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Roles of the Cytoskeleton in Plant-Rust Fungi Interactions

Song Xiaohe', Li Yankai', Wang Juan’, Wang Yang?, Ma Qing>*
("College of Life Sciences, Anging Normal University, Anqing 246133, China; *State Key Laboratory of Crop
Stress Biology for Arid Areas and College of Plant Protection, Northwestern A&F University, Yangling 712100, China)

Abstract  The rust fungi are a group of widely distributed fungal plant pathogens, which can cause occasional
devastating epidemics and yield losses in the world’s most important crops. The plant cytoskeleton, which consists of
actin filaments and microtubules, plays an important role in plant resistance against rust fungi. In this review, we focus
on cytoskeleton dynamic rearrangements, reactive oxidative species accumulation, hypersensitive response, actin
filament and microtubule binding proteins, and signaling transduction in plant-rust fungi interactions, to facilitate our
understanding of the complex plant resistant mechanisms against rust fungi.
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B, oA A R, B A A, KL
N LH:FE, 0l S8BT ZAEY) b AR E0% 3, Wb
. KFEE. WAL MR oK. OKEAE, SRS
10, B P50 I R UAT, I VR ek e A
L) A5 TR EL AR o 5 o 40 0 B B A8 AR A R AE
Yife, A B TAE 40 A4y 1 KT B R U v
AL HLE, R T IHABAE Dy o A 7T R A
PR EH. B CHRE, AeR Y- R AR R
G55 T Mg LD RERIR AT, 4 A R Linum
usitatissimum)-V W45 B (Melampsora lini). UL 5.
(Vigna unguiculata)-31. 555 # (Uromyces vignae).
/NF (Triticum aestivum)-/N %2 5545 W (Puccinia
striiformis f. sp. tritici). /NFZ(T. aestivum)-/NAZ 45
W (Puccinia triticina f. sp. tritici)~ AF %5 YL
Fr(Arabidopsis thaliana)-/)N7 555 & (P. striiformis f.
sp. tritici)LL L K3 (Hordeum vulgare)-IN3¢ K145 14 (P
graminis f. sp. tritich) HAE R4 A5 A MY 5
B EAERGE P AR E RS EA. ARG
P % (reactive oxidative species, ROS)FH 2 Fll ik # 1
IRFE J2 Wi (hypersensitive response, HR)IFJ 540 . 41 ffl
AR S5 G I YR LA S 5 5 3 U7 1 e R 4
M B SRR DA R

1 Y-S EEESIEPHERENENR

MKobayashi S g 5T 40 M B 22 ) S
BT HAE TP DOV IE 24, BA2024F
(D S 7852 21908 J5 432 B IR R A0 A T b, & iy
RAENSEAM, J e f e B B BEE, JFAERE
MR P IT A1, T S 4n Ak 2 B AR R IR,
FE VPR — VPR AF B (M. Lind) ELAE R, A FE 1) E R 1A
S0 M AR S A ARt ) S RS, T R
AN G T2z AR JBE 5250 SRR A A 2] e, B
JRSEIF R P SOIR G54 . AR SRR & P A= e i S 3L
FHAT I PR 40 o 40 e B A W) Sl PR A, AR
RN SV TV ) B A G Al A B, SRS IR R
SRR G S ], B SRR RN, AR TE R, T
EIECETF IR WD, 2 A R M s k. i
22 [\ A AR AR AN 2 4R, W R AR
Sl fa A [RRE, RV UL ES (U vignae)
HAERG, I Z P - IR G0, OB IR
FE BB S B, AR SR oK T 22 A
T AR SRR G B B, R RS I A 40 i P HR K K

A, T AR G U R R R IR T, oAt — SRR
WM EEARET EHAE RS, A K- A8
B (Erysiphe pisi)'®, K5 — K5 J% %5 i (Phytophthora
sojae)'N, K Iz~ K32 (K Wi (Blumeria graminis f.sp
hordei)"™ %, A AR R FIECA, W [FFELE S T 10
g 22 EF HES, SRR G i RIS . 1K
BH, AN ] B RE 400 Pl 2 A HRARIAN ()99 it B 42 e 1) 1 b
SR T I BT, XM AL 140
G g5 N2 I N AT BT B IR i — 20 . 5
I SR A E AR AA— 3, Y S5 E A
YR FE T, A o ¥ BB B AW 52417 4 40 M 1)
R TR A AL R I, 40 R T LRI 40 %A
B YAL  RHI A N . R RFER . BRI AE Ay
- 20 P 2% A5 40 I P R o A, SRR AR R G
FEI I ) o i B Ak 22 AR 1 2R W A e S
B HAEE R RAEENEN, 2500, %
TR PN T e R SR R A 4 B A 1 BT 20 A L
FLIEITE LR J I R, 43X L6 40 i P4 4 oo i 2
S BB 1Y S R, g R A KA 1R AR G R B 1 e
DL A A 5 S k.

2 EY-FEEEEIEPAEEIEIIROS
FAHR A9 210

Y 52 B R R RN, ST A R
—RANN T BT TN, BG40 i BTkESE . ROSHA
B FLRIE G MR 25 A R AH OC 8 1 7 AR 508,
TG FEL ) 40 L AE AR B kAL B 7 T S N B B
B B B A A, AR R AN R e v A T
(programmed cell death, PCD), PR il J5L & 19 i,
{EAFIRTE 1L LLAM I 24 T Ji B (R 9 3 0020 4
PR L ME2F AR, 2 DU 22 A6 40 i 1) B A 4G, B
W s AT A0 M N IRICE 7% . BFIR 5T, BAFLR IR
KAFAE, & W R A7 5045 B AR N A ek
SN, ROSFA S FIHR ™ A 2 A W) HR TS P 12 G dpe T
FERHURPLEIR . g B 2 E A S Y P WA
Pk FE T ROSHR S FITHR ™ A= 1] gt 45 22 0 E 21
YEHT.

20 0 R S A ) 24 B S Dy A
BAERE BT b A A T AT D R UE s
2 i A 5t 25 (Cytochalasin) & 4 22 58 & I M 771, 25
HAEF-WLEN 8 A ) 1 (), FHAMILE) & B AT 1%
B PR SR 5 B 120, S I M T 22 T g, AT n
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Fig.1 The response of actin cytoskeleton and polarization of secretory component in plant-fungi rust interactions

T SR A AP H T, SCERHRGE T R TR
V=55 TR LA b 4l R 28 Ty B B0 AT A A ot 2R
A, B. D. E, 040 i i B0 5% e WL 3R 1026390, 24
PR 225286 2 W, Cytochalasin EAL i GE W8 45 R4 b 410156
UL 50 UL 85 (U, vignae)lP i B N, B 45 #% AL
FAT . WEE DA FTHR = 203637 GE 8 [
Wi~ UL G5 E (U, vignae) HAFHH,0.81 &, 3 6
B A2 YL WOR B34 NP, Cytochalasin DAL B [A] £ g
PO /N2 N Z M (P triticina £ sp.
tritich) HAE HRIF ™ A, FF HIX R/ F B4 24
WA E ) B i B4 KB, 43 5] FH Cytochalasin AR
Cytochalasin BANEEHUIH PN ZE I 5 e P 4045 o
(P. striiformis f. sp. tritici) & ¥, ROSH 2 (L HiH,0,
MO B ek 59 H R A 4B IR, A B 2640 i i AR
AN, HRp™= AR R0 DL Szt o5 B 78 3 il B,
H oA it 2% n B A0 B R YU 77 N E L B
S R 0 AE AR 11452 B IS5 R i M AU R A
S B IR AR O, AT 2 2 4 Bt as
JREIVIRE ), o %5 3055 B I Jo) [ 400 L 1) 9 e, Ak 2y
ZELEAE DA B 12 Gead R AR B0 TS (1) ik
MHR™ A B 2 CEEMAEH . CAT 25 B2 s 50
# FOMEE B T 22 B AL RRS A1 FE A M ROS R 2 i
HR& ARG, Xk 22 1 B Ae B Al i R v & an ]
FEVER )L TR/ o o0 T 40 i B 2R H TR 4 5 vl
= G Pk 22 B B AT SE M HR S Y, 6 1R 2AR TR HL )
Ay REAEAS AT TR AT o

1E ARG, AR A P00 T Y B ok
Bl RRE AU, 59 PR AR LG, JEE
PO PEHUR HLBIOT FUAR R 5 o 24 3157 S0 R 1),
Cytochalasin B4 B J 3 A UL B I+ — /1N 22 4545 i
(P. striiformis f. sp. tritici) 54 "85 #1012 YL 68 )
HE SR A B EIRG N T /N A kY 9 1R (B. graminis
f. sp. tritici) X FUNFE T A 40 LIV 2853 20, T U
Ax UL Ul WL R AR B R AR R geh,
2T FEHURPLEE AT F . oAl ) — Lot i
B, Cytochalasin A4 FH ] 11 il 22 X 9 &7 1R I (E.
pisHF7 DN, F802 Je st AL BERC BT, BER AR A
JEURR B2 A BHL L B TR AR NI — R AT SO 38 W ik
%55, Cytochalasin A4 B ] B {2 1 1] 5l LE TR /)N
27 %6} 35 TN 8 B (Sphaerotheca fuliginea) H./F ' HR
P O RR B 7= A2 S FLIE I 1, 38 8 11 K TR
(I N ZEW] A v, 0 25 T O as ™. LA B350,
T 22 B BEAE AR 27 E R B W AN BT A R b AR
FHZAFHIE 1), DAY I 045 BRI AS Re il B A [ E
A I B AR RGP AR EPUR TR AE AL,
X2z B 38 5 AR A LR BT I OC R IE T EAROR
ABRZE

5 g BRAH L, TS B SR A BT 1
HO.# B AHR ™ 2E [ 52 W, vl Be /A [R] (A5 4 — 45
W AR RGP T R 2 AR ) (R2). 273 hE
fii(oryzalin). FK 7K lll Z (colchicine) & #Z [ (taxol)
RERS MR T 1 R ) S5 0, s psy B 11 IR AR E 1,
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Table 1 A selection of inhibitors and properties used for pharmacological interference with

cytoskeletal functions in plant-rust interactions

RS S

2SI TR L

415 MRS R fet AR B O T
Cytoskeletal Inhibitor name Origin Molecular Effects on cytoskeleton References Examples of usage in
formula the context of plant-rust
polymer . .
interactions
Actin filaments Cytochalasin A Drechslera CyH3sNOs Sulthydryl-reactive, inhibit [26] [40]
dematioidea growth and sugar uptake
Cytochalasin B Drechslera CyH37NOs Inhibits cell movement, shortens [27-30] [7,24,37,41]
(previously actin filaments by blocking
Heiminthosporium) monomer addition at the fast
dematioideum growing end of the polymer,
impairs maintenance of long
term potentiation (LTP) of action
filaments
Cytochalasin D Zygosporium C;30H37NOg Impairs maintenance of long [30-31] [39]
mansonii term potentiation (LTP) of actin
filaments, promotes conditions
favorable for depolymerizing
actin
Cytochalasin E Aspergillus CysH33NO, Produces a “halo” around the [32] [36,38]
clavatus nucleus
Microtubule Oryzalin Synthetic CoHisN4O6S Binds to plant tubulin and inhibits [33] [16,37,45]
herbicide microtubule polymerization
Colchincine Secondary C,HpsNOg Inhibits microtubule [34] [36]
plant product of polymerization by binding to
Colchicum tubulin dimers
Taxol Secondary plant Cy7Hs5iNOy4 Stabilizes microtubules and [35] [7,39]

product of Taxus

inhibits microtubule dynamics

SETCE A AR FE R F B 24500, ATt 40 v SR )
52 WL K1, Kobayashi®§™“H Oryzalinkb 2 . g It
DA A1 B B AR 21 RIS JBR A T (M. Limi) B, T 1)
fift SR 2> V1 o BAE AR P JBR X6F A 5% RN B IR HR J 3 o
[F]F¥, OryzalinkbBE GE % ] AN H 8B /N 22 55 /N
M5B (P, triticina f. sp. tritici). /N3 5 /N5 W
(P striiformis f. sp. tritici) HAFE T HR[P) 7 42 FTH,0, 4
BB BRAE L 1 G455 #I(U. vignae) HAE &40
H, Colchicine b FEIF-HBAT XTI B (1 e AEAEAT 3
i), OryzalinFlI Taxol &b B2, 35 A W HR ™ A FZ T A
S E IR, RO HIPRAC T B R PO FLR R A%
H TR B 40 I P 1 B R 582 40 R AR 1 55 fa By
B, AR R AT R S s A A O, ARk
PR A RS L HAE RS, R A,
fift 58 FF AR 2 2 Y WHR ™ A2 L 4. PropyzamideFil
Oryzalin/b B I AN GEAL 180 B (B. graminisFIE. pisi),
DR N R A2 S A0 BT J 42 Oryzalink
PR B P 9% I JH 99 # (Colletotrichum orbiculare),
HO B 82959, FLI G BERFEAIL, SR IF AR UL 3 58

HEAN R AOHR ™ R, R (R i SR AE A SRR DU
PR ROVE R T RERE R 28 1, H AT SC TR A -
5 B ELAE T O B SO ROS A B4 FIHR 7 A= 1) 4
S BAT AR IR, R E B 3 3 EAE R 3
PIPUETERI R . flE F 2R S 5 e AR H
A, TR PEN 7 UL KA 5 4% T P A A,
T AR A LSRG B 2 S0 e 1) S FF -

3 EY-FREELEPHARBRES
HHIIh&E

A B AR ) S R B AR Tl ) S
HATAIL TR, 1X 2L ) A0 2 Il Bl 2 45 & iR
PR . U &5 6 B 11l I 0 U Bh A R4l 21
1) 8 42 4 FH 1T 56 o B0 1 2 R D e, T i B
() U8 5 IR A FEMAP6S S ik . SPCOSHR 1. v-1il
¥ # A (y-tubulin). MOR1/MAP215%5 4. EBI &
(1. 1% ig BED(phospholipase D, PLD). SPR1/SKU6
H 1. SPR2/TORIHE ™, L 45HHE e 5L
R di & Iwm it 5 oaem—R R WE A, &
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Table 2 Effectsof cytoskeletal inhibitors on ROS accumulation and HR
Hi4) ] AR TR SRR TRA A 2R AL A R TS 275 3K
Plant species Pathogens MT inhibitiors Effector on MT inhibitors =~ MF inhibitors Effector on MF inhibitors Reference
Wheat Puccinia Oryzlain Delay of HR; reducation of Cytochalasin A Delay of HR; Reducation of [40,45]
striiformis H,0, accumulation H,0, accumulation
f. sp. tritici Reducation of the number of Cytochalasin B Greatly weakness the ROS [24]
necrotic cells accumulation and HR
Wheat Puccinia Oryzlain Reducation of the number of Cytochalasin D Reducation of the number of the [39]
triticina necrotic cells necrotic cells
f. sp. tritici
Arabidopsis Puccinia Not examined - Cytochalasin B No significantly increase of [41]
striiformis penetration efficiency
f. sp. tritici
Flax Melampsora Oryzlain Formation of haustoria, Not examined - [37]
lini delay of HR
Cowpea Uromyces Colchicine No effect on callose deposit Cytochalasin E Inhibition of callose deposit [36]
vignae
Oryzlain No effect on nuclear Cytochalasin B Inhibition of nuclear migration [7.37]
migration and HR and HR
Pea Uromyces Not examined Cytochalasin E Reducation of H,O, generation, [38]
vignae increase of penetration

efficiency

FALHE ADFs(actin depolymerizing factors)/cofilins.
profilins. formins. villins. fimbrims. thymosins.
BCE B A A2/ 35 AR Aok, 1z H A v
Hi i 4% A2+ K (suppression subtractive hybridization,
SSH), T 7 Bt AR L. AR BB B L
2 A S R A T 22 e Ak B SR IR, JF A X — 4
ARG T — RIVWE ML 85 G EREAREER. R
1M 2 H /R ik, A > BN R ) 5 R B AE A
KA 2 a5 R kiE, K2 O e
i E O, P n L £ 1 igprofilins FI1ADF/
cofilins"**!, Profilins/& —Fl /N 7>+ & 85 [, GefS LA
LA EE A5 55 LB H SR (G-actin) 45 & S S,
NI T T 2215 BRI E R AN D) ERY . Bubb&E 5,
T 22 B BR 2y a4 T EAK SE profilins i B2 1 15, fIGHK
J&& 1 profilins i 14 34 22 1f) 58 &, & B2 T profilins
SR FE R SongFEH i [E T — AN E MR
INFEEF (P striiformis f. sp. tritic)) HAEH — g fil
profilins ) 3 [Al, - F| FHRT-PCR#E R 43 #1 T 1% 3%
AN TR 2555 11 A BN Bh 22 e Pk HAR IR ), IR
SRANEAERALL, profilins£F A 25 A1 BLAF h Kk 2 10 2%
N, I 22 B B il SR BN 22 IR 1 S
VR AR /N v ma I HH 22 8 5 BE R TaA RP3,
WARFER Z 5 2] TN H BT, IS

WA TP R NI A G TaARP3FERIAE /N3
PUE o 1 R b T R AEAE T, 5 Arp2/35 & 1k
SRR OC AR, R T IX L i) )R R KA W) TR s )
Z B TENLT
ADFs/cofilins & — 387 1 5 50/ Ho i B R 57 1)
Tk 22 255 B, O B v Ak 22 1 g 2R R I
22 [ JE e R R 2 K B A E A, TadDF7
& /N 22 Th o [ SR I ADFE [, A I GFP(green
fluorescent proteins)$3 A K %k DA & A7 T~ 22 1 48
o RIFHBEREX AT RGN, 58 R 2 3Rk
WP BRI . BN DRSS, RS
NZE SRR AR BN, T 22 ARG N, = AT
Ao BRI ZAh, ROSHE S AIHR ™ A2 12 35 B AR, itk
MR EAPRIZEDI 2 B K, KW TuADF72 Y
TNZEXT AR BN BT TSN, i I Y 22 B
BRI B 2 F AL 52 MROSF R AHR ™ 4E. T
PRIFE 57K IR (SAVE 5 B Bk A K, HTudDF7%
SRISATE 3 2RI, N ILHEWT TadDF70] e 55 7K ¥ 1R
{5 T IEAT RPN, rpgd M RpgSIE WK FE e ok
PN PO BE B, S0 B, RERE HIRPTAR NS (P
graminis)#5 1 A IR AT rpg 44 i i 2
457 1 ADF,, Rpg 54t —1"NBS-LRR 45 428 1)
PURFEIPY 72K 5 N FT R RI(P. graminis f. sp.
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tritic)) HAE T, KLY 0I5 1R N 75 Erpg4 R Rpg 53 [
YEF R SE I, rpgd/RpgSHLIR 22 40 19 ORI B AT
INTo A AN T B 256 R R B8 18 1 40 B 2R Bl AR AL
(M ADFZE RBESE H 2 35 BRI PUn R4, 4
K rpg4 RN Rpg 5 HE DRI T BR S5 # /IS 22 #1455 w1 AE 5
N, RIAL/INFR ] DR B R 22, I 13 B ADF
FEPINMINBS-LRRIE R 22 5 T AHDHi BT 1S
SR, rpg4FIRpgS 2 UM AH HAEF, AR A W[ 55
TS T I HURPER 2 X rpg4 1 Rpgs HAE I 9T
KB T Rz g 32 T ok A, DU
22 B B (1) OB HE AR S v AR IR v A L R
X ) 5] Sk 1 — 4 TR R O AL B
fitto

4 RE

FEIE 25 1 JUAF B, ONATT 32 2 e e 4 Ak, o
BOR B B ] - FEE A IR G (0 R AT T 40 1 4841
R 1 B 2 v fR) A T, X B R B S 5K [
SE T ALZR, BT ] 5 7V T e o AR — 2e P i
A, S S g5 R AR E M . AR, BEE GFPHEIR
WERE AT R GE . WOLIHRE WG — RIIES
I3 T IOCEREN SR N, A AR A AR 1R 7 1)
N R TEAS . Sk DIRERI > T B BT
FUITRE TR i@ A, SR, 76 A 3 S M S
B T LA P R A0 S ) RE IR IR I, R 1 4
JH B B B AR A RN A 2 AL D o XS ) S
T3 [FIRE AT LA F 147 v 40 v ZE Dl e iR T
FT, A R s ) 5 5 T AR R AT F )

Ca™ 1 A 20 10 P e T S (1 58 — A5 A0, A 4 A
SRR R AR H 22 B K. CatE T R
GiZ SR ERE SR, IF Ok sECa s T 2
903 5 bR A2 % Je 7 A ) ) R N 22—, 3 A A
FOFHEA, HAF B A L0 3 A Mo JiipH ) A5 1k
22 24 5% AL B 1 3B (mitohen-activated protein
kinases, MAPKs) 135012, ZEMEY) 585 % B AE &
gih, Ca™ RIS 25 T ARG 57T, BREL
Sy N R AEHR, TS B R IR, B Ca*
SR T B SR R O3 IR AR E 1, Ca® I i 4R 2 )
AFAEA € A ELAE R o SR ARAT] St A #4541
BAF? HAr, & T3 5 85 A A Ca™
FGIE B B2 TR R 56 R IR IEIC AR D> . H 555

HAERG T Ca™ 5 T AN s R sh ST
SR oA SR S AP S T = 15 S S S5
W HAE RS Ca™ (5 5 4 P AT 22 B 2R 22 1A R &R 1K
RIE, —FHZ AR B AR T 55 5 L B
(cosstalk), W1 22 & B4 A5 5 4% T TP AR T EIE, #4
AWy T A s AU A

B35 T O Tk A AP HRBUR 2 H0 B I
LT RAY, HAT W35 I ABUR PR AL, BE S
Wy SCGEAED G T, 558 T 05 R APURE G,
HE K, K55 R (P striiformis f. sp. hordei)
HLLO R FUNRR BRI DR N B N0 K FE
Xf NGB RI(P. striiformis . sp. tritici) 54842 BN
ol JU) R 3R A T, AT S T T K S R R P A A LA
B R G, H T B3 B Pue st A& HL I a5,
Bt Ah, WA AR R O T N 225
(P striiformis f. sp. tritici) HAE AR E PR AL
IR, X B R T HARR S RGO
TR Py HC A B 1R Gk B v 40 P R Dh e RN AR A
FHBT B RHLEIIT ST o
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