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Abstract: The aim of this study was to screen for endophytic fungal strains of Achaetomium sophora infecting
Sophora alopecuroides that produce sophoridine alkaloid, classify and identify them, and then identify in-vitro culture
conditions that optimize the alkaloid production of the endophyte fungus. The overall goal was to improve alkaloid
yield and obtain excellent strains for culture. Fifty strains of A. sophora isolated from healthy S. alopecuroides seeds
were screened using alkaloid precipitation, acid dye colorimetry, and high-performance liquid chromatography
analyses. The strains were identified through morphological and molecular analyses. Subsequently, a series of
methods including the single factor test, Plackett-Burman (PB) test, steepest climb test, and response surface test
(Box-Behnken test) were used to investigate the effects of medium composition (medium type, carbon and nitrogen

sources) , culture conditions (incubation time and pH) , and precursors and inducers on the alkali yield of selected
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fungal strains. From the results of these analyses, the optimal alkali-producing medium, culture conditions, and
precursors for sophoridine alkaloid production were determined. The fungal strain HY 17 producing sophoridine at
high levels was identified as a new species, Achaetomium sophora. The optimal culture conditions for A. sophora
HY17 were determined to be SDY liquid medium with an initial pH of 6 and a culture period of 8 days, with maize
flour as the carbon source and casein as the nitrogen source. Tyrosine, L-lysine, L-piperidinic acid, and
phenylalanine had significant effects on sophoridine production by strain HY 17 during culture. The addition of L.-
lysine (1.044 g-1.- "), L-piperidinic acid (0. 081 g-L '), and phenylalanine (1.995 g-L ') resulted in a maximum
alkaloid yield of 1.369 mg-g ' mycelium under these optimized conditions, representing a remarkable increase of
61.95% compared with that obtained under the original culture conditions. A. sophora HY 17 produced sophoridine
at a high and stable rate. Optimization of the culture conditions resulted in a notable increase in alkaloid production.
The results of this study offer a novel approach for sophoridine production through in-vitro culture of the fungal
endophyte, A. sophora strain HY 17 1solated from S. alopecuroides.

Key words: Sophora alopecuroides HY 17; screening and identification; sophoridine; optimization of fermentation
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WO A £ TBOCRT R P 8 R B AR T G F (Sophora alopecuroides) FERE SR 00, BF AR 38 B F R IR TG BR G R
CRAY 23 5 BOK R AR FE R b, 16 25 7™ J 0 R 0t (9 26 S 0o TN TR 3 3 T T I 3 22 1) i, T R 2R R
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FRHEE IR S GRS TR Y T LA AR AR AR LR R AT R L T R D O R T
B SC T FHAR AR AE 7 T 28 O INAG A ot s FH AR 75 5 55 5 v R B v L N AR BRI AE A e =
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A 7] S 0 2 AT BORLAT N A LR S B Al Ak, A5 2 50 Bk AR RO T 45 (HY 1~HYS50) , Bk Bk T &
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£ Z R 5 - M E Bl (sophoridine, SIR) | & 1k 7% £ Bl (mxymatrine, OMA) | 3 £ B (matrine, MA ) | # £ 5f
(sophocarpine, SC) Fl & Ak 5 (oxysophocarpine , OSC ) b5 fE i Ay (o33 4l , B BE Wi &80 IR P e . & H
ot (KT K 1250 A RS /D) 5141 2X Taqg PCR Master Mix (A TAEY) TR B A BRA A, B, L-Dk
WE PR L -4 24 R oI I 1R IR N R N IR R K A TR R i R P g (ORI AR IR AT IR A ), i), LA a5 4l
JEE AR 1 2 o3 B 2

HEIR KT 77 3 - 1D 4% 0] 4 B8 IR ¥ 1% 5% 2 (potato dextrose broth, PDB: B 4% 3 200 g, 4 4 20 g, #2818 7K 1000
ml.) | b £ 2 M 5% 3% 3% (potato sucrose broth, PSB: & 4% 2 200 g, iE 4 20 g, 2818 7K 1000 mL) | £ K K% 37 3%
(Czapek-Dox medium, CDM: JiE#% 30 g, KNO, 2 g,K-HPO; 1 g,KC1 0.5 g,MgSO,-7H,0 0.5 g,FeS0O, 0.1 g, 7%
7K 1000 mL) 2 JE R W AE 45 7 dA B i 5 22 R 8% 3% 3 (oatmeal agar, OMA : #E3 | 30 g, Z& 17K 1000 mL) |
B GV A B 3% 3 (sabouraud dextrose medium with yeast extract, SDY : BE R H B 10 g, # A M40 ¢, E K 10 g,
pH 5.9, 787K 1000 mL) Z: BEZ= 5 il 55 1 I i B 5 o7 &2 F7H R G 97 5 (S alopecuroides broth, SAB) B 75
A SR 200 g, ZE MUK 1000 mL, & #E 1 hid 38 0 BIR B FREEIAE 121 “Crg il K 30 min J&, % 1
1.2 MR A HR e Th ik

2[R A I A W AR I VR A6 3, B IR R T 2 TR DL BRI L g T 2244, BT 50 mL B0 A L A 30
mL FEE R G 127,45 “CF H CSF-1A BUR P I S A i R B T, 11 ) 875 40 1 60 min, 9000 remin 'L
15 min, B 1 W5 W, 6T 0. 45 pm JE T8 UE B U8, T RE-52A A AUJE R 28 & A QI @ AE AR AXER ), Bl 1 28 0% e 46
F 2 mL,4 CRATER

1) A= W B T U 1k R R 1 2 B HE £ 125400 7 - 2 I8 Henzelyova 25 09 A= W 0% T TE 15 , ZE R & 20 3 A 10 pL A4
Py i 7 0], S S min J5 USRS Ak, B A B AT 3 U, A B S i IO UE , DU R A A ) By AR
A LT i UV B A v A L I S AR

2 M8 SCHLAE T Y R Y ) L e vk A N7 2R TR O AR y=4. 27612 —0. 0146 (R?=0. 9990) , £k 14 1l [l A
0.0098~0. 6250 mg-ml ', ¥ P AR Bl 1R 2% o W i 5 M 2 s o o B T 58 A 0T DL a0 S BE 3 (LSS A L A7 [R
Al B AR 300~800 nm i Bl N AT A o B8 SRRV A FE 615 nm &b Y S M0 L A N AR ELEAE
WAE 615 nm Ak H S IAT 6, 3k e A o i T b A L E

2)) 1R AAOBRE €0 3 3 A S O < R 7R W I TR R T 2 R ARG, T R AR G T A I . R Tu AR O TR SO
Bk, (3% 45 1F : Ultimate AQ-C18(4. 6 um X 250 mm X 5 mm) ; i 3 A « B R 2% vl il — FF B (55: 45) 3 28 ARG I i
K 2216 mm AEIR 30 °C i : 1.0 mL-min "o K P Az ECRR 15 G RE b 15 A W0 800 v ot e S80I £ 3 1 R AT LA,
SR it 35 A v € 3 0 R B I () A ) AR R A € 3 e I, BRI S A DA o v R I ) A e
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H 77 B R b 28 ) 1 2 5 AR AR, B — AR e TR 22 T TR R
B (mg-g ') = (BT i Wk B2 X R B /TR 22 T8

1.3 BHHY175 (%%

oA 2E Y AR E T PDA VA L3535 5 d e, WLEE TR 95 R TR 22 (90 28 22 R AE A 96 18T 98 KN (Bt il &
TEA BREUTE K 0 S DA 22, WL TR 22 IR AE 25 R RRAE o FF B AR B T HEZ WA (OA) B3R 2k 15 d 5, WA 742
FC TR T IE A RAE W) 20 B R A AR 1 4 M A

Gy FAEY) 4 55 8  F Biospin® BB DNA $2 B0 ) £ 42 BCEC P DNA L 43513 FH ITS \LSU Fl TUB2 3£ F Bt
HEAT PCRY 4, 51 90 f5 L n & 1 BR™ *'. PCR WK & : 2 X Eco Taq®PCR Super Mix 12.5 pL, 1E JZ [7 3| )
(10 pmol-L )% 1 uLL,DNA AR 1 ul.,ddH,O M & 2 25 pL.. PCRY™IEFLF : 94 “CHIAEYE 3 min; 94 ‘CAE 1 1 min,
B 1 min, 72 ‘CIEf 1 min, 35 /MG ;72 ‘CIEMf 10 min, 4 “CRAFE . 2 PCRY 8 720 45 1. 2% 4 35016 M 5 e
HL UK RG0S, SR JH BRI S B e 0 M 4 5B . TS PCR W36 B4 T A9 T8 (B ) A BR A A #4700 %

x1 ATFITS.LSUFMTUB2ER R B PCRY EH3|#EE
Table 1 Primers used for the amplification of ITS, LSU, and TUB2 genes

H AR Target gene 5| ¥) 4 Bk Primer 51 ¥) 751 Primer sequences (5’ —3") i K ¥ Annealing temperature (C) £ ik Reference

ITS 1TS4 TCCTCCGCTTATTGATATGC 55 [23]
1TSS GGAAGTAAAAGTCGTAACAAGG

LSU LSUIFd GRATCAGGTAGGRATACCCG 55 [24]
LRS TCCTGAGGGAAACTTCG

TUBZ2 Bt2a GGTAACCAAATCGGTGCTGCTTTC 58 [25]
Bt2b ACCCTCAGTGTAGTGACCCTTGGC

H W 7 25 R 258 B NCBLR FH BLAST 47 [R5 L35, T 3R] U6 1 458 e 1) R RR )3 9 Dl AR SR TR bk o 4 IR IT'S -
LSU-TUB2 Wy Jy $E 47 3 K 7 30 0 8 BB A % L 38 Fl MEGA 7 804 b (1948 3£ 325 (neighbor joining) #% 1000 X & & #4
ERELEW .

1.4 BHHYL7 ZHEBRBERARLEHELR FMHA

30 W 5 AN [ K T VAR 5 7 R i VAR R 05 T T e 7 AL A ) R ) o YRR B 3R K Ol 150 mL i CDM,
PDB.SDY .PSB.SAB.OMA, 3t 6 4~ 3 ; 35 5% fic I 1% B o0 B KKy 3 480 0 R0 L AT s M D M Fn 22 20 3k 54> 4k
LR AR E TR A RE AR R 444,

I 72 85 35 4 0 B0 pH R B BR 77 MR E B B

M, RECKE 1.2.4.6.8.10.12 1 14 d 3 8~ Ab 3L 5 #2 PBigItEZEKE
pH % 4.5.6.7.8.9. 10 F1 [ %k pH (6. 6) 2t 8 &b Table 2 PB design factor levels
B AT Ak B3 00T AT, R 9 U R 2 0 o T JI$111
HTR 22 1 CF & T T 20 A1 3 DB WS AR T 224K, 8+
X, L-#i % #% L-lysine 1.00 2.00
KM 2~3 UK, F B A 22 (R R BRI R 2L 60 TCHE T X LIRWERR Lpiperidinie acids 0o o016
AR LA OP AR ) K™ % B R I L2, X, o 1%~ a-ketoglutaric acid 0.01  0.02
L5 WA HYL7 MR BABEHRA X, 479 Phenylalanine 2,00 5.00
1.5.1 PBik% e 14025 R ey e ah b, i X, P ER Pyruvate 100 4.00
Plackett-Burman % i1, X ] 58 5% W & 1k 7 B 1) 115 14 4 X, K Salicylate 100 2.00
JoT 5 HEAT R L DT A L 5 e AR A R A MR E X ARAUFR AR Methyl jasmonate 0100 0.50
X, Tt FHE U Seed extract 2.00 5.00

ik 14 = 2 DR ER R i R B M R ey R E Y 7 R
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It 8 AR A (+ DAV (— D KRR, B S T 3UCE &, DLV X80 8 B ™ 2y 32 22w i
o Hh &R RKFEiHank 2 s

1.5.2 Byl e G € 33 VAR A1 PB a6 (8 A2 Ab A B 109 5 ) 8 22 €3 19 7 [l AR 408 1 2 IR 3R ) 388
B A0 A, D HL 28 U 1 2 T e AR DX o K PB IR v 07 358 H0 Y 3 A4S X PR ™ R Tk B K LR L 43 I LA PB
B YRR P R 4R A B .

1.5.3 Box-Behnken M [ [f 53 #r Box-Behnken

T30 AR A O BE TR0 1 235 2R, B = PR =K P &3 Box-Behnken E & K7k

FF L I 7 TR 3 T HKFERES, Table 3 Box-Behnken factors and levels
1.6 H3EHH i H A5 K Levels
- ) . e Item Factors ) 0 1
% i Microsoft Excel 2019 %4 % B 45 gk 47 %% 3,
B MEGA THRIF R Z P o R gk ap my  AR o
SDT v. 1. 2 5Pk 40 BT RS B i — B P . SR JH SPSS 21. 0 X, L-WRIE AR L-piperidinic acids 0.04 0.08 0.12
1. A, N — ° A .
X, KN % Phenylalanine 0.50 2.00 3.50

AR IR 2 L B HE AT W3 M 43 BT, 6] Design
Expert 12. 0 4 3547 i Bz 17 38 460 B 3 .

2 ERESH

2.1 FHZBEAKY L
3 33 A P B T D T R R 1 Gk L vk 0 R B, SO MR T LT N AR B AU AR HY 17 B 2 32 By i 3l 1
PLTE N H 5 0 5 B ks E & 9 7E 615 nm Ab W EE T g i A R E MR HY 17T W& S A M aEm (K 1A) . 7

A B
200 e o
=} Sophoridine standard =) 9.701
< sl — nYiTE LRy < 600
bt Mycelium extract of strain HY 17 e
g g
< 1.0 £ 400
2 2
< <
i 0.5 i 200
0 S0
300 400 500 600 700 800 6 8 10 12 14
K Wavelength (nm) i [A] Time (min)
80 C BN i 42+ H# Mycelium dry weight
1.4 —=— fifi * % Alkaloid yield 1.6 ~
—~ on
=) = :
< %ﬂ 1.2 ch)
g = s
- 60 e 1.0 o
g o 2 ©
2 R S
2% mE 06 g
i S 0.4 <
= 20 = 0.2 L
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Fig. 1 Screening of alkali-producing strains of endophytic fungi from S. alopecuroides

AW BRI A 55 TR BR HLY 17 T8 22 32 U F RO 15 B < L BRUPR M RE B HPLC 815 C TR HY 17 1 22 32 U HPLC 5 D bR HY 17 614 5k
W22+ &R, RE/NG FRFR P<005K V25 8%, TH. A: Scanning spectra of sophoridine standard and mycelium extract of strain
HY17; B: HPLC chromatogram of sophoridine standard sample; C: HPLC chromatogram of strain HY 17 mycelium extract; D: Mycelium dry weight

and alkaloid yield of strain HY 17 in 5 passages. Different lowercase letters indicate significant differences (P<Z0.05). The same below.



156 ACTA PRATACULTURAE SINICA (2025 Vol. 34,No. 10

615 nimn I < Kb 300 2 R ol A I BE AR, AR [ U 5 AR AR AR s v g 2 TR A ) TR AR LY 17 T 22 M R
H0.431 mg-mL B % H 0. 862 mg-g .

2833 HPLCE 20 M, T bk HY 17 (9 B 22 32 BUY) 78 10. 085 min 1 B 55 0 2 b v i £ 335 4 B3 I 1R] 9. 701 min AH
VT Y U, L5 PR b 2% o 0 4y B 1k A (I 1B, C) BRI 5 5 S0 AR B L 80 Ak v S0 4T A R A D i
FG €2 3% e, AL I 90 R Tk Y 17 16 22 7P 35 A ML SE B

KR HYL7ESER WG, EME K HYL7 2+ & 560" R0 8 & A (B 1D) , 381 # & 5
HY 17—k A K R G EL ™ 5 e 19 T A
2.2 FHREBEAKRHYLIT8 5 EE T

FEPDA KGRk i35 5 d, WAk HY 17 1E 10 B % h o0 M B 20 G 90 I % 6 B BRIV B R0 RDE
N GAEST JEAR T (B 2A) 15 02 00 @, S E b IR, A%k (8 2B) o b B P g, <UEW 2+ 5 .
W22 AR (E 20) , AR FIHE 274 TR R (B 2E) . fE OA S FR M FF#swRAE 2RI, K/ A
(94~206) pm X (114~210) pm ([ 2D) . F 4+ 2 T 6 A7 80l BUE , K/ Ry (1.2~3.8) pm X (3. 6~
6.5) pm (& 2F) . RIGIE B = MES, W) 20 58 R N TCE BT (Achaetomium sp. )

2 HEEFTHEEFEEKHYITHESZERE

Fig. 2 Morphological identification of the endophytic fungi strain HY 17 from S. alopecuroides

A: W V% JE & 1E i Colony morphology frontal; B: B ¥ & % 7¥ i Colony morphology dorsal; C: i 2 J& #& Mycelial morphology; D: T % 5% JE 2
Mycelium morphology ; E: 721l T JE 4 Spore morphology; F : J& il 7 Chlamydospore.

Hi &1 371, B T ITS-LSU-TUB2 B NI VAW Z 5L R G R B R Wbk HY 17 5 X & B 528 (Achaetomium
sp ) B RE R, IR T —MNISr sy . S HEETIE AR AHMERBEE S, SEREREIE (Chaetomium
sp. ) HLE ARG, UMMM HY L7 S B E B m B & LR miE. WHSDT v. L2848 T W HYL7T 5
22 TR TB] (A% R 7 51— B0ME , WMk HY 17 5 8B B 52 J8 B A I — B0 85. 4%0~91. 9% , 5[] & iy oAt b 3% 91
Hh—E R AL IR RS 08 R A . BRI AR HY 17 R 40 8 T R A 7N i Hara hiw O F BB
(Achaetomium sophora) , #H AR5 - CGMCC No. 41060, & AR A T+ B 538 35 4= 90w A O e B o0 S
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100r— A. cristalliferum CBS 781.84 (MH861836, MZ351414, MZ343033)
A. strumarium CBS 333.67 (AY681204, AY681170, AY681238)
A. aegilopis IRAN 3453C (MT568841, MT568844, MT568852)
FRIEBTBTH A. globosum CBS 119.76 (MZ334731, MZ351416, MZ343009)
FRIEBLFEH A. globosum CBS 332.67 (KX976570, KX976695, KX976911)
[ KT H A. macrosporum CBS 102436 (MZ334718, AJ312099, MZ343007)
100 L K407 A. macrosporum CBS 152.97 (KX976573, KX976698, KX976914)
HY17
C. ovatoascomatis CGMCC 319341 (MT568841, MT568844, MT568852)
100 C. grande CBS 126780 (HM365253, HM365253, HM365273)
W‘_‘: C. coarctatum MUCL 18697 (JN209863, IN209863, IN256142)
100 KREEFCH C. megalocarpum CBS 149.59 (KC109744, KC109744, KC109762)
R H ¥k 5T Berkeleyomyces basicola CBS 341.33 (LM652443, HG380436, LM650655)

100
100

—_
0.05

B3 BEFHNEEHBEKRHY1I7TETITS-LSU-TUB2HMBHRERLEN
Fig. 3 Phylogenetic tree based on ITS-LSU-TUB2 gene of the endophytic fungi strain HY17 from S. alopecuroides

2.3 HEHMHYL7 =M E AL B3R ARAL

B bR HY 17 40 SI7E A RS 37 3 8535 7 d )5, SDY 85 95 3 P Y T 22 4k KO e b, B 2 7 i i &2, T 22 52 A
RELE 22, P T 0.970 g, SDY 5 SAB H (1 B 22 7 24 w1, 43 0 4 0. 948 5 0. 932 mg- g (B 4A) . LA
CDM 2y BEfih 15 5% KL [m] e LT R AR AR, P 22 THAH K, 8 0.435 g, H 522 R W3 . &
FIRAE R R A ™ R b, M 0. 774 mg-g ', TEE R IRZ . 8 0.672 mg-g (BT 4B) o THE £ K K3 4 o i I
i, B0 22 T Bk B K, R 0. 437 g, FREAE R i VR IS G B 7 R A, b 0. 879 mg-g !, HLK Ol B KRB, Bl
FH0.782mg-g '(F4C).

m1 P& 4D AT AL, 2 5% 97 3 pH=6 5}, B 22 T 5 4% HoAth pH b B 25 8 im0, oAt pH AR BR 22 6] G B 3 22 . Bl
FRWAE pH=6 5 pH=7# 5K, 5 AR pH T R LB 257 . £ pH=6 )5 , b & pH 114 i, Lo ™ 5 52
AW D . B AE R, 2~8 d 2 TR 22 (A G i i) A K T, 8~ 12 d B 22 AR B ks TP AR AR 1~2 d i
BRI 22 T B 2380 PR A e B, 2~ 8 d i ST R B, B 8 d i R R A B R, 2 SR Bk T T
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Fig. 4 Effect of different factors on the mycelium dry weight and alkaloid yield of the endophytic fungi strain HY 17 of S. alopecuroides
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Table 4 Results and analysis of Plackett-Burman tests

75 [H % Factors Wt TR
No. X, X, X, X, X X, X, X, Myecelium dry weight (g) Alkaloid yield (mg-g™")
1 1 0.16 0.02 5 1 1 0.1 5 0.81 1.94
2 1 0. 80 0.01 2 1 1 0.1 2 1.04 1.34
3 2 0.08 0.02 5 1 2 0.5 5 1.65 1.18
4 1 0.16 0.01 5 4 1 0.5 5 1.03 1.27
5 2 0.08 0.02 5 4 1 0.1 2 1. 06 1.23
6 2 0.08 0.01 2 4 1 0.5 5 2.51 1.67
7 2 0.16 0.01 5 4 2 0.1 2 0.96 1. 30
8 1 0.08 0.02 2 4 2 0.1 5 1.33 2.05
9 2 0.16 0.01 2 1 2 0.1 5 1.33 2.05
10 1 0.16 0.02 2 4 2 0.5 2 0.49 2.82
11 1 0.08 0.01 5 1 2 0.5 2 0. 64 1.98
12 2 0.16 0.02 2 1 1 0.5 2 0.89 1.51

2.4.2 Jedidsg i 2% 6 I, b -6 2 R L L-
WR WE R A% TN 22 R 1 35, ™ 32 T B 1 A AL R, A
7B B AR 2, PR DU G 2 A9 A5 R AR R i
IO T 18 1A s K L B L R o 1 g L LR
BEFR R 0.08 g L RN AER M2 gL s
2.4.3 Box-Behnken Wi 37 1 43 #r i 46 KTk —
AP v TR R HY 17 (9 8807 22, R ] Box-Behnken % it
I, % b A e B T B 3 0 07 35 3 1Y 3 4 3 Pk
TR BRI, AT I & R T R R LR 7,
X445 2R HEAT 22 50 4R M 1A 43 B, A5 21 1813 7 2
Y=1.36+0.0507X,40. 0164X,—0. 0128X,—0. 002
X,X,+0. 1236X,.X,+0. 0283X,X,—0. 2869X *—0. 3156
X, —0.2104X 7 X mw )37 11 3 395 #4647 5 2 53 By S A5 A

x5 BZRRERHHESN

Table 5 Effect analysis of each experimental factor

ESES TR Fl iy FE P{H
Factors Contribution df Mean F-value P-value
(%) square

X, 18.03 1 0. 50 21.60 0.0143
X, 14.12 1 0.25 15.14 0.0527
X, 12.69 1 0.23 8.67 0.0635
X; 9.20 1 0.31 6.47 0.1213
X, 7.79 1 1.38 15.41 0.1111
X, X, 1.38 1.38 15.41 0.01 0.1196
XX, 0.32 0.3159 3.52 0.11
%2 Residual 0.45 0.0898
Zi4 Cor total 2.63

R*=0.0946, AdjR*=0.

9069.
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KT e LI PAE K 0. 8580, 2% SN i % 1 Table 6 Steepest climb tests and results
AU S S R A B ke R A Factons (el D TR

. = LR LR wepigm  Mycelium  Alkaloid
ﬁ R’=0.9762, & 1F J5 ) R*=0. 9456, 77 F2 [8] I3 % & No. ) - dry weight  yield

L-lysine  L-piperidinic  Phenylala-

o F R*=0. 9085, 5 57 1E J5 i R* X 9 A~ 8 i HL 4% acids () (mgg )
AT, U AR R BE T A U B R R o A X AR UE e 22 1 0.75 0.06 1.25 1.21 0.35
(relative standard deviation, RSD)H 6. 48%<C10% , 3 2 1.00 0.08 2.00 1.24 0.49
B 8 4 T £ B FORS B0 BE  (3R 8) o fR MR L 14. 1045 3 1.2 0.10 2.75 1.20 0.14
B A TR LR LT I U ok i 51 ook o S
BERCR 7 REGS BUF R MR M S B Rty 0 T B e R0
%? 6 2.00 0.16 5. 00 0.70 0.38
o . . . 7 2.25 0.18 5.75 0.85 0.23

P P 5 T a3 5 AR Ak A5 20 B R A A ) A%

8 2.50 0. 20 6. 50 0.55 0.14

SR L R B 1. 044 g+ L' L-WR I R vk B
H0.081 g L ' KA MR E A 1.995 g- L', U 5
B 1 f5 w5 BT RN 1,362 mgeg o TEIZ A E R AT 3T AT IR B, 15 U R g 1,396 mgeg !, b T
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Table 7 Experimental design scheme for response surface methodology and results

Frs L1 2 2 L-WR WE R RN R Bl 7™ Fri Lt 2 2 L-WR I5E % N R Bl 7™
No. L-lysine L-piperidinic ~ Phenylalanine  Alkaloid yield No. L-lysine L-piperidinic Phenylalanine  Alkaloid yield
(gL acids (g-1.7 ") (gL Y (mg-g ") (gL Y acids (g-1.7") (gL hH (mg-g ")
1 0.5 0.08 3.5 0.667 10 1.5 0.04 2.0 0.767
2 1.0 0.08 2.0 1.232 11 1.0 0.12 0.5 0.839
3 1.5 0.08 0.5 0.810 12 1.0 0.08 2.0 1.424
4 0.5 0.04 2.0 0.700 13 1.5 0.08 3.5 1.054
5 1.0 0.08 2.0 1.414 14 1.5 0.12 2.0 0. 810
6 1.0 0.04 3.5 0.772 15 1.0 0.04 0.5 0.877
7 1.0 0.08 2.0 1. 359 16 1.0 0.08 2.0 1.396
8 0.5 0.12 2.0 0.751 17 1.0 0.12 3.5 0.847
9 0.5 0.08 0.5 0.917
3 itig
B W ) — SRR 2 HA 7 AR WIS PR BT JEIERB R MEERY B ZHmEY I PiA R Rk

EYEZMIULEY , XLy ARl %‘nn%ﬂEﬁ# J1 e i DS K R (E I NS i B o S R St
FEAY BRI HGE B, BB BT R H A 2R A P RO B AR R ARRESE LU A
Hh o3 B A4 A 50 Bk A A TR B PR D A RL T8 S A O R AR A B 1RR AR 7 ML E RO BT R AR HY 17, SRR RS
R I 73 38 Wi E OB AR A 4 O BT R BB

AN TR Rl A 0 7 0 > ) e T AR A R AR AT 1 B PR A AR DRI T P A ) e T A B i S
2245 TP L X B R BRI R 43 01 8 , L B 1 95 KB pH RS S5 R B AR PRI OEAR ™0 ARSI BR HY 17 Y
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TR AR 35 % e R B 53 B 35 5% S AR AT O 2E X HY 17 1 8 MRERIEEFE S

24 v B SE BB AT 4 é’ INHT L % PRAE ) B pH:6 R Table 8 Response surface quadratic model ANOVA

R EUUR 43 5908 T K AT 1 2 1 SDY W B 35 2 7f*ﬁ :%ﬁ %ﬁ jf F”? ;ﬁ
ource um o ean -value -value

LB S bR FLY 17 602 K SR B B 072 el

HUONATRL . Se/MET RS h oy A 2 1 BRH B R F R Model 1. 1500 9 0.1276  31.880 <<0.0001

FURE fif 141, TR I8 (Flavobacterium breve) ZDM, % X, 0.0206 1 0.0206  5.1400 0.0578
A HLAIE A T 3R R R U O KR I T LA AR X, 0.0021 1 0.0021  0.5359 0.4879
Hm B R R o W B S — RS BRI TR X, 0.0013 1  0.0013  0.3296 0.5839
220 RS R B T R IR R YA, TR X,X, 0.0000 1  0.0000  0.0041 0.9510
W FEZER s A EN, HEA R, T ERI W XX, 0.0611 1 0.0611  15.270  0.0058
22 () A BB T R R M AE S — B R SR Ak R, W] DA XX, 0.0032 1 0.0032  0.8005 0.4007
fRAtpE R AR T R R A AERK . A, Bk X,? 0.3466 1 0.3466  86.550 <<0.0001
TR EELEMNEATE WiENEFEAERKEMR—EW X, 0.4195 1 0.4195 104.75  <<0.0001
AR LI, TRE S E R IE B HY 17 BRI 5 X, 0.1865 1 0.1865  46.570 0.0002

DIE e R X BT R 9 2 S ST A B ) AT AR K £ BEResidual 0028 7 0.004
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Fig. 5 Response surface plot of the effect of interaction of factors on alkaloid yield
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