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Abstract
We sequenced the Paenibacillus sp. R4 using Oxford Nanopore Technology (ONT), single molecule real-time (SMRT) 
technology from Pacific Biosciences (PacBio), and Illumina technologies to investigate the application of nanopore reads 
in de novo sequencing of bacterial genomes. We compared the differences in both genome sequences between genome 
assemblies using nanopore and PacBio reads and focused on the difference in the prediction of coding sequences. The results 
indicated that for more accurate predictions of open reading frames, contigs in the assemblies using only PacBio reads also 
needed to be corrected using short reads with high-quality bases, and repeat regions in genomes did not affect the increase 
of mispredicted coding sequences via genome polishing significantly. In assemblies using only nanopore reads, genome 
polishing was essential, but many repeat regions in genomes might increase the number of mispredicted coding sequences 
via genome polishing. The hybrid assembly combining the long reads and short reads represents the best result for coding 
sequence predictions in genome assemblies using nanopore reads.

Keywords Hybrid assembly · Long-read sequencing · Oxford Nanopore technology · Paenibacillus sp.

Introduction

The development of long-read (LR) sequencing or third-
generation sequencing methods is overcoming the early 
limitations of short-read sequencing accelerating their 
application in microbial genomics. Single molecule real-
time (SMRT) technology from Pacific Bioscience (PacBio) 
is the representative sequencing technology used in LR 
sequencing (Eid et al. 2009) and has been used for com-
plete genome sequencing of many bacterial strains (Chin 
et al. 2013). The accuracy of each base in raw sequencing 
reads is known to be nearly 85% (Ross et al. 2013). Recently, 
another LR technology, Oxford Nanopore Technology 
(ONT), emerged as a sequencing service and research tool 
(Deschamps et al. 2016; Eccles et al. 2018; Giordano et al. 
2017; Jain et al. 2018, 2016). The SMRT technology detects 
the signals departed from elongated bases by polymerases 
(Eid et al. 2009), whereas the ONT detects the differences 
in the electric signals when nucleotides pass through pore 
proteins (Clarke et al. 2009). Earlier researches have shown 
the potential of ONT to generate longer reads and produce 
more sequencing reads than that of SMRT at a cheaper cost 
(Giordano et al. 2017). A disadvantage of nanopore reads 
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is the lower base quality compared to that of PacBio reads 
generated using SMRT technology (Ashton et al. 2015; Lu 
et al. 2016). However, nanopore reads are sufficient to gen-
erate scaffolds and unravel complicated structures, similar 
to PacBio reads. ONT can also generate ultra-long reads, 
with lengths of up to 882 kb (Jain et al. 2018). The lower 
base quality of the assembled contigs than that of the assem-
bled contigs from the PacBio reads (Jain et al. 2018) can 
be curated through polishing of the assembled contigs with 
the signal level data of the nanopore reads using ‘nanopol-
ish’ (Loman et al. 2015) or with high quality reads such as 
Illumina reads using Pilon or Racon (Michael et al. 2018; 
Walker et al. 2014). The hybrid assemblies that combine the 
short-read and long-read sequencing datasets have emerged 
as one of the promising approaches to generating accurate 
bacterial genome assemblies. The tools like ‘Unicycler’ 
and ‘SPAdes’ have been reported to be the emerging hybrid 
assemblers used in the assembly of the complete bacterial 
genome (Antipov et al. 2016; Wick et al. 2017). In eukary-
otes, the prediction of the coding sequence (CDS) from the 
polished genome assembled with the nanopore reads showed 
that the genome completeness and gene set completeness in 
BUSCO analysis were greatly increased (Shin et al. 2019). 
In bacterial genome assemblies with the nanopore reads, a 
few studies have shown that genome polishing and hybrid 
assembly could also increase genome completeness and cor-
rect the predictions of the CDS with the group of bacterial 
genome (De Maio et al. 2019; Goldstein et al. 2019; Passera 
et al. 2018). In this study, focusing on the coding sequence 
in assemblies using the nanopore reads, we tried to decipher 
the best assembly method for a single bacterial genome. We 
sequenced the Paenibacillus sp. R4, a strain isolated from 
the soils of the Arctic region that has been recently used for 
crystallization of a recombinant form of PsEst3, a psychro-
philic esterase (Kim et al. 2018). For the purpose, we have 
used the SMRT technology, ONT, and Illumina sequencing 
technology, and compared the annotated genomes generated 
from the various methods.

Methods

Sample and DNA preparation

Paenibacillus sp. R4 was isolated from the soil of the active 
layer in Council, Alaska. The soil sample was preserved 
at – 80 °C until the use. For bacterial isolation, a serially 
diluted aliquot (100 µl) of the soil sample in 0.85% NaCl 
(w/v) was spread on Reasoner’s 2A (Difco, Sparks, MD, 
USA) plates and incubated at 10 °C for 20 days. Paenibacil-
lus sp. R4 was one of the bacterial isolates and maintained 
routinely on trytone soy broth (TSB; Himedia, Mumbai,

India). Genomic DNA was isolated using DNeasy tissue 
and blood kit (Qiagen, Valencia, CA, USA) according to the 
manufacturer’s protocol.

ONT library preparation and 1D sequencing

A genomic library for ONT sequencing was constructed 
using the ONT 1D ligation sequencing kit (SQK-LSK108), 
according to the manufacturer’s instructions. To reduce the 
damage to the DNA that causes the sequencing errors, 2.0 μg 
of genomic DNA was repaired using a NEBNext FFPE 
repair mix (NEB cat no. M6630) and purified using AMPure 
XP beads. For end repair and dA-tailing, the resulting DNA 
was treated using NEBNext Ultra II End-Repair/dA-tailing 
module (NEB cat no. E7546) and purified using AMPure XP 
beads. An adapter was ligated for sequencing to the purified 
DNA using an adapter mix 1D in an SQK-LSK108 kit and 
an NEB Blunt/TA ligase Master Mix (NEB cat no. M0367). 
Finally, the adaptor-ligated DNA was cleaned using AMPure 
XP beads, an ABB buffer, and an elution buffer.

Sequencing was carried out using a GridION X5 
sequencer, and a single 1D flow cell (FLO-MIN106) with 
protein pores R9.4 1D chemistry for 48 h, according to the 
manufacturer’s instructions. Live base-calling was per-
formed using Guppy software (ver. 0.5.1), and the FAST5 
files were generated during sequencing. All sequencing pro-
cedures were performed by Phyzen Co. Ltd. (Seongnam, 
Korea). Nanopore reads that were similar to the number of 
bases in the PacBio reads were compared with each other 
and were randomly selected using seqtk (v. 1.3) (seqtk. https 
://githu b.com/lh3/seqtk  Accessed 26 August 2019.).

PacBio library preparation and sequencing

A total of 5 μg of genomic DNA was used for the construc-
tion of a 20-kb insert library. The SMRTbell library for the 
PacBio RS II (Pacific Biosciences) was constructed with 
SMRTbell™ Template Prep Kit 1.0 (PN 100-259-100) fol-
lowing the manufacturer’s instructions (Pacific Biosciences). 
The fragments smaller than 20 kb of the SMRTbell template 
were removed using the Blue Pippin Size selection system. 
The 20-kb insert library was sequenced using 1 SMRT cells 
(Pacific Biosciences) using C4 chemistry (DNA sequencing 
Reagent 4.0) at LabGenomics (Seongnam, Korea).

Illumina sequencing

The Illumina-compatible sequencing library had a fragment 
size range of 500 bp. It was constructed and sequenced using 
the Illumina HiSeq (IH) platform with 150 paired-end chem-
istry by Phyzen Co. Ltd. (Seongnam, Korea). Trimmomatic 
(v. 0.36) was used to remove Illumina adapters and trim 
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low-quality regions with an average Phred score < 15 over a 
four-bp window (Bolger et al. 2014).

De novo genome assembly and genome polishing

Three assemblers were used in this study for constructing 
de novo genome sequences. Four sets of sequencing reads 
were used in the assemblies: PacBio reads  (LRPB), Illumina 
short reads  (SRIH), Nanopore reads  (LRONTt), and randomly 
selected Nanopore reads  (LRONTs). For hybrid assembly, 
Unicycler (v. 0.4.3) was used (Wick et  al. 2017). Each 
of the three sets of long reads was assembled with  SRIH 
and generated three assemblies:  LRONTt + SRIH (Unicycler), 
 LRONTs + SRIH (Unicycler), and  LRPB + SRIH (Unicycler). For long 
read only assemblies, Canu (ver. 1.1.1) and SMARTdenovo 
were used (Koren et al. 2017; SMARTdenovo. https ://githu 
b.com/ruanj ue/smart denov o. Accessed 19 November 2018.). 
In the Canu assembly, corrections, trimmings, and assembly 
phases were performed with default parameters and with 
“genome size = 8.9 m”. “-pacbio-raw” and “-nanopore-raw” 
options were used for each read set and three assemblies 
were generated:  LRPB

(canu),  LRONTt
(canu) and  LRONTs

(canu). 
In SMARTdenovo assembly, “-p pac” for PacBio reads 
and “-p ont” for nanopore read were used, and three 
assemblies were generated:  LRPB

(SMART),  LRONTt
(SMART), 

 LRONTs
(SMART). canuSMART was the assembly method that 

assembled initial corrected reads using Canu into contigs 
using the SMARTdenovo assembler (Schmidt et al. 2017): 
 LRPB

(canuSMART),  LRONTt
(canuSMART), and  LRONTs (canuSMART). 

For long read assemblies, genome polishing was performed. 
 SRIH was aligned using Minimap2 (Li 2018) and Burrows-
Wheeler Aligner (BWA; ver. 0.7.17) (Li 2013), and the 
obtained information was used for genome polishing using 
Racon and Pilon (ver. 1.22) with default parameters.

Assembly evaluation and the identity values 
of the draft genome sequences

REAPR (recognition of errors in assemblies using paired 
reads) (Hunt et al. 2013) was used for assembly evaluation. 
REAPR is a tool that precisely identifies errors in genome 
assemblies and provides a warning for less serious incon-
sistencies in the assembly through paired-end read map-
ping without a reference genome (Hunt et al. 2013). The 
identity values of the assemblies were computed based on 
the  LRPB + SRIH

(Unicycler) using the nucmer command in the 
MUMmer tool (ver. 3.0.) (Delcher et al. 2002). The result-
ing delta file was processed with the dnadiff script in the 
MUMmer tool, and an average 1-to-1 alignment identity, 
total indel, and total substitution were used. The genome 
completeness of assemblies was also validated using bench-
marking universal single-copy orthologs (BUSCO; ver. 3) 
(Simão et al. 2015). Because Paenibacillus is a species of 

bacteria within the order Bacillales, we conducted BUSCO 
analyses against Bacillales datasets containing 526 genes. 
CheckM was also used for estimation of genome complete-
ness and contamination using their domain-specific markers 
(bacteria: 104 markers) (Parks et al. 2015).

Gene annotation and quality assessments

We carried out gene annotations using a prokaryotic genome 
annotation pipeline, DFAST (Tanizawa et al. 2017), and 
Clusters of orthologous groups of proteins (COGs) were 
predicted by COGnitor (Tatusov et al. 2000). To set the 
coding sequence before comparison between the cod-
ing sequence (CDS), ORFs of  LRPB + SRIH

(Unicycler) were 
considered as CDSs of Paenibacillus sp. R4 and CDSs of 
 LRPB + SRIH

(Unicycler) were compared using BLAST against 
ORFs of  LRPB

(canu), and vice versa. CDSs, which were con-
sidered as a misprediction, were confirmed by comparison 
against the nr databases. If single ORFs of other assem-
blies showed perfect or nearly exact matches (above 99% 
identity and below 5% difference in length) with single 
CDS of  LRPB + SRIH

(Unicycler), it was thought to be the same 
CDS. If multiple ORFs of other assemblies showed nearly 
exact matches with single CDS of  LRPB + SRIH

(Unicycler) and 
are located next to each other in their genome, they were 
thought to be split by the error in assemblies. If there are no 
matched CDS against CDS of  LRPB + SRIH (Unicycler), CDS 
was thought to be missing in the assemblies.

Repeat analysis

To identify repeat regions in the genome sequences, self-
BLAST was performed using the BLASTN program. 
Sequences with the similarity over 99% and the length over 
500 bp in BLASTN were considered as repeat sequences, 
and these regions were compared to the region of the split 
for the CDS against the repeat regions of the genome.

Results

Sequencing and read correction

We sequenced the genome of Paenibacillus sp. R4 using 
GridION X5, PacBio RS II, and Illumina HiSeq. A GridION 
X5 sequencer generated 2 262 281 reads  (LRONTt) bearing 15 
330 789 967 bases, using a single 1D flow cell (Table 1). The 
 LRONTt that were longer than 1 kb comprised 98.4% of the 
total read sum, and the reads longer than 10 kb comprised 
60.46%. PacBio RS II generated 149 031 reads  (LRPB) bear-
ing 1 438 734 509 bases using one SMRT cell (Pacific Bio-
sciences).  LRPB longer than 1 kb comprised 99.7% of total 
read sum and reads longer than 10 kb, comprised 70.4%. 

https://github.com/ruanjue/smartdenovo
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10 314 098 short reads bearing 1 557 428 798 bases  (SRIH) 
were obtained using HiSeq 2000. To compare the assembled 
genome sequences using  LRONT against those using  LRPB, 
215 000 nanopore reads  (LRONTs) comprising 1 456 295 612 
bases were randomly selected using seqtk (ver. 1.3).

Before assembly, the long reads were corrected using 
Canu (ver. 1.1.1) (Table 2) (Koren et al. 2017). Canu was set 
to select the longest 40 × subset and generate 40 × corrected 
reads by default. Therefore, 13 427 reads comprising 363 
678 567 bases in  LRONTs were generated after correction. In 
 LRPB, 22 626 corrected reads comprising 349 109 761 bases 
were generated, and the percentage of reads over 10 kbp 
increased for both corrected  LRPB and  LRONTs. However, a 
large number of reads were selected from  LRONTt and cor-
rected by Canu. The number of corrected reads in  LRONTt 
was 646 153, comprising 5 402 055 529 bases.

De novo genome assembly and comparison

To obtain accurate genome sequences from the LRs  (LRONTt, 
 LRONTs, and  LRPB), hybrid assembly (Wick et al. 2017), long 
read only assembly (Koren et al. 2017; Schmidt et al. 2017; 
SMARTdenovo. https ://githu b.com/ruanj ue/smart denov o. 
Accessed 19 November 2018.), and genome polishing were 
used in this study. In all assemblies, one contig comprising 

about 8.9 Mbp with 46.5% G + C content was generated 
(Table 3). In the assemblies using  LRPB, four assemblies 
were generated:  LRPB + SRIH (Unicycler),  LRPB (canu),  LRPB 
(SMART), and  LRPB (canuSMART).  LRPB (canu),  LRPB (SMART), 
and  LRPB (canuSMART) among assemblies were polished with 
 SRIH by using the programs Pilon (ver. 1.22) and Racon (ver. 
1.4.3) (Table 3). The resulting genome size of Paenibacil-
lus sp. R4 was 8,989,550–8,992,906 bases in length. For 
 LRONTs, assemblies and genome polishing were performed 
similarly to the  LRPB assemblies:  LRONTs + SRIH (Unicycler), 
 LRONTs (canu),  LRONTs (SMART), and  LRONTs (canuSMART). For 
 LRONTt, the following four assemblies were performed: 
 LRONTt + SRIH (Unicycler),  LRONTt

(canu),  LRONTt
(SMART), and 

 LRONTt (canuSMART) (Table 3). The resulting genome sizes 
were 8,966,533–8,989,554 bases. To evaluate the accu-
racy of the genome assemblies, we used REAPR (Table 3); 
(Hunt et al. 2013). REAPR reports a warning for less seri-
ous inconsistencies in the assembly through paired-end 
read mapping (Hunt et al. 2013). A small deletion or inser-
tion error, incorrect assembly of a repetitive sequence, or a 
region with low coverage of read pairs were included in the 
warning. Genome sequences using a hybrid assembler with 
 SRIH and long read assemblies with  LRPB showed a low 
number of warnings (below 331) without genome polish-
ing. In contrast, assemblies with only  LRONT showed a high 

Table 1  Characteristics of 
sequencing reads

bp base pairs. LRONTt denotes long reads generated from Oxford Nanopore Technology (ONT), LRONTs 
denotes randomly selected reads among LRONTt, LRPB denotes long reads generated from single molecule 
real-time (SMRT) technology, and SRIH denotes short reads generated from Illumina HiSeq 2000. The per-
centage of read sum is shown in parentheses

LRONTt LRONTs LRPB SRIH

Total reads 2,262,281 215,000 157,471 10,314,098
Total bases 15,330,789,967 1,456,295,612 1,438,734,509 1,557,428,798
Read length N50 (bp) 12,625 12,589 13,760 151
Max read length (bp) 121,377 113,620 45,888 151
Number above 1 kbp 1,903,181 (98.64%) 180,756 (98.64%) 149,031 (99.67%)
Number above 5 kbp 990,595 (82.83%) 93,969 (82.78%) 101,928 (90.63%)
Number above 10 kbp 513,149 (60.46%) 48,713 (60.42%) 62,688 (70.39%)
Number above 25 kbp 81,947 (17.38%) 7771 (17.44%) 4501 (9.12%)

Table 2  Characteristics of 
corrected reads

The percentage of read sum is shown in parentheses

Corrected  LRONTt Corrected  LRONTs Corrected  LRPB

Total reads 646,153 13,427 22,626
Total bases 5,402,055,529 363,678,567 349,109,761
Read length N50 (bp) 12,896 27,688 18,207
Max read length (bp) 114,802 80,640 41,647
Number above 1 kbp 641,746 (99.92%) 13,411 (99.96%) 22,450 (99.96%)
Number above 5 kbp 372,271 (86.26%) 12,870 (99.70%) 18,290 (97.69%)
Number above 10 kbp 199,085 (63.05%) 12,869 (99.70%) 18,083 (97.22%)
Number above 25 kbp 13,664 (9.67%) 7341 (65.48%) 1820 (14.96%)

https://github.com/ruanjue/smartdenovo
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number of warnings (above 2 226) (Table 3). More nanop-
ore reads slightly decreased the number of warning for the 
 LRONTt (canu),  LRONTt (SMART), and  LRONTt (canuSMART), than 
in the  LRONTs (canu),  LRONTs (SMART), and  LRONTs (canuSMART), 
respectively. In most assemblies using only LR, the num-
ber of warnings decreased after genome polishing (Table 3 
and Supplementary Table S1), and the polished genome 
sequences with Pilon × 3 showed the lowest number of warn-
ings among the long read only assembly (Table 3). How-
ever, in polished genome sequences using both Pilon × 3 
and Racon, the number of warnings in assemblies using LR 
increased compared to genome polishing with only Pilon × 3.

To evaluate the usages of the nanopore reads for bacterial 
genome assembly and further genome annotations, we com-
pared the assemblies using  LRONT against the assemblies 
with those using  LRPB.  LRPB + SRIH

(Unicycler)was selected 
as the base assembly because it had the lowest number of 
warnings without genome polishing among assemblies using 
 LRPB (Table 3). Through dnadiff (Delcher et al. 2002), the 

assemblies were compared against  LRPB + SRIH
(Unicycler) 

(Table 4). Identities of the assemblies using the nanopore 
reads ranged from 99.732% to 99.990%. The hybrid assem-
blies  (LRONTt + SRIH (Unicycler) and  LRONTs + SRIH (Unicycler)) 
were highly similar to  LRPB + SRIH (Unicycler), and assemblies 
using only  LRONT showed lower identities (99.732–99.829%) 
than those of the hybrid assemblies (99.988–99.990%), 
without genome polishing. The identities of the assem-
blies using  LRPB ranged from 99.962% to 99.989%, and 
those of assemblies without genome polishing ranged from 
99.984 ~ 99.987%. After genome polishing using Pilon × 3, 
the identities of most of the assemblies increased to over 
99.983% (Table 4). However, the identities of the genome 
sequence polished using Racon and Pilon × 3 increased up 
to 99.962% in the assemblies using nanopore reads. Rather, 
in the assemblies using the PacBio reads, the identities 
decreased to 99.955% after genome polishing via Racon and 
Pilon × 3. Total substitutions in the results of dnadiff ranged 
from 460 to 1 011 bases in the assemblies using  LRONT and 

Table 4  Assembly quality assessment using dnadiff and CheckM

Identity, total substitutions, total indels, translocations, and inversions were calculated using dnadiff. Total indels denote the sum of single nucle-
otide insertions and deletions in the aligned region. Unaligned bases were not included in this table, and rough insertions and deletions calcu-
lated with dnadiff are not shown in the table. CheckM was used to estimate the completeness and level of contamination. One hundred four 
markers were tested, and the numbers of the markers are indicated in parentheses. Genome sequences without genome polishing are shown in 
black, those polished using Pilon in blue, and those polished with Racon + Pilon × 3 in red

Long read Assembly Identity (%) Total substi-
tutions

Total indels Completeness (%) Contamination (%)

LRPB LRPB + SRIH
(Unicycler) 98.28 (101) 3.45 (2)

LRPB (canu) 99.987 168 270 98.28 (101) 3.45 (2)
LRPB (canu+Pilon×3) 99.987 167 41 98.28 (101) 3.45 (2)
LRPB (canu+Racon+Pilon×3) 99.962 396 2446 91.93(95) 3.45 (2)
LRPB (SMART) 99.984 174 1078 98.28 (101) 3.45 (2)
LRPB (SMART+Pilon×3) 99.988 133 105 98.28 (101) 3.45 (2)
LRPB (SMART+Racon+Pilon×3) 99.955 408 2804 90.52 (96) 1.88 (2)
LRPB (canuSMART) 99.986 244 543 97.93 (100) 3.45 (2)
LRPB (canuSMART+Pilon×3) 99.989 179 52 98.28 (101) 3.45 (2)
LRPB (canuSMART+Racon+Pilon×3) 99.989 333 2398 90.49 (93) 3.61 (3)

LRONT LRONTt + SRIH (Unicycler) 99.988 56 6 98.28 (101) 3.45 (2)
LRONTs + SRIH (Unicycler) 99.99 44 6 98.28 (101) 3.45 (2)
LRONTt (canu) 99.734 460 22,908 90.75 (91) 1.72 (1)
LRONTs (canu) 99.732 508 23,293 89.34 (94) 1.72 (1)
LRONTs (canu+Pilon×3) 99.983 181 475 98.28 (101) 3.45 (2)
LRONTs (canu+Racon+Pilon×3) 99.962 453 2080 92.24 (98) 1.72 (1)
LRONTt (SMART) 99.829 592 14,198 90.88 (92) 1.72 (1)
LRONTs (SMART) 99.798 1011 16,867 95.53 (99) 1.72 (1)
LRONTs (SMART+Pilon×3) 99.984 349 563 95.69 (99) 3.45 (2)
LRONTs (SMART+Racon+Pilon×3) 99.964 535 2453 95.69 (99) 3.45 (2)
LRONTt (canuSMART) 99.761 566 19,556 90.44 (91) 1.72 (1)
LRONTs (canuSMART) 99.757 523 20,782 90.36 (97) 0 (0)
LRONTs (canuSMART+Pilon×3) 99.986 165 247 98.28 (101) 3.45 (2)
LRONTs (canuSMART+Racon+Pilon×3) 99.965 446 2085 91.07 (95) 1.72 (1)
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ranged from 168 to 244 bases in the assemblies using  LRPB, 
before genome polishing. With three times the genome 
polishing using Pilon, the total substitutions decreased to 
165–349 bases in the assemblies using the nanopore reads 
and decreased to 133–179 bases in the assemblies using the 
PacBio reads. In genome polishing with Racon and Pilon × 3, 
the total substitutions slightly decreased to 446–535 bases 
in the assemblies using  LRONT, but it increased to 333–408 
bases in the assemblies using  LRPB. Total indels, denot-
ing single inserted bases and deleted bases in the dnadiff 
results, decreased from 14 198 ~ 23 293 to 247 ~ 563 bases 
in the assemblies using  LRONT and decreased from 270 ~ 1 
078 to 41 ~ 105 bases in the assemblies using  LRPB after 
genome polishing using Pilon × 3. However, genome polish-
ing using both Racon and Pilon × 3 increased the total indels 
up to 2398–2804. In genome polishing of assemblies using 
 LRONT, Racon increased the number of both total substi-
tutions and indels compared to those of genome polishing 
using only Pilon × 3. Total bases, identities, total substitu-
tions, and total indels of the hybrid assemblies with  LRONT 
were most similar to  LRPB + SRIH

(Unicycler).
The genome completeness of assemblies was also vali-

dated using benchmarking universal single-copy orthologs 
(BUSCO; ver. 3) (Simão et al. 2015), and CheckM (Parks 
et al. 2015). We conducted BUSCO analyses against Bacil-
lales datasets containing 526 genes (Fig. 1) and assessed 
genome quality with CheckM against 104 maker genes 

(Table 4). The BUSCO genome completeness of hybrid 
assemblies was the same at 98.48%. Assemblies using 
 LRPB without genome polishing showed 97.91–98.29% 
genome completeness, and the BUSCO genome complete-
ness increased up to 98.29–98.48% after genome polish-
ing. In the case of assemblies using  LRONT without genome 
polishing, the BUSCO genome completeness ranged from 
35.74 to 49.62%, which increased to 98.29–98.48% after 
genome polishing. No difference was observed between 
assemblies using Pilon and assemblies using both Racon 
and Pilon in the BUSCO analysis. The CheckM analysis 
also showed similar results of the genome completeness 
as of the hybrid assemblies, which was 98.28%, the high-
est among the assemblies (Table 4). In assemblies using 
 LRPB, genome polishing with Racon decreased the genome 
completeness, whereas, in assemblies using  LRONT without 
genome polishing, the genome completeness ranged from 
89.34% to 95.53%, which increased to 91.07–98.28% after 
genome polishing.

ORF predictions and comparisons

The bacterial genome annotation was performed using 
DFAST (Tanizawa et al. 2017). The open reading frame 
(ORF) predicted in the other assemblies were compared with 
the CDSs of the  LRPB + SRIH

(Unicycler), which was selected as 
the base assembly in the sequence comparison. There were 8 

Fig. 1  Benchmarking Univer-
sal Single-Copy Orthologs 
(BUSCO) analyses against 
Bacillales datasets. Paenibacil-
lus sp. R4 is a species of bacte-
ria within the order Bacillales. 
The Bacillales odb9 dataset, 
comprising 526 genes, was used 
in the BUSCO analysis
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186 ORFs, 31 rRNAs (11 copies of 5S rRNA gene, 10 copies 
of 16S rRNA gene, and 10 copies of 23S rRNA gene), and 
83 tRNAs that were predicted in the  LRPB + SRIH

(Unicycler) 
(Fig. 2 and Table 5). In the  LRPB

(canu), 108 more ORFs 
were predicted than the  LRPB + SRIH

(Unicycler). To com-
pare the differences between the two assemblies, ORFs 
of the  LRPB

(canu) were searched against the ORF of the 
 LRPB + SRIH

(Unicycler) using the BLASTN program. To 
identify the ORF with the correct CDS, the ORFs show-
ing differences in their sequences were searched against the 
nr database using the BLAST program, and we found that 
one CDS of  LRPB + SRIH

(Unicycler) was split into two ORFs. 
There were 105 CDS of  LRPB + SRIH

(Unicycler) that were split 
into 213 ORFs in  LRPB

(canu), comprising 2.57% of the total 
CDS and 13 CDS of the  LRPB + SRIH

(Unicycler) were miss-
ing from the ORF of the  LRPB

(canu) (Figs. 3 and 4). In the 
 LRPB

(SMART), there were 362 more ORFs predicted, 684 of 

the ORFs were matched to 307 CDSs, and 26 CDS were 
missing. In the  LRPB

(canuSMART), there were 73 more ORF 
predicted, 152 ORF were matched to 76 CDSs, and 8 CDSs 
of  LRPB + SRIH

(Unicycler) showed no match with the ORFs of 
 LRPB

(canuSMART). Differently predicted ORF numbers, com-
pared with the CDS of the  LRPB + SRIH

(Unicycler), showed 
similar patterns to the number of warnings from REAPR 
(Table 3). After genome polishing with Pilon, the differences 
in the number of ORFs between the  LRPB + SRIH

(Unicycler) 
and the other assemblies using  LRPB were diminished 
below 25. There were 21 ORFs of  LRPB

(canu+Pilon×3) that 
were matched to the 10 CDSs of the  LRPB + SRIH

(Unicycler), 
31 ORFs of  LRPB

(SMART+Pilon×3) were matched to 15 CDSs, 
and 18 ORFs of  LRPB

(canuSMART+Pilon×3) were matched to 
10 CDSs. The ORFs that were not matched to CDSs of 
 LRPB + SRIH

(Unicycler) were 31 in the  LRPB
(canu+Pilon×3), 14 in 

the  LRPB
(SMART+Pilon×3), and 20 in the  LRPB

(canuSMART+Pilon×3) 

Fig. 2  Circular map of the Paenibacillus sp. R4 genome. Labeling 
from the outside to the center: Genes on the forward strand, genes on 
the reverse strand, RNA genes (rRNAs in orange, tRNAs in green), 
GC content (black), and GC skew (olive/purple). Individual genes are 
colored by COG categories: J (translation, ribosomal structure, and 
biogenesis), A (RNA processing and modification), K (transcription), 
L (replication, recombination, and repair), B (chromatin structure and 
dynamics), D (cell cycle control, cell division, and chromosome par-
titioning), Y (nuclear structure), V (defense mechanisms), T (signal 
transduction mechanisms), M (cell wall/membrane/envelop biogen-

esis), N (cell motility), Z (cytoskeleton), W (extracellular structures), 
U (intracellular trafficking, secretion, and vesicular transport), O 
(posttranslational modification, protein turnover, and chaperones), X 
(mobilome: prophages and transposons), C (energy production and 
conversion), G (carbohydrate transport and metabolism), E (amino 
acid transport and metabolism), F (nucleotide transport and metabo-
lism), H (coenzyme transport and metabolism), I (lipid transport and 
metabolism), P (inorganic ion transport and metabolism), Q (second-
ary metabolites biosynthesis, transport, and catabolism), R (general 
functional prediction only), and S (function unknown)
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(Fig. 3b). In the genome sequences that were polished with 
both Racon and Pilon × 3, compared with those polished with 
Pilon × 3, the number of mis-predicted CDSs increased to 60 
in the  LRPB

(canu+Racon+Pilon×3), 60 in  LRPB
(SMART+Racon+Pilon×3), 

and 59 in the  LRPB
(canuSMART+Racon+Pilon×3) (Figs. 3a and 4).

ORFs of the assemblies using  LRONT were also com-
pared against those of  LRPB + SRIH

(Unicycler). ORFs of the 
 LRONTt + SRIH

(Unicycler) and  LRONTs + SRIH
(Unicycler) were 

similar to the number of CDS (Fig.  3a). Only 3 CDS 
and 6 CDS of  LRPB + SRIH

(Unicycler) were split into 6 in 
 LRONTt + SRIH

(Unicycler) and 12 in  LRONTs + SRIH
(Unicycler), 

respect ively.  Only one CDS was miss ing in 
 LRONTs + SRIH

(Unicycler), and there were no missing CDSs 
in the  LRONTt + SRIH

(Unicycler) (Figs. 3 and 4). However, 
the number of predicted ORF were largely increased 
in other assemblies using  LRONT:  LRONTs (canu),  LRONTs 

Table 5  Characteristics of 
genome sequences in each 
assembly

Bacterial genome annotation was performed using DFAST, and the statistics were identified. In assem-
blies using only nanopore reads, the increase of the number of ORFs was observed. Genome sequences 
without genome polishing are shown in black, those polished using Pilon in blue, and those polished with 
Racon + Pilon × 3 in red

Long read Assembly ORF Average 
protein 
length

Coding ratio (%) Num-
ber of 
rRNAs

Number 
of tRNAs

LRPB LRPB + SRIH
(Unicycler) 8186 318.2 87.1 31 83

LRPB (canu) 8294 314.5 87.1 31 83
LRPB (canu+Pilon×1) 8170 319.4 87.1 31 83
LRPB (canu+Pilon×2) 8170 319.4 87.1 31 83
LRPB (canu+Pilon×3) 8170 319.4 87.1 31 83
LRPB (canu+Racon+Pilon×3) 8262 315.8 87.1 31 83
LRPB (SMART) 8548 304.2 86.8 31 83
LRPB (SMART+Pilon×1) 8210 317.8 87.1 31 83
LRPB (SMART+Pilon×2) 8180 318.9 87.1 31 83
LRPB (SMART+Pilon×3) 8199 318.3 87.1 31 83
LRPB (SMART+Racon+Pilon×3) 8251 316.1 87 30 83
LRPB (canuSMART) 8259 315.9 87.1 31 83
LRPB (canuSMART+Pilon×1) 8193 318.5 87.1 31 83
LRPB (canuSMART+Pilon×2) 8194 318.5 87.1 31 83
LRPB (canuSMART+Pilon×3) 8191 318.6 87.1 31 83
LRPB (canuSMART+Racon+Pilon×3) 8209 317.7 87 31 83

LRONT LRONTt + SRIH (Unicycler) 8190 318.6 87.1 31 83
LRONTs + SRIH (Unicycler) 8199 318.3 87.1 31 83
LRONTt (canu) 13,864 171.4 79.5 31 81
LRONTs (canu) 13,953 170.5 79.6 31 82
LRONTs (canu+Pilon×1) 8267 315.3 87 31 83
LRONTs (canu+Pilon×2) 8257 315.8 87 31 83
LRONTs (canu+Pilon×3) 8249 316 87 31 83
LRONTs (canu+Racon+Pilon×3) 8206 317.6 87 31 83
LRONTt (SMART) 12,181 202.6 82.5 31 81
LRONTs (SMART) 12,691 193.3 82 31 80
LRONTs (SMART+Pilon×1) 8269 314.7 86.8 31 83
LRONTs (SMART+Pilon×2) 8189 317.6 86.8 31 83
LRONTs (SMART+Pilon×3) 8191 317.5 86.8 31 83
LRONTs (SMART+Racon+Pilon×3) 8258 315.5 87 30 83
LRONTt (canuSMART) 13,404 180.1 80.7 31 81
LRONTs (canuSMART) 13,732 174.2 80 31 81
LRONTs (canuSMART+Pilon×1) 8240 316.2 87 31 83
LRONTs (canuSMART+Pilon×2) 8242 316.4 87 31 83
LRONTs (canuSMART+Pilon×3) 8237 316.6 87 31 83
LRONTs (canuSMART+Racon+Pilon×3) 8261 315.6 87 30 83
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(SMART),  LRONTs (canuSMART),  LRONTt (canu),  LRONTt (SMART), 
and  LRONTt (canuSMART). The increasing read number of 
 LRONT could not diminish the differences of the CDSs 
when comparing between the assemblies using  LRONTt and 
assemblies using  LRONTs. In  LRONTs (canu), 9 999 ORFs 
were matched with 3 902 CDS of  LRPB + SRIH

(Unicycler), 
and 9 939 ORFs matched with 3 904 CDS of the 
 LRPB + SRIH

(Unicycler) in  LRONTt
(canu). There were 377 and 

419 CDS of  LRPB + SRIH
(Unicycler) that were not found in 

the ORF of  LRONTt
(canu) and  LRONTs

(canu), respectively. 
After genome polishing with Pilon × 3 against the assem-
blies using  LRONT with  SRIH, the mis-predicted ORFs 
were remarkably diminished. The statistics of the pre-
dicted ORFs were more similar than those of the assem-
blies using only the  LRPB. There were 114 ORF in the 
 LRONTs

(canu+Pilon×3) that were partially matched to the 
48 CDS, 101 ORFs in  LRONTs

(canuSMART+Pilon×3) were 
matched to 44 CDS, and 84 ORFs in  LRONTs

(SMART+Pilon×3) 
were matched to 41 CDS of  LRPB + SRIH

(Unicycler). 
When Pilon polishing was performed three times after 
Racon polishing, in assemblies using  LRONT, 58, 52, 
and 54 CDS of  LRPB + SRIH

(Unicycler) were split in the 

 LRONTs
(canu+Racon+Pilon×3),  LRONTs

(SMART+Racon+Pilon×3), and 
 LRONTs

(canuSMART+Racon+Pilon×3), respectively.

Error‑correction and ORF predictions in the repeat 
regions

To identify whether genome polishing in repeat regions of 
this genome affected the mis-prediction of CDSs in these 
assemblies, we identified repeat regions using BLASTN 
in  LRPB + SRIH

(Unicycler) and compared the regions in 
the split ORF with the repeat regions of the genome. 
Sequences with similarities of over 99% and lengths 
of over 500 bp in the self BLASTN were considered as 
repeat sequences (Table 6). In the assemblies using  LRPB, 
these repeat regions did not largely affect the mispredic-
tions of the CDSs in the genome sequences polished using 
Pilon (Figs. 3a and 4). One of the ten split CDSs in the 
 LRPB

(canu+Pilon×3) and one of the nine split CDS in the 
 LRPB

(canuSMART+Pilon×3), and six of the fifteen split CDSs in 
the  LRPB

(SMART+Pilon×3), resided in the repeat region. How-
ever, 28 of the 48 split CDSs in the  LRONTs

(canu+Pilon×3), 33 
of the 41 split CDSs in  LRONTs

(SMART+Pilon×3), and 28 of the 

Fig. 3  The number of mispredicted and missing coding sequences 
(CDS) in the assemblies compared with CDS in  LRPB + SRIH

(Unicycler). 
a Numbers of mispredicted CDS are shown in blue, and the number 
of mispredicted CDS not in the repeat regions in red. Racon polishing 
increased the number of mispredicted CDS in the repeat regions. The 

mispredicted CDS in the assemblies using  LRPB did not seem to be 
related to repeat regions. The number in parentheses is the number of 
split ORFs corresponding to the CDS. b The number of missing CDS 
in the assemblies
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44 split CDS in the  LRONTs (canuSMART+Pilon×3), were posi-
tioned in repeat regions after the genome polishing and the 
effect of the repeat regions to mispredict CDSs was largely 
found in the polished assemblies using  LRONT. When 
Racon was performed prior to polishing using Pilon × 3, 
mis-predicted ORFs in the repeat regions increased in 
the assemblies using  LRPB, 45, 40, and 45 more CDS 
in the repeat regions of  LRPB + SRIH

(Unicycler) were split 
in the  LRPB

(canu+Racon+Pilon×3),  LRPB
(SMART+Racon+Pilon×3), 

and  LRPB
(canuSMART+Racon+Pilon×3), respectively. In the 

assemblies using  LRONT, the number of mis-predicted 
ORFs did not increase significantly via Racon, as in the 
assemblies using  LRPB, but 28, 33, and 28 mis-predicted 
CDSs increased to 44 in the  LRPB

(canu+Racon+Pilon×3), 

Fig. 4  Circular map of the Paenibacillus sp. R4 genome. Labe-
ling from outside to the center: genes on the forward strand, genes 
on the reverse strand, genes on the forward strand are colored by 
Clusters of orthologous groups of proteins (COG) categories as in 
Fig.  2, genes on the reverse strand are colored by COG, split CDS 
in  LRONTt + SRIH

(Unicycler) (black), split CDS in  LRONTs + SRIH
(Unicycler) 

(blue) in green background, split CDS in  LRPB
(canu+Pilon×3) (dark 

blue), split CDS in  LRPB
(canu) (blue) in the light yellow background, 

split CDS in  LRPB
(SMART+Pilon×3) (dark yellow), split CDS in the 

 LRPB
(SMART) (yellow) in the light yellow background, split CDS in the 

 LRPB
(canuSMART+Pilon×3) (dark olive), split CDS in the  LRPB

(canuSMART) 
(olive) in the light yellow background, split CDS in assemblies using 
 LRONTs were drawn similar to split CDS in the assemblies using  LRPB 
in the light blue background, All split CDSs in repeat region are 
marked in pink, and repeat regions corresponding to each other are 
indicated with a ribbon (pink). The number of split CDS was reduced 
through genome polishing (Pilon × 3) in the assemblies using  LRONTs 
and  LRPB, but the number of split CDS was not affected by repeat 
sequences in the assemblies using  LRPB

Table 6  Repeat sequences in  LRPB + SRIH
(Unicycler)

Length range of repeat 
sequence

Number of repeat 
regions

Number of bases in 
the repeat sequence

1 kb > 6 3860
1–2 kb 464 715,734
2–3 kb 2 4204
3–4 kb 52 165,820
4–5 kb 10 49,011
5–6 kb 8 41,334
10–11 kb 2 21,728
21–22 kb 2 43,418
Sum 546 1,045,109
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40 in the  LRPB
(SMART+Racon+Pilon×3), and 43 in the 

 LRPB
(canuSMART+Racon+Pilon×3), respectively (Figs. 3 and 4).

Discussion

In this study, the long reads were assembled using Canu and 
SMARTdenovo (Koren et al. 2017; SMARTdenovo. https ://
githu b.com/ruanj ue/smart denov o. Accessed 19 November 
2018.); both programs could assemble  LRPB and  LRONT into 
contigs. In SMARTdenovo, different algorithms, called dot 
matrix alignment, were used that reduced the time of assem-
bly compared with those using canu, which used MHAP 
using the MinHash algorithm (Broder 1997) to detect over-
laps. Corrected reads using Canu were also assembled using 
SMARTdenovo called canuSMART (Schmidt et al. 2017). 
In assemblies using  LRPB, SMARTdenovo generated a 
higher number of total indels in dnadiff analysis and warn-
ings in REAPR analysis among the three assembly methods 
(Tables 3 and 4). Conversely, the genome sequence assem-
bled by SMARTdenovo showed the best result in the num-
ber of total indels and warnings among assemblies using 
 LRONT (Tables 3 and 4). BUSCO analysis also showed that 
SMARTdenovo was the best assembly method with only 
LRs (Fig. 1). However, genome sequences assembled with 
nanopore reads showed a much lower quality in BUSCO 
analysis than those with PacBio reads. Compared to hybrid 
assemblies with high-quality reads, the genome sequence 
assembled using  LRONT showed considerable differences.

Genome polishing using Pilon could reduce the differ-
ences between the hybrid assemblies with the  SRIH and 
other assemblies using only LRs (Table 4). Genome polish-
ing reduced the number of total indels in the assemblies 
using  LRPB but did not significantly reduce the number of 
total substitutions in the dnadiff analysis. In assemblies 
using  LRONT, genome polishing using Pilon reduced the 
number of both the total indels and total substitutions. The 
quality of the polished assemblies using  LRONT seemed bet-
ter than the unpolished assemblies using  LRPB compared 
with  LRPB + SRIH

(Unicycler). Genome polishing using Pilon 
was performed thrice. The first round of Pilon showed the 
best efficiency in correction (Supplementary Table S1), 
and the second round of Pilon further reduced the differ-
ence between  LRPB + SRIH

(Unicycler) and the other assemblies. 
However, the efficiency of the corrections was very low 
during the third round of Pilon. Thus, we did not proceed 
with further genome polishing using Pilon. Since Racon is 
also known to polish genome sequences with high-quality 
reads, we applied it to genome polishing (Supplementary 
Table S1). However, the efficiency of genome polishing 
was lower than that of Pilon in assemblies using  LRONT. 
Rather, Racon reduced the quality of the bases in assem-
blies using  LRPB. In all assemblies polished using Racon and 

Pilon × 3, the number of total indels and total substitution of 
the polished genome increased significantly than those of 
polished genome using Pilon × 3 (Table 4 and Supplemen-
tary Table S1).

These differences in sequence similarity might affect 
the predictions of the CDS, and the exact prediction of 
the CDS was important for the majority of researchers. 
Though, several studies have evaluated the assemblies 
and contigs with identities against the reference sequences 
(Giordano et al. 2017; Goldstein et al. 2019; Loman et al. 
2015; Schmidt et al. 2017), the reports on the accuracy of 
the prediction of the CDS in assemblies using nanopore 
reads (De Maio et al. 2019; Goldstein et al. 2019) are lim-
ited. In hybrid assemblies, it has been reported that the 
average gene length was higher, and the number of genes 
was smaller than those of the assemblies obtained using 
nanopore reads in several bacterial genomes. These studies 
have also reported that the fragmentation of the biosyn-
thetic gene cluster residing in the repetitive genomic region 
was reduced (De Maio et al. 2019; Goldstein et al. 2019). 
Here, we focused on the accuracy of the prediction of the 
total CDS among the assemblies to evaluate the assemblies 
using nanopore reads obtained for the Paenibacillus sp. R4 
genome. In assemblies using  LRONT, the predicted ORF 
of  LRONTt + SRIH

(Unicycler) and  LRONTs + SRIH
(Unicycler) were 

almost the same. Six CDS and three CDS split, respec-
tively, and only one CDS of  LRONTs + SRIH

(Unicycler) was 
not found in the CDS of the  LRPB + SRIH

(Unicycler). In the 
hybrid assemblies using Unicyler, the low base quali-
ties of the  LRONT were compensated with high quality 
bases of the  SRIH. Without  SRIH, the assemblies using 
 LRONT showed many differences in their ORFs, com-
pared to the CDS of the  LRPB + SRIH

(Unicycler). Approxi-
mately 37.5–47.7% in total CDS were split because of 
the low base quality of the contigs; however, genome 
polishing with  SRIH corrected most of the errors in the 
assemblies using only  LRONT, which reduced the split 
CDSs to 0.50–0.58%. Though the number of split CDS 
was larger than the polished assemblies using  LRPB and 
the hybrid assemblies with  SRIH  (LRONTt + SRIH

(Unicycler), 
 LRONTs + SRIH

(Unicycler), and  LRPB + SRIH
(Unicycler)), it was 

smaller than the assemblies using  LRPB without polish-
ing (0.92–3.75%), which were usually submitted to the 
GenBank databases. Repeat sequences in Paenibacillus 
sp. R4 could be the major reason for these differences. In 
the polished assemblies using  LRONT, more than 58% of 
split CDSs were present within repeat sequences. Outside 
of repeat sequences, only 8–20 CDS were mis-predicted 
in the polished assemblies using  LRONT. In the polished 
assemblies using  LRPB, the relatively higher base quality 
of repeat sequences generated from the  LRPB seemed to be 
properly discerned and corrected using Pilon. The number 
of split CDS in repeat regions was much smaller than those 

https://github.com/ruanjue/smartdenovo
https://github.com/ruanjue/smartdenovo
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in the polished assemblies using  LRONT (Fig. 3). How-
ever, contigs generated from  LRONT did not seem to be 
discerned by the genome polishing with  SRIH efficiently, 
because the higher similarity of repeat sequence might be 
greater than the accuracy of the bases in the assemblies 
using  LRONT. Though  SRIH showed high-quality bases, 
repeat sequences were not properly corrected in the assem-
blies using  LRONT. Genome polishing using Racon rather 
increased the error in the repeat regions of the assemblies 
using  LRPB and  LRONT. If genome sequences had many 
repeat sequences, Racon could increase the rate of error in 
the contigs in the Paenibacillus sp. R4 genome.

Conclusion

In this study, we assembled the nanopore reads into a 
single contig with various assembly methods and evalu-
ated the quality of the genome sequence and the predic-
tion of CDS. Nanopore reads were sufficient to construct 
a single contig, but the low base quality of the assemblies 
resulted in fragmentation of many of the CDS requiring 
high-quality reads. Here we have shown that for accurate 
prediction of ORFs, high quality reads could be used in 
hybrid assemblies with long reads or with genome polish-
ing. However, a genome sequence with repeat sequences 
may result in errors in the genome polishing process. The 
findings revealed that the hybrid assembly with high-qual-
ity reads is the best assembly method for the Paenibacil-
lus sp. R4 genome using the nanopore reads. Moreover, it 
was also observed that the assemblies using only PacBio 
reads showed some CDS prediction errors, thus for a more 
accurate prediction for CDS, a genome sequence assem-
bled using PacBio reads also needs high quality reads for 
genome.
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