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specificity as an inducing factor, which make it widely used in the metabolic engineering of biological chassis cells. In
this study, a light-controlled expression system for recombinant Yarrowia lipolytica was developed, which successfully
improved the synthesis efficiency and yield of p-coumaric acid and naringenin. Based on the green light response
regulator CarH and the transcription activator VPR-HSFI1, the light response complex CarH-VPRH, the core
component of the light control system, was constructed, which cannot polymerize under green light irradiation
conditions, and thus cannot regulate the transcription and expression of target genes. The results showed that the light-
induced sensor based on CarH-VPRH, 2CarOTEF and mCherry could respond to green light significantly to inhibit the
expression of target genes, while mCherry transcription was activated under dark conditions. The fluorescent signals of
mCherry at 72 h and 120 h were 43 times and 143 times of that detected under green light irradiation conditions.
Furthermore, the sensor was applied to induce the synthesis of p-coumaric acid and naringenin in Y. lipolytica
successfully, and the yields of p-coumarin acid and naringenin under dark culture conditions were 2.0 times and
2.6 times of that produced under the induction of green light, reaching 99.1 mg/L, and 117.1 mg/L, respectively. In
terms of cell growth, the growth of the green light irradiation group was better than that of the dark group, and
especially when the dark condition was switched on after 24 h of green light irradiation, the cell growth was
substantially improved, indicating the potential of the green light-induced system to regulate product synthesis and cell
growth balance in Y. lipolytica. Therefore, it can be concluded that the green light-responsive gene regulation system
can be applied to the transcription regulation of target genes in Y. lipolytica as an effective regulatory element with the
advantages of low cost, nontoxicity, flexible insertion and removal. Therefore, it has a potential for the large-scale

synthesis and production of target products.
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1.1.2 #HE

YNB-Leu [H {4 % 5 3£ (100 mL): B BF 3L Al %

HIR0.05g, FHfE2 g.

R AT A BORL A B R

Tab.1 Plasmids and strains used in this study

i (yeast nitrogen base W/0)0.67 g, %M1 g, L-7¢

YNB [ 44 5% 75 55 (100 mL) : 1 B 3t Al 20 U5

Type

Characteristics

Source

Strains

Yarrowia lipolytica Polf URA3™, Leu2”

Y1-CVH
YI-CA
YI-NA
Plasmids
pINA1312

pINA1269

pSET152-Pj23119-
2CarO-GFP
pUC57-CarH
pUC57-VPRH
pl13PxoTAL
pl13-Tm

pl3-CV
p13-CV-2CarO-Tm

p13-CV-2CarO-TAL
pl2-4CL
pCas-AXPCHSCHI

pl2-4cc

Polf with plasmid p13-CV-2CarO-Tm
Polf with plasmid p13-CV-2CarO-TAL
Y1-CA with plasmid p12-4CC

The plasmid contains a strong constitutive promoter hp4d, ura3 gene expression cassette and kanamycin
resistance gene

The plasmid contains a strong constitutive promoter hp4d, leu2 gene expression cassette and ampicillin
resistance gene

The plasmid is a commonly used plasmid pSET152 of Streptomyces which contains CarO site

The plasmid contains codon optimized CarH gene

The plasmid contains codon optimized VPR and HSF1 genes

The plasmid pINA 1312 contains codon optimized tal gene and Ptef promoter

The plasmid pINA 1312 contains the mcherry expression module controlled by the TEF promoter

The plasmid pINA1312 contains the CarH-VPRH expression module controlled by the hp4d promoter

The plasmid is a fluorescent protein expression module 2CarO-TEF-mcherry controlled by an inducible
promoter inserted into the plasmid p13-CV

The plasmid is a TAL expression module controlled by an inducible promoter inserted into the plasmid p13-CV
The plasmid pINA1269 contains codon optimized 4c/ gene with FBAin promoter

The plasmid contains codon optimized chs gene with Pexpl promoter and codon optimized chi gene with

FBAin promoter, ampicillin resistance gene

The plasmid pINA1269 contains the 4c/ gene with FBAin promoter, cks gene with Pexpl promoter and chi

gene with FBAin promoter

This laboratory
This study
This study
This study

This laboratory

This laboratory

This laboratory

This laboratory
This laboratory
This laboratory
This laboratory
This study
This study

This study
This laboratory

This laboratory

This study

K2 AHFAEHAR G
Tab. 2 Primers used in this study

Primers Sequence (5'- 3")
1312CarH-F acacatacaaccacacacatceacgtgatgaccteetecggegtctacaccat
CarH-VPRH-R tegtecttgtagtcggatccagaggatecgatagectecttctcaggacctegaggea
CarH-VPRH-F tgagaaggaggctatcggatectctggatccgactacaaggacgacgacgacaagect
KpnIHSFI-R tggggacaggccatggaggtaccttaggacacagtagggtccttagecttaggagget
Sall-Pj23119F aagcacttigctagatagagtegacttgacagetagetcagtectaggtataatgeta
CarO-TEF-R acggtggtcttttatacccttggetcgtegtecttgtagtccatcatatgtctaget
CarO-TEF-F agctagacatatgatggactacaaggacgacgagccaagggtataaaagaccaccgt
Stul-XPR2-277R agctctgtacaccgagaaacaggectacaatatctggtcaaatttcagtttcgttaca
TEF-TAL-F agcatttccttctgagtataagaatcattcaaagctectcgacctacttcgeagtege

1269-Spel-XPR2-F
FBAin-CYCt-R
FBAin-CYCt-F

1269-Spel-XPR2-R

aacgcgcgaggeageagatccactagtgggaggttaagagaattatcaccggcaaact
gggacgctcgaaggctttaatttgecagtgtacgcagtactatagaggaacaattgec
tgttcctetatagtactgegtacactggeaaattaaagecttcgagegtceccaaaace

agatccgeggecgeataggecactagtgggaggttaagagaattatcaccggeaaact

e 1R T RER IR S ORI 8 .

2. A N RIZRP B NER U A5 cacgtg (Pmi D), ggatee (BamH D, ggtace (Kpn 1), gtegae (Sal1), aggeet (Stu D, actagt (Spe D
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0.67¢g, HEM1g BE2g.

YPD WA B R 3100 mL): EEME2 g, W&
W2 g, BEEHEIWIL go
1.1.3 &K A Fo L%

W PRAIPERZIR N VIREIE H TaKaRa A7) &
{3 EL 5 4 1i# (Phanta Max Super-Fidelity DNA Polymerase)
VA E R MERE A E] LBREFRIE . LR A E
W E FgERAEY) TREER AR & A& L
TRV H OXOID A wl s e EEHEEAMl A M L-52 2
&2 H Solarbio A w5 JlH 45 2 % (coenzyme B12)
W R BT A | s B BE L A K 7T & Frozen-EZ
yeast transformation Il JJ Ff ZYMO RESEARCH A
Al s PCR 2l A ik 77 & & [R5 B 40 75 &0 B 4 =X
EACFOAEHEARFRAA .

Ay PR mAEREFRMA: L%
THILPEPK; Biotek Synergy2 % I REBE bR AL ; S
Prominence-I1 LC-2030 2 %] = ¥ AH L1 4% s 35 5%
LED 285647 10 W(520~530 nm); Jé FEe L R 4k
ST

1.2 FRERRITSOE

12,1 455 Hrh syt

A pSET152-Pj23119-2CarO-GFP Jii ¥ #: 4z
18 1 5| 4 Sall-Pj23119F 1 CarO-TEF-R ¥ 15 5|
2CarO; LA pl13-Tm Fi K A AAR, 8 H 5] 4 CarO-
TEF-F 1 Stul-XPR2-277R 4~ 1 1% %] TEF-mCherry-
XPR2; Ll 2CarO Fl TEF-mCherry-XPR2 A 1 4 ,
f# FH 51 4 Sall-Pj23119F Al Stul-XPR2-277R HE 1T il
4 PCR, 75 3%|2CarO-TEF-mCherry-XPR2. It A Bt
B R4 CarO £ i« TEF %0 3 317 17 51 Fl ik 75
5K mCherry 115 5 i Hi S
122 ##& BT & &4k CarH-VPRH #9 & ik # 3

M

PL pUCS7-CarH Jit KL A £ AR, £ I 51 9
1312CarH-F 1 CarH-VPRH-R ¥ 1 13 3| CarH (Gene
ID: 3169555); LA pUCS7-VPRH Jii #i A AR, ff
FH 51 %) CarH-VPRH-F F1 KpnIHSF1-R, 3 115 |
VPRH ;DL CarH F1 VPRH MR #R, 8 H 5] 9
1312CarH-F fil KpnIHSF1-R # 17 fit & PCR, 75 %
CarH-VPRH. HFRGIMERLER N VIEG Pml 1T F1 Kpn 1

M) pINA1312 J5ORL, U074 18 F PCR 2i46 155
&4tk ¥ CarH-VPRH i A\ 2| FIREFY] pINA1312
JiukE LA i TR p13-CV o
1.2.3 2K vh B R 4 pl3-CV-2CarO-Tm #y 3

JH PR 1 A% R N V) B Sal 1 AN Stu 1 B YT) p13-
CV KL, ¥ H Bt 2CarO-TEF-mCherry-XPR2 i
o [ I 2 O A N B R A S (Sal T AN
Stu 1) AR Bk p13-CV-2CarO-Tm.
1.2.4 A4 2R & R A2 pl3-CV-2CarO-TAL # 3

PA p13PxoTAL Jii KL Jy B4k, A A 51 % TEF-
TAL-F Al Stul-XPR2-277R ¥ # 43 %] TAL; {# A 5l
¥ Sall-Pj23119F Al Stul-XPR2-277R, ¥ % 5 %4 )5
&) ¥ 2CarO-TEF 5 TAL # 17 fit &4 PCR, 15
2CarO-TEF-TAL, i id [ J5 8 20 1 77 22 36 3
Sal 1 1St 1 XUEEVI ) p13-CV J5RE A LU 2 i H
p13-CV-2CarO-TAL.
1.2.5 A & AR A pl12-4CC # 3£

LA p12-4CL kL AR, A8 1 514 1269-Spel-
XPR2-F 1 FBAin-CYCt-R ¥ 34 43 | FBAin-4CL;
P pCas-AXPCHSCHI Jii %% # 4k , Al FH 51 ¥
FBAin-CYCt-F Fl 1269-Spel-XPR2-R " 14 75 %I
CHS-Pexpl-FBAin-CHI. FH R #l| 14 4% & N DI Spe 1
B 1] pINA1269 JFURL, U1 718 FH PCR 2646155
it . ¥ FBAin-4CL fl CHS-Pexpl-FBAin-CHI
k2 Fr B IR A ) 7 A 3 3 Spe 1 MGV
pINA1269 Jii ki o AR & 5Tk p12-4CC

1.3 BEESEARNEE

A 7248 FH 1B 28 R pINA 1312 AT pINA 1269
s B D) R A AL B S e N Pol TR Bk o WD) 4R 1%
AR 2 (200 WL = HE 24 KB B o R I ) 140 L,
2% M 0.1% BSA. 10xH Buffer. 0.1% Triton
%20 uL, WU Nor 1 3 pL. J M kA% 37 °CK
Wah. BYIRMILE ARG, f8H PCR 244k o7 & 4l
LD =40, B JE F 50~80 wL i &b 7K i fid 1 1) 2%
YRR T B2 B AL . BRI AL D IR S 2 B4
A 77 £ Frozen-EZ yeast transformation I )i 7] Lk
BIFIEEVE DR . feH DR WG, B BE
A /£ YNB-Leu 3¢ YNB [l /£ F i) £, 30 °Ck; 7%
48 h.
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1.4 BERRTEIEFISS

A A AN AL 3RS 57 5 A pINAL312 T4 BURL
FR R AR R B 95 5 9 YNB-Leu [Fl 4 95 5, 76 LR
B AL TR p12-4CC BT FR R3S 7755 YNB
[ RS IR 5L . BRARFP TR0 97 DL S 85 97 4k
N YPD Wi FR 0k . PRIk REHS /£ YNB-Leu B YNB
] P2 R B BE PR ER VR T35 1.2 mL YPD
A3 770k (55 20 umol/L R 1 4l % 22D 1) 24 AL IR AL
WROEARE ST HERG, THRNRERE, T
30 °C. 220 r/min {HiR#EIKIE T 48 ho 48 hJF %L
B 700 pL B ¥ I 5E ¢ 56 4H (RFUD A1 600 nm AL () )6
HECODy,,), PAIRGZE o B 5 i 1) W AR AR R R K
% CarH-VPRH 335 1F F 7 B Ak o

1.5 XESXLR

e A AR R UKL Y. lipolytica 34T
g e N R I . DAAS B 224 T8 4R 0% B 1
TEHEAE R Foei0 A, DUE 28 06 40 HETE JAE
NG SR AR SR IR 4 . 53R EE N YPD (20 pmol/L
MRS E), EE N 5/25(25 mL #E P 254
5 mL ) YPD 1% 7% ) . B 46 4T (520~
530 nm) ITE IR FE IR (30 °C, 220 r/min) 5%, 4
TEIMA ST IFE R N 12 em, 159772 h, EURED
%€ RFU 5 OD, B, AN SRR . 5577 MK %
HEF 1 ODg, =5, #EFh & 1% I 25 1 #E Fh 15 9%«
Ry 7R 4 N 30°C, 220 r/min, YPD X597
5, H53%24h.

1.6 BREMERRREMRL

Xf CarH-VPRH & #5 B0 15 F B 0 75 1 i 1 4
JE R R E AT . BLYI-CVH Il ik, 3
B IR oA DS 3520, I BB IR R BRI R
FEN: 0umol/L. 5 umol/L. 10 pmol/L. 15 umol/L.
20 pmol/L, ANV S 6 J52 73 i1l 150 L ' R 2L A0 SR
“H. Br7E48h, HUFE700 pL BN E RFU 5 OD,, -

1.7 BN E REERAIRN I N SEIE

FEPh G 6 LB bR Y1-CVH HEAT 2 ' i 7 A% &
s 30 25 W B I 2% A AR AL B PE RETIN K. X YI-CVH

WEIHAANFEIGK KM O0~24 h LG,
24~36 h B, 36~48 h &G4, 48~60 h
5, 60~72h&g B at, 72~84 h I, 84~96h
GOLIEST, 96~108 h EE, 108~120 h &GRS,
QUIRA LIRS OWA RN, FRNHITHES
BFE(CHESR 1S, HYIEO0h, 24 h, 48 h,
72 h A1 96 h #h b0 15 pmol/L g # &6 it & . 1 7%
120 h, %EFE 12 h BUFEN 2 RFU 5 OD,, 1B

1.8 WEEREMEHREERSENE

AW TR R H B 2L B (Rhodotorula glutinis)
) 5% 2 TR fift %\ i (tyrosine ammonia lyase, TAL) %
1 3£ A tal (GenBank: KF765779.1) ™, ¥ H & T
HESFHEIT NHEHEE TEREK, L LER
PRI & SR A R SN SR bR, MR 2t
LR GAE RIR =W BT T 7. Pk Polf
B N 28 1) 28 1 A6 Ab #E 1) p13-CV-2CarO-TAL Jii Fi
CEPRRW 1.3 /1.4, DS RIS & SR A BB K Y1-
CA. X YI-CAWE3IHAFFIEI &M QR
LGN @IRA R, @0~48h B, 48h)5
GRS, FR TR SRR TESR LS,
13796 h IFHUREF FH HPLC Bl & S e - & . R
AW 792 7T 25 8 Weid 25 040 2 3T RS I 7 9%

1.9 HWEERESHREHREESFENE

TEXT 7 SR & B R e — 2 gl AR Bl
J¥ (Arabidopsis thaliana) [ 4- 75 5.1 4 1 A 7% B2 1
(4-coumaroyl-CoA ligase, 4CL)%ifid3& K] 4c/(Gene
ID: 841593) . & /K [l & M (chalcone synthase,
CHS) % i £ [K chs (Gene ID: 831241) . £ /K il 5
FJ i (chalcone isomerase, CHI) % i # [K] chi (Gene
ID: 830409) ), LASZIA 3 (K Ak & A
PR YI-CA H i N 28 3k 28 1 4k 4k B2 1) p12-4CC Jifi Fii
CLRRA 1.3 80 1.4), 15204k B 3R & BUE PR YI-NA.
XF YI-NA ¥ B 4 HAFREIE %A D0~24 h %
JeHESS, 24 h J5 R @0~48 hEOLIGT, 48 h
JE R QIRAZOLKN, @& RN, RN
THIEFEFROTESR 1.5, 4470 hd N
15 pmol/L R H 4k i 2 ; H i OM@H 5 7l 7F 24 h
A48 h BN 15 pmol/L BRF & e &=, 597 96 h If
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BB A HPLC A I X & SR AT 3K . Rk
R W] 2 18 Wei 55 B4 i ST RORT I 7 i

2 HiR5HH

2.1 BRI ERRERAIE

211 Skok pAE R B X

AHIEF b R IR 6 R S TG CarH 2 — Mgl
i 7 F 5 S5 R 7~ B9 CarH ) DNA 45 & 1% PR A
B A T B g AR 4 X 3R (AdoB12) . 7RG
H&M T, AdoB123EH:1 CarH I R AR5 3 ) 7%
FI CarO i 4, RIEFSRTER, MHT
WK B B MR IL . Chatelle 25 ™ 1) F B0AZ 40 D
I FH B B0 45 M I BOE YERE BT T CarH-
VP64 5 A i, K LA T i 5 IR A e S R R TA
(1 H0 i AE F B0 o e eoEE R . R, ST IR
B M Y. lipolytica (W FLAZ FF 1, 0] DLEE T 4%
ST F 38 FH %) % SR TR 5 R Bk ) LA R SR T
Dt e semi Moo fr . Ak, & CAE Y. lipolytica
I IE IO T RE A VPRH 8 4 0 45 M 31 %
WO A Y, WEE S8 CarH-VPRH ¥ % A 1.
I 20 R AL 2235 (hp4d 2 35 ) CarH-VPRH K 1+ )
PP R i 5 R A tH AR, v ) R Ol e Y A%

hpad

(XPR2).

1

AL E 1) . RSB, AdoB12
ff) Co-C BEHL B IR, CarH-VPRH YRR MEE, it
TVEH S G S AR 8 2CarO-TEF, #Emiffisgt
Wi B R Gk T “Oft” ARABLE 1) ] M R
AbAE BB 5 F R, CarH-VPRH Y 5844 £ 8 i) 45 &
#|2CarO-TEF J3 3+, #FMMifH 1) VPRH B 580
DhRE SR T SE R R 0E, 4R am B R4kt T
VEERH) “On” IRZSLE 1) Io

hpdd A3 7@ T AN LEMRME &R ESF 57,
U Leutk L 8 8+ 17 41 LA ECSKIE T XPR2 3 30+ 1)
UAS 741 B, Beis A 23X 5 R iiF CarH-VPRH
Rk, BN SRS B L S R
RS CarH-VPRH [K 7. WRENIR 5 FE K F A
(1175 5 8L 3 80+ 1 TEF J& 2177 5114 1) TATA box |
JiE 1) CarO 7 s FA% 0 5 3l F Pref 2H . 7E TATA
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Fig. 1 Design of the green light response sensor

((a)Tool plasmid design of green light response sensor; green light response transcription factor CarH-VPRH is driven by constitutive promoter hp4d,

expression of reporter gene mcherry is driven by inducible promoter 2CarO-TEF; (b)"Off" mode under green light; (¢) "On" mode of expression in

dark condition)
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Fig.2 Performance of the green light response sensor

(a)Fluorescence protein detection spectrogram of sensing strain. Black curve is dark group, and green curve is green light irradiation group, excita-
tion light: 570 nm, emission light: 590~700 nm; (b)Green light response signal output difference of strains; Tested strain was Y1-CVH; Culture
medium YPD, 72 h; (c)Effect of cobamide vitamin B,, concentration on light-controlled induction system,48 h
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Fig. 3 Dynamic response of the green light response sensor to light conditions

(Green area in figure represents green light irradiation condition, and gray area represents dark condition. Culture conditions: YPD liquid medium,

30 °C, 220 r/min, and supplemented with 15 umol/L cobamide vitamin B,, at 0 h, 24 h, 48 h, 72 h and 96 h; Fluorescence value measurement condi-

tions: excitation light: 580 nm, emission light: 608 nm; Sampling time interval: 12 h)
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Fig. 4 Cell imagines regulated by green light irradiation

(Imaging strains were suspended and preserved in PBS buffer solution
with pH 7.4. Experimental strains were cultured in YPD medium,
and added 15 pmol/L cobamide vitamin B,, at 0 h.

The strain samples were obtained at 72 h)
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Fig. 5 p-Coumaric acid synthesis regulated by green light irradiation

(a) p-Coumaric acid synthesis pathway controlled by green light. PPP—pentose phosphate pathway; PEP—phosphoenolpyruvate; E4AP— erythrose 4-phos-
phate; DAHP—3-deoxy-D-arabino-heptulosonic acid-7-phosphate; PPA—prephenate; HPP—4-hydroxy-phenylpyruvate; TAL—tyrosine ammonia lyase

(b) HPLC chromatogram of strain YI-CA. The red curve represents the 50 mg/L p-coumaric acid standard, the black curve

represents the strain under dark conditions, and the green curve represents the strain under green light

(c) Changes of p-coumaric acid concentration of strain Y1-CA under different light conditions; Medium YPD,

and all added 15 pmol/L cobamide vitamin B, at 0 h
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Fig. 6 Naringenin synthesis regulated by green light irradiation

(a) Naringenin synthesis pathway controlled by green light. PPP—pentose phosphate pathway; PEP—phosphoenolpyruvate;
E4P—erythrose 4-phosphate; DAHP—3-deoxy-D-arabino-heptulosonic acid-7-phosphate; TAL—tyrosine ammonia lyase;

4CL—4-coumaroyl-CoA ligase; CHS—chalcone synthase; CHI—chalcone isomerase

(b) HPLC chromatogram of strain YI-NA. The red curve represents the 50 mg/L p-coumaric acid standard and 50 mg/L naringenin standard,

the black curve represents the strain under dark conditions, and the green curve represents the strain under green light

(c) Growth curve of strain YI-NA

(d) p-Coumaric acid fermentation curve of strain YI-NA

(e) Naringenin fermentation curve of strain YI-NA; YPD medium, all added 15 umol/L cobamide vitamin B, at 0 h, and the two groups whose light

conditions were switched from light to dark at 24 h and 48 h were added 15 pv cobamide vitamin B, again at 24 h and 48 h, respectively
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