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Advancement of novel sequencing technologies facilitates modern life science and medicine unprecedentedly. Exploring complete genome sequences of bacteria by long-read sequencing technology is significant for microbial genomics research. However, third-generation long-read sequencing technologies are available with limited choices, which generate technological barrier to scientific research. Recently, a novel QitanTech nanopore long-read sequencing technology has emerged in China, but the potential application and performance were unexplored. Herein, we comprehensively evaluated the feasibility of the emerging sequencing technology in assembling complete genomes of MDR pathogens. The results showed that 500 Mbp QitanTech nanopore sequencing data could be generated within 8 h in one flow cell with the standard library preparation method. The mean read length, longest read length, and mean read-level accuracy of QitanTech sequencing data were 6,041 bp, 57,037 bp, and 81.50% (LAST)/81.40% (Minimap2), respectively. Two routine assembly strategies including long-read assembly and hybrid assembly enable the achievement of complete bacterial genomes. The accuracy of assembled draft bacterial genomes with QitanTech long-read data could be improved up to 99.9% dramatically by polishing using accurate short-read data. Furthermore, the assembled bacterial genomes cover accurate structures of complex resistance plasmids harboring critical resistance genes such as tet(X), tmexCD-toprJ, and blaVIM–2, even the complex fusion MDR plasmid generated from homologous recombination. In conclusion, QitanTech nanopore sequencing, as a nanopore long-read sequencing technology launched in China, could be a good option for investigation of complex bacterial genomes. More potential applications based on this novel platform warrant investigations.
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INTRODUCTION

Deciphering the genetic code of organisms with DNA sequencing technologies is an important technical innovation for understanding the basis of life in all forms. The initial method for DNA sequencing was developed by Sanger and termed as Sanger sequencing forty years ago, also called first-generation sequencing technology (Sanger and Coulson, 1975). Sanger sequencing was used routinely until now due to its high accuracy and easy accessibility. However, the low throughput of first-generation sequencing limited its ability to sequence large genomes and thus promoted the development of next-generation sequencing (NGS) technology, which is also called second-generation sequencing technology. In the past two decades, the application of second-generation sequencing technology has made unprecedented achievements and accounted for most of the sequencing data nowadays. NGS costs less and generates high-throughput data with high sequencing accuracy (Heather and Chain, 2016). Various second-generation sequencing technologies including Illumina (Solexa) sequencing (Voelkerding et al., 2009), Roche 454 sequencing (Margulies et al., 2005), Proton/PGM sequencing (Yuan et al., 2013), and SOLiD sequencing (Mardis, 2008) competed with each other for many years but finally dominated by Illumina due to its low cost and high accuracy. Subsequently, the drawbacks of short-read second-generation sequencing limited their specific applications such as genome assembly, which pushed the innovation of sequencing technologies, and third-generation sequencing came out 10 years ago. The current third-generation sequencing is dominated by PacBio single-molecule real-time (SMRT) sequencing technology (Eid et al., 2009) and Oxford Nanopore Technologies (ONT) nanopore sequencing technology (Clarke et al., 2009; Eisenstein, 2012; Loman and Quinlan, 2014; van Dijk et al., 2018). The characteristic of third-generation sequencing was able to generate long-read data without PCR amplification of fragmented DNA molecules, but on the basis of original DNA molecules. Long-read sequencing technology has irreplaceable and significant advantages in genome assembly, large structural variation detecting, complex population analysis, and so on (van Dijk et al., 2018). In addition, third-generation sequencing developed by ONT generated longer reads but higher error rates compared with sequencing data produced by PacBio SMRT, even so, the portability and easy availability of ONT nanopore sequencing platforms are revolutionizing the genomics research of life science comprehensively. However, apart from ONT nanopore sequencing technology, no other alternative nanopore sequencing technologies are available worldwide.

Obtaining complete bacterial genomes is a very important step to further perform research in terms of basic microbial biology, microbial pathogenesis, antimicrobial resistance, and microbial genomics. However, it was difficult to construct accurate complete genomes with short-read sequencing data due to the abundance of repeat sequences, especially for the multi-drug resistant (MDR) bacteria (Klassen and Currie, 2012). Generally, the complex repeat sequences in bacterial genome were mainly insertion sequences distributed in MDR regions, plasmids, and resistance islands, which were important mediators of horizontal gene transfer. Meanwhile, these insertion sequences enhanced the frequency of gene exchange between bacterial genomes, resulting in many MDR islands and pathogenicity islands (Thomson et al., 2004; Partridge et al., 2018). It is especially essential to analyze the structure and position of these regions for understanding the evolution of bacterial genome. At present, deciphering complex bacterial genomes by combining third-generation long-read sequencing with second-generation short-read sequencing data has become commonplace (Kamada et al., 2014; Ashton et al., 2015; Liu et al., 2016; Li et al., 2018). However, owing to the limited choice and high cost of third-generation sequencing, which prevented them from becoming as popular as second-generation sequencing. Recently, an emerging nanopore sequencing technology developed by QitanTech in China is developing rapidly and has introduced an early access program for users to evaluate its application in various research settings. We participated in the Early User Program of QitanTech and evaluated its performance in resolving genomes of MDR bacteria comprehensively. In this pilot study, we aim to evaluate the ability of QitanTech long-read sequences in assembling complete bacterial genomes, and evidence that QitanTech sequencing technology is a potential contender in the long-read sequencing arena.



MATERIALS AND METHODS


Samples Preparation, DNA Extraction, and DNA Quality Control

To evaluate the ability of QitanTech sequencing in obtaining the complete genome of MDR bacteria, six MDR bacteria with different species, spanning a wide range of genome sizes and GC contents, were selected as the test strains (Table 1). The complete genomes of six isolates have been obtained via hybrid assembly strategy on the basis of ONT nanopore sequencing and Illumina sequencing data. First, these strains were cultured in Luria-Bertani (LB) broth. Then, the genomic DNA was extracted using the FastPure Bacteria DNA Isolation Mini Kit (Vazyme) following the manufacturer’s instruction. Briefly, 1 ml of bacterial culture in logarithmic growth period was collected by centrifugation at 12,000 rpm/min. The bacterial pellet was lysed with proteinase K and treated with RNAase. Then, the genomic DNA was extracted using the column extraction method. The purity of genomic DNA was evaluated by NanoDrop 2000 and gel electrophoresis. The concentration of genomic DNA was determined accurately using a dsDNA Broad-Range Assay kit on the Qubit® Fluorometer.


TABLE 1. The alignment characteristics of QitanTech nanopore sequencing raw data against the six complete genomes.
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Genomic DNA Sequencing and Data Acquisition

Genomic DNA of the six strains was sent out for short-read DNA sequencing on Illumina Hiseq X platform using the PE150 strategy at the GENEWIZ (Suzhou, China). Adapters and low-quality bases of short-read sequences were trimmed using Trimmomatic v0.36 (Bolger et al., 2014). Clean fastq reads with about 150 X genome size were generated for each sample. Meanwhile, the extracted genomic DNA samples of the six strains were sent out for nanopore single-molecule long-read sequencing at QitanTech (Beijing, China). The library preparation and sequencing process on the basis of QitanTech technology platform were performed as follows. First, the total DNA was sheared into sizes ranging from 6 to 20 kb using g-TUBE (Covaris). Then, 150–300 fmol of fragment DNA were preformed end-repair and dA-tailing. In detail, 47 μl of fragment DNA, 7 μl of End-prep reaction buffer, 3 μl of End-prep Mix, and 3 μl of DNA Repair Mix were mixed and incubated in a thermocycler at 20°C for 10 min at first followed by another incubation at 65°C for 10 min. The end-prepped DNA was purified using beads and added sequencing adapters with T4 Ligase. Next, adapted DNA was purified again. Finally, adapted and purified DNA was quantified using Qubit as abovementioned and then sequenced using the QitanTech first nanopore sequencer QNome-9604. Both short-read and long-read data were directly obtained with fastq format for further analysis.



QitanTech Long-Read Quality Evaluation

We firstly evaluated the quality of total sequences of six samples generated from QitanTech nanopore sequencer according to the read length N50, the average base quality score, mean read length, and so on using NanoPack v1.25.0 (De Coster et al., 2018), which is a toolkit dedicated to evaluate the quality of long-read sequences. The data qualities of different samples were evaluated using Nanoplot of NanoPack, and multiple samples comparison of data quality analysis was performed using NanoComp of NanoPack. The alignment characteristics of QitanTech original data were generated by minimap2 (Li, 2018) and LAST (Frith et al., 2010) and then summarized and visualized by Qualimap2 v2.2.1 (Okonechnikov et al., 2016).



Genome Assembly and Polishing

At present, the complete bacterial genomes were usually obtained using short-read data to correct the draft genomes assembled by long-read data or using hybrid assembly strategy combining both short-read and long-read data. Here, we used both methods to assess the ability of QitanTech long-read data in assembling complete bacterial genomes. The short-read sequences were assembled using SPAdes v3.13.1 with the coverage cutoff value of 30 (Bankevich et al., 2012). There are no specifically assembly tools for the long-read data generated by QitanTech sequencer due to it has just been developed and is in the initial testing phase. Hence, all long-read sequences assembly tools we used in this study were developed for ONT nanopore sequences or PacBio SMRT sequences. We selected Flye v2.8-b1674 (Kolmogorov et al., 2019) and Canu v1.6 (Koren et al., 2017), two most commonly used long-read data assemblers, to assemble QitanTech long-read sequences. Then, we used Pilon v1.22 (Walker et al., 2014) and NextPolish v1.0.5 (Hu et al., 2020) to carry out genomes polishing using high-accuracy second-generation sequencing data. After that, we used Unicycler v0.4.8 (Wick et al., 2017) to perform hybrid assembly based on QitanTech and Illumina data. We filtered QitanTech long-read data using Seqkit v0.8.0 (Shen et al., 2016) and then perform hybrid assembly to eliminate the adverse impact of some short reads in the long-read data on hybrid assembly results.



Genome Integrity and Accuracy Assessment

Firstly, we counted the reports generated by different assemblers and used Bandage v0.8.1 to visualize the assembly results (Wick et al., 2015). Then, we took the standard completed genome as a reference and used QUAST v4.6.3 to evaluate the integrity and accuracy of bacterial genomes obtained by different strategies (Gurevich et al., 2013). Subsequently, the accuracy of the genomes successfully assembled using QitanTech long-read sequencing data was evaluated by dnadiffer in the MuMmer toolkit v3.23 (Cornelius et al., 2021). Simultaneously, one strain with the highest sequencing depth was selected, randomly sampling sequences from QitanTech raw data using Seqkit (Shen et al., 2016) and reassembled genome to compare the influence of different sequencing depths on the final assembly results.



Genome Annotation and Resistance Genes Identification

For bacterial genomes assembled using QitanTech sequences, the functional annotation was achieved using the RAST1 automatically and then modified manually (Aziz et al., 2008; Overbeek et al., 2014; Brettin et al., 2015). Antimicrobial resistance genes and insertion sequences were identified by ResFinder 4.1 and PlasmidFinder 2.1 in CGE services.2 The cfr gene in genome ZF2 was detected by PCR amplification with primers described in a previous study (Kehrenberg and Schwarz, 2006). BRIG v0.95 (Alikhan et al., 2011) and Easyfig v2.1 (Sullivan et al., 2011) tools were used to visualize the fusion plasmid comparison.




RESULTS AND DISCUSSION


The Basic Information of the Six Bacterial Strains

The genomic characteristics, such as genome sizes and GC contents, have a strong influence on assembling complete bacterial genomes. In addition, some complex regions consisting of many resistance genes, insertion sequences, and rRNA operon in bacterial genomes are difficult to resolve by short-read sequencing (Thomson et al., 2004). To comprehensively assess the ability of the novel sequencing technology in complete bacterial genomes acquisition, we selected four reported MDR bacteria and two clinical MDR Klebsiella pneumoniae to perform QitanTech nanopore sequencing. All complete genomes of these strains have been obtained with hybrid assembly strategy combining ONT nanopore sequences and Illumina sequences as previous description (Li et al., 2018). The four strains were a tmexCD1-toprJ1–positive K. pneumoniae RGT40-1, an Acinetobacter variabilis XM9F202-2 co-harboring tet(X3) and tet(X15) (Li et al., 2021b), a Proteus cibarius ZF2 carrying a chromosomal tet(X6)-bearing integrative and conjugative element (ICE) (Peng et al., 2020), and a Pseudomonas putida ZXPA-20 carrying a tmexCD1-toprJ1 and blaVIM–2–positive megaplasmid (Li et al., 2021a; Supplementary Table 1). These MDR strains evolved from general bacteria by acquiring foreign resistance genes and posed a great threat to public health (Partridge et al., 2018). Deciphering the genetic features of these bacteria is important for understanding the formation and transmission of MDR regions in bacterial genomes. Many complex MDR genetic structures, including plasmids, ICEs, and metaplasmids, have been identified in the four strains. Hence, it is critical to evaluate whether the novel QitanTech nanopore sequencing technology could be utilized to obtain the complete genomes of such strains. Apart from the four strains, another two MDR K. pneumoniae strains were recovered from clinical settings. Understanding the genetic features of such high-risk K. pneumoniae is important to guide clinical treatment and trace the source of infection.



QitanTech Long Reads Data Acquisition

QitanTech announced its first product prototype nanopore sequencer QNome-9604 in September 2020 and invited potential academics to participate in its Early User Program. The Early User Program claimed that QitanTech sequencing technology was based on the principle of nanopore strand sequencing with its proprietary sequencing chemistry and 500-Mb data with median single-read accuracy over 80% could be generated within 8-h sequencing time. We sent six bacterial genomic DNA with minimal requirement of 1,000 ng to Qitan. Libraries were prepared by technical team of QitanTech using sequencing reagent kit Qeagen-8 without any PCR procedure, and 40-fmol library with volume of 200 μl was loaded on to each sequencing flow cell Qcell-3841. Then, the flow cell was assembled onto the QNome-9604 sequencer which was connected to a GPU-equipped computer via USB cable. Experiment control parameters were operated by software QNOME v1.3. Raw data were generated within minutes after the flow cell temperature reached the desired sequencing condition and then were base called with QNOME based on deep neural network algorithm. Sequencing data in fastq format (Q7 filtered), together with a sequencing report, were sent back to us for downstream analysis.



The Sequence Features of QitanTech Sequencing

The genomic DNA of the six strains was sequenced using six separate sequencing chips (flow cells). A total of 727,854 reads with 4,397 Mbp were obtained from six sequencing chips, and the sequencing data volumes were ranging from 496 to 1,063 Mbp generated from each sample (Supplementary Table 2). The average read length and average read quality in Q-value of total sequencing data were 6,041 bp and 8.2, respectively. The read length N50 of the total QitanTech sequencing data was 8,314 bp. Read length distribution analysis found that the read length of sequencing data was mainly distributed in approximately 2 and 8 kb (Figure 1A). Aggregation of these short-read data about 2 kb was most likely caused by some high-copy small plasmids in bacterial genomes. Hence, we pointed out that the true read length of the sequencing data produced by QitanTech nanopore sequencer was about 8 kb on average, which was much longer than the read length of first- and second-generation sequencing data. Surprisingly, the throughput, mean read length, and Q-value of QitanTech raw reads were better than ONT nanopore raw reads generated by R7 flow cells initially released in 2014 (Ashton et al., 2015; Quick et al., 2015). At present, ONT sequencing has far better performance than QitanTech sequencing (Todd et al., 2018; Naushad et al., 2020), which even proposes a Q20 plan for sequencing accuracy. Even then, it is difficult for ONT nanopore sequencing to catch up with second-generation sequencing comprehensively in terms of sequencing accuracy within a short period of time. Therefore, both ONT nanopore sequencing and QitanTech nanopore sequencing technologies remain to make improvements especially in sequencing accuracy. As for PacBio SMRT, it generated reads with an average length about 15–20 kb and average accuracy greater than 99% (van Dijk et al., 2018). However, high cost in instrument setting and expensive maintenance of the sequencing equipment make it unaffordable for most researchers and research institutes, except large-scale genomics centers or bioinformatics companies (van Dijk et al., 2018). Subsequently, we observed that the number of reads decreases as the length of the sequence becomes longer (Figure 1B). In addition, according to the distribution of read length and read Phred quality, we found that there was no obvious relationship between the read quality and read length (Figure 1C). Although the best quality of read has a highest quality score up to 16, it is still meaningless as it is only one bp in length. The mean quality score of the top five longest reads (more than 50 kb) was greater than 8.2. This demonstrated that QitanTech nanopore sequencing would not generate more base mistakes with sequencing read length increasing. We found that the reads quality of ONT nanopore sequencing would be worse with the sequencing voltage increasing during multiple experiments based on one flow cell. The sequencing voltage is directly related to the speed of bases passing through nanopores. High voltage accelerated DNA molecules passing through nanopores, which resulted in a hazy change in the magnitude of the current in the nanopore captured by a sensor. Hence, we speculated that the base mistakes of reads generated by QitanTech nanopore sequencer might be influenced by the rate of bases passing through nanopores. Overall, the emerging sequencing technology performed well in read length and read quality. In addition, it is necessary to further evaluate the application of QitanTech nanopore sequencing data in bacterial genome assembly.
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FIGURE 1. The read features of QitanTech nanopore sequencing. (A) The distribution of read lengths. (B) The relationship between read length and total bases. The unit of the ordinate is Gbp. (C) The plot shows relationship between read length and read Phred quality.


Subsequently, we compared the sequence features for six samples. It was found that there was no significant difference in the sequencing data of the six samples in terms of average base quality, read length and read length N50 (Figures 2A–C). In addition, the read length distribution of the six samples was similar (Figure 2E). However, the total bases of each sample generated from different sequencing chips were different with the same library preparation method and running time (Figure 2D). We obtained 1,063 Mbp data from sample ZXPA-20, which is more than twice the total bases of sample ZF2 (496 Mbp). The difference in total sequence data between each sample might be influenced by many factors, such as the DNA library quality and sequencing chips quality. Similar situations are also frequently found in ONT nanopore sequencing platforms (Ashton et al., 2015; Quick et al., 2015; Lu et al., 2016). At present, the sequencing data generated by one QitanTech nanopore sequencing chip were enough to assemble a bacterial genome (sequencing depth of more than 100×). However, QitanTech nanopore sequencing was in its infancy; thus, the throughput was much lower compared with current second- and third-generation sequencers. The throughput of QitanTech will increase as the improvement of sequencing technology, and it will certainly introduce sequencing indexes for multiple samples in a single run.
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FIGURE 2. Base quality, read length, read length N50, total base, and distribution of read length for QitanTech sequencing of six strains. (A) Overview to show the average base Phred score of the six bacterial QitanTech sequencing data. (B) The read length distribution of QitanTech sequencing data of the six strains. (C) Comparing QitanTech read length N50 of the six strains. (D) Comparing throughput in Mbps of the six strains. (E) Histogram of read lengths of the six bacterial QitanTech sequencing raw data.




The Alignment Homogeneity and Accuracy

To assess the homogeneity of QitanTech nanopore sequencing data, we mapped the QitanTech raw reads against the six reference genomes using LAST. We found that the uniformity of sequence coverage of the six genomes was fine (Figure 3). Apart from some plasmids, the chromosome sequencing coverage was relatively homogeneous. Plasmids were extrachromosomal DNA elements with the ability of self-replication, which usually had different copies (Carroll and Wong, 2018). Hence, it was unsurprising to us to observe a coverage discrepancy in plasmids with chromosomes. According to the results, QitanTech sequencing performed well and did not have a sequencing bias.
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FIGURE 3. The sequence homogeneity of QitanTech nanopore sequencing. The ordinate indicates the sequencing coverage (X). The abscissa indicates the genome location.


The accuracy of QitanTech nanopore sequencing derived from Phred quality score was a measure of the likely accuracy of the base called from base calling software, which did not represent the real identity of QitanTech raw reads relative to the standard complete genomes. Here, we calculated the read-level accuracy using alignments strategy. The six bacterial QitanTech nanopore reads were mapped to their reference genome using LAST and Minimap2. According to previous study, LAST performed better than other programs as it can align sequences with many mismatches and gaps (Ashton et al., 2015). Minimap2 was developed recently and was adept at dealing with ultra-long reads (Li, 2018). Comparing the mapping-derived accuracy of different alignments strategy showed slightly different estimates (Table 1). The mean accuracy computed from Minimap2 (81.40%) was lower than LAST (81.50%). In addition, the read-level accuracy of QitanTech nanopore sequences was better than initial ONT nanopore sequencing and PacBio sequencing with the same alignment method (van Dijk et al., 2018). The high base error rate of long-read sequencing data made them less useful for single nucleotide polymorphism (SNP) typing. However, the completeness of bacterial genomes could be enhanced using these long reads.



The Genome Assemblies

Initially, we used SPAdes to de novo assemble the short-read data of the six genomes. Each of them was assembled into one genome scaffold with size similar to their reference genome. Subsequently, we analyzed the genome scaffold of each strain in detail. The longest contig in each genome scaffold were in length ranging from 150 to 564 kb. The average length of contigs of these scaffolds was in length ranging from 17 to 36 kb (Supplementary Table 3). Overall, short-read data can generate draft genomes of bacteria. However, it is difficult to recognize plasmid sequences and chromosome sequences using short-read data assembly strategy.

Many tools have been developed for the genome de novo assembly and polishing for long-read data (Jain et al., 2016). Here, we selected Flye (Kolmogorov et al., 2019) and Canu (Berlin et al., 2015; Koren et al., 2017) assembling tools, which were the commonly used error-prone long-read assemblers, to perform long-read de novo assembly. The six bacterial genomes were almost assembled into complete maps using Flye. In contrast, most of them were assembled into many contigs with Canu (Figure 4 and Supplementary Figure 1). Canu performs error correction by finding the overlaps of the raw uncorrected reads first and then finds the overlaps between corrected reads to construct a draft genome (Koren et al., 2017). Flye firstly generates arbitrary paths from an unknown repeat graph, which called disjointigs, and then constructs an accurate repeat graph from error-riddled disjointigs (Kolmogorov et al., 2019). According to previous study, Flye could generate more contiguous and accurate assemblies from complex databases based on its algorithm compared with Canu (Kolmogorov et al., 2019). The six bacterial genomes were complex due to containing many insert sequences and exogenous genes. Obviously, Flye performed better than Canu in assembling such bacterial genomes with QitanTech nanopore long-read sequencing data. Then, we analyzed the genomes assembled with Flye in details. We find that the chromosomes of five strains were assembled into circular closed contigs except for strain ZXPA-20. In addition, most plasmids in the six strains were successfully assembled into circular contigs (Figure 4). Although the size of plasmids were much smaller than bacterial chromosomes, their structures were usually complex due to presence of many resistance genes, insert sequences, and repeat regions (Smalla et al., 2015). In most cases, accessing to complete MDR plasmids is often more difficult than the acquisition of complete bacterial chromosomes and sequencing reads length play a vital role in doing this. In general, the sequencing data generated from QitanTech nanopore sequencer performed well in the acquisition of complete bacterial genomes.
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FIGURE 4. The assembly results of the six genomes using different methods. Every independent line indicates one assembly contig. The individual circular ring indicates circular chromosomes or plasmids.


Owing to the low accuracy of long-read sequencing data, the accurate complete bacterial genomes were usually obtained by hybrid assembly combining long-read data and high accurate short-read data. Unicycler, a hybrid assembly pipeline for bacterial genomes, has been widely used since it was developed and it achieved accurate complete bacterial genomes recognized as gold standard (Wick et al., 2017; Li et al., 2018). To assess the function of QitanTech nanopore sequencing data with hybrid assembly strategy, we used Unicycler pipeline to perform hybrid assembly based on QitanTech nanopore long-read data and Illumina short-read data. At first, we utilized total QitanTech and Illumina data to perform hybrid assembly for the six strains, respectively. However, strains RGT40-1, KP18-2073, and KP18-2110-2 were assembled into many contigs, far from complete genomes. Unicycler makes use of low quantities of long-read data to find the best paths through the assembly graph generated from short-read data assembly to produce a completed assembly (Wick et al., 2017). To eliminate the side effect of short-read sequences in QitanTech sequencing data in hybrid assembly, we filtered out the reads shorter than 5 kb from QitanTech sequences of the three strains to re-assemble with hybrid strategy. Finally, the results showed that the six bacterial genomes were nearly assembled successfully (Figure 4 and Supplementary Figure 1). In addition, few misassemblies and mismatches were detected in assembled genomes with hybrid strategy using Unicycler (Supplementary Figure 2). Further analysis found that the chromosomes of five strains were successfully resolved in right forms except ZXPA-20, which was consistent with the results of Flye assembly. In addition, some plasmids of the six strains were assembled incorrectly (Supplementary Table 4). For those plasmids that failed to assemble, such as a tmexCD1-toprJ1–bearing plasmid in RGT40-1, most of them also could not be directly resolved by hybrid assembly combine of ONT nanopore sequencing data and Illumina sequencing data. Single-molecule analysis is usually the last resort to deal with such plasmids (Li et al., 2018). Subsequently, we analyzed the result of hybrid assembly of strain ZXPA-20. The genome of ZXPA-20 was assembled into seven linear contigs with a total base of 7,084,385 bp, smaller than the reference genome size of 7,114,563 bp. The chromosome and the megaplasmid of ZXPA-20 shared many common IS3-like elements, which might be the cause of assembly failure. The megaplasmid of ZXPA-20 was assembled into three contigs, and the total length of the three contigs was smaller than reference megaplasmid pZXPA-20-602k (CP061724). Comparison analysis found that one IS3-like element with size 1,232 bp was lacked in the three contigs (Supplementary Figure 3). This further illustrated that IS elements were importantly negative factors in assembling bacterial genomes. In general, although, sometimes, the complete genome containing plasmids with complex structures could not be obtained directly by hybrid assembly combining of QitanTech nanopore sequencing data and Illumina sequencing data, in most cases, the complete bacterial genomes could be acquired with the help of QitanTech sequencing data.



The Accuracy of Assembled Genomes Using QitanTech Nanopore Sequencing Data

The mean read accuracy of QitanTech nanopore sequencing raw reads is higher than 80%. The accuracy of assembled genomes was influenced by the sequencing coverage of total sequencing data sizes. Hence, we used different coverages of raw data to assemble the genomes and assessed the accuracy of assembled genome based on long-read data. We used the chromosome of strain XM9F202-2 as the test genome. The standard of successful assembly is that the chromosome was assembled into one circular closed contig. Genome accuracy was determined by dnadiffer in the MuMmer toolkit using complete XM9F202-2 chromosome (CP060811) as reference (Cornelius et al., 2021). The total bases of QitanTech sequencing data for strain XM9F202-2 were about 704 Mbp, which was about 200 X sequencing depth for the genome XM9F202-2. We randomly sampled the sequences from the 704-Mbp sequencing data using Seqkit and then assembled the sampled sequences with Flye. The minimum sequence data for assembling the genome successfully was about 24,769 reads of 145 Mbp with genome coverage 40 X. Subsequently, we used the complete chromosome of XM9F202-2 as reference to evaluate the accuracy of assembled genomes with different genome coverage. The results showed that the accuracy of assembled chromosome with 200 X sequencing depth had little improvement compared with the assembled chromosome with 40 X sequencing depth (99.27–99.31%) (Supplementary Table 5). The total SNPs between assembled chromosomes and complete reference chromosome decreased from 4,799 to 4,162 with the sequencing depth increasing (Supplementary Table 5). Hence, increase of the sequencing depth will not always result in improvement of the accuracy of assembled genome for QitanTech nanopore sequencing.



The Genome Accuracy With Different Polishing Strategies

It seems impossible to obtain accurate bacterial genomes using QitanTech nanopore sequencing alone. Hence, we used highly accurate Illumina reads to polish the QitanTech long-read assemblies using different polishing strategies. Pilon, which has been widely used to polish the draft assembled genomes since it was initially released (Walker et al., 2014). It first utilized Illumina short-read data to map to the draft assembly; then, it improved the local accuracy of the sequence by correcting sequence errors, fixing misassemblies, and filling gaps. Meanwhile, applying Pilon iteratively had some benefits for improving the assembled genome (Walker et al., 2014). In the first round of polishing using Pilon, the accuracy of 200 X assembled chromosome of XM9F202-2 increased from 99.31 to 99.96%. Finally, the accuracy of chromosome XM9F202-2 assembled by QitanTech long-read data stopped increasing and reached 99.99% after four rounds of polishing (Supplementary Table 5). The total SNPs between polished chromosome after four rounds of polishing and the reference complete chromosome have only 139 (Supplementary Table 5). Although there is a significant improvement for genome accuracy after polishing using Pilon, the sporadic SNPs might affect the accuracy of downstream genomic analysis, such as core genetic phylogenetic analysis.

Recently, a fast and efficient genome polishing tool, NextPolish, was developed for polishing genome assemblies (Hu et al., 2020). One round of NextPolish polishing can significantly improve the bacterial genome accuracy compared with Pilon (Chen et al., 2021). Here, we still use the chromosome of strain XM9F202-2 assembled by QitanTech nanopore sequencing data as test sequence. After the first round of NextPolish polishing, the accuracy and SNPs of NextPolish-polished chromosome was 99.98% and 178, respectively (Supplementary Table 5). By contrast, the accuracy and SNPs of two rounds of NextPolish-polished chromosome were 99.98% and 210, respectively (Supplementary Table 5). Hence, one round of NextPolish polishing is sufficient to improve the quality of draft genome. Like Pilon, the NextPolish could not absolutely correct the long-read assembled genome using Illumina accurate reads. However, NextPolish was more efficient and easy at correcting sequence errors in QitanTech long-read assemblies compared to Pilon. All in all, both NextPolish and Pilon can significantly improve the quality of QitanTech long-read assemblies. In addition, the polished genome is enough to perform accurate genomic analyses of bacterial pathogens, such as identifying resistance genes and virulence genes. Meanwhile, we analyzed the accuracy of chromosome XM9F202-2 with hybrid assembly and found that it was more accurate than polished chromosome (Supplementary Table 5). Therefore, we suggested using a hybrid assembly strategy combining QitanTech sequences and short-read data to generate complete accurate bacterial genomes.



Identification of Resistance Genes

We have obtained the draft or complete genomes of the six bacteria using different strategies (Flye, Canu, and Unicycler assembly). Then, we compared the effects of different genome assembly methods on the identification of resistance genes carried by these strains. The result showed that bacterial genomes assembled by Flye or Unicycler contained resistance genes consisting with the reference genomes except strain ZF2 (Figure 5). Genome analysis of strain ZF2 found that a 59 kb cfr-bearing plasmid pZF2-cfr was absent in genomes assembled by Flye and Unicycler using QitanTech sequencing data and Illumina sequencing data compared with complete genome of ZF2 (Peng et al., 2020). Subsequently, we used PCR to detect gene cfr in genome DNA of ZF2, but a negative result was received. We also tried to find the plasmid sequences of pZF2-cfr in the raw data of QitanTech sequencing data but found nothing. Hereby, we concluded that the plasmid pZF2-cfr was lost during enrichment culture before genomic DNA extraction. Meanwhile, this phenomenon demonstrated that QitanTech sequence has high resolution in identifying bacterial genome characteristics.


[image: image]

FIGURE 5. The distribution of antibiotic resistance genes. The resistance genes were identified using ResFinder 4.1.




Identification of a Fusion Plasmid in XM9F202-2

In our previous study, we investigated the genome features of strain XM9F202-2 intensively, which harbored one chromosome and five plasmids (Li et al., 2021b). However, we found only four plasmids in assembled genomes of XM9F202-2 by Flye and Unicycler with QianTech sequencing data. Remarkably, one 276-kb plasmid, named pXM9F202-2-267k, of the four plasmids was almost the same as the total length of plasmids pXM9F202-2-tetX-90k and pXM9F202-2-186k in strain XM9F202-2. We speculated that a fusion event occurred between the two plasmids in the process of bacterial multiplication. Subsequently, we compared the structure of the 276-kb plasmid with plasmids pXM9F202-2-tetX-90k and pXM9F202-2-186k and found that the two small plasmids exactly covered the backbone of the large plasmid (Figure 6A). To prove the formation mechanism of the large fusion plasmid, we further explored the structure features of plasmid pXM9F202-2-267k in detail. Linear comparison between pXM9F202-2-267k and the two small plasmids pXM9F202-2-tetX-90k and pXM9F202-2-186k showed that they shared a homologous region (Figure 6B). Therefore, the plasmid fusion mechanism was highly possible resulting from homologous recombination (Figure 6C). Fusion plasmids were usually derived during the plasmids conjugation (Xie et al., 2018; Li et al., 2020a,b; Liu et al., 2020), which was a dynamic process with host changes. Here, we observed a fusion plasmid in different clones of the same strain and demonstrated that plasmid evolution happens all the time. Meanwhile, this phenomenon of plasmid fusion may promote the evolution of plasmids and increase the risk of transmission of resistant genes and virulence genes.


[image: image]

FIGURE 6. Mechanisms of plasmid fusions. (A) Comparing the fusion plasmid with its parental plasmids. (B) Line comparison of the fusion plasmid and its parental plasmids. (C) Schematic diagrams depicting the generation process of the fusion plasmid mediated by homologous regions.





CONCLUSION

In summary, this study comprehensively evaluated the ability of the novel QitanTech nanopore sequencing technology, the first long-read sequencers released in China, in bacterial genomes assembling with different assembling strategies. We found that most MDR bacterial genomes investigated here could be well resolved using QitanTech nanopore sequencing data. Meanwhile, complete accuracy bacterial genomes could be generated using hybrid assembly strategy combining of QitanTech nanopore sequencing data and high accurate Illumina data. Furthermore, many sequencing data processing tools for ONT nanopore sequences or PacBio SMRT sequences could directly deal with QitanTech nanopore sequencing data. As with ONT or PacBio sequencing, QitanTech sequencing data has high resolution in identifying complicated bacterial genomic features. With the advancement and continuous upgrades of QitanTech nanopore sequencing technology, its applications in diverse research and clinical settings deserve comprehensive investigations.



DATA AVAILABILITY STATEMENT

The genome sequences of QitanTech raw data were deposited in figshare database (https://figshare.com/articles/dataset/QitaTech_raw_data/15147570) for reference.



AUTHOR CONTRIBUTIONS

RL and ZW: conceptualization, writing—review and editing, and supervision. KP, RL, and YaL: methodology. KP, YY, and YuL: investigation. KP, SQ, and XY: data curation and visualization. KP and YY: writing—original draft preparation. All authors read and agreed to the published version of the manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (nos. 31872523 and 31872526), the Sichuan Science and Technology Program (no. 2020YFS0581), the China Postdoctoral Science Foundation (no. 2020M671632), the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD), the Jiangsu Agriculture Science and Technology Innovation Fund [JASTIF, no. CX(21)3138], and the Postgraduate Research and Practice Innovation Program of Jiangsu Province (no. SJCX21_1631).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.778659/full#supplementary-material


FOOTNOTES

1 http://rast.nmpdr.org/

2 https://cge.cbs.dtu.dk/services/


REFERENCES

Alikhan, N. F., Petty, N. K., Ben Zakour, N. L., and Beatson, S. A. (2011). BLAST ring image generator (BRIG): simple prokaryote genome comparisons. BMC Genomics 12:402. doi: 10.1186/1471-2164-12-402

Ashton, P. M., Nair, S., Dallman, T., Rubino, S., Rabsch, W., Mwaigwisya, S., et al. (2015). MinION nanopore sequencing identifies the position and structure of a bacterial antibiotic resistance island. Nat. Biotechnol. 33, 296–300. doi: 10.1038/nbt.3103

Aziz, R. K., Bartels, D., Best, A. A., Dejongh, M., Disz, T., Edwards, R. A., et al. (2008). The RAST server: rapid annotations using subsystems technology. BMC Genomics 9:75. doi: 10.1186/1471-2164-9-75

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021

Berlin, K., Koren, S., Chin, C. S., Drake, J. P., Landolin, J. M., and Phillippy, A. M. (2015). Assembling large genomes with single-molecule sequencing and locality-sensitive hashing. Nat. Biotechnol. 33, 623–630. doi: 10.1038/nbt.3238

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Brettin, T., Davis, J. J., Disz, T., Edwards, R. A., Gerdes, S., Olsen, G. J., et al. (2015). RASTtk: a modular and extensible implementation of the RAST algorithm for building custom annotation pipelines and annotating batches of genomes. Sci. Rep. 5:8365. doi: 10.1038/srep08365

Carroll, A. C., and Wong, A. (2018). Plasmid persistence: costs, benefits, and the plasmid paradox. Can. J. Microbiol. 64, 293–304. doi: 10.1139/cjm-2017-0609

Chen, Z., Erickson, D. L., and Meng, J. (2021). Polishing the Oxford nanopore long-read assemblies of bacterial pathogens with Illumina short reads to improve genomic analyses. Genomics 113, 1366–1377. doi: 10.1016/j.ygeno.2021.03.018

Clarke, J., Wu, H. C., Jayasinghe, L., Patel, A., Reid, S., and Bayley, H. (2009). Continuous base identification for single-molecule nanopore DNA sequencing. Nat. Nanotechnol. 4, 265–270. doi: 10.1038/nnano.2009.12

Cornelius, A. J., Huq, M., On, S. L. W., French, N. P., Vandenberg, O., Miller, W. G., et al. (2021). Genetic characterisation of Campylobacter concisus: strategies for improved genomospecies discrimination. Syst. Appl. Microbiol. 44:126187. doi: 10.1016/j.syapm.2021.126187

De Coster, W., D’hert, S., Schultz, D. T., Cruts, M., and Van Broeckhoven, C. (2018). NanoPack: visualizing and processing long-read sequencing data. Bioinformatics 34, 2666–2669. doi: 10.1093/bioinformatics/bty149

Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., et al. (2009). Real-time DNA sequencing from single polymerase molecules. Science 323, 133–138.

Eisenstein, M. (2012). Oxford Nanopore announcement sets sequencing sector abuzz. Nat. Biotechnol. 30, 295–296. doi: 10.1038/nbt0412-295

Frith, M. C., Hamada, M., and Horton, P. (2010). Parameters for accurate genome alignment. BMC Bioinformatics 11:80. doi: 10.1186/1471-2105-11-80

Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality assessment tool for genome assemblies. Bioinformatics 29, 1072–1075. doi: 10.1093/bioinformatics/btt086

Heather, J. M., and Chain, B. (2016). The sequence of sequencers: the history of sequencing DNA. Genomics 107, 1–8. doi: 10.1016/j.ygeno.2015.11.003

Hu, J., Fan, J., Sun, Z., and Liu, S. (2020). NextPolish: a fast and efficient genome polishing tool for long-read assembly. Bioinformatics 36, 2253–2255. doi: 10.1093/bioinformatics/btz891

Jain, M., Olsen, H. E., Paten, B., and Akeson, M. (2016). The Oxford Nanopore MinION: delivery of nanopore sequencing to the genomics community. Genome Biol. 17:239.

Kamada, M., Hase, S., Sato, K., Toyoda, A., Fujiyama, A., and Sakakibara, Y. (2014). Whole genome complete resequencing of Bacillus subtilis natto by combining long reads with high-quality short reads. PLoS One 9:e109999. doi: 10.1371/journal.pone.0109999

Kehrenberg, C., and Schwarz, S. (2006). Distribution of florfenicol resistance genes fexA and cfr among chloramphenicol-resistant Staphylococcus isolates. Antimicrob. Agents Chemother. 50, 1156–1163. doi: 10.1128/AAC.50.4.1156-1163.2006

Klassen, J. L., and Currie, C. R. (2012). Gene fragmentation in bacterial draft genomes: extent, consequences and mitigation. BMC Genomics 13:14. doi: 10.1186/1471-2164-13-14

Kolmogorov, M., Yuan, J., Lin, Y., and Pevzner, P. A. (2019). Assembly of long, error-prone reads using repeat graphs. Nat. Biotechnol. 37, 540–546. doi: 10.1038/s41587-019-0072-8

Koren, S., Walenz, B. P., Berlin, K., Miller, J. R., Bergman, N. H., and Phillippy, A. M. (2017). Canu: scalable and accurate long-read assembly via adaptive k-mer weighting and repeat separation. Genome Res. 27, 722–736. doi: 10.1101/gr.215087.116

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094–3100. doi: 10.1093/bioinformatics/bty191

Li, R., Lu, X., Peng, K., Liu, Y., Xiao, X., and Wang, Z. (2020a). Reorganization of mcr-1-bearing large MDR plasmids resolved by nanopore sequencing. J. Antimicrob. Chemother. 75, 1645–1647. doi: 10.1093/jac/dkaa046

Li, R., Lu, X., Peng, K., Liu, Z., Li, Y., Liu, Y., et al. (2020b). Deciphering the structural diversity and classification of the mobile tigecycline resistance Gene tet(X)-bearing plasmidome among bacteria. mSystems 5:e00134-20. doi: 10.1128/mSystems.00134-20

Li, R., Peng, K., Xiao, X., Liu, Y., Peng, D., and Wang, Z. (2021a). Emergence of a multidrug resistance efflux pump with carbapenem resistance gene blaVIM-2 in a Pseudomonas putida megaplasmid of migratory bird origin. J. Antimicrob. Chemother. 76, 1455–1458. doi: 10.1093/jac/dkab044

Li, R., Peng, K., Xiao, X., Wang, Y., and Wang, Z. (2021b). Characterization of novel ISAba1-bounded tet(X15)-bearing composite transposon Tn6866 in Acinetobacter variabilis. J. Antimicrob. Chemother. 76, 2481–2483. doi: 10.1093/jac/dkab182

Li, R., Xie, M., Dong, N., Lin, D., Yang, X., Wong, M. H. Y., et al. (2018). Efficient generation of complete sequences of MDR-encoding plasmids by rapid assembly of MinION barcoding sequencing data. Gigascience 7, 1–9.

Liu, F., Li, B., Du, J., Yu, S., Li, W., Evivie, S. E., et al. (2016). Complete genome sequence of Enterococcus durans KLDS6.0930, a strain with probiotic properties. J. Biotechnol. 217, 49–50. doi: 10.1016/j.jbiotec.2015.11.012

Liu, Z., Xiao, X., Liu, Y., Li, R., and Wang, Z. (2020). Recombination of NDM-5-producing plasmids mediated by IS26 among Escherichia coli. Int. J. Antimicrob. Agents 55:105815. doi: 10.1016/j.ijantimicag.2019.09.019

Loman, N. J., and Quinlan, A. R. (2014). Poretools: a toolkit for analyzing nanopore sequence data. Bioinformatics 30, 3399–3401. doi: 10.1093/bioinformatics/btu555

Lu, H., Giordano, F., and Ning, Z. (2016). Oxford nanopore MinION sequencing and genome assembly. Genomics Proteomics Bioinformatics 14, 265–279. doi: 10.1016/j.gpb.2016.05.004

Mardis, E. R. (2008). The impact of next-generation sequencing technology on genetics. Trends Genet. 24, 133–141. doi: 10.1016/j.tig.2007.12.007

Margulies, M., Egholm, M., Altman, W. E., Attiya, S., Bader, J. S., Bemben, L. A., et al. (2005). Genome sequencing in microfabricated high-density picolitre reactors. Nature 437, 376–380. doi: 10.1038/nature03959

Naushad, S., Duceppe, M. O., Dupras, A. A., Gao, R., and Ogunremi, D. (2020). Closed genome sequences and antimicrobial resistance profiles of eight wild bird Salmonella isolates obtained with MinION and illumina MiSeq sequencing. Microbiol. Resour. Announc. 9:e00228-20. doi: 10.1128/MRA.00228-20

Okonechnikov, K., Conesa, A., and Garcia-Alcalde, F. (2016). Qualimap 2: advanced multi-sample quality control for high-throughput sequencing data. Bioinformatics 32, 292–294. doi: 10.1093/bioinformatics/btv566

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al. (2014). The SEED and the rapid annotation of microbial genomes using subsystems technology (RAST). Nucleic Acids Res. 42, D206–D214. doi: 10.1093/nar/gkt1226

Partridge, S. R., Kwong, S. M., Firth, N., and Jensen, S. O. (2018). Mobile genetic elements associated with antimicrobial resistance. Clin. Microbiol. Rev. 31:e0088-17.

Peng, K., Li, R., He, T., Liu, Y., and Wang, Z. (2020). Characterization of a porcine Proteus cibarius strain co-harbouring tet(X6) and cfr. J. Antimicrob. Chemother. 75, 1652–1654. doi: 10.1093/jac/dkaa047

Quick, J., Quinlan, A. R., and Loman, N. J. (2015). Erratum: a reference bacterial genome dataset generated on the MinION(TM) portable single-molecule nanopore sequencer. Gigascience 4:6. doi: 10.1186/s13742-015-0043-z

Sanger, F., and Coulson, A. R. (1975). A rapid method for determining sequences in DNA by primed synthesis with DNA polymerase. J. Mol. Biol. 94, 441–448. doi: 10.1016/0022-2836(75)90213-2

Shen, W., Le, S., Li, Y., and Hu, F. (2016). SeqKit: a cross-platform and ultrafast toolkit for FASTA/Q File manipulation. PLoS One 11:e0163962. doi: 10.1371/journal.pone.0163962

Smalla, K., Jechalke, S., and Top, E. M. (2015). Plasmid detection, characterization, and ecology. Microbiol. Spectr. 3:PLAS-0038-2014. doi: 10.1128/microbiolspec.PLAS-0038-2014

Sullivan, M. J., Petty, N. K., and Beatson, S. A. (2011). Easyfig: a genome comparison visualizer. Bioinformatics 27, 1009–1010. doi: 10.1093/bioinformatics/btr039

Thomson, N., Baker, S., Pickard, D., Fookes, M., Anjum, M., Hamlin, N., et al. (2004). The role of prophage-like elements in the diversity of Salmonella enterica serovars. J. Mol. Biol. 339, 279–300. doi: 10.1016/j.jmb.2004.03.058

Todd, S. M., Settlage, R. E., Lahmers, K. K., and Slade, D. J. (2018). Fusobacterium genomics using MinION and Illumina sequencing enables genome completion and correction. mSphere 3:e000269-18. doi: 10.1128/mSphere.00269-18

van Dijk, E. L., Jaszczyszyn, Y., Naquin, D., and Thermes, C. (2018). The third revolution in sequencing technology. Trends Genet. 34, 666–681. doi: 10.1016/j.tig.2018.05.008

Voelkerding, K. V., Dames, S. A., and Durtschi, J. D. (2009). Next-generation sequencing: from basic research to diagnostics. Clin. Chem. 55, 641–658. doi: 10.1373/clinchem.2008.112789

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., et al. (2014). Pilon: an integrated tool for comprehensive microbial variant detection and genome assembly improvement. PLoS One 9:e112963. doi: 10.1371/journal.pone.0112963

Wick, R. R., Judd, L. M., Gorrie, C. L., and Holt, K. E. (2017). Unicycler: resolving bacterial genome assemblies from short and long sequencing reads. PLoS Comput. Biol. 13:e1005595. doi: 10.1371/journal.pcbi.1005595

Wick, R. R., Schultz, M. B., Zobel, J., and Holt, K. E. (2015). Bandage: interactive visualization of de novo genome assemblies. Bioinformatics 31, 3350–3352. doi: 10.1093/bioinformatics/btv383

Xie, M., Li, R., Liu, Z., Chan, E. W. C., and Chen, S. (2018). Recombination of plasmids in a carbapenem-resistant NDM-5-producing clinical Escherichia coli isolate. J. Antimicrob. Chemother. 73, 1230–1234. doi: 10.1093/jac/dkx540

Yuan, Y., Jiang, F., Hua, S., Du, B., Hao, Y., Ye, L., et al. (2013). Feasibility study of semiconductor sequencing for noninvasive prenatal detection of fetal aneuploidy. Clin. Chem. 59, 846–849. doi: 10.1373/clinchem.2012.196725


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Peng, Yin, Li, Qin, Liu, Yang, Wang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-13-778659-g002.jpg
Average base call quality score

Sequenced read length N50 (bp)

16 : $ ’
¢
¢ ¢ 50000 : } : - '
14 o » 0 g g § ¢ i
° ¢ ¢ £ 40000 g
4
& ¢
12 ‘ : 2 30000
& L ] ¢ ©
& <]
o

pdddd

- N )\
% 391 1\'\° “D:Q ¢ Q’Lﬂ' 131 Pfq’ & 2
,18\ AV & _lsx\‘?* ‘18\
D
8000 1000

800
6000

600

4000
400

2000 200

Total megabase sequemced (Mbp)

KP18-2073

RGT40-1
XM9F202-2
ZF2
ZXPA-20

I
KP18-2110-2
i
=

30k 40k 50k (bp)





OPS/images/fmicb-13-778659-g001.jpg
50000

W s
o -
- £d
- -
o -

20000

Number of reads

10000

0

Histogram of read lengths

Read Length (bp)

20000

Read length (bp)

15000

10000

5000

40000

i N w N

Cumulative yield for minimal length
o

0.0

25

=

50 75 10.0
Phred Quality

125

15.0

Yield by length

20000

Read length (bp)

4814

3851

2888

1925

(e}
(o]
N

Number of Reads

40000





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		QitanTech Nanopore Long-Read Sequencing Enables Rapid Resolution of Complete Genomes of Multi-Drug Resistant Pathogens



		INTRODUCTION



		MATERIALS AND METHODS



		Samples Preparation, DNA Extraction, and DNA Quality Control



		Genomic DNA Sequencing and Data Acquisition



		QitanTech Long-Read Quality Evaluation



		Genome Assembly and Polishing



		Genome Integrity and Accuracy Assessment



		Genome Annotation and Resistance Genes Identification









		RESULTS AND DISCUSSION



		The Basic Information of the Six Bacterial Strains



		QitanTech Long Reads Data Acquisition



		The Sequence Features of QitanTech Sequencing



		The Alignment Homogeneity and Accuracy



		The Genome Assemblies



		The Accuracy of Assembled Genomes Using QitanTech Nanopore Sequencing Data



		The Genome Accuracy With Different Polishing Strategies



		Identification of Resistance Genes



		Identification of a Fusion Plasmid in XM9F202-2









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-13-778659-g006.jpg
acrR ATPase arsO
rsH
dR L™ .// \\ \ acr3

_-ISAba19-like
1S10086

parB
ctl;pA-/ | ,ISCRZ
arsn-—~ sul2
tnp- % L1506
tatC 260 kbp 1S26
tatB- ] ’aph(3')-lc
tatA - ‘ 1S26
|SAba1

. GC Content —strA
= ' - \ ~strB
IS18._ @ " 220 kbp GC Skew \ \ISAba19-l|ke
ISAha2 - & T —— 60 kbp | N |sze
.5 xXe
= B ce siews) \aac(3)-lla
! _ 200 kbp ~ pXM9F202-2-tetX-90k ; __ISAba16
- 80 kbp _ msr(E)
2 I pXM9F202-2-186k /mph(E)
ACR3, ! &
ISAba16-like), B pXM9OF202-2-276k ~181006-like
1S1008. | \MloR
floR\\ A \ISAba8
ISAba14

$ 140 kbp s

~~—parB,

ISCRZ\“ e, int
Tn552 tnp- \\fo.' ‘\: /‘)\‘ ~~1SAba16
= '.""" W»mmmuﬂ‘"‘}.* S m

e aac(3) -lla
aadA1 |S1 5 ~  1SSwit
| 182
aph(3')-lc
6{’\('0 & oL o
«‘?? o O Q}& &

MMHIMHLMIII.lilllmznlllMﬂlmUllIMAIJMIMlIlUMUMIMA.

TNV TN W“\"'WWWI‘WWWIV" NV
VYLUMTTT NI umAnuummm.mmmlmmumnmAunmuu.m.Aulm

AAA‘Mm.tIMAHnnlA Alll\llmllkmilllMMIMIUIMIAMUHAN

W’IW’\WN““W"“"""’NWHY’IY""HWWWWW‘;V“WW;!‘I“W“I““VV”W'H‘WWW’W"'”‘W"!“\WI“WW”IWI‘!YHWV

&
<
N

pXM9F202-2-276k

pXM9F202-2-186k






OPS/images/fmicb-13-778659-g005.jpg
D
- = - - * e _ = d a - o ©
S - - f 0 0 s
' A f 0 0 . 0 0
|
+ 4 4
ﬁ — _ | ! |
! |
4 4 4 t H
| | !
— 1
. [ [ | fro=
— —
+ + +
—
T
. + +
+ 4 4 4 4 4
.
+ ' + + " + 4 4 4
| |
W S —\
4 4 | 4 4
1 . 1- : 4
, | !
— 4 4
!
: i
+ +
N, [ W— —
0
. | |
e —
| | ! 0
| | |
——t— + SR N 3 — s -
) ! O
! —_—
|
| :
l | T 1 B = P | 7 P | =
4 + 4 +—
,
—t : +
0
' | | [ l | | | I
4 4 + + + 4 -
! &
l | | | | | | |
! | !
O
. | | I
{ 4 4
Vi
SR V1  —
_. I Y ] :
- + -
l X
r | 1 |
O
O
O
&
S
0
L/
———
| , £
. 0
4 ==
|
4 | SO —
| !
0
+ -
. | | 9
leatd] | J—=fe=
| 2
—t &
t H
*.
v
-
= O = = -






OPS/images/fmicb-13-778659-g004.jpg
Unicycler, v0.4.8

Flye, 2.8-b1674

SPAdes, 3.1.13

2 'bpnlﬁt EE—— E=—-1
KP18-2073 : d BT
231#:9 M&hp' ' ulgﬂxw l%bp 0
mﬁ!"» 5';-%!” Nz’%:' %:p 1 1
long-reads > Sk
bp - X N
e ey l%w E— e — —
T = % = = =" = mm
%‘bp 3’;%:"’ 2"&'&”" - ® =n L] L L] ] L] L} L]
SN NN
W |t — o —
RGT40-1 7 Y
R PR S G o i e B
m’bp 11&» »
XM9F202-2 g sz g
%:‘p z‘;’t;’" ITﬁhp .ﬁ:’
<B
P5oton”
ZF2 e
g
ZXPA-20 —
I
m == = = H =
¥ F £ & N & 2N






OPS/images/fmicb-13-778659-g003.jpg
Coverage depth (X)

KP18-2073
1 '

100

100

1M 2M 3M 4M 5M 6M

O
RGT40-1

,|1 1
! |

1M 2M 3M 4M S5M 6M

“XM9F202-2

I 'lr!r 0

o. O 500. Ok 1. OM 1. SM 2. OM 2. 5M . OM 3. 5M

ZF2

100

©ZXPA-20

200

100

O 1M 2M 3M 4M 5M 6M ™

Genomic position





OPS/images/cover.jpg
, frontiers
in Microbiology

QitanTech Nanopore Long-Read
Sequencing Enables Rapid
Resolution of Complete
Genomes of Multi-Drug
Resistant Pathogens







OPS/images/fmicb-13-778659-t001.jpg
Strain Species Minimap2 LAST

General correct Mean mapping Mean coverage General correct Mean mapping Mean coverage

rate (%) quality (xX) rate (%) quality (X)

KP18-2073 Klebsiella 80.71 54.62 161.14 80.81 91.79 162.68
pneumoniae

KP18-2110-2 Klebsiella 80.19 54.29 115.16 80.31 91.26 116.29
pneumoniae

RGT40-1 Klebsiella 80.81 54.31 93.11 80.92 91.64 94.03
pneumoniae

XM9F202-2 Acinetobacter 83.79 55.39 207.24 83.88 92.91 208.56

variabilis
ZF2 Proteus cibarius 82.11 53.63 120.01 82.13 90.00 121.20
ZXPA-20 Pseudomonas 80.81 54.27 154.70 80.92 91.35 156.05
putida

Mean / 81.40 54.42 / 81.50 91.49 /








OPS/images/logo.jpg
, frontiers
in Microbiology





