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• Screening program selected antagonistic
microorganisms
against
Neonectria
ditissima.
• ~500 candidates assessed for produc
tion, ecological properties, pathoge
nicity risks.
• >150 candidates eligible to be tested in
bioassays in planta.
• Four isolates of Clonostachys rosea
selected
as
antagonists
against
N. ditissima.
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Neonectria ditissima is the causal agent of European canker. This pathogen causes cankers on apple branches and
the main stem, which may lead to the loss of the whole tree. Chemical control is the essential component in
disease management and no suitable biocontrol products are commercially available. This study aimed at
selecting potential microbial antagonists against N. ditissima through a systematic stepwise screening program for
the development of a new biocontrol product. A total of 520 potential candidates were isolated from apple
branches showing canker symptoms. Important characteristics for application of Microbial Biological Control
Agents were tested per each candidate: spore production, spore survival during storage, cold tolerance, drought
tolerance and UV-B resistance. Isolates able to germinate and grow at human body temperature were excluded. A
total of 252 candidates fulfilled the stablished criteria. All 520 candidates belonged to 44 different taxonomic
groups, being the most abundant Alternaria spp. (22.2 %), Aureobasidium pullulans (16.1 %), Cladosporium spp.
(9.5 %) and Fusarium spp. (9.0 %). Information on possible pathogenicity and toxicity for humans, animals,
plants and the environment and on patents in biocontrol use was collected per each identified species. A total of
158 candidates belonging to species that did not show potential risks or patent conflicts were assessed by their
antagonistic behaviour against N. ditissima in bioassays in planta. Each candidate was inoculated in ‘Elstar’ apple
branches inoculated with N. ditissima 24 h before. Inoculated branches were incubated at 17 ◦ C, 16 h light per
day and RH > 90 %. After four weeks, canker symptom expression was visually assessed. The capacity of the
candidates to reduce colonisation of N. ditissima in the branches was evaluated by quantifying N. ditissima DNA
concentration using qPCR. Four candidates of Clonostachys rosea showed antagonistic properties; after four weeks
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of treatment, no canker symptoms or small bark cracks were observed in the inoculated branches and N. ditissima
DNA was reduced by 90–99 %. Following them, the branches inoculated with one candidate of Akanthomyces
muscarius, A. pullulans and Cladosporium europaeum showed small bark cracks and small swollen bark and
N. ditissima DNA was reduced by more than 90 %. The systematic stepwise screening approach was a powerful
strategy to find new MBCAs against N. ditissima with antagonistic properties that also fulfilled major criteria with
regards to commercial production and safety, as well as ecological needs.

1. Introduction

has been also studied (Bus et al., 2019). However, a cultivar completely
resistant to N. ditissima is not known yet. EU has made the use of inte
grated pest management (IPM) strategies mandatory via the Directive
2009/128/EC, where sustainable biological methods must be preferred
to chemical methods if they provide satisfactory pest and disease control
(European Comission, 2009a). Only few scientific publications have
addressed the biological control of N. ditissima and none resulted in
antagonistic microorganisms that provided suitable wound protection
(Schiewe and Mendgen, 1992; Swinburne, 1973, 1978; Walter et al.,
2017a, 2017b). Consequently, no products based on Microbial Biolog
ical Control Agents (MBCAs) are commercially available for N. ditissima
control. Latterly, Olivieri et al. (2021a) determined whether the overall
endophyte community differed among apple cultivars with different
susceptibility to N. ditissima and they found certain endophyte microbial
groups, such as Aureobasidium sp. and Rhodotorula sp., at higher relative
abundances in resistant cultivars, which have known biocontrol poten
tial and antimicrobial activity against plant pathogenic fungi. However,
several other OTUs with reported biocontrol activity were found at
higher relative abundance in susceptible cultivars. In recent decades,
diseases of seedlings, roots, leaves and fruits have been successfully
targeted with MBCAs, seed and soil treatments, and spray applications
on leaves and/or fruits have been developed (Paulitz and Bélanger,
2001; Smilanick, 1994; Weller et al., 1998; Whipps, 2001). Post-harvest
applications have also been implemented to protect commodities from
decay during fruit transport and storage (Sharma et al., 2009). These
results have increased the amount of biological control products, and the
global biocontrol market (plant pathogens, pests, nematodes, weeds and
others) is currently around 3.5 %, with an annual growth of more than
15 % (Glare et al., 2012; Trimmer, 2021; van Lenteren et al., 2018),
becoming a promising alternative to pesticide and plant resistance to
manage pest and plant diseases. No public data are available on the
commercial use of biocontrol products in fruit production. Since the
commercial use of biocontrol is most developed in protected crops, it can
be estimated that use in fruit tree production is far below 3.5 % of the
total market for crop protection products (Köhl, 2019). Due to the
commitment of the agri-food sector in reducing the use of synthetic
pesticides, new biological control strategies must be implemented to
achieve a sustainable management of the European canker.
A stepwise screening approach was developed by Köhl et al. (2011)
to select microorganisms for commercial use in biological control of
plant diseases. In this approach, many selection criteria are considered
besides antagonistic efficacy against the targeted plant pathogen,
ranging from ecological fitness of the antagonist needed for good field
performance, to exclusion of potential risks for humans, non-targeted
organisms or the environment and growth in fermenters for mass pro
duction. In addition, aspects of product registration and intellectual
property rights (IPR), must be considered. This selection process has the
advantage to focus on assays with low costs per isolate during the initial
screening steps and to focus on more complex and costly assays with few
selected isolates during the final screening steps. Following this
approach, potential antagonists have been successfully selected against
apple scab (Venturia inaequalis) (Köhl et al., 2009, 2015) and powdery
mildew in cereals (Blumeria graminis f. sp. tritici) (Köhl et al., 2019a).
The aim of this study was to select fungal candidate antagonists
isolated from apple cankers following the above-mentioned approach,
for use in biological control of European canker in apple crops.

Apple is the most important fresh fruit cultivation in EU with more
than 11.5 M tonnes produced per year, equivalent to the 32 % of the
total fresh fruit production (Eurostats, 2021). Due to the intensification
of its production, apple orchards have been increasingly affected by
pests and diseases. European canker, caused by the fungal pathogen
Neonectria ditissima (syn. Nectria galligena; anamorph Cylindrocarpon
heteronema), is after apple scab the most devastating disease in apple
production in North-western Europe (Weber, 2014). This disease causes
severe problems in many countries with relatively cold and rainy
weather. The development of cankers on woody tissue is the most
relevant symptom that N. ditissima produces. Cankers can be formed on
apple twigs, branches and the main stem (Cooke, 1999). Cankers formed
on major branches or on the main stem may lead to the loss of the whole
tree (Swinburne, 1975). The pathogen also causes fruit rotting of apples
in the orchard or during storage (Berrie, 1989). In North-western Europe
and UK, leaf scars formed during abscission are considered to be the
most important site of infection (Crowdy, 1952; Dubin and English,
1974; Olivieri et al. 2021b), while in Brazil, pruning cuts are the most
susceptible wounds (Alves and Nunes, 2017), as well as in New Zealand,
followed by picking and thinning wounds (Amponsah et al., 2015).
However, all kind of natural and artificial wounds have been shown to
be important entrances for the pathogen (Weber, 2014). The infection is
caused by asexual macroconidia that are produced in sporodochia, as
well as by sexual ascospores that are produced in perithecia (Swinburne,
1975; Weber and Børve, 2021). The high-risk conditions for disease
development are temperatures between 5 ◦ C and 20 ◦ C and high relative
humidity (Latorre et al., 2002). Rain favours sporulation, spore dispersal
by rain splash from tree to tree and runoff within infected trees
(Amponsah et al., 2017; Weber and Børve, 2021). Infection severity and
canker development are influenced by several factors apart from the
climatic conditions such as disease pressure in the orchard, rootstock
and apple variety, soil type and pruning schedule (Walter et al., 2016).
Chemical control is an essential component in the European canker
disease management, but the efficacy of the fungicides varies depending
on the time of application, inoculum present in the orchard and type of
wound (Weber and Børve, 2021). Additionally, fungicide registration
differs within countries and their use is getting more and more
restricted. Higher levels of disease control have been observed after
spring/summer applications of benzimidazoles (Swinburne, 1975;
Swinburne et al., 1977) compared to more variable results observed
after autumn treatments (Cooke et al., 1993). Specific fungicide appli
cations are required at leaf fall season to reduce leaf wound infections
(Walter et al., 2016). Painting pruning wounds is a practice recom
mended to prevent new infections and possible re-infections of cankers
not totally removed (Walter et al., 2016). Removing visible cankers on
minor branches and side shoots is another practice for disease control,
but this measure is time-consuming, involve high labour costs and the
new wounds will remain susceptible to infection, especially in
autumn–winter (Alves and Nunes, 2017). Apple cultivars also differ in
their levels of susceptibility to N. ditissima. Several studies have been
performed to stablish rankings of cultivar susceptibility (Garkava-Gus
tavsson et al., 2013; Scheper et al., 2018; Wenneker et al., 2017). Dif
ferences between apple cultivars have been established, but
comparisons are not always feasible since methodologies and conditions
vary per each study. The genetic basis of resistance to European canker
2
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2. Material and methods

filtered with the help of a Vacuum pump model 785 (Bio-Rad Labora
tories Inc., Berkeley, CA, USA) and using Millipore Express plus PES
sterile filters of 0.45 μm diameter (Merck, Kenilworth, NJ, USA) to
collect the spores. A volume of 1 ml of the original suspension obtained
from the OA plates was filtered when the concentration was higher than
106 spores per plate and 5 ml when the concentration was lower. Filters
were let dry inside the laminar flow chamber during 30 min. Dried filters
were cut into three equal pieces and placed in three different plastic
tubes. The three tubes per candidate were stored in the dark at − 20 ◦ C,
4 ◦ C and 18 ◦ C during four weeks. After the storage period, 2 ml of sterile
tap water containing 0.01 % Tween 80 were added to each tube and the
tubes were vortexed for 10 sec. A volume of 100 μl of the resulting spore
suspensions was plated on water agar (WA; technical agar, 15 g l− 1) and
incubated at 18 ◦ C in the dark. After 24 h the percentage of spore
germination in case of hyphal fungi or colony formation in case of yeasts
was assessed under the microscope.
Isolates selected after the rapid throughput screening were stored on
OA plates and PDA agar slants at 4 ◦ C and on TSC cryopreservation
beads (Technical service consultants ltd, Heywood, UK) at − 80 ◦ C.

2.1. Sampling of apple branches and isolation of fungi
A total of 47 apple orchards of different varieties were inspected for
the presence of apple canker in different regions of the Netherlands,
Belgium, Germany, Norway and Sweden. More than one year-old apples
branches, showing canker symptom caused by N. ditissima with a length
of 5 cm or more, were collected. No more than three branches were
sampled per apple orchard. Location, apple variety and cropping system,
conventional versus organic, were recorded. Samples were stored at 4 ◦ C
and were processed within a week. Fungi were isolated from the
branches in the area between the infected tissue (brownish discoloration
area) and the healthy tissue (green area). Cuts were performed with the
help of secateurs to obtain wood cubic pieces of 2 mm3 approximately.
Three wood pieces per branch were plated on potato dextrose agar
(PDA; CM139, Oxoid; 39 g l− 1) and malt extract agar at 1/10 strength
(MA 1/10; 1 g malt extract l− 1, technical agar 15 g l− 1), both media
amended with 100 mg l− 1 streptomycin and 15 mg l− 1 tetracycline.
Plates were incubated at 18 ◦ C in the dark. After 3, 5, 7 and 10 days of
incubation, plates were observed and plugs from the active-growth edge
of distinct fungal colonies were transferred to new PDA plates with the
help of a sterilised needle. After 4–5 days, plugs from the active-growth
edge of the fungal colonies were transferred to new PDA plates to ensure
that pure cultures developed on the plates. After obtaining fully devel
oped colonies per each isolate, plates were kept at 4 ◦ C.

2.3. Identification of isolates
In parallel to the rapid throughput screening, the identification of the
isolates was performed. Mycelia and spores or yeast cells stored at
− 20 ◦ C were used for isolation of genomic DNA. Fungal tissues were
lyophilized and total DNA was extracted using the Sbeadex maxi plant
kit (LGC, Teddington, UK) with the KingFisher™ Flex Purification Sys
tem pipetting robot (Thermo Fischer Scientific, Waltham, MA, USA).
Lyophilized fungal tissue was disrupted using the TissueLyser II (Qiagen
N.V., Hilden, Germany) and one stainless steel bead (3.2 mm diameter)
for 30 sec with a frequency of 30 Hz. After disruption, 200 μl lysis so
lution with 0.5 μl RNase (2 mg ml− 1) was added to each sample and
further DNA extraction was done according to the protocol supplied by
the manufacturer. The genomic DNA was used for identification with the
following primer sets ITS1/ITS4 (White et al., 1990), NL-1/NL-4 (Zalar
et al., 2008), LROR/LR5 (Vilgalys and Hester, 1990), and EF1-728F/EF2
(Carbone and Kohn, 1999; O’Donnell et al., 1998) with annealing
temperatures of 54 ◦ C, 56 ◦ C, 50 ◦ C and 58 ◦ C, respectively. Amplifi
cation was performed in a total reaction volume of 40 μl containing 200
μM of each primer, 0.2 mM dNTPs, 0.2 μl GoTaq®G2 DNA Polymerase
5U/μl (Promega, Madison, WI, USA), 8 μl GoTaq® Reaction Buffer
(Promega, Madison, WI, USA) and 2 μl DNA template. The PCR protocol
consisted of an initial denaturation at 94 ◦ C for 2 min followed by 35
cycles; denaturation 1 min 94 ◦ C, annealing 1 min at the primer set
specific temperature, elongation 1 min 72 ◦ C and a final extension step
at 72 ◦ C for 10 min. Quality and quantity of PCR products (4 μl) were
checked by electrophoresis on 1.0 % agarose gels and sent to Macrogen
Europe (Amsterdam, the Netherlands) where the amplicons were puri
fied and sequenced according to the company’s protocol. DNA se
quences were analysed using CLC Genomics Workbench software
version 8.1.3 (Qiagen N.V., Hilden, Germany) and blastn (https://www.
ncbi.nlm.nih.gov/BLAST) with default parameters. The identification of
taxonomical groups of all isolates used in this study was generally based
on ITS1/ITS4 DNA sequences (percentage of similarity was 99 % to 100
%). When the identification at species level of the candidates selected in
the rapid throughput screening program was not conclusive (percentage
of similarity was lower than 99 %), additional sequences were used: NL1/NL-4 for differentiation within genera Aureobasidium, Gabarnaudia,
Geosmithia, Phialemoniopsis, Sporobolomyces and Vishniacozyma, LROR/
LR5 for differentiation within genera Akanthomyces and Cystobasidium
and EF1-728F/EF2 for differentiation within genus Cladosporium.

2.2. Rapid throughput screening to assess spore production at laboratory
scale, ecological characteristics and spore survival after storage
Spore production at laboratory scale. Fungal isolates were trans
ferred to oat meal agar (OA; oatmeal 20 g l− 1; technical agar, 15 g l− 1)
and incubated at 18 ◦ C in the dark for three weeks. Plates were flooded
with 10 ml of sterile tap water containing 0.01 % Tween 80 and spores
and mycelia were removed from the agar surface by gently scratching
with a sterile rubber spatula. The suspensions were filtrated through
sterile nylon gauzes with a mesh of 200 μm. Part of the mycelia and
spores were stored at − 20 ◦ C for later identification of the isolates. The
concentration of the obtained spore suspensions was determined with
the aid of a haemocytometer and the spore production per agar plate was
calculated. For the isolates that produced more than 105 spores or yeast
cells per agar plate, spore suspensions were prepared containing 104
spores ml− 1 and original suspensions were kept on ice for further use
within 2 h. Suspensions of yeast cells were prepared following the same
procedure and part of cells were stored for identification as previously
described.
Ecological characteristics. The spore suspensions adjusted to 104
spores or yeast cells ml− 1 were plated in sterile wells (24 wells-plate
format with a well diameter of 16 mm; 10 μl suspension per well) con
taining 1.5 ml of MA 1/10. For each isolate one well per plate was
inoculated. Different sets of plates with inoculated wells were incubated
at 5 ◦ C, 18 ◦ C and 36 ◦ C in the dark for 21 days. Another set of plates was
incubated during 21 days at 18 ◦ C and exposed to UV-B (290–320 nm)
(Philips narrowband TL20W/01-RS ultraviolet-B, Eindhoven, the
Netherlands) during 8 h per day at a rate of 1.1 and 4.1 Wm− 2. The UV-B
rate under the lids of the Petri dishes was determined with a spec
trometer (Jaz spectrometer, Ocean Optics, Largo, FL, USA). An addi
tional set of plates with wells was prepared containing agar at low water
potential, with MA 1/10 adjusted to approximately − 7 MPa and − 13
MPa by adding 119.2 g KCl l− 1 and 185.5 g KCl l− 1, respectively
(Campbell and Gardner, 1971), and was incubated at 18 ◦ C for 21 days.
Wells were visually inspected for mycelial growth in case of hyphal fungi
or colony formation in case of yeasts after 7, 14 and 21 days. Selection
criteria set for the different characteristics are shown in Table S1.
Spore survival after storage. After plating the spore suspensions in
the sterile 24 well-plates, part of the remaining original suspensions was

2.4. Data mining for risk assessment and patent search
A data base mining was performed for the candidates selected in the
rapid throughput screening program. The potential risks of the
3
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identified species to humans, the environment (including ground water)
and non-target organisms were assessed using public information from
databases. Data requirements for microbial plant protection products
and their active substances according to Regulation (EC) 1107/2009
served as guidance (European Comission, 2009b). Information from
different medical and microbiological databases was used: the German
Collection of Microorganisms and Cell Cultures (https://www.dsmz.de),
the medical fungi database of Westerdijk Fungal Biodiversity Institute
(https://www.westerdijkinstitute.nl/medical/) and the National
Collection of Industrial Food and Marine Bacteria (https://www.ncimb.
com). Additionally, published literature was searched for potential
pathogenicity and toxicity of the identified species. Similarly, the po
tential of the species to produce metabolites that might have a negative
impact on humans, animals, plants and or the environment was assessed.
Patent searches were also carried out using Espacenet
(https://worldwide.espacenet.com/) to judge options for the protection
of intellectual property rights for isolates of the given species and their
use in biological control of plant pathogens. Possible restriction in use
because of already existing patents was also checked for each species.
Species with reports showing potential risks or/and species with data
records resulting in expected excessive registration costs were excluded
at this step. Interesting taxonomic groups not identified at species level
were selected with the remark “further assessment for species level will
be needed”.

% Tween 80. Branches were kept at 17 ◦ C, 16 h light per day and RH >
90 % during 24 h. Thereafter, branches were inoculated with a spore or
yeast suspension of the corresponding candidate. For the positive con
trol, branches were only inoculated with N. ditissima on the first day of
inoculation. After the second inoculation, branches were further incu
bated under the same conditions during four weeks. A total of 16 bio
assays were performed to assess the 158 selected candidates. In the first
bioassay (Bio 1), five candidates were tested, in the next eight bioassays
(Bio 2 – Bio 9) seven candidates were tested per bioassay and in the last
six bioassays (Bio 10 – Bio 16) 14 candidates were tested per bioassay. In
all bioassays, five branches (replicates) were treated individually per
each candidate (pathogen + candidate). In Bio 1, 10 branches (repli
cates) were treated as negative control (inoculated with water) and 10
branches (replicates) as positive control (inoculated only with
N. ditissima). All treated branches were allocated in one plastic box in a
completely randomised design. Controls were randomly placed in every
column. In Bio 2 – Bio 9, five branches were treated as negative control
and 10 branches as positive control. All treated branches were allocated
in one plastic box in a completely randomised design with controls
randomly placed in every column. In Bio 10 – Bio 16, 10 branches were
treated as negative control and 20 branches as positive control. All
treated branches were allocated in two plastic boxes as follows: branches
treated with pathogen + candidate were placed in a completely rando
mised design, keeping two or three replicates per box. Branches treated
as negative control (10) and as positive control (20) were equally
distributed in the two boxes (5 + 5 and 10 + 10, respectively) and they
were randomly placed in every column. A final bioassay (Bio 17) was
performed to repeat the assessment of 20 selected candidates. In this
case, six branches were treated with pathogen + candidate, 24 branches
were treated as negative control and 48 branches were treated as posi
tive control. Branches were allocated in four plastic boxes as follows:
branches treated with pathogen + candidate were placed in a
completely randomised design, keeping one or two replicates per box.
Branches treated as negative control (24) and as positive control (48)
were equally distributed in the four boxes and they were randomly
placed in every column.
qPCR assay to detect and quantify N. ditissima DNA. A qPCR
assay was developed to allow detection and quantification of N. ditissima
in asymptomatic and symptomatic apple wood tissue. The qPCR assay
was based on the internal transcribed spacer (ITS) region. For this re
gion, five different sequences of N. ditissima and two sequences of each
closest related species from NCBI were used to create an alignment with
the software CLC genomics workbench 12.0 (CLC bio, Aarhus,
Denmark). The SNPs between N. ditissima and the non-targets were used
to design the primers and probe using Primer Express 3.0 (Thermo
Fischer Scientific, Waltham, MA, USA). The designed forward (5′ CAGCTTCCTCTGCGTAGT-3′ )
and
reverse
primers
(5′ ′
GGTTTAACGGCGTGGC-3 ), and miner groove binder (MGB) TaqMan
probe (5′ -CGCACCGGAGAGC-3′ ), labelled with a 5′ -end reporter dye
FAM-6-carboxyfluorescein (FAM) and a 3′ -end quencher dye BHQ-1,
amplify a 62 bp amplicon. The qPCR reactions were set at 1 μl of DNA
sample, 2 × of Quanta PerfeCTa® qPCR ToughMix™ (no ROX) (Quan
taBio, Beverly, MA, USA), 0.3 μl of each primer (10 μM) and 0.4 μl of the
probe (5 μM). The reaction mix was adjusted to a final volume of 10 μl
with MilliQ. qPCR analysis were performed using CFX384 Touch RealTime PCR (Bio-Rad Laboratories Inc., Berkeley, CA, USA) and the pro
gram consisted of a first denaturation at 95 ◦ C for 2 min, followed by 40
cycles of denaturing at 95 ◦ C for 15 sec and annealing at 60 ◦ C for 1 min.
Generated data was analysed using the CFX maestro Real-Time PCR
software version 1.1 (Bio-Rad Laboratories Inc., Berkeley, CA, USA). The
specificity of the qPCR assay was assessed in different tests: in silico, by a
blastn research (https://www.ncbi.nlm.nih.gov/BLAST), with synthetic
DNA and with 1 ng DNA of the target and non-target isolates listed in
Table S2. Primers and probe showed specificity to the targeted
N. ditissima and C. heteronema isolates and non-specificity to Malus
domestica (biosample SAMN02981243), neither to the non-target

2.5. Bioassays with apple branches
Plant material. One-year old ‘Elstar’ apple branches of 30 cm length
and 6–7 mm diameter were used. Approximately, 1,500 branches were
provided by Vermeerderingstuinen Nederland. They were harvested in
November 2019, one week and a half after leaf fall to allow wound
healing, and stored at − 2 ◦ C in bundles of 50 branches, inside sealed
bags and in vertical position. Seven days prior use in bioassays, branches
were stored at 4 ◦ C for three days in a closed plastic bag. Thereafter,
branches were put in 100 ml bottles containing tap water (one branch
per bottle) and kept for four days in plastic boxes (sized 710 × 440 ×
380 mm L × W × H) as high humidity chambers at 17 ◦ C, 16 h light per
day and RH greater than 90 %.
Fungi. Isolate N. ditissima BI-1A obtained from a ‘Nicoter’ apple
branch from the Experimental Station of Wageningen University &
Research, Randwijk, the Netherlands, was used for inoculations. Mac
roconidia of that isolate were stored on TSC cryopreservation beads
(Technical service consultants ltd, Heywood, UK) at − 80 ◦ C. Eighteen
days before use in bioassays, BI-1A was placed on Matsushima medium
(MM; Matsushima, 1961), as adjusted by Dubin and English (1974), at
18 ◦ C and 16 h light for conidia production. Spore suspension was pre
pared by flooding the culture with sterile tap water containing 0.01 %
Tween 80, gently rubbing with a sterile rubber spatula and filtration
through sterile nylon gauze with a mesh of 200 μm. Macroconidia
concentration in the suspension was determined with the aid of a hae
mocytometer and adjusted to 1 × 104 macroconidia ml− 1 by adding
sterile tap water containing 0.01 % Tween 80. Germination of macro
conidia was assessed after plating 100 µl of the conidia suspension on
WA and incubating 24 h at 18 ◦ C in the dark. A total of 158 fungal
isolates selected as potential MBCAs were tested in the bioassays. Can
didates were grown for 18 days on OA plates at 18 ◦ C in the dark.
Suspensions of spores or yeast cells were prepared in the same way as for
N. ditissima. Concentrations of the suspensions were adjusted to 1 × 106
spores or cells ml− 1 by adding sterile tap water containing 0.01 % Tween
80. Germination of spores was assessed by plating 100 µl of the spore
suspensions on WA for 24 h at 18 ◦ C in the dark.
Treatments and incubation. Fresh cuts were made on the branches
with the help of a secateur, below the tope node, leaving at least 1 cm
above the following node. Pruning cuts were inoculated with a 10 μl
drop of N. ditissima macroconidia suspension. For the negative control,
branches were inoculated with a 10 μl drop of tap water containing 0.01
4
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species associated to apple (Table S2). For the sensitivity test, a cali
bration curve consisting of five replicate dilution series of isolate CBS
835.97 N. ditissima genomic DNA was prepared in nuclease free water in
steps of 10-1 (1 ng to 1 fg DNA). There was a linear relationship (R2 =
0.995) between the amount of N. ditissima DNA and the corresponding
Ct values. The detection limit obtained was 1 fg of genomic DNA.
Assessment. After four weeks of incubation, canker symptom
expression in branches was visually observed and severity was deter
mined with the help of a severity scale ranging from 0 (no symptoms)
until 4 (the most severe symptom observed in the bioassays) (Fig. 1).
Additionally, the DNA of N. ditissima was detected and quantified
separately for each branch, using the qPCR assay described above. Discs
of 2 mm thickness were cut from the branches with the help of dis
infected blades and a hammer at 0.5 cm distance of the inoculation
point. The discs were immersed in liquid nitrogen immediately after
being cut and subsequently stored at − 80 ◦ C. Prior DNA extraction, discs
were freeze-dried using the Epsilon 1–4 LSC plus (Salm en Kipp, Breu
kelen, the Netherlands) and homogenised with a 6.35 mm RVS bead
(Vanem, Hoek van Holland, the Netherlands), using the Precellys Evo
lution Homogenizer (Bertin Instruments, Montigny le Bretonneux,
France) at 6000 rpm for 2x15 sec with a 5 sec break. Total DNA was
extracted using the MagAttract PowerSoil DNA extraction kit (Qiagen N.
V., Hilden, Germany) following the manufacturer’s instructions and
with the help of KingFisher™ Flex Purification System pipetting robot
(Thermo Fischer Scientific, Waltham, MA, USA). DNA was kept at
− 20 ◦ C until use. For the qPCR, reactions were done as described above.
Neonectria ditissima CBS 835.97 was used for the calibration curve as
described above. Generated data was analysed using the CFX maestro
Real-Time PCR software version 1.1 (Bio-Rad Laboratories Inc., Berke
ley, CA, USA). Neonectria ditissima DNA concentration quantified on the
branches as pg/disk was transformed using log10 (x + 1). Estimated
marginal means of log10 (x + 1) obtained in the statistical analysis were
back-transformed. Percentage of reduction of N. ditissima DNA concen
tration on the branches was calculated from the back-transformed data,
taking as reference the back-transformed data from the N. ditissima DNA
concentration quantified in the positive control per each bioassay.

linear mixed model was used to analyse significant differences between
the DNA concentration quantified on the branches inoculated with
pathogen and candidate and the DNA concentration quantified on the
positive control per each bioassay. In all analyses, the experimental
design was taken into account in the random part of the model. Addi
tionally, an analysis of variance (ANOVA) of the linear mixed model was
performed to identify the significant treatment effects. Pearson’s cor
relations between the estimated marginal means of log10 (x + 1) of the
N. ditissima DNA concentration data and the mean canker symptom
severity data were performed per all candidates assessed in the 16 bio
assays and per all candidates assessed in the final bioassay. Statistical
analysis were performed using the R software version 4.0.3 (R Core
Team, 2020).
3. Results
An overview on the screening steps and the number of isolates
selected is shown in Fig. 2.
3.1. Isolation of candidates
A collection consisting of 520 yeasts and hyphal fungi was obtained
from 105 samples of apple branches showing wood canker symptoms
(Table 1). Samples were originated from five different countries and 30
different apple varieties. Approximately 50 % of the samples were
collected in the Netherlands. A total of 53 isolates were not included in
the rapid throughput screening program; some were visually assessed as
N. ditissima and some others were difficult to isolate as a pure culture.
3.2. Rapid throughput screening to assess spore production at laboratory
scale, ecological characteristics and spore survival after storage
A total of 467 candidates were tested for their spore or yeast cell
production at laboratory scale. From these candidates, 428 produced
more than 105 spores or yeast cells per agar plate and were further
assessed for their ecological characteristics. Spore or yeast cell suspen
sions of these candidates formed colonies at 18 ◦ C within seven days.
From the 428 tested isolates, 409 (95.6 %) formed colonies at 5 ◦ C
within 14 days (Table 2). A total of 393 isolates (91.8 %) showed colony
formation at − 7 MPa within 14 days set as criterion for drought toler
ance (Table 2). After a treatment with UV-B (290–320 nm) at 1.1 Wm− 2

2.6. Statistical analysis
Canker symptom severity data was analysed with an ordinal mixed
model to determine significant differences between the canker symptom
severity of the branches inoculated with pathogen and candidate and the
canker symptom severity of the positive control per each bioassay. A

Fig. 1. Symptom severity scale used to assess branches inoculated with Neon
ectria ditissima. Degrees of symptom: 0; no symptoms, 1; transverse bark cracks,
2; small swollen in the bark, 3; medium swollen in the bark with longitudinal
cracks, 4; big swollen in the bark surrounded by strips. Yellow arrows indicate
the corresponding lesions of each degree. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Overview of the stepwise screening program to select potential Micro
bial Biological Control Agents against Neonectria ditissima and number of iso
lates tested on each step of this study.
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Table 1
Number of isolates obtained from apple branches showing canker symptom.
Country

No. Samples

No. isolates

Apple varieties

Belgium
Germany
The Netherlands
Norway
Sweden

20
12
52
8
13

102
58
264
27
69

Alkmene, Jonagold, Natyra, Nicoter, Raica, Rubens, Topaz
Arlet, Braeburn, Cox, Cameo, Gala, Jonagold, Nicoter, Topaz
Alkmene, Boskoop, Braeburn, Ecolette, Elise, Elstar, Fengapi, Gala, Jonagold, Limoenappel, Lobo, Mairac, Nicoter
Julyred, Santana, Summerred
Discovery, Elise, Gravenstein, Ingrid Marie, Radiant, Rubinola, Rubinstar, wild apple

with 66 isolates (16.1 %), Cladosporium spp. with 63 isolates (9.5 %),
Fusarium spp. with 37 isolates (9.0 %), Vishniacozyma spp. with 29 iso
lates (7.1 %), D. macrostoma with 26 isolates (6.3 %) and Penicillium spp.
with 12 isolates (2.9). The remaining 86 candidates belonged to 37
different taxonomical groups, in many cases represented by only one or
very few isolates (Table 4).

Table 2
Number of fungal isolates from the total of 428 tested, fulfilling the different and
combined selection criteria stablished in the rapid throughput screening for cold
tolerance, drought tolerance, UV-resistance and absence of growth at 36 ◦ C.
No of isolates
(%)

Selection criteria

299 (69.9 %)

No mycelial growth (hyphal fungi) or no colony formation
(yeasts) at 36 ◦ C on MA during 21 days
Mycelial growth or colony formation at 5 ◦ C on MA during 14
days
Mycelial growth or colony formation at − 7 MPa on MA during 14
days at 18 ◦ C
Mycelial growth or colony formation at 1.1 W m− 2 8 h per day
during 14 days at 18 ◦ C
Combined selection criteriaa

409 (95.6 %)
393 (91.8 %)
421 (98.4 %)
252 (58.2 %)

3.4. Data mining for risk assessment and patent search
The potential risks to humans, the environment (including ground
water) and non-target organisms were assessed for the species of the 252
candidates which fulfilled the basic selection criteria of the rapid
throughput screening (see 3.2). A total of 26 species were classified as
‘Go’ and eight as ‘No go’ (Table 5). For some candidates belonging to
nine taxonomic groups, the obtained sequence information was not
sufficient for a precise determination at species level, so only the genus
was known, or available sequences were identical for more than one
species. In this situation, most of the candidates were classified as ‘Could
be critical until species is determined’ with additional remarks, and they
were excluded from the further screening process. In case of two taxo
nomic groups, Tolypocladium and Vishniacozyma, they were included as
‘Go’ with the remark ‘further assessment for species level will be
needed’, because no information on toxicity was found (Table 5). A
patent search was done for the fungal species of the candidates assessed
with a ‘Go’ decision based on risks assessments. Patents on the use of
fungal species for the biological control of plant pathogens were found
for Akanthomyces muscarium, Clonostachys rosea, Cladosporium clado
sporioides, Cladosporium phyllophilum, Cladosporium ramontenellum, Cla
dosporium westerdijkiae, Geosmithia flava, Sporidiobolus pararoseus and
Vishniacozyma victoriae, but no patents on their use as MBCAs against
N. ditissima were found (Table 6). Additionally, no patents were
encountered for other microorganisms as MBCAs of N. ditissima. From
the 252 candidates selected at the rapid throughput screening and suc
cessfully identified at species level, a total of 158 candidates, belonging
to 13 taxonomical groups, showed no pathogenic or toxicological risks,
no conflicts with regards to patent protection and were selected to
continue in the screening process.

a

Criteria: Colony formation during 14 days after incubation at 5 ◦ C, at − 7
MPa and after UV-B exposure at 1.1 W m− 2, and no colony formation within 21
days at 36 ◦ C.

for 8 h per day, 98.4 % of the tested isolates (421) were able to form
colonies within 14 days (Table 2). Candidates were also tested to form
colonies at 36 ◦ C to exclude isolates which grow at this temperature. A
total of 299 (69.9 %) of the tested isolates did not form colonies at 36 ◦ C
during 21 days (Table 2). A total of 252 from the 428 candidates tested
(58.2 %) fulfilled the stablished selection criteria on cold and drought
tolerance, UV resistance and no growth at human body temperature
(Table 2). Spore survival after four weeks of storage at − 20 ◦ C, 4 ◦ C and
20 ◦ C was determined only for a subset of 143 isolates by assessing the
spore germination on WA plates incubated at 18 ◦ C in the dark. The
spore germination after storage at − 20 ◦ C and 4 ◦ C was higher than after
storage at 18 ◦ C for most of the assessed candidates (Table 3). Didymella
macrostoma and Alternaria spp. were the species that showed the higher
spore germination after storage at the three stablished temperatures.
3.3. Identification of isolates
A total of 444 candidates of the 520 isolates were successfully
identified; 42 were eliminated due to contamination and 34 showed
irregular DNA sequences that did not allow conclusive identification.
The 444 candidates belonged to 44 different taxonomical groups. A total
of 34 isolates resulted to be N. ditissima (both visually and DNA
sequencing identified) and were discarded from continuing in the
screening program. Almost 80 % of the 410 remaining candidates
belonged to few genera (Table 4); Alternaria spp. were dominating with
91 isolates (22.2 % of the isolates), followed by Aureobasidium pullulans

3.5. Bioassays with apple branches
Sixteen bioassays were conducted with the selected 158 candidates.
Candidates were randomly chosen for testing in individual bioassays.
Spore germination of hyphal fungi candidates was in all cases above 70
% on WA, except for BN007 D. macrostoma (60 %) and BN256 Pyr
enochaetopsis leptospora (14 %) and viability of yeast candidates was
proven by colony formation. Results obtained in the 16 bioassays are
summarized in Table 7. Table S3 shows the canker symptom severity
and the DNA concentration of N. ditissima of the positive control per
each bioassay. Positive control in bioassays 8, 9, 10, 11, 12 and 15
showed irregular and lower level of infection compared to the other
bioassays. Canker symptom severity was significantly reduced by 14
candidates (p-value < 0.05, Table 7), compared with the canker severity
of the positive control. In case of bioassays 1, 4, 5, 9 and 15, ordinal
linear model did not converge, mainly due to a skewed distribution of
the severity values (e.g., mainly 0–1 and 3–4) and statistical differences
were not possible to assess (Table 7). DNA concentration of N. ditissima

Table 3
Spore germination of 143 fungal isolates after four weeks of storage of dried
spores at different temperatures.
Number of isolates
a

% Germination

Storage at − 20 ◦ C

Storage at 4 ◦ C

Storage at 18 ◦ C

>80
80–50
1-<50
No germination

83
35
22
3

80
41
19
3

30
37
62
14

a

After 24 h of incubation on WA at 18 ◦ C in the dark.
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Vishniacozyma, NL-1/NL-4 DNA sequences were used, within the genera Akan
thomyces and Cystobasidium, LROR/LR5 DNA sequences were used and within
the genus Cladosporium, EF1-728F/EF2 DNA sequences were used (% similarity
was 99 to 100%).

Table 4
List of fungal taxonomical groups for the 444 candidates successfully identified
and isolated from apple branches showing canker symptom caused by Neonectria
ditissima.
Fungal taxonomical groupsa

Number of isolates

Akanthomyces muscarius
Allantophomopsiella pseudotsugae
Alternaria spp.
Aposphaeria corallinolutea
Arthrinium sp.
Aspergillus spp.
Aureobasidium pullulans
Bacteria
Boeremia exigua
Botrytis cinerea
Cadophora spp.
Chaetomium sp.
Cladosporium aggregatocicatricatum
Cladosporium allicinum
Cladosporium cladosporioides
Cladosporium delicatum
Cladosporium europaeum
Cladosporium inversicolor
Cladosporium phyllophilum
Cladosporium pseudocladosporioides
Cladosporium ramontenellum
Cladosporium scabrellum
Cladosporium westerdijkiae
Cladosporium spp.
Clonostachys rosea
Cystobasidium laryngis
Cystobasidium pinicola
Cystobasidium spp.
Cystofilobasidium sp.
Dendrophoma sp.
Diaporthe spp.
Didymella macrostoma
Diplodia mutila
Diplodia seriata
Epicoccum nigrum
Fusarium lateritium
Fusarium tricinctum
Fusarium spp.
Gabarnaudia betae
Genolevuria sp.
Geosmithia flava
Hanseniaspora uvarum
Leptosphaeria conoidea
Metschnikowia sp.
Minutiella simplex
Neofabrea kienholzii
Neonectria ditissima
Paraphaeosphaeria neglecta
Penicillium brevicompactum
Penicillium polonicum
Penicillium spp.
Phialemoniopsis sp.
Plectosphaerella cucumeria
Pyrenochaetopsis leptospora
Ramularia sp.
Rhodotorula glutinis
Rhodotorula spp.
Sporobolomyces metaroseus
Sporidiobolus pararoseus
Stemphylium vesicarium
Stemphylium spp.
Symmetrospora coprosmae
Tolypocladium spp.
Trichoderma sp.
Vishniacozyma carnescens
Vishniacozyma heimaeyensis
Vishniacozyma tephrensis
Vishniacozyma victoriae
Vishniacozyma spp.

1
1
91
1
1
2
66
6
5
1
3
1
1
3
21
5
4
3
1
5
4
1
4
11
4
5
2
2
1
1
2
26
3
1
7
25
1
11
2
1
2
1
1
1
1
1
34
1
2
2
8
1
1
1
1
2
5
1
4
2
2
1
3
1
1
1
15
9
3

was reduced by more than 90 % by 28 candidates, between 61 % and 90
% by 35 candidates, between 31 % and 60 % by 22 candidates, between
1 % and 30 % by 16 candidates and 57 candidates did not reduce or
increased N. ditissima DNA concentration in the branches (Table 7). A
positive significant correlation was found between canker symptom
severity and N. ditissima DNA concentration transformed data of all
candidates tested in the 16 bioassays (Pearsoń s coefficient = 0.5343,
Fig. 3A).
A final bioassay (Bio 17) was performed to assess for a second time a
selection of candidates. This selection criterion was based on their
impact on N. ditissima DNA concentration on the branches. From the 27
isolates that showed a significant reduction of N. ditissima DNA con
centration in the first round of 16 bioassays (p-value < 0.1, Table 7), 18
candidates representing 14 species were selected based on their efficacy
to reduce N. ditissima DNA concentration. The isolate which promoted
the highest increase of N. ditissima DNA concentration on the branches
was also selected. Additionally, the isolate C. rosea BN148 was also
selected (p = 0.1039). In total, 20 candidates were assessed in the final
bioassay: A. muscarius BN159, A. pullulans BN133, BN208 and BN225,
Cladosporium spp. BN105, BN126, BN140, BN162, BN174, BN188 and
BN244, C. rosea BN074, BN106, BN148 and BN149, D. macrostoma BN70
and Vishniacozyma spp. BN 156, BN157, BN176 and BN197 (Table 8). In
that final bioassay, C. rosea BN074, BN106, BN148 and BN149 reduced
the canker symptom severity, showing values no higher than 1.5, and
significantly reduced the N. ditissima DNA concentration, by 99 % or
more (p < 0.05). Akanthomyces muscarius (BN159), A. pullulans (BN133)
and Cladosporium europaeum (BN105) reduced the N. ditissima DNA
concentration by 91 % to 99 % (p < 0.1), C. cladosporioides (BN162),
Cladosporium pseudocladosporioides (BN140) and V. tephrensis (BN197)
by 51 % to 90 % and C. westerdijkiae (BN126) and C. pseudoclado
sporioides (BN188) by 1 % to 50 %. Aureobasidium pullulans (BN208 and
BN225), D. macrostoma (BN170), Cladosporium delicatum (BN174), Cla
dosporium aggregatocicatricatum (BN244) and three candidates of Vish
niacozyma spp. (BN156, BN157 and BN176) increased N. ditissima DNA
concentration (Table 8). A positive significant correlation was found
between canker symptom severity and N. ditissima DNA concentration
for the candidates tested in the final bioassays (Pearsoń s coefficient =
0.8201, Fig. 3B). The four candidates belonging to the species C. rosea
(BN074, BN106, BN148 and BN149) were selected as potential antag
onists of N. ditissima for further assessments based on the argumentation
above.
4. Discussion
In this study potential antagonists against N. ditissima were selected
following the screening program developed by Köhl et al. (2011), in
which not only antagonistic properties were considered, but many other
essential criteria for biocontrol product development.
The potential antagonists were isolated from apple branches showing
canker symptom. The area of isolation was the line between the tissue
visually healthy and the infected tissue showing brownish discolor
ations. Performing isolations in that area ensured that the candidates
were adapted to that ecological niche. Additionally, it is where the
interaction between pathogen and candidate might take place, in com
parison to a completely cankered tissue, which is mostly colonised by
N. ditissima. Isolations from asymptomatic apple branches were neither
considered, since this may have resulted in a majority of isolates
belonging to common and abundant phyllosphere inhabitants not
antagonistic to N. ditissima, and may even outcompete the potential
antagonists. In order to build up a diverse and abundant collection with

a
Identification of taxonomical groups was generally based on ITS1/ITS4 DNA
sequences (% similarity was 99 to 100%). For differentiation within the genera
Aureobasidium, Gabarnaudia, Geosmithia, Phialemoniopsis, Sporobolomyces and
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Table 5
Assessment of potential risks of the identified fungal taxonomical groups to humans, the environment (including ground water) and non-target organisms. Species are
classified as ‘Go’, ‘Could be critical until species is determined’ and ‘No go’.
Decision

Taxonomical

Justification

‘Go’

Akanthomyces muscarium, Clonostachys rosea, Cladosporium
aggregatocicatricatum, Cl. allicinum, Cl. cladosporioides, Cl. delicatum, Cl.
europaeum, Cl. inversicolor, Cl. phyllophilum, Cl. pseudocladosporioides, Cl.
ramontenellum, Cl. scabrellum, Cl. westerdijkiae, Cystobasidium laryngis, Cy.
pinicola, Didymella macrostoma, Gabarnaudia betae, Geosmithia flava,
Pyrenochaetopsis leptospora, Sporidiobolus pararoseus, Sporobolomyces
metaroseus, Vishniacozyma carnescens, V. heimaeyensis, V. tephrensis, V. victoriae
Aureobasidium pullulans

No information was found in the literature on toxicity, infectivity and
pathogenicity to non-target organisms including mammals and plants, or
on production of potentially harmful microbial metabolites

Tolypocladium spp., Vishniacozyma spp.

‘Could be critical until
species is
determined’

Alternaria spp.

Insufficient taxonomical information and some species are pathogenic for
plants, isolated metabolites are mycotoxins and/or have cytotoxic effects
on mammalian cells
Insufficient taxonomical information and some species are pathogenic for
vertebrates, mycotoxin producers and possible allergenic effects on
humans
Insufficient taxonomical information and some species are important
trunk pathogens
Insufficient taxonomical information and some species are plant
pathogens
Insufficient taxonomical information and some species are known as
plant pathogens, produce several mycotoxins
Insufficient taxonomical information and some species are crop and plant
pathogens, human pathogens or/and mycotoxin producers
Insufficient taxonomical information and some species are plant
pathogens or human pathogens

Aspergillus spp.
Cadophora spp.
Cladosporium spp.
Fusarium spp.
Penicillium sp.
Phialemoniopsis sp.

‘No go’

Great importance in biotechnology and also as biological control agent.
Further assessment will be needed since some strains have recently
emerged as opportunistic human pathogens
Insufficient taxonomical information but no information was found in the
literature on toxicity, infectivity and pathogenicity to non-target
organisms including mammals and plants, or on production of potentially
harmful microbial metabolites. Some species of the genus with potential
antagonistic properties. Further assessment at species level will be
needed

Boeremia exigua, Neofabrea kienholzii
Diplodia mutila
Fusarium lateritium
Penicillium brevicompactum, P. polonicum
Plectosphaerella cucumeria
Rhodotorula glutinis

Post-harvest fruit pathogens
Important trunk pathogen
Plant pathogen and allergenic effects on humans
Post-harvest pathogens
Important pathogen on melon
Opportunistic human pathogen

a wide representation of different microorganisms, apple branches
showing canker symptom were collected from different locations in five
countries and 30 apple cultivars. A total of 105 samples were collected
and 520 microorganisms were isolated, consisting of hyphal fungi and
yeasts. On average, three to five fungi were isolated per sample,

regardless the country of origin. In previous studies, it was also observed
that the geographic origin of the samples was not a factor that influenced
the diversity and abundance of the endophyte community of apple trees,
in contrast to tissue and type of apple cultivar (Liu et al., 2020; Olivieri
et al., 2021a). Future microbiome studies may support the choice of the

Table 6
List of patents on the use of fungal species in biological control of plant diseases for the fungal species assessed with a ‘Go’ decision in Table 5.
Fungal species

Patent reference

Subject

Akanthomyces muscarium

AU2012233757A1-2013-11-07
US2015164069A1-2015-06-18
WO2017109802A1-2017-06-29
EP3044307A1 (A4,B1)-2016-07-20

Biological control of insects, such as phytopathogenic insects
Biological control of insects, such as phytopathogenic insects
Biological control pathogenic fungi and as plant growth promoters
Biological control agent of plant diseases
Different patents for their use as biopesticide
Fungal endophytes for improving crop yields and protection from pests
Pyrrole antifungal agents, agricultural fungicides
Plant disease control
Pest control
Novel microorganism controlling plant pathogens
Peptides with antimicrobial activity against phytopathogenic microorganisms
Barley endophyte increases crop yield
Insecticidal proteins for controlling plant pests
Proteins for stimulating plant growth, protecting plants and immobilizing Bacillus spores on plant roots
Saccharomycete for controlling postharvest penicilliosis of Malus domestica
A method for controlling fungal plant pathogens
Plants beneficial endophytes

Clonostachys rosea
Cladosporium cladosporioides

Cladosporium phyllophilum
Cladosporium ramontenellum
Cladosporium westerdijkiae
Geosmithia flava
Sporidiobolus pararoseus
Vishniacozyma victoriae

EP3068212A1 (A4,B1)-2016-09-21
EP2626361A1 (B1)-2013-08-14
JP2015131815A-2015-07-23
JP2016175923A-2016-10-06
US2013164320A1 (B2)-2013-06-27
WO2020184468A1-2020-09-17
WO2019115582A1-2019-06-20
WO2018232072A1-2018-12-20
JP2020143064A-2020-09-10
CN107523509A (B)-2017-12-29
CA2887287A1-2015-10-08
US10271554B2 (A1)-2019-04-30
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Table 7
Mean of canker symptom severity (ranging from 0 to 4) and mean percentages of Neonectria ditissima DNA reduction observed in apple branches ‘Elstar’ treated with
each of the 158 candidates tested in 16 different bioassays. The p-values shown correspond to the ordinal mixed model analysis comparing the canker symptom
severity obtained per each candidate, with the canker symptom severity obtained in the positive control per each bioassay (shown on Table S3), and to the linear mixed
model analysis comparing the log10 (x + 1) transformed data of the N. ditissima DNA concentration, quantified as pg/disk, obtained per each candidate, with the log10
(x + 1) transformed data of the N. ditissima DNA concentration, quantified as pg/disk, obtained in the positive control per each bioassay (shown on Table S3).
Species name

Code

Bioassay

Canker symptom
severity

p-value Ordinal mixed
modela

% DNA
Reductionb

p-value Linear mixed
model

Akanthomyces muscarius
Aureobasidium pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
A. pullulans
Cladosporium
aggregatocicatricatum
Cladosporium allicinum
C. allicinum
C. allicinum
Cladosporium cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides

BN159
BN001
BN002
BN003
BN004
BN020
BN025
BN026
BN028
BN037
BN048
BN053
BN055
BN060
BN070
BN071
BN072
BN073
BN078
BN079
BN080
BN089
BN090
BN091
BN092
BN094
BN095
BN123
BN127
BN133
BN134
BN150
BN153
BN154
BN166
BN177
BN178
BN191
BN192
BN193
BN194
BN198
BN208
BN209
BN210
BN211
BN213
BN222
BN224
BN225
BN226
BN237
BN240
BN242
BN246
BN244

Bio 12
Bio 2
Bio 2
Bio 2
Bio 2
Bio 3
Bio 3
Bio 3
Bio 4
Bio 5
Bio 11
Bio 5
Bio 5
Bio 1
Bio 4
Bio 5
Bio 6
Bio 7
Bio 7
Bio 7
Bio 7
Bio 6
Bio 6
Bio 7
Bio 8
Bio 8
Bio 8
Bio 6
Bio 8
Bio 10
Bio 10
Bio 11
Bio 11
Bio 11
Bio 12
Bio 12
Bio 13
Bio 13
Bio 13
Bio 13
Bio 14
Bio 14
Bio 14
Bio 14
Bio 14
Bio 14
Bio 15
Bio 14
Bio 15
Bio 15
Bio 15
Bio 16
Bio 16
Bio 16
Bio 12
Bio 16

0.8
1.2
3.2
2.2
2.6
3.2
3.8
3.0
3.6
2.0
1.8
2.4
3.6
2.4
2.6
2.0
2.8
1.8
3.4
2.8
3.4
2.0
2.8
3.0
0.8
2.0
2.0
2.6
1.6
1.4
1.0
1.6
2.8
2.2
1.2
0.6
2.2
1.8
3.6
2.8
2.2
2.6
1.0
2.2
2.0
3.4
1.0
2.0
1.8
0.8
2.0
3.4
3.4
2.6
1.0
2.4

0.0174*
0.1097
0.1742
0.8029
0.6042
0.0325*c
0.0007*c
0.0619

98.22
–33.35
− 0.98
24.79
24.00
18.49
36.81
4.43
− 106.15
− 67.57
70.64
57.48
− 31. 38
32.04
88.99
3.28
− 66.02
69.47
− 38.85
− 36.73
− 258.64
51.49
10.06
− 159.26
24.83
− 57.03
− 50.98
57.32
71.19
94.36
53.19
− 87.91
− 1125.05
29.74
93.23
96.18
79.54
54.35
− 379.95
− 299.80
39.68
− 148.22
94.90
88.63
78.14
− 572.59
72.86
48.76
88.29
98.23
− 21.74
− 78.81
− 1.36
− 5.41
96.69
80.42

0.0206*
0.4167
0.9781
0.4268
0.4437
0.6846
0.3740
0.9292
0.6178
0.6706
0.4671
0.4831
0.8213
0.8450
0.1341
0.9784
0.6102
0.1440
0.6789
0.6934
0.1145
0.4816
0.9160
0.2495
0.8596
0.7797
0.7994
0.3994
0.4504
0.0396*
0.5805
0.7077
0.1390
0.8338
0.1162
0.0843
0.3099
0.6148
0.3149
0.3746
0.7537
0.5728
0.0677
0.1796
0.3466
0.2388
0.4645
0.6749
0.2295
0.0272*d
0.9119
0.3415
0.9823
0.9311
0.0399*
0.0089*

BN111
BN189
BN190
BN030
BN067
BN086
BN117
BN124
BN146
BN162
BN186
BN205

Bio 9
Bio 13
Bio 13
Bio 4
Bio 5
Bio 4
Bio 8
Bio 9
Bio 10
Bio 12
Bio 13
Bio 14

0.8
1.8
3.6
2.8
3.2
2.8
1.8
0.2
1.4
0.6
1.6
3.8

14.05
68.15
− 2085.74
17.56
− 28.60
77.06
− 62.90
− 94.28
94.67
99.82
57.76
− 536.08

0.9149
0.4635
0.0504.c
0.8938
0.8357
0. 3128
0.7661
0.6497
0.0360*
0.0006*
0.5805
0.2527

0.3849

0.3219
0.0044*
0.5501
0.4325
0.7541
0.3215
0.3747
0.5291
0.1071
0.7023
0.7072
0.7596
0.7135
0.5612
0.3274
0.1497
0.3522
0.8866
0.4779
0.0045*
0.9942
0.4781
0.0335*c
0.3607
0.3614
0.9972
0.0167*
0.4803
0.2099
0.2959
0.1990

0.7563
0.6800
0.0612
0.1699
0.0386*
0.6043
0.0308*c

0.7512
0.3065
0.0030*
0.4657
0.1664

(continued on next page)
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Table 7 (continued )
Species name

Code

Bioassay

Canker symptom
severity

p-value Ordinal mixed
modela

% DNA
Reductionb

p-value Linear mixed
model

C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
C. cladosporioides
Cladosporium delicatum
C. delicatum
C. delicatum
C. delicatum
C. delicatum
Cladosporium europaeum
C. europaeum
C. europaeum
C. europaeum
Cladosporium inversicolor
C. inversicolor
C. inversicolor
Cladosporium phyllophilum
Cladosporium
pseudocladosporioides
C. pseudocladosporioides
C. pseudocladosporioides
C. pseudocladosporioides
C. pseudocladosporioides
Cladosporium ramotenellum
C. ramotenellum
C. ramotenellum
C. ramotenellum
Cladosporium scabrellum
Cladosporium sp.
Cladosporium westerdijkiae
C. westerdijkiae
C. westerdijkiae
C. westerdijkiae
Clonostachys rosea
C. rosea
C. rosea
C. rosea
Cystobasidium laryngis
C. laryngis
Cystobasidium pinicola
Didymella macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
D. macrostoma
Gabarnaudia betae
Geosmithia flava
G. flava
Pyrenochaetopsis leptospora
Sporidiobolus pararoseus
Sporobolomyces metaroseus
Tolypocladium sp.
Tolypocladium sp.
Vishniacozyma carnescens
Vishniacozyma heimaeyensis
Vishniacozyma sp.
Vishniacozyma tephrensis
V. tephrensis
V. tephrensis
V. tephrensis

BN206
BN207
BN215
BN216
BN235
BN239
BN251
BN218
BN219
BN109
BN113
BN174
BN175
BN185
BN021
BN088
BN105
BN252
BN087
BN145
BN173
BN253
BN119

Bio 14
Bio 14
Bio 15
Bio 15
Bio 14
Bio 16
Bio 16
Bio 15
Bio 15
Bio 9
Bio 7
Bio 12
Bio 12
Bio 13
Bio 3
Bio 6
Bio 8
Bio 16
Bio 6
Bio 10
Bio 12
Bio 16
Bio 8

3.2
3.0
1.8
0.8
2.4
3.0
2.8
1.0
1.4
0.2
3.4
0.8
0.6
1.2
3.4
2.0
0.6
3.2
2.4
1.4
1.4
3.8
0.4

0.4857
0.9587

− 712.56
− 94.09
84.31
81.18
− 134.03
46.83
− 51.00
98.36
53.20
− 170.52
− 121.78
97.05
94.93
85.33
28.63
33.87
96.44
− 162.95
18.32
71.65
64.26
− 175.26
97.02

0.1958
0.6807
0.3002
0.3497
0.5937
0.3015
0.4994
0.0245*d
0.6697
0.4760
0.3615
0.03415*
0.0827
0.2198
0.5059
0.6821
0.0465*d
0.1154
0.8405
0.3599
0.5446
0.0995.c
0.0388*d

BN140
BN188
BN014
BN047
BN031
BN112
BN163
BN217
BN120
BN015
BN121
BN126
BN165
BN238
BN074
BN106
BN148
BN149
BN107
BN151
BN152
BN010
BN011
BN032
BN170
BN181
BN182
BN183
BN214
BN249
BN006
BN007
BN019
BN022
BN036
BN116
BN158
BN131
BN108
BN256
BN130
BN155
BN160
BN230
BN167
BN156
BN176
BN168
BN179
BN180
BN197

Bio 10
Bio 13
Bio 11
Bio 11
Bio 4
Bio 1
Bio 12
Bio 15
Bio 9
Bio 11
Bio 9
Bio 6
Bio 12
Bio 10
Bio 7
Bio 1
Bio 10
Bio 10
Bio 9
Bio 11
Bio 11
Bio 11
Bio 11
Bio 4
Bio 12
Bio 13
Bio 13
Bio 13
Bio 15
Bio 16
Bio 2
Bio 2
Bio 3
Bio 3
Bio 4
Bio 10
Bio 1
Bio 10
Bio 9
Bio 16
Bio 10
Bio 11
Bio 12
Bio 15
Bio 12
Bio 11
Bio 12
Bio 16
Bio 13
Bio 13
Bio 14

0.2
3.2
1.8
1.2
3.6
1.6
1.8
1.8
1.2
1.8
0.4
2.0
2.0
0.6
0.6
0.0
0.8
0.4
0.0
0.8
1.8
2.4
1.8
2.6
1.0
1.0
2.0
2.0
1.2
3.2
2.8
0.8
3.6
3.4
3.4
0.4
2.4
1.6
0.4
3.4
0.8
2.8
2.0
2.0
1.4
0.8
0.4
3.0
2.4
1.6
2.0

96.13
− 4863.85
− 5.48
93.89
− 41.28
88.70
33.42
− 7.24
− 982.59
88.91
30.55
97.50
72.5
80.67
98.28
99.99
89.52
98.31
50.28
86.76
85.28
56.26
42.98
95.60
98.13
83.27
− 38.43
66.14
− 53.41
56.84
− 43.00
9.67
28.34
47.52
90.60
83.24
79.64
− 163.36
− 8.74
− 57.45
5.37
− 91.28
22.47
− 668.55
74.52
96.86
98.92
− 5.15
68.80
− 168.50
94.02

0.0206*
0.0140*c
0.9747
0.1002
0. 8144
0.2740
0.8105
0.9686
0.1328
0.1940
0.7964
0.0008*
0.4468
0.2336
1.44e-05*
0.0001*
0.1039
0.0042*
0.6217
0.2318
0.2570
0.6233
0.7395
0.0370*d
0.0133*
0.2527
0.8344
0.4759
0.8098
0.1705
0.3250
0.7758
0.6210
0.2262
0.1090
0.1959
0.4230
0.4807
0.9530
0.4570
0.9679
0.6999
0.8807
0.2534
0.4212
0.0424*
0.0099*
0.9343
0.4546
0.5644
0.0834

0.5374
0.8166
0.1823

0.5358
0.0047*
0.0083*
0.1055
0.0108*c
0.4141
0.0734
0.6580
0.9469
0.5313
0.1494
0.1160
0.0377*
0.0457*
0.1187
0.6686
0.0759
0.9036
0.3173
0.3255
0.8495
0.1443
0.9645
0.0529
0.6368
0.0181*
0.0894
0.9913
0.5246
0.0262*
0.0794
0.6332
0.7709
0.9839
0.5531
0.0802
0.0023*c
0.0086*c
0.1998
0.3714
0.7526
0.3423
0.4085
0.7737
0.2028
0.0149*
0.0002*
0.4661
0.7672
0.4798
0.2043

(continued on next page)
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Table 7 (continued )
Species name

Code

Bioassay

Canker symptom
severity

V. tephrensis
V. tephrensis
V. tephrensis
V. tephrensis
V. tephrensis
V. tephrensis
V. tephrensis
V. tephrensis
V. tephrensis
Vishniacozyma victoriae
V. victoriae
V. victoriae
V. victoriae
V. victoriae
V. victoriae
V. victoriae

BN232
BN233
BN234
BN245
BN248
BN005
BN024
BN129
BN147
BN051
BN157
BN200
BN223
BN052
BN128
BN135

Bio 15
Bio 15
Bio 15
Bio 16
Bio 16
Bio 2
Bio 3
Bio 10
Bio 1
Bio 5
Bio 11
Bio 14
Bio 14
Bio 5
Bio 10
Bio 10

1.4
1.2
1.6
2.8
3.2
1.8
1.8
2.0
0.8
2.2
1.6
2.8
3.2
2.4
1.6
2.0

p-value Ordinal mixed
modela

0.2690
0.2213
0.4318
0.3348
0.2497
0.3163
0.9078
0.6042
0.5258
0.1874

% DNA
Reductionb

p-value Linear mixed
model

72.97
62.22
69.44
− 4.04
63.83
33.99
69.95
− 324.71
91.43
− 25.34
94.56
− 30.36
− 479.72
36.09
− 149.11
− 60.87

0.4632
0.5847
0.5060
0.9482
0.0981
0.2513
0.0232*d
0.2932
0.2190
0.8523
0.0870
0.8693
0.2716
0.7142
0.5062
0.7889

Asterisk (*) indicates significant differences in comparison with the positive control of the corresponding bioassay with p < 0.05 and dot (.) with p < 0.1 according to
the ordinal mixed model analysis or/and the linear mixed model analysis, pointing to a reduction of the canker symptom severity or/and the DNA of N. ditissima in the
branches treated with these candidates.
a
In bioassays 1, 4, 5, 9 and 15, ordinal lineal model did not converge, mainly due to a skewed distribution of the severity values (e.g., mainly 0–1 and 3–4) and
statistical differences were not possible to assess.
b
Percentage of N. ditissima DNA reduction per candidate was calculated comparing the data of each candidate with the positive control data of the corresponding
bioassay.
c
Candidates pointing to a significant increase of the canker symptom severity or/and the DNA of N. ditissima in the branches treated with these candidates (p < 0.1).
d
Significance of the linear mixed model analysis not protected by the ANOVA analysis (p > 0.05).

niche within a host which is most adequate for the isolation of potential
antagonists. Future microbiome technologies may also support the preselection of interesting genera of bacteria and fungi. However, screening
programs using substantial numbers of strains to select those with
highest potentials for the development of biological control products
cannot be replaced by microbiome data analysis.
A total of 53 candidates were discarded from the study, because they
were visually recognised and the identified species were not suitable to
continue (e.g., N. ditissima) or they were a combination of two or three
microorganisms difficult to separate (especially in the case of Clado
sporium spp. and yeasts). From the remaining 467 candidates, 8.4 %
were excluded because they showed slow growth and sporulation on
artificial media and were considered not suitable for industrial mass
production (Köhl et al., 2011). The performance of antagonists used as
MBCAs in the open field is often limited by low temperatures, low hu
midity and UV irradiation (Jijakli and Lahlali, 2016; Köhl and Molhoek,
2001). For that reason, one of the early steps of this study was to assess
the fitness of the candidates with regards to their ecological character
istics (germinate and grow at 5 ◦ C, at − 7 MPa and after UV-B irradiation
within 14 days). This assessment was performed using standardized and
cost-effective experiments, which ensured that the selected antagonists
would survive and be active in field conditions. More than 91 % of the
428 tested isolates fulfilled the individual criteria. These results agreed
with the screening study of Köhl et al. (2019a) to select suitable an
tagonists against powdery mildew in cereals, in which more than 90 %
of the candidates also accomplished these criteria. This fact remarks the
importance of isolating candidates from the corresponding niche (in
case of the present study, apple branches), where most of the candidates
result to be adapted to the typical environmental stresses. Candidates
were also assessed for spore germination and hyphal growth or colony
formation at 36 ◦ C as a preliminary safety assessment, because antago
nists not being able to grow at human body temperature are preferred in
biological control. A total of 299 candidates (69.9 %) were not able to
germinate and grow at 36 ◦ C. This is remarkable low in comparison with
the study of Köhl et al. (2019a), where 99 % of the candidates accom
plished that same condition. Consequently, the safety assessment was
the most restrictive criterion of selection in the present study, and 252
candidates (58.2 %) were able to fulfil the combined selection criteria of
ecological characteristics and safety issues. Spore storage experiments

showed that more than half of the candidates tested had higher spore
germination rates (more than 80 %) after four weeks of storage at
− 20 ◦ C and 4 ◦ C, compared to the low spore survival when stored at
18 ◦ C. These results showed that isolates differed in storability. Selection
of isolates suitable for long-term storage at low or room temperature
may be feasible in an early stage of a screening program, followed by
more detailed studies with formulated spores during the final product
development. However, data were only collected from 139 of 428 iso
lates so that this selection criterion was not further considered in the
current screening program. Future experiments should be performed in
order to improve the spore survival assessment.
ITS1/ITS4 sequence information was mainly used for the identifi
cation of the candidates. For the candidates that fulfilled the selection
criteria, a second sequencing analysis was performed with NL-1/NL-4,
LROR/LR5 or EF1-728F/EF2 when the information from ITS region
was not conclusive. Identification at species level for the candidates
continuing in the screening process was necessary to ensure that known
pathogenic species for humans, animals, plants and species with po
tential risks for the environment were excluded for further steps. For
that reason, the candidates that were not identified at species level after
the second sequencing and belonged to genera which have pathogenic or
toxic species for humans, animals, plants or the environment, were
discarded from the study. That included the candidates belonging to
undetermined species of the genera Alternaria, Fusarium and Penicillium.
Despite different isolates belonging to species of these genera have been
described as potential MBCAs (Bohra et al., 2005; de Cal et al., 2008; de
Lamo and Takken, 2020; Ghorbani et al., 2000; Kaur et al., 2010; Larena
et al., 2003), many of them are considered plant pathogens, mycotoxin
producers and/or they suppose toxicological risks for mammals and
humans (Escrivá et al., 2017; Fraeyman et al., 2017; Logrieco et al.,
2009; Michielse and Rep, 2009; Moreno et al., 2012; Palou, 2014; Per
incherry et al., 2019; Pitt, 2002; Pitt and Leistner, 1991). For that
reason, those candidates were excluded from this study, but it was taken
into consideration that they could be interesting candidates in the future
after further and detailed taxonomical assessments. For a total of 26
species, no risks were identified in the preliminary risk assessment based
on available data in literature and some of them have been described as
important MBCAs against other pests and plant diseases, such as
A. muscarius (Nicoletti and Becchimanzi, 2020), A. pullulans (Mari et al.,
11
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Fig. 3. Linear regression of the estimated marginal means of log10 (x + 1) of the N. ditissima DNA concentration on the mean canker symptom severity obtained for
all candidates tested in bioassays 1–16 (A) and the candidates tested in the final bioassay (B). Regression coefficients are displayed. In Fig. 3A, yellow circles
correspond to the 20 candidates selected for the final bioassay. In Fig. 3B, the taxonomic groups of the candidates are indicated with different coloured circles,
according to the legend. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2012), C. cladosporioides (Köhl et al., 2015; Torres et al., 2017),
C. pseudocladosporioides (Torres et al., 2017), C. rosea (Sun et al., 2020),
D. macrostoma (Aveskamp et al., 2008), S. pararoseus (Abdelhai et al.,
2019), Vishniacozyma tephrensis (Mohammed et al., 2018) and
V. victoriae (Gramisci et al., 2018). Few candidates that were not iden
tified at species level but belonged to the genera Tolypocladium and
Vishniacozyma were also selected to continue in the screening process,
because no risks were found for species of those genera and some of
them have been described as MBCAs (Gramisci et al., 2018; Kepler et al.,
2017). Finally, eight of the identified species were excluded from the
study, since the literature indicated potential plant or human pathoge
nicity or mycotoxin production. The patent search showed how for some
of the selected species their use was protected for biological control of
plant pathogens, but none of them were protected for their use as MBCAs
against N. ditissima. Combining the results of the ecological character
istics and safety issues with the information found on databases about
pathogenicity, toxicity and patent protection, 158 candidates belonging
to 13 taxonomic groups were selected to continue in the screening
process.
Selected candidates were assessed for their antagonistic properties
against N. ditissima in bioassays in planta using ‘Elstar’ apple branches.
‘Elstar’ has been considered fairly to moderately resistant to N. ditissima
in previous studies (Garkava-Gustavsson et al., 2013; Wenneker et al.,

2017). For performing the bioassays in planta, it was preferred not to use
a variety described as susceptible to N. ditissima, in order to avoid its
presence already in the branches. In a preliminary assessment before
performing the bioassays, the DNA concentration of N. ditissima was
quantified in branches of different apple varieties, ‘Braeburn’, ‘Cox’,
‘Elstar’, ‘Gala’, ‘Golden Delicious’ and ‘Topaz’, using the same qPCR
assay as in the bioassays. ‘Elstar’ was one of the varieties showing lower
DNA concentration in the branches (data not shown). In the bioassays,
the average of N. ditissima DNA concentration quantified in the negative
control treatment (apple branches only inoculated with water) was
never higher than 56 pg/disc, 0.04 % of the average DNA concentration
quantified in the positive control (apple branches inoculated with
N. ditissima). Therefore, the presence of N. ditissima already on ‘Elstar’
branches did not interfere in the results of the bioassays. Another pre
liminary assessment was performed to compare N. ditissima infections
after artificially inoculating pruning wounds and wounds mimicking
leaf scars, made by removing bud tissue. Higher concentrations of
N. ditisisma DNA were quantified in pruning wounds compared to arti
ficial leaf scars (data not shown), making pruning wounds more suitable
to detect antagonistic effects of applied candidates.
Efficacy assessment of the selected candidates in bioassays in planta
was preferred in the current study. In vitro bioassays are quick and costeffective experiments and they have been used in many studies as initial
12
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Table 8
Mean canker symptom severity (ranging from 0 to 4) and mean percentages of Neonectria ditissima DNA reduction observed in apple branches ‘Elstar’ treated with each
of the 20 fungal candidates tested in the final biosassay (Bio 17). The p-values shown correspond to the ordinal mixed model analysis comparing the canker symptom
severity obtained per each candidate, with the canker symptom severity obtained in the positive control per each bioassay (shown on Table S3), and to the linear mixed
model analysis comparing the log10 (x + 1) transformed data of the N. ditissima DNA concentration, quantified as pg/disk, obtained per each candidate, with the log10
(x + 1) transformed data of the N. ditissima DNA concentration, quantified as pg/disk, obtained in the positive control (shown on Table S3).
Species name

Code

Canker symptom severity

p-value Ordinary mixed model

% DNA Reductiona

p-value Linear mixed model

Akanthomyces muscarius
Aureobasidium pullulans
A. pullulans
A. pullulans
Cladosporium aggregatocicatricatum
Cladosporium cladosporioides
Cladosporium delicatum
Cladosporium europaeum
Cladosporium pseudocladosporioides
Cl. pseudocladosporioides
Cladosporium westerdijkiae
Clonostachys rosea
C. rosea
C. rosea
C. rosea
Didymella macrostoma
Vishniacozyma heimaeyensis
Vishniacozyma sp.
Vishniacozyma tephrensis
Vishniacozyma victoriae

BN159
BN133
BN208
BN225
BN244
BN162
BN174
BN105
BN140
BN188
BN126
BN074
BN106
BN148
BN149
BN170
BN156
BN176
BN197
BN157

1.50
2.17
2.50
3.17
2.17
2.17
2.67
1.67
2.67
2.33
1.83
1.17
1.50
1.00
0.67
2.50
3.00
2.83
2.83
2.67

0.0336*
0.6561
0.4019
0.1599
0.6079
0.7616
0.4030
0.2523
0.2282
0.7782
0.2753
0.0063*
0.0354*
0.0066*
0.0001*
0.7792
0.0405*b
0.2151
0.1868
0.2123

92.34
90.87
− 103.86
− 1037.85
− 143.81
88.34
− 43.92
95.09
78.97
18.51
40.81
99.79
99.53
99.44
99.56
− 9.47
− 304.63
− 548.38
58.23
− 276.89

0.0390*
0.0544
0.5659
0.0506.b
0.4720
0.0839
0.7689
0.0159*
0.2086
0.8686
0.6721
1.49e-06*
2.43e-05*
4.22e-05*
2.01e-05*
0.9418
0.2596
0.1322
0.4811
0.2846

Asterisk (*) indicates significant differences in comparison with the positive control of the corresponding bioassay with p < 0.05 and dot (.) with p < 0.1 according to
the ordinal mixed model analysis or/and the linear mixed model analysis, pointing to a reduction of the canker symptom severity or/and the DNA of N. ditissima in the
branches treated with these candidates. p-value of ANOVA analysis: 2.2e-16.
a
Percentage of N. ditissima DNA reduction per candidate was calculated comparing the data of each candidate with the positive control data of the final bioassay.
b
Candidates pointing to a significant increase of the canker symptom severity or/and the DNA of N. ditissima in the branches treated with these candidates (p < 0.1).

test to preliminary select potential antagonists against plant diseases
(Card et al., 2009; Reddy et al., 1994; Rubio-Pérez et al., 2008; SharifiTehrani et al., 1998). However, in vitro bioassays are strongly biased,
resulting in a miss leaded selection of candidates that only act through
antibiosis, overestimating the importance of this mode of action (Bos
mans et al., 2016). Other mechanisms which cannot be detected in in
vitro bioassays, such as competition or induced resistance, are system
atically excluded and candidates that might have potential antagonistic
effects by other modes of action are missed (Köhl et al., 2019b). More
over, the production of secondary metabolites depends on nutrient
concentration, and the ability of secreting potential toxins under artifi
cial conditions, often on nutrient-rich media, is not a guarantee that they
will also be produced in the crop environment e.g., in soil with limiting
resources (Elena and Köhl, 2020). Consequently, in vitro bioassays do not
predict antagonistic behaviour in complex in vivo bioassays using plants
or plant tissue, which simulate the natural habitat situation. That was
the case of the study by Swinburne (1973), in which they observed that
Bacillus subtilis was highly antagonistic against N. ditissima in in vitro
tests, but that effect was lower when inoculating leaf scars. Lately,
Walter et al. (2017b) tested B. subtilis against N. ditissima in two-year
field studies and the bacterium was not effective. For that reasons,
preliminary bioassays in vitro were avoided in the present study.
The overall results of the 16 bioassays showed that some of the tested
candidates greatly reduced the presence of canker symptom severity and
the concentration of N. ditissima DNA in the inoculated branches.
Additionally, low canker symptom severity was significantly correlated
with low N. ditissima DNA concentration in the branches. The qPCR
assay enabled the detection of the pathogen, even in early stages when
the canker symptom was not yet evident and visible. Both assessments
were complementary to have a complete view of the presence of the
pathogen and the disease development. The disease level of the positive
control reached in some of the bioassays was not remarkably severe. For
that reason, a final bioassay with a selected group of candidates which
showed promising antagonistic properties was performed, to confirm
the antagonistic effects. For this final bioassay (Bio 17), 20 candidates
belonging to the taxonomic groups A. muscarius, A. pullulans,

Cladosporium spp., C. rosea, D. macrostoma and Vishniacozyma spp. were
selected.
Two
candidates
belonging
to
the
species
C. pseudocladosporioides were included within these 20. One of these
candidates reduced the DNA concentration of N. ditissima and the other
one abundantly increased it in the initial bioassay and had a minor effect
when tested at the final bioassay. This case showed how the character
istics to be a suitable MBCA are not associated to a species level but to
specific isolates within a species. The results obtained for some of the
isolates in the final bioassay did not confirm results of the initial bio
assays. This was mainly the case when levels of infections were low in
the initial assays, so that the antagonistic potential of some candidates
was overestimated. In some other cases, the infection level was high in
both repetitions, but the results were not consistent. This could be
because these candidates might have been able to cause a delay in the
symptom expression in the branches, rather than a real antagonistic
effect preventing the development of the pathogen along the branches,
which caused differences between the two repetitions. However, the
four candidates belonging to the species C. rosea showed for a second
time promising results in reducing canker symptom severity and
N. ditissima DNA concentration. All four candidates showed similar re
sults, as in the first repetition, barely no symptoms in the inoculated
branches and a reduction of N. ditissima of minimum 99 %. Following
them, one candidate of Akanthomyces muscarius, A. pullulans and Cla
dosporium europaeum reduced again the canker symptom expression to
swollen tissue and small barks and the N. ditissima DNA by more than 90
%. Due to the high and consistent reduction of the symptomatology and
the DNA of the pathogen in the branches treated with the four C. rosea
isolates along the two repetitions, these candidates were selected as
potential antagonists against N. ditissima.
Clonostachys rosea, formerly named Gliocladium roseum, is a sapro
phytic filamentous ascomycete (Bainier, 1907). Clonostachys rosea is a
world-wide distributed fungus which has been isolated from soil and
many plants, being roots the part where it has been most frequently
found (Sun et al., 2020). As a potential mycoparasite, C. rosea plays
crucial roles in the biological control of numerous fungal plant patho
gens including Alternaria dauci, Alternaria radicina, Botrytis cinerea,
13

G. Elena et al.

Biological Control 174 (2022) 105009

Botrytis aclada, Bipolaris sorokiniana, Drechslera teres, Fusarium grami
nearum, Fusarium verticillioides, Fusarium crookwellense, Fusarium culmo
rum, Helminthosporium solani, Moniliophthora roreri, Phytophthora
palmivora, Rhizoctonia solani, Rhynchosporium commune and Sclerotinia
sclerotiorum (Jensen et al., 2004, 2016; Kosawang et al., 2014; Krauss
and Soberanis, 2001; Lysøe et al., 2017; Morandi et al., 2003; Samsudin
et al., 2017; Schöneberg et al., 2015; Sun et al., 2015a, 2015b; Sutton
et al., 1997; Yohalem et al., 2004). This antagonist also exhibits bio
logical control ability towards nematodes including Bursaphelenchus
xylophilus, Caenorhabditis elegans, Haemonchus contortus, Meloidogyne
sp., Oncometopia tucumana, Panagrellus redivivus, and insects such as
Myzus persicae, Rhopalosiphum padi, Thrips tabaci and Varroa destructor
(Hamiduzzaman et al., 2012; Muvea et al., 2014; Rodríguez-Martínez
et al., 2018; Toledo et al., 2006; Verdejo-Lucas et al., 2002). However,
there are no previous studies reporting its high antagonistic effect
against N. ditissima. The biological control mechanism of C. rosea against
pathogens is primarily attributed to the activation of multiple mecha
nisms such as secretion of cell-wall-degrading enzymes, production of
antifungal secondary metabolites, such as antibiotics and toxins, and
induction of plant defence systems (Chatterton and Punja, 2012; Fatema
et al., 2018; Jensen et al., 2021; Karlsson et al., 2017). Further studies
will be required to unravel the mode or modes of action of C. rosea
against N. ditissima.
In conclusion, four C. rosea isolates were found as potential antag
onists against N. ditissima following the stepwise screening approach
describe by Köhl et al. (2011). This program was a powerful strategy to
find new MBCAs with an efficient use of resources and a considerable
chance to develop a commercial biocontrol product. These four antag
onists have been successfully produced in liquid medium by an indus
trial partner (Ehlers, personal communication). The C. rosea antagonists
with the highest concentration of spores produced at industrial scale will
be tested in field experiments on different locations, seasons and apple
varieties and in combination with other chemical and biological control
products, to evaluate their potential to reduce N. ditissima and to control
canker symptom development under field conditions. Succeeded results
observed in the field experiments will allow the registration and com
mercial exploitation of a new biological control product against Euro
pean canker within few years. This new product will better complete the
biocontrol options in apple production as a strong alternative to the
fungicides that are being restricted in use and will be no longer
permitted in the near future.
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Hedderley, D.I., Volz, R.K., Chagné, D., Gardiner, S.E., 2019. Genetic mapping of the
European canker (Neonectria ditissima) resistance locus Rnd1 from Malus ‘Robusta 5’.
Tree Genet. Genomes. 15, 25. https://doi.org/10.1007/s11295-019-1332-y.
Campbell, G.S., Gardner, W.H., 1971. Psychrometric measurement of soil water
potential: temperature and bulk density effects. Soil Sci. Soc. Am. J. 35 (1), 8–12.
https://doi.org/10.2136/sssaj1971.03615995003500010011x.
Carbone, I., Kohn, L.M., 1999. A method for designing primer sets for speciation studies
in filamentous ascomycetes. Mycologia 91 (3), 553–556.
Card, S.D., Walter, M., Jaspers, M.V., Sztejnberg, A., Stewart, A., 2009. Targeted
selection of antagonistic microorganisms for control of Botrytis cinerea of strawberry
in New Zealand. Australas. Plant Pathol. 51, 735–745. https://doi.org/10.1071/
AP08097.
Chatterton, S., Punja, Z.K., 2012. Colonization of geranium foliage by Clonostachys rosea
f. catenulata, a biological control agent of botrytis grey mould. Botany 90 (1), 1–10.
https://doi.org/10.1139/b11-076.
European Comission, 2009a. Directive 2009/128/EC European Parliament and of the
Council establishing a framework for Community action to achieve the sustainable
use of pesticides. http://data.europa.eu/eli/dir/2009/128/oj.
European Comission, 2009b. Regulation (EC) No. 1107/2009 of the European Parliament
and of the Council concerning the placing of plant protection products on the market
and repealing Council Directives 79/117/EEC and 91/414/EEC. http://data.europa.
eu/eli/reg/2009/1107/oj.

CRediT authorship contribution statement
G. Elena: Conceptualization, Methodology, Investigation, Valida
tion, Formal analysis, Visualization, Writing – original draft, Writing –
review & editing, Funding acquisition. B.H. Groenenboom-de Haas:
Methodology, Investigation, Writing – review & editing. I. Houwers:
Methodology, Investigation, Writing – review & editing. E. de Lange:
Methodology, Investigation. S.K. Schnabel: Methodology, Formal
analysis, Writing – review & editing. J. Köhl: Conceptualization, Su
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mycotoxins in plant-pathogen interactions. Toxins. 11, 664. https://doi.org/
10.3390/toxins11110664.
Pitt, J.I., Leistner, L., 1991. Toxigenic Penicillium species, in: Smith, J.E., Henderson, R.S.
(Eds.), Mycotoxins and Animal Foods. CRC Press, Boca Raton, Florida, USA, pp.
91–99.
Pitt, J.I., 2002. Biology and ecology of toxigenic Penicillium species, in: de Vries, J.W.,
Trucksess, M.W., Jackson, L.S. (Eds), Mycotoxins and food safety. Advances in

15

G. Elena et al.

Biological Control 174 (2022) 105009
Swinburne, T.R., Cartwright, J., Flack, N.J., Brown, A.E., 1977. The effect of substituting
some of the routine apple scab sprays of dodine or dithianon with benzimidazole
fungicides on the control of canker (Nectria galligena) in orchards with established
infections. Rec. Agric. Res. 25, 53–56.
Toledo, A.V., Virla, E., Humber, R.A., Paradell, S.L., Lastra, C.C.L., 2006. First record of
Clonostachys rosea (Ascomycota: Hypocreales) as an entomopathogenic fungus of
Oncometopia tucumana and Sonesimia grossa (Hemiptera: Cicadellidae) in Argentina.
J. Invertebr. Pathol. 92, 7–10. https://doi.org/10.1016/j.jip.2005.10.005.
Torres, D.E., Rojas-Martínez, R.I., Zavaleta-Mejía, E., Guevara-Fefer, P., MárquezGuzmán, G.J., Pérez-Martínez, C., 2017. Cladosporium cladosporioides and
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