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Abstract Cork oak (Quercus suber) is one of the
most important forest species in Portugal and in the
Mediterranean basin, but in recent decades a progres-
sive decline has been registered in the montado ecosys-
tem. The main phytopathogenic agent involved in this
process, Phytophthora cinnamomi, has a high infection
potential and survival ability, and became a serious
threat to this ecosystem. Extensive areas of cork oak
are infected in Portugal, being imperative to find new
ways to control this disease. The complex lifecycle of
this pathogen and the small number of effective agro-
chemicals currently authorized against Phytophthora
spp., with phosphonates taking advantage, justifies
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this work where new products with antagonism against
Oomycetes or biostimulant properties were tested. This
study aimed to evaluate the efficacy of BLAD (a poly-
peptide with antifungal, anti-oomycete and biostimulant
properties), potassium phosphonate and salicylic acid
in Q. suber infected with P. cinnamomi, quantifying the
severity of root lesions. BLAD, potassium phosphonate
and salicylic acid treatments showed lower root lesion
severities than the inoculated control, and proved to be
effective as they provided a slower disease evolution.
The lowest lesion severity in cork oak roots observed
with BLAD treatments allowed us to consider BLAD as
the most promising product among the three we tested.

Keywords Cork oak decline - BLAD - Salicylic
acid - Potassium phosphonate

Introduction

Cork oak (Quercus suber L.) has a restricted geographic
distribution, established only in the Mediterranean
basin. Some economic activities such as cork produc-
tion, livestock grazing and many ecosystems services
are strictly connected with this species contributing to
soil conservation and acting as a fire barrier (Aronson
et al., 2010). Due to its environmental and economic
importance in the Mediterranean basin, mainly in Por-
tugal, where over one third of the cork oak world area is
located (736,000 ha), Q. suber is one of the three forest
species protected by Portuguese law (APCOR, 2020).
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Increasing Q. suber mortality has been reported
in Portugal during the last decades, with the affected
trees showing a progressive decline, exhibiting symp-
toms of water and nutrient deficit, which have been
attributed to a combination of factors, such as defi-
cient soil drainage, drought, insects and pathogenic
agents (Camilo-Alves et al., 2013). However, many
authors have associated cork oak decline to P. cin-
namomi Rands, considered as the utmost factor for
this oak decline symptomatology in southern Europe,
namely the Iberian Peninsula (Brasier, 1996; Brasier
et al., 1993; Duque-Lazo et al., 2018) and Italy (Sed-
daiu et al., 2020).

Phytophthora cinnamomi is, as Phytophthora spe-
cies in general, an important plant destructive patho-
gen, surviving for long periods of time in soil, even
in the absence of hosts, affecting parts of plants in
contact with the soil, and inducing root destruction
(Erwin & Ribeiro, 1996; Hardham & Blackman,
2018). Fine root rotting is the primary symptom con-
ducting to the consequent disturbance in water and
nutrients absorption and loss of vigour (appearing
of yellowing leaves and leaf fall) (Hardham, 2005).
In cork oak trees other symptomatology less fre-
quent can be observed such as exudations on trunks
and young shoots dieback (Brasier et al., 1993). Life
cycle includes exponential spread enhanced by free
water in the soil, high infection rates and a high abil-
ity of survival. All these features make disease con-
trol a complex goal to achieve (Camilo-Alves et al.,
2013; Erwin & Ribeiro, 1996; Hardham & Black-
man, 2018). Therefore as there are extensive cork
oak forest areas infected by P. cinnamomi it is imper-
ative to establish control strategies regarding root
system health.

Fungicides from the phenylamides group (e.g. meta-
laxyl) and from the phosphonates group (e.g. potassium
phosphonate and fosetyl-Al) have been tested against
Phytophthora diseases (Fernandez-Escobar et al., 1999;
Rosério et al., 2021; Solla et al., 2021). However, resist-
ance development in some Phytophthora species has
been noticed, conditioning phenylamides efficacy (Drenth
& Guest, 2004; Erwin & Ribeiro, 1996; FRAC, 2018).
Despite the phosphonates group proven efficacy against P.
cinnamomi (Fernandez-Escobar et al., 1999; Gentile et al.,
2009; Romero et al., 2019; Gonzalez et al., 2020) and its
unreported toxicity or lack of induced resistance mecha-
nisms, any plant diseases control strategy should be based
on eco-friendly and effective substances, long-lasting
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and easily accessible. Natural products, such as plants or
fungal extracts or plant-based components, may be an
optional source of new agrochemicals for plant diseases
control (Kuberan et al., 2012; Nashwa & Abo-Elyousr,
2012; Sivanandhan et al., 2017). For all these reasons, and
considering that the main goal is P. cinnamomi control,
we tested a new product named BLAD, a multifunctional
polypeptide with chelating properties and with multiple
effects on fungal cell walls (FRAC, 2018), exhibiting anti-
fungal and biostimulant properties (Monteiro et al., 2010),
that have been showing optimistic results in relation to
many fungi, exhibiting equal or greater efficacy than the
best fungicides currently available (Monteiro et al., 2015).
Salicylic acid was also tested due to its effect on defence
responses in plants (An & Mou, 2011; Popova, 2013).
Potassium phosphonate was used as a reference since its
efficacy has already been demonstrated in Quercus spp.
and Castanea sativa Mill. (Fernandez-Escobar et al.,
1999; Gonzalez et al., 2017; Solla et al., 2021; Brandano
etal., 2023).

This study aims to evaluate the efficiency of a new
substance (BLAD) through the quantification of root
lesion severity in young Q. suber seedlings infected
by P. cinnamomi. In addition, we analysed the impact
of infection in plant dry weight as well as in root tis-
sues via histological analysis.

Materials and methods
Plant material

In this experiment, 180 cork oak seedlings from
acorns with Portuguese origin obtained from a com-
mercial nursery were used. The plants were asymp-
tomatic and tested negative for Phytophthora spp.
detection using a baiting technique adapted from
Jung et al. (1996). Roots and soil from five randomly
selected seedlings were flooded in plastic boxes
with approximately 500 mL of distilled water, and
small leaf pieces of Persea americana, and Eucalyp-
tus globulus were used as baits. Boxes were kept at
approximately 25 °C under natural light. Baits were
checked under the microscope for the presence of
sporangia.

Eleven months after sowing (October 2017), the
plants were transplanted into 10 L squared pots (four
plants per pot) filled with peat. Plants were main-
tained in a greenhouse under a mean temperature of
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16.7 °C (minimum 7.7 °C and maximum 33.6 °C),
and hand watered weekly according to their water
needs.

Phytophthora cinnamomi inoculation

Phytophthora cinnamomi isolate PH1247 was col-
lected in 2012 from a cork oak stand in Montemor-o-
Novo, Portugal, and maintained in INIAV’s collection
(Oeiras, Portugal). This isolate was selected based on
preliminary aggressiveness tests with Trifolium sub-
terraneum and Q. suber excised shoots (Bairrdo et al.,
2021).

Inoculum was prepared using vermiculite humidi-
fied with V8 medium (0.5 L medium per L of mix-
ture). The mixture was autoclaved for 20 min at
120 °C/ 1 bar, in two successive days. Then, 12-day-
old cultures of isolate PH1247 in potato dextrose
agar (PDA) were cut in 0.5 cm plugs, and mixed with
the vermiculite, using half of a Petri dish per litre.
The final mixture was incubated at 24 °C+2 °C for
three weeks.

Two months after transplantation, cork oak seed-
lings were inoculated by placing the inoculum
(30 mL mixture per L of soil) in the center of each
pot. Twenty-four hours of flooding per week were
also provided after inoculation until the treatments
application. Watering was suspended during the week
of treatments application.

Treatments and experimental design

The experimental design included 5 modalities with
9 pots (36 plants) each: plants inoculated with P. cin-
namomi and treated with BLAD (BL), potassium
phosphonate (PP) or salicylic acid (SA) plus 2 non-
treated controls, non-inoculated (NC) and inoculated

(PC) plants. In treated modalities two applications
were performed, with the first application 60 days
after inoculation (DAI) with P. cinnamomi and the
second 90 DAI (Table 1).

Eight mL of each final solution — BLAD (Frac-
ture TM, 5 gL.™"), potassium phosphonate (Alexin 75
LS, 2.42 gL.™!) and salicylic acid (0.5 mM) — were
sprayed on cork oak plants as foliar application (the 4
plants per pot were treated simultaneously). Control,
inoculated and non-inoculated plants, were sprayed
with water.

Observation of symptoms

Typical aerial symptoms of Phytophthora infection,
such as yellowing and leaf fall or collar lesions, were
checked during the experiment.

In order to quantify the severity of root lesions
two observations were performed, 1 and 2 months
after the end of treatments (Table 1). During the
first observation, 4 pots from each modality were
randomly selected. The remaining 5 pots per
modality were processed in the second observation.
The roots of the 4 plants per pot were carefully
separated, washed in tap water and transferred to
laboratory, where percentage of lesion was attrib-
uted. The roots were spared over a white support
(only identified by numbers) and three independent
raters attributed a root lesion percentage. The per-
centage takes in consideration the number of sec-
ondary roots with necrosis and the total number of
secondary roots.

Re-isolations and histopathology
Re-isolations were performed from roots and stem

samples of plants in order to check the presence of
infection by P. cinnamomi. After the attribution of

Table 1 Time sequence of treatments application and pots/plants observation since inoculation and number of plants in each phase

of the experiment

Inoculation day 1*" treatment

2™ treatment

1% observation 27 observation

DAI* 0 60
Number of pots 45 (36+9™) 45 (27+18™)

Number of plants 180 (144 +36™) 180 (108472

180 (108+72" )

90 - 120 150
45 (27+18"%)

20 (4/modality)
80 (16/modality)

25 (5/modality)
100 (20/modality)

stk

* DAL days after inoculation
** pots/plants from non-inoculated control (NC)

*%* non-treated plants/pots
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root lesion percentage, 3 plants per modality (with
the highest percentage of lesions) were chosen and
5 mm long fragments of roots (10 per plant) and 1
cylinder at collar level (1 per plant) were cut with
sterile scalpel. All the selected plant material was
washed in sterilized water and plated on a selec-
tive medium for Phytophthora spp., the PARPNH
medium (Jeffers & Martin, 1986). After 2—5 days of
incubation at 24 °C in darkness, Petri dishes were
observed and confirmation was achieved through
visualization of typical mycelium of this species.
Hyphae were subcultured onto PDA medium at
24 °C for further examinations and Phytophthora
presence was confirmed through the visualization
of its characteristic hyphal swellings and rosaceous
colony shape (Eggers et al., 2012).

Root portions were fixed for+48 h, using a fixa-
tive (FAA) containing 5% formaldehyde, 5% glacial
acetic acid, and 90% ethanol (70%) and dehydration
was done through a progressive ethanol series. This
material was clarified using Histo-Clear and then
embedded in paraffin. The embedded samples were
sectioned with a Leika RM2255 rotary microtome
using a 10 pm thickness and transverse sections
were stained with AstraBlue. Histological sections
were observed under an Olympus BX51 microscope
and hyphae and chlamydospores were sought out.
Image acquisition was performed with Olympus
DP-Soft software.

Roots and aerial part dry weights

After the previously described steps, roots were sep-
arated from their respective aerial parts and all the
material was stored at -18 °C, avoiding weight loss
due to respiration and, subsequently, were transferred
into a 60 °C oven to dry. After 4-5 days roots and aer-
ial part dry weights were determined.

Table 2 Visual estimation: average root lesions severity of
cork oak seedlings infected with P. cinnamomi (%), according
to NC (non-inoculated control), PC (P. cinnamomi inoculated

Statistical analysis

Experiment data regarding the percentage of root
lesions severity and dry weights were subjected to
a two-way ANOVA (treatment and sampling) and
a post-hoc test (Tukey’s test) was done for multiple
comparisons of means. Data were analysed in R (R
Core Team, 2022) with RStudio software (RStudio
Team, 2022) and the level of significance applied was
always 95% (p <0.05).

Results
Root lesions severity

No plant mortality was observed during the experi-
ment and regarding possible symptoms in the aerial
parts, no visually evident differences were detected
among the five modalities at 150 DAI. However,
some yellowing and leaf fall in all modalities could
be attributed to successive Aphis spp. attacks.

At the first observation (120 DAI) we could already
check lesions in the roots. There were no differences
among samplings (120 and 150 DAI) as the sever-
ity levels of root lesions remained relatively constant
(Table 2), but there were differences among treatments
(Fig. 1). Considering the mean of the two sampling
dates, the non-inoculated control (NC) exhibited the
lowest value of root lesions severity (10%), an expected
result.

No external lesions were observed in stems
throughout the experiment. Only two plants from
inoculated control modality (PC) exhibited internal
lesions along the stem at 150DAI and affected only
10% of the stem circumference at collar level.

Non-inoculated control (NC) differs significantly
from positive control (PC).

control), BL (BLAD), SA (salicylic acid) and PP (potassium
phosphonate) in the first (n=4) and second (n=35) samplings,
and respective standard deviation

Modality PC PP SA BL NC
Sampling

I 30.00+2.84 22.00+2.50 21.69+5.11 12.38+1.43 9.31+3.00
2nd 28.20+2.66 20.05+2.35 15.05+3.10 13.45+2.72 10.65+1.61
1% and 2™ 29.00+1.85 20.92+1.64 18.00+2.89 12.97+1.56 10.06 +1.51

@ Springer
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Fig. 1 Visual estimation: average root lesions severity of cork oak
seedlings infected with P. cinnamomi, according to NC (non-inoc-
ulated control), PC (P. cinnamomi inoculated control), BL (BLAD),
SA (salicylic acid) and PP (potassium phosphonate) modalities and

respective standard deviation (n=9). The same letter means that the
treatments are not significantly different using Tukey test (p <0.05)

Regarding the effect of the applied products, all
treatments showed statistically lower values for the
necrotic roots percentage than untreated plants (PC—
29% severity), showing their effectiveness in control-
ling the disease. BLAD (BL) is the only treatment
showing a percentage of root lesion that does not
significantly differ from non-inoculated plants (NC)
(Table 2). Also, BL differs from PP treatment, but not
from SA and there are no differences between SA and
PP treatments (Fig. 1).

Dry weights

Regarding the root dry weights, there were no signifi-
cant differences between samplings and treatments.
The NC had the highest dry weight value, with all
inoculated modalities having lower values (Table 3).
Concerning the aerial part, there were no signifi-
cant differences between samplings and treatments.

Table 3 Average dry weights (g) of root and aerial parts of
the five modalities (NC—non-inoculated control; PC—P. cin-
namomi inoculated control; BL—BLAD; SA—salicylic acid

On 1* sampling (120 DAI) PC showed the higher dry
weight, but on 2" sampling (150 DAI) NC was the
modality with the highest dry weight (Table 3).

Reisolations and histopathology

Reisolations were possible in all the inoculated modal-
ities and confirmed with the histological sections since
the characteristic hyphae of P. cinnamomi had already
been detected in the central cylinder of the roots. On
the neighbouring of these structures, there was cell
degradation (Fig. 2a) and P. cinnamomi even led to the
death of colonized cells (Fig. 2b) (red-coloured cells).
With Astrablue stain, living cells are coloured in a
blue shade, while dead cells become red.

According to Fig. 3a the non-inoculated and symp-
tomless root structure was practically intact, as there
was apparently no degradation. On the other hand, in
the roots with symptoms (Fig. 3b, c, d, e) cells were
strongly degraded. In symptomless roots of non-inoc-
ulated plant, live (blue) cells are presented in both
central cylinder and cortex (Fig. 3a). In the roots of
plants treated with BLAD (BL) (modality with the
best results), although the cells of cortex were dead
(red), the cells of the central cylinder remained alive
(blue) (Fig. 3b). In the structure of roots treated with
salicylic acid (SA) and potassium phosphonate (PP),
both the cortex and central cylinder cells were dead
(red) (Fig. 3c, d) as well as in the plants inoculated
with P. cinnamomi and non-treated (Fig. 3e).

Discussion

In this experiment a new product (BL) with antagonistic
properties against Oomycetes or biostimulant properties,
salicylic acid (SA) and potassium phosphonate (PP) were
evaluated in order to control P. cinnamomi in Quercus

and PP—Potassium phosphonate in the first (n=4) and second
(n=5) samplings, and respective standard deviation

Treatment Sampling PC PP SA BL NC

Dry weight

Roots 1 4.85+0.75 4.72+0.76 4.27+0.25 4.61+0.44 5.89+0.58
2nd 4.87+0.32 4.56+0.30 4.84+0.15 4.62+0.23 5.23+0.54

Aerial Part I 3.38+0.62 3.08+0.40 2.45+0.25 3.32+0.23 2.60+0.14
2nd 3.13+0.09 3.16+0.25 3.09+0.15 3.49+0.27 3.66+0.35
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Fig. 2 Cross sections of cork oak roots: P. cinnamomi hyphae on central cylinder. a: Cell degradation. b: Death of colonised cells

suber. The efficacy of these substances was evaluated
through the quantification of the severity of root lesions.
Roots and foliage dry weights were also analysed.
Considering the evolution of symptoms in the
aerial part, there were no important visual differences
between non-inoculated control and the inoculated
modalities. Similar results were found by Sanchez
et al. (2002) verifying low foliar symptom levels and
no differences between non-inoculated and inoculated
modalities. Moreira et al. (2000) also reported that
symptoms of decline in cork oak were only detected
9 months after inoculation, in 6 months old plants.
This slow evolution may have also led to a weak
effect in dry weights. Thus, although some of the
tested products are known to stimulate plant growth,
such as potassium phosphonate (Fernandez-Escobar
et al., 1999; WIPO, 2007) and BLAD (Monteiro
et al., 2015), this effect was not possible to confirm
during our study. We can suggest, as a possible rea-
son, the short time lapse between applications and
sampling (2 and 3 months since the first application).
Concerning the visual estimation of lesions sever-
ity in roots, non-inoculated (NC) plants had values
around 10% which may be related to the waterlogging
cycles. These values are in line with the observations of
Séanchez et al. (2005) reporting 1-33% of necrotic roots
in control plants subjected to different flooding regimes.
Five months after inoculation (150 DAI), the plants
inoculated with P. cinnamomi (PC) had an average of 29%
of roots with lesions, which reflects the slow development
of the disease in cork oak trees, as reported by Moreira
et al. (2000). These authors emphasise the slow develop-
ment of symptoms in this species, even under favourable
conditions to infection, such as long term of soil saturation.

@ Springer

Other similar studies, with observations at 3 and 6 months
after inoculation, reported higher root lesion values com-
paring with our study (Sanchez et al., 2002, 2005).

All the treatments tested during this experiment,
BLAD (BL), salicylic acid (SA) and potassium phospho-
nate (PP) were effective, as they presented lesions sever-
ity significantly lower than the inoculated control (PC).

Salicylic acid corresponds to one of the systemic
acquired resistances (SAR) signals, leading to an
increase of plants resistance to pathogens attack after
an initial infection. High SA levels turn organism’s sur-
vival more difficult in plant tissues (An & Mou, 2011;
Popova, 2013). Thereby, salicylic acid may have stimu-
lated the cork oak defence response, leading to a level of
root lesion severity lower than that of inoculated control
(PC). Additionally, Amborabé et al. (2002), when study-
ing SA effect in Eutypa lata, point out that it has fungi-
cidal properties, having a direct effect in E. lata develop-
ment by altering compartments of the fungal cell.

Potassium phosphonate results may be related to
an indirect action, since it stimulates host defence
responses and to a direct inhibition of the pathogen
growth (Drenth & Guest, 2004; Eshraghi et al., 2011;
FRAC, 2018; Silva et al., 2015). Several authors have
emphasised that its action is mainly preventive (Gentile
et al., 2009; Groves et al., 2015; Silva et al., 2015) and,
recent works demonstrated the preventive and curative
effect of fosetyl-Al used in trunk injections on cork and
holm oaks (Gonzalez et al., 2020; Romero et al., 2019)
or potassium phosphite applied as a foliar or trunk
spray in Q. rubra and Q. ilex (Solla et al., 2021).

Gentile et al. (2009) mentioned that potassium
phosphonate application on chestnut trees infected
with Phytophthora spp. induced plant defences
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Fig. 3 General view of
cross sections of cork oak
roots: a—symptomless
root from a non-inoculated
plant (NC); b—root with
symptoms from an inocu-
lated plant treated with
BLAD (BL); c—roots with
symptoms from inoculated
plants treated with salicylic
acid (SA); d—roots with
symptoms from inoculated
plants treated with potas-
sium phosphonate (PP);
e—roots with symptoms
from inoculated plants (PC)

that lead to pathogen confinement through local-
ised deposition of occlusive and protective com-
pounds while studies of Groves et al. (2015)
observed the beneficial combination of phosphite
and salicylic acid, stimulating the accumulation of
salicylic acid in Lupinus angustifolius and control-
ling P. cinnamomi. On the other hand, Eshraghi
et al. (2011) suggested that their close results of
root lesion severity in treatments with salicylic
acid and potassium phosphonate may be related to
the fact that, with phosphonate foliar application,
salicylic acid pathway may be activated, as they
observed in Arabidopsis thaliana.

In this work BLAD (BL) was tested for the first
time in an experimental trial with P. cinnamomi
and proved to be the most effective treatment, once
plants treated with BLAD had the closest root lesions

severity to non-inoculated plants (NC), not differing
significantly from this modality.

BLAD’s mode of action is still not clarified but it
is known as a non-systemic product so it is unlikely
that an interaction between the product and the
oomycete, active on roots, has occurred. BLAD may
have led to a growth rate increase (WIPO, 2007),
which could have induced new roots growth, lead-
ing to a lower root lesion severity and to the absence
of differences between modalities. It seems most
likely that BLAD may enhance or even stimulate
plants defence responses. This side effect enhancing
plant’s capacity to defend itself against pathogens
has already been registered in other contact fungi-
cides, namely fludioxonil and pyrimethanil, by Sala-
din et al. (2003). The same authors mention studies
reporting that fungicides may enhance plant defences

@ Springer
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through cell wall lignification, enzymes stimulation
or synthesis of phytoalexin and phenolic compounds.
Considering the promising results obtained with the
treatment with BLAD, the use of this non-conventional
product, may alter P. cinnamomi control prospects on
cork oak. To continue this work new tests will be car-
ried out in nursery, keeping the plants for longer peri-
ods, and BLAD will be tested in a field experiment.
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