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Abstract

A 30-kDa protein extracted from the pericarpial portion of jelly fig (Ficus awkeotsang Makino) achenes has been identified as a

thermostable chitinase based on its enzymatic activity. A cDNA fragment encoding the precursor protein (including a cleavable sig-

nal sequence) of this chitinase was obtained by PCR cloning, and subsequently confirmed by immunological recognition of its over-

expressed protein in Escherichia coli. Homology modeling predicted that this thermostable chitinase in jelly fig achenes comprised a

stable (ba)8 barrel fold with three pairs of disulfide linkage. Immunostaining indicated that this chitinase was exclusively localized in

the pericarpial region but not in the seed cells where bulky protein bodies and massive oil bodies were accumulated. Spore germi-

nation of Colletotrichum gloeosporioides, a common post-harvest pathogen infecting ripening fruit of jelly fig and many other fruits,

was inhibited by this chitinase purified from achenes. It is suggested that the biological function of the thermostable chitinase in the

pericarp of jelly fig achenes is to protect the nutritive seeds from fungal attack during fruit ripening.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Jelly fig (Ficus awkeotsang Makino) is a woody vine

growing in the mountain areas of Taiwan, with the aque-

ous extract of jelly fig achenes used for preparation of jel-
ly curd to make a popular summer drink in local markets

(Huang et al., 1980). The gelation forms a three-dimen-

sional structure constructed via ionic interactions be-

tween calcium ions and the carboxyl groups of pectin

after de-methoxylation by pectin methylesterase (Lin

et al., 1989). The major pericarpial protein extracted
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from jelly curd has been identified as a pectin methylest-

erase which is responsible for the gelation, and its corre-

sponding cDNA clone has been sequenced (Ding et al.,

2000). The second most abundant protein of 30 kDa

has recently been purified and detected as an antifungal
chitinase based on its enzymatic activity (Li et al.,

2003), yet its corresponding gene has not been reported.

So far, the biological functions of the proteins in the peri-

carp of jelly fig achenes have never been investigated.

Chitinases (E.C.3.2.1.14) catalyze the hydrolysis of

chitin, a major structural component found in insect

exoskeletons, crustacean shells, and fungal cell walls.

They are present in all plants analyzed to date and many
have been shown to inhibit fungal growth either in vitro

(Schlumbaum et al., 1986; Leah et al., 1991) or when
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expressed in transgenic plants (Broglie et al., 1991; Jach

et al., 1995). It is assumed that production of chitinases

by plants is a part of defense mechanisms against fungal

pathogens. Owing to their chitinolytic activities, chitin-

ases have received substantial attention with regard to

development of biocontrol agents and crop protection
by genetic engineering (Rohini and Sankara Rao,

2001). Plants produce constitutively or inducibly a large

number of chitinase isozymes that can be categorized

according to their sequences into six classes (Patil

et al., 2000). Among these chitinase isozymes, class III

possesses a unique thermal stability (up to 60 �C) and
shows no structural and sequence similarity with the

other five classes (Hamel et al., 1997). Class III chitinase,
also classified as a member of the glycosyl hydrolase

family 18, forms a stable (ba)8 barrel fold termed the

TIM barrel with three conservative intramolecular disul-

fide bonds (Terwisscha van Scheltinga et al., 1996).

In this study, we cloned a cDNA sequence encoding

the 30-kDa jelly fig chitinase from maturing achenes

by PCR. Immunolocalization of this chitinase in mature

achenes was observed under a light microscope. Biolog-
ical function of this chitinase in jelly fig achenes is pro-

posed in view of the observation of its inhibition to

Colletotrichum gloeosporioides, a fungus isolated from

the jelly fig fruit.
Fig. 1. Sequence alignment of the precursors of jelly fig, rubber tree, and po

line is listed on the right for each species. Broken lines in the sequences rep

terminal signal sequence is indicated by a scissors symbol. The N-terminal

conserved cysteine residues are assumed to form intramolecular disulfide bon

is highlighted. Predicted secondary structures are indicated on tops of the sequ

the predicted structure are indicated and labeled successively. The accession

rubber tree and pokeweed, respectively.
2. Results

2.1. Cloning of a cDNA fragment encoding the 30-kDa

chitinase in jelly fig achenes

To clone the corresponding gene of the 30-kDa
chitinase in jelly fig achenes, the first 11 amino acid res-

idues (AGGIAIYWGQN, counting from the N-termi-

nus) of the purified 30-kDa chitinase determined by

direct sequencing was used to design a degenerate pri-

mer. A full-length cDNA fragment (Accession No.

AF497747) encoding the precursor protein of this chi-

tinase was obtained by PCR cloning. The cDNA frag-

ment comprises 977 nucleotides, consisting of a
3-nucleotide 5 0 untranslated region, an open reading

frame of 879 nucleotides, and a 95-nucleotide 3 0

untranslated region. Aligned with two homologous

chitinases from other species, the deduced amino acid

sequence of the clone consists of a cleavable N-termi-

nal signal sequence of 18 amino acid residues and a

putative chitinase whose first N-terminal 11 residues

are identical to the N-terminus of the 30-kDa chitinase
purified from jelly fig achenes (Fig. 1). The deduced se-

quence of the putative chitinase comprises 274 amino

acid residues in its mature protein with a molecular

mass 29.6 kDa.
keweed chitinases. The amino acid number for the last residue in each

resent gaps introduced for best alignment. The cleavage site of the N-

sequence obtained directly from amino acid sequencing is boxed. Six

ds. The catalytic glutamic acid residue responsible for chitinase activity

ences (see Fig. 3 for details). The locations of a-helices and b-strands in
numbers of the aligned sequences are CAA07608 and BAB92957 for



Fig. 2. SDS–PAGE and western blot of the purified 30-kDa chitinase

from jelly fig achenes and the overexpressed chitinase in E. coli.

(a) Along with the total pericarpial proteins of jelly fig achenes, the

purified 30-kDa chitinase and the overexpressed chitinase in E. coli cell

lysate, were resolved in SDS–PAGE. (b) A duplicate gel was

transferred onto nitrocellulose membrane and then subjected to

immunoblotting detected by antibodies against the 30-kDa chitinase.

Labels on the left indicate the molecular masses of the 38-kDa pectin

methylesterase and the 30-kDa chitinase.

ig. 3. Predicted structure of the jelly fig chitinase. (a) A secondary

tructural model of the 30-kDa jelly fig chitinase was proposed with

ight alternate b-strands (yellow) and a-helices (red). Six conserved

ysteine residues presumably forming three disulfide bonds are boxed

light blue). The catalytic glutamic acid residue responsible for

hitinase activity is circled (green). (b) The 3D structure of the 30-

Da jelly fig chitinase was predicted using homology modeling (Lund

t al., 1997).
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2.2. Immunological recognition of overexpressed

chitinase in E. coli

The cDNA fragment encoding the predicted mature
chitinase (residues 19–292) was constructed in a non-fu-

sion vector and then overexpressed in E. coli. As re-

vealed by SDS–PAGE, the overexpressed polypeptide

in E. coli lysate and the 30-kDa chitinase in jelly fig ach-

enes migrated to the same position in the gel (Fig. 2(a)).

In a western blot analysis, the overexpressed polypeptide

in E. coli lysate was recognized by the antibodies raised

against the 30-kDa chitinase purified from jelly fig ach-
enes (Fig. 2(b)). These results confirm that the current

clone encodes the precursor protein of the 30-kDa chiti-

nase in jelly fig achenes, and suggest that no apparent

post-translational modification, such as glycosylation,

exists in its mature polypeptide.

2.3. Homology modeling of the 3D structure of the 30-

kDa jelly fig chitinase

Sequence comparison reveals that the jelly fig chiti-

nase is highly homologous to a rubber tree chitinase

(Mr 29.5 kDa) whose three-dimensional structure has

been determined by X-ray crystallography as a stable

(ba)8 barrel fold with three pairs of disulfide linkage

(Terwisscha van Scheltinga et al., 1996). Three-dimen-

sional structure of the jelly fig chitinase was simulated
by homology modeling using the crystal structure of

the rubber tree chitinase as a template. Accordingly,

eight alternating b-strands and a-helices were predicted

in the jelly fig chitinase with six conserved cysteine resi-

dues presumably formed three pairs of disulfide bonds
F

s

e

c

(

c

k

e

(Fig. 3(a)). In addition, a catalytic glutamic acid residue

responsible for chitinase activity was identified in the

loop sequence connected to the 4th b-strand. Simulated

3D structure of the jelly fig chitinase comprises a stable

barrel of eight parallel b-strands shielded by eight a-
helices (Fig. 3(b)). The predicted active site is located

in the loop regions connecting the carboxyl ends of the
b strands and amino ends of a helices on top of the sim-

ulated 3D structure shown in the figure.

2.4. Immunolocalization of the 30-kDa chitinase in jelly

fig achenes

For commercial purpose, achenes are harvested from

jelly fig fruit of approximately 80% maturation, dried
either under the sunlight or in an oven, and then de-

tached from the fruit for making jelly curd (Fig. 4(a)–

(c)). Inside the pericarp of a jelly fig achene, the seed

cells with a thin layer of seed coat are filled with bulky

protein bodies and massive oil bodies (Fig. 4(d), (e)

and Fig. 5). No starch granule was observed in the seed

cells. Immunostaining (blue color) showed that the 30-

kDa chitinase was absent from the seed cells and exclu-
sively localized in the pericarpial portions of jelly fig

achenes (Fig. 6).



Fig. 4. Pictures of jelly fig fruit and achenes. Fresh fruit (a), dried fruit

(b), and detached achenes (c) of jelly fig are photographed under the

sunlight. Cellular structure of achenes is observed under a light

microscope at different amplification (d and e).

Fig. 6. Immunolocalization of the 30-kDa chitinase in jelly fig achenes.

Longitudinal (a) and cross-sections (b) of mature jelly fig achenes were

incubated with primary antibodies against the 30-kDa chitinase and

then secondary antibodies conjugated with alkaline phosphatase. The

localization of the 30-kDa chitinase was visualized (blue color staining)

using BCIP as substrate.

Fig. 5. Electron microscopy of mature jelly fig seed cells. Mature jelly

fig achenes were fixed, and protein bodies and oil bodies in the seed

cells of achenes were observed under an electron microscope.
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2.5. Antifungal activity of the 30-kDa chitinase on a

fungus isolated from jelly fig fruit

Colletotrichum gloeosporioides, an important post-
harvest pathogen found in many fruits in Taiwan, was

isolated from infected ripening fruit of jelly fig (Fig.

7(a) and (b)). Spore germination of this isolated fungus

was significantly inhibited by the pericarpial chitinase

purified from jelly fig achenes (Fig. 7(c)), and the inhib-

ited spores remained inactive even after the removal of

the chitinase. These fungal spores were presumably

dead, based on the LIVE/DEAD two-color fluorescence
staining of fungal viability (data not shown).
3. Discussion

In this study, a full-length cDNA fragment encoding

the precursor protein of the thermostable chitinase in



Fig. 7. Fungal infection of jelly fig fruit and antifungal activity of the

30-kDa chitinase. (a) Fungal infection was observed on a ripening fruit

of jelly fig as pointed by arrows. (b) Spore germination of the fungus,

C. gloeosporioides isolated from the infected jelly fig fruit.

(c) Inhibition of spore germination of C. gloeosporioides isolated from

the infected jelly fig fruit by the 30-kDa chitinase purified from jelly fig

achenes.
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jelly fig achenes was cloned and sequenced. Homology

modeling of the deduced polypeptide predicted that

the three-dimensional structure of this chitinase com-
prised a stable (ba)8 barrel structure accounting for its

thermal stability. In addition, six conservative cysteine

residues were found among homologous chitinases and

proposed to form three specific pairs of disulfide linkage

based on the crystal structure of a rubber tree chitinase

(Terwisscha van Scheltinga et al., 1996; Bokma et al.,
2002). The proposed formation of disulfide linkage

was in agreement with the observation that the 30-

kDa jelly fig chitinase could only be renatured in an

SDS–PAGE gel when b-mercaptoethanol was removed

from the sample buffer (Li et al., 2003).

Fruit pericarp protects seeds against mechanical dam-

age and environmental fluctuations (Ozga et al., 2002).

Several pericarpial proteins have been identified and pro-
posed to play important roles in diverse physiological

functions including fruit development and ripening, pho-

tosynthesis, starch synthesis, metabolism, and cell wall

construction and degradation (Hood et al., 1993; Chen

et al., 1998; Peters et al., 1998; Banik et al., 2001; Chung

et al., 2002; Jones et al., 2002). Recently, a thermostable

chitinase was purified from the pericarp of jelly fig ach-

enes and proposed to protect seeds against fungal inva-
sion or insect herbivory (Li et al., 2003). In the current

study, we demonstrated that this chitinase was exclu-

sively located in the pericarpial region of jelly fig achenes

and capable of inhibiting spore germination of C. gloeo-

sporioides, a common fungus causing anthracnose of jelly

fig fruit as well as many other fruits in Taiwan. C. gloeo-

sporioides, a broad-host-range phytopathogenic fungus,

produces high levels of ammonia as a mechanism of tis-
sue alkalinization that may be beneficial for fruit soften-

ing; the alkaline pH environment is necessary for the

activities of some extracellular lyase enzymes responsible

for fruit softening, a process associating with changes in

the pectic fraction of middle lamella and cell wall (Payasi

and Sanwal, 2003). It is suggested that the biological

function of the thermostable chitinase in the pericarp

of jelly fig achenes is to protect the nutritive seeds from
fungal attack during fruit ripening.

Pectin methylesterase, the most abundant pericarpial

protein extracted from jelly curd, has been identified as

anN-linked glycoprotein with approximately 10% carbo-

hydrate (Ding et al., 2002). The glycosylation is in agree-

ment with the differences in the carbohydrate staining

with an improved periodic acid-Schiff (PAS) reaction

and in molecular weight of native pectin methylesterase
(38 kDa) and the recombinant one (35 kDa) expressed

in E. coli. In contrast, both the native chitinase from jelly

fig achenes and the recombinant enzyme expressed in E.

coli could not be stained in the PAS carbohydrate stain-

ing reaction (data not shown) and had the same molecu-

lar masses as observed in SDS–PAGE (Fig. 2). Evidently,

this chitinase is neither glycosylated nor apparently mod-

ified in its mature form after the cleavage of its signal se-
quence for ER targeting. Unfortunately, the recombinant

chitinase expressed in E. coli was predominately found in
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the insoluble pellet after fractionation and lack of enzy-

matic activity in our experimental condition (data not

shown), presumably due to a failure of correct formation

of intramolecular disulfide bonds.

Protein bodies and oil bodies are subcellular organ-

elles that serve as amino acid and energy sources for
seed germination and seedling growth (Frandsen et al.,

2001; Tai et al., 2001). Bulky protein bodies and massive

oil bodies were observed in the seed cells of jelly fig ach-

enes (Fig. 5). The presence of these two subcellular

organelles in jelly fig seeds were also confirmed by clon-

ing cDNA fragments encoding unique storage proteins

found in protein bodies of dicotyledonous seeds and

by isolation of oil bodies as well as their unique associ-
ated proteins, respectively (data not shown). It seems

that the proteins and lipids in the residual jelly fig ach-

enes after jelly curd making may be a nutritive source

for generating useful by-products.
4. Experimental

4.1. Preparation of pericarpial proteins in jelly fig achenes

Jelly fig (F. awkeotsang Makino) achenes were pur-

chased from local growers. Jelly curd was prepared

according to the hand washing method developed by

Ding et al. (2002). Pericarpial proteins of jelly fig ach-

enes were extracted from jelly curd, and the insoluble

pectin polymers were removed by centrifugation. The
extracted pericarpial proteins were collected by ammo-

nium sulfate precipitation at a final concentration of

85% saturation.

4.2. Partial amino acid sequencing of the 30-kDa

chitinase in jelly fig achenes

The 30-kDa chitinase extracted from jelly fig achenes
was eluted from SDS–PAGE gels and subjected to N-

terminal sequencing. The protein was transferred onto

a piece of PVDF membrane (Immobilon-P transfer

membrane purchased from Millipore), and sequenced

from N-terminus by the Applied Biosystems 476A Pro-

tein Sequencer in National Chung-Hsing University,

Taiwan, as described by Li et al. (2003).

4.3. RNA isolation and cDNA library construction

Total RNA was extracted from maturing achenes of

jelly fig approximately 70 days after flowering according

to the phenol/SDS method (Wilkins and Smart, 1996).

Poly(A)+ RNA was isolated with Dynabeads (Dynal)

following the manufacturer�s instructions. cDNA was

synthesized from poly(A)+ RNA according to the proto-
col described in the manufacturer�s instructions (cDNA

synthesis, ZAP-cDNA synthesis, and ZAP-cDNA Giga-
pack III Gold Cloning kits purchased from Stratagene).

A cDNA library of approximately 106 plaques was con-

structed with 10 lg poly(A)+ RNA. The plaques were

subjected to in vivo excision of the pBluescript phage-

mid from the Uni-ZAP XR vector following the manu-

facturer�s instructions.

4.4. Cloning and sequencing of the 30-kDa chitinase

A degenerate primer, 5 0-ATHGCNATHTAYTGG-

GGNCARAAY-3 0, was designed according to eight

residues in the N-terminal sequence of purified 30-kDa

chitinase. PCR amplification was carried out using the

designed primer and a poly(T) primer with the excised
phagemids as templates. A PCR fragment of approxi-

mately 900 bp was harvested, ligated into the pGEM-T

Easy Vector systems (Promega), and subjected to

sequencing using the Sequencee Version 2.0 DNA Se-

quence kit (USB). To obtain a complete cDNA clone

encoding the precursor protein (including a signal

sequence and the mature enzyme) of 30-kDa chitinase,

a primer, 5 0-CAAGCTCTATGTCAAAATCTAT-3 0,
was designed according to the sequence corresponding

to the middle region of mature enzyme. Under the same

strategy of PCR cloning using the designed primer and a

vector primer, a DNA fragment of approximately

550 bp was obtained and sequenced. The complete

cDNA clone of 977 bp was linked by PCR and se-

quenced from both directions.

4.5. Overexpression of the putative 30-kDa chitinase

clone in E. coli

The putative cDNA fragment encoding the mature

30-kDa jelly fig chitinase was constructed in the non-fu-

sion expression vector, pET29a(+)(Novagen), using an

NdeI site and a XhoI site in the polylinker of the vectors.

The recombinant plasmid was used to transform E. coli

strain BL21 (DE3). Overexpression was induced by

1 mM IPTG in a bacteriophage T7 RNA polymerase/

promoter system. After induction, the E. coli cells were

harvested, lysed by heating at 95 �C for 10 min with

the sample buffer, and then subjected to SDS–PAGE

and western blot analyses.

4.6. SDS–PAGE and Western blotting

Proteins were resolved by SDS–PAGE using 12.5%

acrylamide. The proteins were mixed with the sample

buffer containing 62.5 mM Tris–HCl, pH 6.8, 2% SDS,

0.02% bromophenol blue, 10% glycerol, and 5%

b-zmercaptoethanol according to the Bio-Rad instruc-

tion manual. Following electrophoresis, the gel was

stained with Coomassie blue R-250. Polyclonal antibod-
ies against the 30-kDa chitinase were raised in chickens

as described previously (Li et al., 2003). In western blot
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analysis, proteins resolved in the SDS–PAGE gel were

transferred onto nitrocellulose membrane in a Bio-Rad

Trans-Blot system according to the manufacturer�s
instructions. The membrane was subjected to immuno-

detection using secondary antibodies conjugated with

horse radish peroxidase (Sigma), and then incubated
with 4-chloro-1-naphthol containing H2O2 for color

development.

4.7. Light microscopy and immunolocalization of jelly

fig achenes

Dry jelly fig achenes were cut and placed immediately

in fixative. The samples were fixed in 100 mM sodium
phosphate buffer, pH 7 containing 3% paraformaldehyde

and 0.25% glutaraldehyde. After incubation at 4 �C over-

night, the specimens were washed in the phosphate buffer

for three times. Dehydration was carried out using a ser-

ies of aq. EtOH washings (50%, 70%, 85%, 95%, 99%,

100%, and 100% EtOH) and a final washing with EtOH

for 24 h. After additional treatment with xylene for 2 · 9

and 1 · 24 h, and with paraffin for 2 · 24 h, the samples
were embedded in paraffin (Cristensen et al., 1998). Lon-

gitudinal and cross-sections of 3–5 lm were made on a

Leica 2145 microtome. The sections were counterstained

with periodic acid Schiff (PAS) reagent.

Fresh jelly fig achenes were cut and mixed with

cryomatrix embedding medium. Sections were prepared

by Shandon cryotome, fixed with MeOH, rinsed with

water, blocked with 3% goat serum in phosphate buf-
fered saline (PBS) for 30 min at room temperature,

and incubated with primary anti-chitinase antibodies

or pre-immune antibodies. After washing with PBS,

the samples were incubated with secondary antibodies,

anti-chicken IgG conjugated with alkaline phosphatase

(Niogret et al., 1996). Immunoreactivity was visualized

with BCIP (5-bromo-4-chloro-3-indolyl-phosphate diso-

dium salt) (Boehringer–Mannheim GmbH) as substrate.

4.8. Electron microscopy of jelly fig achenes

Jelly fig achenes were fixed in 2.5% glutaraldehyde in

100 mM sodium phosphate buffer, pH 7, at 4 �C over-

night. After several rinses with the buffer, it was post-

fixed in 1% OsO4 in the buffer for 4 h. After dehydration

in a graded ethanol series, the sample was embedded in
LR white resin (London Resin Co.) as described by

Peng and Tzen (1998). Sections of 80 nm were stained

with uranyl acetate and lead citrate, and observed in a

Hitachi H-300 electron microscope.

4.9. Inhibition of the 30-kDa chitinase on fungal spore

germination

A fungus isolated from jelly fig fruit was identified as

C. gloeosporioides, an important post-harvest pathogen
of many fruits in Taiwan. This fungus was cultured in

potato dextrose agar (DIFCO) for 2 weeks. After spor-

ulation, the spores of the pathogen were suspended in

0.1% (w/v) glucose to a concentration of 104 spores/

mL. The fungal spore stock (approximately 500 spores)

was cultured in the glucose solution with or without 2 lg
of the purified 30-kDa chitinase at 24 �C for 24 h. Inhi-

bition of spore germination was examined under a light

microscope at 100· amplification. Viability of fungal

spores was detected by a two-color fluorescence staining

using the LIVE/DEAD� BacLighte Bacterial Viability

Kit (Molecular Probes) as described by Chen and Se-

guin-Swartz (2002).
Acknowledgments

We thank Prof. Chih-Ning Sun for critical reading of

the manuscript and Ms. Pei-Chi Chao for the assistance

in EM. The work was supported by grants from the Na-

tional Science Council, Taiwan, ROC (NSC 93-2311-B-

166-002 to YC Li and NSC 93-2752-B-005-008-PAE to
JTC Tzen).
References

Banik, M., Bourgault, R., Bewley, J.D., 2001. Endo-beta-mannanase is

present in an inactive form in ripening tomato fruits of the cultivar

Walter. J. Exp. Bot. 52, 105–111.

Bokma, E., Rozeboom, H.J., Sibbald, M., Dijkstra, B.W., Beintema,

J.J., 2002. Expression and characterization of active site mutants of

hevamine, a chitinase from the rubber tree Hevea brasiliensis. Eur.

J. Biochem. 269, 893–901.

Broglie, K.E., Chet, I., Holliday, M., Cressman, R., Biddle, P.,

Knowlton, B., Mauvais, C.J., Broglie, R., 1991. Transgenic plants

with enhanced resistance to the fungal pathogen Rhizoctonia solani.

Science 254, 1194–1197.

Chen, B.Y., Wang, Y., Janes, H.W., 1998. ADP–glucose pyrophos-

phorylase is localized to both the cytoplasm and plastids in

developing pericarp of tomato fruit. Plant Physiol. 116, 101–106.

Chen, C.Y., Seguin-Swartz, G., 2002. A rapid method for assessing the

viability of fungal spores. Can. J. Plant Pathol. 24, 230–232.

Chung, M.C., Chou, S.J., Kuang, L.Y., Charng, Y.Y., Yang, S.F.,

2002. Subcellular localization of 1-aminocyclopropane-1-carbox-

ylic acid oxidase in apple fruit. Plant Cell Physiol. 43, 549–554.

Cristensen, T.M.I.E., Nielsen, J.E., Kreiberg, J.D., Rasmussen, P.,

Mikkelsen, J.D., 1998. Pectin methyl esterase from orange fruit:

characterization and localization by in-situ hybridization and

immunohistochemistry. Planta 206, 493–503.

Ding, J.L.C., Hsu, J.S.F., Wang, M.M.C., Tzen, J.T.C., 2002.

Purification and glycosylation analysis of an acidic pectin methy-

lesterase in jelly fig (Ficus awkeotsang) achenes. J. Agric. Food

Chem. 50, 2920–2925.

Ding, J.L.C., Lee, T.T.T., Wang, M.M.C., Tai, S.S.K., Tzen, J.T.C.,

2000. Cloning and expression of an acidic pectin methylesterase

from jelly fig (Ficus awkeotsang). J. Agric. Food Chem. 48, 3052–

3057.

Frandsen, G.I., Mundy, J., Tzen, J.T.C., 2001. Oil bodies and their

associated proteins, oleosin and caleosin. Physiol. Plant. 112, 301–

307.



886 Y.-C. Li et al. / Phytochemistry 66 (2005) 879–886
Hamel, F., Boivin, R., Tremblay, C., Bellemare, G., 1997. Structural

and evolutionary relationships among chitinases of flowering

plants. J. Mol. Evol. 44, 614–624.

Hood, E.E., Murphy, J.M., Pendleton, R.C., 1993. Molecular charac-

terization ofmaize extensin expression. PlantMol. Biol. 23, 685–695.

Huang, Y.C., Chen, W.P., Shao, Y.P., 1980. A study on the mechanism

of gelatinization of awkeo-jelly. China Hort. 23, 117–126.

Jach, G., Gornhardt, B., Mundy, J., Logemann, J., Pinsdorf, E., Leah,

R., Schell, J., Maas, C., 1995. Enhanced quantitative resistance

against fungal disease by combinatorial expression of different

barley antifungal proteins in transgenic tobacco. Plant J. 8, 97–109.

Jones, B., Frasse, P., Olmos, E., Zegzouti, H., Li, Z.G., Latche, A.,

Pech, J.C., Bouzayen, M., 2002. Down-regulation of DR12, an

auxin-response-factor homolog, in the tomato results in a pleio-

tropic phenotype including dark green and blotchy ripening fruit.

Plant J. 32, 603–613.

Leah, R., Tommerup, H., Svendsen, I., Mundy, J., 1991. Biochemical

and molecular characterization of three barley seed proteins with

antifungal properties. J. Biol. Chem. 266, 1564–1573.

Li, Y.C., Chang, C.T., Hsiao, E.SL., Hsu, J.S.F., Huang, J.W., Tzen,

J.T.C., 2003. Purification and characterization of an antifungal

chitinase in jelly fig (Ficus awkeotsang) achenes. Plant Cell Physiol.

44, 1162–1167.

Lin, T.P., Liu, C.C., Chen, S.W., Wang, W.Y., 1989. Purification and

characterization of pectinmethylesterase from Ficus awkeotsang

Makino achenes. Plant Physiol. 91, 1445–1453.

Lund, O., Frimand, K., Gorodkin, J., Bohr, H., Bohr, J., Hansen, J.,

Brunak, S., 1997. Protein distance constraints predicted by neural

networks and probability density functions. Prot. Eng. 10, 1241–

1248.

Niogret, M.F., Culianez-Macia, F.A., Goday, A., Alba, M.M.,

Pages, M., 1996. Expression and cellular localization of rab28
mRNA and Rab28 protein during maize embryogenesis. Plant

J. 9, 549–557.

Ozga, J.A., van Huizen, R., Reinecke, D.M., 2002. Hormone and seed-

specific regulationofpea fruit growth.PlantPhysiol. 128, 1379–1389.

Patil, R.S., Ghormade, V.V., Deshpande, M.V., 2000. Chitinolytic

enzymes: an exploration. Enzyme Microb. Technol. 26, 473–483.

Payasi, A., Sanwal, G.G., 2003. Pectate lyase activity during ripening

of banana fruit. Phytochemistry 63, 243–248.

Peng, C.C., Tzen, J.T.C., 1998. Analysis of the three essential

constituents of oil bodies in developing sesame seeds. Plant Cell

Physiol. 39, 35–42.

Peters, J.L., Szell, M., Kendrick, R.E., 1998. The expression of light-

regulated genes in the high-pigment-1 mutant of tomato. Plant

Physiol. 117, 797–807.

Rohini, V.K., Sankara Rao, K., 2001. Transformation of peanut

(Arachis hypogaea L.) with tobaccochitinase gene: variable

response of transformants to leaf spot disease. Plant Sci. 160,

889–898.

Schlumbaum, A., Mauch, F., Vogeli, U., Boller, T., 1986. Plant

chitinases are potent inhibitors of fungal growth. Nature 324, 365–

367.

Tai, S.S.K., Lee, T.T.T., Tsai, C.C.Y., Yiu, T.J., Tzen, J.T.C., 2001.

Expression pattern and deposition of three storage proteins, 11S

globulin, 2S albumin, and 7S globulin in maturing sesame seeds.

Plant Physiol. Biochem. 39, 981–992.

Terwisscha van Scheltinga, A.C., Hennig, M., Dijkstra, B.W., 1996.

The 1.8 A resolution structure of hevamine, a plant chitinase/

lysozyme, and analysis of the conserved sequence and structure

motifs of glycosyl hydrolase family 18. J. Mol. Biol. 262, 243–257.

Wilkins, T.A., Smart, L.B., 1996. Isolation of RNA from plant tissue.

In: Krieg, P.A. (Ed.), A Laboratory Guide to RNA, vol. 2. Wiley–

Liss Inc., New York, pp. 21–41.


	Cloning and immunolocalization of an antifungal chitinase in jelly fig (Ficus awkeotsang) achenes
	Introduction
	Results
	Cloning of a cDNA fragment encoding the 30-kDa chitinase in jelly fig achenes
	Immunological recognition of overexpressed �chitinase in E. coli
	Homology modeling of the 3D structure of the 30-kDa jelly fig chitinase
	Immunolocalization of the 30-kDa chitinase in jelly fig achenes
	Antifungal activity of the 30-kDa chitinase on a fungus isolated from jelly fig fruit

	Discussion
	Experimental
	Preparation of pericarpial proteins in jelly fig achenes
	Partial amino acid sequencing of the 30-kDa �chitinase in jelly fig achenes
	RNA isolation and cDNA library construction
	Cloning and sequencing of the 30-kDa chitinase
	Overexpression of the putative 30-kDa chitinase �clone in E. coli
	SDS ndash PAGE and Western blotting
	Light microscopy and immunolocalization of jelly �fig achenes
	Electron microscopy of jelly fig achenes
	Inhibition of the 30-kDa chitinase on fungal spore germination

	Acknowledgments
	References


