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Abstract: Objective Qingdai (/ndigo Naturalis, IN) soaking and fermentation faces challenges such as poor process stability and
significant fluctuations in active ingredients. To improve its quality, systematically elucidating the soaking and fermentation mechanism
of Baphicacanthus cusia leaves is crucial. Methods In this study, dissolved oxygen meters and other devices were used to
continuously monitor physical parameters such as pH value, oxidation-reduction potential (ORP) and dissolved oxygen content in the
fermentation broth for 6, 12, 24, 36, 48, 60 and 72 h. The content changes of key chemical components such as indigo, indirubin,
tryptanthrin and isatin in the samples under different fermentation times were determined by HPLC. Meanwhile, high-throughput
sequencing was used to identify and investigate the microbial composition in the samples. Correlation analysis was conducted on
microorganisms and physicochemical parameters, as well as the correlation changes between the dynamic succession of microbial
communities and physicochemical parameters. Results With the continuous increase of fermentation time, physical indicators such
as pH value, ORP and dissolved oxygen content all showed a trend of first decreasing and then relatively stable, while indigoid
compounds such as indigo and indirubin all showed a trend of first increasing and then slowly decreasing. The microbial diversity of
bacterial and fungal was highest in the 6 h fermentation samples, and their community structures were significantly different from those
in later fermentation stages. The dominant microbial taxa identified were the bacteria Clostridium_sensu_stricto 1, Lactococcus,
Enterobacter, Enterococcus, and the fungal Trichosporon, unclassified f Didymellaceae, Meyerozyma, Sarocladium,
Cutaneotrichosporon. Notably, correlation analysis showed at the phylum level, the bacterial phylum Firmicutes were significantly
negatively correlated with pH value and ORP (P < 0.01), whereas Proteobacteria exhibited the opposite trend. The fungal phyla
Basidiomycota was significantly negatively correlated with pH and ORP (P <0.01), whereas Ascomycota exhibited the opposite trend.
At the genus level, the bacterial genera Clostridium_sensu_stricto 1 and Lactococcus were significantly positively correlated with the
content of key components (P <0.01), as were the fungal genera Trichosporon and Cutaneotrichosporon (P <0.01). Conclusion This
study preliminarily elucidated the significant interactions between microbial community succession and physicochemical parameters
during the soaking and fermentation of IN and constructed an association network between them. These findings provide a theoretical
basis for the rapid prediction of indigo-related compound contents and degree of fermentation based on physicochemical parameters,
thereby enabling observable, controllable, and tunable industrial production of IN.

Key words: Indigo Naturalis; soaking and fermentation; microbial community; indigo; indirubin; correlation analysis; physical and

chemical parameters; tryptanthrin; isatin; high throughput sequencing
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Table 1 Evolution of physicochemical parameters of B. cusia leaves during fermentation (X £ s, n=23)

. AR LS E e/ HEE4r/ AN, [/
FF il pH{A ORP/mV i B B ) } )

(mgL™)  (ugmL™) (gml™  (ugmL™  (ugmL™) (pgmL™)
YAG6h  7.7940.00  79.00+4.00 5424002  3.99+0.00  0.01+0.01 0.00+0.00 0.00+0.00 0.01+0.00
YAI2h 6674001  39.674+2.08 0294001 14.14+0.19 2734+051 0.12+0.02 1.38+027 0.1240.00
YA24h 6.114£0.01 -479.00+1.00 0214002 138.194£034 108.36+037 3.29+0.05 12.93+0.13 1.60%0.03
YA36h 5.83+0.01 -526.00+1.00 0374002 322234077 13475+11.19 4444065 11.72+145 1.67+0.09
YA48h 6.02+0.01 -51833+1.15 0.15+£0.02 278.61+0.77 149.01+£1.83 4.55+0.18 6494022 1.2640.08
YAGOh 6.34+0.01 -493.00+6.08 0.16+0.01 25246194 90.11+£839 3.57+0.09 5.87+141 0.59+0.09
YA72h 6.39+0.01 -456.67+2.52 0.09+0.00 23344+193 943741382 1.06+0.01 7.32+0.60 0.96+0.10

4
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1940 2-(fiihi; 3-%ti: 4-HE R4,

1-isatin; 2-tryptanthrin; 3-indigo; 4-indirubin.

1 RAXER®A A, iR B) F1E8 (O W

HPLC &

Fig. 1 HPLC of mixed reference substances (A), test

sample (B), and negative control (C)
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Fig. 2 Dilution curves (a) and Venn diagrams of OTU distribution (b) of microorganisms (bacteria and fungi) sequencing

data in fermentation broth samples
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W T g AR W, 4H A B ) B R R R

(Coverage T8 %0 KT 99.99%, it B 7 25 HL ik
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Table 2 Alpha diversity index of microorganisms during fermentation process of B. cusia leaves (X s, n=3)

N H
Fidh Coxf:rage Chaol §5% Shan‘l/non Siml?,son Coxf:rage Chaol 352 Shan‘t/lon Sim[ison
1580% EIEE:S EIEEd 1580% EIEEd SR
YA6h 99.80 434.374+27.57 3.35+0.09 0.08+£0.01 99.96 600.88+13.36  3.1620.09 0.21£0.01
YA12h 99.87 265.00+25.71"  2.66+0.11" 0.1440.02 99.99 169.03+12.98™ 2.15+0.15" 0.401+0.05
YA24h 99.88 224.53+24.32 2.56+0.12" 0.13140.02 99.99 150.30+25.32" 1.28+0.30  0.54+0.09"
YA36h 99.90 210.334+27.84" 2.66+0.25 0.13+0.03 99.99 132.774£24.59" 236+137 0.27+023
YA48h 99.88 233.994+16.94™ 2.75+0.09° 0.1140.01 99.99 107.81+£13.26" 1.28+0.15° 0.50+0.10"
YA60h 99.90 209.75+8.38"  2.67£0.03  0.001+0.00 99.99 160.15+13.68" 2.184+0.30 0.36+0.10
YA72h 99.90 210.77+30.48"™ 2.72+0.04" 0.0040.00 99.99 134.03+27.65™ 2.05+0.29 0.3940.10

5 YA6h H#: *P<<0.05 **P<0.01.
*P<0.05 *P<0.01 vs YAGh.

234 L REEE RPN B 2T
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T% 6. 12+ 24, 36 h {50 AR B AR AL & A I 40
P F TR S AP AE 22 5%, K 48 60+ 72h [k
W B R I B RIS A E S IR, AR
FERL R o KT 36 h IRE i Hh 0 B B VR 2H A7 AE
FER, KBE6h 5KEE12h, KB 60h 5KEE 72
h FF 5 LB RV AR LRE By, PCL A PC2 43731
RS T BEVRAER T 220 T4.1%H0 6.8%. IXEIER
BEJGH, MR RIS RGN T e . @
it 21 8] Bray-Curtis FEES R I (B 3-¢), Ffidg Kt
17, REHEZPEAT 36 h ZREK, WA 48h
FFUG 20 2 [A) BE Bk BRI, 3 W20 A 1 0 2H i 22
SIS, AU S TR 5, X5 PCoA 45—

o TR TR F I B B A TR R 2 SRR I S A
PAH I B2k %

235 HiErt kB RETA R EEE S T K
FES R, A 7R 1K B T 4540 70 A dn Bl 4-a
Fiw, FEAERER ] (Firmicutes) AFTE ]
(Proteobacteria) 4T B[] (Bacteroidota) FJSZL &
I'] (Actinobacteriota), 1X-5 5 I 745 R —21,
RIEER 12 /NI JERERR 1R ARG N, K2 EE 24
INE ORI A BT (66.21%), FFE:E 72 h F
JEREAANAZ (60.82%). KR 72 NBEE E TR
VDR AR S A W TR, 41 B A A I A A L
IR, PRSI EREB T REW A7 AE T B A A = R 1 A
KIREE, AR FREER N, UM (Bacteroidota)
YN SR T BE R AR RE, ENAEKEF
FEAE R e s, Ap e 8K B, i 4-c R,
R R R A BB R N RO R B
& AR
Chryseobacterium~ WAt J& Enterobacter FLERER
J& Lactococcus M7 ¥K1H )& Enterococcus. iidg
WP RIS TA] R A, AROR 2 FOAT 11 8 = B2 S 3
JEURIN, FEES 48~T72 /N ARALP RS & i AT R
FEEBHRD s A E B R AR . AR R
] Ja 6 R IS 1) () K AE 6~36 h BN, 7E2F 48 /)

Clostridium_sensu_stricto 1
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Fig. 6 Correlation heat map of dominant bacteria and fungal in fermentation process of B. cusia leaves
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Fig. 7 Mechanism of soaking and fermentation process of B. cusia leaves
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