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Abstract. A cDNA fragment encoding a Lupinus albus.
L. class-IIT chitinase, IF3, was isolated, using a cDNA
probe from Cucumis sativus L., by in-situ plaque
hybridization from a cDNA library constructed in the
Uni-ZAP XR vector, with mRNAs isolated from mature
lupin leaves. The cDNA had a coding sequence of 293
amino acids including a 27-residue N-terminal signal
peptide. A class-1II chitinase gene was detected by
Southern analysis in the L. albus genome. Western
blotting experiments showed that the IF3 protein was
constitutively present during seed development and in all
the studied vegetative lupin organs (i.e., roots, hypocot-
yls and leaves) at two growth stages (7- and 20-d-old
plants). Accumulation of both the IF3 mRNA and IF3
protein was triggered by salicylic acid treatment as well
as by abiotic (UV-C light and wounding) and biotic
stress conditions (Colletotrichum gloeosporioides infec-
tion). In necrotic leaves, IF3 chitinase mRNA was
present at a higher level than that of another mRNA
encoding a pathogenesis-related (PR) protein from
L. albus (a PR-10) and that of the rRNAs. We suggest
that one role of the IF3 chitinase could be in the defense
of the plant against fungal infection, though our results
do not exclude other functions for this protein.
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Introduction

Plants in their natural environment are continuously
exposed to several stress factors including pathogen

The IF3 cDNA sequence has been submitted to the GenBank data
base under the accession number Y16415
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attack. The plant cell is capable of defending itself by
means of a combination of constitutive and induced
defenses. The typical preformed constitutive defense
mechanisms are the complex structural barriers repre-
sented by the cell walls, which are further reinforced
upon pathogen attack. The most frequently observed
and the best-characterized induced defenses include:
rapid localized cell death (hypersensitive response;
Levine et al. 1996); synthesis of phytoalexins (Darvill
and Albersheim 1984); reinforcement of cell walls by
rapid oxidative cross-linking of pre-existing cell wall
structural proteins (Brisson et al. 1994) and by deposi-
tion of structural components like callose (Bowles 1990),
lignin (Vance et al. 1980) and related wall-bound
phenolics (Matern and Kneusel 1988), as well as
glycoproteins (Showalter 1993); and synthesis of patho-
genesis-related (PR) proteins (Stintzi et al. 1993).

Chitinases (EC 3.2.1.14) are members of several
families of PR proteins, six classes being proposed on
the basis of the amino-acid sequence information from
cloned genes or purified proteins (Neuhaus et al. 1996).
However, not all known chitinases fall into one of the six
categories (Graham and Sticklen 1994).

In most studied plants, chitinases occur in several
isoforms (Trudel et al. 1989; Darnetty et al. 1993; Lud-
wig-Miiller et al. 1994) and some chitinases appear in
certain organs only during specific stages of the plant’s
life (Neale et al. 1990; Lawton et al. 1994). Some of them,
expressing lysozyme activity, have been implicated in the
defense reactions of plants against fungal and bacterial
infection. Direct antifungal activity of chitinases has been
demonstrated in vitro (Schlumbaum et al. 1986; Broe-
kaert et al. 1988; Jacobsen et al. 1990) and in vivo
(Benhamou et al. 1993). However, not all chitinases have
antifungal activity (Sela-Buurlage et al. 1993; Joosten
et al. 1995). Apart from a role in defense, chitinases have
also been implicated in mechanisms of plant development
and reproduction (Leung 1992; de Jong 1994; van Hengel
1998), in the host specificity of rhizobia (Staehelin et al.
1994), in nodule development (Goormachting et al. 1998)
and in the process of cold acclimatation in freezing-
tolerant plants (Hon et al. 1995).
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Chitinase gene expression is induced, in addition to
pathogen attack by various factors including elicitors,
wounding, salicylic acid, inorganic salts, ethylene, auxin,
cytokinin, ozone and UV light (Ernst et al. 1992;
Margis-Pinheiro et al. 1993; Graham and Sticklen 1994).

We have previously detected the presence of an
extracellular class III chitinase (IF3 protein) in the
apoplast of healthy lupin (Lupinus albus L1.) leaves
(Regalado and Ricardo 1996). In this paper we describe
the cloning and characterization of an IF3 c¢cDNA
fragment and we compare its predicted amino-acid
sequence with related enzymes available in databanks.
We show that the IF3 gene is constitutively expressed in
developing and mature seeds and in all vegetative organs
(roots, hypocotyls and leaves) from lupin plants at two
growth stages, and is highly induced as a response to
stress.

Materials and methods

Plant material. Seeds of lupin plants (Lupinus albus L. cv. Rio
Maior and cv. Ultra), kindly supplied by J. Neves Martins (Instituto
Superior de Agronomia, Lisboa), were surface-sterilized [0.1%
(w/v) HgCl, and 0.02% (w/v) Tween-20] prior to aseptic germina-
tion. The plants were grown on sterilised soil (from a Lupinus
growing region) or coarse quartz sand, in a growth room under a 12-
h photoperiod supplied by white fluorescent lights (160 umol
m~2s7') at 24/18 °C (light/dark) and watered with sterilized tap
water. Lupinus albus cv. Ultra was used in the construction of the
cDNA library and in the Southern blotting analysis. Gene expres-
sion studies were carried out with cv. Rio Maior.

Stress conditions and salicylic acid treatment. Plants (L. albus cv.
Rio Maior) were subjected to the following treatments: spraying
with 5 mM salicylic acid (van Huijsduijnen et al. 1986) 7 d before
harvesting; wounding with carborundum 7 d before harvesting;
UV-C light (254 nm; 5 W m_z) irradiation, for 30 min, 24 h before
harvesting; inoculation with Colletotrichum gloesporioides (10°
spores mL™") 5 d before harvesting. Infected and control (water
sprayed) plants were incubated for 24 h in a moist chamber in the
dark after inoculation. Plants from all treatments were harvested
24 d after germination.

Construction and screening of the cDNA library. Total RNA was
prepared from mature leaves of 24-d-old plants (L. albus cv. Ultra)
using the guanidinum isothiocyanate method (Chomoczynski and
Sacchi 1987). The poly(A)"RNA was isolated using the Poly(A)
Quik mRNA purification kit (Stratagene).

The cDNA library was constructed in the Uni-ZAP XR vector
system included in the ZAP-cDNA synthesis kit (Stratagene), using
5 ng of poly(A) " RNA according to the manufacturer’s protocols.
The constructed A cDNA plaques were packaged using Gigapack 11
Gold packaging extracts (Stratagene).

The cDNA library was screened by in-situ plaque hybridization
using the *P-labelled Cucumis sativus class-III chitinase as a probe
(Métraux et al. 1989). Isolated plaques coinciding with the positive
signals on the X-ray exposed film were picked up, soaked overnight
at 4 °C in SM buffer [100 mM NacCl, 10 mM MgCl,, 50 mM Tris-
HCI (pH 8.0), 0.01% (w/v) gelatine], titrated and reselected by
polymerase chain reaction (PCR) analysis using two degenerated
23-bp oligonucleotides as primers (chitl: YGGGGNCAA/GAAT/-
¢ GGNAAT/cGA*/GGG3’; chit2: YCANGGNGG?/GTTA/-
GTTA/GTAYGAAT/cTG3) corresponding, respectively, to the
N-terminal amino-acid sequence (W-G-Q-N-G-N-E-G) and to an
internal amino-acid sequence (Q-F-Y-N-N-P-P-C) that are con-
served between cucumber and Arabidopsis class-111 chitinases
(Samac et al. 1990). From each phage suspension 1 x 10° plaque-

forming units were diluted in 10 pL of deionised water, heated at
70 °C for 10 min, chilled on ice and submitted to PCR amplifica-
tion in a reaction mixture composed of 1.5 mM MgCl,, 0.2 mM
each dATP, dCTP, dGTP and dTTP, 1 pmol pL~" each primer and
0.02 U uL™" Tag DNA polymerase (Pharmacia) in 1 X concen-
trated buffer solution supplied with the enzyme. The reactions were
carried out in a Trio-Thermoblock (Biometra) thermal reactor, first
5 cycles of 30 s at 92 °C, 1 min 30 s at 45 °C and 30 s at 72 °C,
then 35 cycles of 30 s at 92 °C, 30 s at 50 °C and 30 s at 72 °C.

Positive phages were excised in-vivo with the Ex-Assist helper
phage (Stratagene) and recircularized to form phagemid subclones
in the pBluescript SK (-) vector.

Southern, Northern and Western blotting analysis. Genomic
L. albus DNA was isolated as described by Jofuku and Goldberg
(1988). Samples of 10 pg were digested with restriction enzymes
under the conditions suggested by the supplier, electrophoresed on
a 0.8% (w/v) agarose gel, and transferred to Hybond-N+ nylon
membranes (Amersham) using the alkaline transfer procedure.

The filters were hybridized with the L. albus IF3 cDNA that
had been *’P-labelled by random priming (Megaprime DNA
Labelling Systems; Amersham) in 6 X saline sodium citrate buffer
(SSC; 1 x SSC = 0.15 M NacCl, 15 mM trisodium citrate, pH 7.0),
5 x Denhart’s solution, 0.5% (w/v) SDS and 25 pg mL™" sonicated
salmon sperm DNA, at 65 °C (high-stringency conditions) or at
55 °C (low-stringency conditions). For low-stringency conditions
the filter was washed twice, 15 min each, in the following sequence
of washing solutions, at 55 °C: (i) 2 x SSC/0.5% (w/v) SDS; (ii)
1 x SSC/0.5% (w/v) SDS. When high-stringency conditions were
used the blot was washed at 65 °C in a sequence of SSC/SDS
solutions with the last wash in 0.1 x SSC/0.5% (w/v) SDS.

Total RNAs were prepared using the isothiocyanate method
(Chomoczynski and Sacchi 1987). The RNAs were denatured and
electrophoresed in 2% (w/v) formaldehyde-agarose gels. The gels
were blotted to Protran BA nitrocellulose membranes (Schleicher &
Schuell) in 20 x SSC according to the manufacture’s instructions.
Equal loading and intactness of the preparations were always
confirmed by ethidium bromide staining of RNA prior to blotting.

The filters were hybridized with 3*P-labelled L. albus class-IIT
chitinase and PR-10 cDNAs in the solution above described for
Southern blotting at 60 °C for 12-16 h. Blots were washed at 60 °C
in the following sequence of SSC/SDS solutions, 10 min each:
(i) 2xSSC/0.1% (w/v) SDS; (ii) 1x SSC/0.1% (w/v) SDS;
(iii) 0.1 x SSC/0.1% (w/v) SDS.

Protein samples were prepared by grinding leaves, hypocotyls
and roots, frozen in liquid nitrogen, in a mortar with the following
buffer solution: 84 mM citric acid, 32 mM Na,HPO,, 14 mM 2-
mercaptoethanol, and 6 mM L-ascorbic acid at a final pH of 2.8
(Antoniw and Pierpoint 1978). Developing seeds were also ground
in liquid nitrogen with pestle and mortar. Two millilitres of 50 mM
phosphate buffer, (pH 7.5) containing 10% NaCl, 10 mM DTT,
SmM EDTA, 1.5 uM Pepstatin A, 2 mM 4-(2-aminoethyl)ben-
zenesulfonyl fluoride and 1 mM MgCl,, was added to 1 g of
ground seeds. The crude protein extracts were centrifuged at 13 000 g
for 15 min at 4 °C and the supernatant was desalted on a Sephadex
G-25 column (Pharmacia) equilibrated in 100 mM Tris-HCI (pH
6.8) containing 15 mM 2-mercaptoethanol. The proteins were
concentrated using a Centricon 10 cartridge (Amicon).

Electrophoresis under denaturing conditions was performed on
slab gels using the SDS-discontinuous system of Laemmli (1970)
with a 4% stacking gel and a 12% resolving gel. The immunolog-
ical blotting was performed as described previously, using a
polyclonal antibody against IF3 protein from L. albus cv. Rio
Maior prepared as reported before (Regalado and Ricardo 1996).

Sequencing of cDNA and data analysis. The cDNA sequence was
determined in the pBluescript vector on both strands by dideoxy-
nucleotide sequencing (Sanger et al. 1977) with the Thermo
Sequenase Cycle Sequencing Kit according to the supplier’s
instructions (Amersham). Specific oligonucleotides were used as
primers to fill the gaps (primer walking).
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1 TGCAGGAATTCGGCACGAGACAACTTGGAATATAGCTACAAACATGGCATCCCTCAAACAAGTTTCACTCATATTATTCCCTCTATTATTACTCATATCC 100
M A S L KV s L I L FPTULTULTULTLTI 8
101 TCCTCATTCAAGTTGTCCAATGCTGCTGGCATTGTCATCTATTGGGGTCAAAATGGTAATGAAGGGTCCTTAGCAGATGCATGCAACACTAACAACTACC 200
SSFKLSNA[AGIVIYWGQNGNEGSLADACNTNNYQ
201 AATATGTGAACATAGCCTTTTTGTCAACTTTTGGAAATGGCCAAACCCCAGAGCTAAACCTTGCTGGTCACTCTCGTGATGGGTTAAATGCTGATATCAA 300
Y VN I A F L STTFGNG QTUPETZLNULAGUHSU RUDGTULNATD I K
301 GGGTTGTCAAGGTAAAGGCATCAAAGTCCTTCTCTCACTTGGTGGTGGTGCTGGAAGCTACTCTCTCAACTCTGCTGATGATGCCACAAACCTTGCAAAC . 400
G C Q GG K G I KVJ1ULSULGGGAG S Y S LN SADT DA ATNTLAN
401 TATCTCTGGAATAACTTCCTTGGAGGAACTTCTGACTCAAGACCCTTTGGTGATGCTGTCTTGGATGGAATTGATTTTGACATTGAAGCTGGTGGAGCCC 500
YL W NNTVFULGGTSDSRZPTFGDA AVTULDSGTIUDTFT DTITEHA ASGTSGAQQ
501 AACACTATGATGAACTTGCAAGGGCACTGAATGGATTCAGCAGCCAAAAGAAAGTGTACTTAGGTGCAGCACCACAATGTCCAATCCCTGATGCTCATTT 600
H Y D EL AU RALNGU FS S Q K KV YL GA APQC P I P DA AIUHUL
601 GGACGCAGCTATAAACACAGGGCTATTTGATTATGTGTGGGTTCAGTTCTACAACAACCCTCAATGCCAATATGCATGTGGAAACACTAACAATCTCATT 700
b A A I N T G L F DY VWV QFYNNDNU PIOQTCQ Y AT CGNTNNTILTI
701 AATTCATGGAACCAATGGACTTCATCACAAGCTAAACAAGTGTTTTTGGGTCTCCCAGCATCTGAAGCAGCTGCTCCAAGTGGTGGTTTTATTCCTACTG 800
N S WN QWT S S QA KQVFLGLZPASTEA AAARAMTPSTGGTFTITPTTD
801 ATGTGCTCATTTCTCAAGTTCTTCCTACTATCAAGACTTCTCCTAAGTATGGTGGAGTCATGCTTTGGAACGGATTCAATGACATTCARACTGGATATAG 900
VL I SQ VL PTTIZE KTSUZPIE KT YGEGEGVMULTWWNGTFNUDTIIGQTG Y S
901 TGATGCCATTAAGGCCAGCGTTTAATTTATTATACTCACCTTCATAAATCACTATATATGCATCTTTTCAATAACTTAGCGCCTTCTGTAAGTTATGTTC 1000

D A I K A S V End

1001 TTACATATCTAGTGCTACAGGAACACTCTCATATAT GTAATWI‘TCTTCG 1060

Fig. 1. Nucleotide and deduced amino-acid sequences of IF3 cDNA. The N-terminus of the mature protein is indicated by an arrow. The stop
codon is underlined and indicated by End. The sequence of oligonucleotides N (underlined) and C (doubly underlined) is indicated. The two

probable polyadenylation signals are shaded

The FASTA and BLAST searches were conducted using the
GenBank, SwissProt, DDBJ and EMBL sequence data bases. The
determination of the degree of identity between L. albus IF3 chitinase
and class-1III chitinases from other species was conducted using the
GAP program. The alignments of the sequences created using the
PILEUP program were used for the determination of pairwise
genetic distances by the DISTANCES program and the resulting
distance matrix was used for the construction of the phylogenetic tree
by the GROWTREE program. All four computer programs are part
of the Wisconsin Sequence Analyse Package Version 8.

Results

Cloning and sequence analysis of IF3 chitinase ¢cDNA
from L. albus. A cDNA library was prepared using
poly(A) " RNA isolated from mature leaves of healthy
plants. Previously, we had detected the presence of an
extracellular protein (IF3) from healthy leaves of
L. albus showing strong identity to reported class-III
chitinase/lysozymes (Regalado and Ricardo 1996). This
observation prompted us to use the class-III cucumber
chitinase cDNA (Métraux et al. 1989) as a probe to
screen the lupin cDNA library.

About 100 000 recombinants were screened with a
1-kb restriction fragment generated from the cucumber
chitinase ¢cDNA by EcoRI digestion. The positive
plaques were then screened by PCR analysis using two
degenerate oligonucleotides as primers, corresponding
to two conserved regions of the cucumber and Arabi-
dopsis cDNA (see Materials and methods). A ¢cDNA
clone of IF3 was obtained and sequenced.

The 1060-bp cDNA insert (Fig. 1) has an open
reading frame starting with an ATG initiation codon

44 nucleotides downstream of the first nucleotide and
ending at nucleotide 922 before the TAA stop codon.
The 3 untranslated region contains two putative
polyadenylation signals (AATAAA) located at positions
1042 and 1050.

The open reading frame encodes a polypeptide of 293
amino-acid residues that includes, in addition to the
mature protein of 266 residues, a putative N-terminal
signal peptide that was not found in the purified IF3
protein by Edman degradation. This peptide most
probably constitutes the signal sequence involved in
the secretion of the IF3 protein to the apoplast (Regal-
ado and Ricardo 1996). The deduced amino-acid
sequence (Fig. 1) shows at the NH,-terminus, after the
signal peptide, a sequence completely identical to that
obtained by Edman degradation of the mature IF3
protein (Regalado and Ricardo 1996).

Southern blotting of genomic DNA was carried out
to test for the presence of related class-III chitinase
genes. Using the *?P-labelled IF3 ¢cDNA as a probe,
under high- and low-stringency conditions (see Materi-
als and methods), single strong hybridization bands were
obtained for each restriction digest (Fig. 2). Additional
hybridization bands were not detected even after long
exposures. This result seems to indicate that only one
IF3 chitinase gene is present in the L. albus genome.

Sequence comparisons. The predicted amino-acid se-
quence of the IF3 cDNA fragment was compared with
sequences present in the database. The IF3 protein is
closely related to class-III chitinases from various plant
species, thus allowing IF3 protein to be considered as a
class-III chitinase. Indeed, the highest identity is shared
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Fig. 2. Southern blot analysis of /F3 in L. albus. The DNA was
digested with EcoRI (lane 1) and Xbal (lane 2) restriction endonuc-
leases and hybridization was performed under stringent conditions as
described in Materials and methods, using the IF3 cDNA as a probe.
The approximate sizes of the hybridizing fragments are indicated in kb

with class-IIT chitinases from legumes: Cicer arietinum
(79%; GenBank accession number P36098), Vigna
angularis (75%; GenBank accession number P29024)
and Psophocarpus tetragonolobus (74.7%; GenBank
accession number D49953). Identity to the remaining
class-III chitinases so far studied ranges from 58.0%
(Nicotiana tabacum; basic chitinase; GenBank accession
number P29061) to 68.1% (Nicotiana tabacum; acidic
chitinase; GenBank accession number P29060). The
alignment and comparison of the deduced amino-acid
sequence of IF3 chitinase from L. albus with class-I11
chitinases from other species revealed different con-
served regions including four cysteine residues in
positions 51, 98, 193 and 222, the function of which
has not yet been determined (Fig. 3). The signal peptide
is highly divergent among all the chitinases compared.
The phylogenetic tree built using the amino-acid se-
quences of the L. albus 1F3 chitinase and class-III
chitinases from other species shows the clustering of
legume chitinases (Fig. 4).

Expression of IF3 chitinase gene. In order to understand
the biological role of chitinase genes in uninfected
plants, L. albus IF3 chitinase gene expression was
analysed. Protein samples were extracted from develop-
ing seeds and from roots, hypocotyls and leaves of
L. albus plants at two growth stages: 7-d-old (young)
and 20-d-old (mature) plants. Western blotting analysis
revealed that IF3 was present in all vegetative organs at
both growth stages although the protein amounts were
different (Fig. 5A). The highest amounts were detected
in roots of 7- and 20-d-old plants and in mature leaves of
20-d-old plants increasing during leaf growth (Fig. 5A).
Furthermore, this chitinase was also present in devel-
oping seeds, being detectable at 20 d post-anthesis (dpa)
and from then onwards until seed maturity (Fig. 5B).
Anthracnose (Colletotrichum gloeosporioides infec-
tion) is one of the most important diseases of white
lupin (L. albus) in several countries, particulary during

the rainy season, causing severe seed yield reduction in
affected fields. In order to understand the reaction of
lupin to this pathogen, infection was induced in green-
house conditions as described in Materials and methods
and the levels of IF3 protein and their corresponding
mRNAs were analysed by Western and Northern
blotting, respectively. Protein and total RNA samples
were extracted from leaves of Colletotrichum-infected
plants, showing symptoms (young leaves) or not (mature
leaves). Western blot analysis showed that the levels of
leaf IF3 chitinase were strikingly increased upon infec-
tion (Fig. 6A). An enhancement was also observed in the
level of the corresponding mRNAs as revealed by
Northern blot analysis (Fig. 6B). In young necrotic
leaves the level of IF3 chitinase mRINA was higher than
that of PR-10, studied under the same experimental
conditions (Fig. 6C), and that of rRNAs (Fig. 6D). The
PR-10 proteins were previously shown to be induced
after infection of L. albus with C. gloeosporioides (Pinto
and Ricardo 1995).

The effects of salicylic acid, a chemical inducer of PR
proteins that is implicated in signal transduction for
resistance, and of abiotic stress conditions (wounding
and UV-C irradiation), on the expression of the IF3
chitinase gene were analysed in mature leaves from 24-d-
old plants (Fig. 7). The levels of lupin IF3 protein were
determined by Western blotting. As shown in Fig. 7A,
the amount of chitinase increased in plants treated with
salicylic acid or submitted to any of the stress conditions
studied (see legend to Fig. 7). In addition we determined
the corresponding levels of IF3 mRNA by Northern blot
analysis. As illustrated in Fig. 7B, there was a dramatic
increase in the level of chitinase mRNA compared with
control plants (compare lane 1 with lanes 2, 3 and 4). It
is likely then that the IF3 gene is induced as a general
response to stress.

Discussion

Based on their primary structure, plant chitinases have
been classified into six classes (Meins et al. 1994;
Neuhaus et al. 1996). Most of the class-III chitinases
are extracellular proteins, two of them showing lyso-
zyme activity (Bernasconi et al. 1987; Jekel et al. 1991).
Taking into account results recently published (Yeboah
et al. 1998), class-III chitinases could be further classi-
fied into one of the two following classes: (i) class Chibl,
according to the previously recommended nomenclature
(Neuhaus et al. 1996), and (ii) a new class, Chib2,
represented by a soybean chitinase, specifically expressed
in the developing seeds, which exhibits 51-53% identity
to those of other class-II1 homologues and to a Sesbania
homologue (Yeboah et al. 1998). The Chibl chitinases
have relatively short C-terminal regions. According to
the results presented in Fig. 3, L. albus 1F3 chitinase
belongs to the Chibl class. When considering the
identity of the amino-acid sequences between IF3
chitinase and Chibl chitinases from other species the
highest scores were obtained for legume chitinases (74.7—
79.1%). As has been shown for some other plants, we
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Fig. 3. Alignment of the predicted L. albus 1F3 chitinase and class-I11
chitinases from Cicer arietinum (Vogelsang and Barz 1993; GenBank
accession number P36098), Vigna angularis (GenBank accession
number P29024), Psophocarpus tetragonolobus (GenBank accession
number D49953), Nicotiana tabacum (acidic chitinase; Lawton et al.
1992; GenBank accession number P29060), Hevea brasiliensis (Jekel
et al. 1991; GenBank accession number P23472), Beta vulgaris
(Nielsen et al. 1993; GenBank accession number P36910), Vitis

....MASLKQ VSLILFPLLL LISSSFKLSN
..... ...ME KCFNIIPSLL LISLLIKSSN
I..SFFKPSH

..MESLKK ASLVLFPILV L..SLFNHSN
veeveese M IKYSFLLTAL VLFLRALKLE

. ...MAAK IVSVLFLISL LIFASFESSH
...... MART PQSTPLLISL SVLALLQTSY
...... MAAH KITTTLSIFF LLSSIFRSSD
. .MTNMTLRK HVIYFLFFIS CSLSKPSDAS
....... MNI KVSLLFILPI FLLLLTSKVK

vinifera (Busam et al. 1997; GenBank accession number Z68123),
Cucumis sativus (Métraux et al. 1989; GenBank accession number
P17541), Phytolacca americana (Tanigawa et al. 1995; GenBank
accession number JC4053), Arabidopsis thaliana (Samac et al. 1990;
GenBank accession number P19172) and Nicotiana tabacum (basic
chitinase; Lawton et al. 1992; GenBank accession number P29061).
Regions of homology (identity) are shaded. Gaps, which were
introduced to optimize the alignment, are indicated by dots
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Fig. 4. Phylogenetic tree built from the amino-acid sequences of 1F3
chitinase from L. albus and class-III chitinases from various plant
species. Legume chitinases are represented in bold
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Fig. 5A,B. Expression of the /F3 gene in vegetative organs of
uninfected L. albus plants and in developing seeds. A Immunoblotting
analysis in roots (lane 1), hypocotyls (lane 2) and leaf primordia (lane
3) from 7-d-old plants, and in roots (lane 4), hypocotyls (lane 5), leaf
primordia (lane 6), young leaves (lane 7) and mature leaves (lane 8)
from 20-d-old plants. B Immunoblotting analysis at different stages of
seed development: 20 dpa (lane 1), 30 dpa (lane 2), 40 dpa (lane 3), 50
dpa (lane 4), 60 dpa (lane 5), 70 dpa (lane 6), 80 dpa (lane 7) and 90
dpa (lane 8). Protein samples (10 pg) were separated by SDS-PAGE,
transferred to polyvinylidenedifluoride membrane and immunode-
tected with the sera raised against IF3 protein as indicated in Material
and methods

only detected one chitinase class-111 gene in the L. albus
genome (Métraux et al. 1989; Samac et al. 1990; Margis-
Pinheiro et al. 1993; Nielsen et al. 1993). We have
indeed performed Southern blot analysis using different
stringency conditions and never found more than one
hybridizing band. However, we cannot exclude the

1 2 34

A

D

Fig. 6A-D. Expression of the /F3 and PR-10 genes in leaves from 24-d-
old L. albus infected with C. gloesosporioides. Plants were treated and
harvested as indicated in Materials and methods. A Immunoblotting
analysis in young (lane 1) and mature (lane 3) leaves from control
plants, or young (lane 2) and mature (lane 4) leaves from infected
plants. Protein samples (8 pg) were separated and immunodetected
with the serum against IF3 as indicated in Materials and methods.
B Equivalent amounts of total RNA (20 pg) from young (/ane 1) and
mature (lane 3) leaves from control plants, or young (lane 2) and
mature (lane 4) leaves of infected plants were hybridized with IF3
c¢DNA under high-stringency conditions as indicated in Materials and
methods. C The membrane from the experiment shown in B was re-
hybridized using a PR-10 cDNA from L. albus as probe. D Total
RNA samples (10 pg) were run in formaldehyde-agarose gel and
stained with ethidium bromide
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Fig. 7A,B. Expression of the /F3 gene in mature leaves from 24-d-old
L. albus plants treated with salicylic acid or under stress conditions.
Plants were treated and harvested as described in Materials and
methods. A Immunoblot analysis of control plants (lane I), plants
treated with salicylic acid (lane 2), wounded plants (lane 3) and plants
irradiated with UV-C light (lane 4). Protein samples (10 pg) were
separated by SDS-PAGE, transferred to polyvinylidenedifluoride
membrane and immunodetected with the serum raised against IF3
protein as described in Materials and methods. B RNA blot analysis of
control plants (lane I), plants treated with salicylic acid (lane 2),
wounded plants (lane 3) and plants irradiated with UV-C light (lane
4). Equivalent amounts of total RNA (20 pg) were hybridized with
IF3 cDNA under high-stringency conditions as indicated in Materials
and methods

possibility of the presence of related genes in the L. albus
genome.

Not many studies have been carried out in order to
clarify the constitutive expression of chitinase genes. As
far as we know the most complete studies on the
expression of class-III chitinase genes have been per-
formed with Phaseolus vulgaris (Margis-Pinheiro et al.
1993), Cucumis sativus (Lawton et al. 1994) and
Glycine max (Yeboah et al. 1998). In P. vulgaris, no
hybridization signal was detected from any of the
studied organs (roots, stems, primary and secondary-
trilobate leaves from 10- to 12-d-old plants) using
Northern blotting experiments (Margis-Pinheiro et al.
1993). In C. sativus, chitinase mRNA was detected by
Northern blotting at low levels in roots and cotyledons
from 7- to 10-d-old plants but no signal was present in
leaves and stems, while in 3- to 5-week-old plants the
chitinase message was present in older and mature,
fully expanded leaves but not in young, expanding
leaves or stems (Lawton et al. 1994). In G. max the
class-III chitinase mRNA was detected by Northern
blotting in developing seeds and extremely faint reverse
transcriptase-PCR products were observed from the
leaves and stems (Yeboah et al. 1998). We therefore
examined IF3 gene expression in developing seeds and
in vegetative organs of uninfected L. albus plants. To
our knowledge this is the first reported class-III
chitinase to be constitutively expressed not only in all
vegetative organs but also in developing and mature
seeds.

Inducing agents for class-11I chitinases include both
biotic (Métraux et al. 1989; Lawton et al. 1992; Margis-
Pinheiro et al. 1993; Nielsen et al. 1993; Vogelsang and
Barz 1993) and abiotic agents (Margis-Pinheiro et al.
1993; Lawton et al. 1994). Here, we have shown that
L. albus TF3 chitinase is induced by Colletotrichum
gloeosporioides infection as well as by abiotic factors
like UV-light and wounding. It might therefore be
concluded that in L. albus the IF3 gene is induced as a
general response to stress.

Given the general constitutive presence of the L. albus
IF3 chitinase, it can be suggested that it is a component
of a constitutive plant defense mechanism. Our results,
however, do not exclude the possibility of its potential
participation in other biological processes. In fact,
Goormachting et al. (1998) have recently demonstrated
that the protein encoded by the cDNA clone Srchi 13
(with homology to acidic class-III chitinase genes,
corresponding to an early nodulin gene) exhibit Nod-
factor degradation activity. Within this context, we are
currently isolating the IF3 chitinase from L. albus leaves
in order to test for antifungal as well as Nod-factor
degradation activities in vitro. In-situ expression studies
are also being carried out.

We thank Dr. J. Ryals (Ciba-Geigi, Basel, Switzerland) for
providing cucumber chitinase cDNA. Evguenia Bekman (Instituto
Gulbenkian de Ciéncia, Oeiras) and Dr. Adriano Henriques
(Instituto de Tecnologia Quimica e Biologica, Oeiras) for helpful
discussions. We also thank Dr. Paula Pinto (Escola Superior
Agraria de Santarém, Santarém, Portugal) for providing the PR-
10 probe and Dr. Ana Neves (Escola Superior Agraria de
Santarém, Santarém) for helping in the construction of the cDNA
library. This research received financial support from Praxis/2/2.1/
BIO/1146/95. A.P.R. thanks Praxis XXI for the fellowship BD/
2708/94.

References

Antoniw JF, Pierpoint WS (1978) The purification and properties
of one of the “b” proteins from virus-infected tobacco plants.
J Gen Virol 39: 343-350

Benhamou N, Broglie K, Chet I, Broglie R (1993) Cytology of
infection of 35 S-bean chitinase transgenic canola plants by
Rhizoctonia solani: cytochemical aspects of chitin breakdown
in vivo. Plant J 4: 295-305

Bernasconi P, Locher R, Pilet PE, Jollées J, Jolles P (1987)
Purification and N-terminal amino-acid sequence of a basic
lysozyme from Parthenocissus quinquifolia cultured in vitro.
Biochim Biophys Acta 915: 254-260

Bowles DJ (1990) Defense-related proteins in higher plants. Annu
Rev Biochem 59: 873-907

Brisson LF, Tenhaken R, Lamb C (1994) Function of oxidative
cross-linking of cell wall structural proteins in plant disease
resistance. Plant Cell 6: 1703-1712

Broekaert WF, Van Parijs J, Allen AK, Peumans WJ (1988)
Comparison of some molecular, enzymatic and antifungal
properties of chitinases from thorne-apple, tobacco and wheat.
Physiol Mol Plant Pathol 33: 319-331

Busam G, Kassemeyer H-H, Matern U (1997) Differential expres-
sion of chitinases in Vitis vinifera L. responding to systemic
acquired resistance activators for fungal challenge. Plant
Physiol 115: 1029-1038

Chomoczynski P, Sacchi N (1987) Single-step method for RNA
isolation by acid guanidinum thiocyanate-phenol-chloroform
extraction. Anal Biochem 162: 156-159



550 A. P. Regalado et al.: Expression of IF3 chitinase gene in Lupinus albus

Darnetty, Leslie JF, Muthukrishnan S, Swegle M, Vigers AlJ,
Selitrennikoff CP (1993) Variability in antifungal proteins in the
grains of maize, sorghum and wheat. Physiol Plant 88: 339-349

Darvill AG, Albersheim P (1984) Phytoalexins and their elicitors —
a defense against microbial infection in plants. Annu Rev Plant
Physiol 35: 243-275

de Jong AJ (1994) Characterization of an endochitinase able to
rescue the carrot somatic embryo variant tsll. PhD thesis,
Wageningen Agricultural University, Wageningen

Ernst D, Schraudner M, Langebartels C, Sandermann Jr H (1992)
Ozone induced changes of mRNA levels of f-1,3-glucanase,
chitinase and ‘pathogenesis-related’ protein 1b in tobacco
plants. Plant Mol Biol 20: 673-682

Goormachting S, Lievens S, Van de Velde W, Van Montagu M,
Holsters M (1998) Srchil3, a novel early nodulin from Sesbania
rostrata, is related to acidic class III chitinases. Plant Cell 10:
905-915

Graham LS, Sticklen MB (1994) Plant chitinases. Can J Bot 72:
1057-1083

Hon W-C, Griffith M, Mlynarz A, Kwok YC, Yang DSC (1995)
Antifreeze proteins in winter rye are similar to pathogenesis-
related proteins. Plant Physiol 109: 879-889

Jacobsen S, Mikkelsen JD, Hejgaard J (1990) Characterization of
two antifungal endochitinases from barley grain. Physiol Plant
79: 554-562

Jekel AP, Hartmann BH, Beintema JJ (1991) The primary structure
of hevamine, an enzyme with lysozyme/chitinase activity from
Hevea brasiliensis latex. Eur J Bioch 200: 123-130

Jofuku KD, Goldberg RB (1988) Analysis of plant gene structure.
In: Shaw CH (ed) Plant molecular biology. A pratical
approach. IRL Press, Oxford, pp 37-66

Joosten MHAJ, Verbakel HM, Nettekoven ME, van Leeuwen J,
van der Vossen RTM, de Wit PJIGM (1995) The phytopatho-
genic fungus Cladosporium fulvum is not sensitive to the
chitinase and f-1,3-glucanase defense proteins of its host,
tomato. Physiol Mol Plant Pathol 46: 45-49

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680-
685

Lawton K, Ward E, Payne G, Moyer M, Ryals J (1992) Acidic and
basic class III chitinase mRNA accumulation in response to
TMYV infection of tobacco. Plant Mol Biol 19: 735-743

Lawton KA, Beck J, Potter S, Ward E, Ryals J (1994) Regulation
of cucumber class III chitinase gene expression. Mol Plant-
Micobe Inter 7: 335-341

Leung DWM (1992) Involvement of plant chitinase in sexual
reproduction of higher plants. Phytochemistry 31: 1899—1900

Levine A, Pennell RI, Alvarez ME, Palmer R, Lamb C (1996)
Calcium-mediated apoptosis in plant hypersensitive disease
resistance response. Curr Biol 6: 427-437

Ludwing-Miiller J, Thermann P, Pieper K, Hilgenberg W (1994)
Peroxidase and chitinase isoenzyme activities during root
infection of Chinese cabbage with Plasmodiophora brassicae.
Physiol Plant 90: 661-670

Margis-Pinheiro M, Martin C, Didierjean L, Burkard G (1993)
Differential expression of bean chitinase genes by virus infec-
tion, chemical treatment and UV irradiation. Plant Mol Biol 22:
659-668

Matern U, Kneusel RE (1988) Phenolic compounds in plant disease
resistance. Phytoparasitica 16: 153-170

Meins F, Fritig B, Linthorst HIM, Mikkelsen JD, Neuhaus J-M,
Ryals J (1994) Plant chitinase genes. Plant Mol Biol Rep 12:
S22-S28

Meétraux JP, Burkhart W, Moyer M, Dincher S, Middlesteadt W,
Williams S, Payne G, Carnes M, Ryals J (1989) Isolation of a

complementary DNA encoding a chitinase with structural
homology to a bifunctional lysozyme/chitinase. Proc Natl Acad
Sci USA 86: 896-900

Neale AD, Wahleithner JA, Lund M, Bonnet HT, Kelly A, Meeks-
Wagner DR, Peacock WJ, Dennis ES (1990) Chitinase, 1,3-f-
glucanase, osmotin, and extensin are expressed in tobacco
explants during flower formation. Plant Cell 2: 673-684

Neuhaus J-M, Fritig B, Linthorst HIM, Meins F Jr, Mikkelsen JD,
Ryals J (1996) A revised nomenclature for chitinase genes. Plant
Mol Biol Rep 14: 102-104

Nielsen KK, Mikkelsen JD, Kragh KM, Bojsen K (1993) An acidic
class III chitinase in sugar beet: induction by Cercospora
beticola, characterization, and expression in transgenic tobacco
plants. Mol Plant-Microbe Inter 6: 495-506

Pinto MP, Ricardo CPP (1995) Lupinus albus L. pathogenesis-
related proteins that show similarity to PR-10 proteins. Plant
Physiol 109: 1345-1351

Regalado AP, Ricardo CPP (1996) Study of the intercellular fluid
of healthy Lupinus albus organs. Presence of a chitinase and a
thaumatin-like protein. Plant Physiol 110: 227-232

Samac DA, Hironaka CM, Yallaly PE, Shah DM (1990) Isolation
and characterization of the genes encoding basic and acidic
chitinase in Arabidopsis thaliana. Plant Physiol 93: 907-914

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with
chain terminator inhibitors. Proc Natl Acad Sci USA 74: 5463—
5467

Schlumbaum A, Mauch F, Vogeli U, Boller T (1986) Plant
chitinases are potent inhibitors of fungal growth. Nature 324:
365-376

Sela-Buurlage MS, Ponstein AS, Bres-Vloemans A, Melchers LS,
van den Elzen PJM, Cornellissen BJC (1993) Only specific
tobacco (Nicotiana tabacum) chitinases and f-1,3-glucanases
exhibit antifungal activity. Plant Physiol 101: 857-863

Showalter AM (1993) Structure and function of plant cell wall
proteins. Plant Cell 5: 9-23

Stachelin C, Granado J, Muller J, Wiemken A, Mellor RB, Felix
G, Regenass M, Broughton WJ, Boller T (1994) Perception of
Rhizobium nodulation factors by tomato cells and inactivation
by root chitinases. Proc Natl Acad Sci USA 91: 2196-2200

Stintzi A, Heitz T, Prasad V, Wiedmann-Merdinoglu S, Kauffm-
ann S, Geoffroy P, Legrand M, Fritig B (1993) Plant “‘patho-
genesis-related”” proteins and their role in defense against
pathogens. Biochimie 75: 687-706

Tanigawa M, Yamagami T, Funatsu G (1995) The complete amino
acid sequence of chitinase-B from leaves of Pokeweed (Phytol-
acca americana). Biosci Biotech Biochem 59: 841-847

Trudel J, Audy P, Asselin A (1989) Electrophoretic forms of
chitinase activity in Xanthi-nc tobacco, healthy and infected
with tobacco mosaic virus. Mol Plant-Microbe Inter 2: 315-324

van Hengel AJ (1998) Chitinases and arabinogalactan proteins in
somatic embryogenesis. PhD thesis. Agricultural University of
Wageningen, Netherlands

van Huijsduijnen H, Alblas SW, De Rijk RH, Bol JF (1986)
Induction by salicylic acid of pathogenesis-related proteins and
resistance to alfafa mosaic virus infection in various plant
species. J Gen Virol 67: 2135-2143

Vance CP, Kirk TK, Sherwood RT (1980) Lignification as a
mechanism of disease resistance. Annu Rev Phytopathol 18:
259-288

Vogelsang R, Barz W (1993) Cloning of a class III acidic chitinase
from chickpea. Plant Physiol 103: 297-298

Yeboah NA, Arahira M, Nong VH, Zhang D, Kadokura K,
Watanabe A, Fukazawa C (1998) A class III acidic endo-
chitinase is specifically expressed in the developing seeds of
soybean (Glycine max [L.] Merr.). Plant Mol Biol 36: 407415



