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Figure 3 Multi-alignments of 34 5. japonicum genome contigs representing duplicated loci to assign putative source locus. Graph
shows the sequence similarity (A) and absolute complexity (B) of the DNA sequence of the 34 contigs in S. japonicum genome containing the
duplicated loci. This multiple alignment was used to putatively assign the most prominent contig [GenBank:CABF01020060], the longest among
the identified dataset (43.7 kb), which significantly covered the length of the other contigs as the putative duplication ‘source locus’. The curve
shows the probable length of the duplicated locus, terminating with RTE-S) at the 5" end (trimmed out in this figure) and Perere at the 3" end.
‘Similarity’ curve is a measure of the level of similarity of the aligned sequences. The y-axis on the ‘similarity’ curve will read 1" when the
sequences are 100 % similar in each position. The output shows the maximum score on the y-axis. Absolute complexity is a measure of the
level of conservation or variability of nucleotides in the aligned sequences. It is a measure of the likelihood that the observed similarity did not
oceur by chance. The maximum positive score on the y-axis of the ‘absolute complexity’ curve is expected to be higher than the negative
value to exclude any possibility that the observed similarity occurred by chance. The x-axes in both curves represent the nucleotide positions.
The numbering of the nucleotides started at the 30000 position in this figure because we trimmed output figure at the 5 end for ease
of presentation.

genome [49]. Different degrees of degeneracy of both
the coding region and the flanking REs were observed
in all the duplicated loci examined. This is consistent
with the traditional view of the fate of new duplicons
[6,9), which assumes a tendency to be lost because
of genetic drift under natural evolution [29,57] while
not precluding the possibility for some duplicates to
evolve distinct functions either by sub-functionalization
or neo-functionalization.

The role of repetitive elements (REs) in dispersed dupli-
cation of genomic sequences is fairly documented from
previous studies in model organisms [15,20,27,28,30,58,59].
The precise mechanism of this retrotransposon mediated
dispersed duplication is not clear but may likely involve
RE-mediated DNA level recombination, most likely by
non-allelic homologous recombination (NAHR), alterna-
tively called ectopic recombination (see illustration in
Additional file 6). Due to their extremely high copy num-
bers, REs create structural modifications in the genome

by providing the requisite highly similar DNA sequences,
initiating 'recombination between non-allelic elements
[20,25,60], the result of which could be deletion, shuffling,
duplication or transduction of a genomic DNA segment.
Structural modifications introduced in the genome by
NAHR mechanism can progress between non-homologous
chromosomes (inter-chromosomal), between homologous
chromosomes (inter-homologous or intra-chromosomal),
between sister chromatids (inter-sister chromatid) or
within a chromatid (intra-chromatid); giving rise to dis-
persed duplication of genomic segments, several forms
of deletions or may create isodicentric chromosome by
forming a mirrored segment in the chromosome by inver-
sion. See detailed cartoon in Additional file 6. {60].

Many studies in other organisms have elucidated the

- role of REs in mediating sequence duplication, transduc-

tion and other structural variations by ectopic recombin-
ation mechanism. Notable among these is the human
Alu element for which several reports suggest a role in
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Figure 4 Further evidence that the duplicated genes ‘were duplicons of a single duplication source locus. Apart from the prominent
flanking copies of retrotransposons observed around the putative gene duplication source locus [GenBank:CABF01020060], other two short copies
of the retrotransposon (RTE_S)) are also found within introns in the coding region. We aligned the source locus with 10 of the duplicons and
observed that both the: signal sequence and these two partial copies of RTE_SJ are relatively aligned at same position, further indicating that the
duplicated genes could have originated from a single source locus.
.

mediating NAHR and other structural modifications in
the human genome [7,20,61]. Yang et al found an excess
of repetitive sequences proximate to the breakpoints
of. duplicated gene loci in the genome of the fruit fly
- Drosophyla melanogaster, and have suggested that a
NAHR mechanism, mediated by REs accounted for the
birth of the new duplicons [1,27]. Another study per-
formed on human individuals concluded that NAHR
accounted for over 40 % of detected genomic sequence
duplications in the human ‘genome [30]. Illegitimate
recombination (IR), incomplete crossing over and non-
homologous end joining (NHE]) are other possible
mechanisms of gene duplication by DNA-level recombin-.
ation, but NAHR play a more significant role in produ-
cing typical dispersed duplications [1] while the other
mechanisms in addition to NAHR are more likely to pro-
" duce tandem duplicates. Although we could not clearly
identify the exact breakpoints of the duplications at both
ends still for lack of a reference ancestral homolog and
partly due to sequencing gaps, the fact that homology
among all the scaffolds examined uniformly terminated at
the same point with Perere on the 3' end (Figure 3 and
Additional file 5), and traces of the observed predominant
retrotransposons (SjR2) was found at the exact positions
as they occur in the putative source locus (Figure 4) con-
firm that these gene loci could be products of dispersed
duplication from a single genomic source locus.
In addition to RE-mediated DNA-level recombination
by NAHR, gene duplication events are also attributable
to RE-mediated retrotransduction mechanism either on

the 5% or 3" directions [27]. Xing et al and other groups
have demonstrated the role of retrotransposons in the
duplication of entire genes and creation of previously
un-described genes by analyzing SVA (SINE, VNTR and
Alu)-mediated retrotransduction events in the human
genome [20,29]. However, we did not specifically identify
any chimeric duplicon originating via a retrotransduc-
tion mechanism among our datasets. Furthermore, ret-
rotransposons including SjR2 characteristically encode
reverse transcriptase and endonuclease, and can there-
fore transcribe and ‘paste’ a gene sequence into new
locations in the genome [3,22,62]. However, retrotran-
sposed genes are characteristically intronless since the
introns are usually spliced out during the process of ret-
rotransposition. Our duplicons retained their introns, al-
though in some case some portion of the introns may
have either degenerated or deleted during duplication
and subsequent ’sequenCe muodifications [3,22,63]. A fur-
ther evidence that a retrotransposition mechanism is
unlikely in our observed cases was that while retrotran-
sposons would not duplicate the promoter regions of
duplicated gene based on the process of transcription
and insertion of retrocopies [1,57] which leaves the

" newly retrotransposed sequences to acquire new regula-

tory sequences from adjacent genes or through muta-
tions in order to be functional [14,19,24]; the protein

~ coding duplicons observed among our duplicated gene

loci retained the same or similar core regulatory region
and signal sequence’as the source locus, suggesting that
they may not have been products of retroposition and
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may equally explain the parallel assumption of coding
potential at their new duplication loci without the need
to form chimeric structures with adjacent genes.

Evolution of translatable ORF and evidence of expression

of duplicated genes

Some of the duplicons appear degenerative in homology
and are relatively shorter than the source locus (Figure 3,
also see Additional file 5) thus are consequently redun-
dant and non-coding at the new locations as opined in
the canonical view on the fate of new duplicons [6,9];
which assumes a tendency to be lost because of genetic
drift under natural evolution [29,57]. However, our data
provide evidence that some of the duplicons have
evolved into protein coding genes with distinct products
at their new loci, the fate of which could tend to either
sub-functionalization to the source gene [8,64] or neo-
functionalization by acquiring new distinct functions
[9,65]. In addition to the two duplicons with alternative
splicing variants, which we further explored in the next
section, some representatives of the protein coding
duplicons were depicted in a supplementary figure (Add-
itional file 7). The nucleotide sequences of these genes
are still appreciably similar but accumulation of muta-
tions and other sequence modifications have given rise
to novel protein coding ORFs, encoding putatively dis-
tinct products. We identified and mapped each ¢cDNA
sequence to the genomic contigs using information we
generated from GeneMark and GeneQuest gene predic-
tions [66] and confirmed by alignment of the cDNAs to
the genomic sequences using NCBI Spling program.

This approach was necessitated because the fully’

mapped and annotated genome of S. japonicum is not
presently available in the public databases. Intriguingly,
our results corroborate the available UniGene and Gen-
Bank entries. Nevertheless, it is notable that we only
assessed the duplicated copies on the basis of possessing
the similar signal sequence. There is possibility that
some other duplicons from this source locus could be
involved in initiating other forms of structural modifica-
tions at other loci when incorporated into the coding
region of other genes, but this was not investigated here.

To provide evidence of the transcription and expres-
sion of the putative source gene locus and some of the
duplicons, we performed developmental stage specific
RT-PCR using primers that specifically amplify the
coding regions of the candidate genes from the cDNA
libraries of each stage of S. japonicum. RT-PCR results
provide evidence of the transcription of some of the
duplicons at their new genomic sites in addition to the
source locus (Figure 5). The candidate genes analyzed
did not show differential developmental stage specific
expression, although we did not perform quantitative
estimation of expression levels. It is possible that this
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group represents a potential new family of proteins with
similar signal peptides in this zoonotic trematode, which
possess other extra distinctive characteristics from other
members of the genus Schistosoma. We are presently
undertaking further research to fully characterize the
identified novel protein-coding genes to provide insight
into the functional and structural significance of this
trend in the genome of S. japonicum. The protein pro-
ducts of some of these candidate genes have already
been expressed in our laboratory and confirmed by the
reactivity of the immune sera with the parasite crude
antigen preparations. The data will be reported with the
molecular and functional characterization information.

Functional selection by alternative splicing

The precise recognition of exon-intron junction in a pre-
cursor mRNA (pre-mRNA) by the splicing machinery is
central for the production of functional translatable
mRNAs. However, there is often uncertainties in the
choice of recognizable splice signals, resulting in a
process termed alternative splicing [17], which enables
the origination of multiple mRNA transcript variants
from a single gene locus [67-69]. Alternative splicing
mechanism could result in ‘intronization’ of an exon or
‘exonization’ of an intronic sequence. Ideally, the cre-
ation of an intron from a previously exonic sequence
could lead to the loss of an ORF in coding genes. In
evolving genes however, functional selection possibly by
mutations may evolve the required splice signals and in-
duce the intronization of an exon in a transcribed but
non-coding mRNA gene sequence to create a translat-
able ORF encoding a functional protein. Conversely,
while exonization of an intron could disrupt a translat-
able ORF in a coding gene, selective pressure may also
evolve new splice signals within an intron to yield exons

.that could create a translatable ORF from a previously

non-coding gene locus or a chimeric ORF from a
protein-coding gene.

These two mechanisms have been shown from our
observations to be capable of creating functional coding-
genes from previously non-coding albeit transcribed
mRNA sequences. We identified at least two classical
evidences of alternative splicing and we propose that in
addition to increasing coding potential and genomic di-
versity [68,69], alternative splicing can also be one of the
driving forces of adaptive evolution; producing genetic
novelties and functional selection. The most prominent
example of alternative splicing was observed in the du-
plication source locus [GenBank:CABF01020060], which
was found to be able to produce a protein-coding
mRNA [GenBank:AY570737] in addition to a non-
coding mRNA transcript variant [GenBank:FN328299]
(Figure 6). An alignment of the DNA sequences of these
two transcripts with details of this observation is
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Figure 5 RT-PCR showing expression patterns of some of

the duplicons in the developmental stages of the parasite.
RT-PCR using cDNA libraries of the parasite egg (E), cercaria (C),
schistosomula (S) and mixed sex adult (A) as template provide
evidence of the transcription and expression of some of the
duplicons, The pairs of primers used were designed to amplify the
entire coding sequences of the mRNAs, No differential expression
pattern was observed but quantitative expression levels were not
investigated. (A) Evidence of expression of SjCP1084 protein coding
mRNA [GenBank:AY570737], transcribed from the putative source
locus [GenBank:CABF01020060]. See Table 2 for list of other similar
transcripts. Notably, a non-coding transcript variant {GenBank:
FN328299] can also be transcribed from the same locus, See
Figure 6 and Additional file 8 for more details. (B) Expression of
SjCP3842 protein coding mRNA [GenBank:AY570748] predictably
transcribed from [GenBank:CABF01002612]. See Table 2 for list of
other similar transcripts in the database. (C) Expression of SjCP1531
[GenBank:AY570742] predictably transcribed from [GenBank:
CABF01023364). See Table 2 for list of other similar transcripts.
Notably, a non-coding transcript variant [GenBank:FN329677] can
also be transcribed from the same locus (second band). See Figure 6
and Additional file 9 for details. (D) S. japonicum Actin gene was
used as internal control to qualify the samples.

presented in the on-line published supporting informa-
tion (Additional file 8). UniGene entries also suggest that
the two transcripts are from the same locus (Table 2).
An extra intron donor and acceptor sites were found
within the first exon of the non-coding mRNA transcript
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[GenBank:FN328299]. While the transcription model of
the non-coding variant did not recognize the extra splice
signals and thus retained the intron of about 1 kb, the
coding mRNA variant [GenBank:AY570737] recognized
the splice sites and created an ORF from the gene
by splicing out an intron thereby giving rise to the
5'untranslated region (5"UTR) and the first exon of a
protein-coding gene encoding a protein product of 271
residues (SjCP1084). Additionally, another pair of splice
acceptor and donor sites evolving at exon 5 of the non-
coding variant resulted in the splicing out of a portion
of the exon, all contributing in creating a translatable
OREF in the protein coding variant (See Additional file 8
for details).

On the other hand, exons 5 and 6 of a coding mRNA
variant [GenBanlk:AY570742] predictably transcribed
from one of the progeny loci [GenBank:CABF01023364]
were skipped in a non-coding shorter variant [GenBank:
FN329677] without a translatable ORF (Figure 6 and
Additional file 9). We observed that the sequences of
exons 5 and 6 were similar and was repeated five times
in tandem within this locus, but only two copies of the
tandemly duplicated potential exons were incorporated
into the coding sequence of the mRNA to create exons 5
and 6 of a protein-coding ORF of 274 codons (SjCP1531).
These results represent typical models of alternative spli-
cing by intronization and exonization respectively.

Although in evolutionary perspective, intron retention
that creates a translatable ORF is considered more
plausible than the reverse process; our data show that
both mechanisms are potentially possible. Other groups
have also identified intron gains recently in mammalian
and rodent retrogenes [68,69]. The identification of non-
coding mRNA variant alternatively transcribed from a
single gene locus with a protein coding mRNA (Figure 6)
is evidence that a novel protein-coding gene can origin-
ate from previously transcribed regions that contain the
necessary transcription elements and provide RNA ma-
terial for a protein translation machine [2,39,68]. Exon
repetition has also been observed from our data to exist
in this organism and could be instrumental in expanding
the organism's coding potential. The ‘parallel’ expression
of the non-coding variant alongside the protein-coding
transcripts is of significance and could suggest further
that the gene may have been recently evolved. Non-
coding RNAs have also been shown to perform some
regulatory roles at various levels during gene expression
[2,68,70]. This could be further explored with our data
set. In the two described cases in our analyses, we have
treated the non-coding isoforms as evolutionally preced-
ing the coding variants; nevertheless, the reverse could
also be the case. In addition to these two cases, we also
identified a two-nucleotide insertion into a non-coding
mRNA sequence [GenBank: FN330540] that yielded
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Figure 6 Splice models of some duplicons with evidence of alternatively splicing. (A) SjCP1084 protein coding mRNA [GenBank:AY570737]
and a non-coding transcript [GenBank:FN328299] are products of alternative splicing. Based on gene prediction from the contigs using
GeneQuest and GeneMark, and alignment of cDNAs to genome sequences using Spling program, we observed that two mRNA transcript
variants were produced from [GenBank:CABF01020060]. An extra splice site was evolved in the first exon of the non-coding transcript [GenBank:
FN328299]. When the splice site is recognized, an ORF encoding a protein coding mRNA [GenBank:AY570737] variant is created. The images
were created from computer simulation of real DNA sequences using Vector NTI program. Also see a supplementary figure in Additional file 8 for
more details. (B) SJCP1531 protein coding mRNA [GenBank:AY570742] and a non-coding transcript [GenBank:FN329677] are products of
alternative splicing. Two mRNA transcript variants can be produced from a contig representing on of the duplicated loci {GenBank:
CABF01023364]. Two extra splice sites were not utilized in the transcription of the non-coding transcript [GenBank:FN329677]. When the splice
sites were recognized, exons 5 and 6 of a translatable ORF were created to produce a protein coding mRNA [GenBank:AY570742] variant. Refer to
RT-PCR result in Figure 5 (C) where two bands of exact size and sequence as the two variants described above are apparent on the agarose gel

the coding mRNA of schistosomula protein with the
similar signal peptide, with many similar transcripts in
the database. However, this last observation could be
an artifact from sequencing error since the existence of
the non-coding transcript was not traceable to the
genomic sequence.

Conclusions

We have passably delineated the possible mechanism
that led to the identification of several protein coding
genes with similar signal sequence, following lead from
our work that isolated secreted proteins candidate genes
using SST. A trend was described in the genome of
S. japonicum whereby a ‘newly evolved’ gene served as a
source locus for dispersed duplication events leading to
the formation of several expressed genes with similar
transcription core promoter region and signal sequence.

We further found that the duplicated gene locus was
flanked by non-long terminal repetitive elements (REs),
especially of the RTE-like and Perere class. We therefore
inferred that REs may have played an important role in
this dispersed gene duplication by creating the requisite
homologous DNA sequence that mediate a DNA-level
recombination, most probably by a non-allelic homolo-
gous recombination (NAHR) mechanism. Our findings
also provide evidence of logical sequential process of
novel gene origination by evolution of transcription core
elements followed by translatable ORF. While similar RE
mediated phenomena had been observed in other organ-
isms, unlike our dataset, most analyses have centered on
the model organisms. Our data contribute to the accu-
mulating evidence that REs mediate diverse recombin-
ation events leading to novel gene origination and other
evolutionary novelties.
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Methods

BLAST search

We had earlier identified a particular 81 nucleotides (27
amino acids) sequence, which was commonly utilized as
signal sequence by several of our signal sequence trap
(SST) isolated S. japonicum cDNAs (Table 1) [47]. The
sequence of this signal sequence was employed as query
to search for matches in the GenBdnk non-redundant
nucleotide sequence database and expressed sequence
tags (ESTs) database for all organisms using BLASTN
program in National Center for Biotechnology Informa-
tion (NCBI) Basic Local Alignment Search Tool
(BLAST) [71]. A search on the NCBI UniGene database
[72] that provides information on sets of transcript
sequences that appear to come from the same transcrip-
tion locus was performed to ascertain redundancy and
group identified transcripts. For genome-wide searches,
the same query sequence and program were used to
search the WGS reads from all organisms with
sequenced genomes deposited in the NCBI genome
databases. In a similar search in the protein database,
the amino acid and nucleotide sequence of the same
signal sequence was used as query for BLASTP and
BLASTX searches respectively. Conserved domain archi-
tecture searches on all translation products of the SST
identified candidate genes were performed using the
conserved domain architecture retrieval tool on NCBI
website [73] and compared with same analyses on the
- ProDom database of protein domain families available
online at [74].

Multiple alignments

All multiple sequence alignments of DNA and protein
sequences were performed in parallel with ClustalW on
MegAlign program in Lasergene 7 DNASTAR software,
NCBI bl2seq, COBALT multiple alignment programs,
and Multialin interface software [75]. cDNA-to-genome
sequence alignments were computed using the free

NCBI Spling program [75]. The latest update of the-

S. japonicum genome map is accessible at [52]. Phylo-
genetic and molecular evolutionary analyses were con-
ducted using MEGA version 5 [76].

Gene prediction ;

Gene predictions were performed using the GeneQuest
program (Lasergene 7 DNASTAR) to predict potential
coding regions, starts, stops, acceptors and donor sites
using Borodovsky matrix files for Caenorhabditis ele-
gans; and the results compared with that of the
Eukaryotic GeneMark.hmm [66] gene prediction ‘server
provided freely on the website of Georgia Institute of
Technology, Atlanta, USA.
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Repeat masking

The whole sequences of all the genome contigs bearing
the similar signal sequence were screened against a
reference collection of repetitive DNA elements in the
RepBase database dvailable at the Genomic Information
Research Institute website, using the CENSOR repeat
masking software [77]. Sequence analysis figures were

“generated using real DNA sequences on Vector NTI

Advanced 11.0 (Invitrogen).

Designation of putative duplication source locus and
probable breakpoint

Reference to a parent gene is required -for accurate
determination of duplication breakpoint. However, in
absence of a reference homolog, we putatively selected
the most prominent contig [GenBank:CABF01020060],
the longest among the identified dataset (43.7 kb), -
which significantly covered the length of the other con-
tigs (Figure 3, also see Additional file 5) as the putative
duplication source locus and utilized it as such for most
of the analyses performed in this study. When the contigs
were aligned with the putative source locus, homology
was not lost till the 3* end of the aligned sequences. We
therefore recruited two contigs [GenBank:CABF01020061
and’ GenBank:CABF01020062] downstream of the source
locus based on genome assembly information, thereby
generating at least 5 kb flanking sequences on either side
of the duplication source locus. This sequence was
then aligned with the genome contigs and scaffolds to
identify the exact point where sequence identity disap-

peared. This point was arguably chosen as the possible

duplication breakpoint and utilized as such in our dis-
cussions. We further attempted to identify a recurrent
consensus sequence at the breakpoints but this was
hampered by several sequencing gaps in the partially
assembled scaffolds. ‘

Parasites, genomic DNA and developmental stagé

mRNA samples

Chinese strain of S. ;apomcum (hereafter abbreviated
as §j) was obtained from Jiangsu Provincial Institute of
Parasitic Diseases Wuxi, Jiangsu Province, PR China,
while the Philippine and Japanese strains of S. japonicum
in ‘addition to S. mekongi (Smk) samples, were main-
tained in the Laboratory of Tropical Medicine and Para-
sitology, Dokkyo Medical University, Tochigi, Japan.
S. mansoni (Sm) adult worms were maintained by, and
kindly provided by the Department of Parasitology, Insti-
tute of Tropical Medicine, Nagasaki University, Japan.
S. haematobium (Sh) sample was from Department of
Immunology and Parasitology, University of Occupa-
tional and Environmental Health, Kitakyushu, Japan.
Total genomic DNA was purified from cut tissues of
mixed sex adult worms from different species of

- 205 -



Mbanefo et al. BMC Genomics 2012, 13:260
http//www.biomedcentral.com/1471-2164/13/260

Schistosoma using QlAamp DNA Mini Kit (QIAGEN)
according to the manufacturer’s instructions. Qualifica-
tion and quantification of genomic DNA extract was
assessed by gel electrophoresis and ND-1000 spectro-
photometer (NanoDrop, USA). To obtain sufficient
amount of genomic DNA for southern hybridization
experiments, the whole genome of each sample was
amplified using the GenomePhi DNA Amplification Kit
(GE Healthcare) according to the manufacturer’s instruc-
tions. Equally, total RNA was extracted from parasite
eggs, cercariae, 24 h cultured schistosomulae and adult
worms of S. japonicum according to the instruction
manual of PureLink Micro-to-midi total RNA Purifica-
tion System Kit (Invitrogen).

Reverse transcription polymerase chain

reaction (RT-PCR)

mRNA from eggs, cercariae, 24 h culture schistosomulae
and adult worms of the Chinese strain of S. japonicum
was used for RT-PCR. The first strand cDNA was
synthesized from the total RNA of each developmental
stage by using oligo (dT) primer according to the
instruction manual of High Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystems) and the resulting
cDNA was used as template for RT-PCR. The S. japoni-
cum actin gene was used for internal quality assurance.
The cDNA sequences of some selected SST identified
secreted candidate genes were amplified using pairs of
sequence specific primers designed according to the
S. japonicum transcriptome data [49] in the NCBI public
database. All RT-PCR amplicons were analyzed using
gel electrophoresis and confirmed by sequencing using
the BigDye Terminator v1.1 Cycle Sequencing Kit
(Applied Biosystem).

Southern hybridization

Southern hybridization was performed following stand-
ard procedures [78] using the DIG nonradioactive label-
ing and detection system (Roche, Germany). Briefly, the
hybridization probe labeled with DIG-dUTP was synthe-
sized using PCR DIG synthesis kit (Roche, Germany)
according to the manufacturer’s instructions, and label-
ing was confirmed by size disparity with unlabeled
amplicon as a result of slower migration in agarose gel
due to digoxigenin labeling. Genomic DNA from differ-
ent species of Schistosoma (Sh, Sm, Smk, Sj Japanese
(Yamanashi), §j Chinese (Jiangsu) and Sj Philippines
(Leyte, Mindanao and Mondoro isolates) were double
digested with three different pairs of restriction enzymes
(EcoRI + EcoRV, EcoRI+ HindlIl and BamHI + HindIII)
to achieve the best possible fragmentation of the gen-
omic DNA. The digested genomic DNA fragments were
electrophoresed through 1 % (w/v) agarose gel, depuri-
nated in 250 mM HCI, and denatured by incubating
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in two changes of denaturing solution for 15 min each
(0.5 M NaOH, 1.5 M NaCl). The gels were then neutra-
lized by incubation in two changes of neutralizing solu-
tion (0.5 M Tris-HCI at pH7.5, 1.5 M NaCl) for 15 min
each, and DNA was transferred to a positively charged
nylon membrane (Roche, Germany) by capillary action
overnight using 20x SSC solution (3 M NaCl, 300 mM
sodium citrate at pH 7.0). The transferred DNA was
fixed to the membrane by baking in an oven at 80 °C for
2 hours after rinsing briefly in 2x SSC. After prehybridizing
the membrane in 10 ml hybridization buffer (5x SSC,
0.1 % N-lauroylsarcosine (w/v), 0.02 % SDS (w/v), 1 %
blocking solution (Roche, Germany)) for 30mins in a
hybridization bag, 5ul of the PCR generated hybridization
probe was mixed in 50yl of double deionized water, dena-
tured by boiling for 5mins and introduced into the
hybridization bag and incubated overnight with shaking
at 50 °C. The membrane was washed in two changes
of low stringent wash buffer (2x SSC, 0.1 % SDS) for
5mins each at RT, and twice in high stringent wash
buffers (0.5x SSC, 0.1 % SDS) for 15 min each at 65 °C.
The hybridized probe was then detected using anti-
Digoxigenin antibody (Roche, Germany) using CSPD as
the chemiluminiscent substrate according to the manufac-
turer’s instructions. The blot was then visualized by
exposing to chemiluminiscence for 10 min in a LAS-4000
mini image reader (Fujifilm).

Additional files

Additional file 1: Schematics of some of the mechanisms of novel ]
gene origination. Apart from the pioneering idea of gene duplication
{6), there are other mechanisms by which new genes are born. These
include but not limited to exon shuffling or exon “scrambling” (a) [4,14-
18]; fission or fusion of genes (b) [1,3,22}, horizontal gene transfer
between organisms (c) [31-33], de novo origination of protein coding
genes from previously non-coding sequences (d) [2,3,34-40],
retrotransposition by retrotransposons yielding intronless chimeric genes
(e) [18-25], transduction of adjacent DNA by transposable elements {f) or
may involve a repetitive element mediated DNA level recombination by
a non-allelic homologous recombination (NAHR) mechanism (g) [7,20,26-
30). The figure was adapted from [3].

Additional file 2: Multiple alignments of signal sequence trap (SST)
isolated cDNAs showing similar signal sequence. The similar
promoter region including the signal sequence is boxed. The two arrows
indicate the 'ATG' start positions utilized in the transcript ORF of the
candidate mRNA sequences.

Additional file 3: Phylogenetic tree of the genus Schistosoma
showing the possible origination point of new duplicated genes.
The species phylogeny was adapted from [53] as inferred from DNA
sequencing, comparative molecular genomics and karyotyping. This
phylogenetic tree was manually simulated and thus the length of the
branches does not estimate dates or time scale. The tree shows the S.
japonicum clade and a representative each of the other clades in the
genus including the species that reinvaded Asia from Africa. See review
in [53]. Based on the result of the southern hybridization in Figure 2, the
species and strains that contain the duplicated genes encoding products
with similar signal sequence are colored green and we inferred that the
most probable time point estimate {black dot) of the gene’s emergence
could be after the other species in the S. japonicum group (in
parenthesis) have diverged.
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Additional file 4: Expected fragments on restriction map of
genome scaffolds correspond to bands on southern blots. To
confirm dispersed duplication hypothesis and to exclude the possibilty of
overlapping among the loci, the restriction map of six of the genome
scaffolds bearing duplicated loci were generated (A). Using same
restriction endonuclease enzymes as in the generated maps, we
performed southern hybridization using restriction digested genomic
DNA from S. japonicum species and strains, and were able to match the
expected fragment sizes with the observed bands on the hybridization
blots. The contigs and the expected probe binding sites were labeled
followed by their sequence ranges. We denoted the respective restriction
digested fragments with probe binding site using alphabets with their
expected restriction digestion product sizes in parenthesis (£ -+ £:
EcoRl+ EcoRV; £+ H: EcoRl + Hindlll; B + H=BamH| + Hindlll). As shown in
(B), we were able to match the expected fragment with the southern
blot bands, labeled using their corresponding alphabetic codes. Probe
binding site on the positive strand were colored ‘green’ while the
antisense sites were colored 'red’. The tiny vertical lines on the graphics
represent the cutting sites of the selected restriction enzymes. The
restriction map and the image were generated using DNADynamo
sequence analysis software.

Additional file 5: Simulations using our raw data to show DNA-
Level recombination mediated by REs by NAHR mechanism. The
movie created from a Powerpoint presentation (Additional file 10)
represents the basic approach we utilized in our analysis to show
evidence of DNA level recombination by a non-allelic homologous
recombination mechanism. The raw data obtained from BLAST searches
and RepBase repetitive element prediction report was used to present a
simulation that demonstrates that the duplicated locus is flanked on 5°
and 3" ends by retrotransposons of the classes RTE_SJ and Perere
respectively. We proposed that these repetitive elements could have
provided the requisite homologous stretch of DNA that is required for
such DNA level recombination. NAHR can be inter-chromosomal, intra-
chromosomal, inter-sister chromatid, or intra-chromatid to give rise to
disperse duplicates of the intervening genomic locus. This movie was
created from an original Powerpoint presentation (Additional file 10)

Additional file 6: A simplified illustration of repetitive element
mediated DNA level non-allelic homologous recombination (NAHR).
Repetitive elements provide the requisite homologous DNA sequence for
DNA level recombination between non-allelic pairs by a NAHR
mechanism. NAHR can occur within a chromosome (intra-homologous
chromosomal), between chromosomes (inter-chromosomal), between
sister-chromatids or within a chromatid to give rise to disperse duplicates
of the intervening genomic locus. The figure was adapted from [60]. Also
see Additional file 1 for a cartoon of NAHR and other mechanisms of
new gene origination, and [20,26-29,60] for review.

Additional file 7: Splicing models of some protein-coding
representatives of the young duplicons. Based on gene prediction
from the contigs using GeneQuest and GeneMark and alignment of
cDNAs to genome sequences using Spling program, we married the
predicted products to the transcriptome database of this parasite and -
found that some of the duplicons are able to code for distinct gene
products. Some of the transcription loci can encode two mRNA transcript
variants. The significance of this was further explored in Figure 6.

Additional file 8: SjCP1084 protein coding mRNA [GenBank:
AY570737] and a non-coding transcript [GenBank:FN328299] are
products of alternative splicing Based on gene prediction from the
contigs using GeneQuest and GeneMark, and alignment of cDNAs to
genome sequences using Spling program, we observed that two mRNA
transcript variants were produced from [GenBank:CABF01020060]. This
figure is same as Figure 6 (A) but we have in addition presented the
aligned sequence of the two transcripts showing details of alternative
splicing. An extra splice site was evolved in the first exon of the non-
coding transcript [GenBank:FN328299]. When the splice site is recognized,
an ORF encoding SJCP1084 protein coding mRNA [GenBank:AY570737}
variant is created.

Additional file 9: SjCP1531 protein coding mRNA [GenBank:
AY570742] and a non-coding transcript [GenBank:FN329677] are

produc}s of alternative splicing. Based on gene prediction from the

contigs using GeneQuest and GeneMark, and alignment of cDNAs to
genome sequences using Spling program, we observed that two mRNA
transcript variants were produced from [GenBank:CABF01023364]. This
figure is same as Figure 6 (B) but we have in addition provided the
aligned sequence of the two transcripts showing details of alternative
splicing. Two extra splice sites were not utilized in the transcription of
the non-coding transcript (GenBankFN329677]. When the splice sites
were recognized, exons 5 and 6 of a translatable ORF were created to
produce SjCP1531 protein coding mRNA [GenBank:AY570742] variant.
Refer to RT-PCR result in Figure 5 (C) where two bands (exact size and
sequence as the two variants described above) are seen on the agarose
gel electrophoresis image.

Additional file 10: Simulations using our raw data to show DNA-
Level recombination mediated by REs by NAHR mechanism. This
Powerpoint presentation was used to create the movie in Additional file
5.
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L, 2YdCRZOEULEDOL P TTE L
SKRFTL o (AyTEUHEXTEOFTA
PEOAPCL kol b #EESHTVE) ", 1R
R COEBEaA IO NTEDICHD
©3ENBERESH, 1960 FRF TIC—EiE
{LLizb DD, HIBO 1970 FER Y 5 FE S5
7l UBITL, 1998 ED V¥ — IR IXK4 T A
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CUNSV—2fE - =2 av P

BETHRENENTDs Th Y, ERICIZZD5
EULDOANXDBRL, EREOE L L
Eibh3,

R, FMB & Z 6,000 F A SRS DERIC IR
3, £0 DALYs (disability adjusted life years)
B 185 FHAFEiZE3, FHER BSE (41E8IR 0
) PHBA TN E LR, AREE
BRETHY, e rDBRELT, FHFIHRELT
FECHERBYWEEELTEL, BRELT,
1 5 T HEOEMRKTEE R 7 7 Y W ARK T
DEEFXHIATEY, BENEELSHLOTE
Wwehsdl,

FZVHRDVISIV—hY 2 ORI
ZRELUTHEECRRT 2 L, RMMoBS i EE
TAHPTERN 30 um BB OMBHA L THET
% (BH) . MBBILTE X DRRYL RS 5 Hh
% o I MR E 48 % variant surface glyco-
protein (VSG) LW\ S Hix s v, 248
2L VBUTHEFEET 2, UL, 2hd VSG

d S

Ee

BE mMBPOFIUARIN/ V-7
FHMOBBERERZX APRELDO, BBPCT 7Y H
Yy —<2olss 285,
GFLBEARYE - RHRTRL> 22— b Bi0Ee

NTDs (neglected tropical diseases ; H#& b RV BEHHR)
DALYs (disability adjusted life years) BSE (2R TidiE)
VSG (variant surface glyceprotein)
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TOHRUGER LR ENE /00, BRBEHIc
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Ve WHO 2 L-EREREZO LS %A
FEIRIRE LB - IR e BRIRRY 75— A
HEERBBELT, HEEEOREZIWDIH,

P TRFEVBHT, BEELEZHFEHETOY
AT EBERLTVE, FAFRLELFOOTO
KEThHaY, :
PWOIT-WVRAZHA—-FRIMPUST 7Y 5
MURIV—2RRAETELICHSZ, UL
H5, BEMEIC & 2 HHEREMEO T DRBREE
KCBI22WEEDLOTRETH 3, Loop-me-
diated isothermal amplification (LAMP) ¥ {35
TR B HEE LAV by EROMETIEIFE T
bHB, FPHMEE (BK) X3 T2 LAMP 207z b
YRV —ORBERBCRIILTEY, &
B mREEE bICHE, BTRLLBORETY
AT AEL, &l - BET, »olELBE%EL
LTHRSATL 2,
FHEHBIABLACUEZESTHY, FEED
Th3ME 2N L P RERENTH
3, iz, FAEDICH Y B BEE O LEHC 3 SERITH
ERREEONRPEB SRR EER T &K
%L, THEETZIZUA NI Y—FHEICH
MTiE 3. FLMCERSIEAS I VT,
Fegh, 32, HEBEREENRDLh, F2M
SR ATV Ta—id, BiEsEL,
BERZ EWMLORIERZEIEEIL, BRERZY
IBEDSWNNVHTT B, HE, ZTNVFEVT
ARO#RE 7 uv=F EFREHASbER
PERRE: (NECT) MER CHBRRRETH L &
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20004, BERA—-H—OY /)74 - TRV

T4 ARDILTaNEF R, N AT

WFEy 2 A%, FREALWHO EFMNTE L0
SEEMNRE, ETHEGE2MIcHE77Y Ak
BROH L OIRFRIRE L ko7, L Lids
5, BERSEEOEBIRMIES & &% OB
By, BERAXY 74 V7 IRRENCART
BEHETOEAZEA TS,
DYBETCRBEREREDIN—TBTRaT75
JVEVSELDTEERM I YN/ VY —7E
(V—RItBEW E#RHBLTVS, ZOEFEZMY

LAMP (loop-mediated isothermal amplification)

TAO (trypanosome alternative oxidase ; 7 >t {LEEE)
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RV —REN YT UTERICEER (try-
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HWEBE 30 4 Bici3 L A X DFEBEMMPH 5 H
KT BIHERYR— D SB/NNRTHES, T
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M 2v—HAREK
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YR/ V—" (Trypanosoma cruzi) VI HER b
DFEBIC & > TH &I Sh b ABHRREE T
HBo PENEBPLCEEL, TAYLYIR)
V—-vREL HIE TN, BPFERLEOCRHRTH
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koTiifrEh, B MSMAT, 4 X, 22, b
DR EDOFRE, TLvon, FRyTFLREDRK
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HFFYAMPAFVaBEREPLI, BEE
30~ 100 F ADBREHBFEET 2 LHESIRT
BY, IhdDA%HMPEBRER N LT
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U/ —TE - V=227 P
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BB U e o 7 A R I I SR SR B B %
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D, FEROMMERMID 5O 3 FAN
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BB LEND, MEOFCRIEHERICER
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W9 %, HENRN CHGTE L B3R 2a 3 58
WERICERUAANRE T 2, ZhoiltlE
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HAC 2RI FHECERRE K2, i
MICTET 2 EWEH O 2 IE - BT 27
DI, BEGMIME RS R B HERILT 2 4
Ehibd, JORMEHOEIRBHS 1AM~
AREALR, BREMTZ ZEBHL, Bk
BICBIT LI BFEO—EIC BV TIRANR L /- E
OEPELEOERMED LIS,

R S B R B R B T AR g
2L B. ANYDIIY Y NETHERLT
buffy coat iz < SRR BT 5 H P,
BEREGREAR S FLFREL THET 2550 H
B, @I RRBBE KT T 500, Bl
DNARWIRRBR OV H A RIS ¢, —EH
RN LLBBND MY Y —7E2 KT
9% xenodiagnoses ARV b5 FEBIESUR & L
TREMILBRBEHHAOERLE, ZL—X YR
V=T B EE R V. BB
HBHOLLTZINFEYZ A (Lampit® ) 38,
AMEH O AL b TR OHFERERE2RT S
DELTAYAZRY =) (Radanil® ) b
TV3H, RITOWFREORTRIWMETES b
OTIE <, LIELIXENRRER223 5%, T
D& BEELL, Hi-LRWk BB
HYNEIhTN3,
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V Y375

V—Yav 7EQEPIC 1,200 F AL
DREVPOBHFERKFTCHSE, FORUIZHT
HENREL 2DICHFEE NG, RiFO L N
BEIZLHEEINWEY —v a7 (&
S TY=N) &, REPREOBRSEPREER
ZHSEITREEREIRY —Ya v TETH
3, HERBRR) —YaeoPTERLELS £
HRBTETHELRE BV EESRERL, icd
REGBERZRTESHDZ, FELXSIERIT
FHRE MV Y=Y —> 2927 & Leish-
mania spp. AL, 20 @ EMHE SR TV S,
WY F a U/3x (sand fly) i & o TS
SR, IRRCR Phlebotomus IB, FER TR Lu-
zomyia W ER BRI Z—-Lp b, C MIA
T, 4 X, B, BIeihoTHEEdbREHE
Fehy 53 ABIBHBRPETH S, AR
ELTHEBLPETERREDVDLDOTH S,

IS, 2 U TR (BB B Y — > 2o =7 HE
& HICHLBOEENED NTDs Ths, HEE
Y=o PR, L. donovani, L. infantum =P L.
chagasi \REL, Z090%E, 4K, »xvF
STV a, B, A=KV, LFFET, T
SYMHIL TV, JFINE, RIRED, 3
WESRERL HLIEMKETHY, HERR
BETICRET S EHCES, WHBEOR4%
%9 T I post-kala-azar-dermal leishmania-
sis (PKDL) »'& 56415, BHROE, BAHE~BE
BB EIZRERENEBRTIHDOTHY,
Z OB ERBEIC L > THARE{ B3,

B (BBR) BY—ae=7ER, L. major,
L. tropica, L. mexicana, L, amazonensis *° L, brazili-
ensis W EWREAL, Z00%IE, 77H=AX
¥, TWIYT, A5y, YUDITSET, ¥

Uy, JooNn, au¥F, ~)b—, RYEF
WEDLNE, b FaunnicBE R8s
MO PISFIEMETR DB S b, LB H3
L, WU ARBEINENTRI IS L REICHE
~NHEH D, BEHESE UL ROESEE S
L, BPEPRBROREALRY, EECERLEBHR
RE%T%T . ’

FVFa v ZHORIICELTY -~y
Thik NRWMOENICEBAT S E, Thidmg
BEteIn7yr—YCBEREING, + 2GR
FRANLBBRELRL, 77T54YV—LOHT
LERLUMHEZRET 5, HEEICHT 25 0%
RIZFEILBERVBEETEH, ZORTHE
= CD4 B~V — T fild (Th) B EELBE %
Rizd, MURCRBEBOF A —7 CD4 B
MECRIRZ £ oW FE R R (antigen pre-
senting cells: APCs) L OFEHBHE AT (ma-
jor histocompatibility complex: MHC) LiziR
ShBFEREBHRATF FEEHUHEELT S
&, Th1 BEUTh2 £ WS 20D8L 24KE%
oML TV, COBRREIHY,
V=Yo7 OEBRIBRETVOVE» LR
HA3NHRTHY, RBEEMICKELA 28

I IeHRl, v2uTr—YDRhICBIS Y —

Va7 OEEMROEMEEE LT Thi
b bEEINEYA PAIAIFN-y (f & —
7x0ry) Thb, L MLHLDIRETHEY
ZThlISEL2FHETELRVES, B~
T 7 —=I%FHICEELT S M T ETICER
DOWFE#FAEL, BRCY —Y a2 TERH
FET B ERB,
Y—YavoPHEOHERHIEEMETCY —
vavemTEEHTAILICE S, NBROBE
&, Mg, MBS U< I3ERithic, BB HED
BOBHEIIREM OB - #EOEBHE £

PKDL (post-kala-azar-dermal leishmaniasis)

APCs (antigen presenting cells ; iR IRTHII)

MHC (major histocompatibility complex ; EEHREH & HUR)

I[FN-y (4 v&—7xulry)

PCR (polymerase chain reaction ; R Y X Z—Eillg{i5)

ICT (immunochromatography test)
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FoazHH T3, BECcL2mEDL
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raphy test) bZ & N3, V=Y 2 TFHEDE
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BRE—FOXMRITER. B GEE 0
RMECHALTHRBICHENREEZVDDH S,

X
D li—th, J6¥: <IRVE>RBIRSAV—FH 4|
T 7Y %5 HEREES 4 75 Y — 20084,
2) Simarro PP, et al : Eliminating human African
trypanosomiasis : where do we stand and what

3

4)

5)

8)

7)
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FUIN V=T - Y=Y T

comes next ? PLoS Med 5 : e55, 2008.
BHagth, FER 77V AMY Y —TE-K
EHFLREORE —. i uMEM&EbS
(6) : 211-217, 2011. '
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Y3, BHRRTEENI R A E S I O F
gl& BETHE 7.05F. 201048,

Priotto G, Kasparian S, Ngouéma D, et al:Mul-
ticenterclinicaltrial of nifurtimox-eflornithine
combination therapy for second-stage sleep-
ing sickness. XVI['th [nternational Congress for
Tropical Medicine and Malaria Jeju, Korea,
September 2008 (http://www.who.int/
selection_medicines/committees/expert/17/
application/PriottoNECT.pdf) .

Hotez PJ, et al:Chagas disease : “the new
HIV/AIDS of the Americas”. PLoS Negl Trop
Dis 6 : 1498, 2012.
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