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B TC D), IR APX FEBUA AL G P Y B AR
F o H R AR5 2 B A 38 1 38 & A i R B
AR APX 6Pt 2 A AR B, 24 ROS YT
o B T, AU TR A i 37 1 Al 2 3 2
M T APX EARZ T G Ze AR FATS A DA DA
TH, A ey o) 10 905 7 4= s SRR 1 Y S AR
G ARG HE

AT TERE MeAPX2 Ff-4 G HAN H i 3k
TR, X FLHEA T AR AL B AR G, I X AHOCHE
Bl SR KV BTl 1 A5 AR R AR EA T I, DUHER ST
MeAPX2 16 AR ZEH08 38 A6 5 25 h i DI g [R] s
fFHT MeAPX2 TE AR08 AL M9 H A /R FH AL,
E 55 MeAPX2 H [n] 45 & CsCMV H i) CP, H
MeAPX2 [WBETE AT 4% CP #IHH1, LU 8 o b
i BRI RS e A R B — e MR

1 #ME57E%

1.1 Rk Sl A i %A 844k pEGAD,
2 44&h pTRVIL Fl pTRV2, & R k& & N
pET32a, A0 2444 pGBKT7. pGADT7, K
AT DHS5a /832 25 (DL1001, FiaEMEMs ), R AT T
GV3101 /&2 25 40 fd (AC1001, |76 MEH ), BL21
(DE3)J& 52 25 40 s (CD601, TRANS) ., 5256 44 %}
BT FAAS 22 0 Fh 2 Ry AR R 1247, SR B5 R B EL 1)
Visyey * Visp=2 1 1, B TR =W 2R 5L 56
£V SNTiN

12 AKEMERLE B 15~20cm A
3 ~ 4 D ERIR B R/ NEEAR — SR B ZEF G4
i, FRAE 3 ~ 4 R CPEREEE 28 ~ 32 °C). #AERAR
L — SR M R AR R, AR
3NAEYIFER, S AR R TR, R
R, B T80 C BRI IKAERAR

1.3 APXEEME RYEm @AY TR
¥ PP IR ot 2 2 48 Ak 0 Bl (APXO) T 3 (A 123-1-
1, B 5 EHE AL ) X 8 R AT B R R A o e BRI
Bl EIRZR, B 100 pL FFMAES . B iR
AR R IR A G ST EVTE 37 °C 4544 F /K 2 min, DX
WK TG O EE 1 R a8 R, AR 290 nm 4B
ERHE, TAERE . T 3 AEYIFESR, IHE
SEACHUE . BTG M X BF mg B8 (1% min
1E4 mL AR R AL 1 umol-L ™' iKY K 1 /4NE 18
(U)o W5E AN R 5 APX BEIG, B AbHLS 1

0.1 g Mt & TR, InAZZ MR 0.9 mL, VKK
S, BLO R, MR A EE LR,

1.4 = RNA i2EI#0 cDNA A Hi4lE CTAB #l
$ B 4 UK 2 ik B RNARY, FE 2 8 ) &
(11151ES10, YEASEN) 2/ 5% i, cDNA .

1.5 MeAPX2 &K FEH & M4t Phytozome %k
P PEHOK B MeAPX2 AP HE B, T 42K
P14 5| ¥ MeAPX2-F(ATGCCGAAGAACTACCC
AAAA)Fl MeAPX2-R(TTACGCCTCAGCAAATC
CGA). LIAKRZE cDNA WM, P34 MedPX2 ()55
il X (Coding sequences, CDS), ¢t B,y A 4 44
T K PCR = R R T & e, 7823
P AR A MeAPX2 FACERAR, PTG 2505
1.6 MeAPXs EEMHEMERKERIESHT B
¥ 7 50 B i 3L W %98 ot & B PCRE| Y

(qMeAPXs-F/R), RT-qPCR [ 4 15 uL, fuf%: TB
Green Premix Ex Taq II Fast qPCR(2x)A 7.5 uL,
IERG 19145 0.3 pL, cDNA #itfz 2 uL, ddH,0 4.9 pL.
PSRRI 95 C WA M 3 min, 95 °C A& 15 s,
55 C 1Rk 305,72 °C #EfH 20 s, T3 48 K. LAK
¥ MeEFla WINS SN, H 27229 1153 MeAPXs
FEPRI A KRk i

1.7 ¥ MeAPX2 I Rz FH Sl E#R T FRILFA
HDH)HE R R M 2 4 Y pEGAD-MedPX2 FiI
pTRV2-MeAPX2 Jitfi i NI ARAT I GV3101 7
MR IR SRS T o RO IR 5 S
RNA I 2 #% 3 M cDNAFE Jy 85 #, DL oK 2
MeEFla N W Z 3, & A RT-qPCR 1777 5 Hr
MeAPX2 TEREAR H AT 2R 0, e il ek
FHMGIAE AR SR AL

1.8 BEaXaoM KRG ATTR pGBKT7-A
pGADT7-B ¥ AL B HE AH109 Bk 1) A2 25 v,
It 43 9 % 1E SD/-Leu-Trp(630417, Clontech)#l
SD/-Leu-Trp-His-Ade(630428, Clontech) Y “F #x

I, F 28 C &M F SR, 430l PkEL SD/-Leu-Trp-
His-Ade - b B R 75 2 SD/-Leu-Trp 557
W R, YT ODggo 1A E 1 B, 4R HR R B
FEHEAT PCR B0 0E o 5 S0IE 1E B Y B B P& 0B 5 T
YE & v 8 5 7 B I S & SD/-Leu-Trp Fl SD/-
Leu-Trp-His-Ade #3557 3 I+, 28 °C 414535 4 d
J&, B TR SR,

1.9 EZRZEHFEHHERFSER HHOA
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B g [R5 % 2 1% 4 3] pET32a 404K 1 IF Iy 16
WEo B UE T 5 R Bk A DE3 TRk, 1 HREH
PETERE, R LB R FR T, 24 ODgy=0.6, I A
IPTG J5 4k 21555 6 h, WHE TR | i, B0 )5 b
HHTREAR,

1.10  Pull-down ffHMEH. A/G BEER(L00277,
GenScript) . PLIAKR G FELE T HE LK. H
PBS ZZ R VERIR G, LA B R G5& ik b
M. A B i), B 85048 Tk h
A 5 min, 5L BT EREE AN A B

111 HiEAE Autsh A BRIk A 34
Y E R, R BRIk H 2R
Mo AT SRR R AL A (B A7 7E & 1 22 5
P<0.05. ] Graphpad X} % 4f% #E 17 4b B, H SPSS.
Figdraw (https://www.figdraw.com/static/index.html)
T4

2 #EREHSWHR
21 RELZBEBRMFESELITE APXEEF N
MeAPXs W SRKTE NI FTAE T APX FIG

TEAR S50 AL i B (R e R rh ey AR Ak, IS IT
D 5 B AR G Ji AN IRl B ] (R G4 )5 04 3. 6. 9,
12, 24 h, hp) @y K2 it 5 B9 APX B i, & 3
APX BTG AE 3 hpifisf A7 BT H N, 1 bl 2 4= G ol [ 1)

w2, MeAPX] w2,
o o
O (]
HE |a a a g §
2 'I P a 2
%g‘l'.o H I ®elr
o o
Kol o L & 0
0 3 6 9 12 24hpi 0 3

MeAPX2

6

I, JLHYEZE L TR (8 1), B0 CsCMV 912
PeMIAE RN APX B

09

—~ b a

o > 0.6 —

Sl ¢

2

< %03

=W

< d

o €

R
0 3 6 9 12 24hpi

Bl 1 CsCMV 2RI EHRARE APX HIEEE
Fig.1 APX activity in cassava during CsCMYV infection

B CsCMV 2 e K 2 0, 3, 6.9, 12, 24 hpi Y I F #E 47
APX GR35 225 R RVING FHERIR (P<0.05), T,

Note: After cassava was infected with CsCMV, the leaves were
collected and used for the analysis of the APX enzyme activity at 0, 3, 6,
9, 12, 24 hpi. Significant differences are indicated by different letters at the
level of P < 0.05, similarly hereinafter.

TENR B Y i 2, APX T & 2 i 73s ,
MeAPXs W5 /K -1l RE A& A= ol A o A AR
BRI MeAPXs 1461k 5 & R, Bl 1= s i [A] 119
Hahn, R MeAPX2 Fik &% Wi T W, i MeAPX
G HA B 51 (MeAPX1 F MeAPX3) (1) 33k &
T AR (E 2), Z5R R, MeAPX2 el [
CsCMV {24y, I H T iES 5 AR E R e N & R
N7, PR e A Ry S SR 58X 2 o

MeAPX3

[\
1

(RO SN

Relative experision levels

[e)

9 12 24hpi 0 3 6 9 12 24hpi

2 MeAPXs 1 CsCMV 2L x Rk T
Fig. 2 The relative transcript level of MeAPXs in response to CsCMYV infection
TE: BU CsCMV {2Ye AR 0, 3, 6.9, 12, 24 hpi I A 4T MeAPXs /K504
Note: After cassava was infected with CsCMV, the leaves were collected and used for the analysis of the transcript levels of MeAPXs at 0, 3, 6,9, 12, 24 hpi.

2.2 MeAPX2 HEAREHEBEEMRSHRITIEES T

H T HRIE MeAPX2 WY AW~ D RE, 1 okt
0 ) AH Bk o RT-qPCR 45 2R & B, MedPX2 1t
MeAPX2-RNAi H8 P H 1Y % 55 /K1 I 25 1% %00 B
4, AR E] 40% LA (E 3), i H R ZR % )
MeAPX1 Fl MeAPX3 1 MeAPX2-RNAi A8 % 1 Y

I SR K AR A T 0o B AL TG (2 A8 Ak (1] 3), DA AR
I MeAPX2-RNAI fik

KT MeAPX2 ZGS S5HTTRENT CsCMV
B RV, 75 MeAPX2-RNAi 1 CK - v 43 31]
T S A S 30 A 0 7 A 4 e M s, O R R
ANEHR Y] S (RYL5 0, 7. 14 d, dpi) BEfh RT-
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5 MeAPX1 5 MeAPX2 5 MeAPX3
%) ) %) [
5 o 5
5 2 z
a =] g a
i § 2 a g S g S a a B
rrf a - 32 .a. a 42 a I CK-1
H%%].I %&5’“1_1 b %%1_ ole mm CK-2
oS ' 5 P m MeAPX2-RNAil
ZE o ZE o b Eo Iy :
E E 0 E eAPX2-RNAi2
= = =
[} Q o
&0 ) )

B3

MeAPX2-RNAi tE¥kH MeAPXs BI5ERKFE

Fig.3 Expression level of MeAPXs in the MeAPX2-RNAi plants
4:: RT-qPCR Kl MeAPXs 78 MeAPX2-RNAi K RIFIXT5E SR K T o MeAPXs TEXF IR Hr AYHE K BER 1,
Note: The transcript level of MeAPXs in the MeAPX2-RNAi plants was analysed via RT-qPCR. The relative expression of MeAPXs at the control plant

was set as 1.

qPCR 434t RdRp F1 TGBI1 WA K, 45

KB, MeAPX2-RNAi H ¥k H1 (%) RdRp F TGBI 3
TREFET | 14dpi BEAITEERTT CK J2CK 1.5 fiX[&14) .
[F]is}, MeAPX2-RNAi fHFEHT APX FTETE 7. 14 dpi

RdRp

12 12

8

Ho"
Gk

Relative expression levels

4
c

dd =
0dpi 7 dpi

FHXS Feih
Relative expression levels

0
14 dpi 0 dpi

& 4

7 dpi

TGB1

I8 BT CK(E 4) . MEERAUKR B, MeAPX2-
RNAi FHRBE AR ZE RS RL I L CK 2 5 W 2, ot it
Ao H M A E (K 5) . X seg IR
B MeAPX2 TEVATEARZENT CsSCMV BYSEII o

—
o

CK
i MeAPX2-RNAi

APXR 1%
APX activity/(U-g™")
(=]

W

0
14 dpi 0 dpi

7 dpi

14 dpi

MeAPX2-RNAi kR HREEN APX BiiE

Fig. 4 The accumulation of virus and APX enzyme activity in the MeA PX2-RNAIi plants
T 78 MeAPX2-RNAI AEFR PR CsCMV IR IETIRE, 75 0. 7, 14 dpi IWSAEM: I BEAT A BEFE ARINE
Note: The MeAPX2-RNAI plants were infected with the infectious clone of CsCMYV, and then the leaves were collected and used to determine the

physiological indicators at 0, 7, 14 dpi.

0 dpi

14 dpi

14 dpi

CK-2

MeAPX2-RNAil  MeAPX2-RNAi2

CK-1

5 CsCMV {24 MeAPX2-RNAi #&#kRE!
Fig. 5 Phenotype of MeAPX2-RNAi plants infected with
CsCMV
1: MeAPX2-RNAi AHERTE CsCMV f24¢ 14 dpi J5AE K FM, A%
HERRAY LLBIR N 10 em, AR BIHLBIR N 1 em,
Note: Phenotype of MeAPX2-RNAi plants after infected with CsCMV
at 14 dpi. Scale bars: 10 cm forwhole plant, 1 cm for leaves.

23 MeAPX2 SEARELBEHMHESREEAEE
WIE N T BRI MeAPX2 1E95 55 P B FL R
1, 50 S 0BT H 5 CsCMV i it () 75 1 T4 1
M. 4 WA # RdRp-pGBKT7. TGB1-pGBKT7.
TGB2-pGBKT7. TGB3-pGBKT7, CP-pGBKT7 J5i
K5 MeAPX2-pGADTT 43 5l 3047 i £ s %o 152
55, 25 LB, HAG IFE MeAPX2-pGADT7 5 CP-
pGBKT7 4-&7E SD/-Leu-Trp-His-Ade £ 353K H
TR O YK, M 3L FE MeAPX2-pGADTT 5
RdRp-pGBKT7, TGB1-pGBKT7, TGB2-pGBKT7,
TGB3-pGBKT7 41 & W A € #£ SD/-Leu-Trp-His-
Ade i F# 34 K (] 6-A), 1H MeAPX2 5 CP 1E
BERHA N EAE, BT iE— L UFE MeAPX2 5 CP
Z AN EAEH, ¥ MeAPX2-pET32a, CP-pET32a
FEIR AR, $E47 Pull-down i 56 & 3, MeAPX2 £
Input Fl IP 4134 0] DL 2 Myc $TAR K I 1 4557,
1M GFP HAEFE Input ZHAG I 25345, TP 4 ) JC 7%
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A 68 B2 2% (K] 6-B), 85 R K W] MedPX2 5
CP Al B R AR,

A SD/-Leu-Trp
pGBKT7/pGADT7 107" 102 107
MeAPX2+Vector ()
TGB1+Vector
TGB2+Vector
TGB3+Vector
RdRp+Vector
CP+Vector

SD/-Trp-Leu-His-Ade
10" 1072 10°°

SD/-Leu-Trp
pGBKT7/pGADT7 10! 102 103

TGB1+MeAPX2 [}

SD/-Trp-Leu-His-Ade
10" 102 107

TGB2+MeAPX2
TGB3+MeAPX2
RARp+MeAPX2 :
CP+MeAPX2 @ &
B CP-Flag
Input 1P
MeAPX2-Myc -+ - ¥
GFP-Myc + -+ -
Anti-Flag = s s e o= <= CP
AntiM - . <= McAPX2
MU-VYE L — <= GFP

A.MeAPX2 5 CP 7[R EAE, B. Pull-down fIESE
MeAPX2 5 CP 7RSI H A .
A. MeAPX2 interacted with CP in yeast. B. Pull-down assay
showed the interaction of MeAPX2 and CP.

Bl 6 MeAPX2 5 CP E{E
Fig. 6 Interaction of MeAPX2 and CP

TE: SR Bl A 335 TR B9 AH109 1 B 75 SD/-Trp/-Leu/-His/-
Ade HiFRFE LTI . ] Myc PUKDIIE T MeAPX2, Jf-fff
JH Flag Kl AR ULIE R CP-Flag.

Note: Yeast strain AH109 cotransformed with plasmids expressing
the indicated fusion proteins was plated on SD/-Trp/-Leu/-His/-Ade. Myc
antibody was used to detect MeAPX2, and Flag antibody was used to
detect co-immunoprecipitated CP-Flag.

24 MeAPX2 5SAREZELBHEMFES CPEREIE
REMIhEE D N T i — B85 MeaPX2
5 CPHAEM AW FYife, 75 M H X MedPX2
FMASNEEE ISR . 7E 50 uL AR R, (5455 MedPX2
SR BTV BERNAS, BEE CP 2R 1 BT vk B A
T, MeAPX2 WG 2T T B G BRZH GFP 22
J R E BTN R R AE MeAPX2 WY (B 7).
SR A5 R R, CP R & RSN MeaPX2 (1)
it T

25 MeAPX2 5SAZELBHEMFES CPEREIE
HERIhgER T T8 CP 5 MedAPX2

9 -

«J

APXJHG
APX activity/(U-pug™)
W

O L L L L L

MeAPX2 (ug) 6 6 6 6 6
CP(ug) O 6 12 18 24
9.

N

APXi
APX activity/(U-pg ™)
W

0 " " " " "
MeAPX2 (ug) 6 6 6 6 6
GFP (ug) 0 6 12 18 24

7 CP{K5MIE MeAPX2 BgiE
Fig. 7 CP inhibited the enzyme activity of MeAPX2 in
vitro

K T MeAPX2 2 (6 pg) Fll CP 25 [ R R LLBITR A 9
Kl MeAPX2 WU, LA GFP 211 X i .

Note: A certain amount (6 pg) of was mixed with different contents
of CP protein to test the enzyme activity of Me4PX2 with the GFP protein
as the control.

HAEMIRN AV TIEE, FH MedAPX2 i 335
I RT-qPCR 7 Hr Hk ik, 45 KW, MeAPX2
TE MeAPX2-OF FEMR SRR 2 s TXTEE, oy
XTREZAAY 20 f5LA L (E] 8) o 11 MeAPXT 1 MeAPX3
TE MeAPX2-OE H %% s K- 55 0 FRATAH HL 48, TG
BEA(E R), UiFHE I MeAPX2-OE fEFE.
TE MeAPX2-OF FXF HE AR Ak Hh 4 ) m i 25 1
CP il GFP )5, 5t CsCMV FH-G iR i &
1w R B, MRS CP & IR 1Y RdRp #1 TGBI
B SIKSFAE 7. 14 dpi B34 18 35 = X REZ (1] 9) .
A iF, AMNE I CP 219 APX BTG AE 7. 14 dpi B
P B TXT R (B 9) . WAL CsCMV 14 dpi
(A BN, Wit CP 25 (AT R 0 i 145 il FL SR
HE, MYNERIN GFP SRR A H- 2k (1&] 10) .
2RI, CP 1] MeAPX2 4SS I% I

3 it i

WFSE R, A RE AR e A T, S H R
YA S RA KA T, oS BOE AR R
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2 MeAPX1 30 - MeAPX2
= R a
o (]
5 a 5
- * : & , =
Eﬁ.e a I ﬂg.e
= X = X
< o =< o
Zo o
ks hE
[ [}
~ 2

8

5. MedPX3
“ CK-1
g = CK-2
s = MeAPX2-OE1
L | 2 MeAPX2-OE2
RgIt I
= X
Eé )
=z
S
]
=2
0

MeAPX2-OE #&¥kH MeAPXs HIRIEE

Fig. 8 The transcript level in the MeAPXs at MeAPX2-OE plants
4:: RT-qPCR #:ll MeAPXs £ MeAPX2-OE MRk IIAAXT 557K -0 LA MeAPXs 1EXT BEZH i i A X e S5l 1.
Note: The relative expression levels of MeAPXs in the MeAPX2-OE plants were detected via RT-qPCR. The relative expression of MeAPXs in the

control plants was set as 1.

CK+GFP mm CK+CP ®® MeAPX2-OE+GFP

MeAPX2-OE+CP

RdR TGB I
2z 8 ? 2z 8 1.0 2
5 . 5 -
— a — 1
0 5 0 5 by
Xz o2 =5 05ldqda ;3
K8 4t g 4t ﬁEmO.S-.I.d.I. d
= X = R g - c Me
g;: [0} bC c b :DI;I o >< (=W -
*E d'idd 1 i *E Cdc %< f f
= oleses ‘I'[ | i ‘ = ffff -Imei: 0 ﬁ | |
T T0dpi 7dpi 14dpi “ T T0dpi 7dpi 14dpi 0dpi  7dpi  14dpi
B9 MeAPX2-OF #EHkHHFHREM APX B

Fig. 9 The accumulation of virus and APX enzyme activity in the MeA PX2-OE plants
: 7E MeAPX2-OE Mtk HFi% 8wt CP FEH 7 d J&, #H17 CsCMV b3, JH7E 0. 7. 14 dpi B HUREFIZE IS R . LASERE GFP 28 (A Xt i,
Note: The MeAPX2-OE plants were per-treated with CP protien for 7 d, and then infected with CsCMV. The leaves were collected and used to
determine the physiological indicators at 0, 7, 14 dpi. The GFP protein was used as the control.

CK

MeAPX2-OE
+GFP +CP +GFP +CP
B 10 CP X MeAPX2-OF #&#kRE M/ NE
Fig. 10 Effects of CP on MeAPX2-OE plant phenotypes
T GFP Jy X I8, JE IR CP A 5 (9 MedAPX2 3 3 3k M Bk #2 B
CsCMV J5 14 dpi BUEIRFAL. BEMAELLHIR 10 em, HH LEEIR 1 em,
Note: Images showing symptoms of CP-mediated MeAPX2-OE plants
(GFP as control) at 14 dpi post CSCMV infection. Scale bars: 10 cm for
whole plant, 1 cm for leaves.

o S A S AR A 0 S T TR T PR A, 3K A A
il 2 V- AL ZH 4 T e A R R SR L g Ji A
AIRIECT . APX AR AEYIIR NS 5 G e S Y

B ALY, WA BES 5 T 1 XN BE I s
M, AW R, 78 CsCMV 244, APX [
e bR TR, EWR AT, MY P S
VRPN APX FEIR B 238 LK IS T 7K ELAT 3 106
A0, [ AFIT R I, APX JE IR S5 A B 4 si
I B4 PR 7 25 A I A R P Y APX T
FORA 33 5% F ) 4= U i 0 P S ol A4, DA
AL H2 52 ROS 175 T IR B AR 510, 25
TR, APX TEAF B R 30 45 o 200 B A
FIVEF . ekl APX 36 PR T, Wl 4R i i b ass
P, 005 96 15 19 & 2 Wi MeAPX2 (3 15 Fn
APX E Y, 4N AT R IR, Gy B 2k 4
1155, 975 BE A YL P B8 SR T IIN 2
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Functional analysis of MeAPX2 gene in cassava resistance to

cassava common mosaic disease

Fu Ziyu’, Wei Yunxie"
(School of Tropical Agriculture and Forestry, Hainan University/Hainan Key Laboratory of Biotechnology of Salt Tolerant
Crops, Haikou, Hainan 570228, China)

Abstract: Ascorbate peroxidases (APXs) play a significant role in plant resistance to abiotic stress. An attempt was made to
investigate the role of APXs in cassava resistance to cassava common mosaic virus (CsCMV). APX activity and the expression
level of MeAPXs during infection of cassava with CsCMV were analyzed. The results showed that APX activity and MeAPX2
transcript level were reduced. Therefore, MeAPX2 was identified as a candidate gene for further analysis. MeAPX2 positively
regulated cassava resistance to CsSCMV, as determined by the disease index in Me4PX2-silenced plants. Further analysis revealed
that MeAPX2 directly interacts with the coat protein (CP) of CsCMV. Moreover, CP was found to inhibit the activity of MeAPX2
both in vivo and in vitro. The results demonstrated that CsCMV suppresses APX activity during infection in cassava. Furthermore,
MeAPX?2 positively regulates cassava resistance to CsSCMV by targeting CP.

Keywords: Manihot esculenta Crantz; MeAPX2; cassava common mosaic virus; coat protein; functional analysis
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