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R 38 KF (RS i R 4% . Na™/Pi Il % is B (1
PHOR9 , J&—Ffi &1 2 Al B IR 8 5% s 1, 32 TC LI B
18 R B 38 1 ™ A A L B TR AR Mk B A (<
0.25 ¢/L) Wik B ) PHOSY JE 3 715k S
TS, T 3 ) 15 % 56 b il 1 50 v B R T
PEE H LR 20K | AR H 3 G — 2 G A B 3 il 7 T
PR B 2 2k A 5, Lt ad ik ME LA
NADPH it g JJ LR, 26 1EF 751, 24T RNA R
A 2R 5B DNA 51, [ Bt 5 mRNA
RS E PE e SRR AT mRNA M SR A IR 0 R
T A WE g A B IR 4T & TR E RE N TR T
pPHOR9 J& 8Tl tHSP 2% 117, My T [P 21 4 1 i

R R £ DL R 5 5 K 38 24k pZPK-pPHO89-hyg-
tHSP, L hyg RHR5 S K B0 T H DI, 76 3L aih
b MR A & R K K pZPK-HYG-
pPHO89-MCS-tHSP ,iffi i1 ME ) # ik fll Western blot
I3HT  UESSZAR IR B AR TT ] T B A & PR A AT 4%
PTERIA,

| B
1.1 ##
1.1.1  HARFOFRAL, 3 1 N SE56 T H A% B ik AT

R 1. RLWETAE RN BUAL

Table 1. Strains and plasmids used in this study

Strains and plasmids Relevant characteristics

Reference or Source

Strains
Rhodosporidium toruloides Y4
Rhodosporidium toruloides NP11

Diploid
Haploid, MAT A

(8]
[9]

FEscherichia coli DH5 F~ endAl gInV44 thi-1 recAl relAl gyrA96 deoR nupG ®80dlacZAMI5 A  TaKaRa
(lacZYA-argF) U169, hsdR17(rK~™ mK™* ), A~
Agrobacterium tumefaciens AGLI AGLO recA ; ;bla pTiBo542DT Mop + ChR [18]
AGLI-HYG-PI AGL1/pZPK-pPHO89-hyg-tNOS This study
AGLI-HYG-P2 AGL1/pZPK-pPHO89-hyg-tHSP This study
AGL1-HYG-me-P AGL1/pZPK-HYG-pPHO89-me-tHSP This study
plasmids
pZPK-pPGK-hyg-INOS pPGK-hyg-INOS cassette in pZPK, Kan®, Hyg" [12]
pZPK-pPHO89-hyg-tNOS pPHO89-hyg- tNOS cassette in pZPK, Kan®, Hyg" This study
pZPK-pPHO89-hyg-tHSP pPHO89-hyg-tHSP cassette in pZPK, Kan®, Hyg" This study
pZPK-pPHO89-MCS- tHSP pPHO89-MCS-tHSP cassette in pZPK, Kan®, Hyg" This study
pZPK-HYG-pPHO89-MCS- tHSP pPGK-hyg-tNOS cassette and pPHO89-MCS-tHSP cassette in pZPK, Kan®, Hyg" This study
pZPK-HYG-pPHO89-me- tHSP pPGK-hyg-tNOS cassette and pPHO89-me-tHSP cassette in pZPK, Kan®, Hyg" This study

1.1.2 EEHAFILEF 0% K B E AW K, Tris-
T | ST T AR (4-MGuk SRS R I F AL 5Tk A=
Y ARA B3 4E/2 7] ; PrimeSTAR HS DNA B4
rTaqg DNA RA T PRGN ) Dpn 1 .DNA Marker
W B F A TR (R ) A R BORL DNA /i
PR & DNA BERE M50 & PCR 7™ 4 [l
A& B ElEA TAY TR R ARTTEA
w BUNRHE B VR A IR B RE SRR |
JB R R AE T L OxoiD A 7] s HEEian 24 2 2 Hr i,
JIt AR - NanoDrop®  ND-1000 4356 B 11 ( £ [F
NanoDrop BHE A BR 5T AL Rl ) , B PCR A ( F4
Y TR ( j(l%) FIRATA]), F1 InGenius LHR %E ik i
185317 245 (¢ [F Syngene A F])

1.1.3 BHRERFFRFEME: YEPD FiJr I LB I

FEFELM IM KAL) PR 8 35 2 (pPHO8Y i 5
BigRdk) .30 o/L #i A .S o/L BLFR % 0. 64 ¢/L
B4R 0. 08 o/L T /KA 8RR A — 4 .0.94 ¢/L
TR 1.5 g/L L/KERIEREE , pHO. 0, Fir A7 & {415
FREETE bR MR B 3R SR LA A 1. 5% Y B
NEHI

HIEE A& KT B ( Agrobacterium tumefaciens ) AGLI
R IGFFH ( Escherichia coli) DHSa f# ] LB 3537 4t
BEFR B RIRIE 4 )R 30 °C 37 C L HR IR T
BIMALIRIEH 50 pg/mL KABFEEZE M 100 we/mL
FURE R FRIRELH 200 o/ min, [RIZL A B
YEPD #5535, Ki 725 0 30 °C, BR#E KT 77 3k i
Bgedk, FMRSR T EMA LR 50 wg/mL )
R B,
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1.2 BHFEMEREST

HIAY R, toruloides Wi TR BR i 15 1k s 37 W 7%
SRZ (PO) AR £ F & fE AL B TR W 56 )20 (F3 ) 2K
i (Re k) R, PO [ Na* /Pi BRI 32 26 1 4
FEH pho89 55k FEFEHL F3 #2051 40 fi5, MRIE R.
toruloides NP11 3 HF A fE B ( Bioproject
Accession ; PRINA169538) , Fl| FH 4% -4 3k K 2 o] 44k

W% 2% (Integrative Genomics Viewer, IGV) , X} pho89
JITHE Scaffold FFEPILLFH AN B BLEFT ] P Ak 45
i, 4k15 pho89 ORF (gi 1410130879, RHTO_01284) |-
i 590 bp J¥FI G 8hFIX
1.3 S|¥M&EMK

ASCHTH PCR 9385 1) W36 2, ¥ ZeFEdb nt 4
I LE AR A R TTHEA w6 1, PAGE 24,

x2. 5|MER

Table 2. Primers used in this study

Primer names

Primer sequences (5'—3")

PHO89-H1
PHO89-H2

tHSP-H1

tHSP-H2

PHO89-F

PHO89-R

HYG-F

Histaq-R

HYG-F1

tHSP-R
PHO89-MCS-tHSP-H1
PHO89-MCS-tHSP-H2
PHO89-tHSP-P1
PHO89-tHSP-P2
ME-Ncol-E1
ME-Ncol-E2

CCGAATTGAATTCGAGCTCGGTACCCGGGGAGGGATCTTCCCTCGCTTTGACTTCC
GACCGACGTCGCCGTGAGCTCCGGCATCTTGACGACGGTTGGCTGCTGGCAGGA
CGAAAGAACACCACCATCACCATCACTAGACGATTCCGCCCCGTCTCACCTCGCAT
GCATGCTGCAGGTCGACTCTAGAGGATCCCGCGCACTTCTCTGCACTGCATCTTTG
CAGCAGCCAACCGTCGTCA

GCAATTTGCGTGCGTCCC

CGGTCGCGGAAGCGATGGACGC

CTAGTGATGGTGATGGTGGTG

TCGGAATCCCTCACGTACTGT

CGGCTTCATCGCTGATTGTCC

GCAGCCAACCGTCGTCAAG GATATCCCATGGACTAGTACGATTCCGCCCCGTCTCA
TGAGACGGGGCGGAATCGTACTAGTCCATGGGATATCCTTGACGACGGTTGGCTGC
AGCTTGAGCTTGGATCAGATTGTCGTTTCGAGGGATCTTCCCTCGCTTTGAC
CAAACACTGATAGTTTAAACTGAAGGCGGCGCGCACTTCTCTGCACTGCATC
CGGCCATGGACATGCCCGCACACTTTGCCCCCTCCCAGCCCCTCCA
CCGACTAGTCTAGTGATGGTGATGGTGGTGCTGCGCCTGCTGCT

1.4 J33F pPHOSY9 Fn2k 1k F (HSP B 5 [ B %
k&

P R. toruloides NP11 3&[H 20 DNA b4, DX
PHO89-H1 F1 PHO89-H2 .tHSP-H1 il tHSP-H2 75|
Yy ¥E 345 pPHOS9 1 BeMl tHSP F Bt H4IH RF
( Restriction free) o7 [ 3R fig 16 , B # pZPK-pPGK-
hyg-tNOS" 2 4 I i 4 ALY )5 35 F pPHOSY L 1k
T (NOS( &l 1 Step 1 H Step 2) , it PCR AR % E
FH A I 26 K% TaKaRa 23w FEATINF | 3045 1F
WA S 24 pZPK-pPHO89-hyg-tHSP,

1.5 ZBREMS(MCS)HSIANTINKREZZIFSE
RiILFEHHE

LI S R £k 4 4K pZPK-pPHO89-hyg-tHSP
R TR, VPR B A T 5 HROR S Y 3 AT A
EcoR V Nco 1. Spe 1 5112 5 57 55, MCS ( Multiple
Cloning Site) , Z% RF wilJF#l'"" & &oc 4
R AN AT EcoR V Neo 1 Spe 1 BEHI 55 10K 4%
FIWIE R R G190 (Mega-primer ) , HHEHEAT RF 11 3¢
BE, 51 A MCS, # # 2 & pZPK-pPHO89-MCS-tHSP,

WA 1 Step 3 Fron, #ET K, 5IABER
“pPGK-hyg-tNOS™ Fik & (A FR HYG) , # AR ik
BiFS R IB P pZPK-HYG-pPHO89-MCS-tHSP, it
RGN 1 1 Step 4 Fis, 805, FIH PCR HoRY 3
[T 4 FL e B me SEDH IF3 3 5 | BT E R A R
M C %] A6 =His Tag, Fl F§ MCS {3 &5 H1 ) Neo T,
Spe 1 BEDIAL s 55 A XU IE & F iR AR pZPK-HYG-p
PHO89-MCS-tHSP, 3 15 X & ik & #k /& pZPK-HYG-
pPHO89-me-tHSP( & 1,Step 5)
1.6 RHENSHEUEILHER

JT AR FE 175 T R A AT o P e A AR AT AT
AGLY, ¥ A6 W W IR i T % 50 pg/mL Kan #
100 pg/mL Amp [ LB [E{A$E 575 30 CH557 36 h,
PEHL Kan F1 Amp XU PEFE AL 0 FEY: B 4L sk,
T ATMT % Ak [ 21 4 i g B, 20 B i a0 F . R.
toruloides NP11 BT E4% T 5 mL YEPD AR 77 3
H1,30 °C 200 r/min $53% 20 h, 835 E 0D, =0. 6,
AT T AL E AR IR T 5 mL Kan-LB ¥ AARE
FEIE(RIREE R LW E 100 mg/mL) H,30 C, K
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oy Step 1 (\ :

Mega-primer i PZPK- N
= i ERGESY R O
pPHO89 RF reaction II 74

RF reaction [
Genomic DNA

Mega-primer

tHSP

PZPK-HYG-
pPHO89-me-HSP

Step 3 Step 2

1. RF mERIEREE
Figure 1. Schematic representation of RF cloning. pPGK: phosphate glyceric acid kinase promoter; pPHO89, inducible
promoter ( sodium:inorganic phosphate symporter promoter) ; tNOS: the NOS terminator from the pBl121 vector; tHSP:

terminator of heat shock protein Hsp70 gene; hyg: hygromycin phosphotransferase; MCS: multiple cloning site; me:

malic enzyme gene; LB left border; RB: right border.

3 200 r/min 55520 h, fT & 0Dy, =0.6 ,%Hﬂ;
B AR KR AT B B 45 100 wL, TR2T, % T
IM 35 G PR BB |, 50,24 C 155 48 h; HITC
PR TH IR BN IM 75 P AR b e % 335 i 1k o
M (& R WBRBER R L) 1,30 °C 8] B 5 5%
48 h, HEHL I,
1.7 EHRMRKRBEMEERRBLERE

R. toruloides T 2H TR AK 3% 75 5 5 R FH B i i 1R
ERBE SR AL R AT S B TR A, 4y
WIZHEH] T 2 A AR Na, HPO, ¥ B (R FR %5, |
JZ R TR 0 PR 5 57 5 % 50 pe/mL 1A
F(E2-A), PREBUHESAL T FIH & 50 wg/mL
BER M PRI FR L B 3% B 0D, = 0. 3, WA 18
AR FH TG B K e U, BB o TR VA TG B OK e R
ODgy =3 % 10740 KB 5 pnL W4T 3 FE 0 -
0.015.0 0. 15 10 - 1. 5 g/L Na, HPO, %<& fI R s
WEgRdk FE MR, 30 CREIE IR 3 d, WEERMIF
TR IR ER 5 3 R B /0T

R. toruloides TH 2H & FR FE PR 7Y % 5 ok FH I 7%
PCR J5ik, EEAIBEPRASPREL 2 4~ A6 UF IF# A 5%
b, BRBEET FR 315 55 5 B 2 L o v Y A 4 TR
B, MA 200 L TES B8, # R g o 7/ E W24 50 56
T ) 1 B B BR A R VAR B R 41 DNAYTY R
3 XSS T PCR R,

1.8 =48 ME ByKiAF0 Western blot 4347

FIH 51 % ME-Ncol-E1 Fll ME-Ncol-E2, 4 RT-
PCR 9347 N5 B Al ik 428 G Bt il — S 192 1 2t %)
FH me, B F WKL & HAK pZPK-HYG-pPHOS9-
MCS-tHSP , #4) #3505 TR il 1) B R 2R LR 5 5 ik 3%
&, 2 ATMT %4k R. toruloides NP11, #4E 1.2.6
H AT B IR 5 5 Wk B UL, AE B TR SR Wk
0.06 g/L MR ER 5 37 5 h & W% 48 h, FIIHP IS 2k
T BE VA AR BORE i B8R 1 E 4T Western blot 4347, TEHY
HH ME R HIEFRIAE

2 HRFapHT

2.1 EYEEESH

R AS PR ZH G e NCBI AN B R, toruloides
NP11 %t A 41 J¥ %1 {5 B ( Bioproject accession:
PRINA169538) , F| I IGV #k 4, X pho89 FF 7E
Scaffold 143 20 7 51 A 0 B4R B A7 T A AL B2 1
(W) , 35k pho89 & 31 FIX (pPHOS9)
2.2 BHFMEILFHRERINEST

S EES RS 3T pPHOS9 FIZ 11T (HSP, F)
F RF STREMR U & 4 1 R #4K pZPK-pPGK-hyg-tNOS
HYJE 31T pPGK FNZ 1T (NOS, I & T4 S
F 3k AR pZPK-pPHO89-hyg-tHSP ( & 1, Step 1 il
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Step 2) [ UI A 7 56 0k 1F # Y pZPK-pPHO89-
hyg-tHSP f9 it ki #] FH ATMT 7 ik & & £ R
toruloides NP11 FER ] FRAFEAE R PUIETEL 7.
TN Z YU AL T U T R ALIGAIE | K IR 2
JEWERRER B IR 4k (I 2-A) ' Na,HPO, ¥ JE i = %)
AL, R R IAERK BRI K R =
Fifadi (18 2-B) , &b WA AT & B, 7E Na, HPO,
HWeBE A 0. 005 — 0. 080 g/L. i [l P 45 H BLY &) 43 A
(B TR 7 1T Na, HPO, ¥ =5 0. 15 o/L By LT %

A) (B) Na,HPO, (g/L) "\

1.5

Pour first layer of agar
(contains HYG selective agents)

50 ang_

0
0.015

Lay plate flat and pour second layer
(contains no selective agents)

Jy ——— 0

ALK, X5 pPHOSY 3 31 T RE S <2 R B L1k
VMG 81 hyg SERFIRBVIMDE, MBI 1%
O34l DL HY, 78 Na,HPO, ¥ >4 0. 005 — 0. 080
g/Lya I N, pPHORY Jii 3l & HEAE H , i 2k ik
JE EFR 0. 15 /L i pPHOSY Ji 3 T 9 P8, 45
R T AR RE R AT & AR pPHOSY JE BT
18 2 6 VLR 25 BHL 38 1 B JT R A R0k B [ oy
(1.19x10 7> =1.91 x 10 %) mmol/L, Hiz£h £ 1
B R [BRM 3.59 x 10 % mmol/L,
©

e

2. BEERELMEEE FIRFI&E (A) ,NP11 EHFEMKAIREIIE (B) F1 Western blot 7347 ( C)

Figure 2. Method for pouring gradient phosphate plates (A) , phenotype confirmation result (B) and western blot result (C) of the recombinant

strains. A: Schematic illustrating a method for pouring gradient phosphate plates. Each plate is first tilted at BS degrees from the horizontal and

a first layer of molten agar containing phosphate (Red) is added. After this initial layer hardens, the plate is laid flat and a second layer of molten

agar lacking phosphate ( Yellow) is poured. B: Phenotype confirmation result. C: The Western blot result of recombination strain NP11/pZPK-
HYG-pPHO89-me-tHSP. M: marker; lane 1: negative control R. toruloides NP11; lane 2: recombination strain NP11/pZPK-pPHO89-hyg-

tHSP; lane 3: recombination strain NP11/pZPK-HYG-pPHO89-me-tHSP. * .

phosphotransferase (HYG) with 6 =His tag.

2.3 WRZEFSREHEEEFLH

P pZPK-pPHO89-hyg-tHSP A Hi & Jiokr A 1
FHT A1 5 35 TR 3R 36 1 X% 3k 6 175 5 B 3R 8 Ak
pZPK-HYG-pPHO89-MCS-tHSP, H:H MCS 1 #% 3
MEFYIAL S EcoR 'V Neo 1 Fl Spe 1, R 41 24 fl i 1
NP me FEFIFIH Neo 1 F1 Spe 1 B 15 4 A %)
pZPK-HYG-pPHO89-MCS-tHSP , 4 % il 3¢ 5 % il 1Y)
BERRERYUIR L B 5 3 IR 4K, 22 ATMT 5446 R.
toruloides NP11, 3k 15 T 41 B ¥k NP11/pZPK-HYG-
pPHO89-me-tHSP, R4 FT 45 ) 1) 8 1R 36 175 vk
B AEL , PR R SR MR EE 0. 06 /L AYE FEE FR 3Lk AT
P HE 7 48 h WSUER BRTAAC TR 0 g B A B 1 i SR

Malic enzyme gene with 6 = His tag; ™; Hygromycin

ihEVE T Western blot 04, i 13 T 40 5F SR iR il
C i 6 x His Fr 2 v K 21 2wy sk %k (| 2-C)
s BT LA, B4 Bk NP1L1/pZPK-HYG-
pPHO89-me-tHSP 7EFR £h A4 &5 v B 1 1] PN 1 52 g
e FIR IR . UEWIFEBE R ER VLR A5 1, R
KA SR AR pZPK-HYG-pPHO89-MCS-tHSP [
SEEL H R A TE R AR RERE i ek

3 g™

Bt X [59 £0 2% o 1 Bttt /D 15 R R A A B
AR ABIETE ST B AT 205 5 B Bl 1 A 1k T A
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BRR T AL A AR IR SR VLR 75 3 R 4R i 4
H#, AT, —J& s A% AL RN R 5
FARE B PE T A SR IR 0 IR SR DLk 25 B i
SRS ST pPHOSY; — 2S5 % T A4 & fu i) 3
PRI 20 R SR 2H B30 | MR A0 32k PR S/ T i PR 225 4
L X M 7 B T 6 Lk 2 B i e B 3R 38 1 )i ) i
ATOfE e , X P Ty ok 5 1% G SC AR 1 O 3 ) 2 1
7 AR G, AP BT R | EL TR
VEMEEE , 2 — PP i B T i

AT BT 2 5 - M 52 56 25 Ok &, pho89 FE 1A
Ja B F ISR ICTE AT S 7, 655 35 W P B R 46
W JETE (0.005 - 0.080) g/ L I 8 i 25375 5 5 LS 2R
TR R INEE R E  fEWE IR AL B M AT,
pPHO89 Ji 8 Fnl i3 = A Kt dE 4 ME &1, il LA
SEERANAE AR K 5 H G 3 PR 3% 3k A 2 R R T A
AR HE B = R RS A T IR B0 R
KR NADPH A= =i ( el ME) i e ih , i
S IR A R 2 BRSO IR RIS, pPHO89
Jo BP0 32 B TR R e B 0 PV T I N R v 45
YRR o O ZIMA TR T HE S5 b
Ab  ARBIFFEA R TR ARG 7 ek B B 1) I B AR SR AR
IRAR B S AR 3 DR 2l T AR BRI R r) st A4 45
ET R,

EP
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Phosphate starvation derepressed expression vector for
engineering oleaginous yeast Rhodosporidium toruloides
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Abstract ; [ Objective | To construct a phosphate starvation derepressed expression vector for functional integration and
expression of exogenous genes in Rhodosporidium toruloides. [ Methods ] Sodium: inorganic phosphate symporter promoter
pPHO89 and heat shock protein terminator tHSP were predicted by bioinformatics assay. DNA fragments of the two
elements were amplified from the ¢cDNA of the oleaginous yeast R. toruloides NP11. Then the lyceric acid kinase promoter
pPGK and terminator tNOS in vector pZPK-pPGK-hyg-tNOS were replaced by pPHO89 and :tHSP, respectively, using
restriction free (RF) cloning method. Hygromycin phosphotransferase gene hyg was retained and as a report gene. The
resulting vector pZPK-pPHO89-hyg-tHSP was transformed into R. toruloides using agrobacterium-mediated transformation
(ATMT). The function of the pPHO89 promoter and the tHSP terminator can be confirmed by the transformant harboring
the hygromycin resistance. Furthermore, we developed new inducible vectors containing two expression cassettes driven by
the constitutive pPGK promoter and inducible pPHO89 promoter. [ Results] pPHO89 was regulated by phosphate and
activated when the recombinant R. toruloides strains were grown under phosphate-limited condition. [ Conclusion ]
pPHOS89 is an ideal promoter in terms of regulation by phosphate, comparative response strength, simplicity, and cost
effectiveness. These ATMT vectors can provide useful tools for rational engineering of oleaginous yeast to produce fatty acid
derived biofuels and biochemicals.

Keywords: Rhodosporidium toruloides, phosphate starvation derepresses, pPHO89 promoter, terminator, expression

vector
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