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Abstract: Trehalase is widely used in industrial fermentation, food, medicine and other fields. There is
a lack of industrial varieties of trehalase with excellent performance in China. Moreover, the applied
research on trehalase was not well conducted. In this study, a strain of Pectobacterium cypripedii was
screened from nature, and the gene PCTre encoding an acidic trehalase was cloned and expressed in E.
coli BL21(DE3). The highest enzyme activity reached 4130 U/mL after fermenting in a 5 L fermenter
for 28 h. The enzymatic properties study showed that PCTre hydrolyzed trehalose specifically. The
optimum pH and temperature were 5.5 and 35 °C, respectively. 80% of the enzyme activity was retained
after being treated at pH 4.0, 4.5, and 5.0 for 8 h, showing good acid tolerance. Moreover, it has good
tolerance to organic solvents, 60% enzyme activity was retained after being treated with 20% (V/V)
ethanol solution for 24 h. Furthermore, trehalose could be completely hydrolyzed within 16 h in a
simulated fermentation system containing 20% (V/V) ethanol and 7.5% trehalose, with 500 U/L PCTre
added. This indicated a good application potential for industrial ethanol fermentation.

Keywords: trehalase; trehalose; Pectobacterium cypripedii; ethanol tolerance

g th IS A T L o,0-1-1 B
TR SR A B, MR E o T
(trehalase) WIKF HOK N HIZ0E, fERMEEZ
S e Tolk S Ssgn FH Tz U, ek ELA ) R
Jot R BT SR R BE ), TE S VR FE R RIRY)
KRR R PR EL R REE 5 0 4% DL B0
W, R R R BRI 2 Sy, S EUREL
R TRE. Rk, FEIBAFALE 2016 4F4E
Synerxia A FEFIAR, HAZCANHE 78 Bl 58 b
PAY W SEAme, H FR T AR FE IR ™ L
2%, HYE(EA FIAE 2017 AFHE T A e b
Tt P 2T TR A I L HE H B AR AR P
{H 70%, We2éikE—DAEsh 1 i sl i B
HAT, fEM &R (very high gravity, VHG) £
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W R B AR TR, W BT/ A B LR P O o v A
27%, P ORI AR B IRF] 15%-18%,
B BRI pH PRIV S il 179 il
REdR TS ESK, IEARE NN EED S
R 3 — S P P Vi O Al 3 P T R T AR B
FEDR O . il TR s DA R R ) R e A
SZVEAE T3 ISR A 5T

WEERE

1.1
1.1.1  EFRFARRL

ve B W bk K W AT & (Escherichia  coli)
IM109., 355k pET-3b, pET-28a. pMAS Fil
ZRikfE £ E. coli BL21(DE3). E. coli Rosetta
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(DE3) . Ri % 2F AT (Bacillus subtilis) WB600
P10 S 55 3 R
1.1.2 EHFEE

Luria-Bertani (LB) 5383 (g/L): HHIF
10, FEREEHCY) S, NaCl 10 ([ AR A LR
JlE# 20),

Terrific broth (TB) i3 (g/L): H A
12, R EUY) 24, H W 5, K,HPO,-3H,0 12,54,
KH,PO, 2.31,

SR (/L) TR 15, R IR 5,
KCI1, KH,PO, 1, MgS0O,47H,0 0.5, CaCO; 1,
pH 7.0; AR FRHEAE L P ABE 20 g/L,
113 EE{EFMIRA

— A EH kI & ClonExpress® Ultra
One Step Cloning Kit ] H Vazyme A Fl , '~ &
%% (ampicillin, Amp) W HATAY TR (-
) B ABRA . mRGRAH 3 1220 Infinity
II W H Angilent 22w, W AH @35 Dikma
CarboPac Ca®" (300 mmx8.8 mm, 6 pm) I [
Dikmatech 23], PEEEHRBUY 70 50 g H 22 3H 9
BRI A R A\ E 258 H bR A R A A
BUMN A RAEY AR RA R . EiEE kA1l
FHEABRAR . FECH B b E) AR
AF L RETRE (D6 ARAF.

1.2 FEERE

FEVL IR To 8 A ) B 1 1 2 el 326 HRUR
FERL, HRET 10 d PRI EEBEIIL 2 . Rt
KA AR SR SR, B LIS T R

x1 3119F5)

Table 1 Primer sequence

PR 308 - Al TR R 20 9314 Rl T A O e B 5 Sk
I 36 h, I8 I S TR W T R O T 7 I TR AR
SR AR T AL 2H, LAE 51 %) 27F Al 14921
(# 1) 1% 16S t1DNA IFJF, 5 GenBank H?
AT X, SRS
1.3 BREEEREEIFT S0

MNCBI AR MR R 0 R 2 A5 B, 220y
MrEveits ¥ F1 MR, MEFAER A4 P36
Y B Vg B T ) PR PCTre, IR 38 72400
[ it £k pET-3b. pET-28a. pMAS Jiiki,
I — P HH e R &K PCR 971 ™ Hy Al
LA TR TR, FE AL E. coli IM109 1, IR
fi T Amp HiMERY LB Pz, 37 CHigad
&, 53 ARG B R 1K 2K pET3b-PCTre
pET28a-PCTre. pMAS5-PCTre, ST ¥4 717
7% PCR %7 I #E47 DNA 7 5

PCTre $FVESIHT . 750 S 2548 43 e (5 F 1)
O e s A 1 3 24U 4G : ProtParam (https://web.
expasy.org/protparam/) . PredictProtein (https://
open.predictprotein.org) . ClustalW (https://www.
genome.jp/tools-bin/clustalw),
1.4 BRBEEHFRERIESHL

e g W Wl R B AR pET3b-PCTre F
pET28a-PCTre 53 55% A E. coli BL21(DE3)#l E.
coli Rosetta(DE3)H", FKik#AK pMAS-PCTre %
A B. subtilis WB600 1, #EICRETE T 10 mL
LB e rp 55 5%, DL 2% 42 /b B 20 3 30 mL
LB 33, 37 CH3% 36 h EAT4 iR 3%

Primer name Primer sequence (5'—3") Size (bp)
27F AGA GTT TGA TCC TGG CTC AG 20
1492r GGT TAC CTT GTTACGACTT 19
Fl1 TAA GAA GGA GAT ATA CAT ATG ATT AAT ACT AAC CAC CAG CAA AAT AAT GT 50
R1 GCT TTG TTA GCA GCC GGA TCC TCA ATC CGC CAG CAAATG C 40

Homologous sequences are underlined.
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ik, M pET-28a AT R HL 20 C IPTG %
F2-4h, Hi)E, BOWERK, B,
H_L %5 JE 47 05 0 22 Al SDS-PAGE 43#T . #%
W GE 0.22 pm P B, R 4l T ORI
HH
1.5 EEFMRMAR
1.5.1 BEgENE

KA 3,5- HEFEKER (3,5-dinitrosalicylic
acid, DNS) LA E . 2 SCHRI8], 17l
TOE SRS, B 150 uL EA7I5E , 37 CRLY
15 min, Al A DNS 50 64, W K28 1k I,
Y H 5 fd R R AAE 540 nm A0 05 OG0 .

TSR EE RGNS (1 U) & SO FiRSEE 60
T, 1 mL BBFR AR50 74 1 umol i JFHE T
B, MEHEE 31K,
1.5.2 BREBEYHRFERR

ML 1% FERE . 22200 . L RN i
WEVE R IR, 00 Vi S AR T X SOUHH ) A4 Ak 0 A o
1.5.3 &ji& pH 1 pH 2 EMNE

FAARTR pH BYBERR 2% vh i A0 LB T /K
REmE, MEBEA RIS pH; KR E T AW
pH MIZE vhig, 30 CALFE 1 h, IEBES, LA
ANIF] pH 4514 T BRI IE S I, 230 pH 2
TE PR
1.54 REBEMEEREEAR

oA Tt T D i R SN U B, i R
25-70 CYEFFEINAY 10 A 57 5100 B, DA
o T A Sy o R 2 T il 1) L B 5 e T 5 R B
AN BRI E 1 h, FIHETEETE, B
ANFREE M F Rt . B NRR pH
5.5, HARFMYFE 1.5.1 ik,
155 &EBFXEENEI

Bio il Ca**. Zn*'. Ni*', Mn*". Cu*". K",
Na®, Fe*". Sn*". Ba®", Mg>", Co* Ml Li"%
SIRE W, Nl RAWE R 1.5,

&B: 010-64807509

10 mmol/L R W AEZR, Kl AR 4 & &5+ X il
TG R
1.5.6 BHLiATFREIE M X B IE 8 220

SNBCHI R . OB, R, SRR, T
B 0. TNERE AR 40 (Tween-40), it
I 80 (Tween-80). HhFiif 100 (Tritonx-100). H
$ii 38 114 (Tritonx-114) . | = % 3 Bi B #h
(sodium dodecyl sulfate, SDS). HiH. £ —hehy
L TR (ethylene diamine tetraacetic acid, EDTA).
TR BEREE (dithiothreitol, DTT) 1 — H 5:F
B (dimethyl sulfoxide, DMSO) ¥ , B il &
WEN 1%, 5%. 10%MNIKR, 51k
TR X il M Y S )
1.6 2R EEIIR RN RIFEM

DLEA 15%20% 1. 15%/H% . 10%
TEMT . 5%—10%1 B Y pH 4.0 V1A R AL
VHG R RS, WIS (R BE 1) g 5 A
fiti PCTre, #EFFRREE 30 C, FHRER T
I K SEALNE , PR PCTre 18 LB Tl & B
I T o
1.7 KR EHERY P B0 E R BN R

AN [] 2 ) 1) T Bk B2 B T 1 B 5% %%
Wi, iMA PCTre, 1E 37 'C. pH 5.5 51 F 7K fit
60 min, U VM o . A TR B U A
R . pH . EERFREUYIVRE | IR
TR IR TE]
1.8 A

WAL EHE E. coli BL21(DE3)/pET3b-
PCTre, BEHUER TR I 45 P B — 7 35 5 A rp
iR 12 h, DL 2%0 4 Fh i 8 A 8 g R 1
e e rp 34538 10-12 h, FLL 10%[0K) 3
WM 5 LORMERE CRA] TB KR 2k, Bl it
3 L), IR 37 C. pH 7.2, HifE
B 300-600 r/min, REGES5HHEE R
Hil, WEACERMET 30%, AHFE 4 h BUREARG
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HIHRIE (ODgoo) MV BENEBERE TG . A2 8 h )5,
T IR AN RE R B . Kk B AR R I K
MwERR, =8 pH R 7.2,

2 BERXR504

2.1 FEEREBNFEEE

N 8 v B — R o v B R ) B A
W (o Ad), HERZEILAO/NAE, 4
GRREST, A, bR B, W R AR
AR 56 B e, W A S 7 2 B L B A TRE A
AR FLE, REFI A IR £h o 4 2= IR G (A ]
M (Bl 1A). ZTEMRNY 16S rDNA J7 5K B
1 408 bp, %4 BLAST X5 Pectobacterium J&
(GenBank & 3¢5 : JF430157.1, HM013841.1
55) WA RRTER T 99%. 45a I S HHE
A AR AR PE R S A 22 R T
(Pectobacterium cypripedii) o

22 BEEBEERMEESFISH

M A4 TN ARG PCTre it )3 51,
HFH 4K 1659 bp, H4iith 552 IR,
HBREN 27 MEERE TR (1-27).
ExPASy Fl HAr 54 63 kDa, ZEHLA pl hy
558, PCTre 5k B K{Z MR E (Pantoea
cypripedii) )G BN TreF (GenBank % 5%

A

1 HTER AMABNEZRERE (A) FAAEBERS

Figure 1
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5 : MBP2194980.1) s KARRIM: R A 86.5%,
TETE 70 25500 N .
2.3 EFEVERS PCTre IRIBRRIAS 41k

ANTE Y F B R A PCTre B35 7K -4 #5
KzESR (% 2), H E. coli BL21(DE3)/
pET28a-PCTre JCHRAEZE 1, E. coli BL21/
pET3b-PCTre Jiifi fic e, i5%] 289 U/mL. SDS-
PAGE %531 PCTre fJZE A K/NR 63 kDa /2
., SHLSE 3. /45 pET-3b gk ik
HEHAWEER (K 2A), HESERS, 5T
pMAS Fil pET-28a # KK IEKF (B 2B, 20).
HEM T pET-28a J&is SRRk, HELIK
W PG T AW IE TS, SRR
ik

MR R RUZ T AR T 2 s —IW H
MEEM (K 2D), A EEE R 1251 U/mg. HET
A A A, JEAMET 1000 U/mgP ™,
2% SR B VA B Tl St R T R
24 HEREREFEHRSN
24.1 BEERYfENSFERRR

TR R, A 2 SRR TR T b il
PCTre i) K;,=0.12 mmol/L, Vya=1.51 mmol/min
(B 3), 5 H A 305 R 09 30 ) 22 S 80 L
(3% 3), PCTre A RAFMYEYERT] .

B y

2.00 um

<
SU8200 3.0 kV x25.0 k SE (UL)

(B)

Gram straining (A) and strain morphology under scanning electron microscope (B) of A4.
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*2 BEREMEERNEESRE YL — R R, PCTre HAT = JE IR
Table 2 Trehalase gene cloning and expressm.n. Wi e . RVER e O, AI/E S T A
Expression system Trehalase activity N i . N o e ey
(U/mL) TR A BEE AN, XA [ PR b 9 R
E. coli BL21(DE3)/pET3b-PCTre 289 (57— A FFST B 10
E. COll: BL21(DE3)/pET28a-PCTre - 242 BiE pH #n pH *.%E'l‘iﬁﬁ?ﬁ
E. coli Rosetta/pET3b-PCTre 22 W S PCTre 155 pH H 5.5 ,{ET:E pH
E. coli Rosetta/pET28a-PCTre 19 s R o
B. subtilis WB600/pMAS-PCTre 18 4.0-6.0 7 Fil Y AR RERIG 147 80% LA 1= (KT 4A),
—: not detected. J& T RRYE MRS AY . 4% PCTre T pH 4.0,
A B D
kD kDa M1 2 1 M kDa
i 15— 180
100 — S
70 — M ;30
55— b
40— - 40
35
35—
25
25 — . 15

Bl 2 EE¥EES PCTre B9 SDS-PAGE #3477

Figure 2 SDS-PAGE analysis of the trehalase PCTre. (A) M: marker; lane 1: crude extract of E. coli
BL21(DE3)/pET3b-PCTre. (B) M: marker; lane 1: crude extract of blank control; lane 2: crude extract of E.
coli Rosetta(DE3)/pET28a-PCTre. (C) M: marker; lane 1: crude extract of blank control; lane 2: fermentation
supernatant of B. subtilis WB600/pMAS-PCTre; lane 3: crude extract of B. subtilis WB600/pMAS-PCTre.
(D) M: marker; lane 1: purified PCTre.

A
0.50 B

045+
0.40

20b  y=5.445x+0.660 3

Z 03s) R=0.994 8
£ 030 15k
= 025} &
£ 020} ~ ot
<015}

0.10} st

0.05

0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0 00 05 10 15 20 25 30 35 40
S (mmol/L) 1/8

3 PCTre $ihFSH
Figure 3 The steady-state kinetic constants of PCTre. (A) Michaelis-Menten equation of PCTre. (B)
Lineweaver-Burk of PCTre.
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F3 TRREEEEBUANNFZSHUR

Table 3 Comparison of kinetic parameters of trehalase from different sources

Trehalase Sources pH K., (mmol/L) Vinax (mmol/mg) References
ReATMLp  Metarhizium Anisopliae 6.0 2.60 0.31 [6]

TreZ Zunongwangia sp. 6.0 0.99 0.17 [8]

treA Bispora sp. MEY-1 4.0 0.67 119.00 [5]

treE Enterobacter cloacae strain AR0002 6.0 3.33 0.45 [11]

PCTre P. cypripedii 5.5 0.12 1.51 This study
4.5.5.0 RYEZ: v rh AL 2 8 h (&1 4B), FI&R acidocaldarius)™ Fl H. B Y6 W & BR B (Candida

Eﬁ‘iﬂﬁ‘a‘ 80%, VLMl PCTre HATHH K pH

EME . O RE R I BE G OR AR e i iE pH
T{EP‘%@Z*‘%%W, ok [ B H A e ek
g SRS pH Ry 9.151 SRR T RN
W& (Exiguobacterium sp.) B FE b i i id
pH Jy 8.010. T % BU 11 i P VA o5 A G 2 Ok
Aol EE, WY (Thermoplasma
voleanium)'™ | W& R B AL M (Sulfolobus

1207

100}

80 /-Y A/\\*\ ;

60t \;_P
40 o
20}

Relative activity (%) >

0
3.03.54.04.55.0556.06.57.07.58.08.59.09.5
pH

4 pHX PCTreB§iEN (A) REEE

glabrata)"VEERENS 7 A — BRI SR, (H L
fit 7% B T 20 SRR e S BRI
243 REREMEERTHEAR
PCTre 7F 35 ‘CAMF MHHE e (K 5A),
T8 25-50 “C T ARl % M 60% 5 18 A [A] Tt 2
TARIRE 1 h, B H A8 T 30°C L 35°CL 40 C
1T, PCTre 7E 8 h AR IR 80%LA I i
71, 16 h NIRER 50%LL LG ) (# 5C).

120 1

- pH4 - pH45 «pHS
100 ¢

N B N X
S O O O

Residual activity (%) &

o

Time (h)

% (B) BYE

Figure 4 Effect of pH on the activity (A) and stability (B) of recombinant PCTre.

A B
s 120 g 120y =30°C +35C+40C
< 100 A < 100t
2 e 2
s 80p ¥ NG = 80r
2 60 T~ 2 60}
2 40 e S 40t
5 - 2
s 20 Z 20t
2 ) 2 ) L , .,
20 25 30 35 40 45 50 55 60 65 70 75 0 8 16 24 32 40 48
Temperature (C) Time (h)
5 REMPCTreB8EN (A) REBTEM (B) MM

Figure 5 Effect of temperature on the activity (A) and stability (B) of recombinant PCTre.
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244 SREBFIIGRIEREMHENS

AN T 5 A Min®" 5 b BTG 2404 5 ol A B
AR FEVEH], 5 mmol/L Fl 10 mmol/L ¥ fY
Mn” Kb HR A TG AL 240% (&1 6), HER
W BT M SEA G MthT MRS s,
Cu™" . Cd™" ., Pb™" B il 15 EL AT 55 O B0 VR

250 i

g

200 %

150

100 |

Relative activity (%)
0N

W
[l

ORI

RN
:I
:}
m
—]
AN

L

2.4.5 BHAFIFIREFEETIN G REREE
B 2 g

PCTre XA HLAERHA RiFpym =z, /
fHFE 10% 1) 3 B 2 v, ARG il 305 422 30
60%; £ 10%1) L EEARZR Y, HARX & R
90% (P&l 7TA). T I 1 7 A5 50) o Ao X T 1 9%

1 mmol/L 5 mmol/L o 10 mmol/L

AN

k il H

OO

SRR

Na* Mg2+ AP Ni* M Co>* Ca* Cu?* Ba> Lit

E 6 Z£RESETF* PCTre B§iEHIR MY

Pb2+ Cd2+ Fe3+ Zn2+ K+
Metal ions

Figure 6 Effect of metal ions on the activity of recombinant PCTre.

>

1001
801 ‘ =
60
401
201

Relative activity (%)

05% 10%

Ethanol

Methanol

™

120
100
80 |
60
40
20t

Residual activity (%)

Propanol Isopropyl alcohol Butanol

Acetonitrile  Acetone

0 10% 15% ©20%

2 18
t(h)

B 7 HHAEFII PCTre BEFHIFNT (A) UK ZEEX PCTre B§iE RIS IE (B)
Figure 7 Effect of organic solvents (A) and ethanol (B) on the activity of recombinant PCTre.

&B: 010-64807509

P<: cjb@im.ac.cn



4666 ISSN 1000-3061 CN 11-1998/Q =4 T #2*43 Chin J Biotech

PER 22 AR, VMR e sisk, anih$r
X114, nhE-40 X IE B BT, 0.5%
I -40  Fi (5 VA SHOWH Bl A X B IR 2 178.7%.
SDS. DTT. EDTA Z5ial 5 #EAS 52 50 vk B 1 o i
A —EWISIEA (& 8).

IS AR IE T A ALV 700 X 8 5 6 TR 1A 5
WEEG I sZ ), B . B . B . A0S
IRY OGS T vk 2
TRR T BTN SZ I A WARGE . 25 FE ST B
R ML S, ASSCHE— 2P TR 10%. 15%.
20% AR B2 % PCTre W MEFEATREM (B 7B).
5@, 12 h J§ PCTre /A {488 70%LA 1 1Y
BTG, 24 h 5 FRIARBHG WL T 60%.

PCTre 7143 RAUFW) B 52 il
W, R AR 2 R 43 2R KA Z
S EEEE PRI, Wi PCTre (YT 32 1 AT fig
HHEART LR IWEERA X, I

210
180 z 0 0.1%+ 0.5%

150

120 =

90} e

60 - : -
: n

0

> 1 O O & O & K
;\Q ,\\ » ¥ & &L & S
> $¢ﬁ$§5%§ M

<
& &

Relative activity (%)

&8 #E4HIXFIFT PCTre B iE IS
Figure 8 Effect of some reagents on the activity of
recombinant PCTre.

Hydrophobicity

E 9 PCTre RESEEBSH

Figure 9 Surface amino acid analysis of PCTre.
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SERY A HT I, PCTre Hh k2 I W M & 3L R Gt
L T HALE SRR (B 9), EAER T KRR
AN TREEL GRS, difeREKILZ,
ISR PR R AR R ) — A e S
2.5 HEZEEAR VHG EHIKZR P BN

VHG Pk R, R P v o 2 v 1 58
HiL 20%, KB OB 12%,
ZiRF 18%. FEFB MERIE LR E S
T, BHREEWR pHETE 4.5 LT, T2 AR K
Ve BRI R HE AR A BRU ARSI E 5 5%
TSR 15% G BERBEN B4 T VHG 1A &R
M, MU 500 U/L PCTre i, AJ7E 12 h
N T8 A 7K AR TR A 5 2 GV FE 4R = 21 20%0
i 1 000 U/L A MBS v LIZE 16 h 584
KRS (B 10), SEPRA =i, Btk G
AV S AR 1Y), T R e A R
Ty, BRI 2% SR AT A T S A B Tl
LBER BT R .
2.6 EREKMRERSREYISBERIEENE

P REREAE G B S VAR SR, 3 Y R R 4R R
IR EA 5% 12%M i PO R i
W — AT (A ) R AP, SRR
W HA AR D RE . (0 — e X) 3 55 ik
DRFR AN AT RS BRI R B0, TR A]
FIE ) I 3 40 Vg S 0 ol L2 A S A 2 B
G PR TR, R LA 2R A
£ R K A v A 7 AR 5 kI Vg 5 i 4 1)
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BRI Ao A PCTre BFAL BEA
ISR IR AR Y, 455 UL 4. 1E pH 5.5,
36 'C  ARRNIRE 5% 1T, g 2 20 Ulg,
20 min A AT LABREE 7Kg G F (0 T S
2.7 GEEFEEEYFIE

RO, AE 8 /L H I B IR 1) i 1

21

3 20¢ p————— "

£ 19}

£

s 18 = 15% cthanol

g 17t - 20% ethanol

3 - 50 UPCTre

o 16} — 100 U PCTre
15

0 2 4 6 8 10 12 14 16

Hydrolysis time (h)
E 10 PCTre fEHRI CBF A BEINE Rk iR i E

Figure 10 Hydrolysis of trehalose by PCTre in a
simulated ethanol fermentation.

R4 BEVEREXEEEHERY DGR KRER
Table 4 Hydrolysis of trehalose in yeast extract by
PCTre

Yeast extract

Trehalose content Trehalose content after

(%) hydrolysis (%)
Procelys 870  2.70 0.00
Procelys 880  5.64 0.00
Procelys 7 8.42 0.02
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Figure 11

fermentation with constant feeding rate (B).
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