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of extremophiles with variable GC content
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SUMMARY

In this study, six bacterial isolates with variable GC, including Escherichia coli as
mesophilic reference strain, were selected to compare hybrid assembly strate-
gies based on next-generation sequencing (NGS) of short reads, single-tube
long-fragment reads (stLFR) sequencing, and Oxford Nanopore Technologies
(ONT) sequencing platforms. We obtained the complete genomes using the
hybrid assembler Unicycler based on the NGS and ONT reads; others were de
novo assembled using NGS, stLFR, and ONT reads by using different strategies.
The contiguity, accuracy, completeness, sequencing costs, and DNA material re-
quirements of the investigated strategies were compared systematically.
Although all sequencing data could be assembled into accurate whole-genome
sequences, the stLFR sequencing data yield a scaffold with more contiguity
with more completeness of gene function than NGS sequencing assemblies.
Our research provides a low-cost chromosome-level genome assembly strategy
for large-scale sequencing of extremophile genomes with different GC contents.

INTRODUCTION

Based on the severe environments to which extremophiles have adapted, they include thermophiles, psy-
chrophiles, alkalophiles, acidophiles, barophiles, and radiation-resistant organisms (Mao et al., 2017; Orel-
lana-Saez et al., 2019; Swarup et al., 2014; Urbieta et al., 2015). These microbes thrive in ecological niches
such as deep-sea hydrothermal vents, hot springs, geysers, salt flats, deserts, natural lakes, sulfuric fields,
and so on (Brito et al., 2006; DeLong, 2000; Kang et al., 2018; Palmieri et al., 2019; Ziko et al., 2019). Half a
century ago, extremophiles received little attention, but they are recently being increasingly explored as
sources of basic data as well as useful enzymes for molecular biology and the biotech industry (Merino
et al., 2019; Rothschild and Mancinelli, 2001). For example, biocatalysts cloned from extremophiles have
had a great impact on the global biotechnological market (Brininger et al., 2018; Mokashe et al., 2018;
Schiraldi and De Rosa, 2002; Wang et al., 2019a). The enzymes with the widest applications include Taqg
DNA polymerase (Chien et al., 1976), heat-tolerant cellulase (Adamiak et al., 2015), alkali-resistant B-D-
galactosidase (Wang et al., 2011), etc. Additionally, various CRISPR loci belonging to different CRISPR-
Cas systems have been identified in the genomes of extremophiles in recent years, providing a valuable
resource for mining efficient gene editing solutions (Makarova et al., 2015). However, the exploitation
and utilization of extremophiles is still challenging owing to demanding separation and purification of
strains as well as the further mining of their functional genes. What's more, there is still a lack of technology
for efficiently mining biological information from extremophiles on a large scale efficiently and at low cost.

Owing to the advances in high-throughput sequencing technology, a large amount of gene sequence data
can be acquired in a relatively short time (Metzker, 2010; Niedringhaus et al., 2011). The next-generation
sequencing (NGS) technologies, such as lllumina, MGI, Shenzhen, and lon Proton, have enabled wide-
spread bacterial whole-genome sequencing, producing millions of paired-end reads with a low error
rate (0.1%). However, the short reads of 100-300 bp make it challenging to fully reconstruct genomic struc-
tures of interest (De Maio et al., 2019). Hybrid assembly based on third-generation sequencing technolo-
gies, such as the Oxford Nanopore Technologies (ONT) and SMRT Pacific Biosciences (PacBio) sequencing
platforms, combined with NGS short-read sequencing can be used to assemble the complete chromo-
some and recover plasmid genomes. However, these sequencing strategies require library construction,
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sequencing on two different platforms, and large amounts of high-quality DNA than NGS sequencing, and
are much more costly. When starting a large-scale bacterial whole-genome sequencing (WGS) project, it is
a challenge to choose the most cost-effective sequencing strategy and still obtain high-quality genome se-
quences. Therefore, a new sequencing approach that integrates the low cost and high accuracy with
enhanced efficiency for extremophiles is highly desirable but remains challenging.

In the past decades, numerous methods have been developed to capture long-range information with short-
read sequencing, including mate-pair (Korbel et al., 2007; Rubin et al., 2007), clonal barcoding methods (e.g.,
synthetic long reads [Bankevich and Pevzner, 2016; Peters et al., 2012; Voskoboynik et al., 2013], linked reads
(Wang et al., 2019b; Zhang et al., 2017; Zheng et al., 2016), and Hi-C ]Burton et al., 2013]). Among these, clonal
barcoding library technologies (Bankevich and Pevzner, 2016; Peters et al., 2012; Voskoboynik et al., 2013; Wang
et al., 2019b; Zhang et al., 2017; Zheng et al., 2016) showed the most promising results in terms of bringing
routine long-read capability using second-generation platforms. For example, single-tube long-fragment
read (stLFR) technology is a novel WGS library preparation approach that enables efficient WGS, haplotyping,
and contig scaffolding on the basis of adding a single unique clonal barcode sequence to sub-fragments of the
original DNA in a single-tube process (Wang et al., 2019b). The use of microbeads as miniaturized virtual com-
partments allows a practically unlimited number of clonal barcodes to be used per sample at a negligible cost.
The stLFR method enables short-read NGS systems to generate highly accurate and economical long-read
sequencing information for de novo genome assembly (Chen et al., 2020).

In the present study, we described for the first time the implementation of stLFR technology to resolve the
accurate sequencing of complex extremophile genomes. Different strategies for hybrid bacterial genome
assembly were selected and compared, including Illlumina, ONT, and PacBio data generated from the
same DNA extracts. We selected five radiation-resistant extremopbhiles isolated from the Xinjiang Uygur
Autonomous Region of China (Bacillus cereus 43-1A, Brevibacterium frigoritolerans 44A, Rufibacter sp.
LB8, Deinococcus wulumugiensis R12, Janibacter melonis M714) as well as Escherichia coli K-12 as the
reference strain. The GC content of the investigated genomes varied from 30% to 70%. Moreover, extrem-
ophilic microbes usually have large genomes of 4.3-6.5 Mb as well as varying numbers of plasmids (Carat-
toli, 2009). The objective of this work was to evaluate and optimize the accuracy of stLFR technology when
sequencing the genomes of extremophiles with different GC content, and the analytical results were
compared with both NGS and third-generation sequencing. The conclusion paves the way for rapid, cheap,
and accurate generation of completely resolved extremophile genomes to become widely accessible.

RESULTS

High GC bacterial stLFR sequencing and assembly

To determine the optimal conditions for the construction of stLFR libraries for bacteria with high genomic
GC content, we used five different concentrations of the interrupting enzyme, ranging from 0.4 to 1.2 pmol/
10 ng DNA, to construct the libraries of D. wulumugiensis R12. We generated 2 Gb raw sequencing data for
each concentration (Table S1). After filtering, we found that the sequencing reads number and barcode fre-
quency distributions of the five concentration clean reads changed at different enzyme concentrations.
When the enzyme concentration was low, less transposon insertion resulted in less fragmentation of the
DNA, so that many co-barcode reads with lower barcode frequency perhaps had larger insert size and
contributed to genome assembly and scaffolding (Figure 1A). The clean reads of the five concentrations
were assembled into draft genome using Supernova. We found that the estimated molecule lengths
and the assembled genome sizes of libraries constructed with different enzyme concentrations were
similar, but the scaffold N50 values were significantly different (Table S1, Figure 1B). The scaffold N50 of
0.4 pmol/10 ng DNA assembly genome was 2,905 kb, which accounted for 80% of the genome length,
and was significantly higher than the other concentrations with scaffold N50, about 156-402 kb. These re-
sults indicated that this enzyme concentration offers assembly results with the most contiguity.

Draft genome assembly using NGS short reads

We used more than 100X NGS clean data for each sample to assemble the draft bacterial genomes using
SPAdes (Table S2). The assembled genome sizes of the é bacteria ranged from 3.39 Mb (D. wulumugiensis
R12) to 5.52 Mb (B. frigoritolerans 44A), with scaffold N50 values ranging from 34.67 kb (D. wulumugiensis
R12) to 973 kb (J. melonis M714) (Table 1, Figure 2). The CheckM genome quality evaluation showed that
the completeness of all genomes was higher than 97% and contamination was lower than 2.5%, reflecting
the high quality of each draft genome (Table 1, Figure 2). Accordingly, the estimated genome sizes ranged
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Figure 1. The five different enzyme concentrations/ng DNA using stLFR sequencing of D. wulumugiensis R12
(A) The barcode frequency distribution of five conditions.
(B) The Supernova-assembled statistics of five conditions.

from 3.18 to 6.15 Mb according to the 17 bp k-mer frequency distribution (Figure S2). Thus the assembled
genomes were close to the estimated sizes.

Complete genome assembly

For ONT sequencing, we generated 2.22, 1.32, and 2.91 Gb data, with N50 of 20.07, 36.49, and 29.60 kb, and a
median read quality of 11 for strains Rufibacter sp. LB8, D. wulumugjiensis R12, and J. melonis M714, respectively
(Table S4). We used all ONT reads longer than 8 kb to assemble the bacterial chromosome using Unicycler soft-
ware based on the NGS reads. Additionally, the ONT reads were directly assembled into the complete ge-
nomes using Canu. All the genomes were polished using NGS short reads to fix base errors in Pilon and
GATK. For the three ONT Unicycler assembly genomes, the final corrected genomes had circular chromosome
sequences and lengths close to the k-mer estimated genome sizes. Additionally, some had circular plasmid se-
quences. All the genomes had high accuracy, with the genomics completeness >99%, single-base accuracy
rates >99.8%, and structural accuracy rates >99.7%. Thus the results were of sufficiently high quality to be re-
garded as reference genomes of these strains. However, in the high-GC-content genomes assembled using
Canu, the genomics completeness was less than Unicycler and also displayed low structural accuracy (91.61%
for M714 and 95.89% for R12), which was lower than that of the other genome assemblies, including NGS as-
semblies (Table 1). This indicated that the quality of genomes assembled from ONT reads with high error
rate using Canu was lower than that of the hybrid genome assemblies obtained using Unicycler.

Chromosome-level genome assembly using stLFR

We obtained more than 2.5 Gb clean stLFR data from the six samples (Table S2). To find the best assembly
method for bacterial stLFR data, we used SPAdes, cloudSPAdes, Athena, Architect, and Supernova to
assemble all clean reads for each genome, and SLR-scaffolder was used to link the scaffolds. Owing to
the occurrence of large gaps during scaffolding, the Supernova-assembled genomes of high-GC strains
D. wulumugiensis R12 and J. melonis M714 were larger than those produced by the other assembly
methods. However, the other strains had the same genome sizes with different assembly methods (Fig-
ure S1). We found that the scaffold N50 of the Supernova assembly result was higher than that of the other
algorithms, and the scaffold N50 length was consistent with the longest scaffold length and accounted for
more than 95% of the total assembled genome length (Figure S1), which indicated that it was a chromo-
some-level scaffold. Among barcoding-based synthetic long-read assembly algorithms, Supernova gave
the best assembly results, followed by Athena and cloudSPAdes. We used the best chromosome-level scaf-
fold assemblies for subsequent comparative analysis (Table 1).

Furthermore, in the chromosome-level scaffolds of Rufibacter sp. LB8, D. wulumugiensis R12, and
J. melonis M714, ONT reads were used to close the gaps and obtain the complete genomes. We
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Table 1. Statistics of three sequencing strategies assembly genomes

SS300V N3dO

Scaf Length Gap GC ContigN50 Mapped Single  Structure Completeness Contamination Gene Gene Gene Repeat L
SampleMethod(#) (bp) (bp) N50 (bp)N90 (bp)%  (bp) rate % base % % % % (#) AvgL CheckM16SrRNA(bp)
LB8 NGS 28 4,730,895100 356,460 127,204 50.28306,200 92.26 99.99 99.66 99.97 1.04 4,056 985.10 99.88 1 10,640
LB8 stLFR 2 4,746,5331,025 4,591,4064,591,40650.302,795,707  92.26 99.98 99.94 99.97 1.04 4,089 981.57 99.80 3 9,909
LB8  StLFR+ 2 4,746,0900 4,590,9634,590,96350.304,590,963  92.27 100.00  99.92 99.97 1.04 4,086 982.57 99.80 3 9,909

ONT
LB8 Unicycler 2 4,746,0990 4,590,9724,590,97250.304,590,972  92.27 100.00 99.94 99.97 1.04 4,087 98235 99.94 3 9,916
LB8 Canu 2 4,875,1300 4,654,1914,654,19150.254,654,191  92.25 99.75 99.68 99.97 3.72 4,299 956.03 99.90 3 10,481
M714  NGS 33 3,483,103300 973,846 862,807 72.89973,846 97.8 99.77 99.62 99.82 0.18 3,353 955.71 99.28 1 25,845
M714  stLFR 2 3,480,70310 3,426,4943,426,49472.901,978,253  97.74 100.00 99.81 99.82 0 3,360 956.86 99.28 2 25,499
M714  stLFT + 2 3,478,8860 3,426,5333,426,53372.903,426,533  97.82 100.00 99.81 99.82 0 3,358 957.18 99.28 2 25,374

ONT
M714  Unicycler 2 3,481,0730 3,426,6373,426,63772.993,426,637  97.85 100.00 99.85 99.82 0 3,359 956.54 99.28 2 25,531
M714  Canu 1 3,357,9520 3,357,9523,357,95272.993,357,952  83.8 97.90 91.61 85.99 0 3,321 891.49 8599 2 28,332
R12 NGS 207 3,392,156149 34,666 9,895 66.1933,013 96.48 99.83 95.29 97.88 0.85 3,218 904.53 96.61 1 24,824
R12 stLFR 5 3,577,0392,430 2,869,672286,860 66.01118,540 97.41 99.35 96.52 98.73 2.75 3,430 903.33 98.73 3 26,062
R12 stLFT + 5 3,610,7540 2,904,890286,860 65.982,904,890  98.26 99.42 97.20 99.58 2.75 3,474 902.14 99.15 3 24,804

ONT
R12 Unicycler 5 3,505,9470 2,857,585323,544 66.052,857,585  98.41 99.89 98.06 99.58 0.21 3,335 913.47 99.15 3 26,574
R12 Canu 4 3,577,9880 2,874,3852,874,38565.903,016,002  95.03 99.62 96.50 97.14 0.21 3,701 819.63 9735 3 34,079
K-12  NGS 861 4,998,809350 132,349 5,037 49.88132,349 97.33 91.85 98.65 100.00 2.25 4,520 900.24 99.97 2 26,612
K-12  stLFR 6 4,578,4481,040 4,561,9354,561,93550.77281,469 97.35 99.97 99.72 99.97 0.04 4,368 928.29 99.97 7 9,426
K-12  Ref 1 4,502,7580 4,502,7584,502,75850.784,502,758  96.04 99.98 99.69 99.37 0.04 4,276 93216 9937 7 20,057
44A NGS 98 5,515,358210 601,314 110,298 40.53539,757 98.13 99.49 99.47 98.63 1.84 5,410 827.50 98.63 1 46,210
44A stLFR 8 5,574,40791,277 4,239,514264,146 40.43264,146 97.85 98.36 99.39 98.63 1.39 5,417 828.10 98.63 3 32,708
43-1A° NGS 62 5,442,287100 429,469 80,246  35.26372,952 97.03 97.38 99.64 98.61 0.35 5,600 824.33 98.61 1 42,164
43-1A  stLFR 13 5,577,895146,2204,637,631426,869 35.26282,204 96.77 99.96 99.54 98.61 0.33 5,621 823.66 98.61 3 24,531
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Figure 2. The three sequencing strategies-assembled genome statistics of the six bacterial strains

The total assembly genome length (bottom), N50 length (middle), and maximum scaffold length (top) by using different
algorithms are shown. The assembly algorithms of each sample from left to right are NGS draft genome, stLFR
chromosome scaffolds, stLFR + ONT complete genome, ONT complete genome assembled by Canu, and Hybrid
complete genome assembled by Unicycler using ONT reads and NGS reads.

generated the complete chromosome and plasmid scaffolds for the three samples. The genomes with
closed gaps had higher accuracy than the chromosome-level scaffolds, reaching similar genome sizes,
completeness, and accuracy as those of the Unicycler assemblies (Table 1).

Comparison of the genome assemblies

We compared the assembly results from the three sequencing strategies using various methods. First, the
draft genomes were assembled from NGS data using SPAdes (NGS genomes). Second, the chromosome-
level genomes were assembled from stLFR data using Supernova (or Athena) and SLR-scaffolder (stLFR ge-
nomes). The hybrid assembled complete genomes were obtained after closing the gaps in TGS-Gapfiller
using the ONT reads (stLFR + ONT genomes). Finally, the complete reference genomes were assembled
based on the Nanopore and NGS data using Unicycler, except for the downloaded NCBI reference
genome CP011124.1, which was assembled from PacBio long sequencing reads as the representative com-
plete genome of E. coli K-12 (Table 1) (Tharek et al., 2017). For comparison, we assembled the complete
genome in Canu, using only ONT reads. For all assembly results, the genome lengths were consistent
with the k-mer estimated results (Figure 2, Table1), and the completeness assessments of the genomes
by CheckM were also very close (~99%) with the high mapped rates of NGS reads (~97%), except for
the M714 Canu-assembled genomes (Table 1). This indicated that the assembly results of the long-read
sequencing strategies (included stLFR, Nanopore, and PacBio) were reasonable and accurate.

In addition, we compared the structural accuracy of the results of the three sequencing strategies for strains
E. coli K-12, Rufibacter sp. LB8, D. wulumugiensis R12, and J. melonis M714. There was no significant dif-
ference in the single base accuracy rate and structural accuracy rate between stLFR genomes, stLFR + ONT
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Figure 3. The longest chromosome sequence comparisons for strains

(A-D) (A) E. coliK-12 using stLFR-assembled genome and the third-generation sequencing-assembled genome, (B) Rufibactersp. LB8, (C) D. wulumugiensis
R12, and (D) J. melonis M714 using stLFR-assembled genomes, stLFR + ONT-assembled genomes, ONT + NGS Unicycler-assembled genomes, and ONT
Canu-assembled genomes. The outermost circle is GC heatmap, the next circle is the histogram of GC (red: G > C; blue: G < (C), and the middle circle is gene
density in chromosomes. The last two circles are the COG positive/negative annotation heatmaps, and the legend is shown at the bottom.

genomes, and third-generation sequencing Unicycler-assembled genomes, whereas it was higher than
that of NGS sequencing and Canu-assembled genomes (Table 1). The circular synteny analysis of stLFR ge-
nomes, stLFR + ONT genomes, Canu assembly genomes, and Unicycler assembly genomes did not reveal
any abnormal structural errors or large fragment indels. Moreover, the gene distribution was even and
without bias, which also showed that the assembled structures of the genomes were consistent (Figure 3).
For the strains B. cereus 43-1A and B. frigoritolerans 44A, the synteny analysis also showed that the NGS
assembly could completely match the stLFR-assembled genomes (Figure S5). Furthermore, the NGS-,
stLFR-, stLFR + ONT-, and Canu-assembled genomes were compared with the complete Unicycler-assem-
bled genomes using QUAST to show the sequence alignment and to estimate the base accuracy, genome
fraction, mismatches, and indels per 100 kb. The stLFR assemblies and stLFR + ONT assemblies showed
higher consistency and fewer misassembled blocks compared with Unicycler assemblies than the NGS as-
semblies (Figure 4A). The Canu assemblies also had high consistency but contained more misassembled

6 iScience 24, 102219, March 19, 2021



iScience

A
LB8.NGS
LB8.stLFR
LB8.stLFR_ONT
LB8.Canu
LB8.Unicycler
r T T T T 1
0 1 2 3 4 4.59 Mbp
[N N I 8 1 1 1 S G S 1 S N G 1 N S 6
R12.stL.FR |
R12.stLFR_ONT
R12.Canu
R12.Unicycler
[ T T T T T 1
0.5 1 15 2 25 2.86 Mbp
M714.NGS —
M714.stLFR
M714.stLFR_ONT
M714.Canu e ——
M714.Unicycler
r T T T 1
0 1 2 3 3.43 Mbp
B Genome fraction(100%) Indels per 100 kbp. Mismatches per 100 kbp
s |
Np 1 ] .
8
wnor- I B ]
g ——————l. -
v [N I
won- [ I e
®
ves- [ |
R ] .
wmor- I § u :
o [ B [ %
an- [ ] )
0 125 25 50 75100 0 20 4 80120 0 50 100 200

Figure 4. The longest chromosome sequence comparison

(A and B) (A) Sequences alignment viewer and (B) accuracy evaluation of stLFR genomes, stLFR + ONT genomes, Canu-
assembled genomes, and NGS genomes when compared with the complete genomes assembled by Unicycler using
NGS and ONT reads for the strains E. coli K-12, Rufibacter sp. LB8, D. wulumugiensis R12, and J. melonis M714.

blocks than stLFR assemblies and stLFR + ONT assemblies for the high GC content strains R12 and M714
(Figure 4A). In all the strains, the genome fractions of stLFR assemblies and stLFR + ONT assemblies were
higher than those of the NGS assemblies, and except D. wulumugiensis R12, the SNPs and indels percent-
age between stLFR assemblies, stLFR + ONT assemblies, and NGS assemblies were similar (Figure 4B).
Although the Canu assemblies had somewhat higher genome fractions, the stLFR assemblies and stLFR +
ONT assemblies had lower mismatches and indels for Rufibacter sp. LB8, D. wulumugiensis R12, and
J. melonis M714. This was especially true for the M714 Canu assemblies, which had more than seven times
higher percentages of indels than the other assemblies (Figure 4B).

Finally, we compared the genome components and functional gene annotations of the different assem-
blies. The gene number and average gene length of stLFR assemblies and stLFR + ONT assemblies were
closer to the Unicycler assembly results than the NGS assemblies and Canu assemblies. Furthermore, the
stLFR assemblies, stLFR + ONT assemblies, and Canu assemblies detected the same number of 16S
rRNA copies as the Unicycler assemblies, whereas the NGS assemblies detected only one 16SrRNA (Ta-
ble 1). The COG annotation heatmap revealed that the different assembly strategies had the same an-
notated COG categories for each strain. Compared with the NGS fragment assembly genomes and Canu
assemblies, the annotated gene number of each category of stLFR assemblies and stLFR + ONT assem-
blies was more similar to the Unicycler assemblies (Figures 3 and S3). At the same time, we investigated
the KEGG annotation results and found the same patterns. For each strain, the different sequencing stra-
tegies produced the same annotated pathways, and the annotated gene number of stLFR assemblies
and stLFR + ONT assemblies was similar to the complete reference genomes in each pathway
(Figure S4).
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DISCUSSION

Current research on extremophiles is mostly focused on the exploration of physiological parameters, such
as the extremozymes, to offer an excellent source of replacement for mesophilic ones currently used in
biotechnology. The development of rapid and low-cost NGS technologies has cleared the way for exploit-
ing natural genetic diversity and identifying the corresponding functional genes. In this study, we used
three different sequencing strategies, including NGS, stLFR technology, and third-generation sequencing
(Nanopore or PacBio) to construct libraries, sequence, and assemble the genomes of five extremophilic ra-
diation-resistant strains and E. coli K-12. The GC content of the investigated genomes varied from 35% to
72%.

Among the three sequencing strategies, the cost of stLFR is about twice that of NGS, as well as less than
one-third the cost of Nanopore sequencing and one-fourth that of PacBio sequencing (Figure Sé). In addi-
tion, we generally combined the lllumina or MGI short-reads sequencing (NGS) with different long-read
sequencing technologies (included Nanopore and PacBio) to obtain the complete accurate assembly of
bacterial genomes, which increased the sequencing cost. Additionally, the computational resources
required for stLFR are comparable to those needed for NGS and far lower than those needed for third-gen-
eration sequencing.

Furthermore, stLFR requires only 1-10 ng high-quality DNA, which is much lower than the 1,500 ng required
for Nanopore or PacBio sequencing, and also lower than the 200 ng required for NGS (Tables S2-54).

We investigated the optimal stLFR library construction conditions for bacteria with a high GC content and
found that a low transposase concentration was favorable for sequencing. For all bacteria, we used a trans-
poson that contains the sample index, and one-tenth of the magnetic beads were used for the library con-
struction. Different from previous studies, in which stLFR was applied for animal or plant genomics, our
method allowed the pooling and parallel sequencing of a large number of samples, which cannot be
achieved by 10X Genomics read cloud sequencing technology (Goodwin et al., 2016). We also investigated
the impacts of valid clean data and assembly software on assembly quality. We found that using 2-4 Gb
clean data can result in a high-quality assembly, whereby Supernova and Athena were more suitable for
the assembly stLFR reads to obtain a complete bacterial genome (Figure S1).

Based on the evaluation of the five genomes assembled using three sequencing strategies, we found that
we could obtain chromosome-scale assembly scaffolds from stLFR sequencing data, while achieving the
same structural and functional accuracy as the assembly results of third-generation sequencing (Tablel1,
Figure2). Compared with the NGS assembly results, the stLFR assemblies had higher completeness and
fewer mismatches. Additionally, we also used stLFR data to assemble the complete plasmid genomes,
which was only achieved using third-generation sequencing before (Table1). Furthermore, we used ONT
reads to fill the gaps in the stLFR assemblies and obtain the complete genomes. Compared with the
ONT Unicycler assemblies, the new assembly method could also generate complete genomes with high
accuracy using fewer computational resources.

Many assembly methods were compared for the construction of bacterial complete genomes using Nano-
pore or PacBio long-read sequencing data (Chin et al., 2016; Danko et al., 2019; De Maio et al., 2019; Koren
etal.,, 2017). Here, we also compared the accuracy of the assembly results produced using Canu to directly
assemble ONT data and using the hybrid assembly software Unicycler to assemble ONT data. Owing to the
high sequence error rate of ONT reads, we found that the accuracy (included the ratio of mapped reads,
genomic completeness, single-base accuracy, and structural accuracy) of the Unicycler hybrid assembly
based on the NGS assembly contigs was much higher than that of Canu, especially for bacteria with abnor-
mally high GC content. Similar studies used 10X Genomics long-read cloud sequencing data to assemble
microbial genomes (Bishara et al., 2018a, 2018b; Tolstoganov et al., 2019; Weisenfeld et al., 2017). We opti-
mized the conditions for the stLFR library construction and sequencing of bacterial genomes and con-
structed an stLFR de novo assembly pipeline to obtain chromosome-scale bacterial genomes. In conclu-
sion, we have shown that assembling high-quality reference-grade bacterial genomes using stLFR
sequencing data is a cost-effective option, especially for bacteria that are difficult to culture or do not yield
large amounts of DNA due to challenging extraction. Based on the presented stLFR assembly results, we
are confident that it will be possible to fill gaps and optimize ONT sequencing data to obtain the complete
genome of any industrially important strain in the future.
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Limitations of the study

We used stLFR sequencing technology for the first time to assemble the chromosome-level bacterial ge-
nomes, and this approach currently has some limitations. Owing to the short read length of stLFR
sequencing, the bacterial chromosome sequences still contained gaps, and we will try to increase the
read length using a 200- to 300-bp paired-end sequencing strategy to fill in the gaps caused by short re-
peats. There are currently few de novo assembly algorithms for stLFR data. Although the recently released
stLFR de novo software is an exception (https://github.com/BGl-biotools/stLFRdenovo), it is based on Su-
pernova and is commonly used in animal or plant genome assembly. It is therefore necessary to develop
publicly available tools specifically for the assembly of bacteria stLFR data to obtain better results. In addi-
tion, the calling of large variations (such as structural variations, inversions, and copy number variations) in
large-scale bacterial sequencing projects based on stLFR data also needs to be addressed further.

Resource availability
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Jianwei Chen (chenjianwei@genomics.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The sequencing data and assembly genomes that support the findings of this study have been deposited
into CNSA (CNGB Sequence Archive) of CNGBdb with accession number CNP0001196 and under NCBI
BioProject Accession PRINA665116.

METHODS

All methods can be found in the accompanying Transparent methods supplemental file.
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Transparent Methods

Sample Collection and DNA Extraction

Competent cells of E. coli K-12 DH5a (Cat.No. CB101) were purchased from
Tiangen Biotech (Beijing). The other strains B. cereus 43-1A, B. frigoritolerans 44A,
R. sp. LB8, D. wulumugiensis R12 and J. melonis M714 were isolated in Xinjiang
Uygur Autonomous Region of China and properly stored in our laboratory at Nanjing

Tech University.

For next generation sequencing (NGS), genomic DNA was extracted from 2x10° cells
using the CTAB (cetyltrimethylammonium bromide) method. Extracts were treated
with DNase-free RNase to eliminate RNA contamination. Then the DNA quantity was
determined using a Qubit 3.0 fluorometer, and DNA integrity was evaluated by gel
electrophoresis. Finally, the DNA was sheared into fragments ranging in size from 50
to 800 bp using an E220 ultrasonicator (Covaris, Brighton, UK) as described before
(Zhang et al., 2019).

For stLFR sequencing or Oxford Nanopore Technologies (ONT) platform, genomic
DNA was extracted from 3x10% cells using the Blood & Cell Culture DNA Midi Kit
(13343; Qiagen, Germany), according to the manufacturer’s instructions. Genomic
DNA was quantified using the dsDNA BR assay on a Qubit fluorometer (Thermo
Fisher Scientific, USA) and measured by pulsed-field gel electrophoresis (PFGE).
DNA with a main band of more than 40 kb and OD260/OD2so between 1.6-2.2 was

considered to have sufficiently high quality for sequencing.

NGS Library Construction and Sequencing

DNA fragments between 200 and 500 bp were selected using AMPure XP beads
(Agencourt, Beverly, MA, USA) and then repaired using T4 DNA polymerase
(ENZYMATICS, Beverly, MA, USA). These DNA fragments were ligated at both
ends to T-tailed adapters and amplified for eight cycles, after which the amplification

products were used to generate a single-strand circular DNA library. The NGS



libraries of LB8, 43-1A and K-12 were sequenced on a BGISEQ-500 platform (BGI,
Qingdao, China) to obtain 100 bp paired-end raw reads, and the libraries of 44A, R12
and M714 were sequenced on an [llumina X-Ten platform (Majorbio-Shanghai China)

to obtain 150 bp paired-end raw reads.

stLFR Library Construction and Sequencing

The stLFR technology uses Tn5 transposase for the co-barcoding of DNA libraries.
The stLFR library was constructed following the standard protocol using the
MGIEasy stLFR Library Prep kit v1.1 (PN: 1000005622) (Wang et al., 2019) with
some process improvement for better assembly of bacterial genomes. In detail, instead
of pooling different libraries for the final sequence, 1/10 of the magnetic beads were
resuspended and mixed for subsequent digestion and library construction. To optimize
the procedure for bacteria with a high GC content, we construct five stLFR libraries
for D. wulumugiensis R12 using different concentrations of the interrupting enzyme
ranging from 0.4 to 1.2 pmol/10 ng DNA, and we reduced the input concentration of

the interrupting enzyme from 1.0 to 0.40 pmole/ 10 ng DNA for J. melonis M714.

After ligation reaction II, as described in the protocol, the beads were collected on
the side of the tube and washed with 180 pL Wash buffer II. The beads were then
gently mixed with Wash buffer I using a pipette and 18 pL was transferred to a fresh
tube. Beads from different samples containing different sample indices were mixed
together to a final 180 puL mixture. The final stLFR library was constructed following
the protocol and sequenced on a BGISEQ-500 platform in 100 bp pair-end model
(BGI-Qingdao, China).

Oxford Nanopore Library Construction and Sequencing

Library preparations and sequencing were carried out using the Oxford Nanopore
Ligation Sequencing Kit SQK-LSK109 according to the manufacturer’s instructions.
Briefly, 1 pg of genomic DNA was fragmented using a Covaris g-TUBE via
centrifugation at 4,000 g in an Eppendorf 5424 tube. DNA repair, end-repair and



A-tailing were combined using NEBNext FFPE DNA Repair Mix (M6630, New
England BioLabs), and the NEBNext Ultra II End Repair/dA-tailing Module (E7546,
New England BioLabs). DNA was subsequently purified using AMPureXP beads
(A63882, Beckman Coulter, Ireland). Adapters were then ligated to the DNA using
NEBNext Quick T4 DNA Ligase (E6056, New England BioLabs). Library loading
onto R9.4.1 flow-cells was performed as stated in the manufacturer’s protocol,
followed by sequencing on a GridION instrument for 48 h. The ONT reads which

quality higher than 7.0 were included.

NGS Assembly

After filtering low-quality reads, adapter contamination, and duplicate reads using
SOAPnuke (v1.5.2) (Chen et al., 2018) with the parameters “-q 0.2 -1 0.2 -n 0.05 -d”,
the clean reads were assembled into contigs and scaffolds using SPAdes (v3.11.1)

(Bankevich et al., 2012) with k-mer range of 43 to 83 and a step size of 10.

Nanopore Assembly

Nanopore reads longer than 8 kb were selected to assemble the complete genome.
First, we used Unicycler (v0.4.8) (Phillippy et al., 2017) with default parameters to
assemble the genomes using Nanopore reads and NGS sequencing reads as the
reference genomes. At the sae time, the Nanopore reads were independently
assembled into complete genomes using Canu (v1.6.0) (Koren et al., 2017) with the
parameters “MhapSensitivity=high, corMinCoverage=4, and minReadLength=2000".
To fix the INDEL and SNP errors, all the assembled genomes were successively
polished twice with Illumina X-Ten or BGISEQ-500 NGS clean data using Pilon (v
1.23) and GATK (v 3.4-0) with the parameters; “-fix indels -nostrays” for Pilon and
“-stand call conf 50 -stand emit conf 10.0 --filterExpression ‘MQO >= 4 && ((MQO
/(1.0 *DP)) > 0.1) && DP < 4’ for GATK.

stLFR Assembly

We constructed a bacterial genome assembly analysis pipeline, which could assemble



chromosome-level genomes from stLFR data alone or assemble complete genomes by
adding ONT sequencing data. Firstly, raw sequencing data was filtered using
SOAPnuke (v1.5.2) (Chen et al., 2018). The stLFR clean data were split into
paired-end 100 bp short reads and their corresponding barcode information. The
stLFR corresponding barcodes were transformed to generate barcodes compatible
with the 10X Genomics format. The corresponding scripts were made available on

GitHub (https://github.com/BGI-Qingdao/stlfr2supernova_pipeline).

We then assembled the draft genomes using various methods. SPAdes (v3.11.1)
(Bankevich et al., 2012) and Architect (v0.1) (Kuleshov et al., 2016) were used to
assemble the stLFR clean data with the parameters; “-k 43,53,63,73,83” and
“--pe-abs-thr 3 --pe-rel-thr 0.15 --pe-rc-rel-thr 0.1 --rc-abs-thr 3 --rc-rel-edge-thr 0.15
--rc-rel-prun-thr 0.1”, respectively. cloudSPAdes (v3.12.0-dev) (Tolstoganov et al.,
2019), Athena (v1.3) (Bishara et al., 2018) and Supernova (v 2.1.1) (Weisenfeld et al.,
2017) were also used to assemble the stLFR clean data with the default parameters.
Finally, to make full use of the diversity of the stLFR barcode information,
SLR-superscaffolder (v 0.9.0) (Deng et al., 2019) was further applied to improve the

scaffolds and obtain chromosome-level genomes for all strains.

The chromosome-level genomes with the longest scaffolds and largest contig N50
values were selected. Then, we enhanced the chromosome-level genome to obtian a
complete genome using TGS-GapCloser (v 1.1.1) (Xu et al., 2020) based on the
Nanopore sequencing long reads with default parameters. Pilon (v 1.23) and GATK (v
3.4-0) were used to fix the sequencing errors based on the stLFR sequencing reads as

described before.

Genome Evaluation and Annotation
To estimate the genome size for each sample according to the NGS data, the 15 bp
k-mer frequency distribution was plotted using R (v3.4.1). Additionally, to assess the

quality of each genome assembly, NGS reads were mapped to the genome using



SOAPaligner (v2.22) and BWA (v0.7.12-r1039). The ratio of mapped reads base
coverage depth and number of mapped paired-end reads were calculated. The
proportion of bases with >5x coverage among the total bases was calculated to assess
the single base accuracy, and the proportion of mapped bases in more than 6
paired-end reads with normal insert size among total bases (normal insert size mapped
and abnormal insert size mapped reads) was calculated to assess the structural
accuracy. Subsequently, CheckM (v1.0.13) (Parks et al., 2015) software was used to

evaluate the genome completeness and contamination.

RNAmmer (v 1.2) (Lagesen et al., 2007) was used to predicted the rRNAs. All the
coding sequences (CDS) were predicted using Prokka (v1.13) (Seemann, 2014).
Functional gene annotation was carried out using Diamond (v0.8.23.85), and aligned
against the KEGG (v84) and COG (20141110) public database. We aligned the
chromosome-level genomes to each other using Blast (v2.2.31) using the criteria
E-value < 10~ and match length >10,000 bp, and the consistency and genome features
were visualized using Circos (v0.69-6). Finally, QUAST (v5.0.2) (Gurevich et al.,
2013) was used to compare the NGS, stLFR and Nanopore assemblies for each
sample, while the Unicycler assembly genomes were used as references. the assembly

errors including SNVs, InDels and genome fraction were calculated.
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Figure S1. The stLFR sequencing data assembly statistics by using five different algorithms.
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Related to Figure 2.



Sample Color Kmer_Num (Mbp) | Pk_Depth | Genome_Size (Mbp) Genome_Depth
43-1A 228.57 37 6.15 43.24
4 H 44A 211.70 37 572 40.81 —
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Figure S2. K-mers frequency distribution of six strains using NGS data. The peaks and

estimated genome sizes are showed on the top of figure. Related to Figure 2 and Table 1.
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Figure S3. The COG categories annotation in the six strains using different sequencing
strategies for assembly the genomes. For each strain, we divided the annotation gene number
of each assembly genome by the average number of all strategies to calculate the relative

value for every COG class. Related to Figure 4.
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Figure S4. The KEGG pathway classification in the 6 strains of different sequencing
strategies assembled genomes. For each strain, we divided the annotation gene number of
each assembly genome by the average number of all strategies to calculate the relative value

for every pathway. Related to Figure 4.
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genome for strains a) B. cereus 43-1A and b) B. frigoritolerans 44A. Related to Figure 3.
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Figure S6. The sequencing costs of NGS, stLFR, ONT and PacBio for bacteria genomes. For each
sequencing strategy, the cost includes DNA extraction, library preparation and sequencing of 1 Gb

cleandata. Related to Table 1.



Table S1. The sequences statistics of the five concentrations stLFR sequencing of D.

wulumugiensis R12. Related to Figure 1.

Concentrations Raw Data Low Adapter Dup (%) Clean Clean  Molecule DNA
(Mb) Qual (%) (%) Data (Mb) Q20 length (Kb)  (ng)
0.4 2,000 7.06 8.14 9.91 1,498 97.88  60.37 10
0.6 2,000 6.60 10.20 9.24 1,479 96.96  57.19 10
0.8 2,000 6.29 7.97 10.25 1,510 9723  56.06 10
1.0 2,000 6.41 10.54 9.19 1,477 9596 64.44 10

1.2 2,000 6.05 9.35 9.86 1,495 97.00 5892 10




Table S2. The NGS sequences statistics of the six strains. Related to Figure 2 and Table 1.

Sample  Raw Data Low Qual Adapter Dup (%) Clean Data Clean Q20  DNA amount

(Mb) (%) (%) (Mb) (ng)
43-1A 6,537 34.47 3.84 26.89 6,329 98.89 500
44A 8,787 60.94 0.54 38.40 7,380 98.49 500
LB8 9,830 9.43 1.82 11.99 9,300 94.43 500
R12 1,084 97.69 1.52 0.70 556 95.37 500
M714 904 13.72 0.31 85.96 667 98.63 500

K-12 7,008 63.29 4.93 20.36 6,674 98.190 500




Table S3. The stLFR sequences statistics of the six strains. Related to Figure 2 and Table 1.

Sample Raw Data  Low Adapter  Dup Clean Data Clean Molecule DNA amount
(Mb) Qual (%) (%) (%) (Mb) Q20 length (Kb) (ng)
43-1A 522542 10.52 21.45 3.55 3,368.98 96.37 33.09 10
44A 4,716.93 11.33 12.94 3.39 3,411.92 95.53 47.34 10
LB38 6,053.28 10.57 16.23 4.97 4,130.41 94.85 60.71 10
R12 4,450.48 6.67 30.00 427 2,628.44 97.25 54.23 10
M714  6,000.00 1.88 6.70 5246  2,337.39 95.87 51.26 10
K-12 2,328.84 10.22 13.78 5.30 2,000.00 93.24 42.86 10




Table S4. The Nanopore sequences statistics of strains R. sp. LB8, D. wulumugiensis R12 and

J. melonis M714. Related to Figure 2 and Table 1.

Sample Raw Reads ~ Raw Data (Gb) N50 (bp) N90 (bp) Quality score DNA amount (ng)

LB8 325,092 2.22 20,067 3,032 10.06 1,500
R12 55,821 1.32 36,493 14,553 12.03 1,500

M714 162,546 291 29,596 9,482 9.42 1,500
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