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Abstract

Three conifer species (European larch, Norway spruce, Scots pine) were investigated for their resistance to five
damping-off pathogen$hizoctonia solani, Fusarium solani, F. oxysporum, F. culmorum, F. avengctouula-

tion of the primary roots of seedlings with these pathogens caused host cell death which did not prevent the invasive
growth of these fungi; seedlings that had formed secondary and tertiary roots could overcome the infection to a sig-
nificant degree. Infections witR. solanicaused significant mortality to all the conifer species. In contrast, the tree
species expressed different levels of resistance when challenged wihghgumisolates, with Norway spruce

being the most resistant compared to uninoculated controls. Some Bfishagiumisolates were more pathogenic

to certain hosts than otheils;oxysporunfor European larchi. avenaceunfor Scots pineF. solanifor European

larch; onlyF. culmorumwas significantly pathogenic to Norway spruce. No significant differences in disease sever-
ity were observed at different soil pH (4.3-7.5). Disease progression was delayed at lower d)ratber than

higher temperatures (20-26).

Introduction become pathogenic (Hartley, 1921; Warcup, 1950). The
most important of these fungi for coniferous seedlings
Damping-off disease of seedlings is caused by severalare Fusarium spp., Rhizoctoniaspp., Pythium spp.,
fungal genera that are distributed world-wide. These Phytophthoraspp. andAlternaria sp. (Lilja et al.,
pathogens affect seeds, seedlings, and older plants1993).
including many economically importantvegetablesand  Damping-off of pine seedlings in Poland is caused
cereals, fruit crops and forest trees. For example, vari- mostly by Fusarium spp. and Rhizoctonia solani
ous strains oFusarium oxysporurnan cause wilt dis-  (Mafika, 1998) with symptoms of stunted growth, nee-
eases in more than 100 plant species (Armstrong anddle chlorosis, and browning beginning at the needle
Armstrong, 1981). Kolattukudy and Gamble (1995) tips. Fine roots are killed in most of the fungal damaged
have reported that at least 111 plant species belong-root systems. The succulent tissues of the seedling are
ing to 87 different genera of agricultural, horticultural easily penetrated by the fungus, which invades and kills
or forestry importance were susceptibleRosolani the cells. The major routes for penetration into host
Damping-off disease has been reported in Europe ontissues reported were through wounds (Beyer-Ericson
tree seedlings since the eighteenth century (Boyce, et al., 1991). Stress-induced nursery practices such as
1961). Generally, the disease is caused by a number ofwaterlogging and transplantation pre-dispose seedling
fungi that live saprotrophically in the upper layers of roots to infection by soil-borne pathogens (Beyer-
the soil, but which, under favourable conditions, can Ericsson et al., 1991). Griffin (1958) reported that
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abiotic factors such as pH directly affects the vigour of provide spore suspensions offldhd 10 spores mi*
the host rather than the growth of the pathogen. which were used for inoculation®. solaniwas cul-

In agricultural crop plants, instances where resis- tured on SNA liquid medium at 2Z for 3—4 weeks,
tance can be attributed solely to a single defence mech-the mycelium homogenized in a sterile Waring blender,
anism are very few (Ji et al., 1998). Several responsesand 1 ml of the mycelium-medium slurry used for
may occur simultaneously or consecutively. It is there- inoculations.
fore likely that more than one biochemical mechanism
may be responsible for restricted growth of a pathogen. Hosts
Forexample, the hypersensitive necrotic response (HR)
is often associated with the accumulation of phytoalex- seeds ofPinus sylvestris(Scots pine),Picea abies
ins or with lignification (De Witt, 1987). A limited  (Norway spruce) antarix europaegEuropean larch)
number of reports describing host—parasite interactions yere supplied by courtesy of Forest District Siewierz,
in perennial plants have documented conspicuous mor- ppjand. Seeds were surface sterilized in 3099 Hor
phological responses of the plant cell to fungalinvasion 15min under agitation and then washed thoroughly
such as papillae formation, suberization and accumu- yith sterile distilled water (SDW). The seeds were
lation of electron dense materials (Popoff et al., 1975; sown on sterile 1% (w/v) water agar in Petri dishes
Stenlid and Johansson, 1987; Farquhar and Peterson(ca. 25 in each 9.0cm dish) and allowed to germi-
1989; Bonello et al., 1991; Asiegbu et al., 1993; nate at 22C in the dark to provide seedlings for the

1994). _ _ pathogenicity tests.
In this study, we studied the reaction of three

conifer tree specieinus sylvestrid.. (Scots pine),
Picea abiesL. (Karst.) (Norway spruce) andarix

europaea(Larix deciduaMill.) (European larch) to
infection byF. solani(Mart.) Sacc.F. avenaceun(Fr.)

Sacc.F. culmorum(W.G. Smith) Sacck. oxysporum
Schlecht. andR. solaniKuhn.

Pathogenicity test on Petri dishes

Fourteen days after sowing, seedlings were aseptically
transferred into a second set of Petri dishes (three
replicate dishes of 10 seedlings/dish) containing ster-
ile 1% (w/v) water agar (Asiegbu et al., 1993). Half
of each Petri dish was overlaid with moist sterile filter

Materials and methods paper prior to the transfer of seedlings, with the root
region placed on the filter paper; 1 ml mycelial or spore
Fungal pathogens suspension was then applied. A second moist sterile

filter paper was laid over the roots after fungal inoc-
F. solani F. avenaceumF. culmorum F. oxysporum ulation. The root region (half of each plate) was cov-
andR. solaniwere isolated from diseased Scots pine ered with aluminium foil and the Petri dish was sealed
seedlings from the following nurseries: Podlesie (For- with parafilm. The seedlings were then incubated at
est District Oborniki Wikp., western Poland in 1996), 20°C with a photoperiod of 16 h. Control plant roots
Grodziec (Forest District Siewierz, southern Poland in were inoculated with SDW. After 5, 10 and 15 days,
1997), Kukawy (Forest District Kowal, central Poland the degree of necrotic browning response was assessed
in 1996 and in 1997 Rhizoctonidsolates were identi-  Vvisually.
fied (by M. Méaika and M. Kacprzak) based on standard
taxonomic procedures as outlined by previous authors Degree of necrosis response and
(Gilman, 1957, Kronland and Stanghellini, 1988; Sneh seedling mortality

etal., 1991).
The degree andrate of necrosis response (Asiegbu etal.,
Inoculum preparation 1993; 1999b) on root surfaces was measured visually at
5, 10 and 15 days post-inoculation (p.i.). This was mea-
Micro- and macro-conidia ofusarium spp. main- sured as the extent of root browning-0no browning;

tained on synthetic nutrient poor agar (SNA) medium 1 = slight browning (notdense);2 moderate brown-
(Nirenberg, 1981) at 2Z for 3—4 weeks, were har- ing; 3 = strong browning; 4= very strong browning).
vested, washed three times in sterile distilled water, Mortality was recorded as number of dead seedlings
centrifuged between washes and finally diluted to after 5, 10 and 15 days.
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Pathogenicity test in pots in 95% ethanol (5 min at room temperature), washed
twice in phosphate—citrate buffer, pH 3.8, stained with
Seedlings were infected with test fungi on Petri 0.001% acridine orange in phosphate buffer for 15 min
dishes as described above. After 24 h, seedlings wereat room temperature and rinsed twice in phosphate-
transferred into pots, 9.0cmm 9.0cm (10 plants/pot)  citrate buffer. Root pieces were examined under a Leitz
containing sterile sand with pH pre-adjusted to 4.5 Orthoplan fluorescence microscope with excitation fil-
(3 replicate pots per treatment). Transplanted seedlingster I,: BP 450—490. The number of fluorescent nuclei
were watered every 3-5 days with SDW enriched with within a microscope field of view using @40 objec-
Ingestad’s nutrient solution (Asiegbu et al., 1999a). tive was counted for both infected and control roots
Each litre of water was supplemented with 1 ml solution (3 fields of view per root in a total of 10 roots per sam-
A and 1 ml solution B of Ingestads nutrient solution.  ple). Images were recorded using Kodak 135 film at
1600 ASA.

Effect of temperature on pathogenicity of
the fungal isolates to Scots pine seedlings Determination of pH changes in infected roots

Inthe firstset of experiments, seedlings infected in Petri |nfected Scots pine and Norway spruce seedlings were
dishes, as described above, were incubated at 10-15arvested 10 days p.i. from Petri-dish experiments.
and 20-25C. Inthe second set of experiments, 24h pl Excised roots (10 per Samp|e) were macerated with
with fungi in Petri plates, seedlings were transferred 3 m| of deionized water using a mortar and pestle; roots
into pots containing sterile sand with the pH adjusted to of uninfected control seedlings were treated similarly.

4.5, using HCI. Transplanted Seedlings received SDW The pH was measured using an Orion pH meter (mode|

supplemented with Ingestads nutrient solution adjusted 420 A). Three replicates were used for each treatment.
to pH 4.5, every 3-5 days. The plants in pots were incu-

bated either at 10-15 or 20—25 under a photoperiod

of 16 h Tissue preparation for light and

transmission electron microscopy (TEM)

Effect of sand pH on pathogenicity of

: : . Samples were collected at defined time intervals, fixed
the fungal isolates to Scots pine seedlings

in glutaraldehyde and embedded in London Resin

R infected on Petri dish i (London Resin co., Basingstoke, UK) as described
oots were infected on Petri dishes as described above,oy Asiegbu et al. (1993; 1994). For light microscopy,

See_dlings, one _day p.i., were transferred into ppts with semi-thin sections (gm thick) were stained with tolu-
stgrlle sand_ adju.s:]ed toc?lfferent pH valugs (|_.e. 4.3, idine blue (general stain for lignin and phenolic-like
5'h' 7.5)dl|J_S|ng either H \ or NaOHoto maintain pH. o mn6unds) (Asiegbu et al., 1993; 1994). Ultra-thin
The seedlings were incubated at 20°@5with a 16 h sections were collected on nickel grids and observed

photoperiod. Afte_r p'a”t"_‘g’ seedli_ngs received SDW without staining in a Philips CM 12 transmission elec-
supplemented with nutrient solution every 5 days. tron microscope (TEM)

The pH of the sand was checked over the course of

5 days between watering, during which the pH of ) )

the added nutrient solution was adjusted with either Preparation of samples for scanning electron
HCI or NaOH, as needed. After 10, 20, 30, 40 days, Microscopy (SEM)

seedlings and roots were examined for damping-off
symptoms. The procedure used was as described by Asiegbu et al.

(1993) except that roots were observed using an Hitachi

Tissue preparation for fluorescence microscopy S-4500 SEM operated at 15kV.

(determination of cell death)

Data analyses
Seedlings were harvested 3, 5, 10 days p.i. Nuclear
staining was carried out as described by Henry and Results were analysed by analysis of variance
Deacon (1981). Briefly, excised root regions (first (ANOVA). Data analyses with ANOVA was also com-
10mm from root tip) were hydrolysed in 3% HCI plimented using the Student'gest.
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Results days p.i. (Figure 2). When compared with the Petri-
dish experiment, fewer seedlings with disease symp-

Host—parasite interactions; symptoms of disease toms were observed in pots at 40 days p.i. but as was

on Petri dishes noted for Petri dishes, the initial symptoms of disease

and significant mortality was observed in pots contain-
The first symptoms of damping-off were observed ing seedlings inoculated witR. solanj irrespective of
3-5 days p.i. on seedlings, inoculated wiRhsolani the tree species.
Different degrees of host response recorded as a In the case of Norway spruce, at 40 days p.i., it
necrotic browning reaction were observed, with very was noted that with the exception Bf. solanj only
strong necrosis noted 5-10 days p.i. At 10 days p.i., seedlings infected witl. culmorumshowed visual
100% mortality was recorded irrespective of the tree symptoms of infection. However, by careful removal
species infected (Figure 1). In the case of inoculations of the inoculated seedling from the pot and ensur-
with Fusarium spp., differential levels of virulence ing that the root systems were intact, certain attributes
were expressed (Figure 1). Results on both Petri-dish of the resistant seedlings were noted, which were not
and pot experiments (Figures 1 and 2) showed that observed amongst susceptible individuals. With resis-
F. avenaceunwas the most pathogenic fungus to Scots tant seedlings, the initially inoculated primary roots
pine (P < 0.001), and onlyF. culmorumwas signif- were rapidly killed but the secondary and tertiary roots
icantly pathogenic to Norway spruce &t < 0.001, remained alive (Figure 6a—c). In contrast, no secondary
whereas in Petri-dish experiments oxysporum  or tertiary root formation was observed amongst the
(P < 0.001) was most parasitic to European larch diseased seedlings.
at 5 days p.i.J. solaniwas observed to be the least
pathogenic of the fouFusariumspp. studied. A con-  Effect of incubation temperature on infection
siderable number of Norway spruce roots infected
with F. solani did not show any sign of a necrotic  wjth Scots pine in Petri dishes, the necrotic browning
browning response even after 15 days p.i. However, rgaction was observed much later in seedlings incu-
rapid induction of the necrotic browning reaction pated at 10-15C, compared with seedlings incubated
was observed when a high spore inoculum potential 4t 20-25C (Figure 3). With seedlings inoculated with
(10" spores mt*) was used compared to a much lower R solanj the first symptoms occurred about 5 days
inoculum (16 spores mt"). later at 10-15C than at 20—25C. After 10 days p.i.

In terms of susceptibility, Scots pine and European at 20-25C, almost all seedlings showed very strong
larch were more susceptible than Norway spruce ire- pecrotic reaction and mortality symptoms. However,
spective of the type of pathogen used. However, jitie necrotic browning response or seedling mortal-
seedling mortality was much more rapid and usually ity was recorded following inoculation witRusarium
visible after a relatively shorttime (ca. 5 days p.i.) with - jsojates for 5 days at 10-16, but after 20 days p.i.,
European larch than with Scots pine. Due to the high there was also a very strong necrotic reaction and a
level of mortality, most experiments for larch in Petri  gjgnificant (° < 0.01) increase in the number of dead

dishes were terminated at 5 days p.i. seedlings incubated at the lower temperature after inoc-
ulation withF. avenaceunt. culmorumF. oxysporum
Symptoms of disease in pots but notF. solani(data not shown).

With pot-grown seedlings, symptoms of damping-
Symptoms of damping-off in pots were observed much off also occurred much later at 10-X5 than at
later by comparison with Petri-dish experiments, irre- 20-25°C. In the case oR. solaniinoculation, seedling
spective of the tree species infected. The number of mortality at 10-15C increased linearly over time
dead seedlings increased linearly with prolonged expo- and after 40 days p.i. 70% of the seedlings were
sure but remained apparently unchanged after 30-40dead. Seedling mortality was much more rapid at

Figure 1L Degree (0—4) of necrotic browning reaction and mortality of the coniferous seedlings in Petri dishes at 10 days p.i. except for
larch which was at 5 days p.i. Degree of significance (mortality) as compared with contegehassignificant; significant atP < 0.05,
*significant atP < 0.01,**significant atP < 0.001 (NR= Necrotic browning reaction).
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Figure 2 Mortality of the coniferous seedlings in pots at 40 days p.i. Degree of significance (mortality) as compared with control:
ns = not significant;significant atP < 0.05,*significant atP < 0.01,***significant atP < 0.001.

20-25°C suggesting that temperature had a signif- maximum at 30 days p.i. whereas, percentage mor-
icant (P < 0.01) effect on the outcome of infec- tality of seedlings, incubated at 10-15 increased
tion. Similarly, mortality of seedlings infected with over time and reached comparable levels only after
Fusariumspp. at 20-25C increased and reached a 40 days p.i.
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Effect of soil pH on the infection larch, infected roots of Norway spruce had more living
cells except in the case of infection wikh solanias

No significant differences in disease severity were noted.

recorded at different soil pH levels (Figure 4). In the

case of seedlings inoculated wkh solanj first symp-

toms of disease occurred much earlier at pH 4.3 than

at pH 7.5, and by 20 days most of the seedlings were . L
dead. Similar observations were made with seedlings !n both Norway spruce and Scots pine, a slightincrease

. . ! in root pH towards alkalinity was observed at 10 days
infected with Fusariumspp. and grown on sand at : ; : ) X

pH 4.3. However, percentage mortality of seedlings p.i. In both host trees,_lnfect|or_1 with solaniaffected

; ) . ; : only 0.2-0.5 change in pH units as compared to con-
infected with the respective fungi and incubated on trols. whereas avenaceuntaused 0.9—1.2 change in
sand at pH 5.8 or 7.5 increased linearly over time H ,nit b v. ntrol val T bI. 1 ' 9

and at 40 days p.i. reached levels comparable to thoseP' ' UNIts above contro alues (Table 1).

observed at pH 4.3. Significant differencés £ 0.05)

in terms of seedling mortality were observed between Initial events preceding fungal penetration

F. avenaceunand the otheFusariumspp. at all pH

levels (Figure 4). In the case oR. solanj evidence of newly emerging
hyphal cells on the roots were observed by 24 h p.i.,
the hyphae sometimes elongating to produce dichoto-
mous hyphal branches. It was observed that hyphal tips
tightly adhered to the root surface and in some cases
evidence of pre-formed hyphal penetrating structures
was observed (Figure 7a). The fungus may have pen-
etrated roots through crevices or directly through epi-
dermal walls. Within 3 days of infection, networks of
branching hyphae were recorded on the root surface.
At 5 days p.i., the roots were completely covered by an
intense mass of branching mycelia in contrast to control
uninoculated roots, thus making it difficult to observe
other modes of penetration. Chlamydospores were also
frequently observed within this densely packed layer
of mycelia (Figure 7b). With. avenaceum24 h p.i.,
preformed hyphal structures were observed (Figure 7c)
and penetration of epidermal walls usually occurred
through crevices (Figure 7d). By 5 days p.i. an over-
growth of the root surface by the fungus was clearly
noticeable and it had began to sporulate producing both
macro- and micro-spores which also tightly adhered to
the roots (Figure 7e).

Changes in root pH due to infection

Induction of cell death in coniferous roots by
pathogenic fungi

At 3-10 days p.i., a considerable reduction in the
number of living cells within roots (first 10 mm) was
recorded compared with control roots, irrespective of
the tree species studied (Figure 5 and Figure 6d,e).
After inoculation withR. solanj significantly fewer
living cells were recorded at 3-5 days compared with
uninfected controls®# < 0.01 orP < 0.001). By
5 days p.i. most roots with very strong browning
(degree 4 type of necrosis) were practically devoid of
living nuclei and were covered by an intense network of
hyphae. However, witkusariumspp. infections, con-
siderable differences were observed in host response
amongst the individual tree species with the exception
of Norway spruce. Root cells of larch were very rapidly
killed by each of theFusarium spp. while Norway
spruce was more resistant.

Results with Scots pine following infection with the
Fusariumisolates indicated that within 5-10 days p.i.
a significant ¢ < 0.05 or P < 0.01) decrease in
the number of living cells compared with uninfected Cellular colonization of root tissues
controls was visible (Figure 5). Usually, a dense net-
work of hyphae was observed on the surface of the Cellular penetration by fungiinto epidermal cells began
roots. WithF. culmorum very strong sporulation was  approximately within 1 day p.i. By 5-15 days p.i.,
observed and the formation of sclerotia was observed presence of hyphae was recorded both inter- and intra-
in some of the roots, suggesting that the fungi were cellularly inside cortical and vascular tissues (Table 2
no longer actively growing but had entered a dormant and Figure 6f—h). The cellular responses of the three
stage. No significant difference was recorded between tree species to invasion W¥. solaniwere similar and
individual Fusariumspp. in terms of the number of liv-  the rate at which the fungus colonized the three hosts
ing cells within infected roots. In contrast to pine and was comparable. In the case of infectionfysarium
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Figure 4 Mortality of Scots pine seedlings 40 days p.i. at different substrate pH values. Degree of significance (mortality) as compared
with control: ns= not significant; significant atP < 0.05,**significant atP < 0.01,**significant atP < 0.001.

isolates, differences in the rates of colonization were necrotic response were expressed amongst the various
apparent. Consequently for each host species investi-tree species and even within each individual species,
gated, only the most and least pathogenic isolates of possibly suggesting a genetic basis for host resis-
Fusariumwere investigated. With the more aggres- tance and recognition (Nelson, 1982). Although our
sive pathogens (i.& avenaceunF. culmorumn), pen- results on necrotic browning reactions were based on
etration into epidermal, cortical and vascular tissues visual observation which could be subjective, a more
was recorded within 15 days. However, for the weak quantitative approach of estimating the number of
pathogerF. solanj very slow growth was noted, and dead cells was also considered. The high correlation
at 15 days p.i., the fungus was only observed within between seedlings with the highest degree of necrotic
the outer cortex of Scots pine. At the TEM level browning reaction and an increased number of dead
(Figures 8a—f), the pathogens were observed within the cells and mortality in such seedlings, suggests that
middle lamellar cell corner regions. Penetration was necrotic cell death cannot be used as a measure of
both inter- and intracellular. host resistance to necrotrophic parasites. These results
contrast with similar observations with biotrophic par-
asites where hypersensitive cell death restricts further

Discussion penetration of the pathogen (Lamb and Dixon, 1997).
Consequently, the greater resistance of Norway spruce
Host cell recognition and response compared to Scots pine and larch to infection by

Fusariumisolates may possibly be related to its ability
Results of this study show that roots of Norway spruce, to resist cell death. However, it is not clear whether
Scots pine and European larch, at early stages of devel-host cell death is triggered by toxic microbial products
opment, are susceptible EusariumandRhizoctonia or elcitors of host origin. Several studies have shown
isolates, causative agents of damping-off disease. Thethat mycotoxins secreted by fungal species are capable
initial host response following inoculation includes of inducing apoptotic cell death in plants and animal
a necrotic browning reaction. Different levels of the tissues (Gilchrist et al., 1995; Tolleson et al., 1996;

Figure 3 A-B. Degree of necrotic browning reaction and mortality of Scots pine seedlings infected with the pathogenic fungi in Petri
dishes at different temperatures at 10 days p.i5{&0-25C; B = 10-15C). C. Mortality of Scots pine seedlings incubated at 20—
25°C and 10-15C in pots for 40 days. Degree of significance (mortality) as compared with contrel:n@ significant; significant at

P < 0.05,*significant atP < 0.01,***significant atP < 0.001 (NR= Necrotic browning reaction).
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Figure 6. Secondary root formation, cell death and invasive growth of Scots pine roots following infectioR vetttani a. Uninfected

(control) Scots pine root. Note increased number of secondary roots (arrowheads). b. Seedling roots of Scots pine infectzdamith

Note flaccidity and mortality of the seedlings (arrowheads) due to the death of the primary root. c. Seedling roots of Scots pine infected
with R. solani Note formation of secondary roots (arrows) despite death of the primary roots (arrowhead). Note also fewer number
of secondary roots as compared with the uninfected control. d. Control uninfected Scots pine root stained with acridine orange. Note
abundance of fluorescent nuclei within living cells (arrowheads). e. Roots infecteR vdtianiwere stained with acridine orange. Very

few living nuclei was observed in host roots as compared with control uninoculaed roots. f. Disintegration of cellular architecture of Scots
pine root following infection byR. solaniat 9 days p.i. (arrowheads). g. Extensive colonization of Scots pine roBt bglani Note

presence of hyphae within cortical tissues at 7 days p.i. h. Disintegration of vascular tissues of Scotdpaebgceuni5 days p.i.

Bars: d, 2Qum; e—g, 10.Qum; h, 5.0um.

Table 1 Changesin pH of Scots pine and Norway spruce root tissues following infectRngmyaniandFusariumspecies

pH Control R. solani F. avenaceum F. culmorum F. oxysporum F. solani
Norway spruce 5.20.1 6.3+ 0.01 6.5+ 0.04 6.6+ 0.01 5.8+ 0.01 5.8+ 0.02
Scots pine 6.2£ 0.02 6.4+ 0.1 7.1+0.1 7.04+0.1 6.7+ 0.04 6.4+ 0.01

*Measured 10 days p.i.
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Figure 7. Scanning electron micrographs of initial developmental stag&hidoctoniaand Fusariumprogules on root surfaces prior

to penetration. a. Root infected I®hizoctoniasp. showing possible mode of penetration by pre-formed appressorial-like structures
(arrowheads). b. Root surface of infected root. Note presence of chlamydospores (arrowhBads)anfion the root surface. c. Scots

pine roots infected witlrusariumspp. Note presence of preformed appressorial-like structures (arrowhe&tspoium d. Penetration

of Fusariumhyphae through crevices on root surface (arrowheads). e. Sporulation and adhesion of (s)micro- and (I)macro-conidiospores
on root surfaces. Note formation of germ-tubes from adherant spores (arrowheads). Bars:ane, 1.0



Table 2 Time-course of events in conifer seedling root tissues after challenge with selected damping-off pathogens

Fungus Region of root Days post-inoculation
1 2 3 5 7 9 11 15

Norway spruce

R. solani Epidermis P D D D D D D D
Cortex P, L P L P PD D D D D
Endodermis — P, L P, L P D D D D
Stele — — — P D D D D

F. culmorum Epidermis P, L P L P, D D D D D D
Cortex — P L P, L P L P,D P,D P,D P,D, L
Endodermis — L L P, L P, L P, L P, L P, L
Stele — — — — — P P, D D

F. solani Epidermis P P, L P, L P L P, L P, L P L P L
Cortex — — L L L L L P, L
Endodermis — — — — — L L
Stele — — — — — — — —

Scots pine

R. solani Epidermis P P, D P, D D D D D D
Cortex L P L P, L D, L D D D D
Endodermis — — L P P, D D D D
Stele — — — P P P D D

F. avenaceum  Epidermis P, L P P, D D D D D D
Cortex L L P L P L P, L P, L P L P, L
Endodermis — L L L P, L P, L P, L P, L
Stele — — — — — P P, D D

F. solani Epidermis L P L P, L P, D P, D P, D D D
Cortex — — L P, L P L P, L P L P L
Endodermis — — — — L P, L P, L P, L
Stele — — — — — L L P, L

European larch

R. solani Epidermis P P D D D D D D
Cortex L P L D, L D, L D D D D
Endodermis — — P, L D D D D D
Stele — — — P D D D D

F. oxysporum Epidermis P L P P,D D D D D D
Cortex L P L P, L P, L P, L P, L P, L P, L
Endodermis — L L L P, L P, L P, L D, L
Stele — — — — — P P, D D

F. avenaceum  Epidermis L P, L P, L P, L P,D P, D D D
Cortex — — L L L P, L P, L P, L
Endodermis — — — — L L L P, L
Stele — — — — — L L P, L

P —intercellular hyphal penetratiob — intracellular hyphal penetration and cell disorganizationlignification and/or
phenolic accumulation within cellular tissueSemi-thin sections were stained with toluidine blue and examined under

light microscope.

Wang et al., 1996). Gilchrist et al. (1995) reported that
fumonisins, a toxin secreted IBysariumspp. induced
disruption of sphingolipid metabolism leading to cell
death in plants.

The significant mortality recorded in all tree species
infected withR. solanj suggests some differences in

the pathogenicity of the fungal isolates. Other authors
have also reported about 99% mortality rate of pine
seedlings challenged witR. solaniAG-5 in French

nurseries (Camporota and Perrin, 1998). Differences
in pathogenicity amongst the fungal isolates may also
indicate that host cell death may partly reflect invasion
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of the necrotroph which could be related to the char- compared to pots. However, the pathogenic capabil-
acteristic nature of its secreted extracellular metabo- ity and host-related responses of the tree species under
lites. F. solani provoked the least host response and both conditions were similar after prolonged incuba-
was considered a weak pathogen. An in-depth com- tion. Other authors have also demonstrated that stress
parative study of. solaniand the highly pathogenic  inducing nursery practices help to pre-dispose seedling
Fusariumisolates may provide some insight into the roots to infection by these facultative parasites (Beyer-
mechanisms of host recognition, evolution of com- Ericsson et al., 1991). Agrios (1988) noted that envi-
patibility and pathogen virulence in conifer pathosys- ronmental conditions prevailing in both air and soil
tems. Another interesting aspect of these results is the may greatly affect the development of damping-off dis-
differential levels of pathogenicity of each individual ease. In this study, incubation of infected seedlings
Fusariumisolate to different hosts (e.§. avenaceum  at sub-optimal temperatures (10=0§ significantly
for Scots pine/European larch, solani for larch, delayed disease progress. Other authors (Hangyalne-
F. oxysporumfor larch/Scots pine ané. culmorum Balul et al., 1975) made similar observations and con-
for all three tree species) which further suggests some cluded that pine seeds should be sown at 10€13
elements of molecular complementation between host before the air temperature reaches’@0 However,
and pathogen. A similar phenomenon of host prefer- Smiley and Uddin (1993) reported tHat solaniAG-8
ence has been described for the necrotrophic root rotin natural soil caused more severe root rot of wheat
pathogen Kleterobasidion annosunon conifer trees  at low rather than at high temperatures. By contrast,
(Korhonen, 1978). Singh and Mehrotra (1982) noted that pre-emergence
Another marked feature of resistance in these conifer damping-off of grains caused by the tropical strain
hosts which was of particular interest was the consid- R. bataticoladid not occur at 18C but the disease was
erable reduction in mortality rate prevalent amongst maximal at 34C. As we noted in this study, low tem-
seedlings which developed secondary and tertiary roots perature may delay the appearance of disease symp-
when the initially infected primary roots were killed. toms but will not necessarily stop growth of the fungus.
In most of the seedlings examined, infection did not  Furthermore, in this study, pH had no adverse effect
spread to secondary and tertiary roots. It will be of on the development of pathogens, although incidence
interest to investigate the reduced tendency for the of disease occurrence was much more rapid at lower
spread of the fungi into such newly-formed lateral pH. Otherauthors have also noted that soil pH isimpor-
roots. It is possible that factors other than morpholog- tant for the occurrence of plant disease caused by soil-
ical changes in root formation such as systemic induc- borne pathogens (Colhoun, 1973; Agrios, 1988). Scher
tion of host defence compounds may have also con- and Baker (1980) showed thRtisariumwilt of flax
tributed in enhancing resistance. Xue etal. (1998) noted was significantly less at pH 8.0 than at 6.0 in sup-
that pre-inoculation of bean plants with non-pathogenic pressive Metz fine sandy loam, but was more severe at
binucleateRhizoctoniaspp. prior to infection eliciteda  both pH levels in a conducive soil. Changing the pH
significant and systemic increase in peroxidases, glu- of soil may lead to an increased or decreased availabil-
canases and chitinases which protected the tissues fromity of the nutrients required by both host and pathogen
invasive growth of the pathogenic isolate. (Simley and Cook, 1973). Simley and Cook (1973)
also observed that soil-borne pathogens favoured by
acid soils are favoured by ammonium ions and sup-
Abiotic factors and disease occurrence pressed by nitrate ions. The converse was true for those
fungal pathogens favoured by neutral or alkaline soils.
Mortality was much more rapid in seedlings incubated Schier (1987) and Schier and Patton (1995) found that
under stress-related conditions such as in Petri dishesdamping-off caused the death of several pine seedlings

Figure 8 TEM photographs showing cellular colonization of Norway spruce root tissues. a. Colonization of host tissues. Note presence
of F. culmorumhyphae (arrowheads) at 9 days p.i. within cellular material. b. Colonization of host tissues by cell to cell invasive growth

of F. culmorumhyphae (H). c. Host cellular responses during challenge wittulmorumwas marked by accumulation of electron

dense bodies, probably phenolics (arrowheads). Note also intracellular growth of the pathogen hyphae (H). d. Presence of electron dense
materials surrounding dead hyphae (staf.climorume. Growth of~. culmorumhyphae (H) within middle lamellar cell corner regions.

f. Deposition of electron dense substances (arrowheads) on hyphal tips (H). Bars: asd, @-8, 1.0um.
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