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Abstract

Schistosomiasis is one of the most prevalent parasitic diseases, affecting millions of people in developing countries.
Amongst the human-infective species, Schistosoma mansoni is also the most commonly used in the laboratory and here we
present the systematic improvement of its draft genome. We used Sanger capillary and deep-coverage Illumina sequencing
from clonal worms to upgrade the highly fragmented draft 380 Mb genome to one with only 885 scaffolds and more than
81% of the bases organised into chromosomes. We have also used transcriptome sequencing (RNA-seq) from four time
points in the parasite’s life cycle to refine gene predictions and profile their expression. More than 45% of predicted genes
have been extensively modified and the total number has been reduced from 11,807 to 10,852. Using the new version of
the genome, we identified trans-splicing events occurring in at least 11% of genes and identified clear cases where it is used
to resolve polycistronic transcripts. We have produced a high-resolution map of temporal changes in expression for 9,535
genes, covering an unprecedented dynamic range for this organism. All of these data have been consolidated into a
searchable format within the GeneDB (www.genedb.org) and SchistoDB (www.schistodb.net) databases. With further
transcriptional profiling and genome sequencing increasingly accessible, the upgraded genome will form a fundamental
dataset to underpin further advances in schistosome research.
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Introduction

Schistosoma spp. are platyhelminth (flatworm) parasites respon-
sible for schistosomiasis, a tropical disease endemic in sub-tropical
regions of Africa, Brazil, Central America, regions of China and
Southeast Asia, which causes serious morbidity, mortality and
economic loss. An estimated 779 million people are at risk of
infection and more than 200 million are infected [1].

The paired adult males and females of S. manson: reside in the
hepatic portal vasculature, each female depositing 200-300 eggs
per day near the intestinal wall. These eggs either pass into the
gut lumen to be voided in the faeces and continue the life cycle or
pass up the mesenteric veins and lodge in the liver, where they
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can cause serious pathology including granulomatous inflamma-
tion response and fibrosis. On contact with fresh water, free-living
motile miracidia hatch from the eggs to infect aquatic snails
(Bwomphalaria spp.), where parasites undergo two rounds of asexual
multiplication and are released as infective cercariae into water.
Cercariae infect the human host, by penetrating unbroken skin,
and transform into schistosomula. After several days the parasites
exit the cutancous tissue via blood (or lymphatic) vessels and
travel first to the lungs and onward into the systemic vasculature.
They may make multiple circuits before arriving in the hepatic
portal system; only then do they start to feed on blood, mature
and pair up, the whole process taking approximately five weeks

2.
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Author Summary

Schistosomiasis is a disease caused by parasitic blood
flukes of the genus Schistosoma. Human-infective species
are prevalent in developing countries, where they
represent a major disease burden as well as an imped-
iment to socioeconomic development. In addition to its
clinical relevance, Schistosoma mansoni is the species most
widely used for laboratory experimentation. In 2009, the
first draft of the S. mansoni and S. japonicum genomes
were published. Both genome sequences represented a
great step forward for schistosome research, but their
highly fragmented nature compromised the quality of
potential downstream analyses. In this study, we have
substantially improved both the genome and the tran-
scriptome resources for S. mansoni. We collated existing
data and added deep DNA sequence data from clonal
worms and RNA sequence data from four key time points
in the life cycle of the parasite. We were able to identify
transcribed regions to single-base resolution and have
profiled gene expression from the free-living larvae to the
early human parasitic stage. We uncovered extensive use
of single transcripts from multiple genes, which the
organism subsequently resolves by trans-splicing. All data
from this study comprise a major new release of the
genome, which is publicly and easily accessible.

Two Schistosoma draft genomes (S. mansoni and S. japonicum) were
recently published [3,4] and represent the only described genomes
amongst parasitic flatworms to date. Their assemblies were
generated by conventional capillary sequencing but are highly
fragmented (S. mansonz, 19,022 scaffolds; S. japonicum, 25,048
scaffolds) and severely compromise gene prediction, as well as
comparative and functional genomics analyses. The transcriptome
has similarly only been partially characterised by large-scale
expressed sequence tag (EST) sequencing and low-resolution
cDNA-based microarrays.

Second-generation sequencing technologies provide new op-
portunities to characterise both genomes and transcriptomes in
depth. In addition to whole genome de novo sequencing [5,6] and
genome improvement [7], massively parallel cDNA sequencing
(RNA-seq) can identify transcriptionally active regions at base-pair
resolution [8-11] and accurately define the exon coordinates of
genes [12]. In addition, the quantitative nature and high dynamic
range of RNA-seq allows gene expression to be scrutinised
[11,13,14] in a more sensitive and accurate way than other
previous high-throughput methods [15,16].

In this study we systematically improved the draft genome of S.
mansonz, using a combination of traditional Sanger capillary
sequencing, second generation DNA sequencing from clonal
parasites and reanalysis of existing genetic markers [17]. This
allowed us to assemble 81% of the genome sequence into
chromosomes. We have also used RNA-seq data from several
life-cycle stages to refine the structures of 45% of existing genes as
well as to identify new genes and alternatively spliced transcripts.
In addition to c¢s splicing, our data highlight extensive trans-splicing
and provide clear evidence that the latter can be used to resolve
polycistronic transcripts. With RNA-seq we profiled the parasite’s
transcriptome  during its transformation from the free-living,
human-infectious cercariae to the early stages of infection and in
the mature adult. As the infective form transforms into a
mammalian-adapted parasite, the relative abundance of tran-
scripts  shifts markedly during a 24-hour period, from those
involved in glycolysis, translation and transcription to those
required for complex developmental and signalling pathways.
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The improved sequence and new transcriptome data are available
to the community in a user-friendly and easy to query format via
both the GeneDB (www.genedb.org) and SchistoDB (www.schis-
todb.net) databases. These data demonstrate that revisiting a
previously published draft genome, to upgrade its quality, is an
option that should not just be reserved for model organisms.

Materials and Methods

The full description of materials and methods is presented in
Supplementary Materials (Text S1). A synopsis of the methods
used in this paper is presented below.

Parasite material, library preparation and sequencing

S. mansoni clonal DNA was obtained from single miracidium
infections of Biomphalaria snails. Male and female adults (NMRI
strain, Puerto Rican origin) were obtained from infected C57Bl/6
mice. DNA extraction was performed and sequencing libraries were
prepared as previously described [18]. Eight and lanes were
sequenced for the male samples and one lane for the female sample,
both as 108-base paired reads. For RNA-seq samples, total RNA
samples were obtained from cercariae, 3 hours and 24 hours post-
infection schistosomula, and 7-week old mixed sex adult worms.
Schistosomula samples were obtained using mechanical transfor-
mation [19]. RNA-seq libraries were prepared using a modified
version of the protocol described in [8] and sequenced as 76-base
paired reads. All samples were sequenced using the Illumina
Genome Analyzer IIx platform. Raw sequence data were submitted
to public data repositories; DNA reads were submitted to ENA
http://www.ebl.ac.uk/ena/ under accession number ERP000385
and RNA-seq reads were submitted to ArrayExpress http://www.
ebi.ac.uk/arrayexpress/ under accession number E-MTAB-451).

Generating a new assembly and transferring previous
gene annotation

The Arachne assembler (version 3.2, [20]) was used to produce a
new assembly using the existing capillary reads from the previously
published draft assembly [3], supplemented with an additional
~90,000 fosmid and BAC end sequences. FISH-mapped BACis [3]
were also end-sequenced generating 438 reads that were incorpo-
rated into the assembly. Illumina reads were used to close gaps with
the IMAGE pipeline [7]. The sequences of 243 published linkage
markers [17] of S. mansoni were retrieved and used as anchors within
the assembly by incorporating them as faux capillary reads. Scaffolds
containing these reads were ordered, orientated and merged into
chromosomes. Except where indicated, all analyses reported in the
present study refer to a frozen dataset taken at this stage of the
assembly process (S. mansoni genome v5.0, available at http://www.
sanger.ac.uk/resources/downloads/helminths/schistosoma-man-
soni.html). All comparisons were made against the previously
published draft genome (v4.0).

As part of the active finishing process, we randomly checked
~20% (2,062) of the gaps automatically closed by IMAGE and
found 90% of these could be verified by visual inspection. Contigs
containing telomeric repeat sequences (I'TAGGG) [21] were
extended by oligo-walking pUC clones until a unique sequence
was identified. Where the unique sequence was linked to a known
marker, the telomere could be placed onto a chromosome. All
manual improvement changes were included in a subsequent
snapshot of the data (v6.0).

To transfer the existing annotation to the latest reference we
used RATT [22] (with the old assembly split into four parts and
using options —q and —1) to define regions with synteny between
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both assemblies and transform the annotation coordinates onto the
new assembly.

The annotated genome sequence was submitted to EMBL
http://www.ebi.ac.uk/embl/ under the accession numbers
HE601624 to HE601631 (nuclear chromosomes); HE601612
(mitochondrial genome); and CABG01000001 to CABG01000876
(unassigned scaffolds).

Gene finding using RNA-seq

Each lane of RNA-seq reads was independently aligned to the
genome using TopHat [23] and the resulting alignment files used
as the input for the gene finder Cufflinks [12]. Transcript
fragments with less than 10X average read depth coverage and
fewer than 50 codons were excluded from subsequent analyses.
JIGSAW [24] was used to combine existing models with Cufflinks’
transcript fragments. The final set of gene models can be accessed
through GeneDB http://www.genedb.org/Homepage/Smansoni
and SchistoDB http://www.schistodb.net.

Trans-splicing and polycistronic transcription

RNA-seq read pairs that contained the splice leader (SL)
sequence [25] were used to find #rans-splicing sites; where a gene
was found within 500 bases from a frans-splice site its transcript was
tagged as putative trans-spliced. By looking for genes whose 3’ end
was located within 2,000 bp upstream of a putative #rans-spliced
acceptor site, putative polycistronic units were identified. R'T-
gPCR was performed to validate both #rans-spliced and polycis-
tronic transcripts.

Quantification of RNA-seq and differential expression

RNA-seq reads were aligned to the reference genome using
SSAHA?2 [26]. A minimum mapping score 10 was applied to filter
aligned reads. Reads per gene and RPKMs (reads per Kilobase
per million mapped reads [8]) were calculated using only coding
regions coordinates. We also estimated the background signal for
non-coding regions (RPKM<2). Total reads per gene were used to
identify differentially expressed genes (using only genes with
>background RPKM) in pair wise comparisons (adjusted p-
value<<0.01 — adjusted for multiple testing [27]) using the edgeR
package [28] implemented in the Bioconductor R-package [29].
Gene Ontology (GO) term enrichment analysis was performed
with TopGO [30], also implemented in R [31].

Ethics statement

The procedures involving animals in the UK were carried out in
accordance with the UK Animals (Scientific Procedures) Act 1986,
and authorised on personal and project licences issued by the UK
Home Office. The study protocol was approved by the Biology
Department Ethical Review Committee at the University of York.
The procedures involving animals in the US were carried out in
strict accordance with the Animal Welfare Act (Public Law 91—
579) and the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health
(OLAW/NIH, 2002). The protocol was approved by the
University of Texas Health Science Center Institutional Animal
Care and Use Committee (IACUC, Protocol Number: 08039x).

Results

An improved chromosomal assembly

Using the existing Sanger-sequencing data from the published
draft genome [3], supplemented with an additional ~90,000
fosmid and BAC: ends, we produced an improved version of the S.
mansont genome de novo using the Arachne assembler [20]. With

@ www.plosntds.org

Improved Genome and Transcriptome of the S. mansoni

only 885 scaffolds, the new assembly contains less than one-
twentieth of the original number of scaffolds (Table 1). Half of the
364.5 Mb genome is represented in scaffolds greater than 2 Mb
and 90% are over 0.5 Mb. Ordering and orientating scaffolds
based on 243 available linkage markers [17] and end-sequences
from FISH-mapped BACs [3] further improved the continuity of
the genome. The largest scaffold of 10 Mb contains 8 microsat-
ellite markers from Chromosome 6 and no ambiguities, i.c., the
order of the contigs in this scaffold is the same as the order of the
markers in the linkage group. Chromosome 1 represents the
largest placed chromosome of 79.6 Mb with 41.8 Mb of the
sequences ordered and concatenated as a single scaffold. There
were only 6 microsatellite ambiguities in the whole assembly and
these were corrected by targeted manual finishing.

We then used genomic DNA from a clonal adult male
population (see Methods, Text S1 and Figure 1A) to reduce the
number of gaps within scaffolds and generally improve the
assembly. Using the Genome Analyzer IIx platform, we generated
11 Gb of 108-base paired reads, approximately 60-fold genome
coverage. IMAGE [7] was then used to iteratively extend contigs
mto gaps by performing local assemblies of the Illumina reads
(Figure 1B). After 33 iterations with a range of A-mer sizes,
IMAGE closed a total of 11,158 gaps (53.4% of all possible gaps).
The closed gaps had an average length of 315 bp with the largest
gap being 6.5 kb (Figure S1). The statistics of the improved new

Table 1. Characteristics of the old and improved Schistosoma
mansoni genome assemblies.

old version® New version®

Assembly size (Mb) 3749 364.5
Proportion assigned to chromosome (%) 55 81

Contig statistics

Number 50,292 9203
Average length (kb) 7.5 394
N50 length (kb) 16.3 783
Largest contig (kb) 139.4 460
Scaffold statistics
Number 19,022 885
Average length (kb) 20 411.9
N50 length (Mb) 0.8 321
Largest scaffold (Mb) 4.2 65.5¢
Accuracy assessment using mapped reads®
Properly mapped read pairs® (%) 91.5 91.8
Pairs mapped too far apart (%) 0.23 0.18
Pairs mapped in wrong orientation (%) 0.28 0.27
Pairs mapped to different scaffolds (%) 0.17 0.11
Only one mate mapped (%) 244 247
Unmapped (%) 537 5.16

Version 4.0 of the S. mansoni genome was the published draft genome [3].
Note the sequence in version v4.0 was identical to the previously released v3.1.
bVersion 5.0.

“This figure refers to a “super-scaffold” of chromosome | sequence where 41
assembly-scaffolds are linked using genetic markers.

4101,079,940 pairs of lllumina reads.

®Reads mapped in their correct orientation and at a distance apart that
corresponds to that predicted by the fragment library size.

fReads that mapped in their correct orientation but at a distance apart that did
not match that predicted by the fragment library size.
doi:10.1371/journal.pntd.0001455.t001
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Figure 1. Improving the genome assembly of S. mansoni. (A) Generation of clonal adult worms for lllumina sequencing. A single B. glabrata
snail was infected with one miracidum only. The normal asexual reproduction stage of the sporocyst in the snail produces thousands of clonal
cercariae that were used to infect mice. Clonal adult worms were recovered 7 weeks post-infection and processed for DNA extraction. (B) Closing
gaps with IMAGE. lllumina data generated from the clonal adult worms were used to close gaps in the assembly using IMAGE [7] and, in conjunction
with previous sequencing data, linkage markers and BAC ends, allowed the genome to be assembled into chromosomes. (C) Organisation of the S.
mansoni genome into chromosomes. Top: The total length of the scaffolds that have evidence (either linkage markers or FISH-mapped BACs)
assigning them to the 7 autosomal and W/Z chromosomes. Bottom: A schematic diagram showing the example of supercontig_21 (3 Mb), which was
allocated to chromosome 6 using information from genetic mapping [17], and was able to link together 9 supercontigs from the old assembly into

the first 350 kb.
doi:10.1371/journal.pntd.0001455.g001

assembly are shown in Table 1. Compared with the previous draft
assembly, the number of contigs was reduced from 50,292 to 9,203
and the N50 was increased from 16 to 78 kb.

Because the linkage markers were associated with much larger
scaffolds, we were able to allocate an additional 84 Mb of
consensus sequence data into individual chromosomes, bringing
the total to 81% (Figure S2). The improvement is best illustrated in
chromosome 6, which consists of the largest and 5 smaller scaffolds
in the new assembly, but corresponds to 1,537 scaffolds from the
old assembly. Illumina reads from clonal worms, mapped to both
assemblies, were also used to assess assembly improvement.
Table 1 shows that the mapping statistics were broadly similar
in both assemblies. However, in terms of absolute numbers, more
reads mapped to the new assembly despite the total genome length
having been reduced by ~10 Mb. Further, an increased number
of read-pairs mapped in their correct orientation, within a distance
predicted by the sequencing library fragment size, indicating fewer
mis-assemblies.

Following assembly, the genome was further improved by
manual finishing. In particular, 305,465 Sanger reads (comprising
repetitive sequences that were previously excluded by assembly
software) were manually incorporated, three more scaffolds were
ordered into chromosome sequences, and 17 new contigs were
assembled to further extend the ends of chromosomes. For
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example, by closing 33 gaps, one end of chromosome 6 has been
extended by 1.4 Mb and now includes its telomeric tract.

Sex chromosomes share significant sequence

The S. manson: genome has one pair of sex chromosomes.
Females are the heterogametic sex with both Z and W
chromosomes and males are homogametic with a ZZ pair. We
found Z and W assembled together into 34 scaffolds, which could
be ordered and orientated based on 51 previously reported genetic
linkage markers [17] and comprised a total of 59 Mb. We used
differences in coverage of reads mapped from male and female
DNA, to identify both Z and W specific regions (Text SI).
Approximately 30% of the Z/W chromosome was Z-specific
(Figure S3) and contained 23 Z-specific genetic markers [17].
Amongst the unplaced sequences that lack genetic markers, were
an additional 69 Z-specific scaffolds (>100 kb) and a further 114
unplaced scaffolds (~1.1 Mb) that were W-specific. Repeats
comprise 90% of the latter, and include previously identified
female-specific repeat [32] as well as 0.1 Mb of previously
uncharacterised female-specific sequences. These scaffolds usually
have female reads mapped many fold higher than the average
coverage of the assembly, for example scaffold 1570 has 26 times
higher coverage than the average, suggesting that the heterochro-
matin portion of the W chromosome have been collapsed into
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these scaffolds. Based on the differences between the genome-wide
assembly coverage and the coverage of these scaffolds, we estimate
these heterochromatin portions of the W chromosome to comprise
~3.3 Mb collapsed into the 1 Mb of consensus. Interestingly, the
W-specific scaffolds appear to contain no coding genes whereas the
Z-specific portion of Z/W sequence contains 782 genes, ~95% of
which exist as single-copies within the assembly.

The mitochondrial genome

Amongst the unassembled reads there were 5,647 that
originated from mitochondrial DNA. An independent assembly
of these reads using CAP3 [33] generated a single contig of 21 kb
(to which 15 scaffolds from the previous genome assembly could be
aligned). The first 14 kb of the contig was 99.9% identical to the
published coding portion of the S. manson: mitochondrial genome
[34]. Based on restriction fragment analysis, a long non-coding
region that is repetitive and highly variable between individuals
has previously been partially characterised [35]. In our data, the
additional 9 kb non-coding portion of the mitochondria genome is
now complete and comprises known 62 bp repeats [35], plus
additional 558 bp repeats and long tracts of low complexity
sequence.

Improvements to gene models using RNA-seq

We obtained total RNA from four time points of the life cycle of
S. mansoni: 1) free-living mammalian-infectious cercariae, mechan-
ically transformed schistosomula at 2) three hours and 3) twenty
hours post infection, and 4) seven-week old mixed-sex adults
recovered from hamster host. The 183 million 76-base RNA-seq
read pairs were mapped to the new reference genome using
SSAHA?2 alignment tool [26]. An average 70% of the RNA-seq
reads generated in each sequenced library aligned as proper pairs
to the genome (Table 2), an improvement over the previous
version of the genome. Less than 6% of reads mapped to the
mitochondrial genome in each sample; the lowest (0.5%)
corresponding to the schistosomula stages.

The majority (91%) of the 11,799 gene models from the
previous version of the genome could unambiguously be
transferred onto the new assembly. Splitting gene models from
the previous assembly increased the gene count by 307; however,
the coalescence of genes previously located on multiple different
scaffolds caused some redundancy (an example is shown in
Figure 2), removal of which reduced the number of transferred
genes to 10,123. Of the 1,065 genes that could not be transferred

Table 2. Summary of RNA-seq mapping.

Improved Genome and Transcriptome of the S. mansoni

to the new assembly, at least 83% were presumed to represent
incorrect annotations due to a lack of sequence similarity and their
short lengths, 1- or 2-exon structures (Figure S4) or a lack of start
or stop codons.

RNA-seq data has been used to refine and improve gene model
predictions in various organisms [10,36,37]. In the first draft of the
S. manson: genome, gene models were generated using a
combination of ab iitio gene predictions and EST evidence [38],
with only a few hundred manually curated genes. To systemat-
ically upgrade the quality of annotations, we aligned pooled RNA-
seq reads using TopHat [23], which allows gaps in the read-to-
reference alignment at putative splice sites. Using the upgraded
genome sequence 30% more RNA-seq reads with putative splice
junctions aligned, highlighting putative new genes or structural
refinements that could be made to existing genes.

Cufflinks [12] was used to aid the refinement of gene structures
by creating transcript “fragments” with sharply defined exon
boundaries [23]. Using transcript fragments with at least 10 reads
coverage at each base we found 78% of previous gene models had
evidence of transcriptional activity within the sampled life cycle
stages. Of these models, 3,604 (45%) were modified to include new
exons derived from RNA-seq data, hence generating alternative
gene predictions (Table 3). Using the transcript data as a guide,
236 genes were merged and 26 split into two or more gene models.

To assess the accuracy of gene models, we calculated two
metrics: the proportion of intron-exon junctions found in previous
models that matched to the same intron-exon junction in a
transcript fragment, and the proportion of the coding sequence in
previous models that overlapped with the transcript fragments.
Figure 3A is a heatmap showing these two metrics; existing models
are clustered around top right of the plot, which indicates that
RNA-seq evidence-based transcript fragments are similar to the
existing models. Sixteen percent of gene models were perfectly
reproduced by the transcript fragments (Figure 3B), while 90% of
gene models with transcriptional evidence have at least 70% of the
coding region covered by the transcript fragments.

In the new dataset, only 53% of gene models have at least 70%
of their exon boundaries preserved. There are two main reasons
for this low specificity in predicting exon boundaries. First,
Cufflinks was unable to successfully predict the small introns
typically observed in the 5 end of many S. mansoni genes
(Figure 3C and [3]). Consistently, when the first four exons of the
old gene models were excluded, we found that transcript
fragments could perfectly predict 90% of exon boundaries.

Cerc 3 h Som 24 h Som Adult

Total read pairs sequenced (out of 183,590,080) 69,498,003 53,041,873 50,528,949 10,521,255
Properly mapped read pairs® (%) 70.7 68.6 69.8 723
Additional properly mapped read pairs in new assembly® (%) 2.0 0.2 0.4 2.8

Pairs mapped to repeats (%) 23.8 14.0 16.2 19.7

Pairs mapped to different scaffolds (%) 0.2 2.1 3.0 0.3

One mate mapped or mapped in wrong orientation (%) 43 12.2 9.7 6.1
Unmapped (%) 1.0 3.2 14 1.6
Proportion of reads mapped to mitochondria 5.1 0.6 0.4 37

“reads mapped within expected distance apart and in the correct orientation.
Preads that were properly mapped to the new assembly but not in the previous.
doi:10.1371/journal.pntd.0001455.t002

@ www.plosntds.org 5

Number of RNA-seq reads mapped using SSAHA2 to the genome from libraries prepared from cercariae (Cerc); 3-hour post-infection schistosomula (3 h Som); 24-hour
post-infection schistosomula (24 h Som); and mixed male and female adult worms (Adult).
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Figure 2. Removal of assembly redundancies produces a more reliable set of gene models. Gene models were migrated from previous
version using RATT [22]. Repeats and sequencing errors in the old assembly resulted in ambiguities and sequences being represented more than
once. In the new version, many scaffolds coalesced into one region and hence the gene models contained in them overlap each other. In this
example, four supercontigs from the previous version collapsed on an unplaced region of Chromosome 3 in the new assembly. The smaller gene
models are now obsolete as they were clearly incomplete annotations and their coding region are part of the exons of the larger gene model.

doi:10.1371/journal.pntd.0001455.g002

Second, sequencing errors in the previous assembly resulted in
introns being falsely incorporated into gene models during
prediction to compensate for apparent frameshifts. These “intron”
sequences are no longer necessary to preserve the reading frame
and were identified as part of exons by Cufflinks in the new
assembly (Figure 3D). For the two reasons above, we used
JIGSAW [39] to combine existing models with those produced
from RNA-seq data, resulting in 1,264 exon coordinates being
changed.

Table 3. Fate of gene models.

Number

Total gene models in old genome version® 11,719
Not transferred 1,088
Deleted models 545

Split or merged models 731
Models with additional exons 3,438
Models that have been automatically replaced 1,116
New genes 504
Genes in new version® 10,852

The criteria for including genes into each category are described in the main
text.

Version 4.0.

bVersion 5.0.

doi:10.1371/journal.pntd.0001455.t003

@ www.plosntds.org

We identified 1,370 transcripts corresponding to putative full
length coding sequences but which did not overlap with existing
gene models. To check whether they indeed represented novel
genes, we first screened them against known repeats and
transposable elements. The 36 previously published transposable
element sequences in S. mansoni matched 866 of the transcribed
fragments, the longest of which (5,061 bp) was 99% identical to
the coding portion of the LTR retrotransposon Saci-1 [40].

Of the remaining 504 complete transcript fragments we found
sequence similarity for 231 in the NCBI nr protein database,
mostly to other genes already annotated in S. mansoni (presumably
representing gene duplications or members of multi-gene families)
or S. japomcum. However, seven out of the remaining 273 full-
length transcript fragments did show at least one conserved
domain: a putative Tpx-1/SCP related allergen, a rhodopsin-like
GPCR domain, a DNA-protein interaction domain, a epidermal
growth factor-like (EGF-like) domain, and a polypeptide encoding
a fascicline-like domain (FAS1) domain), and two transcripts with
ArsR transcriptional regulator sequences. The new transcript
fragments were on average shorter (261 bp) and exhibited unusual
codon usage (Wilcoxon rank sum test, p<<0.01, Figure S5)
compared with a typical schistosome gene. Although we cannot
rule out at this stage that the small set of atypical genes are non-
coding RNA species, they are included in the total number of
putative protein coding genes, which stands at 10,852.

Trans-splicing

Both s and trans-splicing are used to produce mature
transcripts in S. mansoni. By filtering for RNA-seq reads containing
the spliced leader (SL) sequence [25], strongly supported trans-
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Figure 3. Improvement of gene annotation using RNA-seq. (A) Heatmap displaying comparisons between previous gene models and
transcript fragments generated from Cufflinks. For each model, the extent of coding region that overlaps with a Cufflinks’ model and the proportion
of correctly predicted exon boundaries was calculated and categorised into bins of 70-100%. Models in this plot were excluded with less than 70% of
their exon boundaries or coding regions predicted. (B), (C) and (D) Example scenarios of Cufflinks’ models compared with previous gene models
where (B) the Cufflinks prediction is identical to the 1,239 existing models; (C) Cufflinks fails to identify small introns; (D) Cufflinks removes incorrect
introns present in the previous gene model, probably due to the improved assembly which, by correcting gaps, produced a longer single exon while

the reading frame is preserved.
doi:10.1371/journal.pntd.0001455.g003

splicing events could be mapped on a genome-wide scale and
highlighted 1,178 (~11%) genes (an example is shown in
Figure 4A), a figure in close agreement with a previous prediction
[41]. For validation, we randomly chose ten putative frans-spliced
gene models and could verify the existence of their trans-spliced
transcripts by RT-PCR (Figure 4B, Table S1). In many cases,
mapping information suggests a second #rans-splicing acceptor site,
usually within 20-50 bases from the primary acceptor site,
indicating that alternative splicing operates at the #rans as well as
cts levels. Using Gene Ontology enrichment [30], we could find no
particular functions or processes enriched within the #rans-spliced
genes, agreeing with the previous report [41].

Polycistronic transcripts originate from a single promoter but
are later processed to generate two or more individual mRNAs.
This type of transcriptional regulation is characteristic of
trypanosomatids [42] and is present in C. elegans [43] and other
organisms [44]. It has been suggested [45] that the S. manson:
Ubiquinol-cytochrome-c-reductase (UbCRBP) and phosphopyru-
vate hydratase (Smp_024120 and Smp_024110 respectively) genes
might be transcribed as a polycistronic unit and that trans-splicing
of the phosphopyruvate hydratase might resolve the polycistron
into individual transcripts. In our study we provide strong evidence
that this is indeed the case. One of the characteristics of
polycistronic transcripts is a short intergenic distance (<200 bp)
between individual “monocistrons”. We identified a total of 46
trans-splicing acceptor sites that fall between gene models that have
a maximum intergenic distance of 200 bp, and 115 cases
(Figure 4C, Table S2) where the intergenic regions expands up
to 2 kb (maximum reported for C. elegans). We validated four of
these polycistrons by RT-PCR (Figure 4D, Table S1) and Sanger

@ www.plosntds.org

sequencing (data not shown). Unlike C. elegans, which uses a second
spliced leader (SL2) to resolve polycistrons [43], S. manson: seems to
use the same SL for both polycistronic- and non-polycistronic-
trans-spliced transcripts. The role of polycistrons in schistosome
gene expression remains to be determined but no pattern could be
discerned between the ascribed functions of genes within each
polycistron.

Transcriptome analysis and differentially expressed
genes

In order to profile the transcriptional landscape of the parasite
establishing in the mammalian host, the RNA-seq data from four
key time points in the parasite’s life cycle were analysed
independently. Consistent with RNA-seq experiments elsewhere
[16], we found good reproducibility between biological replicates,
indicated by high correlation coefficients (average Pearson
correlation of log RPKM values, across five pairs of biological
replicates, was 0.95; Figure S6).

A total of 9,535 (88%) genes were expressed (above an
empirically determined background RPKM cut-off of 2 — Text
S1 and Figure S7) in at least one surveyed time point and the
remaining 12% were regarded as genes with expression too low to
be detected or expressed during life stages not surveyed in this
study (e.g. intra-molluscan stages) and therefore were excluded
from further analysis. Of the excluded genes, 65% are annotated
as hypothetical proteins (higher than the genome-wide figure of
44%).

To gain better insight into the resolution of the RNA-seq
approach in S. mansoni, we compared our results with a few
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Figure 4. RNA-seq reveals trans-spliced transcripts. (A) Schematic view of the 5’ end of trans-spliced gene Smp_176420. Shaded coverage
plots represent non-normalized RNA-seq reads still containing the spliced-leader (SL) sequence (green - unclipped reads) and reads previously found
to contain the SL sequence (orange - clipped). In the latter, the SL sequence was removed prior to aligning the reads to the genome; which improved
the reads mapability (lower in the unclipped reads than in the orange reads). (B) RT-PCR validation of 10 putative trans-spliced genes with SL1 as
forward primer and a gene-specific reverse primer. Smp_024110.1, previously described as trans-spliced [41], was included as a positive control
(indicated with +') while Smp_045200.1 was included as a negative control (‘—’). All PCRs but one (Smp_176590.1) show bands corresponding to
expected PCR product size. (C) Schematic view of the putative polycistron Smp_079750-Smp_079760. PCR1 represents the amplicon obtained from
the unprocessed polycistronic transcript containing the intergenic region while PCR2 the trans-spliced form of Smp_079760. (D) RT-PCR validation of
5 putative polycistrons and a positive control (Smp_024110-Smp_024120; lane 9) previously reported in [45]. Each putative polycistron was subjected
to two PCRs that correspond to PCR1 (e.g lane 1) and PCR2 (e.g lane 2) in panel C.

doi:10.1371/journal.pntd.0001455.9004
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example genes that have been described to undergo pronounce
changes in their expression along the parasite’s life cycle: an 8 kDa
calcium binding protein, associated with tegument remodelling
during cercariae transformation into schistosomula [46,47]; a heat
shock protein 70 (HSP70), active in schistosomula after penetra-
tion through mammalian host skin [48-50]; and the tegument
antigen Sm22.6 [51], associated with resistance to re-infection in
adult patients of endemic areas [52]. Our RNA-seq results broadly
agree (Figure 5) with relative gene expression measurements
obtained through other approaches. We also investigated how well
the RNA-seq data correlate with previous microarray studies
[53,54]. Comparing normalised intensity values of the array
features against the RNA-seq read depth for each microarray
probe location in the genome (Figure S8) suggests that these data
broadly correlate (Pearson’s correlation of the log values 0.67).

A total of 2,194 genes had detectable expression in at least one
stage but not another and were therefore differentially expressed.
We also used a pair-wise approach to analyse genes differentially
expressed between the following life cycle stages: cercariae vs. 3-
hour schistosomula, 3-hour schistosomula vs 24-hour schistosom-
ula, and 24-hour schistosomula vs. adult. A total of 3,396 non-
redundant transcripts (excluding alternative spliced forms) were
differentially expressed (adjusted p-value<<0.01) within the three
pair wise comparisons (Table 4 and Table S3). An example
showing differential expression between cercariae and 3-hour post-
infection schistosomula is presented in Figure 6. To obtain a broad
overview of the biological changes occurring at the gene
expression level, we used Gene Ontology term enrichment to
identify annotated functions and processes that were overrepre-
sented in genes that were statistically (adjusted p-value<<0.01) up-

Improved Genome and Transcriptome of the S. mansoni

or down- regulated. Aerobic energy metabolism pathways were
down regulated in schistosomules compared to cercariae and
antioxidant enzymes were overrepresented in transcripts from
adults. Three-hour post-infection schistosomula showed enrich-
ment of transcripts involved in transcriptional regulation, G-
protein coupled receptor (GPCR) and Wnt signalling pathways,
cell adhesion and a considerable number of genes involved in
potassium/sodium transport (Table S4). Most of the categories
enriched at 3 hours post transformation persist through to
24 hours (e.g. GPCR signalling pathways). A total of 165 proteins
are found to be associated with GPCR signalling pathways
(annotated via GO). Of these, 30 and 18 were up regulated in 3
and 24 hours post-infection schistosomula, respectively, compared
with cercariae.

In order to investigate major processes occurring individually in
each life cycle stage, we studied genes with expression above the 95
percentile in cercariae, 24-hour schistosomula and adults
(Figure 7). Across the life cycle stages studied, some core cellular
processes are consistently highly expressed, including glycolytic
enzymes and protein translation but other broad changes are also
apparent. Free-living cercariae utilise internal glycogen stores;
accordingly genes involved in glycolysis and the tricarboxylic acid
cycle (TCA) are highly expressed. After penetrating the skin and
transforming into obligate endoparasites, the schistosomula switch
to anaerobic metabolism [55,56] before aerobic metabolism partly
resumes in the adult. These events are also reflected in the
transcriptome. At the schistosomulum stage there is a switch to
high expression of L-lactate dehydrogenase, while TCA cycle
transcription markedly decreases. As noted above, the cercariae
and adult samples have relatively high contributions from the
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Figure 5. Comparison of expression of genes previously identified to be developmentally regulated. Barplots represent relative
normalized reads (from RNA-seq data) for 3 transcripts, asterisks represent comparisons where differential expression is significant (adjusted p-
value<0.01). Relative expression reported in the literature [46,49,51] is shown at the bottom (+++, high expression, ++ medium expression, + some
expression, — not expressed, NA no information available). C=cercariae, 3S=3-hour schistosomula, 24S = 24-hour schistosomula, A =adult.

doi:10.1371/journal.pntd.0001455.g005
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Figure 6. Detection of differentially expressed genes. The plot (left) shows the log fold change (y-axis) vs. log relative concentration (x-axis) for
the cercariae — 3-hour schistosomula comparison. A total of 1,518 genes are differentially expressed between these two life cycles stages (adjusted p-
value<<0.01). On the right, example coverage plots for differentially and non-differentially expressed genes. Of particular interest, genes up regulated
in the 3-hour schistosomula stage are enriched in G-protein coupled receptors and integrins, suggesting that signalling is a key process in this life-

cycle transition.
doi:10.1371/journal.pntd.0001455.g006

mitochondrial transcriptome (Figure S9) reflecting the high
energy-demands of these two stages.

Other genes highly expressed in the schistosomula are involved in
protein re-folding and chaperone function: 5 heat shock proteins
(Smp_008545, Smp_035200, Smp_062420, Smp_072330, HSP70/
Smp_106930) are among the top 50 most expressed genes at this
stage and may reflect a response to the rapid temperature rise
between fresh-water (~28°C), in which the cercariae are found, and
the warmer mammalian host (~37°C). Within the host, schistosomes
are exposed to potentially damaging reactive oxygen species
produced during metabolism. Consistent with previous work [57]
we found that antioxidant enzymes - particularly the peroxiredoxins
(Prx1, Smp_059480 and Prx2, Smp_158110) - are highly expressed
in adults, 24 hours after transformation and for Prxl, as early as
3 hours after transformation.

Our results highlight the advantages of RNA-seq transcriptome
profiling, especially its ability to dramatically improve the gene
annotation alongside accurately recording changes in gene expression.

Table 4. Number of differentially expressed genes.

Discussion

In 2009 a draft genome of S. mansoni was published and
provided a major resource for gene discovery and data mining.
Our motivation for this study was to take S. mansons’s genome to
the next level, to systematically upgrade its draft sequence so that
gene structures can be more accurately predicted and the genomic
context of genes can be better explored. Although systematic
manual finishing has occurred for some parasite genomes, it is not
an economically viable option for most non-model organisms. The
genome of S. mansoni is approximately 10 times larger that the
genomes of protozoan parasites and is set in the context of a field
that attracts less funding. Although additional ‘‘traditional”
targeted, long-range capillary sequence was introduced, more
than 40,000 gaps were closed simply by re-sequencing at deep
coverage, from a low-polymorphic population of adult worms.
Further substantial changes were made from re-evaluating existing
genetic marker information. As a result, the genome is measurably

Stage comparison Up regulated Down regulated Total
Cercariae - 3 hour schistosomula 1,002 516 1,518
3 hour schistosomula - 24 hour schistosomula 433 595 1,028
24 hour schistosomula - adult 1,141 935 2,076

doi:10.1371/journal.pntd.0001455.t004
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Figures refer to those genes with significant differential expression (adjusted p-value<0.01). NB the v5.0 assembly contains 10,852 genes.
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Figure 7. Genes with expression above the 95 percentile different in cercariae and intra-mammalian stages. Venn diagram represents
the distribution of genes above 95 percentile of expression in 3 different life cycle stages of the parasite. Examples of the genes/processes found

within these groups are discussed in the main text.
doi:10.1371/journal.pntd.0001455.g007

more accurate and its continuity has been transformed; 81% of the
data is now assembled into chromosomes.

We have also upgraded the annotation using deep coverage
RNA-seq. Compared with the 2009 draft genome, the net change
in the gene content is that there are now ~900 fewer genes.
However, 500 genes are new and more than 1600 low confidence
or erroneous predictions have been removed. Across the genome,
more than one third of genes now have new sequences. The value
of the genome resource will therefore be tangibly improved: data
mining approaches to identify genes will be more sensitive and
trawling through kilobases of sequence for missing exons will be
come less common.

Our results also highlight the major benefit of using RNA-seq
for transcriptome profiling - its ability to dramatically improve the
gene annotation, whilst accurately recording changes in gene
expression. We see major expected changes, for example, the well
described metabolic switch on host penetration, plus some
previously overlooked ones, such as a battery of receptors up
regulated at the onset of infection in the mammalian host. Our
data also define with high resolution some of the important
building blocks of the schistosome transcriptome — long transcripts,
cis and trans-splicing, and for the first time, clear evidence of the
trans-splicing being used to resolve polycistrons. By increasing the
quality of the genome, we have increased the utility of our RNA-
seq data and taken it well beyond the levels attainable by previous
microarray approaches. Although only a broad view of gene
expression changes are presented herein, the resolution of our
analyses reflects the functional annotation that has been previously
ascribed. The true value of these data will arise from their use
within the context of genome databases such as GeneDB and
SchistoDB to query the behaviour of specific genes or groups of
genes.

@ www.plosntds.org
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The quality of a genome directly influences the uses to which it
can be put and with many more, low-cost, draft-genome
sequencing projects underway, the requirement for higher quality
reference material, is increasing. Chain et al. 2009 recently defined
several levels or standards for genome assemblies [58]. In the
present study, we have taken an existing draft genome and
demonstrated that in relatively modest period of time it can be
upgraded to annotation-directed grade using second generation
sequencing technology without the need for extensive manual
finishing. The much improved genome assembly and gene
along with the expression data, are available at
GeneDB and SchistoDB and will be an excellent resource not
only for the helminth research community but also for in depth
comparative genomics studies across metazoa.

structures,

Supporting Information

Figure S1 The frequency and length of newly inserted
sequences at gaps.

(PDF)

Figure 82 The S. mansoni v5.0 genome assembly
superimposed over a genetic linkage map [17]. The
numbers on the left of chromosomes are map distances in
centimorgans, and the identifiers on the right of each chromosome
denote contigs and scaffolds of assembly v5.0 (e.g. 6569_28 is
contig 6569, which is assembled into scaffold 28). Lines connecting
chromosomes indicate where an assembly scaffold contains contigs
from two different chromosomes. There are multiple possible
reasons for such occurrences, including repetitive sequences,
assembly errors. All assembly ambiguities of this kind have been
manually inspected and cannot be resolved using the current data.

(PDF)
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Figure S3 Analysis of male and female specific sequenc-
es. Sequence data from both Z and W chromosomes assembled
together but was resolved by aligning male (blue) and female (red)
genome sequence reads. The arrowheads indicate Z-specific
genetic linkage markers.

(PDF)

Figure S4 Plot showing (A) transcript length and (B)
number of exons for the three different categories of
gene models transfered using the Rapid Annnotation
Transfer Tool (RATT). Outliers were not drawn in the
boxplot.

(PDF)

Figure S5 Codon usage of the (manually) curated genes
and the 466 novel genes.
(PDF)

Figure S6 Correlation between replicate experiments.
Biological replicates are evaluated by calculating the Pearson’s
correlation for each pair of samples.

(PDF)
Figure 87 Cumulative distribution of RNA-seq coverage

(expressed as RPKM values, see Methods) for exons,
introns, intergenic sequences and untranslated regions.
(PDF)

Figure S8 Correlation of RNA-seq data and microarray
data. The scatter plots show the coverage (Logs-transformed) of
reads per probe location compared with normalized microarray
intensities (Logo-transformed) from (A) Fitzpatrick et al. 2009 [54]
and (B) Parker-Manuel ef al. 2011 [53]. The graphs was generated
using the smoothScatter function from the R software package

[31].
(PDF)
Figure S9 Relative gene expression levels for mitochon-

drial genes. C=cercariaec; 3S=3 hour schistosomula;
24S = 24 hour schistosomula; A = adult.

(PDF)

References

1. Steinmann P, Keiser J, Bos R, Tanner M, Utzinger J (2006) Schistosomiasis and
water resources development: systematic review, meta-analysis, and estimates of
people at risk. Lancet Infect Dis 6: 411-425.

2. Cook GC, Zumla A, Manson PSTd (2003) Manson’s tropical diseases.
Edinburgh: Saunders. xiii, 1847 p. [1812] p. of plates p.

3. Berriman M, Haas BJ, LoVerde PT, Wilson RA, Dillon GP, et al. (2009) The
genome of the blood fluke Schistosoma mansoni. Nature 460: 352-358.

4. The Schistosoma japonicum Genome Sequencing and Functional Analysis
Consortium (2009) The Schistosoma japonicum genome reveals features of host-
parasite interplay. Nature 460: 345-351.

5. Li R, Fan W, Tian G, Zhu H, He L, et al. (2010) The sequence and de novo
assembly of the giant panda genome. Nature 463: 311-317.

6. Nowrousian M, Stajich JE, Chu M, Engh I, Espagne E, et al. (2010) De novo
assembly of a 40 Mb eukaryotic genome from short sequence reads: Sordaria
macrospora, a model organism for fungal morphogenesis. PLoS Genet 6:
€1000891.

7. Tsai I, Otto TD, Berriman M (2010) Improving draft assemblies by iterative
mapping and assembly of short reads to eliminate gaps. Genome Biol 11: R41.

8. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B (2008) Mapping
and quantifying mammalian transcriptomes by RNA-Seq. Nat Methods 5:
621-628.

9. Hillier LW, Reinke V, Green P, Hirst M, Marra MA, et al. (2009) Massively
parallel sequencing of the polyadenylated transcriptome of C. elegans. Genome
Res 19: 657-666.

. Daines B, Wang H, Wang L, Li Y, Han Y, et al. (2011) The Drosophila melanogaster
transcriptome by paired-end RNA sequencing. Genome Res 21: 315-324.

@ www.plosntds.org

12

Improved Genome and Transcriptome of the S. mansoni

Table S1 Primers used for validation of trans-spliced
(top) and polycistronic (bottom) transcripts.

(XLS)
Table S2 Putative polycistrons with a maximum inter-

genic distance of 200 bp and 2000 bp.
(XLS)

Table S3 Differentially expressed genes in the cercariae
vs. 3 hr schistosomula comparison, 3 hr vs. 24 hr
schistosomula comparison and 24 hr schistosomula vs.
adult comparison. Only significantly differentially expressed
transcripts (adjusted p.value<<0.01 — BH correction) are listed.
(XLS)

Table S4 Gene Ontology (Biological Processes) enrich-
ment for differentially expressed genes in the cercariae
3 hr schistosomula comparison, 3 hr vs. 24 hr
schistosomula comparison and 24 hr schistosomula vs.
adult comparison. The top 20 hits are shown.

VS.

(XLS)

Text S1 Supplementary Materials and Methods.
(DOC)

Acknowledgments

We thank Frances Jones and Maureen Laidlaw (Dept. of Pathology,
University of Cambridge), Prof. Michael ]J. Doenhoff (University of
Nottingham, Nottingham, U.K.) for providing parasite material. We also
thank Alan Tracey, Karen Brooks, Helen Beasley, Kathy Seeger, and
Christopher Stevens, along with David Saunders, Karen Holt and Kirsty
Ambridge (Wellcome Trust Sanger Institute) for their help in manual
improvement and annotation, and Dr. Adam Reid for his assistance in

calculating background RPKM threshold.

Author Contributions

Conceived and designed the experiments: MB. Performed the experiments:
AVP AB. Analyzed the data: AVP IJT MH TDO. Contributed reagents/
materials/analysis tools: CL TJCA SJPM RAW DWD PTL. Wrote the
paper: AVP IJT MB. Data processing and loading GeneDB and
SchistoDB: IJT NDS JM GO AZ MAA GSV. Manual genome
improvement and curation of gene annotations: AVP IJT SN RCC CD
GPD. Project management: NEH. Construction of sequencing libraries:

MAQ,

. Lu T, Lu G, Fan D, Zhu C, Li W, et al. (2010) Function annotation of the rice
transcriptome at single-nucleotide resolution by RNA-seq. Genome Res 20:
1238-1249.

. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, et al. (2010)
Transcript assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nat Biotechnol 28:
511-515.

. Severin AJ, Woody JL, Bolon YT, Joseph B, Diers BW, et al. (2010) RNA-Seq
Adlas of Glycine max: A guide to the soybean transcriptome. BMC Plant Biol 10:
160.

. Oshlack A, Robinson MD, Young MD (2010) From RNA-seq reads to
differential expression results. Genome Biol 11: 220.

5. Shendure J (2008) The beginning of the end for microarrays? Nat Methods 5:
585-587.

. Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y (2008) RNA-seq: An
assessment of technical reproducibility and comparison with gene expression
arrays. Genome Res 18: 1509-1517.

. Criscione CD, Valentim CL, Hirai H, LoVerde PT, Anderson TJ (2009)
Genomic linkage map of the human blood fluke Schistosoma mansoni. Genome
Biol 10: R71.

. Kozarewa I, Ning Z, Quail MA, Sanders MJ, Berriman M, et al. (2009)
Amplification-free Illumina sequencing-library preparation facilitates improved
mapping and assembly of (G+C)-biased genomes. Nat Methods 6: 291-295.

. Brink LH, McLaren DJ, Smithers SR (1977) Schistosoma mansoni: a comparative
study of artificially transformed schistosomula and schistosomula recovered after
cercarial penetration of isolated skin. Parasitology 74: 73-86.

January 2012 | Volume 6 | Issue 1 | e1455



20.

21.

29.

30.

31

32.

33.

34.

37.

39.

40.

Batzoglou S, Jaffe DB, Stanley K, Butler J, Gnerre S, et al. (2002) ARACHNE: a
whole-genome shotgun assembler. Genome Res 12: 177-189.

Hirai H, LoVerde PT (1996) Identification of the telomeres on Schistosoma
mansoni chromosomes by FISH. J Parasitol 82: 511-512.

. Otto TD, Dillon GP, Degrave WS, Berriman M (2011) RATT: Rapid

Annotation Transfer Tool. Nucleic Acids Res 39: e57.

. Trapnell C, Pachter L, Salzberg SL (2009) TopHat: discovering splice junctions

with RNA-Seq. Bioinformatics 25: 1105-1111.

. Allen JE, Majoros WH, Pertea M, Salzberg SL (2006) JIGSAW, GeneZilla, and

GlimmerHMM: puzzling out the features of human genes in the ENCODE
regions. Genome Biol 7 Suppl 1: S9 1-13.

. Rajkovic A, Davis RE, Simonsen JN, Rottman FM (1990) A spliced leader is

present on a subset of mMRNAs from the human parasite Schistosoma mansoni. Proc
Natl Acad Sci U S A 87: 8879-8883.

5. Ning Z, Cox AJ, Mullikin JC (2001) SSAHA: a fast search method for large

DNA databases. Genome Res 11: 1725-1729.

. Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I (2001) Controlling the false

discovery rate in behavior genetics research. Behav Brain Res 125: 279-284.

. Robinson MD, Oshlack A (2010) A scaling normalization method for differential

expression analysis of RNA-seq data. Genome Biol 11: R25.

Gentleman RC, Carey V], Bates DM, Bolstad B, Dettling M, et al. (2004)
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biol 5: R80.

Alexa A, Rahnenfuhrer J, Lengauer T (2006) Improved scoring of functional
groups from gene expression data by decorrelating GO graph structure.
Bioinformatics 22: 1600-1607.

R Development Core Team. R: A language and environment for statistical
computing (2011) R Foundation for Statistical Computing, Vienna, Austria.
Available: http://www.R-project.org/. Accessed 2011 Dec 14.

Portela J, Grunau C, Cosseau C, Beltran S, Dantec C, et al. (2010) Whole-
genome in-silico subtractive hybridization (WISH)-using massive sequencing for
the identification of unique and repetitive sex-specific sequences: the example of
Schistosoma mansoni. BMC Genomics 11: 387.

Huang X, Madan A (1999) CAP3: A DNA sequence assembly program.
Genome Res 9: 868-877.

Le TH, Humair PF, Blair D, Agatsuma T, Littlewood DT, et al. (2001)
Mitochondrial gene content, arrangement and composition compared in African
and Asian schistosomes. Mol Biochem Parasitol 117: 61-71.

. Le TH, Blair D, McManus DP (2000) Mitochondrial DNA sequences of human

schistosomes: the current status. Int J Parasitol 30: 283-290.

. Otto TD, Wilinski D, Assefa S, Keane TM, Sarry LR, et al. (2010) New insights

into the blood-stage transcriptome of Plasmodium falciparum using RNA-Seq. Mol
Microbiol 76: 12-24.

Bruno VM, Wang Z, Marjani SL, Euskirchen GM, Martin J, et al. (2010)
Comprehensive annotation of the transcriptome of the human fungal pathogen
Candida albicans using RNA-seq. Genome Res 20: 1451-1458.

. Haas BJ, Berriman M, Hirai H, Cerqueira GG, Loverde PT, et al. (2007)

Schistosoma mansoni genome: closing in on a final gene set. Exp Parasitol 117:
225-228.

Allen JE, Salzberg SL (2005) JIGSAW: integration of multiple sources of
evidence for gene prediction. Bioinformatics 21: 3596-3603.

DeMarco R, Kowaltowski AT, Machado AA, Soares MB, Gargioni C, et al.
(2004) Saci-1, -2, and -3 and Perere, four novel retrotransposons with high

@ www.plosntds.org

13

41.

42.

43.

44,

46.

47.

48.

49.

50.

54.

56.

57.

58.

Improved Genome and Transcriptome of the S. mansoni

transcriptional activities from the human parasite Sckistosoma mansoni. J Virol 78:
2967-2978.

Davis RE, Hardwick C, Tavernier P, Hodgson S, Singh H (1995) RNA trans-
splicing in flatworms. Analysis of trans-spliced mRNAs and genes in the human
parasite, Schistosoma mansoni. J Biol Chem 270: 21813-21819.

Sutton RE, Boothroyd JC (1986) Evidence for trans splicing in trypanosomes.
Cell 47: 527-535.

Spieth J, Brooke G, Kuersten S, Lea K, Blumenthal T (1993) Operons in C.
elegans: polycistronic mRNA precursors are processed by trans-splicing of SL2 to
downstream coding regions. Cell 73: 521-532.

Douris V, Telford MJ, Averof M (2010) Evidence for multiple independent
origins of trans-splicing in Metazoa. Mol Biol Evol 27: 684-693.

. Davis RE, Hodgson S (1997) Gene linkage and steady state RNAs suggest trans-

splicing may be associated with a polycistronic transcript in Schistosoma mansoni.
Mol Biochem Parasitol 89: 25-39.

Ram D, Grossman Z, Markovics A, Avivi A, Ziv E, et al. (1989) Rapid changes
in the expression of a gene encoding a calcium-binding protein in Schistosoma
mansoni. Mol Biochem Parasitol 34: 167-175.

Ram D, Romano B, Schechter I (1994) Immunochemical studies on the
cercarial-specific calcium binding protein of Schistosoma mansoni. Parasitology
108(Pt 3): 289-300.

Hedstrom R, Culpepper J, Harrison RA, Agabian N, Newport G (1987) A major
immunogen in Schistosoma mansoni infections is homologous to the heat-shock
protein Hsp70. J Exp Med 165: 1430-1435.

Neumann 8, Ziv E, Lantner F, Schechter I (1992) Cloning and sequencing of an
hsp70 gene of Schistosoma mansoni. Mol Biochem Parasitol 56: 357-360.
Neumann 8, Ziv E, Lantner F, Schechter I (1993) Regulation of HSP70 gene
expression during the life cycle of the parasitic helminth Schistosoma mansoni.
Eur J Biochem 212: 589-596.

Stein LD, David JR (1986) Cloning of a developmentally regulated tegument
antigen of Schistosoma mansoni. Mol Biochem Parasitol 20: 253-264.

. Dunne DW, Butterworth AE, Fulford AJ, Kariuki HC, Langley JG, et al. (1992)

Immunity after treatment of human schistosomiasis: association between IgE
antibodies to adult worm antigens and resistance to reinfection. Eur J Immunol

22: 1483-1494.

. Parker-Manuel SJ, Ivens AC, Dillon GP, Wilson RA (2011) Gene Expression

Patterns in Larval Schistosoma mansoni Associated with Infection of the
Mammalian Host. PLoS Negl Trop Dis 5: ¢1274.

Fitzpatrick JM, Peak E, Perally S, Chalmers IW, Barrett J, et al. (2009) Anti-
schistosomal intervention targets identified by lifecycle transcriptomic analyses.
PLoS Negl Trop Dis 3: ¢543.

“oles GC (1973) The metabolism of schistosomes: A review. International
Journal of Biochemistry 4: 319-337.

Stirewalt MA (1974) Schistosoma mansoni: cercaria to schistosomule. Adv Parasitol
12: 115-182.

Sayed AA, Cook SK, Williams DL (2006) Redox balance mechanisms in
Schistosoma mansoni rely on peroxiredoxins and albumin and implicate
peroxiredoxins as novel drug targets. J Biol Chem 281: 17001-17010.

Chain PS, Gratham DV, Fulton RS, Fitzgerald MG, Hostetler J, et al. (2009)
Genomics. Genome project standards in a new era of sequencing. Science 326:
236-237.

January 2012 | Volume 6 | Issue 1 | e1455



Number of closed gaps

3000 5000 7000

1000

0

e

0

|
1000

|
2000

| | |
3000 4000 5000

Closed gap length (bp)

|
6000

I
7000



29.
32.

36.
38.

a4,
46.

56.

104.

115,
17

128

133,
138.

145
146.
151.
154,
156.
158
159,
160.
168
170.
171,
172

179
181.

187.

67.

ChrZ/W

10604_61

16091_143

15885_139

13526_95
~| | —16648_157
— [ 9326_50

|| 9401_50
T 11660_72

1

-11621_72

6569_28

|| 669128

[ 11223 68 -6736_28

[ ™~ 11233_68 ‘
|~ 5583_22
— 5614_22
[~ 1283_2
| —{—13784_99 - 1378% 99
——13121.90 - 19526\425, 13099_90
—|—— 16979_165 99738
8233 40

[l

-3956_13

6420_27

6482 27
6505_27

993355 - 9946_55

18806_245

10033_56

14877_118

—— 9154 48
9127_48 f

|
|

9099_48
15350_127
11904 75
— 17284_175
14522 112 - 1496 112
| - 9079_47
[ 9040 47
— 17707_189
19097_285
{—t— 6174_25 ?

—— 613825

VANV

|

L

16818_161

2440_5

2358 5

22755

21745

Chr5
,— 14005_103
[~~~ 10993_65

15471_130
10993_65

10959_65
———1— 10939_65

12479_82

— | 758335 ?

Chr1
[ 14253_107 B7437_34
13 5726_23
16. 5743 23 B19311_336
19 5773_23
28. 7151
31, ———7791
36. 851_1 B19311_336
a7, 956_1
51. L —1067_1
52, — 10211 1018_1
64 5684_23
70. 13732_98
81. 3050_8 ‘
85. 3086_8
100. 4404_15
104, 1 -4326_15
107. ~/4751,17 10847_64
108. Y4729 17\ 16458_152
100. — 14201_108 \2688_7
110, 27117
13 2816_7
118, L 2907_7
19. ™ 11286_68

NNV

1111666
411033755

12728_85 ? 12740_85

11031_66
10204 58

™~ 10216_58
——10274_58

147. 2655 6
149, ~ 25936
150. ——— 2568_6
154, —| | —19460_396
157. — | —15163_123
158. — | 8962 46
161, ——— 8937_46
163. 1> 8896_46
164, 7 N> 16228 146
166. 11456_70
171, 5265_20
174, — 4— - 5199_20
175. || \“5194 20
179, |- 40a1 18
182, —| |- 4968 18
187, 13979_102
192 11136_67
196, —|—{— 1121367
200. ~| | —1882.4

201, — | [—1930_4

209. 1960_4
B_SC336,SCT1,
7458 34 sea%8 ser
Chré

0 5434_21

17 12855_86

23

23. f

25. — _

26 7 || -13201_93

31, =7 [ 14136_108

i 128_0

54~ | 2260

54, —] |~~230_0

61 312.0

65. 3680

73 490_0

83. ~| 5990

Chr2
0. 8090_39
3 8048_39
6. 16739_159
23, 12944_88
48, 14044_104

57. — | [ 8837.45

55. —| [ — 18261_209
59. — | [ 8796_45

63. | — 15383_128
65. [~ 17666 188

70. 18339 215

74 14432110

85. 15527_131

2. ~| | 1269284 -1174273
04, —|_| — 12029 87

95. — | 19053_275

103, —| | — 9658_52

105, — [ 16679_158

110. 13173_91

116 8377_42

120. 8433_42

125, — | —18384 217

126, — [ [ 18413

133, ——— 17533

5873_24

144,

-5928_24

6334_26

192. 6224_26

Chr7
0. 6857_29
7. 6806_29
14, 18114_205
18. 17992_200
22. 15013_121
28. 10276_59

36. ~—] | —10378_59

ar. 21536 2046

46. 9718.53 -9714.53
57. ——— 13590_96

60. —|—{— 16559_155

65. 24916

20.

25
29.

72.
76.
81
86.

90.
93.

104.

121

99

101,

128.

Chr3

~

11331_69

—|——11378_69
— [ 14634_114 - 14658_114
—7 3875_12
——T—3802_12

3761_12

14350_109 - 14335_109
10171_57

~| |- 15654_133
pESE
?7 3605_11
|| 774736
14850_117

—| | 13249 92
— T 16201_145

16870_162
14769_116
9518_51

9553_51

9586_51
14164_106

—f——6749.29  -6777_29

2088_4

Chr4

17913_197

— | 12208 78
——{—1—4830 17

———4683_16
4593_16 f

12245_79 ‘
—{——12308_79

————— 12465_81

25201;1 5092_19
-~ 511419
——|——5163_19

3176_9

20865_141

6929_30
— | 1182374 f

— T 11795_74
— | | 703331
———6994_31

6986_31

10829_63

—f——10757_63
———5968_24

14942_119



median coverage (%)

100 150 200

50

Chr Z/W positions(Mb)

60




transcript length (bp)

4000

3000

2000

1000

-
-
|
: -r
: \
| |
| |
|
1
: | T
T T 1
Transferred Deleted Not Transferred

RATT transferred categories

fraction of transcripts

1.0

0.8

0.6

0.4

0.2

0.0

— Transferred Models
—] Deleted models
| — Untransferred models

1-2 3-5

number of exons per transcript




(% )suopoo jewndo jo Aouanba.q

novel

curated



10g (CerClc_RrAvl)

10g (Cerclo_RrAivl)

10g (Somuie4)

10

-5

10

-5

10

-5

CERCARIAE CERCARIAE
Pearson = 0.95 Pearson = 0.98
o
s
X
o
o w0 -
ml
©
Q
o
g o1
[Tolmm
I
T T T T T T T T
-5 0 5 10 -5 0 5 10
log (cerc10_RPKM) log (cerc12_RPKM)
CERCARIAE 3hr SOMULES(mech)
Pearson = 0.95 Pearson = 0.89
o
3
S ]
E
o
o8
(2]
9
o 4
0 |
I
T T T T T T T T
-5 0 5 10 -5 0 5 10

log (cerc10_RPKM)

24hr SOMULES(mech)

log (somule1)

Pearson = 0.98

log (somule3)




Cumulative % windows

40 60 80 100

20

Estimation of the minimum RPKM value
to discriminate between signal and noise

— Exons

— Introns
Intergenic
UTRs

RPKM

10

12




P el
"
U o
*

é

.68
.

Pearson's (log) corr =0

... ’.

% 3§

Sl

L 4
%
%
.
*d o0
.
©
©
o
I
: "
o %
= O 2
% O oouoW.ﬁao e
< Ow” 0o L
& ;
[ [ [ [ [ [
Sl cl 6 9 € 0

aqgo.d Jad speal ¢607

16

14

12

10

16

14

12

10

Log, Normalized Intensity

Log, Normalized Intensity



Relative normalized reads

1.0

0.8

0.6

0.4

0.2

0.0

C 385245 A C 38248 A C 35248 A C 35248 A C 38248 A C 382485 A C 35245 A C 35248 A C 38245 A C 35248 A C 382485 A C 35245 A

Smp_900000 Smp_900010 Smp_900020 Smp_900030 Smp_900040 Smp 900050 Smp_ 900060 Smp_900070 Smp_ 900080 Smp 900090 Smp_900100 Smp_900110



Supplementary Materials and Methods

Parasite material, library preparation and sequencing.

Isolation of low-polymorphism DNA from male adult worms

Biomphalaria glabrata snails were individually exposed to single miracidia of S. mansoni NMRI (Puerto Rican
origin) in 24-well culture plates for 30 min. After group housing for five weeks in small plastic aquaria at
27BIC, each snail was tested individually for cercarial shedding in 24-well culture plates under a strong light.
Those releasing cercariae (~30%) were housed subsequently in single beakers of pond water as numbered
“clones” (although they could still exhibit allelic variation at each gene locus); no attempt was made to
determine sex at this stage. The cercariae from each single miracidium infection were then used to infect
groups of NMRI-strain mice (Harlan Laboratories, Bicester, UK) percutaneously via the shaved abdomen,
using 250 cercariae per animal, on a number of occasions to bulk-up the biomass. After five weeks the
adult worms were perfused from the portal system of each mouse using RPMI medium (Gibco Invitrogen,
UK), let to sediment by gravity and washed several times with RPMI medium to remove erythrocytes. Any
mouse hair or tissue fragments were removed using tweezers under a dissecting microscope, at which time
worm sex was determined by morphology (~50:50, male and female) before the male or female worms of
one “clone” were combined in a minimal volume of medium and frozen in liquid N2 and kept at -80RIC until
used. In this way samples of several hundred genetically homogeneous worms were obtained for DNA
extraction [1].

DNA extraction and library preparation for sequencing

Frozen adult worms were ground in liquid N2 using a pestle and mortar then resuspended in QlAgen Cell
Resuspension Buffer (QlAgen, UK). DNA extraction was performed using a DNeasy Blood and Tissue kit
(QlAgen, UK) following manufacturer instructions. Quality control of DNA was assessed using a NanoDrop
ND-1000 UV-Vis spectrophotometer and quantified by gel electrophoresis relative to markers of known
quantity. Libraries for DNA sequencing were prepared as previously described [2]. Male libraries were
sequenced in eight lanes while females were sequenced in one lane. Both sequencing runs produced 108
base paired-reads using an Illumina Genome Analyzer lIx. Sequence data produced from both male and
female worms were submitted to ENA under accession number ERP0O00385.

Parasite RNA

S. mansoni (NMRI strain, Puerto Rican origin) eggs were kindly supplied by Prof. Michael J. Doenhoff
(University of Nottingham, Nottingham, U.K.). Miracidia were allowed to hatch in non-chlorinated water
and were separated phototropically. B. glabrata snails were infected with 2-6 mixed sex miracidia each and
kept in the dark for five weeks prior to shedding cercariae phototropically. Mechanically transformed
schistosomula were obtained using a modified version of Brink et al. [3]. Briefly, freshly shed cercariae,
while in non-chlorinated aquarium water, were cooled on ice for 30 minutes, centrifuged at 1000 g for 10
minutes at 4°C and then resuspended in 10 ml of high glucose Dulbecco’s Modified Eagle’s medium
(DMEM) (Sigma, U.K.), 100 ng/ml penicillin—streptomycin (Sigma, U.K.) and complemented with L-
glutamine (Sigma, U.K.). Cercariae were then vigorously shaken for approximately 30 seconds in a vortex
mixer and subjected to 13-15 passages through a 21G syringe needle. Separation of heads and tails was
performed using a 65% Percoll gradient (Sigma, UK) in DMEM. Schistosomula preparations were incubated
at 37@C and 5% CO2 for 3 hours or 24 hours in high glucose DMEM, 100 ng/ml penicillin—streptomycin, L-
glutamine, 10% fetal calf serum (FCS) (PAA, UK) and 1% Hepes buffer (PAA, UK). Adult worms (perfused at
7-weeks after infection) were obtained from infected hamsters and placed in RNALater (Ambion, UK) at -
80RIC until RNA extraction.

Total RNA from parasite material was isolated using TRIzol (Invitrogen, UK) according to
manufacturer specifications with the exception of cercariae samples, where a modified TRIzol (Invitrogen) /
RNeasy (Qiagen, UK) protocol [4] was used instead. After extraction, RNA quality was assessed using an
Agilent RNA 6000 Nano - Bioanalyzer and quantified using a NanoDrop ND-1000 UV-Vis
spectrophotometer.

RNA-seq libraries were prepared using the protocol described in [5] with the following
modifications: i) mMRNA was fragmented by incubating samples in 5x Fragmentation Buffer (Ambion, UK) at
70EC for 5 minutes followed by removal of fragmentation buffer using sodium acetate/isopropanol
precipitation of RNA; ii) after second strand cDNA synthesis, the Illumina Genomic DNA Sample Preparation
Kit (lllumina, UK) was used according to manufacturer instructions and with modifications previously



described in [6]. These libraries were sequenced as 76-base read-pairs using the Illlumina Genome Analyzer
lIx platform. A total of ten flow-cell lanes were generated: cercariae (3 lanes), adult (1 lane), schistosomula
(6 lanes). Adaptor contamination was removed from the reads and rRNA contamination was in all cases <
1% (data not shown). All sequenced samples were submitted to ArrayExpress
(http://www.ebi.ac.uk/arrayexpress/) under the accession number E-MTAB-451.

Genome assembly and manual improvement.

The Arachne assembler (version 3.2, [7]) was used to produce a new assembly using the existing capillary
reads from the published draft (v4.0) genome assembly [8], supplemented with an additional ~90,000
fosmid and BAC end sequences. FISH-mapped BACs [8] were also end-sequenced and 438 passed reads
were incorporated into the assembly. Illumina reads were assembled using IMAGE [9], which was run on
the assembly (excluding singlet contigs less than 20 kb) with 33 iterations of different k-mer sizes with
overhang parameter of 100 and extension parameter of 10. The sequence information of 243 published
linkage markers [10] of S. mansoni were retrieved and used as anchors within the assembly by
incorporating them as faux capillary reads. Scaffolds containing these reads were ordered, orientated and
merged (with 2 kb gaps in between) into chromosomes.

Contigs within scaffolds were joined together automatically with 200 N’s, based on paired-read
information. The order and orientation of contigs and scaffolds was verified using capillary read pairs, the
position of FISH-mapped BACs [8] and linkage groups [10]. Where identified, misassembled sequences were
reassembled correctly. In total, 2,062 automatically closed joins were manually verified and corrected
where required. Contigs containing known telomeric repeat sequences (TTAGGG) [11] were extended by
oligo-walking pUC clones until unique sequence was identified. Where the unique sequence was linked to a
known marker, the telomere could be placed onto a chromosome.

The proportion of the combined Z/W chromosomal sequence that was specific to either sex
chromosome within the new assembly was determined by analyzing the difference in coverage in mapped
sequence data from male (containing two Z chromosomes) and female-specific libraries (containing both Z
and W chromosomes). Reads were aligned using SSAHA2 [12] and depth of coverage analyzed in non-
overlapping 100 kb windows. Chromosome 1 was also analyzed to establish the median baseline depth of
read coverage (45x and 44x for male and female data, respectively). Z-specific regions should have a depth
of coverage equivalent to approximately half that of autosomes in a female sample, but approximately
equivalent to autosomes in the male samples. To determine putative Z-specific regions in the rest of the
assembly, we searched for windows of 100 kb that had at least 36x depth of coverage in the male (i.e. >=
0.8x autosomal coverage) but less than 24x depth of coverage in the female sample (i.e. < 0.6x autosomal
coverage). W-specific regions should have a depth of coverage equivalent to approximately half that of
autosomes in a female sample, but be completely absent in male samples. To determine putative W -
specific regions within the assembly, we searched for windows of 100 kb that had at least 20x depth of
coverage in the female (i.e. >= 0.45x autosomal coverage) but less than 10x depth coverage in the male
sample (i.e. < 0.22 x autosomal coverage).

Manual finishing is ongoing. However, prior to finishing a snapshot of the data was taken. Except
where indicated, all subsequent analyses reported in the present study, refer to the stable snapshot
dataset (S. mansoni genome v5.0).

Transferring protein coding gene annotation

To transfer the existing annotation to the latest reference sequence we used RATT [13]; this defines
apparent synteny between both assemblies and transfers the annotation features, such as gene models, to
the new assembly. Due to its size, the old genome assembly (v4.0) was split into four parts and then
rejoined after mapping. Synteny blocks were identified using the repetitive option (-q and —r) of the
software and a word size of 30. In a further checking step, underlying problems that are uncovered by RATT
were corrected in gene models (wrong start/stop codons and splice sites).

Gene finding using RNA-seq

Each lane of RNA-seq reads was independently aligned to the genome using TopHat (version 1.1.0; with
default parameters except -a 4 -r 32 --min-intron 25 --max-intron 35000) [14] and the resulting binary
sequence alignment mapping (BAM) files used as the input for the gene finder Cufflinks (combining results
of version 0.8.2 and version 0.9.1; parameters --inner-dist-mean 50 -Q 30 were used) [15]. Transcript
fragments with less than 10x average read depth coverage were excluded from subsequent analyses.



During manual inspection many single exon gene models appeared to be false positives. Hence transcript
fragments containing open reading frames of less than 50 codons were removed from the predicted set.
Such short genes are extremely rare in this organism making up less than 0.1% of the models on version 4.0
of the genome.

Jigsaw (version 3.2.10; with parameters —I) [16] was used to combine existing models and transcript
fragments from Cufflinks. Where the conceptual translation of the combined model was longer than the
previous models the combined models automatically replaced those within the annotation database,
GeneDB (http://www.genedb.org). As a consequence of using this approach, the small introns at the start
of some transcripts were preserved while the frameshifts were corrected. The remainder of the transcript
fragments that could not be built into gene models has been loaded into GeneDB
(http://www.genedb.org/Homepage/Smansoni) as browsable evidence tracks for further manual curation.
Novel complete transcripts with more than 50 codons were annotated using BLASTx against a non-
redundant database (NCBI nr) and InterPro [17].

Identification and validation of trans-spliced genes and polycistrons

RNA-seq data was screened for reads containing the 36-nucleotide sequence corresponding to S. mansoni
splice-leader (SL) [18]. Subsequently, the SL sequence was clipped off the reads and the remainder of the
read (and its mate pair) was mapped to the genome using SSAHA2 [12] allowing putative trans-spliced
acceptor sites to be identified. Trans-splicing acceptor sites can fall in four different places: upstream of
start of gene, in an exon, in an intron or downstream of a gene. In order to identify polycistronic units, we
looked for genes found within 200 bp and up to 2000 bp upstream of the putative trans-spliced site. Only
those genes with a trans-splicing acceptor site (indicated by the SL-reads) upstream (maximum of 500
bases) of the start of the gene, or within the gene boundaries (either intron or exon), were considered as
putative trans-spliced transcripts. For the identification of polycistronic transcripts, we looked for genes
found within 200 bp, and up to 2000 bp upstream, of the putative trans-spliced gene. Where a gene was
found within the specified distance, the gene pair was catalogued as a putative polycistron. In order to
validate both the trans-splicing and polycistronic predictions, 1 ug of DNase-treated (Ambion, UK) total RNA
from 24-hour schistosomula was used for a reverse transcription reaction using Superscript Il (Invitrogen,
UK) according to manufacturers specifications. Single-strand cDNA was then used for PCR using Fast Cycling
PCR kit (Qiagen, UK). For the trans-splicing validation, PCR amplifications were performed with a forward
primer SL1 and gene specific reverse primers (Table S1). The already known trans-spliced phosphopyruvate
hydratase gene (Smp_024110) reported in [19] was used as a positive control and Smp_045200 as a
negative control. For validation of polycistrons, each polycistron was subjected to two PCR reactions; the
first one evaluates the presence of a transcript containing the intergenic region (using gene specific primers
from both upstream and downstream genes) while the second evaluates the presence of the trans-spliced
gene (using the SL1 and a gene specific primers - Table S1). We used the previously suggested polycistron
Ubiquinol-cytochrome-c-reductase (UbCRBP) and phosphopyruvate hydratase (Smp_024120 and
Smp_024110 respectively) reported in [19] as a positive control. In both cases, PCR products were analyzed
in a 2% agarose gel and the Hyperladder IV (Bioline Ltd, UK) was used as a DNA size reference. The agarose
gel was stained in an ethidium bromide solution and bands were visualized under UV light. The polycistron
PCR products were verified by Sanger capillary sequencing.

Quantification of RNA-seq and correlation with microarray data

For gene expression quantification, RNA-seq reads were aligned to the reference genome using SSAHA2
[12] (version 2.5.1 with default parameters except -solexa -pair 1,30000) and filtered with a minimum
mapping score of 10. Reads per exon were calculated using BEDTools [20] and then summarized to provide
total number of reads per gene. From these, RPKM (reads per Kilobase per million mapped reads [5]) values
could be calculated. In order to differentiate signal from background noise, we calculated an RPKM value
for non-overlapping 500 bp windows (for example, from position 1 to position 500 is one segment, from
position 501 to position 1000 is another segment and so on) across exons, introns, untranslated regions
(UTRs — considered to be 100 bp up- and downstream of a given annotated gene) and intergenic regions of
the Schisto_mansoni.Chr_1.unplaced.SC_0010 scaffold and compared their RPKM values. Figure S6 shows
the cumulative distribution of RPKM values for each sequences type. If each of these windows are
considered as a potential expressed unit, by choosing an RPKM cut-off value of 2, 90-95% of the introns and



intergenic regions are removed compared to only ~23% of exonic regions. Since these exonic regions have
the same cumulative RPKM as non-coding regions they can be considered as non-expressed.

We used published microarray data [21] for the cercariae stage to validate our RNA-seq results. In
order to produce a correlation between oligonucleotide probes and gene models, the 389,211 60-mer
probes [21] or the 35,078 unique 50-mer probes [22], from each array were mapped to the genome using
SSAHA2 [12] and only perfect matches (100% identity) that unambiguously matched one location in the
genome were selected for subsequent analysis. Probe’s coordinates where used to find the number of
RNA-seq reads covering each probe location. Log2 values of both normalized microarray intensities and
RNA-seq reads were used to calculate the Pearson’s correlation values (0.66 and 0.68) and a scatter plot
representing this correlation is presented in Figure S7.

Differential expression and Gene Ontology term enrichment analysis

Differential expression analysis was performed with the EdgeR package [23] implemented in Bioconductor
[24] using uniquely mapped reads per gene as input. Only transcripts that were found to be differentially
expressed with an adjusted p-value <0.01 (adjusted using a method for multiple testing [25]) were
considered significant and used for downstream analysis.

Gene Ontology (GO) term enrichment analysis was performed with TopGO [26] implemented in
Bioconductor [24] using statistically significant (adjusted p-value <0.01) differentially expressed genes as
input. Up- and downregulated genes were considered independently; only the top 20 (provided p-value
<0.05) most significant enriched terms were considered for analysis.
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