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Abstract

Affordable, high-throughput DNA sequencing has accelerated the pace of
genome assembly over the past decade. Genome assemblies from high-
throughput, short-read sequencing, however, are often not as contiguous as
the first generation of genome assemblies. Whereas early genome assem-
bly projects were often aided by clone maps or other mapping data, many
current assembly projects forego these scaffolding data and only assemble
genomes into smaller segments. Recently, new technologies have been in-
vented that allow chromosome-scale assembly at a lower cost and faster
speed than traditional methods. Here, we give an overview of the problem of
chromosome-scale assembly and traditional methods for tackling this prob-
lem. We then review new technologies for chromosome-scale assembly and
recent genome projects that used these technologies to create highly con-
tiguous genome assemblies at low cost.
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INTRODUCTION

The first projects to sequence and assemble the genomes of multicellular eukaryotes, starting with
fruit fly in 2000 (1), human in 2001 (2), and mouse in 2002 (3), used capillary sequencing (also
known as Sanger sequencing) (4) to read the sequence of many short, cloned DNA fragments.
With automated Sanger sequencing, reading one million bases of DNA (1 Mb) cost approximately
$1,500 and took more than a day when highly parallelized. Thus, reading enough copies of the
3 billion-base (3 Gb) human genome to accurately assemble it cost billions of dollars and took
years of machine time. Genome projects were therefore the domain of a few large institutions and
focused on model organisms commonly used in biological research.

New sequencing technologies, first large-scale pyrosequencing (5) and later SOLiD (6), Ion
Torrent (7), and Solexa sequencing (8), brought down the cost and time required to generate
genome-scale sequencing data. These technologies put genome sequencing within the reach of
smaller labs studying nonmodel organisms. In 2007, pyrosequencing performed on the 454 high-
throughput sequencer (5) was used to sequence a human genome to 7.4x coverage in 2 months,
with one-tenth the cost of Sanger sequencing (9). By 2010, the Illumina HiSeq 2000 could se-
quence DNA more than 10,000 times faster than automated Sanger sequencing at less than
1/10,000 of the cost (10-13).

As a result of these new technologies, the number of published vertebrate genomes has in-
creased greatly in the past decade (Figure 14), enabling genomic approaches to address questions
in many research domains. For example, complete genomes have allowed study of the deep history
of fast-evolving viruses, which sometimes integrate into host genomes, creating a time capsule of
their organization since the integration event. This comparative genomics approach revealed that
endogenous hepatitis B has been part of reptilian genomes for more than 200 million years (14).
Genome assemblies are used as alignment references for sequences from different populations (re-
sequencing projects) or related species, allowing discoveries such as the history, timing, and loca-
tion of admixture events, including those between brown and polar bears (15), humans and Nean-
derthals (16-18), multiple species of Darwin’s finches (19), and two species of monkey-flower (20).

Complete genomes have revolutionized the practical application of molecular biology and ge-
netics research. Genome sequencing combined with the powerful CRISPR/Cas9 editing approach
(21, 22) allows the function of any specific gene to be assayed by making targeted changes. This
approach, coupled with complete genome sequence, could simplify and accelerate experimental
analysis of gene function (23, 24).

Although technological advances have made sequencing DNA much cheaper and faster, short-
read, high-throughput sequencing exacerbates the central challenge in genome assembly: accu-
rate assembly of genomes that are often highly repetitive (Figure 2). Consequently, the conti-
guity of new genome assemblies decreased as high-throughput sequencing was widely adopted
(Figure 1b,) (25-27), despite the importance of highly contiguous genomes for many compara-
tive genomics analyses (28). One cause of this reduction in contiguity is the shift away from the
way DNA was prepared for Sanger sequencing: cloning DNA into plasmid libraries. Plasmid li-
braries enabled generation of mate-pair data, i.e., generating sequencing reads from both ends of
the plasmid insert, for little additional cost relative to single-end sequencing. Many early genome
assemblies benefited from mate-pair data whose insert sizes were several kilobases long, as a by-
product of the necessity of bacterial cloning for DNA amplification. Another factor in the recent
reduction in assembly contiguity is economical. Previously, the input Sanger sequence data for
genome assembly were so expensive that generating additional scaffolding data to improve conti-
guity did not substantially alter the total cost of a genome assembly project.

Whereas generating DNA sequence data became fast, easy, and economical, approaches for
generating scaffolding data necessary for chromosome-scale genome assembly remained time
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Figure 1

Timeline and statistics of vertebrate genome assemblies deposited in the National Center for Biotechnology Information’s Genbank.
Although second-generation sequencing has allowed more genomes to be published each year by making sequencing faster and
cheaper, it has not increased the contiguity of published genomes. (#) Number of vertebrate genome assemblies available on Genbank
at the end of each year, showing accelerating growth over the past decade. () Contig and (¢) scaffold N50s of all vertebrate genome
assemblies deposited in Genbank per year.

consuming, labor intensive, and expensive. Thus, many genome projects chose to forego scaffold-
ing or map data and consequently produced highly fragmented draft genomes. Recently, several
new technologies have been developed that produce data that can be used to increase the contigu-
ity and accuracy of genomes with creative uses of high-throughput or next-generation sequencing
data.

Genome Contig Assembly

No technology currently exists that can read DNA from one end to the other of even moderately
sized chromosomes, which are typically tens or hundreds of millions of base pairs long. All current
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Repetitive content creates a challenge in genome assembly, as illustrated by the repetitive content of the human genome. () Percentage
of k-mers in the human genome that occur only once, for different values of k. Even at k = 1,000, some k-mers appear multiple times in
the genome. (b) Percentage of genome consisting of segmental duplications using alignments of 5-kb sequences with identity greater
than 95%. (c—d) Distribution of alignment identities for 100,000 randomly sampled pairs of (¢) Alu and (d) L1 repetitive elements.

approaches for genome assembly read many segments that are considerably shorter than chromo-
somes: hundreds of base pairs for Illumina (29), thousands or tens of thousands for PacBio (30, 31),
and occasionally hundreds of thousands on the quickly evolving Oxford Nanopore (32) platform.

The process of converting input genomic DNA into sequencing libraries is necessarily plat-
form dependent (Figure 3). However, in each case this involves ligation of adapter sequences to
input genomic DNA. For the Illumina platform, these adapters contain polymerase chain reac-
tion (PCR) primer sites used for in situ PCR amplification on a flow cell and sequencing primer
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Figure 3

Overview of sequencing library architecture, output, and assembly results from three high-throughput
sequencing technologies. For each sequencing platform, the data output column reflects the number and
length of reads generated by one typical unit of sequencing. The typical contig N50 column summarizes
typical results from de novo assembly projects using data only from the indicated platform, for example,
Ilumina (175), PacBio (176), and Oxford Nanopore (107).

sites for the sequencing by synthesis that follows. There are many creative approaches to gen-
eration of Illumina libraries that are designed to limit biases in DNA fragmentation and PCR
(33-35). The Pacific Biosciences and Oxford Nanopore Technologies platforms are both long-
read, single-molecule sequencers. For these platforms, high-quality library generation requires
recovery of clean, high-molecular weight DNA (31, 36, 37).

The past decade has seen tremendous growth in the development of computational algo-
rithms for generating sequences of contiguous segments of the genome (contigs) from these data
(Table 1). Most first-generation assemblers were based on the overlap-layout-consensus approach
(38), wherein input DNA sequence reads are compared, all versus all, in the overlap step. Thus,
the time required for assembly via overlap-layout-consensus grows quadratically with the size of
the input data. This approach is tractable for assembly of smaller numbers of long reads. It became
intractable for the billions of input reads that are typically generated on the Illumina platform for
genome assembly.

To address this limitation, several groups have written software that uses high-throughput II-
lumina sequence data to populate de Bruijn graphs or other graph structures (39-41). Typically,
short words (k-mers) that are observed in the reads are the nodes of the graph, and edges are added
when these k-mers are adjacent in sequence reads. In this process, each read is used to populate
the graph but not compared directly to all the other reads. Thus, the algorithmic complexity of
these graph-based assembly algorithms scales linearly (not quadratically) with the number of in-
put DNA sequence reads. Importantly, because the nodes in these graphs are k-mers, sequence
accuracy is important. A single base sequencing error can induce # false k-mers in the graph and
the concomitant loss of £ correct k-mers. The crux of these approaches is that overlapping reads
are identified by virtue of containing some set of identical k-mers in identical order, but not by
directly comparing the reads themselves.

Whether by overlap-layout-consensus or graph-based methods, assembly proceeds by deter-
mining some number of contigs. The algorithms used for this step vary widely (Table 1), and the
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Table 1

Commonly used assembly software

Software

| URL and reference

Description

Short-read assembly software

Velvet http://github.com/dzerbino/velvet (168) Original de Bruijn graph assembler

SOAPdenovo http://soap.genomics.org.cn/ (169) De Bruijn graph assembler with
error-correction step

Meraculous https://jgi.doe.gov/data-and-tools/meraculous/ (170) Hybrid k-mer/read-based

ALLPATHS-LG http://software.broadinstitute.org/allpaths-lg/blog/ (171) Uses unipath graph to collapse
repeats

SGA https://github.com/jts/sga (172) Uses string graphs

ABySS https://github.com/begsc/abyss (173) Represents de Bruijn graph with a
Bloom filter

DISCOVAR de novo | https://software.broadinstitute.org/software/discovar/blog/ Requires 250-bp PCR-free reads

74
Supernova https://github.com/10XGenomics/supernova (149) Assembles 10x linked reads

Long-read assembly software

HGAP https://github.com/PacificBiosciences/Bioinformatics- Error correction, overlap-layout-
Training/wiki/HGAP (124) consensus assembly, and polishing

workflow

Canu https://github.com/marbl/canu (125) K-mer-based overlap computation

FALCON https://github.com/PacificBiosciences/FALCON (103) Assembles phased diploid genomes

Flye https://github.com/fenderglass/Flye (129) Uses A-Bruijn graph

Miniasm https://github.com/lh3/miniasm (128) Fast, but no error correction

Polishing software

Pilon https://github.com/broadinstitute/pilon (133) Uses short-read alignments to
correct errors

Arrow https://github.com/PacificBiosciences/GenomicConsensus Hidden Markov model and
long-read alignments

Nanopolish https://github.com/jts/nanopolish (115) Nanopore only; uses original voltage

data to correct errors

22

optimal strategy depends on the genome to be assembled, as well as the data type and quality avail-
able as input. In practice, contig assembly generally produces thousands of contigs whose order
and orientation relative to one another cannot be further described. In contrast to first-generation
genome assembly, in which contigs generally ended where sequence coverage was too low to iden-
tify further overlapping reads, contig breaks from high-coverage short-read sequencing generally
contain repetitive sequence. That is, contigs usually terminate not for lack of data representing
those regions of the genome but rather because the regions themselves are too repetitive to de-
termine how to extend them (42, 43).

Why Is Chromosome-Scale Assembly Important?

Two primary goals of many de novo genome assembly projects are to learn the sequence of all the
genes in a genome and to have a reference genome sequence to which other individuals can be
compared. Knowing the sequences of genes is useful for many purposes, such as comparing protein
sequences between related species to learn how they have evolved or performing gene expression
studies using RNA sequencing. Having a reference genome to compare other individuals to is

Rice o Green


http://github.com/dzerbino/velvet
http://soap.genomics.org.cn/
https://jgi.doe.gov/data-and-tools/meraculous/
http://software.broadinstitute.org/allpaths-lg/blog/
https://github.com/jts/sga
https://github.com/bcgsc/abyss
https://software.broadinstitute.org/software/discovar/blog/
https://github.com/10XGenomics/supernova
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP
https://github.com/marbl/canu
https://github.com/PacificBiosciences/FALCON
https://github.com/fenderglass/Flye
https://github.com/lh3/miniasm
https://github.com/broadinstitute/pilon
https://github.com/PacificBiosciences/GenomicConsensus
https://github.com/jts/nanopolish

Annu. Rev. Anim. Biosci. 2019.7:17-40. Downloaded from www.annualreviews.org
Access provided by University of Missouri - Columbia on 07/03/19. For personal use only.

useful for learning about the population genetics of a species through calculation of statistics such
as nucleotide diversity. Therefore, even a fragmented genome can be useful for many applications
so long as it is contiguous enough to avoid splitting genes between scaffolds. However, many com-
parative genomics applications of reference genomes, such as studying chromosome-scale evolu-
tion and inferring ancestral karyotypes, require highly contiguous genome assemblies (44, 45).

Cis-regulatory elements and the complexity of regulatory architecture. Knowing the cod-
ing sequence of a gene may not provide information necessary for learning the conditions under
which the gene is expressed. Cis-regulation of gene expression can be affected over large genomic
distances, such as with interactions between enhancers and promoters, which can be more than
1 Mb apart on a chromosome (46, 47). These interactions are often able to take place owing to
the physical organization of chromosomes bringing enhancers and promoters into close physical
proximity (48).

The physical organization of chromosomes into domains of various sizes, and how this struc-
ture regulates gene expression, is currently an important area of inquiry, and long-range assemblies
of nonmodel organisms have allowed important insights into this subject. For example, studying
how chromatin architecture, and thus gene expression, can be disrupted in the human malaria
parasite Plasmodium falciparum led to the development of several antimalarials (49), and examin-
ing estrogenic regulation of gene expression throughout long genomic regions in the American
alligator gave insight into temperature-dependent sex determination (50). The chromosome-scale
assembly and publication of the genomes of more organisms will allow future genomics projects
to yield further insights into gene regulation across the tree of life.

Recombination. Because recombination during meiosis occurs on a chromosomal scale, a
chromosome-scale assembly is necessary for studying recombination. Crossing over occurs at ran-
dom, but not uniformly distributed, locations across the lengths of chromosomes (51, 52), with
recombination occurring more frequently in hot spots (53). This nonuniform recombination land-
scape can lead to large differences in nucleotide diversity and effective population size across the
length of a chromosome (51, 54, 55).

Genetic association studies. A genetic association study searches for genetic variants correlated
with a trait. These studies are especially useful for traits that are multifactorial and polygenic, with
no single variant being entirely predictive of the phenotype (56). Genetic association studies have
been used to identify variants associated with susceptibility to many diseases in humans (57, 58),
such as Parkinson’s (59) and Crohn’s (60). Owing to linkage disequilibrium, genetic association
studies often find associations involving variants not related to the trait in question, but physically
close to other variants that are causative of the trait in question (56). Interpreting such results is
easier with a contiguous genome assembly because regions of linkage are less likely to be separated
among different contigs. Genetic association studies have been performed in nonmodel organisms
to identify variants associated with phenotypes, such as fire adaptation in lodgepole pines (61) and
high-altitude adaptation in the ground tit (62).

Chromosome evolution. The organization of DNA into chromosomes changes over evolution-
ary time. Even closely related species often have different numbers of chromosomes. In some
lineages, such as crocodilians, chromosomes evolve slowly (63, 64); in others, such as mammals,
chromosomes evolve more quickly (65-67). Changes to chromosome structure are important in
evolutionary biology because they can lead to reproductive isolation between species (68, 69) and
accumulation of genetic differences between males and females of the same species (70). Studying
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chromosome evolution requires chromosome-scale assemblies (reviewed in 28). Several studies
have used assembled genomes to reconstruct ancestral karyotypes (44, 71-73) or to study the evo-
lution of chromosomes more generally (45), and the quality of the reconstructions depends on the
contiguity of the input assemblies.

TRADITIONAL APPROACHES FOR LONG-RANGE
GENOME SCAFFOLDING

Genetic Mapping

Genetic markers that reside on the same chromosome are coinherited, except when separated by
recombination (74). The chance that two markers will be recombined is a function of their genetic
distance, which is correlated with physical distance. These central genetic facts provide a method
for assigning contigs to linkage groups (which are often chromosomes) and for ordering contigs
along chromosomes (75) that long predates the era of DNA sequencing.

Genetic maps can be used to assign contigs or scaffolds to chromosome locations by aligning
the primer sequences of the genetic markers on the map to the assembly and then ordering and
orienting the scaffolds based on the locations of these markers on the scaffolds, as recently re-
viewed by Mascher & Stein (76). These tasks are often performed with ad hoc scripts (77), but
some software, such as Chromonomer (http://catchenlab.life.illinois.edu/chromonomer/), is
available to automate the process.

Genetic maps have been used to assign scaffolds to chromosome locations during the assem-
bly process for several genomes (76, 77), such as that of the horseshoe crab (79) and fugu (80).
However, genetic mapping generally requires a large-scale genotyping effort. In organisms that
have long generation times or are hard to raise, genetic mapping becomes intractable, or at least
prohibitively expensive and time consuming. In addition, because recombination does not occur
uniformly over the length of a chromosome but is more likely to occur in certain hot spots (51-53),
the distances measured by a genetic map are not directly proportional to the base-pair distance
between genes.

Radiation Hybrid Mapping

Radiation hybrid (RH) mapping is another method for discovering which genetic markers are in
linked segments and for determining their order. Like genetic mapping, RH mapping estimates
the distances between pairs of loci based on how often they are separated when their chromo-
some is broken. However, RH mapping uses radiation to break chromosomes instead of meiotic
recombination. Cells containing the target genome are exposed to a lethal dose of radiation, which
fragments their chromosomes. These fragments are then recovered in the cells of a different or-
ganism, which incorporate the fragments into their genomes with double-strand break-repair
mechanisms. The hybrid cell lines are grown, and PCR is used to determine which markers are
present in each cell line (81, 82). The distance between each pair of markers is then estimated
based on the frequency with which that pair of markers appears together across all cell lines (83).
These distances are then used to create a linkage map.

RH mapping was an improvement over genetic mapping because radiation fragments chro-
mosomes in a more uniformly random fashion than meiotic recombination, and because genetic
mapping requires genotyping many individuals while RH mapping does not require genotyping.
However, this process is still not completely uniform (84). In addition, RH mapping requires cul-
turing a large number of cell lines and testing for the presence of every marker in every cell line,
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making it time consuming and expensive. Nonetheless, it can be more parallelizable and accu-
rate than genetic mapping (85), and high-quality RH maps already exist for many species, so RH
maps are still commonly used to assign scaffolds to chromosomes in genome assembly projects,
such as for the most recent assemblies of the zebrafish (86), goat (87), chicken (88), and horse (89)
genomes.

Fluorescence In Situ Hybridization Mapping

Fluorescence in situ hybridization (FISH) mapping uses fluorescently labeled probes to deter-
mine the locations of known markers along chromosomes. First, the DNA sequence of a marker
is amplified using PCR and labeled with fluorescent dye to create probes. The probes are then
hybridized with the target chromosomes through in situ complementary base pairing. The target
chromosomes are karyotyped and viewed through a fluorescence microscope, which causes each
probe to appear as a colored band on the chromosome with which it hybridized, giving the loca-
tion of the marker in the genome (90). FISH mapping can be multiplexed by concurrently using
different fluorescent dyes and partially automated using computer software (91, 92), although its
parallelization is limited by the number of fluorescent dyes that can be used concurrently.

FISH mapping is a vital tool for assigning linkage groups from genetic or RH maps to chro-
mosomes, as it actually places markers on specific chromosomes using a karyotype. However, the
resolution of traditional FISH is approximately 1 Mb (93), making it less useful for determining
the order of proximate markers. Modifications to the FISH protocol using less-condensed chro-
matin can increase the resolution to approximately 50 kb, but these methods cannot be used for
chromosome assignment, as karyotyping requires condensed chromatin (94, 95). FISH is still used
to assign scaffolds to chromosomes during genome assemblies, such as of the most recent tomato
(96) and Asian seabass (97) genomes, and a cross-species form of FISH, zoo-FISH, has been used
to validate assemblies (73).

Bacterial Artificial Chromosome-End Sequencing

Bacterial artificial chromosomes (BACs) were developed as a method for cloning large fragments
of DNA (98) up to over 300 kb in length. BACs have been used extensively to guide genome
assembly by BAC-end sequencing. In this approach, BAC clones are sequenced at both ends, using
sequencing primers complementary to the BAC insertion site. This results in large-insert mate-
pair data (99). These end sequences can be aligned to a contig assembly to order and orient contigs
to form scaffolds (100).

BAC-end sequencing was used to assemble the first eukaryotic genomes, including Drosophila
(1), human (2), and mouse (3), and existing BAC-end sequence libraries are still used in genome
projects for quality-control purposes (50, 89). The disadvantages of BAC-end sequencing include
the need for extensive cell culture work and the occasional presence of chimeric sequences in BAC
libraries.

CREATING MORE CONTIGUOUS ASSEMBLIES WITH LONG READS

Perhaps the most obvious solution to genome assembly is to make the sequence reads themselves
long enough to cover the sequences before, within, and after long repeats. These technologies are
referred to collectively as long-read sequencing. The advantages of these methods are somewhat
offset by their high error rates. In this section, we discuss the two current long-read sequencing
technologies as well as software available for using these reads in assemblies.
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PacBio Single-Molecule Real-Time Sequencing

Pacific Biosciences, Inc. published a new method for sequencing DNA in 2009 (30). This method,
called single-molecule real-time (SMRT) sequencing, is distinguished by the lengths of its reads:
A PacBio Sequel machine produces reads with N50 of approximately 15 kb (101), much longer
than Illumina short reads (75-300 bp) or Sanger reads (~1 kb). These long reads are useful for
assembly, as they are long enough to span many repetitive regions.

SMRT sequencing, like other methods such as Sanger and Illumina, uses a DNA polymerase to
replicate the input DNA and fluorescently labeled dNTPs to determine the order in which bases
are incorporated into the sequence (30). First, hairpin adapters are placed at both ends of each
piece of DNA to create a circular molecule that can be sequenced several times. The redundant
sequencing of template DNA is used to create a circular consensus sequence, thereby reducing
sequencing errors. As the tethered polymerase moves the DNA being sequenced, each new base
incorporation causes fluorescence to be localized to a sensor (102). In this way, PacBio sequencing
observes the actions of the polymerase as the template moves through it.

Like other high-throughput sequencing technologies, the PacBio Sequel performs SMRT se-
quencing in a parallel fashion, with current versions of the machine containing one million Zero
Mode Waveguides (sensor wells for fluorescence detection) per flow cell.

The length of SMRT sequencing reads is useful for assembly for several reasons. First, many
classes of repetitive elements too long to be spanned by Illumina reads, such as DNA transposons
and LINEs (43), are well within the ~15-kb read length N50 of SMRT-seq reads. Moreover, the
presence of multi-kilobase genomic regions from the same haplotype in single reads can facili-
tate phased diploid assembly (103). Finally, long reads also allow the detection of large structural
variations in the genome (104).

The primary limitations of SMRT compared with other technologies are reduced accuracy
and increased cost per base pair compared with Illumina sequencing. The PacBio Sequel has an
error rate of approximately 15%, with most of the errors being insertions and deletions, which
are harder to detect and correct computationally than the base miscalls that characterize the error
profile of Illumina short reads (101). This is an order of magnitude larger than the error rate of
the Illumina HiSeq 2500, which is less than 1% (29). The cost of SMRT sequencing, at approx-
imately $0.40/Mb, is also an order of magnitude higher than the cost of Illumina sequencing, at
approximately $0.04/Mb (31).

Nanopore Sequencing

Unlike other sequencing technologies, nanopore sequencing does not rely on a DNA polymerase.
Nanopore sequencing, commercialized by Oxford Nanopore Technologies as the MinION,
GridION, and PromethION sequencers, instead reads the sequence of DNA by measuring volt-
age changes as a DNA strand moves through a pore embedded in a membrane (105). First, DNA
is placed on one side of a membrane and broken into single strands. Voltage across the membrane
causes the negatively charged DNA to move through the pore embedded in the membrane. When
DNA is moving through the pore, this blocks ions in the solution from moving through the pore,
which alters the current. By measuring these changes in current, the sequences of bases moving
through the pore can be determined (106, 107). This allows long strands of DNA to be read, re-
sulting in read lengths of 100 kb or longer, with the longest reported read over 2 Mb in length
(108). Some library preparation techniques add a hairpin adapter to one end of each piece of DNA,
allowing both strands to be read in one pass and producing redundancy to improve accuracy (32).

The length of nanopore reads gives them the same advantages in de novo assembly as SMRT-
seq reads. However, while nanopore reads are generally longer than SMRT-seq reads, nanopore
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error rates can also be higher than those of SMRT-seq (109), although error rates as low as 12%
have been reported with new library preparation techniques and base calling algorithms (110).
Owing to these errors, de novo assembly projects often require long nanopore reads to be cor-
rected with short reads before (107, 111, 112) or after (113) assembly, although Giordano et al.
(114) report that de novo assemblies using only nanopore reads are comparable in quality to those
using only PacBio reads, especially when using new error-correction methods designed for the
high error rate of nanopore sequencing (115, 116). Nanopore sequencing on the MinION has
the additional advantage of a small initial investment—roughly $1,000 for a MinION—as well as
portability, with a MinION being a pocket-sized USB device (114).

Algorithms and Software

The de Bruijn graph assembly framework is now commonly used for contig assembly, as it is
well-suited to assembling the large number of highly accurate short reads produced by Illumina
sequencers. The performance of de Bruijn graph assembly is dependent on read accuracy but not
on read length, as reads are broken into shorter k-mers, and generally no allowance is made for
sequencer errors when determining whether two k-mers overlap (117). However, this approach is
not suitable for assembling long reads, as it neither handles their high error rate well nor leverages
their length to increase contig size.

One solution to this problem is to use a hybrid assembly approach with both long and short
reads. The accuracy of the short reads is used to decrease the error rate of the long reads from up
to 20% to as low as 0.1%. Then, the corrected long reads are assembled using an algorithm such as
overlap-layout-consensus. Koren et al. (118) implemented this approach in the software package
PBcR. PBcR aligns high-accuracy short reads to low-accuracy long reads, using these alignments
to determine a consensus sequence for each of the long reads. Then, assembly proceeds using the
corrected long reads and the Celera Assembler (119), which was originally designed to assemble
Sanger sequence. Another hybrid error-correction approach, ECTools (120), assembles the short
reads into unitigs with Celera Assembler, aligns the long reads to the unitigs with MUMmer (121),
and uses these alignments to correct the long reads. Both SPAdes (122) and dbg2olc (123) begin by
assembling the short reads with a de Bruijn graph, and then SPAdes uses the long reads to scaffold
the short-read assembly, whereas dbg2olc uses the long reads and the short-read assembly together
to build an overlap graph.

Itis also possible to assemble long reads without also using short reads. HGAP (124) divides the
long reads into two sets based on size, aligns the shorter long reads to the longer long reads, uses
consensus from these alignments to correct the longer long reads, and assembles the corrected
reads with an overlap-layout-consensus assembler such as Celera Assembler.

Canu (125) is a fork of Celera Assembler designed specifically for low-identity long reads. It
first uses the MHAP k-mer hashing algorithm (126) to compute overlaps between the error-prone
input reads while attempting to avoid mistaken overlaps from repetitive regions and then uses
these overlaps to correct the reads. Next, reads containing segments unsupported by overlaps are
trimmed or broken into multiple reads. Finally, Canu uses a modified version of the best overlap
graph algorithm (127) to assemble the corrected and trimmed reads into contigs.

Miniasm (128) assembles long reads without error correction by computing overlaps using a
new mapping algorithm, minimap, which is designed to take into account the high error rates
associated with long reads. Skipping the error-correction step, it is reported, allows miniasm to
perform assemblies faster than other methods at the cost of creating assemblies with the same
high error rates as the input reads. These errors in the assembly can later be corrected using
other software. Flye (129) is an assembler that also skips the read-error-correction stage. However,
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unlike any of the other nonhybrid approaches discussed here, Flye uses a de Bruijn graph—based
algorithm rather than an overlap graph-based algorithm. The modified de Bruijn graph, called
an A-Bruijn graph (130), has the repeat-resolving capabilities of a classic de Bruijn graph but is
better able to handle read errors (129).

One of the advantages of long reads is that they contain the information necessary to resolve
large structural variants between haplotypes. Some long-read assemblers attempt to produce as-
semblies representing both haplotypes in diploid genomes, especially where they are distinct. The
FALCON assembler (103), for example, can produce a diploid assembly using a process modeled
on HGAP (124): Reads are error corrected and then assembled into an overlap graph, but bubbles
in the overlap graph are left intact. Then, heterozygous sites are marked, and the original reads
are used to resolve the bubbles into multiple haplotypes.

Long reads can also be used to scaffold or fill gaps in existing assemblies. PBJelly (131) is a
commonly used program that uses long reads to fill gaps. PBJelly maps long reads to an assembly
and then uses gap-spanning reads to replace the Ns used to denote a gap between two ordered
and oriented contigs with a better representation of the sequence in the gap. LINKS is a recently
described approach for scaffolding genomes with long-read data (132). It uses a k-mer approach
to describe long reads and contigs in terms of the k-mer content and the distance between k-mers.
It then finds long reads with similar, but not necessarily matching, k-mer fingerprints that span
contigs. This approach is less sensitive to sequencing errors than many k-mer methods, making
LINKS useful for Oxford Nanopore Technologies long-read data.

Because of the high error rate of long reads, many sequencing errors end up in the assemblies
produced by overlap-layout-consensus assemblers, even when input reads are error corrected be-
fore assembly. Therefore, a polishing step is often beneficial after assembly. Quiver and its suc-
cessor Arrow, which are included in the HGAP package (124), are variant callers designed to use
alignments of PacBio reads to an assembly, along with locations of known variants if available, to
determine a consensus sequence. Pilon (133) can correct assembly errors using paired-end short-
read alignments. For assemblies generated from nanopore reads, nanopolish (115) uses the original
raw voltage data generated by the sequencer to recall bases in the context of the assembly.

NEW APPROACHES FOR LONG-RANGE GENOME SCAFFOLDING
Proximity Ligation
Inside a cell, the DNA in a chromosome must be physically folded and packed to fit into a small
space. Parts of a chromosome that are far apart along the linear chromosome are often close to-
gether in physical space (134). Several methods have been invented for determining which parts of
a chromosome are in close physical proximity, first including chromosome conformation capture
in 2002 (135) and eventually including use of high-throughput sequencing to examine chromo-
some conformation over the entire genome in a method called Hi-C (136). The Hi-C protocol
(Figure 4a) generates an Illumina paired-end library wherein the reads in a pair represent ge-
nomic segments that were physically close. When mapped to a reference genome, Hi-C data can
be used to determine the frequency of physical contact between any two regions of the genome.
Although these methods were invented to study how chromosomes fold, they can also be used
for scaffolding an assembly. A key insight is that regions of the genome that are close together
in sequence generally have more frequent physical contact than parts of the genome that are far
apart in sequence. Nevertheless, regions of the same chromosome, even those megabases away,
contact each other more often than they contact other chromosomes. These insights allow Hi-C
data to be used to produce chromosome-scale scaffolds (137). For example, given Hi-C data and
a set of scaffolds smaller than chromosomes, if two scaffolds have a high frequency of contacts
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Overview of methods for long-range scaffolding. (#) In proximity ligation, chromatin is crosslinked and then restriction digested,
ligated, and fragmented to create reads containing sequence from two different parts of the same chromosome. () In 10x linked-read
sequencing, high-molecular weight DNA is combined with barcoded beads in oil droplets and then undergoes barcoding and
amplification inside the droplets, resulting in reads with the same barcode that came from the same initial fragment of DNA.

(¢) BioNano optical maps are created by nicking high-molecular weight DNA with multiple nicking enzymes and attaching fluorescent
markers at the nick sites. Contigs can then be aligned to the optical map by lining up nicking sequences in the contigs with the locations
of fluorescent markers in the map. (d) In synteny-based approaches, contigs are mapped to the assembled genomes of one or more
related species. These alignments imply the order and orientation of the aligned contigs.

between them, they are likely to come from the same chromosome. Additionally, the distribution
of contacts across the lengths of scaffolds can be used to order and orient them into chromosome-
length meta-scaffolds.

A confounding factor when using Hi-C data to scaffold a genome assembly is that the contact
frequency between two loci on the same chromosome depends not only on the sequence distance
between them but also on how the chromosome is folded. A modified proximity ligation tech-
nique called Chicago (138) uses reconstituted chromatin from purified high-molecular weight
DNA rather than chromatin as it exists in the nuclei of cells. Because this chromatin is formed
in vitro, it is not subject to the mechanisms that govern chromatin structure in living cells, so
Chicago libraries have insert size distributions characterized by lower mean insert size and much
smaller variance than those found in Hi-C libraries. This makes Chicago ideal for scaffolding of
smaller input contigs.

Assembly algorithms. The first methods for scaffolding genomes using Hi-C reads were pub-
lished in 2013 (137, 139, 140). LACHESIS (137) places input scaffolds into chromosome-length
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meta-scaffolds via a three-step process: First, the input scaffolds are clustered into subsets such
that scaffolds in the same subset share more Hi-C read pair links than they do with scaffolds in
other subsets. Next, the scaffolds in each subset are ordered so that scaffolds with more links be-
tween them are more likely to be adjacent to each other. Finally, the positions where Hi-C reads
map to each scaffold are used to determine the most likely orientation of each input scaffold on
the output meta-scaffold. Phase Genomics Inc. has commercialized this approach and sells Hi-C
scaffolding kits that include access to their proprietary scaffolding software, Proxima.

HiRise (138) uses a Chicago and/or Hi-C library to scaffold an input genome. HiRise aligns the
proximity ligation reads to the input scaffolds and then estimates parameters for the distribution
of insert sizes using pairs where both reads align to the same input scaffold. Next, a graph is
created in which each vertex corresponds to an input scaffold and edges between nodes contain
information about the alignment positions of read pairs that link the two scaffolds. HiRise clusters
the graph into connected components representing output scaffolds by removing edges with low
support. These clusters are then ordered by further pruning edges that connect nodes with high
degree, as these represent loci that interact with each other too frequently to be explained by
adjacency. Finally, the scaffolds are oriented using a dynamic program that maximizes the sum of
the probabilities of the resulting insert sizes.

Another software package for scaffolding a genome with Hi-C reads is 3D-DNA (141). This
pipeline uses a three-step approach in which Hi-C data are used first to identify and break mis-
joins in the input scaffolds, then to perform scaffolding, and last to collapse heterozygous regions
into single haplotypes. In the misjoin-detection step, 3D-DNA breaks input scaffolds between
any two loci with contact frequency below an estimated lower bound. In the scaffolding step, the
broken input scaffolds are represented as a graph with edges weighted based on contact density
between the half-scaffolds they connect, normalized by the incident edge with the maximum con-
tact density. The graph is then traversed for maximum total edge weight to determine the order
and orientation of input scaffolds. In the collapsing step, a combination of sequence similarity
and Hi-C data are used to find and collapse uncollapsed heterozygous regions represented as dif-
ferent scaffolds into single haplotypes. In follow-up work (142), the authors performed de novo
chromosome-scale assemblies of mammalian genomes using only 300 million shotgun reads and
100 million Hi-C reads, which cost less than $1,000.

SALSA (143) and SALSA?2 (144) are Hi-C scaffolders that can take advantage of output from
long-read contig assemblers and can use Chicago as well as Hi-C libraries. SALSA2 can take as
input an assembly graph from a contig assembler rather than just the output contigs, giving it more
complete information it can use to make scaffolding decisions. The disadvantage of this approach
is that it requires the input contigs to be constructed using an overlap graph assembly of long
reads, which are more expensive to produce than short reads. However, the authors report that
for its intended use of scaffolding long-read assemblies, SALSA2 outperforms the other current
state-of-the-art open-source Hi-C scaffolder 3D-DNA (141), with a large reduction in misjoins
as well as order and orientation errors.

Linked-Read Sequencing

Linked-read sequencing is a method for generating short-read sequencing libraries in which mul-
tiple reads are barcoded to denote that they came from the same region of the genome. The
first linked-read technology, CPT-seq, is a medium-range contiguity method designed for haplo-
typing (145) but also used for scaffolding (146). The transposase Tn5 is used to insert adapters to
DNA, as in several library preparation protocols. But, unlike these protocols, the TnS5 is left bound
to the DNA in CPT-seq until after dilution, which prevents the DNA from fragmenting. The
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Tn5-bound DNA is then twice separated into pools and indexed such that each combinatorial
index pool contains fragments with lengths summing to 5-10% of the total length of the genome.
Thus, the regions sharing the same index are likely to be disjoint in the genome. All pools are
combined and sequenced, resulting in reads with two barcodes. Two reads with the same barcodes
are much more likely to have come from the same starting molecule than two reads without the
same barcodes. The scaffolder fragScaff (146) can then use this information to scaffold contigs.
CPT-seq does not create chromosome-scale scaffolds, but it is useful for assembling scaffolds big
enough to further scaffold with other techniques, such as Hi-C.

The 10x Genomics process uses a microfluidic system to create linked reads (Figure 4b). First,
this process creates small droplets, each consisting of 4-6 molecules of DNA with length in the
tens or hundreds of kilobases, a gel bead containing millions of copies of a barcoded primer, and
reagents necessary for the first steps of Illumina library preparation. Then, the gel beads are dis-
solved, releasing the barcoded primers into the droplets. The DNA is then amplified inside the
droplets with the barcoded primers and recovered in solution, after which library preparation is
completed. When the libraries are sequenced, each read contains a barcode identifying its source
droplet. This linkage among sets of reads can then be used to phase haplotypes (147), identify
structural variants (148), or assemble genomes (149). Supernova, 10x’s assembler, can assemble
diploid reference genomes, resolving structural variants between haplotypes (149). Advantages to
linked-read sequencing include lower cost than long reads; a smaller input DNA requirement
(~1 ng); and its use of Illumina sequencers, which are already widespread (147).

Optical Maps

Several new sequencing-free high-throughput technologies use fluorescent labels to generate
long-range information about a genome. One of these approaches, commercialized by Bionano,
uses a nicking endonuclease to nick large fragments of DNA and then fluorescently labels the
nicking sites (150). The fluorescently labeled DNA fragments are then electrophoretically fed
through a nanochannel array and imaged to determine the sizes of the molecules and the loca-
tions of fluorescent labels. This information is assembled into a genome map, which can then be
used to find structural variants (150, 151) or to scaffold contigs (152, 153), as shown in Figure 4c.
Another approach, commercialized by Opgen, generates restriction maps. Restriction digestion
is performed on high-molecular weight DNA in situ on an optical mapping surface. Restriction
fragment lengths are measured in situ for each DNA fragment using a DNA fluorescent dye. This
results in an ordered restriction map giving the distances between restriction sites along the orig-
inal molecule, to which the restriction sequences on contigs can be aligned. Opgen has been used
in an assembly of the domestic goat genome (154).

Synteny-Based Methods

Another source of information that can be used to scaffold a genome assembly is comparison to
the genome organization of a related species (Figure 4d). Current software packages designed for
assembly of bacterial genomes based on synteny include Ragout (155) and GAAP (156). Ragout
relies on the insight, first implemented in the program RACA (157), that using information from
multiple related species instead of just one can improve assembly accuracy by reducing the bias
caused by rearrangements specific to a single reference genome. Ragout (155) improves on RACA
by using phylogeny-guided multiple alignments of many reference genomes as a guide instead of
a single reference genome with outgroups as additional information. The most recent version of
Ragout (158) can also scaffold mammalian genomes. GAAP (156) uses a set of core bacterial genes
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that are highly conserved and less likely to move around the genome as anchors to build scaffolds
around.

The great advantage of synteny-based assembly methods is that they do not require collecting
new data but instead rely on existing reference genomes. The primary disadvantages to these
methods are that some lineages, such as mammals (159), have more structural rearrangement
among species than others, such as archosaurs (50), and that synteny-based methods require the
existence of at least one chromosome-scale assembly of a closely related organism, although the
latter continuously becomes less of an issue as more chromosome-scale assemblies are published
each year.

Trio Binning

Sequencing a trio of two parents and a child is a common method for haplotype phasing, because
each chromosome in the offspring’s genome came fully from either the mother or the father (160).
A new method, trio binning, can assemble a diploid reference genome using short reads from the
parental genomes and long reads from the offspring’s genome. The short reads from the parents
are aligned to the long reads from the offspring to divide the long reads into two sets: those from
the maternal and those from the paternal haplotypes. Then, the two sets of long reads are assem-
bled independently to create two separate haploid genomes (161). Although this method requires
fully sequencing three individuals instead of just one, as in most other assembly techniques, it
avoids the difficulties associated with assembling diploid genomes by breaking the problem into
two haploid assemblies.

FUTURE CHALLENGES

Many new technologies can now be used to create chromosome-scale assemblies without costly
and time-consuming methods such as BAC-end sequencing and physical mapping. Each of these
new methods has its own strengths and weaknesses, so in practice, most chromosome-scale assem-
bly projects today leverage the strengths of different data sources to construct the best assembly
possible. Many recent projects have used various combinations of data types, such as long and
short reads (87, 162, 163), long and/or short reads with proximity ligation (50, 89, 164), synteny
and optical mapping (165), and short and linked reads (166, 167).

Perhaps the foremost challenge presented by the advent of these new technologies is determin-
ing how best to integrate them. Although there are clear precedents for how to best use individual
data types, such as de Bruijn graph assembly for short reads, assembly projects using multiple data
types must use ad hoc approaches to chain different pieces of software together into a pipeline.
This problem is exacerbated by the fact that many software packages designed for specific data
types are proprietary and/or closed source, making them harder to integrate into longer assembly
pipelines.

Other challenges posed by these new technologies are more logistical and specific to individual
data types. For example, Hi-C library preparation requires a large number of intact cells from the
target organism, which can be harder to obtain, store, and transport than purified DNA for some
organisms. Trio binning requires parent identification and sequencing, which is not feasible for
some organisms, such as marine invertebrates that reproduce by releasing sperm or eggs into the
water. Long reads are expensive to produce and have high error rates, although the technologies
continue to improve. However, with the large number of choices available, there exist combina-
tions of methods for chromosome-scale assembly and scaffolding that can meet the needs of most
of today’s genome projects.
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