CTGCTATTTAAGTAATTCTA
ATGTCGTCTAACANTAATGTTAAAATTCAATCTTATTTAGTTTATCTAAAATCACTTGTT
MS SNNNVKEKIQSYLVYLIEKT STLYVY
TCCAATCATGTAAAACTACCCGTGAATATTAATAGTATCAAGAGAACATCAAAGACTGGT
20 S NHVKLPVNITINSITEKERTSKTG
ATTATTATTATTAATACAGGTACACCTAAGTCTTATGGATACTGGGACTTAAGAAGATAT
41 I I T T NT G T P K S Y GY WDULRRY
CTTGAAGAATTTTTAACCGATCAAAGAGTTATAGAAATCAGTAAATTTATATGGTATCCT
61 L EEF L TDQRV I EI SKFIWYP®P
ATACTTTATCTTTTTATTCTTCCAATTCGTCCTTTTAAAAAGAGAAATTGTTATAAAAGT
st I LY LF 1 LPTRPFIEKI KR RNTCYKS
ATCTGGAATATGGAGAAGGATGAATCACCATTATTAACGTTATCTAGAAATCAATGTGAT
I ¥ NMEKDESPLLTILSRNGQQCD
AAAATTATTGAAAATTTATCTAGTAAAATTAAATCTCCTTTCATTGTCGATTGGGCATTT
120 K 1T 1 ENL S SK L KSPFI VD V¥ AF

AGATATGGACCACACAATATTGAGGAGAGAATTAATGTTCTTGTTAATGAAGGTTGTGAC
4 R Y G P HNTEERTXNVLVNEGSGTCHD
AAGTTGGTAATCTTACCACTTTTTCCACATTATAGTCAAGCTACTGTTGGTGGAGCATGT
61 K L. V1T L PLFPHYSQATVGEGAC
GATGAG (glaagattgatttaaaatattatataaatatataagacaatarttteag) GTA
181 D E <o intron -3 ¥
TACAGAACAATGCTGAAATTAAGATATCAACCTGCATTACGTATAGTTCCCCCATACTAT
YRTMLKILRYQ@PALRTIVPPYY
AAAATTGAAAAATATATAGAAGTTATTGGTAATTCAGTATTGAAAAAACTGACAAATGAT
200K I EKY I EV I GGNSVLKEKZKTILTND
AACATTCCACTTGAAGTACTTATTTTTTCATATCATCGAATACCATTAAAATATAGTCAA
224 NI P LEVLIFSYHGIPLEKYSA Q
AAAGGCGATCCATATGGATATCAATGTCATGAAACAACTGAATATATTACAAATTATATC
24 K G DPYGY QCHETTEYTITNYTI
AAAAACATTATTGAAAAAGAACCGTCAAAGTATAACCCACTCCCATATACCGTGACATCT
264 K N T I EXK EPSKYXNPLPYTVTS
TATTCAAGTAGATTTGGTCCATTAGAATGGCTAAAACCATACACAGATGATGTTGTTACG
284 Y S S RFGPLEWLEKPYTDDVVT
AATCTTGGAAAGAAAGGATGTAAATCATTGGGAATTATATCACCTTCCTTCCATACTGAT
304 N L G K KGCKSLGI I SPSFHTD
TGTCTTCGAAACATGGGAAGAACTTAGGGATGAATTAGGGGAACTTTTTATTAAACTCAGT
32 ¢ L ET WV EELRDELGETLTFTKHKILS
AATGGTGGAAATTTCGTTTTTATAGATTCATTAAATGATACTAAAGATTCAATTGATCTT
4 NG G NF VYV F I DSLNDTIEKDSTITDL
CTATGTCAATTAATTGATAGTAATAACT TTTAGATATTATTTTTACTTGAAAAGTTAATT
364 L C Q L I DS N N F =
AATATAAATACAAAATAA

10

%

Figure 1. Genomic DNA and ¢DNA sequences of the Strongy-
loides venezuelensis FeCH gene. Both sequences were identical
excluding the intronic region, which existed only in the genomic DNA,
and a nucleotide at the 54th codon (single-underlfined), which was
cytosine in the cDNA sequence but was thymidine in the genomic DNA
sequences (silent mutation). The deduced amino acid sequence is
shown below the nucleotide sequence. In-frame stop codons are
indicated by asterisks. 5'- and 3'-splice junction sites that obey the GT-
AG rule of eukaryotic introns are indicated by double lines.
doi:10.1371/journal.pone.0058458.9g001

in nearly all habitats (marine, freshwater, and soil), nematodes are
also parasites of vertebrate and invertebrate animals as well as
plants. Molecular phylogenetics have defined five major nematode
clades (I through V), within which parasitism has arisen multiple
times [11]. The genome of Caenorhabditis elegans, which was the first
metazoan genome to be completely sequenced [12], appears to
lack all seven genes necessary to synthesize heme from 5-
aminolevulinic acid [13].

Some hemoproteins of animal parasitic nematodes are partic-
ularly well studied because of the interests in their roles in low-
oxygen ecnvironment (host intestine). One such protein is
perienteric hemoglobin of Ascaris lumbricoides (parasitic nematode
of humans), which has an extraordinary high oxygen affinity,
approximately 10,000-fold higher than that of the host’s globin
[14]. The proposed functions of this oxygen-avid hemoglobin
include oxygen detoxification by a reaction driven by nitric oxide
[15] and maintenance of body wall Og tension by creating an
inward-decreasing O, gradient that is considered important for
oxygen unloading from body wall myoglobin, another heme-
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containing protein [16]. Another example of well-studied nema-
tode hemoproteins is cytochrome & in the mitochondrial re-
spiratory complex II of Ascaris suum (swine parasitic nematode). 4.
suum larvae utilize classic mammalian-type respiration, expressing
a small subunit of larval cytochrome & (CybS") [17]. In contrast,
adult worms live in the host small intestine, where oxygen tension
is low and utilize an anaerobic NADH-fumarate reductase system
expressing a different small subunit of cytochrome & (CybS®)
instead of CybS"™ [17]. Given the important roles played by the
hemoproteins in animal parasitic nematodes, it is interesting to
know how heme molecules are synthesized or acquired from the
animal hosts.

Strongyloides is a genus of obligate gastrointestinal parasites of
vertebrates that belong to nematode clade IV [18]. Among more
than 50 documented species, two are known to cause human
infections, namely Strongyloides stercoralis and Strongyloides fuelleborni
[18]. It is estimated that 30—100 million individuals are infected
with Strongploides worldwide primarily in tropic and subtropic
regions [19]. Symptoms are usually absent or mild in immuno-
competent hosts. However, in impaired host immunity, severe
manifestations can develop, and fatalities may ensue [20].

To study strongyloidiasis, Strongyloides venezuelensis, which is
native to rats but can also infect mice, has been widely used as
a model [21]. In a transcriptome sequencing project of this
Strongyloides species, we identified a partial cDNA sequence that
most likely encodes a gene for FeCH [22]. FeCH catalyzes the
terminal step of heme biosynthesis [23]. The existence of FeCH
sequences was noticed in the genomes of Brugia malayi (another
animal parasitic nematode belonging to nematode clade III) and
its bacterial endosymbiont, (Wolbachia). However, further analysis
was conducted only on the FeCH gene in the endosymbiont
genome [24,25].

In the present study, we cloned the entire cDNA sequence of the
FeCH gene from S. venezuelensis (SvFeCH). Our BLAST search on
publically available databases revealed that only a fraction of
nematode species possesses the FeCH gene. Interestingly, all these
species were parasites of mammals. Surprisingly, in our phyloge-
netic analysis, nematode FeCH formed a distinctive clade, and it
was placed distantly from the clade that contains non-nematode
metazoan FeCH, suggesting that the origin of nematode FeCH
genes are different from those of non-nematode metazoan FeCH.
The chelatase activity of the SyFeCH was confirmed by an @ vitro
assay using recombinant protein and a gene complementation
assay using an FeCH-deficient Escherichia. coli.

Nematode genes for heme biosynthesis have not been cloned or
characterized to date, essentially because of the nonexistence of
these genes in species commonly used in laboratories such as C.
¢legans. Thus, the present study represents the first report of
a cloned active FeCH from organisms in the phylum Nematoda.

Although the biological significance of carrying only the FeCH
gene among other heme biosynthesis genes is unclear, the presence
of this gene only in animal parasites suggests a possible role for this
gene in nutritional adaptation to the animal host environment.

Materials and Methods

Ethics Statement

S. venezuelensis has been maintained over serial passages in male
Wistar rats purchased from Kyudo Co. Ltd. (Kumamoto, Japan).
The animals were housed and handled in the Division of
Parasitology, Department of Infectious Diseases, University of
Miyazaki [26]. All animal studies were conducted under the
applicable laws and guidelines for the care and use of laboratory
animals in the University of Miyazaki and approved by the Animal
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Figure 2. Multiple sequence alignment of FeCH sequences. The FeCH sequences were taken from the NCBI protein database together with
the S. venezuelensis sequence (this study); Homo sapiens (CAB65962), Drosophila melanogaster (AAC26225), Saccharomyces cerevisiae (EDV10759),
Brugia malayi 1 (ADI33748), Brugia malayi 2 (ADI33749), Acanthocheilonema viteae (ADI33750), Dirofilaria immitis (ADI33752), Onchocerca volvulus
(ADI33751), Escherichia coli (AP_001124), and Bacillus subtilis (NP_388894). The sequences were computationally aligned by the ClustalX program [55].
The catalytic core and the C-terminal extension are boxed by red and green dotted lines, respectively. A histidine residue reported to be critical for
metal substrate binding (H263, human sequence numbering) is indicated by an inverted triangle. A cluster of three acidic residues are marked with
asterisks. Two residues at the active site that were reported to be identical in all known FeCH sequences (Y276 and W310) [56] are indicated by

number (#) marks.
doi:10.1371/journal.pone.0058458.g002

Experiment Committee of the University, as specified in the
Fundamental Guidelines for Proper Conduct of Animal Experi-
ment and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology, Japan, 2006.

5’- and 3'-rapid Amplification of cDNA Ends (RACE)

To determine the sequences of the 3'- and 5'-ends of FeCH
c¢DNA, RACE experiments were performed [27,28]. The priming
sites used for these experiments were based on a contig sequence
obtained from our . venezuelensis transcriptome sequencing project
[22]. For 3’-RACE, a PrimeScript RT-PCR kit (Takara, Japan)
was used with oligo(dT) adaptor primers to synthesize cDNA from
total RNA prepared from parasitic adult worms. Using this 3'-
RACE-ready ¢cDNA as a template, hemi-nested PCR was
performed first with primer pairs ENM059/ENMO008, followed
by ENMO060/ENMO008. The primer sequences used in this study
are summarized in Table S1. The resultant PCR products were
cloned into pCR2.1 TOPO (Invitrogen, Carlsbad, CA, USA) for
DNA sequencing.

For 5'-RACE, a gene specific-primer (reverse) ENMO070 was
used to synthesize cDNA from total RNA prepared from adult
worms. The addition of a homopolymeric A-tail to the 3'-end of
the synthesized first-strand cDNA was performed using dATP and
terminal transferase. The dA-tailed cDNA was used as a template
for hemi-nested PCR first with primers ENM5_6_7, and
ENMO08/ENMO71, then with primers ENMO008/ENMO072.
The resultant PCR products were cloned into pCR2.1 TOPO
for DNA sequencing.

Based on the sequence information obtained from the 5'- and
3'-RACE experiments, a PCR primer pair (ENM073/ENMO074)
was designed to amplify the entire ORF of the SuFeCH gene. The
PCR products obtained using an adult-stage cDNA sample as
a template were cloned into pCR2.1 TOPO vectors to determine
the sequence. The resultant full-length ORF sequence was
deposited into DNA Data Bank of Japan under the accession
number AB710465, which can be accessed through GenBank
(http:/ /www.ncbi.nlm.nih.gov/genbank/), and used to deduce the
amino acid sequence of the SvFeCH.

BLAST Homology Search

To search for heme biosynthesis genes, BLAST homology
searches [29] were performed against predicted protein sequence
data from published nematode genome projects (Caenorhabditis
briggsae (nematode clade V) [30], C. elegans (V) [12], Pristionchus
pacificus (V) [31], Meloidogyne incognita (IV) [31], Meloidogyne
hapla (IV) [32], Bursaphelenchus xylophilus (IV) [33], B. malayi (1)
[25], Ascaris suum (III) [34], and Trichinella spiralis (I) [35]) and
nematode expressed sequence tags (ESTs) from NEMBASE4 [36],
and S. venczuelensis genome (obtained by the Roche-454 pyrose-
quencing platform [37] with an estimated coverage of more than
20, unpublished), and transcriptome [22] datasets, using human
sequences as queries with cutoff value of 1x107*, For the FeCH
gene, the S. venezuelensis protein sequence, deduced from the cDNA
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sequence, was also used as a query to search for potential orthologs
against the aforementioned set of nematode genome and EST
datasets, as well as the NCBI nonredundant protein database.
Similarly, nematode heme biosynthesis gene sequences identified
during these database searches were used as queries, instead of the
human sequences, to search for potential orthologs in our S.
venezuelensis genome and transcriptome datasets.

Phylogenetic Analyses

We retrieved the gene sequences encoding FeCH of 71 bacterial
and 65 eukaryotic species from the GENBANK nonredundant
protein database (note that some eukaryotes possess more than two
FeCH homologs). These amino acid sequences and those of the S.
venezuelensis homolog were firstly aligned using MAFFT [38], and
the resultant alignment was edited manually. After the exclusion of
ambiguously aligned positions, the final FeCH alignment contain-
ing 71 eukaryotic and 71 bacterial homologs with 177 amino acid
positions was subjected to phylogenetic analyses, as described
below. Taxonomic affiliation and accession numbers for the
sequences considered in our FeCH alignment are listed in Table
S2.

Maximum likelihood (ML) phylogenetic analyses were per-
formed using RAxML 7.2.8 [39]. The substitution model used was
the LG model incorporating the among-site rate variation
approximated with a discrete gamma distribution with four
categories (LG+I). This particular substitution model was selected
as the most appropriate model for the FeCH alignment using
Aminosan [40]. The ML tree was selected from heuristic tree
search initiated from 20 distinctive parsimonious trees. In ML
bootstrap analysis (with 100 replicates), a single tree search was
performed per replicate.

Bayesian analysis based on the LG+I" model was also conducted
using MrBayes 3.2.1 [41]. Four parallel Metropolis-coupled
Markov chain Monte Carlo runs, each consisting of one cold
and seven heated chains with a chain temperature of 0.1, were run
for 5,000,000 generations. Log-likelihood scores and trees with
branch lengths were sampled every 1000 generations. The first
1,250,000 generations were excluded as burn-in, and the
remaining trees were summarized to obtain Bayesian posterior
probabilities.

Bacterial Expression of Recombinant SvFeCH and
Measurement of Porphyrin-metal Chelatase Activity

A cDNA sequence corresponding to the entire catalytic core
region of SuFeCH (amino acid positions 29-373) was obtained by
PCR using the primer pair TKT001/TKT002. The PCR product
was cloned into pET-21a (+), an E. coli expression vector (Merck,
Darmstadt, Germany), and the plasmid obtained was transferred
to E. coli BL21. The bacteria were grown in LB medium for 16 h,
and then the culture medium was diluted by 10-fold in fresh LB
medium. The enzyme was expressed with 0.3 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) at 30°C for 2 h.

The cells were harvested by centrifugation and suspended in
20 mM Tris-HC1 (pH 8.0), 10% glycerol, 1 mM DTT, 0.1%
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Figure 3. Phylogenetic analysis of FeCH sequences. The ML phylogeny inferred from FeCH amino acid sequences from 71 bacteria and 65
eukaryotes. Numerical values at the nodes represent MLBPs and BPPs. Only MLBPs greater than 60% are shown. The majority of the FeCH homologs
sampled from eukaryotes (colored in red) were separated into four clades shaded in blue, green, pink, and orange. The homologs from Strongyloides
venezuelensis identified in this study formed the ‘orange’ clade with those of other nematodes. We compared the ML tree and the alternative
hypotheses for the origin of the nematode FeCH genes by pruning and regrafting the entire nematode clade (shaded in orange) to the branches

marked by diamonds in the ‘blue’ clade.
doi:10.1371/journal.pone.0058458.g003

Tween 20, and 0.3 M NaCl. Cells were disrupted by sonication
and centrifuged at 5000xg at 4°C for 10 min. The supernatants
were used for the enzyme assay.

The FeCH activity was determined by measuring the insertion
of zinc ions into mesoporphyrin, as described previously [42].
After incubation at 30°C for 30 min, the protoporphyrin or zinc-
protoporphyrin formed was measured fluorophotometrically.

Genetic Complementation Assay of hemH (Bacterial
FeCH) Deficient E. coli

E. coli strain VS200 (AhemH), a deletion mutant for hemH gene
[43] was provided by the National Bioresource Project of MEXT,
Japan.

The entire ORF of SvFeCH, obtained by RT-PCR with the
primer pair ENM089/ENMO098, was cloned into the Xfol/Bglll
restriction site of pFLAG-CTC plasmid, an E. coli expression
vector containing a tac promoter (Sigma-Aldrich, St. Louis, MO,
USA). The resultant plasmid pFLAG-CTC-SoFeCH was tested as
a gene complementation vector. The original pFLAG-CTGC
plasmid served as a control.

AhemH was transformed with pFLAG-CTC-SoFeCH or with
pFLAG-CTC. The transformed and untransformed E. coli
AhemH strains were cultured overnight in LB medium supple-
mented with hemin (10 pg/ml).

For the culture of the transformed AhemH, ampicillin was also
added at a concentration of 50 pg/ml. The bacteria from. the
overnight culture were pelleted by centrifugation and washed
thrice with LB medium. After washing, the bacteria pellets were
resuspended to give an ODggg of 0.1 in hemin-containing (10 pg/
ml) or hemin-free LB medium with (for the transformed AhemH)

25

20

15

10

Zn-mesoporphyrin formed
(nmol/mg protein/h)

Untransformed Transformed

Figure 4. Chelatase assay using bacterially expressed recom-
binant SvFeCH. The cell extracts were incubated with 20 mM Tris-HCl,
pH 8.0, 0.1% Tween 20, 15 uM mesoporphyrin IX, and 40 uM zinc
acetate in a final volume of 200 pl at 30°C for 60 min. The formation of
zinc mesoporphyrin was measured. Data are expressed as the mean *
SD of triplicate experiments.

doi:10.1371/journal.pone.0058458.g004
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or without (for the untransformed AhemH) ampicillin, and
incubated at 37°C with rocking. O.D. 600 of each culture was
measured every hour up to 20 h.

Real-time RT-PCR Analysis

Total RNA samples were prepared from eggs, a mixture of first-
and second-stage larvae (.L1/L2), third-stage infective larvae (L3i),
lung third-stage larvae (LL3), mucosal larvae (ML) and parasitic
adult stages. Eggs were obtained by the floatation method with
saturated salt solution from rat feces. L1/L2 and L3i were
prepared from fecal culture. LL3 and ML were collected from
infected male ICR mice 72 and 85 h after infection, respectively.
Parasitic adults were collected from the small intestine of rats 10
days after infection. Eggs and worms were washed extensively with
PBS, pelleted by centrifugation and stored at —80°C until used.

Frozen eggs or worms were crushed with a crushing device (SK-
200) purchased from Tokken, Japan. Trizol (Invitrogen) was used
for total RNA preparation following the manufacturer’s instruc-
tions. After DNase I treatment, cDNA was synthesized using
PrimeScript RT-PCR kit. Real-time RT-PCR was performed by
the GoTaq gPCR system (Promega, Madison, WI, USA) using
specific primer pairs (ENM056/ENMO057 for SeFeCH and 377F/
501IR for 18S ribosomal RNA genes). The real-time RT-PCR
analyses were performed using biological triplicate samples.

Results

Initially, we identified an EST contig that appeared to represent
a transcript from SoFeCH gene [22]. The entire cDNA sequence
was determined by 3'- and 5’- RACE experiments. This sequence
could be mapped to the genomic DNA sequence of this organism
obtained from our genome sequencing project, the details of which
will be published elsewhere. The genomic and cDNA sequences of
the SoFeCH gene are presented in Figure 1. The length of the
coding region was 1122 bp including the stop codon. There was
one short (49 bp) intron. The deduced amino acid sequence had
a length of 373 residues and an expected molecular mass of
43.3 kDa.

In our search for the presence of other heme biosynthesis genes,
BLAST homology searches were performed against nematode
genome and EST databases, using human heme biosynthesis gene
sequences as queries (Tables S3 and S4). Overall, many nematodes
appeared to lack all the heme biosynthesis genes, as reported for C.
elegans [13]. However, some exceptions were also noticed, in-
cluding the presence of the aminolevulinic acid dehydrogenase
(ALAD) gene in several species and the uroporphyrinogen
decarboxylase (UROD) gene in Meloidogyne paranaensis, the
coproporphyrinogen oxidase (CPOX) gene in Ancylostoma caninum,
and the FeCH gene in B. malayi and Sirongploides ratti. No heme
biosynthesis gene other than FeCH was found in our S. venezuelensis
genome and transcriptome data using the human sequences as
queries. We did not obtain any significant hit from the BLAST
analyses for S. venezuelensis genome and transcriptome datasets
using the ALAD, UROD, and CPOX gene sequences identified in
the nematode genome/EST datasets (see above) as queries. When
the SoFeCH protein sequence was used as a query for the BLAST
analysis, two additional species were found to carry FeCH gene
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(Table S5), namely Litomosoides sigmodontis and Onchocerca volvulus.
The S. venezuelensis sequence was also used for BLAST searches
against NCBI non-redundant protein database, which led to the
identification of two more nematode species that carry FeCH,
namely Dirgfilaria immitis and Acanthocheilonema viteae. These results
are interesting because all the species found to carry the FeCH
gene were animal parasites (filarial nematodes in clade III and
Strongyloides in clade IV).

A multiple sequence alignment of FeCH protein sequences from

* selected organisms is presented in Figure 2. Amino acid residues in

the catalytic core (boxed by a red dotted line) displayed moderate
similarity. Key residues for FeCH activity, such as H263 (human
sequence numbering), which was proposed to be involved in metal
substrate binding [23,44], were well conserved. Characteristically,
nematode (S. venezuelensis and B. malay) FeCH lacked a protein
region called the “C-terminal extension,” a short (approximately
30-50 amino acid residues) stretch of sequences at the C-terminus
of the protein that is commonly present in the FeCH of non-
nematode opisthokonts [23,45] (boxed by a green dotted line in
Figure 2). To measure the similarities of these selected sequences,
BLAST scores and amino acid identities were retrieved by the
BLASTP program (Table S6). All the nematode FeCH sequences
had higher BLAST scores and percent similarity values to the E.
coli sequence (BLAST score: 202-221; similarity: 33.6%—-36.8%)
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than to human (92-106 and 26.8%—27.5%, respectively), Drosoph-
Wla (93-102 and 24.0%-25.9%, respectively) and Saccharomyces
sequences (74-96 and 23.0%—-27.2%, respectively). When BLAST
homology searches were conducted using the SoFeCH protein
sequence as a query against the NCBI non-redundant protein as
described above, virtually all the top hits were bacterial sequences
excluding the sequences of filarial nematodes (data not shown).
These findings prompted us to conduct a phylogenetic analysis to
better clarify the evolutionary origin of nematode FeCH genes.

Phylogenetic Analysis

The amino acid alignment of FeCH sampled from 71
eukaryotic and 71 bacterial species was phylogenetically analyzed
by ML and Bayesian methods (Figure 3). Overall, the FeCH trees
inferred by the ML and Bayesian methods were concordant with
each other as well as the results of previously published FeCH
phylogenies [7,46,47,48]. Four major clades including the FeCH
homologues sampled from eukaryotes were reconstructed with ML
bootstrap support values (MLBPs) of 86%-96% and a Bayesian
posterior probability (BPP) of 1.00 (shaded in blue, green, pink,
and orange; Figure 3): (1) a ‘blue’ clade comprising a single
bacterial homolog (Gemmatimonas aurantiaca) and those of eukar-
yotes~non-nematode metazoans, fungi, Capsaspora owczarzaki,
oomycetes, amoebozoans, and ciliates; (2) a ‘green’ clade of the
homolog of cyanobacteria including an obligate endosymbiont in
the testate amoeba, Paulinella chromatophora [49], and putative
plastid homolog in photosynthetic eukaryotes; (3) a ‘pink’ clade
comprising the homolog of insect trypanosomatids [3]; (4) an
‘orange’ clade comprising the homolog of parasitic nematodes
including . venezuelensis. Other homologs sampled from eukaryotes
were scattered amongst the bacterial homologues, and they
exhibited no specific evolutionary affinity to other homologs.

The FeCH phylogeny suggested that the homologs from non-
nematode metazoans nested in the ‘blue’ clade and those of
nematodes forming the ‘orange’ clade were distantly related to
each other. Although they received little support from the ML
bootstrap and Bayesian analyses, the homologs from non-
nematode metazoans, Capsaspora, and fungi were grouped togeth-
er, corresponding to members of Opisthokonta, a well-established
monophyletic assemblage [50]. Curiously, the nematode FeCH
homologs formed a robust clade with an MLBP of 96% and BPP
of 1.00, being distinct from other metazoan homologs. This tree
topology can be rationalized by the vertical inheritance of FeCH
genes from the ancestral opisthokont species to non-nematode
metazoans and horizontal transfer of a FeCH gene between the
ancestral nematodes and a non-metazoan organism. This conjec-
ture was further supported by a topology test comparing the ML
tree shown in Figure 3 with three alternative trees, in which the
nematode homologs were enforced to branch at the base of (1) the
non-nematode metazoan clade, (2) the clade of the opisthokont
homologues (excluding that of Schizosaccharomyces pombe), and (3) the
‘blue’ clade composed of the eukaryotic and Gemmatimonas
homologs (highlighted by diamonds in Figure 3). Importantly, all
the alternative trees were successfully rejected with very small p
values (2.0x10778-2,0x107%),

Chelatase Assay using Recombinant SvFeCH

To determine whether the FeCH gene of S. wenezuelensis
identified in the present study encodes an active enzyme, we
conducted a chelatase assay using a bacterially expressed
recombinant SoFeCH. We constructed an expression plasmid,
pET-SvFeCH, which was used to transform E. coli strain BL21.
Protein expression was induced by incubation with 0.3 mM IPTG
at 30°C for 2 h. The enzyme activity was measured using the cell
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extracts of untransformed and transformed bacteria. The FeCH
activity in transformed bacteria, which was derived from over-
expressed SoFeCH and endogenous E. Coli FeCH, was much
higher than that in the untransformed control, which originated
solely from endogenous FeCH, indicating that the enzyme was
active (Figure. 4).

Genetic Complementation Assay of hemH Deficient E.
coli

The VS200 strain of E. coli K12, a hemH null-mutant, was used
for the gene complementation assay, and the results are shown in
Figure 5. V8200 could not grow in LB medium, unless hemin
(10 pg/ml) was supplemented. The expression of SuFeCH by
pFLAG-CTC-SFeCH made the bacteria capable of growing in
the LB medium in the absence of hemin. Transforming the
bacteria with the control vector (pFLAG-CTC) did not have such
an effect. Therefore, it was concluded that SyFeCH is an active
enzyme that can function as FeCH.

Expression of FeCH during the Life Cycle of S.
venezuelensis

The relative expression levels of StFeCH mRNA were assessed
by real-time RT-PCR analysis using RNA samples prepared from
the six major developmental stages of S. venezuelensis (Figure 6). It
was observed that although SuFeCH mRNA expression was
present throughout the stages, it was relatively low in L3i.

Discussion

We demonstrated that a gene for FeCH exists in the S.
venezuelensis genome. Although the presence of the FeCH gene in
the draft genome of B. malay was reported previously [24,25], no
further characterization was reported. The present study repre-
sents the first cloning and characterization of nematode FeCH,
particularly in an evolutionary context.

Phylogenetic analyses revealed that nematode FeCH forms
a distinct clade from that of non-nematode metazoans, indicating
that the evolutionary origin of nematode FeCH is fundamentally
different from that of the FeCH genes of other metazoan
organisms. In the ML phylogeny, the nematode clade was placed
within the homologs from a subset of alpha-protcobacteria,
although the statistical support for this hypothesis is inconclusive.
If the affinity between the nematode and alpha-protecbacterial
FeCH homologs is genuine, then an as-yet-unknown alpha-
proteobacterium was the source of the FeCH homologs working in
the extant nematodes. This hypothesis is intriguing because
replacement of the eukaryotic FeCH gene by a bacterial FeCH
gene had been suggested only for unicellular eukaryotes, such as
apicomplexan parasites (Plasmodium falciparum, P. chabaudi, P. bergher,
Eimeria tenella, Toxoplasma gondii, and Neospora caninum) [47,48,51],
the chromerid Chromera wvelia [47], rhodophytes (Cyanidioschyzon
merolae, Porphyra yezoensis, and Galdieria sulphuraria) [48], and the
euglenid Euglena gracilis [46).

BLAST analysis of the sequenced nematode genomes and
transcriptomes revealed that the FeCH gene is present only in
Strongyloides (clade IV) and filarial parasites (clade III). It is still not
clear at which point of nematode evolution the proposed
horizontal gene transfer event occurred. Regarding B. malayi and
related filarial nematodes, horizontal gene transfer from Wolbachia,
a bacterial symbiont, is known to have occurred [52]. However,
the FeCH sequences present in nematode genomes do not appear
to originate from Wolbachia based on the positions of the Wolbachia
species in the phylogenetic tree (Figure 3).
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We hypothesize two possible scenarios concerning the evolu-
tionary histories of FeCH genes in nematodes, using a current view
of the phylogenetic relaticnship of nematode clades [10]. Because
no nematode species possesses the ‘blue clade’ FeCH commonly
found in opisthokonts, it can be speculated that this type of FeCH
was lost early in nematode evolution (Figure. 7). Strongyloides and
the filarias may have acquired FeCH genes from alpha-
proteobacteria independently. Alternatively, a common ancestral
lineage leading to clades III, IV, and V may have received such an
alpha-proteobacterial FeCH gene (scenarios 1 and 2, respectively:
Fig. 7a and 7b). For scenario 1 to be true, the hypothetical alpha-
proteobacterial species that provided FeCH genes to Strongyloides
and filarias, need to be closely related to each other, because the
nematode homologs were robustly grouped together in the FeCH
phylogeny (Figure. 3). In scenario 2, the lateral transfer of
a bacterial FeCH gene occurred through an ancestor leading to
species that belong to clades III, IV, and V, and again, the FeCH
gene disappeared in some species in clades III and IV such as
Ascaris and Meloidogyne and in the branch leading to clade V
(Figure. 7b).

Among the parasitic nematodes, the reason why only Strongy-
loides and filarias needed to reacquire (scenario 1) or retain
(scenario 2) FeCH gene is unclear, particularly when the other six
heme biosynthesis genes are still absent. This situation (the
presence of FeCH gene in the absence of other heme biosynthesis
genes) has been documented for a limited number of organisms,
such as Haemophilus influenzae [53] and P. serpens [9]. As was
suggested for H. influenzae [9,54], there may be a possibility that
FeCH is used to obtain Fe®* through its reverse activity rather
than obtain heme from protoporphyrin IX using its forward
activity.

Supporting Information
Table S1 List of primers used in this study.
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Strongyloides venezuelensis is one of some 50 species of genus Strongyloides, obligate gastrointestinal parasites
of vertebrates, responsible for strongyloidiasis in humans and other domestic/companion animals. Although
S. venezuelensis has been widely used as a model species for studying human/animal strongyloidiasis, the se-
quence information for this species has been quite limited. To create a more comprehensive catalogue of
expressed genes for identification of genes potentially involved in animal parasitism, we conducted a de
novo sequencing analysis of the transcriptomes from four developmental stages of S. venezuelensis, using a
Roche 454 GS FLX Titanium pyrosequencing platform. A total of 14,573 contigs were produced after de
novo assemblies of over 2 million sequencing reads and formed a dataset “Vene454". BLAST homology search
of Vene454 against proteome and transcriptome data from other animal-parasitic and non-animal-parasitic
nematode species revealed several interesting genes, which may be potentially related to animal parasitism,
including nicotinamide phosphoribosyltransferase and ferrochelatase. The Vene454 dataset analysis also en-
abled us to identify transcripts that are specifically enriched in each developmental stage. This work repre-
sents the first large-scale transcriptome analysis of S. venezuelensis and the first study to examine the
transcriptome of the lung L3 developmental stage of any Strongyloides species. The results not only will
serve as valuable resources for future functional genomics analyses to understand the molecular aspects of
animal parasitism, but also will provide essential information for ongoing whole genome sequencing efforts

in this species.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Members of the genus Strongyloides are gastrointestinal parasites
of vertebrates, some of which are pathogens of medical and veteri-
nary importance, The life cycle of Strongyloides is rather complex
but fascinating from a biological perspective [1]. Infective 3rd stage
larvae (L3i) live in soil and infect the host animal by penetrating the
skin. The larvae migrate through the connective tissue, enter the cir-
culation, and then reach the lung. They escape into the alveolar space,
ascend the tracheobronchial tree, get swallowed, and finally reach the
small intestine, where they molt twice into parasitic adults. Eggs pro-
duced by the adult worms hatch into first stage larvae (L1) in the host
intestine or in the host feces depending on the species. These larvae
either develop directly into L3i through 2 molts (direct development)
or into free-living worms of either sex (indirect development). In case
of the indirect development, adult worms of male and female mate to
produce eggs in the soil. The L1 progeny of this generation develops

* Corresponding author at: 5200 Kihara, Kiyotake, Miyazaki 889-1692, Japan. Tel.: + 81
985 85 0990; fax: +81 985 84 3887.
E-mail address: hikomaru@med.miyazaki-u.ac.jp (H. Maruyama).
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into L3i in most species. However, more than one free-living cycle
are known to occur in some species [2].

More than 52 Strongyloides species are recognized so far. Among
themn, two species are known to cause human diseases (strongyloidi-
asis), affecting an estimated 50-100 million individuals worldwide
[3]. Of the 2 species, Strongyloides stercoralis is much more wide-
spread than the other species, S. fielleborni [4]. Several species infect
livestock, including S. ransomi in swine [5], S. westeri in horses {6] and
S. papillosus in ruminants [7]. Companion animals (dogs and cats) are
also affected by some Strongyloides species, such as S. stercoralis and S.
planiceps [4,8].

For laboratory studies, Strongyloides ratti and Strongyloides
venezuelensis are the most widely used [9]. Both the species are native
to rats but can also infect mice. Large scale EST analysis of Strongyloides
parasites was first conducted for S. ratti using L1, L2, free-living adult/
L3i, and parasitic females [10]. A total of 4152 clusters were obtained
from this analysis which were estimated to be the 20% of the S. ratti
genes and later used for developing a microarray assay system [11,12].
Large scale EST analysis was also conducted for S. stercoralis, which gen-
erated 3311 EST clusters, using L1- and L3i-stage libraries [13]. More re-
cently, a transcriptome analysis of S. stercoralis L3i using 454/Roche
pyrosequencing technology [14] was also reported [15]. However for S.
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venezuelensis, only limited EST data (162 clusters from an L3i library)
have been reported so far [16].

In this study, our aim was to create a more comprehensive cata-
logue of expressed genes for S. venezuelensis, which enables us to per-
form comparative analyses with the rapidly expanding transcriptome
data from other free-living and parasitic nematodes.

Using the 454/Roche pyrosequencing technology, we analyzed
non-normalized cDNA libraries constructed from four developmental
stages, including lung third-stage larvae (LL3) which were not studied
in the previous S. ratti and S. stercoralis EST analyses. The LL3 stage is
present in a wide variety of animal-parasitic nematodes belonging to
different phylogenetic clades, such as Ascaris and Toxocara in clade III,
Necator and Nippostrongylus in clade V and Strongyloides in clade IV.
However, the biological significance of this stage is not well understood
[17]. In S. venezuelensis, both L3i and LL3 are in the third stage, but they
show considerable biological differences. For example, L3i can pene-
trate the host's skin but they are unable to do so at the LL3 stage [17].
Moreover, L3i cannot settle down in the intestinal mucosa but LL3
can, secreting adhesion molecules [17,18]. Therefore a major develop-
mental change seems to take place during the transition from L3i to LL3.

At present, our understanding on many aspects of biology of
Strongyloides parasites at the molecular level is quite limited, so
the large-scale transcriptome analysis carried out in this study will
help in prioritizing and accelerating researches in this understudied
genus,

2. Materials and methods
2.1. Parasites and animals

S. venezuelensis used in this study was originally isolated at Naha,
Okinawa, Japan by Hasegawa and others in 1988 [19]. Since then, this
isolate has been maintained by serial passages in laboratory rats:
feces from infected rats were cultured using the filter paper method
[20] for 3-4 days and infective third stage larvae (L3i) which came
out of the feces were collected. These larvae were used to infect
next rats. Because one infection cycle typically takes 10 days, it was
estimated that this S. venezuelensis isolate had been maintained for
roughly 800 generations before the sample collection (done in 2010)
for this study. At the time of the original isolation, it was already noticed
that this strain of S. venezuelensis produced very few numbers of
free-living stages [19]. In our hands, no free-living stage has been
observed so far. Therefore, it appears that the ability to undertake
free-living development has been lost for this strain of S. venezuelensis
during the long laboratory maintenance. For this reason, free-living
stages were not included in the present study.

ICR mice and Wistar rats were purchased from Kyudo Co. Ltd.
(Kumamoto, Japan). All animals were kept and handled under the
approval of the Animal Experiment Committee of the University of
Miyazaki. The third-stage infective larvae (L3i) were obtained from
fecal culture by the filter paper method [21]. For collection of the
lung third-stage larvae (LL3), male ICR mice were subcutaneously
inoculated with approximately 30,000 L3i, and the lungs were re-
moved 72-75 h post infection (p.i.), homogenized with Polytron
PT-MR3000 (Kinematica AG, Littau, Switzerland) at 20,000 rpm for
a few seconds. The lung homogenates were wrapped with KimWipe
papers and incubated in phosphate-buffered saline (PBS) at 37 °C for
1.5 h and worms emerging out through the paper were collected
[22]. Mixtures of eggs and first stage larvae (L1) were collected as
follows: eggs were separated from feces by the flotation method
with saturated salt solution [23], washed extensively with water,
and incubated at 27 °Cfor 24 h in PBS. About half of the eggs hatched
into L1. This egg/L1 mixture was collected by centrifugation. Parasit-
ic adult female worms were collected from infected rats 8-10 days
p.. [22].

2.2. Preparation of transcriptome libraries and 454 sequencing

Frozen worms were crushed manually using a freeze-crushing ap-
paratus (SK Mill, Tokken, Chiba, Japan), followed by total RNA isola-
tion with the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) [16].

Four cDNA libraries from each of the 4 different developmental
stages (Egg/L1, L3i, LL3, and adults) were prepared for 454 sequenc-
ing according to the manufacturer's instruction [24], with each library
having different MID (Titanium Multiplex Identifier) adaptors. Two
sequencing runs were performed with the Roche 454 GS FLX Titanium
platform to generate 543,713 reads, 622,248 reads, 679,257 reads and
638,728 reads for Egg/L1, L3i, LL3 and adult stages, respectively.

2.3. Assembly of 454 reads

Pooled sequencing reads from the four stages were subjected to as-
sembling by the Roche's de novo GS assembler (Newbler, release 2.3).
The initial 14,892 contig sequences were first searched against the
NCBI nucleotide database (nt) and the NCBI Rat UniGene sequences
using the BLASTn program. Contigs which showed BLAST hits to bacte-
rial, viral or Rattus norvegicus nucleotide sequences and ribosomal RNA
sequences (<1e™“°) were removed from the dataset. The remaining
14,573 contigs formed a dataset “Vene454” and were subjected for fur-
ther analyses.

2.4. Functional gene classification based on gene ontology and protein
family/domain search

Functional annotation by the gene ontology (GO) terms was carried
out using the Blast2GO (B2G) program [25]. InterPro (InterProScan,
EBI) search was performed remotely from B2G via the InterPro EBI
webserver [26,27].

2.5. BLAST homology search

Sequences in the Vene454 dataset were subjected to BLAST {28] anal-
ysis against predicted protein data from the following nematode genome
projects: Caenorhabditis briggsae (nematode clade V) [29], Caenorhabditis
elegans (V) [30], Caenorhabditis japonica (V) [31], C. remanei (V) [31],
Caenorhabditis brenneri (V) [31], Meloidogyne incognita (IV) [32],
Meloidogyne hapla (IV) [33], Bursaphelenchus xylophilus (IV) [34], Brugia
malayi (1) [35], Ascaris suum (III) [36], and Trichinella spiralis (1) [37].
BLAST analyses were also performed against nematode ESTs (expressed
sequence tags) from NEMBASE4 [38]. In this case, from the original
NEMBASE4, which contains 237,154 EST clusters from 62 nematode spe-
cies, 2 sub-datasets were generated. One was composed of 114,356 clus-
ters from 33 animal-parasitic species and the other contained 101,450
from 25 non-animal-parasitic (i.e. free-living or plant parasitic) species.
Species included in each sub-dataset are listed in Table S1.

Contig sequences showed BLAST hits (BLAST score cut-off = 50) to
protein or EST sequences of multiple animal-parasitic species that be-
long to multiple clades in the absence of BLAST hits (BLAST score
cut-off =40) to the following free-living and plant parasitic nema-
tode species: C. elegans, C. briggsae, C. brenneri, C. japonica, M. hapla,
M. incognita, and B. xylophilus (protein sequences), and species listed
as non-animal-parasitic in Table S1 (EST sequences), were considered to
be potential animal parasitism related genes. Among such S. venezuelensis
contigs, only those with sequence descriptions by the Blast2GO program
were selected. The original sequence descriptions generated by the
Blast2GO program were sometimes uninformative, so we manually
curated them when necessary.

2.6. Expression pattern profiling during development

Expression pattern profiling of each gene was conducted with CLC
genomics workbench 5.1 (CLC bio, Aarhus, Denmark). In this analysis,
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sequences in the Vene454 dataset were used as references, and se-
quencing reads originating from each stage were mapped to the ref-
erences. The numbers of reads which were uniquely mapped to
each contig (read counts) were considered as measures for the ex-
pression level of each gene. A transcript (contig) was designated to
be stage-enriched when the read count belonged to the top 15% in
abundance in one stage whereas the read counts for the same gene
were <3 in all other stages.

3. Results
3.1. Pyrosequencing and de novo assembly

We obtained 2,483,165 sequencing reads from 2 sequencing runs, in
which the average read length was 389 nucleotides (nt). The sequenc-
ing data have been deposited to DDBJ Sequence Read Archive (DRA)
under the accession number DRA000395. These sequencing reads
were assembled into 14,902 contigs using NEWBLER v.2.3. This initial
dataset was subjected to BLASTn search to remove the rRNA sequences
and the sequences of bacterial, viral or host animal (rat) origin. The
remaining 14,573 sequences formed a dataset “Vene454”.

3.2. Functional gene classification based on gene ontology and by
InterPro domain/family search

Gene ontology (GO) terms for the three main categories (cellular
component, biological process and molecular functions) were assigned
to sequences in the Vene454 dataset using the Blast2GO program. A
total of 66,204 GO terms were mapped to 9574 out of the 14,573 contigs
queried (an average of 4.5 GO terms/contigs). To have a general over-
view of the assigned terms, Blast2GO scores [39] calculated for each GO
terms (level 2} in the three main categories are summarized in Table S2.

Sequence search against the InterPro database was also conducted to
extrapolate potential functions based on the sequence signatures of the
predicted proteins. A summary of the 20 most frequent domains and
families found in the Vene454 dataset is shown in Table S3. The most

Table 1

frequently identified protein family was IPR0O0276 (7 transmembrane
G-protein coupled receptor, rhodopsin-like), which forms an extraordi-
nary large gene family in C, elegans as well that plays key roles in chemo-
reception [40]. It was also noticeable that there were 140 contigs that
were predicted to have IPRO01506 (Peptidase M12A, astacin).

3.3. BLAST similarity search and identification of potential animal-
parasitism-related genes

We tried to find out contigs of which potential homologues could not
be found in any of the non-animal parasites while potential homologues
were found in animal parasites beyond clade IV to which S. venezuelensis
belongs. A total of 2218 contigs showed that BLAST hits to sequences in
at least one animal-parasitic species, while no hit was found in any of
free-living and plant-parasitic species. Among them, only 55 contigs
had sequence descriptions assigned by the Blast2GO program. From
these 55 contigs, 18 were removed because potential homologous se-
quences seemed to exist only in the clade IV animal parasites. At this
point manual curations of the automatically assigned descriptions were
conducted and resulted in a removal of 25 sequences because of their
uninformative descriptions. A list of the 12 remaining sequences is
presented in Table 1. This list includes several genes of interesting func-
tions such as nicotinamide phosphoribosyltransferase (contig04650), an
enzyme involved in the processing of nicotinamide adenine dinucleotide
(NAD) in mammals, deoxyribodipyrimidine photolyase (contig08989), a
light-driven DNA repair enzyme, tuberin (contig10542) an intracellular
signaling molecule, and a ferrochelatase gene (contig10320) which
produces an enzyme in the heme biosynthetic pathway. Four contigs
(contigs12792, 13180, 13181 and 14229) encode proteins with SCP
(sperm coating protein) domains, which are implicated in various
host-pathogen interactions in parasitic helminthes [41].

3.4. Expression pattern profiling

Strongyloides experience an entirely different environments dur-
ing development. Their adaptation to the environment should be

Potential animal parasitism genes identified by BLAST homology searches against animal-parasitic and non-animal-parasitic nematode sequences. S. venezuelensis contigs that
showed BLAST hits to protein or EST sequences from multiple animal-parasitic species which belong to multiple clades in the absence of BLAST hits to the following free-living
and plant-parasitic nematode species; Caenorhabditis elegans, Caenorhabditis briggsae, Caenorhabditis brenneri, Caenorhabditis japonica, Meloidogyne hapla, Meloidogyne incognita,
Bursaphelenchus xylophilus, and species listed as non-animal-parasitic species in Table S1, were considered to be potential animal parasitism related gene and presented in this
table. Sequence descriptions were retrieved automatically (unmarked) or assigned manually (marked with asterisk). When the presence of signal peptides (SP) or transmembrane
domains (TM) was predicted by the Blast2GO program, they are shown in the table. Abbreviated species names are presented when respective contig sequence showed BLAST hit to
sequences in proteome database (in red color) or EST database (in black color): Ts (Trichinella spiralis), Tm (Trichuris muris), As (Ascaris suum), Bm (Brugia malayi), Ls (Litomosoides
sigimodontis), Ov (Onchocerca volvulus) Ss (Strongyloides stercoralis), Sv (Strongyloides venezuelensis) Sr (Strongyloides ratti), Dv (Dictyocaulus viviparus), Pt (Parastrongyloides
trichosuri) Ac (Ancylostoma caninum), Hc (Haemonchus contortus), and Oo (Ostertagia ostertagi).

Potential orthologue in animal parasitic nematodes

Clade
Signal peptide (SP),
Sequence 1D Length  Description transmembrane I i} v v
domain (TM)
Contig04650 1514 Nicotinamide phosphoribosyltransferase Ts, Ts, Tm As, Bm Sv Ac
Contig08989 891 Deoxyribodipyrimidine photo-lyase-like Ts As, Bm © Sy
Contig10542 1042 Tuberin isoform 4 Ts As, Bm Sv
Contig12682 1239 Putative myelin proteolipid protein® SP,T™M As, Bm Sv, Sr, Dv Ac
Contig01173 1116 Ubiquitin-associated domain-containing protein® 5P, TM As, Bm, As Sv, Ss, St
Contig03678 794 Nuclear hormone receptor-like 1 As, Bm Sv
Contig03812 526 Hypothetical protein™ As, Bm Sv
Contig03855 1748 Gamma-tubulin complex component, putative As Sv
Contig10320 934 Ferrochelatase Bm, Ls, Ov Sv, Sr
Contig12792 732 Golgi-associated plant pathogenesis related protein (GAPR)-like* SP Sv, Sr. Ss, Pt Ac
Contig13180 806 Goigi-associated plant pathogenesis related protein (GAPR}-like* sSp Sv, Sr. Ss, Pt " Ac
Contig13181 736 Golgi-associated plant pathagenesis related protein (GAPR)-like* SP Sv, Sr. Ss, Pt Ac
Contig14229 694 Golgi-associated plant pathogenesis related protein (GAPR)-like” sSP Sv, Sr, Ss, Pt Ac




Table 2

Transcripts enriched at each developmental stage. Sequence reads originated from the each developmental stage were mapped to contig sequences. The number of reads which were uniquely mapped to each contig, was considered as
measures for the expression level. See Materials and methods for the inclusion criteria, Sequence descriptions were obtained automatically by Blast2GO program (unmarked) or manually (marked with asterisk). When BLAST hits were
found by species specific database search (cut-off BLAST score>50), the identifiers of the top-hit sequences were presented. Mean, median and range of the BLAST scores for hits presented in the four tables are as follows: Clade 1V;
212, 152 (51-1456), Clade 11I; 213, 156 (51-1174), and Clade V; 223, 116 (52-1168).

NA: no description available.

Sequence ID  Length (nt) Description Number of reads BLAST top hit sequence ID
Clade IV Clade 111 Clade V

Egg L1 L3i Lung Adults S, ratti S. stercoralis M. incognita B. malayi A, suum C. elegans
(a) Egg/1st stage larvae
Contig02224 6321 C-type lectin-like domain containing protein® 320 2 0 0  SRC00288 SSC05703 - BM02362 GS_11180 F40F4.6
Contig00944 1807 Acid sphingomyelinase* 179 2 1 0 SRC03337 - WBMinc15253 - GS_00745 ZK455.4
Contig13529 2623 ~NA~— 98 0 2 2 SRC01061 - - - - -
Contig02791 1117 Phospholipase membrane-associated-like 66 2 2 3 SRC00315 S$SC03181 WBMinc04650  BM01697 GS_14039 F09C8.1
Contig09089 953 Collagen family member* 62 0 0 0  SRC00419 $5C02818 WBMinc01401b BM18921 GS_12613  (29F4.1
Contig05231 1563 Hypothetical protein® 60 0 2 1 SRC02227 - - - - C12D12.1¢c
Contig06547 1023 Cuticle collagen 34 60 0 0 0 SRCO0651 S5C02603 WBMinc01401a BM18921 GS_15592
Contig13207 666 —NA— 51 1 0 0 SRCO7045 §5C02645 - - - -
Contig11888 780 Hypothetical protein* 45 0 0 0  WBMinc09904 BM20167 GS_08342 C42D4.3
Contig04606 984 Collagen family member (col-107) 44 0 0 1  SRC01306 S5C02645 WBMinc06657 BM06181 GS_11454 KO08C9.4
Contig08342 882 Cre-grl-4 protein (hedgehog-like protein)* 44 0 0 0  SRC0O0831 §5C01751 WBMinc08602  BM21849 GS_00656 F42C5.7
Contig03141 2120 Cre-gInA-2 protein (putative glutaminase)™ 42 1 0 1 SRC02034 SSC06043 WBMinc05738  BMO06061 GS_03196 DHI11.1
Contig13485 1149 Hypothetical protein® 41 0 1 1 SRC0O2258 §5C02457 - - - -
Contig03829 1765 Cre-Tyr-2 protein (tyrosinase family member)* 38 0 0 0  SRC01066 SSC03597 WBMinc17501  BM00502 GS_03401 KO8E3.1
Contig14061 1067 ~NA— 38 0 1 [ - - - - -
Contig13553 838 —NA— . 37 0 2 0 - - - - - -
Contig07887 2658 Laminin subunit alpha-1-like 32 0 1 1 SRC02207 - WBMinc07462  BMO06796 GS_04625 T22A3.8
Contig10636 2031 TBC (Tre-2/Bub2/Cdc16) domain family member* 32 1 1 0 SRC00690 SSC03889 WBMinc17739¢ GS_04011 (31E10.8
Contig07078 3565 Cell adhesion molecule 31 2 3 2 - - WBMinc00828  BM19509 GS_11487 Y54G2A.25a
Contig01949 914 —NA— 30 0 0 0 SRC00448 - - - - -
Contig02995 1002 Acid ceramidase-like 30 0 0 0 SRC02798 - - BM04865 (GS_09726 F27E5.1
Contig08108 618 —NA— 30 2 1 0o - - - - - -
Contig09136 893 C-type lectin family member” 29 0 3 2 SRCO0609 - WBMinc16602  BM21558 GS_03260 FO8H9.9
Contig06835 832 Hypothetical protein 25 1 1 2 - SSC00728 - - GS_18776 D1053.3
Contig04087 1854 Nuclear hormone receptor family member* 23 1 3 1 SRC05235 SSC03578 WBMinc15420  BM00476 GS_17444 KO08A2.5a
Contig11995 1385 Sybindin-like family protein 23 1 0 0  SRC02156 55C€02451 WBMinc15567  BM06401 GS_22622 KO04H4.2a
Contig13448 1185 Collagen family member* 23 0 2 0 SRC09545 $5C02645 WBMinc17140  BM19392 GS_10172 B02228
Contig14273 1033 Histidine ammonia-lyase 23 0 2 2 - - WBMinc18775 - GS_22677 F47B10.2
Contig01037 1292 Frizzled smoothened family membrane region containing protein 20 0 2 2 - - WBMinc15075  BM20979 GS_09630 Y71F9B.5b
Contig03437 2088 Pan domain-containing protein 20 0 0 3 SRC00996 S$SC02945 WBMinc04213a BMO01345 GS_19262 (34G6.6a
(b) Infective 3rd stage larvae
Contig02069 1411 Zinc metalloproteinase nas-34 0 1717 0 0 SRCO0539 SSC00003 WBMinc08611 BM21202 GS_18837 F40E10.1
Contig08387 923 Zinc metalloproteinase nas-34* 0 1522 3 0  SRC00539 SSC00003 WBMinc08611  BM21202 GS_18837 F40E10.1
Contig04750 1054 Hypothetical protein® 0 1203 0 0 - - - - - -
Contig08029 602 —NA— 0 772 0 o - - - _ _ _
Contig11278 698 Zinc metalloproteinase nas-8 1 674 0 0  SRC04332 SSC00003 WBMinc18862  BM01052 GS_04549 (C24F3.3
Contig08808 874 Zinc metalloproteinase nas-37* 0 401 o] 0  SRC00539 SSC00003 WBMinc08611  BM21202 GS_18850 (C17G1.6b
Contig10138 1492 L3NieAg.01 [Strongyloides stercoralis* 0 336 0 0  SRC08538 SSC00683 WBMinc17117a  BM01273 GS._17544 F09B9.5
Contig11702 833 Zinc metalloproteinase nas-34 0 278 0 0  SRC00539 SSC00003 WBMinc08611  BMO07170 GS_18837 F40E10.1
Contig12649 1931 Zinc metalloproteinase nas-10* 1 153 2 0  SRC05342 SSC00042 WBMinc12125  BMO03357 (GS_22487 K09C8.3a
Contig14343 1290 Golgi-associated plant pathogenesis-related protein 1 0 146 0 0  SRC08538 SSC00135 WBMinc18383  BMO06834 GS_17544 CO07A4.3
Contig13830 1092 —NA— 0 135 0 0 - - - - - -
Contig14054 648 Golgi-associated plant pathogenesis-related protein 1 0 99 0 0  SRC08538 SSC00135 - BM05783 GS_17544 D2062.1
Contig07246 544 L3NieAg.01 [Strongyloides stercoralis] o] 87 0 0  SRC08538 S§SC00443 - - - -
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(c) Lung 3rd stage larvae
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(d) Parasitic adults
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WBMinc08611

WBMinc08611
WBMinc14072

WBMinc16018
WBMinc04612
WBMinc08611

WBMinc01936

WBMinc16875

WBMinc08611
WBMinc04889

WBMinc01119
WBMinc05373

WBMinc08611
WBMinc02970
WBMinc02404
WBMinc12795

WBMinc19129

WBMinc12667

BMO07170

BM02087

BM02087
BM19004

BM02521
BM00321

BM18491

BM19392

BM02087

BM03110
BM20212

BMO01805
BM20233
BM02087

BM21202

BM04228

BM02087

-

BM18400
BM04544

BM21202
BM19329
BM06489
BM21499

BM19101

BM18433

GS_18837

GS_19601

GS_22432
GS_11400
GS_06216
GS_05517
GS_19601
GS_21585

GS_07692

GS_10172

GS_07714

GS_18837
GS_02516

GS_17544
GS_19420
GS_18850

GS_18850
GS_04860
GS_04745

GS_03132
GS_07714

(GS_22053
GS_04860
GS_06329
GS_02386
GS5_22490
GS_19601
GS_01521
GS_16932
GS_12849

GS_19807

GS_19572

F40E10.1

F40E10.1
R151.5b
T27A10.3a
F53C3.12
C04F6.5
F40E10.1
C46F4.2

T10B9.10

F54D1.3

F40E10.1
F11C7.5

F40E10.1
T07C12.7

C07A4.3
F56D1.5
R151.5b
F11C7.5

R151.5b
D2030.5
C43H6.9

TO5A10.5
F40E10.1
T26E3.2
Y53G8AM.5
D2030.5
K06A4.3
Y71F9AL.13a

F40E10.1

F52B11.2
F58H1.1b
F31D4.7

B0244.8

T21G5.5¢

(continued on next page)
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Table 2 (continued)

9

Sequence ID  Length (nt) Description Number of reads BLAST top hit sequence ID
Clade IV Clade {11 Clade V

Egg L1 Lung Adults S, ratti S. stercoralis M. incognita B. malayi A, suum C, elegans
Contig05703 1092 - Hypothetical protein*® 1 [¢] 1 821 SRC06045 - - - - -
Contig06367 1541 Neprilysin metallopeptidase* 0 0 0 773  SRCO5161 - WBMinc16791  BM20231 GS_17345 ZK20.6
Contig00162 700 Small heat shock protein 1 0 2 739  SRC03310 $SC05811 WBMinc03043  BM11415 GS_06997 F52E1.7b
Contig06375 650 ~NA— 0 0 2 671 - - - - B =
Contig12735 2941 Chitin binding peritrophin-a domain protein 3 0 0 605  SRC03421 - WBMinc04227 BM17021 GS_06014 (C39D10.7
Contig07950 1939 Low-density lipoprotein receptor domain class a containing protein 2 ] 1 575  SRC00284 - WBMinc19129  BM19101 GS_19807 B0244.8
Contig08916 2847 Leucine rich repeat family protein 0 0 0 475  SRC04599 - WBMinc12978  BM19603 GS_02665 KO07A12.2
Contig06477 584 —NA— 0 0 0 449 - - - - - - ™
Contig10027 1144 —NA— 0 0 1 413 SRC03394 - - - - - z
Contig10496 1775 Protein-tyrosine phosphatase containing protein 0 0 3 404  SRC02931 - WBMinc10481  BM18273 GS_18620 F44F4.2 ?é‘
Contig02443 1830 Chitin binding peritrophin-a domain protein 2 0 2 364  SRC03826 - WBMinc04227  BMO02152 GS_23600 HO2112.1 B8
Contig00263 4536 Chitin binding peritrophin-a domain protein 0 0 0 361  SRC03421 - WBMinc04227  BM17021 GS_06014 (C39D10.7 i
Contig00269 4534 Chondroitin proteoglycan® 0 0 0 297  SRC03421 - WBMinc04227 BM17021 GS_06014 (C39D10.7 g_
Contig02852 861 ~NA— 0 0 0 232 SRC05206 - BMO05768 C44B12.1 ~
Contig13778 536 Chondroitin proteoglycan® 1 0 0 224 SRCO1117 - WBMinc00448 GS_04563 F52E15 E
Contig08830 713 —NA— 0 0 1 222 SRC03581 - - - - - §
Contig05882 1232 Zinc metalloproteinase nas-34* 0 0 0 198 - - WBMinc08611 BM02521 - F40E10.1 §
Contig10183 2033 —NA— 0 0 0 184 SRC03497 - - - - - o
Contig06424 1623 Protein kinase* 0 0 0 183  SRCO3455 - WBMinc07137  BM18075 GS_10043 F19H6.1 £
Contig03795 738 —NA~— 0 0 0 172 SRC01128 - - - - - g
Contig00094 2507 Recg-mediated genome instability protein 1-like 0 o] 0 170 - - - BM21827 GS_20775 MO1E113 g
Contig06589 1037 —~NA— 1 0 ] 168  SRC04208 - - - - - §
Contig07090 2820 Patched family protein 1 o] 1 165  SRC06840 - WBMinc00357  BMO05698 GS_05730 (C32E8.8 =
Contig03718 1346 Hypothetical protein® 2 0 0 160 -~ WBMinc04027b  Y39G10AR.18a ‘:
Contig00354 760 —NA— 2 0 0 151 SRC03196 - - - - - g
Contig02385 2162 Methylmalonyl-CoA mutase, mitochondrial* 1 0 2 146  SRC05460 SSC03218 - - GS_20654 ZK1058.1 &
Contig01101 804 —NA— 0 0 0 139 - - - - - - N
Contig09645 843 —NA— 0 0 0 139 - - - - - - gp]
Contig01871 1826 Septin* 0 0 0 136  SRC03332 - WBMinc03825 BM16658 GS_01629 YS50E8A.4b
Contig10147 1759 ~NA— 0 0 0 132 SRC03497 - - - - -
Contig07387 4672 Chitin synthase 0 0 ¢ 129 SRC02107 - WBMinc05474  BMO02779 GS_05696 T25G3.2
Contig10224 1124 ~NA— 0 0 0 127 - - - - - -
Contig06580 738 —NA— 0 0 o 125 SRC01128 - - - - -
Contig00014 929 lysozyme* 1 0 ¢ 123 SRCO1535 §SC03202 WBMinc18568 BMO01191 GS_22190 C17G10.5
Contig06202 2875 Chitin binding peritrophin-a domain protein 3 0 0 122 SRC05734 - WBMinc04514  BM02152 GS_06014 RO2F2.4
Contig10746 1191 Nanos RNA binding domain containing protein 1 0 1 119  SRC04796 - WBMinc07136  BM20002 R0O3D7.7
Contig01639 1031 ~NA— 1 0 0 105  SRC05193 - - - - -
Contig06752 2062 Peroxidase* 0 [¢] o 104  SRC0O0904 SSC05870 WBMinc14864  BMO06085 GS_10747 F49E12.1
Contig06374 758 e3 ubiquitin-protein ligase march2 0 0 0 103 SRC05118 - WBMinc07559  BM20137 GS_12562 C17E43
Contig10067 2721 Ankyrin repeat protein 3 0 3 100 - - WBMinc14479  BM19330 GS_21230 T28D6.4
Contig03411 2880 Hypothetical protein* 3 0 1 92  SRCO8065 - - BMO01867 - -
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reflected in the corresponding expression profiles of larvae and adult
worms. In order to identify transcripts that are enriched at a specific de-
velopmental stage, number of reads which were uniquely mapped to
each contig was used as an indicator of expression abundance. The distri-
bution of read counts for the 14,573 is shown in Fig. S1. When a read
count for a given contig is among the highest 15% (>17 counts at Egg/
L1, >11 at L3i, >25 at LL3 and > 24 at parasitic adults) at one particular
stage, but less than or equal to 3 at other stages, that contig was consid-
ered as being enriched at this particular stage. There were 33, 68, 37 and
226 such contigs enriched at Egg/L1, L3i, LL3 and parasitic adults, respec-
tively. Among these contigs top 30 (Egg/L1, L3i, LL3) and 50 (parasitic
adults) sequences in abundance at each stage were selected and
presented in Table 2.

In the Egg/L1 stage, a number of genes in this list were annotated
as a structural component of worm body or cells, such as collagens
(contigs09080, 06547, 04606, and 13448), tyrosinase (contig03829),
cross-linking of cuticular collagens [42] and laminin (contig07887),
a component of the basement membrane [43].

In the L3i stage being ready for infection, there were nine stage-
enriched transcripts (contigs02069, 08387, 11278, 08808, 11702,
12649, 12705, 13315, and 03297), which were identified as nema-
tode astacin-like zinc metalloproteases (NAS). Two contigs
(contigs10138 and 07246) were identified as homologues of L3Nie
antigen of S. stercoralis, an important immunodiagnostic antigen
for this species [44].

In the LL3 stage, there were 6 genes (contigs09901, 10229, 12786,
07825, 09819 and 12871) also identified as nematode astacin-like
zinc metalloproteases. Other genes of interests include OSM-11
(contig12598); a co-activator for Notch receptor, implicated in defeca-
tion and osmotic resistance in C. elegans [45]. Two genes (contigs00194;
phosphomannomutase, and 04923; alpha-mannosidase) involved in
the glycan biosynthetic reactions were noticeable.

In the parasitic adult stage, among 50 selected contigs, no sequence
description could be assigned to 21 (42%) contigs (shown as “NA”). In
all of these cases, BLAST hits could not be found in any of the species in
clade 11, IV or V shown in the table, except 8 contigs to which potential
S. ratti homologues could be found (contigs10027, 08830, 10183,
03795, 06589, 00354, 10147, and 01639). Most enriched transcripts in-
cluded contigs10244 and 07950 that showed homology to a C. elegans
gene for Egg-1 (B2044.8), an oocyte plasma membrane protein, most
likely reflecting active oogenesis at this stage. Four genes (contigs12735,
02443, 00263, and 06202) coded chitin binding peritrophin-a domain
protein, which is thought to be involved in eggshell formation in
C. elegans [46].

4. Discussion

Here we describe the first large-scale transcriptomic analysis of four
developmental stages in S. venezuelensis, one of the model species to
study human/animal strongyloidiasis and biology of animal-parasitic
nematodes. The 454 pyrosequencing technology used in the present
study greatly expanded the database of sequence information on this
species. Furthermore, a number of the stage-enriched transcripts were
identified. Such transcripts potentially hold keys to understand molecu-
lar mechanisms of various aspects of the parasite biology, such as
host-skin invasion, tissue migration, settlement in the mucosa of the
small intestine, and immune evasion.

One astonishing finding in the present study was that S. venezuelensis
appears to possess many different astacin-like zinc metalloproteases.
Astacin-like zinc metalloprotease genes form a large gene family in
C. elegans (39 intact- and 1 pseudogenes), and they play a variety
of roles in digestion, hatching, peptide processing, morphogenesis
and pattern formation of nematodes [47]. In parasitic nematodes,
astacin-like zinc metalloproteases have been implicated in skin inva-
sion ability [48-54]. The results of our analysis indicate that the
astacin-like zinc metalloprotease gene family of S. venezuelensis

might be even larger. We found 182 contigs that showed top BLAST
hits to one of the 39 C elegans astacin-like zinc metalloprotease genes
(Table S4). Among the 182 contigs, 130 were confirmed to possess the
astacin peptidase domain (IPRO01506). Interestingly, a different set of
astacin-like metalloprotease genes appeared to be up-regulated when
L3i and LL3 were compared (Table 2). This may explain the differences
in invasion and migration abilities between L3i and LL3. This is also in-
teresting from the evolutionary peint of view. Future analysis of the
phylogenetic relationship of Strongyloides and C. elegans astacin-like
zinc metalloprotease family genes may provide insights into how para-
sitic phenotypes such as skin invasion and tissue migration abilities had
been evolved.

BLAST analyses using transcriptomic data obtained in this study iden-
tified three enzyme genes, which were found to be shared by multiple
animal-parasitic species beyond the phylogenetic clades, but have not
be found in any of the free-living or plant-parasitic species. One was nic-
otinamide phosphoribosyltransferase (NAMPT), the rate-limiting en-
zyme in the salvage pathway of NAD biosynthesis from nicotinamide.
Considering NAMPT has been believed to be an enzyme of vertebrates
[55,56), it is quite interesting to find NAMPT genes in diverse members
of nematode parasites of vertebrates. Intriguingly, this enzyme was also
reported to act as a cytokine (pre-B-cell colony enhancing factor 1
(PBEF-1)) that promotes B cell maturation and inhibits neutrophil apo-
ptosis [57]. It will be interesting to analyze why animal-parasitic nema-
todes including S. venezuelensis need this protein, especially in relation
to the interaction with the host immune system.

Another enzyme which appears only in animal-parasitic nematodes
is ferrochelatase. It catalyzes the last step of the heme biosynthetic
pathway, which is an insertion of ferrous iron into protoporphyrin IX
to form the heme. It was reported that C. elegans lacks all seven enzymes
required to synthesize heme from the first universal precursor,
S-aminolevulinic acid. We could not find other enzymes for this path-
way in Vene454 dataset (data not shown). This situation (presence of
only the ferrochelatase gene among the genes for heme biosynthetic
pathway) is reminiscent of the cases in B. malayi (animal-parasitic nem-
atode) and in trypanosomatid protozoa [58]. Because studies on a mam-
malian ferrochelatase demonstrated that it can also catalyze a reverse
reaction (removal of iron from heme) other than the well-studied for-
ward reaction (insertion of iron into protoporphyrin IX) [59], this en-
zyme in S. venezuelensis may be required for the acquisition of iron
which is not readily available in the animal host [60].

The third enzyme which appears only in animal-parasitic nema-
todes is deoxyribodipyrimidine photolyase, an enzyme which is
involved in repair of DNA legions caused by UV radiation [61]. Expo-
sure to the sunlight can occur to some animal parasites (Ascaris
suum (eggs), and Strongyloides (eggs and larval stages)) which
were found to possess the gene for this enzyme. However, T. spiralis,
and B. malayi also have this enzyme gene and do not have a devel-
opmental stage which is directly exposed to the sunlight. Therefore
the biological significance of possessing this enzyme remains to be
investigated.

We included the migrating larval stage in the lung (LL3) in this
transcriptomic analysis, which was not examined in the previous
large-scale transcriptomic sequencing efforts in other Strongyloides
species [10,13]. Although this stage exists in some animal parasitic nem-
atodes beyond phylogenetic clades, including Strongyloides (clade 1V),
Ascaris (clade III) and Necator (clade V), its biological significance is still
unclear. Because no large-scale transcriptomic analysis of LL3 stage
has been reported for any of these species to our knowledge, the pres-
ent study serves as an important addition to the existing nematode
transcriptome databases.

Once the larvae reach the lung, they need to escape from the blood
vessel into the alveolar space. This process requires the breakage of
blood vessels and the alveolar tissues in the lung. Multiple astacin-like
metalloprotease transcripts were identified to be specifically enriched
in LL3. These proteases may be involved in this process causing
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proteolytic tissue degradation. We found potential osm-11 homologues
which showed stage-enriched expressions in LL3. Studies in C. elegans
show that OSM-11 is a secreted, diffusible protein, which acts as a li-
gand for Notch receptor (LIN-12)-mediated signaling pathway [45].
Other than osmotic resistance [62], multiple roles were reported for
0OSM-11, including the vulval development [45]. In C. elegans it was
reported that the vulval development spans from L3 to late L4. Divisions
of primary vulval precursor cells occur by the late L3 [63,64]. Therefore
it is possible that the lung-stage L3 is initiating vulval development
under the influence of 0SM-11, even though the structure is not grossly
visible at that stage.

We identified two LL3 stage-enriched expressions of genes
that encode enzymes involved in glycan biosynthetic reactions
(phosphomannomutase, alpha-mannosidase). Parasitic helminthes in-
cluding nematodes release numerous types of proteins into the host
environment as part of E/S (excretory/secretory) products [65]. These
parasite E/S products are generally rich in glycoproteins [66], leading
to many potential interactions with innate pattern recognition recep-
tors including Toll-like receptors and C-type lectins on host dendritic
cells [66]. The enriched expression of the glycan biosynthetic genes
might be a reflection of elevated production of such glycoproteins.

5. Conclusion

Our study generated lists of S. venezuelensis genes that are potentially
important in animal parasitism based on the phylogenetic distribution
and the stage-enriched expression. Although computational assembly
and annotation should be carefully verified experimentally, this study
has provided a first glimpse of the transcriptome of S. venezuelensis,
and very valuable information for prioritizing future research areas
with a number of interesting genes discussed above. The data obtained
in this study will serve as resources for different types of high-
throughput studies, such as DNA microarray and proteome analyses.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.parint.2012.09.006.
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