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Abstract

Background: The barnacle Balanus amphitrite is a globally distributed biofouler and a model species in intertidal ecology
and larval settlement studies. However, a lack of genomic information has hindered the comprehensive elucidation of the
molecular mechanisms coordinating its larval settlement. The pyrosequencing-based transcriptomic approach is thought to
be useful to identify key molecular changes during larval settlement.

Methodology and Principal Findings: Using 454 pyrosequencing, we collected totally 630,845 reads including 215,308
from the larval stages and 415,537 from the adults; 23,451 contigs were generated while 77,785 remained as singletons. We
annotated 31,720 of the 92,322 predicted open reading frames, which matched hits in the NCBI NR database, and identified
7,954 putative genes that were differentially expressed between the larval and adult stages. Of these, several genes were
further characterized with quantitative real-time PCR and in situ hybridization, revealing some key findings: 1) vitellogenin
was uniquely expressed in late nauplius stage, suggesting it may be an energy source for the subsequent non-feeding
cyprid stage; 2) the locations of mannose receptors suggested they may be involved in the sensory system of cyprids; 3) 20
kDa-cement protein homologues were expressed in the cyprid cement gland and probably function during attachment; and
4) receptor tyrosine kinases were expressed higher in cyprid stage and may be involved in signal perception during larval
settlement.

Conclusions: Our results provide not only the basis of several new hypotheses about gene functions during larval
settlement, but also the availability of this large transcriptome dataset in B. amphitrite for further exploration of larval
settlement and developmental pathways in this important marine species.
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Introduction

Barnacles are one of the most dominant sessile organisms in
marine intertidal communities. In particular, the striped barnacle
Balanus (= Amphibalanus) amphitrite is distributed worldwide [1] and
is the predominant biofouler in the world’s ports [2]. Due to the
tremendous global economic losses to maritime industries caused
by biofouling, considerable efforts have been made to develop
suitable antifouling technology. The attachment and metamor-
phosis (collectively known as “larval settlement”) of barnacle
larvae is a crucial process by which barnacles permanently adhere
to surfaces; larval settlement, therefore, has been the basic target of
understanding for biofouling and antifouling studies, in addition to
ecological studies.
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Gregarious settlement by barnacle larvae is believed to be based
on the transduction of chemical signals from conspecifics [3,4]. A
novel glycoprotein that induces gregarious settlement, settlement-
inducing protein complex (SIPC), has been isolated, characterized,
and sequenced from adult B. amphitrite barnacles [5,6]. SIPC is
expressed in cyprids and their footprints deposited on the surface
during exploration behavior [7,8], suggesting that it is involved in
chemical communication among larvae and between larvae and
adults during settlement. Although the relevant SIPC receptors in
cyprids remain unknown, signal transduction during cyprid
settlement has been explored by examining the effects of various
compounds on barnacle larval settlement [4]. The results suggest
that G protein-linked receptors, cyclic AMP, calcium ions, and
neurotransmitters are all involved in the signal transduction of
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cues for larval attachment and cement secretion [9-11]. Meta-
morphosis, on the other hand, seems to be controlled by hormones
such as 20-hydroxyecdysone (20-HE) and methyl farnesoate,
which may regulate protein kinase C activation [12-17]. Although
these previous studies have contributed to our understanding
of cyprid settlement mechanisms, most provide only indirect
evidence of the signal transduction pathways and are far from a
systematic understanding of the molecular network involved in
barnacle larval settlement.

More recently, molecular biology approaches have revealed
some new insights into the gene and protein expression changes
that occur during barnacle larval settlement [18]. Proteome
and phosphoproteome analyses of B. amphitrite showed dramatic
changes in protein expression profiles during larval development
and metamorphosis [19], and distinct phosphoproteome patterns
associated with different developmental stages suggested that larval
settlement is mediated by protein phosphorylation status [20].
Furthermore, it was suggested that certain proteins involved in
stress regulation and energy metabolism play crucial roles in
regulating larval attachment and metamorphosis of B. amphitrite
[21]. Using cDNA libraries and Northern blot analysis, Okazaki
and Shizuri [22] identified six genes (bes/-6) that were specifically
expressed In B. amphitrite cyprids and found that the expression
levels of these genes changed after exposing cyprids to artificial
inducing and inhibitory cues [23]. The expression profiles of the
genes besI-6 in B. amphitnte differed at different developmental
stages, suggesting that they play different roles during settlement
[24], but their specific functions have not been clarified. In addi-
tion, several receptor genes in barnacles that might be involved in
signal transduction during cyprid settlement have been cloned and
sequenced [25-27]. Finally, De Gregoris et al. [28] constructed a
cDNA library for adult B. amphitrite and analyzed the expression
levels of selected genes, identifying several genes that might be
useful for future studies of the molecular mechanisms of barnacle
larval settlement.

The construction of cDNA libraries with the Sanger sequencing
method is time consuming and frequently yields insufficient
coverage of the transcriptome, though. In comparison, the recently
developed 454-pyrosequencing technology can rapidly generate a
large number of reads and has several advantages over the Sanger
method [29-31]. Consequently, it has become a powerful platform
for profiling the transcriptomes of both model and non-model
organisms [32,33,34]. In this study, we applied 454-pyrosequenc-
ing technology to compare the transcriptomes of B. amphitrite
larvae and adults. We also examined the expression profiles during
larval development and settlement of selected genes to assess whe-
ther they are involved in larval settlement mechanisms. Finally, we
use our findings to suggest new directions in the study of larval
settlement that might reveal the molecular network of this crucial
process in marine sessile organisms.

Results and Discussion

Transcriptome Profiling of the Barnacle Balanus
amphitrite

To cover the transcriptome of different developmental stages
of B. amphitrite, two cDNA pools were prepared: a larval cDNA
pool, which contained cDNA from three larval stages (Figure 1),
and an adult cDNA pool. The 454 pyrosequencing was performed
on both ¢cDNA pools independently. The results of the pyrose-
quencing are summarized in Table 1. A total of 226 Mbp of
transcriptome data were generated from the B. amphitrite 454
pyrosequencing, comprising 630,845 confident reads with an
average length of 358 bp. The raw sequencing data was submitted
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Figure 1. Developmental stages of the barnacle Balanus
amphitrite that were sampled for transcriptomic and gene
expression analysis. The stages include stage Il nauplius, stage VI
nauplius, cyprid, juvenile and adult. The larval cDNA pool consisted of
stage Il nauplius, stage VI nauplius and cyprid, while the adult cDNA
pool was staged only. The diameter of the adult barnacle is ~2 cm.
Scale bars =100 pm.

doi:10.1371/journal.pone.0022913.g001

to the Short Read Archive (SRA) of NCBI (Accession number:
SRA029164.1). All of the reads were pooled together for de novo
transcriptome assembly using Newbler 2.3 software, which sorts
the reads into contigs (ideally, aligned reads from a single tran-
script), isotigs (splice variants of contigs), and isogroups (groups of
isotigs from a single gene). The sequences were assembled into
23,451 contiguous sequences (182 contigs and 23,269 1sotigs) with
an average length of 1,116 bp, and 77,785 remained as singletons.
In total, 101,236 ESTSs (expressed sequence tag) with an average
length of 502 bp were generated from the B. amphitrite transcrip-
tome profiling. The size distributions of the contiguous sequences
and the ESTs are shown in Figure 2.

A total of 92,321 open reading frames (ORFs) were predicted,
with 31,720 ORFs that matched to the NCBI NR database. The
size distribution of ORFs is shown in Figure 2C. The remaining
60,601 were unmatched and were annotated as hypothetical
proteins. To give an overview of all the different functional classes
in the barnacle transcriptome database, the sequences were also

Table 1. Summary of the barnacle B. amphitrite
transcriptome.

Total number of qualified reads 630,845
Qualified reads from larval pool 215,308
Qualified reads from adult pool 415,537
Average read length 358 bp
Total number of contig/isotigs 23,451
Mean length of contig/isotigs 1,116 bp
Total number of ESTs 101,236
Average length of ESTs 502 bp
Total number of predicted open 92,322
reading frames (ORFs)

Average length of ORFs 358 bp
doi:10.1371/journal.pone.0022913.t001
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Figure 2. The size distributions of the contig/isotigs (A), the total ESTs (B), and the deduced open reading frames (ORFs) (C).
doi:10.1371/journal.pone.0022913.g002

annotated with gene ontology (GO) terms. Based on sequence Comparative Transcriptomic Analysis

homology, 166,803 sequences can be categorized into 62 func- Because B. amphitrite larvae are morphologically distinct and
tional groups. The top 30 most abundant groups were shown in occupy a different ecological niche from adult barnacles, we
Figure 3. hypothesized that genes that were more highly expressed in the
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Figure 3. Top 30 gene ontology (GO) categories of B. amphitrite transcriptome.

doi:10.1371/journal.pone.0022913.g003

larval cDNA pool than in the adult cDNA pool were likely to play
roles in larval development and settlement. The DEGseq analysis
of contig/isotig reads numbers revealed that there were in total
7,954 contigs/isotigs were differentially expressed between the
larval and adult pools (p<<0.001; Figure 4). Among these, 743
contigs/isotigs were uniquely expressed in the larval stages; 443
were expressed at least 10 folds higher in the larvae than in the
adults; and 1,318 were at least two folds higher in the larvae than
in the adults (Table S1). On the other hand, 2,534 contigs/isotigs
were exclusively expressed in the adult stage, 1,240 were at least 10
folds higher in the adult stage, and 546 were at least 2 folds higher
in the adults than in the larvae.

The larval settlement process of barnacles is thought to com-
prise three steps: larvae must first attain competency to settle, then
attach on the substratum, and finally metamorphose into juveniles
(Figure 5, Table S2). Details of the attainment of competency have
not been understood well, but energy-related molecules and
physiological changes during early cyprid development may be
involved in this process [21,35]. Using a proteomic analysis, Zhang
et al. [21] identified several stress regulation and energy metabolism
proteins that were purportedly involved in development of
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B. amphlitrite cyprids [21]. Similarly, transcripts for heat shock
proteins were more highly expressed in the larval stages than the
adults (Table S2). After swimming for several hours and attaining
competency, cyprids change their behaviors and begin searching
the substratum, finally selecting a settlement site [36,37]. Cyprids
have stage-specific compound eyes and it has been suggested cyprid
photo-reception is involved in larval settlement behavior [38]. Here,
we found several photoreceptor-related genes that were highly
expressed in the larval stages and significantly down-regulated in the
adults (Table S2). During attachment, the cyprid secretes cement
proteins to glue itself onto the substratum. In this second step,
neurotransmitter molecules such as dopamine and serotonin, their
receptors, and cement proteins may be involved [39-41]. Metamor-
phosis in barnacles is thus believed to be controlled by some
hormones like methyl farnesoate and their receptors [15,16].
Indeed, we found a suite of hormone receptors that were more
highly expressed in the larval stages than in the adults (Table S2).
Additionally, because metamorphosis of barnacles entails consider-
able morphological rearrangement, this final step in larval settle-
ment may also include apoptosis, controlled protein degradation,
cell-cell interactions, cell proliferation, and cell differentiation.
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Figure 4. The MA-plot generated by the DEGseq gene
expression profile analysis. The M is the reads number ratio and
the A is the average. The red dots indicate the differently expressed
genes between the larval and adult cDNA pools.
doi:10.1371/journal.pone.0022913.g004

Many genes in these functional groups were identified and dif-
ferentially expressed in the barnacle transcriptomes (Table S2).
Finally, signal reception and signal transduction should be impor-
tant during many phases of barnacle settlement. Barnacle cyprids
are known to respond behaviorally to various chemical and tactile
cues, ultimately culminating in habitat selection, attachment, and
metamorphosis; all of which should involve signal reception and
transduction. Here, we identified differentially regulated genes
belonging to several important signaling pathways, including re-
ceptor tyrosine kinases, hormone receptors, Wnt-signaling related
genes and so on (Table S2).

Gene Expression Profiling
Of the differentially expressed genes (Table S2), vitellogenin,
mannose receptors, 20 kDa-cement protein homologues, the
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l % <cement proteins>
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Colghitisetration <hormones and their receptors>
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o <cell proliferation and differentiation>
Rotation of body and ecdysis 3 * Bursicon-like
o
g » Ecdysone-inducible receptor
ko » Ecdysone receptor
Settled juvenile E * Receptor tyrosine kinase

Figure 5. Phases of the larval settlement process in B. amphitrite.
Functional gene groups and genes that were differentially expressed
and may be involved in this process are indicated in Table S2.
doi:10.1371/journal.pone.0022913.g005
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receptor tyrosine kinase family, hormone receptors, and cubilins
were selected for comparison of their expression profiles in
different developmental stages by using real-time PCR.

Vitellogenin is an egg yolk precursor protein that is related to
lipid transport [42]. It is synthesized extraovarially in females and
deposited in the developing oocytes, generating vitellin, the main
yolk protein [43]. Vitellin is consumed as a nutrient during
embryogenesis. Vitellogenin and vitellin have been studied exten-
sively as energy sources in the vitellogenesis of fish [44,45], insects
[46,47], crustaceans [48,49], and polychaetes [50]. Although
vitellin is generally found as an egg yolk protein expressed in
females, a vitellin-like protein has been uniquely found in barnacle
cyprid larvae [35]. For barnacle larvae, lipids and proteins are the
primary energy sources, especially for non-feeding cyprids, and
are believed to be involved in exploration and attainment of
competency by swimming larvae [51]. In B. amplutrite, a vitellin-
like protein was found to accumulate in the late nauplius stage and
reached a peak at the cyprid stage, then decreased greatly during
metamorphosis, suggesting this protein provided energy for the
non-feeding cyprid [35]. Our real-time PCR results showed the
most prominent gene expression of vitellogenin (Ba-vfg) in the late
nauplius stage (Figure 6A), suggesting that there is a time lag
between transcription of barnacle vitellogenin and peak expression
of vitellin-like protein during the cyprid stage [35]. The barnacle
larvae may need to accumulate the vitellogenin transcripts before
development to the competent cyprid stage.

Similar gene expression patterns were observed in mannose
receptors. The settlement-inducing protein complex (SIPC), a
kind of glycoprotein, is reportedly a biological cue for the gre-
garious settlement of B. amphitrite [6]. Lentil lectin (LCA), a
mannose-binding lectin, binds to SIPC and inhibits SIPC-induced
larval settlement [5,52]. These results suggest that SIPC contains
mannose-type sugar chains, and mannose receptor-like proteins in
cyprids may be involved in the recognition of SIPC. LCA also
inhibits the periphytic diatom-induced larval settlement of B.
amphitrite [53], indicating that mannose receptors may also be
related to biofilm recognition. We found several isotigs annotated
as “mannose receptors’” that were highly expressed in the larval
transcriptome, and selected four isotigs for further expression
profile analysis. These four mannose receptor genes were highly
expressed in stage VI nauplii, and expression of mannose receptors
1 to 3 were especially high in this stage (Figure 6B-D). To detect
the spatial pattern of the mannose receptors, i situ hybridization
was performed on mannose receptors 1 and 2 in cyprids (Figure 7).
Because SIPC is a surface-bound pheromone that is thought to be
recognized during cyprid substratum searching behavior, it has
been suggested that SIPC receptors may be located on the
antennules [4]. However, we could not clearly detect the gene
expression of the selected mannose receptors on the antennules. It
1s possible that the mannose receptors reported here are kinds
of mechanoreceptors, which are different from the real SIPC
receptor. Therefore, whether mannose receptors relate to SIPC
remains unclear at this stage. However, we indeed found the man-
nose receptor expression associated with other putative sensory
structures though. Cyprids of B. amphutrite carry pores and setae on
their carapace [54] that are the putative sensory structures [53].
Interestingly, the mannose receptor genes were expressed in
discrete areas of the surface of the cyprid carapace (Figure 7),
which coincides with the locations of these pores and setae [54].
Although this suggests a possible relationship between mannose
receptors and the sensory system in barnacle cyprids, the real
functions of the pores and setae remain unclear.

During barnacle larval settlement, cement proteins are secreted
to attach cyprids to the substratum. There are two kinds of cement
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Figure 6. Real-time PCR results for the expression of 18 genes in five different developmental stages. The stages include the stage II
nauplius (nau2), the stage VI nauplius (nau6), the cyprid (cyp), the young juvenile (juv) and the adult (adu). Expression was measured for (A) Ba-vtg,
vitellogenin; (B) Ba-mnr1, mannose receptor 1; (C) Ba-mnr2, mannose receptor 2; (D) Ba-mnr3, mannose receptor 3; (E) Ba-mnr4, mannose receptor 4;
(F) Ba-cph1, 20 kDa-cement protein homologue 1; (G) Ba-cph2, 20 kDa-cement protein homologue 2; (H) Ba-eph, epidermal growth factor receptor; (I)
Ba-ptk7, tyrosine-protein kinase-like 7; (J) Ba-ddr1, discoidin domain receptor 1; (K) Ba-ddr2, discoidin domain receptor 2; (L) Ba-bursl, bursicon-like; (M)
Ba-eir, ecdysone-inducible protein; (N) Ba-ecr1, ecdysone receptor 1; (O) Ba-ecr2, ecdysone receptor 2; (P) Ba-cubn1, cubilin 1; (Q) Ba-cubn2, cubilin 2;
and (R) Ba-cubn3, cubilin 3. Values are expressed as mean * SD from three different experimental replicates.

doi:10.1371/journal.pone.0022913.g006

proteins, a primary cement protein that is produced while the
barnacle is attaching to the substratum and the secondary cement
protein that is secreted to aid barnacle’s reattachment [56].
Several studies have examined both primary and secondary
cement proteins in adult Megabalanus rosa barnacles [57,58]. We
found some isotigs annotated as barnacle cement proteins or their
homologues in our transcriptome dataset. Some of these, such as
cement protein-100k were only found in the adult transcriptome.
However, some 20 kDa-cement protein homologues were highly
expressed in the larvae (higher than in the adults). We analyzed the
gene expression profiles of the 20 kDa-cement protein homologues
by using real-time PCR. The 20 kDa-cement protein homologue
gene 1 transcript (Ba-¢phl) increased with larval development and
settlement, but decreased in the adult adults. The 20 kDa-cement
protein homologue gene 2 transcript (Ba-cph2) was expressed lower
in stage II nauplii, young juveniles, and adults, but significantly
higher in stage VI nauplii and cyprids (Figure 6F, G). In situ
hybridization was carried out to confirm the spatial gene expres-
sion. Figure 8 shows that both genes of the 20 kDa-cement protein

A

homologues were expressed in the pairs of cement glands. This
implies that these two genes are involved in cement secretion
during larval settlement in barnacles. In studies of barnacle cemen-
tation, adult cement proteins have been studied well [57,58], but
few reports have been published on larval cement proteins. Our
results suggest that some cement proteins are predominantly
expressed in larvae, but may have similar structure to adult cement
proteins.

The receptor tyrosine kinase family contains 17 subfamilies, 13
of which can be found in the barnacle transcriptome dataset.
This receptor family includes receptors for growth factors, dif-
ferentiation factors, and factors that stimulate metabolic responses
[59]. The insect prothoracicotropic hormone (PTTH) has been
reported to activate “Torso,” a receptor tyrosine kinase that
regulates embryonic terminal cell fate to initiate metamorphosis in
Drosophila [60]. We used real-time PCR to analyze the expression
pattern of several receptor tyrosine kinases that appeared to be
differentially expressed between the larvae and adult based on
transcript read numbers. The results showed that all of the genes

Figure 7. Gene spatial expression patterns of B. amphitrite mannose receptor genes, Ba-mnr1 (A, B) and Ba-mnr2 (C, D). (A) lateral view
of a cyprid; (B) negative control; (C) lateral view of a cyprid; (D) negative control. Abbreviations: Ant, antennule; Cc, cyprid bivalve carapace; Ce,

compound eye; Ta, thorax; Th, thoracopod. Scale bars =100 pum.
doi:10.1371/journal.pone.0022913.g007
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Figure 8. Gene spatial expression pattern of B. amphitrite 20-kDa cement protein homologue genes, Ba-cphT (A, B, C) and Ba-cph2 (D,
E, F). (A) lateral view of a cyprid; (B) dorsal-lateral view of a cyprid; (C) negative control; (D) lateral view of a cyprid; (E) dorsal view of a cyprid; (F)
negative control. Abbreviations: Ant, antennule; Ce, compound eye; Cg, cement gland; Th, thoracopod. Scale bars =100 um.

doi:10.1371/journal.pone.0022913.g008

were up-regulated in cyprids (Figure 6H-K). The gene expression
patterns were similar for Eph receptor tyrosine kinase (Ba-eph),
discoidin domain receptors (Ba-ddrl & 2), and tyrosine protein
kinase-like 7 (Ba-ptk7); they all increased with larval development,
reaching highest expression in the cyprid stage, and then de-
creased after settlement. These results suggest that these tyrosine
kinases play a role in barnacle larval settlement.

Besides the receptor tyrosine kinase family, some hormones and
their receptors are well known to regulate in the metamorphosis of
insects [61] and may play a role in barnacle metamorphosis as well
[15,16]. We selected certain known metamorphosis- or molting-
related hormones and their receptors that had higher expression
levels in the larval transcriptome dataset, and examined them
further using real-time PCR. First, bursicon, the ultimate hormone
in insect ecdysis that is involved in cuticle hardening, was reported
to be expressed in certain identified neurons in the nervous systems
of crustaceans as well [62]. In the B. amphitrite in this study, a
bursicon-like gene (Ba-bursl) was expressed at its highest level in the
stage II nauplii. Its expression then decreased during larval
development. After settlement, the gene was slightly up-regulated
in young juveniles and finally down-regulated in adults (Figure 6L).
Second, ecdysone is a steroidal prohormone of the major insect
molting hormone 20-HE. In addition to acting as a molting hor-
mone in arthropods, ecdysone also occurs in other related phyla,
but plays different roles. Figure 6M shows that the ecdysone-
inducilble protein-related gene (Ba-eir) was expressed lowest in the
cyprid stage compared to other stages. Additionally, the expression
of ecdysone receptor gene 1 (Ba-ecrl) was also relatively low in the
cyprids, but in contrast ecdysone receptor gene 2 (Ba-ecr?) was
most abundantly expressed in the cyprids (Figure 6N, O). These
results suggest that bursicon and ecdysone in B. amplutrite are not
specifically involved in larval metamorphosis from cyprid to ju-
venile, but may be involved in molting during larval development.
Furthermore, the insect juvenile hormone analogue methyl
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farnesoate (MF) reportedly induces larval metamorphosis and
has previously been identified in cyprid larvae, suggesting that it
plays an important role in the metamorphosis of barnacles [15,16].
However, we did not find any MF or juvenile hormone-related
genes in our transcriptome dataset. It is possible that some meta-
morphosis hormone-related genes in barnacles were included
among the hypothetical proteins in our transcriptome.

Interestingly, the number of reads of cubilins, the vitamin B12
receptor, was significantly different between the larval and adult
transcriptomes. However, the function of this gene remains un-
known in most crustaceans. There were three cubilin genes repre-
sented in the barnacle transcriptome dataset, each of which
showed a different expression profile. The cubilin 2 gene (Ba-
cubn2) had 200 folds and 90 folds higher expression level in the
cyprids and stage VI nauplii respectively than in the juveniles
(Figure 6Q)). The other two cubilin genes were both expressed at
much higher levels in all of the naupliar stages, although they
were differently expressed in the stage II nauplii and stage VI
nauplii (Figure 6P, R). These interesting results implies that the
three cubulin genes may play different roles during larval
development, and that cubilin 1 may be particularly important
for larval settlement. It should be pointed out that the most
similar sequence to “cubilin 1" isotig in NCBI database indicated
CUB-serine protease from the spiny lobster Panulirus argus.
Interestingly, this CUB-serine protease was shown to be
expressed in olfactory sensilla and the outer dendrites of olfactory
receptor neurons, suggesting a possible function of this protease
in the olfactory system [63]. In barnacle cyprids, an olfactory
receptor neuron-like structure was reported in the fourth segment
of the antennules [64] and olfactory chemoreception system has
been suggested to be involved in larval settlement [38]. It is
possible that cubilin 1, CUB-serine protease, in barnacle tran-
scriptome is involved in olfactory-like chemoreception during
barnacle larval settlement.
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Conclusions

We found several genes and functional groups that were
differentially expressed and possibly involved in larval settlement
in the barnacle transcriptome dataset. Importantly, we have
provided support for several existing hypotheses about larval
settlement in barnacles, as well as suggested new hypotheses that
should be further explored. Our results suggest that several
changes happen during late nauplius VI stage that may be impor-
tant for the attainment of competency during the cyprid stage.
First, the barnacle vitellogenin was uniquely expressed in the late
nauplius stage and these transcripts may need to accumulate prior

to development to the cyprid stage. Second, the peak expression of

mannose receptors genes is in the stage VI nauplii and their
localization patterns in cyprids suggest they may be involved in
chemical or mechanical sensing during larval settlement. Third,
20-kDa cement protein homologues, which were previously
unknown in barnacle larvae and may function during cyprid
attachment, are highly expressed in both nauplii VI and in cyprid
cement glands. Finally, we showed that receptor tyrosine kinase
genes were strongly expressed in the cyprid stage. While the
functions of some genes in this family have been suggested in other
organisms, little has been reported on them in barnacles. We
suggest this gene family may play an important role in larval
settlement and are possibly involved in metamorphosis signal
perception. Although the elucidation of the real biological func-
tions of all these genes will require development of gene mani-
pulation techniques such as RNAI for barnacles, we are hopeful
that with the accumulation of new genomic data for barnacles
these techniques will become possible in the near future.

Further studies on the molecular mechanisms of larval settle-
ment will take advantage of our barnacle transcriptomic profiling,
since the availability of a large transcriptome dataset for multiple
life history stages of B. amphitrite will allow us to explore not only
larval settlement in this important marine species but also other
important pathways such as those involved in development,
biomineralization, or stress regulation, for example.

Materials and Methods

Animal collection

Adults of Balanus amphitrite were collected from Pak Sha Wan,
Hong Kong (22.21'45" N, 114.15'35" E). Larval collection and
culture were performed according to Thiyagarajan and Qian [19].
For the 454 pyrosequencing, stage II nauplii, stage VI nauplii,
cyprids, and adults samples were collected. For the real-time-PCR
gene expression profile analysis, stage II nauplii, stage VI nauplii,
cyprids, recently metamorphosed juveniles, and adults were
collected. All of the samples were stored in liquid nitrogen until
use.

RNA Extraction and cDNA Synthesis

Total RNA was extracted with Trizol reagent (Invitrogen)
according to the manufacturer’s protocol. The total RNA was then
treated with a Turbo DNA free kit (Ambion) to remove trace
amounts of DNA contamination. For 454 pyrosequencing, mes-
senger RNA was then purified from the total RNA with a PolyA
Mag kit (Ambion). The double-stranded cDNA was synthesized
with a random hexamer primer (Takara) and a Superscript
double-strand cDNA synthesis kit (Invitrogen). Two ¢cDNA pools
were prepared for the titanium 454 pyrosequencing; one
contained cDNA from three larval stages, including nauplius II
(25% of the total cDNA), nauplius VI (25% of the total cDNA),
and cyprids (50% of the total cDNA), and the other cDNA pool
contained cDNA from adults. For the real-time PCR gene
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expression profile analysis, cDNA was synthesized from total
RNA by using M-MLV reverse transcriptase (Ambion) with
oligodT priming.

454 pyrosequencing, gene assembly, annotation, and
bioinformatics analysis

The sequencing library construction and 454 pyrosequencing
were performed according to the standard Roche 454 GS-FLX
pyrosequencer protocol. The qualified pyrosequencing reads were
assembled by using the Newbler software 2.3 (Roche) with default
parameter settings (40 bp overlap, 90% identity). The open
reading frame (ORF) prediction and gene annotation were per-
formed according to methods previously described [65]. Briefly, all
the putative ORFs of each EST were predicted by using GetORF,
a in-house developed software. The ORF's were then aligned with
NCBI NR peptide database by using BLASTp and the ORF with
the highest score was used to annotate the EST. For the EST's that
did not have hits in the database, the longest ORI will be
preserved and annotated as “hypothetical protein”. Gene ontology
(GO) for all the genes was also predicted. In addition, we used
BLASTx to aligh our dataset with nine bacteria genomes in order
to identify any potential contaminants or symbionts. The detailed
methods and results for the putative bacterial gene identifications
are shown in Text S1 and Table S3, respectively. Pyrosequencing,
assembly, and annotation were conducted by Chinese National
Human Genome Center at Shanghai.

For each contig or isotig, the number of reads from each stage
was extracted from the raw assembly file (ACE file). Differentially
expressed contigs or isotigs were identified statistically by using
Fisher’s exact test using the DEGseq package developed by Wang
et al. [66] for the R software environment (version 2.11.1 for Mac).

Real-time PCR analysis

The primers used for the real-time-PCR analysis are listed in
Table S4. The gene ¢yb was used as an internal control [28]. The
real-time-PCR reactions were performed by using a KAPA SYBR
fast universal 2X qPCR master mix on an ABI 7500 fast real-time
PCR machine according to the standard protocol. The data
analysis and statistical analysis were performed by using the
relative quantitation (RQ) AACt method described by Livak and
Schmittgen [67].

In situ hybridization

The B. amphitrite cyprids were collected, relaxed in the mixture
of 0.37M MgCl, and autoclaved filtered seawater (1:1) for 10
minutes, and then fixed with freshly prepared sample fixative
solution (3.7% formalin in autoclaved filtered seawater) at 4°C
overnight. The specimens were washed with PBST (1 xPBS, 0.1%
Tween 20, pH 7.4) three times, dehydrated with absolute
methanol and stored in methanol at -20°C: until use. The presence
of the specific mRNA was detected by Digoxigenin (DIG) labeled
antisense and sense RNA probes (Roche Applied Science). All
the primers used are listed in Table S5. Whole-mount i situ
hybridization was performed according to the methods described
by Thisse and Thisse [68] with modifications. Briefly, the speci-
mens were rehydrated by a successive dilution of methanol in PBS
(75% methanol, 50% methanol, 25% methanol) and then washed
5 times with PBST. The specimens were then sonicated for 5
seconds. The samples were permeabilized with 10 pg/mL Pro-
teinase K (Invitrogen) in PBST at room temperature for 7 minutes.
The specimens were post-fixed in fixative solution (4% parafor-
maldehyde in PBS) and then washed 5 times with PBST. The
specimens were pre-hybridized at 56°C for 2—4 hours in
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hybridization mix (50% formamide, 5xSSC, 50 ng/mL heparin,
1% SDS, 0.1% Tween 20, 500 pg/mL salmon sperm DNA). The
hybridization was performed in 200 pL fresh hybridization mix
containing 30-50 ng Dig-labeled RNA probe at 56°C overnight.
Post-hybridization wash was performed with pre-warmed succes-
sively diluted hybridization mix (without heparin and salmon
sperm DNA) in PBST (75%, 50%, and 25% hybridization mix) at
56°C and then washed 3 times with pre-warmed PBST. After
cooling down to room temperature and 3 times additional
washings with PBST, the specimens were blocked in blocking
solution (2% sheep serum, 2% BSA in PBST) at room temperature
for 2-4 hours and then incubated with 1/5,000 anti-DIG-AP
(Roche applied science) in the blocking solution at 4°C overnight.
The specimens were then washed 6 times with PBST at room
temperature for 5 minutes each time and then incubated in
Alkaline Tris buffer (100 mM Tris-HCI, pH 9.5, 50 mM MgCl,,
100 mM NaCl, 0.1% Tween 20) containing 4.5 mg/mL NBT and
3.5 mg/mL BCIP (Promega). The staining was performed at room
temperature overnight in darkness, and then the specimens were
washed several times with stop solution (1 mM EDTA, PBST).
The specimens were mounted with 80% glycerol and observed
under the microscope (BX-51 compound microscope, Olympus)
with DIC setting and photographed.
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