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Abstract: Effects of elevated temperature and soil pollution with fluorine on host-pathogen relations were
studied in seedlings of the pedunculate oak (Quercus robur L.) inoculated with oak powdery mildew
(Microsphaera alphitoides Griff. et Maubl.) and control seedlings. The plants were grown for 1 month in elevated
temperature (on average by 1.6°C) and soil pollution with sodium fluoride (330 ppm F). The above factors
did not have any significant effect on nitrogen content of leaves or on concentrations of metabolites favour-
able to growth and development of the fungal pathogen (total non-structural carbohydrates, including solu-
ble carbohydrates and starch) and those unfavourable to fungi (soluble phenols, condensed tannins and
lignins). The elevated temperature and fluorine pollution did not affect the leaf infection rate. However, a sig-
nificant temperature × pollution interaction was observed in inoculated seedlings. At the elevated tempera-
ture, fluorine caused a less severe infection by powdery mildew. This could be due to a direct toxic effect of
fluorine on the pathogen or by an indirect influence, resulting from changes in levels of other metabolites,
which were not analysed in this study. The inoculation of oak seedlings with powdery mildew caused a de-
cline in the carbohydrate content of leaves but did not have any significant effect on levels of other analysed
metabolites. However, it significantly affected the distribution of phenols and lignins in oak leaves. Those
compounds accumulated within necrotic lesions and in adjacent cells. Our results do not enable drawing defi-
nite conclusions on effects of a slight rise in temperature and a relatively low level of fluorine pollution of the
soil on relations between the pedunculate oak and oak powdery mildew. Lower values of the leaf infection
rate in seedlings growing in elevated temperature and fluorine pollution suggest that in warmer years a lower
level of infection by M. alphitoides may be expected in areas affected by fluorine pollution.
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Introduction
The Intergovernmental Panel on Climate Change

(IPCC) has published a report confirming a marked
increase in temperature. Between the late 19th cen-
tury and the year 2000 mean annual temperature over
lands increased on average by 0.4–0.8°C (Houghton
et al. 2001). IPCC also forecasts that between 2000
and 2100, a further global rise in temperature will
take place, ranging from 1 to 5.5°C. Consequently,
this will probably exert a considerable influence on
ecosystems (McKone et al. 1998), including distur-
bances in relations between host plants and fungal
pathogens (Ayres and Lombardero 2000).

Another important ecological phenomenon is envi-
ronmental pollution with fluorine compounds. This
does not result from large amounts of emitted sub-
stances (as fluorine emissions have decreased) but
from the high chemical activity of fluorine. The toxicity
of fluorine compounds is much higher than that of ni-
trogen oxides, chlorine (Cl2 and Cl-) and sulfur dioxide
(Kluczyński 1989; Weinstein and Davison 2003).

The oak powdery mildew (Microsphaera alphitoides
Griff. et Maubl.) is a widespread pathogen in wood-
lands, not only in Poland but also all over Europe
(Butin 1995). It causes the greatest losses in forest
nurseries, as it attacks mainly young seedlings, but it
also infects leaves of older trees, sometimes resulting
in serious damage to forest stands. Because of the
widespread distribution of this pathogen, as early as
the 1970s a research program was initiated to deter-
mine its distribution in areas subject to environmental
pollution. The results showed that the oak powdery
mildew is sensitive to sulfur dioxide (Grzywacz and
Ważny 1973) as well as to nitrogen oxides and carbon
monoxide (Flückiger and Oertli 1978). So far, no pub-
lished information has been available on M. alphitoides
sensitivity to fluorine compounds. Our preliminary
observations indicated that leaves of trees growing in
areas polluted with fluorine compounds were much
more strongly infected by the pathogen than leaves
from a control, unpolluted area. This may indicate a
low susceptibility of this pathogen to fluorine.

The aim of this study was to assess the influence of
elevated temperature and soil pollution with fluorine
on the scope of infection of oak leaves by powdery
mildew. More precisely, we attempted to answer the
following questions: (1) Do the elevated temperature
and soil pollution affect the leaf infection rate? (2) To
what extent do the above factors affect the concentra-
tion and distribution of metabolites in leaves? (3)
Can changes in concentrations of metabolites deter-
mine the susceptibility of oak seedlings to infection
by M. alphitoides, as was suggested by some previous
studies (Johnson and Schaal 1957a; Paul and
Scharman 2002)? (4) How does inoculation of oak

leaves with powdery mildew affect the concentrations
and distribution of metabolites in the leaves?

Material and methods

Plant material
Three-year-old seedlings of the pedunculate oak

(Quercus robur L.) were planted in pots of 13 cm in di-
ameter and 11 cm in height, in a mixture of forest soil
(under oak trees) and acid peat (1:1, v:v). The dry
weight of the soil in each pot was about 820 g. Until
the beginning of the experiment, the seedlings were
watered with tap water and fertilized with a standard
commercial fertilizer (“Florovit”, Biovita, Poland),
containing nitrogen (3% N, including 2.3% N-NO3

and 0.7% N-NH4), potassium (2%), calcium
(0.064%), magnesium (1%), copper (70 mg/l), iron
(Fe 400 mg/l), manganese (170 mg/l), molybdenum
(20 mg/l), zinc (150 mg/l), sulfur, boron, and other
substances. The fertilizer was applied weekly as a so-
lution (7.5 ml of medium per 1 liter of tap water), at a
dose of 100 ml per seedling.

In the autumn of the preceding year, oak leaves in-
fected by the Microsphaera alphitoides, with perithecia
containing ascospores on the underside, were col-
lected. This material was stored at +5°C and later
used for inoculation. The usefulness of such material
was confirmed earlier, by means of preliminary inocu-
lation of oak seedlings under controlled conditions.

The experiment was conducted for one month (be-
tween May 23 and June 24, 2002). Three variables
were tested: temperature (T), fluorine pollution (P),
and inoculation with the fungus (I). Each treatment
was represented by 10 seedlings grouped in two
blocks. The leaf infection rate was assessed for individ-
ual seedlings (n=10), while chemical analyses were
performed for pooled samples from each block (n=2).

On the starting date of the experiment, all oak
seedlings were placed under a shading screen, reduc-
ing sunlight by about 50%. Irradiation was measured
with a phytophotometer (FF-01, SONOPAN, Po-
land). One half of the seedlings grew at the natural
ambient temperature (lower temperature, LT), while
the other half grew at an elevated temperature
(higher temperature, HT). The rise in temperature
was achieved by means of polyethylene tents, which
had no significant effect on photosynthetic irradia-
tion. Air temperature was measured with Hobo data
logger sensors (Onset Computer Corp., USA), lo-
cated at half the height of the seedlings. Temperature
was recorded every 5 minutes throughout the experi-
ment, and mean values for day, night and 24-hour pe-
riods are shown in Table 1.

At the beginning of the experiment, half of the
seedlings were inoculated with oak powdery mildew,
by attaching some infected oak leaves (collected ear-
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lier) to the main stem at the height of leaves (treat-
ment +I). In the fluorine pollution treatment (+F),
sodium fluoride was added to the soil at a concentra-
tion of 19.27 mg NaF (8.72 mg F), dissolved in dis-
tilled water in a volume of 25 or 50 ml, depending on
the moisture of the soil in pots. As a result, the final
dose per seedling was 0.6 g NaF (330 ppm F). Control
seedlings (–F) were watered with distilled water (the
same volume). Earlier trials showed that the applied
level of soil pollution does not cause necroses on oak
leaves. By contrast, the same dose caused necroses on
needles of 2-year-old Scots pine seedlings (Grzebyta,
unpublished data).

On the last day of the experiment, for each seedling
separately, the leaf infection rate was assessed visu-
ally, i.e. the mean percentage of total leaf area infected
by the pathogen. On the same day, leaves were col-
lected for chemical and histochemical analyses.

Methods of chemical analysis
In leaves of oak seedlings, there were assessed con-

centrations of compounds favorable to the growth of
M. alphitoides: starch, soluble carbohydrates (SC), and
nitrogen (N); as well as compounds unfavorable to
fungal growth: total phenols (TPh), condensed tan-
nins, and lignins. The sum of starch and soluble car-
bohydrates was a synthetic variable, i.e. total
non-structural carbohydrates (TNC). Fluorine (F)
concentration was also measured.

Plant material was dried at 65°C for 48 h. Only the
material for tannin assays was dried at 40°C for one
week, to prevent the decomposition of those com-
pounds at a high temperature and their hydrolysis by
enzymes (Wina et al. 2000).

The TNC concentrations were determined using a
modification of the method described by Haissig and
Dickson (1979) and Hansen and Møller (1975). Su-
gars were extracted from oven-dried leaf tissue pow-
dered in methanol-chloroform-water, and tissue re-
siduals were used for starch content determination.
Soluble sugars were determined colorimetrically with
anthrone-reagent at 625 nm within 30 min. Starch in
the tissue residue was then gelled and converted to

glucose with amyloglucosidase. Glucose concentra-
tions were measured with glucose oxidase by mixing
the sample with peroxidase-glucose oxidase-o-dia-
nisidine dihydrochloride reagent. Absorbance was
measured at 450 nm after 30 min incubation at 25°C
are. Glucose concentrations were calculated from
standard curvilinear regression equations.

The N concentration was measured on ground
dried leaves digested by the Kjeldahl method. Soluble
sugars, starch and N concentration were expressed as
percent of dry mass.

The content of phenolic compounds (TPh) was de-
termined in 0.1 g of foliage after double extraction for
15 and 10 min in boiling 95 and 80% ethanol, respec-
tively. Analyses were performed using the spectro-
photometric method described by Johnson and Shaal
(1957b) and modified by Singleton and Rossi (1965)
using the Folin & Ciocalteu's Phenol Reagent. The
content of total phenols was expressed in mol of
chlorogenic acid per gram of dry mass.

For the assays of condensed tannins, by the method
described by Price et al. (1978), 0.025 g of tissue was
used. Tannins were extracted from tissue samples with
absolute methanol at room temperature for 20 min.
The color reaction was performed with the use of 0.5%
vanillin solution in 4% HCl solution in absolute meth-
anol. Absorption was measured at =500 nm.
Catechin was used as a standard, and the results are
expressed as M catechin per 1 g of dry weight (DW).

Lignin content of leaf tissue was assessed using the
method of Moore and Johnson (1967), which is based
on removal of all substances other than lignins. The
lignin content (% of DW) was calculated on the basis
of the initial sample mass and the mass of the residue
after extractions.

The total fluorine content was measured by the
potentiometric method (Roost and Sigg 1978). The
ground tissue (1 g) was extracted with the TISAB
buffer. The measurements were made using ion me-
ter (716 DMS Titrino, Metrohm, Switzerland), and
the ion-selective fluoride electrode (cat. no.
6.0502.150 Fluoride I.S.E., Metrohm), while an
Ag/AgCl electrode (cat. no. 6.0726.110, Metrohm)
was used as a standard. Concentrations of fluorine
compounds were expressed in ppm F (= mg F kg-1

DW). The assays of this element were performed in
the Veterinary and Agrochemical Research Centre
CODA – CERVA in Tervuren, Belgium.

Histochemical methods
Fresh, hand-made sections were used for histo-

chemical analyses. The distribution of selected com-
pounds in oak leaves was examined by using
toluidine blue (Feder and O’Brian 1968) for phenols,
floroglucin in HCl for lignins, 0.5–1% Fe2(SO4)3 or
FeCl3 for tannins, and the nitrose reaction (Jensen
1974) for catechol tannins.

Table 1. Minimum, mean and maximum air temperatures
during the experiment, calculated separately for day
(04.00–21.00 h), night (21.00–04.00 h), and 24-hour pe-
riods

Temperature
treatment Time of day

Temperature (°C)

minimal mean maximal

control day 6.22 20.09 38.77

night 6.22 13.44 24.01

day+night 6.22 18.40 38.77

elevated day 6.62 22.02 42.46

night 7.03 14.08 23.63

day+night 6.62 20.02 42.46
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Statistical analysis
For all variables, statistical differences among

treatments were calculated by analysis of variance
(GLM procedures) using JMP software (version 4.0.4,
SAS Institute, Cary, NC, U.S.A.).

To assess the significance of elevated temperature
and fluorine pollution on concentrations of chemical
compounds in oak leaves, calculations were made
only for non-inoculated seedlings (Table 2). To assess
effects of elevated temperature and fluorine pollution
on the leaf infection rate, calculations were made only
for inoculated seedlings (Fig. 1). To assess the influ-
ence of the pathogen on concentration of metabolites
and fluorine in leaves, ANOVA was made for the in-
oculated and non-inoculated plants (Table 3).

For the statistical analysis, all percentages were
transformed according to C.I. Bliss’s formula to
achieve a normal distribution (Snedecor and Cochran
1976).

Table 2. Effect of elevated temperature (low: LT; high: HT) and fluorine pollution on concentrations of starch, soluble carbo-
hydrates (SC), total non-structural carbohydrates (TNC), total phenols (TPh), condensed tannins, lignins, nitrogen (N)
and fluorine (F) in leaves of oak seedlings (unpolluted seedlings: –F; polluted seedlings: +F). Only seedlings from
non-inoculated treatments of the experiment were included in the statistical analyses. Mean values are given with stan-
dard errors in brackets. The right side of the table presents results of ANOVA. Significant values (p = 0.05) are in bold.

Metabolites and elements
Temperature (T) Pollution (P) ANOVA effects P > F

control (LT) elevated (HT) control (– F) Fluoride (+ F) T P T x P

Starch (%) 0.68 (0.10) 0.56 (0.15) 0.50 (0.06) 0.78 (0.10) 0.49 0.18 0.81

SC (%) 7.6 (0.5) 7.3 (0.2) 7.0 (0.3) 7.9 (0.3) 0.56 0.11 0.28

TNC (%) 8.3 (0.6) 7.9 (0.5) 7.5(0.6) 9.5 (0.3) 0.43 0.15 0.48

N (%) 1.9 (0.33) 1.4 (0.19) 1.6 (0.40) 1.8 (0.22) 0.43 0.65 0.58

TPh (µM g-1) 330 (15) 285 (21) 287 (12) 327 (19) 0.13 0.18 0.95

Tannins (µM g-1) 611 (73) 463 (66) 473 (52) 600 (89) 0.22 0.28 0.89

Lignins (%) 24.1 (0.2) 22.9 (1.0) 23.2 (1.0) 23.7(0.5) 0.32 0.61 0.37

F (ppm) 12.3 (6.3) 11.4 (5.5) 3.2 (0.4) 20.5 (4.6) 0.87 0.04 0.74

Fig. 1. Leaf infection rate of oak seedlings inoculated with
powdery mildew and grown in an unpolluted soil (open
bars) and a fluorine-polluted soil (shaded bars) at an am-
bient and elevated temperature. Statistical significance
of effects of temperature (T), soil pollution (P) and T×P
interaction on the leaf infection rate is given in the upper
right corner. Bars marked by the same letters do not dif-
fer significantly (Tukey test, p 0.05)

Table 3. Effect of infection of oak seedlings with powdery mildew (non-infected seedlings: -I; infected seedlings: +I) on con-
centrations of starch, soluble carbohydrates (SC), total non-structural carbohydrates (TNC), total phenols (TPh), con-
densed tannins, lignins, nitrogen (N) and fluorine (F) in oak leaves. Mean values are given with standard errors in
brackets. The right side of the table presents results of ANOVA. Significant values (p = 0.05) are in bold

Metabolites and elements
Inoculation (I)

ANOVA effects P > F
control (– I) inoculated (+ I)

Starch (%) 0.64 (0.08) 0.56 (0.05) 0.51

SC (%) 7.5 (0.3) 6.9 (0.2) 0.07

TNC (%) 8.1 (0.4) 7.5 (0.2) 0.02

N (%) 1.7 (0.2) 1.8 (0.1) 0.56

TPh (µM g-1) 307 (15) 332 (17) 0.18

Tannins (µM g-1) 537 (53) 598 (53) 0.90

Lignins (%) 23.5 (0.5) 22.9 (0.7) 0.55

Fluor (ppm) 11.9 (3.9) 11.2 (3.9) 0.87
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Results and discussion
The statistical analyses showed that the elevated

temperature and soil pollution did not affect the leaf
infection rate (Fig. 1). This may be due to the small
temperature increase (by 1.6°C). By contrast, Lovell
et al. (2004) reports that leaf infection of wheat by
Mycosphaerella graminicola was significantly affected by
raised temperature. More intensive sporulation on
leaves in elevated temperatures were also observed by
Pfister et al. (2004) on rhododendrons and by Su et al.
(2004) on lettuce. However, those authors studied ef-
fects of a much higher range of temperatures (from 15
to 30°C and from 5 to 25°C, respectively).

Fluorine pollution at the level applied in our study
did not cause any significant changes in concentra-
tions of metabolites and nitrogen in oak leaves (Table
2). This was probably the reason for the lack of differ-
ences in the leaf infection rate (Fig. 1).

Although each of the studied abiotic factors ana-
lysed separately had no significant effect on the leaf
infection rate, there was observed a significant tem-
perature × pollution interaction in inoculated seed-
lings (Fig. 1). A rise in air temperature resulted in a
decrease in the leaf infection rate of seedlings pol-
luted with fluorine. In unpolluted seedlings, the ele-
vated temperature caused an increase in the leaf in-
fection rate. An analysis of all studied metabolites did
not reveal any significant temperature × pollution in-
teraction. Thus it seems that the lower leaf infection

rate at the elevated temperature was probably due to a
direct, more toxic influence of fluorine on the fungus.
However, it is also possible that some other metabo-
lites, not analysed in this study, significantly affected
the fungal growth.

In contrast to the studied abiotic factors, inocula-
tion with the M. alphitoides caused changes in concen-
trations of some metabolites (Table 3). Levels of solu-
ble carbohydrates and total non-structural carbohy-
drates (TNC) decreased. However, no increase in de-
fence metabolites was observed in response to inocu-
lation with the pathogen. This does not confirm the
widely believed opinion that phenols and lignins play
an important role in plant defense against fungal
pathogens (Bennett and Wallsgrove 1994). The ob-
served decrease in TNC under the influence of M.
alphitoides is probably associated with a reduction of
photosynthetic rate in infected leaves (Gomes-La-
ranjo et al. 2004; Rollof et al. 2004; Maust et al.
2003). Although some authors report on accumula-
tion of carbohydrates in infected leaves of various
plant species (Eleftheriou and Tsekos 1991; Aboot
and Losel 2003), they consider it a result of inhibition
of the transport of carbohydrates to roots, rather than
intensified synthesis of those compounds.

Results of histochemical analyses indicate that the
distribution of the studied metabolites in leaves of
oak seedlings inoculated with powdery mildew was
affected by fluorine pollution but not by the elevated
temperature. In polluted seedlings, fungal infection

Fig. 2. Colour reaction of toluidine blue with phenols in leaves of oak seedlings inoculated with powdery mildew and grown
in pots with an unpolluted soil (A) and a fluorine-polluted soil (B). Arrows indicate products of the colour reaction, i.e.
the brown or greenish-brown filling of some cells of palisade mesophyll (A) or of both palisade and spongy mesophyll (B)
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caused an accumulation of phenols in the epidermis
and in both spongy and palisade mesophyll of leaves
(Fig. 2A, B). In the control (seedlings inoculated with
the fungus but not polluted with fluorine), accumula-
tion of phenols was noticed only in the epidermis and
in single cells of palisade mesophyll. In addition to ac-
cumulation of phenols, also lignification – another
defense response – was observed in necrotic lesions
and adjacent cells (Fig. 3). The stronger defense re-
sponse may indicate that the sensitivity of oak seed-
lings to fungal infection is higher under conditions of
soil pollution.

In conclusion, our results indicated that under the
influence of elevated temperature and realistic range
of F pollution, no significant effect on concentrations
of metabolites in oak leaves was observed. This most
likely resulted in the lack of significant differences in
the leaf infection rate. However, for simultaneous ele-
vation of temperature and fluorides, oak leaves were
less infected by powdery mildew (significant temper-
ature × pollution interaction). This may indicate that
under conditions of fluorine pollution, climatic
warming will not increase the infection of Quercus
robur trees by Microsphaera alphitoides.
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