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i E:IFFIXRAFRATIALETCEAN LA FZHREZ R EZMAERHA. Stress-activated protein
kinases (SAPKs)& — & i 3 7% 49 mitogen-activated protein kinases (MAPKs), #F 7 & 81 & & SAPKs
EREm LIRS T a T2, KmEE T A4 —/ SAPK, B PiSAKI, HA 4
et R, [Be9] KA PiISAKI EBRAFARKLR . HKIVNFMABRRELHZ LR TR
BoyEME e, (%] #RAME & FF B PiSAKL 69451, i@id RT-qPCR 47 ¥ 74 2 %
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Fomlg L &R AW F AR, [4R] PiISAK] A £ 2 R ENE G HEEIA 6 Ser/Thr & & MBI
sEMIR, S5 EAIP H 49 SAPKs Bl B — /it 2. HmEE PISAKL 45 A AR L To M. 123
LAZ A8 h B RA TR, H 0.3 mol/L NaCl & 3 mmol/L H,0, it 4] 0.5 h /& PiSAKL #) & ik &
HRFNZ. WEPISAKLAEK. SEEXFMRTNETLEE, 2REAVEARAAKIHRERAZLEK. T
FE£ 7%, &M NaCl & H,0, it JEREME. Hmks @A FhEFRH, mitRiL
REAAMGBAEERSFAVARLEE 2790, LA W RFANARYBENEZR. (L] K
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Biological roles of Phytophthora infestans PiSAK1

WANG Na'?, XU Pei'?, TANG Wei'?, LIU Jing

1 Yunnan Key Laboratory of Potato Biology, Yunnan Normal University, Kunming 650500, Yunnan, China
2 Key Laboratory of Potato Biology in Universities of Yunnan Province, Yunnan Normal University, Kunming 650500,
Yunnan, China

Abstract: [Background] Phytophthora infestans is a major pathogen causing potato late blight.
Stress-activated protein kinases (SAPKs), a class of mitogen-activated protein kinases
(MAPKs), play a role in regulating cell responses of fungi to external stress factors. The
biological functions of a SAPK in P. infestans, i.e., PiISAK1, remain unknown. [Objective] To
explore the biological roles of PiSAKI1 in the growth and development, the responses to
external stress factors, and the infection in potato. [Methods] The bioinformatics tools were
used to characterize PiISAK1. The expression levels of PiSAK1 at different development
and infection stages were determined by RT-qPCR. Finally, the PiSAK1-silenced
and -overexpressed strains were constructed and characterized. [Results] PiISAK1 had a
typical Ser/Thr protein kinase catalytic domain of MAPKs and shared the same evolutionary
branch with the SAPKs of other oomycetes. The expression level of PiSAK1 was the highest
at the stage of cysts or 48 h after infecting potato. Moreover, it was significantly up-regulated
after exposure to 0.3 mol/L NaCl or 3 mmol/L H,O;, for 0.5 h. The results showed that the
PiSAK1-silenced strains were significantly weaker than the wild type in terms of colony growth,
sporangium production, resistance to NaCl and H,0,, scavenging of reactive oxygen species,
and pathogenicity. However, the PISAK1-overexpressed strains showed significantly enhanced
phenotypic characteristics compared with the wild type, except for no significant difference in
colony growth. [Conclusion] PiSAK1 plays a role in the growth and development, osmotic
regulation, oxidative stress response, and infection in potato. Our results provide a theoretical
basis for further research on new targets of fungicides and breeding of resistant potato
varieties.

Keywords: Phytophthora infestans; PiSAKI1; gene silencing; gene overexpression; stress
response
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AT L4 A S AR RS & VA, IR ) e R
B 5 I (AN P A0 45 ) 5 | A 1Y) 22 i 3 3
P o AT DL, BIFFE D b An e e ik 2 b A1 5t
38 SR EONS 4 THI AR AT B LI R e

Jih 38 B 1 22 B4 )T A B 1 BB (mitogen-
activated protein kinases, MAPKs), Bl SAPKs
(stress-activated MAPKs, SAPKs)t&—2 7 7i1%
HANFIAE A E S 2 2 AR P,
REREHE M i e . PUhia . AR A A
AR R A S TR I 1 B (Saccharomyces
cerevisiae) Hogl . Z4FH % F):(Schizosaccharomyces
pombe) Styl KW FLzI4¥ p38. INK #B)&E F
SAPKs. WI5ERM, HYEUN L E K SAPKs I
e H A 2= SR 2R, SAPKs Y IIREs R &
R AR R T R 2 a8 2
B, FEARHR e aE 1 U A R AR BRI TR
(Mycosphaerella graminicola) . #& J& %5
(Magnaporthe grisea) . 25 JI\ i 1 (Col letotrichum
lagenarium) , 5325 F# (Cryphonectria parasitica) .
7K 5 5 JBR 597 I (Bipolaris oryzae) . #l M M BT
i B (Alternaria alternata) A1 45 57 &I 5 £ &
(Parastagonospora nodorum)H #B54 SAPKs [t #H
KHRIE, XL R ) SAPKs #RREME A 1Y
RN 2 i B R TR, A LRI RE A N 2 AR AL
e L R E SRR E R, (I REIE AR 5E A
gii[%n]o

KL, RS R ESGCRRIT,
1717 -5 e i PRk 98 1 SR 4 O R T B
LR E 20 L RE B A A AR =X rRNA R3]
ey = 2GS FAETE L A E R,
2 WY B T R0 B TR A =2 G 27 AR W s 2 R TR Y
AL A G ALEI N RO IR B T K
ORAEL T~ | T N HORE I e sh A AR Y A
VITAME R , A fa] 4547 200 B PN 12385 e i A e Wi
iy EE . HAT, AR EIIE SAPKs

FEAR YR I 2 FE 1) 1 2 T RERIF 5 i /01020,
Liu SF"IERRFRIL RN SAPK. i 76 3 #% 1 411
W3, % PO 25 (Phytophthora capsici) it 4E
K E I, 48 5 T 0 40 i s i A ik
KA S PR L RE T A2 B, 4R B X
PR 75 B ) WA VR Y 0 . B R B %
(Phytophthora sojae) H tL ¢ £ — 1~ SAPK [
PsSAK1, HAELRLEWFsh BB . IR1EFLR B
KRR B B R RIS, A 7R A AL e Je
BB RS F R KRB TS
i shitl & B S8 LR R B0% 41 3 T R0,
BARGEGESEREERRESE, H%
TEA RS . A A8 Jy =R 2 330 6 55 5 T
FTER R ES

HETE XHHE Y E0% ELA SAPKs FIBFFT 48
Z, Hoige A 25, Rk
J R B HOAE DG A R B B . BRI, ST
Jir B A ey 5 iR S A R FRBE 9 52 1 DA T AR )
1R e 75 EAEY R AT HEBORHLG E LE R,
2 H A WA B s P SAPK Ry #E , H
EARKET . o Fbia R R e 3 Em
T AR R A . L, W5 E0UR
P75 SAPK 1Y AE W) 2% D e S AR B il # vp
P 09 /E R A B R A B A L EOR HLEE

1 MHE7%

1.1 #R
1.1.1 F#k. BEYREA

B FERE 88069 I KM T B (Escherichia
coli) DHS5a TR AR A SEI0 & R A7 . A [RAHEE
(Nicotiana benthamiana) &% DU i {& o 4% &
Desiree FHASEH 3 #2431, FivkiE T A T4 iR <
(22 °C, 16 hOLIE/8 h B#E), A& 3-6 4
JF# . ki pTOR-mRFP Hifg 5t &k K% F
R A Y
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1.1.2 ExEE

BIAZ-V8 Kigedk: A7 60.0 g, ZEIMKER
F 1L, 121 °CKTH 20 min, 2 W22 4 g5
PRI 0.8 L), BEIT 0.8 L, V8ERIT
0.1 L, fkMRES 1.2 g, HEKE 20.0 g, Biig 20.0 g,
pH 7.0, ZEIB/KESR 1L,

TR R 1200 g, ZRIBKES 1 Lo
1.1.3  FERA YRR

ClonExpress II One Step Cloning Kit, Fg kit
T MEREAE R A A PR A ] 5 PrimeScript RT
Reagent Kit #1 TB Green Premix Ex Taq II, % H
EADEARACE) AR A F EHREEFRAE, L
TR BT A AR IR A A PR | s SR 9t
i PCR {¥, Applied Biosystems /Al ; ek
AL, Scilogex 23 .
1.2 £MERESH

A NCBI (https://www. ncbi.nlm.nih.gov)%X
s P v R R RLE R REFIR G E N
SAK1 HEFHI N2, 152k BLAST HAE R
WP R SE A B I, RIS RIIEEE 1 PiSAKL,
Wit F o i A ) 905 2 1 1Y) 2 R T 91 R T
) 45 EEEE A\ (Homo sapiens) . F& i i i
2 W ¥ %5 (Phytophthora ramorum) . 77 & 55 %5
(Hyal operonospora parasitica) . Bl 5 Fl K T

PR B AR F 81 F ClustalW 84 (http://www.

genome. jp/tools/clustalw) i 17 2 5 J 41| Hb X} 353
P& B IR IR P81 . R MEGA 7 #ift
(http://www.megasoftware.net) X} I it & H 17
RGERLEH
1.3 PiSAK1 AHFEEEXBNERERR
SR EFRIFHEINRIZENE
1.3.1 BUREETEFmEILE

o B R MR RN T IR -V iRk BT
TE 18 CCREE XM TR 7d 5, AT ARIITIH
K/NZIR 0.5 cmx0.5 em BEHUBCE T/ 2t 5

FEWH, 18 CCH-E R 3.5 d Ja iR E 22, —80 °C
RAE4 . B -V8 5 0k | 18 °CREms 1
F% 15 d RS0 2% 85 oA TG B K I PR A B
Ve 5%, BR M R28R | T 18 °C.
5000 r/min &.0> 5 min, £ F)5-80 °CIRfF
£ FH o T AR AT R BV MAE 10 °CHfE 30 min
JETAE 18 °Cif & 30 min, £ JE47 (Miracloth)id
1 S | ) B o S S B 1 w1 (SR
T 18 °C. 5000 r/min Z5.0> 5 min J52£ F¥#,
—80 °CIRAF# s T3 — iR G A T o ik
30 s JE SRR IEMETR, AR B,
2 LI J5-80 °CIRAE 45 I -

HGR =G 6 A S EM I 75%
CWERMHBE G I T o R IR 15 d M3
o 5 B A0 1 1 A% RS TR IR (5% 10 ~/mL), %
R R v 1 A i s A B R . RS
TR AL, B 10 L ISl T BRI s
AT SRS T, T 22 °cCoRliRie i
0. 6. 12, 24 148 h, BUFEIE T-80 °CIR-FF
#=H

JWESE PiSAKL J2 1552 NaCl 5 H,O0, 5%
FKik, B EURAERE 88069 HHKTET ST R SR+
18 °CERSHE R 3.5 d 7, ¥ A& 0.3 mol/L
NaCl 5% 3 mmol/L H,0, B F 2135580 h ihif
Fi9% 0.5 h, WU 22 )5 T 7K 5331 B T80 °Cf}
e85 M.

1.3.2 /= RNA f£HUK RT-qPCR 731

W R 43 ) R T A B AR R
J& , R TRIzol #EBUEIRIUE 22 & RNA. 4393l
JH PrimeScript RT Reagent Kit &z TB Green Premix
Ex Taq I1 i 7 & 717 ¢cDNA BY4 i & RT-qPCR
BN, SRR FS ARG, R
R 27 B SR A X Rk . TSI I
= 1,
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%=1 PCRI¥ 3|4

Table 1 PCR amplification primer

Primer Sequence (5'—3") Product length (bp)
PiSAKI1 RT-F/R CTCCACCGCGTCATCTACTC/AGTGCACGTACTTCATGGCA 94

PiActA RT-F/R CGGAGCGTGGTTACTCGTTC/CTTCTCCAGACCCGACGACT 134

PiSAK1S-F/R ctcgaggtcgacggtatcgat TTATGCGACTTCCCGAGCTGGT/ 2 049

caagaagtaggcaccccgcggATGAGCTCACAGGACGGCG

PiSAK10E-F/R

ctcgaggtcgacggtatcgat ATGAGCTCACAGGACGGCG/ 2 046

ggaggccatgatatcatcgat TGCGACTTCCCGAGCTGGT

PiCAT2 RT-F/R
PiGPDI RT-F/R

GCGTTTATCGACCACATGGC/TAATGTCTGCGTGCGTCACT 112
TTTGATACCGCCCAACGTCA/CTGATGATCCGCTCCAGGTC 128

ING PR I v RS R A 5 /N PRI IR T AR BRI A

Lowercase letters represent seamless cloned splice sequences; Lowercase letters underlined represent introduced restriction

endonuclease sites.

1.4 PiSAKL EREER, TRIAEHRAIEE K
£

Hi4E NCBI H /A 7 i) PiSAKL JE[H ¢cDNA 7
SIS, P H A K cDNA JF3I(Ek 1), P
pTOR-mRFP fEA 44, FI-Gad iy BRI
VIl J5 A 1 o8 v b 3% 42123 (ClonExpress 11
One Step Cloning Kit)i%: %] pTOR-mRFP Z /4 [,
P PiSAKL Y UTER S Rk #idk . Hrp, fygk
FETCER # AR, ] ClaTl & Sac 1T A7) B 48
#H A mRFP #9574 N pTOR-mRFP #4417
Br, Fits PiSAKL JEHF cDNA J3 41 FHAH R Y
Bty U J 1) 3% 422 B U 5 i Bk 1o AR
i F R E AT, F Clal #fi§Y) pTOR-mRFP %
1, F¥ PiSAKI ) cDNA JF41 JHAH [l i) )5
HAEF AR |, i PISAKI B cDNA JF 41 K4
AbF mRFP J7 4 BT . 24 B a1 5 % Ak
KIGAFH, FHETE PCR HE0 1k H B 52 B
51 1), BRECPATE Fopk % B IR L)
BHE A BR 2wl $2 B0y 1F 6 T AR 09 oA
A7E% . fiJa, FIH PEG A 09 Ak B A
ik ER BB R A SRR, HiREBRIES
ZO RN k. TR FR LG, TR
VIR 22 A0S I EFRh 18 °Ciff i 35 5%

3.5 d, WEERZEWRTKS, WANEZERK
RIG IR 22 5 RNA, JUFE 54 cDNA J5 fF
RT-qPCR 4r#r, FrAlgI# L 1.
1.5 PiSAKL ERELTE, ERIEEHRATRE
M ZE
1.51 BEEEKEABAFESENE
B BE Ve R F R T4 )G,
FEAR S mm PFTFLAS 7 3009 25 18 7K 1 2%
RATAL, IR 2P T 5 B E -V Bk
FEMIEFRM A g, 18 CCRRME & T 1R, 15
7 dJEMEEEER, $% 14 dEHTEKE
VeSS IG5 =
1.5.2 BrEfEMNEREXEEREEKRN
PR AR V8 R EI 3R 7d )R,
FHEARHN 5 mm T FLA8E BUWAE RS A I8 L 24k
FTALIPRZ TR 22 3 e T R 22 -V8 KRk
£ 0.3 mol/L NaCl 5{ 3 mmol/L H,0, ) H#737-V8
FrFRsE b, 18 CCRREAAIF N HESE 7 d Jell & 45 1A
PRIDTE VR BRI TS AR X 3] % (relative growth
inhibition, RGI).
RGI (%)=(Dc—Ds)/Dcx100
A De XFHEEAR FRRVE EAS; Ds AN
18P B TR AR
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Sy R 0 PR 36 S TR AR HORE O i 7 5 PR 1) 2 R
T, B EURAE RS 88069 BIMRTETT S 3R+
Ri7% 3.5d )5, % A 0.3 mol/L NaCl 5{ 3 mmol/L
H,0, 8 SR P e 8555 0.5 h, IR E 2
JEW KSR 1.3.2 IR 228 RNA
Jti#4T RT-gPCR 4r#r, Fr5I#% -k PiGPD1
RT-F/R Fl PiCAT2 RT-F/R (¥ 1),

1.5.3 ERBURMENE

WARTE R A -V 55570 1SR 14 d WA TS
PREO 15 B3 100 3% 11 A R R U, R v
&4 5x10*4~/mL, 10 °C K 18 °CHEIK#HE 30 min
J&, BC10 pL 250 4% % Desiree M Fr o #2805
B F 22 °C, 16 h YEIE/8 h BRI A 2040 T 17
WREFE, 4d eI mBEm .

G DL T FR=1/4xmx LxW
Arfre LA Wi RRABE I S T
1.5.4 JEMERN

BRI B EAERZ V8 B E |-, 18°C
BIEEEIR 14 d IF R A 7 S ) 55 ok B o
2x10° 4~/mL A ETFI, 10 °C Iz 18 °CHIR K E:
30 min JFHU 10 pL FEFPARMAEL M F, IF T
22 °C., 16 h G HE/8 h BEME B 2514 F PR I 15 5%
48 h. BB iR T IS A R IOR i
(diaminobenzidine, DAB)J: (& (W N 0.1%)
W R TR 8 ho ZJE A TOIK L
W W 15 min BL6A, BRI AT 50%BE
P PIEYE 10 min, B TR EDE 10 s,
I I A DA A TR A R B S TR T SR
FUEBAE AT IE, I Image) FAEGE TRl S

1 75 150 225

Uery seq. o
Query seq ATPbinding site 4%, & 4
KIM docking site sk,
o b Activ;
C Activesite i, 8 A A&
Polypeptide substrate hlﬁému Site A
Specific hits

Superfanilies [ PH:Iike superfamily |

1 PiSAK1 ZER4EWiERERE
Figure 1

300

TR R &
1.6 HIELEE T

W A gt 2= 3 A e E
2, Ku¥E{d F Date Processing System (DPS)#f4
PEATGETH AT, R BRA R T 22 04 e Tukey’s
HSD £ & H &K 56 (P<0.05), fdif GraphPad
Prism 9 22 4],

2 EREGHN

21 Y EERESWMER

R PRI B | R4 P R L R TR R R
FJE R SAPKs I AH 78 45 R 45 & NCBI 4L
WO EIRSE AR T Y, L
BLAST HXHE R BB s A — 1 FiER,
fir44 o PISAK1, B 50 XP_002902236,
ZHEFE 4K 2 007 bp, KHNETF. HAAEL D
#r T H InterProScan %454 BLAST H X} 45 50 #r
F g f i, 5 REW, PiSAKI H 668 & It
MR ZH A, Horh 55 51-150 {37 2 5L 1Ry PH 45 #43k,
55 233-525 {3 & He R O Ser/Thr 25 [ 38 B 1k 25
Fss (& 1). Fl ExPASy Tiii% & (4> F& N
75.17 kDa, %50 5.85,

¥ PiSAK1 SR EERE, S4FHIERE, BN
FORIATE . BT . TR . HRUESE .
KEZEETH SAKL RIEEAMNITLEFI LT
XF I M A FL R IR AT e 4 (K 2), 4 2R,
PH [A] 45 4 A A 7E T O R, S DP T SAPKSs
FrRE A I . AT HE & AZE SAPKs ) TGY
TRSTPERERR IL B 5 , PISAK K HiAth g J5E B [ 44

375 450 525 600 668

TN -

YW VY A
ation loop (A-Toop) ZEAEN
N A B

A A

A A __A_MNA A

PKc_like superfamily

Schematic diagram of PiSAK1 protein domain.
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Hyaloperonospora parasitica
Phytophthora ramorum
Phytophthora capsica
Phytophthora infestans
Phytophthora sojae

Homo sapiens
Saccharomyces cerevisiae
Magnaporthe grisea
Schizosaccharomyces pombe

Hyaloperonospora parasitica
Phytophthora ramorum
Phytophthora capsica
Phytophthora infestans
Phytophthora sojae

Homo sapiens
Saccharomyces cerevisiae
Magnaporthe grisea
Schizosaccharomyces pombe

Hyaloperonospora parasitica
Phytophthora ramorum
Phytophthora capsica
Phytophthora infestans
Phytophthora sojae

Homo sapiens
Saccharomyces cerevisiae
Magnaporthe grisea
Schizosaccharomyces pombe

Hyaloperonospora parasitica
Phyvtophthora ramorum
Phytophthora capsica
Phytophthora infestans
Phytophthora sojae

Homo sapiens
Saccharomyces cerevisiae
Magnaporthe grisea
Schizosaccharomyces pombe

EYVKTIGSGAYGVVISATDAKTGKTVAVKNIQRAFDDLTDAKRIVREIKLMRHLNHKCVL 292
EYVKTIGSGAYGVVISATDSKTGKTLAVKNIQRAFDDLTDAKRIVREIKLMRHLNHKCVL 295
EYVKTIGSGAYGVVISATDSKSGKTVAIKNIQRAFDDLTDAKRIVREIKLMRHLNHKCVL 286
EYVKTIGSGAYGVVISATSSQTGTTVAIKNIQRAFDDLTDAKRIVREIKLMRHLNHKCVL 293
EYVKTIGSGAYGVVISATDSKSGKTVAIKNIQRAFDDLTDAKRIVREIKLMRHLNHKCVL 299
EIIETIGNGAYGVVSSARRRLTGQQVAIKKIPNAFDVVTNAKRTLRELKILKHFKHDNII 116
NDLNPVGMGAFGLVCSATDTLTSQPVAIKKIMKPFSTAVLAKRTYRELKLLKHLRHENLI 83
SDLQPVGMGAFGLVCSARDQLTNONVAIKKIMKPFSTPVLAKRTYRELKLLKHLKHENVI 80
SDLQPIGMGAFGLVCSAKDQLTGMNVAVKKIMKPFSTPVLAKRTYRELKLLKHLRHENII80

s & iﬁ-t:t LB % s ks & - * LR ks ssks &

GVEDIFEP-VALSKFEDVYIVSQLMATDLHRVIYSRHGLSDEHIAFFMYQMLCAMKYVHS 351
GVEDIFEP-LALSKFEDVYIVSQLMATDLHRVIYSRHALSDEHIAFFMYQMLCAMKYVHS 354
GVEDIFEP-VALSKFEDVYIVSQLMATDLHRVIYSRHALSDEHIAFFMYQMLCAMKYVHS 345
GVEDIFEP-VALSKFEDVYIVSQLMATDLHRVIYSRHALSDEHIAFFMYQMLCAMKYVHS 352

GVEDIFEP-VALDKFEDVYIVSQLMATDLHRVIYSRHALSDEHIAFFMYQMLCAMKYVHS 358

AIKDILRPTVPYGEFKSVYVVLDLMESDLHQIIHSSQPLTLEHVRYFLYQLLRGLKYMHS 176
CLOQDIFLS-—=--~ PLEDIYFVTELQGTDLHRLLQ-TRPLEKQFVQYFLYQILRGLKYVHS 137
SLSDIFIS--=--- PLEDIYFVTELLGTDLHRLLT-SRPLEKQFIQYFLYQIMRGLKYVHS 134
SLSDIFIS----- PFEDIYFVTELLGTDLHRLLT-SRPLETQFIQYFLYQILRGLKFVHS 134

T.WW: FEeB®® W Rwwiki T % z.1 gepAhEgg pirpped
ANVIHRDLKPSNVLVNANCELKICDFGLARGVFP---EEELEL
ANVIHRDLKPSNVLVNANCELKICDFGLARGVFP---EEELEL
ANVIHRDLKPSNVLVNANCELKICDFGLARGVFP---EEELEL
ANVIHRDLKPSNVLVNANCELKICDFGLARGVFP---EEELEL
ANVIHRDLKPSNVLVNANCELKICDFGLARGVFP---EEELEL

AQVIHRDLKPSNLLVNENCELKIGDFGMARGLCTSPAEHQYFMTE

TRWYRAPEIMLG 402
TRWYRAPEIMLG 409
TRWYRAPEIMLG 415
ATRWYRAPELMLS 236

AGVIHRDLKPSNILINENCDLKICDFGLARIQ-====== DPOMIGYVSTRYYRAPEIMLT 190

AGVVHRDLKPSNILVNENCDLKICDFGLARIQ-=====~ DPOMIGYVSTRYYRAPEIMLT 187

AGVIHRDLKPSNILINENCDLKICDFGLARIQ-====== DPQMIGYNSTRYYRAPEIMLT |87
kkdk *kok . sk kW *

* ek Aok ok ok L g Rk Wk oo dodododd o
CMKYKCEVDVWSMGCIFAEMMSRKPLFPGQDYIDQLHLIMNALGAPNDQELYFLSNARAR 468
CMKYTREVDVWSMGCIFAEMMSRKPLFPGQDYIDQLHLIMNALGAPNDQELYFLTNARAR 471
CMKYTREVDVWSMGCIFAEMMSRKPLFPGQDYIDQLHLIMNALGAPNDQELYFLTNARAR 462
CMKYTREVDVWSMGCIFAEMMSRKPLFPGODYIDQLHLIMNALGAPNDOQDLYFLSNARAR 469
CMKYTREVDVWSMGCIFAEMMSRKPLFPGQDYIDQLHLIMNALGAPNDQELYFLTNARAR 475
LHEYTQAIDLWSVGCIFGEMLARRQLFPGKNYVHQLQOLIMMVLGTPSPAVIQAVGAERVR 296
WQKYDVEVDIWSAGCIFAEMIEGKPLFPGKDHVHQFSIITDLLGSPPKDVINTICSENTL 250
WQKYDVEVDIWSAGCIFAEMLEGKPLFPGKDHVNQFSIITELLGTPPDDVINTIASENTL 247

WQKYNVEVDIWSAGCIFAEMIEGKPLFPGRDHVNQFSIITELLGTPPMEVIETICSKNTL247
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Figure 2 Comparison of PiSAK1 with SAPKs protein kinase domains of other oomycetes, fungi, and
humans. Multiple sequence alignment analysis of the full length amino acid sequence of SAPKs using
ClustalW. The asterisk indicates that the amino acids at this site are identical, and the black box indicates a
conservative phosphorylation motif.
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79— Phytophthora sojae (XP_009522543.1)
80|~ Phytophthora capsica (ACM46121.1)
81 Phytophthora ramorum (ACM48256.1)

1001 L ppytophthora infestans (XP_002902236.1)

—— Hyaloperonospora parasitica (ACM46122.1)

100

0.10

3 PiSAKI 5EMIIE. EEX AL SAPKs WRFZEL ST

Homo sapiens (NP_002740.2)
Saccharomyces cerevisiae (NP_013214.1)

Magnaporthe grisea (XP_030983465.1)

Schizosaccharomyces pombe (NP _592843.1)

S %N GenBank B#5; /¥

s LT bootstrap B s AR 0.10 J& 7412 5719 43 SO BE

Figure 3

Systematic cluster analysis of PISAK1 with other oomycete, fungi, and human SAPKs. GenBank

accession numbers are shown in parentheses; Bootstrap values are shown at branch points; The scale 0.10 is

the branch length of the sequence difference.
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A B C
2 2 =
5 g =
e e =
0 0.0
MY SP Z0 CcYy 0 6 12 24 48 Control NaCl  H,0,
Developmental stage Time (h) PiSAK expression

4 PISAKIAEZBAEMBRRERADHEHATERMPNEREE  A: PISAKLEHRREZMY), L
PEAL T2 (SP). W8l 7(20). R ILA(CY)BrBeiy R IA . B: PISAKL7ER YL R H I F 0. 6. 12, 24
148 h N A F k. C: BUREE W 228% 0.3 mol/L NaCl #1 3 mmol/L H,O, 38 #13 0 h (Control). 0.5h
I PISAKL i3RI . ARICAF/ING FRF (19 4 7] 22 57 3. 35 (P<0.05)

Figure 4 Expression of PiSAK1 at various developmental stages and different stages of infected potato
leaves. A: Expression of PiISAK1 at vegetative hyphae (MY), asexual sporangia (SP), zoospores (ZO), and
resting spores (CY) stages. B: The expression of PiSAK1 in infected potato leaves at 0, 6, 12, and 24 h, and
48 h. C: The expression of PISAKI was detected after the hyphae of P. infestans were stressed with 0.3 mol/L

NaCl and 3 mmol/L H,O; for 0 h and 0.5 h. Significantly different groups marked with different lowercase
letters (P<0.05).

bp M-+ 123 4567 8 9101112131415 207

SAKI-S

bp M- + 12 34567 8 91011121314 15

Relative expression level
<o

0.
4 88069 S2 S3 S8 OFES5 OEI6 OE35

Strains

5 KBAREECTEERERMEREKRN PISAKL RIZERN A KBFFHEELTRE PCR %
TE . SAK1-S 2 SAK1-OE 73] g B [N VUK 5% A 7 R JE I i SR ik 56407 M: DNA Marker; —: BAYEXS B
+: FAMEXTER 1-15: AR AT B: B AER SR UIBRE ME PISAKL LB &R0, ARicA [F]
/NE] SRR 4 [A) 22 57 5 2 (P<0.05)

Figure 5 Identification of Escherichia coli transformants and detection of PiSAK1 expression of gene
silencing strains. A: PCR identification of E. coli transformants. SAK1-S and SAK1-OE represent gene
silencing transformants and gene overexpression transformants, respectively. M: DNA Marker; —: Negative

control; +: Positive control; 1—15: Different transformants. B: PiSAK1 expression of wild type and gene
silencing strains. Significantly different groups marked with different lowercase letters (P<0.05).

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



T4 UV % PISAKL AW 6e 4 i

4919

PRI T R B TR, o2y iR
BRI 10%—41% (B 6). 2 2B B RO & K
ANCTES S AETIECH B 225, il Rk
PR 7208 7t U] S 2 v TS 2R R TR, P4
RUTRIPRIY 221% (K] 6)o VA EZERLUEHH, PiSAK1
FRZS 5 T 0 I i 224 K 738k
2.5 PiSAKLIBEEMZE E & R E L
BRE

Sk PiSAKL JE RV ER, 18 238 5 T RE X
BB R SR A P U, AR R bR . S
DR TR A bk S ot SRR TRTRR A il e T JE 2 -V 8 85

A 88069 §2

Rye-V§

Colony diameter (cm)

88069 52 S3 S8 OES
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FEEEEH,

N 7E 7 B =95 1 T E B S TE AN A
B RIS/ N T, i IR-3-R

S3 S8 OE5
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88069 52 S3 S8 OFES5
Colonies grown at 18 °C

6 PiISAK1EFAREARNERRBTFESENE A FEKRAERL-V8 HIRE LRI 7 d WE
FAERKRDL. FRR: 1 em. B: S HIHRIEMRE-V8 BiFRIL T HSR 7 d R ARG C: B IEAERA-V8
et BRSR 14 d TRYF T4 i FRIC A R/ING P RER 2 IR 22 5 .35 (P<0.05)

Figure 6 Determination of growth and sporangium yield of PiSAK1 gene silencing strains. A: Colony
growth status of each strain cultured on Rye-V8 medium for 7 days. Scale bars: 1 cm. B: The colony diameter

statistics of each strain after 7 days of cultivation on Rye-V8 medium. C: The sporangium yield of each strain
cultured on Rye-V8 medium for 14 days. Significantly different groups marked with different lowercase

letters (P<0.05).
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Figure 7 PiSAK1 is involved in osmotic pressure stress and oxidative stress response. A: The relative
growth inhibition rates of each strain after 7 days of cultivation under 0.3 mol/L NaCl stress. B: The relative
growth inhibition rates of each strain after 7 days of cultivation under 3 mmol/L H,0, stress. C: The relative
expression level of PIGPDL1 in each strain after 0.5 h of 0.3 mol/L NaCl stress. D: The relative expression

level of PICAT2 in each strain after 0.5 h of 3 mmol/L H,0, stress. Significantly different groups marked
with different lowercase letters (P<0.05).
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Figure 8 Determination of pathogenicity of various
strains to potatoes. A: Pathogenic status of Desiree
leaves infected with sporangium of different strains
for 4 days. Bar: 1 cm. B: Statistics of lesion area.

Significantly different groups marked with different
lowercase letters (P<0.05).
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Figure 9 Determination of reactive oxygen species at the infection sites of each strain. A: DAB staining of
Nicotiana benthamiana leaves infected with different strains for 48 h. B: Statistics of ROS accumulation at
the inoculation site after DAB staining. Significantly different groups marked with different lowercase letters

(P<0.05).
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