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ABSTRACT 
 

During various development stages of both Xenopus laevis and X. tropicalis, 

numerous small teeth randomly grow on the maxillas, but none on the mandibles. Mature 

teeth are coated in dental enamel.  

Amelogenin mRNA expressing regions and construction of amelogenin gene were 

examined. Both species of Xenopus have two amelogenin mRNAs, and, although one 

amelogenin gene lies on the sex-determining chromosome XLA2L, their expressions do 

not vary according to sex.  

Amelogenin mRNA expresses only in secreting ameloblasts in X. tropicalis tooth 

germs. Sequence analyses indicate that two types of amelogenin mRNA are alternatively 

spliced and derived from a single gene in X. tropicalis. They are named here as 

amelogenin mRNA-A and -B. The mRNA-A has a long exon 1, which is much longer 

than the corresponding exon 1 in other animals. Exon 2 is newly found exon with no 

corresponding exon in known amelogenins. Exon 2b followed after exon 1 in mRNA-A 

and mRNA-B starts from exon 2a and 2b. These exons are not confirmed in X. laevis, 

however their existence is easily predicted by a genome browser “Xenbase”.  

The following five exons of both Xenopus may be homologous to each known exon 

respectively.  

The archetype of the amelogenin gene is still unclear because of the relatively low 

homology of amelogenin sequences among amphibians. Xenopus amelogenin may not be 

the archetype itself, but the newly-discovered exon 2 or elongated exon 1 may transpire 

to be key in exploring the archetype of the amelogenin gene expected to be found in the 

ancestor of amphibians. 
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XENOPUS LAEVIS AND X. TROPICALIS  

AS TOOTHED MODEL ANIMALS 
 

Xenopus laevis has long been used as a model amphibian. Among model animals, a 

model amphibian is important as the archetype of tetrapod vertebrates because sarcopterygian 

fish are too rare to be supplied for examination. Another frog, Xenopus tropicalis has recently 

been established as an alternative model frog. X. tropicalis has a smaller adult body and faster 

development than the famous X. laevis (Figure 1a-c, Table 1). Moreover, whereas X. laevis 

has an allotetraploidic genome with 18 haploid chromosomes (Hughes et al. 1993, Uno et al. 

2008, 2013), X. tropicalis has a diploid genome with 10 haploid chromosomes (Table 1), 

making it easier to understand its genomics.  

For example, a couple of amelogenin genes are contained and each gene expresses in 

male and female X. laevis. By contrast, only one amelogenin gene is found in both sexes of X. 

tropicalis genome, and the variation in its amelogenin mRNA is due only to alternative 

splicing derived from a single gene. When amelogenin mRNA is expressed in certain tissue, 

we cannot know which one expresses without further examinations by the PCR primers or in 

situ hybridization probes to distinguish one amelogenin from the other. On the other hand, in 

X. tropicalis, detected mRNA simply demonstrates expression of a single amelogenin gene, 

although there are some mRNA variants alternatively spliced.  

As regards more primitive vertebrates, chondrichthyans and some teleostomi fish possess 

fine jaw teeth, but they may have no true dental enamel, and in many actinopterygians the 

amelogenin gene is completely lost (Kawasaki et al. 2003, 2004, 2006, Kawasaki 2009), 

although the existence of amelogenin-like protein on teeth or ganoine sales of some fish have 

been suggested in immunohistochemical researches (Zylberberg et al. 1997; Sasagawa et al. 

2012, 2014). Therefore both Xenopus species, as well as the famous newt species Cynops 

phyrrogaster, are very important toothed model animals. 

 

 

Figure 1. An adult female (a, left) and male (a, right) of Xenopus laevis. An adult female (b) and male 

(c) of X. tropicalis. Teeth (arrowheads) bared from maxilla of X. tropicalis (d). Bars in a-c = 1 cm, and 

bar in d = 500µm. 
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Table 1. Some features of Two Xenopus after Xenbase. The features in bold characters 

are important for genomic examinations. 

 

 
 

 

Xenopus Teeth with Dental Enamel  
 

Adult amphibians generally have teeth on their jaws, but almost all anurans have teeth 

only in their maxilla, with bald mandible and no tooth anatomically, although almost all 

newts have teeth in both of their jaws.  

Mandibular teeth were lost in anuran evolution, and exceptional mandibular teeth in one 

frog, Gastrotheca guentheri, might be as a result of re-evolution contrary to Dollo‟s law 

(Wiens et al. 2011). Xenopus teeth are borne only on the adult maxilla, as with many other 

frogs. 

Both Xenopus have a number of small teeth bearing only on the maxilla (Figure 1d), with 

none on the mandible. 

Gradually staged developing teeth have been found in one adult specimen  

(polyphyodont dentition). 

Every simple, cone-shaped tooth (homodontism) bears directly from the alveolar bone 

(ankylosis) just like teeth in reptiles.  

Solid, dental enamel-like hard tissue surrounds the dentin in the same way as in reptile 

and mammalian tooth. Enamel-like tissue in some fish tooth is thought not to be true enamel, 

but enameloid, which is histologically distinct from true enamel in higher vertebrates 

(Ishiyama et al. 1998, 2001; Kogaya 1999; Diekwisch et al. 2009). 

True dental enamel formation in higher animals may be controlled by the expression of 

SPARC family genes such as amelogenin, enamelin, and ameloblastin (Delgado et al. 2001, 

2008, Sire et al. 2008). However, conclusive evidence as to whether these genes contribute to 

the formation of enamel in the normal development of Xenopus teeth is limited. We examined 

amelogenin expression in the ameloblasts surrounding developing teeth.  
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LOCATION OF AMELOGENIN  

AND OTHER SPARC FAMILY GENES 
 

In Xenopus laevis, amelogenin-1 is located on the chromosome XLA2L (old name 

XLA3), the so-called Z or W chromosome, which includes the female determining region. 

Amelogenin-2 is located on the chromosome XLA2S (XLA8) (Xenopus laevis J-strain 8.0 

Genome; Xenbase). In X. tropicalis, a single amelogenin gene is located on chromosome 

XTR2 (Xenopus tropicalis 8.0 Genome; Xenbase), which is not a sex-determining 

chromosome. 

Of the many eutherian SPARC family genes, only amelogenin is located on X and Y sex 

chromosomes. In X. laevis, one amelogenin gene is found on ZW chromosomes (XLA2L), 

but another is located on the chromosome XLA2S, which is the sister chromosome of XLA2L 

and is not a sex-determining chromosome. There is no relationship between X. laevis 

amelogenin on ZW chromosomes and the eutherian amelogenin on XY chromosomes. The 

XTR2 chromosome, which contains the X. tropicalis amelogenin gene, has no sex-

determining gene such as DM-W (Uno et al. 2008, 2013; Yoshimoto et al. 2008). Eutherian 

amelogenin gene transfer to sex chromosomes is thought to occur within the eutherian group 

(Iwase et al. 2003). 

The SPARC (osteonectin) gene lies on chromosome XTR3 in X. tropicalis and on 

XLA3L and XLA3S in X. laevis, and ameloblastin on XTR1, XLA1L and XLA1S 

respectively. However, enamelin, also on XTR1 in X. tropicalis, is only on XLA1L in X. 

laevis (Xenopus laevis J-strain 8.0 Genome; Xenbase). In Xenopus, SPARC family genes, 

including amelogenin, are scattered on chromosomes XTR1-XLA1L-XLA1S, XTR2-

XLA2L-XLA2S and XTR3-XLA3L-XLA3S, but enamelin on the shorter chromosome 

XLA1S may have dropped out in X. laevis. 

 

 

EXPRESSION OF AMELOGENIN MRNA IN XENOPUS  

AND FUNCTION OF AMELOGENIN 
 

Two distinct mRNA sequences of amelogenin exist in X. laevis (Toyosawa et al. 1998). 

In RT-PCR examination, we found both amelogenin mRNAs expressed in male and female 

specimens in X. tropicalis (Figure 2a) and also X. laevis (data not shown). This indicates that 

amelogenin gene expression is independent of sexuality, unlike in higher mammalians. The 

amelogenin gene in X. laevis may be duplicated as a result of genome duplication to 

allotetraploidy, not allelic status on sex chromosomes. 

Intensive bands of amelogenin were observed in the toothed maxilla with RT-PCR, but 

not in the toothless mandible (Figure 2b). Beyond the oral tissues, weak bands were observed 

in liver, pancreas, gall bladder, and kidney tissues, but no fine band was detected in stomach 

or eye. Okada et al. (2011) found amelogenin mRNA expression in calcified dermal layer of 

X. tropicalis skin. Indeed, in our data (Ando et al. 2013), very faint bands are also seen in 

inner and outer skin (Figure 2b). It is possible that Xenopus amelogenin has some other 

function for calcified tissue formation besides dental enamel formation. 

In situ hybridization data show that amelogenin mRNA strongly expresses in secreting 

young ameloblasts near the proximal region of the tooth germ (Figure 3a) in the maxilla of X. 
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tropicalis, and the expression gradually weakens as the ameloblasts grow to the mature stage 

(Figure 3a).  

 

 

Figure 2. Xenopus tropicalis amelogenin expression in the maxilla and mandibles of male and female 

(a), and comparison of amelogenin expression rate in various tissues (b) analyzed by RT-PCR. Mx: 

maxilla, Mn: mandible, Os: outer skin, Is: inner skin, Li: liver, St: stomach, Pa: pancreas, Ey: eye, Gb: 

gall bladder, Ki: kidney, SM: Striated muscle (Ando et al. 2013). 

 

Figure 3. Localization of amelogenin mRNA in a tooth germ of maxilla of X. tropicalis. Younger 

ameloblasts in the proximal region were strongly stained with anti-sense probe (a), but were not stained 

with sense probe (b). Counter-stained with hematoxylin and eosin. Scale = 100 μm.  

No expression is seen in the mature ameloblast in the apical region of the tooth germ. 

Amelogenin mRNA is not expressed in the tissues surrounding the tooth, or in the tooth itself. 

The specimen in Figure 3 is full-sized adult, but gradually developing teeth were also found 

in younger adult just after metamorphosis, and the same expression pattern of amelogenin 

mRNA is seen. No staining is observed in any specimens treated with a sense probe (Figure 

3b) (Ando et al. 2013). 
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AN NJ TREE OF AMELOGENIN MRNA SEQUENCES 
 

A urodele amphibian, Cynops pyrrhogaster, was used as the out-group for the 

phylogenetic analysis (Figure 4). The common sequences of amelogenin mRNA-A and -B in 

X. tropicalis were compared with known amelogenin sequences using the neighbor-joining 

method (Saitou et al. 1987). The common sequences are closest to two X. laevis amelogenin 

mRNAs in comparison with other vertebrates. 

 

 

Figure 4. Amelogenin mRNA variants in X. tropicalis (a) and construction of amelogenin gene (b). 

Exon 2 in X. tropicalis is a newly-discovered exon and the following exon numbers are shifted for each 

corresponding exon in other animals. X. laevis exons (1 and ?) , which may correspond to those of X. 

tropicalis, are predicted by Xenbase. 

The common sequences in X. tropicalis showed a closer relationship with X. laevis 

amelogenin mRNA-1 from chromosome XLA2L than with mRNA-2 from XLA2S.  

It also suggested the higher evolutionary rate of XLAS than that of XLA2L from 

amelogenin mRNA sequence comparison. It is remarkable that the genetic distance of 

amelogenin in Xenops and Cynops amelogenin, used as an out-group for the NJ tree (Figure 

4), is rather high in spite of the fact that they belong together in amphibians.  

In addition, AMELX and AMELY are located on the X and Y chromosomes in mammals 

(Iwase et al. 2003), and their sequences show considerable similarity in each species. For 

example, the genetic distances of human and porcine AMELX and AMELY respectively are 

very low (Figure 4), and this similarity is retained in eutherians (data not shown). This 

similarity indicates relative short history of amelogenin differentiation on the sex 

chromosomes (Oida et al. 2002). It is clear that amelogenin gene transfer to sex chromosomes 

in X. laevis was an independent event to the same event in mammals.  
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SPLICE VARIANTS OF X. TROPICALIS AMELOGENIN MRNA 
 

The results of 5‟- and 3‟-RACE for X. tropicalis mRNA indicated two variants (mRNA-

A and -B) of alternative splicing (Figure 5a). A novel exon was found after exon 1 in the 5‟ 

untranslated region, and a part of this exon is lost in amelogenin mRNA-A. We designated 

this exon as “exon 2a” and “exon 2b”.  

Therefore, the following exons are renamed as exon 3, 5 and so on. Amelogenin mRNA-

A consisted of exon 1, 2b, 3, 4, 6, 7, and 8, and mRNA-B lost exon 1, begins with exons 2a 

and b, with exons 3, 4, 6, 7, and 8 following.  

The protein-coding region starts with the 24th base from the 5‟ end of exon 3, and 

terminated at the 5th base from the 5‟ end of exon 8.  

Two variants of amelogenin mRNA-A and -B in X. tropicalis are transcribed from a 

single gene and do not correspond to those of amelogenin mRNA-1 and mRNA-2 in X. laevis, 

which are transcribed from different amelogenin genes in X. laevis. 

 

 

Figure 5. Neighbor-joining (NJ) tree of amelogenin mRNA coding regions. A newt, Cynopus, thought 

to be the most primitive among all others selected here, was selected as an out-group. Bootstrap values 

in the neighbor-joining analysis based on 1000 replicates were shown at the nodes of the phylogenetic 

tree. 

 

Gene Construction and Specific Exons in X. tropicalis 
 

On the gene construction, exon 1 consists of over 200 bases and is much longer than the 

corresponding exon (exon 1) in other animals, although a closely related region is found 

within exon 1 (Figure 5b). By contrast, exon 2 is not found in any other known amelogenin 

(Figure 5b). Amelogenin mRNA sequence data in X. laevis (Toyosawa et al. 1998) are not 

full length, and corresponding exons to exon 1 and 2 in X. tropicalis are still unknown. 

However the existence of both exons can be predicted because the corresponding sequences 
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in the genome of X. laevis are found in a database, Xenbase (Xenopus laevis J-strain 8.0 

Genome). The origin of these sequences is not clear because amelogenin sequence data in 

other anurans such as Rana pipens or more primitive urodeles differ significantly from 

Xenopus (Wang et al. 2005, Diekwisch et al. 2006). It remained unclear whether long exon 1 

and newly discovered exon 2 in Xenopus are unique or widely conserved in amphibians, and 

whether these are primitive exons or derived ones in Xenopus. Further studies of amelogenin 

in lower chordates are necessary for further understanding of amelogenin evolution. In a 

reptile, Ctenosaura similis, a novel exon was also found between so-called exons 5 and 6 

(Wang et al. 2012), and in mammals, new exons 4b and 8 in AMELX have been found as a 

result of duplication of so-called exons 4 and 5 (Sire et al. 2012). In the mouse, exons 8 and 9 

have been found (Papagerakis et al. 2005, Bartlett et al. 2006) 

 

 

AMELOGENIN AMINO ACID SEQUENCES IN XENOPUS AND  

THE ARCHETYPE OF AMELOGENIN 
 

Characteristically, the first two exons of Xenopus are entirely in 5’ UTR and encode no 

amino acid. Therefore the length and sequence of amelogenin amino acids do not differ so 

much from other amelogenin proteins in other animal orders. However the amelogenin DNA 

sequence has a different variety within amphibians, and amphibian amelogenin proteins are 

wider in variety than those of other animals such as eutherians. This diversity of DNA 

sequences complicates comparative genomics of amelogenin. Sire et al. (2006) demonstrated 

a presumed archetype of the amino acid sequences. It is quite possible that amphibians are not 

the first animals to acquire the amelogenin gene, but reliable amelogenin in X. tropicalis may 

be one most primitive in form. Amelogenin in an agnathan hagfish (Slavkin et al. 1996) may 

be an incorrect one (Girondot et al. 1998a, b). Novel exon 2 and long exon 1 with unknown 

sequence in X. tropicalis may become key in determining the archetype of amelogenin. 

 

 

MATERIALS AND METHODS 
 

Materials 
 

We used the Asashima line of Xenopus tropicalis, which was kept and bred in our 

laboratory. X. tropicalis has multiple teeth bearing only on the maxilla, with none on the 

mandible. Gradually staged developing teeth were found in one adult specimen. Experimental 

protocols concerning animal handling were reviewed and approved by the Institutional 

Animal Care Committee of Tsurumi University School of Dental Medicine. 

 

RNA Sampling and cDNA Preparation 

A total RNA was extracted from both the upper and lower jaw, as well as from other 

tissues. Each cDNA was synthesized from the total RNAs using the You-Prime Fast-Strand 

Beads kit (GE Health Care, Buckinghamshire, UK) with oligo dT primer and random 

hexamer (Invitrogen, Carlsbad, CA, USA) according to the manufactures’ instructions. 
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Table 2. Xenopus chromosomes containing amelogenin and some SPARC family genes. 

SPARC family genes are located on the 1st, 2nd or 3rd chromosome respectively. 

In X. laevis, SPARC family genes without enamelin are duplicated and located on each 

of the sister chromosomes. Chromosome numbers in brackets indicate the old 

chromosome numbers 

 

 
 

PCR (Polymerase Chain Reaction) 

PCR was performed in a PCR reaction mixture containing 0.25 μM of the primer set for 

Reverse Transcription-Polymerase Chain Reaction (RT-PCR), 250 µM dNTP, and 25 U/mL 

Taq DNA polymerase using a DNA thermal cycler (GeneAmp PCR System 9700, Applied 

Biosystems, Foster City, CA, USA). PCR was performed using the following cycle 

parameters: denaturation at 95°C for 10 min, followed by 25 ~ 35 cycles of 95°C for 30 sec 

for denaturation, 55°C for 30 sec for annealing, and 72°C for 60 sec for extension. The primer 

sets were constructed after amelogenin mRNAs in X. laevis (Table 3).  

 

In Situ Hybridization  

Sense and antisense DNA probes (254 base) for in situ hybridization (ISH) were 

synthesized by PCR with a pair of primers for ISH (Table 3). The DNA probes were 

transcripted to RNA probes which were labeled by digoxigenin with a DIG RNA Labeling 

Kit (Roche Diagnostics K.K., Tokyo, Japan). Maxillae were fixed with a perfusion of 4% 

paraformaldehyde and decalcified with EDTA-2Na for 7 days. They were then embedded in 

paraffin and serially sectioned at a thickness of 10 µm. Sections were treated with the 

digoxigenin-labelled RNA probes and detection was performed with a DIG Nucleic Acid 

Detection Kit (Roche Diagnostics K.K.). 

 

5’- and 3’-full RACE (Rapid Amplification of cDNA Ends) 

5’-RACE was performed by concatemerization of amelogenin mRNAs and RT-PCR (5’-

full RACE Core Set, Takara Bio Inc., Shiga, Japan). Five primer pairs (Table 3) were used for 

5’-RACE. A sense primer (Table 3) and adaptor primer binding to the poly-T of the 1st strand 

of cDNA were used for 3’-RACE (3’-full RACE Core Set, Takara Bio Inc., Shiga, Japan). 
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Sequencing 

Sequencing for RT-PCR products, probes of ISH and, 5’ - and 3’-full RACE was 

performed using an ABI PRISM
 
310 Genetic Analyzer (Applied Biosystems, Foster City, 

CA, USA). 

 

Table 3. Primer sets for RT-PCR, 5’- and 3’-RACE, and in situ hybridization probe 

 

 
 

 

Phylogenetic Analysis 
 

We used data from NCBI for Homo sapiens (AMELX: NM_182680.1, AMELY: 

M86933.1), Sus scrofa (173A: U43405.1, 173B: U43406.1), Ornithorhynchus anatinus 

(XM_001515065.1), Monodelphis domestica (XM_003341802.1), Tachyglossus aculeatus 

(EU168899.1), Paleosuchus palpebrosus (AF095568.1), and Xenopus laevis (amelx-a: 

NM_001085683.1, amelx-b: NM_001085684.1), and used PAUP 4.0 software for the 

phylogenetic analysis. mRNA of a urodele amphibian, Cynops pyrrhogaster, was joined as an 

out-group for a phylogenetic tree (unpublished data from Prof. Ishayama). 

 

 

CONCLUSION 
 

Investigation of amphibian genes is ineluctable in exploring the origin of amelogenin. In 

general, however, amphibian genomes are very large and complicated. A model frog, 

Xenopus laevis also has the allotetraploid genome and a couple of amelogenin genes. A single 

amelogenin gene in diploidic X. tropicalis led us relatively easily to the archetype of 

amelogenin. Above all, the newly found exon 2 and long exon 1 in X. tropicalis are able to 

become a key to the archetype in the evolution of amelogenin gene.  
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