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Summary
The first release of UK Biobank whole-genome sequence data contains 150,119 genomes. We present an open-source pipeline for

filtering, phasing, and indexing these genomes on the cloud-based UK Biobank Research Analysis Platform. This pipeline makes it

possible to apply haplotype-basedmethods to UK Biobankwhole-genome sequence data. The pipeline uses BCFtools formarker filtering,

Beagle for genotype phasing, and Tabix for VCF indexing. We used the pipeline to phase 406 million single-nucleotide variants on chro-

mosomes 1–22 and X at a cost of £2,309. The maximum time required to process a chromosome was 2.6 days. In order to assess phase

accuracy, we modified the pipeline to exclude trio parents. We observed a switch error rate of 0.0016 on chromosome 20 in the White

British trio offspring. If we excludemarkers with nonmajor allele frequency< 0.1% after phasing, this switch error rate decreases by 80%

to 0.00032.
Genotype phasing is the inference of the two allele se-

quences that are inherited from an individual’s parents.

The UK Biobank has released whole-genome sequence

data for 150,119 genomes.1 Phasing large samples of ge-

nomes is computationally demanding, but it is desirable

because phased genotypes are the input data for many

powerful analyses.2–9

Analysis of UK Biobank sequence data is restricted to the

UK Biobank Research Analysis Platform that is hosted on

the Amazon Web Services (AWS) cloud.1 Analyses per-

formed in a compute cloud aremore complex than analyses

performed on a local compute cluster. Cloud-based analysis

pipelines must create virtual machines, install software on

the virtual machines, copy input files to the virtual ma-

chines, and copy output files to persistent storage.

Researchers must also determine an appropriate level of

quality control (QC) filtering for sequence data. Phase ac-

curacy decreases if there is inadequate QC filtering, but it

can also decrease if aggressive QC filtering discards too

many accurately genotyped markers. Choosing an appro-

priate QC filter often requires performing tests that mea-

sure phase accuracy for different levels of filtering.

In this paper we present an open-source pipeline for

phasing the 150,119 genomes in the first release of UK Bio-

bank whole-genome sequence data. The pipeline filters the

sequencedatawithBCFtools,10 phases thefiltered sequence

data with Beagle,11 and indexes the phased sequence data

with Tabix12 (see supplemental subjects and methods).

The pipeline is simple to use and produces reproduceable

results. One linux command downloads the pipeline soft-

ware and genetic maps. A second command uploads the

software and genetic maps to the UK Biobank Research

Analysis Platform. A third command filters, phases, and in-

dexes the sequence data for a chromosome.
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The pipeline paves the way for researchers to apply

haplotype-based methods to UK Biobank sequence data.

The pipeline can also serve as an exemplar for phasing

other large sequenced cohorts, such as the NIH All of Us

Research Program.13

We used the pipeline to phase 406 million single-nucle-

otide variants on chromosomes 1–22 and X at a cost of

£2,309, which is £0.0154 per genome (Table 1). The phased

SNVs have a mean density of 1 SNV per 7.5 base pairs. The

time for processing a chromosome ranged from 0.5 to

2.6 days. The total size of the bgzip-compressed output files

was 691 GB. The cost of storing the phased output files on

the UK Biobank Research Analysis platform is less than £10

per month.

The pipeline uses two types of virtualmachine instances:

spot instances and on-demand instances. Spot instances

are less expensive, but they can be terminated at any

time by the cloud provider. The pipeline uses spot in-

stances for short-running compute jobs. If a job running

on a spot instance fails due to spot instance termination,

the job is rerun on an on-demand instance. When we

applied our pipeline to chromosomes 1–22 and the X chro-

mosome, approximately 5% of the jobs running on spot

instances had to be rerun on on-demand instances. For

the worst-case scenario in which all spot instances are

terminated immediately before job completion, we

estimate that the cost of applying the pipeline to

chromosomes 1–22 and X would increase by approxi-

mately £1,200.

The pipeline’s QC filter excludes markers with AAScore

% 0.95, markers with R 5% missing data, and non-SNV

markers. ThisQCfilter produced thehighest genotypephase

accuracy in the filter tests described below. If one wishes to

include structural variants, the pipeline documentation
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Table 1. Cost of phasing 406,184,991 SNVs on chromosome 1–22 and X in 150,119 individuals

Task DNAnexus compute node Instance type Cost (GBP)

Orchestrate analysis mem2_ssd1_v2_x2 on-demand 39.18

Filter markers mem1_ssd1_v2_x72 spot 322.05

Catenate files mem1_hdd1_v2_x2 spot 1.00

Phase genotypes mem3_ssd1_v2_x96 on-demand 1,941.03

Index phased VCF mem1_ssd2_v2_x2 spot 5.67

Total 2,308.93

Each row describes a task, the type of DNAnexus compute node that was used, the instance type (spot or on-demand), and the cost in British pounds. See sup-
plemental subjects and methods for more information. Spot instance can be terminated at any time by the cloud provider. Compute jobs that failed due to spot
instance termination were automatically rerun on on-demand instances.
explains how to change the BCFtools10 filter expression to

include these variants. We present results below that show

the differences in number of markers and phase accuracy

when statistical phasing includes and excludes structural

variants.

The UK Biobank sequence data contain 41 parent-

offspring trios. We used the trio offspring to estimate

statistical phase accuracy for different QC filters. When

estimating statistical phase accuracy, we excluded trio par-

ents before statistical phasing, and we assumed that the

Mendelian phase in the offspring is the true genotype

phase. The Mendelian phase of a heterozygous genotype

is the phase determined by the parents’ genotypes and

Mendelian inheritance rules. If both parents are heterozy-

gous or if a parent has a missing genotype, Mendelian

phasing leaves the offspring heterozygote unphased.

A switch error occurs when a heterozygote is incorrectly

phased with respect to the preceding phased heterozygote.

A switch error can be a single switch error or a paired

switch error.14,15 A single switch error is not immediately

preceded or followed by another switch error. A paired

switch is immediately preceded or followed by another

switch error (Figure 1). We refer to two consecutive

paired switch errors as a double switch error. An isolated

double switch error can be considered to be one phase error

because a single heterozygote is incorrectly phased with

respect to the surrounding heterozygotes (Figure 1).14,15

A double switch error can arise when there is no informa-

tion available to infer a heterozygous genotype’s phase,

such as when gene conversion or mutation has introduced

an allele onto a new haplotypic background and only one

individual in the sample has inherited the introduced

allele.

We used chromosome 20 data to estimate phase accu-

racy, and we measured the statistical phase error rate using

three metrics: switch error rate, mean megabase (Mb) dis-

tance per single switch error, and mean Mb distance per

phase error, where a phase error is defined to be either a

single switch error or two consecutive paired switch errors

(Figure 1). The first metric (switch error rate) is the propor-

tion of pairs of consecutive phased heterozygotes that are

incorrectly phased. The secondmetric is themean distance

between single switch errors. Single switch errors are
162 The American Journal of Human Genetics 110, 161–165, January
particularly detrimental because any two heterozygotes

with an intervening single switch error will be incorrectly

phased in the absence of other phasing errors. The third

metric (mean Mb distance per phase errors) estimates the

mean length of genomic segments with perfect haplotype

phase. We exclude non-SNVs when measuring phase

accuracy. This ensures that the markers used to estimate

phase accuracy do not have overlapping positions on a

chromosome.

We performed four analyses that investigated the impact

of quality-control (QC) filters on phase accuracy. We used

these analyses to select the QC filter for our pipeline. For

these four analyses, we excluded markers with R5%

missing genotypes and we varied the minimum required

AAScore. The AAScore is an estimate of the probability

that a variant is a true positive.1 At least one non-reference

allele had to have an AAScore above a given threshold to

pass the AAScore filter.

More than 80% of the participants in the UK Biobank are

classified as White British based on principal component

analysis and self-report.16 The White British subset con-

tains 31 sequenced parent-offspring trios. Table 2 shows

chromosome 20 phase accuracy in the 31 White British

trio offspring. Phase accuracy increases as the AAScore in-

creases from 0.8 to 0.95, and there is a further increase in

phase accuracy if non-SNV markers are excluded. The last

two lines of Table 2 show that inclusion of structural vari-

ants increases the number of markers by 8.6% and reduces

phase accuracy by approximately 10%. Phase accuracy in

each analysis is estimated at the set of markers common

to all four analyses (SNVs with AAScore> 0.95). The results

in Table 2 show that QC filters should be applied before

statistical phasing because markers with lower-quality

genotypes can decrease phase accuracy at markers with

higher-quality genotypes. Our phasing pipeline applies

marker QC filters before statistical phasing.

When the input data for phasing are SNVs with

AAScore > 0.95, the mean distance between single switch

errors in the 31 White British trio offspring is 20.8 Mb,

and the mean distance between phase errors is 2.3 Mb

(Table 2). There are 10 additional sequenced trios that

contain at least one non-White British member. In these

additional trio offspring, themean distance between single
5, 2023



Figure 1. Single and paired switch errors
Each column of squares represents a true or estimated haplotype at
eight heterozygous genotypes. Tan and blue squares represent al-
leles inherited from the mother and father, respectively. The left
pair of columns shows the true haplotypes. A switch error is a het-
erozygote that is phased incorrectly with respect to the preceding
heterozygote. A single switch error is a switch error that is not
immediately precededor followedby another switch error. A paired
switch error is immediately preceded or followed by another
(paired) switch error. The two haplotypes in the middle pair of col-
umns have one single switch error since the fourth heterozygote is
incorrectly phasedwith respect to the preceding heterozygote. The
two haplotypes in the right pair of columns have two consecutive
paired switch errors since both the fourth and fifth heterozygotes
are incorrectly phased with respect to the preceding heterozygote.
This figure is based on a figure in Browning and Browning.15
switch errors is 1.9 Mb, and the mean distance between

phase errors of 0.54 Mb (Table S1). The phase accuracy in

the White British samples is much higher than in the

non-White British samples.

We performed another four analyses that assessed the

impact of allele-frequency filters on chromosome 20 phase

accuracy. The allele-frequency filters excluded markers

with nonmajor allele count less than 1, 3, 30, or 300. All

markers in the unphased data are polymorphic. Thus, the

filter that excludes markers with <1 nonmajor allele does

not exclude any markers. In each analysis, we applied the

pipeline’s QC filter and one of the allele-frequency filters,

then we excluded trio parents, and then we phased the

filtered data. We assessed phase accuracy at the set of

markers common to all analyses (SNVs having a nonmajor

allele count R 300). Assessing accuracy at these markers is

equivalent to applying an allele-frequency filter after

phasing that excludes markers with nonmajor allele count

less than 300.

Table 3 shows chromosome 20 phase accuracy for

each allele-frequency filter in the White British trio

offspring, and Table S2 shows chromosome 20 phase accu-

racy for each allele-frequency filter in the remaining 10 trio

offspring. These results show that filtering on allele fre-

quency before phasing with Beagle does not improve

phase accuracy at SNVs with nonmajor allele count

R300. For these data, allele frequency filters can be applied

after phasing to good effect.
The Americ
A comparison of the last row of Table 2 and the first row

of Table 3 shows that excluding markers with nonmajor

allele count less than 300 after phasing substantially im-

proves all three measures of phase accuracy in the White

British trio offspring. Excluding these markers decreases

the switch error rate by 80% (from 0.0016 to 0.00032), in-

creases the meanMb distance per single switch error by 6.9

Mb (from 20.8 to 27.7Mb), and increases themeanMb dis-

tance per phase error by a factor of 4.3 (from 2.3 to 9.8Mb).

Allele-frequency filtering trades a reduction in markers for

improved phase accuracy. Applying allele-frequency filters

after phasing, rather than before, allows analysts to choose

an allele-frequency filter that is most appropriate for a

specific downstream analysis. You could use a higher-fre-

quency threshold if you want to maximize the distance

between phase errors (e.g., when detecting identity by

descent segments). Alternatively, you could use a lower-fre-

quency threshold if the downstream analysis can tolerate a

shorter distance between phase errors and you are inter-

ested in lower-frequency variants (e.g., when detecting

variants influencing allele-specific expression).

Most of the improvement in phase accuracy from allele-

frequency filtering is due to a decrease in paired switch er-

rors. Excluding markers with nonmajor allele count less

than 300 reduced the mean number of paired switch errors

per White British trio offspring on chromosome 20 from

49.7 to 8.4. There is a smaller reduction in single switch er-

rors per offspring (from 3.1 to 2.3) because exclusion of

low-frequency markers after phasing eliminates a single

switch error only if all phased heterozygotes between a sin-

gle switch error and the preceding or succeeding single

switch error are excluded.

These measures of phase accuracy assume that the Men-

delian phase in trio offspring is the true phase. However,

genotype error creates both Mendelian phase errors and

spurious heterozygotes.15 The true switch error rate for

the White British samples at SNVs with nonmajor allele

countR300 could be significantly lower than the observed

switch error rate reported in Table 3.15

We anticipate that we will be able to phase much larger

data sets with Beagle. Beagle’s computation time andmem-

ory requirements scale linearly with sample size. Larger

data sets can be phased if Beagle’s memory requirements

are less than the computer’s available memory. Beagle’s

memory requirements are approximately proportional to

its sliding window length. By default, Beagle uses a 40

cM sliding window with 2 cM overlap. The window length

can be reduced with little loss of phase accuracy because

the 2 cM overlap ensures that the phase of each heterozy-

gote is informed by all markers within a 1 cM radius.

Reducing the window length can result in longer run times

because more windows are required to cover a chromo-

some and overlap regions are phased twice. However, if

the reduced window length is at least twice the overlap

length (i.e., >4 cM if using a 2 cM overlap), the overlap re-

gions are phased at most twice, and the increase in phasing

time is less than a factor of 2.
an Journal of Human Genetics 110, 161–165, January 5, 2023 163



Table 2. Effect of AAScore filtering on phase error rates in 31 White British trio offspring

AAScore Exclude non-SNVs Markers SER
Mb / single
switch error Mb / phase error

> 0.80 no 12,288,985 0.0021 8.8 1.7

> 0.90 no 11,307,099 0.0019 11.2 1.9

> 0.95 no 9,592,309 0.0017 18.4 2.1

> 0.95 yes 8,833,023 0.0016 20.8 2.3

After marker filtering, statistical phase was inferred in 150,041 UK Biobank participants who are not trio parents. Statistical phase accuracy was then calculated in
trio offspring for 8,833,023 chromosome 20 SNVs with AAScore > 0.95 under the assumption that the Mendelian phase is the true phase. For each analysis, the
table reports the AAScore threshold, the inclusion status of non-SNVs, the number of filtered markers, the switch error rate (SER), the mean Mb distance per single
switch error, and the mean Mb distance per phase error. A switch error is a heterozygote that is phased incorrectly with respect to the preceding heterozygote. A
single switch error is a switch error that is not immediately preceded or followed by another switch error. A phase error is a single switch error or two consecutive
switch errors.
The number of polymorphic sites increases with sample

size for sequence data, but the additional polymorphic

sites do not consume much additional memory because

the additional sites have low nonmajor allele frequency.

For low-frequency markers, Beagle stores in memory only

the indices of samples and haplotypes that carry each

nonmajor allele.

Beagle can phase the UK Biobank sequence data on a vir-

tual machine having 50% less memory than the virtual

machines used in our pipeline (384 GB instead of 768

GB). To confirm this, we used Beagle to phase all markers

on chromosome 1, including structural variants, that had

AAScore > 0.95 and < 5% missing genotypes. We ran

Beagle on a virtual machine with 384 GB of memory and

96 CPU cores, and we used a 30 cM sliding window length.

Based on this analysis, we estimate that Beagle could phase

more than 1 million individuals if we reduce the window

length by a factor of 4 (from 30 cM to 7.5 cM) and increase

the memory by a factor of 4 (from 384 GB to 1,536 GB).

Virtual machines with up to 1,952 GB of memory and

128 CPU cores are currently available on the Research

Analysis Platform.

Increasing the sample size from 150,000 individuals to 1

million individuals would increase pipeline run times. One

way to reduce these run times would be to divide each

chromosome into overlapping segments, phase the

chromosome segments in parallel, and then merge the

haplotype segments for each individual to obtain the chro-

mosome-wide phasing.
Table 3. Effect of allele frequency filtering on phase error rates in 31

Nonmajor alleles Markers SER

R 1 8,833,023 0.00032

R 3 3,784,979 0.00034

R 30 855,024 0.00034

R 300 318,273 0.00035

After marker QC and allele frequency filtering, statistical phase was inferred for c
parents. Statistical phase accuracy was then calculated in trio offspring for 318,273
that the Mendelian phase is the true phase. For each analysis, the table reports the
the switch error rate (SER), themeanMb distance per single switch error, and the m
incorrectly with respect to the preceding heterozygote. A single switch error is a sw
A phase error is a single switch error or two consecutive switch errors.
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Our estimate that data sets with 1 million genomes can

be phased is based on current methods and technology.

In the past, the arrival of larger data sets has spurred the

development of more efficient phasing methods.11,14,17

In addition, cloud providers have periodically introduced

new classes of virtual machines that have more memory

and CPU cores. We anticipate that future improvements

in methods and computational resources will allow re-

searchers to phase data sets with millions of genomes.

Larger sample sizes will make it possible to achieve even

lower phase error rates.15
Data and code availability

The pipeline and software for phasing the 150,019 sequenced UK

Biobank samples are available at https://github.com/browning-lab/

ukb-phasing/.
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.ajhg.2022.11.008.
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