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ABSTRACT

O’Neill, N. R. 1996. Defense expression in protected tissues of Medicago
sativa is enhanced during compatible interactions with Colletotrichum
trifolii. Phytopathology 86:1045-1050.

The defense response to anthracnose, induced in alfalfa by avirulent
Colletotrichum trifolii race 1, was further enhanced following challenge
by a virulent race of C. trifolii. Rapid, significant increases in the phyto-
alexins medicarpin, sativan, vestitol, and coumestrol were observed in
cotyledons protected from anthracnose by inoculation with race 1 and
challenge-inoculated 24 h later with race 2. Sativan and medicarpin lev-
els were significantly greater than quantities accumulating in protected,
nonchallenged tissues or in tissues both protected and challenged by the
incompatible race 1. Inoculation of nonprotected tissues with the com-
patible race did not induce protection, nor did the tissues accumulate
significant quantities of phytoalexins. The rapid increase in phytoalexin
accumulation following challenge-inoculation of protected tissues with a
compatible race was correlated with increased hypersensitive browning

and the absence of disease lesions, acervuli, and secondary spores. The
degree of disease protection from challenge-inoculation by race 2 was
dependent upon the spore density of race 1 inducing-inoculum. Full pro-
tection from race 2 infection required inducing race 1 inducing-inoculum
densities ranging from 1 x 10* to 1 x 10 spores per milliliter. These
spore densities resulted in significant phytoalexin accumulation follow-
ing race 2 challenge. The most virulent isolates of race 2 caused the
greatest increase in concentrations of medicarpin, sativan, vestitol, and
coumestrol. These results suggest that protection may not be solely a
result of defense activation in response to inoculation by an avirulent
race. The induction phase may serve to facilitate an enhanced defense
expression upon challenge by a virulent race. The protected plant re-
sponds rapidly and specifically to challenge by the compatible fungus.

Additional keywords: hypersensitive response, induced defense response,
lucerne, race specificity, resistance mechanism.

Anthracnose, caused by Colletotrichum trifolii Bain & Essary,
is a serious foliar, stem, and crown disease of Medicago sativa L.
(2,41). The current principle disease-control strategy is the use of
resistant cultivars (12). The disease interaction in alfalfa follows a
typical gene-for-gene reaction for race-cultivar specificity, in
which an incompatible resistance response results in biochemical
recognition and the accumulation of phytoalexins (Table 1)
(1,13,14,15,32,43). Although the biochemical determinants of
race-cultivar specificity in the alfalfa/C. trifolii system are not yet
known, it is clear that the synthesis of phytoalexins is one of the
first defense responses taking place. As first suggested by Muller
and Behr (29) in the Phytophthora infestans/potato system, there
are two linked but separable defense reactions in plants, hypersen-
sitive response (HR) and phytoalexin synthesis. The active de-
fense reaction in alfalfa includes rapid, localized cell death
(hypersensitive cell death), accumulation of phytoalexins, synthe-
sis and deposition of phenolic compounds and proteins in the cell
wall, and synthesis of pathogenesis-related (PR) proteins inclu-
ding the hydrolytic enzymes 1,3-B-glucanase and chitinase (10).
During incompatible interactions by alfalfa plant tissues or elici-
ted suspension cells, enzymes from the phenylpropanoid pathway
are activated and antimicrobial compounds accumulate (1,6,33).
The pterocarpan medicarpin is the most abundant of the major
phytoalexins accumulating in elicited alfalfa plants, and sativan,
vestitol, and coumestrol are also fungitoxic (8,9,22,37,40). A
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thorough review of the molecular biology and biochemistry of
medicarpin biosynthesis in alfalfa suspension cultures has been
published (10). The entire biosynthetic pathway to medicarpin is
induced de novo in whole plants and cell cultures by biotic or
abiotic elicitors (20,34,36,37).

Alfalfa exhibits a local acquired immunity, or induced resis-
tance, during which tissues are protected from attack by virulent
isolates (32,35). In these studies, we determined that race 1 viru-
lence was associated with a greater capacity to induce protection
in seedlings and that induced resistance was stable and not broken
down by challenge with high race 2-inoculum pressure. The phe-
nomenon of induced resistance needs to be investigated further to
determine the basic mechanisms leading to disease control (38).
Although induced resistance in alfalfa and other legumes is con-
sidered a localized reaction, the systemic induction of antifungal
isoflavonoids has been reported in nematode-infected alfalfa (11).
Results from that study suggest that isoflavonoid conjugates in-
creased in roots in response to a systemic signal from infected
shoots.

Induction of plant resistance mechanisms by application of
elicitors has previously been suggested as an alternative approach

TABLE 1. Host-parasite specificity in the interaction between races of Coll-
etotrichum trifolii and phenotypes of Medicago sativa

M. sativa cultivar and phenotype?

C. trifolii ‘Saranac’ (S§S) ‘Arc’ (RS) ‘Saranac AR’ (RR)
Race | Compatible Incompatible Incompatible
Race 2 Compatible Compatible Incompatible

* § and R indicate the absence or presence of either the An; or An, gene for
race | or race 2 anthracnose resistance. S = susceptible and R = resistant.
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for crop disease control (4). Recently, in two pathosystems, a
plant defense response was reported to be potentiated by prior
treatment with abiotic elicitors. Kauss et al. (23,24) found that
pretreatment of suspension cells of parsley (Petroselinum cris-
pum) with abiotic elicitors enhanced coumarin secretion during
subsequent treatments with a fungal elicitor. Abiotic elicitor-
induced potentiation of a defense system has also been reported in
sugar beet (Beta vulgaris) against Cercospora beticola (30).

This study was undertaken to examine some of the basic bio-
chemical and molecular mechanisms leading to acquired resis-
tance and induction of the isoflavonoid branch pathway in alfalfa
and, in particular, to examine responses to secondary challenges in
alfalfa by compatible fungi. There is evidence suggesting that the
quantity and toxicity of phytoalexins accumulating in resistant
alfalfa plants responding only to initial infection may not be suffi-
cient to repel a challenge attempt by virulent pathogens (3,33). We
also have observed an increased degree of browning in induced
resistant cotyledons responding to challenge-inoculations (N.
O’Neill, unpublished data). These results prompted an investiga-
tion of defense responses occurring in induced resistant tissues re-
sponding to challenge-inoculations. The enhancement of induced
defense expression may play a critical role in discase resistance
under field conditions in which plants are subject to variable di-
sease pressure from numerous foliar pathogens. Preliminary re-
sults suggested that an as yet uncharacterized defense response
occurs, in which there is an enhanced biochemical response to the
challenge attempt by compatible fungi (31).
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Fig. 1. Accumulation of phytoalexins A, medicarpin and B, sativan in race 1-
resistant ‘Arc’ cotyledons during induced resistance and challenge interac-
tions with races 1 and 2 of Colletotrichum trifolii. Treatments consisted of
inoculation with race 1 (incompatible interaction), inoculation with race 1
and challenge-inoculated 24 h later with race 2, inoculation with race 1 and
challenge-inoculated 24 h later with race 1, and inoculation with race 2
(compatible interaction). Vertical bars indicate the standard error of the mean
of three replicates.
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MATERIALS AND METHODS

Fungal isolates. Cultures of field isolates of C. trifolii race 1
(isolate 2sp2) and race 2 (isolates H6-1, H5-1, S1-1, SB-3, §2-3,
H5-3, SB-1, S2-4, and SB-2) were obtained from different geo-
graphic locations in Maryland and North Carolina (32). Cultures
were derived from single spores and stored in sterile soil or on
silica gel crystals at 4°C. Spore suspension inoculum was pre-
pared from isolates cultured on half-strength oatmeal agar (36 g of
Difco oatmeal agar [Difco Laboratories, Detroit], 1 liter of dis-
tilled water, and 7.5 g of agar) in petri dishes for 7 days at 21°C
under 12 h of fluorescent light. Relative isolate virulence and
ability to induce resistance in interactions with alfalfa cultivars
possessing specific genes for resistance were determined previ-
ously (32).

Alfalfa cultivars. Race-differential cultivars Saranac, Arc, and
Saranac AR were used in these experiments (Table 1). ‘Saranac’ is
susceptible to both races (SS phenotype). ‘Arc’ is resistant to race
1 and susceptible to race 2 (RS phenotype). ‘Saranac AR’ is re-
sistant to both races (RR phenotype). Cotyledons appear to be
ideal tissues to examine defense responses in alfalfa (33). Alfalfa
is an autotetraploid and seed is heterogeneous; therefore, only a
portion of the seed of ‘Arc’ (60 to 70%) carries the anthracnose
resistance gene. The number of seed actually exhibiting disease
resistance was determined by evaluating resistance in one cotyle-
don from each seedling. The corresponding cotyledon was then
used in biochemical defense response experiments, and the weight
from cotyledons pooled for each treatment was adjusted for actual
percent resistance.

Inoculation. Inoculum was prepared as described previously
(33). Seeds were planted in sterile Pro-mix (Premier Horticulture
Inc., Red Hill, PA) and grown at 21 to 22°C with a 16-h day/night
photoperiod. After 14 days, cotyledons were detached, placed
abaxial surface up onto moist filter paper in sterile, glass petri
dishes, and inoculated with the appropriate spore suspension.
Plates were sealed and placed in an incubation chamber at 23°C
with a 16-h day/night photoperiod.

Phytoalexin extraction and high-pressure liquid chromatog-
raphy (HPLC) analysis. An extraction method was developed to
reduce the chlorophyll content of samples and facilitate consis-
tency in handling large sample numbers (1). Extraction efficiency
was 85 to 92% for medicarpin; sample phytoalexin concentrations
were not corrected for this value. Cotyledons for each treatment
were combined, weighed (approximately 0.3 g/sample of 30
cotyledons), and ground to a fine powder in liquid nitrogen with a
mortar and pestle. Four and one-half milliliters of 80% acetonitrile
in 1 mM acetic acid was added, and samples were stored at —=70°C.
Samples were filtered to remove particulates, rinsed with 0.5 ml
of 80% acetonitrile, and reduced to 25% acetonitrile by the addi-
tion of 1 mM acetic acid. The solution was poured into a 75-ml
reservoir above a 6-ml Baker-10 SPE octadecyl (C18) disposable
extraction column (J. T. Baker Inc., Phillipsburg, NJ) that had
been preconditioned with methanol followed by two 3-ml volumes
of 25% acetonitrile. The eluate was discarded, and sample com-
pounds adhering to the column were eluted with 3.5 ml of 100%
acetonitrile. The samples were evaporated under nitrogen, resu-
spended in 60 pl of acetonitrile, and stored at —70°C. Compounds
were separated by HPLC on a reverse phase C18 column, 25 x
4.6-cm diameter with 5-um beads. The mobile phase was 50%
acetonitrile in 1 mM acetic acid, increasing to 100% over 20 min,
with a flow rate of 1 ml/min. The effluent was monitored for ab-
sorbance at 210 nm with a UV detector, and phytoalexins were
quantified as peak area units (mV s™') by Baseline Chromato-
graphy software (Waters Corporation, Milford, MA) with pure
medicarpin as a standard.

The analysis of extracts from experiments with different race 2
isolates was slightly modified with a standard of vestitol and a
mobile phase of 20% acetonitrile in 1 mM acetic acid, increasing



to 60% over 55 min, and 98% over an additional 5 min. The flow
rate was 0.8 ml per minute, and the effluent was monitored for
absorbance at 210 nm with a photodiode array detector and analy-
sis by Millennium Chromatography software (Waters Corporation).

Pure phytoalexin standards were kindly provided by the follow-
ing: medicarpin by D. Gustine, sativan by G. Spencer, and vestitol
by N. Paiva. Purity of compounds was confirmed by gas chroma-
tography-mass spectrophotometry analysis. Coumestrol was pur-
chased from Eastman Kodak Co., Rochester, NY.

Defense response in induced and challenged cotyledons. The
temporal accumulation of sativan and medicarpin was determined
in race I-resistant ‘Arc’ cotyledons protected by inoculation with
C. trifolii race 1 and challenge-inoculated 24 h later with race 2.
Treatments consisted of three replications of 33 cotyledons each,
spray-inoculated with 2 x 10° spores per ml of race 1 isolate 2sp2.
In the challenge treatments, cotyledons were spray-inoculated
with 2 x 10 spores per ml of race 1 isolate 2sp2, and then chal-
lenge-inoculated with 2 x 10° spores per ml of race 2 isolate SB-1
or race 1 isolate 2sp2. Plates for all treatments were incubated at
23°C for 24, 48, 72, 96, and 120 h. Control treatments consisted
of plants inoculated with 2 x 10° spores per ml of race 2 isolate
SB-1 and with water alone.

Effect of inducing-inoculum concentration on accumulation
of phytoalexins in induced and challenged cotyledons. Changes
in accumulation of medicarpin and sativan were evaluated in
‘Arc’ cotyledons inoculated with different spore concentrations of
race 1 and challenge-inoculated with race 2. Treatments consisted
of three replications of 33 cotyledons per petri plate spray-inocu-
lated with spore concentrations ranging from 1 x 102 to 1 x 10°
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Fig. 2. The effect of race 1 inducing-inoculum concentration on the accu-
mulation of phytoalexins A, medicarpin and B, sativan in ‘Arc’ cotyledons
challenged by race 2. Treatments consisted of ‘Arc’ inoculated with race 1
alone and ‘Arc’ inoculated with race 1 and then challenge-inoculated 24 h
later with race 2. Cotyledons were harvested 96 h after inoculation with race
1. Vertical bars indicate the standard error of the mean of three replicates.

spores per ml of race 1 isolate 2sp2. Control treatments consisted
of plates of cotyledons inoculated with distilled water and
‘Saranac’ cotyledons inoculated with race 1 (compatible interac-
tion). Plates were incubated at 23°C for 24 h, and then challenge-
inoculated with 2 x 10° spores per ml of race 2 isolate SB-1.
Plates were incubated for an additional 72 h, and cotyledons were
harvested, extracted, and analyzed for phytoalexins.

Effect of inducing-inoculum concentration on protection
from challenge-inoculation. Cotyledons were treated as above
except that they were evaluated for macroscopic signs and symp-
toms of disease 7, 10, and 14 days after inoculation For each
evaluation period, a cotyledon was considered resistant or pro-
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Fig. 3. The effect of race 1 inducing-inoculum concentration on disease
protection in ‘Arc’ cotyledons challenged by race 2. Percent resistance was
assessed A, 7; B, 10; and C, 14 days after inoculations with race 1. Treat-
ments consisted of ‘Arc’ cotyledons inoculated with race | (induced resis-
tance) and then challenged 24 h later with race 2, *Saranac’ cotyledons inocu-
lated with race alone (susceptible interaction), and ‘Arc’ cotyledons inoculated
with race 1 alone (resistant interaction). Vertical bars indicate the standard
error of the mean of three replicates.
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tected if no acervuli or secondary spores were observed and the
tissue remained green.

Phytoalexin accumulation following challenge by different
isolates of race 2. Enhancement of defense expression during
challenge interactions by different race 2 isolates was determined
in induced, resistant cotyledons. ‘Arc’ cotyledons were grown as
described above, placed in petri dishes, and inoculated with race 1
isolate 2sp2 at 1 x 10® spores per ml. After 24 h incubation at
25°C, half the plates were inoculated with different isolates of
race 2 at a concentration of 2 x 10 spores per ml. Plates were
incubated for an additional 72 h, harvested, extracted, and ana-
lyzed for phytoalexin content. This experiment included three
replications of 30 cotyledons per treatment. Quantity of phyto-
alexins was expressed as pg/g of fresh weight of tissue and, in this
experiment, was not adjusted for percent ‘Arc’ seed susceptible to
anthracnose. All experiments were repeated at least once with
similar results.

RESULTS

Defense response in induced and challenged cotyledons. The
accumulation of sativan and medicarpin was determined in race 1-
resistant ‘Arc’ cotyledons protected by inoculation with C. trifolii
race 1 and challenged with race 2 (Fig. 1). Sativan and medicarpin
accumulation was detected between 24 and 48 h after
inoculation with race 1. The accumulation of these phytoalexins
increased more rapidly following challenge-inoculation with
race 2. In both treatments, maximum accumulations were at-
tained 96 h after inoculation. The challenge-inoculation with race
2 boosted both the medicarpin and sativan levels to more than
twice that in cotyledons not challenged with race 2. A second
inoculation with race 1 isolate 2sp2 also resulted in elevated
phytoalexin levels, but the accumulation was significantly less than
that resulting from a challenge with race 2. Thus, the plant is
responding specifically to challenge by a compatible, rather than
incompatible, interacting pathogen (Table 1). Inoculations with race
2 alone (compatible interaction) resulted in little or no accumulation
of medicarpin or sativan. By 120 h, susceptible cotyledons exhibited
chlorosis, acervuli, secondary spores, and tissue collapse.

Effect of race 1 inducing-inoculum concentration on the ac-
cumulation of phytoalexins in ‘Arc’ cotyledons challenged by
race 2. A significant dosage effect was observed between race |
inducing-inoculum concentration and the accumulation of the
major phytoalexins sativan and medicarpin (Fig. 2). The phyto-
alexin response could be detected with 2 x 10? spores/ml of race
1, reaching maximum response at 1 x 10* to 1 x 10 spores/ml.

Cotyledons inoculated with race 1 and then challenged with race
2 exhibited similar accumulation patterns up to 1 x 10* spores/
ml, but exceeded controls by nearly 100% at 1 x 10° spores/ml.

Race 1 inoculum pressure and disease protection following
challenge by race 2. Protection from disease was determined in
cotyledons subjected to a range of inducing-inoculum concentra-
tions and challenged with race 2 (Fig. 3). Protection in ‘Arc’
cotyledons challenge-inoculated with race 2 was detected with
race 1 inducing-inoculum concentrations of 1 x 10* spores/ml and
reached a maximum degree of protection between 1 x 10* and 1 x
105 spores/ml. ‘Arc’ inoculated with race 1 alone exhibited 60 to
70% resistance after 1 week, which is typical for this cultivar. The
susceptible portion of ‘Arc’ seed exhibited disease symptoms
when race 1 inoculum concentrations reached 1 x 10* or higher.
Fifty percent of ‘Arc’ cotyledons inoculated with race 2 alone
(data not shown) exhibited susceptible symptoms within 7 days,
progressing to 93% susceptibility by 14 days. By 10 days, the
degree of protection from race 2 exhibited in ‘Arc’ was the same
as that when inoculated with race 1 alone (approximately 70%
resistant) at inoculum concentrations of 1 x 10% to 1 x 10° spores/
ml. After 10 days, ‘Arc’ cotyledons not protected from race 2 by
prior inoculation with race 1 exhibited 17% resistance.

Phytoalexin accumulation following challenge by different
isolates of race 2. Race 2 isolates were compared for differences
in enhancement of defense expression during challenge interac-
tions on induced resistant cotyledons (Table 2). Medicarpin, sati-
van, vestitol, and coumestrol accumulation increased significantly
in induced cotyledons following challenge by the most virulent
race 2 isolates. The total increase in the four phytoalexins ranged
from no increase to 24.4 ug/g of fresh tissue weight, depending on
the race 2 isolate. Race 2 isolate SB-1 was found to be the most
virulent isolate among 12 isolates tested for virulence to ‘Saranac
AR’, a cultivar resistant to this race (32). This isolate also induced
the greatest quantity of total phytoalexins, 75.2 pg/g of fresh
weight (Table 2). Races S2-4 and S2-3 are also highly virulent
(32) and were effective elicitors of a challenge defense response.
These three isolates induced the greatest increase in total phyto-
alexins in response to challenge-inoculations compared with other
race 2 isolates. Two race 2 isolates, H6-1 and H5-1, did not induce
further accumulations of phytoalexins following challenge treat-
ment. These two isolates are also reported to be the least virulent
of 12 isolates tested for virulence to ‘Saranac AR’, resulting in
68.0 and 53.5% survival in inoculated seedlings, respectively (32).
The total phytoalexin accumulation following challenge with race
2 isolates appears to be associated with their relative virulence
(Table 2).

TABLE 2. Accumulation of phytoalexins in ‘Arc’ cotyledons inoculated with Colletotrichum trifolii race 1 and challenge-inoculated with different isolates of

race 2*

Phytoalexins (pg/g of fresh weight)

Medicarpin Sativan Vestitol Coumestrol Total phytoalexins

Race 2 isolate  Virulence (%)" I C I c I C I C 1 C Increase
SB-1 11.7 6.5 11.4 11.4 15.2 12.4 18.1 239 30.4 542 752 21.0
52-3 322 6.6 9.1 7.1 10.8 9.0 12.1 15.0 27.6 37.8 59.7 219
52-4 32.7 6.0 94 6.9 1.9 7.1 13.4 13.1 228 33.1 57.5 244
SB-2 41.0 43 6.3 10.0 10.0 10.5 17.1 23.5 29.2 48.3 62.6 13.9
H5-3 41.7 37 5.0 10.5 89 6.7 14.6 212 21.1 422 49.6 74
S1-1 45.0 3.7 55 6.2 8.0 T3 12.0 18.4 227 35.6 48.2 12.6
SB-3 ND¢ 3.8 6.1 6.0 7.3 8.3 10.0 11.6 19.8 29.8 43.1 13.3
H6-1 53.5 37 4.0 4.6 5.2 5.9 5.1 7.9 6.5 22.1 20.8 -13
H5-1 68.0 37 3.8 4.5 59 5.2 6.3 6.1 4.5 19.5 20.5 1.0
LSD 2.7 4.5 3.8 11.5

* Three replications of 30 cotyledons per treatment were harvested 96 h after inoculation with race 1 (incompatible interaction) or race 1 followed by an isolate

of race 2 (compatible interaction).

b Virulence is expressed as percent ‘Saranac AR’ seedlings surviving 7 days after inoculation. ‘Saranac AR’ (RR phenotype) is resistant to race 2 (32).
¢ 1 (induced) was inoculated with race 1; C (challenged) was inoculated with race land then race 2 after 24 h.

4 Not determined.
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DISCUSSION

Induced resistance has been described in many host-pathogen
systems (27,39). Investigations of mechanisms of induced resis-
tance may provide new strategies for crop protection through ma-
nipulation of key regulatory genes expressing components of de-
fense or by the application of specific signals that sensitize or
condition plants for protection upon challenge. In this paper, we
describe a localized, enhanced defense response in alfalfa acti-
vated by challenge with a compatible pathogen.

Phytoalexin accumulation is increased during previously com-
patible interactions on plants induced to the resistant state by prior
inoculation with an incompatible race. The rapidity of this accu-
mulation in comparison with the nonprotected tissues suggests
that a portion of the defense response is preactivated.

There are several possible general mechanisms for the increased
response to challenge-inoculation. It is possible that sensitized or
primed tissues accumulate untranslated mRNAs encoding defense
proteins so that, following a second challenge infection, the
mRNAs can be translated and result in a more rapid accumulation
of phytoalexins. Preinduction of elicitor-releasing enzymes such
as glucanases or chitinase, or up-regulation of signal transduction
components may be occurring. Perhaps further molecular analysis
using translation and transcription inhibitors will show whether
there is de novo mRNA or protein synthesis following challenge-
inoculations. Further dynamic variables that may affect inhibition
of fungal development during challenge interactions may be the
role of isoflavonoid conjugates. Preformed phytoalexins in the
form of isoflavone glycosides may be present and released upon
signals from the challenge pathogen. Such conjugates have been
reported in alfalfa roots and suspension cells (11,25,42). This
would also account for the rapid appearance of these compounds.
Such a mechanism has been described in wounded soybean coty-
ledons, in which proximal cells responded with accumulations of
isoflavones and distal cells responded with an increase of isofla-
vone conjugates (17,18,19). Another variable that would affect in
vivo phytoalexin levels is phytoalexin tolerance or metabolic deg-
radation by the pathogen (7,21,26,28).

The enhanced defense response during the secondary phase was
associated with high virulence of the challenge pathogen. The
basis for virulence differences within a race has not been investi-
gated. We reported earlier that the degree of protection from
challenge appeared independent of challenge-inoculum concen-
tration, in which protection from race 2 was effective at spore
densities ranging from 2.5 x 10° to 4 x 10® spores/ml (32). Phyto-
alexin accumulation was not determined in that study. These re-
sults suggest that, in protected tissues, an enhanced defense re-
sponse is specifically triggered by a very low challenge pressure
by a virulent pathogen, perhaps a very efficient way for the plant
to protect itself. It appears that the fungal component eliciting the
response to challenge is also a virulence factor. It is possible that
the more virulent isolates either colonize more tissue or result in
more overall fungal biomass and, thus, elicitor release. This would
increase the potential to produce more phytoalexin than the less
virulent isolates.

The results from this and earlier studies suggest that there are
multiple phases to the disease defense response. In the induction
phase, resistant alfalfa plants exhibit hypersensitive cell death,
followed by moderate accumulation of phytoalexins and the ces-
sation of fungal development at the initial infection site (5,33). In
the challenge phase, inoculation boosts the defense response, re-
sulting in higher levels of phytoalexins and increased hypersensi-
tive browning. This response is not observed in compatible inter-
actions with unprotected tissues. The response to challenge is
dependent on inoculum density during the induction phase (Fig.
2), which correlates with the inoculum required for effective in-
duced resistance (Fig. 3). The total accumulation of medicarpin
and sativan increase proportionally to the degree of protection as

inducing-inoculum spore concentrations levels are increased to 5
x 10° spores/ml. This dosage-dependent correlation provides evi-
dence that phytoalexins play a role in localized induced disease
resistance to anthracnose.

Induced resistance has great potential as a broad-spectrum, al-
ternative crop protectant to fungicides. Practical application of
induced resistance for disease control mechanisms will be facili-
tated by further studies of signaling mechanisms, biochemical ex-
pression of defense response to challenge, and investigations of
the spatial and temporal expression of defense related genes. Fur-
ther studies are also needed to determine whether alfalfa exhibits
systemic acquired resistance in response to biotic or abiotic elicitors.

In this paper, we provide evidence for the enhancement of lo-
calized, induced defense expression during challenge by virulent
fungi. This additional defense component may play a critical role
in disease resistance under field conditions in which plants are
subject to variable disease pressure from numerous foliar patho-
gens. We propose that the acquired immune state serves to prime
or sensitize the plant for subsequent rapid defense activation.
Plants, thus, expend little energy unnccessarily as the metabolic
alterations occur only when and where needed to counter the po-
tential invader.

LITERATURE CITED

L. Baker, C. J., O'Neill, N. R., and Tomerlin, R. J. 1989. Accumulation of
phenolic compounds in incompatible clone/race interactions of Medi-
cago sativa and Colletotrichum trifolii. Physiol. Mol. Plant Pathol.
35:231-241.

2. Bamnes, D. K., Ostazeski, S. A., Shillinger, J. A., and Hanson, C. H.
1969. Effect of anthracnose (Colletotrichum trifolii) infection on yield,
stand, and vigor of alfalfa. Crop Sci. 9:344-346.

3. Blount, J. W,, Dixon, R. A., and Paiva, N. L. 1992. Stress responses in
alfalfa (Medicago sativa L.). XVI. Antifungal activity of medicarpin and
its biosynthetic precursors; implications for the genetic manipulation of
stress metabolites. Physiol. Mol. Plant Pathol. 41:333-349,

4. Cartwright, D., Langcake, P.,, Pryce, R. J., Leworthy, D. P, and Ride, J.
P. 1977. Chemical activation of host defence mechanisms as a basis for
crop protection. Nature 267:511-513,

5. Churchill, A, C. L., Baker, C. I, O'Neill, N. R., and Elgin, J. H., Jr.
1988. Development of Colletotrichum trifolii races 1 and 2 on alfalfa
clones resistant and susceptible to anthracnose. Can. J. Bot. 66:75-81.

6. Dalkin, K., Edwards, R., Edgington, B., and Dixon, R. A, 1990. Stress
responses in alfalfa (Medicago sativa L.). 1. Induction of phenylpro-
panoid biosynthesis and hydrolytic enzymes in elicitor-treated cell sus-
pension cultures. Plant Physiol. 92:440-446.

7. Denny, T. P, and van Etten, H. D. 1982. Metabolism of the phytoalexin
medicarpin and maackiain by Fusarium solani. Phytochemistry 21:1023-
1028,

8. Dewick, P. M., and Martin, M. 1979. Biosynthesis of pterocarpan and
isoflavan phytoalexins in Medicago sativa: The biochemical intercon-
version of pterocarpans and 2’-hydroxyisoflavans. Phytochemistry
18:591-596.

9. Dewick, P. M., and Martin, M. 1979. Biosynthesis of pterocarpan, iso-
flavan and coumestan metabolites of Medicago sativa: Chalcone, isofla-
vone and isoflavanone precursors. Phytochemistry 18:597-602,

10. Dixon, R. A., Choudhary, A. D., Dalkin, K., Edwards, R., Fahrendorf, T.,
Gowri, G., Harrison, M. J., Lamb, C. J., Loake, G. J., Maxwell, C. A,
Orr, J., and Paiva, N. L. 1992. Molecular biology of stress induced phen-
ylpropanoid and isoflavonoid biosynthesis in alfalfa. Pages 91-137 in:
Phenolic Metabolism in Plants. H. Stafford and R. K. Ibrahim, eds. Ple-
num Press, New York.

11. Edwards, R., Mizen, T., and Cook, R. 1995. Isoflavonoid conjugate
accumulation in the roots of lucerne (Medicago sativa) seedlings fol-
lowing infection by the stem nematode (Ditylenchus dipsaci).
Nematologica 41:51-66.

12. Elgin, J. H., Jr., Bamnes, D. K., Busbice, T. H., Buss, G. R., Clark, N. A,
Cleveland, R. W,, Ditterline, R. L., Evans, D. W., Fransen, S. C.,
Horrocks, R. D., Hunt, O. J., Kehr, W. R., Lowe, C. C., Miller, D, A.,
Offutt, M. S., Pickett, R, C., Sorrensen, E. L., Taliaferro, C. M., Tesar,
M. B., and van Keuren, R. W. 1981. Anthracnose resistance increases al-
falfa yields. Crop Sci. 21:457-460.

13. Elgin, J. H., Jr,, and O'Neill, N. R. 1988. Comparison of genes control-
ling race 1 anthracnose resistance in Arc and Saranac AR alfalfa. Crop
Sci. 28:657-659.

Vol. 86, No. 10, 1996 1049



20.

21,

22
23.

24,

25,

26.

27.

28.

. Elgin, J. H., Jr,, and Ostazeski, S. A. 1982. Evaluation of selected alfalfa

cultivars and related Medicago species for resistance to race 1 and race 2
anthracnose. Crop Sci. 22:39-42,

. Elgin, J. H., Jr, and Ostazeski, S. A. 1985. Inheritance of resistance to

race | and race 2 anthracnose in Arc and Saranac AR alfalfa. Crop Sci.
25:861-865.

. Goodman, R. N., and Novacky, A. J. 1994. The Hypersensitive Reaction

in Plants to Pathogens. A Resistance Phenomenon. The American Phy-
topathological Society, St. Paul, MN.

. Graham, M. Y., and Graham, T. L. 1994. Wound-associated competency

factors are required for the proximal cell responses of soybean to the
Phytophthora sojae wall glucan elicitor. Plant Physiol. 105:571-578.

. Graham, T. L., and Graham, M. Y. 1991. Glyceollin elicitors induce

major but distinctly different shifts in isoflavonoid metabolism in proxi-
mal and distal soybean cell populations. Mol. Plant-Microbe Interact.
4:60-68.

. Graham, T. L., Kim, J. E., and Graham, M. Y. 1990. Role of constitutive

isoflavone conjugates in the accumulation of glyceollin in soybean in-
fected with Phytophthora megasperma. Mol. Plant-Microbe Interact.
3:157-166.

Higgins, V. J. 1972. Role of the phytoalexin medicarpin in three leaf spot
diseases of alfalfa. Physiol. Plant Pathol. 2:289-300.

Higgins, V. J,, and Millar, R. L. 1969. Comparative abilities of Stem-
phylium botryosum and Helminthosporium turcicum to induce and de-
grade a phytoalexin from alfalfa. Phytopathology 59:1493-1499.
Ingham, J. L. 1979. Isoflavonoid phytoalexins of the genus Medicago.
Biochem. Syst. Ecol. 7:29-34.

Kauss, H., Jeblick, W., Ziegler, J., and Krabler, W. 1994, Pretreatment of
parsley (Petroselinum crispum L.) suspension cultures with methyl jas-
monate enhances elicitation of activated oxygen species. Plant Physiol.
105:89-94.

Kauss, H., Krause, K., and Jeblick, W. 1992. Methyl jasmonate condi-
tions parsley suspension cells for increased elicitation of phenylpro-
panoid defense responses. Biochem. Biophys. Res. Commun. 189:304-
308.

Kessman, H., Edwards, R., Geno, P. W,, and Dixon, R. A. 1990. Stress
responses in alfalfa (Medicago sativa L.). V. Constitutive and elicitor in-
duced accumulation of isoflavonoid conjugates in cell suspension cul-
tures. Plant Physiol. 94:227-232.

Kraft, B., Schwener, L., Stockl, D., and Barz, W. 1987. Degradation of
the pterocarpan phytoalexin medicarpin by Ascochyta rabiei. Arch. Mi-
crobiol. 147:201-206.

Kuc, J. 1982. Induced immunity to plant disease. BioScience 32:854-
860.

Lucy, M. C., Matthews, P. S., and van Etten, H. D. 1988. Metabolic
detoxification of the phytoalexins maackiain and medicarpin by Nectria
haematococca field isolates: Relationship to virulence on chickpea.

1050 PHYTOPATHOLOGY

29.

30.

31

32

33

34.

35.

36.

37.

38,

39.

40,

41,

42,

43,

Physiol. Mol. Plant Pathol. 33:187-199.

Muller, K. O., and Behr, L. 1949. Mechanism of Phytophthora resistance
of potatoes. Nature 163:498-499,

Nielsen, K. K., Bojsen, K., Collenge, D. B., and Mikkelsen, J. D. 1994,
Induced resistance in sugar beet against Cercospora beticola: Induction
by dichloroisonicotinic acid is independent of chitinase and B-1,3-gluca-
nase transcript accumulation. Physiol. Mol. Plant Pathol. 45:89-99.
O’Neill, N. R. 1994. Phytoalexins accumulating during induction and
challenge interactions in alfalfa anthracnose. (Abstr.) Phytopathology
84:1148.

O’Neill, N. R., Elgin, J. H,, Jr,, and Baker, C. J. 1989. Characterization
of induced resistance to anthracnose in alfalfa by races, isolates, and
species of Colletotrichum. Phytopathology 79:750-756.

O’Neill, N. R., and Saunders, J. A. 1994. Compatible and incompatible
responses in alfalfa cotyledons to races 1 and 2 of Colletotrichum trifolii.
Phytopathology 84:283-287.

QOommen, A., Dixon, R. A., and Paiva, N. L. 1994, The elicitor-inducible
alfalfa isoflavone reductase promoter confers different patterns of devel-
opmental expression in homologous and heterologous transgenic plants.
Plant Cell 6:1789-1803.

Ostazeski, S. A., and Elgin, J. H., Jr. 1984, Resistance induced by race 1
of Colletotrichum trifolii to race 2 in alfalfa resistant to race 1. Plant Dis.
68:285-288.

Paiva, N. L., Edwards, R., Sun, Y., Hrazdina, G., and Dixon, R. A. 1991,
Stress responses in alfalfa (Medicago sativa L.). 1. Molecular cloning
and expression of alfalfa isoflavone reductase, a key enzyme of isofla-
vonoid phytoalexin biosynthesis. Plant Mol. Biol. 17:653-667.

Paiva, N. L., Oommen, A., Harrison, M. I, and Dixon, R. A. 1994,
Regulation of isoflavonoid metabolism in alfalfa. Plant Cell Tissue Or-
gan Cult. 38:213-220.

Schonbeck, F., Steiner, U., and Kraska, T. 1993. Induced resistance:
Criteria, mechanisms, practical application and estimation. J. Plant Dis.
Prot. 100:541-557.

Sequeira, L. 1983. Mechanisms of induced resistance in plants, fungi,
viruses, bacteria. Annu. Rev. Microbiol. 37:51-79.

Smith, D. G., Mclnnes, A. G., Higgins, V. J., and Millar, R. L. 1971.
Nature of the phytoalexin produced by alfalfa in response to fungal in-
fection. Physiol. Plant Pathol. 1:41-44.

Stuteville, D. L., and Erwin, D. C. 1990. Compendium of Alfalfa Dis-
eases. 2nd ed. The American Phytopathological Society, St. Paul, MN.
Tiller, S. A., Parry, A. D., and Edwards, R. 1994. Changes in the accu-
mulation of flavonoid and isoflavonoid conjugates associated with plant
age and nodulation in alfalfa (Medicago sativa). Physiol. Plant. 91:27-
36.

Yoshikawa, M., Yamaoka, N., and Takeuchi, Y. 1993. Elicitors: Their
significance and primary modes of action in the induction of plant de-
fense reactions, Plant Cell Physiol. 34:1163-1173.



