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a  b  s  t  r  a  c  t

Angiostrongylus  cantonensis  is a bursate  nematode  parasite  that causes  eosinophilic  meningitis  (or  menin-
goencephalitis)  in  humans  in  many  parts  of  the  world.  The  genomic  data  from  A.  cantonensis  will form
a  useful  resource  for  comparative  genomic  and  chemogenomic  studies  to aid  the  development  of diag-
nostics  and  therapeutics.  We  have  sequenced,  assembled  and  annotated  the  genome  of  A. cantonensis.
The  genome  size  is  estimated  to be  ∼260 Mb,  with  17,280  genomic  scaffolds,  91X  coverage,  81.45%  for
complete  and  93.95%  for partial  score  based  on  CEGMA  analysis  of genome  completeness.  The  number
of  predicted  genes  of ≥300  bp  was  17,482.  A  total  of 7737  predicted  protein-coding  genes  of ≥50  amino
acids  were  identified  in the  assembled  genome.  Among  the  proteins  of known  function,  kinases  are  the
most  abundant  followed  by  transferases.  The  draft genome  contains  34  excretory–secretory  proteins
(ES),  a minimum  of 44  Nematode  Astacin  (NAS)  metalloproteases,  12  Homeobox  (HOX)  genes,  and  30
neurotransmitters.  The  assembled  genome  size  (260  Mb)  is  larger  than  those  of  Pristionchus  pacificus,
Caenorhabditis  elegans,  Necator  americanus,  Caenorhabditis  briggsae,  Trichinella  spiralis,  Brugia  malayi  and
omeobox genes
eurotransmitters

Loa loa, but  smaller  than  Haemonchus  contortus  and  Ascaris  suum.  The  repeat  content  (25%)  is similar  to  H.
contortus.  The  GC content  (41.17%)  is lower  compared  to  P. pacificus  (42.7%)  and  H.  contortus  (43.1%)  but
higher  compared  to  C.  briggsae  (37.69%),  A. suum  (37.9%)  and  N. americanus  (40.2%)  while the  scaffold  N50
is  42,191.  This  draft genome  will  facilitate  the  understanding  of  many  unresolved  issues  on the  parasite
and  the  disorder  it  causes.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Angiostrongylus cantonensis is an important emerging pathogen
ausing human eosinophilic meningitis (or meningoencephali-
is) with thousands of cases in many parts of the world (Kliks
nd Palumbo, 1992; Wang et al., 2012). Presently, it has spread
rom its typical endemic regions of Asia and the Pacific to many
ther regions of the world, including the Americas, Australia,
aribbean islands and Africa (Eamsobhana, 2014). Its natural life

ycle involves a definitive rodent host and a mollusk interme-
iate host. The adult worms live in the pulmonary arteries of
ats. Humans are accidentally or incidentally infected with this

∗ Corresponding author. Tel.: +66 0 24196468.
E-mail address: praphathip.eam@mahidol.ac.th (P. Eamsobhana).

ttp://dx.doi.org/10.1016/j.actatropica.2015.04.012
001-706X/© 2015 Elsevier B.V. All rights reserved.
parasite by ingestion of the third-stage larvae in intermediate hosts,
paratenic hosts or contaminated raw or undercooked vegetables.
The migration of larvae through the brain results in cerebral hem-
orrhage and eosinophilic meningitis, which can be fatal. Treatment
for eosinophilic meningitis due to A. cantonensis is generally symp-
tomatic and supportive in nature. Because of its importance in
public health, A. cantonensis has received great attention in labora-
tory and clinical studies (Graeff-Teixeira et al., 2009). In particular,
immunodiagnosis of human angiostrongyliasis has been explored
extensively (Eamsobhana and Yong, 2009). Recently a number
of studies have been reported on A. cantonensis high throughput
sequencing (Morassutti et al., 2013a), microRNAs (Chang et al.,

2013) and transcriptome profiling (Chang et al., 2013; Wang et al.,
2013).

The DNA random high throughput sequencing based on 454
(Roche) platform by Morassutti et al. (2013a) consisted of 141 351

dx.doi.org/10.1016/j.actatropica.2015.04.012
http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2015.04.012&domain=pdf
mailto:praphathip.eam@mahidol.ac.th
dx.doi.org/10.1016/j.actatropica.2015.04.012
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ontigs with an average length of 0·8 kb each. The putative ORFs
as 28,080 of which 3371 had homology to other deposited protein

equences.
Here we report the draft genome of this food-borne zoonotic

arasite, a member of the Metastrongyloidea superfamily of bur-
ate nematodes and a Wolbachia-free nematode parasite. The
enomic data from A. cantonensis will form a useful resource for
omparative genomic and chemogenomic studies to aid the devel-
pment of diagnostics and therapeutics.

. Materials and methods

.1. Biological material and DNA isolation

The rat lungworm A. cantonensis was from a laboratory strain
riginated in Thailand maintained in albino rat (Rattus norvegi-
us). 20 �g of DNA was extracted from a female adult worm using

 DNeasy blood and tissue kit (Qiagen, Germany) and sequenc-
ng libraries with insert sizes of 300 bp, 500 bp, and 800 bp were
onstructed. After library preparation and quality control of DNA
amples, template DNA fragments were hybridized to the surface
f flow cells and amplified using REPLI-g Single Cell Kit (Qiagen,
SA) to form clusters and subjected to paired-end sequencing.

.2. Methods summary

The genome of A. cantonensis was sequenced using cluster gen-
ration and the sequencing was performed according to the cluster
eneration manual and sequencing manual from Illumina (Clus-
er Station User Guide and Genome Analyzer Operations Guide).
n total, 24 Gb of DNA sequence data was generated (equal to
14-fold coverage of the whole genome) and used for de novo
enome assembly. Base calls were generated using Casava 1.8.2
Illumina), and the resulting de-multiplexed sequence reads were
ltered for low quality. Sequence data from each library were sam-
led and low occurrence observations were filtered and assembly

oins were optimized based on the available coverage and the
mer characteristics of each library. Assembly on the sequence
ata were performed using SOAPdenovo (Luo et al., 2012). AUGUS-
US (Stanke et al., 2004) and GlimmerHMM ab initio eukaryotic
ene-finders (Majoros et al., 2004) were used for de novo gene
rediction and CEGMA (Core Eukaryotic Genes Mapping Approach)
Parra et al., 2007) for validating the completeness of the assembly.
hared genes between A. cantonensis and 9 other nematode species
Pristionchus pacificus, Caenorhabditis elegans, Necator americanus,
aenorhabditis briggsae, Trichinella spiralis,  Brugia malayi,  Loa loa,
aemonchus contortus and Ascaris suum) were determined via psi-
last. The results were filtered using three parameters, namely the
-value (e-value 1e − 5), amino acid length of ≥50 and sequence
imilarity of ≥40%. To detect synteny blocks, LASTZ was used to
erform the pairwise whole-genome alignment. All proteins pre-
icted from the gene set were annotated using INTERPRO database
or conserved protein domains, pathways, and Gene Ontology (GO)
nnotation.

.3. Sequencing and assembly (Fig. 1)

The flow of the genome assembly from the raw data is summa-
ized in Fig. 1. A previously reported approach to estimate genome
ize was adopted (Li et al., 2010). A K-mer refers to an artificial
equence division of K nucleotides. If the length of each K-mer is

 bp, a K-mer should be contained in a raw sequence read with

 bp. The frequency of each K-mer can be calculated from the raw
equence reads. The frequencies of K-mer along the sequence depth
radient generally follow a Poisson distribution for a given dataset.
hus, the genome size G is calculated as G = K num/K depth, where
Fig. 1. Pipeline of genome assembly.

the K num is the total number of K-mer, and K depth is the sequenc-
ing depth that has the highest frequency of K-mer.

The filtered data was  assembled using SOAPdenovo (Luo et al.,
2012), a genome assembler specifically developed to assemble
next-generation short read sequences (Li et al., 2010). It uses the
de Bruijin algorithm (Pevzner et al., 2001) to assemble sequences
from the Illumina reads, with a K-mer as a node and the K-1 bases
overlapped between two K-mers as an edge. To reduce sequencing
errors and limited branches, the tips and K-mers with low coverage
in the graph were eliminated in the assembly process. The graph
was transformed to a contig graph by transforming linearly con-
nected K-mers into a pre-contig mode. Dijkstra’s algorithm (Frana
and Misa, 2010) was  used to detect bubbles, which were merged
into a single pathway when the branches sequences were identi-
cal. Using this method, repetitive sequences could be eliminated
and consensus sequences obtained.

Contigs were linked to a scaffolding graph with paired-end (PE)
reads. Sub-graph linearization was  then applied to transform inter-
leaving contigs into a linear structure and repeat masking was used
to mask complicated connections for repeat contigs. Using this
approach, contigs in any non-linear structure could be considered
compatible. PE reads were applied subsequently step by step with
increasing insert size of 300, 500 and 800 bp.

To fill gaps in the scaffolds, the PE reads were aligned and those
that had one read well-aligned on a contig and another located in a
gap region were retrieved, and a local assembly with the retrieved
reads was performed.

3. Accession number

This Whole Genome Sequencing project has been deposited at
GenBank under the accession PRJNA260338.

4. Results and discussion

4.1. Genome features

The assembled genome size (∼260 Mb)  of A. cantonensis is
larger than other major nematodes (Table 1) including, P. paci-
ficus (Dieterich et al., 2008), C. elegans (C. elegans Sequencing
Consortium, 1998), N. americanus (Tang et al., 2014), C. briggsae
(Stein et al., 2003), T. spiralis (Mitreva et al., 2011), B. malayi (Ghedin
et al., 2007) and L. loa (Desjardins et al., 2013), but smaller than H.

contortus (Schwarz et al., 2013) and A. suum (Jex et al., 2011).

The repeat content of A. cantonensis genome (25%, Table 2) is
similar to H. contortus. The GC content (41.17%) is lower compared
to P. pacificus (42.7%) and H. contortus (43.1%) but higher compared
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Table  1
Summary of assembly statistics of major nematode genomes.

Statistics Strategy Genome
size (Mb)

Scaffold
N50

No. of
scaffolds

Total
length (bp)

Total
length of
gaps (bp)

GC content
(%)

Reference

A. cantonensis Illumina Hiseq 260 42,191 17,280 260,768,283 25,114,564 41.2 Present study
P.  pacificus Whole Genome Shotgun 169 737,446 5106 169,747,139 – 42.7 Dieterich et al. (2008)
C. elegans Whole Genome Shotgun 97 17,493,793 7 100,269,912 – 36.0 C. elegans Sequencing Consortium (1998)
N. americanus 454 244 211,861 11,864 244,075,060 35,901,450 40.2 Tang et al. (2014)
C. briggsae Whole Genome Shotgun 104 14,512,975 12 108,478,526 2993,053 37.4 Stein et al. (2003)
T. spiralis ABI 3730 64 6373,445 6863 63,525,422 4983,936 34.0 Mitreva et al. (2011)
B. malayi Whole Genome Shotgun 93.7 41,308 24,286 93,659,149 6531,325 30.2 Ghedin et al. (2007)
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L. loa 454 91.4 13,750 14,332
H. contortus Whole Genome Shotgun 320 99,131 12,915
A. suum Illumina HiSeq 309 413,062 12,988

o C. briggsae (37.69%), A. suum (37.9%) and N. americanus (40.2%)
hile the scaffold N50 is 42,191.

.2. Phylogenetic relationship

There is no association between Wolbachia-free and Wolbachia-
ositive species. The bursate nematodes (A. cantonensis, H. contortus
nd N. americanus) are closely related to each other compared to
on-bursate nematodes (Fig. 2a). There are two distinct clades of
he component taxa of Class Chromadorea (more recently diverged
ematodes): (1) Order Strongylida (A. cantonensis, N. americanus,
. contortus), Order Ascaridida (A. suum) and Order Diplogasterida

P. pacificus); and (2) Order Rhabditida (C. elegans, C. briggsae)
nd Order Spirurida (B. malayi,  L. loa). Class Enoplea (ancestral
iverged nematodes, represented by T. spiralis) is distinct from
hromadorea.

.3. Gene prediction

Although A. cantonensis and H. contortus share 1492 more genes
ompared to C. elegans (Fig. 2b), C. elegans genome was used for
unctional annotation and comparison as the H. contortus genome
s not well curated. Based on GlimmerHMM ab initio eukary-
tic gene-finders (Majoros et al., 2004), the number of predicted
enes of ≥300 bp was 17,482. This is within the range reported
or other nematodes, e.g. 15,445 for L. loa, 17,846 for B. malayi
nd 26,846 for C. elegans.  A total of 7737 protein-coding genes of
50 amino acids were identified in the assembled genome (Tables
1–A8, Appendix A: Supplementary data). All data provided here
elates only to these 7737 genes and not to any of the shorter
equences.

Fig. 3 depicts the synteny analysis based on the mitochondrial
enomes of A. cantonensis, N. americanus and C. elegans.

Of the entire predicted protein-coding genes, about two-third of

he proteins identified in the A. cantonensis genome are of unknown
unction (Fig. 4). Among the proteins of known function, kinases are
he most abundant followed by transferases.

able 2
asic statistics of the A. cantonensis draft genome.

Estimated genome size (Mbp) 260
Number of scaffolds 17,280
Total length (bp) 260,768,283
Mean scaffold length (bp) 15,090
N50 scaffold length (bp) 42,191
Predicted protein-coding genes (de-novo)

≥50 amino acid
7737

Repeat content 25%
Percent Ns 9.96%
GC  content 41.17%
1,373,458 3846,281 31.0 Desjardins et al. (2013)
9,640,208 23,800,995 42.2 Schwarz et al. (2013)
9,559,681 6969,645 37.9 Jex et al. (2011)

4.4. Wolbachia-free nematode parasites

In this study there was  no evidence of the endosymbiont bacte-
ria Wolbachia as suggested by Tsai et al. (2007). Our results support
the absence of Wolbachia endobacteria in A. cantonensis reported
by Foster et al. (2008). According to Foster et al. (2008) bioinfor-
matic and phylogenetic analyses of the Wolbachia gene sequences
reported by Tsai et al. (2007) indicated that they most likely
resulted from contamination with DNA from arthropods and filar-
ial nematodes. Wolbachia has also been found to be absent in A.
costaricensis (Foster et al., 2008), three Dracunculus species (Foster
et al., 2014) and Setaria didgitata (Voronina et al., 2015).

4.5. Excretory–secretory proteins

The draft genome contains 34 excretory–secretory proteins (ES),
which can penetrate the defensive barriers of the host to avoid
immunoresponse and are highly detectable at the very beginning of
infection (Dzik, 2006). ES protein such as galectins, peroxiredoxin,
protease and heat shock (HSP) plays an important role in regulating
stress response in nematode.

A minimum of nine galectins were found in the genome of A. can-
tonensis using blastp (Table A9, Appendix A: Supplementary data),
where their sequence identity was  higher than 30%. Galectins have
been reported previously to be present in C. elegans (Morassutti
et al., 2013b). These galectins appear to be important for produc-
tion, secretion, or stability. Galectins secreted by A. cantonensis
were shown to be immunoreactive to antibodies present in serum
from angiostrongyliasis patients (Morassutti and Graeff-Teixeira,
2012).

Peroxiredoxin (PRX) plays a central role in H2O2 detoxification
(Morassutti et al., 2012). A minimum of three peroxiredoxin cod-
ing genes were identified (Table A10, Appendix A: Supplementary
data). It has been suggested that the variation in pathogenicity
between nematode species are due to differences in PRX structure
and expression (Li et al., 2011).

Proteases are fundamental enzymes that enable the parasite to
enter tissues and acquire nutrients (Morassutti et al., 2012). The
infective third-stage larvae of A. cantonensis secrete a proteolytic
enzyme that is thought to be essential for both larval penetration
and development in their host. A minimum of 3 proteases were
detected from our study (Table A11, Appendix A: Supplementary
data).

Heat shock proteins (HSP) are a highly conserved group of pro-
teins that function as chaperones, aid in protein folding and ATP

binding. A minimum of 19 HSPs were identified from A. cantonen-
sis assembly (Table A12, Appendix A: Supplementary data). HSPs
are also known for their role in response to stress and have been
detected in ES products of many parasitic nematodes including A.
cantonensis (Morassutti et al., 2012).
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Fig. 2. Comparison of genomic features in major nematodes. (a) Schematic representation of the phylogenetic relationship of A. cantonensis in the context of nine other
nematodes. All methods converged on a single topology with 100% support (either bootstrap values or posterior probabilities) at all nodes. (b) Venn diagram showing the
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umber of shared protein-coding genes between A. cantonensis and other nematod
umber of predicted genes.

.6. Nematode Astacin metalloproteases

In addition to ES proteins, a minimum of 44 Nematode Astacin
NAS) metalloproteases were encoded by the A. cantonensis genome
Table A13, Appendix A: Supplementary data). NAS has been linked
o aid molting in nematodes. Defects in shedding of the cuticle were
bserved in worms lacking the NAS signifying a specific role of these
nzymes that regulate the assembly of new cuticles by processing
he precursors of extracellular matrix proteins (Stepek et al., 2009).

.7. Homeobox genes

A minimum of 12 Homeobox (HOX) genes were identified from
he sequence assembly (Table A14, Appendix A: Supplementary

ata). HOX genes are expressed along the body axis and link cells
rom different tissues to form a complex framework in nematodes
Teng et al., 2004). Auto-regulation, gene interactions and repres-
ion mechanisms regulated by HOX genes are common to many
rganisms (Teng et al., 2004).
gure for A. cantonensis refers to protein-coding genes of ≥50 amino acids, not toal

4.8. Neurotransmitters

A minimum of 30 nerotransmitters were detected in A.
cantonensis using INTERPRO database. Neuropeptides are the sec-
ond category of neurotransmitters. They are small protein-like
molecules localized to nervous tissue, but can be found in non-
neuronal sites (McVeigh et al., 2008) which suggest that the
function of some neuropeptides may  vary. It was reported that neu-
ropeptides encode secreted peptides with antibacterial activity and
are up-regulated in response to bacterial challenge.

Expression of neuropeptide-like protein (NLP) NLP-29, 31 and
33 was found in microarray analyses in response to C. elegans,  fun-
gal or bacterial insults (Li and Kim, 2008). NLP-31 was expressed
in the hypoderm and embryos and exhibited anti-microbial activ-
ity (Li and Kim, 2008). Interestingly, the fact that they were

expressed in the hypoderm and have a defense response against
bacteria could explain why A. cantonensis and C. elegans do not
harbor the endosymbiont bacteria, Wolbachia.  Within the filariid
nematodes, Wolbachia is found in the hypodermal cells of the
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ig. 3. Synteny analysis. (a) Comparison between A. cantonensis and N. americanus m
enome.

ateral chords of both sexes and in the ovaries, oocytes and devel-
ping intrauterine embryonic stages of female (Murfin et al.,
012).

Desjardins et al. (2013) suggested that B. malayi,  which harbors
olbachia, does not encode antibacterial peptides described in C.
legans, and that these molecules could either be dispensable in
lariae or too divergent to be detected. However, the failure to
etect NLP in other nematodes that lack Wolbachia (Table 3) could
e explained by ancestral conditions or a secondary loss of the

Fig. 4. Number of predicted prot
ndrial genome. (b) Comparison between A. cantonensis and C. elegans mitochondrial

endosymbiont. Lateral gene transfer (LGT) could be another reason
why these nematodes lack Wolbachia;  their ancestors could have
harbored the bacteria but eventually the genetic material from the
bacteria was acquired by its nematode host, causing it to prolif-
erate free from the endosymbiont. While ancestral condition and

LGT could describe the absence of Wolbachia in the above nematode
species (Table 3), the presence of antibacterial defensins molecules
like neuropeptides, could provide an important insight into the
absence of Wolbachia in A. cantonensis.

ein classes by AUGUSTUS.
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Table 3
Absence and presence of Wolbachia and its relation to NLP/CNC and other ES proteins.

Immune effector A. cantonensis C. elegans P. pacificus B. malayi A. suum C. briggsae H. contortus L. loa T. spiralis N. americanus

Antimicrobial caenacins (CNC) 3 11 0 0 0 0 0 0 0 0
Neuropeptide-like proteins (NLPs) 30 53 0 0 0 34 0 0 0 0
Galectin 9 14 0 8 0 9 0 8 10 0
Peroxiredoxin 3 35 0 7 0 12 0 2 4 3
NAS  44 46 0 20 0 40 0 38 28 0
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HOX  family 12 17 0 

Presence of Wolbachia No No No 

ource: NCBI.

In conclusion, we have sequenced, assembled and annotated the
enome of A. cantonensis, a metastrongyloid intra-arterial nema-
ode that can cause inflammation of the brain and its meninges in
uman upon infection. Nearly 25 Gb of sequencing was carried out

rom 3 libraries (300 bp, 500 bp, and 800 bp) and the total number
f reads was in excess of 235 million. The genome size of A. canto-
ensis is estimated to be 260 Mb,  with 17,482 genes of ≥300 bp and
737 protein-coding genes of ≥50 amino acids. Based on the filtered
equence data, the coverage is predicted to be 91×. CEGMA analy-
is indicates 93.15% (partial score) of genome completeness for the
ssembly. The number of contigs as well as the N50 for this genome
ssembly compares favorably with other published genomes. This
s indication of the quality of the assembly produced. The present
. cantonensis draft genome should enable the identification of
enes and other functional elements that are unique and com-
on  between related nematode species. This work should provide

ew insights into the genomics of A. cantonensis and attributes that
re species-specific that may  be related to adaptation to specific
nvironments or hosts. It will facilitate the understanding of many
nresolved issues on the parasite and the disorder it causes.

. Addendum

After submission of our manuscript a wormbase genome
nnouncement on the Taiwan isolate of A. cantonensis was  available
n GenBank (PRJEB493, ID: 261570 registered 20 September 2014).
ur genome was deposited in GenBank on 11 September 2014 (Bio-
roduct ID: PRJNA 260338). The Taiwan A. cantonensis genome was
equenced using 454 (Roche) platform and consisted of 18,635 scaf-
olds with an N50 of 43,900 bp and GC content of 41.54% compared
o our genome based on Illumina HiSeq of 17,280 scaffolds with
n N50 of 42,191 bp and GC content of 41.17%. The genome size of
he Taiwan isolate is 253 Mb  while ours is 260 Mb.  CEGMA analysis
ased on 248 CEGs (core eukaryotic genes) shows identical partial
core (93.95%) for both genomes. The complete score for the Taiwan
solate is 75.00% while that for our genome is 81.45%.
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