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ABSTRACT cDNAs for several transcripts that accumu-
late systemically in response to mechanical wounding in a
hybrid poplar have been cloned. The corresponding mRNAs
become abundant in the unwounded upper leaves of poplar
trees whose lower leaves have been damaged. Two of the cDNA
clones have been characterized by Northern and Southern
blotting, and their nucleotide sequences have been determined.
These clones, designated win6 (wound-inducible) and win8, are
members of multigene families encoding proteins with a high
degree of similarity to chitinases from bean, tobacco, and
barley. This initial demonstration of a systemic response to
wounding in trees provides an approach to study defense
mechanisms in woody plants at the biochemical, physiological,
and ecological levels.

Molecular biology of woody plants is a relatively young
discipline, but its application to tree breeding and improve-
ment, forest ecology, and the wood products industry has
quickly been recognized (1). Our interest is focused on gene
expression and regulation in rapid-growing hybrid poplars
developed for the efficient production ofbiomass for fuel and
fiber (2). Poplars have a small genome size (C value = 0.7 pg;
ref. 3), are easily propagated vegetatively, and display de-
velopmental plasticity in cell culture (4-6). These traits,
coupled with susceptibility to Agrobacterium-mediated
transformation (7, 8) and techniques to regenerate transgenic
trees (9, 10), make poplar an attractive model system for
forest tree molecular biology.
We have chosen to study changes in gene expression in

response to mechanical leaf wounding in poplars for two
principal reasons. First, there exists a large body of infor-
mation on wound-responsive genes in other plant systems.
The biochemical defenses of many plants are known to be
induced only when the plant is under herbivore or pathogen
attack or in response to environmental stress (reviewed in
ref. 11). Among these defenses are the production of phy-
toalexins (12), hydroxyproline-rich glycoproteins (13, 14),
"pathogenesis-related" (PR) proteins (15), chitinases (16,
17), glucanases (18), and proteinase inhibitors (19). Mechan-
ical wounding of leaves, by simulating herbivore maceration
of leaftissue, induces a defensive response. Second, a deeper
understanding of the wound response in poplars opens the
possibility of augmenting the tree's natural defense mecha-
nisms against insect herbivory and pathogen attack. Increas-
ing the levels of phytoalexins, proteinase inhibitors, or hy-
drolytic enzymes by direct manipulation of the poplar ge-
nome may produce more insect- and pathogen-resistant tree
varieties. Genes providing protection from pests could be
recruited from other organisms, and their expression in
transgenic poplars could be regulated by wound-responsive

transcription control elements isolated from the tree's own
defense genes.
Because we wish to study genes that respond systemically

to remote wounding, and not those genes whose transcripts
accumulate only in the wounded leaf itself, we have con-
structed and differentially screened a cDNA library from the
unwounded upper leaves of a poplar tree whose lower leaves
were mechanically wounded. Two wound-responsive
cDNAs were sequenced and used as probes to explore some
aspects of the wound response.*

MATERIALS AND METHODS
Plant Material and Wounding. Hybrid poplar Hil-li (Pop-

ulus trichocarpa x Populus deltoides; Populus X interamer-
icana) cuttings were rooted in peat/vermiculite, fertilized
with Osmocote 14-14-14 (Sierra Chemical, Milpitas, CA), and
maintained in a pathogen-free environment at 220C with a
16-hr day length (a mixture of cool white fluorescent and
mercury vapor lamps). The plants were about 75 cm tall, with
approximately 30 leaves, when wounded. The wounding was
performed on the bottom 20 leaves, and the upper 8 leaves
greater than 2 cm in length were collected at the end of the
wounding session for RNA isolation. Mechanical wounding
of the lower leaves was effected by mashing the leaves
between thejaws of a pair of pliers. Two plants of similar age
and growth were treated identically, and the harvested leaves
were pooled for RNA extraction. Wounding was repeated
eight times within a 43-hr period (at times 0, 4, 17, 20, 24, 27,
38, and 40 hr) after which the leaves were excised and
immediately dropped into liquid nitrogen, and RNA was
extracted from the leaves. Each wounding episode through-
out the 43 hr consisted of 15-20 plier "bites" per leaf. Control
trees were not wounded. To test for a volatile tree-tree
communication signal, wounding of three plants was per-
formed as above in a small (12 m3) closet, with two control
plants placed in separate pots immediately adjacent to the
wounded plants.

Nucleic Acid Isolation. Excised leaves were quickly frozen
in liquid nitrogen and ground with a mortar and pestle to a fine
powder. One milliliter of extraction buffer (100 mM Tris, pH
8.0/20 mM EDTA/0.5 M NaCl/0.5% SDS/0.5% 2-
mercaptoethanol) per gram of fresh leaf weight was mixed
with one-fifth volume of buffer-equilibrated phenol and
warmed to 60'C. The extraction buffer/phenol was then
added to the frozen cell powder and agitated under hot
running water. One-half volume of chloroform was added,
and the mixture was extracted. The aqueous phase was
removed, and one-fifth volume of 10 M LiCl was added to

Abbreviation: PR, pathogenesis related.
*Present address: Laboratory of Molecular Systematics, Museum
Support Center, Smithsonian Institution, Washington, DC 20560.
tTo whom reprint requests should be addressed.
tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M25336-M25344).
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precipitate the RNA. After 10 min on ice, the RNA was
recovered by centrifugation at 10,000 x g for 10 min, dis-
solved in TE (10 mM Tris, pH 7.5/1 mM EDTA), reprecip-
itated by the addition of one-third volume of 10 M ammonium
acetate and two volumes of ethanol, and dissolved in TE at
a concentration of 1-5 mg/ml. Poly(A)+ RNA was isolated by
oligo(dT)-cellulose affinity chromatography (20). DNA was
precipitated from the LiCl supernatant with one volume of
isopropanol and purified by banding in CsCl.
cDNA Library Construction and Screening. AcDNA library

from the unwounded leaves of wounded trees was synthe-
sized and screened by conventional methods (20). Double-
stranded cDNA was cleaved with Mbo I and ligated into the
BamHI site of M13mpl9. Replica filter lifts were taken from
each plate: one set was hybridized to a 32P-labeled cDNA
probe made by oligo(dT)-primed reverse transcription oftotal
RNA from wounded plants and the other set was hybridized
to a probe from nonwounded plants. Clones hybridizing
exclusively to cDNA from wounded plants were plaque-
purified, and their wound-responsiveness was verified by
Northern blot analysis. A full-length cDNA library was
constructed in AgtlO by using a cDNA synthesis kit (Phar-
macia) and was screened with wound-specific probes from
the M13 library.

Southern and Northern Blot Analysis. Blot hybridizations to
DNA or RNA immobilized on nylon membranes (MSI,
Westborough, MA) were performed according to Church and
Gilbert (21).

Nucleotide Sequence Determination. DNA sequences were
determined by using the chain termination method (22) with
Sequenase (United States Biochemical). M13mpl8 templates
for the sequencing reactions were generated by the sonica-
tion/shotgun cloning method (23). Sequence data were as-
sembled with the DNASTAR software package (DNASTAR,
Madison, WI). All nucleotide sequence data has been sub-
mitted to GenBank. Accession numbers are given in paren-
theses following the first mention of each sequence.
Amino Acid Sequence Alignments. DNA sequences were

translated by using the GENEPRO program (Riverside Scien-
tific, Seattle, WA) and compared to the sequences in the
Protein Identification Resource (1989) Release 19.0 (24) and
GenBank (1989) Release 57.0 (25) databases by using the
FASTA and TFASTA similarity search programs (26). Se-
quences were aligned pairwise with these programs, and

CLONE 6

1.2kb >

multiple alignments were performed by eye based on the
pairwise alignments.

RESULTS
Isolation of Wound-Specific cDNAs by Differential Screen-

ing. Of 4000 recombinant M13 plaques oriented in the proper
direction for hybridization to reverse-transcribed probe, 110
displayed wound-specific hybridization on the first round of
differential screening. Twenty-five plaques containing prob-
able wound-specific clones were picked for further analysis
and subjected to two subsequent rounds of plaque purifica-
tion and differential screening. Of these, 16 purified plaques
(designated clones 1-16) were obtained that hybridized only
to probe made from wounded plants. One M13 clone (clone
24) was picked that hybridized equally to probe from
wounded and nonwounded trees and was used as a control for
equal loading of RNA in Northern blots. Partial DNA se-
quence information was obtained for 14 ofthe wound-specific
M13 clones to determine if some of the same cDNA frag-
ments were cloned more than once. Clones 2, 3 (accession
no. M25339), and 5 are apparently identical to each other and
are very similar to clones 11 (M25341) and 14 (M25343).
Clones 1 (M25338), 9, and 15 are equivalent to each other.
Clones 6 and 7 are identical and are completely contained
within the AgtlO clone win6 (M25336). Clones 4 (M25340), 8
(contained within the AgtlO clone win8; M25337), 12
(M25342), and 16 (M25344) did not show nucleotide sequence
similarity to any other wound-responsive clones. Sequence
information was not obtained for clones 10 and 13. Clones 6
and 8 were chosen for further characterization.
Accumulation of win6 and win8 Transcripts in Leaves of

Wounded Trees. RNA was extracted from three additional
wounded or nonwounded plants to establish the reproduc-
ibility ofthe wound-induced response. Northern blot analysis
confirms that clone 8 mRNA shows a large increase in
accumulation following wounding, and clone 6 mRNA accu-
mulates to a lesser extent (Fig. 1). Equal loading of RNA in
all lanes was verified by ethidium bromide staining of the gel
and by hybridization to probe from the constitutively ex-
pressed clone 24 (data not shown).

Test for Volatile Tree-Tree Communication Signals. Two
studies have suggested that trees are able to sense when
neighboring trees have been wounded and to induce their own
defenses in response to a presumed volatile signaling agent (27,
28). To test if either clone 6 or clone 8 mRNA accumulation is

CLONE 8
P1 P2 P3 P1 P2 P3

U W uW U WUWUW u w

_ _ __ _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
..

FIG. 1. Accumulation of win6 and win8 mRNAs in response to wounding. A Northern blot of total RNA (10 ,ug per lane) extracted from
leaves of unwounded (U) or wounded (W) poplar trees (P1, P2, and P3) and hybridized with probes made from either M13 clone 6 or clone 8
is shown. An RNA ladder (BRL) was used as a molecular size standard.
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inducible by proximity to wounded plants, two control plants
were placed adjacent to three plants that were severely
wounded. The wounded plants displayed a full induction of
clone 6 and clone 8 mRNAs, whereas the unwounded plants
nearby manifested no accumulation (data not shown).
Win6 and Win8 Are Similar to Chitinases. A cDNA library

was constructed in AgtlO and screened with M13 clone 6 and
clone 8 probes to isolate full-length cDNAs. A nearly full-
length cDNA clone was obtained for clone 8, and a partial
cDNA was obtained for clone 6. These AgtlO clones are called
win6 (wound inducible) and win8. Each cDNA contains a
single large open reading frame. The predicted amino acid

BEAN CHIT
TOB CHIT
Win8
HEVEIN
WHEAT LECT
POT Win2

BEAN CHIT
TOB CHIT
Win8
HEVEIN
WHEAT LECT
POT Win2
BARL CHIT
Win6

BEAN CHIT
TOB CHIT
Win8
EARL CHIT
Win6

BEAN CHIT
TOB CHIT
Win8
Win6

BEAN CHIT
TOB CHIT
Win8
Win6
BARL CHIT

BEAN CHIT
TOB CHIT
Win8
Win6

sequences were used to query both the Protein Identification
Resource and GenBank data bases with FASTA or TFASTA
(26). The amino acid sequences of Win6 and Win8 display
striking similarity to those from chitinases of bean (29),
tobacco (30), and barley (31); additionally, the amino termi-
nus of Win8 shows some similarity to several other proteins:
wheat agglutinins I and II (32), rubber tree hevein (33), lectins
from rice and great nettle (34), and wound-induced proteins
Winl and Win2 from potato (35) (Fig. 2).

win Gene Family Structure. Southern blots were performed
to study the arrangement of the genes that give rise to the win
transcripts. The results suggest that win6 and, perhaps, win8

10 20 30 V 40 50 60
MKKNRMMMMIWSVGVVWM- --LLLVG-GSYGEQCGRQAGGALCPGGNCCSQFGWCGSTTD

SLLLL-SAS-AEQCGSQAGGARCASGLCCSKFGQCGNTND
EMRFWALTVLSLLLSLLL-GVSSDTAQCGSQAGNATCPNDLCCSSGGYCGLTVA

EQCGRQAGGKLCPNNLCCSQWGWCGSTDE
... KRCGSQAGGATCPNNIHCCSQYGHCGFGAE
... QQCGRQRGGALCGNNLCCSQFGWCGSTPE

70 80 90 100 110 120
YCGPG-CQSQC-GGP-SPAPTDLSALISRSTFDQMLKHRNDGACPAKGFYTYDAFIAAAK
YCGPGNCQSQCPGGPTPPGGGDLGSIISSSMFDQMLKHRNDNACQGKGFYSYNAFINAAR
YCCAG-CVSQC-----------RNCFFTESMFEQMLPNRNNDSCPGKGFYTYDAYFVATE
YCSPD-HNCQSNCKD
YCGAG-CQ...
YCSP...

SVSSIVSRAQFDRMLLHRNDGATQAKGFYTYDAFVAAAA
E

130 140 150 160 170 180
AYPSFGNTGDTATRKREIAAFLGQTSHETTGGWATAPDGPYAWGYCFVRERNP ST-YCSA
SFPGFGTSGDTTARKREIAAFFAQTSHETTGGWATAPDGPYAWGYCWLREQGSPGDYCTP
FYPGFGMTGDDDTRKRELAAFFAQTSQETSGRSIIGEDAPFTWGYCLVNELNPNSDYCDP
AFPGFGRTGSADARKM
F-PDFGNTGDDLMRKREIAAFLGQTSHETTGGWPDAPCGPYAWGYCYLKEINCQP -YCDP

190 200 210 220 230 240
TPQRPCAPGQQYYGRGPIQISWNYNYGQCGRAIGVDLLNKPDLVATDSVISFKSALWFWM
SGQWPCAPGRKYFGRGPIQISHNYNYGPCGRAIGVDLLNNPDLVATDPVISFKSALWFWM
KTKSSYPCVADYYGRGPLQLRWNYNYGECGNYLGQNLLDEPEKVATDPVLSFEAALWFWM
SSNYQCVAGKQYCGRGPIQLSWNYNYGLCGDDLKLPLLQEPELVETDPVISFKTAIWFWM

250 260 270 280 290 300
TAQSPK-PSSHDVITSRWTPSSADVAARRLPGYGTVTNIINGGLECGR-GQDSRVQDRIG
TPQSPK-PSCHDVIIGRWQPSSADRAANRLPGFGVlTNIINGGLECGR-GTDSRVQDRIG
NPHSTGAPSCHEVITGEWSPSEADIEAGRKPGFGMLTNIITNGGECTKDGK-TRQQNRID
KPQSPK-PSCHAVITGNWTPSAADLEAGRVPGYGVITNIINGGIECGQGGPNAANEDRIG
TAQPPK-PSSHAVIAGQWSPDGADRAAGRVPGGIVITNIIN

310 320 330
FFKRYCDLLGVGYGNNLDCYSQTPFGNSLLLSDLVTSQ
FYRRYCSILGVSPGDNLDCGNQRSFGN-GLLVD--TM
YYLRYCDMLQVDPGDNLYCDJQETFEDNGLLKMVGTM
FYKKYCDSLGTTYGSNLDCYQQRPFGY-GLSGLKDTM

FIG. 2. Sequence similarity of Win6 and Win8 to chitinases and other plant proteins. Chitinase from bean (BEAN CHIT) (29) is used as a
reference; amino acid sequence identities with bean chitinase are in boldface; sequence identities not shared with bean chitinase are in boldface
italics. The signal peptidase cleavage site is indicated (V). Aligned amino acid sequences are tobacco chitinase (TOB CHIT) (30), fragments of
barley chitinase (BARL CHIT) (31), rubber tree hevein (33), a partial sequence from wheat isolectin II (WHEAT LECT) (32), and a partial
sequence from the wound-responsive gene product Win2 from potato (POT Win2) (35). For hevein, wheat isolectin II, and Win2, only the region
of best alignment with chitinases and Win8 is shown. Not shown are alignments with other lectins [wheat isolectin I (32) and rice and great
nettle (34)], which are similar to that shown for wheat isolectin II, or alignment of potato Winl, which is similar to that shown for potato Win2.

Botany: Parsons et al.



Proc. Natl. Acad. Sci. USA 86 (1989)

6 8
E H E H

12kb >

8kb >

4kb >

3-
-

2kb >

FIG. 3. win6 and win8 gene family structure. A Southern blot of
DNA (7 pg per lane) extracted from leaves of hybrid poplar H11-11
is shown. The DNA was digested with EcoRI (E) or HindIII (H) and
hybridized with probes made from M13 clone 6 (left lanes) or clone
8 (right lanes). A 1-kb ladder was used as a molecular size standard.

are each represented by a family of genes in the poplar
genome (Fig. 3). Multiple hybridizing bands are visible with
each probe, and the small size of the clone 6 and clone 8
probes makes it unlikely that several EcoRI and HindIII sites
would be found within such a short region. These data
suggest that sequences hybridizing to the probes are present
in multiple copies in the genome; however, the multiple
bands conceivably could be due to large intron(s) within the
genomic sequences spanned by the win cDNA probes. In
considering the nature of these win gene families, it is
necessary to take into account the fact that H11-11 is an

interspecific hybrid and is therefore likely to be heterozygous
at many loci. Some of the apparent complexity of the win6
gene family may be due to restriction fragment length poly-
morphism between P. trichocarpa and P. deltoides.

DISCUSSION

The results presented here demonstrate the existence of a

strong systemic response in poplar plants that is elicited in
unwounded upper leaves by the mechanical wounding of
lower leaves. Several classes of transcripts accumulate in
response to repeated wounding. Systemic response to
wounding is a characteristic of another class of defense
genes, the proteinase inhibitors of solanaceous plants. In the
latter system, the wound response can be elicited by cell wall
fragments produced by an endogalacturonidase, which is
itself released upon cellular damage (36).
A systemic accumulation of PR proteins is seen in tobacco

plants inoculated with tobacco mosaic virus and promotes
resistance to subsequent bacterial, fungal, and viral infection
(15). Although the function of most of the PR proteins is
unknown, a number ofPR proteins from potato have recently
been identified as chitinases and ,3glucanases (37), and four
tobacco (16) and four maize (38) PR proteins also were
demonstrated to have chitinase activity. The chitinase PR
proteins are known to be induced by pathogen attack, fungal
elicitor, ethylene, and, locally, by wounding (17, 29).

Two of the mRNAs that accumulate in response to wound-
ing in poplars, win6 and win8, encode proteins that are clearly
similar to chitinases from other plants. When aligned with a
full-length amino acid sequence of a bean chitinase (Fig. 2),
the amino acid sequence derived from the win8 cDNA
extends well into the 27-residue signal peptide of the bean
chitinase. Win6 and Win8 chitinases are 53% identical to each
other, which is about the same degree of overall similarity
that each ofthese poplar proteins shares with chitinases from
bean and tobacco. In several plants, different forms of
chitinases are known to accumulate in vacuoles and within
cell walls and are encoded by small multigene families (29,
37). This is consistent with the gene arrangement seen in
poplars for win6 and win8.

Several lectins (wheat, rice, and nettle) and three proteins
ofunknown function (rubber tree hevein as well as Winl and
Win2 from potato) show local sequence similarity to Win8. It
seems probable that the relatively small region of sequence
identity between chitinases and these lectins (and proteins of
unknown function) may be attributed to a common carbo-
hydrate-binding domain. The wheat agglutinins specifically
bind N-acetyl-D-glucosamine, the chitin monomer (39). Re-
latedness between a wheat lectin and chitinases (40) and the
region of sequence similarity between chitinases, hevein, the
lectins, and wound-induced gene products from potato (35)
have been reported.

Chitinases hydrolyze the /3-1,4 linkages of chitin (polymer-
ic N-acetyl-D-glucosamine), and plant chitinases often ex-
hibit lysozyme activity as well (41, 42). Since chitinases are
known to be potent inhibitors of fungal growth at physiolog-
ical concentrations, it is thought that chitinase induction
serves to protect plants from fungal infection (43, 44).
The mechanism responsible for the accumulation of the win

mRNAs is not known. One hypothesis is that the increased
mRNA levels reflect an increase in the rate of transcription
of the corresponding win genes. There is ample precedent for
this in the induction of plant defensive genes: genes coding
for enzymes in the isoflavanoid phytoalexin biosynthetic
pathway (45, 46) and for proteinase inhibitors (47) are in-
duced at the transcriptional level. Alternatively, the in-
creased mRNA levels in wounded poplars might be due to a
decrease in the turnover rate of the transcripts. This mech-
anism has not been reported for other defensive genes.
We have tested the ability of unwounded poplars to sense

the wounded state of neighboring trees, a communication that
has been postulated to occur based on two studies. In one
case, leaf palatability to insects has been reported to be
reduced on healthy Sitka willows (Salix sitkensis) adjacent to
defoliated trees (27); in the other, unwounded Populus x
euramericana trees have higher levels of extractable pheno-
lics (presumably defensive) when placed next to wounded
trees than when grown in separate quarters (28). The exis-
tence of a volatile signal emitted by wounded trees and
perceived by neighboring trees has been invoked to explain
these data. Our attempts to observe increased accumulation
of win transcripts in unwounded trees in proximity to
wounded trees were unsuccessful. It is unlikely that the
wound response is mediated wholly by a volatile agent, since
the assayed leaves of the unwounded control plants were no
further from the wounded leaves of their neighboring plants
than were the assayed (unwounded) leaves of the wounded
plants themselves and presumably would be exposed to a
similar concentration of any volatile agent.

Further studies on the systemic wound response in poplars
that are of interest include the isolation of win genomic clones
and characterization of their attendant transcriptional control
regions in transgenic trees; such studies have recently been
done for wound-responsive genes in other plants (48-51).
Fusions between win transcriptional controls and /3-
glucuronidase (52) in transgenic trees would allow the study
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of wound-response physiology in whole plants under field
conditions of insect herbivory and pathogen attack; charac-
terization of this system might lead to tree improvement by
increasing the normal wound response or by controlling plant
protective genes with win transcription signals.
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