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' 5-Ketofructose(5-KF)hasasimilarsweettastequalityas!-fructose,andcannotbe
metabolizedbyhumans,givingitalowcaloricvalue.Thesepropertiesillustrate5-KFcanbecomea
potentialcandidateforanon-nutritivenaturalsweetener.Inthisstudy,the5-KFproducingstrainwas
constructedD/)overexpressionofmembrane-boundfructosedehydrogenasegenefrom"#$%&'&()%*+,

-).&'/%$0 in"#$%&'&()%*+, &123)'0E Byscreeningdifferentexpressionhosts,expressionvectorsand
promoters,theengineeredstrainQT-10whichcanefficientlysynthesis5-KFwasobtained.Thefed
fermentationprocesswasoptimizedina3Lfermenter.Finally,650g/L!-fructosecouldbe
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completelytransformedin82hwithcontinuousfructose-feedingstrategy,andupto608g/L5-KF
wasreachedwiththeyieldof94.6%andthespace-timeyieldof7.41g/(L!h).
!"#$%&'() 5-KetoFructose,fructosedehydrogenase,!"#$%&%'()*+, %-./(&0,recombinantexpression,
fermentationoptimization

!"

!"#$%&#'()*+,"-./01

2#3456789:;<=>?@A?B

#$%&'

$

!%()

CD@

1%

&;EF'GHIJ7K.IJ

LM

#*"+'

$ NOPQ"

!"()

RSTUVWXYZ7[

\"]^_`a

#!'

$ bc"

!"()

Vd%e,fghD

ijkl'_mnhopIJq$ rst$IJ

q"

!"()

uvwt$xyz{|}~�;%;��

��q&'��

#,'

'

��"

!"()

'xy����D���#���

�7i��' ���ew

-./0

%��q"����

1"

&;��

!"()

"���a"��������'

������

!"()

��e t¡�'z¢;

"&"

���7£��¤���

2"

¥¦;��

!"()

"�

^v§

1!* 234

#5'

"¨���y©ª#«¬T®¯=

°±²�s³��'´µ��t' i��e¶£·

¸i���¹

1"

&;º�y

!"()

" CDy©a#

����»7#¼/½¾i�¿�ÀÁ7ÂÃÄn

=ÅÆ

#6'

"Çy%

!7()

��'ÈÉ��'

18,9

Ê

:;<=>=

=ÈËÌÍÎÏÐ¸v��

17

&;�y

!7()

#8'

'Ñ�"ÇÌÍ'ÒÓ��

!7()

'

Ô�*Õ%

3"#)%&%'()*+, ?@A

#19'

"���e¶£Ö×

x'&;Ø¤«ÉÙÚ��

1%

&;xy

!%()

#11'

'

NOiÛ"ÜG

!4*567"6&/7$#0 BCD0 *&!6

'ÝÞ

Ø¤«ßÒÓ��&;xy

!%

!&;

#1&'

'

E;<F;2

=.

34%-./6&0 ,&1E

B tàá â ã P § Ü G

34869%&7$#0 BCD0*&,9

äå

34869%&7$#0 4GH1&61

'&;Ø¤�"æ½s,çª�

!7()

'¸ç"è¶

£éêë�i�ì�*

!7()

'à^íî§ïs

+68 234

#*'

' rsw

1:

&;%ð*i���

!7()

"

NOåuñò tó;

#1*'

#Ýôõ

#1+'

=�ö���

�

!7()

"¨eð*÷^7º�ø�ùQúa/w&

;%ð*'

!7()

i���£û'

��45;Ðü¸ %

;4%-./6&0

& e,f

HDIJ

%

2;K;<=LLM <;NO2KPQ;> =? ?=R;

&¸ç"ýþße´µ�

�ÿ!"õ

#$!'

##$�%!

#$,'

#&�'

0

#$5S16'

=��

?(�B)X'*�¸f' $å+.,-�.NO

iÛ"

;4%-./6&0

Òw

<:

&;%/ã01�2"¨e

TÒº�

<7

&;�y

!7

!&;'$åw

34%-./(&0

TJG&99*

% 3 � "4 ã P § ã /

3"#)%&%'()*+,

8(9%&7)(0 0HG001U1!,98

'Ö×x'&;Ø¤«"

w5Û

!%()

'��'¶£3�#P§6X7789

=P§:�'Å�";Éª�

!%()

'´û¸"è.

i�<B01ë�ÄnÜ=ª

!%()

'�^"%

!%

()

'ªø��=>�?'

*+*

)*

*+*+*

4:;<= Ã@ü¸

=4)%"7 TE!!

7

!4%-./(&0 TJG&99*

éAt/P§6X'æ½7�

�¸ç" �B+ìt'��¸ç7àáéABP

1

7P

&

'

*+*+,

>?@ABCD ²�ÚKC«#

:+ TBI

4P2=?;

( DEFGHIJKLMN)

)=?.%@RV TBI

@OLMW;<=?;

#

TBI W=<X;<

( OPQRS�*MN )

-<PW; J.=<

ªTU«#

YZ :=[ TBI

Vx«(

:=(=D=

D²MN)àá=WòqX(

I\]HYB

MN)YZZ

òqX#

TBI

¡�òqX (

^GYHI

MN )

1:

¥¦

õ([\]^_MN)

1:

&;([\`abMN)�

cd(ef�cghD²MN)

>S

i~jk([\�

´�*´ûD²MN)lÐ#¤m#nÐo(EAp

,[\��òqMN)qrsbt([\g}Aµ

D²MN)nÐuÃv'(DE

JP2W=

MN'

-0D

wxy(z{|}KLD²MN)~��

�é�y

_:`!!S`+``

( [\�KF�*D²MN)

��Än�( [\|�5µD²MN)

* 4

i��

� ( [\���*KLD²MN ) �����

65E*

(DE

:<=K?2;KOWPN _B0

)ªø�E��y(D

Ee��MN'

*+*+-

EFG

1

&f9Än�%�é

234

&(

<S

¥¦õ

6`

"�c

d

&`

"lÐ#¤m

1

"nÐo

`U*

"i~jk

`U1

)

@E

!U!!,U`

'

))))

)

****

*

++++

+

,,,,

,

----

-

&&&&

&

'(



!"#"$!%& $!'(%)"

*($+ ,-.

!

./ 01

"

"22343.5/ 6789-4/385 82 :;<./8=7-4/8>. ?@ !"#$%&%'()*+,

%-./(&0 12( AB.7.CD7.>>385 82 =7-4/8>. E.F@978G.50>.

HAI!+$) A= =AAE #%("+%" $+E J(A'"%&+A)AKL M81N OP (>>-. Q RSRO

!

!

"#$%&'(

"#$%& ! '()#*+, -,&. *+ (/*, ,(-.0

!" #$ %&

!"#$%& !"#! '()*+, -./01234

!"#$%& "$%&%'()*+&%, 56789:;< =>?@ABC

'%(#$)$*+#,-. /+0$)&#(1

-./--%0%12&3

D/E

FGHIJ/K<L

MNOPFQ

'"$234+)1 !4/+&&, -56

)

RD/E =>?@ABC

'"$234+)1 !% '"$234+)1 !4/+&&, S0<" =>?@ABC

'"$234+)1 78--2+%" -56

)

RD/E =>?@ABC

'"$234+)1 !4/+&&,

9::)%/-4;#

'"$234+)1 !4/+&&, F8TUV)* 9::)%/-4R-56

)

W.<

)

7XY

=8;% '"$234+)1 !% F8TZ[)\ 9::)%/-4;,(567548R-56

)

W.<

)

7XY

=8;+ '"$234+)1 !4/+&&, F8TZ[)\ 9::)%/-4;,(597548R-56

)

W.<

)

7XY

=8;, '"$234+)1 78--2+%" F8TZ[)\ 9::)%/-4;,(597548R-56

)

W.<

)

7XY

=8;> '"$234+)1 !4/+&&, F8TZ[)\ 9::);%&7,(597548R-56

)

W.<

)

7XY

=8;1 '"$234+)1 !4/+&&, F8TZ[)\ 9::);,1;,(597548R-56

)

W.<

)

7XY

=8;2 '"$234+)1 !4/+&&, F8TZ[)\ 9::);,1%&;,(597548R-56

)

W.<

)

7XY

=8;? '"$234+)1 !4/+&&, F8TZ[)\ 9::);):4;,(597548R-56

)

W.<

)

7XY

=8;@ '"$234+)1 !4/+&&, F8TZ[)\ 9::);),1;,(597548R-56

)

W.<

)

7XY

=8;3 '"$234+)1 !4/+&&, F8TZ[)\ 9::);),%;,(597548R-56

)

W.<

)

7XY

=8;%& '"$234+)1 !4/+&&, F8TZ[)\ 9::);,1%&;:80;<=>7548R-56

)

W.<

)

7XY

!

1

"#$%&)*+,

"#$%& 1 2%#,3*., -,&. *+ (/*, ,(-.0

)\ ]$ ^&

9::)%/-4;1 .<

)

W_`a)\ =>?@ABC

9::);%& .<

)

W9::)%/-4;1 b/)\ =>?@ABC

9::);,1 .<

)

W9::)%/-4;1 b/)\ =>?@ABC

9::);,1%& .<

)

W9::)%-4;1 b/)\ =>?@ABC

9::);):4 .<

)

W9::)%-4;1 b/)\ =>?@ABC

9::);),1 .<

)

W9::)%/-4;1 b/)\ =>?@ABC

9::);),% .<

)

W9::)%/-4;1 b/)\ =>?@ABC

9::)%/-4;,(59 .<

)

Wc ,(59 def 7XY

9::);,1%&;:?0;<=> .<

)

Wc :?0;<=> def 7XY

9::)%/-4;,(597548 .<

)

Wc ,(59 defg 548 hi 7XY

9::);%&;,(597548 .<

)

Wc ,(59 defg 548 hi 7XY

9::);,17,(597548 .<

)

Wc ,(59 defg 548 hi 7XY

9::);,1%&;:?0;<=>7548 .<

)

Wc :?0;<=> defg 548 hi 7XY

9::);,1%&7,(597548 .<

)

Wc ,(59 defg 548 hi 7XY

9::);):4;,(597548 .<

)

Wc ,(59 defg 548 hi 7XY

9::);),17,(597548 .<

)

Wc ,(59 defg 548 hi 7XY

9::);),%;,(597548 .<

)

Wc ,(59 defg 548 hi 7XY

QS



!"#$

! "!#" $%&'()*+,-./01(2345678

!"

9'(

!"!#

%&

#$

'&

%

(

!"#$%&'()

#

!!"#$%"&'

$%&

!#()*+,-.

!'

/0$"12

()

$34567

*

$849

)+,

$:;<

=

)+*

%

-. /+)

&

!"#

)*+,

!"#"!

:;<=>?@ >?@

"#$%&'()*

ABC

DE/0F6G"

01.

!$HIJKL

0234 +(,. 5'

0%0234'-.$2 5 '2

M

"#/(0$)1.2* 46744*8*!/9:

%N&AOPQRS.%N

3'4

"

, ;*< =-

!$HIJ

K L

>?@A '5(. 5 '0%>?@A '67( 5 '2

M

"#$%&'()*

1B7()),

%N&AOPQRTUV.

823+

%N&*

W

-AA2*74B'!

XTUV

823+

.YZ[\4]^

G

67( 5

X

5(. 5

_`a$bcdefgh

>< 1CD

ijGijklm*W

-AA2*74B'823+

& *W

-AA2*74B'823+

X

3'4

YZ[\4]^G

+(,. 5

X

-.$2 5

_`anbcdef$oI

>< 1CD

ij

Gij$ lmpqr&*W

-AA2*74B'823+93'4

&

r&*W

-AA2'*)9823+93'4

'

-AA2',!9823+93'4

'

-AA2 ',!*) 9823+ 93'4

'

-AA2 '2AB 9823+ 93'4

'

-AA2 '2,! 9823+ 93'4

'

-AA2 '2,* 9823+ 93'4

X

-AA2',!*)9:;0<=>?93'4

"HIJKL

$.-)*/:'

5(. 5'0%$.-)*/:'67( 5'2

M

"#$%&'()* 1B7()),

%N&AOPQRTUV

:;0<=>?

.%N!stI

>< 1CD

ijGij.uvwxlm$yD

,

&

-

$

.!"/012

%&'() $ *+,-)+. /.)0 ,1 23,. .2/04

!"#"#

:;4>?@A%&

*

!z{|}r&}~.lm ���r&*

W��

-#.$@1 1.!!

���A$ �����aV�

�}�

E42

��$��z�����.�>�`�

aV$��`�aV��OP#$n������

K�� ¡¢£��

BFG$HI

¤¥$¤¥��¦r&

z{|}lm§¨&

(

!©aª«04|}r&}~.lm ¬p

� ��r&*W.

-#.$@1 1.!!

}~f$ gh

®¯°±�av

JK:L

�r&*W�²©aª«04|

}³´A$ �����aV��}�

E42

��$�

�z�����.�>�`�aV$��`�aV

��OP#$n������K�� ¡¢£�

�

BFG$HI

¤¥$¤¥��¦r&©aª«04|}

lm§¨& µ¶uv·¸¹$º»wxlm

M>'K

'

M>'(

'

M>',

'

M>'<

'

M>'!

'

M>'/

'

M>';

'

M>'N

'

M>':

X

M>'K)

¼½¹}~&

!"#"$

BCDE

K

!¾V¿a M

'<) !

ÀÁ�ÂÃÄÅÆÇ$

Ij¾ÈÉ�}Ê@ËÌ#$%�Í_$

,) !

ÎÏ

#$

#< O

% �f��Ð}�j²ÊÌ¾V#$%

A$ÏÑ

,) !

'

#)) I%PQG

.ÒÓÔÕA#$}Ì�

LÖ×"

KN"#) O

!&

#

!ÔØ#$ �¿a.¾VÊÙÌÚ'Ö

KR

�j�ÊÌÛ"#$%A"ÜÊÌÚ'Ö

()R

!$@

,) !

'

()) I%PQG

.ÒÓÔÕA#$

K/"KN O

&

,

!Û"Ý#$ �¾VÊÙÌÚ'Ö

K)R

.

�j�ÞÛ"#$%.

, &

Û"ÝA$ @_ßUà

áHÛ"ÝA

-.

âã@

/+)

$äågæ+Xäåç

è�é'ê>

N &%PQG

X

()) I%PQG

$ Û"h¹Ag

háëçèXgæHì©áë@

()R

k�&

!"#"5

FG

!9

'(<HIJKLM>NO @

K &

íîØAï²

()) P& !'

/0!"#$% "()*

+,-.

!'

/0'"12

() $%&

'34567

K $%&

'

849

)+, $%&

':ð<=

)+K $%&

$

-. /+)

!$ÏÑ

,) !

ÒÓÔÕAÑ

()) I%PQG

#$$

-.

áë@

/+)

&

)ñ�ò¤�K+$ nI

.E&4

ó¤

!'

/0X

!'

S0

*+,-&

!"#"6

PQRST/UV �©aª«04|}

}~#$�ôÖf×$

N ))) I%PQG

õö

() PQG

$e

÷}Ì$ øfI�ùúûüý

(

xk¬pÎþ³

´& @

,) !

'

()) I%PQG

.ÔØA$

K) P&

ÿ!Ì"

&§>##K

!'

/0

K!) PPTU%&

$Îþ³´*+,

-

() $%&

$áë$aÌ"

-. /+)

$%&�ò&

!"#"7

WXYZ

K

!�K+.¤) �ò'()�()*Ö'I

+,'---.@/0

/)) GP

1¤

V1

2&

#

!

!'

/0X

!'S0

*+,-.¤) Û"Ê

!" !"#$%!#!,$&

0234'+(,. 5'0

4666D>44>4D66D6DD6644DD>6

6DDDD

0234'-.$2 5'2

66DD>>4DDD6D4>>D4444>6>>>4

D66

>?@A'5(. 5'0

D4>6D64>4446>>>D466>64>4>4

6DD

>?@A'67( 5'2 D>D>4>D6D44DDDD444464>4

$.-)K/:'5(. 5'0

D>D6D64>4>6DDD64664>66464

6>

$.-)K/:'67( 5'2

64D>4>D6D6466DD6646>>D>D4

44>6D

%&



!"#"$!%& $!'(%)"

*($+ ,-.

!

./ 01

"

"22343.5/ 6789-4/385 82 :;<./8=7-4/8>. ?@ !"#$%&%'()*+,

%-./(&0 12( AB.7.CD7.>>385 82 =7-4/8>. E.F@978G.50>.

HAI!+$) A= =AAE #%("+%" $+E J(A'"%&+A)AKL M81N OP (>>-. Q RSRO

!!!!

!

""""

"

####

#

$$$$

$

%%%%

%

RRRR

R

!"#

!" ### $%&'(

$%

!) &'(

&'()*!+

#*"" !&

,-./0.!1+

+,-.

23

!/

456

)/01

" 789:

2.3/.45363-78+9

!2;<:=

>?@2;<! ABC:

) &&:;%-

D

+

"

<4

=

E*!

AF:

#*97 &-%&'(

!9G:

))!

!H!F

!# !-

"

IJKL#

"

>

$%ML&

#

$6NOML&

$

>

$DPQ

RSTU&

!

$

?

&

9

$'

"

>

@

!

!

/!

#

!%

&

!

$

UV(

"

>

:WJKL!

A

/!

)

!

!

:XYZM[\F]

^!

B%-

)

!

#

:XY_`M[\F]^!

B%-

)

!

:XY

Vabcd\F]^!

&%-

)

%

:XYNe!

A

*

#@

!

!

/!

#

!

C

'

!!##D

&

"

$

UV(

#

:ML!

(

)

!

!

:XYZM[\F]^!

B%-

)

!

#

:XYf`M[\F]^!

B%-

)

!

C

:f`g[\

F]^!

B%-

)

'

:g[hJ:iFM[DJjPF

klmn!:

#*E7E

*

$

>

@

!

!

/!

#

%

&

9

$

UV(

$

>

:NOML!

B%

&

-

+

A

$)

!

!

:XYDZM[\

F]^!

B%-

)

!

#

:XYf`M[\F]^!

B%-

)

%

:

XYNe!

A

"

!"#

"&'()*

!"#$%&'()

+,-./0

/opDq5rstu

)*+,-./01

DvwxK

yz{|}~xM

)/01

D��" p�Dyz��

&�yz��,�Bn%yz��i$�t�mxK

yz����" ���u��������}!�

�

)2+,-./01 F"!+

6

)2+,-./01 G<H"##9

u��%

�� ¡¢£¤w�mD¥¦i§¨©uª«¬v"

��®¯°±²³D

)2+,-./01

���

3.4

´ z D µ ¶ ! · ¸

)2+,-./01 F"!+

%

)2+,-./01

G<H"##9

 ¡

)2+,-./01 I!

&¹º����»¼D

)2+,-./01 G<H"##9

�Y½HJ¾! ¥¿£Àx]

^DÁ�Â

J "# / "! K

$ " Ã

3.4

Äw¾

) 2 5/6+07891

.6H..!*!)F#E

¾� ¡ÅÆ

>LL5!H.</)

Ç�

\ÈD

)2+,-./01

�:�É" Ã»¼DÊË¾6�

É¾uÌÍVHÎabcdWJ

:/

q5XY!Ï

À

)/01

D�Ð¥¦!oqTÑ

!

&

M

$"

3.4

Äw¾�

)25/6+07891 .6H..!*!)F#E

¥ÒWJq5�Ó

)/

01

!Ô{WJKLÕÖ!:&

#*#""#*#"

$

A

/!

" ×hØ

��D�É¾

)2+,-./01 G<H"##9%>LL5!H.<

²¥

WJq5�Ó

)/01

!Ù�Æ¤w´z±

3.4

DÊÚ

¾�Û´}ÜÀxDWJKL! «ÝxÞ�É¾

�" ~V!

NO/!

6

NO/"

DWJKLCß! Rà:

&

#*"7"#*#F

$

A

/!

6 &

#*"7"#*#)

$

A

/!

! xÞ

NO/9

D

&

#*"="#*#9

$

A

/!

" áâãäåN

)2+,-./01 G<H"##9

D�[FxÞ

)2+,-./01I!

! mæçè

)2+,-./01

G<H"##9

�:´z��"

´z\È��mD´zKLÆé��µ¶"

>LL5!H.</)

{êëì+u

)2+,-./01

VD´z�

�!Ô~íîïÀÖ" uð�D��V!���u�

��ñ0ò½óô¼ã±

F

ëíîï�xD

>LL5!H.</)

õ�\È

J""K

&Ràö÷:

>LL5/!#

%

>LL5 /9)

%

>LL5 /9)!#

%

>LL5 /5L<

%

>LL5 /59)

%

>LL5/59!

$":±»¼

)/01

xÐ¾!Ãø

F

ëùú

\ÈRà+Þ

)2+,-./01 G<H"##9

V´z

3.4

�

m! ¼ã±

F

ë��ÊÚ¾! Rà:

NO/=

%

NO/)

%

NO/F

%

NO/8

%

NO/7

6

NO/E

"  

>LL5!H.</)

ûü

DÊÚ¾

NO/"

�:�É! uÌÍVHÎabcý

WJXY! �¼ãD

8

ë

1G+

0´zD

)2+,-./01

ÊÚ¾pÓ

)/01

D¥¦HÎ¯°! oqTÑ

!

&

P

$" uC³DXYNeþ!�ÆDÊÚ¾ÿ! Ã

!)# &&:;%-

D

:;

q5hJ"#! Ù1+ùú\È

ûüD��¾D

!<

q5hJ$LÛÏ�É¾

NO/

"

Æ²³Ú^�x! ~VÊÚ¾

NO/F

DWJKL

:&

#*=)"#*#"

$

A

/!

!Ï�É¾�x±%

)8D

" mæç

è

>LL5/9)!#

�:

3.4

D&�´z��"

� B n

%93=

6

&>6?@AB

' ( | { )   u

)2+,-./01

VxK´zÁë³w6vw�mD*�

Bn

J"9K

" u+,&-´z��

>LL5/9)!#

D�.

(!1+

&>6?@AB

�Bnûü±´z

3.4

DÊÚ¾

NO/!#

" ~abcdhJq5�Ð

)/01

DWJK

LxÞÊÚ¾

NO/F

!TÑ

!

&

Q

$"

/(!ñ0´z��%´z��6�BnD0

ç!Ó1ûü±+Þ

)/01

�ÐDÊÚ¾!ç'WJ

KL&xD

NO/!#

! �~�2�Ð

)/01

D¥¦H

Î��"

!"! *$

"&12345

%&$#'

6789:;<,

=>

u 3J45567¾:�Ð¾�2hJ�

Ð

)/01

N!

!/

q58{¾���D9ê:w;{

hJ�Ð

)/01

Dg[! Ê<J=>?�Ð

)/01

QR



!"#$

! "!#" $%&'()*+,-./01(2345678

!"

9'(

!"!#

%&

#$

'&

%

(

!"#$%&'()

!"#$%&'()*

!"

+,! -./&'()

01!23456789:;<=>?"@ABC

D./>?

#$%&$'(

!1@AE4FGH:I*JKL

MI!NOPQ:/RDSTUV

#$)&$*(

# WXYZ9

[\]^_`a*

!"

+,bc&R()! def

gh_ijX9k\]^_lm

!"

+,&R()

$

%+

%

'+

"

*+

"

,++

"

,-+

"

,!+ ./0

&n

12&,+

*:Io9

[p

!&34

*PQ!q+rs

%

#

t\]u_lm

!&

+,&R()f

%+5,++ .60

v! GH:/Rwx

!7

+,&R()*y1Oy

1#9[

'+ 8

z!{|}~&R()*

!"

+,�S

TW

!"34

!pV��

,++9

# tlm

!7

+,&R(

)y1�

:$; ./0

v!:/R��y1!��

!734

*pR�|�Ry�!pV�bc

:;; ./0

*

!7

+

,v����# N��y1

!7

+,bcR�

:!; ./0

v!GH:/R}�MT!��

!734

*pR|{y

1!-�

!734

pVN����!�W

'<='9

!�9

[�_��

!"

+,Ry1# ��q+��!y1\

]^_*

!7

+,&R()2�NGH*:I!-

�\]^_���#$ 1&R() $

,;; .60

¡

¢&*

!7

+,4nGH9kp

!734

*£¤p:}

¥PQ!�23�1&R()+,n

4>?

*£�p

:X>?# W¦!§¨©0ª«¬®T¯°±²

4>?

n

!7

+,*³´&R()!q+µ¶

-

#

)

! !"

*+,-./0123

#$"%&

456789:;

$'()* ! +,,*-. /, -/0-*0.1'.2/0 /, ! ",13-./4* /0 .5*

61/7.5 '08 ,*19*0.'.2/0 /, *0620**1*8 4.1'20

#$"%&

<

: !"

=+,-.>?12@

#$"%&

ABCD9:;

;26< : +,,*-. /, -/0-*0.1'.2/0 /, ! ",13-./4* /0 .5*

-'.')=.2- '-.2>2.= /, *0620**1*8 4.1'20 #$"%&

t

!7

+,&R()W

!;5-;; ./0

v!

-; ./0

*ª«¬�2¡¯·./*¸¹ST!��¸º

78{!*v»¼

-; 8

JI�

!* 8

#wx./&R

()¼

!; ./0

y1½

:!; ./0

!

!734

*:ºUV|

}~¾)y1!�y1¿)ÀÁÂÃ# ��y1

!7

+,&R()�

-;; ./0

! p/*:ºUV^Ä}

M# �N��y1

!7

+,&R()�

-!; ./0

v!

n+,ÅÆÇ*>?ÈÉÊW��!s·W78U

<

% "#$%&'()*

E2@F9

?"@;

4GHIJK

;26< % A/9B'124/0 /, ?"@; B1/83-.2>2.= (= 82,,*1*0.

*0620**1*8 "#$%&'()* 4.1'204

!"#$

%&/'./0(

)*

@>

';;

+, !7-.

#/%&/

'./00

!734#/

%&/'./00

12/9

%; :=-!;=- ; A'=<!;=< <A=A

'; -=;!;=% ; !'=-!A=' <%=)

*; -=%!;=: ; )!=*!%=' <!=)

:;; -=*!;=A ;=*!;=- <%=%!A=; <!=%

:-; A=:!;=A :*=-!-=; <'='!-=! *:=%

:!; A=:!;=- %-=!!-=) :;A=-!A=' '<='

%$



!"#"$!%& $!'(%)"

*($+ ,-.

!

./ 01

"

"22343.5/ 6789-4/385 82 :;<./8=7-4/8>. ?@ !"#$%&%'()*+,

%-./(&0 12( AB.7.CD7.>>385 82 =7-4/8>. E.F@978G.50>.

HAI!+$) A= =AAE #%("+%" $+E J(A'"%&+A)AKL M81N OP (>>-. Q RSRO

!"#! $%&'()*+,

!" #

!

!$

-./01

23&'!456&'!78

!%&'(

"

9:;<=-! >?@ABC

!$

-.6DE

FGHI

"$)*

! $JDEKLM6NOPQRS

TU6

!$

-.VWXY!;Z[\]6H^!_H

^`abc(BC

!$

-.! de&'fghVW

XY6

"$)*

"

!"#

!"#$%&'()*+,-

$%&'

./0

!"#"(

!"#$%&'()*+,- 9:

!$

-

.VWXYi

+,$-.

H+jk'lm6nopq!

rDEst`M6NO

!$

-.VWXYuv8

-.. /01

!_DEwM6

!$

-.rxyz(!{|}

BC

!$

-.#~�DEwM

!$

-.VWXY��

K

2.. /01

$!��

!$

-.B�VWXY{�8

-3"

/01

#�

2! #

($j

-". /01

#�

'2 #

($!�L\6D

EKL����

%

#

4

$%

JDEN�\]H^��!

2! #

(

56

7..

��

!&22

!�(DEwM

!$

-.6VWXY#,

-" /01

;"! BC

-3" /01

6

!$

-.�\]�e��H

^!J

'2 #

(H5W���h!

56

7..

8

--&7'

!�(

DEwM6

!$

-.VWXY#,

%3 /01

" ��!�

}�]�MBC

-". /01

-.! \]H^���v

�! H5W���C�\]H5W�"#6��"

�

!$

-.6 yj

"$)*

6H¡��¢£!DE6

¤¥PQ!

!$

-.6 y¦\]H^`§¨©!

-..

/01

6

!$

-.JDE

2! #

�`§yz!

"$)*

IW

8

!.&! /01

!(ªI!78

2&8 /0

&

1

'

#

$" ��!_\

]H^,¥vVWXY(!DE¤«(¬PQx

®¯8°±&'

!$

-.HI

"$)*

!²³DE´M

µ¶·ThVWXY6\]!

!$

-.&'Hg

"$

)*

6�!¸¹ºh!(ªI!{�8

-.&7 /0

&

1

)

#

$

j

3&3 /0

&

1

)

#

$" »¼¤«PQ!¤¬PQ6-.&

'½!�¾#U!x¿ÀÁB�ÂÃ6ÄÅ]µ

\]VWXY6ÆÇ" ÈÉ!J&

-..9-3"9-".

$

/01

{ÊB�DE�qM! �L\

+,$-.

ËJ

7" #

2

3 y

'2" /01

6

!$

-.!

56

7..

��

--&7'

!

"$)*

IW8

'.'&% /01

!(ªI!8

7&2 /0

&

1

)

#

$!I!8

87&2(

"

�&

-..9-3"9-".

$

/01

{ÊB�DE�qË;

£Ì!¤«}BC-.�!�L\/~�Th6-

.&'ÍÎ! ÏpJ�`Ð<�C¥}-.B�!

;ÑÒ

+,$-.

6

"$)*

HIÓÎ" DEst`M6

NO

!$

-.VWXY8

-.. /01

!

%

}BC6

!$

-

.VWXY{�8

-!.

(

-".

(

-7. /01

"DEKL��

%

&

:

$" J&

-..9-!.9-".9-7.

$

/01

{ÊB�DE�

qM! Ô¬PQ6°±H^(

!$

-. yj

"$)*

HgÕÖ¦&

-..9-3"9-".

$

/01

{ÊB�DEK×

ØÙ!DE�Ú�

'2 #

(H5W���h!

56

7..

8

--&"2

!Ô¬PQ6(ªI!{�8

2&8

(

-.&"

(

!&'

/0

&

1

)

#

$" ¤

%

}BC

-7. /01

6

!$

-.�!DE�

e,

-." #

(!DEwMÛÜÝ��

!$

-.!¨(

Ë;£Ì°±&'lm¹Þ#U!¤ßPQ6(ª

I!#,

'&. /0

&

1

)

#

$"àK&

-..9-!.9-".9-7.

$

/01

{ÊB�DE!

+,$-.

Ë23&'h�

7-2 /01

6

!$

-.!

"$)*

6IW8

"3% /01

! I!8

8'&7(

!(

ªI!8

"&" /0

&

1

)

#

$"

1

#

23#$+,

!%

456-

$%&'

.7)89

')*" # +,-.)/0 -. .01%23456 .0,708434)-8 -. !%.,954-:0 4-

$%&'

!"#"!

./01#$%&2()*+,- 8·

Ñá�¨B�FGi

+,$-.

HI

"$)*

6no!â

ãiä�åeBC

!$

-.6DEK×�Ú·æ

Ò!��

'

"

QO



!"#$

! "!#" $%&'()*+,-./01(2345678

!"

9'(

!"!#

%&

#$

'&

%

(

!"#$%&'()

))))

)

****

*

$$$$

$

+,$-!

[1]BURROUGHSLF!SPARKSAH.Sulphite-bindingpowerofwinesandciders.3.Determinationofcarbonylcompoundsina
wineandcalculationofitssulphite-bindingpower[J].!"#$%&' "( )*+ ,-.+%-+ "( /""0 &%0 12$.-#')#$+

!1973!24"2#$207-217.
[2]BLASIM!BARBEJC!DUBOURDIEUD!etal.Newmethodforreducingthebindingpowerofsweetwhitewines[J].!"#$%&'

"( 12$.-#')#$&' &%0 /""0 3*+4.5)$6

!2008!56%18&$8470-8474.
[3]HERWEGE!SCH!PPINGM!ROHRK!etal.Productionofthepotentialsweetener5-ketofructosefromfructoseinfed-batch

cultivationwith!"#$%&%'()*+, %-./(&0[J].7."$+5"#$-+ 8+-*%"'"26

!2018!259$164-172.
[4]SIEMENA!KOSCIOW K!SCHWEIGERP!etal.Productionof5-ketofructosefromfructoseorsucroseusinggenetically

modified!"#)%&%'()*+, %-./(&0strains[J].!199'.+0 :.-$";."'"26 &%0 <.")+-*%"'"26

!2018!102%4&$1699-1710.
[5]SCHIESSLJ!KOSCIOW K!GARSCHAGENLS!etal.Degradationofthelow-caloriesugarsubstitute5-ketofructoseby

differentbacteria[J].!199'.+0 :.-$";."'"26 &%0 <.")+-*%"'"26

!2021!105%6&$2441-2453.
[6]ASANON.Sugar-mimickingglycosidaseinhibitors$bioactivityandapplication[J].=+''#'&$ &%0 :"'+-#'&$ >.(+ ,-.+%-+5

!2009!
66%9&$1479-1492.

[7]SCHNEIDERK!DORSCHEIDS!WITTEK!etal.Controlledfeedingofhydrogenperoxideasoxygensourceimproves
productionof5-ketofructosefrom1-sorboseusingengineeredpyranose2-oxidasefrom2+&3%45%,( 636(&*+( [J].<.")+-*%"'"26
&%0 <."+%2.%++$.%2

!2012!109%11&$2941-2945.
[8]!"!#$%!&'(!).*+,-./0123456789[J].:;<67=>!2022!48%16&$56-64.

ZHANGJ!LIUMS!QINZJ!etal.Breedingandfermentationoptimizationofhightiterpyrrorole-quinolinequinonestrain[J].
/""0 &%0 /+$4+%)&)."% ?%0#5)$.+5

!2022!48%16&$56-64.%inChinese&
[9]TERADAO!SUZUKIS!KINOSHITAS.Oxidationoffructosebymembersof7)+*%'()*+,.partVII[J].!"#$%&' "( )*+

.

@

/01234

!A

5678

BAC/

9:;<=

/.2D @ E$"(.'+ "( -"%).%#"#5 (++0.%2 (+$4+%)&)."% "( !A

($#-)"5+ )" BAC/

?7@ABCDEF

8"

GHIJKLM

#$$

%&'

!NOPQRQJSTU

( '&)*+

' V=W1XY

Z[\XY]"^_

,$ -

&`aDbcEF!def

g"

.$$/.($/.!$/.0$

&

%1'

hijk?7lmno

pqrsFtuB`PvwM

.$23 %1

"

'

(

-

&! bc

84

GHBxwy^z{tuxw!|{}b~��

M

,, %1

"

'

)

-

#' ��bc

,! -

!?7�nc�B

8"

GH�~M

0!$ %1'

!1@XY�

5! -

`!XF~�

���!

67

0$$

M

.,208

' ����Bhij�?7!

Sxj�?7�U��B`���?7�n1@

~����BI~K�! ��z��B

84

GH�

9' ����

84

GHBbcx��� STB

!4

9:

X¡xw! V?7R¢�

(, -

`! ?7�nB

84

GH£¤¥tu!

!49:

�¦0~��

0$( %1'

!

0wM

;8<0=

!`P0wM

328. %1

%

'

)

-

#!��hi

jkB?7§¨!Sx��jcEFB?7xw©

ª!�©�B`P«w'

!"9:

¬M®�¯°B±²³´µ²¶·¸

¹º!»�¼½B?¾�¿'À�ÁÂB

!"9:

Ã¡

ÄÅBX«ÆwÇÅÈ�=>9X«ByÉ' ¬Ê

}ËÌ

9:;(4%&3)#0 >?@>>.2.!0$;

BGHÍÎÏ

U

9:%-./(&0

nÐÑÒÈ!��89ÒÈÓÔ*ÒÈ

Õ@�5Ö×Ø! ÙÚÛ2�Æ�9

8<

GHX

v

!49:

B=W1

AB4.$

'��B

84

GHI~KL

Ü[ÝÞXßà

!49:

�9áâvXãä! M{U

?7ån[

8<

GHBæk?7çèR¢éêë!

ìGÒí��bc

8<

GH��hiæc�ÙÚ©

�BXFJàX«Æw' îï��æc

84

GHB

§¨!=ð1�U

(, -

�¤¥�9

0!$ %1'

B

84

G

H!X¡��

0$( %1'

B

!49:

!«w��

;8<0=

!`

P«wM

3<8. %1

%

'

)

-

#'ñêëÚ�B

!49:

vJM

V�òóÁôB��õö! M

!49:

B�ÆXFÃ

÷øùé¯°1®'

%&



!"#"$!%& $!'(%)"

*($+ ,-.

!

./ 01

"

"22343.5/ 6789-4/385 82 :;<./8=7-4/8>. ?@ !"#$%&%'()*+,

%-./(&0 12( AB.7.CD7.>>385 82 =7-4/8>. E.F@978G.50>.

HAI!+$) A= =AAE #%("+%" $+E J(A'"%&+A)AKL M81N OP (>>-. Q RSRO

!"#$%&'(&#)' *+,-$%.' /0%$,(1 02 3.4.5

!1962!36"3#$217-221.
[10]NGUYENTM!GOTOM!NODAS!etal.The5-ketofructosereductaseof!"#$%&%'()*+,sp.strainCHM43isanovelclassinthe

shikimatedehydrogenasefamily[J].30&#5.' 02 6.%(,#$0'0"1!2021!203%19&$e0055820.
[11]KAWAIS!GODA-TSUTSUMIM!YAKUSHIT!etal.Heterologousoverexpressionandcharacterizationofaflavoprotein-

cytochromeccomplexfructosedehydrogenaseof-"#)%&%'()*+, .(/%&0)#1 NBRC3260[J].744'$,8 .58 95:$#05-,5(.'

;$%#0<$0'0"1

!2013!79%5&$1654-1660.
[12]ANOY!HOURSRA!AKAKABEY!etal.Membrane-boundglyceroldehydrogenasecatalyzesoxidationof2-pentonatesto

4-keto-2-pentonates!2-fructoseto5-keto-2-fructose!and2-psicoseto5-keto-2-psicose[J].6$0=%$,5%,!6$0(,%+50'0"1!.58
6$0%+,-$=(#1

!2017!81%2&$411-418.
[13]HOFFMANNJJ!H!VELSM!KOSCIOWK!etal.Synthesisofthealternativesweetener5-ketofructosefromsucrosebyfructose

dehydrogenaseandinvertaseproducing-"#)%&%'()*+,strains[J].30&#5.' 02 6$0(,%+50'0"1!2020!307$164-174.
[14]ADACHIO!NGUYENTM!HOURSRA!etal.5-Keto-2-fructoseproductionfromsugaralcoholbyisolatedwildstrain

-"#)%&%'()*+, 3,(*+#,00CHM43[J].6$0=%$,5%,!6$0(,%+50'0"1!.58 6$0%+,-$=(#1

!2020!84%8&$1745-1747.
[15]KEX!YUPH!HUZC!etal.SynergisticimprovementofPQQ-dependent2-sorbitoldehydrogenaseactivityfrom-"#)%&%'()*+,

%4567&1 forthebiosynthesisofmiglitolprecursor6-%N-hydroxyethyl&-amino-6-deoxy-!-8-sorbofuranose[J].30&#5.' 02 6$0(,>
%+50'0"1

!2019!300$55-62.
[16]LIM H!WU J!LIU X!etal.Enhancedproductionofdihydroxyacetonefrom glycerolbyoverexpressionofglycerol

dehydrogenaseinanalcoholdehydrogenase-deficientmutantof!"#)%&%'()*+, %456(&1[J].6$0#,=0&#%, ?,%+50'0"1

!2010!101
%21&$8294-8299.

[17]!"!#$%!&'".()*+,-./0 2-12 -2-*+,-345678)[J].9:;45<=!2019!45%11&$40-45.
CAIW!ZENGWZ!ZHOUJW.Optimizedfermentationprocessof!"#)%&%'()*+, %456(&1producing2-keto-2-gluconicacid[J].
@008 .58 @,#-,5(.($05 A58&=(#$,=

!2019!45%11&$40-45.%inChinese&
[18]>?@!ABC!DE!F.GHI12JK-/ 2-12 -9-JK-LCMNO()*+,-P/QRSLTU;V)[J].

9:;IWXYZ[!2016!35%6&$611-616.
CHENJM!DUGC!CHENJ!etal.Integrationandenhancementof2-keto-9-gulonicacidsynthesispathwayingluconobactero
xydansfrom:+*%;#"%&0)0;+&0#< =#";(,+[J].30&#5.' 02 @008 /%$,5%, .58 6$0(,%+50'0"1

!2016!35%6&$611-616.%inChinese&
[19]CAMPBELLLK!BAKERDE!CAMPBELLRK.Miglitol$assessmentofitsroleinthetreatmentofpatientswithdiabetes

mellitus[J].?+, !55.'= 02 B+.#-.%0(+,#.41

!2000!34%11&$1291-1301.
[20]ZENGW Z!SHANXY!LIUL!etal.Efficient1!3-dihydroxyacetonebiosynthesisin-"#)%&%'()*+, %456(&1 usingmetabolic

engineeringandafed-batchstrategy[J].6$0#,=0&#%,= .58 6$04#0%,==$5"

!2022!9%1&$1-11.
[21]\]^!_B`!aE!F.()*+,-P/ WSH-003Q

2-bcdefghi2jRTUkl[J].9:;IWXYZ[!

2016!35%6&$623-628.
HUYD!DUGC!CHENJ!etal.Analysisof2-sorbitoldehydrogenasegenein-"#)%&%'()*+, %456(&1 WSH-003[J].!30&#5.' 02
@008 /%$,5%, .58 6$0(,%+50'0"1

!2016!35%6&$623-628.%inChinese&
[22]SHIYY!LIKF!LINJP!etal.Engineeredexpressionvectorssignificantlyenhancedtheproductionof2-keto-2-gluconicacidby

-"#)%&%'()*+, %406(&1[J].30&#5.' 02 !"#$%&'(&#.' .58 @008 *+,-$=(#1

!2015!63%22&$5492-5498.
[23]SHILL!LIKF!ZHANGH!etal.Identificationofanovelpromoter;>/?@AB forgeneexpressionin-"#)%&%'7)*+, %4567&1[J].

30&#5.' 02 6$0(,%+50'0"1

!2014!175$69-74.
[24]JEUDEM!DITTRICH B!NIEDERSCHULTEH!etal.Fed-batchmodeinshakeflasksbyslow-releasetechnique[J].

6$0(,%+50'0"1 .58 6$0,5"$5,,#$5"

!2006!95%3&$433-445.
[25]ST"CKMANNC!MAIERU!ANDERLEIT!etal.Theoxygentransferrateaskeyparameterforthecharacterizationof

>7&1+&#"7 /%"5<%,/C7screeningcultures[J].!30&#5.' 02 A58&=(#$.' ;$%#0<$0'0"1 C D$0(,%+50'0"1

!2003!30%10&$613-622.
[26]THATIPAMALAR!ROHANIS!HILLGA.Effectsofhighproductandsubstrateinhibitionsonthekineticsandbiomassand

productyieldsduringethanolbatchfermentation[J].D$0(,%+50'0"1 .58 D$0,5"$5,,#$5"

!1992!40%2&$289-297.
[27]LUCHTERHANDB!FISCH#DERT!GRIMMAR!etal.Quantifyingthesensitivityof-D%456(&1 ATCC621HandDSM3504

toosmoticstresstriggeredbysolublebuffers[J].30&#5.' 02 A58&=(#$.' ;$%#0<$0'0"1 C D$0(,%+50'0"1

!2015!42%4&$585-600.
[28]RICHHARDTJ!BRINGERS!BOTTM.RoleofthepentosephosphatepathwayandtheEntner-Doudoroffpathwayinglucose

metabolismof-"#)%&%'()*+, %456(&1 621H[J].744'$,8 ;$%#0<$0'0"1 .58 D$0(,%+50'0"1

!2013!97%10&$4315-4323.
!!"#$"%&'#

QQ


