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stimulus. In subterranean clover, for ex-
ample, genes coding the central phenyl-
propanoid and flavonoid pathways occur
in clustered multigene families.

To date we have characterised 4 PAL
(phenylalanine ammonia lyase), 9 CHS
(chalcone synthase) and 3 CHI (chalcone
isomerase) genes (Ariolio et al. 1994,
Howles et al. 1994, Howles et al. 1995).
Regions of both sequence conservation
and divergence exist in 5' regulatory re-
gions of these genes which could mediate
the co-ordinate regulation of particular
gene copies in response to specific devel-
opmental or environmental cues. To dis-
sect the regulation of the flavonoid path-
way, we have used molecular approaches
and transgenic clover plants carrying
CHS promoter–GUS fusions to assess the
responsiveness of CHS promoters to vari-
ous stimuli including microbial infection
and wounding.

Analysis of early molecular
responses to microbial infection
and wounding
The roots of subterranean clover seed-
lings contain appreciable background
levels of CHS activity. If the roots are
physically damaged, or infected with ei-
ther Rhizobium leguminosarum bv. trifolii
or Phytophthora clandestina, then there is a
rapid induction of CHS over the back-
ground levels. CHS induction is an early
event in all of these treatments (Figure 1).
However, the persistence of the induced
CHS activity depends on the particular
inducing treatment used. Only Rhizobium
infection leads to a maintenance of el-
evated levels of CHS over 36 hr (Figure 1,
Lawson et al. 1994). A refined analysis us-
ing a reverse transcriptase-polymerase
chain reaction showed that only one

(Phytophthora) attack. The gene coding
for this protein has been identified and
cloned. Some of the characterized genes
have been introduced into subterranean
and white clovers and we have begun to
analyse the molecular events during
pest and pathogen infection.

Phenylpropanoid pathway
The phenylpropanoid pathway appears
universally in plants and synthesizes a
wide range of secondary compounds,
some of which are used to defend the
plant against microbial invaders and
form part of the plant defence system
(Hahlbrock and Scheel 1989). The path-
way responds to a range of environmen-
tal stresses largely through regulation at
the level of gene transcription (Stafford
1990). Analysis of the temporal and spa-
tial regulation of flavonoid gene expres-
sion is complicated because several of the
key enzymes of flavonoid metabolism are
encoded by multigene families (Koes et al.
1994) Therefore difficulties arise in assess-
ing if particular promoters are preferen-
tially induced in response to a given
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Summary
The goal of this program is to develop
technologies which will enable the de-
velopment of subterranean clover pas-
tures that have enhanced resistance to
pests and pathogens. Subterranean clo-
ver is a principal pasture plant in south-
ern Australia, and yet little is known
about the natural defence systems used
by this plant for combating significant
pathogens and pests. Plants combat
pathogens and pests by synthesizing
pathogenesis-related proteins and a se-
ries of anti-microbial phenolic com-
pounds (feeding deterrents), and natural
barriers (such as lignin) which are by-
products of a key metabolic pathway in
plant tissues, the phenylpropanoid
pathway. We have cloned and character-
ized specific genes of this pathway and
have undertaken a survey of the PR pro-
teins of subterranean clovers which
form part of its defence response. Sev-
eral classes of defence proteins have
been demonstrated in subterranean clo-
vers. One of these proteins is induced in
stress situations, such as during pest
(redlegged earth mite) and pathogen

Figure 1. Quantified northern blot hybridization to CHS in subterranean clover root tissues showing CHS
induction by Rhizobium infection, physical wounding and Phytophora infection.

(A) Rhizobium addition; R.l. bv. trifolii strain ANU843 (▲; wild type), R.l. bv. trifolii strain ANU845 (◆; pSym-),
R. meliloti strain 1021 (●; different host range) and uninoculated (   ). (B) Wounding; 5 mm incision (▲) and
unwounded (●). (C) Phytophora clandestina addition; uninoculated (▲), P. clandestina race 0 (◆), and P.c. race 1 (●).
Total RNA (10 µg) was separated on a denaturing agarose gel, blotted and probed with a CHS2 fragment which
hybridizes to all CHS genes. Hybridization was analysed with the Molecular Dynamics ImageQuant software and
is presented graphically as a proportion of the hybridization in the zero hour sample.
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member (CHS5) of the multigene family
of CHS genes was rapidly induced during
wounding and Rhizobium infection. In ad-
dition, this specific gene (CHS5) is most
likely to be the major contributor to the
increased CHS activity observed during
Phytophthora infection of clover roots.
These findings suggest that the signal
transduction pathway leading to CHS5
induction has distinctive and useful regu-
latory elements.

Pathogenesis-related proteins in
subterranean clover
Assays were used to screen for
pathogenesis related proteins in subterra-
nean clover including chitinases,
1,3-β-glucanases, peroxidases and pro-
teinase inhibitors. Five acidic isoforms of
1,3-β-glucanase, between five and eight
acidic isoforms of peroxidase and three
acidic isoforms of chitinase exist in sub-
terranean clover. Proteinase inhibitors
were not detected in subterranean clover
protein extracts. Under various stresses
(e.g. ethephon) at least one isoform of
1,3-β-glucanase and peroxidase is up-
regulated or induced and all three of the
chitinase isoforms are up-regulated. The
most heavily induced of these chitinases
(PR3) was also strongly up-regulated by
redlegged earth mite (Halotydeus destruc-
tor) feeding. As the cuticle of H. destructor
is chitin based and as a higher level of clo-
ver chitinase activity may serve as a de-
terrent to H. destructor, this enzyme was
selected for purification.

The PR3 protein has been purified and
the enzyme was found to be resistant to
protease digestion. The NH3-terminal
amino acid sequence was determined and
an oligonucleotide probe was designed to
isolate a cDNA clone encoding this pro-
tein. Strong homology was found to
pathogenesis-related proteins in soybean,
kidney-bean, parsley, potato and white
birch. Genomic Southern analysis indi-
cates that this protein is encoded by a sin-
gle gene in the subterranean clover
genome. It has been isolated and is now
being characterized. Transgenic clovers
producing elevated levels of this chitinase
will be used to assess its ability to deter
H. destructor.

We also have isolated the subterranean
clover homologue of the bean PR1
pathogenesis-related protein from our
genomic library and will examine its role
in, and its regulation during, the activa-
tion of clover defence systems.

Use of transgenic plants to
characterize gene regulation
In order to determine the regulatory se-
quences controlling the timing and site of
gene expression in clovers, several
transgenic constructs possessing CHS
promoter-GUS fusions (Jefferson 1987)
have been made using an Agrobacterium

mediated transformation system (Khan
et al. 1994). We have tested this system by
studying the expression patterns and lev-
els of CHS1:GUS transgenes, as shown by
fluorometric and histochemical assays,
which indicate developmental regulation
of this promoter. CHS1:GUS expression
occurred predominantly in roots, de-
creasing in stems and leaves. CHS1:GUS
expression is consistently high in primary
meristems of the root indicating that root
meristems (apical, lateral and nodule)
were the sites of strongest CHS1 promoter
activity. The sites of nodule and particu-
larly lateral root initiation could be distin-
guished. In the roots, inner cortical cells
and pericycle cells opposite xylem poles
were also minor sites of CHS1 expression.

In the shoot system, floral and shoot
meristems also showed expression of
CHS1:GUS in addition to cambium and
xylem parenchyma. During early leaf de-
velopment, cortical and epidermal cells
expressed CHS1:GUS in stems and leaves
but as tissues matured expression was
limited to the cambium and xylem paren-
chyma. In flower development some tis-
sues showed transient expression.
CHS1:GUS expression was found in the
connectivum and in pollen grains of im-
mature anthers. Transient expression also
occurred in the stigma. CHS1:GUS expres-
sion was not detected in the developed epi-
dermis or rhizodermis, root cap and pet-
als, sites where flavonoid accumulation
occurs. Flavonoid synthesis through other
CHS members may account for these
flavonoids. Preliminary evidence using
transgenic plants indicates that the CHS3
gene is expressed in a similar pattern to
CHS1. Transgenic plants with CHS5:GUS
fusions are currently under construction
to investigate precisely the timing and lo-
cation of plant responses due to H. de-
structor feeding and pathogen attack.

Through collaborative links with the
CSIRO Plant Industry tissue culture

laboratories (P. Larkin, T.J. Higgins), we
also have been generating a second gen-
eration of vectors to facilitate the intro-
duction and expression of transgenes in
clovers.

Response of H. destructor to various
strains of Bacillus thuringiensis
We have followed up the recent reports
indicating that there are strains of
B. thuringiensis that kill mites. Through a
cooperative interaction with an interna-
tional biotechnology corporation and us-
ing mites supplied by the Department of
Agriculture, Tasmania, we have tested
a series of strains against H. destructor.
The early indications are that two
B. thuringiensis strains appear to have en-
hanced killing effects on H. destructor
(Figure 2). These results are preliminary
and are being tested further with this sea-
son’s mites.

Generation of transgenic plants to
enhance clover resistance
We are now in a position to unite the
separate strategies of our program and
produce a range of transgenic clovers
which will be tested for enhanced H. de-
structor resistance. Potential defence re-
sponses have been identified and the
genes encoding them are being isolated
and characterized. We will engineer these
genes for either constitutive transgenic
expression, or expression coordinately
with an established defense response us-
ing the CHS5 promoter. The possible
range of gene constructions to be made
and placed in clover is shown in Table 1.

Discussion
As we approach the 21st Century there
are major agricultural challenges to be
faced. New plants will need to be devel-
oped to address specific agricultural
needs of modern sustainable farming and
the consequences of past practices. The

Figure 2. Survival of redlegged earth mite (RLEM) following treatment
with BT. Mites were fed on a sucrose solution which contained a
preparation of toxin from a BT solution. After five days the number of
mites surviving in each treatment was scored and per cent survival plotted.
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Table 1. Promoter:gene combina-
tions for use in the construction of
transgenic subterranean clovers.

Promoter Gene

PR3 PR3
CHS5 PR3
35S PR3
35S Chitinase
CHS5 BT

challenges of the future include the pro-
duction of new plant varieties to check the
proliferation of pests and pathogens in
monoculture cropping, adverse environ-
mental conditions in the soil (e.g. acidity,
salinity, aluminium, manganese) and at-
mosphere (e.g. high CO2, high UV) and
the need to find alternatives to chemical
pesticides, fertilizers and high energy fu-
els.

A variety of differently regulated pro-
moters, isolated from the subterranean
clover CHS multigene family, has pro-
vided us with tissue and stimuli-specific
control sequences which can be used in
future biotechnology programs. We have
cloned and ascribed functions to some of
these regulatory regions through tradi-
tional molecular techniques and the new
transgenic plant system. To date the genes
driven by these promoters have been
shown to be inducible to a high level by
specific stimuli and then rapidly shut
down. These characteristics have signifi-
cant application in agriculture, food
(bio)technology, bioremediation and
pharmaceutical industries as they can be
used to regulate structural genes. This
and other work in the Plant Microbe In-
teraction Group now allows the group’s
techniques and materials to be used as a
resource for further research into subter-
ranean clovers. An example is the pro-
gram to control tannin biosynthesis pre-
cursors to assist in the production of bloat
safe pastures (collaboration between
Plant Microbe Interaction Group and
CSIRO).

Future directions
Phenylpropanoid derivatives (such as
anthocyanins) are required by plants to
protect against UV damage. The tech-
nologies we are developing will enable
the engineering of pasture species that
have their phenylpropanoid pathway
manipulated to provide greater protec-
tion to UV damage. This may be required
in the next century to protect pastures
from increased UV irradiation due to the
depletion of ozone layers in the upper at-
mosphere. Moreover, our transgenic
plants can be used to examine the possi-
ble consequences of elevated atmospheric
CO2 on plant defence systems and the
phenylpropanoid pathway generally.


