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A EYRAR . B IR B R R PRI 38 A T 32 A
RSF B, A TR ™ W T2 2 T BRI
BEXS LA EIIUAN AL, PAR JLASI7 10 R A BT
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TP HRAE RS (2) KHEHT .
HAE (0 1 T2 TR R (e SR 20 ), S SRR B Qi s
PREE A EZ ] A KR 5 (3) FR BRI
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U R R R R R e . i TR E AU

55U W S B AN M 2 PRI AR A T R 0], BT DA
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1 B T (Yeast) & — 2 FRL4H L LA A T Y
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PR BE T 1Y A2 A BRI 38 A4 e 1 58 0 RE B E A
TR G B AR 7 B R B, — i
R4 R0 M E R BE SN G AE W IR T BE
(Saccharomyces cerevisiae) I € 78 24 7 [
(Schizosaccharomyces pombe)ix /i Fi i EEH . 5
R RE A N, A H ML BRI B 2E BN 5L
R IR R 58 A TE A B AT TR B i e B, 2K
BRZ (B ETR). Wolf 76 & 11 338 5 ML
+}i9 ( Nonconventional Yeasts in Biotechnology )
AT 10 AU 2 91 B Tl v AR
{8 19 AF % B0 B B . iF 0IE B% £ (Schwanniomyces
occidentalis) . FL R v & 4k ¥ £} (Kluyveromyces
lactis) . 37 7# B JR % £ (Pichia pastoris). F [
Ee k2 BE(Pichia methanolica). Z&152 5 ol i Bk
(Pichia guilliermondii) . ZJE b HF (Hansenula
polymorpha) . fi# i HE FX [ £): (Yarrowia lipolytica) .
F MR 22 8% B (Candida maltosa) . 2% 41 i £
(Trichosporon) 1 Arxula adeninivoranst!!, jr4f
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H B 22 SR T B A B . AR STy H Y 3221
TRgs Bk 4 P EA T RS AR R
TE 7 TG MG ARV 7 T R R, &
LRSS BAEY AR 3 &b T) L RIKE
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X AL N DK R BB Hh 45 3 i AR R B
JIG 38 200 5 P 5 A 2 SR gt oo JEL TS ol S
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S 1T 18 R BIS PG e B 5 PN 3 3K fe i T ) — Rl 5
BT, BRH 4 KA Pxere 1Y RIS
(Upstream activation sequences, UAS1B)Fl P gy, ¥
LR SF P HG TR .. B8 T4 A8 e
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2)3: IR 3 F Ppoxe. 1 ALYIEAA 3-8 A 15k Ik
CoA fii fi# i (Peroxisomal 3-ketoacyl-thiolase 1)Jt
KR 357 Peory. JLAME DI (Extracellular lipase 2)
FER R 3T Pup . Sele 5 R A0 (53R PASO0 Al AL
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Table 1. The most prominently used promoters for heterologous expression in some unconventional yeasts
Host Promoter Feature Reference
Pichia pastoris Paox1 Endogenous; Methanol-inducible [57]
Peap Endogenous; Constitutive [58]
PrLp1 Endogenous; Methanol/Methylamine-inducible [59]
PicL1 Endogenous; Ethanol-inducible [60]
Pypr1 Endogenous; Constitutive [61]
PpHoso Endogenous; Phosphate-responsive [62]
Pbas Endogenous; Methanol-inducible [57]
Prck1 Endogenous; Constitutive [63]
Pccwia Endogenous; Constitutive [64]
Prer1 Endogenous; Constitutive [65]
Ppexs Endogenous; Methanol-inducible [66]
PapH3 Endogenous; Ethanol-inducible [49]
PspH Endogenous; Constitutive [67]
Po1 Endogenous; Constitutive [50]
Priin Endogenous; Repressed by Thiamine [68]
Psert Endogenous; Repressed by L-Serine [69]
PmET3 Endogenous; Repressed by L-methionine [69]
Yarrowia lipolytica Phpad Hybrid; Constitutive [70]
Prer Endogenous; Constitutive [71]
Prou1 Endogenous; Constitutive [72]
Pepmi Endogenous; Constitutive [72]
Pegain Endogenous; Constitutive [72]
Pxpr2 Endogenous; Peptone-inducible [73]
Prox2 Endogenous; Oleic acid/Ricinoleic acid-inducible [74]
PpoT1 Endogenous; Ricinoleic acid-inducible [74]
PicL1 Endogenous; Ethanol-inducible [74]
PLip2 Endogenous; Oleic acid-inducible [75]
Pyat Endogenous; Nitrogen-free-inducible [76]
Puasap-TEF Hybrid; Constitutive [51]
Puasa2s-LEU Hybrid; Constitutive [77]
Kluyveromyces lactis  Pscgar1 Exogenous; Galactose-inducible [78]
PsccaL? Exogenous; Galactose-inducible [79]
Pxipck Exogenous; Constitutive [38]
PkipHos Endogenous; Phosphate-responsive [79]
PxiLaca Endogenous; Lactase/Galactose-inducible [80]
PiLaca-pai Hybrid; Constitutive [81]
PkiabH3 Endogenous; Glycerin-inducible [82]
Px1aDH2 Endogenous; Ethanol-inducible [83]
Hansenula Phpmox Endogenous; Methanol-inducible [84]
polymorpha Prpcap Endogenous; Constitutive [54]
Phppmat Endogenous; Constitutive [55]
Pppaoxt Exogenous; Methanol-inducible [56]
PupemD Endogenous; Methanol-inducible [85]
Puptpst Endogenous; Heat-inducible [85]
Pscaphi Exogenous; Constitutive [85]
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FLIR v & 4 B BE R0k R 58 b i 2 19 R
Bl A R I BE 0 2 B 9 S B F—— B TR
H il iz i (Phosphoglycerate kinase) 3k K 5 3l 1
Pscpak A1 175 3 2 5 Ji 3h 7 —— 2 3L W 3% 1 il
(Galactose permease 1)3&[H 5 8l F Pscoart(Z 3L
BEIVIE ) o AL, FLIR ve & 2 o B N 5 ) — 28 S
BT, N YERERR S (Acid phosphatase 5)3: K i3
B T Papnos « 2k KR 2 BE B A B (Alcohol
dehydrogenase 3)JE X5 317 Priaons « ZeRLIAK 21
Jiii & B (Alcohol dehydrogenase 4) % [H i3 3 7
Pxiapna« B-2F FLAHE T [ (Beta-galactosidase) 3 Kl i3
@j% I3K|LAC4 u& I:’KlL/-\Cll E/‘J%Qw I3K|LAC4-PB| ’ ﬁ—jta
28 FF 0 4 8K 8k 22 b 1y T T FLIRR oo 6 4 I B R
HEFWE (R 1), WE FIRE S8 UAS %
NRETCIFRA W E , LR w B 4ERE R N TG
Jei Bl A AR A B0 J R T A S A

Z I DU B BE 2 Gk R GE b v i 2 19 I8 3
I Z I DG HERE H B4 fL i (Methanol oxidase)
FER A 1T Prpmox, AT LAgE H BE T 5 5 . [RIA,
2290 DUt W B N 5 Y 20 BB 5 )3 B - —— T
W -3- B MR i & [ (Glyceraldehyde-3-phosphate
dehydrogenase)3&H 3 8 F Pupeap AU H'-ATP
fii (Plasma membrane H(+)-ATPase) %t A 5 3 T
Prppvar WLEBTE ZJE D0 B L2 b T 22 7
VAR R RBS JeAh, ok BT A A
BERY Pppaoxa i B0 A LATE Z TR DN EERE 52
B IFAPY, 3 14 BT 2 DGR R K
RGN Z B A B MERHEHAT 19125,
22 #KIkTF

MR —F, &b FiRHEEN G BEY
SR, TR IR R B 2 R S T
ZAEFIERARA S, ZIE RS S HEE
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i 2 S 77 M (MRNA) Y L o Bk 8 22 (R B9 R W] 5
SRR RN R 252 0 A PR o mRNA 9
SEPERSS28H R, TR B R L T
(A5 A A W ELE J AR X 7

HAT, [ e ol e Bk 3R 08 3R 03 1 FH A
2= NTRA AOXL FE N2 E+ AOX1tt, 73 4h,
K B FRIP L 9 28 11 - ScCYCAtt il ik B T L)
T E U f e AR g op il TP B, R A1
o SO S 7 vy B R R R I R e B T 2
A F A NTEZK LT, 40 TDH3tt, RPS2tt, RPP1Btt,
RPS17Btt. IDP1tt, RPS25Att, RPS3tt. RPL2Att
ST R AR R — R, AR R G R R
KRG — Mt g vk R R Ok B OmR B
ScCYCltt, [F]mf, fif g HR FC e Bk IR A — 282 1|
T XPRtt, Lip2tt 753 7 %5 1 1, FLm2 v
B YRR IR R G AW A2k IR Y
LACAtt F1E A PR ¥ B 19 28 1 740 GPD1tt .
ADH1tt 1 ADH2tt 2%, ZIE NG EERE Rk R 5L
i FHASZ R N IE ) MOXtt, AMOtt I K3k A i
TR ADHLE®T ptnT L, R [ PRI e RE Y
ZOEFRERSTEIX 4 Rl FUREEE R G P ARG A T
fiiohge . XWULIHZ L FAEAR R EERERI S h 2
R R, i, LRI 4 FhaREE R
BEG 2 DY RE SR A 1 IR ZE 0 E - e IR 2k DL
WEINRE AT N ARG T — 2 DiE
SIFRITAE, X —TAER TSR, AR
RPN AR IR B R IR RGN AR Y)
SIS PR R
2.3 #Hik

HoAp, &7 9% MR Bk 19 & 22 KL P 4
(Centromere sequence, CEN)# H I & il ¢ 41l
(Autonomously replicating sequence, ARS)AJMFFY
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XD, RO AR CEN F1 ARS 741 {1
MBCRIFAEE . Hitl, SEEREREAR, B
T A H B B 1 2 R R AR E LU
RIJFoR A 3

L2 S0 ot R IR P B ) 7 P R A 2 &8 He U
S, Horb W R V2 942 Invitrogen 23 7T & 1943
WFRIBHIA pPICIK (Paoxs i 81 1) FIIE N R IBEL
1A pPIC3.5K (Paoxa Ji Bl1F) o oAt AT FH iy B M i e
I P B 7 32 38 AR R A 35 Invitrogen A R Y
PGAPZ F M (Pone 3 T) . pPICE F I A
(Paox1 JA 811 F) . pAO815 ZHAK (Paoxs i 811 F) . pFLD
Z 5 H M (Pep B2 81 T); BioGrammatics 23 Y pd
BN (Paoxs JE 31 T) . pGlycoSwith®Z 41] 2 {4
(Peap JEBIT); Lonza 23 HIAY XS®ER IR (Paoxa
JRBT . PerAEIT . Ponr JABIT)o

5 SRR A L, At LA R R
BE AR (&5 AT ) S 1 3B AR B AR XD
BRI KR, FEIEE RS A Y2
PR(EEER ST F)NAR TS, P5EE]
A LATE FFT R (0T ) 28 0K 1A iy B iy b g
H BT 2 A B AN [a] 5 5K B A I B i PR S 3k 2%
PRBI 2% 2 5026 T 4 Rl LR B AR
R I (&80T ) ZRB Uk

#2 KRREMIEENBREBBARERS

Table 2. The most commonly used vectors for gene
expression in the unconventional yeasts
Host Plasmid Reference
Pichia pastoris pPIC9K Invitrogen
pPIC3.5K Invitrogen
Yarrowia lipolytica pYLEX1 Yeastern Biotech
pYLSC1 Yeastern Biotech
Kluyveromyces pKLAC1 NEB
lactis pKLAC2 NEB
Hansenula PMOXZ-a-A [90]
polymorpha pHIPM4 [91]

3 FEAWHEELLE T WA
kil

AR, MR ENTE & AR MEERE R Gt
BT ZR B B AR EOR A EE RS B R
fifi (Meganucleases) . #F ¥5 # & ¥ (Zinc-finger
nucleases) . 2 &% 5% 0I5 B+ 200 W) 4% TR B
(TALENS). Cre-loxP #%i#l CRISPR-Cas &4i 5% .
Al 3 FhIF AR AR W RLEEBE B D AR b, X
HFATFZIHE Cre-loxP LM CRISPR-Cas £
GEAEAE IR RIS S L BUIR
3.1 Cre-loxP &4

Cre-loxP Z 4 £ 51l Cre B ZHLMEFA loxP i 5
WIEB 2L, A Cre S 21 AT DUAR S P loxP
AL S ST A T Y R b 0 R IR st A% 48 T
M7, Cre-loxP REAEAEH ML R G b © 445
FNZ R, FEfHH Cre-loxP 248 BEA 73 K w5
I5F, AR ) loxP-Maker-loxP 3 5 A BE7E 3R 5 #L
g NN = el i O N T A = TS
R B ; #245, Cre HALBGRY BT LR 2 4
loxP i s5 2 AP HEREEAR IS, FER T 14> loxP
Bss o SR, BT 2 A WA BRET, BT
loxP-Maker-loxP %k [K] - B F- Y 2 41 3] 3 B 1
B B S BN A ESAF7E 3 A loxP i
K, X, Cre HAH B IAI T A2 & AR HL 40
KA B B s, TS R R AR KRS &
AR B AET . R4 Cre-loxP Z 4t 78 5 A 4
T A AFAE—E [, (FZE4k, Cre-loxP &
HRGAE loxP Fric YA ZROMER 7 UG T 3K
(. BN, Pan S57F E R N AR ERE ikt
T —FhAT DL A AT RS Cre-loxP 24504, 1E5 A
l0X71-Paoxi-Cre-ZeoR-1ox66 Fik &2 5, eIk &
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F (Zeocin) ¥-H I vE FRPE R AL T o B S S in R
P Cre HLAIGFRIL, fif lox71 Fl 1ox66 i/ 5 2 [i]
) Paoxi-Cre-ZeoR FrBxfq 3| T XLBRIf "4k T 58748
() lox 72 v 15, %545 lox 72 1 5 JL-F- AN REBE
Cre FAAMFHAS] ., Fickers 2575 fft g HE FC e LE i [H]
FEMIEE T Cre-loxP R4E, Fric e Z5BRR AT 5
98%, [l 112 Jr ¥ 3% Al P AT L S B A i B I
T Bk 22 A JE TR DRl R R %), 7 LR o 5 2 T
38 R TR T (AmAS)FRIC 5 9 £ Tk e 1 25
A0 FH RIS T A B9 22 B A R AR, Song
SEAE 2 U DI RE Th R ] Zeocin F1 MazF AU ik
PRic B I SE BT X 22 9 b P A 3 R ) TR i
BRI, HZ, Cre-loxP R4 H R348 2 B i fli e
IRIEEE . fRARHRECEERE | FLFR s B dE B R 2 TE
DU BRI T 22« Fi G ) — RS 1] K] e
BREGAR . SEBR b, BR T HREBEMFRZ 4N, Cre-loxP
ARG AEAEF R R: s o] LIA HA AN [ 1) 1
A5 (E 1),

3.2 CRISPR-Cas &4t

CRISPR-Cas R Efof LA —Flth RNA
165, FIF Cas9 5 Rrik AL BR B JE R 41 - H i)
FER A TE A BR . BT, KREEHRA
5B 540 DNA HAM crRNA Fil tracrRNA il &
— 2l sgRNA, FREF sgRNA SE (L ) JER 4 |
() HARALS, WSS Cas9 2 X Wik DNA i
AT B YIRS H 4 DR 2 o g 00 B 1 (B 2)
FHE T GE i BL R S )7 %, CRISPR-Cas R4EH
S #AE, RFE M —1 sgRNA BRI SC#ixt H
R IR B S B 1 5 TTS) sQRNA 7 47— s
PR 78 o X —FAR ST MR A A
i A AR R RE S SR i AR W ik b
A YA R AR A QI 25 6 T L EIEA
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-—--- P e p———p -
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1. Cre-loxP ZABIARMER AR

Figure 1. A schematic diagram illustrating the
possible applications of Cre-loxP approaches. A: The
sequence between the loxP sites is removed when the
two loxP sites are in the same orientation on the same
DNA molecule. B: The sequence between the loxP
sites is inverted when the two loxP sites are in opposite
orientations on the same DNA molecule. C: The
sequences between the loxP sites are exchanged when
the two loxP sites are in the same orientation on
separate DNA molecules. D: The sequences between
the loxP sites are interchanged when the four loxP sites
are in the same orientation on separate DNA molecules.

CRISPR-Cas 4 (1) 7 fifi 15 8 ok B 2 1 52
B e 5 RV O T A A 1 s [ P 5 DA SIC B
W% R S8 C 4 A H T2 R AR 4 1A 05 TR 21 S 45
SR T R AR TR, &4 M1k, A3
W 4 FhAEE MBSO 2L T M
CRISPR-Cas9 R Gkl 175 i3 A sl mibk, I
BRI T AR m RN M 7E sk
AREEREp, AR A 2 (RNA AR 1S
. RNA REHE 1 53+ ) SR a6k
FPHEAER sgRNA JF1, [AIEFFH RNA RA 7 11
R sh TRk Cas9, I H ML M milRRAH T
100%°, fift, Schwartz 2575 i g HI G % £ rh i
AT A B RNA AT 1S ok Rk
sgRNA FIffi AN T A sk ik Cas9, KR
557 CRISPR-Cas9 4 (LM g s R 0[]
i}, CRISPR-Cas R GL7EFLIR v & 4L REB: R G by
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Cas9

Target DNA

F

/&

PAM sequence

L

& 2.
Figure 2.

30T R R, A EN M Z R G
K 6 4~ H AL G2 T 3 8 ) BE P |-
T A5 R PR 45 BG4 B ok ) 72 ki o T 7,

J14h, FEZIEDGEMEEREF, Numamoto 553 1o 78
Popsnre it 8 F JG TSI tRNAYC DL 3K 5 sgRNA
ik, BEWRE T CRISPR-Cas9 Z 414w
RO

4 HiEmRE

5 B A IR R A L, — el
FERE LA AR 2Rk i A B R AR 4. IE R
I, AR A Y B Al R E
K&, BIRT AW FICHZ G BT
JTIZ R SR, Bl R R B3 AR S it
TRREPE F T EZ AL, N, 45] ASMKE DNA Y,
RS Rk A ) T AT R PR A, A S Y
A PR B R A 2R B 5 A [ R g i
(NHEJ) R I af 1o PRI, XS X SR bR A 743+
BRI, AT B 2 I IR A AR O ik A5 2

sgRNA

CRISPR-Cas R4t T1E/REE
The general working principle of the CRISPR-Cas system.

Jvts [ 6 T 41 A Ak - (R B E 5k PCR B0 1IE) o
[ Y87 2 5 e R N = < S5 e o = o b
FIR U A28 30-50 /NFihkxsf i [m] P8 BV Al A5 &%
SRR AL HAE bR R HE R v n] Re T £
500-3000 /™ JH X)) [R5 A g SC 3R] I 4
i, [FIVGRE A AR 2Rt 2 1 . (HJRFEE A
BLA P DNA L H AR AR W7 & i i 35 T8 24 G
BT H A HE— 2580k, A B ARk H 2 X L )R
PR, DA (I 5 BB R ) 5 B AR X
AR W 2238 2R Gt (O £ 40 ) 76 & B AE A & T
JRIF AL T4

BEARCH TR R RERGCEHAT £
a0 20 BB RN S s B, (FR AR AR HR
[CRERE . LR vo 6 4k 1 B Fn 22 T DUk 9 B AE X Ty
TP S8 AR RV I o DRL b Sy A i 100 e A0 52 7 o
AL A AR Y 4L (2 22 )R 3 7 ML 1)
PARTF RSP A0 B . PERETE S8 A I 3 F Rk 7
FER, #OK T — 4 TAEME S T B,
CRISPR Tt AR T 49l Uk B2 8 42 A Al HIS FC 1%
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Advances in molecular genetics and synthetic biology tools in
unconventional yeasts

Yu Zhao, Yakun Zhao, Shigi Liu, Jian Li, Shenglong Li, Dongguang Xiao, Aiqun Yu"

State Key Laboratory of Food Nutrition and Safety, Key Laboratory of Industrial Fermentation Microbiology of the Ministry of
Education, Tianjin Key Laboratory of Industrial Microbiology, College of Biotechnology, Tianjin University of Science and
Technology, Tianjin 300457, China

Abstract: Currently, it is widely accepted that the combination of advanced synthetic biology techniques with
traditional molecular genetic techniques could help construct and optimize metabolic pathways in yeast cell
factories. The research of yeast synthetic biology first began in the model yeast Saccharomyces cerevisiae, and in
recent years has rapidly expanded to some unconventional yeast species including Pichia pastoris, Yarrowia
lipolytica, Kluyveromyces lactis, and Hansenula polymorpha. By using synthetic biology-based metabolic
engineering strategies, scientists have successfully developed a series of unconventional yeast cell factories that can
efficiently produce different valuable industrial products such as biomaterials, biofuels, biochemicals, enzymes,
food additives and pharmaceuticals. This review systematically summarizes the current status and applications of
synthetic biology tools (mainly genome editing tools), synthetic biological parts (mainly promoters and
terminators) and related molecular genetic methods in the aforementioned unconventional yeast systems.
Furthermore, potential applications of other synthetic biology approaches in further optimizing bioproduction in the
unconventional yeast biofactories and key challenges are discussed. This review provides a theoretical guidance for
engineering these promising non-model microbial chassis to achieve high-level production of value-added products.
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