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Abstract
Next-generation sequencing methods provide comprehensive data for the analysis of structural and functional analysis of the 
genome. The draft genomes with low contig number and high N50 value can give insight into the structure of the genome 
as well as provide information on the annotation of the genome. In this study, we designed a pipeline that can be used to 
assemble prokaryotic draft genomes with low number of contigs and high N50 value. We aimed to use combination of two 
de novo assembly tools (SPAdes and IDBA-Hybrid) and evaluate the impact of this approach on the quality metrics of the 
assemblies. The followed pipeline was tested with the raw sequence data with short reads (< 300) for a total of 10 species 
from four different genera. To obtain the final draft genomes, we firstly assembled the sequences using SPAdes to find closely 
related organism using the extracted 16 s rRNA from it. IDBA-Hybrid assembler was used to obtain the second assembly 
data using the closely related organism genome. SPAdes assembler tool was implemented using the second assembly, pro-
duced by IDBA-hybrid as a hint. The results were evaluated using QUAST and BUSCO. The pipeline was successful for the 
reduction of the contig numbers and increasing the N50 statistical values in the draft genome assemblies while preserving 
the coverage of the draft genomes.
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Introduction

Fast development of high-throughput sequencing tech-
nologies has advanced the rate and quality of sequencing, 
particularly for prokaryotes. Short or long reads produced 
by next-generation sequencing can provide comprehen-
sive results using accurate bioinformatics approaches. If 
one organism has got a reference genome in the database, 
genome data is mapped against reference genome. If there 
is, however, no reference genome in the database, de novo 

assembly approach is performed using various assembler 
tools. However, there are still many challenges to obtain a 
complete genome and/or a nearly finished draft genome. 
Challenges for obtaining high-quality data raise from limi-
tations of computational tools errors in sequence reads and 
genomic background of the organisms (e.g., distribution of 
repeating regions, GC content) (Page et al. 2016).

Obtaining sufficient data to obtain complete genome 
sequence requires using more than one platform for sequenc-
ing which in turn increases the cost. Although new technolo-
gies (e.g., Nanopore) offer high-quality long reads, there are 
thousands of draft genomes with a high number of contigs 
deposited in the databases that can provide extensive amount 
of data when their quality would be increased (Earl et al. 
2011).

Short or long reads are processed through the assembly 
tools to produce genomic data. Choosing either short or 
long reads for genome assembly comes with different pit-
falls. While short reads provide more accurate data, error 
rate is higher for long reads, especially at the homopoly-
mer regions (Utturkar et al. 2017; Liao et al. 2019). On the 
other hand, while short reads are inadequate for assembling 
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the repetitive regions, long reads can provide more reli-
able data (Page et al. 2016). To overcome these drawbacks, 
using both the short and the long reads is processed together 
under polishing methods to obtain the complete genome or 
proofreading using short reads for long reads beforehand 
(Utturkar et al. 2017). Even though polishing method pro-
vides accurate results, it is not encouraged due to the high 
cost. Mate pair sequencing is an alternative approach where 
long-insert paired-end DNA libraries are used to obtain the 
complete genome.

Many studies are contented with draft genome data for 
especially prokaryotes since the draft genomes can provide 
adequate numbers of contigs to perform annotation analysis 
of highly conserved sequences (Ricker et al. 2012). Increas-
ing the quality and quantity of the contigs representing the 
draft genome will fortify the data for downstream analyses 
for comparative genomics approaches; in addition, it pro-
vides more comprehensive functional annotation results. It 
may be challenging to distinguish evolutionary close bac-
terial species due to high similarity of 16 s rDNA region. 
Thus, in addition to 16 s rDNA region, average nucleotide 
identity (ANI) scores have been evaluated simultaneously 
to increase the resolution power for delineating the exact 
species names (Kim et al. 2014). ANI scores are simply the 
estimates of the average nucleotide identity between two 
genomic datasets (Goris et al. 2007).

In addition, draft genomes can also assist the construction 
of whole genome sequence maps. Reference-assisted/refer-
ence-guided assembly pipelines have been studied to obtain 
complete genomes (Kolmogorov et al. 2014; Guizelini et al. 
2016). To provide whole genome sequence, the assembly is 
ordered against reference genome, and gaps are closed by 
alternative assemblies that have been produced using other 
assemblies (Guizelini et al. 2016). On the other hand, the ref-
erence-assisted assembly approaches have some biases since 
the reference genomes may have some errors and genome rear-
rangement among the species (Lischer and Shimizu 2017). 
The success of this approach is limited by the quality of the 
raw data and/or reference genome. Therefore, construction of 
high-quality draft genomes is crucial not only for annotation 
studies but also for obtaining complete genomic sequences.

According to NCBI prokaryotes genome, a total of 
21,857 complete genomes and 275,100 draft bacterial 
genomes are listed as of February 10, 2021. The listed 
draft genomes are represented by 167,258 contig-level 
and 107,842 scaffold-level data. Detailed evaluation of 
the available draft genomes show that almost half of the 
data are represented by higher than 100 contigs (National 
Center for Biotechnology Information (NCBI) 1988). Even 
if the draft genomes are enough to carry out downstream 
analysis, it is, nevertheless, important to obtain less frag-
mented genome as well. These statistics in NCBI database 

show that the high number of contigs in the draft genomes 
can be addressed in terms of lack of accurate bioinformatic 
approaches.

In this study, we focused on improving the outcomes of 
de novo assembly by obtaining high-quality draft genomes 
with lower contig number. We designed a pipeline by com-
bining two powerful assembly tools. To prove the strength 
of the approach, we run the pipeline using the raw data for 
ten previously assembled draft genomes and compared the 
quality matrices between the studies.

Methods

Data preprocessing

In this study, short pair-end Illumina data were used from 
four independent studies that were previously assembled at 
draft genome level. We retrieved the raw Illumina short pair-
end read data and the assembled draft genomes from NCBI 
database repositories for 5 g-negative and 5 g-positive bacte-
ria with a ranging GC content from 30.5 to 66.4. The acces-
sion numbers of raw data and original genome assemblies 
for the datasets are provided in Table 1. Metadata for draft 
genomes of the species included in the study is provided in 
Online Resource 1. The scripts that can be adapted to follow 
the pipeline are provided in Online Resource 2. The sum-
mary of the preprocessing steps in the pipeline is shown in 
Fig. 1a. Quality check for the raw data was carried out using 
FASTQC (v0.11.3) tool (Andrews 2010). For trimming and 
quality filtering, we used Trimmomatic tool (v0.39) (Bolger 
et al. 2014). Depending on the quality metrics of the data, 
the parameters were adjusted to remove the adaptors and 
low-quality reads from the 5′ and/or 3′ ends of the reads: 
LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15|20 
MINLEN:50.

SPAdes v. 3.14.1 (Bankevich et al. 2012) was used to 
obtain the first assembly. The assembly data obtained 
from each dataset was used to predict the most related 
species bacterial species. 16 s rRNA region was parsed 
from the assembly using barrnap (v0.9) tool (Seemann 
2013). BLAST analysis was used for the prediction of bac-
terial species showing the highest similarity to the parsed 
query sequences against “Refseq Representative genomes 
(refseq_representative_genomes)” and/or “Refseq Genome 
Database (refseq_genomes).”

We downloaded the genome data after evaluating the 
similarities of 16S rRNA sequences and the availability of 
the corresponding genome data. These genomes were then 
used as a reference genome in the downstream assembly 
steps (Fig. 1b) to produce the draft assembly.
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De novo assembly

IDBA-Hybrid, as the extension of IDBA-UD, is an assem-
bler tool that works based on de Bruijn algorithm and 
improves the assembly using a guide reference genome 
(Peng et al. 2012). To perform the alignment and find similar 
regions, the similarity parameter was adjusted to ≥ 0.95 for 
aligning the sequences and finding the similar regions. For 
each dataset, the predicted reference genome was selected 

for IDBA-Hybrid reference parameter. The preprocessed 
datasets were selected to obtain the draft genome by using 
IDBA-Hybrid v1.1.3 with the default parameters. In this 
study, the draft assemblies produced by IDBA-Hybrid 
(Fig. 1c) were used for each corresponding dataset.

Final assembly was carried out using SPAdes v. 3.14.1. 
Filtered paired-end reads were assembled adjusting the 
parameters as k-mer: 21, 33, 55, 77, 99, and 127; trusted-
contigs: true; only-assembler: true; and cov-cutoff: auto. 

Table 1   List of draft genomes 
of the species included in the 
study

* Abbreviations used for representing the assemblies throughout the article of corresponding species names

Species Abbr.* GenBank ID References

Pseudomonas orientalis strain 16NI Po_1 SGFD00000000 (Hollmann et al. 2019)
Pseudomonas orientalis strain 133NRW Po_2 SGFE00000000 (Hollmann et al. 2019)
Pseudomonas sp. 770NI Ps_1 SGFF00000000 (Hollmann et al. 2019)
Pseudomonas sp. Ef1 Ps_2 VAUR00000000 (Ramasamy et al. 2019)
Bacillus sporothermodurans strain DSM 10,599 Bs_1 NAZD00000000 (Owusu-Darko et al. 2019)
Bacillus sporothermodurans strain SAD Bs_2 NAZB00000000 (Owusu-Darko et al. 2019)
Bacillus sporothermodurans strain SA01 Bs_3 NAZA00000000 (Owusu-Darko et al. 2019)
Bacillus sporothermodurans strain BR12 Bs_4 NAZC00000000 (Owusu-Darko et al. 2019)
Burkholderia reimsis strain BE51 Bs_4 QMFZ00000000 (Esmaeel et al. 2018)
Clostridium estertheticum subsp. laramiense 

strain DSM 14,864
Ce WBOE00000000 (Palevich et al. 2019)

Fig. 1   Workflow of combined 
and reference-assisted de novo 
assembly approach. The pipe-
line summarizes the steps from 
preprocessing (a) to obtaining 
the first assembly (b), draft 
assembly (c), and final assembly 
(d), respectively
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“Trusted contigs” is the parameter to use an assembly that 
was previously assembled in a different assembly tool to 
provide a guidance during de novo assembly. However, it 
is the parameter for guiding the assembly data input, not 
for mapping to the genome per se (Prjibelski et al. 2020). 
Only-assembler parameter was selected to run the assembly 
module only since the data was quality-filtered in previous 
steps (Fig. 1d).

Evaluation of final assemblies

To evaluate the quality of final assemblies obtained in this 
study, we downloaded the original assembly files deposited 
in NCBI GenBank database. Quality metrics (number of 
contigs, size of largest contig, total length of draft genome, 
GC content, N50 value, and L75 value) for the final assem-
blies were compared against originally assembled corre-
sponding genomes using QUAST (v5.0.2) (Gurevich et al. 
2013). To assess the completeness of the final genomes, 
single-copy orthologs in the final assemblies were com-
pared to the genomes against the original genomes using 
BUSCO (v4.1.4) (Fig. 1d) (Simão et al. 2015). In addition, 
we assessed the correctness of final assemblies using Reapr 
(v1.0.18) (Hunt et al. 2013). We used the following formula 
to calculate REAPR scores (Earl et al. 2011).

Results and discussion

In this study, we introduced a pipeline to improve the out-
comes of de novo assembly in the bacterial genomes. De 
novo assembly is crucial for obtaining genome data for down-
stream bioinformatics analysis while working with the organ-
isms without any annotated reference genome. It is usually 
challenging to obtain the complete genome data using short 
reads through one sequence platform. Thus, obtaining a good 
quality draft genome will be satisfying by benefiting both 
cost and time. To improve the quality of draft genomes, many 
genomes have been deposited in the public databases, and 
they can allow us to perform reference-assisted and combined 
tool approach. In this study, we used two different assembler 
tools, IDBA-Hybrid with reference parameter and SPAdes 
with trusted-contigs parameter since SPAdes requires only 
contig-level input as a hint to produce genomic data. We 
aimed to use IDBA-Hybrid with a closely related genome to 
produce contigs file for the input of trusted-contigs parameter 
in SPAdes. In other words, we prepared a hint assembly data 
using IDBA-Hybrid to run it with SPAdes. This hint file pro-
duced from IDBA-Hybrid was used for graph construction, 

REAPR Summary Score = Error free bases

∗
(

(

N50
broken

)2
∕(N50)

)

gap closure, and repeat resolution when SPAdes run with 
trusted-contigs parameter. This implies that in the final step 
to produce the final draft genomes, we did not map reads 
against the second assembly produced from IDBA-Hybrid 
to do de novo assembly. Thus, we obtained a more compact 
draft genome using short reads than already published in the 
database. We tested the pipeline on the data deposited in the 
NCBI database belonging four independent studies cover-
ing six species classified under four different genera: Pseu-
domonas, Bacillus, Burkholderia, and Clostridium.

In prokaryotes, 16 s rRNA region is used for phylogenetic 
analysis since it is conserved among the species. After the 
quality filtering of the raw data, we obtained the first assem-
bly by standard de novo assembly approach using SPADES 
tool. The first assembly data was used to parse the 16 s rRNA 
region before performing the reference-assisted de novo 
assembly to obtain the draft assembly by comparing 16 s 
rRNA regions. Since no reference genomes are available for 
the species of interest, we predicted the bacterial species with 
high similarity and available complete genome by BLAST 
analysis (Table 2). We choose complete genomes with the 
best hit as reference genomes through visual assessment 
in both “RefSeq Representative” and “RefSeq Genomes” 
databases (Online Resource 3). Since the pipeline uses the 
reference genome as a hint, assembly is not expected to be 
dramatically affected if selected reference genome similarity 
is high, although it does not have the best hit.

In addition, prediction of average nucleotide identity 
(ANI) scores is also effective in estimating the similarity of 
certain bacteria, among others. However, considering that 
there could be too many genomes, it may take more time to 
calculate ANI scores. If it is designed an optimized process 
of downloading the genomes and calculating ANI scores, it 
would obviously give more robust result to determine the 
closely related organism.

We obtained the draft assemblies using corresponding 
genome data for each dataset. The purpose of the draft assem-
bly is to act as a guiding reference for de novo assembly. We 
analyzed the quality of the assembled draft genomes com-
paring to originally published data and the early assemblies 
(Fig. 1b and c) obtained using the pipeline. Quast analysis 
was used to assess the contig metrics along with GC content 
and N50 and L75 statistical values (Table 3). QUAST report 
assessment showed that using the proposed pipeline signifi-
cantly improved the quality metrics of draft genome assem-
blies. We were able to decrease the number of the contigs 
down to 50.4% (Table 3). The highest reduction in the contigs 
was obtained for Po_2 (new) by a reduction of 62 contigs, 
while the lowest reduction was obtained for Bs_2 (new) that 
only one contig less draft genome was assembled. On the other 
hand, we presented statistics of mapping rate of reads onto 
the final assemblies. This statistic showed that reads aligned 
onto the final assemblies over 99%, except to one is 98.13% 
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(Table 4). All assemblies after completing the pipeline pro-
vided better quality compared to the assemblies obtained from 
IDBA-Hybrid. When compared to the first assemblies from 
SPAdes (Fig. 1b), most of the final assemblies showed better 
quality. Interestingly, while the first assembly of Ps_2 provided 
slightly higher N50 value and contig number, Po_1 provided 
higher N50 value and slightly less contig number. Full QUAST 
report has been presented in the Online Resource 4.

On the other hand, N50 statistics showed significant 
increment among the assemblies (Table 3). The highest 
increment in N50, the same species, Po_2 (new), increased 
from 121,728 to 410,410 kb as 70.3%, while the lowest 
increment was occurred in Bs_3 that was from 22,386 to 
22,678 as 1.3%. The most efficient reduction in the contigs 
and the increment in N50 have occurred in Pseudomonas 
species. GC contents of the species changed only at the deci-
mal level. In addition to the number of contigs and N50, 
the largest contiguous length in the assemblies increased 
except one species—Bs_2 (new) (Table 3, Online Resource 
4). Our approach was also effective in Bacillus sporothermo-
durans strains. Bacillus strains are known with high number 

of repeating elements (Kunst et al. 1997; Økstad et al. 2004). 
Aligning of short reads with repeating regions is challenging 
especially for the read lengths shorter than that of the repeat-
ing regions. Even though the effectiveness is less compared 
to the results that we obtained for other species, we were 
still able to obtain improved draft genome for Bacillus sp.

Since our results provided draft genomes with less contig 
number, we evaluated the completeness of the final genomes 
to assess if there is any negative impact on the coverage of 
the contigs. We evaluated the BUSCO metrics using a total 
of seven databases covering kingdom, phylum, and order 
level information. We selected the Firmicutes phylum for 
Bacillus and Clostridium, the Proteobacteria phylum for 
Pseudomonas and Burkholderia, Bacillales order for Bacil-
lus, Clostridia order for Clostridium, Pseudomonadales 
order for Pseudomonas, and Burkholderiales order for Bur-
kholderia. Our BUSCO results showed that the genomes we 
produced have less fragmented and/or same completeness 
with the original genomes. As the completeness is evalua-
tion of the assembly, the higher completeness level can give 
better annotation results in the downstream analysis.

Table 2   The result of similar species to the current draft genomes based on 16 s rRNA analysis

The species with highest similarities and available complete genome are selected
* The species selected by 16S rRNA comparison

Species Similarity match* NCBI Accession ID

Pseudomonas orientalis strain 16NI Pseudomonas orientalis strain 8B NZ_CP027723.1
Pseudomonas orientalis strain 133NRW Pseudomonas orientalis strain 8B NZ_CP027723.1
Pseudomonas sp. 770NI Pseudomonas fluorescens strain pt14 NZ_CP017296.1
Pseudomonas sp. Ef1 Pseudomonas koreensis D26 NZ_CP014947.1
Bacillus sporothermodurans strain DSM 10,599 Bacillus smithii DSM 4216 NZ_CP012024.1
Bacillus sporothermodurans strain SAD Bacillus smithii DSM 4216 NZ_CP012024.1
Bacillus sporothermodurans strain SA01 Bacillus smithii DSM 4216 NZ_CP012024.1
Bacillus sporothermodurans strain BR12 Bacillus smithii DSM 4216 NZ_CP012024.1
Burkholderia reimsis strain BE51 Burkholderia lata NC_007510.1
Clostridium estertheticum subsp. laramiense strain DSM 14,864 Clostridium estertheticum subsp. estertheticum strain 

DSM 8809
NZ_CP015756.1

Table 3   Summary of assembly 
statistics

Draft genomes Contigs N50

Original SPAdes IDBA New Original SPAdes IDBA New

Ps_1 80 64 129 55 240,160 345,232 152,996 352,602
Ps_2 68 45 122 43 206,957 281,479 120,052 269,522
Po_1 153 84 262 87 75,064 247,740 50,561 245,421
Po_2 123 69 253 61 121,728 410,410 52,118 410,410
Br 143 137 284 128 163,153 176,020 104,315 185,870
Bs_1 510 395 454 332 15,996 18,217 16,975 19,004
Bs_2 108 112 163 107 123,839 124,156 73,880 124,156
Bs_3 286 290 310 282 22,386 22,613 21,498 22,678
Bs_4 800 658 734 642 9,377 12,245 10,452 12,631
Ce 84 81 173 59 226,678 256,629 93,412 256,631
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In BUSCO analysis, bacteria kingdom dataset show that 
some of the fresh assemblies were more complete and/or 
less fragmented in Fig. 2. In Firmicutes, Bacillales, and 
Clostridiales, datasets show that there were no notable 
changes among both assemblies in Fig. 3. Similar results 
are observed in Proteobacteria, Pseudomonadales, and Bur-
kholderiales datasets in Fig. 4. It shows that the proposed 
pipeline did not reduce any quality of the coverage while 
reducing the number of the contigs. According to the cor-
rectness analysis, small differences were observed among all 
the assemblies. All REAPR statistics have been presented 
in Online Resource 5. Thus, the pipeline does not improve 

nor reduce the correctness of the assemblies while reducing 
the contig numbers.

According to REAPR summary score (Fig. 5, Online 
Resource 5) and N50 and contigs number in the QUAST 
report (Table 3, Online Resource 4), Burkholderia and all 
Bacillus sp. were always improved by our proposed pipe-
line. As aforementioned, the first assemblies of Ps_1 and 
Po_1 were slightly better than final assemblies. While Ce 
(new), Ps_1 (new) and Po_2 (new) had better N50 and 
contigs number, the first assemblies of them had higher 
REAPR summary score. Since Burkholderia lata has 3 
chromosomes (Bugrysheva et al. 2016; Leong et al. 2018), 
and Bacillus sp. involves repetitive regions in complex 
genome structures (Kunst et al. 1997; Økstad et al. 2004), 
it is likely that the pipeline is particularly more effective 
on more repetitive and complex genomes. Although there 
are many concerns about the draft genome that is produced 
through reference-assisted technique due to genome rear-
rangement and possibility errors in reference genome, we 
did not perform gene ordering or change the structure of 
the genome. We used IDBA-Hybrid, which finds similar 
regions from the closely related genome with a 95% confi-
dence level, to help to do de novo assembly using the reads 
to produce the second assembly. Those second assemblies 
were used to provide the hints to run SPAdes. This implies 
that we used similar assemblies produced by different 
assembler software, IDBA-Hybrid, when we run SPAdes. 
There are different tools and pipelines offered to over-
come the challenges for de novo assembly of short reads. 

Table 4   The proportion of 
reads mapped back to the final 
assembly

* Percent of raw reads that 
mapped to the assembly

Assembly Mapping 
rate (%)*

Ps_1 99.64
Ps_2 99.85
Po_1 98.13
Po_2 98.74
Br 99.72
Bs_1 99.8
Bs_2 99.99
Bs_3 99.97
Bs_4 99.77
Ce 99.65

Fig. 2   BUSCO assessments 
and comparison of the genome 
assemblies’ completeness in a 
set of the 124 genes in bacteria 
kingdom
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Fig. 3   BUSCO assessments and 
comparison of completeness for 
the genome assemblies. Bacillus 
and Clostridium species have 
been analyzed in a set of 218 
genes in Firmicutes database 
(a); Bacillus species have been 
analyzed in a set of 450 genes 
in Bacillales database (b). 
Clostridium species have been 
analyzed in a set of 264 genes in 
Clostridiales database (c)
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Fig. 4   BUSCO assessments 
and comparison of complete-
ness for the genome assemblies. 
Pseudomonas and Burkholderia 
species have been analyzed in a 
set of 219 genes in Proteobacte-
ria database (a); Pseudomonas 
species have been analyzed in 
a set of 782 genes in Pseu-
domonadales database (b); 
Burkholderia species have been 
analyzed in a set of 688 genes in 
Burkholderiales database (c)
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Researchers often choose de novo assembly due to lack 
of reference genomes. In addition, the reference-assisted 
assembly approaches may show biases because of the 
errors in the reference genomes (Earl et al. 2011; Lischer 
and Shimizu 2017). It was already suggested that de novo 
assemblies can benefit from the combination with refer-
ence mapping. In the previous studies, promising results 
were obtained by combination of de novo assembly with 
reference mapping in eukaryotic genomes (Bradnam et al. 
2013; Lischer and Shimizu 2017). In another study, scien-
tists effectively improved the quality of prokaryotic draft 
assemblies by post-processing the assemblies through 
Ragout pipeline (Kolmogorov et al. 2014). It is suggested 
that IDBA was the most outperforming assembly tool for 
small genomes with uneven coverage (Peng et al. 2012). 
In previous study, it was one of the most outperforming 
tools as a reference-guided de novo assembly approach 
where IDBA was used for de novo assembly after obtain-
ing superblocks via Bowtie2 (Lischer and Shimizu 2017). 
In our study, we contribute the field by proposing a pipe-
line to improve the quality of prokaryotic draft genomes 
starting from short raw sequences by integrating SPAdes 
and IDBA-Hybrid.

Conclusion

De novo assembly is not only complex and challenging but 
also a crucial step before downstream analysis of the organ-
isms. In this study, we presented a pipeline for combined 

tools and reference-assisted approaches that improve de 
novo assembly and construct a high-quality draft genome 
in prokaryotes. Our approach can be used as a promising 
option for performing improved de novo assembly in prokar-
yotes. Developing the automated pipeline is difficult due to 
the challenges in data preprocessing and k-mers optimiza-
tion and choosing closely related organism’s genome, but 
implementing the proposed pipeline to an automated version 
would provide advantages for the future studies to present 
user-friendly pipeline. In this study, we provided the analysis 
results for bacteria classified under different genera. Indeed, 
the pipeline can benefit from the analysis of more genomes 
when the automated version is implemented and run with 
large datasets on high-performance computing clusters.

Third-generation sequencing technologies are most 
likely to be dominant in the future as the accuracy 
rate increases for homopolymer regions. However, the 
approach we presented can be considered as an alterna-
tive for the low depth or complex genomes that have been 
encountered from short reads through one platform. In the 
future, the pipeline can be improved by including addi-
tional tools for assembly of eukaryotic genomes as these 
genomes generally are more difficult to assemble due to 
complexity and/or heterozygosity.
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