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Abstract

Background:Eukaryotic genome assembly remains a challenge in part due to the prevalence of complex DNA
repeats. This is a particularly acute problem for holocentric nematodes because of the large number of satellite
DNA sequences found throughout their genomes. These have been recalcitrant to most genome sequencing
methods. At the same time, many nematodes are parasites and some represent a serious threat to human health.
There is a pressing need for better molecular characterization of animal and plant parasitic nematodes. The advent
of long-read DNA sequencing methods offers the promise of resolving complex genomes.

Results:UsingNippostrongylus brasiliensisas a test case, applying improved base-calling algorithms and assembly
methods, we demonstrate the feasibility of de novo genome assembly matching current community standards
using only MinION long reads. In doing so, we uncovered an unexpected diversity of very long and complex DNA
sequences repeated throughout theN. brasiliensisgenome, including massive tandem repeats of tRNA genes.

Conclusion:Base-calling and assembly methods have improved sufficiently that de novo genome assembly of
large complex genomes is possible using only long reads. The method has the added advantage of preserving
haplotypic variants and so has the potential to be used in population analyses.

Keywords:Helminths, Next-generation sequencing, Base-calling, Genome assembly, DNA repeat, Population
analysis

Background
Human hookworm infections by the parasitic nematodes
Necator americanusand Ancylostoma duodenalecon-
tinue to be a major global health problem. Next-
generation sequencing (NGS) techniques open the door
to molecular epidemiological monitoring of nematode
and helminth parasites in endemic areas. Such studies
are, however, hampered by the heterogeneous nature of
parasite populations and by the intrinsically complex
genome structures of nematodes [1]. In contrast to most
NGS machines, which are cumbersome and can be oper-
ated only within a laboratory setting, Oxford Nanopore
Technology (ONT) MinION sequencers are small and
highly portable. They are robust and are now being used

all over the globe, even in extreme environments [2, 3].
That they are well suited for field studies, and their
capacity to generate long-read sequences, makes them
potentially an ideal tool for conducting molecular epi-
demiological studies of nematode and helminth parasites
in remote locations.

Long-read sequences are especially useful for de novo
genome assembly. Reads from the MinION, as well as
from PacBio’s single-molecule real-time (SMRT) sequen-
cing platform, however, suffer from an error rate that is
very substantially higher than seen with short-read NGS
technologies. As a consequence, de novo genome assem-
bly based on long DNA reads often relies on hybrid
strategies incorporating, for example, short-read DNA
sequencing [4–7], although non-hybrid long-read only
methods do exist [8–12] (see [13] for a review). Indeed,
there have now been successful chromosome-scale
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assemblies of large genomes, primarily using the PacBio
SMRT platform to generate contigs (e.g. [14]), combined
with long-range linking information (e.g. [15, 16]) but
the approach can still be challenging.

As a model for the analysis of human hookworm
populations, we turned toNippostrongylus brasiliensis,
a gastrointestinal nematode that infects rodents. Its
lifecycle is analogous to that of hookworms and it is
widely used as a surrogate for hookworms in research
(e.g. [17]). Lines ofN. brasiliensisare maintained by
serial passage in rats. The standard culture protocol
involves infection of several rats by thousands of in-
fective larvae. Each rat will produce hundreds of
thousands of eggs in a few days [18]. These are har-
vested in feces and grown without any intentional se-
lection to give a new generation of infective larvae
(Fig. 1). Although there will be some adaptation of
this laboratory-maintained strain to rats housed in a
specific pathogen-free animal facility, the use of this
relatively high number of worms at each generation is
expected to maintain diversity within the population.
We, therefore, took N. brasiliensisas a test case to
evaluate the possibility of generating a genome
sequence de novo from a heterogeneous population
using MinION long reads and improved analysis
methods.

Results and discussion
In the context of the 50 Helminth Genomes Initiative
[19], the Wellcome Trust Sanger Institute (WTSI) assem-
bled a reference genome forN. brasiliensisusing Illumina
paired-end short-read sequencing (parasite.wormbase.org/
Nippostrongylus_brasiliensis_prjeb511). This is a highly
fragmented sequence (Table 1); almost 30% of predicted
protein-coding genes (6276/22,796) are on contigs that
are less than 10 kb long. To estimate the size of theN.
brasiliensisgenome, we fed the WTSI Illumina reads into

GenomeScope [20]. Although its algorithms are designed
for heterozygous genomes, not sequences from a genetic-
ally diverse population, it can give a rough guide to gen-
ome size in such cases. GenomeScope tends to
underestimate genome size. For example, it returns a size
for the Drosophila melanogastergenome of 130 Mb, about
75–80% of the typical long-read assembly (SK, unpub-
lished). With the WTSI Illumina reads, GenomeScope
returned 205 Mb for the total length of unique genomic
sequences. We, therefore, predicted a genome of approxi-
mately 255–270 Mb for N. brasiliensis.

We sequenced DNA extracted from a population of
adult N. brasiliensisresident in the small intestine of a
rat using R9.4 flow cells on a MinION Mk1b. DNA
preparation and sequencing was managed by ONT. Four
sample preparation methods were used (see‘Methods’
for details), which gave very different results both in
terms of yield, which varied more than twofold in total,
up to 4.7 Gb for a single run, and in read length distri-
bution (Fig. 2, Table 2 and Additional file 1: Table S1).
The original base-calling using MinKNOW (carried out
in January 2017) produced 4,911,193 reads totaling 10.2
Gb of sequence. We then recalled the same raw
nanopore data using the more recent Albacore (v1.1.0),
a production base caller that implemented a transducer
algorithm for homopolymer detection, previously a per-
sistent limitation in the analysis of MinION reads [21].
Overall, we obtained 5,472,882 called reads for a total of
12.3 Gb of sequence. This represents a >20% increase in
yield over the previous approach. In all cases, Albacore
outperformed the older base caller, although, interest-
ingly, the improvement was far from uniform, varying
from less than 10% to greater than 30% in the total
length of reads called for the different samples. There
was also a noticeable increase in the proportion of very
long (>50 kb) reads, in one case reaching close to 0.4%
of all reads, and with a more than 50-fold increase in
reads over 100 kb (Fig. 2, Table 2 and Additional file 1:
Table S1). This is potentially of great utility for genome
assembly. Similar observations have been made in a very
recent comparison of different base-callers (https://
doi.org/10.5281/zenodo.1043611).

As a gauge of the accuracy of Albacore read-calling,
we compared a random subset of the longer reads
with the WTSI N. brasiliensis reference genome.
While overall there was generally a good equivalence,
especially given the potential genetic difference be-
tween the two samples (see‘Methods’), there were
numerous instances where reads were substantially
longer than the matching sequence in the WTSI gen-
ome. Upon further examination, some of these were
revealed to reflect the presence of very long stretches
of complex tandem repeats (VeCTRs) that had been
compacted in the WTSI genome (Fig. 3).
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Fig. 1 Life cycle ofNippostrongylus brasiliensisin the laboratory.
Parasite stages are not drawn to scale. Adapted with permission
from Camberis et al. [35]
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We combined the Albacore-called reads from the
four samples and fed them into Canu v1.5, an update
of the assembler Canu [22], which has improved read
trimming, read correction, and consensus calling, and
provides more accurate graph information in the as-
sembly output. We noted local improvements in the
calling of homopolymer sequences compared to the
MinKNOW-derived sequences (Fig. 4). We obtained
an assembly of close to 350 Mb, with a maximum
contig length of >2 Mb and an N50 of 209 kb

(Table 1). A total of 251.6 Mb (72.5%) of the se-
quence, including all of the longest (>1.5 Mb) contigs,
was contained within 2594 non-branched subgraphs
of the Canu assembly graph, with 2413 of them made
from a single contig, and the others containing an
average of 2.15 linearly-linked contigs. The remaining
95.6 Mb was captured by a total of 780 contigs in 89
branched subgraphs. Overall, there were marked im-
provements in the quality of the assembly, compared
to what was generated using the MinKNOW-called

Table 1 Genome and transcriptome contiguity scores. Statistics for the current WTSI reference sequence are given for comparison

Description Size (kb) N50 (kb) N90 (kb) Minimum
(kb)

Maximum
(kb)[Contigs/genes] [L50] [L90]

WTSI reference 294,400 33.5 4.3 0.5 394.2

[29,375] [2024] [11,638]

Uncorrected (Canu only)* 347,186 209.2 38.9 1.7 2048.3

[3583] [415] [1964]

Trinity [de novo] 180,448 0.8 0.3 0.2 21.5

[291,671/172,480]** [53,613] [219,557]

Trinity [genome-guided] 249,065 1.2 0.3 0.2 22.0

[352,994/236,865]** [50569] [245,765]

Trinity [expression-filtered] 71,457 2.0 0.7 0.2 22.0

[52,302] [11,072] [34,924]

WGA, Canu only 119,196 53.1 17.3 1.8 388.2

[3280] [647] [2199]

WGAwhole-genome amplification,WTSIWellcome Trust Sanger Institute
*Local read correction has minimal effect on the contiguity statistics
**In the absence of expert curation, these values are patently overestimates (e.g., in the genome-guided assembly, genes near structural variant forks will be
counted more than once)

Fig. 2 Effect of extraction and analysis methods on the size of DNA reads. The distribution of read lengths for unamplified DNA extracted by
each one of four methods and using two analysis methods is shown. The insert is a cumulative plot of the same data
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sequence and Canu v1.4, in terms of contig length
and graph complexity (Fig. 5). A small number of the
89 branched subgraphs obtained with Canu v1.5 still
had very complex structures (Fig. 5b). Inspection
showed this to result from the presence of long non-
tandem repeat sequences. Indeed this, together with
real sequence diversity (see below), was the most
common cause of assembly ambiguity. Resolving such
structures would require a greater depth of coverage
and/or even longer reads, and would be greatly sim-
plified if the DNA from individual animals could be
sequenced (see below).

The final assembly contained a much greater diversity
of repeat sequences than seen in the WTSI reference se-
quence (Fig. 6a,b). The repeat with the longest unit
length (535 bp) as determined by Satfind [23], corre-
sponded to a region with ten tandem copies (Fig. 6c) of
an 5S rRNA gene interspersed with an snRNA gene, the
source of the spliced leader RNA that is added to many
transcripts. The gene sequences and this arrangement

are conserved well inCaenorhabditis elegans, where
these pairs are repeated over a region of 16 kb
(V:17,118,000..17,132,000; WS260). In the WTSI assem-
bly, on the other hand, equivalent sequences, in single
copy, were found at contig ends, reflecting the difficulty
they pose for short-read-based assembly. There were
also transposon-associated repeats, the repeats that cor-
respond to reiterated amino acid motifs in proteins, and
the dispersed satellite DNA sequences found in holo-
centric nematodes [23]. For the other VeCTRs, their
length and the constituent repeated sequences were di-
verse. There was, for example, no sequence similarity
among the five most compressible VeCTRs (Additional file 2:
Figure S1). The longest of them comprised close to 150 copies
of an approximately 200-bp repeat, with the (con-
served) tRNA-Trp gene, followed by a sequence cur-
rently unique to N. brasiliensis. Similarly, the shortest
of the five corresponded to 90 copies of the tRNA-
Ser gene interspersed with aN. brasiliensis-specific
80-bp spacer. InC. elegans, there are more than 600

Table 2 Yields of sequences using different extraction and analysis methods. The percentage of the raw reads that were included in
the output of the two methods (MinKNOW and Canu v1.4, or Albacore and Canu v1.5) is shown together with the total sequence
lengths and the number of reads exceeding the indicated lengths. See‘Methods’ for experimental details and Additional file 1: Table S1
for more information

Yield

Preparation Method Raw
reads

MinKNOW Albacore

% Gb >50 kb >100 kb % Gb >50 kb >100 kb

1. Sonication, DNeasy 930,957 99.9 2.375 80 15 99.1 2.603 472 82

2. Sonication, G2, Tip20 1,845,520 85.2 2.289 2252 17 98.0 3.002 4888 1006

3. Direct lysis, DNeasy 451,578 99.9 1.723 179 26 98.8 2.028 1710 775

4. Pipette squashed, G2, Tip20 2,333,064 83.9 3.834 10 0 98.4 4.678 427 89

ba

Fig. 3 Improved sequence fidelity using the updated base caller.a Alignment of a single 74-kb read against the corresponding scaffold of the
current WTSI reference genome, plotted using Kablammo [36].b Identification of a very long stretch of complex tandem repeats (21 kb with a
171-bp repeat unit) within the same read. WTSI Wellcome Trust Sanger Institute
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tRNA genes. Some are clustered in small groups but
never with such a massively repeated organization.
The other three VeCTRs contain a sequence that is
not conserved. C. elegansgenomic DNA has also
been sequenced directly using long-read techniques
[24]. Remarkably, VeCTRs have now also been found
in the C. elegansgenome, where they account for
more than 1 Mb of sequence omitted from the
current N2 reference genome (using VC2010, a strain
derived from a clonal isolate of N2; E. Schwarz, personal
communication), which was assembled primarily by Sanger
sequencing of inserts from cosmid libraries [25]. Since they
are not amenable to either short-read NGS or traditional
cloning, they may have been overlooked in other species and
potentially have specific but as yet unknown biological roles.

Returning to the analysis of the branched subgraphs,
among the less complex ones, 28 linked just three con-
tigs. Of these, two were due to the presence of VeCTRs
and in two, one contig matched the extremities of two
non-overlapping contigs, but in a redundant manner
(Plain Linked) (Fig. 7a,b). The others showed structures
compatible with multiple haplotypes within the helminth
population. Of these, 12 had two contigs with homolo-
gous end sequences converging on a common contig
(contained), a configuration that can also arise when
base-calling errors are high. The remaining 12 had
stronger support for being genuine haplotypes, including
three subgraphs with a bubble structure indicative of
haplotype resolution, as supported by examination of the
underlying reads (Fig. 7). While attempting to identify a
primary genomic haplotype might have some use in de-
termining the true contiguity of the assembly and esti-
mating the real genome size, this assembly represents a
community sample and preserves the observed read
variation.

In addition to this ability to uncover haplotypes within
a population, overall, there was an impressive increase in

the quality of the genome assembly compared to the
current WTSI genome by standard contiguity criteria
(Fig. 5 and Table 1), although the WTSI genome scored
substantially higher when evaluated by Benchmarking
Universal Single-Copy Orthologs (BUSCO) [26] (Table 3).
On the other hand, BLAST searches of our assembly for
the missing universal single-copy ortholog (USCO)
genes identified plausible orthologs in most cases (see
below). This suggested that even if assembly continuity
were improved, the local sequence quality would not be
sufficiently high to allow correct gene prediction and
ortholog identification by BUSCO. Nanopolish can im-
prove the consensus sequence for draft genome assem-
blies, using just raw MinION reads [27]. Applying
Nanopolish to our assembly resulted in a clear increase
in sequence quality, as judged by the marked rise in the
predicted USCO genes (from 65% to 85% complete), ex-
ceeding even the WTSI value (80.1%; Table 3).

Many recent studies have used short-read NGS DNA
or cDNA data for local genome sequence correction.
We used a set of Illumina RNA-seq reads generated
from polyA cDNAs from our N. brasiliensisstrain (GLG
et al., unpublished) to correct the sequence of protein-
coding genes, while not touching the genome assembly.
Pilon [28] in combination with Bowtie2-based align-
ment, using the set of genome-guided Trinity transcript
sequences, gave the best results as judged by the mark-
edly improved BUSCO scores (with 88% complete), close
to the score of 91% complete USCO genes for the de
novo assembly from the same RNA-seq reads (Table 3).
Our results indicate that the RNA-seq reads cover a
substantial fraction of the transcriptome, and that the
genome also has excellent coverage of most of the
expressedN. brasiliensisgenes. Within the assembled
consensus sequence corresponding to expressed tran-
scripts, about 1% of bases were locally corrected using
the cDNA reads. The most frequent consensus errors

Fig. 4 Improved sequence fidelity using updated methods. Homopolymeric regions that were compressed in the original MinKNOW-called
sequence (top) were expanded when the base caller Albacore included a transducer mode that incorporates signal length into the called
sequence (bottom). The consensus sequence from the final assembly (from contig tig00023109) is shown together with the same set of individual
reads, called with MinKNOW (top) or Albacore I (bottom). Sanger sequencing of PCR amplicons confirmed the accuracy of the newer base-calling,
specifically the stretch of nine A’s, marked by the black bar, which was not supported by a single read in the MinKNOW data. Some of the
sequence variation here may reflect genuine genotypic variation and not simply sequencing errors
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