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There has been recently great interest on gene haplotypes (Aung, et al., 2017; Basu, et al., 2019; Basu, et al., 2019; Basu, et al., 2019; 
Chao, et al., 2017; Hou, et al., 2017; Jäger, et al., 2013; Li, et al., 2019; Li, et al., 2014; Malik, et al., 2016; Mao, et al., 2019; Miao, et al., 
2017; Mopidevi, et al., 2019; Sato, et al., 2009; Tu, et al., 2018; Wang, et al., 2018; Wang, et al., 2018; Webster, et al., 2015; Yang, et al., 
2018; Zeng, et al., 2020; Zhang, et al., 2017; Zhang, et al., 2019), but to the best of our knowledge, those analyses were carried out 
manually. However, currently available tools are web-based or command-lines implemented for studies on human and rice traits, severely 
limiting their wide applications (Adzhubei, et al., 2010; Johnson, et al., 2008; Kumar, et al., 2009; Lee and Shatkay, 2008; Mi, et al., 2010; 
Saccone, et al., 2010; Schmitt, et al., 2010; Wang, et al., 2020; Xu and Taylor, 2009; Yuan, et al., 2006; Yue, et al., 2006). We developed 
a user-friendly local software, CandiHap (https://github.com/xukaili/CandiHap), which can preselect candidate causal SNPs from Sanger or 
next-generation sequencing data, and applied to any species of plant, animal and microbial. It could be operated on Windows, UNIX or Mac 
computer platforms. Users can use CandiHap to specify a gene or linkage sites based on GWAS results and explore favourable haplotypes 
of candidate genes for target traits.  

 
There are mainly three steps included in the CandiHap analytical through command lines, and the test data files can be freely downloaded 

at https://github.com/xukaili/CandiHap. 
1. To annotate the vcf by ANNOVAR:  

1.1 gffread  test.gff   -T -o test.gtf 
1.2 gtfToGenePred -genePredExt test.gtf  si_refGene.txt 
1.3 retrieve_seq_from_fasta.pl --format refGene --seqfile  genome.fa  si_refGene.txt --outfile si_refGeneMrna.fa 
1.4 table_annovar.pl  test.vcf  ./  --vcfinput --outfile  test --buildver  si --protocol refGene --operation g -remove 

2. To convert the txt result of annovar to hapmap format:  
perl  vcf2hmp.pl  test.vcf  test.si_multianno.txt  

3. To run CandiHap:  
perl  GWAS_LD2haplotypes.pl  -f genome.gff  -m ann.hmp  -p Phenotype.txt   -l LDkb  -c Chr:position 
e.g. perl  GWAS_LD2haplotypes.pl  -f test.gff  -m haplotypes.hmp  -p Phenotype.txt  -l 50kb  -c 9:54583294 
 
Or to run CandiHap by one gene:  
perl  CandiHap.pl  -m Your.hmp  -f Genome.gff  -p Phenotype.txt  -g Your_gene_ID 
e.g. perl  CandiHap.pl  -m haplotypes.hmp  -f test.gff  -p Phenotype.txt  -g Si9g49990 
       perl  CandiHap.pl  -m haplotypes.hmp  -f test.gff -p Phenotype.txt  -g Si9g49990 -s 0.5 -u 2000 -d 500 -l 1 -n Structure.txt 
 

The primary step in the ‘sanger_CandiHap.sh’ is made through only one simple command (The PHYC.txt is reference gene sequence): 
sh   sanger_CandiHap.sh   PHYC.txt 
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Supplementary Fig. 1 | Haplotype network analysis of the Si9g49990 gene in foxtail millet. a, The difference of haplotypes. b, Haplotype 
network. Note: only the SNPs and haplotypes found in ≥2 accessions were used to construct the haplotype network. The value of circle size had 
been transformed into log2. 

 

 
  

Pos I II III IV V VI VII
NO. 284 17 24 2 2 2 2
1 G G T G G G T
2 G G A G G G A
3 T T C T T C C
4 A A G A A A G
5 T C C C T C C
6 T T C T T T C
7 T T G G T T G
8 T T C T T T C
9 G G A G G G A
10 G T T T G T T
11 C T T T C T T
12 G G C G G G C
13 T A A A A A A
14 C C A A C C A
15 C C T T C C T
16 G G A A G G A
17 T T G G T T G
18 C C T C C C T
19 T G G G T G G
20 A C C A A C C
21 T A A A T A A
22 C T T T C T C
23 C C T C C C T
24 G G A G G G A
25 T G G G T T G
26 C G G G C G G
27 C T T T C T T
28 A A G A A A G
29 C G G G C G G
30 T C C C T C C
31 A C C C A C C
32 C C A C C C A
33 A G G G A G G
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and plasmolyzed living onion (Allium cepa) cells illus-
trated the predominant colocalization of both of their
encoded GFP-fused proteins along with a vacuole-
specific marker (vacuolar iron transporter 1 protein)
within the vacuole as a bounded membrane (tonoplast)-
associated protein.

We constituted desi/kabuli low- (DLSW[ICC
6013-NIL]CaABCC3[6]DLSWH and KLSW[ICC 13764-
NIL]CaABCC3[6]KLSWH) and high- (DHSW[ICC 14649-
NIL]CaABCC3[6]DHSWH and KHSW[ICC 19192-
NIL]CaABCC3[6]KHSWH) SW NILs of chickpea using
haplotype-assisted foreground selection. This was
performed by introgression of low- (HAP-A) and high-
(HAP C) SW CaABCC3(6) gene haplotypes along with
SNPs linked to/flanking a major CaqSW2.4 QTL and a

strongly SW-associated CaABCC3(6) gene. Foreground
selection and subsequent 1,536 SNP-based background
selection enhanced the recovery of the parental recur-
rent genome up to 99.1% to 99.6% in the constituted
low- and high-SWNILs (Fig. 9A; Supplemental Figs. S8
and S11). This implies greater efficacy andwider practical
applicability of gene haplotype-aided selection compared
to most commonly used marker-assisted selection (75%
to 85%) in the recovery of a parental recurrent genome, as
well as precise selection of the most promising recombi-
nants for further genetic enhancement studies not only in
chickpea but also in other crop plants.

To know whether CaABCC3(6) gene haplotypes
control SW through maternal and/or zygotic effects,
reciprocal F1 crosses using a pair of low- and high-SW

Figure 7. Haplotype-specific LD and associationmapping in a strongly SW-associated gene,CaABCC3(6), delineated byGWAS,
gene-by-gene regional association analysis andmap-based cloning. Genomic organization/constitution of the CaABCC3(6) gene
(A) including its (B) CDS, exhibiting the distribution of SNPs in different sequence components of this gene. C, The genotyping of
20 SNPs (A and B) in different coding and noncoding sequence components ofCaABCC3(6) in all 291 cultivated (desi and kabuli)
and 81wild chickpea accessions constituted three haplotypes (D). Three haplotypes, HAPA, HAP B, andHAP C, exhibited strong
association with low, medium, and high SW, respectively. The nonsynonymous and regulatory SNPs exhibiting differentiation,
especially between LSWH (HAPA) and HSWH (HAP C), are highlighted in red and violet, respectively. The value r2 indicates the
frequency correlation between pairs of alleles across a pair of SNP loci. Boxplots for 100-SW based on three haplotypes, HAPA,
HAPB, andHAPC, constituted in (E) desi (189 accessions), (F) kabuli (102), and (G)wild (81) chickpea, demonstrating their strong
associations with low, medium, and high SW, respectively. Box edges represent the upper and lower quantiles, with the median
value in the middle of the box. The digits within the square brackets denote the number of accessions representing each class of
haplotype associated with SW. *P , 0.0001, two-sided Wilcoxon test. HAP, haplotype; LSWH/MSWH/HSWH, low-/medium-/
high-SW haplotype.
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  mainly presented in the indica rice cultivars, and Hap7 was the
dominant haplotype that was found in the parental line Teqing. Based
on their phylogenetic relationships, there were two haplotype groups
that displayed a clear indica-japonica differentiation in the HAN1
genomic region. Haps 1–5 were assigned to the japonica haplotype
group (HG J), while the others were assigned to the indica haplotype
group (HG I). Evaluation of chilling tolerance revealed that HG J was
significantly more tolerant than HG I (Fig. 5A). In the HG J group,
Hap1 in temperate japonica was the most tolerant to low tempera-
tures, followed by Hap3 in tropical japonica (Fig. 5 A and B).

We next examined the evolutionary origin of HAN1. The
promoter and coding regions of HAN1 in a total of 21 wild rice
accessions (Oryza rufipogon) were sequenced and included in
phylogenetic analysis together with the DNA sequences from the
101 landraces. As shown in phylogenetic tree (SI Appendix, Fig.
S8), haplotype tree (Fig. 5B), and haplotype network (SI Ap-
pendix, Fig. S9) of HAN1, HG I and HG J descended in-
dependently from wild rice Or-I and Or-III respectively. It is
noteworthy that we did not identify a wild rice accession with the
Hap1 haplotype, nor did we identify one that clustered close to

A

B

E F

C

D

Fig. 5. The haplotypes and evolutionary analysis of HAN1. (A) Haplotype analysis of HAN1 in 101 rice germplasm accessions. The purple and green shaded
SNPs or InDels represent polymorphisms in the japonica and indica types, respectively. The highlighted red A is found only in Hap1 in temperate japonica rice,
while yellow polymorphisms are not unique among the rice cultivars (There were significant differences among different letters by Student’s t test with P <
0.01 and n ≥ 3). (B) A phylogenetic tree showing the relationships between HAN1 haplotypes from cultivated rice and O. rufipogon accessions. (C) Nucleotide
diversity of HAN1 in the five cultivated rice subgroups of O. sativa and O. rufipogon accessions. The thick bar represents CDS region of HAN1, and the thin bars
before or after the CDS are the 1.8-kb promoter or the 0.5-kb downstream region of HAN1, respectively. Aus, Ind, Aro, Trj, Tej, and Ruf represent the five
ecotypes of cultivated rice, such as aus, indica, aromatic rice, tropical japonica and temperate japonica rice, and wild rice (O. rufipogon). (D) The geographical
distribution of cultivated rice with different HAN1 haplotypes. There are two groups, the indica group HG I and the japonica group HG J. HG J is further
divided into two subgroups HG J (Hap 1) and HG J (Haps 2–5) based on presence or absence of the MYB cis element. (E) The likelihood of a selective sweep of
the 1.0-Mb region surrounding HAN1 in the rice population cultivated in typical temperate climate areas in high latitude regions (>40° N), or elsewhere in low
latitude regions (<40° N). (F) Nucleotide diversity in the 1.0-Mb region flanking HAN1 in the two populations in E. The analyses performed in A, B, and C were
based on DNA sequence information generated by Sanger sequencing in a population of 101 rice germplasm accessions, while the analyses in D, E, and Fwere
based on NGS data and geographic information in a collection of 572 rice accessions.
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