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Abstract ~ Strawberry anthracnose caused by Colletotrichum fructicola is an important disease in strawberry
production. A candidate effector CfLysM2 containing LysM domain highly expressed during the infection of
Colletotrichum fructicola was identified in the previous study. To further study the pathogenic function of
CfLysM2, a CfLysM2 deletion mutant ACfLysM?2 and a complementary strain CfLysM2c were constructed by
homologous recombination. The results of pathogenicity assay showed that the disease index decreased
significantly 15 days post inoculation with the mutant strain. Real-time quantitative PCR analysis showed that the
relative expression of CfLysM?2 was the highest 24 h post infection by C. fructicola in strawberry leaves. The
transcriptome technology was used to compare and analyze strawberry leaf samples 24 h after inoculation of wild-
type strain and mutant strain ACfLysM2, respectively. The results showed that there were 109 differentially
expressed genes. Knockout of CfLysM?2 led to the activation of host metabolic pathways, especially the
biosynthetic pathway of secondary metabolites, indicating that CfLysM2 might inhibit the synthesis of plant secondary

metabolites and metabolite-mediated antifungal immunity to ensure its successful infection by targeting metabolism-related
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genes such as flavonol synthase during infection. This study lays a theoretical foundation for revealing the functional

mechanism of CfLysM2 and for the study of the interaction between C. fructicola and strawberry.
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Primers used in this study
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Gk F4F31 (5'-3") ) Fig
Primer Sequence of primer Lengt-h of Annealing Purpose
amplicon temperature
L2UF GGCATTAAUAACCAACTTCTTGGGTCTACTAC 900 55 P4 CfLysM2 S5 F 5
L2UR GGTCTTAAUTTTGAACGATTTGGATGGTATC
L2DF GGGTTTAAUGCAGGCCGTTGCGGTTGATGA 900 58 4 CfLysM2 35 R4
L2DR GGACTTAAUCACCGTCGAGATTCTCCCCTACA
CfL2F  CGGGGTACCCCG CGTCCGTTTCCGCGGAACTGT 3 309 55 P4 CfLysM2 43L 1 551
CIL2R  CGCGGATCCGCG GCTCGGAATTGAGCAGTTGGA
H852 TTCCTCCCTTTATTTCAGATTCAA 750 53 K4 CfLysM2 (1) Hph A
H850 ATGTTGGCGACCTCGTATTGG
CfL20F ATGCAGACCTCTTACATCTTCA 510 55 Kl CfLysM2 3
CIL20R TTTGCAGACGGGGATGTTGAT
CIL2TF GGATGGTTGGGGACAGTATG 1 650 55 5|4y CIL2TF/H850 il 8 £H 22 J¥ 5]
CIfL2TR ACATCGTTATGGCCGAACTC 1 650 53 5|4 H852/CIL2 TR 45 5 2H 45 57
CfLysM2F GGCGACACTTTCTTCATCGT 110 52 RT-qPCR #: CfLysM2 K:[F ik
CfLysM2R GTTGATAACCTGGCCCTCCT
BractinF ATGTGCAAGGCCGGTTTCGC 125 52 WS HE I CRA:RIARD
BractinR TACGAGTCCTTCTGGCCCAT
FLSF CCAATATCCCCATCATCGAC 169 52 RT-qPCR ¥l FLS H:H ik &
FLSR TTCTGCGTCTTGTCCATCAG
POX12F CCTGAGTTTGAGAGCCAAGG 172 52 RT-qPCR #:lll POX12 $:H k5
POX12R TCCATCCTTTCTTCCCAGTG
B-GluF ACGAAACGGCGACAATTTAC 224 52 RT-qPCR #:il 8Glu FeF F ki
BGluR CCGAGTAGGGTTGCACATTT
WRKY70F GTCCAACCAGAAGAGGGTGA 249 52 RT-qPCR #:1] WRK Y70 3L [H #3k 5
WRKY70R GCAGAACCAGAACCAGAAGC
WRKY53F CCAATCCAAAGAGGCACCTA 160 52 RT-qPCR #:ll WRK Y53 J:[H 7535
WRKY53R ATGGAAGTAGCTTGCGAGGA
qCYPF TGGCAGCGCTACAGTATGAC 221 52 RT-qPCR £l CYP 3 3k &
qCYPR GCTTCTGTGGCCTTTTGTTC
actinF ACCCAACCCCATTCTATTCT 137 52 WS Ciidg)
actinR ATCATCTCCAGCAAACCCT
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Table 2 Standards for grading disease on leaves

E ik
Grade Description
0 2% Grade 0 ToHRBE
1 %% Grade 1 0% <JRBLAE w A <5 %

3 %% Grade 3 50 <TRPEAL wE T R AR <15%

5 2% Grade 5 15 %< BEE 2 A A <<30%
7 %% Grade 7 30 %0 <JRBELA w0 R A <<50%
9 %% Grade 9 50 %6 <R BEAE M A A <<100%6
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1. 2.5 fEAS 1 R AR M AR A B RNAL F] ] Nano-
drop 2000 A&l RNA [k B2 FIAERE , SIS MR EE S vk
i) RNA 58 % 1, Agilent 2100 & RIN {8, SCFE
P Ky AR Z 46 i 5635 AR W R 25 R A PR
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I GO hREAF e 235 W AR L

W22 5K 5 KEGG B8l FEHETT LU XS B Y
P { (P value uncorrected) <Z0.05 B}, 1Al It
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www. rosaceae. org/), # i H 1Y K F5), B &
actin FeRVE NS IERH . 519111 K% RT-qPCR Vil
WA 12,4, BROyFES 3 IRAEYIFER . A

GraphPad Prism 5 73 3-4EE .
2 ZHER5HMW

2.1 CfLysM2 #9115 B# 5347

FIF SMART M3 i CfLysM2 [l 4 #4388, %
BULAE N S (5 51 2 95 i1, 122 & 166 {i) HA 2
ASHLAIY LysM 25443 (] 1a), %) CILysM2 ()44
BER 51 N FC TR 5 8 1Y) 2R 48 30 A B 0 A O B
LysM2 TEJ5 I 1 Ji PN AR AR ST 5 5 [7) J 14 JBe 98 ¢ I
C. gloeosporioides Cg-14 LysM2 & 3R 1F 5 19
—HME R 99%, 5 1R IR M AZ A A A C. salicis, JI
KIRIAH C. orbiculare JZRRIAIGE C. fioriniae.
KERIAIKE C. chlorophyti C. to fieldiae T F 4 W
BARW C. higginsianum H LysM2 S ZE/R T 51 (1) —
B4 50k 79.6%6.77.6%6.73.8%6.73.2%.73. 1%
1 72. 6 %63 5 RBR B BB I Magnaporthiopsis
poae 1] H 2L 109595 I Diaporthe helianthi 5 F&
SR B Magna porthe grisea . /N3% 4K B Gaeu-
mannomyces tritici RS B Magna porthe oryzae
&{ Colletotrichum higginsianum IMI 349063 (12GTHO)

99 Colletotrichum higginsianum IMI 349063 (H1VSQ9)

LysM 76

0 100

Colletotrichum shisoi PG-2018a (AOA5Q4BGY6)
Colletotrichum tofieldiae 0861 (AOA166SP91)
Colletotrichum chlorophyti NTL11 (AOA1Q8RUQY)
Colletotrichum salicis CBS 607.94 (AOA135V4C2)
Colletotrichum fioriniae PJ7 (AOAO010RTVO0)
Colletotrichum fructicola CGMCC3.17371 (L2FCW7)

Colletotrichum gloeosporioides Cg-14 (TOLYG1)

Colletotrichum orbiculare MAFF 240422 (A0A484FV05)

Magnaporthiopsis poae ATCC 64411 (AOA0C4DU29)

Gaeumannomyces tritici R3-111a-1 (J3P6W7)

Diaporthe helianthi 7/96 (AOA2P5SHPAS)

Magnaporthe grisea N1907 (AOA6P8ARW3)

99
4‘— Magnaporthe oryzae 70-15 (G4N906)

Aspergillus brasiliensis CBS 101740 (AOA1L9U2M7)

b

79
100 [ Colletotrichum trifolii 543-2 (AOA4R8RPB7)
97
50
52
P
0.1

a: CfLysM2E F i Kb AT Pl p L6 07 PURSRAR Ik WP T7 PURRE H RS E M. LysM AR LysM 25Kl b: CILysM2ERH IR

BREB M- 375545 Fhttps://www.uniprot.org/ fil & 75 o

a: Domain analysis of CfLysM2. The red box represents signal peptide; the pink box represents low complexity region. LysM represents LysM domain. b:
Phylogenetic analysis of CfLysM2. The numbers in brackets are accession numbers at the website https://www.uniprot.org/.

B 1 CfLysM2 SHEfRELBE SN
Fig. 1 Protein domain and phylogenetic analysis of CfLysM2
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4 LysM2 28 FE 18 )7 5] 1) — SCr A 0 48 s 40 0 o
64.4% .61. 6% .60.9% .60. 1% 41 61. 1% (& 1b).
2.2 CfLysM2 EBERIRLER R Bl #b

CfLysM2 i « TR B R A 2 5 s an 1 2a i
N B A R MR AL BB 3G Y CfLysM2 B, LA AS
LR Hph SLBH 51 W47 88 J0 ik 3815 B 09 5
(L 2b) 5 4% i R AR e 1k Ak 5 e A DGR 2B IR I T
S A TR TR PR T A 1) R A A R R AR AR 40 AN AL
T H A 27 B4 TR 59 CIL20F/CIL20R
ANBEY HE ) CfLysM2 F:H B () %4, iR 519

CfL20F CfL20R
—_> P
H 5
CfL2TF H852
— —
Hph €2 <«
P H8s0 CRL2TR |
bp

2 000
1 000
750
500
250
100

C

CfL2TE/H850, H852/C{L2TR 1 H850/H852 fig
oy e B B AT (R 200, B E S 27
ST MR R R IR e s R
ACfLysM2, $4[a kb AR pKN-CILysM2 %% 4¢3 LA
BRI AR ACfLysM2 i 15 1 i A T A v, 223
HERFEM kG, LG5 20 M fF. FH
CIL20F/CIL20R 5|y} %4k F 47 PCR %22 . H
3 SRR TR LI i CfLysM2 ) ORF F B
510 bp([El 2d) » B IE B 1] % b B8 A A4 2 B 2 - I
HAiw 4 CfLysM2c,

M 1 2 3 4
bp

2 000
1 000
750
500

250
100

bp
2000
1 000
750
500

250
100

d

a: BE PR IR SR e /R R o 2T R AR 7 Sk 23 DR H i RURIE 5 R UM R Hph, S G H7 LARFK 5| CAL20F/CL20R, CAL2TF/CL2TR,
H852/H850/ L5 Ao bc: 433K BF A AR NG AS T RRACHLysM2 BT B4 7= ). M: DNA marker DS™ 2000; ¥ikit 1~4: 5|#JCfL20F/CfL20Rs
CfL2TF/H850+ H852/CfL2TR. H850/HSS2(# 4 /= 4. d: PLCIL20F/CFL20R Jg B|4%f I #MECILysM2ef) PCR BiiF.  M: DNA marker DS™

2000; k3E 1~3: 7350 0 BFAERUBRR ACALysM2~ CfLysM2eHy3) 47 o

a: Schematic diagram of gene knockout strategy. Red and black arrows indicate the target gene and hygromycin B phosphotransferase gene (Hph) ,
respectively, and purple arrows indicate the binding sites of primers CfL20F/ CfL20R, CfL2TF/ CfL2TR, H852/H850. b-c: Amplified product of the
wild-type strain and mutant strain ACfLysM2 DNA. M: DNA marker DS" 2000; lanes 1-4: The amplified products using primers CfL2OF/CfL20R,
CfL2TF/H850, H852/CfL2TR, H850/H852, respectively. d: PCR verification of complementary strains using primer CfL20OF/CfL20R. M: DNA
marker DS™ 2000; lanes 1-3: The amplified products of wild-type strain, ACfLysM2 and CfLysM2c , respectively.

2 CfLysM2 EERETEHKK B EREFiES EE

Fig. 2 Screening and verification of CfLysM2 mutant and complementary strains

2.3 CfLysM2 B F#y%:
R

W P A RUPBR S AR TR R AC fLysM2 il [R1 b B
Pk CfLysM2c SR 55 1 0 il 45 28 B a Af bk 6
Pl 15 ds ACFL ysM2 BYE0R 1 W R0k 55 » o 15 15 41
R F B A BB AR AN CfLysM2c(P<< 0. 05) (]
3) s U] CfLysM2 By i 2 %o S A8 o JH B 1Y) 30 77
T — R,
2.4 CfLysM2 EEBRIES

KM RT-qPCR #5% CfLysM2 3R T30 5
0.6.12,24.,48 h fll 72 h KK, 4550 (- O
7N CfLysM2 FERFERNG 24 h KRB m

00 3R A e R

24 WS TFIG TR, PRI 3ok BBCERT A AR TR T 9 28 TR Ak
ACSLysM2 B i 1 )5 24 h WFEA #E47 IG5 26
B INT
2.5 BREANFHIEIN

i3 RNA-seq SRR R A 7 1 B AR B 1 AR F
ACSLysM2 53 JI3EFh R AR M R J5 24 ho (1 6 A
(WT-1,WT-2,WT-3 1 LM2-1,1L.M2-2, LM2-3) 47
3BT AR S T AL I T A s Q30 e T
945 o AU ST AL 7 45 5 R 1 S SR 4L A BT i
JTEEOR . BT A A TIHER 38T, 52 % FE R A T
X PAHHF a2k A 41 mapped data(reads)
(£ 3), 5 6 XEHRFE (NR, Swiss-Prot, Pfam, EggNOG,
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Disease index
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Btk

Strain

He WP A R AR CfLys M2:5: PRI 570 W bk B [0 b B AR RO B RS 1y 43
K3, ARG FREFRR AR R B bR S 9 1 4R 02 e 3 (LSD,
P<0.05),

Strawberry leaves inoculated with wild-type, CfLysM2 mutant and complementary
strains are divided into three groups. Different lowercase letters indicate
significant differences in disease index at 0.05 level after inoculation with
different strains (LSD).

B3 BFAEREK.CLysM2 EERETFEKEEAERA
BomitEE
Fig. 3 Pathogenicity tests of wild-type, CfLysM2 mutant
and complementary strains on strawberry

R3 HEIEKRMREER ACSLysM2 REEFH 2 RNA AN F

Xk B
Relative expression level
S = N W kA L d OO

0 6 12 24 48 72
AR I /b

Hours post inuculation

VAR A5 JEL A M A 2 DA A AR 0 J5 S IR IR TR) i 43 4L, S TR)/NE 5
BN d /N B 22 AR (LSD),  CfLys M2HE P EAR [v) Bk 1] B AR X
FKIKRAE0.05 K- 22 7 B (P < 0.05)

Strawberry leaves inoculated with wild-type strain of C. fructicola at
different time points are divided into groups. Different lowercase letters on
the bar indicate significant differences in the relative expression of CfLysM2
in strawberry leaves at different time points at 0.05 level (LSD).

B4 REMERFEREREMESHAE CfLysM2
BIRIEE
Fig. 4 Expression patterns of CfLysM?2 in strawberry leaves
after inoculated with wild-type Colletotrichum fructicola SH-01

RSB X Rt

Table 3 Statistics of quality control data and alignment results of transcriptome sequencing of total RNA from strawberry

leaves infected by wild-type and ACfLysM2 strains

.
. S FE 7 B R 2 1)
o URNFEOES  TREWRSGE  RERF WIEPH P
Bk HE % HE % B8/ % B/ bp HEIREE/ % Q20/%  Q30/% o
Sample . Total reads mapped to
Raw reads Clean reads Clean base Error rate .
the genome (proportion)
WT-1 99 225 766 98 519 206 14 508 769 252 0.024 7 98. 18 94. 39 102 157 144 (90.18%)
WT-2 101 019 290 100 400 962 14 739 549 420 0.024 5 98. 28 94. 64 85 005 754 (90. 88%)
WT-3 96 813 036 96 151 374 14 113 614 174 0.024 4 98. 28 94. 67 81 377 565 (90.9%)
LM2-1 96 512 156 95 888 666 14 084 593 765 0.024 8 98. 15 94. 27 86 335 725 (90. 04%)
LM2-2 101 285 910 100 651 526 14 767 260 995 0.024 7 98. 20 94. 43 90 863 880 (90.28%)
LM2-3 112 919 198 112 268 642 16 462 991 096 0.024 6 98. 23 94. 50 100 154 035 (89. 21%)

D WT.: BARIE MR LM: ACfLysM2; Q20.Q30: 45l 3e7R %t i
BRER 0 e . — i Q20 7E 85 % LA F. Q30 7E 80% LA F.
WT. Wild type strain; LM; ACfLysM2; Q20 and Q30:

e I e R AT e A P

HETE 99Y0F 99. 9% LA b Ay B 3L 5

The percentage of bases with a sequencing quality score of more than 99% and

99. 9% in the total bases based on evaluation of the quality of sequencing data after quality control, respectively (Q20:. >>85%; Q30:

>80%).

2.6 ERREEEM GO SITER

PUARE AR B TR PR A AC S LysM2 {2 B BER3 -
B AR I et 109 4> 22 5 RSN . DAL Y
AT RRR 24 h S R O IR R B R ARG
FPHIA 79 A CHrp B R 2 195 233 /). 1
PFRIKHFEPA 30 A O NG ERZ 11k 167
15 . B ZEFRIBFEN LT GO DRI AW
HPHE RIBAR AN ACfLysM2 3R A5 7 J5 24 h 22

SAIRHEE GO ThEesr2RIA N 3 KELHL  AEY)
1172 (biological process) . 43T 3 fE (molecular func-
tion) J4Hffg2H 43 Ccellular component) (& 5). EAE
F b AT PR R R RIS S 3 NI R B
FRFIREER R Z N 3 2, TR Ay
J7 T AR R AR A R A7 s A MU 2 43
J5 T 2 AR AR A M 20 53 B4 43 47 F D ey 1w
PR AR AEMELTE T A5 A R T RE .
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EHEAY Protein-containing complex
MHIEE 4> Organelle part

MAMIX Extracellular region

AHIEE Organelle

HEME Membrane

B4 4> Membrane part

iz Cell part

—ARAEBRA K Carbon utilization

Z 43 FE Multi-organism process
W% Biological regulation

0 B Response to stimulus

L Localization

YMaid R Cellular process

R FE Metabolic process
ERISYFIE M Structural molecule activity
B ALIE M Antioxidant activity
RIS E Transcription regulator activity
FHZTEE  Transporter activity

454 Binding

HALIERE Catalytic activity

B /> 13 Molecular function
B it e Biological process
B 40faZl4y Cellular component

20 25 30 35 40 45 50 55
HEHE/ A

Number of genes

B S5 HEREKMREER ACILysM2 BRHEEMH RS RNARRANFEFREER GORERER

Fig. 5 GO classification of differentially expressed genes by transcriptome sequencing of total RNA from strawberry

leaves infected by wild-type and ACfLysM2 strains

2.7 ERFIZEEMN KEGG &R

X 22 IR HE R T KEGG Zhfg 32, B R Al
FMRAN ACSLysM2 5l Fh RE g i J5 24 hif 22
FFIRFER A 47 A 25 R R R R 10 A4
KEGG . KEGG g3tf 3 BRI 735 i
HP 2 5 A8 3 (metabolism) | i % 5 & &b 58
( genetic information processing) Fl 4 ¥ & 4t
(organismal systems) (& 6), 55 A= BB AR AH L
ACFLysM2 2 s Figg M Jy Je » BRER 5 BT A 22 5%
FIRIEIG 87260 (41/47) AEFTA _EIREEA b ARk
FHOCHE PR 5 T A7 22 S 3R B PR 9300 (38/41) . 3
WUERAE A AR Qe g it )5 CfLysM2 )z 9 il
TraEMREEE. TEIA ERAEERE R
A ARIIIEAR rh 8 At U A= AR ) A= 1 JL (biosyn-
thesis of other secondary metabolites) , i 25 £ 52 Hil
K46 A W A (metabolism of terpenoids and
polyketides) J& i 1% 22 5 2 A 5L PF Jie 22 O W 2 1)
H T EJRSER Y 54% (22/41) . BRILZ AL, S
12415} (amino acids metabolism) F1H At 24 I Hg L1t
(metabolism of other amino acids) P EENZRFE
IRFEFOR TUAEACHSE A 5T AR Y 2420
A0/4D) . F38h, SEPATYRARAR L. ACSLysM2 1252

BRI G T ORSE AN G BT A 22 R R
13%6C6/AT) 43 I 5 185385 N B3 4l B BT A
A AR R AR W A AR g 28 S o A
THELE W G R AR A A B R A A U
CfLysM2 75 R4 s A= Jead B b BR 1) iz 4 il
U SRR 2 A iR B — o R L3 e
SRR A AR B
2.8 EREFEWHEEE PCR WIE

VEHR 6 A~ 2% 5 38 3k 3 P X % s AL 45 SR kAT
RT-qPCR 3G F , f 45 2 A~ 03 25 S Rk R A AR g
FHEIE FLS 1 POX 12, HiAth 4 ANFER 4500 . 3-
1, 375 OB Il 3L (K] (BGlu) o e —Fh = BAFAE TAEY)
P 7K SR T R A A JEL TR 400 IR %) R A ] SR
WK ff s WRKY70 1 WRK Y53 & WRKY #53 A+
G 7 P09 T P2 1) S 1 TR MK W R A5
TS R EEEAER s CYP(71B34-like) 2 21 if (5
F PASO BRI 0 Z —, A R P450 fil§) 1z
FEETWEL Y AEY . A S5, 2 5 2 M RHE
2 A BRIV 22 A AU ) RE A% DR 4P R 40 1 XoF 45
AEYIREAEA Y e . 25 (B T BOR, BEEE 6 4
25 S FE R IR 0 5 5 S A D e 45 SR — 3 130 W)
SR T A R T 5
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B 453& . Environmental adaptation

H#1i¥ Translation

TERFNRE LA AP Metabolism of terpenoids and polyketides
HAh ZIEERRIH Metabolism of other amino acids

HBD IR T F4E A Z /0 Metabolism of cofactors and vitamins
RERARIS Energy metabolism

WKAEA PRI Carbohydrate metabolism

Hefth R A A4 6 . Biosynthesis of other secondary metabolites

SHAFM Amino acids metabolism

R Metabolism
45 HALEE Genetic information processing
MRS Organismal systems

A5, Environmental adaptation
#i¥ Translation
B T4 R Metabolism of cofactors and vitamins

pE YA AR Glycan biosynthesis and metabolism

6 7 8
AR B/ A

Number of up-regulated genes

i Metabolism
B A%45 BALEL Genetic information processing
WAL Organismal systems

0 1

E6 FAEBEKRMREEFHR ACILysM2 BERHNEEHRE

6 7 8 9 10 1
TR/

Number of down-regulated genes
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~
S

Fig. 6 KEGG classification of differentially expressed genes by transcriptome sequencing of total RNA from strawberry

leaves infected by wild-type and ACfLysM2 strains

10
B 45541 Transcriptome
8t ® 35 RT-qPCR
g2
=8
R e 4r
23
Es 2}
=
~ o0
g3
3
2t
Q\% 0‘1‘\% %,6\\\ q&(\g o q&’{?}
-4t 8 N N
37|
Gene

FLS: SRR A BEREH; POX12: 3 AU B 1 256 ; B-Glu: -1, 30 B
iR, WRKY70: WRKY #5557 703E 4, CYP: 4t #P450 71B34
L, WRKY53: WRKY #6353 R 1535 A .

FLS: Flavonol synthase gene; POX12: Peroxidase 12 gene; f-Glu:
-1, 3-glucanase gene; WRKY70: WRKY transcription factor 70 gene; CYP:
Cytochrome P450 71B34-like gene; WRKY53: WRKY transcription factor
53 gene.

7 FAEMEKMRETER AC/LysM2 BRHEEMI A
HREANFHERRZEENREEE PCR BIE
Fig. 7 Verification of differentially expressed genes by
transcriptome sequencing of total RNA from strawberry leaves
infected with wild-type and ACfLysM2 strains by RT-qPCR
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