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SUMMARY

Interactions between ozone and biotic stress caused by a pathogen, Heterobasidion annosum (Fr.) Bref., in
mycorrhizal [Hegeloma crustuliniforme (Bull, ex St. Am.) Quel.] and non-mycorrhizal Scots pine seedlings were
investigated using a semi-axenic model system.

Ozone exposure (200 nl T^ 8 h d~' for 28 d) increased disease incidence significantly, but mycorrhizal infection
completely prevented this negative effect. The presence of the pathogen on the root systems was necessary for the
induction of changes in the soluble and wall-bound secondary compounds of roots and needles; ozone alone did
not induce such changes. Mycorrhizal infection appeared to have a dampening effect on the induction of these
compounds.

H. annosum induced a significant accumulation of the two pine stilbenes both locally and systemically in the
more susceptible seedlings. In these seedlings ozone had a significant positive effect on the accumulation of both
stilbenes in the roots, but it reduced pinosylvin and had no effect on pinosylvin 3-methyl ether in the needles. The
catechin content of the roots decreased in the same infected seedlings, but to a larger degree upon ozone treatment.
One compound of as yet unknown structure accumulated gradually in the infected roots over the experimental
period, and could thus be associated with resistance. Its accumulation was little affected by ozone treatment.
Among the root cell wall-bound phenolics analyzed, only lignin-like material showed significant changes. The
presence of the pathogen was again necessary for induction, but ozone had an inhibitory effect on this response.

Pure pinosylvin applied through the hypocotyls of excised seedlings was shown to be phytotoxic, with the
needles displaying discoloration and wilting as observed after pathogenic inoculation, and being characterized by
a lower chlorophyll content and increased transpiration. Accumulation of pinosylvin in the needles was detected
at amounts comparable to those found in the main experiment.
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INTRODUCTION ^^^^ = ^ ° ' " ' ^^^^ ' M a d d e n & Campbel l , 1987;
Manning & Keane, 1988).

There is now a general consensus about the del- Under natural conditions, trees are almost in-
eterious role of air pollution on plants, but the variably mycorrhizal. Ectomycorrhizas, the most
mechanisms by which gaseous pollutants (ozone, important type of mycorrhizal symbiosis in tem-
sulphur dioxide, nitrogen oxides, etc.) damage plants perate forest trees (Harley & Smith, 1983), have
remain unclear. However, there is evidence to been frequently shown to improve resistance to
suggest that increased susceptibility of pollutant- diseases of microbial origin in their phytobionts
stressed plants to common diseases, particularly of (Marx & Davey, 1969; Marx, 1973; Sylvia &
fungal origin, may be one important, albeit indirect, Sinclair, 1983; Chakravarty & Unestam, 1987;
factor in the plant decline syndrome (James et al., Duchesne, Peterson & Ellis, 1987; Chakravarty &

Hwang, 1991). However, the results of the relatively
* To whom correspondence should be addressed. infrequent Work on the effects of air pollution on the
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levels of mycorrhizal infection, and of mycorrhiza on
the incidence of plant damage due to air pollution,
have been quite variable (McCool, 1988). Despite a
wealth of studies on ectomycorrhizal physiology,
only a comparatively small number of investigations
has been carried out on the physiological aspects of
disease in mycorrhizal roots (see Bonello, 1991). No
study of the physiopathological interrelationships
between air pollution and root disease in mycorrhizal
forest plants appears to have been published.

The present study aimed to investigate the
alterations in susceptibility of ozone-treated mycor-
rhizal and non-mycorrhizal Pinus sylvestris L. seed-
lings to Heterobasidion annosum (Fr.) Bref., and to
relate these changes to possible modifications in the
expression of primarily biochemical defence mech-
anisms. These comprised: {a) the accumulation of
soluble, constitutive and phytoalexin-like, phenylpro-
panoid derivatives (e.g. stilbenes) and terpenoids,
which are usually considered as potential pathogen-
inhibiting factors (Gottstein & Gross, 1992; Bonello
& Pearce, 1993); {b) the deposition of simple
phenylpropanoid derivatives and lignin-like mater-
ials on to the cell wall, which is thought to contribute
to disease resistance as an anti-penetrative measure
(Vance, Kirk & Sherwood, 1980; Pearce, 1987); and
(c) disease escape in ectomycorrhizas through the
indirect effect of the possible antagonism between
the mycobiont and the pathogen.

A limited number of studies has shown a toxic
effect of phytoalexins in crop plants (Shiraishi et al,
1975; Weinstein & Albersheim, 1983). Therefore,
the possibility of a similar effect of the stilbenes
formed in Scots pine was investigated.

The study used a well-defined and strictly con-
trolled system for establishing plant-fungus inter-
actions and for exposing them to ozone. Treatments
included fumigation of mycorrhizal and non-
mycorrhizal seedlings with two ozone concentra-
tions, and concurrent inoculation of the root systems
with Heterobasidion annosum.

MATERIALS AND METHODS

Plants and fungi

Scots pine {Pinus sylvestris L.) seeds were purchased
from the Staatliche Samenklenge at Laufen (Bavaria,
FRG, plantation no. 85122, harvest 1980). They
were germinated on 0-8 "o water-agar (WA) after
surface sterilization with 30°o HjOj for 30 min and
washing in sterile deionized water as described
(Bonello et al, 1991). After 15-20 d from sowing,
non-contaminated seedlings w ere transferred to Petri
dish systems modelled after the method of
Duddridge (1986) for the synthesis of ectomycor-
rhizas in vitro, the difference being that WA was
used as a substrate rather than a peat-vermiculite
mixture. Great care was taken to embed the rootlets
a little in the agar. Two seedlings per plate were

used. These systems were placed in a covered
propagator in a growth chamber at 20 °C, with a 16 h
photoperiod, for 1 wk. The quantum flux density
originating from Sylvania Standard F58W/129
warm white fluorescent tubes, measured with a
quantum sensor (Lambda Instrument Corporation,
model LI-185A), M'as 15/<mol m '̂̂  s'^ over the
waveband 400-700 nm. After 1 month's incubation,
a proportion of non-contaminated seedlings were
inoculated with the ectomycorrhizal fungus
Hebeloma crustuliniforme (Bull, ex St. Am.) Quel.
(strain 73, isolated from Sitka spruce by D. Read,
University of Sheffield, U.K.) by placing 6 to 8
mycelial plugs, 5 mm diam., taken from the margins
of actively growing colonies, directly on to the roots
of each seedling. The remaining seedlings were left
untouched (Bonello et al, 1991). All seedlings were
placed in the growth chamber described above and
incubated for another month to allow for mycor-
rhizal infection. Subsequently, all viable, non-
contaminated mycorrhizal and non-mycorrhizal
seedlings were transferred to fresh WA systems, and
after 6 d they were moved to the fumigation cuvettes
for pre-experimental acclimation (3 d). On the day
fumigation was started (time 0), 240 seedlings (120
mycorrhizal plus 120 non-mycorrhizal) were in-
oculated with actively growing Heterobasidion
annosum (strain DSM 1531) using the same method
as for ectomycorrhizal synthesis. Sixty unchallenged
seedlings were also fumigated as a further control
(Table 1). Water agar was used as a substrate in
order to limit possible nutritional advantages to any
of the interaction partners.

Ozone fumigation

The fumigation set-up was as described in
Rosemann, Heller & Sandermann (1991). Seedlings

Table 1. Description of subtreatments

Subtreatment ID
Number of
seedlings

Ch-nmC: Heterobasidion-chaWenged, 60
non-mycorrhizal seedlings,
control ozone levels

Ch-mC: Heterobasidion-chMenged, 60
mycorrhizal seedlings,
control ozone levels

Ch-nmO: Heterobasidion-chdiWenged, 60
non-mycorrhizal seedlings,
elevated ozone levels

Ch-mO: Heterobasidion-chzWenged, 60
mycorrhizal seedlings,
elevated ozone levels

UCh-C: Unchallenged seedlings, 30
control ozone levels

UCh-O: Unchallenged seedlings, 30
elevated ozone levels
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in subtreatments Ch-nmO, Ch-mO and UCh-O (cf.
Table 1) were fumigated in one cuvette with
200 nl r^ ozone constantly supplied for 8 h d~' (from
12 to 20 h), whereas a similar series of seedlings
(subtreatments Ch-nmC, Ch-mC and UCh-C) were
treated in another cuvette with 20 nl 1"̂  (control).
Filtered air was used during the remaining 16 h of
the day in both cuvettes. The temperature and
relative humidity cycles were 23/19 °C and 75/85 %
(day/night). Lighting (6-20 h) was provided by
Sylvania GTE FR 96T12, cool white fluorescent
tubes. The quantum flux density was 90-
100/imolm"^ s~̂  over the waveband 400-700 nm.
The experiment was terminated after 28 d.

Sampling

Susceptibility had to be easily recognized in order to
correlate it with possible changes in the expression of
different defence mechanisms. Thus, seedlings were
considered susceptible as soon as they showed at
least two shrivelling, discoloured, and/or yellowing
primary needles. The pathogen-challenged seedlings
were harvested under such conditions and sub-
divided into needle whorls (including the symp-
tomatic needles) and root systems. These portions
were separately weighed into Eppendorf tubes,
immediately frozen in liquid nitrogen, and stored at
— 80 °C. Selection of seedlings for biochemical and
microscopical analysis was carried out at the end of
the experiment, on the basis of the symptom-
expression curves obtained.

Three symptomatic seedlings (3 replicates) were
sampled destructively for each selected point in
time, apart from day 0, when 6 randomly selected
seedlings (6 replicates) were harvested for each of
the unchallenged (same as for challenged non-
mycorrhizal) and mycorrhizal groups. Unchallenged
seedlings were sampled, randomly, on days 1, 2, 4, 8,
12, 16, 20, 24 and 28. All analytical data were
assessed only once for each seedling, thus all
measurements were statistically independent. Five or
six sampling points were selected on the symptom-
expression curves of the pathogen-challenged sub-
treatments for chemical analysis and microscopy, as
indicated in Figure 1. Furthermore, one seedling per
sampling point was used for microscopical investi-
gation.

Water content determination and analysis of
methanol-soluble phenolics

Seedlings, stored frozen, were lyophilized overnight
with an Alpha 1-5 (Christ, FRG) freeze-drier, and
weighed again before extraction, which was carried
out by a modification of the method of Rosemann et
al. (1991). The difference between fresh and dry
weight was used to calculate the percentage water

content of the seedling. Dry matter from each
seedling was homogenized in a Microdismembrator
II (Braun-Melsungen, FRG) at liquid Nj tem-
perature in the presence of approx. 0-1 g of Celite
(Sigma), which was used as a carrier, and the
resulting dry homogenate was extracted in pure
methanol [solvent to dry biomass weight = 50:1
{fi\ mg~')] in 2 ml Eppendorf tubes with constant
shaking (Vibrax shaker) for 20 min at room tem-
perature. The suspended samples were stored at
4 °C overnight, centrifuged, and the supernatants
analyzed by HPLC the following day, or stored at
- 8 0 °C until HLPC analysis.

HPLC analysis of soluble phenolics, including
phenolic acids and stilbenes, was carried out as
described in Rosemann et al. (1991).

Analysis of cell wall-bound phenolics and lignin

Wall-bound phenolics. Pellets from the soluble meta-
bolite extraction were resuspended in water and
transferred to 1-5 ml screw-capped Eppendorf tubes.
After centrifugation the supernatants were discar-
ded, and saponifiable wall-bound metabolites
extracted by alkaline hydrolysis, using a modification
of the method of Strack, Heilemann & Klinkott
(1988): pellets were washed twice with 1 ml of water,
abs. EtOH, tert-huty\ methyl ether, and dried
overnight at room temperature. The residues were
then hydrolyzed by adding 400 fi\ of 1 M NaOH
(oxygen-free), and heating at 70 °C for 22 h. The
reaction mixture was acidified by adding 400 fd of
1-5 M formic acid, centrifuged, and the supernatant
analyzed directly for cell wall-released simple
phenolics by HPLC using the method described
above for the soluble phenolics.

Lignin-like material. Pellets from the previous pro-
cedure were washed once with 1 ml of water and
processed for the quantitative determination of lignin
by derivatization with thioglycolic acid using the
protocol of Bruce & West (1989), modified by R.
Klotz (personal communication). The pellets were
resuspended in 1 ml of 2 N HCl and 0 2 ml of
thioglycolic acid (Sigma) and incubated for 4 h at
95 °C. The samples were thoroughly mixed after 1 h.
The samples were centrifuged at 25000^ for 10 min
at room temperature. The supernatants were discar-
ded, the pellets rinsed three times with 1 ml of water,
resuspended in 1 ml of 0-5 M NaOH and placed on
a Vibrax shaker for 18 h at room temperature. The
samples were then centrifuged (25000^, 10 min)
and the supernatants transferred to 2 ml Eppendorf
tubes, the pellets washed with 0 5 ml of 0-5 M NaOH,
centrifuged, and the supernatants pooled. The
solutions were acidified with 0-3 ml of cone. HCl and
the lignin-thioglycolic acids precipitated at 4 °C for
4h. After centrifugation (25 000 5', 10 min) the
supernatants were discarded carefully and the pellets
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dried for 30 min in a Speed-Vac apparatus, solubi-
lized in 1 ml of 0-5 M NaOH. The solution was then
diluted 40 times with 0-5 M NaOH before the
absorbance at 280 nm was measured.

Effect of ozone treatment on pathogen growth

To check whether ozone might have affected fungal
growth by diffusing into the petri dishes of the main
experiment, WA plates prepared exactly as descried
earlier, but omitting the seedlings, were inoculated
with one 5 mm plug of the mycelial culture of H.
annosum. The mean radial growth of the fungus was
measured from two randomly selected orthogonal
diameters after 7 and 13 d. Six replicates (plates)
were used in each of the two ozone treatments.

Fungus-fungus interactions

Two 5 mm myclelial plugs taken from actively
growing colonies of Hebeloma crustuliniforme and
Heterobasidion annosum were paired on agar plates
[MMN medium (Marx, 1969), modified by replacing
sucrose with glucose] to examine possible inter-
actions between the two microorganisms. The plugs
were placed at opposite ends of one diameter, and the
plates incubated at 20 °C for 6 wk. Five replicates
(plates) were used.

of Eppendorf tubes was filled only with 3 % ethanol
(control). Two or three rootless seedlings were placed
in each Eppendorf tube, so that 7 seedlings
(replicates) per treatment were used, and the system
placed in a growth chamber. After 2 d the level of
solution in each tube was restored by the addition of
distilled water. Damage was assessed on the third
day by measuring the chlorophyll content of the
needles according to Uichtenthaler (1987). The
needles were freeze-dried, homogenized, and extrac-
ted in pure methanol (10/^1 mg"'). Aliquots of 100 /A
were taken from each sample and diluted with 900 (A
methanol before determination of the chlorophyll
content, using a Beckmann DU-7 spectrophoto-
meter. Chlorophyll content was expressed on a fresh
weight basis.

The crude extracts were also analyzed by HPUC
for stilbene content using the method described
above.

Statistics

The statistical package SAS (SAS Institute, Cary
NC, USA), version 6.03, was used for all analyses,
using the ' Proc Lifetest' (a test for survival data) for
comparisons of susceptibility curves and ANOVA
techniques, which included curve fitting, for all
analytical data.

Antifungal activity of phenylpropanoid derivatives
against Heterobasidion annosum

Catechin (Sigma), vanillin (Merck) and pinosylvin
(PS) and pinosylvin 3-methyl ether (PSM) from our
laboratory collection, were assayed for antifungal
activity in liquid culture using the microassay
method of Woodward & Pearce (1988) at concen-
trations of 100, 200 and 400/^g ml"', with the
difference that ethanol was used as the solvent in
place of methanol and that thiamine-HCI was not
added to the medium. Three replicates were used.
Fungal growth expressed as mycelium oven-dry
weight was assessed after 14 d of incubation at 20 °C.

Phytotoxic properties of pinosylvin

A solution of 600//g ml"' (2-83 mM) pinosylvin in
3 % ethanol was prepared. One millilitre aliquots
were distributed in three Eppendorf tubes which
were sealed with parafilm. The sealing film was
punctured with a needle to allow the entry of the
hypocotyls of 6-wk-old Scots pine seedlings
(randomly selected) from which the root systems
were removed at the collar level (seedlings were
grown non-aseptically on a perlite medium in a
growth chamber). The cut ends of the hypocotyls
were thus submerged in the solution. A similar series

RESULTS

Mycorrhizal synthesis

After 38 d from inoculation, and 4 d before the start
of the experiment, from a random sample of 6
seedlings, it was determined that percentage in-
fection of first- plus second-order lateral roots with
Hebeloma crustuliniforme was 78-1 + 3-2% (SE). A
root was considered infected if hyphae were pro-
truding from it as seen under a dissecting microscope.
Macroscopically, the long roots of mycorrhizal
seedlings always appeared darker than those of non-
mN'corrhizal seedlings.

Disease susceptibility

The susceptibility of seedlings to root disease in the
various subtreatments (Table 1) over the entire
experimental period is illustrated in Figure 1. A
major feature is that starting approximately on day
21 the curves rise very quickly, with the exception of
Ch-nmO, which starts to rise earlier and at a more
pronounced and constant rate. However, the slope of
this curve after day 21 closely approximates to that of
the other curves. This time thus appears to divide the
experiment into two discrete periods. During the first
3 wk symptom expression increased quickly only in
subtreatment Ch-nmO, but significant differences
were measured in four out of six comparisons (Table
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Figure 1. Symptoms in mycorrhizal and non-mycorrhizal
seedlings after inoculation with Heterobasidion annosum
and ozone treatment (H, myeorrhiza plus ozone; Q,
mycorrhiza, no ozone; # , ozone, no mycorrhiza; O, no
ozone, no mycorrhiza). Large superimposed triangles
identify sampling points. Values for the degree of statistical
difference between the curves are given in Table 2.

2). These differences were not related to direct
effects of the ozone treatment on pathogen growth
(data not shown).

During the second part of the experiment some
primary needles in subtreatments UCh-C and UCh-
O also started showing symptoms (yellowing). Since
this could not have been due to disease, these needles
were assumed to be senescent due to natural needle
turnover, which was perhaps intensified by nutrient
limitation at that point. Also, after approximately
day 21, most of the analytical data showed no major
deviation from the values from unchallenged seed-
lings, either in the roots or in the needles (data not
shown), with the exception of one unidentified
soluble phenolic in the roots {Rt =31-3 min) and the
wall-bound phenolics vanillin (roots - see below)
and /)-coumaric acid (needles - data not shown).
These observations, and the fact that during the
second period the differences in symptom expression
between challenged seedlings were not statistically
significant, strongly suggested that the symptoms
observed in the four pathogen-challenged subtreat-
ments were also probably due only to normal
turnover (senescence) of some primary needles. It
was therefore assumed that, after day 21, seedlings in
the pathogen-challenged subtreatments were not
suffering from pathogen challenge, and thus were
resistant.

Because the unchallenged seedlings were sampled
randomly, while the challenged seedlings were not
(all seedlings sampled had to be showing symptoms,
i.e. sampling was biased), data for these two groups
could not be compared directly. The experiment was
subdivided into four phases, for which statistical
analysis was performed independently: day 0, days

Table 2. Matrix of the P-values drived from testing
the null hypothesis that two curves on Figure 1 are
equal during the first 3 wk

Ch-nmC Ch-mC Ch-nmO Ch-mO

0-0001 —

Statistical methodology: see text.
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Figure 2. Water content of needles and roots. Symbols for
treatments as in Figure 1: needles {a, c) and roots {b, d) of
non-mycorrhizal {a, b) and mycorrhizal (c, d), pathogen-
challenged seedlings. Statistically significant differences
ean be seen only in the needles of non-mycorrhizal
seedlings. Larger symbols on day 25 denote tolerant
seedlings. Error bars represent SE.

1-19 inclusive, days 20-21 and days 22-28 inclusive.
The latter phase was expressed as one time, referring
all data arbitrarily to day 25, with values calculated
as means of 3 to 12 seedlings (replicates). Analysis of
the period between days 1 and 19 was carried out
only for non-mycorrhizal seedlings, due to there
being insufficient numbers of symptomatic mycor-
rhizal seedlings available. Data are represented in
the figures accordingly.

Water content of host

Ozone treatment did not cause any change in the
water status of the unchallenged seedhngs, either in
roots or needles [approx. 75 °o arid 50—60"o of fresh
weight (w/w), respectively, throughout the exper-
iment (data not shown)]. The water content of roots
was unaffected in all four pathogen-challenged
subtreatments (Fig. 2), probably as a consequence of
the roots growing in a basically hydroponic system.
The water content of needles (Fig. 2) was, on the
whole, inversely related to the accumulated per-
centage of disease in each subtreatment: it remained
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Figure 3. Contents of pinosylv-in 3-methyl ether {a, d), catechin {b, e) and a metabolite of unknown structure
(r,/) of non-mycorrhizal {a, b, c) and mycorrhiza] {d, e,f), pathogen-challenged roots. Symbols as in Figure
1. Larger symbols on day 25 denote tolerant seedlings. Error bars represent SE. See text for details.

similar to that in unchallenged seedlings for mycor-
rhizal seedlings up to day 21, and declined most
quickly in ozone-exposed, non-mycorrhizal seed-
lings (subtreatment Ch-nmO), i.e. those most affec-
ted by disease. Between days 1 and 21, the water
content in subtreatment Ch-nmO became signi-
ficantly lower than in subtreatment Ch-nmC
{P < 0-01). However, on day 25 the water content of
needles was essentially the same (approx. 50 °o) in ^H
subtreatments, including the unchallenged seedlings
(UCh).

Soluble phenolics

Roots. PS and PSM accumulated similarly in the
more susceptible of the non-mycorrhizal roots (early
part of the experiment) (Fig. 3, only PSM is shown),
A pathogen effect can be recognized between days 1
and 19, where roots in subtreatments Ch-nmC and
Ch-nmO contained very high amounts of stilbenes,
with mean peak values between control and ozone-
treated seedlings of 1-1 and 3-9 //mol g~' d.wt of PS
and PSM, respectively. Unchallenged seedlings
always contained near-zero amounts throughout the
experiment (data not shown), which discounts there
being any direct, systemic ozone induction of these
compounds. Roots of seedlings in subtreatment
Ch-nmO contained significantly higher (P = 0'05)
amounts of stilbenes than those in subtreatment Ch-
nmC during this period, which indicates a positive,
systemic ozone effect.

The flavan catechin was constitutively present in
unchallenged roots, but again its content (approx.
35 //mol g ' d.wt in the unchallenged seedlings
throughout the experiment - data not shown) was

not affected systemically by ozone alone. In the
period between days 1 and 19, in pathogen-
challenged roots (Ch-nm), catechin followed a trend
opposite to that of the stilbenes (Fig. 3), with a very
strong decrease in content (pathogen effect). In this
period, and also for days 20-21, a difference was
observed between Ch-nmC and Ch-nmO seedlings,
with a significantly lower catechin content in the
roots of ozone-exposed seedlings. Mycorrhizal seed-
lings did not show any obvious trend.

As for other, as yet unidentified, phenolics in the
same samples, only one major peak from HPLC
diagrams (i?^ = 31-3 min) appears to be correlated
with resistance (Fig. 3), with higher levels in non-
mycorrhizal seedlings showing symptoms at later
stages. As with the stilbenes and catechin, there was
a very strong pathogen effect between days 1 and 19
(roots of both UCh-C and UCh-O seedlings con-
tained amounts near the linait of detection), but no
ozone effect could be discerned. This was the case
also for days 20-21. However, on day 25 a negative
ozone effect was seen, when roots of ozone-exposed
seedlings contained statistically lower levels of the
compound (as low as values for mycorrhizal roots,
which showed no evidence of accumulation). The
precise identity of the compound(s) is unknown, but
its u.v. spectrum obtained with a diode array HPLC
detector is similar to that of flavone/flavonol-type
compounds (data not shown).

Needles. As in roots, PS and PSM accumulated to
high levels in needles of root-challenged, non-
mycorrhizal seedlings (Ch-nm) between days 1 and
19, with mean peak values between control and
ozone-treated seedlings of 2-1 and 5-4//mol g^' d.wt
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Figure 4. Content of cell-wall-bound vanillin {a, c) and
lignin-like material {b, d) m non-mycorrhizal (a, b) and
mycorrhizal (c, d) pathogen-challenged roots. Symbols as
in Figure 1. Larger symbols on day 25 denote tolerant
seedlings. Error bars represent SE. See text for details.

for PS and PSM, respectively, but remained near
detection levels throughout the experiment in the
needles of both control and ozone-exposed un-
challenged (UCh) seedlings (pathogen effect). In this
case, however, ozone had an inhibiting effect on the
pathogen-induced accumulation of PS, since during
the first phase its levels in needles of seedlings in
subtreatment Ch-nmO were significantly lower than
those in subtreatment Ch-nmC.

In contrast to its changes in roots, but like all other
compounds observed on HPLC diagrams of needle
extracts, catechin was not affected by any of the
treatments in the needles. Contents remained at
around 25 fimo\ g~̂  d.wt throughout the experiment
(data not shown).

Wall-bound phenolics

Roots. No major differences were noted for any
compound, except for the aromatic aldehyde van-
illin, following the various treatments. Vanillin
accumulated in root cell walls of both control and
ozone-exposed non-mycorrhizal (Ch-nm) seedlings,
with peak values between 2- and 3-fold higher than
in unchallenged controls (UCh), during the period
between days 1 and 19 (pathogen effect), but no
ozone effect occurred (Fig. 4). However, the vanillin
content of ozone-exposed (Ch-nmO), symptomatic
non-mycorrhizal seedlings increased to equal the
higher levels of resistant seedlings on day 21 (ozone
effect). Vanillin contents in resistant ozone-exposed
and control non-mycorrhizal seedlings (Ch-nmO
and Ch-nmC) on day 25 were statistically similar,
but significantly higher than in any subtreatment
other than Ch-mO.

During the first part of the experiment (days 1-19)
there was an induction of net lignin deposition due to
pathogenic challenge, but this was significant only in

the roots of control, non-mycorrhizal seedlings
(Ch-nmC) relative to ozone-treated, non-mycor-
rhizal seedlings (Ch-nmO) (Fig. 4). Lignin contents
in roots of ozone-exposed non-mycorrhizal seedlings
(Ch-nmO) were indistinguishable from those of both
control and ozone-exposed mycorrhizal seedlings
(Ch-mC and Ch-mO). The latter lignin levels also
fiuctuated around those of both control and ozone-
exposed unchallenged (UCh) seedlings. Thus, ozone
exposure appears to have inhibited pathogen-ind-
uced lignin deposition to the control levels of
unchallenged seedlings.

Needles. Data were very variable excepting those for
/)-coumaric acid. While contents of this cinnamic
acid derivative were similar in subtreatments Ch-
nmC, UCh-C and UCh-O, the amounts of p-
coumaric acid in cell walls of needles of sub-
treatments Ch-nmO, Ch-mC and Ch-mO were very
significantly lower than amounts from Ch-nmC
throughout the experiment (data not shown), with a
decreasing trend in the ozone-exposed non-
mycorrhizal seedlings (Ch-nmO) during the first
5-10 days (amounts levelled off later).

Lignification was not affected in the needles by
any of the treatments.

Fungus-fungus interactions

No sign of antagonism, i.e. pigment formation
and/or growth inhibition, was found in the paired
cultures of Hebeloma crustuliniforme and Hetero-
basidion annosum after 6 wk incubation. The
mycelia of the two fungi appeared to intermingle
freely.

Toxicity of phenolics towards Heterobasidion
annosum

PS allowed for some growth of Heterobasidion
annosum at the highest concentration but, never-
theless, had significant inhibitory activity (Table 3).
At all other concentrations both stilbenes inhibited
fungal growth completely. In contrast, both vanillin
and catechin showed no inhibitory activity, and
vanillin at the lowest concentration stimulated fungal
growth very significantly.

Toxicity of pinosylvin towards P. sylvestris

After 2 d treatment, the rootless seedlings exposed to
pinosylvin began showing symptoms similar to those
observed in the course of the main experiment, i.e.
discolouring and wilting of cotyledons and primary
needles. The transpiration rate of treated seedlings
was greatly increased, as indicated by the much
lower solution levels in the Eppendorf tubes at the
end of the experiment. This was mirrored by a
significantly higher water content in needles of PS-
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Table 3. Effects of different soluble phenolics in the growth of
Heterobasidion annosum in vitro

Compound

Pinosylvin

Pinosylvin
3-methyl ether

Vanillin

Catechin

Concentration
in fig ml"^ (mM)

100(0-47)
200 (0-94)
400(1-89)
100(0-44)
200 (0-88)
400(1-77)
100 (0-66)
200(1-32)
400 (2-63)
100(0-34)
200 (0-69)
400(1-38)

Mycelial dry weight

(% of control)

0-0
0-0

56-8
0-0
0-0
0-0

177-8
104-9
119-2
81-8
97-5

117-9

(significance
level)

#*#
**#
#
###
***
*#*
##

ns
ns
ns
ns
ns

* P< 0-05, ** P< 0-01, *** p < 0-001.
Total inhibition is arbitrarily expressed as absolute 0 because the dry weight

measured consisted solely of the original agar plug, with no visible mycelium
growing out on it. In all other cases mycelial growth caused virtually complete
digestion of the original agar plug, so its weight did not significantly interfere
with the final measurement (table format after Woodward & Pearce, 1988).

^1-0
ti 0-9
I 0-8
I 0-7

ro 0-5

r 0-4
I 0-3
§ 0-2

0-1

0-0
O

Total chl. Chi. a Chi. b

-3 '^

Oo

2 I ,
en

Pinosylvin

Figure 5. Needle contents of total chlorophyll, chloro-
phylls a and b, and pinosylvin in the phytotoxicity test
with pinosylvin. Application of pinosylvin (filled bars)
decreased the content of chlorophyll significantly relative
to controls (open bars).The needles of treated seedlings
also contained pinosylvin in significantly higher amounts
than the corresponding controls (absolute values: see text).
Significance levels: P < 0-05 {*);P< 0-01 (**). Error bars
represent SE.

treated seedlings than in corresponding controls
(36-8 + 1-1 % (SE) and 3 2 - 5 + 0 - 7 % (SE), respectively-
P = 0-007).

The contents of total chlorophyll, and of chloro-
phylls a and b, were reduced significantly following
PS application (Fig. 5). Chlorophyll b was par-
ticularly affected, P = 0-009. The needles of PS-
treated seedlings contained stilbenes in significantly
higher amounts than the corresponding controls
(Fig. 5, PS only). The mean concentration of PS,
2-4 //mol g"' d.wt, was very close to the peak value
measured in the needles of the main experiment on
the fifth day after the onset of pathogen challenge
(2-7 //mol g^' d.wt). In contrast, the mean concen-

tration of PSM, although significantly higher in PS-
treated seedlings, was approximately 41-fold lower
than the peak value measured in the main experiment
(0-13 and 5-3 /imol g*' d.wt, respectively).

DISCUSSION

We believe this to be the first report of physio-
pathological effects of ozone on root disease in a
rigorously controlled model system in which mycor-
rhizal infection of the host plant is taken into
account. The investigation confirmed the widely
held view that ozone, like other air pollutants,
increases the susceptibility of plants to fungal
disease, which would otherwise have been low in our
experimental system (cf. curves for control seedlings
in Fig. 1). However, it is striking that mycorrhizal
infection completely offset this deleterious effect of
ozone.

A clear time-course in disease-related symptom
expression was observed. However, limited micro-
scopical observations (data not shown) indicated that
the term 'resistant' is inappropriate to describe
seedlings which developed symptoms in the later
stages of infection, since these were also colonized to
various degrees by Heterobasidion annosum. These
seedlings were therefore only more 'tolerant'. In any
case, all seedlings were harvested in a theoretically
similar physiological state (same level of symptom
expression), but on the assumption that more
tolerant individuals would express certain proper-
ties, such as accumulation of antifungal metabolites,
to a higher degree than susceptible seedlings.

The major outcome of the analysis of phenolic
metabolites was that all observed local and systemic
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changes in the content of the different secondary
metabolites induced by ozone were pathogen-
dependent, i.e. ozone affected, either positively or
negatively, the levels of some of these compounds
being affected only after infection. Stilbene accumu-
lation was induced by the root pathogen in the roots
and in the needles, but only during the early part of
the experiment, i.e. in more susceptible seedlings.
This indicates that pine stilbenes may be regarded as
markers for disease or, more generally, for stress
susceptibility, rather than as protective compounds,
although they were shown to be strong in vitro
inhibitors of Heterobasidion annosum growth and
could therefore strictly be classified as phytoalexin-
like compounds (Gottstein & Gross, 1992). Ozone
treatment stimulated, systemically, the accumulation
of both stilbenes in the roots, but seemed to reduce
accumulation of PS in the needles of these challenged
seedlings. However, concentrations of PS in the
needles still reached average levels that a subsequent
experiment showed to be clearly toxic to the plant
itself, as indicated by wilting symptoms and reduced
chlorophyll content. The phytotoxicity experiment
with seedlings also showed that elevated PS levels in
the needles were strongly associated with enhanced
water loss and wilting, a result comparable to that of
Shiraishi et al (1975), who described a similar effect
of pisatin, a pterocarpanoid phytoalexin of pea, on
pea plants. De Angelis, Hodges & Nebeker (1986)
also observed increased transpiration following treat-
ment of loblolly pine seedlings with metabolites of
Ceratocystis minor (a blue stain fungus), which were
also phenolic in nature. It is not known whether a
high stilbene content in needles is due to upward
transport of the compounds from the site of
elicitation, i.e. the root system, or to a systemic
signal originating in the roots, or both. Possible
stilbene effects on the water status of the roots are
also unknown. Nevertheless, these particular results
may be an indication that these compounds are
hitting 'non-target' organs, i.e. live needles and
roots, since they are normally found, constitutively,
only in the heartwood of pines (Gottstein & Gross,
1992).

Both control and ozone-treated pathogen-
challenged non-mycorrhizal seedlings showed
decreasing needle water contents with time, and this
may have been due to the concurrent fungal
impairment of water transport from the roots and an
increase in transpiration caused by high levels of PS,
Consequently, PS may be one of the main causal
agents of foliar symptom development in Scots pine,
besides being a possible biomarker of disease,
together with PSM. More rapid water loss from
ozone-treated needles may reflect a higher degree of
disruption caused by the fungus in the root system,
since ozone fumigation did not further stimulate
stilbene accumulation in the needles. This con-
clusion is partly corroborated by the catechin content

of the roots. Those of seedlings exposed to ozone
generally contained lower amounts of catechin than
control material. Since Heterobasidion annosum is
capable of catabolizing this flavan very efficiently in
vitro (data not shown), a lower level may again
indicate a higher degree of colonization by the
pathogen, which may also contribute to seedling
damage through the production of fomannosin, a
sesquiterpene-type mycotoxin (Bassett et al, 1967).

The unidentified soluble phenolic compound with
Rt = 3\-3 min could also possibly qualify as a
phytoalexin, since it increased gradually over time
from zero levels in challenged non-mycorrhizal
seedlings, but its biological activity and chemical
structure have not been established so far. Ozone
depressed accumulation of this compound only from
day 22 onwards, and the significance of such
inhibition is at present unclear, since these seedlings
were the most tolerant. A lack of an effective
phytoalexin response in our study is perhaps a
further confirmation of previous results in Scots pine
(Bonello & Pearce, 1993) and other gymnosperms
(Woodward & Pearce, 1988; Gottstein & Gross,
1992). As for constitutive antifungal compounds,
abietic acid did not show any significant change
related to any of the treatments (data not shown).
This was in contrast to a previous study in which this
diterpenic resin acid increased in primary roots of
Scots pine challenged in vitro with Cylindrocarpon
destructans (Bonello & Pearce, 1993).

Ozone treatment was also associated with a lower
lignin content of root cell walls in more susceptible
seedlings, which implies that there was easier access
to the root for the pathogen (Vance et al, 1980). On
the other hand, the physiopathological significance
of the elevated levels of vanillin in the cell wall in this
host-pathogen interaction is not clear at present. A
toxicity test against Heterobasidion annosum showed
that vanillin in solution stimulated fungal growth,
but any extrapolation of these data to the possible
function of wall-bound vanillin would be highly
speculative. The constitutive presence of vanillin in
cell walls of suspension-cultured, heterotrophic
Scots pine cells was also recorded in recent experi-
ments in our laboratory (Lange, unpublished), while
induction of vanillin and vanillic acid incorporation
in the cell wall by fungal infection and by treatment
with elicitor preparations has been observed in other
plant systems (Niemann et al, 1991; Beimen, Witte
& Barz, 1992; Jungblut, unpublished). This mech-
anism may therefore have a more general, un-
explored biological significance spanning different
gymnosperm and angiosperm species.

The mechanisms through which ozone increased
disease incidence in the non-mycorrhizal seedlings
of our model system may be summarized thus.
There was a generally enhanced, pathogen-mediated
accumulation of phytotoxic stilbenes, which also
seems to have contributed to acute water imbalances.
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and an inhibition of lignification in the roots. Both
processes may have facihtated pathogen invasion.
Although data are rather more limited in the case of
mycorrhizal seedlings, it appears that the 'classic'
mycorrhizal protection mechanisms against fungal
pathogens (physical barrier of mantle and Hartig
net, induced accumulation of tannins, generally
improved physiological status of the host plant) were
not affected by ozone treatment once mycorrhiza had
formed (data not shown). The apparent overriding
of deleterious ozone effects seems to have been a
logical consequence of the fact that pathogen in-
vasion was limited in mycorrhizal roots (data not
shown); thus the pathogen-mediated ozone effects
observed in non-mycorrhizal roots could not be
expressed. If, in a natural environment, mycor-
rhization of Scots pine is impaired, e.g. by acidic
deposition (Reich et al., 1985, 1986), ozone may
contribute to a pathogen-mediated decline syndrome
through the mechanisms described above. These
could bolster established ozone effects on primary
metabolism, such as reduced photosynthesis (Reich
& Amundson, 1985; Boyer, Houston & Jensen,
1986), altered carbon allocation with reduced par-
titioning of photosynthate to the roots (Reich et al.,
1987; Koziol, Whatley & Shelvey, 1988; Miller,
1988; Gorissen, Joosten & Jansen, 1991), and needle
loss as a final consequence. These can be of
paramount importance in the development of both
beneficial and detrimental host-parasite interactions.
Such complex interactions are very difficult to
demonstrate directly in the field, which illustrates
the importance of the use of model systems.
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