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Abstract: To provide a theoretical basis for controlling the spread of rust disease, cultivating
disease-resistant varieties and reducing yield losses, we investigated the transcriptome differences between
Gymnosporangium yamadae and Gymnosporangium asiaticum at the haustorial stage and revealed a
specialized selection mechanism for Gymnosporangium species to infect host plants. We sequenced the
transcriptomes of the haustoria in rust-infected leaves when basidiospores of G. yamadae and G. asiaticum
infected their hosts, and obtained 21 213 and 13 015 unigenes, respectively. Real-time fluorescence
quantitative PCR validation of five genes selected from G. yamadae and G. asiaticum, respectively,
showed that their expression profiles were generally consistent with the results of transcriptome analysis,
demonstrating the reliability of the transcriptome data. We used seven databases such as Nr, GO, KEGG,
and KOG to perform gene function annotation and enrichment analysis, and found that the genes from
both rusts were mainly enriched in cellular processes, translation, and metabolism-related pathways.
Moreover, we used SignalP, TMHMM online website and other software such as dbCAN, BLSAT,
HMMER to show that there were 343 (2.51%) and 175 (2.79%) candidate effector proteins containing 14
and 5 proteases and 10 and 3 lipases in the haustoria of G. yamadae and G. asiaticum, respectively.
Furthermore, we used OrthoFinder, BLAST and KaKs Calculator software to analyze the evolutionary
relationship of the two fungi. Among one-to-one homologous genes, gene pairs with >82% alignment were
considered to be under conservative selection, and 12.37% under positive selection. Five effectors of G.
asiaticum were under positive selection, and one of which was a lipase. No significant differences were
found in the enrichment of expressed genes between G. yamadae and G. asiaticum, indicating the
biological processes involved in haustoria were relatively conserved, despite the typical host selectivity
between species. The low protein similarity between the two species suggested that they were under
greater host selective pressure and there was significant evolutionary divergence, which might be related to
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the host-specific selection mechanism. In the haustorial, the main purpose of the effectors might be to

regulate physiological processes in the plants rather than attacking the host directly, and G. yamadae and

G. asiaticum might use plant lipids as energy sources.

Keywords: rust fungi; transcriptome; haustoria; species evolution; effectors
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HEi 3 A A Bk S SR T RN OK S BT A
20 Bk (FRE 80 cm, HAE 1-1.5 cm),

PRSI S (G. yamadae, GY) %
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1.2.2 RNA BYREL. B, XEMEFNF

ffi H Trizol ¥ (Trizol i&5)% H Invitrogen,
Carlsbad) 73RBS HEA R RNAPT, SR 1%
T WL B Pk . NanoPhotometer™ 43 Y66 &
i+ (IMPLEN) . Qubit® 2.0 Flurometer (Life
Technologies) F1 Agilent Bioanalyzer 2100 R4t
(Agilent Technologies) il RNA A9 Jii &= I PFAL
SERAE, WA RNA Ui 2 R EK A, H
NEBNext® Ultra™ RNA Library Prep Kit for
Mlumina® (NEB) Az B P SC1E . SCE A B
AMPure XP &% (Beckman Coulter) Zfifk,,
Jb 50k AR BOR R By A R A " £E Tllumina
HiSeq 2000 ~F & #4700 % . H Hisat2P 3k 15Jf:
115 clean reads ) Q20. Q30. GC & & F1/% %
HE KT,
123 ®HERANLEAE. EAFERRIEER
o

il - Trinity " BRIA S 8050 0647 1L
5 T P DN JB 45 T T A SR A R AR 0 A
SR [Malus domestica (Suckow) Borkh.]F1%4
(Pyrus bretschneideri Rehder) [13& [H 4 M &
1 20 B30 5 12 92 56 v R e S 4 Rl R AT L
%] (BLAST, E-value<107) Dk 2[R % )% 5
sz, KSR (Austropuccinia psidii
(G. Winter) Beenken) . #k#: % (Cronartium
quercuum (Berk.) Miyabe ex Shirai) ., /N3 #1455 [#
(Puccinia graminis f. sp. tritici Pers.). /N &5
B (Puccinia striiformis f. sp. tritici Westend.) .
INEZWEETE  (Puccinia triticina Erikss.) . 7% H-
WA TR (Melampsora larici-populina Kleb.)
KEZSEW (Ph. Pachyrhizi) . WIHESE £ 55 T8
(Hemileia vastatrix Berk. & Broome) F1XL {0
B (Laccaria bicolor (Maire) P. D. Orton) 9 Ff KL
PRI %) 55 PR A B 2 1 o 2H 85808 LA B2 Pucciniales 1)
FIRF Y hR% (expressed sequence tag, EST)
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55 B S5 AR AT R R 8 [ X (BLAST,
E-value<107) DI#E Hbs#Fp 3L A P51, I
WA [ TG (https:/jgi.doe.gov/) F1NCBI
(https://www. ncbi.nlm.nih.gov/),

Hi RSEMPERIASEAG T BAEE M
IR IR YN P37y & S DY S o p =K 53 o S 1)
FPKM (fragments per kilobase million), fi#i
TransDecoder v5.5.0 #R 1A Z %55 51 10 il H
Ji2 55 T TV M B2 45 T8 unigenes A9 i 15 2 A
(open reading frames, ORFs) Fl& [ 5 46 [X.
(coding sequence, CDS),

1.2.4 SLEREEE PCR WIEEFEFRIX

R T B TR S 4 R U AR L L

T 8 75 1 RS 9 J 5 T O e P 3¢ AR s b o

£1 AT qRT-PCR BIFRIGI¥IER
Table 1  Primers used for qRT-PCR validation

SIBEALIENR T 5 A BE R AT S 2 E it PCR
(quantitative real-time polymerase chain reaction,
qRT-PCR) H:iiE, F4r%|LL EFI (translation
elongation factor EF-1 alpha/Tu, KOG id
KOGO0052) Hl GAPDH (glyceraldehyde 3-phosphate
dehydrogenase, KOG id & KOG0657) A NSk
o f#H Primer3 7EZEMuf (https://primer3.
ut.ee/) EVASEGOHR RIEDIY), I I &
R bR EMEARARA RS (& 1),
& H FastKing RT Kit (with gDNase) cDNA % —
A AR & RARAEARHE dbst) ARAH)
359K LI FH S B R R TE H J2 45 TR W A4 9 B RNA
S8 s 5 I cDNA, B HAE R, FIH 2xHQ
SYBR qPCR Mix (without ROX) i®X#|& (JbaL

Primer name Primer sequence (5'—3") Size (bp)

1086 _c0 gl i7 F: ACCAGAAACCCTAACCCGAG 94
R: AGTGGAAGTGTTGGTGGTGA

28430 c0_g4 i7 F: TCCATCAACTACCGCCTCTC 131
R: TGATTACGTCCCTGCCCTTT

50 cl gl i2 F: CCTCGGAAGCACAACCTTTC 158
R: GACGTTGAGGAGAAGTTCGC

22244 ¢c0 gl i5 F: ATGTTCCCCGAGAGCTTTGA 80
R: TCCCATTCACTGTCCTGCTT

666 c0 gl 19 F: TGGCTTCTTGGTCTCGGTTT 112
R: GTGGTCAGCGCATGTCTAAC

517 c0 gl i18 F: CACCTTTCCCTCACGGTACT 133
R: ACCTTTGATCTCCCGAGTGG

25850 c0_gl il F: TCGTATTCCCCGTGTCCAAA 93
R: CCGTAAGCAACAGCCTCATC

2089 cl gl il F: TACTTGACCGCTTCCACTGT 119
R: TGTCCTCCCCAGTCATTGAC

512 c0 g2 i4 F: CATCCCGCTGAAGAATCGC 85
R: TGGCTCCTCGATATTGGCTT

293480 _c0_gl il F: TGTTCGTGTTGGTCAAGCTG 85
R: AGGGGAAGTATGCGTTTGGA

EF1 F: AGGAGGCTCAATAGCGTCAA 97
R: CAACATGCAATGGTTCAAGG

GAPDH F: TCCTGCCTTTGAAATTTTGG 101
R: TTGCTTTACGCTTGATGTGC

&B: 010-64807509 B<: cjb@im.ac.cn
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) QRT-PCR %45 F1 e 53 4 I P 4 2 3 A5 5 1E
oA, ARG WXL AT 54, Bl 8
H Pearson AHICPES T PAELFIAHC R4 7o
1.2.5 ERINEEER

ffi}1] BLAST &% (E-value<10™) ¥ 1
B 5 E R A HEARG B P OIETTREA
e (NCBI-Nr; http://www.ncbi.nlm.nih.gov) .
FEHRAARISEIEE (GO; http://geneontology.
org/). HMAFFINEIEE (Swiss-prot; http://
www.expasy.ch/sprot) . & FH it A% /A% [R] 5 &k
W % (COG/KOG; http://www.ncbi.nlm.nih.gov/
COG)., HHFFHIEHE % (Uniprot-Swiss-prot;
https://www.uniprot.org/) #EAT R X Al
' KofamKOALAPER A 1% & K 1 1 4 i
PRI 1 8 1) ot 0 B P 5 6 TR 2 R 4 45 B8 T
(KEGG; http://www.genome.jp/kegg) LL3KHL
KO %5 ; ffifi] dbCAN2 F P BRI B 25
1 2 i i DR 33 R 38 e K Ak 5 W 3% P il R T
(CAZymes; http://www.cazy.org/) LLF|H &7
K et s fdF HMMER F2 7 P20 85 1 2 i ik
PRI R 3 2R 11 B K I 4 5 (Pfam; https://
pfam.xfam.org/) LK Wi J& 75 £7 75 45 44 3k

THEGRMSEE. NEEEETIRR
ZMKRHAME (Blumeria graminis f. sp. hordei
M. Liu & Hambl.)PH W #5454 SE L B8, SRBUH:
FEAXS R RY KO S, BifJm -5 L e 5 1 F I
DM F5 11 TR 25 1) e Sy 2H K000 LU Tl B T A T i
Jo w5 ey 22 5%

X L P 55 T I I 85 T KEGG i L e
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4 Sl B T R IR, Ha
FEH Y FPKM {EAR YR 2 BIMHEY, 2l i
2 [&l, FPKM>1 000 (Bl IgFPKM>3) Ay 3K #f
PR FEk LN, i FPKM<10 (Bl 1gFPKM<1)
1) 2 PR A R AR TR R A

1.2.6 &% 3 F 5

AR FPKM K TRk BI{E (50%) RYHEEA,
R A 5007 F i — AEFRAEC Y SignalP v3.00)
T 2 5 £ e T AFAE S S Ik, T TMHMM
v2. 00V HE B AT 15 285 A4 38k ) 2 P, N ok A 3
MR %t (amino acids, aa)=300 MIIUATH & H
J¥5 .

T oK A G 3% P i RN 2R 1 AT e S B
WAESC, RSN RE S B SRR ARG, it
G dbCAN2 FFPY. BLAST )% .
HMMER &5 PA(H BN E-value<107®) $55%
I~ FoRE BBtk K A P 1 P R PR L 2R
B HEIE (Merops; https://www.ebi.ac.uk/merops/)
K1 HE B B0 HE 5 (lipase engineering databases;
http://www.led.uni-stuttgart.de/)

1.2.7 FHERE. RIE#E> T 59Ftk

{ifi Fi§ OrthoFinder® X} 111 FH J5 455 1 10 94 Ji
B AR 1 B A AT R IRV A, BRSPS
P R N FIERE, AR RAE LT
O R M M L R TR R YN 5 T 2 T Y —
X—HE R FEIEN . ] BLAST FFLL 40%
Ay (B 1L FH 55 T R ST U e 75 T 1 [ 05
PR SRR, [R]IFA7 7 AR ) R PR A 55 &
[vi] 5 56 PR 1) B A g Rt 8] 1R 3R . i KaKs
Calculator™ 138 — X — P & [8] 5 3 A 59 W]
N (nonsynonymous substitution rate, Ka)
5 [A] X 2% (synonymoussubstitution rate,
Ks) WYL : Ka/Ks>1 By FE BN R 2 IEBE#E
Ka/Ks=1 3R rb ks, Ka/Ks<l 13K
ek B0
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2 BERXR504

21 LWHRSEFILMKFERFERKSE
RIAE S5maBE RN

43 90 6 35 A5 L S 455 TR RN I N I
AR 3 ANEEWEMN A cDNA L%
(NCBI %5t 55 SRR17660644-SRR 17660646
1 SRR17652436-SRR17652438), Il HKEHE
R WM i 5 7 1Y clean reads 43528 8 200 J1
4300 J7 5% EMGT I KL GY 1 AE7E I 3
2, PITE S 2o it GY 1 IR, ek
HABLTIRWE 2, N TR 50%0Y 5K 1

B FRE, B FPKM>0.3 1B R BME. B4
FEAR BYE ISR (mapped rates) b 73.3%,
I S A A e X A S A ) AR A
Py s PONHETAE S

Ly FH 5 TR R N T 43 il RAS: 553 420 2%
F1 469 905 4% unigenes, N50 435k 272 F1 294,
SEFKBE R 309 bp I 325 bp, ML, AT
1 055 746 D ILHBESE RN A CFHKE
7 410 bp), N50 K 469, LLK 607 956 4~
JBERF R e s A (P4 B2l 357 bp), N50
355 (3% 3)o MR AR BLAY G A F unigenes 71

*2 WHRSE (GY) FIEMREE (GA) RYEERANFEIE
Table 2  Statistics of the RNA-Seq data of G. yamadae (GY) and G. asiaticum (GA)

Samples Raw reads Clean reads Q20 (%) Q30 (%) Mapped reads Expressed unigenes (FPKM>0.3)
GY2 88291610 86875518  93.00 87.72 52261 672 (60.16%) 13 541 (63.83%)

GY3 78319004 77042716  96.00 91.20 60 354 304 (78.34%) 16 046 (75.64%)

GAl 46 114474 45963 146  98.50 95.57 34 084 841 (74.16%) 6119 (47.01%)

GA2 43 108202 42965560 98.50 95.54 32924 754 (76.63%) 7 038 (54.08%)

GA3 41 630708 41497 642  98.47 95.48 32 032 000 (77.19%) 6 635 (50.98%)

* 3 LHARSEMLMEFEERENERA
#0 unigenes #{1E

Table 3 Transcripts and unigenes data from the
transcriptomes of Gymnosporangium yamadae and
G. asiaticum

Parameter G. yamadae G. asiaticum
Transcripts Number 1 055 746 607 956
Max length (bp) 27 461 26 613
Average length (bp) 410 357
N50 469 355
Total residues 433 239086 217273 590
Unigenes  Number 553 420 469 905
Max length (bp) 27 461 26 612
Average length (bp) 309 325
N50 272 294
Total residues 171 079 823 152 803 226
Full-length Number 13 677 6273
CDS Max length (bp) 11355 4 464
Average length (bp) 263 188

&B: 010-64807509

KR, N50 8%, HPAYFhE 1) 22 5 A
Ko SN TiE 5 430 5% 21 213 4500
10 315 %% unigenes, fi )& 43 7l #0021 11 H i
5 R I YN RS 55 o i 4 K CDS JF A 13 677 4
(64.47%) F1 6 273 4~ (48.20%), 43 3% K
12210 4511 6 018 2% unigenes.,
2.2 E[EH qRT-PCR $iiE

Ly PR 5 v AT IS B i 2% 5 4 S PR A%
M LSS QRT-PCR I TESE 5 Ay AH e 1k
SR (B 1) R, HARGHESHAET 0.9, B
RNA-seq ¥ 255 qRT-PCR ¥ 38 45 A7 1E
WML OCR, R SHAN 525 R ] 5
(P<0.05), " HFIELmAEYE B0,
23 LWHRKRGEMIEMRFEEREI G
R

A B R RR A IR (3R 4) BRI TE
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(Pucciniomycotina), #2 H-H (Tremellales) #/1Jd
PP W2 (Dothideomycetidae), Hf 13 B2k

BT R RS0 e — DA dr (B 2), il e
5 TR R L 19 B 22 18 ) P DA i B S AR A
¥ (Puccinia graminis Pers.). /N M5 & Al
REWHE R (Puccinia coronata Corda), 1MV
75 T80 DU AR IO AR A B T 75 T A - A L 45 T
FEHIE G W (Mixia osmundae (Nishida) C.L.
Kramer), L1 MBS H A 20 80%K 17 5 #F BE 1 B
PGS 49 (Pucciniomycetes), 1l V. P 255
1 60%, XFh2EFRE T —FH IR By
NGIE

A
1.05
m gqRT-PCR = FPKM
0.80 r=0.932
P=0.021

o
W
O

e
(e
v

Relative expression
(e
[09)
S

0.027]

0.01

i T

0
1086 c0 gl i7 28430 c0 g4 i7 50 cl gl i2 22244 c0 gl i5 666 c0 gl {9

B
150 F m qRT-PCR = FPKM
=0.914
ol P=0.030
=l
S
g 090}
o
5
L
% 0.601 mm - i i
= 030]
0.20
0.10

0517 c0 gl il8 25850 c0_gl il 2089 ol gl il 512 c0_g2 i4 293480 _c0 gl il

1 LWHEHE (A) MIEHNREE B) £EA qRT-PCR WIELR
Figure 1 qRT-PCR verification results of G. yamadae (A) and G. asiaticum (B) genes.
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F 4 WLHERFEEFNILMNIZE E B unigenes JEFELE

Table 4 Annotation of the unigenes of Gymnosporangium yamadae and G. asiaticum

No. of unigenes annotated to the database respectively

G. yamadae

G. asiaticum

Annotated in Nr

Annotated in GO

Annotated in KO

Annotated in UniProt

Annotated in CAZy

Annotated in KOG

Annotated in Pfam

Annotated in all databases
Annotated in at least one database
Total unigenes

11 758 (96.30%)
9 533 (78.08%)
10 197 (83.51%)
8 662 (70.94%)
329 (2.69%)
10 917 (89.41%)
10 786 (88.34%)
208 (1.70%)
11 805 (96.68%)
12 210 (100.00%)

5817 (96.66%)
4914 (81.66%)
5470 (90.89%)
4 625 (76.85%)
123 (2.04%)
5427 (90.18%)
5415 (89.98%)
88 (1.46%)
5 864 (97.44%)
6 018 (100.00%)

G. yamadae

¢ e
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4. 2%
7.
12. 9%
. 3.32% ’
0
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i
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Figure 2 Species distribution of G. yamadae and
G. asiaticum matched with Nr database.
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Figure 7 Predicted proteomes and effectors from
G. yamadae and G. asiaticum unigenes.

Table 5 Lipase annotation in the effectors of G. yamadae (GY) and G. asiaticum (GA)

Species Protein ID Target family name Description E-value
GY 1086_c0 gl i7.pl abH01.05 Bacillus esterases 0.002 3
GY 177983 ¢c0 gl i4.pl abHO01.06 Alpha esterases 1.20E-59
GY 177983 ¢c0 gl i10.p2 abH01.06 Alpha esterases 9.30E-06
GY 136799 c0 g2 il.pl abH34.01 Lysosomal protective protein like 6.60E-24
GY 22244 c0 gl i5.pl abH34.02 Serine carboxypeptidase II like 1.30E-104
GY 3056_c0_gl i3.pl abH22.09 Saccharomyces cerevisiae proteins 0.000 14
GY 114837 c0_gl il.pl abH36 Cutinases 0.001
GY 28430 cO g4 i7.pl abHO3 Candida rugosa lipase like 4.70E-86
GY 145247 c0 gl il.p2 abH33 Antigen 85 0.007 8
GY 21970 c0_gl il.pl abH08.06 Miscellaneous 0.008
GA 374 c0 gl i3.p2 abHO01.06 Alpha esterases 1.50E-76
GA 710465 c0_gl il.p2 abH07.02 Moraxella lipase 3 like 0.003 6
GA 205323 c0 g2 i2.pl abH33 Antigen 85 0.002 7
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Figure 8 Distribution of protein sequence identity
between one-to-one orthologs of G. yamadae and G.
asiaticum.
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Figure 9 Scatter plots of Ka and Ks values of
one-to-one orthologs of G. yamadae and G.
asiaticum.
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