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Abstract 

Genome-wide association study (GWAS) is widely used to identify genes involved in plants, animals and 

human complex traits. Generally, the identified SNP is not necessarily the causal variant, but it is rather in 

linkage disequilibrium (LD). One key challenge for GWAS results interpretation is to rapidly identify causal 

genes and provide profound evidence on how they affect the trait. Researches want to identify candidate causal 

variants from the most significant SNPs of GWAS in any species and on their local computer, while to complete 

these tasks are to be time-consuming, laborious and prone to errors and omission. To our knowledge, so far 

there is no tool available to solve the challenge for GWAS data very quickly. Based on the standard VCF 

(variant call format) format, CandiHap is developed to fast preselection candidate causal SNPs and gene(s) from 

GWAS by integrating LD result, SNP annotation, haplotype analysis and traits statistics of haplotypes. 

Investigators can specify genes or linkage regions based on GWAS results, linkage disequilibrium (LD), and 

predicted candidate causal gene(s). It supported Windows, Mac and Linux computers and servers in graphical 

interface and command line, and applied to any other plant, animal or bacteria species. The source code of 

CandiHap tool is freely available at https://github.com/xukaili/CandiHap 

 

Introduction 

With next generation sequencing (NGS), genome sequencing is becoming inexpensive and routine, and the 

obtention of large numbers of SNPs is convenient. Genome-wide association study (GWAS) has become 

established in medical, biological and agricultural research to elucidate the genetic basis of phenotypic traits 

such as disease or economically important features (Visscher et al. 2012; Visscher et al. 2017). SNP can alter a 

protein directly (non-synonymous SNPs, stop gained or stop lost SNPs, frameshift SNPs or SNPs in splice sites) 

or it can implicate gene expression if SNP are located in regulatory regions. From a huge number of genome-

wide variants, a GWAS investigation generally identifies a few SNPs that are statistically significantly 

associated with some trait. As GWAS serves as initializations of future genetic and mechanism study of 

complex traits, one of the key challenges of GWAS data interpretation is to identify causal SNPs (the SNPs that 

affect trait) and provide profound evidence and hypothesis on the mechanism through which they affect the trait 

(McCarthy and Hirschhorn 2008). 

There are some researches focusing on inferring candidate causal SNPs from the most significant (SNPs with P 

value below certain threshold) (Hindorff et al. 2009; Li et al. 2012) and prioritizing the most significant SNPs 
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by linkage disequilibrium (LD) analysis and functional SNP annotation (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; Xu 

and Taylor 2009; Yuan et al. 2006; Yue et al. 2006). However, most existing tools are web-based tools or 

command-line for human studies, severely limiting those widely use. In fact, more researches want to identify 

candidate causal variants affect traits from the most significant SNP of GWAS in their own species (not only for 

human, but also for any species) and on their local computer (for maintain secrecy), while to complete these 

tasks are to be time-consuming, laborious and prone to errors and omission and not a convivial interface. A 

feasible proposal to address the above problems is to development a software to fast find candidate causal 

variants and gene(s). So far, there is no tool available to provide a solution for GWAS data very quickly. 

CandiHap aims to provide an open source to facilitate researchers to identify the candidate causal SNPs and 

gene(s) of traits and to guide future genetic and mechanism study. 

 

Methods 

Variant filtering and annotation 

The variants of VCF file was further filtered using the VCFtools (Danecek et al. 2011) (ver. 0.1.15). The SNPs 

and indels were considered valid for the study if they met the following requirements: (1) two alleles only; (2) 

exclude sites on the basis of the proportion of missing data >0.9 (defined to be between 0 and 1, where 0 allows 

sites that are completely missing and 1 indicates no missing data allowed); (3) minor allele frequency ≥0.05; and 

(4) mean depth values ≥5. SNPs that did not meet these four criteria were excluded from the study. All 

identified SNPs that passed quality screening were further annotated with ANNOVAR (ver. 2015 Dec 14) based 

on the gene annotation of the reference genome (Wang et al. 2010). In practical application, users can adjust the 

above parameters for a study. When a VCF file is submitted, ANNOVAR is computed to rapidly categorize the 

effects of variants in the reference genome sequence. ANNOVAR annotates variants based on their genomic 

locations (annotated genomic locations can be intronic, exonic or intergenic) and predicts coding effects (mainly 

synonymous or non-synonymous amino-acid replacement). The process can be applied to any other plant, 

animal or bacteria species, by providing the genome file and its GFF (generic feature format) annotation file.  

Software development 

CandiHap is written in Perl 5 (v 5.26, https://www.perl.org), R (v 3.5, https://www.r-project.org) and Python 2.7 

(https://www.python.org), which supported Windows, Mac and Linux computers and servers in graphical 

interface and command lines. Graphics are created by R. The graphical user interface is written in electron, 

which is freely available and registration is not required. Besides the graphical interface software, users can run 

CandiHap through command lines by using the Linux or Mac. For a given SNP that was found significant in a 

GWAS, runtime is ∼1 min for a set of 400 samples and ~3 million SNPs. The CandiHap tool is freely available 

at https://github.com/xukaili/CandiHap. 

General statistics 
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Using perl and R, the results provides and displays various statistics about the haplotypes such as annotation 

statistics, type of variations, number of varieties, varieties ID and its phenotype, average and SD (standard 

deviation) of phenotype. A boxplot of gene showed significant difference in the phenotype of each haplotype.  

Methods of the graphical interface 

 

Results 

Process overview 

Here, we propose the CandiHap local software, which supported Windows, Mac and Linux computers and 

servers in graphical interface and command lines. An overview of the process is presented Figure 1. Starting 

from a VCF file as entry point, the process first annotates the variants using an annotated reference genome to 

produce a new VCF file from which variants and genotyping data can be then mined and sent into a series of 

modules in charge of various processes. User has then the possibility to analyze variants either at the genome 

level or at the gene level. The GWAS result of genomic regions (Fig. 1a) and linkage disequilibrium (LD) can 

be defined by entering the limits, the application will loop and process these region genes. 
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Fig. 1 Overview of the CandiHap process. (a) A GWAS result. (b) General schema of the process. (c) The 

histogram of phenotype. (d) The statistics of haplotypes. (e) Gene structure and SNPs of key gene. (f) Boxplot 

of key gene’s haplotypes. 

Input data and running procedure 

The CandiHap implements a three-stage analysis (Fig. 1b). The first stage is to annotate the VCF file for GWAS 

by ANNOVAR (table_annovar.pl). The second stage is to convert the txt result of annovar to hapmap format 

(vcf2hmp.pl). The third stage required input data of hapmap file, GFF file of your reference genome, the 

phenotype data, the linkage disequilibrium (LD), and a most significant SNPs position of GWAS result. If users 

only want to run one gene, they can input the vcf, phenotype, gff and gene ID. Besides the graphical interface 

software, users can run CandiHap through command lines by using the Linux, Mac and DOS.  

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

can freely download at https://github.com/xukaili/CandiHap. 

1. To annotate the vcf by ANNOVAR:  
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References allele T G C T C C A
Alternative allele C A T G G A G
Allele Frequency 0.152 0.145 0.216 0.213 0.224 0.131 0.208

SNP annotation

intergenic 
:: 
Si9g49980;
Si9g49990 
:: 
dist=12645
;dist=1346

upstream 
:: 
Si9g49990

exonic :: 
Si9g49990 :: 
stopgain :: 
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9g49990.1:e
xon1:c.C37T:
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9990.2:exon
1:c.C37T:p.Q
13X
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Si9g49990:Si
9g49990.2:e
xon1:c.T159
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intronic :: 
Si9g49990

UTR3 :: 
Si9g49990 
:: 
Si9g49990.
1:c.*816C>
A;Si9g4999
0.2:c.*906
C>A

downstream 
:: Si9g49990

SNP positions 54603748 54604449 54605172 54606732 54606844 54607875 54608081 Number of 
varieties

Varieties ID Average Stdev

Hap_1 T/T G/G C/C T/T C/C C/C A/A 283 B001 : 9.89187861, B002 : 9.88235647, B003 : 9.50196155, B004 : 10.4054739, B005 : 8.71016069, B006 : 10.33042675, B008 : 8.68189723, B009 : 9.6439689, B010 : 6.10336978, B011 : 7.24733418, B015 : 9.03634535, B016 : 8.48708634, B019 : 8.67970001, B022 : 10.73666618, B023 : 8.6144798, B024 : 7.95891516, B027 : 9.43840202, B030 : 8.29662947, B033 : 8.64408159, B037 : 8.51199967, B038 : 10.67733425, B039 : 10.43182403, B040 : 9.24242983, B041 : 10.75765044, B042 : 9.83377956, B043 : 7.59385794, B045 : 5.475733431, B048 : 11.26594463, B049 : 10.28778451, B050 : 8.62365291, B051 : 10.72605847, B052 : 9.63265447, B053 : 5.663558104, B054 : 8.97674311, B055 : 8.88054013, B056 : 10.15963486, B057 : 8.82992089, B058 : 7.75279876, B059 : 6.13057056, B060 : 11.8163087, B061 : 9.34443462, B063 : 9.42534705, B064 : 9.04262125, B065 : 7.22136055, B066 : 7.28828934, B067 : 10.07856781, B068 : 8.83190099, B069 : 9.6883596, B070 : 8.85155386, B071 : 6.50196155, B074 : 6.97486267, B075 : 6.09143539, B076 : 11.20231517, B079 : 8.98211 1.656
Hap_6 T/T G/G C/C T/T C/C C/C A/A 3 B138 : 7.93392113, B249 : 6.09098075, B288 : 7.562838657.19591 0.975
Hap_7 T/T G/G C/C T/T C/C C/C A/A 3 B034 : 9.58648798, B295 : 8.8957646, B324 : 8.809969059.09741 0.426
Hap_2 C/C A/A T/T G/G G/G A/A G/G 24 B013 : 14.18021998, B026 : 16.57465265, B062 : 17.04477831, B085 : 16.43833704, B092 : 16.70999921, B100 : 16.99704713, B118 : 19.72734217, B129 : 20.79551019, B151 : 20.8846505, B152 : 18.5597505, B158 : 16.62119336, B538 : 19.8237715, B211 : 21.16545908, B212 : 18.97702272, B219 : 17.72336764, B229 : 19.0743192, B234 : 18.83616133, B264 : 16.20617495, B273 : 18.79868695, B328 : 18.66623787, B395 : 17.2622784, B436 : 18.95448033, mop1 : 16.62119336, mop3 : 16.6269067918.0529 1.741
Hap_3 T/T G/G T/T G/G G/G C/C G/G 14 B505 : 16.99704713, B506 : 13.98406237, B510 : 15.91073641, B511 : 20.47358289, B516 : 19.72734217, B517 : 19.8237715, B519 : 17.65231283, B522 : 16.99704713, B527 : 19.25119575, B529 : 17.63823791, B531 : 20.79551019, B535 : 20.14569835, B536 : 20.8846505, B537 : 18.559750518.4886 2.047
Hap_4 C/C A/A T/T G/G G/G A/A N/N 6 B119 : 19.8237715, B168 : 16.62690679, B197 : 18.95448033, B246 : 18.60387261, B299 : 16.36502375, B317 : 17.3408584817.9525 1.384
Hap_5 C/C A/A T/T G/G G/G N/N G/G 4 B007 : 17.96355089, B089 : 21.13069372, B122 : 17.65231283, B224 : 17.6382379118.5962 1.696
Hap_8 T/T G/G T/T G/G G/G C/C G/G 3 B139 : 20.14569835, B518 : 17.48623796, B523 : 20.4293127419.3537 1.624
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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 (0.1 means the minor allele frequency (MAF)):  

perl  vcf2hmp.pl  test.vcf  test.si_multianno.txt  0.1 

3. To run CandiHap:  

perl  GWAS_LD2haplotypes.pl   ./test.gff  ./haplotypes.hmp   ./Phenotype.txt   50kb  9:54583294 

Or to run CandiHap by one gene:  

perl  CandiHap.pl ./haplotypes.hmp   ./Phenotype.txt  ./test.gff  Si9g49990 

For the graphical user interface, …………. 

Output and analyzing a GWAS investigation 

The output includes a txt file of haplotypes with detailed information and three pdf files of figures (Fig. 1c-f). 

The result of haplotypes includes References allele, Alternative allele, Allele Frequency, SNP annotation, SNP 

positions and haplotypes (Fig. 1d). The information for each haplotype also includes Number of varieties, 

Varieties ID and its phenotype, Average and SD of phenotype (Fig. 1d). 

As an example, we investigated a GWAS result of foxtail millet (Unpublished). The result of this GWAS 

includes ∼3679 K GWAS SNP P-values and 531 SNPs with P-value < 9.42 × 10−7, and LD is 50 kb. We studied 

all SNPs that are in the LD 50 kb region of 9:54583294, that is the most significant SNPs (P-value = 1.23 

× 10−8). CandiHap identified one candidate causal gene (Si9g49990) (Fig. 1d). SNP 9:54605172 is in LD (50 

kb), which is with genome-wide significance in the original GWAS (P-value  =  1.03  × 10−7 ), and it is a stop 

gain (Fig. 1d). The boxplot of Si9g49990 showed significant difference in the phenotype of each haplotype 

between Hap 1, 2, 6 and Hap 3, 4, 5, 7, 8, 9 (Fig. 1f). The results of other genes in the LD region are not shown 

because of limited space. User can run the test data at https://github.com/xukaili/CandiHap/tree/master/test_data 

to check those results.  
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Fig. 1 The haplotype analysis in Sanger ab1 files. (a) PeakTrace of ab1 images of three genotypes. (b) The 

statistics of haplotypes.  

 

Discussion 

In order to solve the challenge for GWAS data interpretation, our CandiHap tool is developed to identify 

candidate causal SNPs and gene(s) from GWAS by integrating linkage disequilibrium (LD) analysis, SNP 

annotation, haplotype analysis and traits statistics of haplotypes. CandiHap is a flexible and user-friendly 

toolkit, that provides a rapidly solution form GWAS result to candidate causal gene(s), and it will help 

researchers to derive candidate causal gene(s) for complex traits study. At the time of writing, there is no tool 

that performs the same function as CandiHap. 

The CandiHap could be widely used for the available GWAS investigations. CandiHap supported Windows, 

Mac and Linux computers and servers in graphical interface and command line, and applied to any other plant, 

animal or bacteria species. It should be noted that CandiHap is not intended to be used to predict true causal 

SNPs and gene(s) since for complex traits. So the outputs of CandiHap are candidate causal SNPs and gene(s). 

An important application of the CandiHap results is to allow investigators to test ‘a priori’ hypothesis 

concerning pathways by using candidate causal SNPs as the practical starting point.  

Intergenic SNPs are SNPs that are located at least 5 kb up- or downstream of a gene. In general, they are not 

associated with a gene and not located in a known regulatory region. We set a strict default parameter in 

CandiHap. The parameter limit mapping SNPs to 2000 bp upstream and 500 bp downstream of gene. The 

default settings ensure that the result is based on the association signals in gene(s) and with statistical 

significance. Users may also adjust the parameter in ‘CandiHap.pl’. 

In the future, CandiHap will be regularly updated, and extended to fulfill more functions with more user-

friendly options. 
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References allele CA G G G A
Number of 

samples Sample IDAlternative allele C C C T AG

SNP positions 4243 4271 4273 4475 4887

Hap_1 CA/CA G/G G/G T/T** A/A 36
B1, B10, B11, B14, B15, B16, B17, B18, B19, B20, B21, B22, B23, B24, 
B25, B26, B28, B29, B3, B30, B31, B32, B33, B34, B35, B36, B37, B38, B4, 
B41, B42, B5, B6, B7, B8, B9

Hap_5 CA/CA G/C G/G T/T** A/A 6 B12, B13, B27, B39, B40, B44

Hap_9 CA/CA C/C** G/G T/T** A/A 1 B43

Hap_2 CA/CA G/G G/G G/T A/A 24
W-1, W-11, W-13, W-18, W-20, W-21, W-22, W-31, W-32, W-34, W-35, 
W-37, W-41, W-43, W-45, W-46, W-48, W-8, W-9, W101, W54, W72, 
W86, W97

Hap_4 CA/CA G/C G/C G/T A/A 11 W-14, W-15, W-17, W-23, W-24, W-25, W-26, W-47, W-6, W85, W91

Hap_7 CA/CA G/G G/C G/T A/A 2 W-3, W98

Hap_8 CA/CA G/G G/C G/T A/AG 1 W-7

Hap_11 CA/CA G/G C/C** G/T AG/AG** 1 W71

Hap_12 CA/CA G/G G/G G/T AG/AG** 1 W-40

Hap_3 CA/CA G/G G/G G/G A/A 11 GBS, W-10, W-16, W-28, W-33, W-36, W-38, W-39, W-44, W87, W99

Hap_6 CA/CA G/C G/C G/G A/A 4 W-30, W-4, W-5, W93

Hap_10 C/C** G/C G/C G/G A/A 1 W79

Hap_13 CA/CA G/G G/C G/G A/A 1 W-12

4475
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References allele T G C T C C A
Alternative allele C A T G G A G
Allele Frequency 0.152 0.145 0.216 0.213 0.224 0.131 0.208

SNP annotation

intergenic 
:: 
Si9g49980;
Si9g49990 
:: 
dist=12645
;dist=1346

upstream 
:: 
Si9g49990

exonic :: 
Si9g49990 :: 
stopgain :: 
Si9g49990:Si
9g49990.1:e
xon1:c.C37T:
p.Q13X;Si9g
49990:Si9g4
9990.2:exon
1:c.C37T:p.Q
13X

exonic :: 
Si9g49990 :: 
nonsynonym
ous SNV :: 
Si9g49990:Si
9g49990.1:e
xon1:c.T159
7G:p.L533V;
Si9g49990:Si
9g49990.2:e
xon1:c.T159
7G:p.L533V

intronic :: 
Si9g49990

UTR3 :: 
Si9g49990 
:: 
Si9g49990.
1:c.*816C>
A;Si9g4999
0.2:c.*906
C>A

downstream 
:: Si9g49990

SNP positions 54603748 54604449 54605172 54606732 54606844 54607875 54608081 Number of 
varieties

Varieties ID Average Stdev

Hap_1 T/T G/G C/C T/T C/C C/C A/A 283 B001 : 9.89187861, B002 : 9.88235647, B003 : 9.50196155, B004 : 10.4054739, B005 : 8.71016069, B006 : 10.33042675, B008 : 8.68189723, B009 : 9.6439689, B010 : 6.10336978, B011 : 7.24733418, B015 : 9.03634535, B016 : 8.48708634, B019 : 8.67970001, B022 : 10.73666618, B023 : 8.6144798, B024 : 7.95891516, B027 : 9.43840202, B030 : 8.29662947, B033 : 8.64408159, B037 : 8.51199967, B038 : 10.67733425, B039 : 10.43182403, B040 : 9.24242983, B041 : 10.75765044, B042 : 9.83377956, B043 : 7.59385794, B045 : 5.475733431, B048 : 11.26594463, B049 : 10.28778451, B050 : 8.62365291, B051 : 10.72605847, B052 : 9.63265447, B053 : 5.663558104, B054 : 8.97674311, B055 : 8.88054013, B056 : 10.15963486, B057 : 8.82992089, B058 : 7.75279876, B059 : 6.13057056, B060 : 11.8163087, B061 : 9.34443462, B063 : 9.42534705, B064 : 9.04262125, B065 : 7.22136055, B066 : 7.28828934, B067 : 10.07856781, B068 : 8.83190099, B069 : 9.6883596, B070 : 8.85155386, B071 : 6.50196155, B074 : 6.97486267, B075 : 6.09143539, B076 : 11.20231517, B079 : 8.98211 1.656
Hap_6 T/T G/G C/C T/T C/C C/C A/A 3 B138 : 7.93392113, B249 : 6.09098075, B288 : 7.562838657.19591 0.975
Hap_7 T/T G/G C/C T/T C/C C/C A/A 3 B034 : 9.58648798, B295 : 8.8957646, B324 : 8.809969059.09741 0.426
Hap_2 C/C A/A T/T G/G G/G A/A G/G 24 B013 : 14.18021998, B026 : 16.57465265, B062 : 17.04477831, B085 : 16.43833704, B092 : 16.70999921, B100 : 16.99704713, B118 : 19.72734217, B129 : 20.79551019, B151 : 20.8846505, B152 : 18.5597505, B158 : 16.62119336, B538 : 19.8237715, B211 : 21.16545908, B212 : 18.97702272, B219 : 17.72336764, B229 : 19.0743192, B234 : 18.83616133, B264 : 16.20617495, B273 : 18.79868695, B328 : 18.66623787, B395 : 17.2622784, B436 : 18.95448033, mop1 : 16.62119336, mop3 : 16.6269067918.0529 1.741
Hap_3 T/T G/G T/T G/G G/G C/C G/G 14 B505 : 16.99704713, B506 : 13.98406237, B510 : 15.91073641, B511 : 20.47358289, B516 : 19.72734217, B517 : 19.8237715, B519 : 17.65231283, B522 : 16.99704713, B527 : 19.25119575, B529 : 17.63823791, B531 : 20.79551019, B535 : 20.14569835, B536 : 20.8846505, B537 : 18.559750518.4886 2.047
Hap_4 C/C A/A T/T G/G G/G A/A N/N 6 B119 : 19.8237715, B168 : 16.62690679, B197 : 18.95448033, B246 : 18.60387261, B299 : 16.36502375, B317 : 17.3408584817.9525 1.384
Hap_5 C/C A/A T/T G/G G/G N/N G/G 4 B007 : 17.96355089, B089 : 21.13069372, B122 : 17.65231283, B224 : 17.6382379118.5962 1.696
Hap_8 T/T G/G T/T G/G G/G C/C G/G 3 B139 : 20.14569835, B518 : 17.48623796, B523 : 20.4293127419.3537 1.624
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References allele CA G G G A
Number of 

samples Sample IDAlternative allele C C C T AG

SNP positions 4243 4271 4273 4475 4887

Hap_1 CA/CA G/G G/G T/T** A/A 36
B1, B10, B11, B14, B15, B16, B17, B18, B19, B20, B21, B22, B23, B24, 
B25, B26, B28, B29, B3, B30, B31, B32, B33, B34, B35, B36, B37, B38, B4, 
B41, B42, B5, B6, B7, B8, B9

Hap_5 CA/CA G/C G/G T/T** A/A 6 B12, B13, B27, B39, B40, B44

Hap_9 CA/CA C/C** G/G T/T** A/A 1 B43

Hap_2 CA/CA G/G G/G G/T A/A 24
W-1, W-11, W-13, W-18, W-20, W-21, W-22, W-31, W-32, W-34, W-35, 
W-37, W-41, W-43, W-45, W-46, W-48, W-8, W-9, W101, W54, W72, 
W86, W97

Hap_4 CA/CA G/C G/C G/T A/A 11 W-14, W-15, W-17, W-23, W-24, W-25, W-26, W-47, W-6, W85, W91

Hap_7 CA/CA G/G G/C G/T A/A 2 W-3, W98

Hap_8 CA/CA G/G G/C G/T A/AG 1 W-7

Hap_11 CA/CA G/G C/C** G/T AG/AG** 1 W71

Hap_12 CA/CA G/G G/G G/T AG/AG** 1 W-40

Hap_3 CA/CA G/G G/G G/G A/A 11 GBS, W-10, W-16, W-28, W-33, W-36, W-38, W-39, W-44, W87, W99

Hap_6 CA/CA G/C G/C G/G A/A 4 W-30, W-4, W-5, W93

Hap_10 C/C** G/C G/C G/G A/A 1 W79

Hap_13 CA/CA G/G G/C G/G A/A 1 W-12

4475
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