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Abstract: In this study, seven LysM-RLK subfamily genes were systematically identified in the whole genome of pa-
paya using bioinformatics methods, and the chromosome distribution, gene structure, protein physical and chemical
properties, and subcellular localization information were analyzed. Familial evolutionary analysis showed that papaya
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LysM-RLK could be further divided into three subgroups (Lym-II, Lym-III, Lym-IV), distributed on four chromosomes.
Recent gene replication is the main driver of the evolution of the papaya LysM-RLK subfamily. The analysis of pro-
moter sequence regulatory elements found that it contained multiple photoresponse elements and elements involved in
low temperature response and stress related hormone signal response. Large-scale comparative transcriptome analysis
systematically analyzed the gene expression patterns of LysM-RLK under papaya biostress and abiotic stress and dif-
ferent tissues, revealing its specific expression patterns and potential biological functions. The expression differentiation
of replicating gene pairs, differences in domain composition, and changes in the tertiary structure of proteins suggest
subfunctionalization in the process of evolution. Core co-expression network analysis under biotic and abiotic stress
conditions identified 27 core genes strongly associated with LysM-RLK3, revealing the potential transcriptional regula-
tory patterns of LysM-RLK3. The results would provide important insights into the evolution, functional differentiation

and role of the papaya LysM-RLK subfamily in adversity response and growth and development.

Keywords: papaya; LysM-RLK subfamily; bioinformatics analysis; gene expression; protein tertiary structure

DOI: 10.3969/j.issn.1000-2561.2023.05.001

REFE AT ILF Y LA b L 2
5 01 B DR R I A AE N i, KRS A
BT BIA 41908 F1 31135 PEA, B4
13 055 A1 10 193 LA 5. ZHANG P58
IR B DR G S TR b B ) i AN A T8 N
FhZ AT 25 55, 1 HAE— DR N A e 22 1k
BE DR G005 B 53 0 9 AR A6 5 2R IR st L AR
WEAOC, T, R8N A b S R K Ak
K F R B s R KIS 5 A FE
Hehilt o FAZRE A EMEE T (receptor-like kinase,
RLK) e b — A RER R, i
RETETFRAFHRNEWMAGE LT,
BV BAENTZF IR 5 DRt o 28—
HI¥ RLK HEH7EE K (ZeamaysL. ) Hig %l
TE R 5 I A ) B 29 Fh 8L 5 5+ ( Arabidopsis
thaliana) ', 2/D%E T 610 4> RLK HE[H, 2y
o HE A R A S A Y 2.5%Y 7R BT I A A
RYFKAE (OryzasativaL. ) Hr, RLK G H 1130
ANFEHAAG, HA b ORI T Y 1.85 151,

RLK KO HIEN 2 5EEHMAERK LT .
€ RS SRR SR IR > (AU s 7 SUR
0 TR e Y 32 IR ( LysM-RLK ) &MY+ &
B RLK R G2 — , H 58 T & i i 5
J¥ (LysM) WEE 0, &R0 RE B AH oG 7 AR
70 ( microbe-associated molecular patterns,
MAMPs ) 8T 52 /& ( pattern recognition
receptors, PPR ) B9 LysM 1 Y AE 25 T 18 Ik 14
R h R I Z 5, 72K H 22 173K TE ( Enteroco-
ccus faecalis) 144 S IR R /K fite it 174 il v R & B
T LysM!" "2 R AN A — SRSz ik,
i E& LysM 25938, REfe5 B aniuiE HJLT

T2 6 IR A5 5 DIROS e R Y, X —2RE M
S48 ST 200 JH A7 1 0 An A A 3k i 22 5%, T Lay
A LysM 2K Z /K8 ( LysM-containing recetor-like
kinases, LYKs ) . LysM K3z {K & 4 ( LysM-
containing receptor-like protein, LYPs) . i~}
LysM # F ( extracellular LysM, LysMe ) 2 E 43
BN LysM 25 1 ( intracellular non-secretory
LysM genes, LysMn ), AR FH R BN 5 LysM
AR EE A AR, X K R B 22
S, HS5EAAIIREAC, BRI H A 1 ek
RIEFAOCH " EHR AR R, CIESE LysM 454435
BT ZACAET S A WAL R g R

ZEAJK (Carica papaya L. ) j& Vil R KR
HARSWEFRNMEMAHNE, B THRXEZ
GV Z— o TARIMIERH /N (3503 Mb) |
WAL R . Fhr2 . AR, sk KLisfg
A R B, Ry R AR, B
AWFFERIE R Y] LysM-RLK %2 5400 I
ST DI ARANE /NS 287 ) (e JFS E = & 282
FRIEAG S . AL OC R R R IR T A 2
U BT T A A A TR R 1y I R
Mo AR RAEYAE B ke 2 R 4K
REGUSE T HEAIN LysM FEIEH, If4087 7 H
FIEW T O R . Yeaihorfn . FE A A
SERRRESE BT O A 84 AR sk A i
B, RGN T FHARIK LysM ZE005 AL R 7EAS [A]
LY ORE KB R FIAS [ 3 A B AR T %
SRR SR IR 43 o AHOCHIF 5 R B 7 AR LysM
FIGERIEE AL, B HI R R IE 5 S HAEA R AR
Yyip s B v i s kA A R I B SN BEA R
P AR T ARG & A0 b B W5 AN H



%54

WA A R 5T 28 2 R LysM-RLK e X G0 %5 78 S 2B W5 B2 o 869

1 MHBEFZE
1.1 et
M Pfam ¥4 T # LysM Fp 7 3Cf, H

hmmer search J5 720 %6 A TN AN 45 ( Mitis vi-
nifera L. ) J KT ZH it i i) [R5 56 AR A e e JE 1A
1.2 FHik

1.2.1 % AKJN LysM-RLK & i % & ZFALKE R 5
I 4g i 2455 #  FF] NCBI Conserved Domain
Search ( https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi ) FH ), T IRSFEAMEL. FTEL AT
T.H Pfam ( http:/pfam.xfam.org/ ) I SMART

( http://smart.emblheidelberg.de/ ! I Fuimi {5y 5%
F|F ExPASy ( http://expasy.org/ ) TELRBAEXT N T
AR I R 4 28 e B 7 SRl 2 sz R R B
FIEME AP AT F a0 B SR AT
F|Fl SMART ( http://smart.embi-heidelberg.de/ ) 7£
LIRAN XS BT AT B PRy 45 R Sl o7 e R A T
HE— 2 ) I 7E £k T. . WoLFPSORT ( http://wolf
psort.hge.jp ) X & AJK LysM-RLK &K HE1 78 4
U AL TN

122 #AKJN LysM-RLK R &G L BH &4,
BMBHIMAEOR=REHTARN
TBtools i {420V 3 A 25 ¥4 it 47 vl R4k o A1l
MEME ( http://meme-suite.org/ ) 7£Z& K 1FHE T A
RIS #5 fm BY £E T ( motif ) , 23 BT 3 AR LysM-RLK
LR o215 01 4R 1 F ) RSP AR SRR e o Al
F SMART ( https://smart.embl.de/ ) FEL I HEAT
LysM-RLK R 25 Ry 5 auil N T8 Be ) 2%
1% T.H AlphaFold2P il 7% A JK LysM-RLK &
RHE 1 = 4R ghl, AR 445K PDB U
H 4545 19 PDB SCIF4 A £ PyMOL V2.3 441
W, WHER A SRS T AT R .

123 #HAJN LysM-RLK & & 2 %% F 2 A&
LysM-RLK A K % &4k 2 4s T HEBHEAR

( Carica papaya ) . #iF 47 ( Arabidopsis thaliana )
A% ((MtisviniferaL. ) H1f LysM-RLK Z %,
RZBMRGE LT RFR, WHE LysM-RLK FK ki
LB . SR muscle v3.8.31 #K{EXT R A FEAIN (7
A~ LysM-RLKs ) . #lF§JF (4 4~ LysM-RLKs ) Fl
% (114 LysM-RLKs) A9 22 4~ LysM-RLK #&
F B A E T Z P8 et . A BMGEL.12 4%
1, BEHSBCIANSE, EZ2EHITFH ATk
PEIE 5 R G A HEWTY o & LR I, s,
FH 1Q-TREE (V2.1.2) #AE>Hy# LysM-RLK

W FE R % ) e KA AR ( maximum-likelihood,
ML) ZHEREW

MR8 2 A NI R A e SO F, 2 BOR R I
LysM-RLK JERTEG 0k FRoAE (S, FIHTE
22 ¥ (http://mg2c.iask.in/mg2c v2.1/ ) &R HAE
TR NEE R A LA 8 53 A R
124 HHAREZHALEFEEND (Ka/Ks) 54 A
AR AR EEKEEE I Dup Gen finder®*hi
P4 58 75 A LysM-RLK & PR 52 1 1) 2 1l 5 PR
KSR ik — 205 5 RO Y Ka/Ks fH,
PP AR Aok A% v i i 3 s 7 o E SRR
Muscle ( https://www.ebi.ac.uk//Tools/msa/muscle/ )
T 2 A X B — A 52 ) B R0 R 1 91 R A 7 4 e
ot SRJ5 ., FIH ParaAT (V2.0) B Hoxd
¥ 5 S 1) BRI BRI 1) eds P4 o e, FlH KaKs
calculator #XAFPH AR ] B R (Ka) | 7 X
i (Ks) M1 Ka/KsPHH, i 2 85 51 42k
PRI R T H MCscan 8 2 % AR 42 5 P 20 1 [ 5
2k 7B
12.5 % AN LysM-RLK £#% B 3T o4 Wik
AL R AL R off SCfF, $EHUE 2] % AR
LysM B A B 46 A2 s E 17 2000 bp 195 514E
fige % J5 3l F X 50, 0 7E 26 B fF PlantCARE

(' http://bioinformatic.psb.ugent.be/webtools/plantc
are/html/ ) Z}H7F LysM-RLK 0% I3 8 746
PTG

1.2.6 LysM-RLK & B £ 4 4 5 4k £ H phis 54
TR ZBEX M AR RIS N
NCBI £48 E  F 2k 84 17 5 75 AT OC I sk 241 5
i, A 38 A G Y e s 2 I P Bl 29
5 AN UL SN P EU 15 5%, AP bhaE A0
KIS 40 2%, SLZ Al 43 A5G A1 8
HAKRAE B LH ST,

FEFR IR i ok R AR P 48 485 Fastp
AT LS . ] HISAT2 BP0 2 i i
It SR 2RI P 5l L T 3 7 R NS 5 B R A 75 31 )7
B XS SO SR J5 R String Tie 4R AEPH41 %4 Howt
1 reads, # G SEAT S, JFR A FPKM 5.3
X read count A —FbAb H 55 L PRUFN % SR AR 1
LKk,

2R RIB M RIB AR S E . &5 A
DESeq2 1 i 22 R FGRIEN . 2R FC=
2, 5 5 &M FDR>0.05. F| ] R i Y heatmap
BRE2 ) LysM-RLK 3 PRI 32 35 AR L ] —2E R



870 o AE A F AR

%44

i AR TR R Z B R IA | lfE =2, 8 O #R
T el =N B TS PO
12.7 #AJNLysM-RLK R4 &G ey EHLEH.
MBI MAFGR=ZREMTARN
TBtools™ " 4 4 xit 5t [K 4% #4 7 47 7] LAk o A
MEME ( http://meme-suite.org/ ) 7&K 1FHE T A
B 35 e B KL%, B motif, 23 HT 7 AKJK LysM-RLK
B R G5 W 53 A T VRS R AR SRR AR S o il
FHFEL B SMART ( https://smart.embl.de/ ) #£4T
LysM-RLK R 45 3 500 . (A N T8 BB I 4%
495 T H. AlphaFold2P il % A JK LysM-RLK %
AR = 4Egh ), RIS 1 = 4E 451 PDB U,
WAk A5 PDB SCIFHi A %] PyMOL V2.3 45 {4y
o, X SRS AT AT R
1.2.8 % KN LysM-RLK & 3% e Ak B 3 % 15 W
%o A A . T RN EJE AL M B
( Papaya leaf-distortion mosaic virus, PLDMV ) |
RER (CTS) | T 550 F Y FE 5% 41 8040 i 1k
ZFRIKHEN (DEGs ) o AbFRAL 5% i 2= 57 35
[H % 5 S8 |log, FC(FPKM)|=1, FDR<0.05,
HRIEL 10490 DEFER, R R EFW
WGCNA fu g LysM-RLK FIKHE N AUt &
KM, BT S LR A R e, FERI P rh 3 g B
P %Gk 22 S5 3R G8 BE AE o % 0 B W
( hub-genes ) , JfF|H Cytoscape #X#%.00 5k
A A R 2% (hub-network ) ] #E4K .

2 HER55H
2.1 LysM-RLK REEREETERYFIEDHT
FIH 5 A HIEE ST Y LysM-RLK Z5E 5L RE K
2R H X 2 3 A TR A % 19 2 119
HR 8 7 51 FR B 575 B 3] LysM-RLK i 15 [7) 5 5L ]
(identify=45% ) . R H %X [FRIEAA7E N K
Ui LysM &% . 1 AN REZ5F BRI C K3 Pkinase
RSP 25 F B (1 28 MUY LysM-RLK Z5 F i, )
NN HJE T LysM-RLK JEF R, A0 FRAETFRA
JN. BIRIF R A R AR R %EEs 7 4. 4
ASF1 11 A4S LysM-RLK FJGEIEKH . RS F AR
LysM-RLK ZJ% 8 A 0 BALERES S, FIHAY
TR CFITIERAT T & AN 7 4 LysM-RLK £ [H
FWE R R E . Fa ., HIe ST
MR . 25 R R LA ILIRIT I K/ANN 445~
692, /11K 49.85~76.10 kDa, %5 5K 5.12~
8.69 (£ 1) o FIHTEL AT WoLFPSORT Fitilll %
AJK 74~ LysM-RLK JE K 59 W 41 2@ 15 B, 45
R T A GRS [7] 7 248 e DX 3
Horp 1 ANE (CpLYKS) A T4 i, 143
( CpLYK5-like ) fii M, 1 NEEHA T
( CpLYK2) i #h X3k, Hox 4 5L ( CpLYK4-1,
CpLYK3, CpLysM-RLK3, CpLYK4) 5 T4
R (£ 1) o ZOWEERERAFM LysM-RLK
FE 7 Wy T e B iz 30 T RIS [7] 114 5740 e DX 3k
P S 5 AR A EY 2 R

#®1 FEARKRLK EERK LysM-RLK i RIBLM R

Tab. 1 Physicochemical properties of LysM-RLK family genes in papaya

FEH D B £ R S KB SRR oy i ERIN 740 5E A7

Gene ID Gene name Gene length/bp Amino aids Molecular mass/Da pl Subcellular localization
Cpa02g024430  CpLYK5-like 2109 445 49 853.81 8.40 o5
Cpa04g004680  CpLYK2 6865 686 76 096.56 6.86 Jia sk
Cpa04g020240  CpLYK5 2079 692 76 089.45 6.22 JB i
Cpa04g023090  CpLYK4-1 1995 447 49 470.89 8.69 EVN
Cpa07g009890  CpLYK3 53 476 604 66 869.80 7.55 IEETEN
Cpa07g011660  CpLYK4 2465 626 69 005.18 5.78 ESJUN
Cpa09g008160  CpLysM-RLK3 9312 605 67371.71 5.12 IESIN
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Fig. 1 Gene structure (A) and motif analysis (B) of LysM-RLK gene familiy on papaya genome
£ 2 BHARK LysM-RLK EABBA motif
Tab. 2 Sequences of motif consensus of LysM-RLK protein
%5 No. 2 FF Name JF%] Sequence E {& E-value
1 Motif 1 WKQRVQIALDAARGLEYJHEHTKPPYVHRBIKSSNILLDSBFRAKIABFG 4.60E-599
2 Motif 2 GLVTPKLDVYAFGVVLLELJISGK 6.60E-215
3 Motif 3 GSLYLVYEYAZNGSLSDWLHG 1.60E-184
4 Motif 4 EKLREFIDPCLGDNYPLDLAYKMAQLAKSCVEEDPNLRPSM 1.60E-243
5 Motif 5 GSVYYGLJRGDEAAIKKMKGEKSKEF 5.40E-182
6 Motif 6 TKIHHSNLVRLSGYC 6.20E-129
7 Motif 7 DLALTRHVVGTFGYLAPEYLE 3.10E-128
8 Motif 8 VYSYEELRKATDNFSESNKIG 2.70E-121
9 Motif 9 VKYLVTYPVRPGDSVSSJAERFGVSTESI 1.10E-127
10 Motif 10 RNLRVGARLLVPLRCACPTGK 5.60E-73
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2 BARIK. HEFMEER LysM-RLK BEERKHL KR
Fig. 2 Phylogenetic relationship of LysM-RLK subfamilies in C. papaya L., A. thaliana and V. vinifera L.
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Fig. 3 Chromosomal distribution of LysM-RLK genes
in C. papaya
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WA AR BTS2 A LysM-RLK J K 5 3% 5 Mo A= WA 8.2 43 B 873

# 3 FEAR/K LysM-RLK EFE RikE E 3t S HlZKE
Tab. 3 Duplicated gene pairs of LysM-RLK family on
papaya genome

=]
SEPR & i 2 (HITAE)
Duplicated type Duplicated time

R R B Ypo)
No.  Duplicated gene pairs

(Ma)
1 CpLYKS5-like/CpLYK?2 dispersed 1.83
2 CpLYKS5-like/CpLYKS dispersed 3.00
3 CpLYKS5-like/CpLYK4-1 dispersed 2.87
4  CpLYK2/CpLYKS dispersed 3.17
5 CpLYKS/CpLYK4-1 dispersed 3.01
6 CpLYK4-1/CpLYK2 dispersed 2.83
7 CpLysM-RLK3/CpLYKS5 dispersed 2.83

R TR EE SN AR, TN
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B, Ik B CpLYK2 FidL i CpLYK4-1
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The outer tracks with different colors represent the chromosomes of
papaya. The inner red links means the duplicated LysM-RLK gene
pairs, and the grey links represents the genomic internal-syntenic
relationship of papaya.
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Fig. 4 Putative origin of LysM-RLK family genes on
papaya genome
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