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ABSTRACT Healthy tobacco plants accumulate B-1,3-
glucanases (glucan endo-1,3-B-glucosidase; EC 3.2.1.39) in
their roots and in specific parts of the flowers. After infection
with tobacco mosaic virus, acidic and basic B-1,3-glucanases
are induced in the inoculated and virus-free leaves of the plant.
An analysis of cDNA clones demonstrated that at least five
genes for acidic B-1,3-glucanases are induced after tobacco
mosaic virus infection. Southern blot analysis indicated that the
tobacco genome contains approximately eight genes for acidic
B-1,3-glucanases and a smaller number of genes encoding basic
B-1,3-glucanases. Genes from both gene families were cloned
and sequenced. The basic isozymes contain a C-terminal ex-
tension that is cleaved off during their targeting to the vacuoles.
This extension is absent in the acidic isozymes, which accumu-
late extracellularly. Northern blot hybridization showed that
genes encoding acidic and basic 8-1,3-glucanases are strongly
induced after tobacco meosaic virus infection or salicylate
treatment of tobacco. The cloning of these genes is a first step
toward the identification of regulatory elements involved in
their coordinate induction.

The hypersensitive response of plants to pathogens triggers
the de novo synthesis of a large number of proteins with a
putative role in defense mechanisms. A subset of these
proteins is known as the ‘‘pathogenesis-related (PR) pro-
teins’’ (for recent reviews, see refs. 1 and 2). The PR proteins
induced in tobacco after infection with tobacco mosaic virus
(TMYV) have been classified into five groups (3). Groups 1, 2,
3, and 5 contain acidic isoforms that are secreted into the
intercellular space of the leaf as well as basic isoforms that
accumulate in the vacuoles of leaf cells. In group 4 only acidic
extracellular proteins have been identified so far. Genes for
the basic proteins in groups 1, 2, and 3 are constitutively
expressed in the roots of healthy plants and their synthesis is
coordinately induced by the plant hormone ethylene (4).
Moreover, the accumulation of proteins from groups 1, 2, and
3 in specific parts of tobacco flowers indicates that these
putative defense proteins may fulfill highly specialized func-
tions in healthy plants as well (5).

So far, an enzymatic function has been identified only for
the tobacco PR proteins in groups 2 and 3. Within the PR-2
group four acidic proteins (PR proteins 2, N, O, and Q’) and
one basic protein were shown to have g-1,3-glucanase (glu-
can endo-1,3-B-glucosidase; EC 3.2.1.39) activity (6, 7).
Group 3 contains two acidic proteins (PR-P and PR-Q) and
two basic proteins (Ch.32 and Ch.34) with endochitinase
activity (8). Because a mixture of B-1,3-glucanases and
chitinases was found to inhibit fungal growth on agar plates,
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it has been suggested that these hydrolases play a role in the
induced resistance of plants to fungal infection (9).

To obtain a better understanding of the function of these
proteins in the healthy and diseased plants we have recently
characterized cDN A and genomic clones encoding acidic and
basic chitinases of tobacco (10). The present study describes
an analysis of the genes encoding $-1,3-glucanases that are
expressed after TMV infection of Samsun NN tobacco.$

MATERIALS AND METHODS

Synthesis and Analysis of cDNA Libraries. Isolation of
poly(A) RNA from TMV-infected tobacco and the construc-
tion of Agtll and AZAP (Stratagene) cDNA libraries were as
described (10). Recombinant phages were screened using a
polyclonal antiserum to PR proteins 2 and N (11) or with
[*?PIcDNA inserts with glucanase sequences. The antiserum
was a gift from L. C. van Loon (Wageningen, The Nether-
lands). cDNA inserts were subcloned in M13 derivatives for
sequence analysis (10).

Analysis of Genomic Clones. A genomic DNA library of
Samsun NN tobacco in Charon 35 was screened for the
presence of glucanase sequences using [*2PJcDNA inserts
(12). DNA from positive clones was isolated and restriction
fragments containing glucanase sequences were subcloned
for sequence analysis.

DNA Blot Analysis. Nuclear genomic DNA, isolated from
Samsun NN tobacco leaf, was digested with EcoRI or
Hindlll, electrophoresed on 0.8% agarose gels, blotted, and
hybridized to 32P-labeled subfragments of cDNA clones
corresponding to acidic and basic 8-1,3-glucanases (12). The
subfragments were devoid of internal EcoRI or HindIII sites.
After hybridization the blots were washed at 65°C in 30 mM
NaCl/3 mM sodium citrate, pH 7.5, containing 0.1% sodium
dodecyl sulphate.

RNA Blot Analysis. Total RNA from uninfected, TMV-
infected, or salicylate-sprayed tobacco leaves was electro-
phoresed in agarose gels, blotted, and hybridized to specific
glucanase cDNA probes as described (10). RNA was isolated
4 days after TMYV inoculation or salicylate treatment (13).

RESULTS

Characterization of cDNA Clones Encoding -1,3-Glucan-
ases. Screening of a Agtll cDNA expression library of
TMV-infected Samsun NN tobacco leaf with an antiserum to
PR proteins 2 and N resulted in the isolation of several

Abbreviations: PR, pathogenesis-related; TMV, tobacco mosaic
virus.
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positively reacting clones. Sequence analysis of one of the
inserts showed that the encoded protein was similar to the
sequence of a basic B-1,3-glucanase protein encoded in
cDNA clones derived from tobacco callus incubated on
hormone-free medium (14), indicating that it could corre-
spond to an acidic B8-1,3-glucanase indeed. Rescreening of the
library with the 3?P-labeled insert of this clone yielded 30
independent clones that subsequently were isolated and
characterized by sequence analysis or restriction enzyme
mapping. All clones were =600 base pairs (bp) long and
terminated at an internal EcoRI site in the cDNA. Subse-
quent screening of a AZAP library resulted in several addi-
tional clones containing longer inserts. Five different g-1,3-
glucanase cDNA sequences were found (Fig. 1), none of
which corresponds to the cDNA sequences encoding basic
B-1,3-glucanase (14). In total, 34 clones were characterized,
with 22 clones belonging to the groups represented by cI101
and cI125. Of 6 clones that were (partially) sequenced, 3
belonged to the cI101 group and 3 were identical to the cI125
sequence. These two cDNA sequences were very similar,
with only three differences in the sequenced regions (Fig. 1).
Groups cI30, cI32, and cI37 were represented by 3, 2, and 7
clones, respectively. Subclones used for sequencing of
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c¢DNA clone cI32 differed in the length of the (AT), repeat in
the 3’-terminal noncoding region (underlined in Fig. 1). The
value of n was found to vary between 10 and >60, whereas
in clone cl44 of this group n appeared to be 13. We assume
that this variance is a cloning artifact caused by the (AT) repeat
rather than the result of the presence of different genes. The
various clones of groups cI101 and cI1125 were found to have
three different poly(A) sites (indicated in Fig. 1).
Characterization of Genomic Clones Encoding Acidic and
Basic B-1,3-Glucanases. Screening of a genomic library of
tobacco with labeled B-1,3-glucanase cDNA from one of the
clones of group cl125 resulted in six genomic clones with
different restriction enzyme maps. Furthermore, the screen-
ing of a tobacco genomic DNA library with a cDNA probe
corresponding to a basic glucanase (clone pCNT11, 4) re-
sulted in two groups of clones with overlapping inserts, each
representing a unique gene. The sequences of the coding and
adjacent regions of clone gI9, corresponding to an acidic
isozyme, and of clone gglb50, corresponding to a basic
isozyme, are shown in Figs. 2 and 3, respectively. The
sequence of the gene of clone gI9 matches exactly the cDNA
sequence of the clones of group cl125, whereas the ggIb50
sequence was identical to the sequence of basic glucanase
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F1G. 1. Nucleotide sequences of different groups of cDNA clones corresponding to tobacco 8-1,3-glucanases. The sequence of the longest
clone (cI101) is given. Above and below are shown the nucleotide differences of cDNA sequences represented by clones cl1125, c130, cI32, and
cI37. Gaps (-) are introduced for optimal alignment. The 5'-terminal residue of the last four sequences (>), the stop codons in the different clones
(bold italic), and poly(A) sites present in different clones (bold) are indicated. For alignment, six (AT) repeats of clones of group cI32 are given
(underlined), although in different subclones the repeat value varied from 10 to >60 (see text).
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CCTTCTCCGAATATTCGACCATTTTTTCTCATAAAATTCTATGTCTCTCCATCACAACATCAGATTTGAACTTTCTACATTTTTTTTTTC
TTCACTTGTGACAAAAAATACACTGTTTTAATTCCATGACGTGCTTCACTGGGTGTGACTTTGGCTTTTTAAGTCTTTGTCGGTCATCTT
CTGCTTGTCTATATAAGAAGCAGCCTAATGGTTCCTTAAACACACAATTTCAGCTCAAGTGTTTCTTACTCTCTCATTTCCATTTTAGCT
ATGACTTTATGCATTAAAAATGGCTTTCTTGCAGCTGCCCTTGTACTTIGT TGTTAATT! GTATCCAAATGATAGGTCTCTCT
CTCTCACACACACACACTTTCTCTCATGATACATGTACATGCACCTTGTATGATGCGGATCAACTTATGTACACTAATAGCGTAAATAAT
TTTTACAATATATATTAGGATTAATATATTTTAACATGTTGTGTCAGGTAATCTACCTTATTTATTAAGTCACTTATTATGAATAGTTAC
TTATAGTTACTTCTGGGTGACCCGACACTATAATGT TGGCTAGAGAAGAACT TAAATAGAGAATCATGGTTAGTGAGAATATTCATTTAT
TCGACACCAACTTATTTGGGGACTGAAACTTCTTTGTAATATACTCTTTTTCTTACAATCCAGGGGCACAATCTATTGGAGTATGCTATG
GAAAACATGCAAACAATTTACCATCAGACCAAGATGTTATAAACCTATACAATGCTARTGGCATCAGAAAGATGAGAATCTACAATCCAG
ATACAAATGTCTTCAACGCTCTCAGAGGAAGTAACATTGAGATCATTCTCGACGTCCCACTTCAAGATCTTCAATCCCTAACTGATCCTT
CAAGAGCCARTGGATGGGTCCAAGATAACATAATAAATCATTTCCCAGATGTTAAATTTAAAIATATAGCTGTTGGAAATGAAGTCTCTC
CCGGAAATAATGGTCAATATGCACCATTTGTTGCTCCTGCCATGCAAAATGTATATAATGCATTAGCAGCAGCAGGGTTGCAAGATCARA
TCAAGGTCTCAACTGCAACATATTCAGGGATCTTAGCGAATACCTACCCGCCCAAAGATAGTATTTTTCGAGGAGAATTCAATAGTTTCA
TTAATCCCATAATCCAATTTCTAGTACAACATAACCTTCCACTCTTAGCCAATGTCTATCCTTATTT TGGTCACATTTTCAACACTGCTG
ATGTCCCRCTTTCTTATGCTTTGTTCACACAACAAGRAGC!AATCCTGCAGGATATCAAAATCTTTTTGATGCCCTTTTGGATTC!ATGT
ATTTTGCTGTAGAGAAAGCTGGAGGACAAAATGTGGAGATTATTGTATCTGAAAGTGGCTGGCCTTCTGAAGGARACTCTGCAGCARCTA
TTGAARATGCTCAAACTTACTATGAAAATTTGATTAATCATGTGAARAGCGGGGCAGGAACTCCAAAGAAACCTGGAAAGGCTATAGARA
CTTATTTATTTGCCATGTTTGATGAAAATAATAAGGAAGGAGATATCACAGAGAAACACTTTGGACTCTTTTCTCCTGATCAGAGGGCAR
AATATCAACTCAATTTCAATTAAT TAATGCATGGTAACATT TATTGATATATATAGTGATATGAGTAATAAGGAGAAGTAGAACTGCTAT
GTTTTTCTCTTCAATTGAAAATGTAACTCTGGTTTCACTTTGATATTTATATGACATATTTATTGAGATCTCGTCTTTTGTTTTAAATTC
TTGCCTTCTATTGGCAAATATCTGCGTAATTTTCATTTGTTTTAAAAATTACTAAGCCTCAAAAGAGTGACTACCAATATATTCTTGATT
ATTAATATTCCCCGTGCTTGGGGGACCGGGTGAGGTGGGGGGTGGGGGGGATGACGAARAAAGT TAATGAAAAACCGGTTTGCATTGGAT
GCTCTTTTTAACCTCCCCAAAATATGATGGTTTTGTTGTCTTGGAGAGTGTTTAAGCTACTTCTTCTCAAGAATTTTCTTGGTCAGTTCT
TAACGTAATTGCTTTTAATTTCTTAATTATCGGTAACCCTTCGAAACAAAAGGAAAATTAAGCTAGGAGATGACTCGTATTCATAATGTT
TTACCTTGGATCAACCCCGCCTTTATATTTCATACGATGTTTTTCATTGAAGAGGATGAACTAGACTTTTTTTATCATCGCACCCAAGGC
AAATCAAAA
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FiG. 2. Nucleotide sequence of genomic clone gl9, encoding tobacco acidic 8-1,3-glucanase. Coding regions, separated by an intron, are

indicated (bold).

cDNA clone pGL36 (14), indicating that both genes are
probably expressed.

The coding region of clone gI9 contains an intron of 341 bp,
located in the penultimate codon of the putative glucanase
signal peptide. A putative TATAA box is located at position
192 but a distinct CAAT box is lacking. The coding region of
the basic glucanase gene in clone ggIb50 is divided over two

exons separated by an intron of 787 bp. Analogous to the gene
in clone gl9 this intron is located in the glycine codon
preceding the last codon of the signal peptide. The gene
contains putative TATAAA and CAAAT boxes at positions
1507 and 1463, respectively.

Partial sequence analysis of genomic clone gglx33 (data not
shown), from the second group of basic glucanase genes,
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CTCGAGGTCGGGCTGGATGCCACAATAACCCTAAAGTCGAACTCCCCGATGTTGGCTGTATACAATTATGAT TAAAAAAGTTCCACCAAG
ATTGTAGCTCCTCTAGGGGCCAAGGGCAAACCTTTTTGCTAATGGGAAAAAAATATTAGACCAAGAGTTTGTAATAGCTACTCAATTTCA
ATTTACAAAGGGGAARAATTTAACTGTTTTGCCCTTATATCTTTTGGTCCCGAAACATAAAATATCCCATCCGAAATTCCAAATGGTCCAT
TATCGGCAAGTAGCTTTCTTTTATTATAGT TAGTTGACAAAACACTATCGAGATATCATTAGTATAATAATAACTTCAAAGTCCATCTTA
CTTAGCTGCCTCCTCATTAGAGCCGCCACTAAAATAAGACCGATCAAATAAAAGCCGCCATTAAAATAATGAATTTTAGGACTCTCAATT
GTCACGTAAGTCCCAAAAACTCTTCCAATACTTTGCTGCAACTTGGGGCTGCTAGCTTCTGAGCTTCTGGGATATTTCTATGTTTATCTC
TTAATTACATCTCAACTAATATCAAGAAATTAAACAGGTGCAGCAAATCATAAAATTTTCCTCTAAAGAAGAAAATGACTCCGGTTACTG
ATTCATTGGCCTTTCAGAGTCTGCGTGCCATATTCACTAATGGGTCGTTTGGTACAAGAAATAATGATAATAATTTCGAAATAGAATTTG
GGATTTCATTTATTTCATATTTAATTATAAATATTAGCTAATTTCGAAATAAATTTTACATTAAAATAGTGAAATCAACTATCTCATATA
TAAGGTGGAATAGCTAATCTCATAGCCACCTCAGTTAGAATCCAGTTTCCTCTAATAAATGCAGCGAAATATTAGAAGACTTTCATTAAA
TCAATTCATATAATTTAAAATACTAGACATGGAAAAAAAAAACGATTCGAGACTGTTATGGAAGGCGTTGCCTTCGATGTAGATTCTCAT
CCATTGCTTTCGTGCAATAGCAATATGACATCTTATTCTTAGAACTACTTTTAAATGAAAGTCATATAGAACTTTAAAATCTCTCAACTA
GTTTTAAGGGAATTCAAAATACGACCAATATTTATTACTTACTTATGGATAAATTTAAATAATATGTATTTTATCTTGAAATTGAATTGA
AAATATTAAATTACTTGGTTTAATATAAACAATAGATATCGTTAAGTATTTACCACAAACATTTTATTAGT TGTAACGATGATTAAGCAG
GAATTCCTCTGGTTGTGCAGGATGAAAGAAACTAACTAGCTATAATTTCTTTTGTAAAGTCAAGATAGTACGGCACCTTATGGAGAAAAT
AAATAACTTTACATCATCAAACTCATCTTCTTTTTTCCACAAAATGATCAAGTTGACATGTTAATAGCCAGGTCACCGGGGGCGGCTCTT
AACTTCATTAGCCTACGAATAACAAATCCAATATTATATTTACACAAGGCTATATATATATCTCAATATAAATAGCTCGTTGTTCATCTT
AATTCTCCCAACAAGTCTTCCCATCATGTCTACCTCACATAAACATAATACTCCTCAAATGGCTGCTATCACACTCCTAGGATTACTACT
TGTTGCCAGCAGCATTGACATAGCAGGTTTCTGGTCAAATATTTGAACTTCCCAGCCAAAAATATTGTCTTATAATTTTGTGTGCGCAAA
ATTTTAATTTAGTTGATAGTTATTTGCTTATTTTTCTTTTCAAATTGCTTGTGTTTTTTTCTCAAATTAACTTGCACCGTATTCATTTAG
CGATAGTTATTTGCTCTATTTTGTGTAACACTCACTCACAAACTTTTCAATT TGAGGGGAGGACAGTGAATCTAAGATTGAAATTTATGA
GTTTAATTAGACTAATTCCCATTTGATTTATTGGCTAGAAGTCAATTATTTGCATAGTGAGTCTTTTAACACACAGATTTGAGT TAAAGC
TACTACGTTCGTATTAACCCATAACATATACACCTTCTGTTCTAATTTCTTTGACACTTTTTGTTAGTTTGTTCCAAAAAGGACGGACAT
ATTTGATATTTGAGAATACTTTACCTTAACCTTAATAGAATTTTTTATGACATCACATATATTATGGAATATATACGACCATAATTTTCA
AATATCTTATAGTCGTACAAATATTATAGCATGTTTAATACCACAACTTTCAAATTCTTCTTTTCCTTAAAAACAAAATATGTCACATAA
ATTAAAATAGAGGAAGTATACTACATCAATCAGCCCCTAGTGGAGGGGACCTACTGTAAGTTTTTAAGTTTTCAAGAATTCAGTAATTGA
TTAGGAGCCCGTCTGGACATAAAAAAAAATTCCTTTTTTTCCAAAAAATGCCCACTAAATTTCTAACACTATTTTGTAATTCTTATTGAG
CAGGGGCTCAATCGATAGGTGTTTGCTATGGAATGCTAGGCAACAACTTGCCAAATCATTGGGAAGT TATACAGCTCTACAAGTCAAGAR
ACATAGGAAGACTGAGGCTTTATGATCCAAATCATGGAGCTTTACAAGCATTAARAGGCTCAAATATTGARGT TATGTTAGGACTTCCCA
ATTCAGATGTGAAGCACATTGCTTCCGGAATGGAACATGCAAGATGGTGGGTACAGAAAAATGTTAAAGATTTCTGGCCAGATGTTAAGA
TTAAGTATATTGCTGTTGGGAATGAAATCAGCCCTGTCACTGGCACATCT TACCTARCCTCATTTCTTACTCCTGCTATGGTAAATATTT
ACARAGCAATTGGTGAAGCTGGTTTGGGAARCAACATCAAGGTCTCAACT TCTGTAGACATGACCTTGATTGGAAACTCTTATCCACCAT
CACAGGGTTCGTTTAGGAACGATGCTAGGTGGTTTGTTGATGCCA!TG!TGGC!TCTTAAGGGACACACGTGCACCTTTACTCGTTAACA
TTTACCCCTATTTCAGTTATTCTGGTAATCCAGGCCAGATTTCTCTCCCCTATTCTCTTTTTACAGCACCAAATGTGGTGGTACAAGATG
GTTCCCGCCAATATAGGAACTTATTTGATGCAATGCTGGATTCTGTGTATGCTGCCCTCGAGCGATCAGGAGGGGCATCTGTAGGGATTG
TTGTGTCCGAGAGTGGCTGGCCATCTGCTGGTGCATTTGGAGCCACATATGACAATGCAGCAACTTACTTGAGGAACTTAATTCAACACG
CTAAAGAGGGTAGCCCAAGARAGCCTGGACCTATTGAGACCTATATATTTGCCATGT TTGATGAGAACAACAAGAACCCTGAACTGGAGA
AACATTTTGGATTGTTTTCCCCCAACAAGCAGCCCAAATATAATATCAACTTTGGGGTCTCTGGTGGAGT TTGGGACAGTTCAGTTGARA
CTAATGCTACTGCTTCTCTCGTAAGTGAGATGTGAGCTGATGAGACACTTGAAATCTCTTTACATACGTATTCCTTGGATGGAAAACCTA
GTAAAAACAAGAGAAATTTTTTCTTTATGCAAGATACTAAATAACATTGCATGTCTCTGTAAGTCCTCATGGATTGTTATCCAGTGACGA
TGCAACTCTGAGTGGTTTTAAATTCCTTTTCTTTGTGATATTGGTAATTTGGCAAGAAACTTTCTGTAAGTTTGTGAATTTCATGCATCA
TTAATTATACATCAGTTCCATGTTTGATCAGATTGGGATTTGGTAACTTCAATGTTAGTATTATAATTAGTGTCTTTATCATTGACTATC
AATTAATCTTTATTTGGCAAGGCTTGATATATTTGAGTTACTCTTAGGTAT TTGCAAGCAACTGATCTTTCTTTTATCCCGTTTCTGGCT
TAAACCTCATTAGAAATATATTATAATGTCACCTACTCTGTGGTTTAAGACATTCCCTTACATTATAAGGTATTTCACGTCGTATCAGGT
CGAAAAAAATAATGGTACGCTCTTTCTTATCACAAATTTCTCTCAACTTCTAGACCAATTGAATCTTGTCTCCCAATAAGCATTGCTTTT
ACTGTATGTTTCTCTCTATCAATTCAAGGCTCAAGCCATCAAATCGCTTGGTATTTCTCGCTCCCATTTAACCAATCGAGCTGTTAGCTC
TGCTAAAGTCTCATTCTTCAGCTTCTCAAACCACTCAGAGCTTCTCCAACCAAAAATGTAGAAAAAATCTTTGATCCACATGTAAARACCC
CAGAATTGTCATTCGAGTGAAGGAAGGTGCTGGAAACGCGACATCAAACACGGATTTGCCAGCTGATTGTCATAGGAAAAAGAAAAGTTG
ATCAGATAGTTCGTGCGGGGTATTTCCTACCTCGCCTTTGATCATAGCTCTAGGGCTTGCGAAACTAAGT TATGCACGAGGCCCCCCTGC
GAATCCATAAATCTAAGAAGCATGCCCACAACAAACGGGATAACTTCCAGCTAAGAGATCTATTTTGATCTTACCCACAAACTAGCTCCG
TGTGAATTGTCCATTTCATCAACTCCAAAGGCAGGAAAGAAGACTCTATTCAGAGAGCAGCAAAAGAGCTCTACTTGCCTAGTGAGGGTC
TAAAGCCATATTGTTCCCCCGAGTGATTTTGGTCTTGATGATTGTCAAAGGAACACATGTATGAAACAAGTCCATGGATAGTGTACATAG
GGCATGGTCATATTCAAACAAAAGGCATGCACGTGCAAGGGATACGTATAAGTGGTTATATCTGATAATCCCTGAACGAAAAGCTT

Nucleotide sequence of genomic clone gglbs0, encoding basic 8-1,3-glucanase of tobacco. Coding regions, separated by an intron,
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showed that it is 85% similar at the nucleotide level to the
gene of ggIb50. Clone ggIx33 contained two intervening
sequences of which the first one is located in the same relative
position as the intron in ggIb50. However, the two introns do
not seem to have correct splice junctions, indicating that the
gglx33 gene may be a pseudogene.

A comparison of the genomic clones ggIb50 and gI9 indicated
a similarity between the nucleotide sequences of the coding
regions of 57%. No striking similarity in upstream, intron, or
downstream sequences was observed (data not shown).

Comparison of Different B-1,3-Glucanase Proteins. Fig. 4
shows that the proteins encoded in clones gI9 and ggIb50
share extensive sequence similarity (49% identity). By anal-
ogy to the basic tobacco glucanase (14), the hydrophobic
N-terminal region of the protein encoded in gI9 is assumed to
be a signal peptide. The glucanase encoded in this clone
terminates exactly at the position where in clone ggIb50 the
C-terminal peptide begins, which upon glycosylation is
cleaved off (14). Apparently, the B-1,3-glucanase encoded in
clone gI9 is not posttranslationally processed at the C ter-
minus.

Depending on which methionine codon is used, the signal
peptide encoded in the glucanase clone ggIb50 is 21 or 32
amino acid residues long. Also in Nicotiana plumbaginifolia
(15) two methionine codons are present, and the sequence of
the putative long N. plumbaginifolia signal peptide is highly
conserved in this tobacco protein. The mature tobacco gluca-
nase encoded in clone ggIb50 has a molecular weight of 37,150
and is a neutral, rather than a basic, protein with a calculated
isoelectric point of 7.71. However, the protein encoded in gI9,
upon removal of the signal peptide, has a molecular weight of
34,763 and is highly acidic (isoelectric point, 4.89). The partial
amino acid sequences of the proteins encoded in the cDNA
clones of groups cI101, cI30, cI32, and cI37 were very similar
(>90% identical) to the one encoded in clone gI9. Probably,
these clones encode other acidic B-1,3-glucanase isoforms.
The protein encoded in cI37 is 13 amino acid residues longer
at the C terminus than the other putative acidic glucanases.
However, this region does not show any similarity to the
C-terminal peptide of the basic glucanase, nor does it contain
an asparagine glycosylation site (NXS/T).

Genomic DNA Blot Analysis. The cDNA insert of a clone
from the cI125 group was used to probe a blot containing
electrophoretically separated digested genomic DNA. Upon
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autoradiography, the blot showed at least 8 distinct bands in
both lanes containing EcoRI- and HindIIl-digested DNA
(Fig. SA). The band that gave the highest signal corresponds
to a fragment containing genomic sequences, homologous to
the probe, as was shown by the characterization of genomic
clone gI9, which contained similarly sized restriction frag-
ments (results not shown). The other bands may correspond
to related genes for acidic B-1,3-glucanases, including genes
that express proteins corresponding to cDNA clones cI101,
cI30, cI32, and cI37. When a cDNA insert of a clone
corresponding to basic glucanase was used as probe, five or
six bands were found to give a hybridization signal (Fig. 5B).
These bands did not comigrate with the fragments containing
acidic glucanase gene sequences, indicating that no cross-
hybridization occurred.

RNA Blot Analysis. Fig. 6 shows the resulits of hybridization
of acidic and basic glucanase cDNA probes to RNA from
noninduced tobacco leaf and from leaves infected with TMV
or treated with salicylic acid. It is evident that the expression
of both types of glucanase genes is highly induced by TMV
infection. Furthermore, salicylic acid also induces the genes,
although the induction of basic glucanase genes is relatively
low.

DISCUSSION

The analysis of cDNA clones revealed that at least five genes
of the approximately eight genes for acidic 8-1,3-glucanases
of tobacco are expressed after TMV infection. Recently, we
have transformed tobacco with the gI9 gene fused to the
cauliflower mosaic virus 35S promoter. The protein encoded
by the chimeric gene accumulated in the extracellular space
in the leaves of the transgenic plants and comigrated in
nondenaturing gels with the acidic B-1,3-glucanase PR-N
(unpublished results). The relationship of cDNA clones
¢l101, cI30, cI32, and cI37 to the known TM V-induced acidic
B-1,3-glucanases PR-2, -O, and -Q’ is not yet clear. Three
extracellular 8-1,3-glucanases, induced after infection with
Pseudomonas syringae or salicylate treatment of tobacco,
have been partially sequenced (16). These were named
PR(35), PR(36), and PR(37). The protein encoded in our clone
gI9 (or in the highly similar cDNA clone cI101) corresponds
to the partial PR(36) sequence with only one mismatch. The
deduced amino acid sequences of the other clones do not
correspond to either PR(35) or PR(37). This could indicate
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F1G. 4. Comparison of the amino acid sequences of B-1,3-glucanases of tobacco. The amino acid sequences are given of basic and acidic
glucanase, encoded in genomic clones ggIb50 and g9, respectively. Gaps (-) were introduced for alignment and identical residues in the two
sequences are connected. Signal peptides (underlined) and C-terminal residues (*) are indicated. Differences in the partial sequences encoded
in cDNA clones cl101, cI30, cI32, and cI37 [5'-terminal encoded residue indicated (>)] with the protein sequence of clone gI9 are given.



8760 Botany: Linthorst et al.

H E H E
10.0 - e 9_5_”_10.2
8-8— -
7.0=
6.6 —— ¥ -6}
63- W - -
50— 4.8 - = & — 4.6
- 3.4
31— 3.0- =
-23
. -2
- —1.2
- -1
1.4 -
-1.2
-1.0
0.8 —
& 07
W =06 -0.6

F1G.5. Hybridization analysis of genomic tobacco DNA. HindllI-
(H) or EcoRI- (E) digested genomic DNA was electrophoresed in
agarose gels and blotted to filter membranes. The blots were hybrid-
ized to cDNA probes corresponding to acidic (4) or basic (B) tobacco
glucanases. The size (kilobases) of the hybridizing fragments, based
on the migration of a set of marker DNAEs, is given. ~

that after infection of tobacco more than five acidic g-1,3-
glucanases are expressed in the leaves.

Recently, two glycosylated extracellular acidic g-1,3-
glucanases have been identified in the styles of tobacco
flowers (R. Fluhr, Weizmann Institute, Israel; personal com-
munication). These enzymes are not induced in TMV-
infected leaves; their sequence similarity to TMV-induced
acidic and basic 8-1,3-glucanases is 80% and 49%, respec-
tively. Determination of the possibility that some of the minor
bands in the genomic blot of Fig. 5A correspond to genes for
stylar-specific glucanases awaits further investigation.

The basic glucanases studied by Shinshi et al. (14) are
known to accumulate in the vacuole of stressed tobacco cells
(16). Three incomplete cDNA sequences have been charac-
terized, indicating that at least three genes encoding basic
glucanase are expressed (14). The observation that the se-
quence of the putative pseudogene in clone ggIx33 is similar
but not identical to these cDNA sequences demonstrates that
the tobacco gene family of basic 8-1,3-glucanases contains at
least four members. This is in agreement with the genomic
blot shown in Fig. 5B. A preliminary characterization of a
hormonally regulated glucanase gene from N. plumbaginifo-
lia (15) indicated that the exon/intron organization of this

HS T H ST

n 1

A B

FiG. 6. Hybridization analysis of tobacco RNA. Total RNA was
isolated from uninfected (H), TMV-infected (T), or salicylic acid-
sprayed (S) tobacco leaf, electrophoresed, and blotted. Identical
blots were hybridized to cDNA probes corresponding to acidic (A)
and basic (B) tobacco glucanases.

Proc. Natl. Acad. Sci. USA 87 (1990)

gene is similar to that of the Nicotiana tabacum (-1,3-
glucanase genes.

After removal of the N-terminal signal peptide, the C-ter-
minal sequence of 22 residues of the basic tobacco 8-1,3-
glucanase becomes glycosylated and is subsequently cleaved
off during vacuolar targeting of the protein (14). The protein
encoded by clone gI9, which was definitively identified as an
extracellular acidic B-1,3-glucanase, lacks this C-terminal
extension. A possible role of such a C-terminal extension in
vacuolar targeting can be studied by the expression of
modified proteins in transgenic plants.

A comparison of the upstream sequences of PR genes from
groups 1 and 5 revealed little sequence similarities (17).
Recently, we reported that in the PR-1a promoter TMV- and
salicylate-responsive elements are probably located between
nucleotides 625 and 689 upstream of the transcription start
site (18). Preliminary results indicate that in the PR-S pro-
moter (group 5) TMV-responsive elements are located >1
kilobase upstream of the gene (H. Albrecht and J.F.B.,
unpublished). The cloning of several group 2 genes reported
in this study permits a further investigation on the mechanism
of the induction of these putative defense genes.
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