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Abstract: Pichia pastoris is one of the most convenient and widely used heterologous protein expression systems. To further
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improve its ability to express heterologous proteins, we developed a high-throughput P. pastoris screening method based on
droplet microfluidic and demonstrated the method by screening and obtaining mutants with enhanced xylanase expression and
secretion abilities. We used PCR (Polymerase Chain Reaction) amplification to obtain a fusion fragment of xylanase xyn5 gene
and green fluorescent protein gfp gene, and cloned this fragment into pPIC9K, the expression vector of Pichia pastoris, to
construct the plasmid pPIC9K-xyn5-gfp that recombined the DNA fragments of xylanase and green fluorescent protein. After
this plasmid entered P. pastoris GS115 by electroporation, the P. pastoris SG strain that could express xylanase and green
fluorescent protein was obtained. The above-said strains were then mutagenized by atmospheric room temperature plasma and
subsequently encapsulated to form single-cell droplets. After 24-hour cultivation of the droplets, microfluidic screening was
carried out to obtain the mutant strain with high xylanase expression for further construction and screening of the next
mutagenesis library. After five rounds of droplet microfluidic screening, a highly productive strain P. pastoris SG-m5 was
obtained. The activity of the expressed xylanase was 149.17 U/mg, 300% higher than that of those expressed by the original
strain SG. This strain’s ability to secrete heterologous protein was 160% higher than that of the original strain. With a
screening throughput of 100 000 strains per hour, the high-throughput P. pastoris screening system based on single-cell
droplet microfluidic developed by the present study screens a library with million strains in only 10 hours and consumes only
100 uL of fluorescent reagent, thus reducing the reagent cost by millions of times compared with the traditional microplate
screening and more importantly, providing a novel method to obtain P. pastoris with high abilities to express and secret
heterologous proteins by efficient and low-cost screening.

Keywords: Pichia pastoris, droplet microfluidics, high-throughput screening, single cell, heterologous protein expression,
protein secretion
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S | A o /NI B v (i s B L
Pichia pastoris GS115 A 3L 46 25 R L B Rl , AR B
=7 xyn5 & i T ZF 8 A Bacillus sp.
QH14/XynQH14, H 41 it ki pPICIK-xyn5-gfp FlE
HIE xyn5-gfp AL IR L) H 2 - P. pastoris SG H
AR SRR
1.1.2 BEFHE

KGR AE R AR RS IR 5 LB I EE 3 5.0 g/L,
JBE 76 11k 10.0 g/L, NaCl 10.0 g/L.,

B RE A KRR 2 56 YPD: BEREH) 5.0 g/L,
JE#E 11 10.0 g/L, %8 10.0 /L.

REAL K e AR 355 MD: YNB 13.4 g/L,
W2 4x107" g/L, % 10.0 g/L, Bl 20.0 g/L.

IR BMGY . ERERY 5.0 g/L, BN
Jf: 10.0 g/L, YNB 13.4 g/L, ‘E¥% 4x107 g/L, W
R 4 1.95 g/L, iR — & 5.9 g/L, Hh 10.0 g/L.

IR BMMY : RN 5.0 g/L, EEE A
J 10.0 g/L, YNB 13.4 g/L, E¥j% 4x107 g/L,
WA S 41 1.95 g/L, B2 4% 5.9 g/L, HIEE
2.5mL,
1.1.3 EZEEH

DNA Marker W F b5t 8 784 P H AR A R
ol BREIENYIEE (EcoRT . Not1 . Bglll),
T4 DNA i #2441 § New England Biolabs (NEB)
8w o Fast Pfu dNTPs 14 [ It 50 422042 28 vl . DNA
BB ERBORF & A Axygen Ao BRI
P DK 2 [ 31 5 AP s i A 37 6 B Jb s R
Mt A YR AR A A R KRB
(Beechwood xylan) 14 [ Sigma 2\l . HAthi 315
S ] o VRO O A T OB L R
B AR RB A RA T
1.2 F&
1.2.1 BEHABR M

FH DNA J5 Rz B £ F2 L pPICIK JFikL,
Ze1f EcoR 1 F Not I &l %W BV, FHIAE Wit

&: 010-64807509

iz H, Dk e RIS 6 IR Se 844 v Bt . K 800 bp 1Y
S EEE A ofp A BRI 600 bp (19 A SR A xyn5
it PCR (PCR §1#44514: 95 ‘C 5 min; 95 C 20 s,
55 °C 20's,72 ‘C 1.5 min, 3t 35 /ME#; 72 'C 5 min)
AlG15%)] 1 400 bp AYARRBERGRL G 4% B 0OLE N
xyn5-gfp B¢, EcoR I i1 Not I XY 1,
FH T4 DNA #3505 H ) M 2k pPICIK %
¥, #:4L % E. coli DH50 J&Z 5401, %A T LB
P, 37 CHEFR, PRI G TR 24T FH M v B IE
KHEAE ¥ 5-A0X1 (5-GACTGGTTCCAATTGAC
AAGC-3') Fil 3-A0X1 (5'-GCAAATGGCATTCTG
ACATCC-3") AT P o e (AL e R, W
J TEA %) E 40 Sk iy 44 4 pPICIK-xyn5-gfp.
1.2.2 HREERHME B ER L LERRE

2 ik Bk pPICIK-xyn5-gfp 2 Bl 1T 3 1%
R vEAL G VTR Il , % 10 g Zetkfb rBe S
80 L HeaREtE GS115 R Z BRAH T 0.2 cm H
AR, VKB 10 min, SRATHLZESLIL 11KV HEH
d 5 A 500 pL (hZ4EE, 30 CHHE 2 h J5 iR T
MD AR & H B L

W T 1 SRR R R AR TS 2 mL YPD
B nyi A& o, 30 °C . 250 r/min £53% 14 h, ]
FE AN MR, 24 ODggo M 0.1 A 54 % 2 mL BMGY
Rrgedtdr | 30 °C . 250 r/min 555 14 h, 8 000 r/min
B0 2 min WAEAIML, FIJCH BER BMMY 1557 5
PRI E RS, 24 ODgoo N 1 B14#:4: % 5 mL BMMY
BRI (AR 1% H EE), 30 'C . 250 r/min
BT 24 h 5, YOLBMEEMEE GFP 2 KA
59,
123 Wik

FAREERN T 2 mL YPD £33k, 30 C.
250 r/min ;3% 14 h, 4 ODgo N 0.1 M 4G4E S
BMGY }:3#3E, 30 ‘C. 250 r/min 553% 14 h,
TRYERF Y ODgoo M 1 B 4% 5 mL BMMY
TCHRER SRS, WAL (B A SR a3
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950 W, fHHII% 4%, #~ 9.9 s, {599 s, 4t
1 min) BRASB M HE o R AT T Bl SR
VRO AE S A B MR , LKA
AN AR TR, FEAE: 20 pb AF
A (ODgoo N 0.5 BLH 0.3) B HESR
T bR 20 B, AR FRELE BMMY (9% &k B2
5% BSA Fll 19%H ), EAF 200 ul. MRIELK
W, fE FIRACH RS I 10 pmol/L 8%,
H 20 pmol/L MZERINIEY) S13 (WL I Ex
532 nm, KEFEK Em 610 nm). BHhAHFIK A4
BIIMAZ] 1 mL FESFERA, TS E T IR S
SR iR, WA 300 ul/h, ZKAH 100 plth,
308 3 VR S0 e T A B R, A R B
120 25 um, BN 30 C e s 7% 2 it i
(] J& A7 A A
124 HEERFBFEIEETE

P RAR R T 2 mL YPD iU, 30 C.
250 r/min }53% 14 h, 5000 r/min &.0> 5 min 255
BrFRAE, FARRRER K ER AR, ME ODeoo fH-
4 ODgoo M 1 B2 5 mL A #REL K HplE = Ab
P, K EEREE TR (Atmospheric and room
temperature plasma) ARTP 4bBRAL % FH 1 2% A 728
FEIT ERIRK TR, BAEHC10 pl B SR
A b, ARFIERE N & THEF5HS N
FMfzZh, Z2HEER: B HAEAX
(99.999%); AL 200 W5 Ay : 10 SLM;
AbPRIREE : 25 °C; JtEiA: 40 W5 JEAT
Jied, fHE A TR H 2 mm b, BREET
[E] 4355 0, 30, 40, 50, 60, 90 s HfriF7E,
VRS R S, MR B TR 1 mL AR RERK
BLOE T, TTRIEIRZTEDE 2 min, HEA EAE
R4 TR R , 4531 A9 PR A WORE B¢ 100 £, H 100 pL
WA T YPD MR b, LLOs/EARTIE, 30 CHE
BRI M RVE o SR AN [7] R S Bsf 1) %o 35 A 256
AR
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Kb, Al ARTP AL A VAR 7%
. B HARZ ARTP AR IR H & TR TR
1Y) TR 7% £ o

M EIRTHESEIE R YPD AR b, IR R[]
{14175 75 A FHLESF [) 45 (R Pk 658 B BT RR (B sl L
WAL, KRR AT OB E SR, PL O s A I
4 BRLTRT VR VR R 6T BRTRT R, 9615 5 i xR TR
MR BRGE T R IE SRS M

1E 575 38 (%)= 1 2845 TR AR B S TR AR < 100%

(2)

1.25 IR T

HRZ ARTP 2 SR AT T YPD P4k |,14 h
JEVERR 1A, 24 ODgoo o 0.3 B EA A3, ik W,
1.2.3. W ERE TEE S SR 30 ‘CHEFR 24 h, T
VB IHAE GE RO T A 1015 ul/h, 3 AR O 8l
200-250 pl/h, VB8 H BE 2 250 Hz, J3idk B
JIRCEANE S SR 0.1%, YKAEZy 200-250 4~
W% % L mL YPD EP &+, 43514 T 24> YPD
AR H, 30 CHIFRFFR TS .
1.2.6  ZRAERRIEMR AR BE

P 5 7€ YPD A Hh Bl ALk i — b B T
HAF 2 mL YPD B557 5, 30 'C. 250 r/min 5
3% 14 h, 24 ODggo My 0.1 B #EHEZ 2 mL BMGY 1
F:3L, 30 °C. 250 r/min 53¢ 14 h, e EEGY
ODgoo i 1 Bt 54822 5 mL BMMY H s 3 L5 5
24 ho 437 AR 4SO 5 45 BRI ODeoo, 4221
L ESEDOUE (& Ex 490 nm, & K Em
520 nm), DNS #: & B 16 o
1.2.7  EEER

I DNS A6 I A F G 1, B 20 L
YRR BB FRAB W, A 180 pL 1% A%
PRI E W, 50 °C i 15 min J5 LA 300 pL
DNS & (35 28 1F 527, B K 7% 8 min, A 1.5 mL
ZRIRIK, 7E 540 nm P I E A JEORE 5 it (LUK



Bff FEFRBRBNTESEERESENEISNA 1321
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HARHER L, ARG .
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2.1 EFEBERNAEE

AT FE  FA 3 3 R BB Al R (8 9 R
FIR T2, A SROM T 114 335 o AR I R e by
VRO SO 4 T Tl (255, R e SR ¢
AR5 A5 55 EA T TR PR AR 40 1 B SR

# M Bacillus sp. QH14/XynQH14 PCR ¥}
ARG xyn5 F BORSk@oObE N ofp il
PCR 4" Fl 54533 1 400 bp 9 xyn5-gfp H B, If
P 2 Be R AR F A 4K pPICOK | o XJHefk+
FEHUTOREFT EcoR T 1 Not 1 WU (56 i 25 5 3¢
W1, e WEEERC UK Hr i R 1 400 bp K/NEY
xyn5-gfp H A9 HBEF1 9 000 bp #AA T E: (K 1),
HE— 250 P 25 S e A I B 4 SR IB 4K pPICOK-
xyn5-gfp 4 IE A .
22 EFEHRNMFEULEREERE

B R BT A RGP AMNE H SR N T s A
FIFERE Y AR P P TR E RS . g, FATE
i AR T B B ALTURL pPIC9K-xyn5-gfp A

1 2 3 M bp

pPICOK

5000

3000
ynS-gfp 2 000
1000

750
500

1 EHRRNBIBIEE

Fig. 1 Identification of recombinant plasmids with
enzyme digestion. 1-3: pPIC9K-xyn5-gfp digested with
EcoR [ and Not I ; M: DNA marker.
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FEE R GS115 rhiF AT A SRR B4
Pl pPICOK # 4 FH 514 5'/AOX1 fil 3'AOX1 ¥E4T
PCR ¥ M4 B2 G A0% . BrtHe Wi 6E I o Dk Ao I 25
W] PCR ¥4 471 1 400 bp HAMNFEIE A BL
xyn5-gfp K/N—F, KB HE R BE: GS115/pPICIK-
xyn5-gfp #4 # 2

FREEAL T2 5 1% R BMMY 55555
PRIt 24 h 5, B TOO6RMERN ., =15 F
BIPE GS115 R Lk (A, FAb iyt b+ w]
LA R Ak res (K 2), RIS FIYEK -
MIAMEDOCE T ofp BER R FRIA. Hidr, 950
Fikf5 SR i EAFE LT P. pastoris SG1E A5G
SLALE R TRk
2.3 RIEHEURIETE IR AR
2.3.1 BRI AR AL

VR BT A R R LK B 2 i 35 A T
BRSO TR SR ST A BUS  EA T AN
(85 5% K A D sl B 2R 7, JTAR I VR 1 ) o
G TR AL . BB SRR, Bk
Ttk 20 M A7 7E 2 ARG 1 LG (K] 2), Rk i fnc e

Phase GFP

GS115

10 pm

10 um

B2 EFBRSS5FEHEFBIZUTFREERER
Fig. 2  Fluorescence microscopy of empty host
P. pastoris GS115, or the recombinant transformant
P. pastoris SG (GS115/pPIC9K-xyn5-gfp).
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F18) BEL 26 98 T A H AR L AR 9 43 1) DR 342 41 i
(143 7 3 AL FEL RTS8 T L 9L A B 40 L 9 5 9 O T
HATHRTE

FFALEE 1 min J5, HEORIEERE R 14 IR AR
LR E TR, 95%LL FoA B A . F BRIA
FAGPATTHERL, S 4h 40 ML Wk BE ODeoo Ay 0.3 B, FH
T BN R AR 19.2% ., BG4 SR I
FAL TR AR T R AR, 2 A A
Jo . SEBRAS ] BN M A RS 13%, HRZA
7 A PHL 1 B2 A B A R 13 A o 2 R B At i
WeE (ODggo &y 0.5) A, SZPFRAS 3t PR 201 it fu HE
FALH 8% (37 1) SEA WL 5 7 2o vy 1 A s 4
VT B 3 AN A AR s e PSR AT, (A
SRR 4> FCAN M BB UL, SO AN A TR A
REAR o 25 b, Joe 2 o o A BR 200 6L VAR % 0 1 2%
KRR 75 43 B b B 1 min, 4 i B2 4R ODigoo 9 0.3
2.3.2  YRIH AR RWE B I 5 A

DTG 2 RN Wl 5 1k ) R AT B, AR
SGIERI N 3/ ) L A PR AN & 5 V0 ) L
Sxyn13 A= A ARG, R RN RIS 25k
5 B AR AR P TR TR 1) A RO T T 1

FESRANARIRR il 25 L AR, A 20 pmol/L =
10 pmol/L e F DG Y Sxyn13 541 AL []
FMRAEWH . A E R SR AR R A e , dad s
ASTEARRNERG )75 1 X BEE (P pastoris GS115)
Fly= AR MRG0 TFE 5 (P pastoris SG) &% N
(07 R iR = 2 o NI P S S S O N -8

*1 TEFHTRHRPRMMEEIER
Table 1 Single cell encapsulation rates
ODgo Treatment Theoretical rate (%) Actual rate (%)

0.3 No 19.2 1.0
0.3 Yes 19.2 13.0
0.5 Yes 27.2 8.0

Treatment: ultrasound treatment to disperse adherent cells;
Theoretical rate (%): theoretical single cell droplets
proportion; Actual rate (%): actual single cell droplets
proportion.
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fiff 2k REFIBRG M . S5 ALK, Bl ISk B 1
IR POGAR G5 B A 20 MRV 15 AR ]
B W R A L R R R A G L S =
R 2L 240 6 253 3 A A R T R R
S TENEWIHE Jg 20 pmol/L IF, T SG B
TR S IR T X R PR GS115 MZOLfES, B
P 22 AN 5 (R 3) o Mk AR 10 umol/L
IF, AR ] B 2655 22 5 5 IS W i B It
KL, KRB, 25 F, RASOLIRY R
PENCAF 518 55 22 5 T T 07 2 vy ol 9% T Ak 1 7 XA
WG AN .
2.3.3 WL A 4L

B RV T B A 5 SR IR0, R P T
R TR 2R IR AR SR B RN A5 (0 9IRS B Rk
HER o FRATTH 1 X AN [F] 45 SR (3] (16 h . 24 h Fl1 48 h)
%) 5P 4 BB P RS PO I DO 1R 5 R R
PEBE M, PR T 2518 B TR R
F IR 2 5 RN WO R R 6] o B s D14
TRk SG Ryt I RIR I, W Y E
A5 X i (] AA) o BRI 5 AR SR it 11
5T oR, SG TR BB 1 A R TG S il 2 (]
B i E K, 7E 24 h i} SG T REFE AR A R B
FEEREG He GS115 25 15 E X IE T HRIR = T 4 15 (1K
4B) . 45 Ltk /s A SR T A T 1 114 A5 Ak A SRR T

16 h 24h 48 h

GS115

15 pm

S

15 pm
L

3 WHREMIERERENAKREIEEFRNR K
ESE

Fig. 3 Fluorescence microscopy of xylanase activity in
droplets with 20 pmol/L substrate S13.
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16 h 24 h 48 h

15 pm
| e—

S

300

[ Gs115

200

100

Fluorescence (AU)

B4 i GFP 3L15 S AR B HEESE 4N

Fig. 4 Detection of GFP fluorescence signal and
xylanase activity in cell droplets. (A) GFP fluorescence
microscopy of SG cell droplets. (B) Xylanase activities
of P. pastoris GS115 and SG.

WOEfE S5, ALl GFP % (s 5 sk
[F1) 422 i R A SRH T TG P R R0 4% O 2 o
UkLrii IR 48 h BFRRIN, PR AR 22 A5 S
R VLB RN, P A e O R R TSR,
YN R RT SR 24 b JE IR TR SO B o i
Gy ik

W FIREEIY, BT T VBT IO A A
TR VE S50y - A ZS 1 min [ B A Ak 43 H0K
B2 AR, 8 20 RS 4R R B ODeoo K 0.3 il £
BN MV T R R S 1% H B BMMY
Bredk, 30 Cif S5 9% 24 h 5 dEAT WO MO 4%
i 32 o
24 ARTPiFTLTMRTIRERELE

ARTP 75753 3 4 il 55 25 5 i R H: DNA
ghH, HE SR A YR, B BT AR AR
A RAER, FFERAEIER 90%LL AR
AN, A RIEkEC 0, 30, 40, 50, 60, 90 s it

&: 010-64807509

i 6 NAEIR) ARTP AbBRRFIE], XF i & HE ik SG
HEAT P AR AL PROF Ge 1 R I R, 2 S et 4k
(K] 5). 455 /R 30 s NEHER 2 K 5] 60%,
M 40 s F] 90 s B2 G K BOIEH 42T 100%. HRAE
PARE FIELIE, HBICATE 90%-95% Z [|] I, 28
AR B R G AR PRI 1) A R A K, 4 BT
LRI AT S AR I E] Ol 60 s I, S8R FESER N
95% kb F e FEIA AR SOAE X 0], FLIZ R a) £ 00 1 2%
ARRFy 20%, T HABE ]S A IE R AR R, [H L
ARSLG R 60 s Ry He HEVE AR ] .
25 SR HE MK BRI 0 1

L P. pastoris SG i & Hitk, 4 ARTP 5748
Je ST AR TR, EAT BN RO A L R
FTfIE , 15208 198615 5 0 0 U A F AR
N7 326 AR AT 1) B AT % TP AL PR A T bR, R
MR AR, FEAES 24 h G IE R ER EIER
D ICAE S RFE , A5 3 — MR OBl =5 22 3K 1 T i
SG-ml. LA SG-ml it K Fkk, #EAT [FIAERAERY
5 R AR R R RO O A R, DA
Zenk 5 ARUHE, SR R AR F IR A RO G (14 S
BN, He AT B — PR AR 50 il = 2 35 T K
SG-mb5, KWK b3k WIEEE J1{E R 149.17 Ulmg,
e R B RE SG $#5 300% (& 6).

100 -
L —
90 | /

80 -

70

Lethal rate (%)

60 ¢

50 I 1 1 L 1 1 | 1 ]
20 40 60 80 100
Treatment time (s)

5 ARTP FLE5 th 4k
Fig. 5 ARTP mutagenic lethal curve using P. pastoris
SG.
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El6 BEHAE:LBRIMARIEIEEE
Fig. 6 Xylanase activities fermentation supernatant of
P. pastoris SG and mutant strains.

2.6 B IDFFHERR

3 I R AR P 2 TR VAR 1% 3 R 4 O A )
DA, THIA 138 4 L B A 14 5 AT R AR S T
PRI A3 IR

¥ 5 FEHRUR T H ) iR 2R TR AR /3 I EA T 50 mL
B Am:, HEGES 24 h J5IEH ODgy i, F
EVCMH . ARG, TFH5 40 W el
Xof DA M B A0 A A K i R A S SRR, TR AR A
TR R, R AR, HREETTER
PG T m TR ISR ES . &2
{14 VBT PR AL A O 2, ARATH 1) 1R 7 PR RR AN AAC SR
At ) P AR B, i ELAr I BE g R TR,
XF Lt R bR SG, i IR AR Ak SG-m5 1Y
STUARESIHE R T 160% (& 7).

200
=) | [ ]Supernatrant
< [ /M Cell pellet o
s 150F S
g
dS S
3 100} ) 2
S =}
2 -
£ 50 %
=
= I
0 & ST ) b
S S S
ECAICANNCARNC AT

E7 BEHRSDEESHF
Fig. 7 Analysis of secretion characteristics of P. pastoris
SG and mutant strains.
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