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Candidate gene mining of watermelon lobed leaf based on
BSA-seq and RNA-seq

WANG Zhigiang, DU Huiying, LI Cheng, GUO Song, TIAN Mei, YU Rong
(Institute of Horticulture, Ningxia Academy of Agriculture and Forestry, Yinchuan 750002, China)

Abstract Lobed leaf is an important feature for plant to adapt environment, and the mining of watermelon lobe
leaf-related genes is of great significance for watermelon breeding, genetic improvement and molecular
regulatory mechanisms of leaf margin morphogenesis. Firstly, six generations of genetic populations (P1, P2,
F1, F2, BC1P1 and BC1P2) were constructed by crossing the watermelon lobed leaf inbred line SW246 (P1)
with the entire leaf inbred line SW247 (P2) as the parental parents. Later, gene localization was carried out by
using BSA-seq and association analysis was conducted in combination with RNA-seq data from transcriptome
sequencing, To excavate the key regulatory genes of leaf lobed. The key regulatory genes were analyzed by
BSAseq and RNA-seq. The results of genetic analysis showed that in the progeny population, the watermelon

leaves of F1 and BC1P1 populations were all lobed leaves. The segregation ratio of lobed and entire leaves in
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the F2 population conformed to the Mendelian segregation ratio of 3: 1. In contrast, the segregation ratio of lobed
and entire leaves in the BC1P2 population conformed to the theoretical ratio of 1: 1, which indicated that the traits
of lobed and entire leaves conformed to the single-gene dominant mode of inheritance. The lobed was dominant
to entire leaves. BSA-seq analysis revealed that the SNPs and InDels association intersections were located within
23 164 320 to 24 976 967 bp of chromosome 4, with a length of 1. 81 Mb, containing 171 candidate genes.
Among them, there were 22 SNPs with non-synonymous mutations between parents and 16 SNPs with non-
synonymous mutations between mixed pools; 3 InDels with shifted code mutations between parents and 4 InDels
with shifted code mutations between mixed pools. Combining BSA-seq and RNA-seq analysis, it was revealed
that a total of 26 genes were significantly associated. In addition, the bioinformatics analysis, transcription factor
prediction, and gene annotation of the four candidate genes and 26 significantly related genes obtained from
the combined BSA-seq and RNA-seq analyses resulted in the speculative discovery of one gene encoding a
PPR protein (Cla97C04G076940) , which is related to HD-Zip, TCP, LOB, E2F-DP, TIFY, and other transcription
factors, and another gene is related to IAA-amino acid hydrolysis and E3 ubiquitin ligase, which may play a key

role in the regulation of leaf margin traits. This study lays the foundation for further fine localization of watermelon

2025 4F 45 30 %

leaf margin regulation genes.

Keywords watermelon; lobed leaf; BSA-seq; RNA-seq; candidate genes
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Table 1 Sequences of RT-qPCR primers

514 4 Fi FES A (5 U A (530

Primer ID Forward primer (53" Reverse primer (5—>3")
Cla97C04G076610 AGGTTCGTCAGGAAAGAG GGATCATCGGCACAAGTA
Cla97C04G076940 TGGACAGCAATTATAGGT TACAATGCCACTCCTTAT
Cla97C04G077080 GCTATTCTCCTGTTCATTAC CTTTGTGTAGTCTCTTTCTG
Cla97C04G077200 AGCAGAAATAGAGAGGATGA ACTTTAAGGAAGCCAGAATG
Cla97C04G076510 CACCACCACATTCTTCTT TCGTCTCCATCACTGATT
Cla97C04G069760 ATGGTTGCTCATAAGAGG TAGAAAGCGGAAGATGTG
Cla97C04G079560 TTCTTCGGTAGTCTCTTG GCGTAATCTCCTTCAATG
Cla97C03G052930 GCTAGTTCGTGATCCAAA CATCAACTATCCGACCAT
Cla97C05G083220 TTACCACAGAGCACTCAAGG CGCCCATTTGTCCAATCTTC
18S CAACCATAAACGATGCCGA AGCCTTGCGACCATACTCC

(XZZ 2. O4<X20. 5—3.841); BClplﬁ%‘é’ﬁifﬁﬁﬁ R
2 ZHERE5SW
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Table 2 Statistics of plant segregation in six generations of population
AR HE B S5 24 7 o Uy Pa SR
Generation  Number of total plants ~ Lobed leaf =~ No-Lobed leaf P value % value

P, 20 20

P, 20 20

F, 147 147

F, 212 150 62 0.15 2.04
BC,P, 185 185
BC,P, 170 89 81 0.54 0.37

: PP, .F | .F, .BC,PFI BC,P, /35l 2 2 vt S AR BEIR | b e AR 7 — OB 7 RO A T —
G5 2200 AR S B R F— A0S &L R AR I LBk, TR,

Note: P, P,, F,

population,

F,,
the daughter population,

BC,P, and BC,P, are the lobed leaf parental population,

the daughter-second generation population,

the entire leaf parental

the daughter

population backcrossed with the cleaved-leaf parental population and the daughter population

backcrossed with the entire-leaf parental population, respectively.

2.2 EFBSA-seqMFERESH

2.2.1 MAEREFAE
38 o X 2 AN SE A (PL . PQ) 1 2 4S8 b (FL .
FQHEAT Ty, 45 5 UL 3k 3. HL3k 45 48. 86 Gbp Y

The same below.

Clean reads, F¥J Q30ik %] T 94.59% . 55 % HH
Y 2 H 4 B R 99.28% , - B IR E N
32X, KA B O 99.59%. PL A
59 530 136 %k reads, PQ H1/ 57 892 598 %k reads,FL
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Fig. 1 Phenotypes of watermelon lobed leaves Cupper row) and no-lobed leaves (lower row)
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Table 3 Sample and reference genome comparison results and sequencing depths
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Sample  Clean reads . Coverage at least  GC content

Clean base rate Average depth
one base group

FL 103 496 546 15433 546 073  98.01 94.61 99. 30 41 99.73 36.53
FQ 107 385168 15886 820 068  98.28 95.28 99.42 42 99.79 34.97
PL 59 530 136 8884 482 124  97.96 94. 38 99. 27 23 99.47 36.94
PQ 57 892 598 8 656 033 089  97.84 94.12 99.13 23 99.37 37.01
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Fig. 2 Venn plot of inter sample differences for SNP (a) and InDel (b)
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The black line is the fitted ED or index association value, and the red dotted line represents the threshold of significance association. Different

colored dots represent SNPs screened on different chromosomes.
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Fig. 3 Correlation analysis results of Eucliden distance (ED) and index for SNP and InDel
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Table 4 Results of SNP and InDel analysis using 2 methods to obtain association regions on chromosome 4

2k E (bp) DX 0] A A PR 4

Kk 43 M S5 Al 2 G 7 & (bp) . X 8] /) /Mb .
. . . Termination . . Gene number in
Association analysis type Start position . Region size .
location the regions
SNP 5Bk 4%
KA G 23 097 580 24 976 967 1.88 181
SNP correlates result
InDel 5C Ik 2 23164 320 26 229 773 3.07 310
InDel correlates result 26 251 721 26 253 235 0. 00 0
EOE ST T
l %Eﬁ H%X% _y 23164320 24976967 1.81 171
The intersection of the two association results
qchedy, Clag il Clag
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MANEN IR Ty - 55 1R e (PR A b, 55 2 R < B TR A L B8 3 B 2
From outside to inside: Circle 1 is chromosome coordinates,

circle 4 is ED value distribution and circle 5 is Aindex value distribution.

S5 4B ED 0 55 518 - Aindex (H 0 .

circle 2 is gene distribution, circle 3 is density distribution,

El4 SNP(a)#0 InDel(b)ZER &M £ S
Fig. 4 Visual distribution of SNPs (a) and InDel(b) on chromosomes
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FRBL G RO 0 0 A v Hoor Al 25 S B, AT b AT
Jei G5 S A BT
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T U Ml R R N ] A R R R Gk 22 R DL
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XFARAT A9 892 4> 22 52 I, I GO (Gene On-
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JE fe i B RT 20 1 GO 4% B 22 il 5 5 R 25 R 0



74 0 LN ES I Y NS S 4

2025 4F 55 30 %

R5 MUAMEENINEEER

Table 5 Functional annotation of 14 genes

3 [N 44 Bk
Gene ID

DI e i ik

Functional annotation

Cla97C04G075860
Cla97C04G076190
Cla97C04G076250
Cla97C04G076270
Cla97C04G076280
Cla97C04G077010

ZK TN %4 IR fi#t % i Phenylalanine ammonia-lyase

W fil A B 4 R 1 4-like/protein nuclear fusion defective 4-like
i 58 S48 Scaffold00068 , anchoredscaffold00068

2 & Wk A N 1A Type-1 glutamine synthetase 1-like

& WM A N 1A Type-1 glutamine synthetase 1-like

NAC %5 #3851 90 #: 7 H NAC domain-containing protein 90-like

UDP-N-Z it 4 4 1 -k N- 2. 4 4 e 3 75 it

Cla97C04G077040
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Table 6 Functional annotation of 29 genes

I N 44 R
Gene ID

D1 RE i ik

Functional annotation

Cla97C01G017940

Cla97C05G080250

Cla97C06G116910

Cla97C08G 149220

Cla97C09G173540

Cla97C11G217260

Cla97C11G221230

Cla97C04G075810

Cla97C04G077350

Cla97C04G076530

Cla97C04G075990

Cla97C04G075780

Cla97C04G077210

Cla97C04G076050

Cla97C04G077140

Cla97C04G076650

Cla97C04G076200

Cla97C04G077200

Cla97C04G077340

Cla97C04G075930

Cla97C04G076040

Cla97C04G076930

Cla97C04G076900

Cla97C04G076970

Cla97C04G076520

Cla97C04G075710

Cla97C04G077080

Cla97C04G076610

Cla97C04G076940

I 2445 2 Ring finger protein, putative

42 J& W JIK i 4-MMP Metalloendoproteinase 4-MMP

RN St I 7 e 5 R 5 T % % 2 1 Cyclopropane-fatty-acyl-phospholipid synthase family protein
PR S5 - [ 19k 3 2% K 2K 11 ] 21 AN Acyl-[ acyl-carrier-protein ] desaturase

2 NEP1 #f & 1 F & 11 1 NEP1-interacting protein-like 1

% LOB %5 #4152 1 6 LOB domain-containing protein 6

RING 5/ 38k (1 E3 72 % i% B2 if RING-type E3 ubiquitin transferase

75 TN & T2 7 & i Phenylalanine ammonia-lyase

2 TIFY 6B & H Protein TIFY 6B-like

5 il R % % Pyruvate kinase

I AfL 43 24 J8 W 2K 11 48 [R) W4 Cell division cycle protein 48 homolog

% CASP 7B [ CASP-like protein

E2F-DP # 5% [H ¥ E2F-DP Transcription factor

25 i %8034 2 1 3-3 Thioredoxin-like 3-3

TAA-5 FE R /K f# B ILR1 IAA-amino acid hydrolase ILR1

RABG6 Hl B /£ H 1 Golgin & H (DUF662) RAB6-interacting golgin (DUF662)

WU 5 PE % IR B Cdc25 dual specificity phosphatase Cdc25

¢ HVA22 # 1 HV A22-like protein

2 3% IR ¥ 1 Receptor-like kinase 1

A K % & 1 Kinase family protein

4 B M O 5k M AL ) FE 3 Heavy metal-associated isoprenylated plant protein 3-like
{5 5 R ] kL 54 kU # [ Signal recognition particle 54 kU protein

T AR 28859 _610 %5 5% 19 RNA J¥ %1 Transcript_28859 _610 transcribed RNA sequence
£ 4% % 4 1L 1§ Long-chain-alcohol oxidase

N B i 3% % Pyruvate kinase

7K 38 i % 1 Aquaporin

26 TR AR WAT I 25 M 8 Protein trichome birefringence-like 8

A K % & M Kinase family protein

Tk # & J¥ 51 Pentatricopeptide repeat
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