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DNA sequencing

Samples were sequenced on the Illumina sequencing platform which underwent progressive

improvements during the course of the project (Genome Analyser II, HiSeq). As sequencing

capabilities evolved, read length was increased from 37 to 76 cycles of paired-end

sequencing per read. Sequencing libraries were prepared following the manufacturer’s

recommended protocol, except that genomic DNA was fragmented using Covaris Adaptive

Focused Acoustics rather than nebulisation. Where sufficient quantity of DNA in the sample

(typically > 1 ug) allowed, libraries were created without PCR amplification following a

previously described protocol (ref). All short read sequence data are deposited in the

European Nucleotide Archive (http://www.ebi.ac.uk/ena/data/search/?query=plasmodium).

Read mapping and coverage analysis

Reads mapping to the human reference genome were removed before all analyses, and the

remaining reads were mapped to the P. falciparum 3D7 v3 reference genome

(ftp://ftp.sanger.ac.uk/pub/project/pathogens/gff3/2016-07/Pfalciparum.genome.fasta.gz)

using bwa mem4 version 0.7.15 with default parameters.

Two of the steps in the pipeline (base quality score recalibration and variant quality score

recalibration) require a set of know variants. For both of these steps we used the PASS

variants from the Pf crosses project (http://www.malariagen.net/data/pf-crosses-1.0).

Various “bam improvement” steps were applied to the bwa outputs before further analyses.

The Picard (http://picard.sourceforge.net) tools CleanSam, FixMateInformation and

MarkDuplicates were successively applied to the bam files of each sample, using Picard

version 2.6.0. GATK base quality score recalibration was applied using default parameters,

and using the PASS variants from the Pf crosses 1.0 release as a set of known sites. All lanes

from each library were merged to create library-level bam files, and then all libraries for

each samples were merged to create sample-level bam files. The output of this stage was a

set of “improved” bam files, one for each sample.



Standard alignment metrics were generated for each sample using the bamstats utility from

samtools version 1.25. We also used GATK’s CallableLoci6 with default parameters to

determine the genomic positions callable in each sample.

Variant discovery and genotyping

We discovered potential SNPs and indels by running GATK’s HaplotypeCaller6 independently

across each of the sample-level bam files. The following GATK parameters were used:

--emitRefConfidence GVCF

--variant_index_type LINEAR

--variant_index_parameter 128000

--max_alternate_alleles 6

This resulted in the creation of “gvcf” files, one for each sample. We merged these for each

of the 16 reference sequences (14 chromosomes, 1 apicoplast and 1 mitochondria) using

GATK’s CombineGVCFs. Each of the 16 reference sequences was then genotyped using

GATK’s GenotypeGCVFs with --max_alternate_alleles 6

Variant filtering and annotation

SNPs and indels were filtered separately. For each class of variant, filtering was done in two

stages:

Each variant was assigned a quality score using GATK’s Variant Quality Score Recalibration

(VQSR). The tools VariantRecalibrator and ApplyRecalibration are used here.

Regions of the genome which we previously identified as being enriched for errors7 are

masked out.

VariantRecalibrator was run using the PASS variants from the Pf crosses 1.0 release as a

training set with a prior of 15.0. For SNPs we used the following parameters: -an QD -an FS -

an SOR -an DP --maxGaussians 8 --MQCapForLogitJitterTransform 70. For indels we used the

following parameters: -an QD -an DP -an SOR -an FS --maxGaussians 4 --

MQCapForLogitJitterTransform 70. ApplyRecalibration was then run to assign each variant a

quality score named VQSLOD. High values of VQSLOD indicate higher quality. Variants (both

SNPs and indels) with a VQSLOD score  0 were filtered out. As expected, the pass rate for

SNPs was higher for coding variants (66%) than for non-coding variants (47%).

For the release vcfs (available via www.malariagen.net/resource/25 ) variants were

annotated using a number of different methods. Functional annotations were applied using

snpEff8 version 4.1, with gene annotations downloaded from GeneDB9 at

ftp://ftp.sanger.ac.uk/pub/project/pathogens/gff3/2016-10/Pfalciparum.noseq.gff3.gz. The

following options were used with snpEff: -no-downstream -no-upstream –onlyProtein.

Genome regions were annotated using vcftools and masked if they were outside the core

genome. Variants in the apicoplast and mitochondrion were annotated Apicoplast and



Mitochondrion respectively and masked by adding these annotations to the FILTER column.

Subtelomeric regions in the 14 chromosomal sequences were identified by using the

classification used in the Pf crosses 1.0 release7. Variants in these subtelomeric regions were

annotated SubtelomericHypervariable or SubtelomericRepeat and masked by adding this

annotation to the FILTER column. The internal var genes regions were annotated as

InternalHypervariable and masked by adding this annotation to the FILTER column. The

centromeres were annotated as Centromere and masked by adding this annotation to the

FILTER column.

We removed 69 sample from lab studies to create the release VCF files which contain 7,113

samples. VCF files were converted to zarr format using scikit-allel v 1.1.8

(https://github.com/cggh/scikit-allel) and subsequent analyses performed using the zarr

files.

Genetic distance

We calculate genetic distance between samples using biallelic SNPs that pass filters. For

each SNP in each sample we calculate the non-reference allele frequency f as the proportion

of reads that carry the non-reference allele. For clonal samples f should be either 0 (for

homozygous reference allele calls) or 1 (for homozygous alternative allele calls). For samples

containing mixtures of different strains, we should expect fractional values of f for

heterozygous calls. f is set to 0 if there are < 2 or <5% alternative allele reads, and likewise to

1 if there are < 2 or <5% reference allele reads. We do not attempt to calculate f when there

were less than 5 reads in total. Genetic distance between sample 1 and 2 is calculated as

f1(1-f2) + f2(1-f1). For each sample pair we calculate the mean genetic distance across all SNPs

for which we have an estimate of f in each sample.

In addition to calculating genetic distance between all pairs of samples from the current data

set, we also calculated the genetic distance between each sample and the lab strains 3D7,

7G8, GB4, HB3 and Dd2 from the Pf3k project [ref]. For this analysis we restricted the SNP

set to those SNPs that were discovered in both projects.

Sample QC

We removed 69 lab samples from the genotype build and have released data on the

remaining 7,113 field samples. We created a final analysis set of 5,970 samples after

removing replicate, low coverage, expected mislabelled and mixed-species samples.

We calculated genome callability of each sample using GATK CallableLoci with a minimum

depth of 5. Where we had multiple samples from the same individual, we removed samples

with lower callability to leave a single sample for each individual in the final analysis set. This

removed 487 samples. A further 591 samples with callability <50% were also removed.

We suspected some samples labelled as field samples might in fact have contained DNA

from lab strains due to lab mishandlings. We compared mean genetic distance of each

sample to data on lab strains 3D7, 7G8, GB4, HB3 and Dd2 from the Pf3k project [ref].

Where this mean distance was < 2.5 x 10-4 we assumed that the sample contained DNA from



the matching lab strain and had been mislabelled. We removed sixteen samples that were

assumed to contain DNA lab strains (twelve Dd2, three 3D7 and one HB3).

We also identified samples as suspected mislabellings if they clustered by genetic distance

with samples from a different continent. We first identified nine samples for which the

majority of the eleven nearest neighbours were samples from a different continent. We

subsequently removed one further sample which clustered together with samples from a

different continent on visual inspection of a neighbour-joining tree (NJT) of all samples. NJTs

were produced using the R package ape.

Finally, we removed 41 samples from the analysis set that were identified as containing

mixed species. We note that many of these samples appeared as outliers on NJTs before

their removal. The final analysis set contained 5,970 QC pass samples.
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