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Abstract: Phytophthora species are particularly aggressive plant pathogens and are often associated with the decline of many tree
species, including oak and beech. Several fungi and bacteria species are known as potential antagonists usable as biological control
agents. Phosphonate (H3POs), commonly branded as phosphite, has also been used in the past years to protect trees against invasive
Phytophthora spp.. This study aimed at comparing the effects of selected antagonist microorganisms and phosphonate, when applied
by microinjection or leaf treatment. Antagonistic species were first selected for their high inhibitory activity against problematic
Phytophthora species, such as Phytophthora cactorum, P. quercina and P. plurivora attacking Quercus robur and Fagus sylvatica in
Polish forests. Three endophytic species Trichoderma atroviride (two strains), T. harzianum and Bacillus amyloliquefaciens showed
a high control activity, and their efficacy was then assessed in comparison with a phosphonate treatment. Two application methods
were experimented in this study: injection of a solution of spores or phosphonate into the sap vessels of beech or a foliar treatment on
oak. Phosphonate and two strains of Trichoderma significantly reduced the necrotic area on oak leaves inoculated with P. plurivora
and one strain of 7. atroviride significantly reduced necrotic areas on beech branches. These results are therefore promising of a
novel way to control Phytophthora spp. in forest stands and nurseries.
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1. Introduction tarry spots, wilting and branch dieback [1]. Owing to

their complex and mutual interactions, numerous
The genus Phytophthora (Oomycetes: o o ] ]
. biotic and abiotic factors contribute to an aggravation
Peronosporaceae) contains some of the most . )
. . . of tree decline caused by Phytophthora species [3].
aggressive plant pathogens, causing large economic . . .
) ) ] ] Among sensitive species, oak species have been
and ecological damages worldwide in agriculture, . . . .
. . subjected to serious and frequent dieback during the
horticulture and forestry. Most species have an )
. . . past century in Europe [4-7]. The most common
extensive host spectrum, while a few are host specific . . )
. species found in oak stands are P. plurivora and P.
[1]. Phytophthora diseases have been shown to be . . . .
; ; ) . quercina [2, 6, 8], and the association with soil type
involved in the decline of many tree species across . . )
L and acidity would be responsible for oak decline [5].
Europe [2]. The symptoms are very similar for most .
. ; . In spite of early reports of the presence of
tree species, and include higher crown transparency, . ) o
. Phytophthora species affecting beech (F. sylvatica) in
fine and lateral root rots, collar and trunk canker with . . ) .
the UK, this species was considered for a long time as
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and competitive ability [9], however, with the climatic
extremes of 2002 and 2003, typical Phytophthora
symptoms have been increasingly reported on beech
[10]. It is now a common view that climate changes
could hasten the spreading of pathogens. Very few
forecasts have been made available for Phytophthora
species, with the exception of a study for P.
cinnamomi, showing the likely spreading of the
disease in Europe [11].

A wide choice of fungicides has been developed
and made available to agriculture and horticulture.
Except in forest nurseries, they are not adapted to forest
trees treatments. Phosphite, also called phosphonate or
phosphonic acid salt (H;PO;), did show a good control
activity on Phytophthora species and very interesting
direct and indirect protective effects on plants [12].
Better results in reducing Phytophthora infection were
obtained by trunk injection [13-19] and foliar spray
[20-24]. This chemical was chosen here for its known
capacity to reduce the impact of Phytophthora
infections and was then used as a positive control to be
compared to the treatments with biological antagonists.
The biocontrol capacity of some endophytic organisms,
i.e.,, asymptomatic organisms with an internal
colonisation, has mainly been studied through in vitro
experiments [25-29]. In situ experiments were mainly
carried out on herbaceous plants [30-33] or young tree
seedlings [27, 34-37] and rarely on adult trees [38-40].
In this study, the authors proposed to compare the
effects of selected antagonist microorganisms with
phosphonate, when applied by microinjection or leaf
treatment. The microorganisms retained for these
works were fungi of the genus Trichoderma and
bacteria from the Bacillus genus, which have been
extensively studied for their properties of biological
control and plant growth promotion [26, 41-45] and

are potentially endophytes.
2. Material and Methods
2.1 Microorganism Isolates and Culture Conditions

P. cactorum, P. plurivora and P. quercina isolates

were from the collection of the Forest Research
Institute in Se¢kocin. The different strains of B.
amyloliquefaciens and Trichoderma spp. were by the
collection of the group plants and pathogens (Hepia) in
Jussy. T. atroviride ITEC is from Lallemand Plant Care,
France. T. atroviride UASWS0365 has been registered
in Leibniz-Institut Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ)
under the accession DSM 29610, and accessions are
pending for the other Trichoderma spp. UASWS
strains. The B. amyloliquefaciens strains P1 and C2
have been registered in DSMZ in patent deposit under
the treaty of Budapest under the accessions DSM
32011 and DSM 32012, respectively. Phytophthora
species were cultivated on V8 agar medium (V8
Campbel’s soup, USA), fungi on potato dextrose agar
(PDA) medium (Carl Roth, Switzerland) with 50
pg/mL ampicillin (Carl Roth, Switzerland) and bacteria
on Luria Bertani agar (LBA) medium (Carl Roth). All
cultures were maintained in the dark at room

temperature.
2.2 In Vitro Dual Cultures

Confrontation between Phytophthora spp. and
potential antagonists were performed as dual cultures
in 9 cm diameter. Petri dishes contained 30 mL of a
mixed sterile PDA + V8 medium (PDA 39 g/L,
CaCO; 3.5 g/L and 200 mL/L of V8 Campbell’s soup)
for fungi species and LBA + V8 medium (LBA 35 g/L,
CaCOs; 3.5 g/L and 200 mL/L of V8 Campbell’s soup)
for bacteria. Each Petri dish was inoculated with a 0.5
cm diameter plug of a 7-day-old pure culture of one of
the Phytophthora strains and a 0.5 cm diameter plug
of one 7-day-old pure culture of an antagonistic
organism, at a distance of 5 cm from each other. The
experiment was repeated nine times per confrontation
for statistical needs. The development of the pathogen
was measured three times at the edge of the mycelium
after 3, 5 and 7 d of confrontation. The statistical
analyses were performed on Minitab using a one way

ANOVA. The antagonistic effects were compared
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using Tuckey’s comparison test.

The antagonistic interaction between the different
fungal strains and Phytophthora spp. was analysed
with the scoring method described by Badalyan et al.
[46, 47]. This method classified the interaction in
three types—A, B and C and four subtypes—CAl,
CA2, CB1 and CB2, where A = deadlock with
mycelial contact, B = deadlock without mycelial
contact, C = overgrowth of the pathogen without
deadlock; CA1/CA2 = partial/complete replacement
after the deadlock with mycelial contact, CB1/CB2 =
after the deadlock

without mycelial contact. The antagonist index (Al)

partial/complete replacement
was calculated by Eq. (1):
AI=ANx1)+BWWx2)+C(Nx3)+CAl (N
x 3.5) + CBl (N x 4) + CA2 (N x 4.5) +
CB2 (N x5) (1)
where, N is the amount of specific interaction
recorded.

2.3 Foliar Treatments with Bacteria, Fungi and
Phosphite on 2-Year-Old Oaks (Q. robur L.)

Leaves from 70 young oaks (2-year-old) cultivated
in glasshouse, were treated with biological agents
selected for their inhibitory activity on the three
Phytophthora species used for inoculation. Foliar
treatment was carried out with a paint brush, on 2
leaves/tree, prior to inoculation by P. plurivora. On
each tree, a treated leaf and an untreated leaf were
collected two weeks after treatment and kept in humid
chambers at 20 °C in a climatic chamber in the dark.

Each of the following modalities of foliar treatment
was repeated on 10 trees: (1) phosphite solution (1.2
g/L H3PO;) according to Gentile et al. [18]; (2) T.
atroviride strain ITEC (1 x 10® conidia/mL); (3) T.
aureoviride strain UASWS (1 x 10® conidia/mL); (4)
T. harzianum strain B100 (1 x 108 conidia/mL); (5) B.
amyloliquefaciens C2 (1 x 10° CFU/mL); (6) B.
amyloliquefaciens P1 (1 x 10® CFU/ mL); (7) control
consisted of ultrapure water application.

P. plurivora strain 1IBL254 was inoculated on

control and treated leaves one week after leaves had
in the dark.

Inoculation consisted in depositing a 25 mm’ agar

been placed in humid chambers
plug of a 7-day-old culture on V8 medium.

Leaves were scanned and necrotic surfaces were
measured with Jen’s Makroaufmass program', and
statistic treatment of data was performed with the R
program using the Kruskal-Wallis test.

2.4 Endotherapy through Trunk Injection on
30-Year-Old Beech Individuals Inoculated with P.

plurivora

2.4.1 Inoculation of Beech Trees with P. plurivora

In a plot of beech (F. sylvatica), 80 trees of
30-year-old with similar diameter measured at a 1.3 m
height from the ground, were selected for a
randomised endotherapy experiment. All trees were
inoculated with P. plurivora on branches 1 m away
from the main trunk, in order to prevent any secondary
infection from P. plurivora. Inoculations were
performed as follows: on each branch, bark was
removed on a surface of 3 cm x 2 cm with the help of
a sterile razor blade, then a PDA plug (1 cm x 1 c¢cm)
from a 7-day-old culture of P. plurivora strain IBL254
was placed into contact with the exposed cambium.
The inoculated area was covered with cotton
moistened with sterile water, sealed with Parafilm™
wrap and finally covered with aluminium foil in order
to prevent desiccation. The branches were kept in
contact with the pathogen for three weeks.

2.4.2 Trunk Injection Modalities

Injections were performed with a direct injector
system (Wedgle Direct-Inject, Arborsystems Inc.,
USA) and were carried out at a 1.5 m height from the
ground. The following treatment modalities were
applied to groups of 10 trees: (1) phosphite at the
concentration of 250 g/L H;POs;. Injections were
performed at a dose of 0.8 mL per 5 cm of trunk
circumference yielding a dose of 50 g/L/cm of trunk,

according to recommendations by Shearer et al. [15]

! http://ruedig.de/tmp/messprogramm.htm.



Biocontrol Endotherapy with Trichoderma spp. and Bacillus amyloliquefaciens against Phytophthora 431
spp.: A Comparative Study with Phosphite Treatment on Quercus robur and Fagus sylvatica

and Gentile et al. [18]; (2) T. atroviride strain ITEC (1
x 10* conidia/mL); (3) T. aureoviride strain UASWS
strain (1 x 10®* conidia/mL); (4) T. harzianum strain
B100 (1 x 10® conidia/mL), conidia doses were of 0.8
mL per 10 cm of trunk; (5) B. amyloliquefaciens strain
P1 at a concentration of 1 x 10® CFU/mL and at the
final dose of 0.8 mL/10 cm of trunk; (6) B.
amyloliquefaciens strain C2 at a concentration of 1 x
10 CFU/mL and at the final dose of 0.8 mL/10 cm of
trunk.

The first injections took place three weeks after the
first inoculation with P. plurivora and the branches
were then harvested three weeks later.

243
Non-inoculated Branches

Inoculation after Tree Injections on

Non-inoculated branches were harvested on the
treated trees at the same time as inoculated branches.
The latter were cut into 20 cm pieces, put in moisture
chambers for three weeks at 20 °C in the dark and
inoculated with P. plurivora following the same
protocol as described above.

The size and surface of necrotic spots were then
measured and compared to a positive control

inoculated with P. plurivora without any injection and

a negative control inoculated with sterile water only.
Necrotic surfaces were drawn on transparent plastic
sheets, which were then scanned to yield necrotic
surface measurements by Jen’s Makroaufmass
programme. Statistic treatment of data was performed
with the R programme using the Kruskal-Wallis and
post-hoc tests after Nemenyi in the pairwise multiple

comparison of mean ranks package (PMCMR) [48].
3. Results

3.1 Confrontation of P. plurivora, P. cactorum and P.

quercina with Antagonistic Bacteria and Fungi

The dual cultures displayed different levels of
mycelia growth inhibition as shown in Table 1. The
ANOVA showed that all results were significantly
different from the control at 3, 5 and 7 d for each
Trichoderma strain in confrontation with P. cactorum.
T. harzianum B100 had the strongest impact on the
growth of P. cactorum with a reduction of 56.78%
compared to the control. The isolates of 7. harzianum
B33 and T. aureoviride UASWS did not show any
significant difference with T. harzianum B100, and

were capable of reducing the mycelium growth in a

Table 1 Effect of Trichoderma spp. strains after 7 d of dual culture on the growth of P. cactorum, P. plurivora and P.

quercina.

Reduction of mycelium growth over control (%)

Fungal strains

P. cactorum P. plurivora P. quercina
Control 0.00* 0.00° 0.00°
T. asperellum UASWS 36.75% 41.29° 32.35°
T. atroviride UASWS0365 24.92° 19.84° 33.33°
T. atroviride ITEC 52.21% 54.56 58.82"
T. aureoviride UASWS 56.62° 51.10% 54.09%
T. hamatum UASWS 31.39% 46.48% 57.84%
T. harzianum BO5 39.75% 51.21% 56.86"
T. harzianum B100 56.78° 50.63 63.73°
T. harzianum B33 55.84° 51.79% 46.08"
T. harzianum B97 53.94% 48.10% 47.04%
Standard error of the mean (SE) 0.0716 0.0932 0.0627
Degree of freedom 89 89 29
F-values 44.09 55.37 10.95
P-values <0.005 <0.005 <0.005

All values are mean of nine replicates, except for P. quercina where the mean is based on three replicates. Growth of the different

Phytophthora species in control was without any antagonistic fungi.

Values followed by the same letter(s) are not statistically significantly different (P < 0.05) according to Tukey’s comparison test.
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range of 55.84%-56.62%. The other strains showed a
smaller impact within a range of 24.92%-36.75% of
mycelium growth reduction.

As shown by ANOVA, at all dates, all Trichoderma
strains significantly reduced the growth over the
control P. plurivora, except the T. harzianum B33 and
T. asperellum at 3 d and T. atroviride at 3 d and 5 d.

T. atroviride ITEC had the biggest impact on the
growth of P. plurivora with 54.56%, but did not show
any differences with most of the other strains (7.
harzianum B97, B33, B100, BOS, T. hamatum), which
reduced P. plurivora growth between 46.48% and
51.79%. All yielded results were significantly
different from 7. atroviride UASWS0365 (19.84%)
and 7. asperellum (41.29%).

Similarly, all Trichoderma strains significantly

Table 2

reduced the growth of the control P. quercina but only
after 7 d. No results showed any significant difference
over the control at 3 d or 5 d. T. harzianum B100
induced the most important growth reduction
compared to the P. quercina control with 63.73%. The
other strains showed growth reduction between 58.8%
and 32.35%. The antagonistic interaction between P.
cactorum and P. plurivora is shown in Table 2. Initial
deadlock was observed as soon as 3 d for most of the
strains. Two types (A and C) and three subtypes (CA1,
CA2 and CB1) were identified. Based on the Al
values, it appeared that 7. atroviride was weakly
active and all the other strains were strongly active
against both Phytophthora species.

The two strains of B. amyloliquefaciens showed

significant differences with all Phytophthora spp. after

Interactions between antagonistic fungi and P. cactorum and P. plurivora.

P. cactorum

P. plurivora

Fungal strain

Al Type/subtype Al Type/subtype

T. asperellum 30.00 C 30.50 CAl

T. atroviride UASWS0365 15.00 A 10.00 A

T. atroviride ITEC 38.50 CA2 34.50 CAl

T. aureoviride 30.50 CAl 33.50 CAl

T. hamatum 34.50 CAl 35.00 CA1/CA2

T. harzianum B05 34.00 CBI1 37.50 CA2

T. harzianum B100 31.00 CAl 39.00 CA1/CA2

T. harzianum B33 38.00 CA2 36.50 CA1/CA2

T. harzianum B97 39.00 CA2 32.90 CAl

The Al was scored on Badalyan’s scale with the interactions types and subtypes.
C = overgrowth of the pathogen without deadlock, A = deadlock with mycelial contact, CA1/CA2 = partial/complete replacement
after the deadlock with mycelial contact, CB1 = partial replacement after the deadlock without mycelial contact.

Table 3 Effect of B. amyloliquefaciens strains after 7 d of dual culture on the growth of P. cactorum, P. plurivora and P.

quercina.

Reduction of mycelium growth over control (%)

Bacillus isolate

P. cactorum P. plurivora P. quercina

Control 0.00° 0.00* 0.00*

B. amyloliquefaciens P1 33.58° 20.18° 3431°

B. amyloliquefaciens C2 22.29b 22.46° 29.41°
Standard error of the mean (SE) 0.138 0.107 0.102
Degree of freedom 26 26 8

F-values 23.53 22.51 11.44
P-values <0.005 <0.005 0.009

All values are mean of nine replicates, except for P. quercina where the mean is based on three replicates. Growth of the different

Phytophthora species in control was without any antagonistic fungi.

Values followed by the same letter(s) are not statistically significantly different (P < 0.05) according to Tukey’s comparison test.
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7 d, but no difference between each other (Table 3).
At 3 d and 5 d, no results were significantly different
from the control except for B. amyloliquefaciens C2 at
5 d, showing a significant difference with P. plurivora
control growth.

3.2 Foliar Treatments with Bacteria, Fungi and
Phosphite on 2-Year-Old Oaks (Q. robur L.)

In this experiment, all treatments reduced the
necrotic areas in comparison with the control. Four
treatments were found significantly different (P < 0.05)
from the control after a Kruskal-Wallis comparison
test. The based on phosphite, T.
aureoviride UASWS and T. harzianum B100 were

able to significantly reduce the necrotic surfaces

treatments

caused by P. plurivora. The treatment based on a direct
application of phosphite gave the best results with an
85.77% necrosis reduction over the control, followed
by T. aureoviride UASWS, and T. harzianum B100
with respectively 83.92% and 77% necrosis reduction,
as shown in Table 4 and Fig. 1.

3.3 Endotherapy through Trunk Injection on
30-Year-Old Beech Individuals Inoculated with P.

plurivora

3.3.1 Curative Results
All necroses that developed on the treated trees were
smaller than the ones on the control trees, and necrosis
surface reduction ranged from 62.33% to 9.65%
(Table 5), but did not provide any significant results
(P < 0.05) due to outliers (Fig. 2). It is therefore not
possible to determine a curative efficiency for the
different antagonists or the phosphite treatment.
However, the necrotic surfaces on treated branches
were significantly larger (P < 0.05) for each treatment
than on the negative control branches, on which the
wounds were already healing with the formation of a
new bark, confirming that the inoculation
methodology used was efficient. Additionally, a
quantitative polymerase chain reaction (qPCR) was
conducted in order to check the inoculation viability
(data not shown) and clearly amplified P. plurivora

DNA isolated from the necrosis margins, marking the

Table 4 Effect of the different preventive treatments on
the reduction of necrotic surface due to P. plurivora on

2-year-old oak leaves.

Microorganisms isolates

Necrotic surface reduction
over control (%)

Control 0.00°

B. amyloliquefaciens C2- 38.07%
B. amyloliquefaciens C2+ 42.98%
B. amyloliquefaciens P1- 51.56%¢
B. amyloliquefaciens P1+ 69.71%¢
Phosphite - 77.56¢
Phosphite + 85.77¢

T. atroviride ITEC- 31.82%
T. atroviride ITEC+ 54.02%<
T. aureovirideUASWS - 83.92%
T. aureovirideUASWS+ 51.63%
T. harzianum B100- 77.00"¢
T. harzianum B100+ 48.13*
Standard error of the mean (SE)  0.0315
Degree of freedom 12
P-value <0.005

All values are mean of 8-10 replicates. Growth of P. plurivora
in control was without any antagonistic fungi.

Treated leaves are labeled with the symbol “+”, while untreated
leaves are labeled with the symbol “-”".

Values followed by the same letter(s) are not statistically
significantly different (P < 0.05) according to Kruskal-Wallis
post-hoc tests after Nemenyi in the pairwise multiple
comparison of mean.

Table 5 Effect of the different curative treatments on the
reduction of necrotic surfaces due to P. plurivora on
30-year-old beech branches.

Necrotic surface reduction

Microorganisms isolates
& over control (%)

Control 0.00°

B. amyloliquefaciens P1 62.33"
B. amyloliquefaciens C2 35.29°
Phosphite 46.07"
T. atroviride ITEC 9.65°

T. aureoviride UASWS 60.64"
T. harzianum B100 47.25°

Standard error of the mean (SE)  2.55

Degree of freedom 6

P-value 0.740

All values are mean of 10 replicates. Growth of P. plurivora in

control was without any antagonistic fungi.

Values followed by the same letter(s) are not statistically
significantly different (P < 0.05) according to the
Kruskal-Wallis test.
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Fig. 1 Box plot of the necrotic areas developed on oak (Q. robur) leaves after 7 d in contact with P. plurivora.
The boxes represent the values between the first and the third quartile with the median in the middle. The line in the box represents
the median, while the extremities of the vertical lines show the minimum and maximum values. * means the outliers.
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Fig. 2 Box plot of the necrotic areas on beech (F. sylvatica) branches for the curative treatment with positive and negative
control.

The boxes represent the values between the first and the third quartile with the median in the middle. The line in the box represents
the median, while the extremities of the vertical lines show the minimum and maximum values. * means the outliers.
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Fig. 3 Box plot of the necrotic areas on beech (F. sylvatica) branches for the preventive treatment with positive control.
The boxes represent the values between the first and the third quartile with the median in the middle. The line in the box represents
the median, while the extremities of the vertical lines show the minimum and maximum values.

Table 6 Effect of the different preventive treatments on
the reduction of necrosis surface due to P. plurivora on
30-year-old beech branches.

Necrosis surface reduction

Microorganisms isolates
g over control (%)

Control 0.00?

B. amyloliquefaciens P1 32.16™
B. amyloliquefaciens C2 47.75%
Phosphite 15.85"
T. atroviride ITEC 69.50°
T. aureoviride UASWS 10.10™
T. harzianum B100 54.28%®

Standard error of the mean (SE) 1.42
Degree of freedom 6
P-value 0.004

All values are mean of 5-10 replicates. Growth of P. plurivora
in control was without any treatment.

Values followed by the same letter(s) are not statistically
significantly different (P < 0.05) according to the
Kruskal-Wallis post-hoc tests after Nemenyi in the pairwise
multiple comparison of mean.

presence of P. plurivora in the inoculated branches,
whereas there was no amplification in the negative
control.

3.3.2 Preventive Results

The preventively treated trees developed necrosis

caused by P. plurivora that were smaller than the
control ranging from a 10.10% to 69.5% reduction
(Table 6). The treatment with 7. atroviride ITEC and
the phosphite treatment significantly reduced (P <
0.05) the necrotic surfaces when compared to the

control as shown in Fig. 3.
4. Discussion

In Europe, Phytophtora invasive species are
spreading and infecting new forest stands, and are
commonly associated with oak and beech dieback [2].
As they are already present in the environment, new
strategies should be developed in order to help the
forests sustain these new threats. One strategy could
be to use biological antagonists as natural barriers to
Phytopthora spp.. endophytes, if antagonistic to
Phytophthora spp., they could lead to a long term
beneficial interaction, which would potentially
increase the tolerance to new stress and therefore
support the trees’ capacity for adaptation. Besides, this
alternative strategy could result in releasing time and

resources to find new resistance genes and create
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resistant cultivars. The first step of this work would
involve identifying and selecting the most competent
antagonist against the chosen Phytophthora spp.. All
Trichoderma and Bacillus species tested here
significantly reduced the growth of P. cactorum, P.
quercina and P. plurivora in in vitro dual cultures.
different

showed significant differences between each other,

However, the species of Trichoderma

and the most effective species are 7. atroviride ITEC,
UASWS and

harzianum, except strain B0O5 in the dual culture with

T. aureoviride all strains of T.
P. cactorum. These results are in adequacy with the
common literature about in vitro biological control
efficiency of strains of the same species [44, 49-54],
but provide new information on the properties of these
strains. The Al showed that all strains of Trichoderma
spp. were strongly active against P. cactorum and P.
plurivora, with the exception of 7. atroviride
UASWSO0365. The slow growth of P. quercina did not
give the opportunity to clearly determine an antagonist
interaction with the different Trichoderma strains.

The other experiments used the organisms which
performed best in the dual cultures experiment. This
selection method through dual cultures is however
influenced by the growth speed of the antagonistic
organism, and could not represent a definitive
judgment on the properties of any potential antagonist
as already shown and discussed by different authors in
Refs. [41, 55-57].

The two stains of B. amyloliquefaciens expressed a
significant reduction of the three Phytophthora species,
widening the antagonistic capacity already described
for this species in Refs. [41, 55-57].

The experiment of foliar treatment on oak leaves
showed that the phosphite treatment was capable of
protecting treated and untreated leaves. This is due to
its capacity of diffusing through the plant tissues as
demonstrated by several studies [12, 20, 58, 59]. The
significant result obtained by 7. aureoviride UASWS
and 7. harzianum B100 showed that only the untreated

leaves of treated plants were able to reduce the

necrotic area, as compared to the control. This might
be due to some secondary metabolites generated by
the fungi, but further investigation would be needed to
understand more about the interaction between these
endophytic fungi in oaks and their production of
specific secondary metabolites.

The endotherapy experiment confirmed that the
inoculation method of P. plurivora was efficient as
[60]. The

curative treatment did not show any significant results,

previous report with P. citrophthora

but the preventive application did show promising
results for T. atroviride ITEC, which was able to
significantly reduce the necrosis size compared to the
control and the phosphite treatment. The phosphite
treatment was used here as a positive control, since it
is usually known for reducing Phytopthora spp.
activity.

However, pathogen penetration could be facilitated
by the artificial creation of wounds, which is not the
case in a natural infection. The artificial creation of
wounds allowed to express the capacity to reduce
lesion expanses, and did not integrate the possible
pre-infection protective capacity of the treatments.
This might also explain the surprisingly insignificant
result of the phosphite treatment, which had been
previously reported as efficient against Phythophthora
spp. [18], as phosphite is known to play a role against
Phytophthora spp. in the pre-invasive momentum
[12].

5. Conclusions

In conclusion, this study showed that all tested
strains had a potential in the biological control of the
three tested species of Phytophthora. However, there
were significant differences between the different
Trichoderma strains in the dual culture experiment.
The foliar treatment of oak leaves yielded positive
treatment and two

results with the phosphite

Trichoderma  stains, whereas the endotherapy

experiment on beech against P. plurivora pointed the
potential capacity of T. atroviride ITEC in reducing P.
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plurivora infection. Further experiments would still be
required in order to confirm the promising results of

preventive treatments by foliar application or

endotherapy and to improve a methodology able to
reduce the impact of these two Phytophthora species.
Such treatments could be part of an integrated control
of the Phytophthora disease in forest stands and

nurseries.
Acknowledgments

These works have been funded by the research
strategic funds of the HES-SO University of Applied
Sciences and Arts Western Switzerland, the State
Directorate for Nature and Landscape (Canton and
Republic of Geneva, Switzerland) and by the National
Forest Research Institute of Poland.

References

[1] Erwin, D. C., and Ribeiro O. K. 1996. Phytophthora
Diseases Worldwide. St. Paul., Minnesota: The American
Phytopathological Society.

[2] Jung, T., Vettraino, A. M., Cech, T., and Vannini, A.
2013. “The Impact of Invasive Phytophthoras on
European In  Phytophthora: A  Global
Perspective, edited by Lamour, K. Wallingford, UK:
CABI, 146-58.

[3] Thomas, F. M., Blank, R., and Hartmann, G. 2003.
“Abiotic and Biotic Factors and Their Interactions as
Causes of Oak Decline in Central Europe.” Fore. Pathol.
32 (4-5): 277-307.

[4] Brasier, C. M. 1996. “Phytophthora cinnamomi and Oak
Decline in Southern Europe: Environmental Constraints
Including Climate Change.” Ann. Sci. Fore. 53 (2-3):
347-58.

[5] Jung, T., Blaschke, H., and OBwald, W. 2000.
“Involvement of Soilborne Phytophthora Species in
Central European Oak Decline and the Effect of Site
Factors on the Disease.” Plant Pathol. 49 (6): 706-18.

[6] Balci, Y., and Halmschlager, E. 2003. “Incidence of
Phytophthora Species in Oak Forests in Austria and Their
Possible Involvement in Oak Decline.” Fore. Pathol. 33
(3): 157-74.

Forests.”

[7] Balci, Y., Balci, S., Macdonald, W. L., and Gottschalk, K.

W. 2008. “Foliar Susceptibility of Eastern Oak Species to
Phytophthora Infection.” Fore. Pathol. 38 (5): 320-31.

[8] Jung, T., and Burgess, T. I. 2009. “Re-evaluation of
Phytophthora citricola Isolates from Multiple Woody
Hosts in Europe and North America Reveals a New

(9]

[10]

[11]

[12]

[13]

[15]

[16]

Species, Phytophthora plurivora sp. nov..” Persoonia. 22:
95-110.

Koélling, C., Walentowski, H., and Borchert, H. 2005. “Die
Buche in Mitteleuropa.” AFZ-Der Wald 13: 696-701.

Jung, T., Hudler, G. W., Jensen-Tracy, S. L., Griffiths, H.
M., Fleischmann, F., and Osswald, W. 2005.
“Involvement of Phytophthora Species in the Decline of
European Beech in Europe and the USA.” Mycologist 19
(4): 159-66.

C. M. 1999. “The Role of Phytophthora
Pathogens in Forests and Semi-natural Communities in

Brasier,

Europe and Africa.” In Phytophthora Diseases of Forest
Trees, edited by Hansen, E. M., and Sutton, W. Corvallis,
Oregon: Forest Research Laboratory, Oregon State
University.

Guest, D., and Grant, B. 1991. “The Complex Action of
Phosphonates as Antifungal Agents.” Biol. Rev. 66 (2):
159-87.

Holderness, M. 1992.
Cuprous Oxide Sprays and Potassium Phosphonate as

“Comparison of Metalaxyl/

Sprays and Trunk Injections for Control of Phytophthora
palmivora Pod Rot and Canker of Cocoa.” Crop Prot. 11
(2): 141-7.

Shearer, B. L., Crane, C. E., and Fairman, R. G. 2004.
“Phosphite Reduces Disease Extension of a Phytophthora
cinnamomi Front in Banksia Woodland, Even after Fire.”
Austral. Plant Pathol. 33 (2): 249-54.

Shearer, B. L., Fairman, R. G., and Grant, M. J. 2006.
“Effective Concentration of Phosphite in Controlling
Phytophthora cinnamomi Following Stem Injection of
Banksia Species and Eucalyptus marginata.” Fore.
Pathol. 36 (2): 119-35.

Garbelotto, M., Schmidt, D. J., and Harnik, T. Y. 2007.
“Phosphite Injections and Bark Application of Phosphite
+ Pentrabark™ Control Sudden Oak Death in Coast Live
Oak.” Arboric. Urban Fore. 33 (5): 309-17.

Solla, A., Garcia, L., Perez, A., Cordero, A., Cubera, E.,
and Moreno, G. 2009. “Evaluating Potassium
Phosphonate Injections for the Control of Quercus ilex
in SW Spain: Implications of Low Soil
Contamination by Phytophthora cinnamomi and Low

Decline

Soil Water Content on the Effectiveness of Treatments.”
Phytopa. 37 (4): 303-16.

Gentile, S., Valentino, D., and Tamietti, G. 2009.
“Control of Ink Disease by Trunk Injection of Potassium
Phosphite.” J. Plant Patho. 91 (3): 565-71.

McMabhon, P. J., Purwantara, A., Wahab, A., Imron, M.,
Lambert, S., Keane, P. J., and Guest, D. 1. 2010.
“Phosphonate Applied by Trunk Injection Controls Stem
Canker and Decreases Phytophthora Pod Rot (Black Pod)
Incidence in Cocoa in Sulawesi.” Austral. Plant Pathol.
39 (2): 170-5.



438

(20]

(22]

(23]

(28]

[31]

Biocontrol Endotherapy with Trichoderma spp. and Bacillus amyloliquefaciens against Phytophthora
spp.: A Comparative Study with Phosphite Treatment on Quercus robur and Fagus sylvatica

Hardy, G. E. S. J. 1999. “Phosphite and Its Potential to
Control P. cinnamomi in Natural Plant Communities and
Adjacent Rehabilitated Mine Sites in Western Australia.”
In Proceedings of First International Meeting on
Wildland
Ecosystems—Phytophthora Diseases of Forest Trees.

Ali, Z., Smith, 1., and Guest, D. 1. 2000. “Combinations
of Potassium Phosphonate and Bion
(Acibenzolar-S-Methyl) Reduce Root Infection and
Dieback of Pinus radiata, Banksia integrifolia and

Phytophthoras in Forest and

Isopogon cuneatus Caused by Phytophthora cinnamomi.”
Austral. Plant Pathol. 29 (1): 59-63.

Shearer, B. L., and Fairman, R. G. 2007. “Application of
Phosphite in a High-Volume Foliar Spray Delays and
Reduces the Rate of Mortality of Four Banksia Species
Infected with Phytophthora cinnamomi.” Austral. Plant
Pathol. 36 (4): 358-68.

Avila, F. W., Faquin, V., Araujo, J. L., Marques, D. J.,
Janior, P. M. R., Da Silva-Lobato, A. K., Ramos, S. J.,
and Baliza, D. P. 2011. “Phosphite Supply Affects
Phosphorus Nutrition and Biochemical Responses in
Maize Plants.” Austr. J. Crop. Sci. 5 (6): 646-53.

Shearer, B. L., Crane, C. E., Scott, P. M., and Hardy, G.
E. S. J. 2012. “Variation between Plant Species of in
Planta Concentration and Effectiveness of Low-Volume
Phosphite Spray on Phytophthora cinnamomi Lesion
Development.” Austral. Plant Pathol. 41 (5): 505-17.
Schulz, B., and Boyle, C. 2005. “The Endophytic
Continuum.” Mycol. Res. 109: 661-86.

Bacon, C. W., and Hinton, D. M. 2002. “Endophytic and
Biological Control Potential of Bacillus mojavensis and
Related Species.” Biol. Contr. 23 (3): 274-84.

Campanile, G., Ruscelli, A., and Luisi, N. 2007.
“Antagonistic Activity of Endophytic Fungi towards
Diplodia corticola Assessed by in Vitro and in Planta
Tests.” Eur. J. Plant Pathol. 117 (3): 237-46.
Govinda-Rajulu, M. B., Thirunavukkarasu, N.,

Suryanarayanan, T. S., Ravishankar, J. P., El-Gueddari, N.

E., and Moerschbacher, B. M. 2010. “Chitinolytic
Enzymes from Endophytic Fungi.” Fung. Div. 47 (1):
43-53.

Miles, L. A., Lopera, C. A., Gonzalez, S., Cepero-Garcia,
M. C,, Franco, A. E., and Restrepo, S. 2012. “Exploring
the Biocontrol Potential of Fungal Endophytes from an
Andean Colombian Paramo Ecosystem.” Bio. Control 57
(5): 697-710.

Daayf, F., Adam, L., and Fernando, W. G. D. 2003.
“Comparative Screening of Bacteria for Biological
Control of Potato Late Blight (Strain US-8), Using in
Vitro, Detached-Leaves and Whole-Plant Testing
Systems.” Can. J. Plant Pathol. 25 (3): 276-84.

Kim, H. Y., Choi, G. J., Lee, H. B., Lee, S. W., Lim, H.

[32]

[33]

[39]

[40]

[42]

K., Jang, K. S., Son, S. W, Lee, S. O., Cho, K. Y., Sung,
N. D., and Kim, J. C. 2007. “Some Fungal Endophytes
from Vegetable Crops and Their Anti-Oomycete
Activities against Tomato Late Blight.” Lett. Appl.
Microbiol. 44 (3): 332-7.

Lee, K., Pan, J. J., and May, G. 2009. “Endophytic
Fusarium verticillioides Reduces Disease Severity
Caused by Ustilago maydis on Maize.” FEMS Microbiol.
Lett. 299 (1): 31-7.

Gizi, D., Stringlis, I. A., Tjamos, S. E., and Paplomatas, E.
J. 2011. “Seedling Vaccination by Stem Injecting a
Conidial Suspension of F2, a Non-Pathogenic Fusarium
oxysporum Strain, Suppresses Verticillium Wilt of
Eggplant.” Biol. Contr. 58 (3): 387-92.

Brooks, D. S., Gonzalez, C. F., Appel, D. N., and Filer, T.
H. 1994. “Evaluation of Endophytic Bacteria as Potential
Biological Control Agent for Oak Wilt.” Biol. Contr. 4
(4): 373-81.

Arnold, A. E., Mejia, L. C., Kyllo, D., Rojas, E. L,
Maynard, Z., Robbins, N., and Herre, E. A. 2003.
“Fungal Endophytes Limit Pathogen Damage in a
Tropical Tree.” Proc. Nat. Acad. Sci. USA 100 (26):
15649-54.

Ganley, R. L., Sniezko, R. A., and Newcombe, G. 2008.
“Endophyte-Mediated Resistance against White Pine
Blister Rust in Pinus monticola.” Fore. Ecol. Manage.
255 (7): 2751-60.

Tellenbach, C., and Sieber, T. N. 2012. “Do Colonization
by Dark Septate Endophytes and Elevated Temperature
Affect Pathogenicity of Oomycetes?” FEMS Microbiol.
Ecol. 82 (1): 157-68.

Mejia, L. C., Rojas, E. 1., Maynard, Z., Van Bael, S.,
Armold, A. E., Hebbar, P., Samuels, G. J., Robbins, N.,
and Herre, E. A. 2008. “Endophytic Fungi as Biocontrol
Agents of Theobroma cacao Pathogens.” Biol. Contr. 46
(1): 4-14.

Hanada, R. E., Pomella, A. W. V., Soberanis, W.,
Loguercio, L. L., and Pereira, J. O. 2009. “Biocontrol
Potential of Trichoderma martiale against the Black-Pod
Disease (Phytophthora palmivora) of Cacao.” Biol. Contr.
50 (2): 143-9.

Hanada, R. E., Pomella, A. W., Costa, H. S., Bezerra, J.
L., Loguercio, L. L., and Pereira, J. O. 2010. “Endophytic
Fungal Diversity in Theobroma cacao (Cacao) and T.
grandiflorum (Cupuagu) Trees and Their Potential for
Growth Promotion and Biocontrol of Black-Pod
Disease.” Fung. Biol. 114 (11-12): 901-10.

Caldeira, A. T., Feio, S. S., Arteiro, J. M. S., and Roseiro,
J. C. 2006. “Antimicrobial Activity of Steady-State
Cultures of Bacillus sp. CCMI 1051 against Wood
Contaminant Fungi.” Biochem. Eng. J. 30 (3): 231-6.
Vinale, F., Sivasithamparam, K., Ghisalberti, E. L., Marra,



[44]

[46]

[47]

[49]

[50]

Biocontrol Endotherapy with Trichoderma spp. and Bacillus amyloliquefaciens against Phytophthora

439

spp.: A Comparative Study with Phosphite Treatment on Quercus robur and Fagus sylvatica

R., Woo, S. L. and Lorito, M. 2008.
“Trichoderma-Plant-Pathogen Interactions.” Soil Biol.
Biochem. 40 (1): 1-10.

John, R. P., Tyagi, R. D., Prévost, D., Brar, S. K., Pouleur,

S., and Surampalli, R. Y. 2010. “Mycoparasitic
Trichoderma viride as a Biocontrol Agent against
Fusarium oxysporum f. sp. adzuki and Pythium

arrhenomanes and as a Growth Promoter of Soybean.”
Crop Prot. 29 (12): 1452-9.

Reithner, B., Ibarra-Laclette, E., Mach, R. L., and
Herrera-Estrella, A. 2011.
Mycoparasitism-Related ~ Genes in  Trichoderma
atroviride.” Appl. Environ. Microbiol. 77 (13): 4361-70.
Contreras-Cornejo, H. A., Macias-Rodriguez, L.,
Beltran-Pefia, E., Herrera-Estrella, A., and Lopez-Bucio,
J. 2011. “Trichoderma-Induced Plant Immunity Likely
Involves Both Hormonal- and Camalexin-Dependent
Mechanisms

“Identification of

in Arabidopsis thaliana and Confers
Resistance against Necrotrophic Fungi Botrytis cinerea.”
Plant Sign. Behav. 6 (10): 1554-63.

Badalyan, S. M., Innocenti, G., and Garibyan, N. G. 2002.
“Antagonistic Activity of Xylotrophic
against Pathogenic Fungi of Cereals in Dual Culture.”
Phytopathol. Mediterr. 41 (3): 200-25.

Badalyan, S. M., Innocenti, G., and Garibyan, N. G. 2004.

“Interactions

Mushrooms

and
Mycoparasitic Fungi in Dual Culture Experiments.”
Phytopathol. Mediterr. 43 (1): 44-8.

Pohlert, T. 2015. “The Pairwise Multiple Comparison of
Mean Ranks Package (PMCMR).” Accessed August 24,
2015.  http://cran.r-project.org/web/packages/PMCMR/
vignettes/PMCMR .pdf.

Reglinski, T., Rodenburg, N., Taylor, J., Northcott, G. L.,
Ah Chee, A., Spiers, T. M., and Hill, R. A. 2012.
“Trichoderma atroviride Promotes Growth and Enhances

between Xylotrophic Mushrooms

Systemic Resistance to Diplodiapinea in Radiata Pine
(Pinus radiata) Seedlings.” Fore. Pathol. 42 (1): 75-8.
Ruano-Rosa, D., and Lopez-Herrera, C. J. 2009.
“Evaluation of Trichoderma spp. as Biocontrol Agents
against Avocado White Root Rot.” Biol. Contr. 51 (1):
66-71.

Schubert, M., Fink, S., and Schwarze, F. W. M. R. 2008.
“Evaluation of Trichoderma spp. as a Biocontrol Agent

[52]

[57]

[58]

[59]

against Wood Decay Fungi in Urban Trees.” Biol. Contr.
45 (1): 111-23.

Howell, C. R. 2003. “Mechanisms Employed by
Trichoderma Species in the Biological Control of Plant
Diseases: The History and Evolution of Current

Concepts.” Plant Dis. 87 (1): 4-10.

Harman, G. E. 2006. “Overview of Mechanisms and Uses
of Trichoderma spp..” Phytopathol. 96 (2): 190-4.
Harman, G. E., Howell, C. R., Viterbo, A., Chet, I., and
Lorito, M. 2004. “Trichoderma Species—Opportunistic,
Avirulent Plant Symbionts.” Nat. Rev. Micro. 2 (1):
43-56.

Chen, X. H., Koumoutsi, A., Scholz, R., Schneider, K.,
Vater, J., Stssmuth, R., Piel, J., and Borriss, R. 2009.
“Genome Analysis of Bacillus amyloliquefaciens FZB42
Reveals Its Potential for Biocontrol of Plant Pathogens.”
J. Biotechnol. 140 (1-2): 27-37.

Alvindia, D. G. 2013. “Enhancing the Bioefficacy of
Bacillus amyloliquefaciens DGA14 with Inorganic Salts
for the Control of Banana Crown Rot.” Crop Protec. 51:
1-6.

Tan, S. Y., Jiang, Y., Song, S., Huang, J. F., Ling, N., Xu,
Y. C, and Shen, Q. R. 2013.
amyloliquefaciens Strains Isolated Using the Competitive
Tomato Root Enrichment Method and Their Effects on
Suppressing Ralstonia solanacearum and Promoting
Tomato Plant Growth.” Crop Protec. 43: 134-40.

Shearer, B. L., and Crane, C. E. 2009. “Influence of Site
and Rate of Low-Volume Aerial Phosphite Spray on

“Two  Bacillus

Lesion Development of Phytophthora cinnamomi and
Phosphite Persistence in Lambertia inermis var. inermis
and Banksi agrandis.” Australa. Plant Pathol. 38 (3):
288-304.

Shearer, B. L., and Crane, C. E. 2012. “Variation within
the Genus Lambertia in Efficacy of Low-Volume Aerial
Phosphite ~ Spray for Control of Phytophthora
cinnamomi.” Australa. Plant Pathol. 41 (1): 47-57.
Alvarez, L. A., Vicent, A., Soler, J. M., De La Roca, E.,
Bascon, J., and Garcia-Jiménez, J. 2008. “Comparison of
Application Methods of Systemic Fungicides to Suppress
Branch Cankers in Clementine Trees Caused by
Phytophthora citrophthora.” Plant Dis. 92 (9): 1357-63.



