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Like a jigsaw puzzle with large pieces, a genome sequenced

with long reads is easier to assemble. However, recent

sequencing technologies have favored lowering per-base cost

at the expense of read length. This has dramatically reduced

sequencing cost, but resulted in fragmented assemblies, which

negatively affect downstream analyses and hinder the creation

of finished (gapless, high-quality) genomes. In contrast,

emerging long-read sequencing technologies can now

produce reads tens of kilobases in length, enabling the

automated finishing of microbial genomes for under $1000.

This promises to improve the quality of reference databases

and facilitate new studies of chromosomal structure and

variation. We present an overview of these new technologies

and the methods used to assemble long reads into complete

genomes.
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Introduction
The DNA sequencing revolution of the past decade has

accelerated the study of microbial genomes, enabling

projects on a scale previously unimaginable [1–16]. How-

ever, current large-scale studies have produced mostly

short-read data (i.e. reads a few hundred bases in length)

that are either mapped to a reference genome [4] or

computationally assembled as a draft genome, forgoing

the manual finishing process that was previously standard

[17]. Between 2007 and 2011, the percentage of genomes

being finished to remove all gaps and ensure a per-base

accuracy of >99.99% was below 35% [18��,19]. This has

lowered the average quality of genomes in the public

databases, limiting the types of analyses that can be

performed. For example, studies of structural variation

are severely limited by the use of short reads, which

cannot resolve large-scale structural mutations mediated
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by repetitive transposable elements. While short reads are

sufficient for many other analyses, such as strain typing,

outbreak tracing, and pan-genome surveys, the accuracy

of these studies is improved by the inclusion of finished

genomes. Unfinished genomes can lead to mapping arti-

facts, missed gene calls, and inaccurate repeat construc-

tion. However, due to the historically higher cost of

finished genomes, recent studies have almost exclusively

produced unfinished genomes — relying on just a few

finished references for annotation and mapping. Long-

read sequencing, with read lengths on the order of ten

thousand bases, promises to change this cost versus

quality trade-off by enabling the complete assembly

and economical finishing of microbial genomes.

Genome assembly reconstructs a genome from many

shorter sequencing reads [20–22]. The primary challenge

to all assembly algorithms is repeats, which can be

resolved using either long reads or DNA inserts (e.g.

fosmids) [23]. However, while sequencing throughput

has dramatically increased in past years, read length

has remained relatively limited, leaving most genomes

fractured into hundreds of pieces. Assemblers typically

represent these uncertain reconstructions as graphs of

contigs (Figure 1a). To help resolve repeats and improve

the reconstruction, it is possible to sequence paired

reads. Paired ends refer to the sequenced ends of larger,

size-selected inserts, which are separated by a known

distance within some error bound. This information

serves as a secondary constraint on assembly that can

resolve repeats and improve continuity. However, due to

uncertainty in the size selection process and the

unknown sequence between the ends, this technique

cannot resolve all repeat types, leaving some regions of

the genome uncharacterized [24,25]. In contrast, merely

increasing read length can significantly simplify the

assembly problem [26] and resolve more repeats

(Figure 1b and c).

Two types of repeats complicate assembly, global and

local. An example of a global repeat is the prokaryotic

rDNA operon, which is typically less than 7 kilobase pairs

(7 kbp) in length [27]. This type of repeat consists of a

long sequence duplicated throughout the genome, which

tangles the assembly graph and creates ambiguous adja-

cency relationships between contigs. In contrast, a local

repeat typically comprises a simple sequence unit, some-

times only a few base pairs in length, which is repeated in

tandem many times. A common example in prokaryotic

genomes are variable number tandem repeats (VNTRs)
www.sciencedirect.com
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Figure 1
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Read length simplifies the assembly problem. Simplified assembly graphs for the Escherichia coli K-12 genome are shown for varying read lengths

k [26]. Contigs are nodes and unresolved adjacencies are represented as links. (a) With a short read length, many regions of the genome remain

unresolved. (b) Increasing the length to 1 kbp, similar to that produced by Sanger sequencing [84], resolves a large fraction of the genome,

but some complexity remains due to large global repeats. (c) Once the length is above the ‘golden threshold,’ which exceeds the most

common repeat length in prokaryotic genomes, all ambiguity is removed from the graph (this figure was derived from the same data used in

Figure 1 of [18��]).
[28]. Local repeats introduce local complexity, often

exhibited as short cycles in the assembly graph. These

repeats, though often shorter than global repeats, have

traditionally been difficult to resolve, because they appear

as arrays of multiple elements. If the array is longer than

the read length, it is not always possible to determine the

correct copy number. Typically, paired-ends cannot

resolve this type of repeat because the element size is

smaller than the uncertainty of the distance estimate,

making confident reconstruction impossible. Thus, fully

resolving a prokaryotic genome requires both long-range

linking to resolve global repeats and base-pair resolution

to resolve local repeats. Long reads provide both of these

characteristics.

On the basis of an analysis of repeat size and count of all

sequenced repeats, we previously classified microbial

genomes into three complexity classes [18��]. The rDNA

operon (between 5 and 7 kbp in length) was found to be

the most prevalent large repeat and was used as the basis

for measuring complexity. The first two classes (I and II),

where the largest repeat is the rDNA operon, comprise

approximately 77% of currently finished genomes [18��].
The remaining genomes, with at least one repeat >7 kbp,

were defined as class III. Thus, a sequencing technology

that can generate sequences over the 7 kbp ‘golden

threshold’ (Figure 1c) would be expected to resolve
www.sciencedirect.com 
almost 80% of known microbial genomes. Until recently,

7 kbp was more than ten times longer than typical se-

quencing lengths. However, new sequencing technol-

ogies have recently exceeded this threshold and, for

the first time, enabled the complete assembly of most

microbial genomes without gaps [18��,29��,30��].

There are currently three technologies capable of long-

read sequencing (defined here as producing reads greater

than 7 kbp). Below, we outline these three technologies,

approaches to utilize them, and remaining challenges. As

of writing, the PacBio RS instrument has been the most

widely used of the three, and the only to demonstrate

assembly of complete genomes, so the later sections will

focus on this instrument. We conclude with current

recommendations for sequencing and assembling

microbial genomes.

PacBio RS

The PacBio RS was the first commercially available long-

read sequencer, capable of producing kilobase-sized reads

with an average accuracy of �82% upon release in

2011 [31,32�]. The technology is based on single mol-

ecule, real-time (SMRT) sequencing, which uses zero-

mode waveguides to observe the base incorporations of an

anchored polymerase. The instrument preferentially

outputs a large number of relatively short sequences
Current Opinion in Microbiology 2015, 23:110–120
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Figure 2
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Length distributions and example alignments for current long-read sequencers. (a) The lengths produced from current iterations of long-read

sequencers. In all cases only sequences >500 bp are included. (i) The PacBio RSII read distribution is based on a single SMRTcell of E. coli K-12

filtered subreads using the P5C3 chemistry. (ii) The Moleculo length distribution is based on a publically released dataset from D. melanogaster

[85]. (iii) The Oxford Nanopore MinION Access Program provides customers with early-access instruments. The length distribution is given for the

most recent public data at the time of writing [45]. Because this is publically sourced data it is uncontrolled for library preparation methods, but

initial reports indicate that MinION read lengths mirror the lengths of the molecules in the sample [86]. (b) Example alignments of three long-read

technologies as well as a short-read technology. (i) Illumina MiSeq alignment. (ii) Moleculo read alignment with high identity. (iii) PacBio RSII P5C3

chemistry alignment. (iv) Oxford Nanopore R7 2D sequence alignment [43]. Note, this is a ‘2D’ read for which both strands of a double-stranded

molecule were read, which represents the upper limit of current MinION accuracy. Web BLAST [87] was run with default options for ‘Somewhat

similar sequences’ in all cases except for Oxford, which was aligned with last [88]: lastal -r 1 -q 1 -a 1 -b 1 -Q 0 -j 3 -f 1 ecoli. The output was

converted to BLAST format using maf-convert.py and a randomly selected sequence aligned over at least 90% of its length was selected for

display.
and a diminishing number of long sequences, producing a

log-normal length distribution (Figure 2ai) [33]. Due to

the initially high error rate and relatively short average

read length, the first SMRT reads could only be used in

combination with other complementary, high-accuracy

technologies [30��,34��,35��].

However, rapid advances in chemistry and library prep-

aration have boosted both the median and maximum

sequence lengths [18��,33] to 10 kbp and 50 kbp respect-

ively in the latest runs [36��,37��]. The average per-read

accuracy has also increased to �87% [18��]. This has

enabled non-hybrid assembly of SMRT reads [18��,29��].
In addition to resolving global repeats, SMRT sequencing
Current Opinion in Microbiology 2015, 23:110–120 
exhibits relatively little sequencing bias [34��,38], allowing

the resolution of low complexity sequence (e.g. high/low

%GC) and correction of per-read errors using statistical

methods to achieve finished-grade consensus sequence

(>99.99% accurate). These characteristics have led to

the first automated assemblies of finished bacterial gen-

omes [18��,29��].

Illumina synthetic long reads, Moleculo

Illumina synthetic long-read sequencing, previously

known as Moleculo [39,40], relies on an advanced library

preparation technique to pool barcoded subsets of the

genome, allowing the construction of synthetic long reads

[41]. The resulting synthetic reads are extremely high
www.sciencedirect.com
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quality (>99% base accuracy) [40] but currently limited to

approximately 18 kbp in length [41]. Since the construc-

tion of the synthetic sequences relies on local assembly, it

is also limited by local repeat structure that cannot be

resolved by the underlying pooled data. This produces a

bi-modal read distribution, with a peak of long sequences

8–10 kbp and a mass of shorter sequences that are broken

by repeat structure or library preparation (Figure 2aii). In

addition, the Illumina sequencing process has known

biases that can result in coverage gaps, especially in

extreme %GC regions [38]. In a direct comparison,

PacBio better resolved transposable elements and pro-

duced contigs over 400 fold longer than Moleculo for the

assembly of Drosophila melanogaster [36��]. Thus, Mole-

culo may see limited use for de novo assembly, and is

more likely to be useful for haplotype phasing and

metagenomic applications.

Oxford Nanopore MinION

The most recent, and potentially most disruptive long-

read technology to emerge is based on nanopore sequenc-

ing. Rather than relying on optics, like the PacBio and

Illumina systems, the MinION is a thumb-drive sized

device that measures deviations in electrical current as a

single DNA strand is passed through a protein nanopore

[42]. The size, robustness, and affordability of the

MinION make it entirely unique, and more akin to a

mobile sensor than a traditional sequencer. At the time of

writing, the MinION is only available via invitation and

little data has been publically released, but early results

show the instrument can produce sequences well above

the length threshold required for microbial finishing

(Figure 2aiii) [43–45]. However, the initially reported

accuracy (�70% for the R7 chemistry and �80% for R7

2D sequences [45]) is significantly lower than alternatives

from PacBio and Illumina. In addition, these accuracy

estimates are based only on regions of the reads that were

successfully aligned, suggesting the average identity

across the entire read length is even less. This presents

a problem for assembly, and it is unclear if current de novo
methods can handle the increased error. Thus, initial

attempts to assemble MinION data are likely to mirror

the hybrid approaches developed for early SMRT se-

quencing, and non-hybrid assembly of nanopore data will

require technological advancements and/or improved al-

gorithms for base calling and alignment. It is likely that all

tools previously developed for SMRT sequencing will

require modification to handle the specific characteristics

of nanopore data.

Algorithms
Being the first technology to market, several algorithmic

approaches have been developed to handle PacBio

SMRT sequencing data. Though developed for SMRT

reads, these same strategies are likely to apply to future

long-read technologies. Each of the approaches has

strengths and weaknesses and no single one is best for
www.sciencedirect.com 
all applications. Table 1 gives a summary of available

methods, a description, and the minimum long-read

coverage required to operate (ranging from 50� to

<10�). However, as all long-read technologies produce

a distribution of sizes (Figure 2), the ability to fully

assemble a genome depends entirely on collecting suffi-

cient long-read coverage to resolve repeats. Redundant

coverage is required to increase the likelihood that at least

one long read spans, from end to end, each repetitive

element in the genome. Thus, even algorithms capable of

working with low-coverage data benefit from higher cov-

erage [46�]. Generating sufficient data over the golden

threshold previously required as much as 200� coverage

of SMRT sequencing [18��]. But, as a larger fraction of

long reads are generated, this coverage requirement

decreases rapidly [18��], with current SMRT chemistries

requiring only 50� for finished assemblies (approxi-

mately a single PacBio SMRTcell for an average bacter-

ium). Below we outline the current strategies for

assembling long reads for various coverage and data

scenarios.

Traditional OLC (Allora [47�], Celera Assembler [48])

Analogous to the method first used for whole-genome

sequencing [48], an assembly is constructed directly from

long reads using an Overlap-Layout-Consensus (OLC)

approach. This strategy can be readily applied to accurate

long reads, like Moleculo. However, detecting sequence

overlaps at the error rates produced by single-molecule

sequencing instruments is computationally expensive

and introduces false-positive and false-negative overlaps.

These erroneous overlaps complicate the assembly graph

and can lead to fragmented or mis-assembled genomes.

This has, to date, limited the use of the traditional

approach to high-accuracy reads. Although, OLC assem-

bly is commonly used to assemble corrected reads using

the hierarchical methods described below.

Hierarchical (Figure 3a)

Hierarchical hybrid (PBcR [34��], LSC [49�], ECTools [37��],

LoRDEC [50�], proovread [51�], DBG2OLC [52�])

To address the difficulty of building an overlap graph

directly from noisy reads, the hierarchical approach first

improves the quality of the long reads in a process called

correction, scrubbing, or preassembly. As introduced by

Koren et al. [34��], long-read correction involves mapping

multiple reads to a single long read to identify and correct

errors using a consensus alignment. In hybrid mode, this

approach uses a complementary technology (such as

Illumina short reads) to correct the long, noisy sequences.

The corrected sequences are highly accurate and can be

assembled using a traditional OLC approach [48,53].

More recent approaches have focused on performance

improvements from preassembling the secondary tech-

nology prior to correction [37��], alignment to a de Bruijn
graph [50�], or other applications of long reads such as
Current Opinion in Microbiology 2015, 23:110–120
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Table 1

Summary of software tools for long-read assembly

Name Description Website Minimum

coveragea

Celera Assembler [48] An archetypical OLC assembler originally designed

for Sanger data and used to assemble the first

human genome. Support has been subsequently

added for 454 [78] and long reads [34��]. The

majority of hierarchical methods rely on Celera

Assembler for assembling corrected reads. The

most recent version adds unpublished support for

assembly of lower-coverage raw PacBio data

http://wgs-assembler.sourceforge.net/ PacBio 20�

Allora [47�] An OLC assembler built on the AMOS [79,80]

infrastructure. Can work on raw PacBio data. It is no

longer maintained and was only recommended for

small genomes

N/A Unknown

Falcon An experimental OLC assembler designed to

preserve ambiguity in the assembly graph. While

most assemblers will break an assembly at a

haplotype boundary, Falcon will output the longest

path through the graph along with alternate paths.

This is similar to approaches previously applied to

metagenomes [81,82]. Currently, it can be used only

with high-accuracy corrected sequences

https://github.com/PacificBiosciences/

FALCON

PacBio 10�

DBG2OLC [52�] A hybrid method with a focus on computational

efficiency. The algorithm identifies PacBio

sequences that could be used to improve Illumina

contigs. The Illumina contigs are used to identify

PacBio overlaps which are then used to generate an

OLC assembly

https://sites.google.com/site/dbg2olc/ PacBio 10�
Illumina 50�

ECTools [37��] A hierarchical hybrid method that uses pre-

assembled data rather than raw sequences for

correction. The pre-assembled data improves both

efficiency and quality of long read correction. After

correction, sequences are assembled using Celera

Assembler

https://github.com/jgurtowski/ectools PacBio 20�
Illumina 50�

LoRDEC [50�] An approach combining algorithms from

hierarchical hybrid and read threading. This method

aligns long reads to a de Bruijn graph and generates

corrected sequence for long reads by traversing

paths in the graph

http://www.atgc-montpellier.fr/lordec/ Unknown

LSC [49�] A hierarchical hybrid method targeted to RNA and

cDNA sequences. It first compresses the short and

long sequences to remove homopolymers and then

aligns and corrects the long read sequences

http://www.healthcare.uiowa.edu/labs/au/

LSC/

Unknown

proovread [51�] A hierarchical hybrid method that utilizes an

iterative strategy to accelerate correction.

Sequences are first mapped at moderate sensitivity

and successfully corrected regions masked during

subsequent iterations

http://proovread.bioapps.biozentrum.uni-

wuerzburg.de/

Unknown

PBcR [18��,34��] The original hierarchical method. First designed for

hybrid assembly, recent versions support both

hybrid and non-hybrid approaches. After

correction, sequences are assembled using Celera

Assembler. It has demonstrated finished bacterial

genomes from both hybrid and non-hybrid data as

well as high-quality eukaryotic genomes

http://wgs-assembler.sourceforge.net/wiki/

index.php?title=PBcR

PacBio 50�
or

PacBio 20�
Illumina 50�

HGAP [29��] A hierarchical non-hybrid method similar to PBcR

and the first to demonstrate non-hybrid assembly.

After correction, sequences are assembled using

Celera Assembler. It has demonstrated finished

bacterial genomes using high-coverage long reads

as well as high-quality eukaryotic genomes

https://github.com/PacificBiosciences/

Bioinformatics-Training/wiki/HGAP-in-

SMRT-Analysis

PacBio 50�

Dazzler [55��] A non-hybrid hierarchical assembler focusing on

efficiency both in speed and disk usage. As of

writing, the full assembler has not yet been

publically released

http://dazzlerblog.wordpress.com/ Unknown

Current Opinion in Microbiology 2015, 23:110–120 www.sciencedirect.com
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Table 1 (Continued )

Name Description Website Minimum

coveragea

Sprai [56�] A non-hybrid method similar to HGAP and PBcR.

Sequences are first corrected and then assembled

using Celera Assembler. It has been used to finish at

least one genome

http://zombie.cb.k.u-tokyo.ac.jp/sprai/

index.html

PacBio 50�

Allpaths-LG [30��] The original long read threading method. A de Bruijn

assembler originally designed for large genomes, it

requires both short overlapping Illumina sequences

as well as long-range pairs. Support was added for

long reads, which are used to resolve local repeat

structure in the assembly graph. It has

demonstrated high-quality finished bacterial

genomes given a mix of short inserts, long inserts,

and long read data

http://www.broadinstitute.org/software/

allpaths-lg/blog/

PacBio 10�
Illumina 50�

SPAdes [62] A de Bruijn assembler originally designed for single-

cell sequencing data, it has since been shown to

work well on microbial assembly [25]. The latest

release has added support for long reads and the

documentation indicates it can produce finished

bacterial genomes given sufficient long-read

coverage

http://bioinf.spbau.ru/spades PacBio 10�
Illumina 50�

Cerulean [63�] An assembly boosting method that utilizes an

assembly graph generated by ABySS [83]. Long

reads are aligned to contigs to generate linking

information. The original assembly graph and long-

read linking information are analyzed to assemble

scaffolds

https://sourceforge.net/projects/

ceruleanassembler/

PacBio 10�
Illumina 50�

PBJelly [35��] A gap-filling approach that takes scaffolds

generated by any assembler and fills scaffold gaps

using long reads. Originally, only internal scaffold

gaps could be resolved, but a recent version has

added support for merging multiple scaffolds

https://sourceforge.net/projects/pb-jelly/ PacBio 5�
Illumina 50�

AHA [59��] The original long read scaffolding method. AHA

uses contigs from any assembler and converts long

read alignment data into assembly constrains. It

relies on the Bambus [60] scaffolder to produce

scaffolds

https://github.com/PacificBiosciences/

Bioinformatics-Training/wiki/AHA

PacBio 5�
Illumina 50�

SSPACE-LongRead [46�] A recently published scaffolding approach that can

scaffold contigs from any assembler. Single-

chromosome assembly was demonstrated on at

least one bacterial genome and presented results

were competitive with AHA

http://www.baseclear.com/lab-products/

bioinformatics-tools/sspace-longread/

PacBio 5�
Illumina 50�

a Minimums reflect sufficient coverage for the tool to operate as intended. Minimum coverage also depends on read length and quality. Assembly

results will not be equal between all tools at these values, and the performance of most tools will improve with additional coverage. Regardless of the

tool used, microbial genome finishing with PacBio P5C3 currently requires a minimum of �50� coverage.
RNA-Seq [49�]. These algorithms are more efficient and

can work well with lower coverage (20–50�), but due to

systematic biases in amplification-based sequencing and

mapping error, non-hybrid methods begin to outperform

hybrid methods for higher long-read coverage [18��,37��].

Hierarchical non-hybrid (PBcR [18��], HGAP [29��], Dazzler

[54,55��], Sprai [56�])

As with hierarchical hybrid approaches, these algorithms

first correct the long reads. However, rather than align a

secondary technology, the long reads are aligned only

against each other. The most obvious overlaps are ident-

ified first, usually consisting of one read entirely con-

tained within the length of another. This effectively

clusters shorter reads with the long reads that contain

them. The longest sequences are then corrected using a
www.sciencedirect.com 
consensus of the data and assembled with an OLC

method. As SMRT sequencing improved to longer

and more accurate sequences, this became a highly

effective strategy for assembly [18��,57]. The resulting

contigs can be further polished using a quality-aware

statistical method [29��] to obtain extremely accurate

results [18��].

Hierarchical non-hybrid algorithms require relatively

high levels of coverage (>50�) and have required as

much as 24 h to assemble a bacterial genome. However,

they have been proven to generate highly accurate,

finished genomes. Recent algorithm development has

focused on improving the efficiency of this process

[36��,54,58] — lowering runtime for bacterial assembly

to under an hour on a single server [36��].
Current Opinion in Microbiology 2015, 23:110–120
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Figure 3
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Overview of long read assembly methods. (a) The hierarchical method uses a two-step process. Due to the difficulty of detecting noisy overlaps

(i), other sequences (ii) are used to correct the noisy data. The sequences used for correction can be high-identity reads, assemblies of other

reads, or even other long reads. Once the noisy reads are corrected, an assembly graph (iii) is constructed from the now high-accuracy data and

the graph is simplified to a single contig (iv). (b) The scaffolding and gap patching methods start with complementary high-identity sequence data,

which is first assembled. Once assembled, long reads are aligned and used to connect contigs (iii) or fill in missing sequence (iv). The filled and

scaffolded contigs are output (v). (c) Read threading relies on resolving a short-read assembly graph using long reads. It differs from the

scaffolding approach because it operates on the assembly graph rather than the contigs. First, an assembly graph is constructed from the

complementary data (ii). The long reads are then layered onto the graph (iii) and used to resolve repeat-induced graph structures. The graph

structure may then be resolved (iv).
Assembly boosting (Figure 3b,c)

Gap-filling (PBJelly [35��])

Gap-filling works with an existing assembly to fill in

missing sequence [35��]. This approach has the advantage

of not removing or breaking existing contigs, making it

easy to transfer features to the new assembly. This makes

gap-filling well suited for assembly improvement, where

there exists a trusted assembly with large scaffolds. The

long read data is layered on top of the existing assembly to

close scaffold gaps. In addition, gap-filling can be per-

formed with low coverage data (<10�), making it an

economical option. However, closure of all gaps is rarely

achieved with this approach.

Scaffolding (AHA [59��], SSPACE-LongRead [46�])

Scaffolding also works on an existing assembly, but

focuses on joining, ordering, and orienting contigs con-

nected by long reads [59��]. The approach originally

relied on pre-existing scaffolding tools [60], but newer

tools have been developed that take better advantage of

the long reads [46�]. As with gap-filling, these approaches
Current Opinion in Microbiology 2015, 23:110–120 
work with low coverage data (<10�), but performance

increases with higher coverage. Filling can be used to

close gaps remaining after scaffolding. However, scaffold-

ing can suffer from overly aggressive joining [61], especi-

ally when presented with mis-assembled contigs, so it is

important to start with a highly accurate assembly when

scaffolding with long reads.

Read threading (Allpaths-LG [30��], SPAdes [62], Cerulean

[63�])

Read threading is differentiated from the other two

boosting approaches because it operates directly on the

assembly graph. This can result in more accurate and

complete assemblies. The read threading problem, or

Eulerian Superpath Problem as described by Pevzner

et al. [64], is to find a path through the de Bruijn graph

that is consistent with the sequencing reads. In the

general case, the read threading problem is NP-hard

and cannot be optimally solved [65], but heuristics can

be effective in practice. This allows for the resolution of

repeats shorter than the read length (see Miller et al. [20]
www.sciencedirect.com
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for a review). The first threading method developed for

long reads used them to resolve local repeats, while long-

range pairs were used to resolve global repeats. This

approach demonstrated near-finished genomes of extre-

mely high quality [30��]. More recent approaches have

relied on long reads to resolve repeats of all types

[62,63�]. As with the other assembly boosting tech-

niques, read threading has no minimum coverage

requirement (<10�).

Discussion
PacBio SMRT sequencing has, for the first time, enabled

automated and complete assembly of microbial genomes.

This has been demonstrated by multiple methods on

multiple genomes [18��,29��,30��], and independent stu-

dies have confirmed that the resulting assemblies are of

finished quality (no gaps and >99.99% accurate) [66–69].

Assembly comparisons have demonstrated that the hier-

archical non-hybrid approach outperforms others when

sufficient coverage is available [18��,37��,61,70]. Increas-

ing read lengths will increase the fraction of genomes that

can be fully resolved using this approach. Emerging long-

read technologies, such as nanopore sequencing, are

expected to follow a similar development path, and

may represent an additional option for genome finishing

in the future.

Due to the uneven length distribution produced by

SMRT sequencing, obtaining sufficient data to resolve

repeats within a microbial genome typically requires high

coverage. Therefore, 100� SMRT sequencing is cur-

rently the most reliable method for generating finished

microbial genomes. In addition, careful DNA extraction

and library preparation are crucial to isolate and sequence

the longest molecules possible. However, size selection

can inadvertently exclude short plasmids, so a secondary,

short-fragment library may be required. At current prices,

100� coverage for an average-sized bacterial genome

costs less than $1000 using a PacBio RSII with a

20 kbp library preparation [18��]. However, this cost

fluctuates based on sequencing yield and genome com-

plexity, with large class III genomes being the most

costly. Independent sequencing providers are available

for smaller laboratories that cannot justify the high instru-

ment cost and prefer to pay per run. Also, for those

without sufficient computing resources, a bacterial gen-

ome can now be assembled on a commodity cloud system,

such as Amazon Web Services, for under $5 [71].

The preferred assembly method depends on the data

collected. With at least 50� of SMRT data, hierarchical

non-hybrid assembly (Section ‘Hierarchical non-hybrid

(PBcR [18��], HGAP [29��], Dazzler [54,55��], Sprai

[56�])’) is recommended. This method requires only a

single sequencing library, typically exceeds the require-

ment for ‘finished quality’ (>99.99% accurate), and has

been shown to outperform hybrid approaches with similar
www.sciencedirect.com 
coverage [18��,37��]. If additional validation is desired, a

SMRT assembly can be polished with short reads using a

tool such as Pilon [72] and/or structurally validated with

optical mapping [73,74]. However, these validation

methods add cost and can be forgone in most cases.

Although hybrid approaches can operate with less long-

read data, this increases the likelihood of residual gaps.

Thus, these approaches are typically reserved for the im-

provement of existing short-read assemblies via scaffolding

(Section ‘Scaffolding (AHA [59��], SSPACE-LongRead

[46�])’) or read threading (Section ‘Read threading (All-

paths-LG [30��], SPAdes [62], Cerulean [63�])’). Such

hybrid methods may also be preferable for future nanopore

data, if throughput and accuracy remain limited. Finally, in

the case of class III genomes, additional long-range linking

information (e.g. an optical map) may be required to

resolve the longest repeats and close all gaps.

With the recent availability of long reads, new challenges

have also become apparent. One challenge is diploid (or

other non-haploid) genomes and the full reconstruction of

divergent alleles. While eukaryotic genomes can also be

assembled using long reads, it is not currently possible to

span large centromeres and fully resolve all chromosomes.

Other techniques, such as chromatin interaction mapping

with Hi-C [75–77], may help bridge this gap between long

read assembly and large, complex genomes. A second, but

related, challenge is characterizing and algorithmically

handling the variation present in microbial populations.

This applies to both metagenomic samples and clonal

microbial cultures. Long reads reveal structural context

and linked variants that go undetected by short reads,

raising the possibility of separating individual genomes

from a metagenome with long read assembly. Character-

izing (and representing) the structural and allelic variation

of microbial populations is an open problem that can now

be addressed through the use of long-read sequencing. In

addition, the decreased cost of finishing is expected

improve the quality of reference databases and accelerate

the study microbial chromosome structure, repetitive

elements, and population variation.
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