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Hemichordates are the sister group of echinoderms, and together they are closely related to chordateswithin the
deuterostome lineage. Therefore, hemichordates represent an important animal group for the understanding of
both the evolution of developmentalmechanisms in deuterostome animals and the origin of chordates. Recently,
the majority of studies investigating hemichordates have focused on the direct-developing enteropneust
hemichordate Saccoglossus kowalevskii; few have focused on the indirect-developing hemichordates, partly
because of the lack of extensive genomic resources in these animals. In this study, we report the sequencing
and analysis of a transcriptome from an indirect-developing enteropneust hemichordate Ptychodera flava. We
sequenced a mixed cDNA library from six developmental stages using the Roche GS FLX Titanium System to gen-
eratemore than 879,000 reads. These readswere assembled into 17,990 contigswith an average length of 1316 bp.
We found that 60% of the assembled contigs, along with 28% of the unassembled singleton reads, had significant
hits to sequences in the NCBI database by a BLASTx search, and we also annotated these sequences and obtained
Gene Ontology (GO) terms for 6744 contigs and 5802 singletons. We further identified candidate P. flava
transcripts corresponding to genes involved in major developmental signaling pathways, including the Wnt,
Notch and TGF-β signaling pathways. Using available genome/transcriptome datasets from the direct-
developing hemichordate S. kowalevskii, the echinoderm Strongylocentrotus purpuratus and the chordate
Branchiostoma floridae, we found that 90%, 80% and 73% of the annotated protein sequences in these respective
species matched our P. flava transcriptome in a homology search. We also constructed a database for the P. flava
transcriptome, and researchers can easily access this dataset online. Our dataset significantly increases the amount
of available P. flava sequence data and can serve as a reference transcriptome for future studies using this species.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Hemichordates are a group ofmarine invertebrates closely related to
two other animal groups: the echinoderms and chordates. Recent
phylogenomic analyses further confirmed that hemichordates and echi-
noderms are sister groups and comprise a clade called Ambulacraria
(Bourlat et al., 2006; Dunn et al., 2008; Swalla and Smith, 2008).
Together with the chordates, these animal groups represent the three
major phyla (Hemichordata, Echinodermata and Chordata) of the
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deuterostome animals. Although hemichordates lack a notochord,
excluding them from the phylum Chordata, they exhibit other “chordate
characteristics”, such as pharyngeal gill slits (Gillis et al., 2012; Gonzalez
and Cameron, 2009; Rychel and Swalla, 2007). The developmentalmech-
anismandmorphogenic process of the hemichordate collar chord are also
reminiscent of the chordate dorsal nerve cord (Kaul and Stach, 2010;
Luttrell et al., 2012; Miyamoto and Wada, 2013; Nomaksteinsky et al.,
2009). Moreover, recent studies on the genomic structures of Hox and
ParaHox genes in hemichordates have helped to infer the ancestral clus-
tering of these genes in the common ancestor of deuterostome animals
(Freeman et al., 2012; Ikuta et al., 2013). Thus, hemichordates represent
a key group of model animals for understanding the evolution of early
deuterostomes and the origin of chordates.

Within the hemichordates, two distinct adult living modes can be
recognized: the solitary vermiform enteropneusts (acorn worms) and
the colonial tube-dwelling pterobranchs (Hyman., 1959). Currently,
the transcriptome of the acorn worm Ptychodera flava, an indirect
16/j.margen.2014.04.010
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most of the research on hemichordate development has focused on two
species of enteropneusts: Ptychodera flava and Saccoglossus kowalevskii
(Lowe et al., 2004; Luttrell et al., 2012; Rottinger and Lowe, 2012). In re-
cent years, other species of enteropneust worms and pterobranchs have
also been investigated in developmental studies (Miyamoto et al., 2010;
Miyamoto and Saito, 2007; Sato et al., 2008, 2009; Sato and Holland,
2008). Although P. flava and S. kowalevskii are both enteropneust
worms, they exhibit noticeable differences in their early life cycles.
P. flava is an indirect developer. After fertilization, the P. flava embryo
develops into a feeding tornaria larva and remains planktonic in the
water column for many months. During this planktonic period the
larva passes through six stages of modifications, finally undergoing
metamorphosis to become a juvenile (Hadfield, 1975). On the other
hand, S. kowalevskii bypasses the larval stage and its embryo develops
directly into a juvenile aboutfive days after fertilization, and then the ju-
venile quickly becomes a benthic feeder (Rottinger and Lowe, 2012). It
has long been recognized that the tornaria larvae of hemichordates are
similar to the auricularia or dipleurula larvae of echinoderms (Holland,
2003; Rottinger and Lowe, 2012), suggesting that indirect development
is the ancestral state of hemichordate development and likely can be
traced back to the common ancestor of the Ambulacraria (i.e., hemi-
chordates and echinoderms). Over the past decades, developmental
studies on echinoderms, notably using indirect-developing sea urchin
embryos, have constructed gene regulatory networks (GRNs) for germ
layer specification, major axis patterning and tissue/cell type differenti-
ation (Oliveri et al., 2008; Peter and Davidson, 2011; Rafiq et al., 2012;
Saudemont et al., 2010; Su et al., 2009). Thus, comparative studies
using indirect-developing hemichordate species, such as P. flava, on
the early embryonic/larval patterningmechanismswill generate impor-
tant insights into the evolution of body plans within the deuterostome
lineage.

Previously, a large-scale EST project was performed on the direct-
developer S. kowalevskii (Freeman et al., 2008), and that project has
provided a tremendous amount of resources for evolutionary anddevel-
opmental studies on this species (Barrantes et al., 1999; Darras et al.,
2011; Gillis et al., 2012; Green et al., 2013; Lemons et al., 2010; Lowe
et al., 2003, 2006; Pani et al., 2012). In contrast, a similar resource has
not been available for the indirect-developing model hemichordate
P. flava. In this study, we sequenced and analyzed the transcriptome of
P. flava by a next generation sequencing (NGS) approach. Using the
Roche 454 pyrosequencing platform, we generated approximately
879,000 reads from a mixed-staged cDNA library, and the reads were
assembled into 17,990 contigs with an average length of 1316 bp. We
have also constructed a searchable database for the assembled contigs
and unassembled singleton reads, along with their basic annotation
information. This set of P. flava transcriptomic data will serve as an
important resource for future genomic and developmental studies on
this species.

2. Materials and methods

2.1. Obtaining P. flava embryonic samples

Gravid animals of the enteropneust acorn worm P. flava were col-
lected at Chito Bay, Penghu Islands, Taiwan (23°38′54.17″ N, 119°36′
14.40″ E). Spawning of P. flava was induced by heat stimulation
following a previously described method (Tagawa et al., 1998). In vitro
fertilization and the subsequent culturing of embryos/larvae were
performed at 23 °C according to published methods (Lowe et al.,
2004; Tagawa et al., 1998).

2.2. RNA extraction and cDNA library construction

Total RNA was extracted from unfertilized eggs and embryonic/
larval stages including early blastula (12 h post-fertilization (hpf)),
late blastula (16 hpf), early gastrula (24 hpf), late gastrula (43 hpf)
Please cite this article as: Chen, S.-H., et al., Sequencing and analysis of
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and tornaria larva (65 hpf) using the reagent TRIzol (Invitrogen). The
tornaria larvae were collected before feeding with algae. The RNA
from the eggs (20 μg), the late blastula stage (10 μg) and each of the
remaining developmental stages (20 μg each) were mixed together.
Subsequently, 50 μg of this pooled total RNA sample was used by
Mission Biotech (Taipei, Taiwan) to construct the cDNA library. PolyA-
RNA was purified using the Poly(A)Purist™ MAG Kit (Ambion) and
fragmented by a RNA fragmentation solution. Double-stranded cDNA
was synthesized using the cDNASynthesis SystemKit (Roche)with ran-
domprimers as described in the protocol provided by themanufacturer.
Subsequently, cDNA was purified using AMPure beads (Agencourt).

2.3. Sequencing and assembly

Sequencingwas performed on one picotiter plate following the pro-
tocols for the GS FLX Titanium System (Roche Diagnostic) by Mission
Biotech. The resulting raw read data .sff files were converted into fastq
format and were cleaned by the SeqClean software (http://www.tigr.
org/tdb/tgi/software/) to eliminate adaptors, low complexity sequences
and very short sequences (less than 40 bp). After quality trimming, the
remaining sequences were assembled by de novo assembling with the
Newbler program (454 Roche, version 2.7). Other programs including
Newbler 2.5, Newbler 2.3, MIRA and Celera assembler have also been
applied. Because Newbler 2.7 assembly contains longer contigs, with
mostmappable 454 raw reads and efficient running time,we performed
the following analyses based on this set of data.

2.4. Functional annotation

The assembled isotigs (contigs) and unassembled singlet reads
(singletons) were annotated by BLASTx sequence homolog matches in
the NCBI non-redundant protein sequence (nr) database (database re-
leasing date: 2013/06/03) (Altschul et al., 1997) (E-value cutoff 1E−5).
The longest putative open reading frame (ORF) of each transcript
(contigs + singletons) was detected by TransDecoder (http://
transdecoder.sourceforge.net/). ORFs ≥30 amino acid residues were
scanned with SignalP (Petersen et al., 2011) and tmHMM (Krogh et al.,
2001) to detect transmembrane signatures and with HMMER (http://
hmmer.janelia.org/) to identify protein domains based on the PFAM
database (Punta et al., 2012) (version 26). Annotations from the Gene
Ontology and KEGG gene databases were derived from the GO
Consortium repository info and KEGG Automatic Annotation Server
(Moriya et al., 2007), respectively, in the single best-hit mode.

2.5. Transcriptome comparison

The putative protein sequences of P. flava were derived from the
assembled transcriptome (contigs and singletons) using TransDecoder
as previously mentioned. The protein sequences of S. kowalevskii,
Strongylocentrotus purpuratus and Branchiostoma floridae were
downloaded from NCBI, SpBase (https://spbase.org) (Cameron et al.,
2009) and the NCBI genome project site (BioProject PRJNA33245,
PRJNA20249, genome assembly version 2) (Putnam et al., 2008), re-
spectively. Each set was further filtered using CD-HIT (Li and Godzik,
2006) to eliminate redundant protein sequences. BLASTp searches of
the protein sequences of each of the four species were performed
against the other three species to identify the presence of matching se-
quences (E-value cutoff 1E−5). A bidirectional best hit of two sequences
from two species is recognized as a true sequence homolog.

3. Results and discussion

3.1. 454-sequencing and assembly

The one-plate 454 pyrosequencing reaction of the P. flava mixed-
staged cDNA library using the GS FLX Titanium platform generated
the transcriptome of the acorn worm Ptychodera flava, an indirect
16/j.margen.2014.04.010
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Table 1
Statistics of the sequencing and assembly results.

Raw data
Raw reads Number of raw reads 879,681

Read length (bp)
Average 362
Max 755
Min 40
Total bases (bp) 318,114,873
%N 0.0261%

Reads for assembly Number of reads for assembly 832,751
Average length (bp) 368

Assembly statistics
Contigs Number of contigs (≥50 bp) 17,990

Total bases of contigs (bp) 23,677,180
Number of mappable reads 628,104
Bases of total mapped read 231,382,584
Average depth 9.77
%N 0.0005%
Contig length (bp)
N50 901
Average 1,316
Max 13,112

Singletons Number of singleton reads (≥50 bp) 125,601
Total bases of singletons (bp) 42,447,474
%N 0.0272%
Read length (bp)
Average 338
Max 642
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879,681 raw reads with an average length of 362 bp (Table 1). After
removing the adaptors of each sequence, 832,751 reads (94.67% of the
raw reads, 307 Mbp in total) passed the quality control filters and
were used in the de novo assembly. The average length of these high
quality reads was 368 bp, and these reads were assembled using
Newbler with criteria of the minimum length ≥50 bp. The average
length of the 17,990 contigs was 1316 bp (Table 1 and Fig. 1). Addition-
ally, 125,601 singletonswere unable to be assembled into contigs. These
singletons had an average length of 338 bp and were maintained in the
final transcriptome in the following BLAST analyses. The contig number
from our assembly is comparable to that obtained from expressed se-
quencing tag (EST) sequencing project for the hemichordate
S. kowalevskii (Freeman et al., 2008).
N
u

m
b

er
 o

f 
co

n
ti

g
s

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

Length (bp)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

<
25

0
25

1-
50

0
50

1-
75

0
75

1-
10

00
10

01
-1

25
0

12
51

-1
50

0
15

01
-1

75
0

17
51

-2
00

0
20

01
-2

25
0

22
51

-2
50

0
25

01
-2

75
0

27
51

-3
00

0
30

01
-3

25
0

32
51

-3
50

0
35

01
-3

75
0

37
51

-4
00

0
40

01
-4

25
0

42
51

-4
50

0
45

01
-4

75
0

47
51

-5
00

0
50

01
-5

25
0

52
51

-5
50

0
55

01
-5

75
0

57
51

-6
00

0

>
60

00

N
um

be
r 

of
 s

in
gl

et
on

s Singletons

0
1000
2000
3000
4000
5000
6000

Length (bp)

Fig. 1. Overview of the de novo assembly of the P. flava transcriptome. Distribution of the
contig length is shown in themain figure; the inserted panel shows the size distribution of
unassembled singletons that are longer than 150 bp.
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3.2. Sequence annotation

Contigs and singletons exceeding 150 bp were searched by BLASTx
against the NCBI non-redundant protein sequence (nr) database. A
total of 41,713 P. flava sequences, including 10,705 contigs and 31,008
singletons, showed significant matches in NCBI nr database with an
E-value cutoff of 1E−5 (Fig. 2; Supplementary Table S1). These matches
corresponded to 17,050 unique NCBI accession numbers. When the
contigs were set as the queries in the BLAST searches, 62.56% of the
matched unique IDs were from the direct-developing enteropneust
hemichordate S. kowalevskii (Supplementary Table S2). This overlap is
consistent because S. kowalevskii is the only hemichordate species that
has been used in a comprehensive EST sequencing project. Compared
to the contigs, the short singleton reads have lower chance to cover con-
served domain sequences; when singletons correspond to untranslated
regions or non-conserved regions of coding sequences, it is unlikely to
find matches in the database. Nevertheless, a significant portion of the
singletons (27.76%) still can be annotated by a BLAST search (Fig. 2).
Therefore, we included both contigs and singletons in the subsequent
analyses even though these singletons likely represent partial
transcripts. Marine invertebrate cultures are seldom bacteria-free, and
we found that the percentage of sequences that match to bacterial se-
quences is 0.68% for the contig set and 1.40% for the contig + singleton
set, respectively. Therefore, bacteria contamination is not a serious
problem in the initial sampling procedure.

3.2.1. Gene ontology annotation
Gene ontology annotation was performed on the transcriptome for

three independent categories: biological process, cellular component
andmolecular function. In total, 6744 contigs (37.56%) and 5802 single-
tons (5.19%) were annotated from the composition of the protein
domain. Compared to the contigs, a lower percentage of singletons are
annotated with protein domains, possibly because of their short length.
Nevertheless, singletons may cover transcript species with lower ex-
pression levels and their protein products may function in the develop-
mental process (GO:0032502), regulation of biological processes
(GO:0048518, GO:0048519) and activity of receptors (GO: 0004872).
The distribution of the GO terms assigned to the transcriptome for the
three categories are shown in Fig. 3.

3.2.2. KEGG pathway analysis
To further analyze the transcriptome, we mapped the sequences to

KEGG pathways to describe gene functions with an emphasis on
biochemical pathways. Orthologous assignment and mapping of the
contigs and singletons onto the biological pathways were performed
using the KEGG Automatic Annotation Server. The results showed that
15,381 P. flava transcripts comprising 4785 contigs and 10,596 single-
tons were mapped onto 313 different pathways. Table 2 summarizes
the top 10 ranked KEGG pathways in terms of the mapping coverage
(number of mapped items/number of total items in a pathway). The
complete KEGG hierarchical ontology structure and KEGG pathway
view of the whole P. flava transcriptome can be retrieved in our
P. flava transcriptome online database (described below in Section 3.5).

3.3. Candidate genes related to developmental signaling pathways

The transcriptome of P. flava was examined primarily to identify
candidate genes that might be involved in developmental processes.
Below we use KEGG pathway maps to illustrate candidate genes for
three important signaling pathways that are involved in embryonic
development in various metazoan animals (Figs. 4–6).

3.3.1. Wnt signaling pathway
TheWnt signaling pathway is highly conserved inmetazoan animals

and regulatesmany developmental processes. TheWnt pathway is acti-
vated by the binding of extracellular Wnt ligands to the membrane-
the transcriptome of the acorn worm Ptychodera flava, an indirect
16/j.margen.2014.04.010
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Fig. 2. BLAST annotation results of the P. flava transcriptome. The whole transcriptome refers to the combination of assembled contigs and unassembled singletons that are longer than
150 bp.
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bound Frizzled receptors; subsequently, the intracellular signaling
transduction can be achieved by three distinct mechanisms: the canon-
ical pathway, the planar cell polarity (PCP) pathway and theWnt/Ca2+

pathway (Fig. 4). Activation of the canonicalWnt pathway results in the
stabilization and accumulation of β-catenin in the cytoplasm;
subsequently, β-catenin enters into the nucleus and cooperates with a
TCF/Lef transcription factor to activate transcription of target genes
(Valenta et al., 2012). The canonical Wnt pathway functions in
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embryonic axis determination, endomesoderm specification and neural
patterning in diversemetazoan animals (Croce et al., 2006; Darras et al.,
2011; Demilly et al., 2013; Imai et al., 2000; Onai et al., 2009; Pani et al.,
2012;Wikramanayake et al., 2003, 2004; Zorn et al., 1999). In this study,
we identified P. flava contigs and singletonsmatchingWnt ligands,Wnt
antagonist FRP, Frizzled receptors, LRP5/6 co-receptor, β-catenin and
TCF/Lef in the Wnt KEGG pathway map (Fig. 4; Supplementary
Table S3). We also found matches to members of the β-catenin
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Table 2
Top ten KEGG pathwayswith highest mapping coverage (number ofmapped items/num-
ber of total items in a pathway).

KEGG pathways Mapped
items

Coverage
(mapped/total)

00531 Glycosaminoglycan degradation 13 92.9%
00563 Glycosylphosphatidylinositol(GPI)-

anchor biosynthesis
24 92.3%

04146 Peroxisome 65 91.5%
03015 mRNA surveillance pathway 54 91.5%
00953 Drug metabolism—other enzymes 20 90.9%
03040 Spliceosome 107 89.2%
03022 Basal transcription factors 31 88.6%
03013 RNA transport 116 86.6%
04150 mTOR signaling pathway 32 86.5%
00510 N-Glycan biosynthesis 37 84.1%
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destruction complex such as GSK-3β, Axin, CK1 and APC. In addition,
members of the non-canonical Wnt pathways (the PCP pathway and
Wnt/Ca2+ pathway)werewell represented in the P.flava transcriptome
with significant sequence similarity (Fig. 4; Supplementary Table S3).

3.3.2. Notch signaling pathway
The Notch signaling pathway regulates numerous cellular decisions

during development in diverse metazoan animals (Bray, 2006). Both
the Notch receptor and its ligands, Delta and Serrate, are membrane
proteins; thus the activation of the pathway involves direct cell contact
(Fig. 5). After the binding of either Delta or Serrate, the Notch receptor
undergoes a series of cleavage events and releases the Notch intracellu-
lar domain (NICD). This domain then enters the nucleus and cooperates
Fig. 4.ThreeWnt signaling pathways in theKEGGpathwaymap.Members of theWnt signaling p
of the pathways that are not found in the transcriptome are in white boxes.
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with a CSL family transcription factor and its co-activator Mastermind
(Mam) to promote transcription of target genes. The Notch signaling
pathway is reported from various animal systems to function in
different developmental processes, including neurogenesis, cell lineage
decision and boundary formation (Barrantes et al., 1999; Bray, 2006;
Hudson and Yasuo, 2006; Lu et al., 2012; Materna and Davidson,
2012; Oda et al., 2007; Pasini et al., 2006; Rivera and Weisblat, 2009).
Candidates of the Notch signaling pathway members were identified
within the P. flava transcriptome by sequence similarity, and they are
shown in Fig. 5 and Supplementary Table S4.
3.3.3. TGF-β signaling pathway
The TGF-β signaling pathway is used repeatedly during develop-

ment in many animals to control various processes. The TGF-β super-
family proteins comprise a large group of structurally related ligands;
they are synthesized as precursors that are cleaved into mature ligands
containing six to nine conserved cysteines near their C-terminus. The
mature ligands bind to type-II and type-I receptors of the serine/
threonine kinase family to assemble a complex. This binding results in
the phosphorylation of the type-I receptor and subsequently activates
the Smad family transcription factors to regulate downstream target
genes (Massagué, 2012). One of the best-described functions of the
TGF-beta signaling pathway is the BMP pathway for dorsoventral
patterning in bilaterian animals (De Robertis, 2008), although the
dorsoventral axis along the BMP signaling gradient is inverted in the
chordate lineage compared to other bilaterian animals (Denes et al.,
2007; Lowe et al., 2006; Yu et al., 2007). In this study, we identified can-
didate TGF-β signaling pathway members in the P. flava transcriptome,
and the results are listed in Fig. 6 and Supplementary Table S5.
athways that are present in the P.flava transcriptome are in black-shaded boxes.Members
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Fig. 5. Delta/Notch signaling pathway in the KEGG pathway map. Members of the pathway that are present in the P. flava transcriptome are in black-shaded boxes. Members of the
pathways that are not found in the transcriptome are in white boxes.
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3.4. Comparative analysis of the P. flava transcriptome

To analyze the coverage of the P. flava transcriptome, we generated
two predicted protein sets from the assembled contigs and the whole
transcriptome with both contigs and singletons and compared them
with the protein repertoires of related deuterostome animals. The pro-
tein sets from the assembled contigs and the whole transcriptome con-
tain 12,013 and 58,550 putative proteins, respectively. Reciprocal BLAST
Fig. 6.TGF-β signaling pathway in theKEGGpathwaymap.Members of the pathway that are pre
are not found in the transcriptome are in white boxes.

Please cite this article as: Chen, S.-H., et al., Sequencing and analysis of
developing hemichordate, Mar. Genomics (2014), http://dx.doi.org/10.10
searches were performed between the P. flava protein sets and the
predicted proteins from the three related clades represented
by the hemichordate S. kowalevskii, echinoderm S. purpuratus and
cephalochordate B. floridae (Fig. 7). Approximately two-thirds of the
proteins from the assembled contigs and 40% from the whole
transcriptomematched the protein repertoires of the three species. Re-
ciprocally, using protein sequences of the three related species as
queries to BLAST the P. flava protein sets, we observed that the
sent in the P.flava transcriptomeare in black-shaded boxes.Members of the pathways that
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The Whole TranscriptomeThe Assembled Contigs Only

S. kowalevskii

B. floridae

P. flava

S. purpuratus

12,624 proteins (putative)

28,541 proteins (putative) 22,045 proteins (gene model)

12,013 proteins
 (putative)

74.98%

64.33%
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S. kowalevskii
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P. flava

S. purpuratus

12,624 proteins (putative)

28,541 proteins (putative) 22,045 proteins (gene model)

58,550 proteins
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72
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Fig. 7. Comparisons of putative proteins between P. flava and direct-developing hemichordate S. kowalevskii, sea urchin S. purpuratus, and amphioxus B. floridae. Arrowheads indicate the
direction of the BLAST search, from the query to the target database.
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percentages of the three protein repertoires matching P. flava proteins
were higher in the set from the whole transcriptome than that of the
contigs (74.98% to 90.23% for S. kowalevskii; 67.23% to 80.34% for
S. purpuratus; 61.39% to 72.62% for B. floridae). Therefore, the whole
transcriptome with contigs and singletons provided a more complete
collection of transcripts for future studies. Notably, the graded percent-
ages of the matched sequences between the three related species and
the P. flava protein sets are consistent with their phylogenetic relation-
ships. For example, S. kowalevskii is most closely related to P. flava and
Fig. 8. Screenshots of the P. flava transcriptome database. Basic sequence information (the cen
(BLAST search, the right top panel), keyword search against the annotation table of transcrip
(KEGG global view, the left panel). From a user input interface, the website can also perform th
panel).

Please cite this article as: Chen, S.-H., et al., Sequencing and analysis of
developing hemichordate, Mar. Genomics (2014), http://dx.doi.org/10.10
has the highest percentage of proteins matching the P. flava protein
sets. On the other hand, B. floridae is more distant from P. flava and
has the lowest percentage of proteins matching the P. flava protein
sets.

3.5. P. flava transcriptome database

Although transcriptome sequencing was also performed recently in
P. flava to identify putative dorsoventral patterning genes (Rottinger
tral bottom panel) of the transcriptome can be accessed by a sequence similarity search
ts (full-text search, the central panel), or by browsing pathways and protein categories
e computation of enrichment in GO or KEGG items (enrichment analysis, the right bottom
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andMartindale, 2011), themajority of the sequencedata generated from
that study is not currently available in the public domain. To facilitate the
sharing of P. flava transcriptomic data, we have deposited our raw se-
quencing data into the NCBI database (BioProject PRJNA227405). Addi-
tionally, we also constructed a searchable database for our P. flava
transcriptome (http://molas.iis.sinica.edu.tw/hemichordate; Fig. 8).
Users can perform sequence-based searches on the assembled tran-
scriptome (contigs only or contigs + singletons) or the derived protein
coding sets. Users can access the annotation results for each sequence, in-
cluding for both the assembled contigs and the singletons. Users can also
perform keyword-based searches on the annotations including the de-
scriptions of the nr best match, functional annotation from KEGG and
GO terms, and annotations from the protein structure scan. Furthermore,
the whole transcriptome can be viewed in KEGG hierarchical ontology
structures and pathways. The enrichment analysis provides a batch
query by a P. flava transcriptome entry ID list, in which the enrichment
of GO terms and KEGG pathways can be calculated. Our transcriptome
represents transcripts from several embryonic stages. Therefore, se-
quences not found in the transcriptome database do not necessarily
imply that they are missing in P. flava. For example, among the eight
Hox (PfHox1, 4, 5, 6, 9/10, 11/13a, 11/13b and 11/13c) and three ParaHox
(PfGsx, PfXlox and PfCdx), of which the cDNA sequences are available in
the GenBank (Ikuta et al., 2013; Peterson, 2004), only PfHox9/10, PfXlox
and PfCdx are found in the transcriptome database. It is currently un-
knownwhether other Hox genes are not expressed during embryogene-
sis. PfGsx is known to be expressed during embryogenesis and its low
expression level may explain the lack of detection in the transcriptome
(Ikuta et al., 2013). It is reported that sea urchin S. purpuratus has greatly
expanded innate immunity repertoire (Hibino et al., 2006; Sodergren
et al., 2006). For example, 222 genes encoding Toll-like receptors (TLR)
are identified in the sea urchin genome whereas other animal genomes
usually contain one to 20 TLR genes. The P. flava transcriptome does
not seem to contain a large number of TLR. Only 4 contigs and 1
singletonmatch to 19 sea urchin TLR group IA and 12 IB geneswith com-
plete sequences, respectively (Hibino et al., 2006). This result suggests
that P. flava may not have expanded their innate immunity repertoire;
alternatively, immune-related genes may be activated only after im-
mune challenges and therefore are not detected in our transcripome
analysis. It will require further information from P. flava genome
sequencing project to confirm.
3.6. Conclusions

In this study, we produced a large-scale developmental tran-
scriptomic dataset for the indirect developing Ptychoderidae
enteropneust hemichordate P. flava using the 454 GS FLX platform.
This dataset significantly increases the amount of P. flava sequence
data in the public database, allowing gene discovery for future develop-
mental studies and comparative analyses into a broad range of
fundamental questions regarding the evolution of developmental
mechanisms in deuterostome animals. We have also constructed an
online database to easily access to this P. flava transcriptomic dataset.
We anticipate that this dataset will assist future studies on P. flava,
notably for genome annotation and comparative genomic studies with
other organisms.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margen.2014.04.010.
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