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Recent advances in Saccharomyces cerevisiae cell surface display technology for
agricultural and forestry waste biorefineries

Abstract: With the increasing demand for fossil fuels and growing environmental concerns, biomass has emerged as the most
attractive alternative among fuel sources and sustainable energy sources on the planet. Biomass such as cellulose from agricultural and
forestry residues or industrial wastes is recognized as an ideal sustainable source of sugar for the production of biofuels and biochemical.
Agricultural and forestry wastes are produced in large quantities worldwide, causing some waste of resources and environmental
problems. From the perspective of circular economy, the central task is to refine agricultural and forestry wastes to produce valuable
energy and chemicals. Microbial conversion is safe, environmentally friendly compared to chemical conversion methods, can produce
target proteins quickly and efficiently, and can also result in higher yields, lower costs, and less waste. Microbial cell surface display
technology is anovel and cost-effective technology that provides a powerful platform for engineering proteins/peptides with enhanced
properties. Compared to the classical intracellular and extracellular expression (secretion) systems, this technology avoids enzyme
purification, substrate transport processes, and is an effective solution to enzyme instability. Saccharomyces cerevisiae is well suited to
cell surface display as a common cell factory for the production of various fuels and chemicals, with the advantages of large cell size,

being a Generally Regarded As Safe (GRAS) organism, and post-translational processing of secreted proteins. Various enzymes such
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as cellulase, hemicellulase, lipase, amylase, cyclodextrin dextran converting enzyme, and amylase have been successfully expressed
on the surface of yeast cells and are biologically active. The successfully constructed engineered strains not only effectively degrade
lignocellulose- and starch-rich agricultural and forestry wastes, but also lay the foundation for the simultaneous saccharification
fermentation (SSF)/consolidation bioprocessing (CBP) process. Cell surface display technology can be used to produce biofuels and a
variety of chemicals from inexpensive sources of biomass rich in sugars, triglycerides and waste proteins. In addition, it is widely used
in biosorbents and oral vaccines. Combining metabolic engineering and synthetic biology approaches, engineered yeast cells with
desired functions can be constructed. In this review, we first describe various strategies for constructing modified S. cerevisiae using
cell surface display technology, including direct cell surface display and scaffold-mediated cell surface display strategies. Meanwhile,
this paper focuses on the application of S. cerevisiae cell surface display technology for agricultural and forestry waste biofinerie. The
improvement of cell surface display efficiency depends on the effective expression and secretion of target proteins as well as the activity
of the displayed target proteins. This paper summarises the strategies to improve the efficiency of cell surface display in S. cerevisiae,
including the selection of anchoring domains and localization effects, the enhancement of protein secretion and expression, and the
optimization of cell surface space utilization. Finally, the difficulties faced by the cell surface display technology are discussed and the
future development prospects are envisaged.

Key words: Saccharomyces cerevisiae; cell surface display; agricultural and forestry waste; biorefineries.
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WA= R 8 SR AR BT (B ) L 25 1) 7 s AR D oAt A F B0 il B E B R PR FEE A R ) Ak v
ARAFIGAE 7 i 17 H (Kosugi et al., 2009) . AT, JRY AR 0 E Z Bk AR o = — MR B ACGFI . KRR
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R, DiemEa/kS#E EEEREBE, £ TR 5T PEMRR TR ERE, S590N KA
A UWAHEL, AR IR EOR BA MR IR . DS IR E pH 2600, iR i eos & A b
Ui B8 B 1 S R AR M AERR LD REANRRE o 2) i1 5 7R 40 i 3% 1 1) 2 1 5 A) DA I O D S0 (Bl R A AR
AP BRI TR R b 2 A B A S S R R . 3) 2 MM M AR T L R R GRS AR R R YME B R, R
[ S50 ) il s ] A ik A B (R B 2582, g AL RO o SR T R R DI R B I LAE EE BE ] DIEH T A
REREANANL IR IRV (LT 4E R . FEFLER), LU ™ A ) S (o 0 W) T DA 200 i E 0] oK
AR B S (A CFF) . X FBEA B TR KR . BB R B LS G AR — R SR A A B AR
PRI R REA VFZ AR NA, AR R SRR YRR H IR 45
(Teymennet-Ram ¥ez et al., 2022) .

IR 7R R G ORI T 2 M E P an i . Jorb, B RRA M 2 55l A 40 B R 1 /s 1 1E E 2
Mz —, AMIRIROR, 4HMOBEIRAE, AN RRIE I IR E AL B AT RS I L (AR . B
£&)(Liu et al., 2016a). FERFEEHY, 2R I /s fie i 2 AE R I B rp R SR 1Y), JRIUAS T R E IR .
W5, ) BRI R A P Bt 4 B T S A I SR R RGN T A R, 4 B R R
(Dong et al., 2020) F1 i AR [ B (An et al., 2016) . ERIFGEZ BF G TR RN, BT LA &5 Tl )iz
H, WEBIN IR 24 (Cha et al., 2022) . ASSCE A 4E 1 M BRI B BEE D94 i 2 1 2 7o S HiE 72
BERE, AT S A M 2 T s ) SR, T L SE VR M 1 R T R R IR B AR AR AR R S AR
YIRRbI 5T IR, R0 AR B LA B PR ARAR T LA
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1 FRERE IR R R RS

1 b 2 T e 7 A T 0 7 4 o % T Jee 7 T B 11/ 22 JDROR IR 7 R TS 1 BR A0 i D R A 1 TR . X4
EEAEMITIR EE T A R B R RS . BB R (4 2 E 2 i B A, 5L T Bt L
TRFFAREESRE, AR EEMHREAAN, HEEASNELNER, REEATEEAEHREEAE
b, DA ¥R E 4 M SR THPE R (Ye et al, 2021). (E4HMERTH A&, ASE 1T DU T A — 40 R 1,
HAER M A] DR BT EAER . %R 7R Y R B B alifl, (Rt T A i fe
IR M E S .

1.1 EEMpER RBR

EAIMER T e, 3 HAREE O 55 € R T FIRE G S NG, A RIAMEED. 55
RG] FRLE A A i, Rl S AP A ] SRR B S A S5, ¥ B bR A [ E AR
BESH M 1 (Kondo & Ueda, 2004). R4 E ARL & 77 AR, 40 B T 7 R 4000 55 kB AR e L
BEAHE R 4G1(Xing et al., 2022). FS/FL(Flolp [J#kfH JE :\(Matsumoto et al., 2002) ##iE RGN Pir & H#iE
Z% (B 1). Cwplp. Cwp2p. Tiplp. Flolp. Sedlp. YCR89w #1 Tirl 5 GPI 4k (it C i GPI 445
S YIMIEER) B-1, 6-HIRMEER:, HIHEFE Y BlS1E N din(Vaart etal., 1997). HH1, H Agal Hl Aga2
MR a-HEE B Agal 1) C 4 GPI-H 45 SAEE LN A, SRR S Aga2 1 C 4l N il
4, Aga2 5 Agal @i EIBIEE:. YmhY Flolp REEDIREINY FL/FS 2K 47T Flolp B9 N Iifffiz, wIiE
A AEIL 1 FORG B T da e b i H EE S, HAn A —MRAEIL C sl e 28 C s b A s A S
5 GPI i & AR & 5 BAaMHEY:, {6/ FL/ FS Bn R4 IR X FHIHIER .. o, Pir EEAE
INRGIEHT C ey N uifh A Fd NS o % A5 00 R e AN A 2 A T, e T BUE
N vy 5525 415 40 BB 1) -1, 3-8 &M B E, M rT LARIA C i > e 2R R Al Tk — i 5 P 5 3
I P BE 1) RF 8 7 b (Yang et al., 2019).
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Figure 1. Cell surface display systems in S. cerevisia. (A) a-agglutinin-based display system; (An et al.) a-agglutinin-
based display system; (B)  Pir-based display system; (C) Flolp-based display system; (D) Membrane display
system.

1.2 RN SHERER BR

TR Y AR T A7 AE T PR 1 (Felix & Ljungdahl, 1993). iZE &M E A HiE S,
HE A YL G A AR T B, D T SR R A M R T R T — T 0 SR . X A
F o F GO i R B B0 B RSO R0 B - I - A IR 2 B D IR RN, o R AR £ 4 22 1R 1 52 1 2H i N 3
B A MK o T ROV IR s A TR dE . MR EZEEREN, HARREAE, BIKT
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HAHZE %, Rk, BN ROERE 7 AN R BRI R I — X N 4 4k 3R 45 5 48(CBD) AL N T30 48, 9F
TR BR2H i B v g 15 4 8 B VR € o, W SO R AE I BEAH R R 1f (Fierobe et al., 2005; Mingardon
et al., 2007; Wieczorek & Martin, 2010). S5AHR XA (dockerin) G B HE S 1 AT DAIE Gob R e A

(cohensin) 5 X HAREL A EAEH 5302045 6 (] 2)o 414k 2R R 43 7] DATE [R]— 4B N 7= A 2 55 78 4
MOEETH, AT DL AN [F AR ™= A, ARG 3L BRI R SR R i 4 e . lan, R Wos
XHEAMAR T D ERS S A AE R R HARREEE, TR T OEATRIAERE S
Y)(Tsai et al., 2009).
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Figure 2. Schematic illustrations of direct and indirect cell-surface display strategies in S. cerevisiae.

2 R MR RN R R

21 it 2 TR 78R P B v B T B R (9 R AR IR RN 3 DA K T R R OB R e . Ak, AMTTiE
PR AIE R R R IA B W R RIAER & INERE AR E AR S okt R E
JREF=HERE M. SR, 75555 ) Sl i kAL .

21 EER EERMEMMR

BE(EAN R B R S e MAA REE 1) D82 IB i 5t i e | A oRIEm gl %k
[l it 7~ 2% (Phienluphon et al., 2019). 8T E A FRIFESE T 37 F GP1 44t A, 5 yEGFP il
G, B BSOS AT PR, R — R UMAETE IR RO R A S B AR RS, DS IS
Yo 5, KIKB IR &R 6_KI BA T @i s CP L SEE FE R % . Yang %5(Yang et
al., 2019)iT LB LA R IR R I JE R BCR RIS, R a-BEEEREER R, DL o2 FURETFEE N LR,
HES Agalp B er, PR T R R R R R . 2R S5 LS80 a-keds 2R Hofh SRk 14 e = A
Ay BRI PELLIE B, Agalp. Dandp Ml Sedlp RA K EMERICE, RIRAG A& EHE AR R
THI [ 52 (4 78 R Gt i B 1 45 AL 1) S R B T S /s B 1 19 401 (R AR A8 Ak o 66 g i v 31 5
20T T R S MR BT R P 4 2 T R R 7R 2% . Inokuma £ A\ (Inokuma et al., 2020)5 4 2 45 K938 (Sed 1p Al
Saglp) 5 iR ARG, FFERRINEEBE bRk . PG G o BRI, 3 1143 ey B 400 L 2 T )
SENEFANIE, sedlp %7€ S5 H3 E B 00 T 4HREESN R T, saglp % i€ 45 W3 B e A T 20 B BE P o Sl I
P4 e A B, AT DA R R P 4 A RE A R], A A R T R R AE AN A BRI

FR1TRE EEAR ERELER

Tab. 1 Comparison of anchoring efficiencies of different anchor proteins
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EgsRIR HEEHR EERTEE BT figoE Sk
Enzyme origin Anchor protein Yeast host Promoter Activity References
B-glucosidase (BGL1) from Aspergillus SAG1 S. cerevisiae SEDI 99 + 10 U/g cell dry weight (Inokuma et al.,
aculeatus SED1 S. SEDI 235 + 28 U/g cell dry weight 2014)
cerevisiae
BGLI from Saccharomycopsis fbuligera DAN4 S. TEF1 ~785 U/g cell dry weight (Yang et al., 2019)
cerevisiae
AGAL S. TEF1 ~920 U/g cell dry weight (Yang et al., 2019)
cerevisiae
BGL from Aspergillus niger Sagl S. GPD ~18 U/g cell dry weight (Zhang et al.,
cerevisiae 2019)
Sed1 S. GPD 25.22 +0.81 U/g cell dry (Zhang et al.,
cerevisiae weight 2019)
Lipase Lip2 from Y lipolytica Cwp2 S. GPD ~8 U/g cell dry weight (Zhang et al.,
cerevisiae 2019)
Cwp2 S. PGK 7.6 £ 0.4 U/cell dry weight (Liu et al., 2010)
cerevisiae
Lip7 from Y. lipolytica a-agglutinin S. GALL1 283 U/g cell dry weight (Liu et al., 2010)
cerevisiae
Flol P. pastoris AOX1 85 U/g cell dry weight (Jiang et al., 2007)
Rnizopus oryzae Lipase (ROL) FLO1 S. TRP1 61.3 IU/g cell dry weight (Matsumoto et al.,
cerevisiae 2002)
B-Glucuronidase from Aspergillus oryzae Agol P. pastoris GAP 24.32 U/g dry cell weight (Wang et al., 2019)
Pirl P. pastoris GAP 28.89 U/g dry cell weight (Wang et al., 2019)
22 EEB RS

B AR WS S A MR s SR M E R R . B AW 32 NS G5 i B 1 R IA /K
B IR TR . FENT R A e T BRI B o SR R I RIE K. A RIZEA 53 ToREEAE o it
A, R BT IR I 4 52 B AR 2R 1 RE e, AR K A AR (Sun etal., 2012a) (U0 & HEK &)« P97 F-(Hoshida
et al, 2017)5H . FIHEZT LEEARMES RE3T, Aot —PiREEaREK T BAFEES)
T EBEOE T SI(UASs) 5100 B 3 F45 6 MG RUE 207 . FIRIX R 7%, 18It 4% UASaL 5 TDH3
FTEF1 %0 B3 TG, MIIE 158 T Poan M FLHE 15 S5 30 T (Deng et al,, 2021). EFEA R HIME
G B TR B R A, BN AR T RN R AR . BRI AT AT BRI SED1 S SR —Fh ik
Sr U B AR ER(BGLY) . 4HAMEK) BGL1 FVE M J3 73l 2 K AR 25 71 ) BB VE K0 B (GL U ASP) ARG 7] 45 BR A
o~ M5 E ZE (MFalSP)H 1.3 f% 71 1.9 % (Inokuma et al., 2016). MFalSP [¥] a Rl F B B4R BT RASH M4
SRR 5 Sk, T 2R EEEE 0 (Aza etal., 2021). BEAL, A HEFTE R HUBHE R (1 542 20 WAk
ERE, X RIREEAT SRR AL, AT DL R SR & K43 WA (Cha et al., 2022). EIEARAL S 2T 515 5 K
e, L — PR EEERE . AE I EZFAE S KA 9 M EF S-S 1 Ko & 4 8 56 8 By 5L R AT
AhA Rk . A PGK1 JH 3T R MFal 155 7 71 (B IP B B 56 0 B v M 5% =1 (Hong et al., 2015). £ 1bFid
IR RS APEH] mRNA FIEZERR LR RIE . SR&ILFRIE, ST A, EEE. JERiE,
HEHI CYCl &ib-FALk, —ZA1(35-70 bp) & 2% 1k 1 Rl 58 Je /R (i e 3.7 i, B KF
$E5 4.4 f%5(Curran et al,, 2015). SRR FHLL, &R&E I TR h A fe LA B IFRThag. Hib
O B T A SR IS B AE . 1) 5 8 RS B I R T R s (A DG B RS SR (L et al., 2022; Van Zyl
etal., 2016)F13E R Rk (4L & 4% (Yang et al., 2022). 2) 55 5878 3L R Bl 2k (Matsuoka et al., 2014). MK AMFE
B AR S I A ARSI N S 5 T 2R AN Y A BE o A 55 5 AR RN I [RGB SRS o~ AT T 43T B
Wil A BT P X s A= Wi A, AT 503 25 19 5 20 W (Wang et al., 2022) . 3)77ihig 721 {1k (Besada-Lombana &
Da Silva, 2019)F1JE /745, 4) -8 E AR 3L Rk (Bae et al,, 2022). S)HEA AL, EFRFHES.
A 5-# 4. CRISPR-3-#£45(Sasaki et al., 2019) 1A B A J7 V12 AH 44 T KR D48 4 SE DR % DU, A
T3 i Rk
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23 & BEES@EmEx = &, iz FF

RN AR T, H bR A BVE T T Re 252 31 5 HoAth GPI AR 1 56 4 4 M % AT IR 455 A s it R 1
B4, SED1 T-HR#1 -8 % W B L & T4 SED1 [F B ¥k 22% (Bamba et al., 2018), CWP2 Al
YGP1 FIBIR AT BGL 35 1 U JE 46 B ik 20 ) #2551 63%A11 24% (Arnthong et al., 2022), CCWI12 fl CCW14
SRR PR T A M B JE RGN, X AT R g i 3 T S 1 R AR A0 (Inokuma et al., 2021). fEHEE A
FNEE TR 1 2 TR I K B (R AL~ B T4 2 1 o R0 PR 2 S 4t M B 2 B85, DR IRk N\ i 2 ],
A R B ITEYE . D T — A A R R T )R 3R A B R e, SINSCER R A — B E IR 3R
W o 3 Tk M A S A RO T 0L 3SR AT DAY 5 A T 28 SR 1 (18] 3) . DREDUA BOAR SN 3% 55 S i A EE
P (52 it % T P V8 2T 4 A LE BRI K 21 445 25 (PASC) WK i 7 T 22 B HE 4.2 75 (R 19 58 (Tsai et al., 2013).
FERRBEERE R, KT X AF S R A S5 AN 9 O £ 4 MRS IR R A 45 A, T DASICELET 4k RTR A R 3L
[EFIH. FIH Agalp MER n i@ & 228 H ScafAGA3 . 4h, 5 Aga2p @& C. thermocellum [
YHE [ ScafCipA3 i R BERE R Y AE [ ScafAGA3 &, 7 ibHILT4E K4 ) ScafCipA3 |, M
MEREA A LR EAMNE G4 RAR. Hit A 4E R 0@ 71 S8R A A4 R g thpl, iR
REREOD R 41 4 3 H 3 R IR 4 82(1.52 g/L)(Tang et al., 2018).
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B3 ERSHERR EREFHER BHHNA.

Figure 3 Schematic diagram of the assembly strategy on the yeast cell surface using scaffoldin.

3. B B B R TH RS SRR R s b N A

PRARIE FE AL TG B A KR AR, 8T 8 I BEURIR P R . MR AT I A R R, %
AT =G AR FE TR A B BEVR AL 2% i (Song et al., 2020) . ZF4E =B A 4E . IENIEG .
TERTRE . POMURSH SRR AR . Ve BESE 2 Al A W B R RO Rk, R R EYNETE . TR
) TR DR R AN B AT R P2 25 R B 2T A R AT By A MO R 554, 1T HL N [R] B W A0 % 9% (SSF)/ [ 45 £ 4
AbEE(CBP) L2345 T 34t

3.1 11 BESEHAERNEYEL

YR AR B-1 4B EEIER K, R EARRTERRZ MRS T 2. B LY FK R
iR D FE =R 4E R E . AU E R PEBF(Guirimand et al). 2485 WK MREF(CBH) A B-F % B L7
(BGL). EGEEH TR ERIX, VLKA B-14-08 H B, 4 KEEAgERD T, MAERERA
I 5 AR i ) B AT 4E 3R EE s CBH IG5 /3R S I 2T 4E 2 45 i [X s BGL K 21 4E 22 Bl K fift i i
W . IX R0 O 2 R D R AE R P I BRI 4E M S T, o AR 4R R KR N R &R (R 2). Kok B LIROR & 1)
EGII 12K H 32 K Talaromyces emersonii ] CBH JEULE [F]— 7% [ (75 4H i 2 ] sl 3% 75 5 ) A F 1o e T8 4 4
R OTEW R EE(Liu et al,, 2015). LAZERIPEE BRIE BIX P AP, DL 4N PIFP (R E %A lucknowense [T
CBH2 Ak H MM EN BGLYWEH T A 4R M et iR, RWEHE M LB~ &E, KN CBH2

T4
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T A YR RTINS, JF i 1 R i) W K2 E T CBHI HJiZ 3fi(Liu etal., 2016b) . AAITH 21 5%
G R B T2, I 51 NHT I A I £ 4 22 B A g (L0 7K A 22 1 SR N %80 BiF(LPMOs) PO 4T 4 25 — B Il AL i (CBH),
PAHE— 25 $E v £ 4 2% 1) B 3R 72 3. (Cunha et al., 2021) . 2 R 2 221 FF & (W1 Cip A ZZ-Coh-Coh Fll ScafAGA3)
AR T HEd 4R Son B A e, A SR S L RE PR = (Qietal, 2021) . LABSER BZIK 214k 3 i — bk
JE, AROFAK H LPMOs. cdh. CBH. EG 1 BGL ZH il () FL I REFI AT 4 & A (Liang et al., 2014). & ALiE
PEFNZE BLK ARl 2 18] (B0 P M0 T 21 E 3R ARHC PR AR R G B 7 — DB bR P RIA P A4 = 415 T e
S ST E AU SR HERIRE £ S WAL RO PELZE , T PR BB RV M o DRI, R e SO 2R Ao WA AL A A
AL B TTROZA N R AL P ER, IR AT LR I B 2 i ARI 640 . 7E 20 B S 2 Bk 4R 4 30K
i SR TR ) S B A 1) E TR A W T 4T B A AT 2 2 I ) AR 4 BRI ORI R o 2) B AT B i
SRR A 0 £ S e AR ) LRI o A R IE BRI % B £ 4 R IR B 12 R Si 0 EA4 (Ylinen et al,
2022). ARG T YR ISR, Bk T B AR A
F*2 BESpeR SREAER BPRKA

TABLE 2 Applications of S. cerevisiae cell surface display in cellulose degradation.

Bk LR R & s i i S% R
Strains Ethanol yield Substrate Enzymes References
4 Anchor
Q raraviciana RVA711 FC.ND.CRHILD 20 Al - 1N nll PAQC FEx 1l CRH I R Qead1 (1 i ot al
CBHI-S, 2.6 g/L
S. cerevisiae BY4741 1.3 g/L 100 g/L MC6 EG, BGL, CBHI, CBHII Sed1 (Liu et al.,
2016b)
S. cerevisiae 39.4 +23¢g/L 200 g-DW/L BGL1, CBH2, EG2 a- (Matano et
cellulosic agglutinin al., 2012)
S. cerevisiae 1.52 g/L PASC CBHI, CelA, BGL1 Agal- (Tang et al.,
S. cerevisiae EBY100 43 g/L 10 g/L CMC and celcca (Guirimand et al.), Agal- (Lietal,
batch fed CA_C0911 (CBH) Aga2 2017)
sucrose
29 g/L xylose and 10 g/L
1.2 g/L xylose and 10 g/L
S. cerevisiae EBY100 1,138 mg/L Avicel celCCA, celCCE, Agal- (Fanetal,
1086 mg/L PASC
S. cerevisiae EBY100 8.61 g/L 20 g/L galactose and celcca, CA_C0911 Agal- (Fanetal,
10 g/ Aga2 2016)
L CMC
9.97 g/lL 20 g/L galactose and
10 g/L
PASC
S. cerevisiae BY4741 29 g/L 10 g/L Avicel EG2, CBH1, CBH2, BGL Sed1 (Liuetal.,
2017)
Commercial ethanol (>50 g/L) cheese whey and BGLL, EG, CBHL, CBH2  Sedl (Cunha et
S.cerevisiae

32 T8 EERSENFAERNEYEL
REPER AL YER I Ly, RARRAHER TSR RN HE . © A 5 E i AL B IR v] R
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YR AR, AN A B R TG W 51 R o i 5 A 2 T s L 1) T S AR AR A i
eI SRk, I TR ARIE R BE AT DASEIU AR SRR R A I — P A A o Jld 51NAHE [R) 4k 247 AH SC B 1) 2
TR, AT DAAS) R A W RO BV B B . — SR 470 P T 2K AR BTz AP A SR 114 22 Th RS 28~ 1 o 28 M ke il T A
Ao K ARHE IR R EE(XR) . ACHERE it U8 (XDH) AT D-AHE B (XK)ZH ) D-ACKE R F i 12 5 A 21 R 0 1
BE L2612 BRI A, FFRRMIIRERIRFLFYE R AR, 15 2 (1 TRERRIE I B n] DU R BB B A &
B (Sun etal., 2012b). eI $5 6 R A (1) TAREE R & 85770, RN F B0 4k = i (e 4 e R 1w, mf
PAAG 20 [ fR A SR LAAE = 2,18 (Tabafiag et al., 2018). MV AR RFELAT R G (AR A4 A0 X #0461 750 £ s bt
PE, AR LE A B AR T R 7~ 41 4 3 /K g AT AL AR B4k BRSO 32 A b R A Dy it R o 4 7
FARESEA AT CRER DAL A o Gl 7R B A RE b 5N R SRR A B AN AR R A B, P LA B R
VMR LF e 2R, A= Br B LA 1) 22 Fob v B IOMEL = s

AR B 2 FH AR — 25 30 J5 1145 114 o B I SR IR o AN AAEAH TR D- AR Hh AR = AW I 75 22 B0 5 IR AL I &
AR R T PR AR R R B, R BB AR AR AT A T ) A R R AR R BRI . Al R R T
BREARE R B EORK S & E— D3R T ORKERE R &, i 2 Mg R R TR BRI R A 235 7K
FE IR AT I A BEBE = B 1Y N T W 5 (55 R M 53 B3 (1 K A3 A LG ) (Guirimand et al., 2016). —FhR A4l
JR AR I 5 i 1) T AR BRI B R b A, AR 3L R B-D- 2 17 B ACHIERE B REAN A R BERG, DAAR
JRBR R £ 5 (KP) N JEURHA: P2 ACBE % (Guirimand et al., 2019). X 545 LA A T 212 25 R AR A 7 A B 1 24 7
T A

3311 EEESHENERREIEL

VERE o-D-H B HEN R G, W LA 4E R TR T e, V2R T EY) hoREAAE. FIF®R
THT 327 T TR P 8 e A o SRR AN AN RT DA P2 ARk, i ELPT DA s i T T2 & . o-VEN
IV T VE # Bl L S R A T RIS B B EOKTE R T AR OB, 7R YRR ) 86.5% (Yamada etal.,
2011). a-VER EERTE EMOBI T E R B, BT REHE AR R ERAE LR T RER A RN ERE 40
% (Shigechi et al., 2002). K ZEAEETER & 0 AP FEMR, 22Z AT I T — 28208, ande = i
PESRAE i VE MR B AR R IE o e i T B SR o-VE K G RN 5 BE VE R BT A AR RE B, K
PEREREREE 100 o/ BERHER, S 23 MEM- P Ol E &S 1.61 g/Lh, F=ERNHEIRER 76.6%
(Yamakawa et al., 2012). FRIIRE ] S WE L 78 i3 (C GTase) 7F B 7 P R 441 it 3% T 2 3E BH 7T DA ROt /K g se 4y
7 A T TR R R TR 1) A 260 B RN 22 2R, B S T B RS i 2 (Shim et al., 2007).

4 HHTHIBREAIAR R K AT 5%

P BEZH M 3R T R R RAE I 26 1L BAR 3 TR R K, ANERRIR RE IR k. HAr
T2 N FH B TR P P R 0 2 1 s TARAE R R I R TR A AR — SO . 1) ANIR R I8 A 7= R BT 1 B
BRARAE AR AL RS R VRS : 2) BB 08 PR B OB 3G n, R BE (RVE 10 N PR TR 3)FE#2
e P 4T P T 2 R) R FH 20 0 TR 7 BB 2 25 4) H ATIIRE AL K 2 40 T 52598 2 K7, B @ i T
FEB MR TGS TR A P2 0 A Fe it — B 5 5) 00T LAEREREXT V5 22 $ 4k & P (R it 52 1 1Y) 53+
AR A PR

N T FEREL FIRET, ARBIBEFE AT OB JUANTT B T DIFR S 288 4 e 5 Bk 3 R 4i iR
THI PR AT 7 (S A, TRE T3 100 205 5 24 L T Je 7 ) R s 8 2 90 SR M M R ke DR ) DL, T A SR 3 A i 7
)NITF R Z s TR R E YRR, B AT 8, IR R RS B B RN, BB RN
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T BN R M P R 8, B 2 22 AN BE R 1 AR A0 R 1 R s 10 (87 AT EL A9 DAL 22 T e SR ANEE 3R I 7
AR T 1 255 5 30 PR A RORIE Y 1 HE 12102 4R R A I SR R R R I B A s 4) AR IR T e R f
RERG LR GRAEY TN G, AT eE LR RS R G877, b8 =4,
HEZ DR R RE; 5B ERFEAR . R B TR T Bl i LR s oS A e i R rh i
FBA T BT 52 o SR RSN T AR P PR o TR AR I B ) M REEAT 1A

5 45

ARSCLEIR T A0 T S AR TE AR PR3 35 AR 0 ) v £ 5 A AR e R BB S S8 S
R ot 10 41 R 25 TR 5 2 1 PO DL R 1 1 A A R W B R, B RSk A R S L R
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