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Screening, metabolic pathway analysis and fermentation condition
optimization of a high-yielding strain of indoleacetic acid from
earthworm compost

GUO Changjian', YU Kefei', ZHENG Zhanwang'?

(1. College of Environment and Resources, Zhejiang A&F University, Hangzhou 311300, Zhejiang, China; 2. Institute
for Rural Environment, Zhejiang A&F University, Hangzhou 311300, Zhejiang, China)

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 20.0 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.]

Key words: earthworm compost; indoleacetic acid; high performance liquid chromatography; Bacillus
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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 ZERRBRAEDT WF 9T R0 . i g1 I PT LAS & AT 0 ST A M A G o bl i s AT b 5 Y
FE R O R PR AR T HEA TR A, RT RAE— 25 T ke | M A 8 S R AL, I L) P i 5 4 R | e £, TR
P A TR, SR E R E W B A T s naE M . BRI, E A DA A M o g s
PR 7™ A5 R i, R O DAt 51 e IS e 7 25 W e £ T 7 A TR XS AR ke 51 TS o) % A A MR LA
¥,

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

LI I = I

1.1 HREE&E

i 5| A TR T VA8 A0 M T I 2 DXAE 1A 48 gy 3 Ab PR L M (30.24°N,  119.83°F), A7 7F JC 1l %
AQHPE T 4 C KA E
1.2 EFEREEFNEE

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 B R 5L, BERRREU 5.0 - L', G448 10.0 g L', BEEEK 10.0 g- L, HEK (C14H400)
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
TN F B TRV AE LB RS 522 ERIZeatifh . B2l fb i AT 7% 4 4 Fh 22 LB WA 3R 2L, 30 «C.
120 r-min' 555 24 h, WA [A] B bR A9 8 B 4 10.0 mL 78 10 000 r*min™' 250> 15 min, £ H( 2.0 mL %
WA ZEAR TN Salkowski IFIVEST, #BEOGALEHE 20 min AT B, TRA WS Wby 21 (0 U8 B i bk 2L 45 05
CTRAETFRESIN AR SR 21 €6 1) TR B S T TR H A 1 LR EG) TR B 5 A AF T80 °C VKAR & H .
1.4 BRZEBFENE
141 Wk @Az EwEsd DILBWIAREEFRE NN 45 EE 5. 10, 50, 100, 200, 1 000
mg- L™ ({05 W 2 TR AR E SRR, PRV A TS 5.0 mL, IMAZHAFRZ MR CESRAG#E 1h, FEE
WEATHELE, FREERTHIMASERROROE, IRAGHE L h, B F2ERBEAR—
O, PREBRER 3K, ¥ LEFEBURERR TR T, A 1.0 mL (a3 a6 B E g sk A
AT, FSWGET 0.45 pm A HUAHIERLS , 38 = SO AH (151 (Agilent 1220 Infinity 1) P07 41 7E
PRUERN e o WOAH 3 2500 TR B 4K (IR FR 340K 0.1% 1 LR )= 60:40, HEAERE 10.0 pL, Jiid 1.0
mL-min"', #:iE 35 C, 24N UK 279 nm, Poroshell 120 EC-C18 (4.6 mm x 150 mm, 4 pm) %4 .
R 3.
142 Wakvlk B> a2 BUERK A 2.0 mL 3 FF 100.0 mL LB & H; £ 56, 30 °C. 120
remin”' }3% 24 h, B 10.0 mL 5% 3£ 10 000 remin~' 2.0 15 min, B 5.0 mL F IR FRFRAEE AL
5 AT AR BRI A FH RO (T (S B DU s 2R T R . RN E A 3 IR
1.5 EHREE

K 16S rRNA XL[H) (Gl 514 27F/1492R) 3R A B =X/ i (PCR) 473G AN T 73 4 8 BT vk . 3k
739 16S rRNA 745 5 5 26 [F F R AW HOR(E B it (NCBI) B 22 B 8 25 5 O R BB R T 914 T
HEXT, Jf2K HH Neighbor-Joining J7 EA8 45 TR I RS & B AR, 00T 8 kR B!,
1.6 BIRZEERIERRR

B 10.0 mL HFREAREEFEWE 10 000 r-min™' 8.0 15 min, B EIERAEE T-80 °C vKAR %4, R
TR Y (LC-MS, LC: Shimadzu LC-30A, MS: SCIEX Triple TOF 6600+) 73 #7 b1 B9 40 .
JEE S B B aliK (RBU BN 0.1% B R): OB (RFL 800 0.1% M R)=10:90, #EFEH 2.0
uL, ¥ 0.40 mL-min~', #:iE 40 °C, Water ACQUITY UPLC BEH C18 (2.1 mm x 100 mm, 1.8 um) {%i%
FE o 38 A VBT S AT T VR %) 40 o A S A DT TR AR P | 2 TR A R AR o
1.7 FBIRZEBREZEBEEGERN

IR RS, DR B A ORI, RO TR R BT AL . R BERTE] (6.
12, 24, 30, 36, 48h). #ME (1%. 2%. 3%. 4% . 5%, KFLL). LA EHE (5.0, 10.0. 20.0,
30.0, 40.0, 50.0 gL, ¥t pH 4. 5. 6. 7. 8. 9). L-O&EERWEE (0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5g L") LAEEFR IR (15, 20, 25, 30, 35, 40, 45, 50 °C)o 4530 i v s80mAH € 3 A3 % 8 41
Gy EETHIN A H bR B R A 5]k £ 1 7 i T R EE [600 nm ARG D(600)], 3RAS B AR TR bR & S
. HMGHES 3R,
1.8 FInFhF gL S RITM

WU f8/NFISK Brassica rapa var. chinensis #—F-WiFh 6 h, FHIE K e g B ELARWE AR, FRB 5L
H 1% AR (NaClO) ¥ WIH BE 20 min, [HHJCHE/K ppyE1-4, TREOGAFHE RN 24 h,
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W FUAR AR BRI A R RS BGHAT IR 97 . IR MR R IR 15.0 mL, 5000 r*min™' 25,00 15 min, 4358
PR A EVEW, IR E0N 0.85% 1A FRER K Ve s Ak TR T 15.0 mL JER/K . K a8 4088y
BB R/NIEETRFRIURTS, /3 3INA 4.0 mL AW . A8 LWEWR . TTHK X LB kR IR, 4
ASAb PR ATA E 20 BUN SRR TR E T 30 C ROGAFRE, KE 3HUEE . W24 h il ®R T RS
FHAMFEIE I AR ACIRIE o I B E e OB 454 T 1A T
1.9 HIESH

FH Excel 2017 Seit%4#i5; HI SPSS 22.0 #F47 i #4345 FH Origin 2024 F1 MEGA 11 23l K 3R I
HRGR B
2 BERE55H
2.1 BIRZEFEERNSBRIGEE

A 051 3 S 23 B 6 #% 5 Salkowski 13U & AR 3 A RN I TRIAR , B E AT HA BRIk 2
iR r=Re 71 (B 1)e BEAR vm12 F1 vm29 (R0 208 7= s AR R, 2501 R 41.27 #139.99 meg- L', & T
TSAVKELOVA 25021 5 ¥ (1) M 98 18 Rhizobium sp. (4.50 mg- L") FI4 2 s B M 14 Sphingomonas sp. (10.10
mg- L") )57,

vml vml12 vml3 vm29 vmé4 vm54

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

22 BRZEFEEMNEE

NCBI £di 2 e X 25 5 s . vm12 A vm29 43501 5 58 TR A R & Klebsiella sp. A1 2EF0FT 1 @ HAT ¢
ERITEE . S TR A R — S 2 AE T A RNl i P I % g T A 80 TR, 2R P K 22 TR B0
PE, TN R T A B B 2 A O R, AREFSE R vm29 MEN B B, IR 44 o GA2022,
TEARZETRY]: Wk GA2022 B MARER, EMIBDE BAME2E 7 B2, RVESA NI A R
REaE, S0 (K 2A). Etk GA2022 (RS kK B MK 2B i,

B 34 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
Bacillus pseudoflexus strain RCI NR 178383.1

39

79

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 HEik GA2022 9 H %I A (A) A2 T 16S rRNA 53 89 Z 42 A A (B)
Figure 2 Colony morphology of strain GA2022 (A) and its phylogenetic tree based on 16S rRNA sequences (B)
2.3 Etk GA2022 MBI ZER & AR R
WK AT AT 3R bR GA2022 BYSE FR IO A AE L-( R . Mol -3- L e . 5l -3- T R IR
W5 IW-3- L IE | Wg|WD-3- L E L KoM SR o HE I HEDY , BBk GA2022 FIREIRIHAATE 3 25 MWk £ R 5 ik
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Figure 3 Metabolic pathways of indoleacetic acid synthesis in strain GA2022
2.4 Bk GA2022 MR ERELH
241 3B R E AR GA2022 A KA LB F A H MR LR A VR [D(600)] HRE T [A]
Jo ETHE R, WIWE 2R P AR B 3R )R 36 h i ik e KA (49.32 mg- L), B T A AN,
D(600) F 24 h B ik KAE (3.20, &l 4A). | Z R 7= 5 Fl D(600) 7E X5 32010 ekt T, mlREJ& B )
WG AR NS B A K s Rl e e, MRS DD G A . Bl SR SR e, BE R N A A7 25 (Rl Al
BIRYIFPHE AL, M ARWOR, FRE T R GA2022 A A K R AR ER, i IR 5
FEIS, PR GA2022 #E AR KGRI, MINE LRI A G R B WK T R, i mIve O r- e
FIE W TR (P<0.05). HITWINEZ IR HEALE 36 h IAFIEAE, Btk GA2022 (5 K5 31 6] 4 36 h.,
242 BAEAK GA2022 A KBBIR T T EWNHw  MEERE LT, BINESER A D(600) 2
Se LTHE T, P AR RN S8 2%(IRFR L) B IR B IEAE, 430028 57.12 mg-L™' F1 3.86, 35 T
fbFefp i (18 4B), Hefh i i I 05| £ R 7 1 A1 D(600) S955A%, T RE 2 PR A B AR i) 40) s 240 e 5 o PR A
T NG R (P<0.05), HEZE T MR LFRINFI R . BLAh, b i i s | W £ R 7= & D(600) [RFE
B, XA HESRE B TR I GG A A i TR N e, s T A B (AR D) 1 R,
AT RE ) T 4 4 78 AN | R A Y IR, TR GA2022 (S 2R A 2%
243 FACAFTF R AR GA2022 A K B3I LB T AN TR R 5| 2 R e
D(600) HYSEME TR . AL BTk B 20.0 g- L' I, M| LR 7 i iR B IEAE (63.92 mg- L"), iX
A REE A TR bR GA2022 7EFhMa FREE T 38 0 5 Um | SR 15 A S A B pe™ ), Sk R vk B
H5 gL HE, D(600) ik B WE(E (4.52, B 5A). I, TR R GA2022 (1) fiz il S 1k 84 T i ik B R 20.0
gL', ZBTE R T bR GA2022 A 0|k £ R 7 i ik 2 e T HA AR (P<<0.05).
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A4 REIZIRE R Ao dE 2 B Ak GA2022 vk L8R = 342 8 ik & [D(600)]

Figure 4 Indoleacetic acid production and D(600) of strain GA2022 at different cultivation times and inoculation levels
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OB LR & -4 D (600)
TN 5 BRI FE 4 T B HRGA202210W] W 7, 7= B 2 57 5 35 (P<0.05).
BS5 KRR RE A4 pH B bk GA2022 "Ik LB = A= H R [D(600)]
Figure 5 Indoleacetic acid production and D(600) 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 |-
TrH&#, Witk pH g 8 I, 5[k LR ™ iR B (H (85.77 mg- L), W& & T HABAL R (P<<0.05), #)
i pH A 9 B, D(600) 35 EIIE(E (4.44), WIhH pH IRAKES W] 2,2 77 &2 F D(600) $132 4% (K] 5B), X 1] fE
SR A A A R B A AN S 5 W W 2 R A AT B B Y B pH AT Y. D(600) ZERR IR T AR X A
i, 3K T BB P R 5 AR PR R A RN M BE p AR MR A, R T A0 R R A R R
Pl FmIE R = W46 pH o 8 B IR EIIE(E, BT ARE GA2022 S WHILG pH o 8.

245 L-&RBT2RE AR GA2022 £ KB 39 TR = 269 %on  L-OR IRk 5 | Wk 2 e ™
HRBERELEIEMIE, H5 D600) LM ERA ., L-aZRERKRE R 3.0 gL' BF, WK LR ik
IEfH (162.57 mg- L"), L-fORMRFEWEE 2.5 gL' Bf, D(600) ik FIE(H (5.2, K 6A). AlHER N L-A%
TR 2|k LRI U , R THIECH e Wk A R =0 A 1, ARSI o W B 3ol i) 7 A% v iy
e, &AL Loz fR BTk Bl 3.5 g- L B, 5|k £ R 7 i b 2 O] 6A) . T ISIPR & 1R 7 o
1 L-OEARB R E R 3.0 g- L' Wk FE(E, A GA2022 ol L-O AR m ik E R 3.0g L',
24.6 BN E M GA2022 A KA GIRTE T FH YR WIUELER N D(600) P4 B 37 R T
S BTG FRE, 40 °C IHmS|E 2 B P i A R (204.25 mg- L), 25 °C B D(600) iAFNIEAE (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
4 Tl 22 X5 355 R R O AR TR] o F TR e £ R P 7E 40 °C BRI, BT AR GA2022 B Fod iy
FEURE R 40 C,
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H6 RF L-&&REBATREAERDERAR GA2022 5% LR = 4= H KL [D(600)]
Figure 6 Indoleacetic acid production and D(600) of strain GA2022 with different L-tryptophan concentrations and temperature
2.5 K[E SRR Bk Z B =4 F 1 REXTEE
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 R GA2022 FYISIWE 2 T8 7= i i T HAth & DR IR 1 TR AR (PR B 4855 . TR GA2022 3555 36 h 5 3k4%
KWL Z R 5, T Bk TPKSb2 4 72 h 1 FP6 9 96 h, X A it 5 B bk GA2022 [FIRAE7E 3 45|
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