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Abstract

Summary:

Linked-read sequencing technologies offering reads with both high base quality and long-range DNA con-
nectedness have shown great success in genomic studies. The mainstream platforms include 10x Ge-
nomics linked-read (10x), Single Tube Long Fragment Read (stLFR) and Transposase Enzyme-Linked
Long-read Sequencing (TELL-Seq). The existing data analysis pipelines, e.g., Long Ranger, have been
developed to process sequencing data from particular platforms and so are unable to fully utilize the unique
characteristics of other platforms; thus, users have limited tools to choose for downstream analysis. To
address these limitations, we present Linked-Read ToolKit (LRTK), a unified and versatile toolkit to process
linked-read sequencing data from different platforms. LRTK provides flexible functions to perform data sim-
ulation, format conversion, data preprocessing, barcode-aware read alignment, variant calling and phasing.
It also allows multi-sample batch processing and generates a HTML report with key statistics and plots. We
applied LRTK to the linked-read data of NA24385 obtained from all three platforms, where the results
showed the advancement of LRTK in structural variation recall rate for 10x linked-reads and in increasing
phase block N50 for 10x and stLFR linked-reads.

Availability: Source codes are available at https://github.com/ericcombiolab/LRTK. Anaconda supports the
installation of LRTK and its dependencies.

Contact: ericluzhang@hkbu.edu.hk

Supplementary information: Supplementary data are available at Bioinformatics online.

ued) and the newly developed stLFR (Wang et al., 2019) and TELL-Seq
(Chen et al., 2020), have been applied to many genomic studies. Some
pipelines have been developed to analyze the linked-read sequencing
data generated by these platforms. For example, Long Ranger (Zheng et
al., 2016) performs barcode-aware read alignment and implements mod-

1 Introduction

Linked-read sequencing provides data with high base quality and long-
range DNA connectedness and has shown significant advancement in
human genome and metagenome research (Eisenstein, 2015; Wang et al., ules for variant calling and phasing using 10x linked-reads. It requires
2019; Chen et al., 2020). It circumvents the lack of long-range DNA large storage to save intermediate outputs. Tell-Sort (Chen et al., 2020)
information by short-read sequencing; and the high error rates and large is a Docker-based pipeline to process raw TELL-Seq reads, and its
initial DNA load requirements of long-read sequencing (e.g., Oxford gy 06 codes are not publicly available. For SLFR (Wang et al., 2019), a
Nanopore and Pacific Bioscience). These advantages of linked-read customized pipeline has been devel oped to first convert its raw reads into
sequencing are valuable in dealing with some challenging cases of low- a 10x-compatible format, after which Long Ranger is applied for down-
input clinical samples, such as cancer tissues and infectious disease stream analysis. This pipeline commonly requires a lot of RAM, and its
samples. Further, the low cost of linked-read sequencing enables its data format conversion process is time consuming. There is a lack of a

application to large cohort studiies. unified and open-source toolkit that works compatibly with different
In the past decades, several commercially available linked-read sequenc- platforms.

ing platforms, such as 10x Genomics linked-read (10x; now discontin-
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Here, we present Linked-Read ToolKit (LRTK), a unified and versatile
toolkit to analyze linked-read sequencing data from any of the three
platforms. LRTK delivers a suite of utilities to perform data simulation,
format conversion, data preprocessing, barcode-aware read alignment,
quality control, variant detection and phasing. In particular, LRTK is
open-source and can generate a HTML report to calculate the key pa-
rameters for library preparation and summarize the quality statistics of
sequenced reads. We applied LRTK to analyze 10x linked-reads, stLFR
and TELL-Seq from NA24385 and found that LRTK outperformed Long
Ranger in structural variation (SV) detection recall rate for 10x linked-
reads and increased phase block N50 for 10x linked-reads and stLFR.
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Figure 1. (A) Overview of LRTK; (B) Quality matrices for different
platforms; (C) Performance of SNV and INDEL calls using FreeBayes;
(D) Phase block N50; (E) SV detection in 10x linked-reads. The detailed
descriptions are provided in Supplementary Figure 1 and Supplemen-
tary Notes.

2 Methods

LRTK integrates several widely used off-the-shelf tools and implements
utility scripts to facilitate linked-read analysis. It consists of two mod-
ules: (1) raw read analysis module that performs data simulation, format
conversion, data preprocessing, barcode-aware read alignment and quali-
ty control; and (2) variant analysis module that performs detection and
phasing of single nuclectide variations (SNVs), small insertions and
deletions (INDELSs) and SV's (Supplementary Figure 1 and Figure 1A).
The raw read analysis module converts the format of linked-reads from
any of the three platforms into a unified FASTQ format (Supplementary
Figure 2), which contains a new field “BX:Z:” to store 16 bp (10x
linked-reads), 18 bp (TELL-Seq) and 30 bp (stLFR) barcode sequences.
For 10x and stLFR linked-reads, the barcodes are compared to corre-
sponding barcode whitdlists to remove any potentia errors. Due to the
lack of a barcode whitdist for TELL-Seq, LRTK adopts the approach
described by Chen et al. (Chen et al., 2020) to correct the barcode errors.
For data preprocessing, LRTK adopts fastp (Chen et al., 2018) to re-
move low-quality reads and adapter contamination rapidly. We modified
EMA (Shajii et al., 2018) to perform barcode-aware read alignment and
make it compatible for the barcodes with various lengths. The duplicated
reads are marked using MarkDuplicates with the “BARCODE_TAG”
parameter in Picard (https://broadinstitute.github.io/picard/). LRTK also
supports linked-reads simulation from 10x and stLFR platforms.

The variant analysis module integrates six well-known variant callers
and three phasing tools to detect and phase SNVs, INDELs and SVs

(Supplementary Figure 1). Users can either run these functions inde-
pendently or use the “WGS’ command to run the whole pipeline in an
end-to-end manner, which has been optimized for multi-sample batch
analysis. LRTK can generate a standalone HTML report to show the key
statistics and essential plots for raw reads, read alignments, reconstructed
physical long fragments and genomic variants (Supplementary Figure
3). LRTK reconstructs long DNA fragments using the read coordinates
from alignments and cal culates several key statistics such as the number
of fragments per barcode, wei ghted/unwei ghted average fragment length,
and read depth per fragment (Supplementary Figure 4) (Zhang et al.,
2019). LRTK and its dependents are compatible and can be easily in-
stalled using Anaconda. The detailed user mannuals are added in the
Supplementary Notes.

3 Results

We used LRTK to analyze 10x linked-reads, stLFR and TELL-Seq of
NA24385 (Supplementary Table 1). We obtained 4.5 M, 38 M, and 41
M error-corrected barcodes for 10x linked-reads, stLFR and TELL-Seq,
respectively. Of these barcodes, 2.3 M, 13 M and 6.9 M barcodes were
digible to reconstruct long DNA fragments (Supplementary Table 2).
LRTK detected approxi mately 7.36, 1.22 and 3.09 fragments per barcode
and achieved an average fragment length of 50.19 kb, 62.28 kb and
80.04 kb for 10x linked-reads, stLFR and TELL-Seq, respectively (Fig-
ure 1B and Supplementary Table 3). We further evaluated the variants
detected by LRTK benchmarked with the gold standard from Genome in
a Bottle (Zook et al., 2020). LRTK (FreeBayes) achieved average recall
rates of 94% for SNVs and 73% for INDELs (Figure 1C and Supple-
mentary Table 4). We observed that nearly 98% (10x linked-reads),
96% (stLFR), and 95% (TELL-Seq) of the SNVs and INDELSs could be
phased by LRTK (HapCUT?2), suggesting that the linked-reads from the
three platforms had comparable variant phasing performance (Supple-
mentary Figure 5C). Compared to Long Ranger, LRTK increased phase
block N50 up to 26.1 Mb (Long Ranger: 4.9Mb) and 19.4 Mb for 10x
linked-reads and stLFR (Long Ranger: 7.4 Mb, Figure 1D). LRTK (Ag-
uila) outperformed Long Ranger with respect to the recall of SVs, espe-
cially the deletions (Aquila: 81%, Long Ranger: 47%) (Figure 1E).
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@ST-E00273:177:HMTTCCCXX:1:2110:11058:69133 BX: AACACCAGATGTTAG-1
AGTTGTTATGGGAAGATATTTCCTTTTTCAACATAGGCCTGAAAGCGCTCCAAATGTCCACTTCCAGATACTACAAAAGGAGTGATTCCAACCTGCTCTATGATAGGGAATGTTCAACT! GTCCT
§

KKKKKKFKKFFKKKKKKKKKKKKKKKK FKKKKKKKKKKKK AKKKKKKK F FKK FKKKKKKKKKKKKK FKKKKKKKKKKKKKKKK FKKKKKKKKKKKKFFKKK , F7KF , AAKAFKKFAFKFKKAAFKAK ,
@ST-E00273:177:HMTTCCCXX: 1:2209:28747:51184 BX:Z:AAACACCAGATGTTAG-1
CTGTAACTTAAACAAATTTACAAGAAACAACAGCAACAACAACAAAAACATTAAAAAGCAGACAAAAGACATGAACAGGTACTTTTCAACAGAAGACATACATGTGGCCAACAATCACATGAGCAAAA
+

KKKKKKKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKKKKKKKKKKKKAKKKKKKKKKKKKKKKKKKKKKKKKK KK FAKKKKKKK K KKKKKKKKKKKKKKKKKKKFFKF FFKKKKKKFAFK FKKKK
@ST-E00273:177 :HMTTCCCXX:1:2210:24261:62611 BX:Z:AAACACCAGATGTTAG-1
AAGAATGTGTATTAGTTTACTTGCGTTTTTCCCTATATAAATCATTGGCAATGAGAAATGATAAACTCATTCTGCCCAGTATTATGTGGGTGATCAATAATTAGTATTAGAAAACAACTTTACAGTGC

+
KKKKKKKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK K KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKKKKKKA
@ST-E00273:177:HMTTCCCXX:1:2210:25022:61292 BX: AACACCAGATGTTAG-1
ATGGATGAATGAATGCATGAACATATGGATGGATGGATAAGTGAATTGATGACTGGATGGATGGTTGAATGGATGGATAGATGAACGAATTGA AGGTGGATGGATGGATGAATAAATGAATGG
o
KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKKKKKKKKKKK FFKK AKK FFKKKKAKKKK FKFFKKKKKKKKFKKKK , <KFKK7FKFAAFAFKFA7AF7, AA<, AA<FKF
@ST-E00273:177:HMTTCCCXX:1:1101:11302:23425 B! AACACCAGATTCAAG-1

TCCATTCCATGATTATTCCATTGGAATCCATTCAGCGATGATTCCATATGAGT CAATCAATGATGATTCCATATGGGTCCGTTCGATGATAATTCCATTTGATTTCATTCGATGCTTCTATTCTATTC
+

KKKKKKKKKKKKKKKKKKKKKKKKKK FKKKKKKKKKKKKKKKKKKK FKKFKKK FKK FKKKKFKKKKKKKKKFK FKKK FFFFKAFKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKFKKFA | <FAA
@ST-E00273:177:HMTTCCCXX:1:1103:30837:64369 BX:Z:AAACACCAGATTCAAG-1
ATACTTATTGTTTTCTCTTAAGTTTATGATTGCCTCTATTTTTGCTTGTTGAGAAAGAAAATGCATGTCTTCTTCATTATGTTCCTCATATCTTCCAGTTTTCCACTCTTTGGTATGCATTCCATTCT
+

KKKKKKKKKKKKK7 FKA7 FFFK, FFKAFKKKKKKKKKFKFKFKKKAFAFKKKKKKKKKKKKKFK FKKKAKKAFKAKKKKKKFKFKKKK FKFKFKFFFKKFKK , AFFKKKKKKKKFKKKKKK7AFAA, ,
@ST-E00273:177:HMTTCCCXX:1:1104:20263:16481 B: : AAACACCAGATTCAAG-1
CATCTGCTCTTCTTTCCTTCTCAGAAAACCTTTTGATGTATGTGCGTGCATGTGCATAGGAGTGTGTGTGCATGAGCATGTACATAGTAGTATATTTTAAAAATTACTGTGAGAACTGTAATTAGCTA

¥
KKKKKKKKKKKKKKKK FKKKKKKKKKKKK KKKKKKKKK FKKKKKKKKKKKKKKKKKKKKKKKAF FKKKKKKKKKKK FKFFFKKKFKKKKKKKKKKKKKKKKKKKK FK<FKKKKKKK FKKKKKKKKKAK
@ST-E00273:177 :HMTTCCCXX: 106:17330:70188 BX:Z:AAACACCAGATTCAAG-1

TTGTAGGATGCTGAGGTTTGTGCTTCTAATAGTAAGCAGGCTGTCCTTTGTGAATAACAATCACAGATACAGACATCTTCAGACAGT TCAAGGCAAGTCGACTATGATCTCATCAGGGCAGTGGGCTT

§
KKKKKKKKKKKKKKKK , FFFKKKKKKKKK 7KKKKKKKKKKKKKKK FKKKKKK FKKKKKKKKKAKKKKKKKKKK <A F FKKKKKKKKKAFKKKAFKAF FKFKKKKKKKKKKKKKKKKKFKKK7 F , AAAKA
@ST-E00273:177:HMTTCCCX: 113:4208:55965 BX:Z:AAACACCAGATTCAAG-1
GGTCAGGGATGTTACCAGACATCCTATAATGCACAGGAAAACCCTCCCTGACCCACAATGAAACATTGTTAGCCCAAGTAATGCTGAGATTGAGAAACCCTGCTGTAAAGTGTGGATTTTTATCTTGA
+

KKKKKKKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKK KKKKKKKKKKKKKKKKKKKKKKK FK FFFKKKKKKKKKK<F7
@ST-E00273: 177 :HMTTCCCXX: 1:1206:12205:34201 B: :AAACACCAGATTCAAG-1
TTTAAATTAAGCTCTATGACTCTGTTAATCCTACAAATTTCTTGTTGTTCCCCGTGTCAATTAAGATGTTTTTGCCTGTAAGCCACAGAACATCCAACTAAAAATGAGGGAAATTTATTTCACATAAC
+

KKKKKKKKKKKKKKAKKKKKKKKKKKKKK KKKKKKKKKK FKKKF FKKKKKKK F A F<<KKKKKKKKKKK FKKKKKK K KKKKKKKKKKKKKKKK FKKKKKKKKKKKFFKKKKKKK 7<FKKKFKFKK77FA
@ST-E00273:177 :HMTTCCCXX:1:1210:5832:12156 BX:Z:AAACACCAGATTCAAG-1
CCACACTATCTCTATCACCACCACTGTCACCAGCATGTCTAGCACCACCACCACCATTACCACCATCATCACCACCGTCA CACACCACCATCACCACCGTGATTGTCACCACCACCATCTC

&
KKKKKKKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKKKKKKKKKKKKAK FKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK FFKKKFKKKKKK 7AAKKAFKFFFKFFKKKKKKF , FFKFA , <7A

ST-E00273:177 :HMTTCCCXX:1:1116:18568:72297 65 chrl EEEE) 14 1453%M chrd4 190204518
TTCCTCTTCTTGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCT  AAFFFKKFKKKFKKKKFKKKKKKKKKKKKKKKKKAKKKKKKKAFFKF FKKKA7
arkDuplicates RG:Z:NA12878-1846AF55 XG:f:0.96828 MI:i:49195812 NM:i:0 BX:Z:GTGCGACGTCCCTACT-1
ST-E00273:177 :HMTTCCCXX:1:1217:19268:73053 99 chrl 9999 0 103M 9999 103 CATAACCCTAA
CCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACC KKKKKKKKKKKKKKKKKKKKKKKKKKKKKK
AKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKF FKKK7 FKFKKKKFKF FKAFKK FFKAKKKF X, :chrl, +10005,103M,1; XF:i:1 PG:Z:Mark
Duplicates RG:Z:NA12878-1846AF55  XG: .0024337 MI:1:52639261 NM: BX:Z:TAGAAGAAGCCAACAG-1
ST-EQ0273:177:HMTTCCCXX:1:1210:6979:62312 97 chrl 9999 32 116M chrs 10005 © GATAACCCTAA
CCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTTACCCGAACCCAACCCC AAFAFFAKKKKKKK
KKKKFKF , F<FKFFKAFA7 FKKKKKFAFAAKFAKA<7FKKFF, , 7TAFFFKKKFA<F<KKKKFFK7FAKKFAAFAKF, AFAKKKKK, <, <F,<,A,F,7,,7, XF:i:0 PG:Z:Mark
Duplicates RG:Z:NA12878-1846AF55  XG:f:0.99938 MI:i:53203580 NM:i:3 BX:Z:TAGGGTTTCTCACATT-1
ST-EQ0273:177 :HMTTCCCXX:1:2224:12347:5089 163 chrl 9999 0 1lo9M42s = looos 138 CATAACCCTAA
(deqpriddg priddgpriddgpriddg priddgpiiddg pridey pridda priddg priddg pridaevidde pridde pridddeidde pridel prierieridde.iyidde yuiecr)
TGACAACAACCGTCACA AAAFFKKFKKKKKKKKKKKKKKKKKKKKKKKKKKKKFKKKKKKKKFKKFKA7FKKFKKKFFFKKFAFF<FAFAA, ,7,FF, A, FAFK,AKFA, 7<,F<,7,,,.,7
P T | SS———————— A (OO ¢ ' 74 o | | oo 1y (i o] b oW XF:i:1 PG:Z:MarkDuplicates RG:Z:NA12878
-1846AF55  XG:f:0.47531 MI:i:53366815 NM:i:3 BX:Z:TAGTTGGAGGACGTAC-1
ST-E00273:177 :HMTTCCCXX:1:1108:6035:33814 99 chri 9999 5 13567M2S = 9999 67 CGG
ACTGTCGCATGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCAG AAF FFKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK
KKKKKKKKKKKKKKKKKKKKKKKKF , FRKKKKKKKKKKKKKK , A XA:Z:chr2,+181275793,15567M,1; XF:i:1 PG:Z:MarkDuplicates RG:Z:NA12
878-1846AF55  XG:f:0.68525 MI: 6132793  NM:1:0 BX:Z:TCGAAACAGAACGCCA-1
ST-E00273:177 :HMTTCCCXX:1:2115:11820:2803 65 chrl 9999 0 145103M345 chrx 156030514 0
ACCTTTACACTCATGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCAAACCCCACCCCTAAC
CACAGCCCACACCCACCCCCCACCCCCCGCCCCAC AAFFFKKKKKKKKKKKKKKKKKKKKKKKKKAKKKKKKKFKKAKKKKKFFFKF , A<FKK7A7, FAT7FKAK77FFKF<F, , FFA7<F7
<7,,.FF7,F,F7F,7<FAK,7(((,.7,,A,,,.7,<,(,,7,,,((,<F7, A, (AC(,,(,( XA:Z:chr5,+11694,16591M2D10M34S,3; XF:1:0 PG:Z:MarkD
uplicates RG:Z:NA12878-1846AF55  XG:f:0.64452 MI:i:59118095 NM:i:3 BX:Z:TGAGCATAGACGCCCT-1
ST-E00273:177 :HMTTCCCXX:1:2202:6116:58075 1097 chrl 9999 0 13586M52S * ] <] CGG
AAAGTCTTCTGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCCCCAACCCCACCCCCCCAACCCTCACC
CCACCCCTCACCCTAACCCCACCCC AAFFFKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKAKKKKKAFFKKK , <FAKK , 7FFKK , AFFKKFA<F
FAA<((,A7,7,(((,7<(, 07,0 00.7,AC (<<(, (,,<A,,,7<<,,(,(, XA:Z:chr5,+11700,15585M51S,0; XF:i:1 PG:Z:MarkDuplicates RG:Z
:NA12878-1846AF55  XG:f:0.65534 MI:1:60645204 NM:1:0 BX:Z:TGCTATTAGGTCTGTT-1
ST-EQ0273:177 :HMTTCCCXX:1:2104:12581:10240 99 chrl 9999 40 13543M 9999 43 TTCTCAACAGT
CTGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACC AAFFFKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK XF:i:l
PG:Z:MarkDuplicates RG:Z:NA12878-1846AF55  XG:f:1 MI:1:66357267 i 1 Z:TTGTTGTAGCTATCTG-1
ST-E00273:177:HMTTCCCXX:1:1202:30797:32092 97 chrl 9999 5 14s70M chri2 10195 © TGGTTCCTCTT
CTTGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTA AAF FFKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK
KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK XA:Z:chrl,+10037,16S68M, Xz PG:Z:MarkDuplicates RG:Z:NA12878-1846
AF55  XG:f:0.69223 MI:i:67068505  NM: BX:Z:TTTGCTAAGGAGTGTC-1
ST-E00273:177 :HMTTCCCXX:1:2101:11403:60519 147 chri 9999 11 13549M = 9999 -49 GAC AAGGT
AGGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTATCCCTAACC  7KKKFFFA7A77FFAFKKKKKFKKKKKKFA<A<A , FKAKKKFKKKKF , AF7KF , KAKFAFAA  XF:i:1
PG:Z:MarkDuplicates RG:Z:NA12878-1846AF55  XG:f:0.97709 MI:1:39084628 NM:i:1 BX:Z:GAGTCCGAGAGCGAAA-1
ST-E00273:177 :HMTTCCCXX:1:1217:19268:73053 147 chrl 9999 0 103M = 9999 -103 CATAACCCTAA
CCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACC A, , <AKFT7F, AKKFKA7KKFAF<KFFFFAK
KKKKFKKKKKFKK FKAFKKKKKAKKKKKKKKKKKKKKKKKKKKKKKKKKKKKAKKKK FKKKKKKFKKKFFAAA XA:Z:chrl, -10005,103M,1; XF:i:1 PG:Z:Mark
Duplicates RG:Z:NA12878-1846AF55  XG:T:0.0024366 MI:i:52639261 NM:i:1 BX:Z:TAGAAGAAGCCAACAG-1
ST-E00273:177 :HMTTCCCXX:1:1108:6035:33814 147 chrl 9999 5 13567M2S = 9999 -67 CGG
ACTGTCGCATGATAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCAG A, , KKAKKK<FK<A7KAFKKKKFAKKKKKFKKKKKKKK
FKF<KKKKFAKKKKF FKKKKK FKKFFKKKKKKKKKKKKFFFA , A XA:Z:chr2,-181275793,15567M,1; XF:i:1 PG:Z:MarkDuplicates RG:Z:NA12
878-1846AF55  XG:f:0.68398 MI:i:56132793 NM:i:0 BX:Z:TCGAAACAGAACGCCA-1

Supplemental Figure 2. (A). lllustration of the unified FASTQ format. Each read contains
the barcode field “BX:Z:barcode” following the read id. The length of barcode sequence
are 16 bp, 30bp and 18bp for 10x, stLFR and TELL-Seq, respectively. (B). lllustration of
the barcode information in the alignment file. The barcode information is presented using
the “BX:Z:barcode” format in the optional filed of alignment files.
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