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ABSTRACT

Liu, J.-J., Ekramoddoullah, A. K. M., and Zamani, A. 2005. A class IV
chitinase is up-regulated by fungal infection and abiotic stresses and
associated with slow-canker-growth resistance to Cronartium ribicola in
western white pine (Pinus monticola). Phytopathology 95:284-291.

In the present study, in a candidate gene approach, a class IV chitinase
gene (PmCh4A) of pathogenesis-related family three was cloned and
characterized in western white pine (Pinus monticola). PmCh4A chitinase
expression in the different organs of healthy seedlings was below levels
detectable by western immunoblot analysis using an antibody raised
against PmCh4A protein. However, a 27-kDa isozyme of PmCh4A accu-

mulated in both susceptible and slow-canker-growth (SCG) resistant
seedlings after infection by Cronartium ribicola. As with fungal infection,
the application of a signal chemical (methyl jasmonate) and a protein
phosphatase 1 and 2A inhibitor (okadaic acid) increased the PmCh4A
protein accumulation. Furthermore, another 26-kDa isozyme was ex-
pressed specifically in SCG resistant seedlings, providing a potential tool
for marker-assisted selection in forest breeding. Wounding treatment also
induced expression of the protein. These data suggest that the class IV
chitinase PmCh4A is involved in the defense response of western white
pine to infection and abiotic stresses.

Western white pine (WWP; Pinus monticola Dougl. Ex D. Don)
is a fast-growing species that reduces rotation period and
increases quantity of wood in second-growth forests. This conifer
has excellent genetic resistance to root rot caused by Inonotus
tomentosus, Armillaria spp., and Phellinus weirii. However, it is
rarely planted because of an epidemic of white pine blister rust
caused by the fungus Cronartium ribicola (J.C. Fisch) which was
introduced to North America around 1910. This rust is an
ecologically and economically significant disease and has resulted
in reduced planting of WWP and other five-needle pines (28).

Because almost all North American WWP is susceptible to
C. ribicola, it is important both to obtain genetic resistance to
C. ribicola and to maintain genetic diversity among populations
used in WWP breeding programs. Genetic resistance to white
pine blister rust varies widely among WWP populations. Several
types of WWP genetic resistance to white pine blister rust, in-
cluding slow-canker-growth (SCG) (18) and major dominant gene
resistance (Cr2) (21), have been identified after multiyear genetic
breeding studies. SCG resistance is a durable resistance that is
expressed in WWP seedling stems; it restricts the infection area,
and cankers eventually heal (18). Different kinds of SCG resis-
tance have been observed, suggesting that it might be controlled
by multiple genes (12,25). At present, the selection of SCG
resistance is a long-term task, requiring at least 6 to 7 years for
the SCG phenotype to be fully expressed. A WWP breeding
program requires increased understanding of the plant’s defense
mechanisms against C. ribicola, as well as a search for potential
molecular markers for marker-assisted selection.

Chitinases are hydrolytic enzymes (EC 3.2.1.14) that catalyze
the hydrolysis of chitin, a polymer of N-acetyl-D-glucosamine.
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Chitin is a major component of cell walls of all true fungi, but is
absent from plant cells. More than 100 chitinase genes and pro-
teins have been identified in diverse plants. In the classification
system of glycosyl hydrolases, chitinases belong to families 18
and 19, based on the similarity of the catalytic domain sequences.
Within these two families, chitinases are further grouped into
seven classes according to their structures, enzymatic properties,
and subcellular localizations. Class I, II, IV, VI, and VII chitinases
make up family 19, whereas class III and V chitinases constitute
family 18 (32). Under normal conditions, chitinases are expressed
at low levels in certain organs at specific developmental stages,
suggesting that some of them play a role in plant development
(35).

Many chitinases are up-regulated by abiotic and biotic stimuli,
such as fungal, bacterial, viral, and pest attacks. Chitinases are
therefore also classified under the pathogenesis-related (PR) pro-
tein families PR3, PR4, PRS, and PR11, respectively (32,43). The
important roles that chitinases play in plant defense systems have
been supported by their pathogen-induced gene expression pat-
terns (16,27,32,39,47), in vitro antifungal activity (1,30,31,42),
and enhanced transgene resistance against pathogens (2,4,16,
20,32,45,48). However, in other studies no effect on fungal resis-
tance has been found when chitinase levels were up-regulated or
down-regulated in transgenic plants (16,32,33,41). More research
is needed to elucidate how chitinases function in plant defense
mechanisms.

Although the pathogen C. ribicola causes severe damage on
five-needle pines, the mechanisms of pathogenicity and host de-
fense response are poorly understood. In recent years, we have
applied a proteomic strategy to investigate plant defense mecha-
nisms in conifer pathosystems during fungal infection (12).
Protein profiles from two-dimensional gels have been compared
to search for differentially expressed proteins from susceptible
and resistant conifers during pathogen infection (6,14). We have
focused on the role that PR proteins may play in the host defense
response. Proteins of PR3 (6), PRS (36), and PR10 (11,26) and an



antifungal peptide (6,13) have been found to be up-regulated by
fungal infection in WWP.

To explore the possible involvement of chitinases in the defense
response of conifers, an expressed sequence tag encoding a class
IV chitinase gene (PmCh4A) was isolated from WWP needles
infected by C. ribicola. The cDNA cloning, genomic organiza-
tion, and expression in response to fungal infection and abiotic
stimuli are described here for PmCh4A.

MATERIALS AND METHODS

Plant materials and experimental treatments. Bark, twig,
foliage, and root tissues were collected from fungus-infected
seedlings and from uninfected, healthy WWP seedlings (Pinus
monticola). To infect seedlings with C. ribicola, 2-year-old seed-
lings from seed lots 3093, 3110, 3115, and 3117 were inoculated
in a Ribes (disease) garden with a composite inoculum from six
coastal British Columbia sources of C. ribicola in August 1992.
Seedlings were placed beneath C. ribicola-infected Ribes plants
for 1 month while basidiospores were being released. The seed-
lings were grown outdoors under natural day length and tempera-
ture conditions at Cowichan Lake Research Station, Vancouver
Island. Following infection, seedlings showing either of two phe-
notypes were selected for this study: susceptible seedlings that ex-
press cankers on stems, which eventually kill the seedlings; SCG
seedlings that express limited cankers on stems, which eventually
heal, and the seedlings survive. Bark, twig, and foliage samples
were collected individually from nine infected seedlings for each
phenotype in July 1995 for protein extraction. WWP seedlings
used in all other experiments were grown in styrofoam blocks in
shade houses or growth chambers at the Pacific Forestry Centre,
Victoria, British Columbia, Canada.

The seedlings that were treated with methyl jasmonate (MelJ),
okadaic acid (OA), and wounding were grown from a single seed
lot in July and August 2000 and 2001 as described previously
(26). Briefly, for wounding treatments, the needles were crushed
at intervals of 3 to 4 mm with fine forceps and held in petri dishes
for incubation. For chemical treatments, the needles were put into
test solutions without chemicals (control) or into solutions with
chemicals and transferred to petri dishes. Each dish had 3 MM
Whatman paper dampened with 1 uM MeJ or 1 uM OA. Each
treatment was repeated three times. Each time tissue samples
were taken from three individual seedlings, frozen in liquid nitro-
gen, and stored at —80°C until analyzed.

Cloning of PmCh4A chitinase gene. To clone chitinase cDNA,
the first-strand cDNA was synthesized with a template of total
RNA extracted from infected needles of resistant seedlings using
a SMART cDNA Library Construction Kit (Clontech Laborato-
ries, Palo Alto, CA) and following the manufacturer’s instruc-
tions. A reverse transcription-polymerase chain reaction (RT-
PCR) strategy was used for cDNA cloning of the chitinase gene.
A reverse primer Ch3 (5'-ATT CTT CAT CCA GAA CCA-3') was
designed at a highly conserved motif (WFWMKN) in the cata-
lytic domain of the chitinase family. PCR was carried out with
primer Ch3 and the Clontech PCR 5’ primer to amplify the 5’ end
of the chitinase gene, including the 5'-untranslated region (5'-
UTR) and the N-terminal coding region. Sequence analysis
showed that the DNA fragment was a partial sequence of a class
IV chitinase gene. Then, a gene-specific forward primer, Ch4A-5
(5'-GAATCA ACA CAT CAA ATA ATC AGT TTG-3") within 5'-
UTR, was designed and synthesized. PCR was performed using
the primer pair Ch4A-5/0ligo(dT)30 to amplify the full-length
PmCh4A cDNA from its 5'-UTR to the poly A tail. Full-length ge-
nomic clones were subsequently isolated by PCR with a genomic
DNA template pooled from 10 disease-resistant seedlings using
the forward primer Ch4A-5 and a reverse primer based on the 3'-
UTR of the PmCh4A cDNA, Ch4A-3: 5'-GCC ATG GAC ATC
AAT GAT AAT TG-3'".

PCR was carried out with a PCR Master Mix Kit (Qiagen Inc.,
Mississauga, Canada) using first-strand cDNA as the template.
PCR thermal cycling conditions with primer pairs Clontech PCR
5" primer/Ch3 consisted of an initial denaturation step at 94°C for
1 min followed by 35 cycles of denaturation at 94°C for 30 s, an-
nealing at 45°C for 1 min, and extension at 72°C for 2 min, with a
final 10-min extension at 72°C. For the PCR with primer pairs
Ch4A-5/oligo(dT)sy or Ch4A-5/Ch4A-3, amplification conditions
were the same as above except that the primer annealing and
extension steps were combined at 68°C for 3 min. After agarose
gel fractionation, the amplified DNA fragments with the ex-
pected sizes were purified and cloned into the pGEM-T easy
vector (Promega, Madison, WI) according to the manufacturer’s
instructions.

DNA sequencing and computer analysis. DNA sequences of a
few cDNA or genomic DNA clones were determined on both
strands at the DNA Sequencing Facility at the Centre for
Biomedical Research, University of Victoria, BC, Canada. DNA
sequence data were assembled and analyzed using BLAST,
Clustal W, and open reading frame finder network services at the
National Center for Biotechnology Information (NCBI). A phy-
logenetic tree based on the amino acid sequence alignment was
constructed (22). The reliability of the tree was established by
conducting 1,000 neighbor-joining bootstrap sampling steps. All
of the cDNA clones were identical. However, the genomic clones
represented two distinct sequences from 10 independent recombi-
nant clones. PmCh4A sequences of one cDNA and two genomic
clones are deposited as GenBank accession nos. AY500842 to
AY500844.

DNA blot analysis. For DNA blot analysis, genomic DNA was
isolated from young needles of resistant seedlings with the Plant
DNeasy Kit (Qiagen). After digestion with appropriate restriction
endonucleases, genomic DNA fragments (20 ug per lane) were
separated by electrophoresis in 0.8% agarose gel and blotted onto
a nylon membrane. The PmChi4A cDNA probe was labeled with
digoxigenin using a random primer labeling kit (Roche Applied
Science, Laval QC, Canada). Hybridization and washing condi-
tions were the same as those for RNA blot analysis described
previously (24).

Production of specific anti-chitinase antibody and western
immunoblot analysis. An antigenic region (CASGKSYHGR-
GPLQLS) within the protein deduced from the PmCh4A cDNA
sequence was identified by the DNASTAR Program (DNASTAR
Inc., Madison, WI). The synthesis of this antigenic peptide and
production of a polyclonal antibody were carried out under a
contract with MPS (Multiple Peptide Systems, San Diego, CA).
Five milligrams of purified peptide was coupled through the
terminal cysteine thiol to a carrier protein, keyhole limpet hemo-
cyanin (KLH). The peptide-KLH was emulsified by mixing with
Freund’s complete adjuvant, and injected into five or six subcu-
taneous dorsal sites, for a total volume of 0.6 ml (0.5 mg of
peptide and 1.0 mg of conjugate) per immunization. Rabbits were
repeatedly injected (over 2 months) with immunogen under a
proprietary immunization schedule. Immunoaffinity gel was pre-
pared with the synthetic peptide and antibody purification was
carried out using affinity chromatography. Purity and specificity
of the purified antibody were checked by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and by enzyme-
linked immunosorbent assay (ELISA).

Total protein extraction, SDS-PAGE, and immunological detec-
tion of protein blots were carried out as described previously (11).
The scanning, detection, and quantification of the blots were
performed with Bio-Rad’s Quantity One Software (version 4.0)
(Bio-Rad, Mississauga, Canada) according to the instruction
manual. The protein level detected by western immunoblot
analysis was calculated based on the optical density (OD) of all
pixels within the band boundary and expressed in OD units X
millimeter.
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RESULTS

Isolation and nucleotide sequence of a class IV chitinase
gene. PCR using the Ch3 primer and the Clontech PCR 5’ primer
produced a DNA fragment about 700 bp long. A BLAST search
revealed that the nucleotide sequence showed significant similar-
ity with class IV chitinase genes of the PR3 family found in other
species. Its full-length coding region, plus its 3'-UTR, was cloned
with RT-PCR using the gene-specific primer Ch4A-5 and the
oligo(dT)30 primer. The isolated WWP chitinase cDNA was
designated PmCh4A.

The PmCh4A cDNA is 1,104 nucleotides in length and contains
a putative poly (A) signal 5'-AATAAA-3' in the 3'-UTR.
PmCh4A has an open reading frame of 822 nucleotides that en-
codes a polypeptide of 273 amino acids. The presence of two in-
frame stop codons in the 5'-UTR of PmCh4A indicates that the
complete reading frame was obtained. Comparative analysis of
the deduced amino acid sequence with other chitinases reveals
that PmCh4A, from N- to C-terminal end, consists of a signal
peptide, a cysteine-rich chitin-binding domain, a glycine-rich
hinge domain, and a catalytic domain (Fig. 1). The sequence of
the first 25 amino acids at the N-terminal end is typical of signal
peptides with a highly hydrophobic core and a typical amino acid
composition near the cleavage site (Fig. 1) (46). PmCh4A chiti-
nase does not contain a C-terminal extension signal sequence,
which is necessary for vacuolar targeting of mature proteins, sug-
gesting an extracellular location. The PmCh4 A mature protein has
a predicted molecular mass of 25 kDa and an isoelectric point of
8.31. A chitin-binding domain signature PS00026 (2), C-x(4,5)-C-
C-5-x(2)-G-x-c-g-x(4)-[FYW]-C, is localized downstream of the
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signal peptide from positions Cys-30 to Cys-49 (Fig. 1). A con-
served motif (NYNYG), essential to hydrolytic activity (44), is
found in the catalytic domain at position Asn-177 to Gly-181. The
structural features of PmCh4A suggest that it may have substrate
and enzyme activity similar to those of other chitinases. A poten-
tial N-linked glycosylation site (N-X-S/T) is present at the C-
terminal region. Compared with class I chitinases, class IV chiti-
nases have four deletions: one in the chitin-binding domain and
three in the catalytic domain. These characteristic deletions are
also identified in the PmCh4A protein, indicating that it belongs
to class IV chitinases of the PR3 family.

The amino acid sequence alignment showed that PmCh4A
chitinase had different identities with class IV chitinases reported
in other species, including Pgchi (85%) from Picea glauca (10),
Vvchi4A (60%) and Vvchi4B (59%) from grape berry (Vitis vinif-
era) (38), BvSP2 (50%) from sugar beet (Beta vulgaris) (34),
AtchitlV (50%) from Arabidopsis thaliana (8,35), and P4ch
(49%) from common bean (Phaseolus vulgaris) (29). A
phylogenetic tree was constructed based on the deduced protein
sequences of class IV chitinases of the PR3 family found in
GenBank (Fig. 2). PmCh4A was most closely clustered with a
class IV chitinase member from Picea glauca (Pgchi) and
distantly related to other class IV chitinases from angiosperms,
including representative species of dicots (A. thaliana and
Phaseolus vulgaris) and monocots (Oryza sativa and Zea mays).
This suggests rapid adaptive evolution may have occurred in class
IV chitinases after the divergence of gymnosperms and
angiosperms (3).

Genomic organization. To determine the genomic organiza-
tion of PmCh4A, genomic DNA of SCG seedlings was amplified
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Fig. 1. Alignment of the amino acid sequences of class IV chitinases. The predicted amino acid sequence of PmCh4A is aligned with the amino acid sequences of
representative class IV members of the pathogenesis-related family 3 from Picea glauca (Pgchi-1), Arabidopsis thaliana (AtchitlV), Phaseolus vulgaris (PvChi4),
and Zea mays (ZmchA). Numbers correspond to the last amino acid position on each line. Letters with black and shaded background indicate amino acid residues
that are identical or similar in all sequences, respectively. Hyphens show gaps in sequences for the best alignment. The N-terminal signal peptide, chitin-binding,
hinge, and catalytic domains are marked. The 12 cysteine residues conserved in this class of chitinases are labeled with asterisks.
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by PCR with the gene-specific primers Ch4A-5 and Ch4A-3.
Sequence analysis of PCR fragments revealed genomic DNA
polymorphism of the WWP class IV chitinase gene. The genomic
clone PmCh4Aa is almost identical to the cDNA clone PmCh4A
except for four nucleotides, two in the coding region and two in
the 3'-UTR. Only one of the nucleotide substitutions results in an
amino acid change (Rj,; to Gyp). Except for intron regions,
genomic clone PmCh4Ab has 98% identity with cDNA clone
PmCh4A at the nucleotide level and 96% at the deduced amino
acid level. The putative mature proteins encoded by PmCh4Aa
and PmCh4Ab have the same pl and slightly different molecular
masses (25.3 and 25.7 kDa, respectively), so they may not be
separable on a protein gel. Interestingly, the primers Ch4A-5 and
Ch4A-3 failed to amplify fragments from genomic DNA pooled
from 10 susceptible seedlings. But a pair of primers targeted at
internal regions of the conserved amino acid sequence amplified
predicted DNA fragments of class IV chitinase from the genomic
DNA of the susceptible seedlings. Although the exon sequences
of these class IV chitinase gene fragments from susceptible
seedlings were highly identical to the corresponding cDNA
regions of PmCH4A, their intron sequences had no obvious
homology with those of PmCH4Aa or PmCh4Ab (data not
shown). These data suggest that the sequence of class IV chitinase
genes in SCG seedlings is different from that in susceptible
seedlings.

Both PmCh4Aa and PmCh4Ab contain two introns of 311 and
90 bp, respectively. These two introns are AT rich (69%) and
possess a consensus splice junction of 5'-GT and 3'-AG. The two
introns share 95 and 98% identities between PmCh4Aa and
PmCh4Ab, suggesting that these two genomic clones probably
represent alternate alleles of the PmCh4A locus. The presence of
two introns is unique in class IV chitinase genes, because only
one intron has been identified in angiosperm class IV chitinase
genes. The position of the first PmCh4A intron is identical to that
of the sole intron of angiosperm class IV chitinase genes, such as
A. thaliana AtchitlV (8) and Phaseolus vulgaris P4-ch (29). The
positions of both PmCh4A introns are the same as those of the
two introns found in most angiosperm class I and II chitinase
genes, which suggests a common ancestry for the PR3 family
during plant evolution.
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Fig. 2. Phylogenetic tree of amino acid sequences of PmCh4A and class IV
chitinases from other species. This phylogenetic tree was constructed based on
the comparison of PmCh4A amino acid sequence with other class IV chitinase
sequences using the software Clustal W. The class IV chitinases analyzed here
include EP3B/E6 and EP3-1/H5 from carrot (U52845 and U52848), OsChi4
from Oryza sativa (CAD41543), ZmchA from Zea mays (A42424), VvChi-4A
and VvChi-4B from Vitis vinifera berry (U97521 and U97522), AtchitlV from
Arabidopsis thaliana (Y14590), PvChi4 from Phaseolus vulgaris (X57187),
BvSP2 from Beta vulgaris (L25826), BnCh4B from Brassica napus (X61488),
and Pgchi from Picea glauca (L42467). A class I chitinase NtChil-B from
Nicotiana tabacum (X64519) is used as an outgroup in this tree. The scale at
the lower part of the figure indicates genetic distance proportional to the
substitutions per site.

In order to investigate the organization of this chitinase gene in
the WWP genome, genomic DNA was digested with restriction
enzymes EcoRV, EcoRI, and BamHI and hybridized with a full-
length cDNA probe. DNA blot analysis showed two strong bands
in each digest under high stringency conditions (Fig. 3). However,
two close BamHI sites and one EcoRlI site are present in the ge-
nomic DNA sequences of both PmCH4Aa and PmCH4Ab. These
results suggest that PmCh4A may be a single copy gene in the
WWP genome.

PmCh4A gene expression in healthy seedlings and seedlings
infected by C. ribicola. To detect PmCh4A chitinase, an antibody
against the synthesized peptide of an antigenic region in PmCh4A
was raised and purified by affinity chromatography. The specific-
ity of this antibody was established by western blot analysis.
Western blot analysis demonstrated that this antibody specifically
detected only one or two bands with the expected size of
PmCh4A in crude protein extract from pathogen-infected tissues.

The PmCh4A chitinase protein was not detected by western im-
munoblot in the total proteins extracted from any organs of
healthy seedlings before C. ribicola infection (data not shown).
However, the PmCh4A protein was found to have accumulated in
different parts of both susceptible and SCG resistant seedlings
3 years after fungal infection. Western immunoblot analysis
demonstrated that the accumulation pattern of PmCh4A chitinase
in needles was similar to that of Cro r I, a C. ribicola protein we
used as an indicator for the level of fungal infection in host tissues
(15). The highest level of both Cro r I and PmCh4A proteins was
detected in current-year needles, with the next highest level in

N
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Fig. 3. PmCh4A genomic copy number determined by Southern blot analysis.
Western white pine genomic DNA (20 pg per lane) was digested with restric-
tion enzymes indicated above and separated by electrophoresis on a 0.8%
agarose gel. DNA samples were transferred onto a nylon membrane and
hybridized with a DNA probe of PmCh4A cDNA.
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1-year-old needles and the lowest level in 2-year-old needles (Fig.
4A and D). Fungal Cro r I protein distribution in twigs of different
ages was similar to that in needles of different ages; PmCh4A
protein level showed no significant difference among twigs of dif-
ferent ages (Fig. 4B and E).

Stem bark tissues were sampled only from cankered susceptible
seedlings and not from SCG seedlings because this would have
destroyed seedlings saved for orchard propagation. Accumulation
of PmCh4A proteins in bark tissues sampled from canker regions
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and regions adjacent to cankers on infected stems of susceptible
seedlings was analyzed (Fig. 5). A high level of Cro r I was ob-
served in cankers and in the marginal regions with yellow color,
adjacent to cankers. Cro r I was still detectable in the healthy re-
gions away from the canker (Fig. 4C and F). The accumulation
pattern of PmCh4A protein was the inverse of that of Cro r I pro-
tein; PmCh4A protein was rarely detected in the canker, but a
moderate level of PmCh4A protein was found in the marginal
regions and a high level in the healthy regions (Fig. 4C and F).
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Fig. 4. Accumulation of PmCh4A chitinase in Cronartium ribicola-infected Western white pine organs of susceptible and slow-canker-growth (SCG) resistant
seedlings. Western immunoblot analyses were performed to detect PmCh4A chitinase accumulation in different organs 3 years after infection by C. ribicola. Total
protein samples were extracted from plant tissues. Protein extracts (50 pg per lane) were separated on 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels and transferred onto PVDF membranes. The protein blots were detected with an antibody against PmCh4A protein or an antibody against the
fungal protein Cro r I of C. ribicola. A and D, Protein levels in needles of different ages; B and E, protein levels in twigs of different ages; and C and F, protein
levels in different regions of canker-lesioned barks of susceptible seedlings. A, B, and C, Western immunoblot analyses show results from only two of nine
seedlings. D, E, and F, Bar graphs show quantified protein levels. Western immunoblot signals were quantified using Quantity One Software (Bio-Rad,
Mississauga, Canada). Each bar represents the means (£SE) of nine individual seedlings. R-PmCh4A, PmCh4A chitinase level in the tissues of SCG resistant (R)
seedlings; S-PmCh4A, PmCh4A chitinase level in the tissues of susceptible (S) seedlings; S-Cro r I, Cro r I protein level in the tissues of susceptible (S) seedlings.

288 PHYTOPATHOLOGY



The PmCh4A antibody detected similar chitinase accumulations
in the susceptible and SCG resistant seedlings; however, only one
chitinase isozyme of 27 kDa was detected in all susceptible
seedlings, whereas two chitinase isozymes of 27 and 26 kDa were
observed in all SCG resistant seedlings (Fig. 4).

PmCh4A expression induced in response to signal chemicals
and wounding. To characterize defense-related activation of
chitinase synthesis, the responses to signal compound MelJ and
OA were investigated. As shown in Figure 6, western immunoblot
analysis revealed the time course accumulation of PmCh4A pro-
tein in needles treated with MeJ and OA. MeJ at 1 pM stimulated
the accumulation of chitinase within 2 days of treatment. The
enhanced effect of Mel] on chitinase accumulation continued
through 4 days after treatment, 4 days being the longest time
tested (Fig. 6). Compared with the control (0 days), the treatment
with 1 uM OA also significantly increased levels of PmCh4A
protein in WWP needles (Fig. 6). Wounding also induced
PmCh4A chitinase to a barely detectable level 8 days post-
treatment (Fig. 6). These results suggest that PmCh4A protein
accumulation in plant defense is mediated by signal chemicals.

DISCUSSION

In a candidate gene approach to study conifer defense response
against white pine blister rust, we cloned a class IV chitinase gene
(PmCh4A) from WWP using a PCR strategy. The differential pro-
tein expression of PmCh4A was characterized under C. ribicola
attack in both susceptible and SCG resistant seedlings by western
blot analysis. Class IV chitinase genes have been reported from a
few angiosperms, but few have been studied in conifer species,
and to our knowledge, this is the first description of a chitinase
gene in WWP. Constitutive expression of PmCh4A mRNA was
detected in roots, stems, and vegetative shoots (data not shown).
In other plant species, class IV chitinase expression was found
during embryogenesis (9,10,35), in senescing Brassica napus
leaves (17), and in ripening grape berries (38). This suggests that
class I'V chitinases participate in plant growth and development.

The expression of class IV chitinase not only varies by develop-
mental stage in plant growth but is regulated by biotic and abiotic
stresses. Like other PR proteins induced in the conifer defense re-
sponse (12), the accumulation of PmCh4A protein during C. ribi-
cola infection suggests a role in disease resistance. In the present
study, a fungal marker probe (antibody against Cro r I protein)
was used to indicate the colonization of C. ribicola in WWP or-
gans (Fig. 4). In the needles where the initial infection occurred,
the induced PmCh4A levels were positively related to the fungal

Fig. 5. The morphologies of a canker developed on the bark of a susceptible
seedling (left) and of one phenotype of slow-canker-growth resistance to
Cronartium ribicola in western white pine (right).

infection levels (Fig. 4A). After infection, the pathogen grew and
spread from needles to twigs and developed into cankers on the
stems. The apparent inhibition of PmCh4A in cankers or canker
margins (Fig. 4C) suggests the pathogen may have some mecha-
nism to overcome the host defense response in susceptible seed-
lings. The isozyme pattern of class IV chitinases in SCG resistant
seedlings after fungal challenge differed from that found in
susceptible seedlings (Fig. 4). This result suggests that PmCh4A,
among a set of inducible PR proteins triggered by the host—
pathogen interaction (25), may play a role in genetic resistance to
C. ribicola infection in WWP.

Similar to other PR3 genes (16,32), PmCh4A transcript was
strongly induced in needles in response to mechanical wounding
(data not shown). The wound-inducible mRNA expression of
WWP PR3 (PmCh4A) and PR10 genes reached a high level 1 day
posttreatment, as did chitinase mRNAs observed in other species
(16). The speed and maintenance of the response seems to depend
on the types of organs wounded, treatment procedures, and which
chitinase is examined (16). In many cases, wounding results in the
accumulation of both chitinase protein and mRNA (16). PmCh4A
transcript was not detectable in the needles, but increased to high
levels from 1 to 8 days postwounding treatment, the longest inter-
val tested (data not shown). During the same time course, wound-
induced protein accumulation of PmCh4A was very slow and
weak (Fig. 6), which was also the case for tobacco class II chiti-
nases PR-P and PR-Q (16).

C. ribicola infects WWP, causing blisters, and these wound
sites provide pathways by which other pathogens can infect the
plant. Defense-related proteins, such as chitinases, PR10 proteins
(11,26), and thaumatin-like proteins (36), are induced in WWP
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Fig. 6. Time course expression of PmCh4A chitinase in slow-canker-growth
resistant western white pine in response to wounding, methyl jasmonate
(MeJ), and okadaic acid (OA) treatments. Needles were harvested for protein
extraction at 0 (day; control), 1, 2, 4, and 8 days after wounding, 1 uM MeJ
treatment, or 1 uM OA treatment, respectively. Top panel shows western im-
munoblot analysis; bottom panel shows quantified PmCh4A protein levels.
Protein extracts (50 pg per lane) were separated by electrophoresis on sodium
dodecyl sulfate-polyacrylamide gels, blotted to PVDF membranes, and de-
tected using a PmCh4A antibody. Western immunoblot signals were quantified
using Quantity One Software (Bio-Rad, Mississauga, Canada). Each bar
represents the means (£SE) of three independent experiments.
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around wound sites. These PR proteins may create a molecular
barrier that synergistically prevents pathogen invasion in WWP.
Class IV chitinase genes have been found to be involved in plant
defense response after pathogen attack in angiosperm species, in-
cluding A. thaliana (8), Beta vulgaris (34), Brassica napus (37),
Medicago truncatula (40), and Phaseolus vulgaris (23,29).
Class I chitinases in the PR3 family were shown to inhibit the
growth of many fungi in vitro (1,16,30,32,42). However, the
antifungal activity of PmCh4A against C. ribicola has yet to be
investigated.

The plant growth regulator JA and its methyl ester, MeJ, are
naturally present in plant tissues and are involved in both regula-
tion of plant development and response to environmental stresses
such as wounding and pathogen attack. As a signaling chemical,
MeJ mediates the inducible expression of PR genes in the plant
defense response (5). OA is a membrane-permeable inhibitor of
serine and threonine phosphatase type 1 and type 2A. Protein
phosphorylation and dephosphorylation play key roles in the
regulation of gene expression through a complex network of sig-
nal-transduction pathways initiated by environmental factors (19).
Mel and pathogen challenge have induced transcripts of both
class I and IV chitinases in Pinus elliottii (7). In this study,
PmCh4A expression was induced by biotic and abiotic stresses,
suggesting that it may play an important role in the plant defense
response. However, there is no direct evidence regarding signaling
pathways or components that regulate class IV chitinase expres-
sion in WWP. Our results revealed that MelJ, OA, and C. ribicola
infection resulted in the accumulation of PmCh4A chitinase (Figs.
4 and 6) and PR10 proteins (26). The increase in PR3 and PR10
protein levels induced by OA suggests that hyper-phosphorylation
of one or more target proteins may be involved in the signal-trans-
duction pathway of the defense response in WWP.

During the last 5 years, seedlings carrying the Cr2 resistant
gene were repeatedly inoculated with C. ribicola isolates from
British Columbia, and this resistance gene protects against these
isolates (12). In a subsequent study, the dominant resistance gene
Cr2 was crossed into SCG to establish Cr2 x SCG seed orchards
in British Columbia. Such hybrids will be used as pollen sources
in tree breeding. Offspring carrying Cr2 can readily be identified
from inoculation studies, but SCG occurs in the stem and is
masked by the Cr2 defense. Because of this masking, a marker
for SCG is needed to identify its presence in Cr2 trees. One
26-kDa PmCh4A isozyme accumulated exclusively in SCG resis-
tant seedlings following fungal challenge by western blot analysis
(Fig. 4). The isozyme’s application as a potential molecular tool
for marker-assisted selection in WWP breeding at early stages of
disease infection is being investigated within a larger population.
This exclusivity to SCG resistant seedlings suggests that there
may be a difference in chitinase gene regulation, posttranslational
modification, or gene organization between susceptible and SCG
trees. Identification of a DNA marker for SCG resistance selec-
tion will shorten the time required to select SCG seedlings in a
breeding program from 6 or 7 years to a few months.
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