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Aquaculture is a rapidly growing industry that brings huge economic benefits.
Genome-wide association study (GWAS) is critical for aquaculture species’ productivity,
sustainability, and product quality. The current integrated GWAS pipeline either includes
only specific limited steps or requires a complex prerequisite environment and
configurations. In this study, we developed AquaGWAS, a highly user-friendly graphical
user interface (GUI) GWAS pipeline, by integrating four well-known GWAS models.
AquaGWAS is a complete GWAS pipeline from preprocessing, multiple choice of GWAS
models, postprocessing to visualizations. AquaGWAS offers GUI easy running on Linux
and automatically generates running command lines for high-performance computing
(HPC) or non-GUI servers. AquaGWAS is free from installation, configurations, and
complicated augment inputs. It offers whole packages of required reference files for
27 common aquatic species. Furthermore, aiming at the issue that the availability of
genomic reference sequences limits single-nucleotide polymorphism (SNP) detection,
we attempted to detect SNPs in Pacific abalone using classical alignment-based
reference-required strategy and k-mer-based reference-free strategy combined with
downstream AquaGWAS. On 222 resequencing data of Pacific abalone, two strategies
detected 221,061 and 230,213 variants, respectively, with 180,161 common variants.
The two strategies emphasized different variant situations: capturing variants missed by
incomplete or inaccurate reference genomic sequence (k-mer-based) and capturing the
indel variants having the baseline of genomic sequence (alignment-based). Combining
the two strategies offers a complementary framework to obtain the accurate and
complete GWAS analysis for non-model organism species. AquaGWAS is available
at https://github.com/Ying-Lab/AquaGWAS.
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INTRODUCTION

Genome-wide association study (GWAS) effectively identifies
genotypic variants associated with particular phenotypic traits.
Lots of related tools have been developed to improve the
efficiency of GWAS analysis. However, many tools were designed
using a specific model or for a certain processing step, which
led to fussy file format conversions between various interfaces
and frequent switches among different running environments
(C/C++, Python, R, etc.). In contrast, the integrated pipeline,
such as iPat (Chen and Zhang, 2018), HAPPI GWAS (Slaten
et al., 2020), either prerequire a JAVA environment or includes
only a single GWAS model, and the complicated augments
and options in command lines limit the feasibility for non-
computational researchers.

Aquaculture is a rapidly growing industry that brings
huge economic benefits (FAO, 2017). GWAS, which is used
for exploring molecular markers and mechanisms related to
traits, is critical to improving aquaculture species’ productivity,
sustainability, and product quality. Meanwhile, species-specific
single-nucleotide polymorphism (SNP) arrays are still not widely
used for aquaculture species. In most cases, species were
sequenced and aligned to reference genomic sequence and
then genotyped using a vcf format file (Jiang et al., 2019;
Wu et al., 2019). Three obstructions limit the feasibility of
the GWAS study: (1) Most marine biologists have a limited
background in modeling and bioinformatics. At the same
time, it is hard for them to switch among different running
environments, convert fussy file formats, and handle command
lines with complex augments and different models. (2) Due
to the diversity of aquaculture species, there is no common
data format and there are a few available public databases. In
that way, annotation and reference information requires extra
manual operations. (3) A large amount of non-model aquaculture
animals, novel species, or species are hard to detect SNPs because
of lack of reference genomes or incomplete genome. Therefore,
it is necessary to develop environment-friendly software to
resolve these problems.

This study developed AquaGWAS, a highly integrated GWAS
analysis pipeline with a full reference package, including 27
aquatic species. AquaGWAS offers an easy-to-use graphic
user interface (GUI) for stand-alone Linux server running
mode and an automatic command-generator on Windows
for HPC job-submission running mode. Free from complex
installation and configurations, AquaGWAS is compatible with
various file formats and highly friendly to users with a non-
computational background.

Furthermore, to implement GWAS analysis for aquaculture
species without a reference genome or only with an incomplete
genome, we attempted to detect SNPs for Pacific abalone Haliotis
discus hannai using classical alignment-based reference-required
strategy and k-mer-based reference-free strategy. The two
strategies were implemented using AquaGWAS combined with
upstream alignment-based [Bowtie2 (Langmead and Salzberg,
2012) SAMtools and BCFtools (Danecek et al., 2021)] and k-mer-
based [DISCOSNP (Uricaru et al., 2015)] pipelines. Based on 222
genomic resequencing data of Pacific abalones, the two strategies
detected 221,061 and 230,213 variants, respectively, with 180,161

common variants. The detected variants belonged to 2,048 and
2,068 genes, respectively, with 2,046 common gene resolutions.
The two strategies were highly consistent in both gene and
nucleotide resolutions. With MWR

(
Foot muscle weight

Wet weight

)
and SLW(

Shell length
Shell width

)
as traits, the two strategies captured four and five

common-associated SNPs using AquaGWAS. The two strategies
have clear advantages and limitations due to their basic principle
and have explicit complementation during the GWAS analysis.

MATERIALS AND METHODS

Data Acquisition of the Pacific Abalone
The Pacific abalone used in this study contained a total of 222
individuals randomly selected from 10 families (Peng et al., 2021).
Two growth-related traits (the ratio of foot muscle weight divided
by wet weight, MWR, and the ratio of shell length divided by
shell width, SLW) were measured and calculated after 2.5 years of
culture. The genotypic data were generated using whole-genome
sequencing (WGS) technology. Sequence reads for each sample
were quality controlled using an in-house Perl script with a total
of 2,408.162 Gb clean data remaining. The average sequencing
depth for each sample was 7.75×.

Framework of AquaGWAS
Currently, AquaGWAS integrates widely used GWAS tools
within a GUI on Linux to perform a complete GWAS analysis
pipeline for aquatic animals using various SNP files, vcf,
ped/map, tped/tfam, and bed/bim/fam as inputs. AquaGWAS
contains five functional modules: (1) GWAS; (2) linkage
disequilibrium (LD) decay analysis; (3) visualization with
principal component analysis (PCA), Manhattan plot, and
quantile-quantile (Q-Q) plot; (4) gene structural annotation; and
(5) gene functional annotation. After integrating the reference
sequences, structural annotation, and function annotation
information from 27 aquatic species, AquaGWAS can implement
the complete GWAS analysis for these aquatic species without
extra reference databases.

The framework of AquaGWAS is shown in Figure 1. The
input to AquaGWAS was phenotype data and SNP information
data. The SNP information data, generally containing genotype
and map, were compatible with the following commonly used file
formats: (1) vcf, (2) ped/map, (3) tped/tfam, and (4) bed/bim/fam.
Quality control (QC) was performed for SNP input files. The
optional files included covariate and kinship files, which would
be the additional information for GWAS analysis models and
postprocessing for gene structural or functional annotation,
respectively. The output included p-values of SNPs, Manhattan
plot, Q-Q plot, PCA plot, LD decay plot, and the following
structural annotations and functional annotations.

Implementation of AquaGWAS
The GWAS of AquaGWAS offered a linear model and a
regression model from PLINK (Purcell et al., 2007), a linear
mixed model (LMM, also called MLM) from GEMMA (Zhou
and Stephens, 2012), and an efficient mixed-model association
(EMMA) from EMMAX (Kang et al., 2010). Meanwhile, QC
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FIGURE 1 | The framework of AquaGWAS. AquaGWAS is compatible with several SNP information file formats, vcf, ped/map, tped/tfam, and bed/bim/fam. Several
widely used GWAS tools, preprocessing and postprocessing, visualizations, and structural and functional annotations are integrated seamlessly, and output textual
and visual analyzing results.

was achieved through PLINK. The PopLDdecay (Zhang et al.,
2018) and GCTA (Yang et al., 2011) were used for LD
decay analysis and PCA analysis of AquaGWAS, respectively.
Regarding the structural annotation, it was achieved using
Annovar (Wang et al., 2010). In addition, the gffread and
gtfToGenePred (Pertea and Pertea, 2020) helped to automatically
generate the input file of Annovar. Then, some custom functions
were used for functional annotation to extract the response
gene annotation information directly from the gene functional
annotation database file by gene ID.

The tools integrated by AquaGWAS, such as PLINK and
GEMMA, include multiple small functions. Additionally, some of
them might not be required for GWAS analysis. In AquaGWAS,
we only integrated the required function packages and offered the
corresponding parameter options in GUI. The fixed parameters
are predetermined in the code. For more flexible parameters and
options, we welcome more voices, and we will always update and
improve AquaGWAS according to the user’s feedback.

Alignment-Based Reference-Required
and k-mer-Based Reference-Free
Genome-Wide Association Study
Different from the plant and livestock, many aquatic animals do
not have genomic reference sequences or only have an incomplete
genomic sequence, which limits the accurate and complete
GWAS analysis for these species. Therefore, using Pacific
abalone as an example, we implemented classical alignment-
based reference-required GWAS (called alignment-based) and
k-mer-based reference-free GWAS (called k-mer-based) and
combined AquaGWAS with two different upstream strategies,
as shown in Figure 2. The alignment-based strategy refers to

the classical GWAS processing pipeline. It aligns the genomic
sequencing reads to reference genomic sequences using sequence
alignment tools, such as Bowtie (Langmead et al., 2009) or BWA
(Li and Durbin, 2009). The alignment results were then sorted
and filtered using SAMtools and BCFtools to call the candidate
genetic variants. The k-mer-based strategy was implemented
using DISCOSNP, which calls the candidate variants free from
the genomic reference sequence. DISCOSNP detects SNPs with a
k-mer comparison based on a de Bruijn graph. It is a directed
graph that contains all the k-mers present in the read dataset
as vertices, and all the possible (k− 1) overlaps between k-mers
as edges. Then, for each such couple of k-mers starting with
the same k − 1 length prefix, if both paths cannot be right
extended with the same nucleotide, the bubble was discarded, and
only isolated SNPs can be detected. Then, the detected k-mers
with SNPs were assembled into contigs, and the whole procedure
was free from the genomic reference sequence. The detail of
DISCOSNP can be found in the study by Uricaru et al. (2015).
The variants calling files from the above two strategies were input
into AquaGWAS for GWAS, with MWR and SLW as traits.

RESULTS

Functions of AquaGWAS
There are several functions for AquaGWAS. First, AquaGWAS
offers the thresholds to exclude individuals with too much
missing genotype data, SNPs with too small minor allele
frequency (MAF), and SNPs with too large missing genotype
rate. Users are free to select none/some/all these parameters, and
the parameters (window size, step length, and r2 threshold) for
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FIGURE 2 | The two different upstream strategies, namely, alignment-based reference-required and k-mer-based reference-free, combined AquaGWAS for
genome-wide association study (GWAS). The alignment-based strategy aligns the genomic sequencing reads to reference genomic sequences and then calls the
candidate genetic variants. Additionally, the k-mer-based strategy calls the candidate variants free from reference genomic sequence with a k-mer comparison
based on a de Bruijn graph. The variants calling files from the above two strategies are input into AquaGWAS for GWAS.

data filtering using linkage disequilibrium are also allowed to be
selected and set.

Second, PLINK, GEMMA, and EMMAX are integrated by
AquaGWAS for GWAS. Users can input single phenotype or
multiple phenotype files for association analysis, and the kinship
and covariates can be used as optional inputs to control false
positive analysis results. The analysis results are visualized
using the Manhattan plot and Q-Q plot. Users can also get
the results of population genetic diversity of samples and
linkage disequilibrium decay analysis, which are subsequently
implemented using GCTA and PopLDdecay, and then visualized
using PCA and LD plots.

Third, the process of annotation was divided into two
steps, structure annotation and function annotation. Among
these, the first step abstracted information of SNPs above the
threshold [–log (10–5) by default] from the vcf file and then
converted it into the file needed for gene structural and functional
annotation. Structural annotations offer exon regions such as
variant functions, types, amino acid changes, and all the genes
and positions of the mutations. Additionally, the functional
annotation is realized on the gene functional annotation database
of corresponding species.

Features of AquaGWAS
AquaGWAS is an easy and user-friendly software for analyzing
aquatic animals with non-commonly used reference genome
databases and rare information in public databases, which makes
it difficult for analyses by regular software and pipeline. Several
features of the AquaGWAS are as follows.

First, AquaGWAS is free from any installation and
environmental configuration, which offers the executable
file to be run directly.

Second, AquaGWAS offers a user-friendly GUI. To begin
with, encapsulating the entire tedious process, AquaGWAS
offers an intuitive parameter setting interface. Furthermore, in
AquaGWAS, users can switch among various tools smoothly and
seamlessly during the analysis process, free from complicated
file format conversions between interfaces, complicated
command lines with tedious running arguments, and file
folder switching.

Third, AquaGWAS automatically generate a command line
in HPC. For HPC users, jobs are required to submit with
command lines, where the direct running on the graphic
interface is not available. Therefore, AquaGWAS also offers GUI
automatic command-line generator on Windows so that users
can submit the job with the generated command line on Windows
conveniently.

Finally, AquaGWAS is compatible with various file formats.
Because different GWAS tools support various file formats,
AquaGWAS automatically converts the input file according to
the selected tool. For example, although EMMAX only supports
tped/tfam files, users can choose vcf, ped/map, or bed/bim/fam
in AquaGWAS for analysis using EMMAX through automatic
file format conversion. AquaGWAS also supports the automatic
loading of multiple files with the same prefix filename under
the same folder. For example, if the input file is of ped/map
or tped/tfam format, users can choose to input only ped or
tped file. AquaGWAS will automatically load the associated
map or tfam file under the same path with the same prefix
of the filename.

Meanwhile, because the AquaGWAS is a pipeline
that integrates the current widely used GWAS analyzing
tools, the upper limit of the amount of running
data is determined by the selected tool during the
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FIGURE 3 | The comparison of the results from the alignment-based and the k-mer-based strategies. (A) The Venn diagram of candidate variants from k-mer-based
and alignment-based strategies; (B) the Venn diagram of genes including variants from k-mer-based and alignment-based strategies; (C) the Manhattan plots for
MWR traits from common, alignment-based, and k-mer-based SNPs; (D) the Manhattan plots for SLW traits from common, alignment-based, and k-mer-based
SNPs.

AquaGWAS running and the hardware of the running
server.

Genome-Wide Association Study for
Pacific Abalone
The alignment-based and k-mer-based strategies were applied
for GWAS analysis of Pacific abalone using 222 genomic
resequencing data. Using Chromosome 1 as an example, the
alignment-based and k-mer-based methods detected 221,061 and
230,213 variants, respectively. To compare the results from the
two strategies, the contigs from the k-mer-based strategy were
aligned to the reference genome of the Pacific abalone, and
the corresponding position in Chromosome 1 was obtained.
Compared with the genetic variants from the alignment-based
method, 180,161 common variants were detected by the two
strategies, as shown in the Venn diagram in Figure 3A. The
50,052 variants detected by k-mer-based but missed from
alignment-based were partly caused by incomplete or inaccurate
genomic reference sequences. In contrast, the k-mer-based
method also missed 40,900 variants found by the alignment-
based method, which is probably caused by the structural insert

and delete due to the de Bruijn assembly errors caused by low
reads coverage, repeat sequences, and short overlaps. Considering
the genes corresponding to SNP, the intersection number of genes
detected by kmer-based (2048) and alignment-based (2068) is
2046, as shown in the Venn diagram in Figure 3B.

The variant calling files from the two strategies were
input into AquaGWAS. The k-mer-based method used
p− value ≤ 10−4 and p− value ≤ 10−9 to screen the
significant SNPs of MWR and SLW and obtained 10 and
6 significant SNPs, respectively. For the alignment-based
method, 11 and 8 significant SNPs were obtained by using
a p− value ≤ 10−4 and p− value ≤ 10−5 of MWR and
SLW. Using p− value ≤ 10−5, there are 4 and 5 common
SNPs associated with MWR and SLW traits detected by both
alignment-based and k-mer-based methods, which are shown
in Figures 3C,D. The detailed analysis results are presented in
Supplementary Table 1.

To compare the variants detected by two strategies elaborately,
the contigs, including variants detected by alignment-based
strategy and the k-mers detected by variants from the k-mer-
based strategy, are aligned to the genomic sequences of Pacific

Frontiers in Marine Science | www.frontiersin.org 5 February 2022 | Volume 9 | Article 841561

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-841561 February 10, 2022 Time: 15:59 # 6

Deng et al. GWAS Pipeline for Aquatic Animals

FIGURE 4 | The detailed comparison of genetic variants detected by the alignment-based and k-mer-based strategies. Both strategies detect the variant in the red
border. Furthermore, the variants in yellow borders are detected only by k-mer-based strategy. The variant and insertion in the green border are detected only by
alignment-based strategy.

abalone. Because a reference sequence is required, we only gave
the situations that both the k-mers and reads can be aligned to
the reference genomic sequences shown in Figure 4. The genomic
region from chromosome 1:21634620-21634760 is selected and
viewed on Integrative Genomics Viewer (IGV) (Robinson et al.,
2011). The variant in the red border is detected by both strategies.
Additionally, the variants in yellow borders are detected only
by k-mer-based strategy. The variant and insertion in the
green border are detected only by alignment-based strategy.
The two strategies emphasized different variant situations. After
tracing back to the original variant detection process, we found
k-mer-based method can capture variants missed by incomplete
or inaccurate reference genomic sequences. In contrast, an
alignment-based strategy can capture the insertion or deletion
having the baseline of genomic sequence. Therefore, the two
strategies have explicit complementation for GWAS analysis.

CONCLUSION AND DISCUSSION

The current integrated GWAS pipeline either includes only
specific limited steps or requires a complex prerequisite
environment and configurations. AquaGWAS offers GUI easy
running for stand-alone Linux servers and an automatic

command line generator for HPC or non-GUI servers.
AquaGWAS integrated complete GWAS pipeline from
preprocessing, multiple choice of GWAS models, postprocessing
to visualizations. Furthermore, AquaGWAS is highly friendly
to users of non-computational background, which is free from
installation, configurations, and complicated augments input.
AquaGWAS is compatible with various frequently used SNP file
formats and can be applied to several species, especially aquatic
animals. AquaGWAS offers whole packages of required reference
files for 27 common aquatic species to implement the express
aquaculture GWAS analysis without any extra reference inputs.

The experiment shows that the k-mer-based strategy can
capture the variants, which are missed because of the incomplete
or inaccurate reference genomic sequences. However, the k-mer-
based reference-free strategy also missed SNPs, which are found
by the classical reference-alignment strategy. The two strategies
have clear advantages and limitations due to their basic principle
and have explicit complementation during the GWAS analysis.

Our exploration not only offers an option to study
the genetic variants for non-model organism species, novel
species, or species without genomic reference sequence but
also provides a complementary framework for accurate and
complete GWAS analysis.
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