory bowel disease (IBD) mouse model by
inducing T regulatory cell 1 (Trl) differentiation involv-
ing IL-10 secretion [46], which is important for intestinal
immunological homeostasis [53]. In individuals with IBD,
epithelial regeneration and inflammation reduction is stimu-
lated by the reparative cytokine IL-22 [54]. IL-22 produc-
tion is induced by ligand-activated transcription factor aryl
hydrocarbon receptor (AhR) and is in turn influenced by
the AhR ligand indole-3-acetic acid [55]. Indole-3-acetic
acid produced by Bacteroides ovatus ATCC 8387 promoted
IL-22 production by immune cells in a gnobiotic mouse
model and trinitrobenzene sulfonic acid model of murine
colitis [47]. Another ligand of AhR indole-3-lactic acid
decreased production of the pro-inflammatory cytokine
IL-8 in human intestinal epithelial cell lines when exposed
to lipopolysaccharide (LPS), the most abundant component
within the cell wall of Gram-negative bacteria [48]. LPS is a
potent stimulus for the release of TNF-a and the latter in turn
induces the expression of IL-8 [56]. Just like in IBD, bacte-
rial infections through LPS cause imbalance in the intestinal
immunological homeostasis and can stimulate the release
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Table 1 Metabolic pathways of microbial origin L-Trp metabolites and their functions
Metabolites Enzymes Study model Physiological effects References
Indole Tryptophanase (TnaA) Murine model of nonsteroidal Reduced mucosal pathology scores, [44]
anti-inflammatory drug (NSAID) faecal calprotectin concentrations,
enteropathy and neutrophilic infiltration of
the spleen and mesenteric lymph
nodes induced by indomethacin
Human enterocyte cell line HCT-8  Reduced production of proinflam-  [45]
exposure to indole matory cytokine IL-8 and the
expression of nuclear factor kB
(NF-xB) activated by chemokine
TNF-a and induced secretion of
the anti-inflammatory cytokine
IL-10
Indole-3-pyruvate Aromatic amino acid aminotrans- Inflammatory bowel disease (IBD)  Attenuated the expression of genes  [46]
ferases mouse model encoding Th1 cytokines and
enhanced I1-10 gene expression in
the colon
Indole-3-acetate  L-Trp monooxygenase and indole-  Gnotobiotic mouse model and trini- Promoted IL-22 production [47]
3-acetamide hydrolase trobenzene sulfonic acid model of
murine colitis
Indole-3-lactate ~ Phenyllactate dehydrogenase TNF-a-stimulated CaCo-2 and Decreased expression and produc-  [48]
HT-29 cell lines tion of IL-8
Indole-3-acrylate  Phenylacetate dehydratase LPS-stimulated human PBMCs Reduced the secretion of IL-1p and  [49]

IL-6 and downregulated genes

involved in involved in inflam-

mation, oxidative stress, innate
immune cell activation and dif-
ferentiation

of inflammatory cytokines [57]. In vitro LPS stimulation of
human peripheral mononuclear blood cells (PBMCs) treated
with the indole metabolite indole-3-acrylate not only signifi-
cantly reduced the secretion of pro-inflammatory IL-1f and
IL-6 but also downregulated the genes involved in inflam-
mation, oxidative stress, innate immune cell activation and
differentiation [49].

Applications of indoles

The diversity of biological effects mediated by indole and
indole derivatives described in the above two sections opens
new horizons for its biotechnological applications (Fig. 3).
For instance, developing indole-based anti-virulence agents
may be promising to combat recalcitrant bacterial infections
as indole plays functional role in quorum sensing, the bac-
terial communication system pivotal for survival, adapta-
tion and pathogenesis [58]. Indole has been demonstrated
to alter pathogenicity and invasiveness of several enteric
pathogens. The first step in enterohemorrhagic E. coli
(EHEC) O157:H7 infection involves adhesion of bacteria
to host cells and the formation of microcolonies [59, 60]
and in vitro adherence experiment with EHEC and indole
attenuated EHEC adherence to epithelial cells [61]. The

enteric pathogen Salmonella enterica serovar Typhimurium
was shown to have repressed expression of genes related to
host cell invasion encoded in the Salmonella pathogenicity
island 1 and decreased phenotypic invasive ability in the
presence of indole [37]. The Gram-positive pathogenic Lis-
teria monocytogenes bacterium is highly tolerant to chang-
ing environments and stresses primarily resulting from the
biofilm-forming ability in food processing lines posing a
major health concern [62]. Exposing L. monocytogenes
to synthetic indole and indole-rich conditioned medium
substantially downregulated transcript levels of virulence
associated (pssE, dltA, flaA, flil, motB, agrA and hly) and
regulatory genes (codY, sigB, prfA and gmaR), as well as
significantly diminished biofilm formation and related viru-
lence including motility, cell aggregation and exopolysac-
charide production [63]. Additionally, several substituted
indigoids were demonstrated to be potent in killing per-
sister cells. Halogenated indole derivatives 5-iodoindole,
4-fluoroindole, 7-chloroindole and 7-bromoindole eradicated
persister formation by E. coli and the multidrug resistant
pathogen Staphylococcus aureus with 5-iodoindole most
potently inhibiting biofilm formation by the two bacteria
[17]. Recently, the substituted indole 5-nitro-3-phenyl-
1H-indol-2-yl-methylamine hydrochloride (NPIMA) was
discovered to be effective in destroying persister cells of E.
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coli, P. aeruginosa and S. aureus by damaging their mem-
branes [64]. Besides, 5S-methylindole potentiates the efficacy
of the traditional antibiotic tobramycin in killing methicillin-
resistant S. aureus and Staphylococcus epidermidis persist-
ers [65]. Remarkably, indole obliterates not only bacterial
persisters but was also demonstrated to kill the persister cells
of the archaeal strain Haloferax volcanii [66]. Hence, a new
class of effective anti-persister compounds based on indole
that eradicate both Gram-negative and Gram-positive bac-
teria, as well as an obligate halophilic archaeon has been
discovered [19].

In addition to the potential of indole to be used as anti-
virulence agents, its derivatives also find application in
agriculture. For example, indole-3-acetic acid (IAA) is a
plant growth regulating hormone (auxin) as well as some
of its derivatives, such as indole-3-succinic acid or 4-ClI-
indole-3-acetic acid [67]. IAA and its mimetics can be used
as herbicides and this class of herbicides ranks third after
glyphosate and acetolactate synthase inhibitors regarding
global herbicide use [68]. The cellular concentration of IAA
is controlled in several ways such as biosynthesis, transport,
localization, derivatization, and degradation [69]. Regula-
tion of TAA biosynthesis and transport involves melatonin
that contains an indole core derived from L-Trp and functions
as hormone governing the sleep—wake cycle of animals and
as antioxidant in plants, e.g. to mitigate herbicide-induced
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oxidative stress [67]. Due to transport, degradation and side
effects, TAA auxin mimetic herbicides are structurally dif-
ferent from IAA. They may even lack the indole core such as
in long-time established (R)-2-(2,4-dichlorophenoxy)-pro-
panoic acid (dichlorprop) or 3,6-dichlor-2-methoxybenzo-
esdure (dicamba) or in benzyl 4-amino-3-chloro-6-(4-chloro-
2-fluoro-3-methoxyphenyl)-5-fluoropyridine-2-carboxylate
(florpyrauxifen-benzyl), the most recently developed IAA
mimetic herbicide [68, 70, 71].

Antiviral activity has been shown for indole derivatives
such as the B-carboline alkaloid harmine or the diketopipera-
zine alkaloids brevianamide F regarding plant viruses [72].
Indole derivatives have also shown potential as antifungal
compounds [73] and on the other hand okaramines, indole
alkaloids isolated from the fungal species of the genera Pen-
icillium and Aspergillus, are highly potent as insecticides
due to their selective activation of glutamate-gated chlo-
ride channels in invertebrates, but not in humans. Although
many of the highly potent indole derivative share the mode
of action of indole itself, their chemical structures may be
very different. Currently, a trend in the search for indole-
based bioactives focusses on natural indole products as ideal
precursor compounds since these are advantageous regard-
ing biodegradation, environmental friendliness, structural
diversity and target specificity as compared to traditional
synthetic drugs [72].
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Indole was first isolated from reduction of indigo, one
of the oldest natural dyes that mankind uses with analyti-
cal proof dating back 3500 years. Substitution of selected
atoms of indigo characterise variants of this dark blue dye:
the reddish-purple 6,6’-dibromoindigo also known as tyr-
ian or royal purple, 5,5'-indigo with sulfuric acid yields the
food colourant indigo carmine (E132), whilst the reddish-
blue 5,5',7,7'-tetrabromindigo is used as colourant for cotton
and plastics [74]. While indigo, its glycosylated precursor
and indigo carmine can be extracted either from the plants
Indigofera tinctoria (true indigo), Polygonum tinctorum
(dyer’s knotweed) or Isatis tinctoria (woad), their biotech-
nological production is independent of climate and seasons,
provides high yields and sulfonation of indigo differs from
chemical synthesis by providing natural indigo.

Indole also accumulates in various essential oils, espe-
cially in the oils of flowers such as jasmine, orange blos-
som and gardenia [75, 76]. Pure indole exhibits a pungent,
floral character, and is often added to fragrance compo-
sitions in trace amounts to create a floral and intriguing
impression. The special character of indole makes it an
important aroma compound for the flavour and fragrance
industry.

In 2022, the global market value of indole was estimated
at USD 35.7 million [77]. The market is expected to grow
at 6.5% compound annual growth rate in 2022—-2028 due to
increasing demand for pharmaceutical, fragrance, biotech-
nological and other applications. Bio-based indole makes
up a small part of the global indole market and is mainly in
demand from the flavour and fragrance industry.

Chemical synthesis of indoles

Indole occurs at about 0.2% in the fractions of hard coal tar
that boil at 240 °C to 260 °C. Isolation from coal tar is a
main industrial source of indole. Chemical synthesis of this
aromatic heterocycle can proceed via three routes (Fig. 1B).
Both rings of indole can either be constructed simultane-
ously via the Kanematsu strategy starting from an allene
precursor and proceeding via an intramolecular Diels—Alder
cyclization product [78] or from pre-existing rings. Several
named reactions, e.g. Fischer, Mori, Hemetsberger or Made-
lung indole synthesis reactions, have been developed and
they have in common to construct the pyrrole ring on a ben-
zene core. The Fischer indole synthesis, for example, starts
with enolisable N-arylhydrazones and indolisation occurs
upon heating the ketone or aldehyde and the arylhydrazine
in the presence of an acid (catalyst) [1]. This approach works
better for the synthesis of substituted indoles than for indole
itself [79]. Besides the Fischer indole synthesis, the Larock
indole synthesis using ortho-iodoaniline and disubstituted
alkynes is the most practicable and broadly applicable for

chemical synthesis of indoles [80]. As a third strategy, ben-
zannulation reactions construct the benzene ring on a pyr-
role core [81]. Benzannulation can proceed by metal (Rh,
Pd, Ru, Cu)-catalysed cyclization or by Brgnsted and Lewis
acid catalysis [81]. For example, in Rh(II)-catalysed ben-
zannulation enaldiazo esters can be reacted with pyrroles
to generate an electrophilic rhodium enalcarbenoid in situ
[81]. Chemical indole synthesis suffers from, i. a., the need
for toxic solvents, the need of transition-metal catalysts, and
the large amount of waste solvents [82] (Fig. 4)

Production of indoles by biocatalysis

Enzymes for production, biodegradation and biotransforma-
tion of indole have been reviewed [41]. Enzyme catalysis to
synthesize indole has been applied in colorimetric assays
for L-Trp [83]. Bacterial bioconversion of indole is initiated
by oxygenation of indole to 3-hydroxyindole, 2,3-hydrox-
yindole, 4,5-dihydroxyindole. The authors provide an over-
view of all identified enzymes with the ability to convert
indole to indigo, which is the most researched application.
This oxygenation reaction can be catalysed by three differ-
ent enzyme classes: non-heme iron oxygenases, heme-con-
taining oxygenases, and flavin-dependent monooxygenases
[84]. The different enzymes can be part of multi-component
systems or self-sufficient and differ in the production of the
initial oxygenated product and the formation of side prod-
ucts. However, more research is needed to determine which
enzyme system will prove most robust at industrial scale.
Production of halogenated indole by biocatalysis using
halogenation enzymes was shown for 7-chloroindole and
5-bromoindole. While 7-chloroindole was produced only
by Streptomyces cetonii, halogenation to 5-bromoindole
was observed at higher conversion rates and by prepara-
tion of biocatalyst from several bacteria e.g. S. cetonii,
Pseudomonas putida, Aeromonas hydrophila and, Citro-
bacter koseri [85]. Flavin-dependent halogenases catalyse
halogenation of mainly aromatic compounds and require
halide salts, oxygen and reduced flavin FADH, as cofac-
tor. The most prominent group are L-Trp halogenases, but
also enzymes that can halogenate both L-Trp and indole
[86] or preferably halogenate free indole were described
[87]. Indole specific flavin-dependent halogenase BrvH
identified in marine metagenomes converts indole to 3-bro-
moindole, with bromination being highly preferred above
chlorination [2]. Similarly, three flavin-dependent halo-
genases from Xanthomonas campestris that were initially
annotated as L-Trp halogenases were shown not to accept
L-Trp but indole and substituted indoles and prefer bromina-
tion above chlorination [88]. Alternatively, when studying
the biosynthetic cluster leading to the formation of a highly
brominated cyanobacterial toxin aetokthonotoxin formed by
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Aetokthonos hydrillicola, 5-bromoindole was shown to be
synthesised in vitro by purified tryptophanase AetE from
5-bromo-L-Trp [89].

Microbial production of indole

Recently, different strategies for fermentative indole produc-
tion have been described, using either a bacterial tryptopha-
nase (TnaA) that converts L-Trp to indole in a f-elimination
reaction, or plant or bacterial indole-3-glycerol-phosphate
lyases (IGLs), that support indole production from indole-
3-glycerol-phosphate (IGP) in a retroaldol cleavage.

The first fermentative indole production was subject
to a study designed to understand the relevance of exo-
geneous L-Trp for native indole production by Escheri-
chia coli. The authors described indole secretion upon
L-Trp supplementation up to almost 6 mM (corresponds
to 0.7 g/L), a concentration so far known to have a toxic
physiological effect on the microbial host [90]. A higher
indole titre was achieved several years later in a process
using the indole-negative Corynebacterium glutamicum
[91]. C. glutamicum is known for its natural ability to
secret high amounts of glutamate and its product portfolio
was expanded to several value-added molecules such as
aromatic compounds [92, 93]. Prospecting of bacterial
genomes retrieved hundreds of tryptophanase gene (tnaA)
candidates and upon in vivo testing in C. glutamicum a
tnaA from Providencia rettgeri showed highest indole
accumulation [91]. The bioconversion of supplemented
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L-Trp was most successful upon co-expression of the tryp-
tophanase gene fnaA in combination with a native aro-
matic amino acid permease gene (aroP) facilitating L-Trp
uptake. Yet, the product toxicity proved to be the major
limiting factor at a concentration of 0.9 g/L. Seques-
tering indole into dibutyl sebacate, a water-immiscible
organic solvent, circumvented accumulation of indole to
toxic concentrations in the medium and enabled a final
production titre of 5.7 g/L indole. Shortly thereafter, de
novo production of indole by a tnaA-expressing C. glu-
tamicum strain, initially optimised for L-Trp secretion,
was reported by Kerbs et al. [94]. This study aimed at the
production of halogenated indole and indole alkaloids,
however, indole itself accumulated as byproduct to con-
centrations of 0.1 g/L in culture supernatants. An even
higher de novo indole production titre was reached by
introduction of the P. rettgeri tryptophanase into another
engineered C. glutamicum strain [95]. First, a shikimate
producing strain was metabolically engineered to pro-
duce L-Trp up to 2 g/L. This strain produced indole upon
expression of tnaA, yet, also to low concentrations of
0.1 g/L. Application of in situ product removal by addi-
tion of the water-immiscible tributyrin resulted in de novo
indole production up to 1.4 g/L.

A different route for de novo production of indole from
glucose and ammonium made use of IGL activity [96]. It
is commonly accepted that IGLs evolved from tryptophan
synthase a-subunit (TSA). The tryptophan synthase complex
catalyses the conversion of IGP to L-Trp in a two-step reac-
tion, in which indole is channelled from the a-subunit to
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the p-subunit (TSB) without its release [97]. Plant derived
IGLs function as stand-alone enzymes whilst their ances-
tors TSAs are tightly regulated by interaction with TSBs
and as consequence have very low activity in the absence of
TSB. Surprisingly, the TSA from C. glutamicum functions
as bona-fide IGL and converts IGP efficiently to indole also
in the absence of TSB. Mining of bacterial TSAs with high
similarity to C. glutamicum TSA and plant IGLs resulted in
identification of new IGL enzymes with the ability to sup-
port indole production, whilst all selected and tested bac-
terial TSAs did not show indole release. A shikimate pro-
ducing C. glutamicum strain was metabolically engineered
to produce IGP by deletion of #rpB (encoding TSB), chan-
nelling chorismate to anthranilate by deletion of chorismite
mutase gene csm, prevention of glutamate secretion by yggB
deletion and deregulation of the native #rp operon by trpL
knock-out. Upon expression of the endogenous trpA (encod-
ing TSA) or an /IGL from wheat and subsequent addition of
tributyrin for in situ product removal, a final indole concen-
tration of 0.7 g/L was reported.

The importance of the shikimate pathway for biosyn-
thesis of indoles is long known and very well researched
in model bacteria and plants. Metabolic engineering of
the shikimate pathway to boost overproduction of indoles
helped to identify bottlenecks even regarding enzymes of
well-characterised pathways. On the other hand, metabolic
engineering screens enzymes of this pathway from many
different microbial and plant sources leading to new discov-
eries. This may be exemplified by the surprising finding that
L-Trp synthase subunit A of C. glutamicum functions as a
bona fide IGL [96].

Metabolic engineering for the production
of indole derivatives in microbial cell
factories

Hydroxylation of indole to 2-hydroxyindole or 3-hydrox-
yindole (indoxyl) in microbial cell factories is employed to
produce indigo and other indigoids [98]. Several success-
ful engineering strategies were reported to produce indigo
in g/L scale in recombinant microorganisms, based on the
conversion of indole to indoxyl by naphthalene dioxyge-
nases (NDO) [99-101] or flavin-containing monooxyge-
nases (FMO) [3, 102] followed by spontaneous conversion
of indoxyl to indigo. Indigo production from glucose was
achieved in recombinant E. coli where indole was converted
to indoxyl by the naphthalene dioxygenase (NDO) from P.
putida. The strain was further engineered to overexpress
the feedback deregulated DAHP synthase gene aroG™ and
the transketolase whilst both isoenzymes of the pyruvate
kinase were inactivated. This strategy led to the produc-
tion of 18 g/L indigo in fed-batch fermenters (Table 2). The

formation of indirubin side product that has an undesirable
red cast was observed in finished denim garments. To reduce
indirubin content an isatin hydrolase identified in an indole-
degrading P. putida strain WW?2 was expressed and resulted
in a 50% indirubin reduction [101]. A recombinant E. coli
strain expressing the flavin-containing monooxygenase gene
from Methylophaga aminisulfidivorans resulted in 911 mg/L
of indigo from 2 g/L L-Trp in a 3000 L fermenter [102]. The
production of indigo by biotransformation in E. coli cells by
a fusion enzyme of flavin-containing monooxygenase fused
to tryptophanase resulted in production of 1.7 g/L indigo
from 2 g L-Trp [103]. An alternative strategy to produce
indigo in microbial cell factories was devised employing
the FMO from M. aminisulfidivorans in combination with
P. tinctorium glucosyltransferase UGT which adds a glucose
moiety as a protective group to indoxyl to form indican, thus
preventing formation of crystalline indigo during fermen-
tation. During the dying process indoxyl is released using
beta-glucosidase, avoiding the need for reducing agents dur-
ing denim dying. Formation of 2.9 g/L indican was achieved
from L-Trp [3].

Indirubin is formed by condensation of 2-hydroxyindole
and 3-hydroxyindole. In recombinant E. coli cells expressing
the FMO from M. aminisulfidivorans production of 5 mg/L
indirubin and 950 mg/L indigo was reported. Upon supple-
mentation of cysteine which increased the regioselectivity
towards 2-hydroxyindole the titre of indirubin of 233 mg/L
was obtained from L-Trp, together with 7 mg/L indole
[104]. Extensive metabolic engineering of E. coli includ-
ing the inactivation of the repressor gene trpR and remov-
ing feedback inhibitions on AroG and TrpE, identifying the
rate-controlling step (AroL) in the shikimate pathway and
increasing shikimate pathway precursor availability resulted
in successful production of indirubin de novo from glucose
at a titre of 56 mg/L together with coproduction of 640 mg/L
indigo [105].

Production of halogenated indoles de novo was demon-
strated in C. glutamicum. Firstly, production of 7-halo-L-
Trp was engineered by expression of the FAD-dependent
tryptophan 7-halogenase RebH and the NADH-dependent
flavin reductase RebF in a L-Trp overproducing strain of
C. glutamicum in a fermentative process based on glucose,
ammonium and bromide or chloride salts [108, 109]. The
production of halogenated indoles was next achieved by
expressing tryptophanases from E. coli and Proteus vul-
garis [94]. Both TnaA enzymes were able to accept halo-
genated L-Trp as substrate, however, with reduced activity
compared to the natural substrate L-Trp. Upon expression of
the tnaA enzymes in the 7-halo-L-Trp producing strains, the
final titres of 16 mg/L 7-Cl-indole and 23 mg/L 7-Br-indole
were obtained.

Brominated indigiods can be produced by combined
halogenation and hydroxylation of the indole backbone.
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Table 2 Production of indoles and indigoids by microbial cell factories

Product Host organism Production parameters™*

Expressed enzymes

References

\ E. coli 0.7 g/L (from L-Trp)
C. glutamicum 5.7 g/L (from L-Trp)
0.7 g/L

Iz

Indole

0.1 gL

14 g/L

P E. coli 18 g/L

922 mg/L

4 E. coli 2.9 g/L (from L-Trp)
AR

. HO
Indican HO OH

O E. coli 233 mg/L (from L-Trp)

Indirubin H
56 mg/L

\ C. glutamicum 23 mg/L (7-Bromoin-
dole)

7-Bromoindole, 7-chloroindole  Br/CI
16 mg/L (7-Chloroin-
dole)

6,6'-Dibromoindigo E. coli 315 mg/L (from L-Trp)

<° H
l N. l Br
Br N
H
o

E. coli 34 mg/L (from L-Trp)

6-Bromoindirubin B

Endogenous tryptophanase TnaA
Tryptophanase TnaA from P. rettgeri

IGP lyase IGL from Triticum aestivum,
feedback resistant DAHP synthase AroG,
feedback resistant anthranilate synthase
TrpE and anthranilate phosphoribosyl
transferase TrpD from E. coli

Tryptophanase TnaA from P. vulgaris,
feedback resistant DAHP synthase AroG,
feedback resistant anthranilate synthase
TrpE from E. coli

Tryptophanase TnaA from P. rettgeri,
feedback resistant DAHP synthase AroG,
feedback resistant anthranilate synthase
TrpE and anthranilate phosphoribosyl
transferase TrpD from E. coli

Naphthalene dioxygenase NDO from P.
putida

Flavin-containing monooxygenase FMO
from M. aminisulfidivorans

Flavin-dependent monooxygenase FMO
from M. aminisulfidivorans in combina-
tion with P. tinctorium glucosyltransferase
UGT

Flavin-containing monooxygenase FMO
from M. aminisulfidivorans

Flavin-containing monooxygenase FMO
from M. aminisulfidivorans

Tryptophanase TnaA from E. coli and P.
vulgaris, FAD-dependent tryptophan
7-halogenase RebH from Lechevalieria
aerocolonigenes and the NADH-
dependent flavin reductase RebF from L.
aerocolonigenes

Tryptophan-6-halogenase SttH from S.
toxytricini fused with the flavin reductase
Fre from E. coli (Fre-L3-SttH), flavin-
containing monooxygenase FMO from M.
aminisulfidivorans

Tryptophan-6-halogenase SttH from S.
toxytricini fused with the flavin reductase
Fre from E. coli (Fre-L3-SttH), flavin-
containing monooxygenase FMO from M.
aminisulfidivorans, toluene 4-monooxy-
genase T4AMO from P. mendocina KR1

[90]
[91]
[96]

[94]

[95]

[101]

[102]

(3]

[104]

[105]

[94]

[106]

[107]

Production from glucose de novo, unless otherwise indicated

Indigoid dye tyrian purple (6,6’-dibromoindigo) origi-  tryptophan-6-halogenase from Streptomyces toxytricini was
nating from Mediterranean Sea snail Murex brandaris  fused with the flavin reductase Fre from E. coli (Fre-L3-
was reported to be produced in E. coli [106]. Firstly, the  SttH) and used for conversion of L-Trp to 6-bromo-L-Trp.
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Subsequently, TnaA was used to cleave 6-bromo-L-Trp
into 6-bromoindole and a flavin-containing monooxyge-
nase FMO from M. aminisulfidivorans was used to produce
6-bromoindoxyl from which 6,6’-dibromoindigo was formed
via an auto-oxidation reaction. The reaction was optimised
in a two-cell reaction system where L-Trp bromination was
temporally and spatially separated from 6-bromo-L-Trp
degradation and oxygenation. Murex sea snails also pro-
duce 6-bromoindirubin which can be used as a precursor
of anti-cancer drugs. To produce this compound in E. coli
a three-cell reaction system was set up. In the first strain
the tryptophan-6-halogenase fused with the flavin reduc-
tase (Fre-L3-SttH) was used for conversion of L-Trp to
6-bromotryptophan followed by conversion to 6-bromoin-
dole by TnaA. The second E. coli strain was engineered
to hydroxylate 6-bromoindole to form 6-bromo-2-hydroxy-
indole/6-bromo-2-oxoindole by toluene 4-monooxygenase
T4MO from Pseudomonas mendocina KR1. The third E.
coli strain was engineered to express tnaA in combination
with the FMO gene from M. aminisulfidivorans to produce
3-hydroxyindole. L-Cys was added to prevent indigo for-
mation of 2-cysteinyl indoleninone. Spontaneous oxidative
condensation of 3-hydroxyindole/2-Cys-indoleninone and
6-bromo-2-oxoindole to 6-bromoindirubin was enhanced
by a shift from pH 7 to 9. In the optimised process, where
the three strains were sequentially added in the fermenta-
tion process, a titre of 34 mg/L was achieved [107]. Very
recently, halogenated monoterpene indole alkaloids such as
bromoalstonine, the brominated, more active form of the
antipsychotic drug alstonine could be produced by an engi-
neered yeast [110].

Research needs and future directions

Indoles and their derivatives have many functions relevant
for health and for technical applications. However, further
research is needed into the role of indoles in biological
systems and the environment. Several indole derivatives
are used as anti-cancer agents. They exert their therapeu-
tic benefit through several mechanisms including arresting
cell cycle, regulating aromatase inhibitor oestrogen recep-
tor, inhibiting tubulin, inhibiting tyrosine kinase, inhibiting
topoisomerase and inhibiting the adaptive immune pathway
NFkB/PI3/Akt/mTOR [111]. However, cells in the body are
vastly heterogenous and molecular difference between indi-
vidual cells, even of the same cell type, can lead to dramatic
differences in cell response to a drug treatment such as death
or survival of cancer cells [112]. Applying new omics tech-
nology such as single-cell RNA sequencing may unmask
rare cells within an isogenic population and may lead to bet-
ter understanding on the signalling and molecular pathways

that indoles regulate or affect especially in the context of
cancer therapy.

The different (bio)synthesis routes to indoles and their
derivatives ease the access to specifically isotope-labelled
versions that may be conducive to trace their fate in the cell,
tissue, organ, body or the environment as well as their degra-
dation. For example, exchanging the medium nitrogen source
from NH,CI to '“NH,CI will allow access to '“N-labelled
indoles such as to "*N-indole or twice “N-labelled 6-bro-
moindirubin. Similarly, uniformly *C-labelled glucose-13C6
will allow access to indoles that only carry '*C-labelled car-
bon atoms and the use of position-'>C-labelled glucose will
yield indoles with certain carbon atoms fully '*C-labelled,
whilst others remain unlabelled. Thus, the fate of indole or
of the indole core of L-Trp can be followed in subsequent
biosynthesis reactions such as gramine biosynthesis in bar-
ley [113], the auxin network in plants [114] or in the anoxy-
genic photosynthetic bacterium Rubrivivax benzoatilyticus
[115]. Since the fermentative production of brominated
indoles was established [94], it is also possible to prepare
radiolabelled ""Br-indoles, e.g. to follow their fate in healthy
tissues and tumours of mice as demonstrated for Osimer-
tinib, a third-generation epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor approved for treating non-
small-cell lung cancer that contains an indole group [116].
It is not always required to use isotopically labelled indoles
since one property of indole, namely its indole (-NH) pro-
ton, can be monitored relatively easily by proton nuclear
magnetic resonance ('H-NMR). This property was used in
NMR imaging focussing on the downfield NMR spectrum,
where the indole (-NH) proton can be detected, to detect
L-Trp, the lowest concentration amino acid present in the
brain, in the brains of healthy human volunteers. Potentially,
this property may be used as a new biomarker in the study of
neuropsychiatric disorders associated with serotonin recep-
tors in the human brain such as anxiety, depression or autism
[117].

About two-thirds of all known agrochemicals contain
halogenated aromatic ring systems, e.g. the pro-insecticide
indoxacarb [118]. Halogenation affects the compound’s lipo-
philicity, size, polarity, and capacity for hydrogen bonding
[118]. Consequently, e.g. the metabolism of the halogenated
compound, the stability in soil or water, membrane perme-
ability or ligand-target binding interactions may have been
changed. The halogenation of indole-3-acetic acid results
in a stronger inhibitory activity for root growth [119]. Fer-
mentative production of indole and derivatives will provide
not only biologically active compounds, but biosynthetic
intermediates or degradation products may be synthe-
sised to study these processes [118]. However, hitherto,
biotechnological chlorination and bromination of indoles
have been achieved, but iodation and fluorination not yet,
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thus, biotechnological access to nematocidal and/or insec-
ticidal indoles such 7-fluoro-5-iodoindole [120] still must
be developed.

For efficient biotechnological production of indoles and
their derivatives improved enzyme discovery and characteri-
sation pipelines are needed. The discovery of enzymes may
be greatly accelerated due to increased sequencing efforts,
also discovering the functional diversity in the so-called
metagenome dark matter, by annotating the protein families
with no similarity to the current reference genomes or the
Pfam database [121]. The enzyme-based approaches will
also benefit from the increasing number of protein structures
predicted by AlphaFold [122]. Machine and deep learn-
ing can provide insight in the small molecule substrates of
enzymes facilitating in silico testing of substrates and accel-
erating bioprospecting of new enzymes for production of
natural products [123]. On the other hand, directed evolution
approaches may provide improved enzymes compatible with
industrial fermentation processes, as shown for the trypto-
phan synthase p-subunit which was successfully evolved
as a stand-alone enzyme having high activity with indole
analogues [124]. The biosensor-guided expression of rate-
limiting enzymes may be used, as was shown for the tryp-
tophan synthase p-subunit trpB gene which was expressed
under the L-serine-responsive transcriptional activator SerR
in the C. glutamicum cells for production of L-Trp deriva-
tives [125]. The biotechnological production of indoles may
be further accelerated in the next years due to advances in
development of non-model microorganisms as microbial cell
factories for the production of chemicals [126], acceleration
of high-throughput strain construction [127], the automation
of the cultivation platforms [128, 129] and new cell cultiva-
tion approaches, such as the use of a segregostat in which
in contrast to the chemostat cultivation, phenotypic diversi-
fication of microbial populations is better controlled [130].
Segregostat application is especially interesting in synthetic
co-culture process of indole bioproduction since indole as
previously described affects bacteria through signalling, i.e.
altering of cell membrane permeability and inducing stress
response, which may trigger phenotypic diversification. This
approach may lead to several potential applications ranging
from homogenizing bioprocess population during indole fer-
mentation to expanding our knowledge about the dynamics
of phenotypic diversification of microbial populations along
with the potential link of indole in the functionality of this
diversification process [130].

In conclusion, the development of a plethora of fermen-
tation, whole-cell biotransformation, enzyme catalysis and
chemical approaches for the synthesis of indoles offers the
potential to deepen knowledge on the biological role of
indoles and their impact in biotechnological application.
This includes established markets such as for the fragrance
and flavour industry, but it may also lay the foundation to

@ Springer

new applications, such as engineering of more complex
pathways, e. g., from plants to produce more complex com-
pounds with sought-after bioactivity as achieved for the anti-
cancer drug (+)-vinblastine.
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