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donor or nucleophile in GHF10 enzymes were

conserved in GHF10-Pc1 and GHF10-Pc3 as E167

(putative catalytic acid/base) and E268 (putative

catalytic nucleophile). Thus, we concluded that

GHF10-Pc1 and GHF10-Pc3 is an enzyme belonging

toGHF10.Conservation of the nucleophilic glutamate

and the considerable sequence similarities between the

other enzymes in glycosyl hydrolases family 10

suggested that the GHF10-Pc1 and GHF10-Pc3

should also be retaining enzymes.

Cellulolytic enzymes, on the basis of sequence

similarities, can be classified into families. One of

these families is known as the GHF10 (Henrissat

1991) or as the cellulase family F. This enzyme family

is a large and diverse group of hydrolases that also

comprises enzymes with a number of known activities;

xylanase (EC 3.2.1.8), endo-l,3-b-xylanase (EC

3.2.1.32) and cellobiohydrolase (EC 3.2.1.91). It

has been shown that known animal cellulases mostly

belong to three glycosyl hydrolase families: GHF5

(plant parasitic nematodes), GHF9 (termites, cock-

roaches and crayfish) and GHF45 (mussels and

beetles) but A. crossean EGX and P. canaliculata

GHF10-Pc1 and GHF10-Pc3 possessed the family 10

Glycosyl hydrolase family 10 (GHF10) genes from golden apple snail (Pomacea canaliculata) 229
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GHF. Accordingly, P. canaliculata GHF10-Pc1 and

GHF10-Pc3 is considered to be the second animal

cellulase that belongs to family 10 GHF.

To determine the relatedness of the GHF10-Pc1

and GHF10-Pc3 with other sequences, a phylogenetic

tree was constructed based on the amino acid

sequence of catalytic GHF 10 domain of GHF10-

Pc1 and GHF10-Pc3 and other GHF 10 members. A

bootstrapped NJ tree constructed from a sequence

divergence of deduced amino acids (Figure 2B) clearly

indicates that GHF10-Pc1 and GHF10-Pc3 is more

closely linked to mollusca (A. crossean) cellulase than

with plant cellulases and bacterial cellulases.

Genomic organization of cellulase GHF10-Pc1 and

GHF10-Pc3 genes

To identify the genomic structure of GHF10-Pc1 and

GHF10-Pc3 genes and to confirm the existence of the

GHF10-Pc1 and GHF10-Pc3 gene in the P. canalicu-

lata chromosomal DNA, a genomic polymerase chain

reaction (PCR) approach was performed. The

genomic PCR amplification generated two bands of

approximately 4.6 and 5-kb fragment. PCR products

were cloned and sequenced. The GHF10-Pc1 and

GHF10-Pc3 gene sequences have been deposited in

the GenBank nucleotide sequence database under the

accession no. DQ848669 and DQ848670.

The GHF10-Pc1 and GHF10-Pc3 genomic

sequences were 4937 and 4512 bp in length, respect-

ively. The intron–exon boundaries of the GHF10-Pc1

and GHF10-Pc3 genes were determined by aligning

the genomic DNA with cDNA of each corresponding

gene (Figure 3A, B). Both genes were composed of 9

exons interrupted by 8 introns. The sequence of

GHF10-Pc1 and GHF10-Pc3 gene was in good

agreement with the cDNA sequence. The sixth intron

was the shortest (234 bp in GHF10-Pc1 and 232 bp in

GHF10-Pc3), the last eighth intron was the longest

(1071bp in GHF10-Pc1 and 671 bp in GHF10-Pc3)

(Table II). The size of the introns between

P. canaliculata GHF10 and A. crossean EGX was quite

Figure 2. Multiple alignments of deduced amino acid sequence of catalytic GHF1O domain from various species (A) and a bootstrapped

neighbour-joining tree (B). P. canaliculata cellulase gene (GHF10-Pc1 and GHF10-Pc3, this study), A. crossean (AAP31839), Oryza sativa

(BAD52808), Arabidopsis thaliana (BAB83869), Populus tremula £ Populus tremuloides (AAX33301), Nicotiana tabacum (AAZ79232),

Triticum aestivum (AF156977), Hordeum vulgare (AAB51668), Bacillus pumilus (AF466829), Clostridium thermocellum (EAM47104),

Thermotoga neapolitana (Q60041), Actinomadura sp. (AAA17888), Penicillium purpurogenum (AAF71268), Cellulomanas fimi (AAZ76373) and

Thermoascus aurantiacus (AF 127529). Black indicates complete conservation. Grey indicates conservation in three or more species. The

conserved catalytic nucleophile and proton donor of Glu268 and the Glu167 are arrowed. Values at the node of a bootstrapped neighbour-

joining tree indicate the percentage of times that the particular node occurred in 1000 trees generated by bootstrapping the original deduced

protein sequences.
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different. The length of intron 2 in P. canaliculata

GHF10-Pc1 and GHF10-Pc3 (283 and 418 bp,

respectively) was approximately 3- or 2-fold smaller

than that of intron 2 (1032 bp) in A. crossean EGX.

The sequences of all the exon–intron boundaries

conformed to the typical eukaryotic splice sites,

including an invariant GT at the intron 50 boundary

and an invariant AG at its 30 boundary. In contrast, the

exon–intron boundaries of corresponding introns in

A. crossean EGX conformed to GT–AG rule only in

intron number 1, 5, 7 and 8 (Wang et al. 2003).

Therefore, in spite of the high similarity of

P. canaliculata GHF10-Pc1 and GHF10-Pc3 cDNA

to A. crossean EGX cDNA, the difference in genomic

organization of these genes was observed.

Itakura et al. (2006) reported successful identifi-

cation of termite species by using cDNA and genomic

DNA sequences of termite origin. A pair of common

primers that amplified 381-bp fragments from cDNAs

encoding the endo-b-1,4-glucanases (EGases) of

Coptotermes formosanus Shiraki and Reticulitermes

speratus (Kolbe). The cDNAs from C. formosanus

and R. speratus and genomic DNA from R. speratus,

were amplified by using this primer pair and then

cloned and sequenced. Sequences amplified from

C. formosanus cDNA displayed 97–99% identity to

cDNA encoding the EGase of C. formosanus (CfEG),

and 92–94% identity to cDNA encoding the EGase

of R. speratus (RsEG). By contrast, cDNA from

R. speratus displayed 99–100% identity to RsEG

cDNA and 93–94% identity to CfEG cDNA. CfEG

and RsEG cDNAs can therefore be used as markers for

the identification of these termite species. Accord-

ingly, the different in intron size of the cellulase genes

in two snail species may be used as markers for species

identification.

The GC content analysis showed a slightly greater

thermal stability in exons (31–58%) than in introns

(26–35%) (Table II). Intron 1, 4 and 5 interrupt

ORFs after the 2nd of the codons (type 2 intron)

whereas the remaining introns interrupt ORFs

between two codons (type 0 intron).

All of intron sequences from GHF10-Pc1 and

GHF10-Pc3 genes were examined to identify potential

homology between introns. A strong sequence homo-

logy existed between the corrresponding intron of

GHF10-Pc1 and GHF10-Pc3. Intron numbers 1, 4–7

of GHF10-Pc1 and GHF10-Pc3 shared 86–97%

identical internal sequence as well as similarity in size.

In contrast, the size of the last GHF10-Pc1 intron

Glycosyl hydrolase family 10 (GHF10) genes from golden apple snail (Pomacea canaliculata) 231
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is 1071bp as compared to that of GHF10-Pc3, which is

671bp.

Expression analysis by reverse transcription-polymerase

chain reaction

To examine the expression pattern of GHF10-Pc1 and

GHF10-Pc3 in P. canaliculata, RT-PCR was carried

out against the first-stranded cDNA synthesized from

total RNAs of different ages of juvenile snails. Results

showed that none of GHF10-Pc1 and GHF10-Pc3

transcripts was detected at the egg stage whereas the

fragment of approximately 1200 bp RT-PCR product

was amplified in 1- and 10-day-old snails (Figure 4A).

Elongation factor la generated band of

150 bp (Figures 4B and 5B). The undetectable of

mRNA transcripts encoded by the GHF10-Pc1 and

GHF10-Pc3 genes from the eggs suggested that the

expression of both genes should start during or after

the hatching period.

From sequence analysis, both GHF10-Pc1 and

GHF10-Pc3 cDNA sequences contain Rsa I recog-

nition sites at different location. Therefore, this

enzyme can be used to differentiate the family

of GHF10-Pc1 and GHF10-Pc3 cDNAs. The Rsa I

digested GHF10-Pc1 showed restriction fragments of

approximately 519, 227, 196, 124 and 122 bp,

respectively whereas Rsa I digested GHF10-Pc3 gave

fragments of 395, 354, 196, 124 and 122 bp,

respectively (Figure 5A). The result showed that the

Rsa I digested PCR product of 1- day-old snails

revealed restriction fragments that corresponded well

to both the GHF10-Pc1 and GHF10-Pc3 pattern.

In contrast, Rsa I digested PCR product of 10-day-old

snails corresponded only with the GHF10-Pc1

pattern. The restriction profile indicated that the

GHF10-Pc1 was expressed in both ages of juvenile

P. canaliculata whereas GHF10-Pc3 was observed in

1-day old snails but not in 10-day-old snails. Our

result suggested that the GHF10-Pc3 transcripts

should have expressed in the early development of

juvenile snail. However, the expression of cellulase

GHF10-Pc1 and GHF10-Pc3 transcripts was investi-

gated in pooled cDNA of the whole body of 1 and 10-

day-old juvenile P. canaliculata. Therefore, it is

interesting for further studies to examine the cellular

type involved in cellulase GHF10-Pc1 and GHF10-

Pc3 expression using in situ hybridisation.

Figure 3. Genomic structures of GHF10-Pc1 (A) and GHF10-Pc3 (B). Coding nucleotides and deduced amino acids of each exon are

capitalized. Introns are shaded and illustrated with lower letters.

C. Imjongjirak et al.234
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Here we show that in spite of the high similarity of

GHF10-Pc1 and GHF10-Pc3, the two cellulase genes

revealed different expression patterns. The differential

expression of the two isoforms supports the idea that

these forms may play different physiological roles in

P. canaliculata. However, the functional role of the

cellulase gene and its catalytic properties remains to be

elucidated.

In summary, we have successfully cloned two full-

length cDNAs of cellulase GHF10-Pc1 and GHF10-

Pc3 belonging to GHF10 from the fresh water

golden apple snail, P. canaliculata. We also report

here the gene structures of two endogenous GHF10-

Pc1 and GHF10-Pc3 genes. Both genes contained

nine exons and eight introns. The endogenous origin

of these cellulase genes in P. canaliculata was

unambiguously verified in this study. The expression

analysis of GHF10-Pc1 and GHF10-Pc3 during

several ages of P. canaliculata was analysed by RT-

PCR. The result showed that GHF10-Pc1 and

GHF10-Pc3 transcripts were developmentally

expressed.

Figure 4. RT-PCR of GHF10-Pc (1200bp; A) and EF1a (150bp;

B) was examined in the egg (lane 1–3), 1- day-old (lane 4–6),

and 10-day-old (lane 7–9) juveniles of P. canaliculata. Lanes M are

100-bp DNA marker.

Table II. GC content and length of exons and introns in GHF10-Pc1 and GHF10-Pc3 genes.

Exon

Genomic DNA

(Number of nucleotides)

GC content

(%) Intron

Genomic DNA

(Number of nucleotides)

GC content

(%)

GHF10-Pc1

1 1–93 (93bp) 53 1 94–545 (452bp) 34

2 546–591 (46bp) 36 2 592–874 (283bp) 35

3 875–1033 (159bp) 50 3 1034–1688 (655bp) 32

4 1689–1744 (56bp) 35 4 1745–2161 (417bp) 30

5 2162–2299 (138bp) 48 5 2300–2567 (268bp) 27

6 2568–2729 (172bp) 48 6 2740–2973 (234bp) 35

7 2974–3081 (108bp) 48 7 3082–3413 (332bp) 27

8 3414–3632 (219bp) 56 8 3633–4703 (1071bp) 33

9 4704–4937 (234bp) 56

GHF10-Pc3

1 1–93 (93bp) 48 1 94–539 (446bp) 27

2 540–585 (46bp) 38 2 586–1003 (418bp) 33

3 1004–1162 (159bp) 49 3 1163–1689 (527bp) 31

4 1690–1745 (56bp) 31 4 1746–2138 (393bp) 32

5 2139–2276 (138bp) 48 5 2277–2545 (269bp) 28

6 2546–2717 (172bp) 51 6 2718–2949 (232bp) 28

7 2950–3060 (111bp) 46 7 3061–3388 (328bp) 26

8 3389–3607 (219bp) 55 8 3608–4278 (671bp) 32

9 4279–4512 (234bp) 58

Figure 5. Restriction patterns of the Rsa I-digested RT-PCR products of GHF10-Pc1 and GHF10-Pc3 (A) and EF1a (B). The 1-day old

juveniles (lane 1–3) of P. canaliculata revealed restriction patterns corresponding to both the GHF10-Pc1 (519, 227, 196, 124 and 122bp) and

GHF10-Pc3 (395, 354, 196, 124 and 122bp) whereas the 10-day old juveniles (lane 4–6) corresponded only with the GHF10-Pc1 pattern.

Lanes M are 100-bp DNA marker.

Glycosyl hydrolase family 10 (GHF10) genes from golden apple snail (Pomacea canaliculata) 235
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