View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by University of Queensland eSpace

Research article 2921

Gene expression during early ascidian metamorphosis requires
signalling by Hemps, an EGF-like protein

Rick G. Woods 1.2*, Kathrein E. Roper 12, Marie Gauthier 1.2, Lisa M. Bebell 1.2, Kristin Sung 1,
Bernard M. Degnan 2 and Martin F. Lavin 13

1The Queensland Institute of Medical Research, PO Royal Brisbane Hospital, Herston, Brisbane 4029, Australia
2Department of Zoology and Entomology, University of Queensland, Brisbane 4072, Australia

3Central Clinical School, University of Queensland, Brisbane 4029, Australia

*Author for correspondence (e-mail: rickw@gqimr.edu.au)

Accepted 11 February 2004

Development 131, 2921-2933
Published by The Company of Biologists 2004
doi:10.1242/dev.01120

Summary

Hemps, a novel epidermal growth factor (EGF)-like expressed during early metamorphosis was affected in
protein, is expressed during larval development and early larvae treated with the anti-Hemps antibody. Knockdown
metamorphosis in the ascidian Herdmania curvatand  of Hemps activity affected the expression of a range of
plays a direct role in triggering metamorphosis. In order  genes within 30 minutes of induction, suggesting that the
to identify downstream genes in the Hemps pathway we Hemps pathway directly regulates early response genes at
used a gene expression profiling approach, in which we metamorphosis. In most cases, it appears that the Hemps
compared post-larvae undergoing normal metamorphosis pathway contributes to the modulation of gene expression,
with larval metamorphosis blocked with an anti-Hemps rather than initial gene activation or repression. A total of
antibody. Molecular profiling revealed that there are 151 genes that displayed the greatest alterations in
dynamic changes in gene expression within the first 30 expression in response to anti-Hemps antibody were
minutes of normal metamorphosis with a significant sequenced. These genes were implicated in a range of
portion of the genome (approximately 49%) being developmental and physiological roles, including innate
activated or repressed. A more detailed analysis of the immunity, signal transduction and in the regulation of gene
expression of 15 of these differentially expressed genes transcription. These results suggest that there is significant
through  embryogenesis, larval development and gene activity during the very early stages oH. curvata
metamorphosis revealed that while there is a diversity of metamorphosis and that the Hemps pathway plays a key
temporal expression patterns, a number of genes are role in regulating the expression of many of these genes.
transiently expressed during larval development and

metamorphosis. These and other differentially expressed Supplemental data available online

genes were localised to a range of specific cell and tissue

types in Herdmanialarvae and post-larvae. The expression Key words: Hemps, Ascidian Herdmania curvata, Gene expression
of approximately 24% of the genes that were differentially  profiling

Introduction ascidian metamorphosis, retraction of anterior palps followed

Ascidians have two major morphogenetic phasesl?y resorption of the tail, are easily observed and often

embryogenesis and metamorphosis, each producing a distiftGcyr within mmutes of the_ larva contacting an inductive
subset of chordate-specific characters (Satoh, 1994, zoofﬁvwonmental S|gnal. A_naIyS|s of the molecular a_nd cellular
This biphasic life cycle includes: (1) a simple swimmingProcesses occurring during these early events prov_ldesameans
tadpole larva that consists of approximately 2600 cells an@f investigating the role of exogenous environmental
possesses an axial notochord, a dorsal tubular nerve cord gt intercellular cues in triggering and coordinating
a muscularised tail; and (2) a sessile juvenile/adult that filtefnetamorphosis (Degnan et al., 1997).

feeds using pharyngeal gill slits (Corbo et al., 2001; Hinman Epidermal growth factor (EGF)-like proteins have been
and Degnan, 2001). Metamorphosis from the larval to thémplicated in early metamorphosis of three ascidian species:
juvenile/adult form in ascidians requires a combination ofCiona intestinalis(Nakayama et al., 2001); Boltenia villosa
environmental and endogenous signals (Jackson et al., 20d®avidson and Swalla, 2002); ahiérdmania curvatg¢Arnold

and is characterised by coordinated global morphogenett al., 1997; Eri et al., 1999). IHerdmania, experimental
changes that include apoptosis of tail tissues, formation of analysis of Hemps protein function further implicates this
diversity of structures from endodermal and mesenchymalathway in the initiation of metamorphosis. THemps gene
primordia, and cell proliferation (Cloney, 1982; Cloney, 1990;encodes a protein that contains four EGF-like repeats, three
Nishida, 2002; Chambon et al., 2002). The first events afiovel cysteine-rich repeats and a putative secretion signal
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sequence (Arnold et al., 1997), and it is upregulated when theas generated using the Smart cDNA library construction kit
Herdmanialarva develops competence (i.e. ability to initiate (Clontech) following the manufacturer’s instructions. Prior to cDNA
metamorphosis) and during the first few hours ofsynthesis, 1 g of total RNA from each stage was combined
metamorphosis (Eri et al., 1999). HempRNA and protein and ethanol precipitated. A total of 4800 random recombinant

are localized to the papillae and anterior epidermis oP'aq‘ﬁes V‘I’eredcorled and the phpagg eIuteI.(?.. dThe insert :_r‘?”l‘ )e(gCh
: . the eluted plaques was -amplified using pTriple
competent tadpole larvae, the region previously shown to b(‘I:quuencing forward and reverse primers (Clontech) and assessed by

requwgd for '”d“C“Or! of met'amorphOSIS (Degnan et al., 1,99.7 garose gel electrophoresis. The PCR products were precipitated
Following contact with an inductive cue, Hemps protein isyjth isopropanol, washed with 70% ethanol and resuspended in
released from the anterior, spreading posteriorly into the trunkxssc, 0.1% sarkosyl. The 4800 DNA elements were spotted

and the tunic as metamorphosis progresses. Larvae culturediift duplicate) onto polylysine-coated glass slides using the GMS

the presence of anti-Hemps antibodies do not underg@l7 Arrayer robot (Genetic Microsystems). Post-processing of

metamorphosis, although they still retract their papillae (i.ethe slides was accomplished according to P. O. Brown

they undergo the very first phase of the process). Converse(ytp://cmgm.stanford.edu/pbrown/protocols/).

incubation with recombinant Hemps protein causes competept preparation and hybridisations

larvae to metamorphose at high rates (Eri et al., 1999). The € elled CDNA dqf  total RNA isolated f
results point to a key role for Hemps in the regulation of:2P¢!led CONA was prepared from 2 jof tota Isolated from

- ) . . - - either normal larvae and post-larvae or anti-Hemps antibody-treated
Herdmaniametamorphosis. While EGF signalling might play post-larvae. cDNA was transcribed using an oligo {¢lpjimer using

a similar role in Ciona metamorphosis (Nakayama et ala gNTP mix with a ratio of 4:1 aminoallyl-dUTP to dTTP (Sigma).
2001), the gene encoding the putative EGF pro@imetal, Following synthesis, aminoallyl-labelled cDNA (aa-cDNA) was
does not appear to be a homologue of Hemps (Dehal et gburified, dried and the pellet resuspended in 100 mM sodium
2002). Indeed, a cledtempsgene has not been detected in thecarbonate pH 9. Cy3 and Cy5 reactive dyes (Amersham) were added
Ciona genome, although there are multiple genes encoding their respective aa-cDNAs and the coupling reaction allowed to
proteins with EGF-like motifs (Dehal et al., 2002).proceed for 1 hour. Unincorporated dyes were removed from the
Furthermore, recent data support an interaction betwedRaction by the addition of 4 M hydroxylamine. Cy3- and Cys-
noradrenaline or adrenaline and feadrenergic receptor in labelled cDNA was then combined and purified using a PCR cleanup

: P P kit (Qiagen). Human Cotl DNA (1Qg) and poly dA (2ug) were
the nervous system in mediating metamorphosi<Cioha added to the purified probe mix and dried prior to redissolving in

saviginyi(Kimura et al., 2003). . 4XSSC, 40% deionised formamide and 0.1% SDS. Following

The Hemps pathway appears to activate a cascade of gepg pation at 95°C for 5 minutes, and then 45°C for 90 minutes, the
expression, starting within 3-4 hours of induction (Eri et al.japelled probe mix was then loaded onto the microarray chip, and
1999). This is consistent with data reported by Davidsomybridisation was carried out for 16 hours at 45°C. Following
and Swalla (Davidson and Swalla, 2001), who showed thdtybridisation, the microarray chip was washed with<8SC, 0.05%
transcription is necessary for both acquisition of competencgDS followed by a 0.2SSC wash and centrifuged at low speed to
and the completion of the initial events of metamorphosis in Blry. Cy3 and Cy5 fluorescence hybridised to the cDNA elements
villosa. Here we characterise gene expression patterns duriﬁ%OHEd onto the microarray chip was detected with a GMS 418 Array
early Herdmania metamorphosis using a gene profiling S anner (Genetic Microsystems) using Imagene 4.2 software
approach (White et al., 1999) with a 4800 developmentdfioPiscovery, Inc.).

DNA cl t orinted i ; f t Using th i In order to correct for differences between microarray chips, a
¢ clone set printed in a microarray tormat. Using th€ antlzgterence RNA mix was used. The reference consisted of pooled RNA

Hemps antibody to block Hemps, we identify genes regulate@g |.g) isolated from the following developmental stages: egg,

by the Hemps pathway in early metamorphosis. Genes that ajgstrula, mid-tailbud, hatched, competent, 30 minutes PI, 4 hours PI,
activated or repressed at 30 minutes post-induction are likelhours PI and 24 hours PI. The ratio between reference and test RNA
to be those that are directly regulated by the Hemps signallingas then used to determine expression levels between different

pathway. microarray chips.
Data analysis
Materials and methods Data generated using Imagene software for both Cy3 and Cy5
) . ] channels was imported into Genespring 6 (Silicon Genetics) and
Extraction of total RNA and inhibition of metamorphosis normalised by applying a Lowess curve to the log-intensity versus

Embryos or larvae were cultured in Quéh filtered sea water (FSW) log-ratio plot. Twenty per cent of the data was used to calculate the
at 25°C and metamorphosis was induced in competent larvae (3 holrswess fit at each point. This curve was used to adjust the control
post-hatching) by subjecting the larvae to 40 mM KCl-elevated FSWalue for each measurement. If the control channel was lower than 10,
(Degnan et al., 1997). Total RNA from different developmental stagethen 10 was used instead. Each measurement was divided by the 50th
was extracted using TRI-Reagent (Sigma) as described by thEercentile of all measurements in that sample. The following filtering
manufacturer. Inhibition of metamorphosis in competent larvae wasriteria were then applied to the normalised data: flag=0 (passed);
carried out by the addition of anti-Hemps antibody ¢0ml) prior flag=>1 (failed). The normalised data were then filtered on the
to the induction of metamorphosis as described in Eri et al. (Eri et alstandard deviation between individual spots. Any spots that had a
1999). Total RNA was extracted from anti-Hemps-treated and normatandard deviation outside the range of 0.1 to 5 were eliminated from
post-larvae 30 minutes and 4 hours after induction by 40 mM KClthe analysis.

elevated FSW. DNA sequence data from the selected clones were compared (using
) ) ) BLAST algorithm) to known cDNA and ESTs in the NCBI &idna
H. curvata cDNA microarray chip construction databases. BLAST analysis of both NCBI a@ intestinalis

A partially normalised Hcurvata developmental cDNA library, databases with a Palue <1.0€8 probability of a chance occurrence
representing gastrula, mid-tailbud, hatched larval, competent larvalyere classified significant; anything above this was considered not
30 minutes post-induction (PI), 4 hours Pl and 16 hours Pl stagesignificant and considered unknown.
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Quantitative real-time RT-PCR Table 1. Types of gene expression profiles observed during
Differentially expressed gene patterns identified on the arrays wereearly metamorphosis relative to larval expression levels

confirmed using Real-time PCR. Primer pairs were designed for the
selected genes using Tagman guidelines (PE Biosystems) such that a

Change in mRNA abundance

product of between 150 and 250 base pairs was generated in a PCR 30 minutes 4 hours % Total

reaction (see Table S1 at http://dev.biologists.org/supplemental/). The_P™fe post-induction post-induction clones
annealing temperature and extension time for each of the primer pairs 1 >2-fold increase >2-fold increase 14.38
was optimised using Amplitaq Gold polymerase (Roche). Following 2 >2-fold increase <2-fold change 2.80
optimisation, Quantitative real-time RT-PCR (QPCR) was performed 3 <2-fold change >2-fold increase 8.3

in 15 W volumes (cDNA; 1XQPCR master mix (Invitrogen)); 5 pmols g zgjg:g ggggggg Zg:;g:g Sﬁ;:]eaese 131'0500
of each primer; 1XSYBR Green (Bioscientific) using the Rotorgene ¢ <2-fold change >2-fold decregase 8.00
Real time PCR machine (Corbett Research; Sydney, Australia). Each 5 <2-fold change <2-fold change 51.00

primer set was analysed against a standard curve determined by the yndetermined 16.7
expression of the ascidian Enoyl-CoA-hydratase, which was shown
by array screening to be equally expressed in normal and treated

larvae (see Results). clones represented on the chip did not display this level of
change. Of the clones that were altered in expression,

a:g::mx:: "i]r;sétiltjumllwt;rtlaorlil(j?;;ir:)n was performed as previously‘f:lppr())(immeIy 90% showed a change of no more than 5-fold,
- - H ni 0, - - i i
described (Hinman and Degnan, 2001) using digoxigen-labelleW'th the remaining 10% between 5- and 10-fold. Differentially

probes of genes of interest approximately 300 bp i |ength§xpressed genes were grouped into six different categories,

synthesised using T7 or T3 RNA polymerase from recombinanp@sed on their expression profile (Table 1). Based on transcript
pBSK. abundance, we estimated that about 14.4% of the genes (575

clones) were upregulated 2-fold or more 30 minutes Pl and
remained elevated at 4 hours Pl (Table 1; Profile 1). An

ReSUItS_ o estimated 2.8% of the genes (112 clones) had a transient 2-fold
Generation and characterisation of an  H. curvata or greater increase in expression at 30 minutes Pl but had
developmental array expression levels comparable to competent larvae at 4 hours

We generated an Hcurvata cDNA microarray chip to Pl i.e. a less than 2-fold difference (Profile 2). An estimated
investigate gene expression patterns during metamorphos$s3% of the genes (334 clones) displayed no significant change
and under conditions in which the activity of Hemps wasn expression between competence and 30 minutes Pl but
neutralised with a specific antibody (Eri et al., 1999). Thencreased significantly at 4 hours PI (Profile 3). The expression
microarray consisted of 4800 PCR products of insertspf an estimated 11.5% of the genes (461 clones) decreased by
amplified from random clones from a developmental cDNA2-fold or greater (relative to competence) at 30 minutes and 4
library that was partially normalised using a PCR-basedhours PI (Profile 4). An estimated 3% of the genes (123 clones)
approach, whose sizes ranged from 300-2000 bp. Sequerftad reduced expression at 30 minutes Pl but had expression
analysis of 700 of the 4800 clones (supplementary datdgvels comparable to competent larvae at 4 hours Pl (Profile 5).
revealed 21% redundancy in the library (data not shown). Thusn estimated 8% of the genes (320 clones) had insignificant
we estimated that out of a total of approximately 16,000 proteiohanges in expression between competence and 30 minutes Pl
coding genes in this ascidian (based ©@iona estimates) but then decreased by 2-fold or more by 4 hours PI (Profile 6).
(Dehal et al., 2002), approximately 24% of the transcriptom®rofile 7 was comprised of the remaining 2040 clones (an

is represented on the microarray chip. estimated 45% of the genes), which did not change in
) ) ) expression (i.e. less than 2-fold) between competence, 30
Gene expression during normal metamorphosis minutes and 4 hours PI.

For each stage of metamorphosis, at least two sets of duplicate _
hybridisation data were obtained and imported into Genesprirfigerturbed gene expression in response to anti-
6 and grouped as replicates. Post-larval RNA samples wetkéemps antibody
obtained from individuals that had initiated metamorphosiShe ability to abrogate Hemps very early in metamorphosis,
within 10 minutes of being subjected to the inducer (40 mMhrough the application of a neutralising antibody (Eri et al.,
KCl-elevated FSW). This ensured that 30-minute and 4-hout999), provided a means to investigate the role of this event in
post-larval RNAs were obtained from synchronouslyregulating gene expression during early metamorphosis. To
developing individuals. To ensure that the 30-minute and 4identify genes putatively regulated by Hemps, we determined
hour post-larval mMRNA pools were not contaminated withthe expression profiles of normal 30-minute-PIl post-larvae
larval transcripts, post-larvae were inspected and selectedth identically aged larvae that had been inhibited from
manually. At 30 minutes, post-larvae were in the process of amdergoing metamorphosis by treatment with anti-Hemps
had just completed tail resorption. At 4 hours, post-larvae haantibody. This time point was chosen since metamorphosis is
a completely resorbed tail and were beginning to project thea rapid process iRl. curvatalarvae treated with an inductive
ampullae (Degnan et al., 1996). cue, being evident within 30 minutes (Degnan et al., 1997). We
Following normalisation and filtering, 3997 genes passedlso employed a longer Pl time point, 4 hours, for comparison
(16.7% failed). It was estimated that the expression of 49% @ind detection of later events in the process. An estimated 24%
the clones (1957) on the microarray chip consistently changesf the clones (464) that are differentially expressed during early
by two-fold or greater in the post-larval stages relative to levelmetamorphosis were significantly affected by this treatment
at the competent larval stage (Table 1). The expression of 2040able 1, Profiles 1-6). Of the six differentially expressed
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profiles identified in normal metamorphosis, we found that thall Herdmaniadevelopmental stages using QPCR (Fig. 2A).
anti-Hemps antibody treatment most significantly affectedrhis compared well with another geneHec-Ubiq
Profile 1 (upregulation of expression in both post-larval stage@olyubiquitin), already known to be equally expressed
relative to competent larvae), in which approximately 44% othroughout development (Hinman and Degnan, 2001) (Fig.
these genes (269 clones) displayed a 2-fold or greater chang®&). We employed Hec-Ubiq initially as a reference to assess
in treated larvae compared with normal larvae at 30 minutesjempsexpression. The results in Fig. 2B revealed that the
with the great majority of these (99%) being upregulated (Figexpression of Hempsduring development determined with
1A). The effect at 4 hours was much less dramatic (Fig. 1BQPCR agreed with that using northern blotting (Fig. 2C) (Eri
Two-fold or greater differences in levels of gene expressioet al., 1999). Accordinglylec-coA was used to normalise all
were also observed in the other profiles to a lesser extent (38#her QPCR data.

for Profile 2; 17% for Profile 3; 12% for Profile 4; 8% for We selected 15 genes with different expression profiles
Profile 5; 19.29% for Profile 6). Interestingly, 11% of the genesluring normal metamorphosis for quantitation and validation
(204 clones) that did not change significantly (i.e. 2-fold ousing QPCR. A comparison of the data obtained at
greater) during early metamorphosis (Profile 7) were affectedompetence, 30 minutes and 4 hours PI for these genes appears
by the anti-Hemps antibody treatment. In total, 16.7% ofn Table 2. Of the five genes upregulated at 30 minties-(

the genes assessed in this study (667 of 3997 clones) wegrex1, -smdpl,-meta2a,-rab, -cip2b), four showed a good
significantly affected by the knockdown of Hemps activity. Ofcorrelation with the QPCR data. Onyec-meta2&failed to
these, 20% were perturbed within 30 minutes of inductionghow significant increase with QPCR at 30 minutes PI, but at
suggesting that the Hemps signalling pathway is directlt hours Pl a good correlation existed between the array and
regulating these genes.

Confirmation of array data

To confirm that the expression profiles generated from th A
microarrays for individual genes were a true representation «

actual changes in gene expression, we utilised quantitative re.

time RT-PCR (QPCR). To get a relative abundance expressit Hee-CoA m
value for the genes examined, we identified a gelre;COA,

that was equally expressed in both the normal and anti-Hem Hec-Ubig
antibody-treated microarrays at 30 minutes and 4 hours PI; th

gene coded for the enzyme enoyl-CoA hydratase (P>1)0e
We confirmed that this gene was equally expressed throughc
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Fig. 1. Distribution of microarray clones into expression profile
categories during normal and anti-Hemps antibody-treated Fig. 2. Expression of Hempsormalised to Hec-cofompared with
metamorphosis. Proportion of genes affected by anti-Hemps Hempsnorthern analysis. (A) The expressiorH#c-coAwas

treatment at 30 minutes (A) and 4 hours (B) post-induction (Pl) in compared with the expressionkéc-Ubiqthrough developmental

each of the seven normal expression profiles. Red, greater than 2-fstages egg, gastrula, mid-tailbud, hatched, competent, 30 minutes
increase in MRNA abundance in treated post-larvae; yellow, less thepost-induction (PI), 4 hours PI, 16 hours PI, 24 hours Pl and juvenile.
2-fold change in mRNA abundance in treated post-larvae; blue, (B) The expression of Hemgwrough developmental stages egg to
greater than 2-fold decrease in mMRNA abundance in treated post- juvenile normalised to Hec-cadsing quantitative real-time RT-PCR
larvae. The figures to the right of each profile represent the (QPCR). (C) Densitometry analysis of Henegpression using
percentage of genes in each of the categories affected by anti-Hemnorthern analysis shows a similar expression profile to that derived
antibody. using QPCR (Eri et al., 1999).
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Table 2. A comparison of fold change between microarray 30 min PI: Array versus QPCR
and QPCR data through developmental stages from 10.09 Borcr [MAray
competence to 4 hours post-induction 1A
30 minutes 4 hours
Competence post-induction post-induction
Genes Array/QPCR Array QPCR Array  QPCR §
Hec-pnx1 1 4.4 3.42 1.43 2.42 °
Hec-smdpl 1 3.29 3.44 3.17 5.3 =
Hec-mbl 1 0.26 0.58 1.11 0.94 S 1.01
Hec-meta2a 1 4.00 1.43 2.76 3.29 © 1
Hec-meta2 1 0.9 0.61 0.02 0.001 2
Hec-sap 1 0.56 0.66 0.46 0.59 s
Hec-rab 1 1.94 4 15 2.98
Hec-cipA 1 1.20 0.83 1.13 0.89
Hec-cip2A 1 1.27 1.58 1.68 1.162
Hec-cip2B 1 3.19 2.33 3.2 1.95
Hec-metal 1 0.90 0.51 0.54 0.6
Hec-hsup 1 0.22 0.60 2,57 1.741 0.1
Hec-BesX 1 1.76 1.11 0.95 0.51 :
Hec-Ipl 1 0.1 0.1 3.0 0.84 .
Hec-shm 1 1178 12 063 11 10.0 4 h PI: Array versus QPCR

B M opcr M Array

QPCR data for this gene (Table 2). Overall, for all four gene
that were downregulated at either 30 minutes or 4 hours |
there was a good correlation. This correlation was also evide
for six genes for which no appreciable change in gen 8 1.01
expression occurred post-induction (Table 2). Generally ther 2
was good concordance between the data obtained |
microarray analysis and those determined by QPCR.
Approximately 17% of the clones on the microarray chip
were altered in their expression after treatment with anti
Hemps antibody. A subset of these genes were selected to t
whether the difference in expression between treated ar 0.1
untreated larvae were significantly different, using both th'n—:ig. 3.validation of the expression levels between normal

microarray and QPCR assays. Of the 11 genes affected by anfiaamorphosing larvae and anti-Hemps antibody-treated larvae
Hemps antibody, nine were downregulated and two Wergsing quantitative real-time RT-PCR (QPCR) analysis at 30 minutes
upregulated at 30 minutes PI (Fig. 3A), and in all cases QPCpbst-induction (PI; A) and 4 hours PI (B). Clones selectetiace

data agreed with array data. A significant difference wabcsX1, Hec-metal, Hec-meta2a, Hec-meta2, Hec-sap, Hec-mbl, Hec-
observed between the 30-minute time point and that afhm, Hec-rab, Hec-nopp34, Hec-hsamil one unknown gene,
untreated larvae (marked with an asterisk) for 10 of the 14c925 (left to right). Shown are the ratios (treated:normal) derived
genes in at least one of the two methods used to measipethe microarrays and QPCR. A ratio >1 represents a gene with
expression (Fig. 3A). While there was also a reasonabf@XPression that is upregulated when treated with anti-Hemps
correlation between the QPCR and array data at 4 hours P, j&iPody. A ratio <1 represents a gene with expression that is

- . downregulated when treated with anti-Hemps antibody. An asterisk
extent of change in the clone set was less marked (Fig. 3B)indicates a significant difference between treated and untreated

larvae.

nge (log)

Fol

Sequence-based gene classification affected by

anti-Hemps antibody treatment

A subset of clones that were affected by the anti-Hempdevelopment, and whether their expression is downregulated in
antibody treatment were selected, sequenced and compaieeated metamorphosing larvae (D), higher in anti-Hemps
(using BLAST algorithm) to known cDNA and ESTs in the antibody-treated larvae (U) or equal in expression (E), at the
NCBI and Ciona intestinalislatabases. Sequences that had éndicated times.

match to previously identified genes were then categorised into Sixty-two Class A genes (functions that are common to most
four major classes based on Lee et al. (1999). Class A codedlls) were affected by the anti-Hemps antibody treatment in
for proteins common to many kinds of cells, class B werghis study. These included homologues of genes previously
proteins associated with cell-cell communication, class Ghown to be involved in the metamorphosis of other ascidian
coded for proteins that function as transcription factors andpecies (Nakayama et al., 2001, 2002; Davidson and Swalla,
other regulatory proteins and class D were clones of aR002). Of particular interest were three putative Herdmania
unknown function. Furthermore, each class was thehomologues ofCi-meta2(Table 2): Hec-metafclone 1832),
categorised into subclasses according to specific functions (semeta2gclone 207) and —meta2b (clone 1%3Fach of these
Table 3). These genes have also been classified accordinggenes was affected differently in larvae treated with the
the expression profile that they belong to in normakntibody, suggesting that they may have separate roles during



Table 3. Herdmania curvatagenes, identified by microarray analysis, that have an altered expression when metamorphosis is inhibited by the addition of
anti-Hemps antibody

30 minutes 4 hours

Gene post- post-
Clone Identity E-Value code GE induction  induction
266 0i|30146860|ref|[XP_293446.2| similar to Protein CDC27Hs (Cell division cycle protein 27 homolog) (2 clones) 5.00E-05 Alll 1 U E
1832 0i|13516887|dbj|BAB40595.1| (AB041856) Ci-METAR¢-Meta2) 6.00E-22 AlV 1 D E
1537 0i|13516887|dbj|BAB40595.1] Ci-META2 1.00E-14 AlV 1 E D
4156 0i|5002645|emb|CAB44357.1| IF2 protein (human homolog of bacterial translation initiation factor 2) 1.00E+00 AV 1 U E
4156 0i|5002645|emb|CAB44357.1| IF2 protein (human homolog of bacterial translation initiation factor 2) 1.00E-100 AV 1 U U
3748 0i|16151619|dbj|BAB69891.1| (AB000805) mannose-binding lectin (2 clones) 1.00E-15 AVII 1 D D
2135 0i|16151619|dbj|BAB69891.1| (AB000805) mannose-binding lectin 0.0006 AVII 1 E D
1385 0i|1584024|prf||2122242A complement control protein 9.00E-19 AVII 1 E D
365 0i|16151619|dbj|BAB69891.1] (AB000805) mannose-binding lectin (2 clones) 2.00E-07 AVII 1 E D
3639 gi|21703252|gb|AAM76123.1|AF483043_1 (AF483043) complement receptor-like protein 2 9.00E-10 AVII 1 U E
4037 0i|16151619|dbj|BAB69891.1] (AB000805) mannose-binding lectin 5.00E-12 AVII 1 U E
122 0i|20822278|ref|[XP_133260.1| Rab acceptor 1 (prenylated)réb) 1.00E-11 BI 1 D E
1256 Matches to unknown of another ascidian (i.e. to Ciona scaffold) (5 clones) Dl 1 U U
1273 no match found (9 clones) N/A DIV 1 U E
3509 0i|4886910|gb|AAD32099.1|AF117616_1 (AF117616) SOUL protein 6.00E-18 Al 2 U E
933 0i|21703214|gb|AAM76104.1|AF483024_1 transposase 6.00E-15 AVII 2 D E
4130 0i|16151619|dbj|BAB69891.1] (AB000805) mannose-binding lectin (3 clones) 3.00E-16 AVII 2 D D
134 0i|391669|dbj|BAA02987.1| hikaru genki type4 product precursor 6.00E-07 BI 2 D E
1437 0i|1170275|sp|Q09101|HIG_DROME Locomotion-related protein Hikaru genki precursor 4.00E-08 Bl 2 E D
1228 0i|6683496|dbj|BAA89210.1] bromodomain adjacent to zinc finger domain 1B 3.00E-33 Cl 2 D E
1228 0i|6683496|dbj|BAA89210.1] bromodomain adjacent to zinc finger domain 1B 3.00E-33 Cl 2 D D
197 0i|5870893|ref[NP_006832.1| solute carrier family 38, member 3; system N1 Na+ and H+-coupled glutamine transporter ~ 3.00EAB2 3 U E
3768 0i|18143339|dbj|BAB79622.1| (AB057446) Ci-META3 1.00E-38 AlV 3 U E
2760 0i|121759387|sp|Q90YV5|RL13_ICTPU 60S ribosomal protein L13 6.00E-14 AV 3 D E
4289 0i|20833867|ref|[XP_129647.1] (XM_129647) similar to Bifunctional aminoacyl-tRNA synthetase (2 clones) 2.00E-84 AV 3 U E
4256 0i|20833867|ref|[XP_129647.1] (XM_129647) similar to Bifunctional aminoacyl-tRNA synthetase 3.00E-95 AV 3 U ]
3263 0i|6225842|sp|073888|PGD2_CHICK Glutathione-requiring prostaglandin D synthase 6.00E-36 AVII 3 E D
654 0i]|28828338|gb|AAO50999.1| hypothetical protein 4.00E-06 Dl 3 U E
4175 0i|21358277|ref|[NP_650387.1] CG7530-PA 2.00E-17 DIl 3 U E
913 0i|2498260|sp|Q28488|CRYM_MACFL Mu-crystallin 3.00E-31 AlV 4 D E
4191 gi|12381877|dbj|BAB21248.1| ribosomal protein L35 4.00E-07 AV 4 U E
216 0i|16751538|gb|AAL27683.1|AF237690_1 (AF237690) unknown (syphon associated prieteisgf) 3.00E-08 AX 4 D E
2574 0i|14010891|ref|[NP_114192.1| syntenin 6.00E-52 Bl 4 D E
829 0i|4507451|ref|[NP_003216.1| trefoil factor 1 8.00E-08 Bl 4 D D
2125 gi|37589760|gb|AAH59661.1] Unknown (protein for MGC:73345) 5.00E-14 Dl 4 D D
3960 0i|20810547|gb|AAH29067.1| (BC029067) similar to stress-associated endoplasmic reticulum 6.00E-16 AVII 5 D E
300 0i|16151619|dbj|BAB69891.1] mannose-binding lectin (2 clones) 4.00E-09 AVII 5 D E
3960 0i|20810547|gb|AAH29067.1] (BC029067) similar to stress-associated endoplasmic reticulum 6.00E-16 AVII 5 D D
3889 0i|18491022|ref|INP_060622.2] (NM_018152) chromosome 20 open reading frame 12; bA189K21.1 (hec-sup) 9.00E-23 Dl 5 D D
883 0i|4759058|ref[NP_004835.1] SH3-domain binding protein 5 (BTK-associated) 4.00E-43 All 6 D E
894 0i|14549635|gb|AAK66965.1|AF255739_1 replication-dependent histone H2A 3.00E-48 Alll 6 D E
207 0i|13516887|dbj|BAB40595.1| Ci-METAR€c-meta2a) 1.00E-32 AlV 6 U E
1597 0i|6677773|ref[NP_033104.1] (NM_009078) ribosomal protein L19 3.00E-54 AV 6 D E
4195 gi|127184|sp|P07461|MLR_HALRO Myosin regulatory light chain, smooth muscle (5 clones) 8.00E-53 AX 6 E U
1531 0i|13516889|dbj|BAB40596.1| Ci-METAddc-metal) 3.00E-44 BI 6 E D
1080 0i]9966793|ref|[NP_065080.1| (NM_020347) leucine zipper transcription factor-like 1 (2 clones) 4.00E-39 Cl 6 D D
904 0i|20829847|ref|[XP_150664.1| (XM_150664) hypothetical protein XP_150664 1.00E-09 Dl 6 D E
1208 gi|27372170|dbj|BAC53586.1| sarco-endoplasimc reticulum calcium ATPase 1.00E-60 Al 7 D E
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2108 gi|1706902|sp|P49948|FRH2_XENLA Ferritin heavy chain 2 (XL2-17) (2 clones) 6.00E-15 Al 7 E U

588 0i|12643614|sp|O55143|ATA2_MOUSE Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (Calcium pump 2)
(SERCAZ2) (SR Ca(2+)-ATPase 2) 1.00E-93 Al 7 E U
1208 gi|27372170|dbj|BAC53586.1| sarco-endoplasimc reticulum calcium ATPase 1.00E-60 Al 7 U D
25 0i|21314753|ref[INP_115766.2] MKI67 (FHA domain) interacting nucleolar phosphoprotein; nucleolar phosphoprotein
Nopp34; nucleolar protein interacting with the FHA domain of pKi-67 (Hec-nopp34) 3.00E-16 All 7 D E
3250 0i|12834577|dbj|BAB22965.1| histone cell cycle regulation defective interacting protein 5~putative 2.00E-18 Alll 7 D E
3250 0i|12834577|dbj|BAB22965.1] (AK003730) data source:MGD, source key:MGI:1913290, evidence:ISS~histone cell
cycle regulation defective interacting protein 5~putative 2.00E-18 Alll 7 D D
72 0i|13359451|dbj|BAB33421.1|] putative senescence-associated protein 2.00E-16 Alll 7 E ]
2633 0i|34876535|ref|[XP_223229.2| similar to PDZ domain actin binding protein Stieorahi(m) 6.00E-27 AlV 7 D E
1296 gi|49864|emb|CAA27397.1| alpha-actin 1.00E-20 AlV 7 E U
3315 gi|2500736|sp|Q25147|S61A_HALRO PROTEIN TRANSPORT PROTEIN SEC61 ALPHA SUBUNIT 7.00E-67 AIX 7 U E
290 0i|21629316|gb|AAM68993.1|AC125735_23 ribosomal protein L38 3.00E-06 AV 7 D E
892 0i|4584080|emb|CAB40554.1| ribosomal protein L24 9.00E-24 AV 7 D E
3249 0i|22758848|gb|AAN05584.1| (AF526198) ribosomal protein L30 5.00E-50 AV 7 E D
4162 0i|15293931|gh|AAK95158.1|AF401586_1 ribosomal protein L31 4.00E-37 AV 7 E U
4305 0i|15293925|gb|AAK95155.1|AF401583_1 (AF401583) ribosomal protein L28 4.00E-15 AV 7 U E
2750 0i|12848551|dbj|BAB27994.1| (AK012052) data source:MGD, source key:MGI:1333780, evidence:ISS~putative~
ribosomal protein S19 1.00E-31 AV 7 U E
4132 0i|7335697|ref|[NP_038245.1|COX2_15273 cytochrome c oxidase subunit I (2 clones) 8.00E-31 AVI 7 E U
593 0i|24233541|ref[INP_665726.1| cytochrome c oxidase, subunit Va 3.00E-27 AVI 7 U E
660 0i|25051789|ref|[XP_193557.1| s-adenosylmethionine decarboxylase 1 8.00E-37 AVI 7 U U
1592 0i|16151619|dbj|BAB69891.1| (AB000805) mannose-binding lectin (4 clones) 3.00E-16 AVII 7 D D
999 0i|16151619|dbj|BAB69891.1] mannose-binding lectin 9.00E-10 AVII 7 E D
1969 0i|16151619|dbj|BAB69891.1] (AB000805) mannose-binding lectin 3.00E-16 AVII 7 E D
4176 gi|7489812|pir||T02955 probable cytochrome P450 monooxygenase - maize (fragment) 9.00E-18 AVII 7 E U
125 0i|9945306|ref|[NP_064696.1] microsomal glutathione S-transferase 1 1.00E-22 AVII 7 U E
1335 gi|27503944|gb|AAH42325.1| similar to proteasome (prosome, macropain) 26S subunit, non-ATPase 2.00E-54 AVIII 7 U E
233 gi|2507247|sp|P06868|PLMN_BOVIN Plasminogen precursor 8.00E-56 AVII 7 U E
3927 gi|11276955|pir||[A59236 embryonic muscle myosin heavy chain 1.00E-116 AX 7 D D
60 0i|22507341|ref|[NP_683736.1| gene trap ROSA b-geo 22 7.00E-25 AX 7 D E %
4189 gi|6001952|gb|AAC32598.2| echinonectin 7.00E-22 Bl 7 E D 3
1251 0i|27694525|ref|XP_223330.1] similar to Transcription factor BTF3 1.00E-36 Cl 7 U E g
1476 Not enough information to classify (i.e. sequence < 200bp) (14 genes) N/A DI )
1264 weak match (35 clones) > 1.00E-05 DIl a2
®
Shown is the ascidian clone number ID, the gene identity, the predicted class (based on putative function) and the developmental profile (GE; see below) that the gene falls into during normal &_’
<

metamorphosis (see Table 1). Also shown is the effect of anti-Hemps antibody on expression at 30 minutes post-induabiors godtdimduction.
D, >2-fold decrease in mRNA abundance in larvae treated with the anti-Hemps antibody relative to untreated larvae; E, <2-fold change in mRNA abundance in larvae treated with the anti- Hempﬁ antibody
relative to untreated larvae; U, >2-fold increase in mMRNA abundance in larvae treated with the anti-Hemps antibody relative to untreated larvae.
When the same gene has been identified more than once by the arrays, this is indicated in brackets. Also indicated are the gene name designations for clones further characterised in this studg; |nd|cated by
(Hec-gene).
Predicted classes are subdivided into subclasses as follows. 3
(A) Functions that many kinds of cells use: Al, transport and binding proteins for ions and other small molecules; All,ce@d#ngrgolymerising, splicing and binding proteins and enzymes; Alll, cell @
replication, histones, cyclins and allied kinases, DNA polymerases, topoisomerases, DNA modification; AlV, cytoskeleton e rpestéins, cellular organisers; AV, protein synthesis cofactors, tRNA 5
synthetase, ribosomal proteins; AVI, intermediary metabolism and catabolism enzymes; AVII, intermediary metabolism and catabolism enzymes; AVIII, protein degradation and processing, proteages AlX,
transportation and binding proteins for proteins and other macromolecules; AX, proteins involved in motility including muscle components.
(B) Cell-cell communication: BI, signalling receptors including cytokine and hormone receptors, and signalling ligands; Bll, intracellular signal transduction pathway molecules, including klnasemnd
signal intermediates; Blll, extracellular matrix proteins and cell adhesion.
(C) Transcription factors and other gene regulatory proteins: Cl, sequence-specific DNA-binding proteins; Cll, non-DNArbiedisghmt have positive or negative roles; CllI, chromatin proteins other
than Alll with regulatory function.
(D) Not enough information to classify: DI, not enough information to classify; DI, no significant similarities to knowngtdi matches to unknown of another ascidian; DIV, no matches at all.
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metamorphosis. In @ntestinalisit has been suggested tiGit  situ hybridisation analysis of the spatial expression of these
Meta2may be involved in the dynamic rearrangement of cellgenes in competent larvae revealed that all these genes were
during metamorphosis (Nakayama et al., 2001). A second geegpressed solely in the trunk ectoderm (FigH8c-pnxlwas
belonging to class AHec-meta3 (clone 3768), an apparentlocalised to the vicinity of the anterior larval palps and papillae
homologue of Ci-meta3, which is upregulated in associated tissue (PAT) cells, similar to Heifipset al., 1999)
metamorphosingC. intestinalis juveniles (Nakayama et al., (Fig. 5A). Hec-mbland -smdpZXranscripts were restricted to
2002), is also upregulated terdmanialarvae treated with the the most anterior third of the larval trunk (Fig. 5D,G), while
anti-Hemps antibody. This protein contains domains for SPR¥Jec-meta2and -meta2awere localised to the posterior two-
which in Drosophilaacts as an antagonist in fibroblast growththirds of the trunk (Fig. 5J,M). The transcripts of these genes
factor (FGF) (Hacohen et al., 1998). remained localised to the same region of 30-minute post-larvae
A number of genes encoding proteases and factors involvégig. 5B,E,H,N), with the exception dfilec-meta2a, which
in protein degradation and processing (Table 3, subclass AVIhecame localised to the resorbing tail (Fig. SHgc-meta2a
were identified as being affected by the anti-Hemps antibodyas also localised to the tail during tailbud formation and in
treatment. This subclass includes proteins that are implicategewly hatched larvae (data not shown). By 4 hourdHet-
in innate immunity, some of which are known to be activatedmdpland -meta2transcripts were detected in all epidermal
during larval development and metamorphosis in othecells (Fig. 5F,0). Localised expressionHéc-pnxland -mbl
ascidians (Davidson and Swalla, 2002). It has been suggestéid not change (Fig. 5C,G) antkc-meta2aranscripts were
that the activation of a number of immune system-related genest detected (Fig. 5L).
during metamorphosis irB. villosa is important in the The spatial expression of five genes that were more broadly
detection of endogenous signals indicative of tissue damagxpressed across embryogenesis and metamorphosis were
rather than deletion of foreign antigens (Davidson and Swall@haracterised (Fig. 6). Transcripts of three unclassified
2002). In this study we also report alteration in the regulatiomygotic genesHec-cipl, Hec-cip2A and Hec-cip2B, began
of a number of genes involved in innate immunity. Four ofaccumulating during late embryogenesis and increased
these genes, mannose-binding lectite¢-mbl), complement markedly within the first 30 minutes of induction of
control protein, Hikaru genki precursor and Hikaru genki typemetamorphosis (Fig. 4). These genes continued to be expressed
4 (Hec-hgpland Hec-hgt4, respectively) are downregulatedat high levels through metamorphosis to at least the 8-day-old
at 30 minutes or 4 hours Pl in response to blocking ofuvenile stage. Hec-ciplranscripts were localised to the
metamorphosis with anti-Hemps antibody. anterior epidermis of the larva in the vicinity of the PAT cells
In addition to genes previously shown to be involved in(Fig. 6D). At 30 minutes PI transcripts remained localised to
ascidian metamorphosis, the treatment with the neutralisinipis region and at 4 hours Pl were detected in the anterior-most
antibody identified other genes not previously implicated in thisunic, which corresponded to the location of the migratory
process. These included genes encoding structural proteins (eP&T cells (Fig. 6E,F) (Eri et al., 1999; Davidson and Swalla,
myosins, troponins) and transcription factors (transcriptior2002). Closely related transcripts Hec-cip@Ad Hec-cip2B
initiative factor 11A gamma chain and BTF3), a gene encodingccumulated in a similar but quantitatively unique manner.
a heme-binding protein, which is homologous to a gen®oth genes were expressed in the larval mesenchyme (Fig. 6G-
implicated in barnacle settlement and metamorphosis (Okazak). During early metamorphosis these cells appeared to
and Shizuri, 2000). Sixty-one of the differentially expressednigrate from these pockets to populate internal spaces and the
genes analysed in this study (40%) did not match with sequencesic (Fig. 6H,l,K,L).
in GenBank or theC. intestinalis genome. The microarray = Hec-sap, Hec-metaland Hec-rab were also expressed
analysis also indicated that Hemps has its major effect at 3uring embryogenesis but had quantitatively higher transcript
minutes PI, because at 4 hours Pl approximately 50% of theksvels during post-larval development and in the juvenile
genes had recovered to expression levels comparable to norrffalg. 4). Hec-sap(Herdmaniasiphon associated protein) and

4-hours-PI larvae (derived from data in Table 3). Hec-metal transcripts were localised to the tail during
) . embryogenesisHec-sapto the most posterior epidermis and
Temporal and spatial expression of selected genes Hec-metalo the muscle (data not shown). A dramatic change

Fifteen genes that were expressed during early metamorphosislocalised Hec-sagxpression accompanied the acquisition
were classified into one of four categories based on QPC& competence, with transcripts being detected in the trunk
analysis of transcript abundance through development (Fig. 4kith whole-mount in-situ hybridisation staining and most
(1) genes predominantly or transiently expressed in larvagronounced surrounding the PAT cells (Fig. 6A). Upon
and/or early metamorphosis (Hec-pnx, Hec-smdpl, Hec-mbhduction of metamorphosis Hec-sagpression was detected
Hec-meta2aHec-meta?2); (2) genes predominantly expresse@gain in the posterior part of the resorbing tail (Fig. 6B,C), and
during metamorphosis and in the juvenitée¢-sap, Hec-rab, then was expressed predominantly in the siphons of the
Hec-cipl, Hec-cip2A, Hec-cip2B); (3) genes predominantly juvenile body (data not shown).
expressed during embryogenesise¢-Hsup, Hec-Ip1Hec- Hec-bcsXwas expressed throughout development and had a
metal); and (4) genes expressed at similar levels durirgignificant increase in transcript abundance during larval
embryogenesis and metamorphosis (Hec-bcsX, Hec-shm). development and then a marked reduction between 30 minutes
Maternal or juvenile (8-day-old) transcripts could not beand 4 hours PI (Fig. 4Hec-shmtranscript abundance was
detected for Hec-mbl, Hec-smdpl, Hec-meta2, Hec-meta2awest from hatching to 4 hours PI, increasing during later
andHec-pnx1. Transcripts of these genes began accumulatimgetamorphosis and in the 8-day-old juvenitec-Hsupand
after the tailbud or hatching stage, with abundance peakinigec-lplhad peaks of expression during gastrulation (Fig. 4).
between competency and 4 hours Pl (Fig. 4). Whole-mount inW/hole-mount in-situ  hybridisation analysis dflec-Ip1
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Fig. 4. Relative transcript abundances of 15 genes during Herdreartayogenesis and metamorphosis normalised to Enoyl-CoA-hydrotase

gene expression. Normalized relative transcript abundances are shown relative to time in hours since fertilization. Embryogenesis = 0-10 hout
Larvae hatch at 10 hours and are competent by about 14 hours; dashed lines represents onset of competence and induction of metamorphos
Early metamorphosis = 14-40 hours. Relative transcript abundance data at 8 days, when the juvenile body plan is clearly evident, are shown f
each gene. Error bars indicate standard deviation. Genes that have an altered expression when treated with the anti-Hemps antibody are
indicated by an asterisk.

revealed that this gene is expressed in the larval palps apdthway. By investigating 30-minute and 4-hour post-larvae,
anterior epidermis and a subset of tunic cells in the post-larvaee were able to focus on the immediate process of induction
(Fig. 6M-0). of metamorphosis and the role of Hemps in this process. At
approximately 4 hours after induction, morphogenetic events
. . leading to the formation of the adult body plan begin, including
Discussion a marked increase in overall gene activity (Green et al., 2002).
We previously demonstrated that Hemps is a key regulator dthe importance of gene transcription in the early stages of
the induction of metamorphosis in ¢urvata(Eri et al., 1999). metamorphosis has been demonstrated to be critic8. in
By soaking larvae in an anti-Hemps antibody, tail resorptiowillosa (Davidson and Swalla, 2001). Of particular interest in
and all subsequent stages of metamorphosis were inhibited (Ene present study are the genes that are activated or repressed
et al., 1999). In this report we have used a microarray approael 30 minutes Pl, as they are likely to be under the direct
to identify genes that are: (1) differentially expressed duringegulation of the Hemps signal and other early response
early metamorphosis and (2) influenced by the Hempsignals.
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the Hemps pathway. These estimations are
A E ¢ particularly striking, given that this period has
' significantly reduced overall transcriptional
activity, and in the presence of the transcriptional
inhibitor actinomyosin D tail resorption can occur
(Green et al., 2002). This observation is similar to
data reported by Davidson and Swalla (Davidson
and Swalla, 2001), where they showed that the tail
can undergo partial metamorphosis without novel
transcription in Bvillosa. Combined, these data
suggest that early gene activation and repression
during metamorphosis may not be necessary for
tail resorption but are involved in downstream
morphogenetic events, which include the
destruction and reorganisation of the larval body
plan and formation of the juvenile plan (Hinman
and Degnan, 2000). The fact that treatment with
anti-Hemps antibody also inhibits tail resorption
suggests that this signalling pathway also
influences post-transcriptional processes during
early metamorphosis.

The Hemps pathway as a modulator of
gene expression during early
metamorphosis

It is very likely that the Hemps protein, a key
regulator of earlier events of metamorphosis (Eri
et al., 1999), plays a central role in the regulation
Fig. 5.Localised expression of five genes that are transiently expressed during Of & large number of these genes, and antibody
larval development and early metamorphosis. Whole-mount in-situ hybridisation &tudies, as discussed below, support this.
competent larvae (left plates in each row), 30-minute post-induction (P1) post-  Alternatively, a protein such as the cornichon
larvae (middle plates in each row) and 4-hour PI post-larvae (right plates in eachhomologueCnib, described in Bvillosa, might
row); anterior to the right. (A-C) Hec-pnx1, (D-F) Hec-smdp1, (G-I) Hec-mbl, (J-Lalso play a role in this process by signalling
Hec-meta2a, (M-O) Hec-meta2. Scale bar: &0 p through Hemps (Davidson and Swalla, 2001).
One approach to unravelling this complexity is to
identify and abrogate a key regulator in the
Microarray approach to investigating transcriptional pathway; in this case, we have targeted Hemps. We have
events in Herdmania metamorphosis previously shown that antibodies against Hemps abrogate
To investigate the importance of Hemps in the induction andormal metamorphosis and ectopic application of recombinant
regulation of early metamorphosis, we undertook a genkElemps acts to stimulate this process (Eri et al., 1999),
profiling study using a partially redundant (21%) microarraysuggesting a key role for this peptide in induction of
consisting of 4800 clones derived from a cDNA library ofmetamorphosis. The anterior-most cells of the trunk, which are
mixed developmental stages from gastrula to 16-hour posét the base of the palps — the PAT cells — migrate through a
larva. Only genes that, in a minimum of four determinationsiunnel in the juvenile tunic to the external environment around
consistently displayed greater than 2-fold changes in transcripite time of competence in HerdmarEri et al., 1999; Green
abundance during early metamorphosis or in the anti-Hems al., 2002) and in another ascidi@,villosa (Davidson et
antibody treatment were scored. This conservative approacdl,, 1995; Davidson and Swalla, 2002) Hardmania, Hemps
which has been used in a variety of microarray studies (e.ts expressed at relatively high levels in the PAT cells and
Butler et al., 2003; Munoz-Sanjuan et al., 2002), is likely tgpapillae (Eri et al., 1999). Upon induction of normal
have missed a number of genes represented on our microarragtamorphosis, the Hemps protein spreads to cover the
that are differentially expressed during metamorphosis or ianterior region of the larval trunk, suggesting that this EGF-
response to the anti-Hemps antibody treatment. QPCR analyd$ike peptide is signalling to cells in this region (Eri et al., 1999).
of a subset of the differentially expressed genes validated tHée anti-Hemps antibody appears to impact on metamorphosis
microarray approach used in this study. Because of the unequm®l inhibiting this signalling event.
redundancy of the genes represented on the 4800 cloneMicroarray analysis of larvae treated with the anti-Hemps
microarray, it is difficult to extrapolate these values to theantibody indicates that genes that displayed a significant
transcriptome, even if the Herdmania genome contains ~16 000crease or decrease in transcript abundance at 30 minutes Pl
protein-coding genes, as is the cas€.imtestinalis(Dehal et  are probably directly regulated by the Hemps pathway. Genes
al., 2002). Nonetheless, a large number of genes — probakd§fected by the anti-Hemps antibody treatment at 4 hours might
2000-5000 — are activated or repressed early in metamorphodis, indirectly regulated by this pathway. Interestingly, most of
and approximately 20% of these genes are regulated lije genes affected by the knockdown of Hemps activity are
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greater increase or decrease in transcript
abundance than observed during normal
metamorphosis.

Analysis of larvae treated with the anti-Hemps
antibody has led to the identification of a large
number of genes that are directly or indirectly
regulated at the transcriptional level by the Hemps
signalling pathway. Of the genes significantly
affected by the knockdown of Hemps activity by
the neutralising antibody during the first 4 hours
of metamorphosis (384 clones), 20% show
significant difference in expression levels at 30
minute Pl. These genes include homologues to
genes already shown to be involved in marine
metamorphosis (Nakayama et al., 2001; Okazaki
and Shiruri, 2000; Davidson and Swalla, 2002).
These include Hec-metalmeta2 and -meta3,
which are homologues to genes involved in cell
migration, adhesion and specialised secretory
J . , L - N roles (Nakayama et al., 2001, 2002; Noh et al.,

. X % 2003; Shao and Haltiwanger, 2003). Genes
. '_,!" implicated in innate immunity were also
g 1 identified among the genes regulated by Hemps
Hec-cip2B — - and include Hec-mblHec-hgpl and Hec-hgp4
M [ p— - fo) Homologues of the latter genes are implicated in

e _.'. .o metamorphosis in Buvillosa (Davidson and
‘ 3 1 ‘ Swalla, 2002). Genes affected by the anti-Hemps
- £

antibody treatment at 4 hours Pl might either be
HGC-W 2 2 - regulated by the Hemps pathway or reflect
differences in larval and post-larval expression
Fig. 6. Localised expression of five genes that are differentially expressed during Profiles.
larval development and early metamorphosis. Whole-mount in-situ hybridisation of . .
competent larvae (left plates in each row), 30-minute post-induction (PI) post-larvAscidian metamorphosis: conserved and
(middle plates in each row) and 4-hour PI post-larvae (right plates in each row); Species-specific components
anterior to the right. (A-C) Hec-sap, (D-F) Hec-cipl, (G-I) Hec-cip2a, (J-L) Hec- Ascidians have a pelagobenthic biphasic life
cip2B, (M-0) Hec-Ipl. Scale bar: 50 cycle with morphologically distinct larval and
adult body plans. While the biphasic life cycle is
the most common form of development among
differentially expressed to a greater extent in the anti-Hemp®etazoans (Brusca and Brusca, 2003), molecular phylogenetic
antibody treatments than in normal development. For examplanalyses indicate that the ascidian life cycle might be derived
many of the genes that are normally upregulated in 30-minufeom a worm-like deuterostome ancestor (Cameron et al., 2000;
Pl post-larvae (i.e. normal expression profiles 1 and 2) ar8walla et al., 2000). Recently, the molecular basis of
expressed at even higher levels in larvae treated with the antiretamorphosis has been investigated in the aplousobranch
Hemps antibody. These data indicate that the knockdown &. intestinalis (Nakayama et al., 2001, 2002) and two
the Hemps signalling pathway does not result in maintenanctolidobranchsB. villosa (Davidson and Swalla, 2002) akd
of the larval gene expression profile (i.e. a large majority of theurvata (reviewed in Degnan, 2001). Progression through
genes that are normally differentially expressed in post-larva@metamorphosis appears to be very similar in these disparate
compared with competent larvae are not scored as equakcidians, including the ordered autolysis of larval axial
expressed in the anti-Hemps antibody knockdown experimengtructures, and proliferation and morphogenesis of larval
Since the knockdown of Hemps activity affects the genendoderm and mesenchyme rudiments to form the adult body
expression in the 30-minute Pl post-larvae to a greater extewdll musculature, haemopoietic system and functional gut
than the 4-hour post-larvae, it appears that the Hemps pathwgg/g. Cloney, 1982; Hirano and Nishida, 1997, 2000). Given
directly regulates early response genes at metamorphosibe shared external characteristics of metamorphosis and
Combined, these observations suggest that the Hempsolutionary history of these ascidians, it might be expected
signalling pathway, while crucial for the induction of that related molecular mechanisms would underlie
metamorphosis, contributes more significantly to themetamorphosis in these ascidians and that these might be
modulation of early gene expression, rather than initial gendifferent from those observed in other metazoans.
activation or repression. The extent of activation or repression Interestingly, 40% (61 of 151 genes) of the sequenced genes
of many genes during normal early metamorphosis appears titat were differentially expressed when incubated with the
be dampened by the Hemps pathway. In the case of theseutralising antibody did not match significantly with any
genes, experimental knockdown of Hemps results in a fagenes in the Cintestinalisgenome (Dehal et al., 2002) or
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cDNA/EST database (Satou et al., 2001), or any othgiNakayama et al.,, 2001, 2002; Noh et al., 2003; Shao and
sequences in the GenBank database. While this observatiblaltivanger, 2003; Tomley et al., 2001).
might be related to the relatively large distances between Another gene, Hec-bcsx1, is upregulated late in
HerdmaniaandCiona, it does indicate that there are significantmetamorphosis and in the Herdmajiaenile is homologous
differences in the genetic networks operational ato abarnacle metamorphosis gene (Okazaki and Shizuri, 2000).
metamorphosis in these ascidians. This is further substantiat&tie expression of this gene is not appreciably affected by anti-
by the failure to identify a Hemps homologue in thiena Hemps antibody treatment. This gene does not change
database. In addition, recent data demonstrate that tisgynificantly in its expression until later in metamorphosis,
noradrenaline andlBadrenergic receptor system triggers earlypossibly after the period the Hemps signalling pathway has
metamorphosis in Gavignyi(Kimura et al., 2003), pointing greatest effect. Both array screening and QPCR revealed
to different control pathways in the different ascidianssignificant downregulation ofHec-mbl. This gene is
Comparison of these unknowiderdmania ESTs with the homologous to th&. villosa mannose specific lectin (MBL)
sequences of four other more closely related stolidobrandene (Davidson and Swalla, 2002). MBL normally activates a
ascidians in GenBankB- villosa (94 sequences), Halocynthia serine protease and downstream complement signalling
roretzi(4423),Polyandrocarpa misakiens{801) and Botryllus  (Matsushita et al., 1998; Sekine et al., 2001). In addition, other
schlosseri (244) failed to identify other ascidian-specific genes homologous to innate immunity genes are also
sequences. downregulated in response to anti-Hemps antibody. Davidson

An H. curvata homologue of the C. intestinalis and Swalla (Davidson and Swalla, 2002) have described
metamorphosis gene Ci-metgldownregulated in response to the differential expression of several immune system-related
anti-Hemps treatment following an inductive cue. Ci-metalgenes during ascidian metamorphosis. They suggested that
was identified by differential screening of cDNA libraries of alterations in these genes might not involve an immune
swimming larvae and metamorphosi@gntestinalisjuveniles  response per se but that the immune system-related proteins
(Nakayama et al., 2001) and is not expressed at the larval stageght function in the developmental regulation of cell adhesion
but is expressed immediately after initiation of metamorphosisand migration.
Hec-metalencodes a 297 amino acid protein, containing two In summary, we have abrogated the function of Hemps, a
calcium-binding EGF-like domains and a secretion signakey regulator of metamorphosis, to identify downstream genes
peptide.Ci-metalis three times larger than Hec-metadd implicated in this process. Alterations in expression were
contains 13 calcium-binding EGF-like repeats. While bothconfirmed by QPCR, and the localisation of expression of these
these proteins are implicated in metamorphosis, possessiong#gnes was compatible with a role in metamorphosis. Using a
common EGF-like repeat domains does not imply that they amicroarray gene profiling approach, we have found that a
homologous and play the same role in metamorphosis. Indeesignificant portion of the genome was activated or repressed
whole-mount in-situ hybridisation analysis shows that Ciimmediately upon the larva coming in contact with a cue that
metalexpression is localised to the adhesive organ and anteriorduces metamorphosis and that the Hemps signalling pathway
epidermis of Cintestinalis(Nakayama et al., 2001), whereas affected the expression of approximately 17% of these genes,
Hec-metalis predominantly expressed in the posterior trunkand 11% of genes that normally have no change in expression
of H. curvata. Prior to metamorphosis, Hec-megxpression throughout metamorphosis. Based on sequence similarity
is in the epidermis of the truniCi-metalexpression is also of genes involved in metamorphosis in other ascidians
localised to the anterior end of the larval trunk, a region ifNakayama et al., 2001; Davidson and Swalla, 2002) and
which the signal that initiates ascidian metamorphosiexpression patterns, it seems likely that a number oHthe
originates and in which Hemps protein is also localisedurvatagenes identified in this study play a conserved role in
(Degnan et al., 1997; Eri et al., 1999). In addition, both Hempascidian metamorphosis as well as key roles in embryogenesis.
and Ci-metal are activated immediately at the beginning d&pecific disruption of these genes will allow for further
metamorphosis and are both putative secretory proteirdissection of the pathways involved in metamorphosis and for
containing common EGF-like domains (Arnold et al., 1997; Erthe assignation of functional activity to these genes.
et al., 1999; Nakayama et al., 2001). Thus the two genes may
have similar roles in these ascidians. The identification of This research was supported by an Australian Research Council
homologues of EGF signalling proteins implicateinillosa grant to M.F.L. and B.M.D. We thank the_ staff of the UanGI"SIty of_
metamorphosis (Davidson and Swalla, 2001) adds furthé?ueensland, Heron Island Research Station for assistance in boating
support for a central role for EGF-like proteins in ascidiarf"d animal and laboratory maintenance.
metamorphosis.

We have also identified three genes that are homologues of f
Ci-meta2 (Nakayama et al., 2001). Two of these genes arge erences
upreguited at 0 minutes P in normal metamorphosie and ol . &1, Degn, ., i, . .07 o g,
inhibited in their .reSp.onse by antl-Hemps'antlb.cEiymetaZ expresseg in the gapillape of the as%idian tadpole laD&e.Dyn. 210, 264- g
encodes a protein with a putative secretion signal and three,;3
thrombospondin repeats. This gene is upregulated in th&usca, R. C. and Brusca, G. L(2003). Invertebrates. 2nd edn. Sunderland,
metamorphosing juveniles and is expressed in the larval MA: Sinauer Associates. _
adhesive organ, neck region and dorsal trunk (Nakayama et &P&\mtt’l\g- j ;at;%?”sier;, FT{- ;Hdcg':{c g)—( ’\//xl"(%?)gg?nbigc'o%ér Hgfa:rlm(ésM\}\}ith
2001). The function of the_ pro_tem remf”“ns unknown but is highly r’estricied exgression patterns in the Drosophila win{; disgc using DNA
structurally related to proteins involved in cell adhesion, cell gjigonucleotide microarrays. Development 130, 659-670.
migration and those with specialised secretory roleg€ameron C. B., Garey, J. R. and Swalla, B. ¥2000). Evolution of the
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