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Optimization of the Fermentation Medium of Aneurinibacillus JXN-1 for Caproic
Acid Production
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Abstract: [Objective] This study aims to increase the caproic acid yield of Aneurinibacillus JXN-1. [Method]
First, a Plackett-Burman design was employed to screen the significant factors affecting caproic acid yield from
eight medium components. Subsequently, the path of steepest ascent method was used to determine the optimal
concentration ranges of these significant factors. Finally, a Box-Behnken design was utilized to establish a
quadratic polynomial regression model, and the interactions among the significant factors were analyzed to
predict the optimal medium composition. [Result] The Plackett-Burman design identified the mass concentrations
of sodium acetate and calcium folinate and the volume fraction of ethanol as significant influencing factors. The
regression model established by the Box-Behnken design was highly significant (P<0.01). The predicted optimal
medium composition was as follows: sucrose mass concentration of 7.50 g/L, yeast extract mass concentration of
1.00 g/L, magnesium sulfate heptahydrate mass concentration of 0.20 g/L, sodium acetate mass concentration of
4.08 g/L, ammonium sulfate mass concentration of 0.45 g/L, calcium folinate mass concentration of 2.88 mg/L,
dipotassium hydrogen phosphate mass concentration of 0.60 g/L, and ethanol volume fraction of 2.53%. Under

these conditions, the actual caproic acid yield was in high agreement with the model predicted value, representing
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an increase of 212.47% compared with the pre-optimization level. [Conclusion] This study successfully

optimizes the fermentation medium for caproic acid production by Aneurinibacillus JXN-1. The optimized

medium significantly enhances the caproic acid yield, providing a theoretical basis and technical reference for the

practical application of this strain in Baijiu brewing.

Keywords: Aneurinibacillus; caproic acid; fermentation; medium optimization; sodium acetate; calcium folinate; ethanol
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B 50 : DNP-9162 A, g f 72 s % & A IR
ANF A ATE:GCT890 AL, S B E H R A
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Plackett-Burman i 5272, 56 K KT L& 1.

1 Plackett-Burman i® 3& E Z= 7k % it

Table 1 Factors and levels of Plackett-Burman design
B K
-1 1
B BT B VR (4D /(g/L) 5.00 7.50
PR R R (B)/(g/L) 1.00 1.50
KB R B AR B (CD/(g/L) 0.20 0.30
CTRAN T B (D) /(g/L) 3.00 4.50
i 19 4 o B VR S CED /(g/L) 0.30 0.45
DY S R 45 R (F)/(mg/L) 0.10 0.15
TR L 4 T B VR BE (G /(g/L) 0.40 0.60
LR AR G B CHD 1% 1.00 1.50

2) fi BE M€ 3 X 36 : AR #% Plackett-Burman it 36
g5, T 03 R DR B TR I AR B O &R R A
JT& 3 4 4% 1) 77 1) 5 L, T AR DR B 4% — 5 R B
JE T2 3 T, ARG TR 3R ek D i A — AR
WREBRTOCRREKRE, fERLHAEGIENE
) N7 TR AR 6 ) o0 BB

3) Box-Behnken i % : £ Plackett-Burman i
6 A A% B € 31 4K 56 2 it b B o 52 ) LR AR R I
# 2 S H K P At 50, ) H Design-Expert 8.0.6
At ¥ 1T Box-Behnken i 3624,

1.3 BREAE

H] ] Minitab 2 £ 4k 22 Plackett-Burman i 46 1
i B € 3% 8 56 24 , Bl H Design-Expert 8.0.6 14
4t ¥ Box-Behnken 12 56 £ 4 -
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2.1 Plackett-Burman i®{ 3&

Plackett-Burman i 56 25 R WK 2, % K R W 7
5 REMSN AR 3. 8N R HE T KK A
JAQ LN N E il R DN (N - XN O IN M
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IR CEEAR R BN LR R B R N 2R
A RS T A . (P<0.01)
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%2 Plackett-Burmanif 3§ 45

Table 2 Plackett-Burman experimental results

5N O =
W5 .

cC D E F G H KE/(gL
1 1 -1 -1 -1 1 1 1 -1 6.68
2 11 -1 1 1 -1 1 -1 5.51
3 1 -1 1 -1 -1 -1 7.55
4 -1 1 -1 1 -1 -1 -1 4.23
5 -1 -1 -1 -1 -1 -1 -1 -1 431
6 11 -1 -1 -1 -1 1 6.57
7 -1 -1 1 1 1 -1 1 1 6.80
8 -1 -1 -1 1 1 1 -1 1 8.89
9 -1 1 1 1 1 1 1 -1 8.10
10 -1 1 -1 -1 -l 1 1 1 8.32
11 11 1 -1 1 1 -1 1 8.25
12 1 -1 1 -1 -1 -1 1 1 6.32

%3 Plackett-Burman R EE XN HFESEZ M
Table 3 Variance and significance analysis of various factors

in Plackett-Burman design

TR OAWME WEETFM OREYE FM P BEM
it 8 25.672 6 32091  75.63  0.0020 ¥
2k 8 25.6726 32091  75.63  0.0020 *
A 1 0.004 4 0.004 4 0.10  0.7700

B 1 0.015 4 0.015 4 036 0.5900

c 1 0.078 4 0.078 4 1.85 0.2700

D 1 23497 23497 5538 0.0050  **
E 1 0.054 7 0.054 7 129 03400

F 1 16.4502  16.4502 387.70 0.0000  **
G 1 0.310 4 0.310 4 732 0.0730

H 1 6.409 4 6.4094 151.06 0.0010  **
B 3 0.1273 0.042 4

AT 11 25.799 9

VE 7 ROR 2T (P<0.05) xR IR 25 TR (P<0.01) .

(o] U A5 Y R 2 oy AT 45 SR (R 4D B, T
R=0.92, & W AH 5 1R B4, 13 56 45 2R 10 Al £ 1 4K
o J8 i Minitab 80 FF 5 A 45 2 [ SR Y=
6.79+0.0194+0.0368+0.081C+0.445D-0.068 E+1.17F+
0.16G+0.73H.

H [ AR o % AR B ) R BORT DU IR

# 4 Plackett-Burman iR 3¢ Bl VIR BR ZE G it 55 47
Table 4 Error statistical analysis of regression equation in

Plackett-Burman design

Eap=| LIS it 1 H 1
5] U3 A A 72 0.21 R? 0.99
W R 0.98 T R 0.92
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Table 5 Central point experimental design

S PR E 2 RY 1
E5ES — O —

& [ fi& =11

ORI B IR TE (X)) /(g/L) 3.00 1.45 3.75 -1 1
DY R AT T B R (X)) /(mg/L)  1.00 1.50  1.25 -1 1
CERFL 0 B (XD /% 1.00 150 125 -1 1

*6 PoRIKEER

Table 6 Central point experimental results

HIASE: BRREFHAFEIXN-1 “CRABEREMRL

®71 BERKFEEHZESH

Table 7 Analysis of variance of factor regression

KUE ;’jf; Eif FiE PR REE
o git] 7 5915  0.845 42874 0.0000  **
2 1 3 5.847  1.949 988.88 0.0000  **
X, 1 0.285  0.285 144.62 0.0010  **
X, 1 3878  3.878 1967.75 0.0000  **
X, 1 1.684  1.684 854.26 0.0000  **
2=
Z 0% 8. 3 0.048  0.016 8.11  0.0600
1EH
XX, 1 0.015  0.015 7.77 0.069 0
XX, 1 0.014  0.014 6.91 0.0780
XX, 1 0.019  0.019 9.65 0.0530
o 1 0.020  0.020 10.26  0.049 0 *
15 22 3 0.006  0.002
J A 1 0.005  0.005 6.45 0.1260
gl % 2 0.001  0.007
it 10 5.921

I LB LR I e

X, X, X, (g/L)

1 3.00 1.00 1.50 7.27
2 4.50 1.00 1.50 7.70
3 3.75 1.25 1.25 7.76
4 4.50 1.50 1.00 8.17
5 4.50 1.50 1.50 8.86
6 3.00 1.50 1.50 8.70
7 3.75 1.25 1.25 7.75
8 3.75 1.25 1.25 7.80
9 4.50 1.00 1.00 6.72
10 3.00 1.00 1.00 6.22
11 3.00 1.50 1.00 7.75

B 7.8 Al A, B 5 2 B 3, LR &
W DY S R B IR L LA AR B 2
W& A B i B 2 (P<0.01) ,{H 2 AN R 2 1A 28 |
TE A &3 (P>0.05) 5 — B B 8 25 il B2 2% (P<
0.05), B H 0y A RE I 55 25, BT 3 — 20 T J i R 1] 43
Moo I8 3 A A R Y,=-2.394+0.82X,+4.63X,+3.64X,~
0.23X,X,-0.22X,X,-0.78X,X,+0.096 C P, .

AR [a] U9 A5 R 45 B B2 eR BV /= (61,62, 63) =
(0.82,4.63,3.64) , M fe il b J+ 48 Axi=1 B , Axi=
5.67 Axi=4.44, Lt L A5 S it fe B T 3% X0 36 &5 5
RPN WL IR L T8N R &K 4.05 ¢/L. 1Y
AR S R K B 2.96 mg/L. Z BE AR R 4> 3
2.57%E R RALE

T RIR R B3 (P<0.05) R RoR 2 B R B 3 (P<0.01) .

*8 EZEMEAZEFTEELE

Table 8 Summary of analysis of variance of factor regression

5 H 18 T H 18
5] 1 o 4 22 0.044 % R? 0.99
R’ 0.99 T R 0.95

®9 RERKABLER

Table 9 Experimental results of the path of steepest ascent

o Y i 1H SR AE ‘E@Iﬁi
;. x ox x/(gL) x/(mglL) x/% WE(gL)
JFEEAKE 0 0 0 3.75 125 125
A 1 567 444 010 057 044
JEghAKF+1 1 567 444 385 182 1.69 9.87
JEMEAKF+2 2 1134 888  3.95 239 213 11.84
JREGAKF+3 3 17.01 1332 4.05 296 257 1296
JEahKF+4 4 2268 1776 4.15 353 3.01 12.16

2.3 Box-Behnken iz &
231 FESAEREERGE S
W R R ACE WL 10,56 45 B W E 11,
R 12050, — IRIX, XX, “IRIX X3,
3P0 R A2 B XX, P AE <0.01, 52 Wi A% 5 3 .
F|F Design-Expert 8.0.6 # £ 15 2| — ik £ i X 1]
PR . ¥,=12.94+0.17X,+0.26X,+0.12X:+0.12X,X,+
0.063X,X,-0.04X,X,-0.25X }-0.82X 3-0.49X %,
H 3R 13 7] %0, [BH 8 P<0.01.R*=0.99 K #11
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% 10 Box-Behnken iR 3 FE &7k Figit
Table 10  Factors and levels of Box-Behnken design

K
%=
-1 0 1
SR B R FE (XD /(g/L) 3.95 4.05 4.15
DY & R A8 5 94 (XD /Cmg /L) 2.39 2.96 3.53
LT B(X) 1% 2.13 2.57 3.01

BE308H] 2025 F 11 A | ERE5EYMHARFR

T P>0.05 , 3 W [a] V3 45 R A% 85 2% , A e P e o HLAE
B0 T B S R AL R R T R
9°0.04 , 3% WY A5 R R A I R 0 LR o R K
JE 5 A8 i A H<10% A5 W b >4, 3% W1 B8 RS A 1 42
o SR BN G L.

13 Box-Behnken iR & it EVAFBIREZRIT 2

Table 13  Error statistical analysis of regression equation in

% 11 Box-Behnkeni{ I & it R 45 R Box-Burman design
Table 11 Box-Burman design and experimental results ! 1 ! 1t
\ ESES ~ N bl 2 0.061 R’ 0.99
50 g 5 CR o e/ (g/L)
1 X, X, BI{E 12.21 LESS 0.99
1 0 0 0 12.90 5t R EU Y% 0.50 T R 0.95
2 0 0 0 13.02 THEI 5% 72 - 75 F0 0.29 {5 1 b 36.67
3 -1 -1 0 11.56
4 0 -1 -1 1121 I 1~3 750, 7% Z M IES R AR —
5 1 -1 0 11.72 T2 B I, 28 1 B 0T s TR 5 5% 22 40 A 3R, T
6 0 0 0 1291 R s SEPrfH S T AR —HL&WiE. ¥
7 1 0 1 12.56 e g .
B PfT A5 1 0] S T [R] )5 A8 2R O A
8 0 -1 1 11.49
9 0 1 -1 11.86 99 -
10 -1 1 0 11.78 [ -
95 F
11 -1 0 -1 11.98 :
90 F - B
12 0 0 0 12.93 %0 o
13 1 0 -1 12.14 ® 70 i
"“’r ]
14 0 1 1 11.98 = 50 l‘
15 0 0 0 12.93 fj 30 <
16 -1 0 1 12.15 208 o "
17 1 1 0 12.44 12 _ g
5]
% — g ) \ 1 1 1 1
R12 MWEERIRET & AT -2.00 -1.00 0 1.00 2.00
Table 12 Analysis of variance of the quadratic model of N R A A A R 2
response surface I@ 1 5& _é._ ha ‘%} h\;ﬁ;

L HME ERT M YT FE Pl S Fig. 1 Normal distribution plot of residuals
(Rt 9 5.410 0.600 159.38  <0.000 1 ok
X, 1 0.240 0.240 64.03 <0.0001  ** 232 b E @M
X. 1 0.540 0.540 14337 <0.0001  ** . 2y . - .

’ Kl 4~6 S TR B 5 B 9 B DO A R A T iR IR
X, 1 0.120 0.120 3248 00007  ** N N o e
XX, 1 0.016 0.016 414 00810 e N K. Eop, 2R ERE S5 IUE MR
Bho L 0005006 L7 02330 P2 T 25 2 2 ML , 2 0 24 DR 26
X2 1 0.250 0.250 67.14 <0.0001  ** o N » s R
X3 1 0.990 0990 26283 <0.0001  ** AU 20 DY S BR AT i By 5 B AR ARy 2 TH]
ziﬁ 7o 0026 0004 F) 48 w2 LR AT AOUR IR R W L B R B %

LT3 3 0.017 0.006 254 0.1944 . ] . o

WiRE 4 0.009 0,002 J# i Design-Expert 8.0.6 3 {4 1t 1k #3 H i £

B 16 5.440 TZEHEN ORI FEIRE 4.08 g/L VU & R £5

T 7 RIOR 22 B3 (P<0.05) ;4% 7R OR ZE S R 5 (P<0.01) 6

Joi UK B 2.88 mg/L O AR R 43 B0 2.53% , % A
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Fig.4 Contour and response surface plots for the effect of interaction between sodium acetate mass concentration and calcium

folinate mass concentration on the mass concentration of caproic acid
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Fig. 5 Contour and response surface plots for the effect of interaction between ethanol volume fraction and sodium acetate mass
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Fig. 6 Contour and response surface plots for the effect of interaction between ethanol volume fraction and calcium folinate mass

concentration on the mass concentration of caproic acid
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PR T S 56 5 FUARE , R B E L AE [ 25 5 0 K I A
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