MK EEBHE Modern Food Science and Technology 2027, Vol.43, No.5

ETRERhE TR E SR E ML
R &EEN N FRBENT

SKEE Y, JEEZ ", RS, KK, S, £EFS, BE, ®ER', HET’
(1. 3k KA R R E Sadn T 5 A RIFEAFR P, zmkm#f—;wa F TS ABARE L LT, FERTRT
RATEE SR AR IS EEEZIRE, HALRR 430064) (2. KR IRRXFIFEASSAY TAZFR, HLRR
430205) (3. #Ab Tk K F A Aty SR TSR, #ARR 430000)

WE: HREF RE L LA GBI B F B BB N BALEE-2. R E 7 B EAWRER. BESLBTRSMEREFE
HHRARR, BAREE. RFFEA GEWR S RedE, ARSWMREFLAT REL. RFFLA GO RARE KT FR A
G EIAE, KIRRTA T E N IR, VA SATE MRS 4F A 1PN 4a4F, BRSO R BLrk, FHRA Logistic 5
Boltzmann A4 & 4k A& K /?s%'h%%&?%iﬁb;ﬁk TN FIESH. ERE, RKIBHRAMESAHF AL 12909, # %5609
Folk 1509, Az TREE. REFEA SIEEE4 54 144887 mg kg, 55450 mgkgl#=1019.33 mgkg?. #hHFELHHE

BAGATH 2B TAL, A IS BIF (R®>0.98), 3AE RS RE WA ZE SA, AR 27 d B4 5| 26k KAA 4 99% A £,
:\:\/mﬂuﬁ 53) ) FAAEARLE S0 T ik, T RIS RE S E MRS RIRA, A K ELARRACR IR R E R R ey TR IR
EIRIE,
KEER: MR, BALE EMHAS; BARGH g AR

DOI: 10.13982/j.mfst.1673-9078.2027.5.0395

Optimization of Grain Substrates for Cordyceps Militaris Using Mixture

Design and Development of Fermentation Kinetic Model

ZHANG Xinwei'?, FAN Xiuzhi®", HU Ran®, ZHANG Le'?, GAO Hong', SHI Defang', YIN Chaomin®,
HUANG Zhicheng', HU Guoyuan®
(1.Institute of Agricultural Products Processing and Nuclear Agriculture Technology, Hubei Academy of Agricultural
Sciences, Key Laboratory of Cold Chain Logistics Technology for Agro-product, Ministry of Agriculture and Rural Affairs,
Hubei Key Laboratory of Characteristic Resources and Utilization, Wuhan 430064, China)
(2.School of Environmental Ecology and Biological Engineering, Wuhan Institute of Technology, Wuhan 430205, China)
(3.School of Life Science and Health Engineering, Hubei University of Technology, Wuhan 430000, China)
Abstract: Cordycepin and ergosterol in Cordyceps militaris have synergistic effects in inhibiting xanthine oxidase and cyclooxygenase-2,
as well as lowering uric acid in mice. Solid state fermentation can increase the accumulation of active substances in C. militaris, but there are no
reports of synergistic enrichment of cordycepin, adenosine, and ergosterol. Therefore, to enhance the synergistic accumulation levels of
cordycepin, adenosine and ergosterol in the mycelia of Cordyceps militaris and elucidate their enrichment patterns, seven grains were selected as
candidate substrates in this study. With the contents of the three active components as evaluation indices, the substrate proportion was optimized
by mixture design. Meanwhile, Logistic and Boltzmann models were employed to fit the kinetics of mycelial growth, substrate consumption,
and product formation. The results showed that the optimal medium consisted of 12.90 g buckwheat, 5.60 g oat, and 1.50 g wheat. Under this
condition, the contents of cordycepin, adenosine and ergosterol reached 1 448.87 mg kg™, 554.50 mg kg™ and 1 019.33 mg kg™, respectively.
Kinetic analysis indicated that all parameters exhibited distinct phase characteristics, with satisfactory model fitting (R>>0.98), and the
accumulation curves of the three active compounds followed typical S-shaped patterns. The predicted values suggested that more than 99% of
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the theoretical maximum levels of the three components were achieved at 27 days of fermentation. In conclusion, the combined application of
mixture design and kinetic modeling could enable the synergistic enhancement of multiple active components, and provide a theoretical basis for
the optimization of fermentation processes and the development of functional foods derived from C. militaris.
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Table 1 Factors and levels of the mixture design experiment
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Fig.1 Growth status of Cordyceps militaris mycelia on different grain substrates
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Table 2 Comparison of mycelial status of Cordyceps militaris on different grain substrates
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Fig.2 Content of cordycepin, adenosine, and ergosterol in fermented grain substrates
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Table 3 Design and experimental data of grain culture medium
%3 AFklg BEEl Clkly REESF(mgkeh) MEFSBAmgkg?) EA KBS E/(mgkgh)

1 17.34 0.00 2.66 1271.68436.68 494.7346.55 770.76..46
2 12.93 559 149 1494.63425.80 603.0946.39 1023.3746.43
3 12.93 559 149 1465.3349.62 570.1143.53 1039.28426.81
4 15.33 4.67 0.00 1221.9045.62 263.6248.77 808.33+13.06
5 9.17 10.83 0.00 957.94425.15 302.3740.43 770.7445.49
6 19.79 0.00 021 1342.63423.59 298.7645.61 596.88+2.19
7 8.37 8.63 3.00 928.142+9.62 330.5648.71 894.3943.50
8 12.93 559 149 1325.38434.44 508.4049.02 084.31410.68
9 6.59 12.00 141 694.142+46.64 275.2745.24 825.164.91
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10 1151 849 0.00 1102.5947.17 300.3944.43 906.25+.01
1 6.59 12.00 141 645.9948.46 388.3349.57 841474138
12 10.54 6.46 3.00 855.6043.10 249.6836.28 970.0945.47
13 17.61 2.39 0.00 1262.70429.76 218.6146.99 678.85+15.30
14 8.37 8.63 3.00 786.26H7.42 245.3847 .43 811.4542.69
15 12.93 5.59 149 1597.90425.05 575.7541.16 994.59+.93
16 14.35 265 3.00 1274224413 480.30:40.37 966.17+0.69

K Design-Expert F 4P — i B AR RS0 LU0 Bm AT 704, ERSZ HURER L NI A S S B A T ]
HITHE (R 4). 14k Design-Expert FAF AR HEREAE SR, 3 MG RS (1M AP 2938 R P Ik (el AR 147y
Mo TP ST RRR, AR S0 G FE P B RAS —hi P R o P 2 ik B B KA BT VR RHEC 77 A4
S RT3 i P E TR,  Hoh P<0.05 KRB ERA F R 3, P<0.01 Rt 2 .

x4 HER, RENZAEESEMNATE
Table 4 Prediction equations for cordycepin, adenosine, and ergosterol content

847 AR KA w7 42 P R?
R¥E  —kF# Y,=1204.8A+148.34B-18 666.3C+2 068.99AB+24 894.97AC+24 10557BC  >0.0001 0.9012
& kA Y,=184.41A+185.36B-17 447.2C+A72.63AB+23 816.18AC+21 11863BC  >0.0001 09384

EAEEE —KFAE Y4=517.62A+525.42B-7 369.2C+1 395.43AB+11 587.44AC+10692.05BC  >0.0001 0.9335
H# 5 A%, DURE RS EONNAE, A8 P<0.000 1, 15 HiZ% R HT AL i 2, 035 P=0.305 2>0.100 0,
LW SEIG 4 R SRR RAE, AT DR AZ BRI 45 . 7R R4 RP=0.901 2, BiWIASE Y
A 5P 90.12%; 2 A& (AL B, C) 52, Rl 90.129%%5 4 nT LIS F M 77 FR AR . RIS AR S5 220N 9.95%,
T AL T AT DU I SRR, 7T LS A AR A d O K B AR k. A, MR 5 ik T LG
AB. AC. BC {mitl e % .

R5 HERSEHENM

Table 5 Variance analysis of cordycepin content

A 75 Fa g aE ¥ F1a P14 BEM
ARA 1.17E+06 5 2.35E+05 18.25 <0.000 1 *x
LM 7.08E+05 2 3.54E+05 2751 <0.000 1 *x
AB 2.66E+05 1 2.66E+05 20.72 0.0011 *x
AC 2.05E+05 1 2.05E+05 15.95 0.0025 *x
BC 1.77E+05 1 1.77E+05 13.79 0.004 *x
KRE 1.29E+05 10 12 859.34
PEDE 79471.01 5 15 894.2 1.62 0.3052
HigE 49 122.44 5 9824.49
Bz % 1.30E+06 15
R?=0.901 2

i PAEA I Aol MR RS AR R E (P<0.01).

FHE 6 A%, DABREF S E A NAE, #7 P<0.000 1, VEEHIZ IR Wi B3, R P=0.173 3<0.05, %
S 48 SR S B AR BT, T RSB A6 25 T . T REARC R %L R™=0.938 4, HIREAYRRE 1
93.84% e AR, FUERCRAEE R, HhAh, K 6 Hikn] LU H AC F1 BC BN, AB SN EZE o

w6 RESBHENR

Table 6 Variance analysis of adenosine content

I B B BdE 7 F 14 P {& SEM
AR 2.63E+05 5 52 547.88 30.47 <0.000 1 **
LM 17 963.07 2 898154 521 0.028 2 *
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AB 13901.11 1 13901.11 8.06 0.017 6 *
AC 1.88E+05 1 1.88E+05 108.88 <0.000 1 il
BC 1.36E+05 1 1.36E+05 78.93 <0.000 1 il
KE 17 244.12 10 172441

PEDE 12 254.02 5 24508 2.46 0.1733

HiR £ 4990.1 5 998.02

BiRE 2.80E+05 15

R?=0.938 4

E: SRR A AR R0 R (P<0.05); A A RAR AR FE (P<0.01). FAR.

R 7 WA, IERME AR B MK S B RIFRIIE RS (P<0.000 1), Rk (LM) AL —Birag
HAE AB. AC. BC Wiz f B4 & (P<0.001). R HuE £ R*=0.933 5, J¥J5 R*=0.900 3,
VOB B RAFIILERE ), 2B WA R T 22 M S e P i T S5 A e A

R7 ERAEELIERESH
Table 7 Analysis of variance for ergosterol content

A 75 Aa fdE ¥ F1a P14 BEM
AR 2.27E+05 5 4532041 28.08 <0.000 1 *x
LM 55 032,55 2 27516.27 17.05 0.000 6 Hox
AB 1.21E+05 1 1.21E+05 75.08 <0.0001 *x
AC 44 44311 1 44 44311 27.54 0.000 4 i
BC 34887.19 1 34 887.19 21.62 0.000 9 Hox
KE 16 139.17 10 1613.92
KINR 10633.21 5 2126.64 1.93 0.2437
AR £ 5505.96 5 1101.19
Bk E 2.43E+05 15
R®=0.900 3
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S, MEERNE SR R T p B 2 A B 3D N A N 3 . ok, W
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Fig.3 3D response surface and contour plot of the effect of grain proportion on cordycepin content
#: (a) 3D#E@EA, (b) -FHEH.
K 4 ik 1 3 IR IR S BRSO, 3D NIV, BRHFREE . MG = Z AR HAE R
BEETRAE (A PRI, IR ETHES, MREACFRIgn, Folam (B) MhZ (C) AT
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Fig.4 3D response surface and contour plot of the effect of grain proportion on adenosine content
Z: (a) -3D#E@EA, (b) -FHAA.
M5 FTLUE H, 3 B P as 22 A (S B 2 B i) 3D 2USLTH S FEROR T, W 3 FhRE ot 5ok Lt
PRS2 A S B S B R, = AR BAER, B2 H i & B AE 3D ORI S IS (i)
T3 AT, W SR T =20 73 UG S I X3, A5 i RRARd T 22 DR 3R TR P Wb ) 42
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sl L7
oY

A: FiE
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Fig.5 3D response surface and contour plot of the effect of grain proportion on ergosterol content

Z: (a) -3D#E@A, (b) -FHAA.

FT3R A4 TP TUNTTAE S 48R 3D RN, BT ) 4 ANBCTT R NAB AN 8 . Herb, FiU7 1 IR
FER BRHAZ A RS ESOARIL, BIEERCTT 1 NEIRTT % AT, G 1 IEEONFREE 12.90 g,
M 5,60 gv /N 150 g. ZUGIE, RAIERKL®E 15 d BRI R RS RN 1 448.87 mg kg, AREFEEN
554.50 mg kg™, FEAAESEL SN 1019.33 mg kg, HISTRE (%8) ERARE.

KRS, W SRR R RS YRR, ARG iR RO R R A R
WEM SRR, HATRIRREET, NESVEEBERIRA . AP & A T7 HRAT —E BAME, M
AT E TR PR ORI RACANE R IC, H gk I A A (S 22 Fis M B2 (1 B R TR B A B
R i R e,

% 8 mANECH BTN Az E
Table 8 Optimal formulation and predicted response value

B AdElg BkElg Cklg R¥EE4HF(mgkg?) MEFESF(mgkg?) £MAGEESF(mgkg?)

1 12.926 5.588 1.486 1442761 557.177 1015.035
2 15.333 4.667 0 1319.550 286.003 819.121
3 17.61 2.39 0 1313.599 247.861 705.748
4 6.588 12 1412 7271.727 393.187 820.284
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Fig.6 Fitting curves of fermentation kinetic model
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Table 9 Fitting equations and their correlation coefficients

GES AR Moo AE R?
_ 24.0827
FEZR T VL Logistic &_Zﬂ%rl T 099181
" 4826992
32.64886
A % Logistic &:42MB+1 R 0.996 45
+(9.71547)
1172.26644
REFERDNF Boltzmann &:sz%w_l t, —10.7265 0.986 58
el 2.51769 )
468.336555
JS A R ) % Boltzmann X, =569.28138 - t, —11.31375 0.99548
1+exp(-———)
1.92309
925.74729
RS BEA RN F Boltzmann X, =1155.48362 1 t. —11.71867 0.987 25
el 3.38818

PESED O ¥ C L M pS AN R o
£ 21 d B R WL RE T, WLAEYE . RN R SO IR o R BRI A (S R 2 U
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PRI TIRPOERR R KI RSB IRRAE T P2, R RBEATERT B

W S EARARNAHRZN /12782, RH Origin BHATIAEENMEING, BSL 1 B2 KSR (o TRAIH
FEEN AR () DARCHEER O6) IR (k) MIZEAEEE () BIERS) AR, SRS HNE 9.

MEl 6a. b FTLLE Y, ALY R CRIE JE R AR I 25 AR AR E, B U a5 R IR

(R, IEJFHEEEARNEPHIRE T (8 6b). AHIFTERM, B Ik Js & B A — MRk
IR g R R 24 A SR B R A KN T S A N R R KL 5T 1 AR B SR 0 T AR
SEATRI AR JEREEY, SRR, B A K S AU B AR RS R LR O . SR, R R 22 4L
TR, ORI MR IR FH i 3 . 25 v T PR A O SRR R, B R IE SR S 2 i
THFERFIE. RH Logistic AL Z AR R T I E,  HUE B2 R3304 0.9918 F1.0.9965, WAL REMS AL
T At A i e ) A A R SR R, A RGRAE S AV R A AR e s, i ki 4
FER RIS R AR AR 4 1S R R AR .

R (Bl6c). e (Bl ed) MZZMEEE (K 6e) MG FEZRINH FHCHEAR 2 1A bRk A el A8 If e 2%
BENFE I S BUEhARHIE. K Boltzmann AL HA: sl /) AT ARG, Horh,  EEBIRGE
FAHONR?=0.986 6, BRITRINCEARE 10.7 d BF IS EHBIA S, BEEHEADSER R B, A 18 d JEigita T4
5E, HHEREAMEN 1488.29 mg kg™, 4R TEIAT] 21,7 d B, SRS EANA RIS 99%. ARt
(R R ABON R?=0.995 5, T & EAE 16.6 d JEfaTRaE, BEHR M N 569.28 mg kg™, 24 et [l
N 198 d B, RS EIAFHLEIL R KRMEN 99%. Boltzmann #5AINT 3 f 8 BEAE S FE L& ok 8 R ECN
R=20.987 3. W& EAE 11,7 d BHHIN A, T 20.8 d iBWHaTHE, HESH AN 115548 mg kg', 4k
B IA] Dy 265 d I, HLE B AIAHIS R E ) 99%.

BTSN B A BN 1 AR PSR TRINES SR, RS () 0y 27 d I, dURagky RN 22 A HS e ) Tl
BRI FHBSROER) 9% L, HERAEERAEE MR ZE<I%), R 3 MYl c it A g e
EPal. B, ZRGZIRIRIAREHME, #5E 27 d Nid B R EEZ .

3 Zhip

DAREE . BRERIZE A SRS EOVEMTERS, N 7 PR imide s . e AN A il R S R
P Lo R, I VR BRR T RAS 1 aT A & AR 3 ME I A BRI AL T « 7E 150 mL S InZEEE 12.90 g,
MeH7 5.60 g FI/INEE 1.50 9o AEIZMLIT 261 T » FREEZE IR A £ (5 &5 B3 390 1 448.87.554.50 A1 1 019.33 mg kg™
R AL, 2R AR R ER R .

TEIRBISAH LA IFERE -, SR Logistic F1 Boltzmann #5574 %st i dt B ezl f1 23T 0 A 08T, Z0L T 42
AR () JRYIEFE ) HIEERARR () BREARR (x) FZZM IR (X5) 7154, R e
SE R R EIRT 098 (£ 9), RUIAIRT LI B B AT RIFIMIILE AR, ATHERHA IR & VR R T I s 1
AR B =P P R AR SR . Y Tl 0 BRSO (] 27 d, bR BREREEE R ETRIEE A S R A T
40919 1486.47. 1114541 mg kg™, AT IS AR 99%LL .

gi b, AWHFIRAS Tl FNHR s R R BRI A S S B AR B R I, 456 KIS 15 BT
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