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Abstract: [Background] Amylase hydrolyses starch and has a wide range of applications in the food
fermentation industry, including starch-based sugar, white wine, yellow wine, beer, and vinegar.
[Objective] In order to provide excellent amylase resources, an amylase-producing Bacillus strain was
screened from high-temperature Jiuqu, and its classification and identification were carried out, and the
fermentation conditions of amylase production were optimized. [Methods] The Bacillus strain was
identified by colony morphology, Gram staining, and 16S rRNA gene sequence analysis. The effects of
medium composition (carbon source, nitrogen source, and metal ions) and fermentation conditions
(temperature, pH, and inoculum size) on amylase production was evaluated by single factor experiment,
Plackett-Burman experiment, steepest climb experiment, and Box-Behnken design experiment. The
optimum medium and fermentation conditions were applied to amylase production using starch
hydrolysis. [Results] A high amylase producing strain LT-2 was obtained and identified as Bacillus
velezensis LT-2. The optimum fermentation parameters for amylase production by B. velezensis LT-2
are maltose 8.00 g/L, soy protein isolate 8.69 g/L, ammonium chloride 3.00 g/L, calcium chloride
13.94 mmol/L, initial fermentation pH 7.5, temperature 34.08 °C, and inoculum size 6%. B. velezensis
LT-2 had an extracellular amylase activity of 972.88 U/mL in 33 h incubation under optimal
fermentation parameters, which was 5.01 times higher than that before optimization; it had an amylase
production of (1 198.40+4.56) U/mL in 51 h incubation in a 5 L fermenter, which was 1.23 times higher
than in shake flask level and 6.17 times higher than in shake flask level (before optimization). The
amylase produced by B. velezensis LT-2 had a good starch hydrolysis ability, and the hydrolysis rate was
6.17x107° g/(U-h). [Conclusion] B. velezensis LT-2 has promising applications in amylase secretion and
starch hydrolysis, which provides theoretical support for the improvement of saccharification capacity

and liquefaction power of Jiuqu.

Keywords: amylase; screening and identification; fermentation parameters optimization; Bacillus
velezensis; enzyme activity
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Figure 1 Colony morphology (A), photomicrograph
(B) and the graph of Lugol’s iodine staining (C) of strain
LT-2.
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Figure 2 Phylogenetic tree based on a comparison of the 16S rRNA gene sequences of strain LT-2 and related
strains. Numbers in parentheses are the accession numbers of related strains, the numbers in each branch points
are percentages supported by bootstrap, bar=0.005 is nucleotide divergence.
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Figure 3 Effects of carbon sources (A) and maltose concentrations (B) on cell biomass and amylase

production. Con: Control; Inu: Inulin; Suc: Sucrose; SS: Soluble starch; Mal: Maltose; Glc: Glucose; Frc:
Fructose; Lac: Lactose. Different lowercase letters mean significant (P<0.05). The same below.
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Figure 4 Effects of organic nitrogen sources (A) and soy protein isolate concentrations (B) on cell biomass
and amylase production. Con: Control; TP: Tryptone; SC: Soybean cake powder; YE: Yeast extract; MEP: Malt
extract powder; CSP: Corn steep powder; SPI: Soy protein isolate; PT: Peptone.
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Figure 5 Effects of inorganic nitrogen sources (A) and NH,4Cl concentrations (B) on cell biomass and amylase

production. Con: Control; A: Urea; B: Calcium nitrate anhydrous; C: Sodium nitrate; D: Ammonium nitrate; E:
Ammonium chloride; F: Ammonium sulfate; G: Ammonium phosphate.
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Figure 6 Effects of metal ions (A) and CaCl,
concentrations (B) on cell biomass and amylase
production. Con: Control; A: Calcium chloride; B:

Manganese sulphate; C: Magnesium chloride; D:
Barium chloride; E: Zinc chloride.
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Figure 7 Effects of temperature (A), pH (B) and
inoculum size (C) on cell biomass and amylase
production.
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RWE Xoo Xoo Xo T X7 INZHAE, 64T
VU A R = KPS g, R i 4
mk 4 s,

Design matrix and experimental results of Plackett-Burman design

Assay Variable levels Amylase activity
X, X, X; X, X; X X; (U/mL)
1 -1 1 -1 1 1 -1 1 356.89+2.12
2 -1 -1 1 -1 1 1 -1 831.21+3.68
3 1 1 1 -1 -1 -1 1 716.79+3.18
4 1 -1 -1 -1 1 -1 1 840.79+2.02
5 1 1 -1 -1 -1 1 -1 588.47+3.08
6 -1 1 1 1 -1 -1 -1 428.07+1.56
7 1 1 -1 1 1 1 -1 528.00+4.24
8 -1 1 1 -1 1 1 1 768.32+3.16
9 1 -1 1 1 -1 1 1 832.08+2.02
10 -1 -1 -1 1 -1 1 1 796.99+2.52
11 -1 -1 -1 -1 -1 -1 -1 772.93+£2.62
12 1 -1 1 1 1 -1 -1 356.89+2.12

e X Xoo Xoo X Xso Xo FX 0352 2008 . RG4r8s 1 . NH,CL, pH., $EFhaE . R CaCl,
Note: Xi, X5, X3, X4, X5, X5 and X; are maltose, soy protein isolate, NH,Cl, pH, inoculum, temperature and CaCl, respectively.

< 2 Plackett-Burman i EZ SR

Table 2 Significance analysis of Plackett-Burman experiments

Factors Variable Low level Highlevel Coefficient  SE* F-value P-value
7 ZEHE Maltose Xi 6.0 12.0 22.98 12.62  3.32 0.142 7
KE4PEEM Soy protein isolate X, 6.0 12.0 -117.40 1262  86.56 0.000 7°
NH,C1 X; 2.0 6.0 30.82 12.62 597 0.0710
pH X, 6.5 8.5 -59.37 12.62  22.13 0.009 3°
$Fh Inoculum size X 5.0 7.0 —-19.01 12.62  2.27 0.206 5
13 JE Temperature Xs 32.0 36.0 43.51 12.62  11.89 0.026 1°
CaCl, X; 11.0 17.0 45.43 12.62  12.96 0.022 8

TE: Ot AR . BERNIN T R=0.9732; R%2q=0.9262; R%,~0.758 5

Note: * Standard error; ®: Significant effect factor; R*=0.973 2; RzAdj=0,926 2; R%,=0.758 5.
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#®3 HMBERERIERITER 5 AlHn, BRI P 2 (P<0.001), K4l
zab.le 3 Results of the steepest climb experimental iR % (P=0.279 2>0.05), R?=0.994 8,
esign .
Assay X, (g/L) X; X5 (°C) X; (mmol) Amylase activity RzAdj(0-989 5)?[:1] RzPre(0~973 6)EQ£{E<O~02’ UEED%
(U/mL) 5 T 3 5 A BN PAS e [18] >

1 50§55 T 94,0351 35 FEH TN AR SE PR E LA R Y, SE AT
2 105 80 33 12,5 630.83+2.55 BERR LT-2 %2 = e e A Tl 2 B0 izl
3 9.0 7.5 34 14.0 836.04+3.45 2 v2 oy

4 75 7.0 35 155 752.44+2.98 Xo XXy oo, XaXo, XX, X\ X, Xo Al
5 6.0 65 36 17.0 718.24+1.26 X7* itk B35 (P<0.001); %ERET, &

HE: X X Xo X PSR KRGS BIR A pH RIS CaCla Degign Expert 10.04 PEAT R PERIAMIE, 15

Note: X;, Xy, Xs and X7 are soy protein isolate, pH, temperature

and CaCl, respectively. AT FFE: ¥=949.07-48.67X,—6.00X,—0.75 X+

%< 4 Box-Behnken design i 34 1% it X ¢4
Table 4 Design matrix and experimental results of Box-Behnken design

Assay Factors Amylase activity (U/mL)
X5 Xy X X; Observed Predicted

1 7.5 (1) 7.0 (1) 34 (0) 14 (0) 648.03£5.66 635.95
2 10.5 (1) 7.0 (-1) 34 (0) 14 (0) 720.04+3.77 722.62
3 7.5 (1) 8.0 (1) 34 (0) 14 (0) 808.04+1.87 807.96
4 10.5 (1) 8.0(1) 34 (0) 14 (0) 512.03+5.89 526.61
5 9.0 (0) 7.5 (0) 33(-1) 11(-1) 632.03+5.66 633.28
6 9.0 (0) 7.5 (0) 35(1) 11(-1) 760.04+5.21 756.29
7 9.0 (0) 7.5 (0) 33 (-1 17 (1) 761.04+3.74 767.29
8 9.0 (0) 7.5 (0) 35(1) 17 (1) 640.03+5.66 641.28
9 7.5 (1) 7.5 (0) 34 (0) 11(-1) 768.04+3.77 765.33
10 10.5 (1) 7.5 (0) 34 (0) 11(-1) 648.03+5.61 631.99
11 7.5(-1) 7.5 (0) 34 (0) 17 (1) 728.04+1.87 738.83
12 10.5 (1) 7.5 (0) 34 (0) 17 (1) 680.03+1.47 677.49
13 9.0 (0) 7.0 (1) 33 (1) 14 (0) 552.03+5.56 536.16
14 9.0 (0) 8.0 (1) 33(-1) 14 (0) 808.04+1.41 804.17
15 9.0 (0) 7.0 (-1) 35(1) 14 (0) 816.04+1.27 814.67
16 9.0 (0) 8.0 (1) 35(1) 14 (0) 512.03+5.26 522.66
17 751 7.5 (0) 33(-1) 14 (0) 584.03+3.35 590.82
18 10.5 (1) 7.5 (0) 33(-1) 14 (0) 720.04+2.13 725.50
19 7.5 (1) 7.5 (0) 35(1) 14 (0) 824.04+3.14 821.33
20 10.5 (1) 7.5 (0) 35(1) 14 (0) 496.03+5.26 491.99
21 9.0 (0) 7.0 (-1) 34 (0) 11(-1) 696.04+2.02 718.66
22 9.0 (0) 8.0(1) 34 (0) 11(-1) 704.04+1.07 702.66
23 9.0 (0) 7.0 (1) 34 (0) 17 (1) 720.04+1.17 724.16
24 9.0 (0) 8.0 (1) 34 (0) 17 (1) 736.04+5.16 716.16
25 9.0 (0) 7.5 (0) 34 (0) 14 (0) 960.05+1.57 949.07
26 9.0 (0) 7.5 (0) 34 (0) 14 (0) 936.05+2.22 949.07
27 9.0 (0) 7.5 (0) 34 (0) 14 (0) 944.05+3.14 949.07
28 9.0 (0) 7.5 (0) 34 (0) 14(0) 960.48+4.58 949.07
29 9.0 (0) 7.5 (0) 34 (0) 14 (0) 944.72+1.81 949.07

E: X Xy XM X 0Bl KREEEN . pH. HEF CaCl,
Note: X3, X,, X5 and X5 are soy protein isolate, pH, temperature and CaCl, respectively.
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%< 5 Box-Behnken design i{ 3 BV IZFF E ST

Table 5 Experimental regression equations and analysis of variance of Box-Behnken design

Source SS? DE® MS° F-value Probe>F
Model 5.08x10° 14 3.63x10° 189.00 <0.000 1¢
X, 2.84x10* 1 2.84x10* 148.00 <0.000 1¢
X, 4.32x10? 1 4.32x10? 23.00 0.155 3
Xs 0.68x10" 1 0.68x10" 350.00 0.853 8
X; 2.71x10? 1 2.71x10? 14.00 0.2542
XX, 3.39x10* 1 3.39x10* 177.00 <0.000 1¢
XoXs 5.38x10* 1 5.38x10* 281.00 <0.000 1¢
XoX; 1.30x10° 1 1.30x10° 68.00 0.020 9
XoXs 7.84x10* 1 7.84x10% 410.00 <0.000 1¢
XX, 1.60x10' 1 1.60x10" 840.00 0.776 8
XX 1.55x10* 1 1.55x10* 81.00 <0.000 1¢
X? 1.34x10° 1 1.34x10° 701.00 <0.000 1¢
X2 1.13x10° 1 1.13x10° 589.00 <0.000 1¢
Xs 1.42x10° 1 1.42x10° 740.00 <0.000 1¢
X7 6.72x10* 1 6.72x10* 351.00 <0.000 1¢
Residual 2.68%10° 14 1.91x10?

Lack of fit 2.22x10° 10 2.22x10? 1.91 0.279 2
Pure error 4.64x10? 4 1.16x10?

Cor total 5.11x10° 28

H: X Xoo X Al Xp SRR KEHEEA. pH, BEA CaCly, *: I HI; b,

R*=0.994 8, R*,;=0.989 5, R%p,=0.973 6

Note: X;, Xy, Xs and X7 are soy protein isolate, pH, temperature and CaCl,, respectively. *: Sum of squares; b, Degrees of freedom;

“: Mean squared difference; d. Highly significant. R*=0.994 8, RzAdj=0.989 5, R%p.=0.973 6.

4.75X7-92.00X:X4—116.01.X,Xs+18 X, X—140.01 X Xe+
22X X—62.26X:X—143.89X,>—131.89X,°—147.77 X~

101.77X7% 0 4% DR 28 52 1A F b 3 490 it 7= 2 116 i)
O TET R 1 46 v £k T AN 4] 8 s o
27 EEMsESHMHESIIERE

1 FH Design Expert 10.04 Ao 30 A YA
M KEAEER 8.69 g/L. pH 7.5, iREF
34.08 °C. SAL55 13.94 mmol/L, M4 P
YT F5z o DK il R 953.94 U/mL. DA
TR RS, Ehi™ah
(945.01+2.51) U/mL, ZWIM(ER 99.06%, Vi
B Z R A5 R Y, iR AT T
PR LT-2 & ™ 3E 0 1

;¢ ¥ 4 e,

2.8 5SL AEBES LB IEMEE

FERAERESECN, PR LT-2 435176 5 L
RIEGRER 500 mL FEfH A BE - TER M. 10 4s
R 9 o, TERHKFA0F T, K 33 h 78
W R 972.88 U/mL, 290 KBS
LRI 5.01 £ TERBEREARCFS600 TS, K%
51 h JEREE ™ B (1 198.40£4.56) U/mL, J&
AL RTVERY I B0 6.17 1%, IR KL TEREAKF-
() K eI TR, ELVE Ky T ™ F 2 R K - 1Y
1.23 % REEREKTJ2 T R A 1 D R T g
Tl H2 A\ T AN B R R R E AT OR 8 R 1 T
B, AT RE SR A R 1Y A AR AN ]
TR BERE B AR RS AR
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Figure 8 Response surface plot and the corresponding contour showing the interactive effects of various
factors on amylase production.
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Figure 9 Time profile of amylase fermentation by
strain LT-2.
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ARG BB — R TEM B AN, 2B
A5 16S rRNA JEHFA S, i b DUl 2rl
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A Tk, TR ILTEN K A fE

RIS SR WoR, Wk LT-2 fELIEEF
BE AR R . K0 3 8 R b B TCHLACDE
SALES R CHLER . pH 7.5, JRLE 34.08 °C &4
T RE IR AR A FE K E R g
HIKF] 972.88 U/mL, & BERE/KF-TE by i ik
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Figure 10 Time profile of hydrolyzing starch by
amylase.

B. velezensis 6-10 () 7.32 £52Y, J& B. aryabhattai
KIIT BE-1 JEM 114 288.46 1522, Btk 6-10 0
Ak KIT BE-1 7RI Y LAVER A0k, HIR
TE A 2 T A TV RIS, (LT A 1R Sy Bt
FEARGE WK R TS, bR LT-2 R
7R FERR IR A2 2R, 2 DL 2R S M — ik
T T T8 93 il 1) 7 1 2 SR E A A M — Bk T
TREUE oy Tl 7 L 1Y) 2.5 A% o ARSI SRR, 22 20 A el
25 FRIEINELE a-1,4 WETT B B2 T B A 0k,
P I AT DA B Rk LT-2 fr 7 S R i i & — Ak A
a-1,4 WEH S, HE—20 0] DUAERT 22 28 0 AT LU
RO TR LT-2 KB TEm B, X — R 55
Al SO — B, e, BBk LT-2 7E3E R
it ;i FUE By Wl A R B BT p
Pk, AN, B. velezensis LT-2 p= ey ik R KT
23.50 U/mL-h), 2 6-10 B4 )" H AR
13.74 fi5, JETAk MF04 1) 27.97 i,
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Table 6 Fermentation of amylases in different Bacillus species

[E 73 TEH B K ] TER A= 7 A E= PN
Strains Amylase activity Fermentation time Amylase production rate ~ References
(U/mL) (h) (U/(mL-h))

Bacillus velezensis 6-10 1.64x10? 96 1.71 [21]
Bacillus aryabhattai KIIT BE-1 4.16 48 8.70x107 [22]
Bacillus sp. Q-164 1.26x10° 120 1.05 [23]
Bacillus cereus MF04 6.02x10" 72 0.84 [24]
Bacillus subtilis D19 1.30x10° NG NG [25]
Bacillus velezensis LT-2 9.72x10? 33 28.64 This study®
Bacillus velezensis LT-2 1.20x10° 51 23.50 This study®

:
Note

NG: Not given; *: FEMAKN-; °: KL EEHEK T

: NG: Not given; *: Shake flask level; b Fermenter level.

BRI AT 32 W AU, ) 25 AT T L TR
T Ml A5 A 17 FH A 36 2 A S R
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