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Abstract

Objectives Homopolymer (HP) sequencing is error-prone in next-generation sequencing (NGS) assays, and may
induce false insertion/deletions and substitutions. This study aimed to evaluate the performance of dichromatic and
tetrachromatic fluorogenic NGS platforms when sequencing homopolymeric regions.

Results A HP-containing plasmid was constructed and diluted to serial frequencies (3%, 10%, 30%, 60%) to
determine the performance of an MGISEQ-2000, MGISEQ-200, and NextSeq 2000 in HP sequencing. An evident
negative correlation was observed between the detected frequencies of four nucleotide HPs and the HP length.
Significantly decreased rates (P<0.01) were found in all 8-mer HPs in all three NGS systems at all four expected
frequencies, except in the NextSeq 2000 at 3%. With the application of a unique molecular identifier (UMI) pipeline,
there were no differences between the detected frequencies of any HPs and the expected frequencies, except

for poly-G 8-mers using the MGl 200 platform. UMIs improved the performance of all three NGS platforms in HP
sequencing.

Conclusions We first constructed an HP-containing plasmid based on an £GFR gene backbone to evaluate the
performance of NGS platforms when sequencing homopolymeric regions. A highly comparable performance was
observed between the MGISEQ-2000 and NextSeq 2000, and introducing UMIs is a promising approach to improve
the performance of NGS platforms in sequencing homopolymeric regions.
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Background

With the rapid development of sequencing platforms
and bioinformatic algorithms, next-generation sequenc-
ing (NGS) technologies have been widely used in various
areas of clinical practice, which drives the fast progres-
sion of “personalized” medicine, especially in precision
oncology [1-4]. One of the greatest technical challenges
of NGS is accurately detecting high-complexity regions,
such as repetitive DNA sequences. DNA homopolymer
(HP) tracts, also known as mononucleotide microsatel-
lites, are sequences consisting of a series of consecutive
identical bases, such as poly(dA).poly(dT) and poly(dG).
poly(dC), which are the simplest of the simple sequence
repeats in the genome [5]. HPs are present in all
genomes, and there are probably 1.43 million HPs in
the human genome, most of which are short sequence
lengths (4 mers<N<6 mers). In the human genome,
poly(dA).poly(dT) HP tracts are overrepresented in com-
parison to poly(dG).poly(dC) tracts [5, 6]. Inaccuracies
in detecting the HP regions often lead to the inaccurate
detection of genomic variations. HP errors are prone to
length change mutations, such as insertion and deletion
mutations (indels) [7-9].

Multiple factors may impact the accurate identifica-
tion of homopolymeric regions, including the underly-
ing principle, sequencing chemistry, and fluorescent
labeling approach of sequencing platforms; the length
and nucleotide type of the homopolymeric regions; and
the relative position of the homopolymeric region in
the genome. Relatively high error rates of HP sequenc-
ing have been reported with certain sequencing plat-
forms, such as in pyrosequencing and ion semiconductor
sequencing platforms [10, 11]. It has been reported that
the average correct genotyping results were 95.8%, 87.4%,
and 72.1% for 4-mer, 5-mer, and 6-mer HPs using pyro-
sequencing platforms, and the accuracy decreased as the
HP length gradually increased [10]. In a clinical setting,
the analytical validity of the designed approach based on
pyrosequencing was acceptable for 4- to 6-mer HPs, but
not for 7-mers and beyond [10]. Several bioinformatic
algorithms for correcting the HP sequencing errors or
separating artifact variations caused by HPs from true
genetic variations have been developed [11-13], and
they can significantly improve the detection accuracy of
pyrosequencing and ion semiconductor sequencing plat-
forms when sequencing homopolymeric regions. Homo-
polymer sequencing errors seem to be overcome by the
unique sequencing technologies used in the Illumina
NGS platforms. However, high insertion/deletion errors
caused by HPs were observed with the GS Junior (Roche),
GS FLX+ (Roche), and PGM (Thermo Fisher) systems,
and high substitution errors induced by HPs were found
with Illumina NGS systems (MiSeq and HiSeq) [14]. It
is still very important to determine the capability of the
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NGS system to accurately and stably detect HP regions
before using the corresponding NGS system in routine
clinical practice. To date, no empirical research has been
reported to compare and evaluate the capability of HP
region detection between different NGS platforms in
clinical settings using the same dataset.

Here, a comprehensive empirical study was conducted
to compare and evaluate the performance of different
NGS platforms in HP sequencing. A synthesis plasmid
consisting of 2- to 8-mer HPs of all four nucleotides was
used to assess performance of the NextSeq 2000 (dichro-
matic fluorogenic platform), MGISEQ-200 (dichromatic
fluorogenic platform), and MGISEQ-2000 (tetrachro-
matic fluorogenic platform) for HP sequencing.

Results

Description of the constructed template plasmid

The structure of the constructed HP-containing plas-
mid, a pUC57-homopolymer plasmid, is elaborated
in Fig. 1. The total length of the target sequence was
7,817 bp, including the entire EGFR 4—22 exon regions
and *150 bp intron regions of each exon. The exact
sequence of the designed target sequence was showed
in the supplementary material. The 2-mer HPs (AA, CC,
GG, TT) were inserted in exons 4, 5, 6, and 7, respec-
tively; 4-mer HPs (AAAA, CCCC, GGGG, TTTT) were
inserted in exons 8, 9, 10, and 11, respectively; 6-mer
HPs (AAAAAA, CCCCCC, GGGGGG, TTTTTT) were
inserted in exons 12, 13, 14, and 15, respectively; and
8-mer HPs (AAAAAAAA, CCCCCCCC, GGGGGGG
G, TTTTTTTT) were inserted in exons 17, 19, 21, and
22, respectively. There were no HPs inserted into exon 16
because of its short length (39 bp). The wild-type G719 in
exon 18 was used as an internal reference for the quan-
tification of the constructed plasmid. The constructed
hotspot mutation T790M in exon 20 was used as the
internal reference during sequencing.

Performance of MGl and Illumina platforms in
homopolymer sequencing

The identical libraries of 48 HP-containing plasmids with
four theoretical frequencies (3%, 10%, 30%, 60%) were
sequenced using the three NGS platforms. The sequenc-
ing data were analyzed using a bioinformatic pipeline
without unique molecular identifier (UMI). There were
discrepancies but no statistics significant differences in
the detected variant allele frequencies (VAFs) of T790M
by all three NGS platforms at all four theoretical frequen-
cies (Table 1, Table S1). Thus, the corresponding detected
VAFs of T790M in each plasmid were used as the actual
expected frequencies of HPs to minimum variations from
sequencing. The average detected frequencies of HPs,
according to nucleotides and length of HPs, are shown
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Fig. 1 Visualization of the structure of the pUC57-homopolymer plasmid
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Table 1 The average detected VAFs of T790M in the HP-containing plasmid by three NGS platforms at four theoretical frequencies

Platforms 3% 10% 30% 60%

Without UMI With UMI Without UMI With UMI Without UMI With UMI Without UMI With UMI
NextSeq 2000 3.80% 4.20% 10.65% 10.69% 27.28% 27.74% 55.14% 56.77%
MGISEQ-200 3.78% 3.99% 9.22% 10.05% 24.56% 26.38% 52.86% 55.78%
MGISEQ-2000 3.94% 4.13% 9.70% 10.43% 25.39% 27.14% 53.43% 56.24%

in Fig. 2. The average detected frequency of each HP was
compared to the corresponding detected VAF of T790M.

The detected frequencies of the four-nucleotide HPs
decreased as the length of the HPs increased in all three
NGS platforms at all four theoretical frequencies. While,
incorrect base calling (mainly incorrect length) ratios
in the homopolymeric regions were increased as the
homopolymer length increased (Figure S1). Significantly
decreased rates (P<0.01) were found for all the 8-mer
HPs in all three NGS systems at all four theoretical fre-
quencies, except for the NextSeq 2000 at 3% (Fig. 2),
and the MGISEQ-200 platform that demonstrated

dramatically decreased rates of poly-G 8-mers (Fig. 3,
Figure S2-O, S3-O, S4-O, S5-O). With the NextSeq
2000, significantly decreased rates (P<0.01) were found
for poly-A 6-mers at 30% (Fig. 2-A3), and for poly-A
6-mers and poly-T 6-mers at 60% (Fig. 2-A4) theoreti-
cal frequencies. Meanwhile, significantly decreased rates
(P<0.01) were observed in poly-C 6-mers at 30% and
60% theoretical frequencies in MGISEQ-200 platform
(Fig. 2-B3, 2-B4), and in poly-C 6-mers at 10%, 30% and
60% theoretical frequencies (Fig. 2-C2, 2-C3, 2-C4), poly-
T 6-mers at 60% theoretical frequency (Fig. 2-C4) in
MGISEQ-2000 platform. The detected frequencies of all
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Fig. 2 The detected frequencies of homopolymers according to nucleotides and length. The detected variant allele frequencies of T790M were used as
the real expected frequencies of HPs. Var (%) represents the detected frequencies of T790M and HPs.**: P<0.01; ***: P<0.001; ****. P<0.0001

homopolymers were similar to the theoretical frequen-
cies in the MGISEQ-2000, and MGISEQ-200 platforms,
except for the poly-G 8-mers of MGISEQ-200; There
were some discordance between MGISEQ-200 and Next-
Seq 2000 platforms for many of the HP sequence (Fig. 3,
Figure S2-5). Our results demonstrated a highly compa-
rable performance between the MGISEQ-2000 and Next-
Seq 2000 for HP sequencing.

Unique molecular identifiers improve the performance of
all NGS platforms when sequencing homopolymers

The same sequencing data were analyzed using a UMI
tools embedded bioinformatic pipeline. With the appli-
cation of the UMI pipeline, there were no differences
between the detected frequencies of any HPs and the
real expected frequencies (the detected VAF of the

corresponding T790M in the same sample), except for
the poly-G 8-mers using the MGISEQ-200 platform
(Fig. 4). UMIs improved the performance of all three
NGS platforms in HP sequencing.

The detected frequencies of each HP and the cor-
responding T790M in the same sample using the UMI
pipeline were compared to those without using the UMI
pipeline (Fig. 5). For T790M, there were no differences
with or without the UMI pipeline at all four expected fre-
quencies using all three NGS platforms. Significant dif-
ferences (P<0.01) were observed for 8-mer HPs at a 3%
theoretical frequency (Fig. 5-A1), 6-mer and 8-mer HPs
at a 10% theoretical frequency (Fig. 5-A2), and 2-mer,
4-mer, 6-mer, and 8-mer HPs at 30% and 60% theoretical
frequencies (Fig. 5-A3, A4) in the NextSeq 2000 platform.
Significant differences were found for all 2-mer, 4-mer,
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Fig. 3 Performance comparison of three NGS platforms for homopolymer sequencing. %= ( detected frequency of HPs- detected frequency of T790M)/

detected frequency of T790M x100%

6-mer, and 8-mer HPs at all four theoretical frequencies
using the MGISEQ-2000 and MGISEQ-200 platforms,
except for 2-mers at 3% with the MGISEQ-200 (Fig. 5-
B1-4; Fig. 5-C1-4).

Discussion

Various short-read sequencing systems, such as Illumina,
Ion Torrent, and MGI NGS platforms, have been intro-
duced and are widely used in basic research and clinical
fields. Several previous studies demonstrated that NGS
platforms had platform-specific sequencing errors [14—
16]. Some sequence-specific errors have been discovered
and corrected, such as the accumulation of T fluoro-
phores [17] in Illumina sequencing systems, software to
correct this error was then developed [18]. HP sequenc-
ing is error-prone and liable to increase insertion/dele-
tion errors and Ns. High error rates in HP regions were
found with Ion Torrent platforms and Roche NGS

systems [14, 19], and the Ion Torrent could not identify
the correct number of bases in HPs greater than 8 bp
[20]. lumina NGS platforms were relatively more accu-
rate when detecting HPs, due to their sequencing chem-
istry and technology. However, dramatically higher error
rates of reads containing long HPs (>8 bp), especially
reads with long G/C HPs, were observed with the Illu-
mina MiSeq and HiSeq platforms [14]. The performance
of NGS platforms is improving with the rapid progress of
sequencing techniques developed by various companies
and institutes in recent years.

Nlumina NGS platforms are the most popular NGS
systems globally for their high throughput and accuracy.
In recent years, a series of NGS platforms, such as the
MGISEQ-200 and MGISEQ-2000, have been launched
by MGI and are widely used in mainland China. Sev-
eral studies demonstrated the high consistency between
MGI and Illumina sequencing platforms in various
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Fig. 4 Unique molecular identifiers improve the performance of NGS platforms in homopolymer sequencing. Var (%) represents the detected frequen-

cies of T790M and HPs. **: P<0.01; ****: P<0.0001

applications, such as target capture sequencing [21],
whole-genome sequencing [22], whole-exome sequenc-
ing [23], transcriptome sequencing [24], and DNA meth-
ylation [25]. In this study, we compared the performance
of the MGISEQ-2000, MGISEQ-200, and NextSeq 2000
for sequencing HP regions. Differences among the three
sequencing platforms include sequencing approaches
and distinct fluorescent labels. Both MGISEQ-2000 and
MGISEQ-200 employ sequencing based on DNA nano-
ball (DNB) and probe-anchor synthesis (cPAS) tech-
nology [21]. NextSeq 2000 is based on sequencing by
synthesis with a fluorescent labeled reversible termi-
nator technology. Homopolymers sequencing error is
reduced by this technique due to incorporation of single
base at a time, as for addition of another base termina-
tor needs to be removed first. However, prior to sequenc-
ing, NextSeq 2000 uses bridge PCR technology to clonal
amplified (cluster generation) of DNA libraries, which
have a cumulative effect on sequencing errors to lead to
sequence-specific errors patterns. While, MGISEQ-2000
and MGISQ-200 achieve single-molecule template
amplification by DNB circularization amplification. Four-
channel sequencing system is used in MGISEQ-2000,

wherein each nucleotide is labeled with a distinct fluo-
rescent dye and detected by an individual image. While,
the MGISEQ-200 and NextSeq 2000 are two-channel
sequencing system, which utilize two-color fluorescent
labeling to determine all four nucleotides: one label for C,
another label for T, both labels for A, and no label for G.
The differences between MGISEQ-200 and NextSeq 2000
sequencing techniques include the fluorescent dyes. The
MGISEQ-200 utilizes a red fluorescent dye label for C
and green for T, while blue is used for C and green for T
in the NextSeq 2000.

In order to assess the performance of these two-
channel and four-channel NGS sequencing systems for
sequencing homopolymeric regions, we first constructed
an HP-containing plasmid based on the EGFR backbone
(Fig. 1). This plasmid contained the most common HPs
(2-mer to 8-mer) observed in clinical practice. The plas-
mid was diluted by 12 different EGFR wildtype genes to
four expected frequencies, as described in the template
preparation, to maximally simulate real-world samples.
An obvious negative correlation was observed between
reliability and HP length in all NGS platforms. We found
that all three NGS systems were less reliable in the case
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of 8-mer HPs. MGI platforms demonstrated decreased
reliability with 6-mer G/C HPs. Decreased reliabil-
ity was observed with 6-mer A/T HPs in the NextSeq
2000 system, which was different than the MiSeq and
HiSeq platforms [14]. This may be caused by the dif-
ferent fluorescent labeling approaches. Similar to the
MGISEQ-2000, MiSeq and HiSeq platforms are four-
channel sequencing systems.

Some strategies have been developed to correct or
mitigate the sequencing errors induced by HPs in the ion
semiconductor sequencing platforms [11, 12] and Roche
NGS systems [19, 26, 27]. However, there are fewer
strategies for other NGS platforms. UMI is a promising
approach to handle errors generated during sequencing.
UMIs, short random oligonucleotides, can be incorpo-
rated into template DNA molecules during an initial PCR
[28] or prior to PCR [29], allowing PCR amplification
and sequencing errors to be identified and corrected by a
bioinformatics pipeline. UMIs, which can improve accu-
racy and sensitivity, are widely used in liquid biopsies for
sensitive detection of circulating tumor DNA by deep
sequencing [30-32] and in other fields, such as forensic
genotyping [33] and immune repertoire sequencing [34].
Our study showed that UMIs improved the performance
of the MGISEQ-2000, MGISEQ-200, and NextSeq 2000

for sequencing HP regions. Introducing UMIs in routine
NGS testing is a good approach for improving the accu-
racy of NGS platforms in HP regions.

Conclusions

In this study, we first constructed an HP-containing plas-
mid based on an EGFR gene backbone, which contained
2-mer, 4-mer, 6-mer, and 8-mer of all four nucleotide
HPs, to evaluate the performance of MGISEQ-2000,
MGISEQ-200, and NextSeq 2000 platforms when
sequencing homopolymeric regions. Our results showed
that a highly comparable performance was observed
between the MGISEQ-2000 and NextSeq 2000, and
UMISs significantly improved the performance of all three
evaluated platforms when sequencing homopolymeric
regions.

Materials and methods

Homopolymer-containing plasmid design and
construction

Based on the backbone of the EGFR gene, we designed
the target sequence consisting of 2-mer, 4-mer, 6-mer,
and 8-mer HPs of all four nucleotides (A, G, C, T). We
directly inserted the sequences of all the 2-mer, 4-mer,
6-mer and 8-mer HPs of all four nucleotides into the
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designated regions of EGFR reference sequence to gener-
ate the target sequence. Noteworthy, there was one muta-
tion site, T790M, in the target sequence (Fig. 1). Then,
the target sequence was synthesized by Sangon Biotech
(Shanghai, China). The synthetic target sequence with 2-
to 8-mer HPs of all four nucleotides was assembled into a
pUC57 vector to form a new plasmid, which was used as
a template for the following experiments.

Template preparation

The constructed, HP-containing plasmid was linearized
by Ndel restriction endonuclease (NEB, MA, USA). In
order to maximize the simulation of real-world samples,
the linearized plasmid DNA and the healthy volunteers
DNA were detected and quantified by digital PCR. The
statuses of G719 and T790 in the EGFR gene of DNA
from the healthy volunteers were confirmed using digital
PCR to ensure the EGFR wild-type. The copy numbers of
the EGFR gene in the linearized plasmid and healthy vol-
unteer DNA were quantified using the digital PCR based
on the EGFR wild-type G719 DNA fragment. The linear-
ized plasmid DNA was serially diluted with EGFR wild-
type DNA from 12 healthy volunteers to generate 3%,
10%, 30%, and 60% variant allele frequency (VAF) HP-
containing templates based on the copy numbers. A total
of 48 HP-containing templates with expected HP VAFs
were generated for subsequent NGS sequencing. This
study was carried out following The Code of Ethics of
the World Medical Association (Declaration of Helsinki)
for experiments involving humans and it was approved
by the Ethics Committee of Jinshan hospital (No. JIEC
2022-S27). Written informed consent following approved
guidelines was obtained from each participant.

Library construction and sequencing

A total of 50 ng of HP-containing template DNA was
used for pre-capture library preparation with a Rapid
MaxDNA Lib Prep kit (ABclonal Technology, Wuhan,
China) through the following sequential steps: ultrasonic
fragmentation, end repair and A-tailing, ligation and low-
cycle amplification. In detail, a total of 50 ng of plasmid
DNA was sheared using the Covaris M220 focused-ultra-
sonicator (Covaris, MA, the USA) to generate fragments
with an average size of 150-300 base pairs; The end
repair and A-tailing master mix was prepared as follow:
7 ul rapid max end prep buffer, 3 ul end prep enzymes,
50 ng sheared DNA, water to a final volume 60 pl. The
end repair and A-tailing program (30°C, 30 min; 65C,
30 min; 4°C, holding) was performed on Verity Ther-
mocycler (Applied Biosystems, CA, USA); For adapter
ligation, each 110 pl single reaction contained 60 pl end
repair and A-tailing products, 30 pl rapid max ligation
buffer, 10 ul ligation enzymes, 5 pl adapters (with or with-
out UMI), 5 pl ddH,O. The thermal cycler program was
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20°C, 30 min; The adapters in the Rapid MaxDNA Lib
Prep kit were regular adapters without UMIs. The UMI
adapters were purchased from iGeneTech (iGeneTech,
BJ, China). After ligation, excess adapters and adapter
dimers were removed using one Ampure clean-up with
110 pl AmPure XP beads (1.0x volume); For libraries PCR
amplification, each 50 ul single PCR reaction included
20 ul purified ligation products, 5 pl 10xPCR primers,
25 pl 2xPCR master mix. PCR reactions were performed
in 0.2 pl thin-wall microtubes on a Verity Thermalcycler
with the following conditions: 98°C for 45 s, 8 cycles of
98°C 155, 60°C 30 s, 72°C 30 s, a final extension at 72°C
for 1 min. After PCR, excess primers and primer dimers
were removed using one Ampure clean-up with 50 pl
AmPure XP beads (1.0 volume).

The pre-capture library was captured using a custom-
designed ChosenOne® NGS 27 gene lung panel (Cho-
senMed, Beijing, China), which covered the entire coding
sequence (CDS) and part of the introns of the EGFR gene.
Each library was divided into three parts, and parallel
sequenced on the MGISEQ-200 with control software
suite ECR4.2 (BGI, Shenzhen, China), MGISEQ-2000
with control software suite ECR6.0 (BGI, Shenzhen,
China), and NextSeq 2000 with control software suite
version 1.5.0.42699 (Illumina, San Diego, CA, USA) with
100-bp paired-end cycles.

Bioinformatic analyses

All of the raw sequence data from the three NGS plat-
forms were analyzed using the bioinformatic analysis
pipelines, with and without UMI processing (Figure S6,
Figure S7). The raw sequence data cleaned using fastp
(v0.22) [35], which filtered out the adapter contamina-
tion reads, low-quality reads, low complexity sequences.
(BWA, v0.7.17)-MEM [36] and SAMtools [37] were
applied for alignment with the reference genome hgl9,
and generating SAM/BAM files. Picard (v1.119) was
incorporated to mark the duplicate reads. For the bioin-
formatic pipeline with UMI, a set of Fgbio tools, such as
fgbio correctUmis, fgbio GroupReadsByUMI, were intro-
duced for the UMI processing (Figure S3). Genome Anal-
ysis TK (GATK, v4.2.6.1) [38] was for quality score-based
re-calibration and indel realignment. Single nucleotide
variations and indels were identified by Vardict (v1.8.2)
[39] and VarScan [40]. The specific HP sequences were
identified by an in-house developed bioinformatic script,
HomopolymerFinder. We are providing this scrip freely
available on GitHub at https://github.com/lilicai/Homo-
polymerFinder. Picard and fgbio are freely available on
Github at http://broadinstitute.github.io/picard/index.
html and https://github.com/fulcrumgenomics/fgbio,
respectively. All the parameters setting of each step of
two bioinformatic pipelines were introduced in detail in
Table S4.
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Statistics

All of the data were analyzed using GraphPad Prism, ver-
sion 9.1.0 (GraphPad Software, San Diego, CA). Variables
between multiple groups were investigated by one-way
ANOVA (normal distribution data) or non-parametric
tests (non-normal distribution data). P<0.01 was consid-
ered to be statistically significant.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-024-10474-0.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4
Supplementary Material 5
Supplementary Material 6
Supplementary Material 7
Supplementary Material 8
Supplementary Material 9

Supplementary Material 10

Acknowledgements
Not applicable.

Author contributions

CHJ and WB designed the study, wrote and revised the manuscript. CLL, LW
and LX performed bioinformatic analysis, analyzed the data. ZYR supervised
the study and reviewed the manuscript. YSS and JZC prepared Figs. 1, 2, 3,4
and 5. NBF supervised the bioinformatic analysis, analyzed and interpreted
the data. ZOM designed the study, revised the manuscript. CSN acquired the
funding, revised the manuscript and supervised the whole study. All authors
reviewed the manuscript.

Funding

This work was support by Cancer Genome Atlas of China (CGAC) project
(YCZYPT [2018]06) from the National Human Genetic Resources Sharing
Service Platform (2005DKA21300).

Data availability

The datasets generated and/or analysed during the current study are available
in the Genome Sequence Archive (GSA) repository, accession number:
PRJCA020397 (https://ngdc.cncb.ac.cn/gsa-human/browse/HRA005779).

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of Jinshan hospital (No. JIEC
2022-S27). Written informed consent was obtained from each participant and
the methods were carried out in accordance with approved guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 27 September 2023 / Accepted: 29 May 2024
Published online: 31 May 2024

Page 9 of 10

References

1.

21.

22.

23.

24.

25.

Hilt EE, Ferrieri P. Next Generation and other sequencing technolo-

gies in Diagnostic Microbiology and Infectious diseases. Genes (Basel).
2022;13(9):1566.

Teo CHY, Norhisham NHB, Lee OF, Png S, Chai CN, Yan G, et al. Towards Next-
Generation sequencing for HIV-1 Drug Resistance Testing in a clinical setting.
Viruses. 2022;14(10):2208.

Herreros-Villanueva M, Bujanda L, Ruiz-Rebollo L, Torremocha R, Ramos

R, Martin R, et al. Circulating tumor DNA tracking in patients with pan-
creatic cancer using next-generation sequencing. Gastroenterol Hepatol.
2022;45(8):637-44.

Slack GW. Diagnostic, Prognostic, and Predictive Role of Next-Gener-

ation sequencing in mature lymphoid neoplasms. Surg Pathol Clin.
2023;16(2):433-42.

Zhou Y, Bizzaro JW, Marx KA. Homopolymer tract length dependent enrich-
ments in functional regions of 27 eukaryotes and their novel dependence on
the organism DNA (G +C)% composition. BMC Genomics. 2004;5:95.

Toth G, Gaspari Z, Jurka J. Microsatellites in different eukaryotic genomes:
survey and analysis. Genome Res. 2000;10(7):967-81.

Li H, Ruan J, Durbin R. Mapping short DNA sequencing reads and calling vari-
ants using mapping quality scores. Genome Res. 2008;18(11):1851-8.
Zavodna M, Bagshaw A, Brauning R, Gemmell NJ. The accuracy, feasibility
and challenges of sequencing short tandem repeats using next-generation
sequencing platforms. PLoS ONE. 2014;9(12):e113862.

Ratan A, Miller W, Guillory J, Stinson J, Seshagiri S, Schuster SC. Comparison of
sequencing platforms for single nucleotide variant calls in a human sample.
PLoS ONE. 2013;8(2):e55089.

Ivady G, Madar L, Dzsudzsak E, Koczok K, Kappelmayer J, Krulisova V, et

al. Analytical parameters and validation of homopolymer detection in a
pyrosequencing-based next generation sequencing system. BMC Genomics.
2018;19(1):158.

Zeng F, Jiang R, Chen T. PyroHMMsnp: an SNP caller for lon Torrent and 454
sequencing data. Nucleic Acids Res. 2013;41(13):.e136.

Feng W, Zhao S, Xue D, Song F, Li Z, Chen D, et al. Improving alignment
accuracy on homopolymer regions for semiconductor-based sequencing
technologies. BMC Genomics. 2016;17(Suppl 7):521.

Lysholm F, Andersson B, Persson B. FAAST: Flow-space assisted Alignment
Search Tool. BMC Bioinformatics. 2011;12:293.

Shin S, Park J. Characterization of sequence-specific errors in various next-
generation sequencing systems. Mol Biosyst. 2016;12(3):914-22.

Nakamura K, Oshima T, Morimoto T, lkeda S, Yoshikawa H, Shiwa Y, et al.
Sequence-specific error profile of lllumina sequencers. Nucleic Acids Res.
2011;39(13):¢90.

Meacham F, Boffelli D, Dhahbi J, Martin DI, Singer M, Pachter L. Identification
and correction of systematic error in high-throughput sequence data. BMC
Bioinformatics. 2011;12:451.

Whiteford N, Skelly T, Curtis C, Ritchie ME, Lohr A, Zaranek AW, et al. Swift: pri-
mary data analysis for the lllumina Solexa sequencing platform. Bioinformat-
ics. 2009;25(17):2194-9.

Kircher M, Stenzel U, Kelso J. Improved base calling for the Illumina Genome
Analyzer using machine learning strategies. Genome Biol. 2009;10(8):R83.
Shin S, Park J. Correction of sequence-dependent ambiguous bases (Ns) from
the 454 pyrosequencing system. Nucleic Acids Res. 2014;42(7):e51.

Quail MA, Smith M, Coupland P, Otto TD, Harris SR, Connor TR, et al. A tale

of three next generation sequencing platforms: comparison of lon Tor-

rent, Pacific Biosciences and Illumina MiSeq sequencers. BMC Genomics.
2012;13:341.

Lang J, Zhu R, Sun X, Zhu S, Li T, Shi X, et al. Evaluation of the MGISEQ-2000
sequencing platform for lllumina Target capture sequencing libraries. Front
Genet. 2021;12:730519.

Jeon SA, Park JL, Park SJ, Kim JH, Goh SH, Han JY, et al. Comparison between
MGI and lllumina sequencing platforms for whole genome sequencing.
Genes Genomics. 2021;43(7):713-24.

XuY,Lin Z Tang C, Tang Y, Cai Y, Zhong H, et al. A new massively parallel
nanoball sequencing platform for whole exome research. BMC Bioinformat-
ics. 2019;20(1):153.

Jeon SA, Park JL, Kim JH, Kim JH, Kim YS, Kim JC, et al. Comparison of the
MGISEQ-2000 and Illumina HiSeq 4000 sequencing platforms for RNA
sequencing. Genomics Inf. 2019;17(3):e32.

Sun J, SuM, Ma J, Xu M, Ma C, LiW, et al. Cross-platform comparisons for
targeted bisulfite sequencing of MGISEQ-2000 and NovaSeq6000. Clin
Epigenetics. 2023;15(1):130.


https://doi.org/10.1186/s12864-024-10474-0
https://doi.org/10.1186/s12864-024-10474-0
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA005779

Chen et al. BMC Genomics

26.

27.

28.

29.

30.

31.

32.

33.

(2024) 25:542

Gong M, Foo SH, Lin L, Liu ET, Gharizadeh B, Goel S. Pyrosequencing
enhancement for better detection limit and sequencing homopolymers.
Biochem Biophys Res Commun. 2010;401(1):117-23.

Quince C, Lanzén A, Curtis TP, Davenport RJ, Hall N, Head IM, et al. Accurate
determination of microbial diversity from 454 pyrosequencing data. Nat
Methods. 2009;6(9):639-41.

Stdhlberg A, Krzyzanowski PM, Jackson JB, Egyud M, Stein L, Godfrey

TE. Simple, multiplexed, PCR-based barcoding of DNA enables sensitive
mutation detection in liquid biopsies using sequencing. Nucleic Acids Res.
2016;44(11):e105.

Sim WC, Loh CH, Toh GL, Lim CW, Chopra A, Chang AYC, et al. Non-invasive
detection of actionable mutations in advanced non-small-cell lung

cancer using targeted sequencing of circulating tumor DNA. Lung Cancer.
2018;124:154-9.

Zhang M, Huang C, Zhou H, Liu D, Chen R, Li X, et al. Circulating tumor DNA
predicts the outcome of chemotherapy in patients with lung cancer. Thorac
Cancer. 2022;13(1):95-106.

Xu C, Nezami Ranjbar MR, Wu Z, DiCarlo J, Wang Y. Detecting very low allele
fraction variants using targeted DNA sequencing and a novel molecular
barcode-aware variant caller. BMC Genomics. 2017;18(1):5.

Manoharan A, Sambandam R, Bhat V. Recent technologies enhancing the
clinical utility of circulating tumor DNA. Clin Chim Acta. 2020;510:498-506.
Crysup B, Mandape S, King JL, Muenzler M, Kapema KB, Woerner AE. Using
unique molecular identifiers to improve allele calling in low-template mix-
tures. Forensic Sci Int Genet. 2023,63:102807.

34.

35.

36.

37.

38.

39.

40.

Page 10 of 10

Johansson G, Kaltak M, Rimniceanu C, Singh AK, Lycke J, Malmestrém C, et al.
Ultrasensitive DNA Immune Repertoire sequencing using Unique Molecular
Identifiers. Clin Chem. 2020;66(9):1228-37.

Chen S, Zhou Y, ChenY, Gu J. Fastp: an ultra-fast all-in-one FASTQ preproces-
sor. Bioinformatics. 2018;34(17):1884-90.

Li H. Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. 2013.arXiv [g-bio.GN]. https://doi.org/10.48550/arXiv.1303.3997.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence
Alignment/Map format and SAMtools. Bioinformatics. 2009,25(16):2078-9.
McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al.
The genome analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 2010;20(9):1297-303.

Lai Z, Markovets A, Ahdesmaki M, Chapman B, Hofmann O, McEwen R, et al.
VarDict: a novel and versatile variant caller for next-generation sequencing in
cancer research. Nucleic Acids Res. 2016;44(11):e108.

Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, et al. VarScan 2:
somatic mutation and copy number alteration discovery in cancer by exome
sequencing. Genome Res. 2012;22(3):568-76.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.48550/arXiv.1303.3997

	﻿The performance of homopolymer detection using dichromatic and tetrachromatic fluorogenic next-generation sequencing platforms
	﻿Abstract
	﻿Background
	﻿Results
	﻿Description of the constructed template plasmid
	﻿Performance of MGI and Illumina platforms in homopolymer sequencing
	﻿Unique molecular identifiers improve the performance of all NGS platforms when sequencing homopolymers

	﻿Discussion
	﻿Conclusions
	﻿Materials and methods
	﻿Homopolymer-containing plasmid design and construction
	﻿Template preparation
	﻿Library construction and sequencing
	﻿Bioinformatic analyses
	﻿Statistics

	﻿References


