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Abstract 
 

In the molgulid clade of ascidians several species have  individually evolved 
tail  loss  during  their  larval  stage  of  development.  The  notochord,  one  of  the  key 
features  of  chordates,  is  found  in  the  center  of  the  tail  in most  ascidian  larvae.  In 
almost  all  solitary  ascidians,  including M.  oculata,  40  notochord  cells  have  been 
found extended in the tail. However, in a closely related species, M. occulta (tailless), 
only 20 notochord cells were found, and these express brachyury. These two species 
are  only  10% divergent  at  a  transcriptomic  level  and  are  able  to  cross  hybridize. 
Some  of  the  hybrid  also  have  20  notochord  cells,  however  the  notochord  cells 
extend  and  converge  in  a  shortened  version of M.  oculata tail.  Through  the use  of 
high throughput sequencing technologies and experimental techniques, we are able 
to  investigate  the  express of  genes  associated with notochord development  in  the 
parent  species  and  in  the  hybrid.  Several  genes—FGF9/16/20, prickle (pk), noto6, 
leprecan, merlin, and noto17—were analyzed for presence, temporal and spatial 
expression. FGF9/16/20, pk, noto6, leprecan, merlin, and noto1 were found to be present 
in both species. Pk expression pattern was found to be similar to Ci-pk2.   
 
Introduction 

 
Although vertebrates and tunicates differ with their adult body plan, they share a 

similar developmental stage where their embryos display tadpole-like organization 
(Lemaire et. al, 2008).  During the tadpole stage, ascidians have both a hollow dorsal 
nerve cord and a notochord (Swalla et. al, 1999). In ascidians, the larvae stage is the 
motile phase of the life cycle. During this time, the notochord helps structure the larval 
tail (Stemple, 2005), which allows for locomotion (Satoh, 2003). Interestingly, several 
ascidian species have lost their otolith and tail during development, which presumably 
limits their ability to disperse (Berrill, 1931). One such species is Molgula occulta, which 
can be found off the shores of Roscoff, France M. occulta has lost several chordate 
features including the notochord and tail muscle cells (Swalla, 1993). M. oculata is a 
closely related species in the same clade, also found in Roscoff. M. oculata has retained 
all of its chordate features in the tadpole larvae.In the tailed species—M. oculata—there 
are 40 notochord genes that are intercalated and extended throughout the tail .  M. 
occulta, the tailless species only has 20 notochord cells; however, they do not intercalate 
or extend (Swalla and Jeffery, 1990).  

Interspecies hybrids (M. occulta eggs and M. oculata sperm) are able to regain a 
shortened notochord—containing 20 notochord cells—along with other chordate features 
(Swalla and Jeffery, 1996).  Several genes have been found to affect the development of 
tail loss and the notochord. Brachyury, a T-box transcription factor exclusive to the 
notochord in ascidians, is known to be necessary for notochord development (Swalla, 
2006). FGF9/16/20 has been found to induce brachyury expression, and a morpholino 
knockdown of FGF9/16/20 led to almost a complete loss of brachyury expression at 110-
cell stage in Halocynthia. Complete loss of brachyury expression is in contrast with that 
of Ciona intestinalis, which regain brachyury expression by tailbud. In Halocynthia, 
FGF9/16/20 is fully responsible for notochord induction (Kumano, 2006). Prickle, a 
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downstream gene to brachyury, has been found as an initiating factor for ascidian tail 
extension and notochord polarity (Lemaire, 2008).  

With advances in high throughput sequencing technologies, gene expression of M. 
occulta, M. oculata, and hybrid species can be analyzed (Gyoja et al., 2007; Pickrell et 
al., 2010). The transcriptome of the M. occulta, M. oculata, and hybrid species have been 
sequence by Titus Brown at Michigan State University in collaboration with the Swalla 
lab at the University of Washington. The transcriptomes were assembled de novo with no 
reference genome. There is not currently a genome sequenced for M. oculata or M. 
occulta. The three transcriptomes have been used to identify the presence or absence of 
known notochord genes using Ciona and Halocynthia data in the NCBI database. A 
BLAST search was conducted on ~40 known notochord genes, and several of them were 
selected for further analysis. FGF9/16/20, prickle (pk), and several other downstream 
brachyury factors—noto6, leprecan, merlin, and noto17—were analyzed for presence, 
temporal and spatial expression using in situ hybridizations. This investigation gives us a 
better understanding of the gene network for notochord specification in chordate 
development.  
 
Methods and Materials 
 
Animals and embryos 

Adult M. oculata and M. occulta were collected in Station Biologique de Roscoff 
by Billie Swalla, and kept alive in tanks during the spawning season. Sperm and eggs 
were collected from both species and fertilized and developed in seawater. M. oculata 
eggs were fertilized using M. oculata sperm. M. occulta eggs were fertilized using sperm 
M. occulta sperm and also M. oculata sperm for hybrid embryos. Embryos were fixed 
and stored in ethanol. 
 
Sequencing, alignments and gene identification 

 
mRNA was collected at gastrula, neurula, and tailbud stages for M. oculata, M. 

occulta, and hybrid embryos. Sequencing was done using Illumina sequencing at 
Michigan State University and assembled my C. Titus Brown. 

Known notochord genes from C. intestinalis and Molgula tectiformis were used to 
BLAST against the assembled M. occulta, M. oculata, and hybrid sequences. BLAST 
version 2.2.25 used for this analysis. The standalone BLAST program tblastn was used 
with assembled M. occulta, M. oculata, and hybrid transcriptome as a database. C. 
intestinalis and M. tetiformis gene sequences were retrieved from the NCBI protein 
database (http://www.ncbi.nlm.nih.gov/). A reciprocal BLAST was preformed using 
transfer cDNA Alignments of known homologues were performed using MAFFT v5 
(Katoh, 2004). 
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Isolation of cDNA 
 
FGF9/16/20 primers (forward: 5’-caattgtactgtcggacgggg-3’ reverse 5’- 

cagaaattcacacatttttta-3’) were designed using multiple sequence alignment output from 
MAFFT v5 software. cDNA libraries from M. occulta and M. oculata gastrula were used 
to conduct PCR. cDNA was be isolated using the methods in Swalla et al, (1993). cDNA 
for ci-prickle, ci-noto6, ci-leprecan, mt-merlin, and mt-noto17 have previously been 
isolated by Andrykovich, and Swalla (2011).  
 
In situ hybridization 

 
The methods of Swalla et al (1993) were used to perform in situ hybridization. In 

situ hybridization were preformed on M. occulta and hybrid embryos at the gastrula, mid-
gastrula and tailbud stages. 
 
Tree generation 

 
A gene trees was created for prickle using data from the sequenced M. oculata 

transcriptome. First, M. oculata cDNA sequences were translated using ExPASy 
(Boeckmann, et. al, 2003), and the translation with the least amount of stop codons was 
selected. Next a BLAST search for each gene sequence was performed using the NCBI 
database. All tunicate hits were included in addition to several vertebrates, and an 
organism from each of the deuterostome phylums—cephalochordate, hemichordate, and 
echinoderm. The homologous gene set was then realigned using MAFFT v5, followed by 
Gblocks (Castresana, et al, 2000; Talavera, et al, 2007) to remove highly unconserved 
regions. Maximum likely-hood trees, with 100 bootstrap were created using MEGA5 
(Tamura, et al, 2011). 
 
Results 
 
Noto6, leprecan, merlin, and noto17 
 

Andrykovich and Swalla (2011) amplified Noto6, leprecan, merlin, and noto17 
through PCR. All genes were found to be present in both M. oculata and M. occulta (data 
not shown). This shows the presence of said genes in both species. PCR bands were cut 
and purified and minipreped. Many of the vectors contained no inserts, because Xgal was 
not used for blue/white colony staining, and colonies had to be chosen at random. 
 
FGF9/16/20 
 

The effect of FGF9/16/20 has been studied in Halocynthia roretzi (Kumano, et. 
al, 2006), and two species of Ciona (Imai, et. al, 2002; Imai, et. al, 2004; Yasuo and 
Hudson, 2007), all showed effects of notochord development. In Ciona, FGF9/16/20 was 
shown to only be an initiation factor and other mechanisms were involved in later 
notochord development. However, in H. roretzi, FGF9/16/20 was found to be fully 



  5 

responsible for notochord induction. M. oculata and M. occulta more closely resembles 
H. roretzi than Ciona (figure 1).   

FGF9/16/20 was only found in M. oculata during the transcriptome analysis. 
However, using primers design from the M. oculata transcriptome sequence, FGF9/16/20 
was amplified in both M. oculata and M. occulta with bands of size 373bp.  
 
Prickle  
 

Di Jiang et al, (2008) analyzed the aimless mutant in Ciona savignyi, which 
contained a deletion in the pk gene. C. savignyi with aimless mutations contained 40 
notochord cells with dramatically shortened tails. No other defects were seen. The lack of 
prickle expression created two columns of notochord cells instead of the normal single 
column (figure 2). This was a morphogenetic defect, rather than a tissue differentiation 
defect (Jiang, et al, 2008). 

Previously, prickle 1 (pk1) and prickle 2 (pk2) homologues were found in C. 
intestinalis. A PET domain and three LIM domains—which are protein-protein 
interaction domains—are conserved in both ci-pk1 and ci-pk2.  Ci-pk1 and ci-pk2 are 
identical in the 5’ region and differ in the 3’ prime region (Hotta, K., et. al, 2000). The 
transcriptome data for M. oculata and M. occulta shows preservation of PET and the 
three LIM conserved domains (Andrykovich and Swalla, 2011). Unfortunately, the 
transcriptome data does not contain the entire 3’ region of the M. occulta or M. oculata 
prickle protein sequence as a signal contig and render it difficult to identify whether the 
discovered pk is more similar to Ci-pk1 or Ci-pk2. The gene tree for M. oculata pk 
(Mocu-pk) shows Mocu-pk to be more closely related to Ci-pk2. Mocu-pk is closer to Ci-
pk2 in the gene tree (figure 3) because Ci-pk2 is a shorter protein sequence than Ci-pk1; 
this artifact also occurs in BLAST searches because of sequence length (figure 4).  

The wholemount in situs for both M. occulta and the M. oculata x M. occulta 
hybrid showed expression in the notochord cell line (figure 5). The expression patterns 
resembled that of Ci-pk2 done by Hotta, et. al (2000). Strong staining could not be 
obtained using the Prickle probes so new probes are needed. Probes with a higher 
concentration of RNA would be ideal. 
 
Discussion 
 

Starting with the transcriptome analysis, the expression of known notochord 
genes were analyzed in M. oculata, M. occulta, and the M. oculata x M. occulta hybrid. 
The transcriptome was assembled without a reference genome. To test the validity of the 
transcriptome assembly, M. oculata and M. occulta found on then NCBI database were 
used. Ninety-six out of ninety-eight Sanger sequences were found within the 
transcriptome (data not shown).  

Initially ~40 notochord genes were searched using BLAST. Several genes were 
selected because of their interaction with brachyury, a T-box transcription factor that has 
been found to induce the notochord.  FGF9/16/20 signaling gene was chosen because of 
its activation of brachyury and was identified as inducer of the notochord (Kumano, 
2006; Hotta, 2008). In both Halocynthia and Ciona, the MO knockdown of FGF9/16/20 
completely eliminated and temporarily caused brachyury not to express, respectively. 
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During BLAST screening of the Molgula transcripts ci-fgf9/16/20 was only found in M. 
oculata. The presence of FGF9/16/20 in only M. oculata was proven to be incorrect 
through the PCR amplification of FGF9/16/20 in M. occulta gastrula cDNA library. Mt-
noto17 was also only found in M. oculata during the BLAST screening and was able to 
be amplified in M. occulta.  

Several downstream genes—ci-prickle, ci-noto6, ci-leprecan, and mt-merlin—
were all found to have sequence matching for both M. oculata and M. occluta using 
BLAST search. These genes could also be amplified using PCR in both M. oculata and 
M. occulta. Prickle was expressed in the primary notochord lineage (A7.3 & A7.7 lines). 
It was not computationally possible to identify prickle as either prickle 1 or prickle 2 
because of the contig size; this can be further investigated with a complete genome. RNA 
probes for the remaining genes—noto6, leprecan, merlin, noto17 and FGF9/16/20—
could not be made because of time constraints. Leprecan is predicted to have ubiquitous 
expression throughout the embryo. As for FGF9/16/20, expression in the a8.7, a8.8, 
a8.15, a8.16, b8.7, b8.8 line cells in M. oculata and in M. occulta is expected. The 
predictions for leprecan and FGF9/16/20 are based on staining from the ANISEED 
database (http://www.aniseed.cnrs.fr/). The remaining three genes—noto6, noto17 and 
merlin did not have staining in the ANISEED database. I predict that the remaining 
genes—noto6, noto17 and merlin—will be expressed in the notochord lineage.  

The absence of FGF9/16/20 in the computational screening of M. occulta 
negatively correlates with the PCR amplification of FGF9/16/20 in M. occulta. The 
negative correlation with the BLAST search support two points—computational analysis 
is a tool for hypothesis generation, not conclusive evidence, and a complete genome is 
needed to better analyze computational data.   
 
 
 
Future work 
 
 In addition to the work already completed, more work needs to be done both 
computationally and experimentally. On the computational side, bio-replicates need to be 
sequence to test for the validity of the transcriptome. There is a need for a complete 
genome, and transcriptomes at various stages—16 cell stage to late tailbud—to model the 
gene network. The next step for the experimental analyzsis is to create probes for the 
remaining genes—FGF9/16/20, noto6, leprecan, merlin, and noto17—and analyze their 
expression patterns. In addition to in situ hybridizations, quantitative PCR is needed to 
examine the expression levels of the genes. Also, western blots are needed to determine 
which prickle protein was found in the Molgula species. The gene set will be increased to 
include several more interacting genes such as dsh and stbm—which interacts with 
prickle. 
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Figure 1 Sequence comparison of M. oculata, Halocynthia roretzi, Ciona intestinalis (Ciona), and Ciona 
savignyi (Ciona 1). The blue regions show areas where M. oculata and H. roretzi are more conserved. 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Figure 2 figure that from (Veeman et al, 2007). Aim/aim shows the effect of mutant prickle; polarity 
is loss and two columns form. 
  
 
 

 
Figure 3 Ci­pk2 (NP_001116440) 3’ end is shorter than Ci­pk1 (NP_001027600), which causes the 
shorter M. oculata contig (88196) to have a high BLAST score when align with Ci‐pk2. 
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Figure 4 Prickle gene tree. The Chordate clade is conserved, and the tree closely resembles current 
phylogenetic trees. 
 

 
Figure 5 Prickle WMIH expression patterns. A) Hybrid embryo at tailbud. B) M. occulta embryo at 
gastrula stage. Expression is show in the notochord cell line. C) M. occulta embryo at tailbud stage. 
Expression is shown in the tailed region. 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Figure 6 Multiple sequence alignment of—M. oculata (lcl|7259), Danio rerio (gi|110592138), Gallus 
gallus (gi|118090464), Bos taurus (gi|300793744), C. intestinalis (gi|74096169) and C. savignyi—
protein sequences for FGF9/16/20 used to identify conserved regions. Complete conservation is 
marked by a star (*), high conservation is marked by a colon (:), and low conservation is marked by a 
period (.). The box shows the area primers where designed in M. oculata for PCR amplification. 
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Figure 7 A) Forward 
and reverse primers 
for FGF9/16/20. B) 
Translated cDNA 
sequences with 
primers highlighted in 
red. 
 

Mofgf9/16/20 F1  
        caattgtactgtcggacgggg 
        Q  L  Y  C  R  T  G  
 
Mofgf9/16/20 R1 
   cagaaattcacacatttttta 
        Q  K  F  T  H  F  L 
     
RC:taaaaatgtgtgaatttctg 
 
 6 atgtcgcttagtcacgtcattccgacagctagcgaaagcaatata 
        M  S  L  S  H  V  I  P  T  A  S  E  S  N  I  
     51 gcatcagtactaatatcaatgctattgaaagcaaagaaatattca 
        A  S  V  L  I  S  M  L  L  K  A  K  K  Y  S  
     96 ccattcagtaatacggataatacatcatcacaacttccagggaaa 
        P  F  S  N  T  D  N  T  S  S  Q  L  P  G  K  
    141 aggataaatattgaagaagttgaatctttaccaagaaaagcaaga 
        R  I  N  I  E  E  V  E  S  L  P  R  K  A  R  
    186 ctgagaagccatacaagaagcagacaaatgcacaagaaattgcca 
        L  R  S  H  T  R  S  R  Q  M  H  K  K  L  P  
    231 acatttgacgacgtcgaaagtccaaaaatactcgacgaaaacaca 
        T  F  D  D  V  E  S  P  K  I  L  D  E  N  T  
    276 atgccactcgtacatgatcgtcttcctgatcctgagttgtggaag 
        M  P  L  V  H  D  R  L  P  D  P  E  L  W  K  
    321 aaattagactttgacggagaagaatctgatgaagatagcaatgat 
        K  L  D  F  D  G  E  E  S  D  E  D  S  N  D  
    366 aaagaattaaatttggaagtaaagaaaacgcatcgcgttgcacga 
        K  E  L  N  L  E  V  K  K  T  H  R  V  A  R  
    411 agtgtatcgccagtaacaagaggagtggttcgctacaaacaattg 
        S  V  S  P  V  T  R  G  V  V  R  Y  K  Q  L  
    456 tactgtcggacggggtttcatcttcaaattttaccgagcggacac 
        Y  C  R  T  G  F  H  L  Q  I  L  P  S  G  H  
    501 gtaacaggcacccgccacgatcatgattcttatgccattcttgaa 
        V  T  G  T  R  H  D  H  D  S  Y  A  I  L  E  
    546 tttaaatccatcagtatcggggtggtcagcatacgtggtcttcga 
        F  K  S  I  S  I  G  V  V  S  I  R  G  L  R  
    591 agtggactttatttaacaatggattccagaggtcaactttacggc 
        S  G  L  Y  L  T  M  D  S  R  G  Q  L  Y  G  
    636 tcggaacggctgttacctgaaagttacttcagtgaaactatattg 
        S  E  R  L  L  P  E  S  Y  F  S  E  T  I  L  
    681 gaaaactattacaacacatattcaacaattcgacaaaggaataat 
        E  N  Y  Y  N  T  Y  S  T  I  R  Q  R  N  N  
    726 tctatgaagaaatcctgttatttggctcttggaaaatctggccac 
        S  M  K  K  S  C  Y  L  A  L  G  K  S  G  H  
    771 acacgaggaggatgcagatcgaaaaaatcacagaaattcacacat 
        T  R  G  G  C  R  S  K  K  S  Q  K  F  T  H  
    816 tttttaccgcgggacgtatatcgacataaagtgcctcacttgtac 
        F  L  P  R  D  V  Y  R  H  K  V  P  H  L  Y  
    861 acaggggttgattattga 878     
        T  G  V  D  Y  *  
 


