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RER DD EZeHEE LB SR AR5 5 % 5 355,322 42 345 A~ CAZymes % & R & B A& 160,153 4=
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R 4T PCWDEs A B £ F A (Pt15-" FEAR D /EFA(PUS-"ZEAMDEZFIRTH LA RRAZELGF T
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Identification and expression analysis of PCWDEs family
genes in three wheat rust fungi
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Abstract In order to explore the key plant cell wall-degrading enzymes (PCWDEs) genes, which play
critical roles in the infection of wheat rust, bioinformatics methods were used to identify and analyze the
Carbohydrate—active enzymes (CAZymes) existed in the genomes of three wheat rust fungi including
Puccinia triticina (Pt) , Puccinia striiformis f. sp. tritici (Pst) and Puccinia graminis f. sp. tritici (Pgt). The
PCWDEs gene family was screened and identified from these CAZymes genes. The expression patterns for
selected PCWDEs members of Pt were analyzed by qRT-PCR. The results showed as follows: 1) The

genomes of wheat rust fungi encode 355, 322 and 345 CAZymes family members, and contain 160,
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153 and 158 PCWDEs family members, for Pt, Pst, and Pgt, respectively. There are 75 conserved CAZymes

gene subfamiles and 94 orthologous gene clusters of PCWDEs in three wheat rust fungi. 2) 16 PCWDEs of Pt

unigue genes were induced at differential levels in compatible (Pt15-‘Chinese Spring’ ) and incompatible

(Pt15— ‘Yunmai 34’ ) combinations, and some of them were up-regulated earlier in the incompatible

combinations. 3) Four Pt unique PCWDEs belonging to one gene cluster of Pt were homologous to

extension—like proteins, which were also regulated for transcriptional level during the infection. In summary,

all PCWDEs of wheat rust fungi in genome wide were identified, and the transcriptional patterns of some

candidates were detected. The results in this study indicated that PCWDEs might play an important role

during the infection of rust fungi.

Keywords wheat rust fungi; PCWDEs; bioinformatics; gRT-PCR; pathogenic mechanism
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1 #MREFE

1.1 X5 s A

HEIR /N2 55 B B AR R PG /N B AR
‘i [E £ (“Chinese Spring’ , CS-Pt15 3% HIH AE) A

‘A% 347 (“Yunmai 34’

1.2 F3IEE

, YM34-Pt15dEE I H AR

PstJEALM5 B 30 A NCBI, /N2 4585 1 4= B/
i CYR34(C% 5 GCA _025169535. D5 Pgr 5 [
HE B T A IGL/INEFB R R Pgr21-008 515
Pgt 201 _AD"; P45 B N2 A NCBI, /hNE it
BETE T &R PUSCE S GCA _026914185. DY,
1.3 CAZymes R i&iT#

3 1 E LR 1 B & dbC AN i R IN S5O0 /N3
3FPEE I 1 F S AT CAZymes R B, FIH
TBtools il £ /N # 45 B CAZymes Ml PCWDEs 5 %

Venn &%,

1.4 BEREEEEZKESH
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EXIN: RN L ]

e
CAZymes Z 5 58 P 51 4T blast FLXT, 3k45 /N2 3
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FFH MEGA11%'#y ClustalW 72 F¢ 317 5 51 Lt
Xt I BRI S 80T 4R D e 3 Y S AR R Hoep
BIC /3 BB AR A J& MACH+A+C AR R e KA
SREMG VLR . 8 SiganlP 5. 0% Hi Il CAZymes
FKHE OB AE (S 5 K, R SecretomeP 2. 0% il
A2 50 IR (L3l i TMHMM -2, 07975 28 #0) J2:
A7 5 EBUE . i ] MEME"™" 3000 motif 21 1, ,
NCBI CDD™* H F il £ <7 45 #4 5, ) F TBtools
TEHAEH .

K FH Expasy™ 73 7 2 (1 i 1Y — G 25 44, 3 1
Phyre2 #4258 14 1 3D Z5 M #5180 i 1] IBS 2 il &
FI45 R BT i F CBM63 F DPBB X4, #4 8 15 47
JRAE A i FH R A0 2 S B A W AIAE ) B R HE
IR R G
1.6 qRT-PCR#&i

45 P15 4R YL 0.6.12.24 .48 F1 72 h 4 /)N
&R . fdFH Trizol 3 #2 BUEE § RNA, 5 K
cDNA . 5 38 JE 9 2 4 7 31, FILF Oligo 7 %K
PEEATRE S IIT  LLACTIN NS (R D,

F1 PERUEARERBBRELEEPCRIIYFT

Table 1 Primers of specific PCWDEs of Pz used in qRT-PCR

A Em (5'—=>3") R (5'—=>3")

Gene Forward Reverse
ACTIN  GTTCTACAACGAGCTCCGTGTC GACATACATTGCTGGGCAAC
PiCE1 TGCTTGTCTACAGCCTCGC ACGAGTTCGATGCAGGAGGA
PiCE7 CGCCGATAGGGTGTTTGACT GTGGCACCATACAACTTGGC
PtAA1 TGATTCAAGCTGGCTCTCAC GTCTCCTTCCACGTCTGACC
PiCE2 AGTGACGCTGAACATGGGAG CCTGCTTCTCGACCAACGAT
PiCES3 GGCGGAAAACCCTACAAGGA GACGGTGTTGAAGATCCCGT
PiCE4 TTCAGCCAAGGTGCAGTGAT TATTGCATCATCGGTGCCGT
PtGH2 ATGTGGAGTTCACGACCGTT GGAAGGCTGAGGAGTATGGC
PiCES5 TTGGCGGTTATTTGACGTGC GCCGAGTTCTGATACCCGAG
PtAA4 GCCTCACTCAAATCAAAGGGC TCACGTAATCAGCAGTGGGT
PtAA3 TCACATTCGCTATGCTTCCGA TGGAACTTGGACGGGTCTCTA
PtAA2  CCGCCATCGTCCACTCTAAA GACACATCCCGCAGTCGTG
PiGH1 ACGTACGTGGTCAAAGGTGC ACCCCAGAGAGAGTGGTAGC
PtGH3 ACCAAATTCTAGGTGCCGGG TTGTCCACCCAACCCGTATG
PtPL1 AGGGATACAGCGGAGCTACA AGCTTGGAGTGAAACCTGGG
PtPL2 CCCGAAAACGGGAGGTACTG AAACTTGGGAGTGACCAGCG
PiCE6 CTCGGCTCCACCTTACCTTG GCGCAGTCCTTTACCAAACC
PiCBM1 AAGACCTGGCATCAGCATGT CCCAGTAGTTGTAGTCCCGC
P:tCBM2 CCCGAGTCAACGAAGACCAA AACTGGCGTTCCAGGTAGTG
PiCBM3 TTCATAAAGTGGCCCCGACC AGGGCATTGGTTGGACACAA
PiCBM4 AAGCAAGGTGCCTCCAAGTT TTTGAGCTGGAAACCACCGA




116 0 LN ES I Y NS S 4

2024 4F 55 29 %
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P3 W E A . 2T )7 14 B qRT-PCR Y
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2 ZEREHH

2.1 /MNEHH CAZymes Kk

F P 1 R] AT, AN I TR (PO 3R R 1A 35543
PN R B CAZymes R 5, 6146 GH 3 K 152 4>,
GT 3 M 9414, CE R W 494, AA FE K 404,74
PL FE K F1 134> CBM 5 A 5 /) 22 25 45 1 (Pso) B A
4 8% E B CAZymes Z 5 B0 A 3224, A 4§
GH 2 1644, GT 3 714, CE 3£ H 434, AA
FH 404,34 PLEEF A 14 CBM KR /N2
45 W (Pgo) 36 41 & A7 345 1 CAZymes K % 3
LFE GHREERIN 1724, GT K ER N 87 4,
CEZREHRMN 371, AA RKIEILH 424,54 PL K%
FEH A 24 CBM ZRSE A

sGH =GT =CE “AA PL ' CBM

Pgt |
® 2
B2 p
-HJ,Q{ 3]
<E

Pst

0 100 200 300 400
FE PR Bkt

Number of gene

Pgt g /NEFFEE W, Prolg /NS5 T8, Pst /N SR 85 T . GH BT
KA S, CE Sk A & MR 2, AN AL I SR 5%, G T
T BH IR R W5, PL o Z 88 R 55, CBM iR Ak & W 45 &
P F . T

Pgt is Puccinia graminis {. sp. tritici, Pt is Puccinia triticina and Pst
is Puccinia striiformis {. sp. tritici. GH is the glycoside hydrolase
family, CE is the carbohydrate esterase family, AA is the auxiliary
activities family, GT is the glycosyl transferases family, PL is the
polysaccharide lyase family and CBM is the carbohydrate-binding
modules family. The same below.

1 NEFHHE CAZymes K ik K R AR
Fig. 1 The composition of CAZymes family members of

wheat rust fungi
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Fig. 2 Composition of wheat rust fungi subfamily CAZymes
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Fig. 3 Composition of CAZymes subfamily specific of Pz

2.2 /N2 4 B BE R R EE 3R ik

X /N C AZymes FIGEIATIH R (FE 2) , Pr3EA
HM 1601 CAZymes{T B PCW DEs; Pst BRI 2118
15349 PCWDEs [ ; PgrA7 1581~ PCWDEs, 3
BSH R PCWDEs & A 94 M sr i & R JREL N 7%
PstF Pt PCWDEs #4085 5Nk R TRIE R #% , P gt
FER L&A 3R P R PR R R (B )

F P 5 AT 7R SFIVES TR 944 EL AR IR JE LR R , K
ZHGER RN S 5 (GO: 0008152) 7K
& AR R (GO: 0005975) , K2 FACHHT £ (GO:
0043170 , ZHEARHTFE(GO: 0005976) , 4 LA i 7
(GO: 0044237 AHHIFEGO: 0008150), 4B FE(GO:
0009987 ; it A ¥ 73 2 5 A Ak & W AL 72 (GO:
0006807 A=A SN (GO: 0050896) AR B it
HFR(GO: 000662DFRERA# U FE(GO: 0006112),
SR TR S 5 AR RN (GO: 001649D.
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#z2 CAZymes K&K PCWDEs i+ ¥
Table 2 PCWDESs annotation of the CAZymes family
5 R K TR i7] £ X Z Rk iE7)
Gene family Substrate Gene family Substrate
P1.40 11 2f £ Ulvan GH74 2 2 4 2 Hemicellulose
GH13 22 VEHy Starch GHO95 27 4 E Hemicellulose
GH13_32 € ¥ Starch GH29 2 £ 4t % Hemicellulose
GH13 25 JEHY Starch GH115 41 4k & Hemicellulose
GH13 8 VE#y Starch GHI11 227 4 & Hemicellulose
CBM48 VEHY Starch CE3 2 4 4k & Hemicellulose
GH13 3 VE M Starch CBM10 2 2 4k & Hemicellulose
GH13_28 VE ¥ Starch CE5 i it Cutin
CES R Pectin GH131 £ 4t & Cellulose
GH105 R Pectin AA9 2P Z2 0 S U LPMOs
PL3 F B Pectin GH7 4% Cellulose
PL3 2 H K Pectin CBM63 2 4 & Cellulose
PL1 4 H B Pectin GH5 41 21 4t & Cellulose
PL9 4 F B Pectin GHI12 £F 4 F Cellulose
PLY9 3 SR Pectin GH5 5 27 4k & Cellulose
PL9 2 HE Pectin GH9 4% Cellulose
PLY 1 T Pectin CBM1 2 4t & Cellulose
PL9 R Pectin GH1 21 4 % Cellulose
PL4 5 F I Pectin GH6 £ 4% Cellulose
P14 4 W Pectin GH26 21 4k 2 Cellulose
PL4 3 B Pectin GH45 2F 4k & Cellulose
PL4 2 R Pectin GH51 HEL WA ML BE PCW
PL4 1 R Pectin GH53 14 40 i BE PCW
PL4 JBE Pectin GH54 LY A0 BE PCW
P1.26 R Pectin GH61 T W 4H i BE PCW
AA3_2 ) 4 Jif BE PCW GH62 ) 4 Jif BE PCW
AA3 3 ) 40 i B¢ PCW GH67 ) 40 Jifg B¢ PCW
AA3_1 HH ) 4H L BE PCW GH78 T4 40 L BE PCW
AA3 4 ) 40 i BE PCW GHS88 ) 40 i BE PCW
AA3 W) 40 Jif B¢ PCW GH93 T Y A EE PCW
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2 (5
S P9I K I R K ik
Gene family Substrate Gene family Substrate
AA7 AE W 40 M BE PCW GH28 FE W 40 M BE PCW
AA6 FEL W) 41 L BE PCW GH94 FEL W 40 i BE PCW
AA4 AE W 40 M BE PCW GH31 AE W 40 M BE PCW
AAS8 T ) 40 f BE PCW PL1 H ) 240 Jd BE PCW
AA5 2 AH W 40 M BE PCW PL11 AE W 40 M BE PCW
AAS FEL W) 41 i BE PCW GH36 18 Y 40 i BE PCW
) 2 21 4 2 Hemicellulose/
CEl6 2k 2 4 & Hemicellulose GHI16_2 ‘
27 4k & Cellulose
AA14 2L 2 B 5n A B LPMOs GH10 2 27 4k & Hemicellulose
2 2 4k 2 Hemicellulose/
AAl5 2 fif Z2 B INE E LPMOs GH3
= 21 4k 2 Cellulose
4 4 E Hemicellulose/
AA16 2L 22 B 5N A i LPMOs GH2
= I 4 % Cellulose
4 E Hemicellulose/
AA1 1 AR Lignin GH27 o
21 4k % Cellulose
2 4 ZE Hemicellulose/
AAL 3 A% Lignin GH43 6 ‘
e G4 % Cellulose
2 21 4k 2% Hemicellulose/
AA5_ 1 A Bt % Lignin GH5_7
- & 2 4k & Cellulose
2 4 4k 2% Hemicellulose/
AA2 A B & Lignin GH43_24
- & . 21 4k & Cellulose
e £ 4 2 Hemicellulose/
AATL 2 A% Lignin GH35 , e
21 4k & Cellulose
AA1 A B % Lignin GH39 HH ) 240 B BE PCW
GH32 HEBE Sucrose GH43 AE W 40 M BE PCW
e £ 4k & Hemicellulose/ e £ 4 2 Hemicellulose/
CE1 GH16 1

I 4k & Cellulose

21 4 & Cellulose

2.3 /INEMEE P15 % 7 PCWDEs B I ¢ £
& % motif 5 17

JINZZ IG5 TR PULS 1) e S M 00 B AR Al 43Ky 24>
T4« AT R BT AT B AR ) 50 R A 1 /N 22 it 5
W PCWDESs R FL & A /N2 M85 7 PCWDEs 4k
i ) 5 DR AR CIEL 4D o R A CAZymes K% XF
19 A AR B BT ] R [ 50 DX 1) PRy S Pk
PCWDEs iy £ (£ 3) o % H— G245 ) ilE 47 70 7 &

B, K& 5 PCWDEs Jy 26 K M8 1, B PtCELFI
PtCE2 #Ull i K H . 84 PCWDEs & H A fa
E(RFaE R =400, 1148 Fa % o FH SignalP
6. 0 WA 5 KA1 TMHMM 2. 0 T #5 5 25 #4g 3 LA
i 38 28 WA WA B T L AR B A A S K B O I R A
M . 45 R o, R PtAA4 R PtPL1 # il
Ay 25 B3 W AR 1 o B S X R 20 8y 0 R A AT
T, 2 B 3 SecretomeP 2.0 B “NN-score” <<
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4 NEFHPCWDEsHZRZBEFEERZARK
Fig. 4 Composition of PCWDEs orthologous gene clusters

of wheat rust fungi

0.5 45 J , Bk PtAAS PtAAG6 Fl PtGH4 #h H il 1y
BT Sy Al 28 L 43 W5 B o motif R4 4 J T Gk
/R Pris 5t PCWDEs %45 12 50T i i R 2%, A3k
A AUR ] 36 B I 2 S P 2 R (R 6)

AL FE Metabolic process

KA AL FE Carbohydrate metabolic process
KA TR A Macromolecule metabolic process

Z B Polysaccharide metabolic process
YIRS Cellular metabolic process

Wit i Biological process

Mgt 2 Cellular process

FALE YL FE Nitrogen compound metabolic process
J4 W Response to stimulus

Mg AT 2 Lipid metabolic process

AETE B 0T FE Energy reserve metabolic process

M fifEELL 2T Cell wall organization

H:WiR$E Biological regulation

ZL MR FE Heterocycle metabolic process
HEB TR 20 2 Extemal encapsulating structure organization
ZHEAR AL FE Cellular lipid metabolic process
KArF1E4i Macromolecule modification

2 MIFE FUE il F2 Cellular protein modification process
LIRS R Alcohol metabolic process
AALIRE B ME Oxidoreductase activity

W E#GPE Hydrolase activity

GO 2%
GO term

2.4 NEMHFEHFREPCWDEsRIZER S

FH L7 AT R BT A R B 40 TE B L AR [ I R A
% 1 Pr R 5% PCWDES 78 /N 4 - 45 18 25 F/HE 5%
MEAES R Y2 89 5%k, PiCE4.PiGH2,
P!GH1,PtCE5 PiCE1,PtCE3 Fl PtAA2 ) % ik /K
FAESERMEAE 12 h B AEE I EAE 6 h LiF, H
PtGHI1.PtCE5 . PiCE1,PtCE3 Fl PLIAA2 1E 72 h 1§
W LRI, PIAATFE R M EAED 6 h P a4t -
P25 fE AR E N B AR SR B R A8 h Bk WA 5 T
KRB, PIAASTEERMZFEE T 72 h B (B AEE %
FE AR U4 AT R 48 h B . PrAA47E 36 M HAE
If B RS R R Gk 7R AR R M ELE 72 hoik B 1
. PtPLIAEZEAEAER 12 h LA, 45 5 15 4R o
WIFFLL T W, PlPL2 G A o PtGH3 7E 2% F EAE
48 h M , FEIEE M T AE 12 h I . P:CE2 Al
PtCE7 7€ 3 M /4R 55 AV B AR o 7 b B AT AH L) 3k
R
2.5 INEMEE CBM63 Kk

FIH CAZy #4545 ) CBM63 Z i IE B, Priy
74 CBM63 EEFENA AN AT REA M C i

5 10 15 20 25 30 35 40
HE R R

Number of gene cluster

W EAFREN GO EY 2, s (0 RFRE GO A2 T I HE .
The GO categories represented in blue are biological processes and the GO categories represented in green are molecular functions.
5 NEFERTEPCWDEsHRRBRERELMN GO TR

Fig. 5 GO annotation of conserved PCWDEs orthologous gene clusters of wheat rust fungi
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R3 NMNEHFEEHREPCWDEsERKREEQHWELER
Table 3 Physicochemical properties of specific PCWDEs of Pz
S N % TH A ARERE gy FAEMIREN
Gene b Gene family ~ Mean hydrophilicity Lc?efﬁme.r?t of Signal peptide Non—classmal'
instability secreted protein

PtAA1 PtA15_12A23 AA -0.214 24.91 NO YES
PtAA2 PtA15_5A760 AA -0. 169 34.42 NO YES
PtAA3 PtA15 5A243 AA -0.228 38.77 NO YES
PtAA4 PtA15_4A276 AA -0.143 40. 80 YES -

PtAAS PtA15_5A438 AA -0.275 41.35 NO NO
PtAAG6 PtA15_11A104 AA -0.515 48. 37 NO NO
PiCE1 PtA15_11A424 CE 0.187 55.27 NO YES
PtCE?2 PtA15_13A38 CE 0.145 53.54 NO YES
P:CE3 PtA15_14A354 CE -0.451 43.49 NO YES
PIiCE4 PtA15_18A259 CE -0.158 45.23 NO YES
PiCES5 PtA15_2A9 CE -0. 335 40.72 NO YES
PIiCE6 PtA15_8A641 CE -0. 288 45.55 NO YES
PICE7 PtA15_12A163 CE -0. 150 24.03 NO YES
PIGH1 PtA15_6A627 GH -0. 289 66.13 NO YES
PiGH?2 PtA15_2A565 GH -0.401 35.10 NO YES
PtGH3 PtA15_6A701 GH -0. 388 36. 88 NO YES
PiGH4 PtA15_2A5 GH -0. 456 34.71 NO NO
PtPL1 PtA15_6A726 PL -0. 360 39.67 YES -

PtPL2 PtA15_7A476 PL -0. 405 41.34 NO YES
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