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Biosynthesis and molecular regulation of phytotoxin
thaxtomins: a review

XU Ying#l, DONG Shengnan#l, ZHANG Qingyang', HE Haoyang', ZHANG Buchangz,
LIU Jing "

1 School of Life Sciences, Anhui Agricultural University, Hefei 230036, Anhui, China

2 Institution of Physical Science and Information Technology, Anhui University, Hefei 230601, Anhui, China
Abstract: Potato scab, a soil-borne bacterial disease that exists worldwide, is difficult to
control. The phytotoxin thaxtomins, produced by the secondary metabolism of Streptomyces
scabies, are the main cause of potato scab, and result in serious damage to potato and other crop
industries. Due to the serious impact of S. scabies on agriculture, the biosynthesis and molecular
regulation of thaxtomins have attracted many attentions and made great progress. This article
reviewed the structural characteristics, biosynthesis, and heterologous expression of thaxtomins,
focusing on the molecular regulatory mechanism of thaxtomins biosynthesis in S. scabies. This
review helps deeply understand the regulatory network of the secondary metabolism of S.
scabies, and provides theoretical guidance for the development of new control strategies for
potato scab in the future.

Keywords: potato scab; Streptomyces scabies; thaxtomins; biosynthesis; regulatory mechanism

SR o B e T | R B S A 1Y 32
BORTE Z—, FISIE & A DIk, HXT B4 8
o5 SO T E s sz 8] 1)z 5%
o W& E N AMIFZE & X e i | o R
FBIGSE T H AR B AR, BRIE BUS T8
Grrg i sT ik U B RGE A SR B N R A
20 ARF, S H UL A I £ 2 1 (Streptomyces
scabies) . TR 1k 35 i 5 5% %5 & (Streptomyces
acidiscabies) F1 M Jii %% % W (Streptomyces
turgidiscabies) , Ho A RE i 25 TR 2 Eh 88 B
e 1) FEEBOR T, REE L AL P O Bl i
EFAHL, PHERRE Y thaxtomins ,
thaxtomins 38 £ BH W7 AR 420 41 i1 47 5K F 3 5842 72
2R YR TR B T 5 | ACHE I o HE SR AR IR A
FEYZER ISR . BB NI FE R AE , 5
W) By % B - AT A, B BB R & B
RS BRIGES AN, R B B A AR YL 8

b AIEE . AR NEREAEY), R
Wy i KL

YT R AR A E 2,
H thaxtomins A= ¥)G BUEEFE Y - R 45 75 3] B
KARZ RS, JFBUS TR kRt A
EFEIR T thaxtomins FIZEFRHE | AE WG LA
FERA Y6 GRS, I E R4 TR B s
H thaxtomins A= 9)& BLA Zr TR ML 45 07 1HI
P IR R , A F T IRAA R i % 2 T I
ARG 1455 19X 24 AR 8 SR s ) B LI, DU
SR SR T e i R L A T s 1) B s O W i 1
MILTE S,

1 Thaxtomins #2545 M 5t & b A

Thaxtomins & — 2 F HE i 5k 25 0 S22 4K
oA )i 2 0 2 L HA IR 2,5- R R 2
FIIAL AW, MK R R S e R B R A
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FEAE N-HIELRIREL, WK thaxtomins ZEE 5 0
thaxtomin A, B. C fil D 254kt 11 25254
P19 Thaxtomin A J2& thaxtomins Z3 %
W2 . MR D E H AR AR,
T 1989 A5 K43 B T RGeS 1) S8 B
e K, thaxtomin A FEAM b ATAE A ik
FIH T 0 1k B A PO e 0 A B
Thaxtomin A FFRFIESSHY BRITE L-4-fiFf 03[Rl
C-F3R BRI R (18] 1), Jorp L-4-fif s e
4 thaxtomins ZETE A WA PIR AR 4
T A AR SR EROT,  C-)R IR IR i 2R
MAFFEAR 2 A A YE e KR =™, BT
thaxtomins X A5 W) B A AR H 25 A4 A
A e A 3R N S § AR (W s
TEYHEE IR A4 i) DL XL I R B 2% B
AR, B EEA RIFE R E R TR B R
SREREFIUON R [FZ5H 1 thaxtomin RE A
T YDA Al B TG PR AN ], AL A2 B A [
HRE I EETE , Hid thaxtomin A BTG P,
SR thaxtomin A HAK) 4> FHIRIFIRR F 8 0 H
ARG,
2 Thaxtomins #y &£ 4 & ik
2.1 Thaxtomins £ ¥ & B EH %

5 | B L 4 B i AR o B 2 O L R MR
i i 5 TR R i e 2 AT 45 S R A5 3 3k Tk AR
W4 thaxtomins KIGEMEY), JRKTET 5%

Thaxtomin A (1) R=0H R=CH, R=H R,=OH
Thaxtomin A o-isomer (2) R=OH R,=CH, R,=OH R,=H
Thaxtomin B (4) R=OH R,=CH, R=H R,=H
Thaxtomin C (3) R=H R~=H Rs=H R=H
Thaxtomin D (5) R=H R, =CH, R=H R,=H

1 Thaxtomin A R EFELZEMEUYBILFLE
gt

Figure 1
its analogues

Chemical structures of thaxtomin A and
[12]

thaxtomin A ALY B A1) 6 B R
(thaxtomin biosynthetic gene cluster, #xt cluster) A
TR PEN ) B A pxr cluster & oxtC  ixtH  1xtB
ttd, ttR . otE F oD I 7 AR HES 41
B, KEERZHh 183 kb, HTaudh 3 Mt
JC: txtA-txtB-txtH-txtC. txtE-txtD F txtRY (B 2).
Hrbr, oeeR i AraC/XylS e IR B MY,
T4y 6 AFEER A 4m A thaxtomin A4 & 4S5
SR ARG . ted T B 43 BI2mAs - EAZ AR
& 1l (non-ribosomal peptide synthetase, NRPS)?*';

oxtC YRS AN A3 P450 BRI 4A i (cytochrome
P450, CYP450)*; txtD it —E AL RS> oiE
Snfi— ARG CYPASO s ot 4k MbtH
EHEP /N o A S

P.‘,\‘IABH(' PL\'.‘R P.‘\‘IEIJ

- ¢ ' iy

tC txtH txtB
\

IxtR mtE  txtD
J

Co-transcriptional unit

Co-transcriptional unit

B2 #HFESE thaxtomins T SHERER LB RBETTEE

Figure 2 Genetic organization and co-transcriptional unit of gene cluster for the biosynthesis of thaxtomins in

Streptomyces scabies.
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2.2 Thaxtomins £¥ & RiRE

Thaxtomins A=) & BGERIF MBI 24, 1
SN TRT B A 2 JE R« L-f8 24 R (L-tryptophan,
Trp) 1 L-K 2 ik (L-arginine, Arg)JFlf, Arg &—
AAGHE TxtD b4 BURE R A —F A
(nitric oxide, NO)*; SR 5 , Trp Z2 M4 ) CYP450
TxtE 1 NO fifbA: i L-4-i 3 (0212, TxtE &
FI B2 AT ME— BE S B RE Al fh B U 0 i
P, L-4-B A ORI ) — 2@ B IR L- AN &R
(L-phenylalanine, Phe)435!) £ AE A28 {4 BK G Rl i
TxtB I TxtA fitfl, HERIL WAA 2,5- iUk
WRZE M) thaxtomin DP?7; f%J5, thaxtomin D
2 CYP450 TxtC fiEfb)a 5| AN REE R T
AP A R 2 thaxtomin AR50 ([ 3),
HAiT ST MbtH FEZKEE I TxtH X thaxtomins
AWG BUE LIRS T i i, © ARk
B, SRR EE R A T TxtH 5 thaxtomin A 496
B i Z A S 25 R AR DG, VEFIBLI AT
7 TxtH KA 5§ FHRfE T et TxtA F TxtB #
AR I PIERR TSR,

2.3 Thaxtomins £ )& B &£ E & 7R Rk

Thaxtomin A 1EH KARBREFIZER N FHA
B RMIF AW T1, SR thaxtomin A FEAS 5% 75
WAE E P py AR AR, BRI T T
U X BRRMEE W T RIE R R, SRl
T REE A RO = A &Y™t . filan,
Jiang ZEB N M S5 EE T 87.22 P txt cluster 7E
[ 2 1 (045 55 14 (Streptomyces albus) J1074 HifE
15 IRRIE, B thaxtomin A FEFEIR/KF I
=i 9 mg/L #2m % 91 mg/L; T, Li%§
PR 1o 5 IR R IR RS ot cluster ol R 5 A4
BRI S IR ERA T &, b i B A
(Streptomyces albidoflavus) 11074 1 thaxtomin A
B 7 i e, AR T IR BRI R TR AR S R A
i X} thaxtomin A AT TR R4 ehord , B
2% thaxtomin A FEFRI/KF LR - Higm 2
728 mg/L".S. albus T S. albidoflavus TEH F55 %
PR LA B I S IR, DR, R SR T
thaxtomin A -G B REAE IS/ A 35 S s 2 M el

thaxtomin A 1A =1 o

Arginine
COOH COOH
l TxtD ]\JO1
NH, NH,
N\ X . N\
N TxtE
H H O
L-tryptophan L-4-nitro-tryptophan L-phenylalanine
0 (0]
NO,
1 cn, ! P
: TxtC ' N
H;d :'OH OH N H?\CI
H 0 H 0
Thaxtomin A Thaxtomin D

3 BB EEET thaxtomin A YA KR EREERD

Figure 3 The proposed biosynthetic pathway of thaxtomin A in Streptomyces scabies

[26]
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3 Thaxtomins 4 ¥ & bk 78 &

Thaxtomins A=) it #% Hr 52 SC B S
B R F I, Qi EA R R R EN 2R
Z2AFEE , T AX S 2 Si el R - e i e e T
PRI FIR A G e % 2O 2 RMER
3.1 BREHFFUHERIFE

TxtR J2& thaxtomins A= 4 Rl AL PRI 17 P4 E—
% N & —PE IR R 7 (cluster-situated regulator,
CSR), AEMEZIE thaxtomins A= 4)-& R R 7 10
PP, JEMIREE R BT 87.22 SR naR I,
ERRASTE =4 thaxtomins 659, X AR EL 41 AY
BEIWERDULFW R, M H txed | oxeB Fl oxeC 554
V)& R Rk B B R R, B TxtR X
thaxtomins A4 BLEAT 535 8 i3t 1 F Y
(Bl 4), TxtR BEfE 45 A H A5+ 2F 4 —H
(cellobiose), £F4E — Wi & £2F 4 3 1 HE A< 25 4y B
JG, FAN A I B-1,4-F T P e R A
MY —BELEAERT, txeR I thaxtomins A 46 %
FE DR 5 s KE YRR BN IR SR T, AT £F 4 — 4
AYEH thaxtomins A= 914 BLAGA S, TxtR

Thaxtomins A

A
T / Glucose

J& AraC/XylS & i — 32 B4 4 —hk
L RE) 2 L
32 Z2RZWIAE
321 Bl REZEHR

bld R FRIGAEBE 25 IR A AR 85534k
PR AR EE AR R L, s blda
(tRNA). bldK (ABC ¥4z Z%t) . bldN (o factor ).
bldG (anti-anti-c factor)% bldB/bldC/bldD/bldH/
blaM (%R 1), Bignell ZE1ERE A
BEFE T P R 9 A bld FE R ) PR N gEA T Rk
WIEGER 1), RIEZM Abld4 Fl AblAC
thaxtomin A fJAEY)A BIHE 58 2K, RS
#| thaxtomin A By~ & ; RAKK AbldD. AbldG
F AbldH " thaxtomin A 877 & th 8 K TR LG
Hitk; MZ2AERk AbldB. AbIdKA 1 AbldN
thaxtomin A 4 7= 214 A R FLEE p $2 P, 5
1S SIS Sy IR B bld KEDR B SR BN
N4 S AR BUR TS LA I, AbldB .
AbIdKA 1 AbIdN [0 R FIAFAL T HH A Rk 5
I AbldA. AbIAC. AbldD. AbldG F AbldH (1)
o R AN H ZIRFE SR 2L A F IR O,

@ @ Cellobiose

@ @ Cellotriose

ABC transporter

@
\\B_gl_c/ \%\_f

TxtR CebR

<— @ Cellobiose
O Cellotriose—

Effectors

Streptomyces scabies

= 4

TR ESE F TxtR #1 CebR 8% thaxtomins £ & AR

Figure 4 Regulatory mode of TxtR and CebR on thaxtomins biosynthesis in Streptomyces scabies.
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Information and function of b/d family genes in Streptomyces scabies

Table 1

Gene Protein Predicted function

Phenotype of gene mutant in S. scabies

scab54521 BIdA
scab25271 BldB
scab47901 B1dC
scab75171 BldD
scab40861 BldG
scab57831 BldH
scab31541 BIdKA
scab36231 BldM
scab39121 BldN

Leucyl tRNA
Small DNA binding protein
MerR-type DNA binding protein

Anti-anti-sigma factor

Orphan response regulator

DNA binding transcriptional regulator

AraC/XylS family transcriptional regulator
ABC transport system integral membrane protein

Extracytoplasmic function sigma factor

Thaxtomin A production abolished
Thaxtomin A production increased
Thaxtomin A production abolished
Thaxtomin A production decreased
Thaxtomin A production decreased
Thaxtomin A production decreased
Thaxtomin A production slightly increased
This mutant was not studied

Thaxtomin A production increased

AHEST R E AR AT B R, X5 8 R ARk
i thaxtomin A AY & A —2(&E HPY, HaEt
SO P Oh R A W AE 2 (real-time
fluorescence quantitative polymerase chain
reaction, RT-qPCR)73 T AbldA . AbldC. AbldD .

AbldG Fll AbldH X 5 /57 B #kH thaxtomin A 4]
B BAH G 56 R B B L R B, 4% AR Rk R
txtA Fl oxeD [ F R R B E TR 1 ooR B9%
INEAE AbldH " IEW B8 AL, fE A AR R rh
TR,

BIdB"® | BIACP” | BIADP**"F1 BIdH" i Ky
MR SR R 7, ERIBERS IR thaxtomin
A= Y1E IR AT CSR JERAYZEIE, SR 5 R
A BRI IERE . #lan, BldB. BIdC.
BIdD #1 BIdH X thaxtomin 4= 44 %% [ A1 CSR
FEDR A F R A R 4, BRI S5 G0
RO T 5 H A A 2 T 48 PR ST A B AR
—3, BIAD TE i fiE s e P AT D RE 2 75 [
FEARCHS 55 (51 c-di-GMP I SAE S .
3.2.2 Lacl/GalR RKiE¥:KiIH1ZEEF CebR

CebR JEHE 75 o I A 4E 2R 5 AL R FH 09 %
SEMHIEF, BT Lacl/GalR ZKEHE ),
2015 4F, Francis 55 7€ 9 9ii s 5% 2 o A A H
PREDetector # 4 Fii A5 2] oxed-txeR F H (8] B X
HAFAE— B 5 CebR PRSF 45 G 0 a5 i BE AR ]

S (fiv 44 M cbs™® . 5-CGGGAGCGCTCCC
A-3"), EMSA Z#Hr & CebR M MIHRER S
chs™®A gl IR I A I A A AT A
BRI 2T 2 =4 (cellotriose) s S ik 5 &
cebR (scab5776 NIEHN K JG, wxt cluster H1A: )
A FEIN txtd A1 txeB B CSR JEIR txtR 1% 56K
S ERLE ) thaxtomin A Y7 R RS B T
10 1%L F, T H AcebR 27 ¥R XHEL R IT A1 Th 4%
S S0 Tt B S U R e B T
CebR X} thaxtomin A F9AY)& EA HILAFE
SERAVER (R ), 2016 4F, Jourdan % &I
YR EE RS CebR #1745 thaxtomins A4 LAY
T3 —#4% . cebEFG =5 cebR i B AHLE H 4% 5%
J7 1A S RN, Gaifidh 071 53 21 2 — WH RN EF 2 —
B W W Y A OC #2 iz B I (CebEFG-MsiK
ABC iz #R45), Hr CebE CHIE B
LA, A 7 A AR 2 R i A
W cebE (scab57751)FEHN G5, thaxtomin A
(7 B KRR BE T I, AcebE 375X H I 1 i3k
5 15 P WA 855 ; RT-qPCR 43 & B AcebR
RAFKR cebE I cebF W1k /KF- 18 2, iF
—# EMSA 43#r & Bl CebR & FIREMS H 45 A
cebEFG Jii o T DNA FFHES PN 2 £F 4 — M4y
+, M H cebEFG J53hF 75 EA 14 bp 1) CebR {1
SFA AL, UL CebR RENSI EZE cebEFG
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i B VR D Y SRR A AR 2 R G —
RO IS AR, TR 52 M thaxtomin A FIAY)&
W& 4 2018 4E, Jourdan ZEWE Mk
B CebR REME HEPHHE I FirAE4RIE R bglC
(scab57721)FEH B TIEE, bglC FEH Yt —Fh p-
T BT B OUPRET 4 W), B IR K i i
GH1 FWE&EM, RBKMEE G TR bR E bk
1) B-HIAGHETTEE, MIBPREACH - AR AR
AITC S ; CebR id 2 HAEAEH T bglC 5 2T IX &
SPEEENLE cbs™C MR bglC RYEESE, T H.
CebR X bglC 1) %% s 4 il 4 FH [W] 4 10 25 LT
oy L4 — 0 B kst bglC HEH
1) Bk 2 B A 15 | A6 4 i s 5% 2 T A AN () Al D51
#L T thaxtomin A 7 12 F S0 16 14 19 A N 22 1L
UiH] CebR ik RS 1 H4ZM$E BglC /- 1Y
i) B K fR B4R T 5210 thaxtomin A A&
H(E 4).

4 ReE5R%E

T 44 B o A2 1] 29 A T B T 4% L R
W I G S ) B PR 3R, SO TR R A Rl A=
MHEZR thaxtomins &5 S BEHEERM, X LA
TN At B B A A P R AT LA P E R i
AL RFET thaxtomins A= ¥)G WAt B2 1414
FERLT AT, DIs AR S 8 4 4 sy 22 35008
PR A B )34 thaxtomins A= ¥-6 WY S B8 1 422
K. — A A FAERS bR 2| A A =
% thaxtomins W5 WU 7 FIRFE R 45, S ARk
30 o AR 2 1) R W BT U R A 1Y) AR A R
B3 I) s 5 —J7 8, AR TAZH8 I AR A s
LA G A TR T Beif {7 thaxtomin
A ErEidt, oA thaxtomin A VE AR KSR R B
FIFEALO b )z b AL He SR filhn,
Li it A TR FBot thaxtomin A AW G
LR oxt cluster volE 2 G0 EEERE 1 11074

SRR, GG MHIHF CebR RIE M 2h
TR EBRA R s, 2 thaxtomin A
B AR/ NG RERE K B4R 1 973 mg/L,
X E HATE B i thaxtomin A A 575 1 1Y
e K,

H AT, St s i S HA Gl ™4 thaxtomins
AW I A3 F PR S BT BARBUS T — 5 i
Ji& , AH AR T A 52 8 B i R 5 A
UK W 0 55 55 7 (Streptomyces  coelicolor) " il
7= N it 17 5% B B (Streptomyces  venelazue)P' ™
2, HR GG 43 F R T HL I 95 38 RS IR
A, RZREHAER . B, TxtR fEN
thaxtomins AE 9 & 5 IR A E — 1 i 42 5 S
PEFE RO HORE B A R A RN A SR 1
BLUEIE RRIR ASBHT, TxtR BER N B RAR S F4F
e, HARRBIEBLHAT, DR E S CebR
IO A £ A — MR AR R %, AnE % BIdB
BldC. BIdD Fl BIdH RE@#%7##% thaxtomin E¥) 4
AFER R CSR £ R Y 26340, #R1if BIdB . BIdC .
BIdD #1 BIdH X thaxtomin 4= 44 5 A1 CSR
SEDR A TR A PR B R A, LR 45 A0
SRR 5 H A A B T B AR ST A A T
—3(, BIAD TEREJie5E R a TP AT D RE 2 A5 [
REMGH T4 — {51 c-di-GMP BN SAEHISE . X
o0 AR A RRF 98 TR ARV -
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