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Abstract

Transposase enzyme linked long-read sequencing (TELL-seq) technology generates barcode-linked reads, facilitating whole-genome
sequencing (WGS), and complete assembly with improved accuracy and reduced costs. Unlike mate-pair sequencing technology, TELL-
seq employs a near-full-sequence tagging strategy that allows more efficient capture of comprehensive genomic information. However,
assembly algorithms and software capable of fully leveraging the characteristics of TELL-seq technology to effectively assemble genomic
sequences at the megabase-scale are lacking, particularly for bacteria and their plasmids. In this study, we present TELL-seq barcode-
assisted scaffold assembler (TELLBASE), a de novo genome assembler designed specifically for assembling bacterial genomes using
TELL-seq-derived linked reads. In assembly tests involving bacteria such as Acinetobacter baumannii, Klebsiella pneumoniae, Mycobacterium
tuberculosis, and Staphylococcus aureus, TELLBASE exhibited exceptional efficacy in producing chromosome-level bacterial genomic
sequences and successful identification of plasmids present in the sequenced strains. Comparative analysis revealed that TELLBASE
significantly outperforms existing assemblers tailored for TELL-seq-derived linked reads, such as TuringAssembler and Ariadne, in
terms of the completeness and accuracy of the assembled genomes. Therefore, TELLBASE shows promising potential for refining draft
bacterial genomes and further applications in related fields. The package for TELLBASE is freely available on GitHub (https://github.
com/sosiel/TELLBASE).
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Introduction

In recent decades, there has been an unprecedented increase in
the scale of bacterial sequencing datasets, stemming from the
release of the first bacterial genome sequence, from Haemophilus
influenzae [1]. Whole-genome sequencing (WGS) has proven clin-
ically useful because it enables prediction of antibiotic resis-
tance and virulence, as well as guides transmission and out-
break identification efforts [2-5]. Furthermore, WGS facilitates
the integration of comparative and functional genomics, allowing
the translation of fundamental microbiological research to appli-
cations in contemporary clinical practices [6]. Fully assembled
bacterial genomes, derived via comprehensive and detailed pro-
cessing of raw sequencing data, provide essential insights into the
genetic blueprint that directs bacterial life processes, including
metabolism, replication, and interaction with both the environ-
ment and hosts. By comparing the genomes of various bacterial
species or strains, researchers can gain valuable insights into the
mechanism by which bacteria adapt to their environments and
hosts [7-8].

Progress in biological research hinges not only on the devel-
opment and application of new sequencing technologies but also
on innovative assembly algorithms that provide high-throughput
and high-accuracy genome sequences, facilitating the application
of genetic engineering techniques for bacterial manipulation in
biotechnological contexts [9]. Nonetheless, the gap between well-
assembled genomic data and the vast amounts of raw sequence
data that are uploaded—often as original reads or poorly anno-
tated scaffolds—continues to pose challenges. One major hurdle
in the processing of raw genomic data is that specific operating
systems, software, and programming skills are required to inter-
pret the data, which can be a significant barrier for researchers
lacking expertise in bioinformatics. Moreover, the fragmented
nature of these datasets limits the ability of users to intuitively
grasp the overall genomic structure and quickly locate specific
DNA regions or genes. Consequently, there is an urgent need for an
efficient, accurate and low-cost solution for assembling bacterial
genome sequencing data.

In recent years, multiple methodologies have been developed
to extract information from long fragments utilizing short reads
from next-generation sequencing. These methods can be exper-
imental or algorithmic and include mate-pair sequencing [10],
clonal barcoding methods such as Synthetic Long Read (SLR)
[11] and linked-read sequencing [12], Hi-C sequencing [13], and
transposase enzyme linked long-read sequencing (TELL-seq) [14],
among various other techniques.

The advent of these enhanced next-generation sequencing
technologies has prompted the design of assemblers tailored
to specific SLR library types. FragScaff is an assembler specifi-
cally developed for processing contiguity-preserving transposition
sequencing (CPT-seq) reads; it uses the minimum spanning tree
(MST) algorithm on scaffold graphs to complete scaffolding on
the basis of co-barcoding information [15]. TruSPAdes can be
used to assemble TSLR data through a barcode-based assembly
approach. Although TSLRs have the potential to increase the
contiguity of metagenomic assemblies, the maximum assembly
length is capped at 10 kb [11]. Kuleshov et al. developed a de novo
scaffolder called Architect, which uses Illumina’s SLR sequenc-
ing technology to create scaffold graphs through the integration
of co-barcoding and paired-end read information [16-17]. ARCS
reconstructs contigs obtained by ABySS [18] to organize draft
genomes into more contiguous assemblies, leveraging the bar-
coded information found in 10x Genomics Chromium data [19].

Compared with ARCS, ARKS employs a k-mer-based mapping
approach that significantly accelerates the assembly process for
experimental human genome datasets while accurately estimat-
ing gap sizes between contigs using barcoding information from
10x-linked reads [20]. However, ARKS sometimes requires assis-
tance from other methods, such as Hi-C. Tolstoganov et al. intro-
duced cloudSPAdes [21], a universal assembler that uses a de
Bruijn graph-based approach for scaffold construction; however,
it lacks independent modules for scaffolding, reducing its conve-
nience for assembling other sequencing strains. Recently, a stan-
dalone scaffolder for stLFRs, known as the SLR-superscaffolder
[22], was unveiled; it generates scaffolds with greater contigu-
ity and higher accuracy than other tools for next generation
sequencing-based (NGS-based) draft assemblies and requires only
a draft assembly of contigs along with an SLR dataset as input.
Another novel assembler, Ariadne [23], supports multiple assem-
bly strategies suited for various types of datasets, particularly
those from environmental microbial strains with minimal prior
characterization, utilizing a new SLR deconvolution algorithm
based on assembly graphs to address the challenge posed by
3’ unique molecular identifier deconvolution in metagenomics
and fully exploit linkage information from SLR technology. The
SplLitteR [24] tool effectively utilizes linked reads to increase the
contiguity of HiFi assemblies; unlike other methods, SpLitteR use
HiFi assembly graphs and supports diploid assemblies, address-
ing some repeat-related issues. In summary, complete genome
assembly via NGS platforms remains a daunting challenge. The
integration of new sequencing technologies and new algorithms
for assembly is a crucial requirement.

We assessed the current sequencing technologies and selected
TELL-seq as the experimental foundation to optimize the
following algorithmic procedures. The rapid development of
TELL-seq as an SLR sequencing technique warrants attention
[25]. While Universal Sequencing Technology (UST)'s TELL-
seq approach employs Illumina’s NGS platform to produce
economical and highly accurate linked reads, it yields ultra-long
reads with lengths over 100 kb on short-read NGS platforms,
utilizing barcodes for large-scale WGS [14]. A unique feature
of TELL-seq, wherein reads from the same DNA fragment
carry identical barcodes, renders it particularly advantageous
for de novo assembly of microbial genomes [26]. Thus, the
ability of TELL-seq to generate long reads with high accuracy
and its scalability, and compatibility with various bacterial
strains positions it as a superior choice for obtaining complete
bacterial genomes. TuringAssembler [14], launched by UST, is
a specialized assembly algorithm for TELL-seq-generated data,
primarily utilizing barcode information to facilitate bacterial
strain genome assembly. Although TuringAssembler and Ariadne
can effectively process and assemble TELL-seq data, their per-
formance in scaffolding particularly complex bacterial genomes
can be inadequate. For genomes with numerous repetitive or
highly heterozygous regions, their assembly results may fall
short.

To address these challenges, we developed a genome assembler
named TELL-seq barcode-assisted scaffold assembler (TELLBASE),
which was designed for the complete and precise assembly of
bacterial chromosome and plasmid genomic sequences derived
from the TELL-seq platform. TELLBASE integrates existing NGS
assemblers, alignment software, and barcode information associ-
ated with each read to perform efficient scaffolding for sequenc-
ing data derived from the TELL-seq platform. Notably, TELL-
BASE leverages barcode information to improve the determination
of contig assembly orientation and order, showing significant
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Figure 1. Overview of TELLBASE workflow. (A) Combining DNA sequences with barcoded TELL beads. (B) Paired-end reads with different barcodes.
Different colors represent different barcode sequences. (C) Contigs are assembled by SPAdes and classified into three categories. (D) Mapping paired-
end reads on heads and tails of long contigs. (E) Identifying the positional relationship among long contigs by using Jaccard correlation and Sorensen-Dice
correlation. (F) Utilizing short contigs and pair-end reads to fill the gaps in the super-scaffolds.

advantages in the assembly of strains characterized by a high
frequency of repetitive sequences.

Materials and methods

The workflow of TELLBASE algorithm

TELLBASE is a genome assembly algorithm designed for bacterial
genome sequencing data obtained via the TELL-seq platform. It
has the capability to skillfully and completely utilize barcode
information from each DNA fragment for precise completion of
bacterial genome assembly. TELLBASE can also accurately distin-
guish the plasmid genome from the nuclear genome. The work-
flow for this novel algorithm is shown in Fig. 1, and the details of
the algorithm are shown in Fig. 2.

DNA sequence to reads

The strains used in the experiments were platform-stored strains
from the Shanghai Sci-Tech Inno Center for Infection & Immunity.
The culture conditions of strains, the experimental details of DNA
isolation and purification are referred to Chen, Z. et al. (2020).

Libraries were prepared via the TELL-seq™ WGS Library Prep
Kitin accordance with the TELL-seq™ Microbial WGS Library Prep
User Guide. The libraries were submitted to Mingma (Shanghai)
Biotechnology Co., Ltd., for sequencing. Library QC was performed
via a Qubit fluorometer and an Agilent Bioanalyzer for quantifica-
tion and fragment analysis, followed by sequencing on the NovaS4
sequencing platform via a custom primer kit, namely, the TELL-
seq™ Illumina® Sequencing Primer Kit.

To ensure that the subsequent input reads for the algorithm
are as clean as possible, preprocessing of the input data is
needed. Data preprocessing consists of several steps: removing
duplicate reads, filtering out low-quality reads using fastp
(version: 0.23.2) [27] (Phred quality scores <30), discarding

low-quality barcode-containing reads (not matching the pattern
NNHNNYRNNNNYRNNHNN (IUPAC notation)), removing adapter
sequences utilizing Cutadapt (version: 1.18) [28] (minlength =5),
performing fastqc quality inspection employing FastQC (https://
github.com/s-andrews/FastQC, Version: 0.12.1), and marking
barcode information in paired-end reads.

Assembling reads to contigs (first-round
assembly)

TELLBASE wuses a two-step assembly algorithm strategy.
SPAdes3.15.5 [29] (with the parameter k set to 21, 25, 33, 55, 71,
77,and 115) was finally chosen to assemble paired-end reads into
contigs. Then the contigs and their relative barcode information
are used as primary inputs for subsequent assembly.

Contig evaluation

TELLBASE classifies all contigs into three categories: valid
repetitive contigs (contigs with high coverage and multiple
occurrences in the bacterial genome), valid nonrepetitive contigs
(contigs with medium coverage and occurring only once in
the bacterial genome) and invalid contigs (contigs with low
coverage and not present in the bacterial genome) according
to the two thresholds: LT and HT (Fig. 1C). TELLBASE utilizes a
95% confidence interval of logarithmic coverage for valid non-
repetitive contigs as thresholds. The contigs with coverage below
low_threshold are defined as having invalid sequence information
and are discarded. Those contigs with coverage higher than
high_threshold are considered valid repetitive sequences and
are reused in the subsequent assembly process. Additionally,
plasmid contigs are present within valid repetitive contigs
and valid nonrepetitive contigs. Therefore, TELLBASE employs
PlasFlow [30] to filter out the plasmid contigs from all the valid
contigs.
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Figure 2. Details of TELLBASE workflow and principle. The input file of TELLBASE is the fastq format data obtained from TELL-seq platform, and the
output gets organized plasmids and chromosome-level bacterial genome sequence information respectively.

Assembling long contigs to super-scaffolds
(second round assembly)

TELL_seq provides a large amount of barcodes that can be used
to link contigs into super-scaffolds. TELLBASE applies BWA-MEM
(Version: 0.7.17-r1188) [31] to align all filtered paired-end reads
with long valid contigs longer than 5000 bp with the parameters
“-q 20 -bS -f 2 -F 256". The position of paired-end reads in
contigs was subsequently obtained from alignment bam files via
SAMtools (Version: 1.11) [32]. Through the information of shared
barcodes, this algorithm uses Sorensen_Dice (Contig;, Contig))
to obtain the positional relationships among long contigs
and then utilizes Jaccard (Contigi,Contigj) to determine the
order and orientation information for contigs with adjacent
physical positions. Here, Category (Contig;) represents the total
category of valid barcodes that Contig; has, and Counter (Contig;)
represents the total number of valid barcodes that Contig;
has

Jaccard (Contig;, Contig)

Category (Contig;) N Category (Contig;)

~ Category (Contig;) U Category (Contig;)

Sorensen_Dice (Contig;, Contigj)

Counter (Contig;) N Counter (Contig;)

~ Counter (Contig;) + Counter (Contig))

(i,j € [1,n],1,j € Z,n = number_of_contig)

Closing gap

According to barcode similarity matrixes, long contigs continu-
ously extended toward largest similarity and formed larger path
based on the alignment results via BLAST (version 2.11.0+) [33].
TELLBASE uses Score (P) to select the optimal extension path
when more than two perfect paths are generated. The optimal
path between two contigs tends to have the fewest short contigs
and the largest length (Fig. 3).

L (P)

Score (P) = L —0.1% N®)

max NVVIHX

e [ (P): Total length of path P.
* N (P): Number of contigs involved in path P.
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e L Length of the longest path in all perfect complement
paths.
¢ Npgx: Maximum number of contigs in all perfect hole paths.

If gaps still exist after contig extension, length, alignment
consistency score, and the number of short contigs are considered
as significant metrics for suboptimal path determination with
the optimization of the depth-first search algorithm, albeit with
varying priorities. Py is set as the principle. When gaps still exists
in contigs, GapCloser [34] is subsequently selected to further fill
the gaps using paired-end reads.

Pfina = arngax (L (Py), =N (Py), avg_consistency (Pi))

* Psnqa: Best suboptimal path.

e L (P)): Length of the total extension path P;.

e N (P;): Number of contigs involved in path P;.

e avg_consistency (P; ): Average alignment consistency of path P;.

Results

De novo bacterial genome assembly with
ultralow amounts of input DNA material

Barcode-linked reads for each strain were generated using TELL-
seq library preparation and sequencing technology. The Sorensen-
Dice coefficient matrices for contigs at varying DNA concentra-
tions were illustrated through heatmaps (Fig. 4), which intuitively
verifies the rationality of using barcodes to reconstruct complete
bacterial genomes, as contigs with more shared barcodes are
physically closer in the genome, fitting the principles of TELL-
seq library construction. This approach clarifies the rationale for
using barcode sequences from TELL-seq data for contig positional
restoration on the reference genome.

The DNA loading concentration does affect the assembly
results of linked-reads sequencing platforms. In 2020, Chen et al.
compared the assembly outcomes of Escherichia coli K12 MG1655
strain under different DNA loading concentrations from 100 pg
to 1000 ng, concluding that the TELL-Seq assembly results are
optimal at a DNA loading concentration of 100 pg for bacterial
genomes assembly [14]. On this basis, we systematically tested
the assembly results of three bacterial strain samples using a
DNA input concentration gradient (10 pg, 20 pg, 50 pg, 100 pg, and
200 pg).

For the five DNA input concentration gradients of the
three test strains, de novo genome assembly was performed
by using TELLBASE, TuringAssembly, and Ariadne, respectively
(Supplementary Tables S1-S3). The assembly results are all
assessed by QUAST [35] (version: 5.2.0, 3d87c606). Evaluating the
assembly results based on the number of scaffolds and genome
fraction metrics, the three strains exhibited better assembly
outcomes at 20 pg, 50 pg, and 100 pg. The performance at 200 pg
was underperformed for all the strains. The assembly results for
A. baumannii ATCC19606 (AB ATCC19606) (NCBI Taxonomy ID:
470) with a 20 pg input were superior to those obtained with a
100 pg input, as evidenced by the total aligned length, the size
of the largest contig, and the NAS0 (Table 1). As for K. pneumoniae
HS11286 (KP HS11286) (NCBI Taxonomy ID: 1125630), the assembly
results for the 100 pg input exceeded those for the 20 pg input in
terms of total aligned length, NA50, and total number of contigs
(Table 1).

This could be due to the fact that during TELL-Seq library
construction and sequencing, bacterial DNA fragments are com-
bined with millions of TELL beads, each carrying unique barcode
information. Therefore, the higher DNA input concentration, the

more DNA fragments from different genomic regions will enter
the same droplet and share the same barcode. This seriously
undermines the basis of secondary assembly in TELLBASE—the
similarity of barcodes. Although the assembly results for the
strain KP 2044 at 10 pg DNA input concentration were the best, the
assembly quality for the other two strains at this concentration
declined compared to the results at 20-100 pg. The reason is that
using 10 pg requires the incorporation of the lambda genome
DNA during library preparation and sequencing to meet the
minimum input concentration threshold, which imposes higher
demands on sequencing quality and laboratory equipment. Even
minor contamination can significantly degrade the assembly
performance.

Moreover, as demonstrated in Fig. 4, for the same bacterial
strain, lower concentrations yielded clearer diagonal patterns on
the heatmap and reduced background noise. Notably, for the same
strain, the Jaccard similarity index is higher at low concentrations
(Fig. 5).

Therefore, given that bacterial genome sizes predominantly
fall within the range of 1-10 Mbp, the DNA input concentration
gradient employed for TELL-Seq sequencing should generally not
exceed 100 pg. For different bacterial genomes, when using TELL-
Seq for library construction and sequencing, 100 pg should first
be used as the DNA input concentration. Taking the number of
assembled scaffolds as the judgment index, if more than one
scaffold is obtained from the assembly, a lower concentration
(50 pg, 20 pg) should be selected for sequencing to find the optimal
loading concentration. Notably, the optimal input concentration
should not be <10 pg.

Comparison of the completeness of genomes
assembled by the three assemblers

The following 15 strains were categorized into two groups: five
strains with complete genomic reference sequences obtained via
Nanopore long-read sequencing (AB ATCC19606, A. baumannii Z4
(AB Z4), Clostridioides difficile 1326 (C.Diff 1326), KP HS11286 and
KP 2044 and 10 strains with highly homologous genomes, the
sequences of which were used as reference sequences and down-
loaded from the NCBI dataset [Enterococcus faecalis 23HH337VP
(E.Faecalis 23HH337VP), H. influenzae PittEE 23HH197Hi (Hi.PittEE
23HH197Hi), K. pneumoniae 23HH453KP (KP 23HH453KP), Proteus
mirabilis ZS21-78 (PM ZS21-78), S. aureus CoL (Staph.Aureus CoL),
S. aureus FPR (Staph.Aureus FPR), S. aureus USA500 (Staph.Aureus
USA500), S. epidermidis ZJ23HZ072 (Staph.Epidermidis ZJ23HZ072), S.
aureus 23HH236SA (Staph.Aureus 23HH236SA) and Tubercle bacillus
4-221 716 (TB 4-221 716)].

TELLBASE algorithm can be installed on either computer work-
station or cluster server, and independently execute parallel mul-
titasking for assembly operations. Moreover, it imposes relatively
low configuration requirements on the operating platform. The
platform and its configuration used for these tests is as follows:
a Linux server (equipped with an Intel Xeon Silver 4210 CPU @
2.20 GHz), employing 32 CPU cores and 32 GB of available memory.
When using 32 cores, our algorithm can complete genome assem-
bly for the vast majority of monoclonal cultured strains within 3—
5 h. Furthermore, TELLBASE algorithm enables the adjustment of
the number of CPU threads to enhance computing efficiency and
shorten the runtime. In Table S4, five strain samples with genome
sizes spanning from 1 m to 5 m were selected to compare the
running times of three software tools. The execution durations
of TELLBASE and TuringAssembler are relatively close, both being
slightly longer than that of Ariadne.


https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
https://www.ncbi.nlm.nih.gov/nuccore/LR962604.1/
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data

6 | Lietal

A The valid sequences utilized to calculate correlation

H The length of contig is more than 20000bp j‘

Front 10000bp Back half Back 10000bp
|

—% >

Front half

B The orientation between two contigs

Contig1 Contig2 Contig1 Contig2
> > > €

The orientation : back-front The orientation : back-back

Contig1 Contig2 Contig1 Contig2
<€ > <€ €

The orientation : front-front The orientation : front-back

C The relationship between two contigs

IED 3

Contig1 Contig2
Contig1 e )
Overlap Contig2

D Utilizing short contigs and reads to fill gaps between two contigs

Contig5
.. Contigd Contig6
Contig1 Contigs Contig2
>k |
Gap '
: Contig4 Contig6
Contig1 Comtizy INN...N| Contig2
[ |
)l‘ Gap I
. . Contigd d Contig6
Contig1 Contigy > )se* Contig2
le & |
)I‘ Gap I
The optimal way: Score(P) is utilized to select the optimal path
|
J . Contig4 Contigé »
Contig3 Contig5 Contig7
Contig1 | | Contig2
> — — . =
The suboptimal way: Pj;nq is used to select the suboptimal path .
Contig1 0 L Contig2 )
i Gap b
; paired-end :
i Contig —>reads «— i
[ - Contig | —> Contig i
| oes 2
: — [NN--NN| : v
; Contig . X L] : x
i { Contig Contig P
The suboptimal paths — [NNN---NNN| i
i . Contig i
Cont ;
29 Contig i x
i | NNNNN---NNNN| ;
_{%NNNNNNNN“" ot > b 4
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Figure 4. Heatmaps illustrating the correlation between contigs at various input DNA concentrations. Heatmap for the AB ATCC19606 strain at 20 pg
(A), the AB ATCC19606 strain at 100 pg (B), the KP HS11286 strain at 100 pg (C), the KP HS11286 strain at 200 pg (D), the KP 2044 strain at 10 pg (E), and
the KP 2044 strain at 50 pg (F). All the correlations of contigs are calculated according to formula Sorensen_Dice (Contig;, Contigj). The leftmost column

displays the length information of the corresponding position contigs.
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Table 1. Summary of de novo assembly results using TELLBASE on different bacterial strains with different gDNA input.

Strain AB ATCC19606 AB ATCC19606 KP HS11286 KP HS11286 KP 2044 KP 2044
gDNA input (pg) 100 20 200 100 50 10
Genome size (bp) 3998 039 3998 039 5682 322 5682 322 5477 886 5477 886
Total aligned length (bp) 3980 400 3975957 5668 047 5719973 5476578 5486 880
Genome fraction (%) 99.34 99.44 99.64 99.44 99.52 99.54
NAS5O (bp) 1245 502 1257 189 1098 718 3724 555 1669 485 636 776
Largest scaffold (bp) 2381023 3948 516 5232 020 5355 164 5262762 5280 516
Total length (> =1000 bp) 3980 530 3976 087 5672 437 5723500 5644 816 5589 538
N50 (bp) 2381023 3948 516 5232 020 5355 164 5262762 5280516
# scaffolds (>=5000 bp) 5 4 8 5 3 4
# scaffolds (> =10 000 bp) 4 2 7 5 3 4
# scaffolds (> =50 000 bp) 3 1 5 4 3 3
Ns per 100kbp 0.05 0.08 0.21 0.10 0.18 0.32
GC (%) 39.15 39.14 57.15 57.08 57.22 57.28
A Jaccard similarity of ABATCC19606 B Jaccard similarity of KP HS11286 c Jaccard similarity of KP 2044
160 300 140
140 120
250
120 \ ;A 100 ]
2z 100 . 100pg 565 . 200pg ' 50pg
? ' \ ! 80
8 80 ;
. 100 i i 60 .
20pg 100pg | 4 i \ 10pg
40 50 I I
20 20
o 0.05 0.0é 0.07 0.08 0.09 0.10 g 0.030 0.035 O 640 0.045 0.050 0.055 0.060 ° 0.04 0.05 0.06 0.07 0.08 0.09

Figure 5. The distribution of Jaccard similarity for AB ATCC19606 (A), KP HS11286 (B), and KP 2044 (C) at different DNA input concentration. For the
AB ATCC19606 strain, the orange curve (dashed curve) corresponds to distribution at 50 pg DNA input concentration, and the blue curve (solid line)
corresponds to results at 10 pg DNA input concentration. For the KP HS11286 strain, the orange curve (dashed curve) corresponds to result at 200 pg
DNA input concentration, and the blue curve (solid line) corresponds to results at 100 pg DNA input concentration. For the KP 2044 strain, the orange
curve (dashed curve) corresponds to distribution at 50 pg DNA input concentration, and the blue curve (solid line) corresponds to results at 10 pg DNA

input concentration.

The heatmaps of all the strains demonstrate the reasonable of
using barcodes to determine the physical order and orientation
of each contigs (Fig. 4, Fig. S1 and S2). Three different assem-
blers—Ariadne, TuringAssembler (the official TELL-seq software),
and TELLBASE—were employed to assemble genomic sequences
for the five bacterial strains with complete reference genome
(Table 2) and 10 bacterial strains with the genome of a highly
homologous strain used as a reference (Table S5). For all the tested
strains, Ariadne generated short contigs and numerous scaffolds,
which were not ideal for subsequent analyses.

For bacterial strains with a complete reference genome (Table 2,
Fig. 6A), TELLBASE provided the largest genomic fraction for most
strains, especially the K. pneumoniae 2044 (KP 2044) (NCBI Tax-
onomy ID: 484021) strain, the value for which reached 99.860%.
Compared with TELLBASE, TuringAssembler underperformed for
strain AB ATCC19606, strain C.Diff 1326, and strain KP HS11286,
but matched TELLBASE for strain KP 2044 and strain AB Z4.
TELLBASE exhibited superior performance in generating longer
NAS0 and N50 lengths across a majority of the strains, particularly
for strain KP 2044, the N50 length for which reached an impressive
5 280 498 bp. For the AB ATCC19606 strain and the C.Diff 1326
strain, the NAS0 lengths obtained through assembly with TELL-
BASE were ~3 times and 3.65x greater than those produced by
TuringAssembler, respectively. Moreover, TELLBASE consistently
assembled the largest contigs and the fewest long contigs exceed-
ing 50 kb for nearly all the evaluated strains (Table 1, Fig. 6A), with
strain C.Diff 1326 exemplifying this trend with the largest contig
measuring 4 265 300 bp—1.5x longer than the largest contig
assembled by TuringAssembler.

For bacterial strains with highly homologous genome sequences
available as reference sequences in the NCBI dataset, the
TELLBASE assembly results surpassed those of TuringAssembler,
featuring significantly fewer scaffolds, higher N50 values, and
longer largest contigs (Table S5, Fig. 6A), indicating its effective-
ness in maintaining high assembly quality and completeness for
bacterial genomes that may feature complex repetitive regions.

In conclusion, compared with TuringAssembler and Ariadne,
the sequences generated by TELLBASE are more closely aligned
with the reference genome, resulting in a more comprehensive
and accurate representation of bacterial genomic sequence
information.

Accuracy of bacterial genome assembly at the
single-base level

After assessing the overall integrity of the assembly, we conducted
a collinearity analysis of the genomic sequences using two soft-
ware tools, Mauve [36] and BRIG [37], to further evaluate the
accuracy and consistency of the assembly at the single-base level.

We performed a collinearity analysis at the single-base
level for all 15 strains to evaluate the structural accuracy of
the assembly outcomes (Figs 6B-E, Figs S3-S15). In particular,
according to comparative genomic analysis of the C.Diff 1326
strain and the Staph. Aureus FPR strain, as presented by Mauve
(Fig. 6B and C), the genome sequence generated by the TELLBASE
assembler corresponded perfectly to the reference genome
sequence in the same order. In contrast, the genome fragments
obtained by TuringAssembler presented significant inversions
and rearrangements. The assembly results for the C.Diff 1326


https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data

Table 2. Comparison of de novo assembly results of five strains with third-generation sequence reference genome using sequencing data from TELL-seq Illumina library with different

assemblers—TELLBASE, TuringAssembler, and Ariadne.

KP 2044

AB Z4 C. Diff 1326 KP HS11286

AB ATCC19606

Strain

Ariadne

Ariadne TELLBASE Turing- Ariadne TELLBASE Turing- Ariadne TELLBASE Turing-

Ariadne TELLBASE Turing-

TELLBASE Turing-

Assembler

Assembler

10

Assembler

100

Assembler

100

Assembler

50

Assembler

20

10

10

100

100

100

100

50

50

20

20

gDNA input (pg)

5023 660

3980844 3977193 3977193 3977193 4313749 4313749 4313749 5333942 5333942 5333942 5023660 5023660

3980 844

3980 844

Genome size without

plasmids(bp)

4972 181

3924 114 3874001 4235196 4227456 4170921 5353464 5267535 5256580 5041686 5052061

3916 821 4099 048

3944 019

3948 371

Total aligned length

(bp)

98.88

99.86 99.39

98.48
97 811

98.64

99.27

96.61

97.98 97.05

97.287
43327

97.48

97.35

98.68 98.31

99.19

Genome fraction (%)

NA50 (bp)

126 799
252 546

409 469

636 776

219 858

3724555
5355100

130 136

219 878
2 802 262
4218 877

801 314
4265 300

103 486
3766218
4 140 481

268 145

103 304
408 022

419 447
3900 868

1257 189
3948 500
3948 500

360592 5280498 5435352
5627 113

5236518
5914 162

441 439

308 422

4067 300

Largest scaffold (bp)
Total length

(>

5626 976

4102 072 4 265 300 4148 647 5355100 5623050 5280498

3925155 4067 300

3991158

1000 bp) (bp)

133 196

84
66

5280498 5435352

99 382
92

5236518
81

5355 100

130 136
68

2 802 262
53

4265 300

48 231
106
89

4067300 3766218

103 304

3948500 3900 868
68

5000 bp) 1
10

N50 (bp)

# scaffolds (>

58

1

# scaffolds (>
000 bp)

19 25 41 35

26

1

=50

# scaffolds (>
000 bp)
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2.11
57.2

8.09

0.07

1.44

0.28

4.76

0.05 2.53 2.16

Ns per 100 kbp

GC (%)

57.17

39.06 39.08 39.08 39.5 29.38 29.21 29.08 57.41 56.83 57.13 57.64

39.06

39.18

strain were highly fragmented, featuring severe inversion within
a long contig. Similarly, the Staph.Aureus FPR strain also displayed
fragmentation, with seven significant inversions within a long
contig.

In terms of the BRIG results (Fig. 6D and E) for the C.Diff
1326 strain and the Staph.Aureus FPR strain, TELLBASE performed
almost perfectly. Nevertheless, the first and fourth assembled
fragments obtained by TuringAssembler were discontinuous in
the reference genome. For all the strains, according to the analysis
results obtained through Mauve and BRIG shown in Figs S3-
S6 and Figs S7-S15, the assembly results of TELLBASE did not
show severe structural errors. TuringAssembler did not perform
well for the Staph.Aureus CoL strain and the Staph.Aureus UAS500
strain. Moreover, in the high-GC-content regions of the bacterial
genome, there were either sequence breaks or sequences that had
been incorrectly assembled on the basis of the TuringAssembler
algorithm.

From the above analysis, TELLBASE achieves the most
complete assembly results and can successfully overcome these
essential problems. To validate this, we further compared the
assembly results of the strain C. Diff 1326 and Staph. Aureus
FPR, specifically analyzing high-GC regions in their reference
genomes (Table S6). Among 24 high-GC regions across two
samples, TELLBASE successfully assembled 22 regions, while
TuringAssembler assembled only two regions. In the high-GC
regions where TuringAssembler failed to complete assembly,
19 gaps were identified alongside three critical misassemblies
(Fig. 6). Above result indicates that the assembly accuracy rate
of TELLBASE in high-GC regions (91.67%) is significantly higher
than that of TuringAssembler (8.33%) (x2=30.08, df =1, P =4.1e-
08). These unsuccessfully assembled high-GC regions contain
five tandem repeats—structural features that present particular
challenges for assembly. TELLBASE harnesses to overcome
the disadvantages posed by traditional assembly methods,
particularly in regions with high GC content and repetitive
sequences, ultimately leading to a more complete and accurate
assembly.

The above comparison results show that TELLBASE exhibits
considerably improved accuracy, especially in regions of the
bacterial genome with high GC content. TELLBASE effectively
addresses gaps by fully leveraging shared barcode information,
short contigs and paired-end reads, accounting for the impact
of repeated sequences. Consequently, TELLBASE has overcome
the disadvantages posed by traditional assembly methods,
particularly in regions with high GC content and repetitive
sequences, ultimately leading to a more complete and accurate
assembly.

Availability and accuracy in the assembly of
plasmid sequences

Plasmids play crucial roles in microbiology, genetics, and biotech-
nology, but distinguishing plasmids from genome contigs can
be challenging owing to the strong similarity of some plasmid
regions to the nuclear genome. TELLBASE utilizes PlasFlow as
its core tool for extracting plasmid contigs from chromosomal
contigs, enabling the identification of a vast majority of plasmid
sequences. In contrast, tools such as TuringAssembler and Ari-
adne cannot recognize plasmids.

Among the strains tested in this study, except strain C.Diff 1326,
the remaining four strains all possessed varying numbers of plas-
mids. The assembly results for the plasmids of the AB ATCC19606
strain, the AB Z4 strain, the KP HS11286 strain, and the KP 2044
strain were summarized in Table 3. TELLBASE could accurately


https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaf504#supplementary-data
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Figure 6. Evaluation of the assembly results between TELLBASE, TuringAssembler, and Ariadne. (A) Bar chart of the largest contigs of all drawn bacterial
strains. For each strain, from left to right, the first bar represents the reference genome size, the second barrepresents the TELLBASE assembled genome
size, the third bar represents the TuringAssembler assembled genome size, and the fourth bar represents the Ariadne assembled genome size. The
dashed portion of the figure represents the size of the genome of a highly homologous strain found at NCBI, serving as a reference genome. The Mauve
collinear plots for the strain C.Diff 1326 (B) and the strain Staph.Aureus FPR (C). The BRIG ring image for the strain C.Diff 1326 (D) and the strain Staph.Aureus
FPR (E). In the BRIG Ring Image, from inside to outside, the first circle represents the reference genome, the second circle is GC content, the third circle
is GC Skew, the fourth circle is the genome assembled by TELLBASE, and the rest are the broken scaffolds assembled by TuringAssembler.

identify almost all the plasmids. For the AB ATCC19606 strain,
complete plasmid sequence information was obtained, with a
genome fraction of up to 95.342%. Fortunately, some plasmid
sequences hidden in long contigs could also be identified. On the
basis of the BLAST alignment results, we separated the plasmids
from the long contigs, with the genomic fraction of the reference
sequence reaching 100% (Fig. S16). Additionally, the assembly
results for the identified plasmids were highly accurate, with no
structural rearrangements or inversions observed in ~90% of the

plasmids (Fig. S17). In conclusion, TELLBASE exhibits a significant
advantage over TuringAssembler and Ariadne in that it effectively
recognizes and assembles plasmids in a near-circular state.

Discussion

WGS has been widely used to predict drug resistance, iden-
tify virulence factors, determine sequence types, and detect
transmission clusters [38] in bacteria. Numerous tools have
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Table 3. Identified plasmids information of AB ATCC19606, AB Z4, KP HS11286, 771 and KP 2044.
Strains AB ATCC19606  AB Z4 KP HS11286 KP 2044
Number of plasmids 1 2 3 3
plasmids Plasmid1l Plasmidl Plasmid2 Plasmidl Plasmid2 Plasmid3 Plasmidl Plasmid2 Plasmid3
AReference length (bp) 17 195 112 293 71277 122 799 111 195 105 974 223 649 146 332 73 002
If unique plasmids J X W J J J J X X
Genome fraction (%) 95.342 100 85.482 97.746 96.100 90.107 95.554 100.000 100.000
Largest scaffold (bp) 16 394 112 293 60 748 120 033 118 127 97 119 216 213 146 332 76 477
# scaffolds (>=5000bp) 1 1 1 1 1 1 1 1 1
N50 (bp) 16 394 112 293 60 748 120 033 118 127 97 119 216 209 146 332 76 477

Acomplete plasmids obtained via nanopore long-reads sequencing

been developed to assemble bacterial genomes using WGS
data. Nanopore sequencing also plays a pivotal role in WGS,
especially for the sequencing of monoclonal culture strains,
plasmid sequencing, complete genome assembly, and full-length
viral sequencing. Although NGS offers high basic quality, the
short read lengths obtained impede the complete assembly of
plasmids, which hinders our understanding of plasmid evolution
and acquisition pathways. Consequently, combining Nanopore
long-read and Illumina short-read data is the currently suitable
strategy for comprehensive bacterial genome assembly [38-
39]. The original sequencing accuracy for Nanopore platform is
~96%-98% (error rate 2%—4%) which is not of the same order of
magnitude compared with the over 99.9% sequencing accuracy
obtained from the current illumine platform. Recently, using high-
precision model based on R10.4.1+ chip and Kit 14+ reagent, the
original single accuracy can reach 98%-99% (error rate 1%-2%),
which is closer to Illumina’s Q30 (error rate 0.1%). However, the
throughput may decrease by ~30%, and the cost will be higher.
This high error rate of Nanopore sequencing data, with the
main error types being insertions/deletions (Indels), could lead
to inaccurate assembly during the process of genomic assembly
analysis, which commonly requires correction based on data from
Illumina high-quality short-read sequencing.

TELLBASE offers significant advantages by integrating NGS
with plasmid identification, providing a cost-effective method
with a short turnaround time for clinical and diagnostic appli-
cations. Furthermore, by combining TELLBASE with the TELL-
seq platform, with advantages in terms of precision and cost
reduction, TELLBASE can be utilized for plasmid sequencing to
track nosocomial transmission and in vivo microbial evolution
[40].

On the basis of the principles of TELL-seq library construction
and sequencing, we explored the optimal input concentration for
microorganisms such as bacteria. DNA fragments were ligated
to magnetic beads harbouring barcodes using transposase, after
which the DNA was randomly fragmented, ensuring that each
fragment was linked to the corresponding barcode. The assem-
bly process was then used to reconstruct the complete genome
from these smaller fragments by identifying the associations
among the barcodes. Thus, TELL-seq library construction effec-
tively transforms short-read sequencing into high-precision long-
read sequencing, providing valuable information for subsequent
assembly that surpasses the capabilities of standard NGS.

According to the mean coverage of strain contigs obtained
by SPAdes, TELLBASE categorizes the contigs into three groups
and focuses on the valid contigs. We fully utilized linked-read
barcode information to determine the order and orientation of
ultra-long contigs whose length was greater than the threshold

(5000 bp by default) with high accuracy. Then, relying on the
optimized longest path algorithm, we design a new metric, Scope
(P), to choose the optimal path to fill the gaps between ultra-long
contigs. It is possible that these gaps cannot be filled due to low
mapping depth or complex genome structure. Thus, it is necessary
to use GapCloser software to eliminate these gaps.

This study aimed to develop a novel algorithm for assem-
bling bacterial genomes from TELL-seq Illumina libraries and
to assess the performance of the innovative assembler TELL-
BASE in genome assembly. Our findings revealed that TELLBASE
achieved chromosome-level assembly with an overall assembly
completeness rate exceeding 99%, surpassing TuringAssembler
and Ariadne in key metrics such as N50, the largest contig length,
and the number of contigs longer than 10 kb. Furthermore, an
analysis of the results revealed that TuringAssembler performed
poorly on strains such as AB Z4, C.Diff 1326, and Staph.Aureus FPR,
which was particularly evident in the errors of assembly in high-
GC regions. High-repeat and high-GC regions have been among
the greatest challenges encountered in genome assembly. This is
because regions with high GC content may have high homology
in the genome, which increases the risk of incorrectly splicing
these regions together during assembly. Fortunately, under TELL-
seq library sequencing, the fragments of repetitive regions carry
different barcodes, and TELLBASE software leverages valid bar-
code information with the Jaccard coefficient and Sorensen-Dice
coefficient to link contigs and correctly assemble them into super-
scaffolds, even at the chromosome level. The improvements in
contig length suggest that TELLBASE is particularly effective at
resolving repetitive regions, which is crucial for accurately recon-
structing complex genomes such as those of K. pneumoniae and M.
tuberculosis.

In this study, all these strains were monoclonal cultured bac-
teria and had a good performance without severe degradation. In
future studies in clinical samples, we will use clinical isolates from
culture and screen the single colony to ensure the DNA qualities.
TELLBASE employs a length-weighted logarithmic coverage clas-
sification method to categorize contigs from a round of assembly,
where the classification thresholds vary according to the overall
coverage profile of each sequencing sample, adapting dynami-
cally to changes in the sample’s coverage distribution. For criti-
cally important strain samples requiring complete genome res-
olution, enhancing the sequencing depth of short-read (Illumina)
data can improve assembly completeness. For samples with ultra-
low coverage or uneven barcode distribution, supplementing with
low-coverage long-read (e.g. PacBio or Nanopore) sequencing data
is recommended to obtain comprehensive genomic information.

Additionally, in the assembly process for TELLBASE, plasmids
of the selected bacterial strains were identified using PlasFlow
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software. Following the completion of plasmid identification by
PlasFlow, the assembly of the bacterial nuclear genome and plas-
mids is performed in parallel. Even if certain plasmid contig
sequences remain unidentified, it does not impede the assembly
of nuclear genome sequences; however, the resulting plasmid
sequences may be incomplete. Looking ahead, should more robust
plasmid identification software with higher accuracy and com-
pleteness emerge, we plan to update this algorithm by integrating
the new plasmid identification tool to achieve more complete
and precise genome assembly results for monoclonal cultured
strains.

The GapCloser gap-filling procedure is performed after the
second-round assembly and bidirectional extension gap-filling,
aiming to further utilize Pair-end reads to fill gaps in the genomic
sequence. Its application does not affect the preceding assembly
results, serving solely as a step to polish the assembly outcome.
If subsequent genomic analysis requires explicit determination of
the contentin genomic gap regions, low-coverage long-read (third-
generation) sequencing can be employed.

Although TELLBASE was initially optimized for single-strain
bacterial genome assembly, we are adapting it for the complete
assembly of genome samples from certain screenings that might
be from multiple strains. For example, colonies that can grow on
antibiotic containing plates might be from one or multiple species
of bacteria in clinical or environmental samples. We are contin-
uing this work to validate TELLBASE’s performance in metage-
nomic datasets and enhance its utility in microbiome research.

In summary, this study highlights the effectiveness and advan-
tages of TELLBASE in achieving high-quality genome assembly
and its potential implications for bioinformatics. This approach
has not only enhanced the quality of bacterial genome assembly
but also deepened our understanding of data obtained from the
TELL-seq Hlumina library. Also, the core algorithmic of TELLBASE
is inherently adaptable to other linked-read technologies (e.g.
10x Genomics Chromium, Bionano Genomics optical mapping,
or Hi-C). Key considerations for such extensions include stan-
dardization of sequencing data formats across diverse platforms
and integration of disparate linking modalities. We anticipate the
emergence of new methodologies for high-quality genome assem-
bly from the extensive sequences produced by NGS. Moreover, the
TELL-seq-TELLBASE platform may prove to be a more practical
option, in terms of both cost and efficiency, for those looking to
either construct a bacterial genome sequence from scratch or
expand an existing one.

Key Points

e We designed the assembly process for the bacterial
genome sequencing data obtained from the TELL-seq
library-building technology, and developed the corre-
sponding algorithm TELLBASE.

e Based on our developed TELLBASE algorithm, we
obtained nearly perfect assembly results from both
accuracy and completeness of bacterial genomic
and plasmids sequences, and our assembly results
significantly outperformed the results get through
TuringAssembler which was developed by Universal
Sequencing Technology (UST) company.

e We discovered the appropriate DNA input concentra-
tion could yield better assembly results, and demon-
strated the advantages of TELL-seq technology in bac-
terial genome assembly.

Supplementary data

Supplementary data is available at Briefings in Bioinformatics
online.
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