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ABSTRACT

Cultivation of pomegranate (Punica granatum) is threatened by the emerging pathogens Coniella granati and Phytophthora
palmivora. Whether these microorganisms increase their damage due to simultaneous infection and abiotic stress in pomegran-
ate is unknown. Amylo-X LC is an effective biofungicide based on Bacillus amyloliquefaciens but its efficacy to protect pome-
granate from C. granati and P. palmivora if plants are under abiotic stress has not been tested. Therefore, the effects of drought,
waterlogging and co-infection on the aggressiveness of these two pathogens and the efficacy of Amylo-X LC were evaluated.
Pomegranate trees were subjected to regular watering, drought and waterlogging conditions, treated with Amylo-X LC, and
individually or simultaneously inoculated in the stem by C. granati and P. palmivora. Drought experienced by trees limited P.
palmivora, while waterlogging favoured C. granati. In combined infections, the presence of P. palmivora amplified the damage
caused by C. granati in trees subjected to regular watering and drought. Amylo-X LC proved effective in preventing P. palmi-
vora damage and did not allow the synergistic effect of P. palmivora on C. granati to occur in trees under regular watering and
drought. Drought further reduced P. palmivora lesions in plants pretreated with Amylo-X LC compared to those under regular
watering. The impact of abiotic stress in pomegranate during C. granati and P. palmivora infections and the efficacy of B. am-
yloliquefaciens as a potential agent against pomegranate dieback were discussed. We conclude that further efforts to evaluate the
efficacy of biological control agents on crops exposed to different environmental scenarios are needed.
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1 | Introduction

Pomegranate (Punica granatum) is a shrub-like tree native from
Iran to the Himalayas in northern India, whose domestication
began about 4000years ago (da Silva et al. 2013). Nowadays,
plantations of pomegranate outside the traditional cultivation
areas are expanding worldwide (Tinebra et al. 2021), mostly
because of farmers' decisions to diversify their incomes and be-
cause some varieties recently released (e.g., Wonderful, Akko
and Mollar de Elche) have improved organoleptic characteristics
and are suitable for efficient agronomic techniques (Passafiume
et al. 2019).

Several diseases occur in pomegranate and epidemic out-
breaks characterised by the presence of multiple different
pathogens are becoming more frequent (Kurbetli et al. 2020;
Linaldeddu et al. 2020; Pollastro et al. 2016; Riccioni, Valente,
and Di Gianbattista 2017). In particular, the epidemic outbreak
that recently caused widespread mortality of pomegranate in
northern Italy was associated with the simultaneous presence
of Coniella granati and Phytophthora palmivora (Linaldeddu
et al. 2020). The fungus C. granati leads to leaf blotch, crown,
stem and branch canker, fruit rot, canopy dieback, and ulti-
mately plant death (Gerin et al. 2024; Munhuweyi et al. 2016).
This pathogen has been reported in many Mediterranean
countries including Spain, Italy, Tunisia, Greece, Turkey and
Israel, where the cultivation of pomegranate is widespread
(Celiker et al. 2012; Jabnoun-Khaireddine et al. 2018; Levy
et al. 2011; Linaldeddu et al. 2020; Palou et al. 2013; Pollastro
et al. 2016; Thomidis and Exadaktylou 2011). It has a major
impact on pomegranate fruit production, causing yield losses
of 24% and 50% if quantified through field and post-harvest
surveys, respectively (Celiker et al. 2012; Mahadevakumar,
Shreenidhi, and Janardhana 2019). The oomycete P. palmiv-
ora causes disease in a wide variety of host species (Torres
et al. 2016) and symptoms in pomegranate include root rot, col-
lar rot, fruit rot and dieback (Bregant et al. 2024; Linaldeddu
et al. 2020; Tiirkdlmez et al. 2016). This soilborne pathogen
originates from tropical and subtropical regions (Drenth and
Guest 2013; Torres et al. 2016) and is among the seven oomy-
cetes that are emerging as a threat to global food production
(Derevnina et al. 2016). Its annual economic impact on oil
palm and cacao has been estimated as $250 and $1000 mil-
lion, respectively (Drenth and Guest 2013). In Italy, both C.
granati and P. palmivora are included in a list of emerging
plant pathogens (Cacciola and Gullino 2019).

In Italy and Spain, no chemical fungicides against C. granati
and P. palmivora in pomegranate are registered; thus, the man-
agement of these pathogens mostly relies on early detection
and cultural practices to reduce the inoculum (Munhuweyi
et al. 2016). Recently, the biofungicide Amylo-X, whose active
ingredient is Bacillus amyloliquefaciens, has been temporarily
authorised in Italy as a derogation for an emergency, that is, as
a temporary solution to control Botrytis cinerea and Alternaria
alternata infections in pomegranate (Decree of the Ministry
of Health dated 11 April 2022, https://www.salute.gov.it/
portale/temi/documenti/fitosanitari/2022/AMYLO-X.pdf).
The biocontrol agents (BCAs) Bacillus subtilis and B. amylo-
liquefaciens demonstrated inhibition activity in vitro against
C. granati and P. palmivora, respectively (Syed-Ab-Rahman

et al. 2018; Tekiner et al. 2020), but their efficacy in pome-
granate trees has not been tested.

Pomegranate is one of the most common trees cultivated
in the Mediterranean Basin, and because climate change is
particularly critical in this area, plantations are increasingly
exposed to episodes of heavy rainfall and severe drought.
Intense drought leads to losses of up to 68% in fruit yield
(Zahedi et al. 2022), and waterlogging causes a 30% growth
reduction in three of the most cultivated varieties, Wonderful,
Valenciana and Mollar de Elche (Olmo-Vega et al. 2017).
Pomegranate dieback has also been associated with waterlog-
ging, and more aboveground symptoms were found in areas
with the presence of heavy soil in which silt and clay contents
were highest (Rad and Vazifeshenas 2022). Moreover, diseases
in pomegranates often concur or are preceded by drought
stress or waterlogging experienced by trees, as is usual
in woody plants (Corcobado et al. 2014; Desprez-Loustau
et al. 2006). In the field, pomegranate reaction to C. granati
and P. palmivora cannot be easily assessed without taking into
account the influence of climatic factors interacting with the
plant and the pathogen. So far, few studies have assessed the
response of trees to a combination of different stress factors
(de 1a Mata et al. 2024; Nadeem et al. 2023; Nawaz et al. 2023;
Zolfaghari et al. 2022). As an example, increased virulence
of the fungal canker pathogen Cytospora plurivora on peach
subjected to drought stress was recently reported (Miller,
Wright, and Stewart 2023). Mitigation of diseases through
beneficial microbes should also consider the role of BCAs in
promoting drought stress tolerance in crops (Ali et al. 2023)
and the efficacy of BCAs in plants under combined stress
and/or co-infection. For example, potassium phosphonate
protects Fagaceae against Phytophthora species (Brandano
et al. 2023), but its efficacy is lost under drought conditions
(Solla et al. 2009).

All these issues encouraged us to investigate the effect of drought
and waterlogging on the aggressiveness of C. granati and P. palmi-
vora in pomegranate and on the efficacy of B. amyloliquefaciens
against these pathogens. The objective of this study was to test the
following hypotheses: (a) drought and waterlogging influence the
severity of C. granati and P. palmivora in pomegranate as com-
pared to regular watering; (b) co-infection of C. granati and P.
palmivora results in a synergistic effect on severity; (c) drought and
waterlogging influence the severity of simultaneous C. granati
and P. palmivora infections differently; (d) B. amyloliquefaciens
mitigates damage caused by C. granati and P. palmivora in pome-
granate; and (e) drought and waterlogging do not influence the
efficacy of B. amyloliquefaciens as a BCA against individual or si-
multaneous C. granati and P. palmivora infections.

2 | Materials and Methods

2.1 | Plant Material, Pathogens
and Biocontrol Agent

Two-year-old pomegranate cv. Wonderful trees of about 1.70m
height were used. Trees were grown in 15L round pots (25cm
wide and 30cm deep), containing peat substrate (Terflor SRL,
Capriolo BS; pH 6.0). The plants grew under optimal conditions,
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that is, in natural daylight under greenhouse shade that reduced
solar radiation by 30%, at the University of Padova, Legnaro,
Veneto region, Italy (45°20'38.7” N, 11°57’14.3" E; 8 ma.s.L.).

The two emerging pathogens C. granati (ME34 strain) and P.
palmivora (ME39 strain) were used. Their origin and virulence
are reported by Linaldeddu et al. (2020). The BCA B. amylo-
liquefaciens subsp. plantarum (D747 strain), i.e., Amylo-X LC
(Biogard, Grassobbio), in a liquid formulation, was used. The
in vitro inhibition activity of B. amyloliquefaciens towards
C. granati and P. palmivora was tested by dual culture assay.
Briefly, 900 mm-diameter Petri dishes containing potato dextrose
agar (PDA) were co-inoculated with a streak of B. amyloliquefa-
ciensbacterial cells and a plug of actively growing agar-mycelium
discs of each pathogen, separately (n =3 per pathogen). After a
5-day incubation period at 25°C in darkness, the percentage of
growth inhibition of pathogens was calculated relative to their
growth inside control plates, with no BCA.

2.2 | Experimental Design and Measurements

Three different experiments were carried out. Experiment 1 was
designed to test if drought and waterlogging affect pomegranate
response to subsequent C. granati and P. palmivora infection. On
1 June 2022, 120 pomegranate trees were divided into regular
watering, drought and waterlogging groups (n =40) according to
the three watering treatments (Figure 1a). The treatments lasted
50days. On 20 June, during treatments, each group of plants
was further divided into four equal subgroups, and plants were
challenged with (a) mock inoculation (control), (b) C. granati
inoculation, (c) P. palmivora inoculation and (d) combined C.

(a) Exp 1. Watering treatments x pathogens

(b) Exp 2. BCAx pathogens

granati+ P. palmivora inoculation (n=10) (Figure la). The ex-
periment followed a complete factorial design with 120 plants
corresponding to three watering treatments X four inoculation
treatments X 10 replicates.

Experiment 2 was designed to evaluate in planta, under regular
watering, the protection of Amylo-X LC against C. granati and P.
palmivora infection. On 1 June 2022, 80 pomegranate trees sim-
ilar in size to the trees used above were further divided into two
groups, and the following treatments were established: untreated
controls and Amylo-X LC-treated trees (n=40) (Figure 1b). Ten
days later, in the second group plants, Amylo-X LC treatments
were repeated. On 20 June 2022, the two groups were divided into
four equal subgroups, and plants were challenged with (a) mock
inoculation (control), (b) C. granati inoculation, (c) P. palmivora
inoculation and (d) combined C. granati+ P. palmivora inocula-
tion (n=10) (Figure 1b). The experiment followed a complete fac-
torial design with 80 plants corresponding to two pre-inoculation
treatments X four inoculation treatments X 10 replicates.

Experiment 3 tested in planta if drought and waterlogging al-
tered the protection conferred by Amylo-X LC to C. granati and
P. palmivora infection. On 1 June 2023, 120 pomegranate trees
similar in size to the trees used in Experiments 1 and 2 were
treated with Amylo-X LC, divided into three groups and sub-
jected, over 50days, to regular watering, drought or waterlog-
ging conditions (n =40) (Figure 1c). On 10 June 2023, Amylo-X
LC treatment was repeated in all plants. On 20 June 2023, each
group of plants was further divided into four equal subgroups,
and plants were challenged with (a) mock inoculation (con-
trol), (b) C. granati inoculation, (c) P. palmivora inoculation
and (d) combined C. granati+ P. palmivora inoculation (n=10)

(C) Exp 3. Watering treatments + BCA x pathogens

Control Control

C. granati C. granati

P. palm/vc.)ra ' Control P. palm/v?ra .

C. granati + P. palmivora C. granati C. granati + P. palmivora
P. palmivora

Regular watering

:

Control %
C. granati
P. palmivora

C. granati + P. palmivora

Waterlogging

C. granati + P. palmivora

Regular watering + Amylo-X®LC

Regular watering + Amylo-X® LC

Control Control

C. granati Regular watering C. granati

P. palmivora b P. palmivora

C. granati + P. palmivora Control C. granati + P. palmivora
C. granati
P. palmivora

Drought + Amylo-X® LC

Control
C. granati
P. palmivora

C. granati + P. palmivora

C. granati + P. palmivora

Waterlogging + Amylo-X® LC

FIGURE1 | Experimental design to test if drought and waterlogging influence the severity of individual and simultaneous Coniella granati and
Phytophthora palmivora infections in cv. Wonderful pomegranate trees (n =10) (a), if the biological control agent (BCA) Amylo-X LC (active ingredi-

ent Bacillus amyloliquefaciens subsp. plantarum) mitigates damage caused by C. granati and P. palmivora in pomegranate (n=10) (b), and if Amylo-X

LC is as effective under regular watering as under drought and waterlogging conditions against C. granati and P. palmivora (n=10) (c).
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(Figure 1c). The experiment followed a complete factorial design
with 120 plants corresponding to three watering treatments X
four inoculation treatments X 10 replicates.

The three experiments lasted 50days. In July 2022 (for
Experiments 1 and 2) and July 2023 (for Experiment 3), 30 days
after inoculation, the plants were destructively harvested to as-
sess the extent of the lesions caused by the pathogens in the
stem. Lesion length (Figure S1) was used as a proxy of plant
susceptibility. During 2022 and 2023, the primary and second-
ary growth was assessed in about 120 plants. Primary growth
was obtained by measuring the length of three selected apical
shoots per plant on 1 June and 20 July. Secondary growth was
obtained by measuring the diameter of the main stem at the soil
level on 1 June and 20 July by using a digital Vernier calliper.

2.3 | Watering Treatments

Regular watering consisted of irrigating trees close to field
capacity twice per week with a drip irrigation system. In

—A— Regular watering

(a) Inoculations
ﬁ

Treatments started a
a

Experiments 1 and 3, drought conditions were obtained by
progressively reducing the watering until reaching condi-
tions of 5% of volumetric water content. For this purpose, pots
subjected to drought and field capacity conditions (n=12)
were weighed by using a WLC 30/F1/K balance (RADWAG,
Radom). Waterlogging treatment was applied by keeping the
soil permanently under water saturation and maintaining the
pots in containers filled with tap water to the root collar of
trees. The soil was drained 3days a week throughout the ex-
periment to prevent tree mortality.

Application of treatments was accomplished by weekly mea-
surements of stomatal conductance by using an LI-600 poro-
meter (Li-Cor Inc.). Measurements were made from 11:00 to
13:00 on three fully expanded leaves in six different trees per
watering treatment. Significant differences in stomatal con-
ductance values between treatments on most dates (Figure 2)
indicated that the treatments were effective. Relative air hu-
midity and temperature were recorded under the shaded
greenhouse by a MX2301A data logger (Hobo), and are shown
in Figure S2.

Drought —#— Waterlogging

a

b b

6/6 13/6 20/6

2716 417 11/7 18/7

Year 2022

6/6 13/6  20/6
Year 2023

2716 417 11/7 1817

FIGURE 2 | Time evolution of leaf stomatal conductance (g during 2022 for Experiment 1 (a) and during 2023 for Experiment 3 (b) of non-

inoculated pomegranate cv. Wonderful pomegranate trees subjected to regular watering, drought or waterlogging treatments. Arrows indicate when

the watering treatments started and when additional trees were inoculated. Vertical bars are standard errors (n =10 trees) and different letters indi-

cate significant differences between averages based on Tukey's honestly significant difference test (p <0.05).
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2.4 | Inoculation and Co-Inoculation of Pathogens
and Biocontrol Treatment

Coniella granati and P. palmivora were cultured on PDA at 25°C
for 4 and 7days, respectively, in the dark. Then, the pathogens
were inoculated individually or simultaneously in the main
stem of pomegranate trees. In the individually inoculated trees,
C. granati was inoculated approximately 20cm above the soil
level and P. palmivora was inoculated 10 cm above the soil level.
In the simultaneously inoculated trees, C. granati was inocu-
lated in the opposite side of the main stem with respect to P.
palmivora, at the same heights as indicated before. A PDA disc
7mm in diameter taken from actively growing mycelium was
used as inoculum. The inoculation point was surface steril-
ised with 96% ethanol, then the inoculum was introduced in a
hole made by removing the bark with a sterile scalpel. Control
plants were inoculated with a sterile PDA disc applied as de-
scribed above. Cotton wool soaked in sterile water secured with
aluminium foil was applied to the inoculation site to favour the
infection. The extent of the lesions caused by each pathogen
was assessed by using a ruler. Amylo-X LC was administered
at a dose of 3.5mL/L as a soil drench application. Briefly, pots
were drenched with Amylo-X LC to field capacity and drained
after the treatment. To confirm tree infection, C. granati and
P. palmivora were successfully reisolated at the end of the ex-
periments from the edge of necrotic lesions in a subset of tree
samples from each treatment.

2.5 | Statistical Analysis

Data were statistically analysed by R software (R Core Team 2022).
For stomatal conductance, a linear mixed model with repeated
measures was applied, considering the watering treatment as a
fixed effect and date as a within-subject factor. In a post hoc anal-
ysis, differences between treatments within each date were ob-
tained by Tukey's honestly significant difference (HSD) tests. To
analyse the primary and secondary growth of trees, linear mod-
els were carried out considering watering treatments or pathogen
inoculation (mock, C. granati, P. palmivora and C. granati+P.
palmivora) as fixed effects. Lesion length was separately analysed
for each pathogen by a two-way analysis of variance (ANOVA)
considering the watering treatments and the type of inoculation
(mock, individual and simultaneous) as fixed effects. To differ-
entiate means, Tukey's HSD tests were used. When needed, data
distributions were normalised with the log(x) function, and if
the normalisation of data was not effective, a non-parametric ap-
proach was adopted with the Kruskal-Wallis rank sum test fol-
lowed by the post hoc Dunn test. To assess the goodness-of-fit of
the models, the normality of residuals was also tested.

3 | Results

3.1 | Leaf Stomatal Conductance and Growth
of Trees Under Different Watering Conditions

In Experiments 1 and 3, drought and waterlogging treatments
significantly reduced leaf gas exchange of pomegranate as
compared to regular-watered trees (Figure 2). During the
50days of the experiment, drought significantly decreased

primary growth of trees more than waterlogging (Figure S3a),
and only drought decreased the secondary growth of trees
(Figure S3b). At the end of the experiments, trees subjected
to drought and waterlogging showed severe wilting and chlo-
rosis, while mock-inoculated plants did not show any exter-
nal symptoms (Figure 3). Primary growth of trees was not
affected either by individual or by simultaneous C. granati
and P. palmivora inoculations (Figure S3c). However, when
the pathogens were simultaneously inoculated, a signifi-
cant decrease in the secondary growth of trees was observed
(Figure S3d).

3.2 | Experiment 1: Impact of Watering Scenarios
on Infection Severity Caused by C. granati
and P. palmivora in Pomegranate

Lesions induced by mock inoculation (control) ranged from 0
to 2.5cm (Figure 4). Moreover, in pomegranate subjected to
regular watering, lesions caused by C. granati were longer than
lesions caused by P. palmivora (7.9+1.3 and 6.1 +1.7 cm, respec-
tively; p <0.05; Figure 4).

Drought stress did not alter the length of lesions caused by
C. granati, whereas waterlogging significantly increased the
length by 59% as compared to lesions in trees subjected to reg-
ular watering (Figure 4a). Lesions caused by C. granati were
significantly larger in C. granati+ P. palmivora co-infected
trees (Figure 4a). Moreover, this co-infection effect was de-
pendent on the watering treatment applied: under regular
watering, drought and waterlogging, lesions caused in co-
infected trees by C. granati increased by about 100%, 50% and
30%, respectively, in relation to trees infected with C. granati
only (Figure 4a).

Drought stress significantly reduced the length of lesions caused
by P. palmivora by 58%, whereas waterlogging did not alter
the length of lesions compared to regular watering treatment
(Figure 4b). Lesion length caused by P. palmivora was not influ-
enced by C. granati+ P. palmivora co-infection irrespective of
watering treatment (Figure 4b).

3.3 | Experiment 2: Efficacy of Amylo-X
LC to Protect Pomegranate From Individual
or Simultaneous C. granati and P. palmivora
Infection

The use of B. amyloliquefaciens formulation Amylo-X LC to
protect pomegranate from C. granati and P. palmivora was
justified because through the in vitro dual culture assay in
PDA, it significantly inhibited the growth of C. granati and
P. palmivora by 50.2% and 44.2%, respectively, compared to
controls (Figure S4).

In the in vivo experiment, lesions caused by C. granati in un-
treated and in Amylo-X LC-treated trees were similar in size.
However, Amylo-X LC prevented the increase (i.e., synergistic
effect) of the lesion caused by C. granati if trees were co-infected
with P. palmivora, allowing a 50% reduction in lesion length
(Figure 5a).
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FIGURE 3 | Leaf symptoms of 2-year-old non-inoculated pomegranate trees 50days after waterlogging (a), regular watering (b) and drought (c)

treatments.

Amylo-X LC successfully reduced the lesion size caused by P.
palmivora by 60% compared to untreated trees, regardless of
whether trees were infected individually or in combination with
C. granati (Figure 5b).

3.4 | Experiment 3: Efficacy of Amylo-X

LC to Protect Pomegranate From Individual

or Simultaneous C. granati and P. palmivora
Infection Under Different Watering Conditions

Under regular watering conditions and Amylo-X LC treat-
ment (Experiment 3), the lesion length caused by C. granati
was about 6cm (Figure 6a), marginally lower than the lesion
length caused by C. granati under regular watering conditions
and the absence of Amylo-X LC treatment in Experiments 1
and 2 (about 8cm; p=0.328) (Figures 4 and 5). Under drought
conditions and Amylo-X LC treatment, C. granati lesions were
< 5cm (Figure 6a); moreover, as in Experiment 2, Amylo-X
LC was able to prevent the synergistic effect of C. granati+P.
palmivora co-infection (Figure 5a). Under waterlogging condi-
tions and Amylo-X LC treatment, C. granati lesions were about
5 and 8 cm when infected alone or in combination with P. palmi-
vora, respectively (Figure 6a). These values were significantly
lower than those obtained in Experiment 1 from lesions caused

by C. granati under waterlogging conditions in the absence of
Amylo-X LC (> 12cm; p<0.001; Figure 4a).

Lesion length caused by P. palmivora in Amylo-X LC-treated
trees under the different watering scenarios (Figure 6b) dis-
played a similar pattern as that observed in Experiment 1, in
the absence of BCA (Figure 4b). Moreover, taking into account
that under regular watering Amylo-X LC protected pomegran-
ate from P. palmivora (Figure 5b), by using regular watering as
a reference it could be inferred that under drought and water-
logging, Amylo-X LC protected pomegranate from P. palmiv-
ora after individual and combined infections (Figure 6b).

4 | Discussion

Under natural conditions, trees can be infected by multiple patho-
gen species simultaneously. Co-infections can result in symptoms
that are similar, less or more severe than individual infections in
an unpredictable manner (Tollenaere, Susi, and Laine 2016). The
extent of damage caused by co-infections can also be influenced
by abiotic stressors (Barrett et al. 2021; Nawaz et al. 2023), and
the use of BCA to mitigate damage due to co-infection adds fur-
ther complexity to the system. This study has taken a stepwise
approach to investigate the impact of drought and waterlogging
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FIGURE 4 | Boxplots of lesion length caused by Coniella granati
(a) and Phytophthora palmivora (b) after mock, individual or simultane-
ous inoculations on the stem of cv. Wonderful pomegranate trees sub-
jected to regular watering, drought and waterlogging (Experiment 1).
Potato dextrose agar discs were used for the mock inoculation (control).
Different letters indicate significant differences between means (n=10)
based on a two-way analysis of variance followed by Tukey's honestly
significant difference test (p <0.05). Outliers are represented as dots.

on the development of stem canker caused by C. granati and P.
palmivora in pomegranate trees and has explored the potential
of the Amylo-X LC formulation, containing the biocontrol agent
B. amyloliquefaciens, to mitigate the symptoms caused by these
pathogens.

Our study presents five important findings aligned with the
hypotheses formulated in the introduction. The first is that
exposure of pomegranate trees to drought reduced the sever-
ity of P. palmivora whereas exposure of pomegranate trees to
waterlogging increased the severity of C. granati, confirming
the first hypothesis. Drought significantly altered the physiol-
ogy and performance of pomegranate by reducing leaf stoma-
tal conductance and tree growth, respectively. Oxidative stress
and alteration of phytohormones related with defence also occur
in drought-stressed pomegranate, in particular, increased lev-
els of abscisic acid (ABA; Zahedi et al. 2022). In chestnut, in-
creased levels of ABA were related to enhanced tolerance to
Phytophthora cinnamomi (Camison et al. 2019). Water stress
experienced by woody plants frequently induces reduced ves-
sel size formation and in turn occasionally enhanced toler-
ance to diseases, for example in Ulmus species to Ophiostoma
novo-ulmi (Martin et al. 2023). In addition, Frangula californica
trees exposed to drought before infection became more toler-
ant to Phytophthora cactorum than trees subjected to regular
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FIGURE 5 | Boxplots of lesion length caused by Coniella granati
(a) and Phytophthora palmivora (b) after mock, individual or simulta-
neous inoculations on the stem of untreated and Amylo-X LC-treated
pomegranate trees under regular watering (Experiment 2). Potato dex-
trose agar discs were used for the mock inoculation (control). Different
letters indicate significant differences between means (n=10) based on
a two-way analysis of variance followed by Tukey's honestly significant
difference test (p <0.05). Outliers are represented as dots.

watering (Gomes Marques et al. 2022). However, exposure of
Quercus suber and Eucalyptus globulus to drought did not alter
their tolerance to P. cinnamomi (Gonzalez et al. 2020; Umami,
Parker, and Arndt 2021), and exposure of Quercus ilex, Q. suber
and Q. brantii to drought increased tree susceptibility to P. cin-
namomi, Biscognauxia mediterranea and Brenneria goodwinii,
respectively (Corcobado et al. 2014; Desprez-Loustau et al. 2006;
Zolfaghari et al. 2022).

Waterlogging can profoundly alter the physiology of trees (Olmo-
Vega et al. 2017), and flood-induced changes are likely to have
consequences for the host resistance to infection (Martinez-
Arias et al. 2022). In flooded Citrus, for example, enhanced
levels of ABA in leaves were directly related to increased sus-
ceptibility to waterlogging (Arbona and Gémez-Cadenas 2008).
In flooded pomegranate cv. Wonderful, levels of ABA in leaves
drastically increased too (Olmo-Vega et al. 2017), indicating the
sensitivity of this variety to waterlogging conditions and sug-
gesting high levels of stress in our treated trees. The enhanced
severity of C. granati observed after waterlogging exposure may
also respond to increased oxidative stress and reduced non-
structural carbohydrates, reported in flooded pomegranate cv.
Wonderful trees (Olmo-Vega et al. 2017). It would be interesting
to repeat Experiment 1 in varieties more susceptible to flooding
than cv. Wonderful, for example in cv. Valenciana (Olmo-Vega

7 of 10

85U01 SUOWWOD A1) 8(cedlidde ay) Aq peusenob a.e sejoie YO ‘85N JO S9N 10) ARIq1T BUIUQ A8]1M UO (SUONIPUOD-PUe-SULBY WD A8 |1 ARe.d1joul[U0//SdNY) SUONIPUOD pue swie | 8y} 89S *[6202/y0/zz] Uo Akeidiauliuo A8|im elfeleuelyooD Aq 850pT edd/TTTT 0T/10p/woo A3 1m ARiqipuljuo's uinolddsay/sdny wouy pspeojumoq ‘0 ‘6S0859ET



(a) O Mock @ C.granati B C. granati + P. palmivora
10
a
55 . b
£ %] b
22 > b
) -
g9 —
O = [
g 1-) ]
4§ .
O c c c
=] e i
0
Regular watering Drought Waterlogging
+Amylo-X® LC +Amylo-X® LC +Amylo-X® LC
b
( ) O Mock  OP. palmivora [ P. palmivora + C. granati
10

€
)
©
> o
22
s % a |a . a |a
32 5
©
§5 b_LP
28 o
g5 @ﬁ
() .
= c c c
o == “ i
0
Regular watering Drought Waterlogging
+ Amylo-X® LC + Amylo-X® LC + Amylo-X® LC

FIGURE 6 | Boxplots of lesion length caused by Coniella granati (a)
and Phytophthora palmivora (b) after mock, individual or simultaneous
inoculations on the stem of Amylo-X LC-treated pomegranate trees sub-
jected to regular watering, drought and waterlogging (Experiment 3).
Potato dextrose agar discs were used for the mock inoculation (control).
Different letters indicate significant differences between means (n=10)
based on a two-way analysis of variance followed by Tukey's honestly
significant difference test (p <0.05). Outliers are represented as dots.

et al. 2017), to check if C. granati is able to further increase its
severity.

Our second finding is increased severity of C. granati in pome-
granate when inoculated in combination with P. palmivora.
Increased severity of P. palmivora when inoculated in combi-
nation with C. granati was not observed. This lack of reciproc-
ity does not allow us to fully confirm our second hypothesis, is
difficult to explain and warrants further study. The two patho-
gens were inoculated on opposite sides of the main stem, so
interaction between them did not occur and may have arisen
via the host. Given the complex signalling network of trees
after infection, changes in hormones and other stress-related
metabolites induced by P. palmivora could have stimulated
C. granati or weakened the immune response of the host.
Alternatively, it could be suggested that P. palmivora infec-
tion depleted carbon reserves in pomegranate, reducing the
capacity of trees to cope with C. granati and resulting in in-
creased lesion length. Co-inoculations of P. infestans and P.
erythroseptica in Solanum tuberosum (Peters et al. 2003), and
of Phytopththora species in Q. robur and Q. ilex (Corcobado
et al. 2017; Marcais, Caél, and Delatour 2011) resulted in sig-
nificantly greater damage to the host than the damage caused
by the individual pathogens.

The third finding of this study is that drought and waterlogging
influenced the severity of simultaneous C. granati and P. palmi-
vora infections differently. Our third hypothesis was confirmed,
because co-infection under drought but not under waterlogging
reduced the severity of the pathogens. The reasons behind why
only drought stress influenced the severity of pathogens under
co-infection are unknown. Tree species have evolved several
mechanisms to respond to drought and waterlogging conditions,
such as osmoregulation, changes in biomass allocation and regu-
lation of leaf gas exchange (Martinez-Arias et al. 2022; Olmo-Vega
et al. 2017; Zahedi et al. 2022). Reasons explaining differences in
severity of pathogens between watering treatments may include
(a) more intense response of pomegranate to drought than to wa-
terlogging in terms of leaf gas exchange and growth, which in turn
provided trees with effective hormonal changes related to defence
responses; (b) different use of carbohydrates by plants and patho-
gens depending on the treatment; and (c) priming of drought-
stressed trees for enhanced tolerance to pathogen infection.

Our fourth finding is that Amylo-X LC mitigated damage
caused by P. palmivora in pomegranate, regardless of whether
trees were inoculated individually or in combination with
C. granati. Although Amylo-X LC was not able to reduce the
damage caused by C. granati, it mitigated the increased dam-
age induced by co-infection. The biocontrol activity of B. am-
yloliquefaciens in woody plants against Phytophthora species
has been already reported (Gomez-Garay et al. 2023; Nguyen
et al. 2021), and our study provides the first evidence of the ef-
ficacy of B. amyloliquefaciens against P. palmivora. The mode
of action of B. amyloliquefaciens as a BCA has been related to
the production of biocidal metabolites and the ability to induce
systemic resistance in the host (Luo et al. 2022). Although in
the in vitro dual culture Amylo-X LC proved effective in pre-
venting growth of pathogens, in the in planta experiments di-
rect contact of BCA with pathogens did not occur. Thus, we
hypothesize that the BCA exerted its activity by inducing re-
sistance in the host.

Finally, we observed that Amylo-X LC was effective against
individual and combined P. palmivora infections irrespective
of the watering treatments (compare Figure 5b and Figure 6b
using regular watering as a reference). Moreover, under
drought conditions, Amylo-X LC was able to mitigate the in-
creased damage of C. granati induced by co-infection observed
in Experiments 1 and 2. However, under waterlogging condi-
tions, the efficacy of Amylo-X LC against C. granati when trees
were co-infected with P. palmivora was reduced. This reduction
in efficacy could be explained by diminished soil colonisation
by B. amyloliquefaciens under flooding conditions, a phenom-
enon previously observed with other antagonistic microorgan-
isms (Tong et al. 2020).

5 | Conclusion

This is the first study that shows how different watering scenar-
ios applied to P. granatum can affect trees subjected to individual
and combined C. granati and P. palmivora infections. The results
suggest that the extent of damage caused by emerging pathogens
is specific to the type of abiotic stress experienced by trees. Within
the predicted scenarios associated with climate change, increased

8 of 10

Plant Pathology, 2025

85U01 SUOWWOD A1) 8(cedlidde ay) Aq peusenob a.e sejoie YO ‘85N JO S9N 10) ARIq1T BUIUQ A8]1M UO (SUONIPUOD-PUe-SULBY WD A8 |1 ARe.d1joul[U0//SdNY) SUONIPUOD pue swie | 8y} 89S *[6202/y0/zz] Uo Akeidiauliuo A8|im elfeleuelyooD Aq 850pT edd/TTTT 0T/10p/woo A3 1m ARiqipuljuo's uinolddsay/sdny wouy pspeojumoq ‘0 ‘6S0859ET



tolerance of drought-stressed pomegranate trees to P. palmivora
is promising, but increased susceptibility of waterlogged pome-
granate trees to C. granati is not. The enhanced severity of C.
granati due to co-infection in trees subjected to regular watering
or drought is a relevant finding and should be a matter of concern.
Under the current climate change, we emphasise the importance
of incorporating abiotic stress factors when evaluating the effec-
tiveness of biofungicides. Evaluating BCAs against pathogens
under different environmental scenarios adds a further complex-
ity to crop protection, with unpredictable effects on plant health.
Our study provided some insight into this uncertainty.
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