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Microbial metabolism of indole and its role as a novel signal
molecule: a review
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Abstract: Indole, also known as 2,3-benzopyrrole, is a typical nitrogen heterocyclic pollutant compound
that is widely used in the chemical, pharmaceutical, dye and other industries. Meanwhile, it is a
representative microbial metabolite in natural habitats and can be synthesized, transformed and degraded
all the time. Besides, indole has a significant effect on various biological functions, such as the
formation of microbial biofilms, motility, toxicity, plasmid stability, and even antibiotic resistance of the
microbes. Thus, indole has been considered as a new and multifunctional inter-specific and
inter-kingdom signaling molecule, playing an important role in bacterial physiology and animal
behavior. Therefore, studying the mechanism of indole metabolism mediated by microorganisms as well
as elucidating the basis of biological functions might be the key to reveal its fate and ecological
significance to natural environment. In this review, the microbial resources and pathways of indole
metabolism are systematically summarized. The important functions as signal molecules are also
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introduced, and the interactions of indoles-microorganisms are illustrated. The review provides
important theoretical reference for revealing the metabolic mechanism of indole in complex

environments.

Keywords: Indole, Nitrogen heterocyclic compound, Microbial metabolism, Signal molecule

N5 W — R LB I B R M B, TEER PR
IKFNEEAR K A T2 AE A, TR O D A ) e fie T
ZRNTZ R PSRBT, ik B R s AT 5 ]
WA I L TR T RAE B R
WL IR LA R A A 0 2 A A A
B, R SCHR R Wi A AR 1B S S R
gi b A AR (29 250-1 100 pmol/L), 5JLFMAZK
R ) CRCINE 37 o vI i N i da sk 7
BR . W R AR g 20 BRIk, Ik
iAo A — 2 B . ARk, M OCHT
FEAE ] T — A 2 T R 1Y A] 52 HLAR S 0
T, TR YRS T R AR, |t
7 R AN 7= 5| WS A W i TR . Bk AR
PE A2 U R 2 R W Y A Y
Ay A — e L PR, S A SRR
H )G Ttk —RE M pLL, 1 R mSIAE B SR ER
B rgAT A, o s gl A 2R A i S Ok
. ARSCR G SEE T I i S AR R AR K
W, N4 T HAENE S FEEE L,
FEX A | W~ 2B A ELAE F AT ST B A T T
JEH
1 BRI AERER hE

1866 4, Baeyer 7EfE ik iYid il IR &
TR 7E 1883 4F, Baeyer [192:4E Fischer 25
A LT W, IR T 4840 Fischer W|bed
A, 1897 4, Simth 5 i KT (Escherichia
coli) FIEE LYK (Vibrio cholerae)fE7E 4 it 2k K Fa
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[ (B. prodigiosus) iJ L) &% 4k | Wk 3t B ik 2 <P
1928 4, Gray 55 MREMS A AL A= BE K 75 e
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AR ZH JL T [ I 458 T 08 W i A e e PR A 31
[R) R, AN TGLABZE 4 591 o Ak BT S5 7K s AR AR IR 7K 1
T P ¥ e A A A | e o v A 4 AR R A A
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Microbial synthesis of indole
Microbial degradation of indole
Microbial transformation of indole

Indole degradation via the carbocyclic
ring cleavage pathway has been
recently identified in Cupriavidus sp.
KK10 by Fukuoka et al in 2015"!
Detailed analysis of indole
aerobic degradation was started
by Sakamoto et al in 195301

In 1921, Raistrick and Clark firstly proved
that three genera of bacteria could attack
indole nucleus and release ammonia

In 2010, Lee et al reported that
more than 85 bacteria can use
tryptophan to produce indole!

In 1972, Watanabe et al
discovered that tryptophanase
can catalyze tryptophan to indole!®!
In 1897, it was found that
bacterial strains, including
Escherichia coli and Vibrio
cholerae, could produce indole!”!

1 Wb EMREET R 12

In 2017, Sadauskas et al. reported that Acinetobacter sp. O153 transformed
indole under the action of the iif gene cluster, and reported that Acinetobacter
sp. 0153 transformed indole’s functional gene-indole oxygenase. In the same
year Qu et al. reported the indole oxygenase IndA of Cupriavidus sp. SHE!

14

In 1997, Doukyu and Aono reported that the
main intermediates of Pseudomonas sp. ST-200
to degrade indole were isatin and isatic acid!"®!

In 2018, Hsu et al reported on
Nature a new way to synthesize
indigo using glucosyltransferase®'!

In 2015, Lin et al demonstrated firstly that Acinetobacter
baumannii ATCC19606 could reduce the toxic effects of
indole by transforming it into indigo; the same year,
Fukuoka et al. reported the indole biotransformation

pathway in Cupriavidus sp. KK 102

In 1983, Claus and Kutzner isolated
an Alcaligenes sp. In3 and found a
new intermediate product isatin!"*!

The formation of indigo was firstly reported
by Gray in the study of indole degradation
process by Pseudomonas indoloxidans in 19281

Indole was firstly discovered
by Baeyer in the year of 18665

Figure 1 The research course of biological metabolism of indole
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AR TIEAR 5] e — 1| WA T — HE 21— N - FH gk 56
BRI IR 4B AR PR -k iR - 4878 —
Wy, 2ZJa, FujiokaZsT 1986 4708 H—RRHE 2 K
FHPE IR AN RN T R 3| e 40y, FEAL R
AT LR 3 Al — 5 S0 W A ol AT e i A T R )
1983 4F, Claus &4 B 158 T P~ T I (Alcaligenes)
sp. In3, FREHRH TR M| — SEL L - P FER
Hiz— B HIR R ffig s, (B ARE R B il

R 1 WIRRRRE YRR 2R R I

WAk o e IR R R G 1 FRAT R AR SY, 1997 4
Doukyu 5 Hz 18 FR 1 iU (Pseudomonas) sp. ST-200
REAS W28 A 15 A 76 A7 WILIAE 00 PP 1) e v B s e, 5 L
ez 21 5 21 RN e 21 18 2 E 2 T a7 ) (HE,
itk ST-200 AREFHIEELLAE ML KIEY), X E W
3 3 57— Fh A A2 A A mEl®l B A 2009 4
TriG, ASUREALE T IR UEA 705 RS AR B 0 i 1
YE, 43518358 FF 1 (Cupriavidus) sp. SHEM
(Cupriavidus) sp. IDO™ i {¥#i(Alcaligenes) sp.
YBYP® | B 4 i (Providencia) sp. DCXE4:
TR, MTTREAS Rl B s W, 3 Ao Yo s | e i A
AR TGS, FRATTA BB LT Al L R T

Table 1 The microorganism resources and characteristics of indole biodegradation

WA Wik frp AR Z: 3R

Microbial Degradation characteristic References

Bacillus spp. LER/C S AN [9]
First report on indole degradation

Pseudomonas indoloxidans BENSAE [ FR g [ W fih) 3o A2 7 A i [10]

Alcaligenes faecalis 11TR89 Production of indigo in indole degradation [26]

Alcaligenes sp. In3 IFAEURR AR, BELT g WA v A 1 =]

Pseudomonas sp. ST-200 Aerobic degradation, isatin is an intermediate product [16]

Alcaligenes sp. B5 [27]

Arthrobacter sp. B1 [27]

Acinetobacter pittii L1 [20]

Cupriavidus sp. IDO TR R A s | e [18]

Pseudomonas aeruginosa Degradation of indole rapidly [28]

Acinetobacter baumannii BERHGE T iif JLE [19]

ATCC19606 Identification of an iif gene cluster for the first time

Acinetobacter sp. 0153 W iif FERSE TR [13]
Identification of the function of the iif gene cluster

Agrobacterium tumefaciens E SRR REASIE AL (0 2 TR 5| E-3- 2. TR [3]
Degradation of indole rapidly, transforming tryptophan to indole-3-acetic acid

Acinetobacter sp. SPG FEA I W-3- LR | V5| -3~ L T TR ARG | Wk -3- R T [29]
Production of indole-3-acetic acid, indole-3-glyoxylic acid, and indole-3-aldehyde

Burkholderia unamae CK43B BEMEAESR S =y B 2 A7 AE B 5| [30]
Degradation of indole in the presence of pyrogallol-type polyphenols

Cupriavidus sp. KK10 FERVC SR 7187 AT B e [12]
First report of indole carbocyclic-aromatic ring cleavage pathway

Cupriavidus sp. SHE Yo ind BRI #E RIS AE Identification the function of ind gene cluster [17]

Pseudomonas sp. Gs o gt 3ot R 7 A P AT AR 385 724 Production of two novel metabolites [31]

Thauera sp. Q4/Q20-C/3-35 R I S0 A a1V . 253 0 P 7y [32]
Degradation of indole, phenol, and methylphenol under aerobic conditions

Desulfobacterium indolicum IN04  JR: 4 & fif 5| gk [33]

P.sp. LPA11/LPB11/LPC24 Degradation of indole under anoxic condition [34]
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TR R P g S d = 0 L SRT, XA BT
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DAAS I8 2o 8 21 1 4 ph R e mg Wk ml 3-8 I - mg Ik
mk -2- B TR M e Ah AT R GE R TR R
(Cupriavidus) sp. KK10 FIAZf#T 4 (Alcaligenes) sp.
T PuR: 788 87 S A [V 37 ]
ARG F ORISR 2 — 2P

5T 5| Wk [ A AL 1 4y FALRI B 9T, HiTH
Z A T H A Y AR B R A e .
2017 4, Sadauskas ZFMVE v HH TR ST
(Alcaligenes) sp. O153 Ff {1 | fin 420kt s 7E M5B
ARGt FEEFR)ERT, IR — I
URFEAT . WSl An EE P A P43 1ifC 1D 4R
AW AR g1 e -2,3- — Al I, XY RE I Ak Sk
B AR AL A B W B 7R 25 S H R A R, [
B RE RS 7 L A 1ifB EF T i —2 A il 3-%%
FHE-M | Wnp-2- ], SETTTE AR R NifA PERTR
HRABE IR R . [T, 2017 AFEAYEIZL o\ +
BRI S 21— RIS | iR R AR 1T (Cupriavidus)
sp. SHE, iidxidkk SHE HIER 4L, & &
HEARMSE T WA PR bR SHE 2721k
M 458 P T FIER B a5k, AR
R T RAE 5 T K a7 T D0 B A
WEAGHLE W51 e e R RR | A s e i e
IndA 5T 2B s Wiy, malwe iy 2 2k 28 A AR
BELL, BELL SRR, B osgkal Az s i)
HaR] = AR AR R, SRR IRTESL % 11
PIETT A AR A B IRl T A, HEA B A ki
128 R 2 %o EL A S W A R AR A T T R

s I DR 4L % fifk T 9% 3 S AR TP 7R TR WD B VR
b, WS AT IE I E) 20 42 80 4E4L . Balba %5
£ 1980 WS T (LR Y™ I bE R I 2, SR
R R S| e SC HE T RIA, RRASIE— 2D A R AR
HHERR , KR AER R, Wang %1
1984 AE WA H R BII5| AT DLTE DR AR 551 T B R
fift £ AR e A AR AR R A i B Wk R A TE
7B RR ER A IR AT, 1987 4, Berry A%

P05 U8 B 85 7 TUE S 1 W W R AL 7= R e 4%
8 F w f@ . Shanker Z57EGRFRELIF 5 45 14F F
LR B 5| e 57 AR B S, Hizag e 5= i
it BB M, HTECT 7, 9310 A 47 SR R
SRR A AR AT — S AL, IR ¥ it
FEX A A AR 0 s — 2 5 X T IR E M4
SRR AR JOT 1 DX I E T 4845 R IR S8 2 5
WEL 3 SRRECE I 2 Sk, 3 SRR E R
b, MERE M FHINGE T 2 SO 5L
MNTT = A 2-F2 JEms e, phy LA, 1| g DR 4R A £
(4 ) RE R AS [R] T S R i, DR AU Bt b 100
2 SRR 3 Sk,
2.3 HMELRE

T 5| e 1) 5 A 3 AR P R BT AR 22 EL AT R B
WrE R IR =, nEEar | 6 4 DA R W45
Hrp, SR BBk Z —, gz N T
et Bdh . 2. SRS, BERERRTE
Y PRI R A, A M Baeyer SFEIRFESLE T
R A EE I, AR e AR S 4R T
S ARk 2 A R R A T b G 2 ol
A B2 0 (AR B . B R A 5F) , 2R il
VA1 LR IR, SR A 0 e i LA 36
BRSNS R, A R4
T AR R R DG T o V| R T 2 5 A A IR A 5T
PR 1 s e 4 A A o | W T 2 A 0 5 K i ) R
BRI 2 XN R R T T R . e
WAE , VR 2 RS RE A5 A AL I, X S
By SRy UM A TR B AR . TR o A L
ZEXUM4EmE! (naphthalene dioxygenase, NDO).
Z 4y K ¥ AL EEY! (multicomponent phenol
hydroxylase, mPH). #fiffifa 2 P450 4 gt
2 i M (flavin monooxygenase, FMO)
o 2 2P RS T HARmIRR I A ) SRR B
SRIYUE L T LU e Al e s, Ak,
A W 1 A T AR AT IR T A2 oY
U, ander 4 o e L A AR A R 4
VEAE AR — 2098 o AR O A5 5 T —
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Table 2 The microorganisms and enzyme resources of indole biotransformation

Tit Y 275 30k

Enzyme Microorganisms References

ZERUN AR i Pseudomonas putida PpG7 [45]

Naphthalene dioxygenase Pseudomonas sp. NC1B9816-4 [49]
Pseudomonas putida RKJ1 [50]
Comamonas sp. MQ [51]

P =Yg Acinetobacter sp. ST-550 [52]

Phenol hydroxylase Pseudomonas sp. KL33 [53]
Pseudomonas sp. KL28 [53]
Arthrobacter sp. W1 [54]

2 fifd €6, 25 PAS0 BN 4A il Bacillus megaterium [55-56]

Cytochrome P450 monooxygenase

KRB A il Pseudomonas putida S12 [57]

Styrene monoxygenase Pseudomonas putida CA-3 [57]
Pseudomonas putida B4 [58]

W AN A Methylophaga aminisulfidivorans MP" [48,59]

Flavin monooxygenase Corynebacterium glutamicum ATCC13032 [60]

5| I i 48 il /1§ FC Acinetobacter baumannii ATCC19606 [19]

Indole oxygenase/lifC Acinetobacter sp. 0153 [13]

g i A& i/ Ind A Cupriavidus sp. SHE [38]

Indole oxygenase/IndA

S B B 06 5 R 5 A Ry e R A DR, G DA PR T
(Comamonas) sp. MQ™ | M\ = #1Jifg 1% (Comamonas)
sp. 1DO2% | {1 ¥ 78 /K f# i (Burkholderia) sp.
IDO3M | 3 36F [ 5 b 6 2 XU 48l 7= i i R AT
T—E PRI B AR A LA B B
(Comamonas) sp. MQ H3RHU T ndo JE[HJf L #
ik, R ILTE A RE S TE A R Y AL T 7 A e
e

NDO J& 5| W% 1k oAy e W St i 3 # 22 1
AN, 1983 4F, Ensley %5 B UM B bR % R
U (P. putida) PpG7 H M wi % T NDO FE A,
HAERBFE R, B2 EAWEKRGES S
PR BERE W, (R AT ER 35 AN 3 Tolk Ak R (9 A
HEMSL RS TE 2002 4F, b TR AR W O
H, Berry ZILTFACH TR T KB R, AL
Wtk — s m B, TN
FM5/pBMW,pTacFd911°® . [ T 1|k 4k, NDO
Bl T8 T LA 25 ol s | AT A 00 % Ak S AS ) £ e
KR, AFEH RN B AL fy |
W . G| AL g eS|

HHLET NDO, 4tz PAS0 MEREMSHELL I
FAbA: R Z B 7). 2000 4F, Gillam S48 T
P450 2A6 TEM WA Wik b BAAIREF G E, JFH.
Al DL R A S L B K LD R Y 6H- T e 5
[3,2-a:4,5-0 —mIWEET | 2010 4, Hu Z5i st BlbLE
AR AN RS2 T UM EA O s A A P R Y
FAMA, GBI D168W AJ LA iz P450 BM3 il A=
BERLT, MEE LAY R TR,

1990 4, mPH 7EfRHfUE Pseudomonas sp.
CF600 FAff A 1 2-H AR By i B rh i B, 3%
Fibit i £ D9 7% dmpKLMNOP 431,y mPH &
AIFEALISIR AL T2 3 A, B 2 Sk, 3%
BN 7 S0, R, 4 AR R,
FE1B #IE # (Pomamonas) sp. KL33, (Pomamonas) sp.
CF600 Fl1(Pomamonas) sp. QM 25 REF 15| Wz 1k, Fy I
SO EOTY); KEh RIEC YRS
H2-[7-4EAC-1H-15|M-6(7H)-V. ] = 15| -3l
Z W) 5T AT BE 3E A | W R 7- R O S| Mk A AR
i 40930 AL A E T I T, g Ak Y
FF T (Arthrobacter) sp. W1 FF i mPH, 385w
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Ay 3 FORE™ Y, RPEERs . §e EL0M 2-[7-%
R-1H- M [W-6(7H)- 7 3] = (5] - 3- >4

AN, 2003 4, FEREE M. aminisulfidivorans
MPT 1 & B T —FhHiilI——FMO; ik fmo N9 E
H R ¥ AT e A RS F A ™ 48 160 mg/L
ke, Sah, Han 20005 B I e 2 iR v
DL 53 A fmo ) K7 FF 1 (E. coli) i Ak ms| e A B,
- LN, WEEMGIN T HE R LAY E, X—K
IR Tl b A 7= e LT Bt T L.

3 WSIWRAE A 3 B ) % 38 SRR 5 40 BRI
FiHERR

S R G Bl W AR LA SE 2 v OE A
15, MAEAER P2 A Pyl B oy 55
AF T KA TR B SCT, A BT R B
PR & BN TAL G IR RS 0 T AT (R
BASHE, DT S AT 38 7 S IR A, bR
T, BRI RENS A ORI F 3| I Ak
A RS2, T S R ke A5 5 ) FE 8 SRR
IS 3 Rl SIS T F S A L ML [N SR 7
UESE A ST IE b A AL SN RE . B A 1 A AE
2 o RS i e R B 3R 00 WA A R DR B ) 4 e
fEREMIPE R, HAE AR S B iR YT
CZ B RS HELS™ Ak, BT R

®3 BIRAEAES S FRIFIEKRE

Table 3 Judgement basis for indole as a signal molecule

WS 22 R NER . SRR K Al (5550 F5%
Y, W1 TE SE T RERSAE A R R K5 B = 4
T, EESHEY R EAREEEM . XERE R E S
X HIWTTE AT LB I3 1993 4F, Gerth 25 K
2 H g s ET A BRI (Stigmatella. aurantiaca) i )&
i EES R, BT BTSN T I S
astD. gabT filtnaB irfz A sME 24371, HUARE
[ FAAIF 2 85 SR X M W 5 S A [R5 5 o0 F — ELAT
AL, BRI, SRR BT O 2R UERT T mg Ik 2 4
-2 5 T 4 MRETD ) 26 35 T {94
T HIHEARAELL S IR 55 o F I

WS | WV Ay R ) % B AU 5 o0 -, TR
P HEI& YR A BAE R A R . B
Lee FI Woods HIBAEFXFm|NE(E 5/ FHFE T — &
FIRFFE BETE R, mIWERE AL IR 15 K AT
(E. coliysp ki pfe et . TR Ao 2L . H5m K
WAFFER(E. coli)fitE Rbitk . FERIATIE(E. coli)
BEPE, IERBEESZ A KA FF IR (E. coli) FIAEALIN A
(V. cholerae) = ¥IEAITE A ; HeAh, M5INkBRAZIEAI
FOE BTG (V. anguillarum)iEEtk . SR ECR
RGEZHAL R (Edwardsiella tarda)id: ZHiiEee,
W IR A e 7 £ TR R A BT Ar R, T — 2k
1 Poge 7= £ TR ) 2 2 S 28 UMD 42 . P450 PR 4

557 T HE b e

Judgement standard of signal molecule

WG 13 14 4 E 41

Judgement basis for indole

RS TR E B B B

Signal molecules are produced at specific stages

5[ S AR RO R AR, RS E I R

Indole mainly occurs in the logarithmic phase and accumulates in a large

amount during the stationary phase

5500 F WAL B A R BTl e B2 )
Signal molecules must accumulate outside the cell and be
recognized by specific receptors

gl BA KM, REY HCEEE IR, AcrEF. Mtr 1 43l A 5T 03
WA EA 5 S HE
Indole is hydrophobic and can diffuse across cell membrane. AcrEF and

Mtr proteins are responsible for indole entry and efflux, respectively

750 T RA BRI IR — A B 3)

W[ T SR A )R, MG R PTESE

Signal molecules must have an accumulation effect and regulate Indole can delay cell division and affect antibiotic resistance, etc

a certain physiological activity

{557 Tb255 A AU Ui B 05 5 T e i) AR B Ak
The signaling molecule must cause physiological changes
beyond what is required for metabolic or detoxification signals

WG R w42 i A 0 M 40 T A ML 25

Indole can control biofilm formation and cell division, etc
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Figure 3 Overview of the function of indole as a signal molecule
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(2) IR AR R B SE M) o MR iE A A A )
HAeayrhm e mRmis 2, s AL E b
G A ISR R, W[ 2o 36 BELE g = AL M
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M IR Xof T+ N 2HS et R 114 XU S 4 T AR W50 5 S O
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