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Abstract

Defense responses to Fusarium oxysporum f. sp. asparagi and F. proliferatum were compared after root inoculation
of the asparagus fern, Asparagus densiflorus vars. Myersii and Sprengeri, and cultivated asparagus, A. officinalis
cv. Guelph Millennium. Both varieties of A. densiflorus exhibited a hypersensitive response with rapid death of
epidermal cells within 824 h and restricted the fungal growth. In A. officinalis roots, rapid cell death was not
found, and necrotic lesions were observed 8—14 d after fungal inoculation. Peroxidase and phenylalanine ammonia-
lyase activities increased significantly in inoculated A. densiflorus but not A. officinalis plants. Local and systemic
induction of peroxidase activity was detected after pathogen inoculation in root and spear tissues, respectively, of
A. densiflorus. POX activity decreased in roots of inoculated A. officinalis by 8 d post-inoculation. Germination and
germ tube growth were inhibited when spores of F. oxysporum {. sp. asparagi were incubated in root exudates and on
root segment surfaces of inoculated A. densiflorus plants exhibiting hypersensitive cell death. Spore germination
of F proliferatum and three fungi non-pathogenic to cultivated asparagus was inhibited as well. Rapid induction
of hypersensitive cell death in A. densiflorus was associated with restriction of fungal growth, and activation of
peroxidase and phenylalanine ammonia-lyase, two defense enzymes thought to be important for plant disease
resistance.

Abbreviations: Foa — Fusarium oxysporum f. sp. asparagi; Fp — F. proliferatum; HR — hypersensitive response;
PAL - phenylalanine ammonia-lyase; POX — peroxidase; SAR — systemic acquired resistance.

Introduction

Plants have coevolved with pathogens to develop
complex, constitutive and inducible mechanisms to
defend against infection (Kombrink and Somssich,
1995; Agrios, 1997). When a plant recognizes an invad-
ing pathogen, active defense mechanisms are induced
which can include a hypersensitive response (HR),
accumulation of antimicrobial phytoalexins, synthe-
sis of hydrolases and pathogenesis-related proteins,
reinforcement of cell walls through callose deposi-
tion and lignification, and activation of defense-related

genes (Hammond-Kosack and Jones, 1996). Defense
mechanisms in a susceptible plant are induced more
slowly than those of a resistant plant, and the
time required to induce a variety of defense responses
appears to be a key factor resulting in a resistant phe-
notype (Yang et al., 1997).

Asparagus crown and root rot, caused by Fusar-
ium oxysporum Schlechtend.: Fr. f. sp. asparagi Cohen
& Heald (Foa) and F. proliferatum (Matsu.) Niren-
berg (Fp), is considered the primary agent of decline in
major asparagus-producing areas of the world (Elmer
et al., 1996). The cultivated asparagus, A. officinalis,



474

is susceptible to Fusarium crown and root rot, while
the asparagus fern, A. densiflorus, is resistant to the
disease, and is assumed to be a nonhost (Lewis and
Shoemaker, 1964; Stephens et al., 1989). The mech-
anisms of disease resistance, however, are currently
unknown. Sexual incompatibility between A. densi-
florus and A. officinalis prevents development of resis-
tant A. officinalis by traditional breeding approaches
(Stephens et al., 1989). An improved understanding of
resistance mechanisms in A. densiflorus to Fusarium
species which are pathogenic or non-pathogenic to cul-
tivated asparagus could provide insights into develop-
ing strategies to engineer durable and broad-spectrum
resistance. The purpose of this study was to examine
whether active defense mechanisms, such as hypersen-
sitive cell death, activation of peroxidase (POX) and
phenylalanine ammonia-lyase (PAL), and production
of antifungal compounds are induced in A. densiflorus
plants in response to inoculation with Fusarium species
pathogenic and nonpathogenic to A. officinalis.

Materials and methods
Fungal isolates and cultures

Isolates of Fusarium oxysporum f. sp. asparagi
(isolate FOS50) and F  proliferatum (isolate
FPM6374) pathogenic to asparagus were provided
by Dr. W.H. Elmer (Connecticut Agricultural Exper-
imental Station, Connecticut, USA). Other fungal
isolates, pathogenic on tomato (F. oxysporum f. sp.
lycopersici (isolate FOL67)), cyclamen (F. oxyspo-
rum f. sp. cyclaminis (isolate HYC-7)) and tobacco
(Colletotrichum destructivum (isolate CD001)), were
obtained from the Department of Environmental
Biology, University of Guelph. All isolates used in
this study were grown on sterile millet kernels and
maintained for long-term storage at 4 °C (Escandi and
Echandi, 1991). Cultures were initiated by inoculating
potato dextrose agar (PDA, Difco) plates with fungus-
colonized millet kernels and incubating plates at 24 °C
in darkness. Fungal conidia were harvested from
2-week-old cultures by dislodging the spores with a
glass rod into distilled water. Spore suspensions were
filtered through cheesecloth to remove mycelium and
agar chunks, the filtrate was centrifuged at 6000 x g
for 5min, and the spore pellet was re-suspended in
sterile 0.5% malt extract. Spores were pre-germinated
overnight at 24 °C in darkness. After centrifugation of
the pre-germinated spore suspension described above,

the resulting supernatant (spore germination fluid) was
collected. Germinating spores were washed, serially
diluted with distilled water and adjusted to 1x10?,
1x10* and 1x10° sporesml™" for plant inoculations.
Mycelial homogenates and culture filtrates for plant
inoculation were produced by inoculating a 50 ml
culture of 0.5% malt extract with a mycelial plug
(10-mm-diameter) of Foa (FOS50) and allowing the
culture to grow on a shaker (100rpm) for 4 weeks
at 24°C in darkness. Culture filtrates were obtained
by filtering liquid cultures through Whatman #4
filter paper. The filtered mycelium was aseptically
homogenized with 20 ml distilled water in a pre-
chilled mortar and ground with a pestle for 2 min.
The resulting suspension, containing 4.5 x 10° hyphal
fragmentsml~' with lengths of 150-250 pm and
widths of 3—4 um, was directly used for inoculation in
experiments.

Asparagus plants

Seeds of Asparagus densiflorus varieties Myersii and
Sprengeri (Ball Seed Co., West Chicago, IL, USA) and
A. officinalis cultivar Guelph Millennium (University
of Guelph) were disinfected first in sodium hypochlo-
rite and subsequently in a solution of benomyl in ace-
tone according to Stephens and Elmer (1988). The
seeds were aseptically germinated in 9 cm Petri plates
on moistened sterile filter paper at 24°C under a
12 h photoperiod (~40 pmolm=2s~"). Ten days after
sprouting, individual seedlings were transferred to
Hoagland’s solid medium (Hoagland and Arnon, 1950)
for further growth under the same conditions described
above. For soil inoculation experiments, 4-week-old
seedlings of asparagus were transplanted into indi-
vidual 10cm diameter pots containing a commer-
cial greenhouse soil (Promix Bx, Riviere-du-Loup,
PQ, Canada) and grown in a greenhouse at 25°C
(day)/20°C (night) for an additional 12 weeks before
pathogen inoculation. For hyphal-sandwich root inocu-
lation experiments described later, asparagus seedlings
were grown in Hoagland’s solid medium for 8 weeks
before inoculation.

Assessment of Fusarium resistance
in greenhouse trials

An inoculation technique with Fusarium-colonized
millet (Stephens et al., 1989) was used to evaluate dis-
ease resistance of asparagus in greenhouse trials. To



prepare fungal inoculum, 200 g of millet seeds were
combined with 100 ml of distilled water in 1-1 flasks
and autoclaved twice for 1 h on two consecutive days.
A 10-mm-diameter plug from the margin of a 7-d-old
fungal culture grown on PDA was placed aseptically
into individual flasks of sterile millet. After 14 d incu-
bation at 24 °C in darkness, the colonized millet was
incorporated into greenhouse soil at the rate of 7¢g
milletkg™" soil. Subsequently, plants of A. densiflorus
vars. Myersii and Sprengeri and A. officinalis cv.
Guelph Millennium grown in soil as described above,
were individually transplanted into 10cm diameter
pots containing greenhouse soil which was either
inoculated or not inoculated with Foa, Fp, or both
pathogens. Plants were grown in the greenhouse at
25°C (day)/20°C (night). Each treatment consisted
of nine replicate plants. The experiment was repeated
once. After 8 weeks, plants were harvested and evalu-
ated for disease severity. Fusarium crown and root rot
was visually rated on a 1-5 scale: 1 = no symptoms or
lesions; 2 = lesions present on 1-25% of root system;
3 = lesions on 26-50% of root system; 4 = 51-75%
of root tissues covered with lesions; 5 = >76% of
root tissues covered with lesions (Stephens et al., 1989;
Blok et al., 1997).

Assessment of HR in asparagus genotypes

Hyphal-sandwich root inoculation. For hyphal-
sandwich inoculation (Xue et al., 1998), 8-week-old
seedlings of A. densiflorus vars. Myersii and Spren-
geri and A. officinalis cv. Guelph Millennium were
removed from Hoagland’s solid medium, washed with
distilled water, blotted dry and transferred to sterile
Pyrex glass trays (38 x 27 x 6 cm) that were lined with
sterile paper towels. The root systems of these plants
were placed between two PDA strips (6 x 3 x 0.5 cm)
containing hyphae from 2-week-old cultures of Foa,
Fp or both, with the hyphal side of each strip facing
the roots. Uninoculated PDA strips were used as con-
trols. Two replicate experiments were performed each
consisting of 2 sets of 3 replicate glass trays each with
12 treatment combinations (4 inoculation treatments
(Foa, Fp or both, plus uninoculated control) x 3 plant
genotypes). Each treatment combination consisted of
2 plants in each replicate tray which were inoculated
together between PDA strips. From the first set of
glass trays, individual plants were sampled from each
treatment at 8 h and 24 h post-inoculation, and plants
from the second set of glass trays were sampled at
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8d and 14 d. Each root was sampled twice where 100
contiguous epidermal cells were observed for each
subsample.

Root inoculations with mycelial homogenate, cul-
ture filtrate and spores. Petri dishes containing
8-week-old seedlings of A. densiflorus var. Myersii
and A. officinalis cv. Guelph Millennium were each
inoculated with 1 ml of mycelial homogenate, cul-
ture filtrate, pre-germinated spores (1x10?, 1x10°%,
1 x 10° spores ml~"), 3% malt extract, or distilled water
according to Asiegbu et al. (1994). Each treatment com-
bination (7 inoculation treatments x 2 plant genotypes)
consisted of 3 replicate plates each with 3 plants, and
the entire experiment was repeated once. The inoc-
ulated plant roots were repeatedly sampled at 8h,
24h, 8d and 14d post-inoculation for examination
of HR.

Examination of hypersensitive cell death. Death of
asparagus root cells after Fusarium inoculation was
investigated using trypan blue as both a vital dye
and a fungal stain. Plant cell death was monitored as
described by Tang et al. (1999). Root samples were
placed in 0.05% trypan blue in lactophenol, boiled
for 5min, rinsed first in 50% ethanol, then in water
and stored in 50% glycerol until use. Fungal hyphae
and plant root cells stained by trypan blue were exam-
ined microscopically for quantification of cell death. At
least 100 epidermal cells of sampled root were assessed
under 400 to 1000 x magnification and the numbers of
dead cells were counted to estimate the percentage of
cell death.

Analysis of POX and PAL activities in
asparagus challenged by Foa

Fungal inoculations. Eight-week-old seedlings of
A. densiflorus vars. Myersii and A. officinalis cv.
Guelph Millennium were inoculated with Foa (FO50)
using the hyphal-sandwich root method described
above. Each experiment consisted of 2 sets of
3 replicate glass trays each with 4 treatment combi-
nations (Foa inoculation treatment plus uninoculated
control x 2 plant genotypes). Each treatment com-
bination consisted of 3 plants in each replicate tray
which were inoculated together between PDA strips.
From the first set of glass trays, individual plants were
sampled for each treatment at O, 8h and 2d post-
inoculation, and those from the second set of glass
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trays were sampled at 4d, 8d and 14d. The entire
experiment was repeated once.

Enzymatic assays. Root and spear tissues were each
homogenized with 10 mM sodium phosphate buffer
(pH 6.0) in a chilled mortar on ice by grinding with a
pestle for 50 s. The homogenate was filtered through
Whatman #4 filter paper and filtrates were centrifuged
at 12,000 x g for 20min at 4 °C. Supernatant protein
concentrations were determined by the method of Brad-
ford (1976).

POX activity was measured according to Hammer-
schmidt et al. (1982) with minor modifications. The
assay reaction contained 7.5 pl of 10 mM guaiacol in
50 mM sodium phosphate buffer, pH 6.0, 100 pl diluted
extract supernatant (diluted 10-fold with 5 mM sodium
phosphate buffer, pH 6.0), 792.5 pl of 5SmM sodium
phosphate buffer, pH 6.0, and 100 pl of 600 mM H,O,.
Assays were initiated by addition of H,O, and the
change in optical density at 470 nm was measured for
1 min (DU-64, Beckman Instruments Inc., CA, USA).
POX activity was expressed as the change in optical
density mg~' protein min~'.

PAL activity was assayed following Beaudoin-
Eagan and Thorpe (1985). The assay reaction con-
sisted of 100 pl of plant extract supernatant and 900 pl
of 6 uM L-phenylalanine in 500 mM Tris—HCI buffer,
pH 8.5. The mixture was incubated at 37°C for 1h
and measured spectrophotometrically at 2900 nm. PAL
activity was expressed as units g~' protein, where one
unit was determined as 1 pM of L-phenylalanine con-
verted to trans-cinnamate and NH; min~! for a stan-
dard sample of PAL from Rhodotorula glutinis (Sigma,
St. Louis, MO, USA).

Survey of antifungal activity from asparagus
roots inoculated with Foa

Root inoculations. Hyphal-sandwich root inoculation
with Foa (FO50) was performed for A. densiflorus
var. Myersii and A. officinalis cv. Guelph Millen-
nium. Two replicate experiments each consisted of 3
replicate glass trays, each with 4 treatment combi-
nations (Foa inoculation treatment plus uninoculated
control x 2 plant genotypes). Each treatment com-
bination consisted of 3 plants in each replicate tray
which were inoculated together between PDA strips.
After 24 h inoculation, two plants were sampled for the
preparation of root exudates and the third plant was
sampled for root segments.

Fungal inhibitory trial in root exudates. Fungal ger-
mination and growth in plant root exudates was per-
formed according to Fernandez and Heath (1989a) with
modifications. Foa-inoculated plant roots of A. densi-
florus var. Myersii and A. officinalis cv. Guelph Mil-
lennium and those from uninoculated controls, were
each submerged in 20 ml of sterile distilled water in
darkness for 24 h. The water that presumably contained
plant root exudates was collected and stored at 4 °C.
Spore suspensions (1 x 10°ml~") of Foa (FO50), Fp
(FPM6374), E. oxysporum f. sp. lycopersici (FOL67T)
and F. oxysporum f. sp. cyclaminis (HYC-7) and
C. destructivum (CD001) were diluted with an equal
volume of root exudate solution, or spore germination
fluid, or sterile distilled water. The resulting spore sus-
pensions (5x 10° ml~") were incubated at 24 °C and per-
cent spore germination and/or germ tube length were
measured.

Foa inhibitory trial on root segment surfaces. Fungal
spore germination and growth on root segment surfaces
was assayed following Fernandez and Heath (1989a,b).
Two Foa-challenged root segments (2-mm-diameter
and 25-mm-length) from individual A. densiflorus var.
Myersii or A. officinalis cv. Guelph Millennium plants
were placed together on a glass slide and covered with
200 pl of 5 x 10° ml™! spore suspension of Foa. Three
replicate glass slides were produced from each inoc-
ulated plant. Glass slides were incubated at 24 °C in
parafilm-wrapped Petri dishes. The root segments of
unchallenged plants were used as controls. At least
100 spores per slide were examined microscopically
for effects of root segments on spore germination and
germ tube growth.

Results

Macroscopic reaction of asparagus genotypes to
inoculations with Foa and Fp

A. densiflorus vars. Myersii and Sprengeri displayed a
resistant response 8 weeks after inoculation with Foa
or Fp, while A. officinalis cv. Guelph Millennium was
susceptible to these pathogens (Figure 1). Synergistic
effects were not found when plants were inoculated
simultaneously with both Fusarium species. No macro-
scopic disease symptoms or lesions were observed in
A. densiflorus, while vascular discoloration in rotted
crowns, collapse of feeder roots, and plant death were
observed for A. officinalis within 8 weeks.
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Figure 1. Disease resistance reactions of Asparagus densiflorus
vars. Myersii and Sprengeri and A. officinalis cv. Guelph Millen-
nium 8 weeks after inoculation with Fusarium oxysporum f. sp.
asparagi (FO50) or F. proliferatum (FPM6374) in a soil inoc-
ulation greenhouse trial. Disease rating 1 = no symptoms or
lesions on roots; 2 = lesions present on 1-25% of root system;
3 = lesions on 26-50% of root system; 4 = 51-75% of root tis-
sues covered with lesions; and 5 = >76% of root tissues covered
with lesions. Mean+SE.

Hpypersensitive cell death in response to
Fusarium inoculation

Root cells of A. densiflorus displayed hypersensitive
cell death when inoculated with Foa and Fp (Figure 2).
The HR was first observed 8h post-inoculation in
root epidermal cells of A. densiflorus var. Myersii
(Figure 2A), and no infected fungal hyphae were found
in the cells adjacent to those that were dead (Figure 2B),
indicating the HR prevented growth and spread of
the pathogen into healthy tissue. In contrast, suscep-
tible plants of A. officinalis var. Guelph Millennium
did not show HR after fungal challenge; the invad-
ing hyphae rapidly penetrated and colonized the root
epidermal tissues 24 h post-inoculation (Figure 2C).
Necrotic root lesions were first observed 8d post-
inoculation, and were well established by 14d post-
inoculation (Figure 2D).

Hyphal-sandwich root inoculations with Foa and
Fp, individually, and in combination induced sim-
ilar percentages of cell death in the root epider-
mis of A. densiflorus vars. Myersii and Sprengeri
(Table 1). At 8 h post-inoculation 2—-6% of root epider-
mal cells exhibited HR; this value increased to 9-15%
at 24 h. No further increases in percent cell death were
observed at 2, 4, 8 and 14 d post-inoculation (data not
shown).

Mycelial homogenates, culture filtrates and pre-
germinated conidia of Foa each induced rapid cell
death in roots of A. densiflorus var. Myersii (Table 2).
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The highest percent cell death was found with
mycelial homogenates and high concentrations of pre-
germinated conidia (10* to 10 ml~"), while the lowest
levels occurred with fungal culture filtrates and a low
concentration of pre-germinated conidia (10*>ml™").
The percentage of dead epidermal cells did not increase
significantly after 24 h post-inoculation. No rapid cell
death occurred in roots of A. officinalis var. Guelph
Millennium when inoculated either with mycelial
homogenates, culture filtrates or pre-germinated coni-
dia of Foa within 8 to 24 h (C.Y. He and D.J. Wolyn,
unpublished).

Changes in POX and PAL activities
accompanying HR

In A. densiflorus var. Myersii, POX activity increased
significantly in roots and spears after hyphal-sandwich
root inoculations with Foa compared to the untreated
control (Figure 3). In response to hyphal-sandwich
inoculation, POX activity increased eight-fold in plant
roots after 8 h (Figure 3A), which coincided with HR
induction in infected root epidermal cells (Table 1,
Figure 2A). Elevated levels of the enzymatic activ-
ity were maintained 2, 4, 8 and 14 d post-inoculation
(Figure 3). POX activity increased 350% by 2d
post-inoculation in spears of A. densiflorus plants,
then decreased 30% from 2d to 14 d post-inoculation
(Figure 3B). Inroots of A. officinalis cv. Guelph Millen-
nium, POX activity decreased 30-50% following root
inoculation with Foa (Figure 3A). The decline was first
observed 8 h after inoculation and levels remained con-
stant to 8 d post-inoculation. By 14 d post-inoculation,
POX activity increased to levels greater than that of the
uninoculated control, when tissue collapse and necrosis
became apparent (Figure 2D). POX activity increased
slightly in spears of A. officinalis plants with Foa-
inoculated roots, while no significant changes in POX
activity were observed in spears of the untreated control
(Figure 3B).

PAL activity increased significantly in roots of
A. densiflorus var. Myersii challenged with Foa
(Figure 4). Two days post-inoculation, PAL activity
increased approximately 300% compared to the control
and subsequently decreased 50% from day 4 to day 14.
PAL activity decreased in inoculated roots of A. offici-
nalis from 8 h to 8 d post-inoculation compared to the
untreated control plants (Figure 4A). PAL activities in
spears did not significantly differ between treated and
untreated A. densiflorus or A. officinalis (Figure 4B).
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Figure 2. Rapid cell death and necrosis in root tissues of Asparagus species inoculated with Fusarium oxysporum f. sp. asparagi (FO50).
Fungal hyphae and dead plant cells were visualized by trypan blue staining. In A. densiflorus var. Myersii, rapid cell death (RCD, arrow)
occurred at 8 h post-inoculation (A), and remained limited to epidermal cells at 24 h post-inoculation (B). In A. officinalis cv. Guelph
Millennium, infected plant roots showed no visible cell death; fungal penetration was followed by branching, elongation and colonization
by hyphae (H, arrow) within infected tissues at 24 h post-inoculation (C), and typical disease necrosis (N, arrow) developed at 14d
post-inoculation with abundant hyphae (H, arrow) surrounding diseased tissues (D).

Table 1. Percentdead cells' of epidermal cells in Asparagus
densiflorus roots inoculated for 8 h and 24 h, singly and in
combination with F. oxysporum £. sp. asparagi (FO50) and
F. proliferatum (FPM6374) using a hyphal-sandwich root
inoculation method

Inoculation A. densiflorus A. densiflorus
treatments var. Myersii var. Sprengeri
8h 24h 8h 24h
FO50 2 4+6> 2+1 10£8
FPM6374 542 11+2 644 945
FO50 + FPM6374 3 15£6 5+4 14+2
Untreated control 0 0 0 0

'Percent dead cells represent the proportion of dead cells in
all root epidermal cells examined.

*Means + SE, each mean is based on 6 replicates of 100
root cells each.

Antifungal properties of A. densiflorus roots
exhibiting HR

Incubation of Foa spores with root exudates and root
segments from plants of A. densiflorus exhibiting HR

Table 2. Percent dead cells' of epidermal cells in roots of
Asparagus densiflorus var. Myersii inoculated with mycelial
homogenate, culture filtrate and pre-germinated spores of Fusar-
ium oxysporum f. sp. asparagi (FO50)

Inoculation Time post-inoculation
treatments 8h  24h 8d 14d

21£2* 202 16+2

Mycelial homogenates 2

Culture filtrate 3 8§+2 8§+2 6
Spore suspension
10> ml™! 6 12+9 10 16+2
10* m1~! 6+4 18+14 24+9 2642
10°ml™! 8+4 1544 2448 2544
3% Malt extract 0 0 0 0
Distilled water 0 0 0 0

'Percent dead cells represent the proportion of dead cells in all
root epidermal cells examined.

*Means =+ SE, each mean is based on 6 replicates of 100 root
cells each.

from Foa-challenged tissues inhibited spore germina-
tion and germ tube elongation (Figure 5). Values were
50-70% less than those for uninoculated plants, fungal
spore germination fluid or distilled water. The greatest
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Figure 3. Peroxidase (POX) induction in roots (A) and spears (B) of 8-week-old asparagus plants either inoculated with Fusarium
oxysporum f. sp. asparagi (FO50) or uninoculated (control) using hyphal-sandwich root inoculation. Within each tissue type, means with
the same letter are not significantly different at P = 0.05 (test of least significant difference) and each mean is based on 6 replicates.

response was 71% inhibition of spore germination with
root exudates. No antifungal activity was observed for
exudates from either Foa-challenged or unchallenged
control plants of A. officinalis (C.Y. He and D.J. Wolyn,
unpublished). The pH of root exudates did not change
between the challenged and unchallenged plants, and
treatments of root exudates with proteinase K and boil-
ing did not affect the inhibitory activities (data not
shown).

Root exudates of A. densiflorus significantly
inhibited spore germination in vitro for several
plant pathogenic fungi, including F. proliferatum,

F. oxysporumf. sp. lycopersici andf. sp. cyclaminis and
Colletotrichum destructivum (Figure 6). The greatest
inhibition was observed for spores of F. proliferatum.
No inhibitory activity to these pathogens was observed
for exudates from either Foa-challenged or unchal-
lenged plants of A. officinalis (data not shown).

Discussion

Both varieties of A. densiflorus, Myersii and Sprengeri,
displayed an incompatible reaction with the Fusarium
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Figure 4. Phenylalanine ammonia-lyase (PAL) induction in roots (A) and spears (B) of 8-week-old asparagus plants either inoculated
with Fusarium oxysporum f. sp. asparagi (FO50) or uninoculated (control) using hyphal-sandwich root inoculation. Within each tissue
type, means with the same letter are not significantly different at P = 0.05 (test of least significant difference) and each mean is based

on 6 replicates.

species tested in a greenhouse trial, which was consis-
tent with previous research showing that A. densiflorus
was highly resistant or immune to infection by Foa and
Fp (Stephens et al., 1989). A. densiflorus responded
rapidly after inoculation by the Fusarium species with
the HR, which is typically associated with disease resis-
tance (Dangl et al., 1996; Pontier et al., 1998). Suscep-
tible A. officinalis did not show HR, and progressive
fungal growth led to disease and necrosis of infected
tissues. HR has been shown to be a powerful defense
mechanism for most examples of race/cultivar-specific

resistance and many cases of nonhost resistance (Jah-
nen and Hahlbrock, 1988; Somssich and Hahlbrock,
1998; Kamoun et al., 1999). The HR may act to con-
fine the pathogen, locally activate defense genes, and
induce systemic acquired resistance (SAR) (Pontier
et al., 1998). In the present study, rapid and localized
cell death in response to pathogen challenge directly
prevented the spread of the pathogen into healthy tis-
sues of A. densiflorus. Death of root epidermal cells
was concurrent with the activation of POX and PAL
defense enzymes and the release of compounds from
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Figure 5. Spore germination and germ tube length of Fusarium
oxysporum f. sp. asparagi (FO50) when co-incubated with root
exudates (RE) and root segments (RS) from Foa-challenged (C)
and unchallenged (U) Asparagus densiflorus var. Myersii plants,
fungal germination fluid (FGF) and distilled water (DW). Each
mean (£SE) is based on 6 replicate observations of 100 spores.

roots which could inhibit fungal spore germination and
germ tube elongation.

Local or systemic changes in POX and PAL activ-
ities upon Fusarium inoculation were associated with
HR induction in A. densiflorus. POX has been exten-
sively implicated in multiple functions of plant dis-
ease resistance, including reinforcement of cell wall,
lignin biosynthesis and hydrogen peroxide generation
(Brisson et al., 1994; Milosevic and Slusarenko, 1996).
At 8 h post-inoculation, HR was observed in roots of
A. densiflorus. POX activity increased significantly at
8 h post-inoculation in roots and 2 d post-inoculation in
spears, demonstrating systemic induction of POX since
only roots were inoculated. Activation of POX might
result in production of hydrogen peroxide which was
involved in hypersensitive cell death, as observed in
barley (Hiickelhoven et al., 1999) and lettuce (Bestwick
etal., 1998).

PAL, the first committed enzyme in the phenyl-
propanoid and flavonoid pathways, is involved in

100 - — —

@ .

< 80 T —L

=

<+

(] |

s 60+

: J

g

£ 4

g j

=)

o 20

g ‘

5

wn

0 1

RE DW RE DW RE DW RE DW
FPM6374 FOL67 HYC-7 CD001

Fungal isolates

Figure 6. In vitro inhibitory effects of root exudates (RE) from
Asparagus densiflorus var. Myersii challenged for 24h with
Fusarium oxysporum f. sp. asparagi (FO50) on spore ger-
mination of F proliferatum (FPM6374), F. oxysporum f. sp.
lycopersici (FOL67), F. oxysporumf. sp. cyclaminis (HYC-7) and
Colletotrichum destructivum (CD001). Fungal spore germination
in distilled water (DW) was used as controls. Each mean (£SE)
is based on 6 replicate observations of 100 spores.

biosynthesis of phytoalexins, lignins and salicylic acid
associated with disease resistance expression (Mauch-
Mani and Slusarenko, 1996). Activation of PAL in
A. densiflorus could directly affect accumulation of sec-
ondary toxic compounds, such as phytoalexins, which
might be released in root exudates and on root seg-
ment surfaces from the inoculated plants to inhibit
fungal spore germination and growth. The antifungal
activity of root exudates was not affected by treat-
ments with proteinase K and boiling, suggesting the
production of a secondary metabolite with antifungal
properties. Most importantly, the broad-spectrum inhi-
bition of spore germination for several plant pathogenic
fungi by root exudates may be one of the crucial
defense mechanisms underlying Fusarium resistance
of A. densiflorus. Identification and characterization
of the inducible antifungal compounds could fur-
ther facilitate the understanding of the resistance in
A. densiflorus.

The occurrence of HR, systemic induction of POX
and broad-spectrum antifungal properties in inoculated
A. densiflorus plants may indicate the induction of
SAR, as observed in other plants (Sticher et al., 1997;
Van Loon et al., 1998). SAR was induced in numerous
crops after inoculation with nonpathogenic Fusarium
strains; subsequent infection of pathogenic Fusarium
strains was suppressed (Alabouvette and Couteaudier,
1992; Larkin and Fravel, 1999).
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In summary, we described activation of defense
responses in A. densiflorus upon Fusarium inoculation.
Rapid formation of the hypersensitive response as a
result of attempted fungal invasion was accompanied
by induction of POX and PAL activities and was corre-
lated with production of antifungal compounds which
inhibited spore germination and growth.
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