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Abstract

MAPGD (https://github.com/LynchLab/MAPGD) is a likelihood-based software for population genomics data
analysis. Here, we demonstrate a simple tutorial for using MAPGD to analyze Arabidopsis population data. We
estimated the allele and genotype frequencies, the average heterozygosity, relatedness, and other population
parameters. This pipeline could be applied to further plant population genomic studies.
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Background

MAPGD (Ackerman, 2016; Ackerman et al., 2022) is a series of related programs that estimate allele frequency,
heterozygosity, Hardy-Weinberg disequilibrium, linkage disequilibrium, and identity-by-descent coefficients from
population genomic data using a statistically rigorous maximum likelihood approach. The MAPGD software was
primarily designed for analysis of planktonic crustacean Daphnia populations (Lynch et al., 2017; Maruki et al.,
2019; Ye et al., 2019). It is most useful for the analysis of low coverage population genomic data or pooled data,
where many individuals are used to prepare a single sample (Lynch et al., 2014). Since its release, MAPGD has
been widely used in population genomic studies of various organisms, including the nematode Caenorhabditis
elegans (Adams et al., 2022), stickleback fish (Jeffries et al., 2022), and human gut microbiota (Shoemaker, 2022).
A benchmark study showed that MAPGD could outperform other single nucleotide polymorphism (SNP) callers
and has great potential in different applications (Guirao-Rico and Gonzalez, 2021). Here, we demonstrate the usage
of MAPGD in the analysis of a publicly available Arabidopsis population dataset (The 1001 Genomes Consortium,
2016). We show that MAPGD could be used for plant population genomic studies.

Software and datasets

Software

1.  SAMtools (Li et al., 2009; Li, 2011; Danecek et al., 2021; version 1.9; http://www.htslib.org/)

2. MAPGD (Lynch et al., 2014; Maruki and Lynch, 2014 and 2015; Ackerman et al., 2017 and 2022; version
0.4.40;  https:/github.com/LynchLab/MAPGD). The complete user manual is available at
https://github.com/LynchLab/MAPGD/tree/master/docs/man. Users may also find the software performance
testing results at https://github.com/LynchLab/genomics_simulation

3. R (R Core Team, 2022; 4.1.3, https://www.r-project.org/) for visualization

Input data

The sample bam files were downloaded from the Arabidopsis 1001 Genomes Project (The 1001 Genomes
Consortium, 2016). All five bam files used were from the “JGIHeazlewood2011” subset. The subset project page
is: https://1001genomes.org/projects/JGIHeazlewood2011/index.html.

Procedure

The analyses showcased here were performed on the Linux system.

A. Prerequisites
MAPGD depends on the standard GNU Scientific Library (GSL); if GSL is already installed on the system,
you should load the GSL module prior to the MAPGD installation. Commonly, pre-installed available modules
on high-performance computing clusters can be checked using “module avail.” For this demonstration, we are

using GSL version 2.6.

module load GSL/2.6-GCC-9.3.0

SAMtools will be used for bam file processing:

module load samtools/1.9
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B.

D.

Installation

Using MAPGD version 0.4.40 for this case study:

wget https://github.com/LynchlLab/MAPGD/archive/master.zip
unzip master.zip

cd MAPGD-master/

# To install software in your home directory

./configure --prefix=/home/directory

The configuration step will create “Makefiles” that are later used for software compilation. Once all the
configuration is done, the package can then be compiled using the standard commands:

make
make install

Check to see if the software has been successfully installed in the home directory:

cd
mapgd —help

Check usage of a certain command; in this case, the allele command:

mapgd allele -h

Copy useful scripts to home directory bin:

cd /where/MAPGD/was/downloaded/MAPGD-master/extras
cp sub_sample.py /home/directory/bin

Test dataset download

The example bam files were downloaded from the Arabidopsis 1001 Genomes Project subset
JGIHeazlewood2011 (The 1001 Genomes Consortium, 2016). Five Arabidopsis thaliana accessions were used,
namely Ri-0, Jea, Sakata, Oy-0, and Alc-0. The reads were mapped to the TAIR10 reference genome (Berardini
et al., 2015). The previously mapped results were used for subsequent analyses.

Data download command example:

wget https://1001lgenomes.org/data/JGI/JGIHeazlewood2011/releases/ \
current/TAIR10/strains/Alc-0/Alc-0.bam --no-check-certificate

Population analysis using MAPGD

1. Sort and filter bam files using SAMtools (http://www.htslib.org/doc/samtools.html). Unmapped reads,
PCR duplicates, reads failed QC, and supplementary alignments that are not primary alignments were
removed (SAM flag 3844). Create a .mpileup file using SAMtools.

samtools sort -o <file>.sort.bam <file>.bam

samtools view -g 20 -f 3 -F 3844 -b <file>.sort.bam \
> <file>.filtered.sort.bam

samtools index <file>.filtered.sort.bam

# Create header file
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samtools view -H <file>.filtered.sort.bam > Arabidopsis.header

# Generate mpileup file

samtools mpileup -q 25 -Q 25 -B <filel>.filtered.sort.bam \
<file2>.filtered.sort.bam <file3>.filtered.sort.bam \
<file4d>.filtered.sort.bam <fileb5>.filtered.sort.bam >

Arabidopsis.mpileup

Make a .pro file of nucleotide-read quartets (counts of A, C, G, and T) from the .mpileup file.

mapgd proview -i Arabidopsis.mpileup -H Arabidopsis.header \
> Arabidopsis.pro

Run the allele command to estimate allele and genotype frequencies from the .pro file.

mapgd allele -i Arabidopsis.pro -o Arabidopsis -p Arabidopsis.clean

The output will be Arabidopsis.map, which contains a list of estimated genotypic frequency. Test
statistics for polymorphism and Hardy-Weinberg disequilibrium, as well as sequencing error rate and
population depth of coverage, are also stored in the .map file.

Extract the coverage information from Arabidopsis.map and filter the data based on the population
coverage distribution using the filter command, with log-likelihood ratio of polymorphism greater than 20
(-p 20), minor allele frequency between 0.05 and 0.45 (-q 0.05 -Q 0.45), and the population coverage
between 10 and 250 (-c 10 -C 250).

awk '{print $6}' Arabidopsis.map > Arabidopsis_ coverage.txt

The minimum and maximum coverage cutoffs are determined by the coverage distribution (Figure 1).
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Figure 1. Histogram of the population coverage for all SNPs

mapgd filter -i Arabidopsis.map -p 20 -g 0.05 -Q 0.45 -c 10 -C 250 \
-o filtered Arabidopsis

# -p: minimum value of the likelihood-ratio statistic for polymorphism
# —-gq: minimum minor-allele frequency estimate

# -Q: maximum minor-allele frequency estimate

# -c: minimum population coverage
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# -C: maximum population coverage

5. Run the genotype command to generate a file of genotype likelihoods.

mapgd genotype -p Arabidopsis.clean.pro -m filtered Arabidopsis.map \
> Arabidopsis.genotype

6. For large datasets, the relatedness calculation will take longer. Users could subsample a group of SNPs
using sub_sample.py, which will randomly sample N number of SNPs, with N being a user-defined number.

sub_sample.py F Arabidopsis.genotype -N 200000 \
> 200K_F Arabidopsis.genotype

7. Run the relatedness command.

mapgd relatedness -i Arabidopsis.genotype -o Arabidopsis.rel

Data analysis

Result interpretation

The .map files contain a list of estimated genotypic frequency obtained with the allele command. These files store
test statistics for polymorphism and Hardy-Weinberg disequilibrium, as well as useful statistics filtering variants,
such as sequencing error rate and population depth of coverage (Figure 2). From the .map file, to extract and examine
heterozygosity and allele frequency:

awk '{print $1, $2, $7, $16}' filtered Arabidopsis.map > Arabidopsis_ stats.txt
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Figure 2. Average heterozygosity across every 100 kb window on chromosome 1
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The output of the relatedness command contains the seven genotypic correlation coefficients for all pairs of
individuals and some log likelihood ratio test statistics, as described in Ackerman et al. (2017). However, the current
version of MAPGD might incur errors when running the relatedness command. Stable results are pending until the
next software release on https:/github.com/LynchLab/MAPGD. Users may also find example output figures and
software performance testing figures at https://github.com/LynchLab/genomics_simulation/tree/master/figures.
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