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Screening, metabolic pathway analysis and fermentation condition
optimization of a high-yielding strain of indoleacetic acid from
earthworm compost
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Abstract: [Objective] This study aims to screen a high-yielding indoleacetic acid strain from earthworm
compost, and optimize its fermentation parameters to increase indoleacetic acid yield, so as to provide reference
for enriching indoleacetic acid producing resource pool and preparing high-quality bacterial fertilizers.
[Method] Salkowski colorimetric method combined with high-performance liquid chromatography was used
to screen high-yielding strains of indoleacetic acid, and the target strains were identified through 16S rRNA
sequence analysis. The metabolites of the target strains were analyzed by liquid chromatography-mass

spectrometry, and the synthesis pathway of indoleacetic acid was explored based on metabolomics analysis.
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Single factor experiments were performed to optimize the fermentation parameters of the target strains for
producing indoleacetic acid. The effect of the target strains on promoting seed germination was evaluated
through seed germination experiments. [Result] A new strain with high indoleacetic acid yield of 39.99
mg- L 'was isolated from earthworm compost. It was identified as Bacillus sp. by 16S rRNA sequencing
analysis and named GA2022. The optimum fermentation parameters for producing indoleacetic acid from strain
GA2022 were incubation time 36 h, inoculum amount 2% (v/v), NaCl concentration 20 g+ L', initial pH 8, L-
tryptophan concentration 3.0 gL', and incubation temperature 40 °C. Under these optimal conditions, the
indoleacetic acid yield of strain GA2022 could reach 204.25 mg-L™', which was 410.75% higher than that
before optimization. The results of mass spectrometry showed that this strain might possess 3 indoleacetic acid
synthesis pathways, namely indole-3-acetamide pathway, indole-3-pyruvate pathway, and indole-3-ethanol
pathway. The strain could promote the seed germination of Brassica rapa var. chinensis. [Conclusion] A
high-yielding indoleacetic acid strain GA2022 is obtained from earthworm compost. The simultaneous
coexistence of 3 indoleacetic acid synthesis pathways endows it with high indoleacetic acid production capacity
and saline-alkali tolerance. [Ch, 7 fig. 1 tab. 31 ref.]
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g E EEAERY, BRAEY A S5 e > B LERAN, AR BRI Pt A P AR O e £, 1R 1) Rk
iz —, TEE UAE AR BR 73 WA B 32 B BT 20 WA s W S R S AR R . B iR DLy gl g L i
FEA A SR AFT B Bacillus sp.. 5% 455 W B Providencia sp.. R0 E Pseudomonas sp.55, X 2fH:
Y AEE TARPR - SRR R NP BATAE A T A IS Sl (0 AR P RE A 40 W5 W 2R, i v I A W)
g IR i, ARSEREIAEAS (RIS ER 3 W R 7 A TR RE RS S WINPT B BRZE W o, 5 B AE A KA
FEEMR RS, B, O IFG 3RA s b O IR 7 A T BE S e MR AR G, R SE IRl AT 22 A e 1y
AR

HRT, AP AT 2 DA AR PRasic I 1 355 2R P AR RO | W £ W2 7 A= 147, 4 CHANDRA 4567 DA
%4 Stevia rebaudiana FRFRITHER] 1 ARW| Wk 7™ A BT EAT T R ISR AEOUAL X TRBR B 15[ g £ T 7 i de
E A3k 104 mg-L™'; CHATHARN 2510 POK RS Oryza sativa FRERZFBSAS R T 1 BRI 282 77 A 16 T S5 A 4L
JERCHE ST TR ;. SHOKRI S5 AR HH 398 v g BUmg | Wit £ 8 7 2B TR - BniE 1 BT Z MAFAE R Br[R]
VEFHAT LIS 2 5|k R 1 7= 6 o i | HE AT 2 B AT AR BTA HLILEHS S =F 5 B9 Yy Rl Fn 2 A
TR o ZERRBRAED (RIS 3R . i g1 W AR e SRS T B A . Pl e s ME AT rh 23 s
S SRR LR RO A TO0A , PT LARE— 2D B T b 5 ME A B W AN, I LI P e ] M AT K s e £
PR 7 L TR A8 G2 N RR IS, 32t B T A ) B A S v S M . SRTT, A DA M I v 3 |
W TR 7 A TR A I, A1 0kt DA e 5 IS e 725 1 Poge £ 2 7 A TR0 81 ke ] 4 S 85 i A o M R LA o 2
¥,

AT LA e 05| 4 A w0 W SR X 42, o Salkowski (B (I | R ROBORH €0 3k 0 15 M| Wk 2L TR
PR OT S R . A TR R A 05 N 2 R AR, IR AR HROE R BES R, AR R sl
W LR 5, e TR R A S e 51 S M i A P A4 4R
1 #MrtE %

11 FEmRE

51 HE P SR 1 WV AE BT 1 1 2 DRI A 48 S 47 b B RE b (30.24°N, 119.83°E), A7 1E JC I 25

AP T 4 C KRR

1.2 BRERBEEFNRE
Luria-Bertani(LB) AR 2 5L . FERFEEEUY) (C sH;N;0.5P,) 5.0 g- L', & AL#H (NaCl) 10.0 g- L™, Ji
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W (C1gH605) 10.0 g+ L', pH7.0+0.2, 121 °C #ZEKH 30 min,

LB FfRR 5L, BERHEE 5.0 gL', S4L8 100 g L', FEEAM 10.0 g L', HEH (C14Hp00)
150g-L", pH7.0+0.2, 121 °C /&% K 30 min.

Salkowski i3] : 500.0 mL Jfi 53 %R 35% A4 = SR (HC1O,), 10.0 mL 0.5 mol- L™ 541k #k (FeCly),
REHS].
1.3 BEHEHNSBERIGIE

B 10.0 g i MENE S ] 100.0 mL JE# /K, i+ 30 min [5##E 10 min, B )2 JCH K
BER 107~107 BREEMR A . HUAS R RS 100.0 uL 43 10 A T LB [EMASE IR 2, 30 °C #59% 24 h, Bl Pkik
TR ) SR P 76 LB B FR 5 Bl Zealifb ., K alifhf5 i B i& v o il Fh 2 LB R 7 58, 30
C. 120 r-min”' 35 5% 24 ho A [R5 PR 09 32 45 10.0 mL 7E 10 000 r-min™' #5.0> 15 min, £ 4L 2.0
mL VI A GG AT Salkowski IR AT, OGN FEE 20 min ST B, TRA AR AR 41 € 156 B PR Ak
HA e 2R A = e 111 BUR A RS AR 41 (010 e 2 WS JC T H A% 1 1R EL) 1R A 5 i A7 T80
C vkFEA .
1.4 WBIBRZE>==ENE
141 Wk @Az Ewmxsd DI LBWIKEEFRE T F 4 HIEE 5. 10, 50, 100, 200, 1 000
mg- L™ A5 2 BRBRUE ST, B UE SRV 4S 5.0 mL, AR ERIRS)EHE 1 h, L2
AT HELE, FREERTHIMASRRIROE, RAGTE 1 h, BB L ZERBEAR—
D, ERSEREE 3R ¥ EEEBGRER R TR T, H 1.0 mL (A3 26 R g ik B e s h iy
AT, WSWGE T 0.45 pm A HUAHIERE S, 380 & 0 AR 151X (Agilent 1220 Infinity 1) W% I 4E
PRUERNER o WOAH €3 25 R FBE B 4K (IR FR3 400K 0.1% [ 2 R)= 60:40, HEAERE 10.0 pL, ¥ 1.0
mL-min"', iR 35 C, LMY K 279 nm, Poroshell 120 EC-C18 (4.6 mm x 150 mm, 4 pm) {4 %44
R 3.
142 AR TR FZMNE H-80 C IR B 2.0 mL £ F1F 100.0 mL LB iiAREF3E, 30
°C. 120 remin' 5555 24 h, B 10.0 mL $535% 10 000 r*min' B.0> 15 min, HU 5.0 mL |5 IR _F iR bR
HEVS AL L A T P B ol FH e RO A A o3 BT DU i | Wk £ R B vk 2 . R M B E & 3 Ik
1.5 BEHREE

K 16S rRNA XL[H] Gl 514 27F/1492R) 3R A B4 = i (PCR) #7734 AL T 70 A1 4 8 BT vk o 53k
151 16S rRNA 745 5 5 3¢ [5 [E 5 A PR A5 B bty (NCBI) il b B R R 4O R I AR P 51 361 T
LEXT, Jf>K FH Neighbor-Joining J7iAAE EE 45 BRI R G R B AU, 4307 %8 AR R E !
1.6 BIRZEERERER

B 10.0 mL HFREFEES SRR 10 000 r-min™' 2.0 15 min, B EFERAEE T80 C vkAf &, R
W R FH Y (LC-MS, LC: Shimadzu LC-30A, MS: SCIEX Triple TOF 6600+) 237 b 15 B R 20 i . K
FRIk IS ECh 2K (RF 40 0.1% I R): LI (RFR53 48 0.1% T iR)= 10:90, #EHERE 2.0 uL, i
 0.40 mL-min', #:iE 40 °C, Water ACQUITY UPLC BEH C18 (2.1 mm x 100 mm, 1.8 pm) A4, &
TV A A3 BT T VR 0 T L S DT R R 1 5 TR AR AR
1.7 F=BIRZEBAEBEZERK

W AR R, DI S B S A s oA, RO N IR R B T4k . AT T] (6.
12, 24, 30, 36, 48h). HFER (1%. 2%. 3%. 4%. 5%, KFLL). G4SN FEWE (5. 10, 20, 30,
40, 50 gL, ¥t pH 4. 5. 6. 7. 8. 9). L-AE M (0.5. 1.0, 1.5, 2.0, 2.5, 3.0, 3.5
g L7 LIRS IR R Ji B (15, 20, 25, 30, 35, 40, 45, 50 °C). 4 530 i ve S5 Bk €0 184S K 28 A3 el 1
T AR BB 005|218 7 B AP R [600 nm ARIROEE D(600)], IRIFERAEM R L BESE. 1 4b
MEE 3K,
1.8 BRI F i & BRI

IS 5 /N SE Brassica rapa var. chinensis #F-WF 6 h, & /K 5 2 fdt e FLAR T 9 FR 7, FHARFR /4L
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M 1% AR (NaClO) #RIH 7 20 min, {FHITCRZK M5, TREOGALE-E R 24 h,

W B bR AR e R S B TR 9 . BURERR R UK 15.0 mL, 5000 r-min™' 25,0 15 min, 43 BS54
EFN R VW, R FU R 0.85% M A BRER K PR R AR 5 2T 15.0 mL Tk o K g4t 8y
BEWE RN THFRMER, 2 0INA 4.0 mL F2W . KB W . CHIK M LB WARR; 7R3
AL BEY S AR E 20 /N SEM I E T 30 CEANFRE, WE 3AEL . 24 hid AT AN O
IFAN FEIE VAT AR IR LRI . P A E X TE O A T i 7.

1.9 HEHSH

HI Excel 2017 G244 ; HI SPSS 22.0 #4721 73475 HH Origin 2024 F1 MEGA 11 221l K1 23144
ARG KRB R
2 H#R53w
2.1 BGIRZEFERENSBRIGIE

A 5] 3 A 2 23 B 6 ik Salkowski 1R & AE B AR K, R EMEAEM®RSRS
FR A= RE T (K] 1) AR vm12 T vin29 A S| ¢ O 1R 7= AR X B R, 35k 41.27 #139.99 mg- L', & T
TSAVKELOVA 2512 §ifi B& (1) M3 983 Bl Rhizobium sp. (4.50 mg- L") F#H 2 B 5. it i Sphingomonas sp. (10.10
mg- L") /=,

vml vm12 vml3 vm29 vmé44 vm54

A1 % & B+ Salkowski B & R
Figure 1  Salkowski chromogenic reaction of the isolated microorganisms

22 BIRZEFEREMNEE

NCBI Bl e L X 25 R R . vm12 Fl vm?29 4350 5 5a B A R & Klebsiella sp FNZEfUAT I8 )8 B A 3
F RN . S TR AN ERBR & — S A AR T RN s i PG % T A SO TR, T 2L B K 22 OO
PE, Tz T A Fe R 2 AR RO R, AR SRR vm29 MR T PR, JF a4 o GA2022,
e R M GA2022 MBS MAECKR, EUEIE BAMAZE S B3, K EANIFA R
MRS, 2EE (5 24), HRGELFWWE 2B fis.

B { Peribacillus muralis strain LMG 20238 NR 104284.1
30 Cytobacillus depressus strain BZ1 0Q629326.1

Neobacillus soli strain NBRC 102451 NR 114095.1
59 ————————— Lederbergia lenta strain NBRC 16444 NR 112631.1
Metabacillus iocasae strain S36 NR 158045.1
79 —— Bacillus pseudoflexus strain RCI NR 178383.1

39

100 { Bacillus magaterium strain GSEB2 0Q658362.1
99 GA2022

Bacillus tianshenii strain YIM M 13235 NR 133704.2
Uncultured bacterium clone 5-836 KC554247.1

B2 GA2022 9 ET A (A) #24 T 16S IRNA 57189 2 %% F #t (B)
Figure 2 Colony morphology of strain GA2022 (A) and its phylogenetic tree based on 16S rRNA sequences (B)
2.3 HE#k GA2022 KB Z B & AR BHER
BRI TR . Bk GA2022 AR IR P AFAE L-E &R . mIWe-3-Z e . Ml ibe-3- P B I |
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WG| WE-3- 0 . 5| WE-3- 2 WELA Ko Mgl TR o eI, TR AR GA2022 F]RE[RIBSAEAE 3 25MIE O R & LA
(K 3). 5 1 ZaRA R -3- L BEM & AE (IAM i848). L-CZPR 1 awxl/iaaM ZEN i i 1) (0 = R S0
AL A R | We-3- L BERE IS, B% aux2/iaaH Gt B 5| Wik £, T Fie 7K Mgk i 5 A0 Sl s | W 2L 12 o 44 TR e 5 3
TAM I& A2 G B Wit £ 1R 3 722 PR 12 A TRT 2% 705 40 A 40 A €0 0 152 B T el R W e 2 B e 7 e il ) 2 1R
iaaM Fl iaaH "7, 1AM & 4% [ B AE 7R FRUE D A IR N o 26 2 250812 2 M| We-3- TN Bl R i 72 (IPyA &
). L-EPRTE A I FEME (AT) MR T 2 2R Ab | We-3- I R, P9I R I (IPDC) F% 1k k]
Wk-3-C B, 5|ih-3- 2 T R I U (IAO) AL A WINE TR X BE AR AEAE ) AN DA Th V2 A, dmiis
JI SRR A B TR TPy A SRR ) CE L IR, 2GR 12 A TAE A RIAR I . 55 3 ARiBs A2 L- R 2
BEEfEAL AR . B . KA B0 We-3-2 B, MIWE-3-2 BEHh I BE R RE A B A ML )5 15 B s W3-8, B
TR IOt ST SR s W O TR . BB AR TPy A i A B S [m] (Y vh (B] = msI Wk -3- £, 2 AEZO G R
# Pseudomonas fluorescens . P S ARIEE Rhizobium lupini WP IL, (HIZIEAE K & R 45 SFALH] A 58 4

Y AA[19
THAEM,

N5IK-3- £ T g

IAM (¢}
‘ Z

H O H

H
N
OH \ 4 H
D
2 p IR-3-2 o

H 0 )
W5 e~ 3P i 2 n3[Ib-3- 2%
H
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B3 Ak GA2022 #9752k LB A AR 12

Figure 3 Metabolic pathways of indoleacetic acid synthesis in strain GA2022
2.4 Bk GA2022 MREREEH
241 3B R A E AR GA2022 A KA LB F 0¥ MR LR A R [D(600)] HRE T [H]
6 F TR R R, MMk 2 IR P AR 8 3R I E) R 36 hi ik A R AH 49.32 mge L', W T H Ak B
D(600) F 24 h B ik KAE (3.20, &l 4A). 5| R 7= 5 Fl D(600) 7E X5 320130 ek T, mlREJ& B 9]
WG AR N SR R A K s Rl e e, AU DADRGHE I FE AR . Bl SR SR e, BR3P A A7 23 (Rl Al
BFRY TR FE, PR se A ANWIINE], FRE T E AR GA2022 A K R AR BP0 B IR 45T
FEIS, BIPR GA2022 #E AR K GEIRIN, MIWE LRI G BOE R B W IR T il %2, 3 |k SRR 7~ m e 8
FIF W TR (P<0.05). HITWINEZ IR HEAE 36 h IAFIEAE, Btk GA2022 (5% K5 351 6] 4 36 h.
242 BAENAK GA2022 A KBRIRTE T EWHw  MEEERE LT, BINELER A D(600) 2
e ETHE TR, WIESTEE R R 2% (IR L) B IR RNEME, /50 57.12 mg- L' A1 3.86, 3 T H:
Ml (8] 4B), $2H0 5 R I 051 2012 77 5 0 D(600) YIHAI%, AT B 2 PR Ry e 0K 1 40 s 440 e 65 o B o)
TN SE R (P<0.05), HEZE T MR LFRINFIZR . BLAh, R0 i i 08| W 2 R 7= B f D(600) [R]EE
B, X AT RS B TR T AG A AR s TR N e, i T A BT (AR D) 1 R,
AT RE ) T 40 4 78 A W R A P IR, TRIAR GA2022 HIEGE FEFI A R 2%,
243 FALHFTE R AR GA2022 A K B3I LB T e AN TR IR S| 2 R R
D(600) HYFZMRTCLMEMAE . SRS By 20 g- L7 05| £ R 7 i ik B UAEE 63.92 mg- L', XAl fiE
SRR AR GA2022 76 W8 PR35 T 3l 3 B B £ TR JE T B B AR BT REE ), ARk B R S
gL' B D(600) ik FIEAE 4.52(% 5A). HIL, Bk GA2022 Bl EALEN i W 2 20 - L', %
Jo R VR FE T B RE GA2022 [m5| W £ R 7= 1 35 i T A AR B (P<<0.05).
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i 8] /h DR/ %

D BBk 2R~/ - D (600)
NG FRERIRAS IR 5 54 N MR GA2022 (15|10 2,18 77 B 22 7t i 5 (P<<0.05).

A4 REIZIRE R Ao dE 2 B Ak GA2022 vk L8R = 342 8 ik & [D(600)]

Figure 4 Indoleacetic acid production and D(600) concentration of strain GA2022 at different cultivation times and inoculation levels
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SUALBAJT R HU(g L) ¥I4ipH

OB LR & -4 D (600)
TN 5 BRI FE 4 T B HRGA202210W] W 7, 7= B 2 57 5 35 (P<0.05).
B 5 KRB RALH R Z R E A4 pH B Ak GA2022 vk LB = & 4= D(600) B R Z
Figure 5 Indoleacetic acid production and D(600) concentration of strain GA2022 with different NaCl concentrations and initial pH

244 A4 pH 2T H Ak GA2022 £ KA Ik TER = 2 09 %a WL LR ™ 1 1 D(600) ¥4kl pH 34 hn 2 |-
TH¥a3A, Wik pH Ny 8 IFHI5|WE 2, 1% 7= ik B I 85.77 mg- L', W& T HABAL PR (P<<0.05), ¥k
pH i 9 I D(600) iAFNIE(H 4.44, BI4h pH (IS I5| Mk £ 2 7 5 A1 D(600) S48 MIK (&1 5B), X Al e 5147
2 6 A= i S 1R ) Tl R 2 5 05| e £ TR B A B B4 il 1 i pHL AT OGP, D(600) ZERSPE PR T ARG R, iX
AT B P A 5508 I35 45 ) T A R g e A RS e MR P, R T I X IR 5 W ORI Y
H T 0k 287 EAEWI LG pH o 8 B IR EIE(H , BT AR GA2022 WIS #ILh pH & H 8.
245 L-&RBT2RE AR GA2022 £ KB 39 TR = 269 %on  L-OR IRk 5 | Wk 2 e ™
HREURLYEIEM G, (H5 D(600) TR, L-GEMR B EEEN 3.0 gL I, mlbE LR =ik 3
IEfE 162.57 mg L', L-AEARFEEIRIE 2.5 ¢ L' i}, D(600) ikF|i(H 5.2(8 6A). nIHRERH N L0 & &
5|k LR A BURA , SR TR BT i W B A A T i A, (LIRS B v el s R T R v A R
B, G LSRR BT R E N 3.5 g L B I|E £ R 7 i i 2 T FEPO(A] 6A) . B T IR LRy e 7E L1
RIR TR ]y 3.0 g- L7 WA RN, Fr AR GA2022 Byfol L-(0 & MR ik i E M 3.0 gL',
24.6 BN E M GA2022 A KA GIRTE T FH YR WIUELER N D(600) P4 B 37 R T
e EFHETRE, 40 °C I 202 77 B ik B A 204.25 mg- L' 25 °C B D(600) i5 FIE(E 5.59(/& 6B)-
W5\ W TR 7™ it A B W B A 35 3R R BE e v, TR PR Dl 2 5 05| Wik T 5 S 18 X il a0 7 0 4L A iy
(TMO) . ZIEHE R [l S AE =il FIGMERGR , (2 T WMk SRR A 707, 05| 20T 7= i ik 3 WA (B s 179 B 5%
TN D(600) 5 21 W {E I 1) 355 35 T B O AN — 35, W RE R R 32 05| e 20 TR 5 B4 il 3 R = S 40 L 4
) il 22 K 355 7R 8 AR R . bl T 5] £ R 7= A 40 °C BB EE(E, T AT ME GA2022 9 fieidi 15
FRil BERA E A 40 C
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Figure 6 Indoleacetic acid production and D(600) concentration of strain GA2022 with different L-tryptophan concentrations and temperature
2.5 AESRIEGIMZ B £ E EREXTLL

21X LT AN IR IR (A W W £ 2 7 A TR o a2 A B M1 R 7 i AR 1 AT D IR ke 51 A
(TR PR GA2022 B3| 2 iR 7= 1 i T LA s DR VR A A R (AR BR 1 1E4E). TRtk GA2022 1557 36 h J5 3k4%
BRI Z R P, T TPKSb2 B4 72 h FIl FP6 Y 96 h, % 1] fiE 514 #k GA2022 [ FELE 3 45M5|Wk: 2.2
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