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Abstract - Some physiological and growth parameters were studied in cork oak plants inoculated with three pathogenic fungi
(Botryosphaeria stevensii, Hypoxylon mediterraneum and Phytophthora cinnamomi) in order to understand the effects of the fungal
infection. All inoculated fungi induced the reduction of daily stem growth, stomatal conductance, air-leaf temperature and photo-
chemical efficiency. The more aggressive pathogens, B. stevensii and P. cinnamomi, induced the sharpest decline in all growth and
physiological parameters. A sudden decline of all variables was caused by B. stevensii within 6 days after inoculation, followed by a
temporary increase in maximum daily shrinkage coinciding with wilting of the plants. The plants inoculated with P. cinnamomi under-
went a more gradual decrease in all parameters, whereas H. mediterraneum induced a slight but still significant reduction only in stem
growth and shrinkage. Linear variable displacement transducers (LVDT) proved to be a suitable tool to measure some effects of the
pathogenesis. (&copy; Inra/Elsevier, Paris.)

Botryosphaeria stevensii / Hypoxylon mediterraneum / Phytophthora cinnamomi / pathogenic effect / hydric stress / LVDT

Abbreviations: DE: daily evolution; gs: stomatal conductance; Fv/Fm: maximum photochemical efficiency; LVDT: linear variable
displacement transducer; MDS: maximum daily shrinkage; TD: air-leaf temperature difference.

Résumé - Effets de trois pathogènes fongiques sur les relations hydriques, la fluorescence de la chlorophylle et la croissance
de Quercus suber L. Les effets liés à l’infection par trois champignons pathogènes (Botryosphaeria stevensii, Hypoxylon mediterra-
neum et Phytophthora cinnamomi) sur des plantes de chêne-liège ont été étudiés à partir des paramètres physiologiques et de la crois-
sance. La réduction de la croissance journalière de la tige, la conductance stomatique, l’écart entre la température ambiante et celle de
la feuille ainsi que l’efficience photochimique, ont fourni une réponse similaire pour tous les pathogènes en liaison avec leur virulence.
C’est en réponse aux deux plus agressifs, B. stevensii et P. cinnamomi, que l’on a enregistré les plus fortes réductions de croissance
et des paramètres physiologiques. Une chute rapide des valeurs de tous ces paramètres causée par B. stevensii a été enregistrée durant
les 6 j suivant l’inoculation, accompagnée d’une augmentation des amplitudes de contractions maximales journalières (7-14 j après
inoculation) au moment où les plantes commencent à dépérir. Les effets sur l’ensemble des paramètres étaient moins marqués pour
les plantes inoculés avec P. cinnamomi. Enfin pour Hypoxylon mediterraneum, une réduction plus faible mais toujours significative,
a été observée uniquement pour la croissance et pour les amplitudes de contractions des tiges. Les capteurs de déplacement linéaire
(LVDT) ont démontré leur efficacité en tant qu’outil pour mesurer certains effets de la pathogènéité. (&copy; Inra/Elsevier, Paris.)

Botryosphaeria stevensii / Hypoxylon mediterraneum / Phytophthora cinnamomi / effet pathogène / stress hydrique / capteur
LVDT
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1. INTRODUCTION

A substantial increase in cork oak (Quercus suber L.)
mortality has been detected since the 1930s in the
Mediterranean region [21, 23, 30]. Although its exact
causes are still unknown, this increased mortality has
been associated with the decline that affects other

Quercus species in Europe [10, 16]. Botryosphaeria
stevensii Shoemaker, Hypoxylon mediterraneum (de Not)
Ces et de Not and Phytophthora cinuamomi Rands are
three frequent decline-associated fungi in the
Mediterranean cork oak forests. B. stevensii has an

important incidence in the northeast of Spain where it
causes dieback and trunk canker in trees harvested for
cork [20]. H. mediterraneum is a known pathogen of Q.
suber [21, 30] and other species of Quercus [6, 19, 26,
30]. Host susceptibility to H. mediterraneum increases
when the tree suffers from water stress [31, 32]. P. cin-
namomi, the causal agent of ’ink disease’ of many forest
species, has been recently associated with the oak decline
in the southwest of the Iberian Peninsula [6].

The purpose of this work was to monitor the effects
induced by the above decline-associated pathogens on
some physiological aspects and growth of Q. suber
plants. We recorded stem diameter growth, water rela-
tions and the photochemical efficiency of inoculated

plants in order to relate these parameters to the pathogen-
esis of each fungus.

2. MATERIALS AND METHODS

2.1. Plant material

Five months before setting up the experiment 12 1-

year-old plants of Q. suber ranging from 40 to 60 cm in
height and 4 to 6 mm in diameter, measured at 20 cm
height, were transplanted from 750 mL containers into 5-
L pots filled with a sterilized peat:vermiculite mixture
(1:1, v:v; final pH 5.0). The substrate was amended with
Osmocote Plus&reg; (Grace-Sierra Spain, Tarragona, Spain)
at a dose of 2.5 g L-1. The plants were maintained in a
greenhouse and irrigated twice a week to substrate capac-
ity throughout the experimental period. Air temperature
inside the greenhouse ranged from 15 to 35 °C during the
assay, and was an average 5 °C higher than the exterior
value.

2.2. Fungal strains

Three fungal strains isolated from Q. suber were used:
B. stevensii (Vallgorguina, Barcelona, Spain; isol 24

January 1992); H. mediterraneum (La Bisbal, Girona,

Spain; isol 5 October 1992); and P. cinnamomi (St.
Sadurní de l’Heura, Girona, Spain; isol 19 June 1995).
All strains were maintained in potato dextrose agar
(PDA) plugs in tubes with sterile distilled water at 4 °C
until use. The strains were recovered by plating a small
piece of the mycelium in PDA and incubating it at 25 °C
for 4 days.

2.3. Inoculations

The plants were inoculated on 27 March 1996. A

superficial wound, 1.5 cm long, was made on the stem of
every plant with a sterile blade at 15 to 20 cm above the
ground level. A mycelial plug (4 mm in diameter) from
an actively growing colony was placed on the wound
with the mycelial surface in contact with the stem tissues.
The wounds were sealed with Parafilm&reg; (American
National Can, Greenwich, CT, USA). Groups of three
plants were inoculated with each fungus, and controls
consisted of three additional plants treated in a similar
way but with plugs of sterile PDA. At the end of the
experiment, isolations were made from all the plants at
the point of inoculation and 3 cm above it by plating in
PDA wood pieces disinfected with ethanol 70° and incu-
bating them at 25 °C for fungal identification.

2.4. Monitoring

The microvariations of stem diameter throughout the
experimental period, 28 March-22 May, were measured
with a set of linear variable displacement transducers
(LVDT: model DF, range ± 2.5 mm, accuracy ± 10 &mu;m,
from Solartron [Solartron Metrology, Bogno Regis,
UK]). One sensor was attached to each stem 15 cm above
the inoculation point with a special holder made of Invar
material. The LVDT outputs were recorded with a data-
logger (model CR10 with a multiplexer AM416 from
Campbell [Campbell Scientific Ltd., Logan, UT, USA)
every 30 s and averaged every 20 min.

Stomatal conductance (gs) and both air and leaf tem-
peratures were measured with a steady-state porometer
(model LI-1600, from Li-Cor Inc., Lincoln, NE, USA).
Chlorophyll fluorescence induction was followed for 4 s
from the irradiated leaf surface with a Plant Efficiency
Analyzer (PEA: Hansatech Instruments, King’s Lynn,
UK). Exciting red light at 1 500 &mu;mol·m-2·s-1 was rou-
tinely used and leaves were dark-adapted for 20 min
before measurements.

Porometric and chlorophyll fluorescence measure-

ments were taken at midday, on two fully developed,
symptomless, randomly selected leaves of the current



year of all inoculated and control plants. For the first
3 weeks, porometry and fluorescence readings were taken
at midday approximately twice a week. Thereafter, mea-
surements were made once a week. Visually appreciable
changes in the vigour of the plants were annotated twice
a week throughout the experimental period.

2.5. Data analyses

The raw data from the LVDT sensors were corrected
to the same initial zero value. Three parameters were
studied [7]: i) total increase of the stem diameter, ii) max-
imum daily shrinkage (MDS) of the stem diameter (dif-
ference between the maximum and minimum of each

daily curve) and its relative values against control (rela-
tive MDS), and iii) daily evolution (DE), increasing or
decreasing of the stem diameter measured at 0600 hours
of two consecutive days. Air minus canopy temperature
differences (TD) were obtained from leaf and cuvette
porometer readings [25]. The ratio Fv/Fm (maximum PS
II photochemical efficiency) is a sensitive indicator of

photoinhibition and other stresses, including altered

responses in infected plants [1, 12, 24].
All data were analyzed using the SYSTAT statistical

package [29]. Autocorrelation analyses were made with
MDS and DE values of each inoculation treatment to
check for the time independence of the measurements
taken during the assay. After that, one-way analysis of
variance (ANOVA) was performed (considering as repli-
cates the daily averages) and means were compared
against control by Dunnett’s test. Data obtained with the
porometer and the PEA were analyzed using one-way
ANOVA and differences from control means in each

reading date were detected by Dunnett’s test.

3. RESULTS

The presence of the pathogens in the inoculated plants
was confirmed by positive re-isolations at the end of the
experimental period. Tissue necroses, variable in size,
were observed in all inoculated plants. The wounds of the
control plants healed successfully and no fungus was iso-
lated from them. The plants inoculated with H. mediter-
raneum looked similar to control plants and produced
new leaves throughout the experimental period.
However, superficial bark cankers of 2 to 3 mm were
detectable around the point of inoculation in the 5th week
after inoculation.

The plants inoculated with B. stevensii showed clear
symptoms of infection after only 1 week. A gradual wilt-
ing of the leaves led to the death of two of the inoculated

plants in 13 days. The surviving B. stevensii-inoculated
plant recovered after 25 days for unknown reasons that
will require further research, but for the purpose of the
study reported here the data were excluded. All plants
inoculated with B. stevensii developed cankers of 4 to
10 cm around the point of inoculation in 3 weeks.
Cankers were characterised by darkening and depression
of vascular and bark tissues. The formation of pycnidia
on the bark was detected 5 weeks after inoculation.

One plant inoculated with P. cinnamomi wilted 3 days
before the experiment ended. Its death was preceded the
previous week by gradual chlorosis of the old leaves. All
plants inoculated with P. cinnamomi showed canker for-
mation in 22 days, followed by epicormic branching.

The mean diameter increase for each treatment during
the assay is shown in figure 1. The mean overall growth
was 3.49 mm for control plants, 2.83 mm for plants inoc-
ulated with H. mediterraneum, 0.79 mm for P. cinnamo-
mi inoculated plants, and -1.04 mm for the plants killed
by B. stevensii. Only the last group showed a differential
trend which can be separated in three phases: a growth
period of 5 days following inoculation, a sharp decrease
of stem diameter together with larger MDS values, coin-
ciding with the death of plants 13 days after inoculation,
and a slow decline of stem diameter with reduced MDS
values.

Mean relative MDS and DE data are shown in figure
2. Daily MDS values for all treatments ranged from 0 to
180 &mu;m, with minimum values recorded on cloudy or
rainy days, when stomatal conductance was low. The
highest values usually corresponded to control plants.



Relative MDS values for plants inoculated with B. steven-
sii were approximately two times greater than control 6
days after inoculation, and reached 2.5 times after 9 days
(figure 2A). DE values for control plants ranged from 16 
to 129 pm/day (d) (figure 2B). The plants inoculated with
H. mediterraneum had a positive DE range (4 to 95 pm
d-1), sometimes larger than control plants (8 to 19 days
after inoculation). The plants inoculated with B. stevensii
displayed DE varying from -154 to 75 &mu;m d-1. Negative
values were obtained 6 days after inoculation. DE values
for P. cinnamomi-inoculated plants ranged from -53 to
79 &mu;m d-1, with occasional periods of negative data fol-
lowing inoculation and the death of one plant.

The results from MDS and DE data analyses are

shown in table I. Autocorrelation coefficients were not

statistically significant in any case. Thus, independence
of the measures within the time series of each treatment
was presumed and data were then analyzed using one-
way ANOVA. The MDS and DE means for the control

plants were 69.2 &mu;m and 63.7 &mu;m d-1, significantly
greater than inoculated plants. The lowest MDS and DE
values corresponded to the plants infected by B. stevensii
(31.4 &mu;m and -22.0 &mu;m d-1, respectively) followed by P.
cinnamomi- and H. mediterraneum-infected plants,
respectively (table I).

To analyze more precisely the MDS and DE data of
the plants infected by B. stevensii three periods were
defined: 0-6, 7-14 and 15-56 days after inoculation
which related, respectively, to absence of symptoms,
appearance of wilting and death of the plants (table II).
Mean MDS values for the plants inoculated with B
stevensii ranged from 21.6 to 77.3 &mu;m, with significantly
different values only in the last period. The control plants
gradually increased their MDS means from 41.4 to 74.0
&mu;m. Mean DE values for control plants decreased from
91.4 to 61.1 &mu;m d-1, while the DE means for B. stevensii-
infected plants were always lower and significantly dif-
ferent. Negative values were obtained 7 days after inocu-
lation and thereafter.

The results from air-leaf temperature, stomatal con-
ductance and chlorophyll fluorescence measurements are
shown in figure 3. Mean TD values for control plants and
those inoculated with H. mediterraneum were always
positive, ranging from 0.1 to 0.9 °C. Both groups behaved
similarly and no significant differences were detected
during the experiment. Plants inoculated with B. stevensii
experienced a sudden and significant decrease (P < 0.05)
in TD 5 days after inoculation. Average TD values for the
plants inoculated with P. cinnamomi ranged from -1.1 to



0.0 °C, which were significantly different (P < 0.05) from
the control on the 5th day and thereafter.

Mean gs rates of control plants ranged from 216 to
375 mmol·m-2·s-1 (figure 3). Plants inoculated with H.
mediterraneum behaved similarly to control plants with
values ranging from 179 to 390 mmol·m-2·s-1. Only the
values at 15, 29 and 41 days after inoculation were sig-
nificantly different from control. Plants infected with B.
stevensii showed a sharp decrease (down to

21 mmol·m-2·s-1) in only 5 days, well before death
occurred. Plants infected with P. cinnamomi always
showed significantly (P < 0.05) lower values than those
of control from 5 days on (range: 19 to

120 mmol·m-2·s-1). The negative trend was stabilised
after 3 weeks and the average of the gs rates for the

remaining measurement periods represented the 11 % of
the mean control value.

Control plants and those inoculated with H. mediterra-
neum had similar values of Fv/Fm throughout the experi-
mental period, ranging from 0.77 to 0.83. Plants inoculat-
ed with B. stevensii underwent a sharp and significant
decrease in Fv/Fm (to 0.07) in 13 days (P < 0.05), where-
as P. cinnamomi-inoculated plants displayed a gradual
decline, reaching significant differences from control 30
days after inoculation.

4. DISCUSSION

Control plants grew adequately during the assay. This
was shown by the daily evolution of their stem diameters
and the chlorophyll fluorescence, two integrative vari-
ables not related to rapid environmental changes [ 18, 24].

The three pathogens induced effects on the plants at
different time intervals. Thus, a negative influence in
overall stem diameter growth and DE can be observed in
all infected plants (figure 1, tables I and II). The mini-
mum stem diameter growth was observed in plants infect-

ed by B. stevensii, followed by P. cinnamomi and H.
mediterraneum. External appearance of the plants inocu-
lated with H. mediterraneum was similar to control

plants.
Mean MDS values of the plants infected with B.

stevensii were lower than control plants, except for the
period following 7 to 14 days after inoculation (table II).
We speculate that these higher MDS values were proba-
bly due to the occlusion of vessels caused by the pathogen
and an increased use of the plant water reserves. Lowest
MDS values were induced by B. stevensii, followed by P.
cinnamomi. Plants infected by H. mediterraneum had
slight but still significant reductions in both MDS and
DE.

The stem diameter time course of the inoculated Q.
suber plants was similar to Cistus salviifolius L. also
inoculated with either B. stevensii or H. mediterraneum

[7]. Similar responses detected by LVDT sensors were
found in plants of several fruit tree species submitted to
water stress [14, 15].

The results obtained in air-leaf temperature differ-
ence, stomatal conductance and photochemical efficiency
showed the global reduction of these parameters in all
infected plants (figure 3).

Sharp decreases in all measured variables of the plants
inoculated with B. stevensii occurred before any symptom
was visually noticeable. Differences between B. steven-
sii-infected and control plants were detected earlier by the
DE parameter than by the MDS.

P. cinnamomi induced significant reductions in TD

(200 %) and gs (89 %) when compared to control values.
Dawson and Weste [8] detected similar decreases (about
75 %) in stomatal conductance and transpiration of

Eucalyptus sieberi LAS Johnson infected with P. cin-
namomi. The decrease in Fv/Fm was only significant after
30 days of inoculation. Epron and Dreyer [11] and Méthy
et al. [22] observed comparable reductions of Fv/Fm in



Quercus ilex L., Q. petraea (Matt.) Liebl. and Q. pubes-
cens Willd. plants submitted to severe drought stress. The
effects of pathogens on plants show a pattern similar to
drought stress, since infection induces a reduction of
water flux from roots to leaves [3, 27]. The occurrence of
hydric stress due to pathogens has been reviewed by sev-
eral authors [2, 9, 13, 17]

The inoculation of H. mediterraneum induced decreas-
es in TD (17 %), g, (12 %) and Fv/Fm (2 %). Several
workers [6, 26, 30, 31] established that the pathogenic
effects of H. mediterraneum on several species of

Quercus only appeared when the vigour of the host was
affected (usually by water stress). However, our results
indicate that even in the absence of water stress, the
LVDT sensors detected a significant pathogenic effect of
H. mediterraneum as indicated by the MDS and DE val-
ues (table I). Moreover, it can be assumed that fungal
development within the plants induced decreasing values
in TD, gs and Fv/Fm, although the differences were

insignificant when compared to control. On the other
hand, Vannini and Valentini [32] detected an average loss
of 33 % in hydraulic conductivity of stems of Quercus
cerris L. when inoculated with H. mediterraneum and the

plants were grown without hydric restrictions. These
results indicate that the pathogenic effect of H. mediter-
raneum on the host can be considerable even in the
absence of drought conditions. Certainly, additional

experiments are needed involving young/adult plants and
stress/non-stress conditions to elucidate more accurately
the pathogenic effects of Hypoxylon species. Continuous
recording of stem diameter variations could be a benefi-
cial methodology in future research.

Although the exact mechanisms involved are still

unknown, the experiments described in this work demon-
strate a clear negative effect of several pathogenic fungi
on water transport, photosynthetic activity and growth of
infected cork oak plants. These symptoms resemble those
produced by severe water stress in non-infected plants
[18, 28]. Brasier [4] and Wargo [33] considered that P.
cinnamomi predisposes the adult plants of Q. ilex and Q.
suber to drought stress rather than the opposite. Dawson
and Weste [8] also described typical symptoms of water
stress associated with P. cinnamomi infection processes.

5. CONCLUSION

The infection of cork oak plants with three pathogenic
fungi induces a common plant response, characterised by
decreases in both daily stem shrinkage and growth, stom-
atal conductance and air-leaf temperature. Low values of
these parameters indicate a disorder in the plant metabol-
ic functioning which reduces hydric and energetic



resources available for the growth and defense of the
infected plants.

Water relations, air-leaf thermal measurements and

daily evolution of stem diameter are useful indicators of
plant distress during the first infection phases when
symptoms are not visually detectable. Long-term effects
of fungal infection undetectable by other methods

(porometry, fluorescence) can be measured using LVDT
sensors.
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