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(Medicago sativa) saponins. Saccharomyces cerevisiae, Bacillus subtilis, and Lactobacillus casei were selected as
fermentation strains for testing. Single-factor experiments were conducted to compare three single strains and their 1:
1: 1 mixed culture fermentation, and to systematically evaluate the influence of fermentation time (24, 48, 72, and
96 hours) , glucose addition (0.05, 0.10, 0.15, and 0. 20 g per g of alfalfa powder) , fermentation solid-to-liquid
ratio [1:0.8, 1:1.2, 1:1.6, and 1:2.0 (g:mlL) ], and strain inoculum volume (0. 04, 0.06, 0.08, and 0. 10 mL)
on the saponin yield. The interactions between strain type and fermentation parameters were also assessed, with
three independent replicates for each treatment. Based on the results, the optimal strain type combination and key
fermentation parameters were determined, and a Box-Behnken design (BBD) was applied to further optimize the
fermentation conditions. Model fit and reproducibility were evaluated through three independent validation
experiments. Furthermore, using the optimal fermented product as the raw material, the effects of ultrasonication
time (45, 60, 75, and 90 min) , ultrasonication solid-to-liquid ratio (1: 10, 1: 20, 1: 30, and 1: 40) , and
ultrasonication temperature (25, 37, 49, and 61 °C) on saponin yield were investigated. The interactions between
ultrasonication parameters and strain type were analyzed, and BBD was employed to optimize the extraction process.
The results showed that the 1: 1: 1 mixed-culture fermentation achieved a significantly higher saponin yield than
single-strain fermentation (P<C0.05). The optimal fermentation conditions were a solid-to-liquid ratio of 1:1.27, a
fermentation time of 50. 3 hours, and a strain inoculation volume of 0. 062 mL.. Under this regime the saponin yield
was 11.68%. Under the combined fermentation and ultrasound-assisted extraction conditions (solid-to-liquid ratio 1:
23.1, ultrasonication time 72. 7 min, and temperature 47. 3 “C), the saponin yield increased to 13. 87% , which was
98.4% higher than that of the control (P<C0.05). This study developed an efficient and eco-friendly fermentation-
ultrasound synergistic extraction process, providing technical support for the efficient extraction and subsequent high-
value utilization of alfalfa saponins.
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BHE L 5 T N 22 BAF A 3% (P=0.0140) , %% —1 0.8 24 0.04
1o 4R 5 B S R RO | e 7 T S R TR R R £ T 0 1.2 48 0.06
1 1.6 72 0.08
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Table 2 Box-Behnken design scheme and results for fermentation process

GS RERRIL  RMME AR mAEE || 45 RRERWIL RN IR A
Number Fermentation Fermenta- Strain inocu-  Yield of sapo- || Number Fermentation Fermenta- Strain inocu-  Yield of sapo-
solid-to-liquid tion time lum volume nins (%) solid-to-liquid tion time lum volume nins (%)
ratio (A) (B) (C) ratio (A) (B) (C)
1 —1 0 1 9.79 10 1 0 1 11.81
2 —1 0 —1 10. 23 11 —1 —1 0 8.28
3 0 0 0 11.50 12 0 0 0 11.70
4 1 0 —1 10.70 13 0 —1 1 9.11
5 0 0 0 11.62 14 0 0 0 11.61
6 0 —1 —1 8.50 15 1 1 0 9.50
7 1 —1 0 9.04 16 0 0 0 11.90
8 —1 1 0 9.30 17 0 1 1 9.41
9 0 1 —1 9.70

R3 ABIZEEGSEMRAENNAESN

Table 3 Analysis of variance for the regression model of saponin yield in fermentation process

J7 22 KR -5 FI A il FAE P1E W

Source of variance Sum of squares  Degree of freedom (df) ~ Mean square F-value P-value  Significance
LT Model 24.72 9 2.75 48.67 <<0.0001 ok
7% BERHR LE Fermentation solid-to-liquid ratio (A) 1.48 1 1.48 26.25 0.0014 ok
K IR [A] Fermentation time (B) 1.11 1 1.11 19.62 0.0030 ok
P ES i Strain inoculum volume (C) 0.12 1 0.12 2.07 0.1929 NS
AB 0.08 1 0.08 1.42 0.2716 NS
AC 0. 60 1 0. 60 10.58 0.0140 *
BC 0. 20 1 0. 20 3.62 0.0990 NS
A® 1.48 1 1.48 26.17 0.0014 *k
B* 17.59 1 17.59 311.65 <<0. 0001 ok
c* 0.83 1 0.83 14.68 0. 0064 ok
5% 2% Residual 0.40 7 0.06
AT Lack of fit 0.31 3 0.10 4.64 0. 0862 NS
4li1% 2 Pure error 0.09 4 0.02
B 22 Total deviation 25.12 16
R 0.9843
Ry 0. 9640

*, P<C0.05; **: P<C0.01; NS: P>>0.05. F[A] The same below.
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Fig. 5 Contour plot (a) and response surface plot (b) of the interaction between fermentation solid-to-liquid ratio (A) and

fermentation time (B)
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Fig. 6 Contour plot (a) and response surface plot (b) of the interaction between fermentation solid-to-liquid ratio (A) and
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B N DA TR O i 7 N [ - = 35S b I 5 LU R 1 D= e el = i - W B 2 1% X L
(R5):EAW L1 TAA BB 1:1. 27 K BRI 50. 3 h B AW IRANE 0. 062 mL. e LA E T, BRI 2
AR R 11.75% o R IEEL T ) i ff v 5 T2 AT AT M T R 3UCTATIA S, AT S0 S 50 11. 68 %0 , BRI B
AbFEAR T 67. 1% (P<<0.05) , 15 A6 70 50 000 A v BE — 0o 130 D 2 el o7 1 S TR DL 5 BB R A TR BB L) R AR L AT R
TE AT R W T 2R A R S
2.2 B ESEAA
2.2.1 EFEFE] AN S BN, T Rl S RER B ) X A A SR A B B R R (P<20. 001) , HLAF e B 3
2 HAEHI(P<<0.001) o 5 %F BRAR LL , 5245 B & I8 3 I B 75 4 BROROR B £ (P<<0. 05) o B B A I I SE G, 52 5
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Fig. 7 Contour plot (a) and response surface plot (b) of the interaction between fermentation time (B) and strain inoculum

volume (C)

R4 FARXBEZRBELESHUEKE

Table 4 Value ranges and prediction intervals of different fermentation factors

i H P AR IfE At TR At bR AR R R i L

Items Evaluation Variable Variable upper Weight Weight Degree of

criteria lower limit limit lower limit upper limit influence
KR L Fermentation solid-to-liquid ratio (A) X [i] P Within the range 0.8 1.6 1 1 3
J& R[] Fermentation time (B, h) [X 7] Py Within the range 24 72 1 1 3
T 7% N Strain inoculum volume (C, mL) [X [6] P Within the range 0.04 0.08 1 1 3
FEH 13 Yield of saponins (%) i K {H Maximum 8.28 11.90 1 1 3

K5 HEEHERARBIZSRHEE

Table 5 Optimal fermentation technology and extraction yield of alfalfa saponins

KRBT Z D 5 ) I A5 A R W I R 75 AR
Fermentation process Model prediction of saponin yield ( %) Model validation of saponin yield ( %) Desirabili-
K BRI LE 4| [LRZASIIETS A ESIIEE HEWA AR PfH ty
Fermentation sol- Fermentation Strain inoculum Composite bacteria No bacteria Composite bac-  No bacteria P-value
id-to-liquid ratio time (h) volume (mL.) group group teria group group
1:1.27 50.3 0. 062 11.75 7.21 11.684+0.15a  6.9940.39b  0.0177 0.95

AR NG FHE FoR 4 ) 2 5 8 2% (P<<0.05), F [ . Different lowercase letters indicate significant difference between groups (P<C0.05). The same

below.

PR R T W AT A R AR TG R a3 B 75 75 min B 48 BOSCR SR A, 35 T A 3SR A (P<<0.05) o 75 B[]
i 7 (45~60 min) $& BUR 58 4, B ) 4 4 (2> 75 min) W) 7T 58-S BOE Pk Lo K% o 276 2% 18, 3 B 60 .75 A 90 min
VB Ay i 75 ] PR 3R K7 3 A i 7 i O A i

2.2.2 AR EIOSRRYT, B R KT A R A A R R B A S R (P<<0. 001), —F
[i4] IR AF A5 AR S 35 04 38 HAE I (P<<0. 001) o AH Lo Xf BRZH, 52 & 1A D[] 0 75 4k P80 2R e oy 58 1 (P<<0. 05) o 7E 25~
A9 CoN il BE THE R T 4y 732 sh S AN MLRE B E M 3R TH T R A RO . L 49 CH 6 R 43 1T BE B B A
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0.05) , 4l 1, Ji5 25 e o7 1 A A 28 50 17 8 P Il R KO- 15
k137 49 F1 61 °C,

2.2.3 @SR LI K10 45 R, B Fl 28 A0 f0
B L X A R A A R B A 3 R e (P
0.001) , H = e i 35 9 38 LK (P<<0.001) . 3
Tt o1 41 A & T D[] 8 s Ach 35 3R e (P<<0. 05) o 7E
BHB L 12 10~1:20 DX J] , PR 70 55 Dbt 2 fol o 2, 4
BRI AR 5 07 24 R L B 2 12 20, 3 o 1 700 4 1) 55
P S AN, AR 8 R ORI . AR ORM 1L 1220
B, 524 T K TR B BB 4 A5 R die i (P<<0. 05) , It )
S 107 T 6 e 1010 .12 20 F1 1: 30 BEAT AR AL 20 B o
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(3R 6), LLR 15 3 0w (8, Ok A 4 I 22 2
B, K H Design-Expert 13 545 2 7 b 19 B 95 9k 47
Z It H 73T, B R Zon 575 8 . Y=13. 83+
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*6 #BATIZ Box-BehnkeniZitEZ5kE
Table 6 Factors and levels of Box-Behnken design for
ultrasonic process

K- R L o I ] 7 il

Level  Ultrasonication solid-  Ultrasonication ~ Ultrasonication tem-

to-liquid ratio (A) time (B, min) perature (C, ‘C)

—1 10 60 37
0 20 75 49
1 30 90 61

J5 2250 B 8 R R (2 8) , B e iE R8T R*=0. 9615, W #4 J5 R%,,=0. 9121, F WABI A4 B4 15000 7% RE 4
R BRI IA B 2 (P<<0.001), BRI AR B (P=0. 1051) , #F— L 00F TR A Al S . S E T B L .
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x7 HBAEITZ Box-BehnkeniZit FERLER

Table 7 Box-Behnken design scheme and results for ultrasonic process

%5 7R L i 75 I ] P TR || w5 PR L b ing | 7 i LARCES
Number Ultrasonication Ultrasonication Ultrasonication Yield of sa-|| Number Ultrasonication Ultrasonication Ultrasonication Yield of sa-
solid-to-liquid time (B) temperature ponins solid-to-liquid time (B) temperature ponins
ratio (A) (C) (%) ratio (A) (C) (%)
1 0 —1 —1 13. 14 10 0 0 0 13.73
2 1 0 1 12.37 11 0 0 0 13.99
3 0 0 0 13.75 12 1 —1 0 12.99
4 0 1 1 12. 04 13 —1 —1 0 12.62
5 1 1 0 12.76 14 0 0 0 13. 64
6 0 0 0 14.06 15 0 —1 1 11.94
7 —1 1 0 12.06 16 —1 0 1 12.01
8 1 0 —1 13.39 17 —1 0 —1 11.35
9 0 1 —1 11.06

®8 BEIZEHGSZEMPAEMNAESN

Table 8 Analysis of variance for the regression model of saponin yield in ultrasonic process

T7 KR Rl df 77 FiH PiH 1k

Source of variance Sum of squares Mean square F-value P-value Significance
8 Model 13.23 9 1.47 19.44 0. 0004 ok
8 75 BHA L Ultrasonication solid-to-liquid ratio (A) 1.49 1 1.49 19.74 0. 0030 o
it 75 B[] Ultrasonication time (B) 0.96 1 0.96 12. 66 0.0092 ok
#8 7 i Ultrasonication temperature (C) 0.04 1 0.04 0.56 0.4793 NS
AB 0.03 1 0.03 0.37 0.5624 NS
AC 0.71 1 0.71 9.43 0.0180 *
BC 1.20 1 1. 20 15.83 0.0053 *
A* 1.03 1 1.03 13.61 0.0078 ok
B* 2.25 1 2.25 29.73 0.0010 *
c? 4.70 1 4.70 62.09 0.0001 *x
5% 2% Residual 0.53 7 0.08
KA Lack of fit 0.40 3 0.13 4.05 0.1051 NS
4li % 2% Pure error 0.13 4 0.03
JLE 2% Total deviation 13.76 16
R 0.9615
R\ 0.9121

7 A ) R H TR I R AR AR R B B R (P<C0. 01) , W1 56 R AR . R T - R
LG = P I ) > 8 P R R

AR [T U9 7 B, 22 o] 1 0 7 R 3% ) 58 AR O e A R 5 i ) A e 4 R e i T BT (BT 11~13) . % 8
A 1187, B L 5 88 75 ) 18] =22 1) 28 B A RS B35 (P=0. 5624) , Wi 17 [ 52 3T 004 FR &5 K, X6 i 4 75 2R (1 3 [+
PAEEE AR . 2 8 B 12 RN & 13 of R bL 55 88 7 TR BE 8 75 ) 0] 5 88 7 T B 58 BLAE ) 35 (P<<0. 05) , S5 i 4k
T IR e 7 T S R A A B (5 T T A R Y R R R SR
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Fig. 13 Contour plot (a) and response surface plot (b) of the interaction of ultrasonication time (B) and ultrasonication

temperature (C)

®9 FARBEEZRELESHUEKE

Table 9 Value ranges and prediction intervals of different ultrasonication factors

UgE| P AR IfE At TR At BRSO RE TR A R S TR
Items Evaluation criteria Variable low-  Variable Weight low-  Weightup-  Degree of in-
er limit upper limit er limit per limit fluence
8 7 BB HE Ultrasonication solid-to-liquid ratio (A) X 8] P Within the range 10 30 1 1 3
#8 7 B5} [7] Ultrasonication time (B, min) [X ] P Within the range 60 90 1 1 3
8 74  J¥ Ultrasonication temperature (C, °C) [X 8] P} Within the range 37 61 1 1 3
LA 45 Yield of saponins ( %) #x KA Maximum 11.06 14.06 1 1 3

F10 BEEEERABFIZERREE

Table 10 Optimal ultrasonication technology and extraction yield of alfalfa saponins

AL R ) I AT IR W IE R AT PE B

Ultrasonication process Model prediction of saponin yield (%)  Model validation of saponin yield (%6)  P-value F2

A RN L I i) 7 il HAwAH e 21 HAWAH ESIIEE Desir-

Ultrasonication ~ Ultrasonication ~ Ultrasonication ~ Composite bacteria No bacteria Composite bacte- No bacteria ability
solid-to-liquid ratio  time (min) temperature (°C) group group ria group group

1:23.1 72.7 47.3 13.97 7.21 13.87+0. 34a 6.99+0.39b  0.0042 0.96

KW AR W] 3P TR 1010 1 3 ) B W SR TR R . ZEAR AL A CRBERS IR 50. 3 h BHR L 1:1. 27 BR
JEE 0.062 mL) &, B A& 2 H A4 3835 11, 6826, BOR U N B0 A9 X BRZA$2 T4 67. 10600 4 AF B 7E ARG A2 v m] = 2
U R R R A UL S A O VR 0 R 2R AR T A R A, R LA B 0 B IR AR A T
S R TRV AR A R M L AR pHL, IR 2 TR 0 A L AT 0 — 2D 3R TR R RO ™Y . AR SR S R IE T A T R R T
PP R A B T RATI R OB AL, H S C AT R 5, 5 2R A SR SO 4L B AS [) AHE
AP R T 3 T P I R TR A R L TR TE DR SR R S AR AN A R T T R AR R TR
W JE T, O B A A A (0 | R R AL TR AR R B A
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FE T2 05 T R A B R AT 3 A A A SO R B S IR A0 A R, 3 R SR TS P R ) R
BT e T — R T R B BB R A T A Tk 40 A R 17 T Ak BEVE FH 5 7 A AR R I R R 40 R O T 1)
P, B G AL REFE AR AR A SR B R 00 T AR R F V7 o ARBIE 9 B N IS AL R SR IS R, 4
T AEH AR 72,7 min CRFWEEE 1:23. 1 B IR E 47.3 CAME T, B B 18R 1K 13.87% , B Xt B4 2 5
98. 4% o WFFE KB, T ARHE LA B 100 R B3 10 78 43 5[] Al e Jost 2 U8 3 5 B RE 45 ] 5 45 3L 0% 75 ) (]
A E B BE R 5 R e S 2 ) S VA 5 T 4 0 7 R DA B T B A A3 1 R IO R S BB A
5 4% 5 B AR ORI R R RE P 4 BBOAH b, AR T 9 4 A 1Y) & T — 7 U AR R T 2 AR BUOR SRR R R T A R
SE R T R B AR AR A BRI BEPE TR IR S m O A B ORTTY . AN Z T AN E RS T H
A B 2 AR 3 o A BEUR A0 R (AR A T AR B TR Y HOR B A

RUE A58 B T RO B B A7 — R R R BRPE o e, A o O SR T A R — s AR Tk L X
J7 v S WORE bRl 6 A B R T Y, O R R T S RS B s, B TR IT RS A AT, ¢
AR A B & WK Z2 v A 0 0 00 1 T 2 5 5 | R T TR 1 S 0 B R A R /N A T i T O
O E R FO T R R UE S M AL 5 A Wi M AL Z M A DG R o B, AR AR 5% 45 18 2 2 i e 8 — o 5 P
[Fi] A B G FT 4 €0 58 0 Y e R TR L R Ak 2 25 4 A b K T RE KON 1 T — A E Y . ROk T A5 A AR AL
2 UPLC-Q-TOF-MS/MS S H R |, #5715 K I 2 B2 v 52 17 BRLAAR 1) 2 b I A8 2 25 4 — DI R DGR ML) o [ e, e 1858
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ORBE R BRI, B RS T 1 o Y AR EOROR A T O S8 R T & I — S P R AR
L AE I M A SR B B AT AT M L % T2 R T R A A ) T A 0 S A AT R S A R AR T R R
SO B R R RS

4 Fit

ARG T B A o A o R B R P A B AR I A B AT AL TR R . DL T B FLAT B R R ZE AT IS
IR EERE 1:1: 152 & & B, 45 & Box-Behnken Wi i 08 £k T. 2 S50, 0 5@ Fe & 45 1 0 BH LG 10 1. 27 R 8%
FIE] 50. 3 h B A A4 0. 062 mL, 7E L 45 1 F R 153K 35 11. 68 % o #E— A A SR BT 20, 1 Be A R B &%
PR R LG 1:23. 1 BB ] 72. 7 min A IR E 47,3 °C, B 15 42 TH 5 13. 87 %, B v BAZH $2 785 98. 4% . AHF
FE N AR T T B 1 i R B (A T 2 BRI T ES AR S B R S IR R TR A R T B AR T
B B RAF R ) 5 0 T R .
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