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Abstract. Apple bull’s eye rot (BER), caused by Neofabraea
representatives, is a major challenge for apple production. This
study aimed to identify microbial antagonists capable of sup-
pressing Neofabraea by leveraging soil microorganisms from
six distinct apple orchard land management systems. Key can-
didates, Bacillus velezensis (B134/22, B233/22, B267/22)
and Trichoderma koningiopsis (G779/22) inhibited 65% of
Neofabraea isolates, indicating their strong potential for biocon-
trol. T koningiopsis produced chitinase and B-glucanase, while
B. velezensis relied on glycogen degradation, suggesting diverse
biocontrol strategies. Antibiotic resistance profiles showed mini-
mal resistance genes, reducing environmental risks. Sensitivity to
fungicides was assessed, with 7. koningiopsis sensitive to Siarkol
and B. velezensis to Zato and Luna fungicides, supporting their
compatibility with orchard practices. Tested isolates showed sus-
ceptibility to some chemical substances used in apple orchard
practice (e.g. antibiotics, copper(Il) sulfate, fusidic acid, or pro-
methazine). These findings highlight the importance of integrating
biocontrol agents with agrochemical use, ensuring sustainability
in apple production while minimizing environmental impact.

Keywords: biocontrol, antagonist, bull’s-eye rot, Neofa-
braea, Bacillus velezensis, Trichoderma koningiopsis, apple, soil,
whole genome sequencing

*Corresponding author e-mail: k.oszust@jipan.lublin.pl

**This paper was financed by the National Centre for Research and
Development within the framework of the project LIDER XII (acro-
nym: APPAT(f)REE), contract number LIDER/7/0054/L-12/20/
NCBR/2021.

1. INTRODUCTION

With over 77 million t produced in 2023/2024, apples
rank as the fourth most significant fruit produced and
consumed globally (Musacchi and Serra, 2018). Apples
are a natural product with healing properties that are suc-
cessfully used in the prevention of many diseases (Lysiak
and Szot, 2023). Given their significance in both industry
and agriculture, it is crucial to ensure that their quality
remains stable throughout storage (Ahmadi-Afzadi et al.,
2013; Sottocornola et al., 2022; Lipa et al., 2019). One of
the challenges faced by fruit growers is the prevalence of
postharvest diseases. Among these, Bull’s Eye Rot (BER),
caused by fungi of the genus Neofabraea (syn. Pezicula,
Phlyctema, Gloeosporium), is particularly significant (Cao
et al., 2013; Lin et al., 2018; Oszust et al., 2023a). One
way to combat fungal pathogens that cause BER is to use
synthetic fungicides. Some of these compounds are cur-
rently approved for use, but the main threat is that they
exhibit broad-spectrum activity against various microor-
ganisms (Brauer et al., 2019; Zia et al., 2022). Examples
of synthetic fungicides used against BER include active
substances such as captan or thiophanate-methyl (Aguilar
et al., 2018; Wood and Fisher, 2017). The European Union
plans to discontinue the production and use of these sub-
stances (Silva et al, 2022). Fungicide chemicals have
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a long withdrawal period and may contribute to the
decrease of microbial biodiversity in the environment
(Oleszek et al., 2019). Oszust et al. (2023a), in their recent
review, emphasize approaches promoted by the European
Commission — such as those outlined in the Green Deal and
the Union Biodiversity Strategy — that aim to ensure food
safety and foster more sustainable agricultural develop-
ment. These approaches encourage sustainable agricultural
practices that reduce environmental impact, mitigate cli-
mate change, and enhance food safety. Additionally, the
European Commission aims to reduce the use of chemical
plant protection products and the associated risks by 50%
by 2030. Thus, seeking more environmentally sustainable
solutions is essential to align with the objectives of the
European Green Deal and support biodiversity protection
(Bryk and Rutkowski, 2012; Oszust et al., 2023a).

The use of biopreparations containing microorganisms
is considered a beneficial solution in this context (Oszust
et al., 2023a, b). Biopreparations might serve as an alter-
native to chemical plant protection products, offering
greater safety for human health, animals and the environ-
ment. Additionally, microorganisms are usually highly
selective for specific pathogens (Grishechkina et al., 2019).
Available biopreparations contain generally biologically
active ingredients that are based mostly on non-GMO micro-
organisms belonging to the groups of bacteria, yeasts, and
filamentous fungi or their metabolites and exhibit antago-
nistic effects towards pathogens (Grzegorczyk et al., 2015;
Pylak et al., 2019). The greatest interest in the biocontrol
of pathogens is aroused by bacteria representatives of the
genus Bacillus and fungi of the genus Trichoderma (Oszust
et al., 2023a). Trichoderma fungi are common in all soils
and inhabit plant roots, strengthening their defense against
pathogens. They exhibit antagonistic activity against many
microorganisms and are known for their rapid growth. The
action of Trichoderma against pathogens is based on com-
petition for nutrients and living space, as well as on the
mechanism of mycoparasitism (Oszust et al., 2021; Patel
et al., 2019). Bacteria of the genus Bacillus, belonging to
the group of Gram-positive bacteria, are also often used in
biocontrol due to their ability to form endospores and the
wide spectrum of action of the compounds they produce,
for example, antibiotics or various antimicrobial peptides
(Fira et al., 2018; Kumbar et al., 2019). A new approach
that gives positive results is the construction of two-compo-
nent biopreparations, which include microorganisms from
two different groups (Poveda and Eugui, 2022). Moreover,
studies suggest that locally sourced microorganisms exhib-
it greater efficacy against indigenous pathogens compared
to those sourced from other regions (Oszust et al., 2021;
Pylak et al., 2020). This finding may prove advantageous,
particularly in the development of biopreparations and
in enhancing their effectiveness (Derikvand et al., 2023;
Zydlik et al., 2021).
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This research aimed to isolate, identify, and characte-
rize antagonistic isolates of bacteria from the genus Bacillus
and fungi from the genus Trichoderma for their potential to
combat Neofabraea spp. Additionally, the study sought to
select isolates that could serve as suitable candidates for
a biopreparation consortium against Bull’s Eye Rot (BER).
Based on these objectives, we formulated the following
hypotheses: (i) soils beneath apple trees will be a suitable
source for isolating Bacillus spp. and Trichoderma spp.
isolates with antagonistic properties against Neofabraea
spp., enabling the selection of candidates for a future bio-
preparation consortium to combat BER, and (ii) genetic
identification, characterization of antagonistic properties,
functional traits, chemical sensitivity, and fungicide resis-
tance will provide a comprehensive understanding of the
selected isolates.

2. MATERIALS AND METHODS

2.1. Obtaining microbial isolates from soils beneath apple
trees

Soil samples were collected from apple trees growing in
six different land management practices: hedgerows (belts)
separating cultivated fields (B), forest areas (F), gardens
with ornamental plants and fruit trees (G), courtyards/gar-
dens where farm animals are kept (GA), orchards where
the use of agrochemical treatments has been discontinued,
uncultivated orchards (OU), and orchards cultivated in an
integrated system (OC) according to the method described
by Zawadzka et al. (2024).

To obtain pure cultures of microorganisms, a series
of dilutions of a soil suspension from apple orchard soils
was plated on enriched agar media. Bacterial isolates were
obtained from a selective agar medium using tryptone soy
agar (TSA), which was intended to isolate microorganisms
mostly of the genus Bacillus. Fungal isolates were sought
on Trichoderma selective medium (TSM) to target these
fungi specifically.

Both agar media were enriched with a mixture of
necromass and post-culture fluid derived from the myce-
lial biomass of eight Neofabraea spp. These isolates were
obtained from apples displaying Bull’s Eye Rot (BER)
symptoms. Neofabraea spp. cultures were prepared by
cultivating the isolates in a potato dextrose broth (PDB),
a liquid medium at 19°C for 7-9 days. The necromass and
post-culture fluid were then added to the selective media
at a 5% concentration each, allowing for the growth of
microorganisms in the presence of metabolites produced by
Neofabraea spp. and cellular components. These enriched
selective media were designed to pre-select isolates with
potential antagonistic properties against Neofabraea spp.

The culture in the flasks was poured into Falcon tubes
and centrifuged for 3 min at 3200 rcf. Then the superna-
tant was filtered through a filter paper and filtered through
a microbiological filter (pore size 0.22 pm), and the pellet
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was transferred to a beaker and homogenized with a goblet
blender. Then the homogenate was autoclaved for 20 min
at 136°C. Sterile necromass homogenate and post-culture
fluid filtrate were added to sterile media prepared in flasks
and poured onto sterile Petri dishes. Bacterial isolates were
cultured on plate count agar (PCA medium) and fungi
isolates on potato dextrose agar (PDA medium). Pure cul-
tures of bacteria were selected by preliminarily identified
based on the appearance of the colonies as belonging to
the genus Bacillus, as opposed to Pseudomonas and also
based on Gram staining — differences in staining between
Gram-positive bacteria, which include Bacillus spp., and
Gram-negative bacteria. The fungal isolates were select-
ed by preliminarily, macromorphologically identified as
belonging to the genus Trichoderma. The cultures were
incubated for 3-7 days at 24°C.

2.2. Stepwise selection of effective bacterial and fungal
antagonists of Neofabraea spp.

The antagonistic properties of the obtained isolates
were evaluated to select candidates for a biopreparation
consortium targeting Neofabraea phytopathogens. Plate
test analyses were performed and the level of antagonism,
followed by the ability of microbial isolates to limit the
growth of Neofabraea spp. was assessed. The first stage
of these tests included 43 bacterial isolates and 31 fungal
isolates against seven randomly selected Neofabraea spp.

The experiment used plates with a PDA to test selected
bacteria’s antagonistic properties and a PDA with anti-
biotics (streptomycin and chloramphenicol, each added at
a concentration of 100 pL per mL of medium) for testing
fungal isolates for their antagonism (in three replications).
Then, the suspension of each isolate of Neofabraea spp.
was standardized into 70% transmittance using a turbidim-
eter (Biolog™). Then 100 ul of a standarised suspension of
each Neofabraea spp. were sown on the plate with adequate
medium and incubated for 48 h at 18°C. Neofabraea spp.
grows best at low temperatures and slower than the tested
bacteria or fungi. To ensure reliable results, plates with
Neofabraea spp. were pre-incubated before introducing the
antagonistic organisms. Next, antagonistic microorganisms
were added to the plate. In the case of bacterial isolates,
the procedure was as follows: Three holes were cut in the
substrate in each plate using sterile 1 ml tips, then 15 pl of
bacterial suspension (70% T) was added. For fungi: fungal
spores were added to the medium with the addition of anti-
biotics, also in triplicate, by puncturing with an inoculation
loop. The plates were then incubated at 24°C for 48 h (bac-
teria) and 96 h (fungi) and afterward the zones of growth
inhibition were measured.

Following this, six isolates were selected from the bac-
terial group and six isolates of fungi for which the highest
ability to inhibit the growth of Neofabraea spp. was noted.
In the next stage, the isolates of the selected antagonists
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were tested against all obtained isolates of Neofabraea spp.,
i.e. 150 isolates (a representative set of apple orchards in
Poland). The apples belonged to 46 varieties from 57 loca-
lities. Finally, three bacterial isolates (B134/22, B233/22,
B267/22) and one fungal isolate (G779/22) were selected
as the candidates for biopreparation against Neofabraea

Spp-

2.3. Whole Genome Sequencing by Illumina® — genetic identi-
fication and functional analyses of isolates with the greatest
antagonistic properties

Whole genome sequencing (WGS) analysis was
performed using [llumina® MiSeq v3 (2x300) technolo-
gy of four selected, antagonist isolates. The genomic
DNA of microorganisms was extracted using the EURx
GeneMATRIX Bacterial and Yeast Genomic DNA
Purification Kit and EURx GeneMATRIX Plant & Fungi
DNA Purification Kit (EURx®, Gdansk, Poland). WGS
libraries were prepared with Illumina DNA Prep kit. Raw
sequencing bcl data was basecalled with RTA (Illumina)
and demultiplexed with bcl2fastq (Illumina), then quali-
ty assessment and quality trimming was performed on
obtained fastq files with fastQC (Cock et al., 2010;
Andrews, 2010) and Cutadapt (Martin, 2011). After that,
de novo sequences assembly was performed with SPAdes
(Prjibelski et al., 2014; 2020) Genome Assembler and fasta
(Pearson and Lipman, 1988) files containing contigs and
scaffolds were obtained. QUAST (Gurevich ef al., 2013;
Mikheenko, 2018) Icarus (Mikheenko et al., 2016), and
BUSCO (Simaio et al., 2015) analysis and benchmark were
performed to assess the quality of assemblies. Bacterial
genome annotations were performed with prokka (Seemann,
2014) tool with the addition of resistance gene identifier
(RGI) (Alcock et al., 2023) to detect resistance mechanism
within bacterial genome, while fungal annotations were
performed with funannotate (Love et al., 2018) wrapper-
tool. Within the fungal annotation pipeline, tRNAscan-SE
(Lowe and Eddy, 1997) was used to detect tRNA genes,
Phobius (Kall et al., 2004) and SignalP 6.0 (Teufel et al.,
2022) to predict and identify transmembrane topology and
signal peptide, while eggNOG 6 (Hernandez-Plaza et al.,
2023), InterProScan 5 (Blum et al., 2021; Jones et al.,
2014) and antiSMASH 7.0 (Blin et al., 2023) were used
to functional annotation and secondary metabolism genes
finding. FastANI (Jain et al., 2018) and BLAST (Altschul
et al., 1990; Camacho et al., 2009) tools were used against
NCBI RefSeq (O’Leary et al., 2016) database to identify
studied contigs. KofamKOALA CLI (Aramaki et al., 2020)
tool was used to allocate predicted genes of both bacterial
and fungal isolates to metabolic pathways and asses their
completeness. Whole genome sequencing analysis enabled
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functional analysis of the genome to determine the biologi-
cal potential and indicate genes useful in the biocontrol of
candidates for the consortium of biopreparations.

2.4. Chemical sensitivity

Experiments were performed to assess the chemical
sensitivity of candidates for the biopreparation consortium,
namely selected active antagonists from the genus Bacillus
and Trichoderma representatives. Phenotypic analyses
based on the Biolog™ system were used: GENIII plates
dedicated to bacterial cultures and PM21D plates suit-
able for fungal cultures (Biolog™, Hayward, CA, USA).
An appropriate amount of fungal spores or bacterial cells
according to the manufacturer’s protocol was mixed with
the inoculum fluid to obtain transmittance of 81%T for
bacteria and 62%T for fungi, respectively. The plates con-
taining lyophilized substrates were inoculated with a 100 pl
suspension of microorganisms. The plates were incubated at
24°C and absorbance measurements were taken at 750 nm
at 24 h intervals for 10 consecutive days. The wavelength
of 750 nm, was used to measure optical density, which
correlates with changes in microbial biomass production
(Oszust et al., 2023b).

Chemical sensitivity tests were performed on the plates,
including cations, organic compounds, fungicides, anti-
biotics/bacteriocides, cell membrane-toxic substances,
salinity, and pH. The GENIII plate included 23 chemical
compounds, and the PM21D plate included 24 chemical
compounds, grouped according to Panek et al. (2016) and
Pylak et al. (2020). The analyses were carried out under the
manufacturer’s protocols (Chojniak et al., 2015; Panek et
al., 2016).

2.5. Fungicide sensitivity

In this experiment, a range of ten fungicides, namely
Siarkol Extra 8OWP, Bellis 38 WG, Zato 50 WG, Captan
8OWG, Unix 75 WP, Miedzian 50 WP, Delan 700 WG,
Geoxe 50 WP, Switch 62,5 WP, Luna Experience 400 SC
were prepared in solution at specific concentrations to be
applied as in agricultural doses. The final concentrations
of the fungicide solutions were as follows: Bellis at 0.16%,
Delan at 0.25%, Zato at 0.04%, Captan at 0.4%, Unix at
0.35%, Siarkol at 1.25%, Miedzian at 0.3%, Luna at 0.15%,
Geoxe at 0.15%, and Switch at 0.125%.

The fungicide sensitivity test was performed using a
well test. Bacterial and fungal isolates were sown on an agar
medium. Transmittance (%T) was determined at 70% for
all isolates tested. Then, 100 pl of the material was pipetted
onto the plates. Holes were cut out in the medium using
a sterile pipette tip and 50 pl of fungicide at the appropri-
ate concentration was added to the center. The plates were
incubated at 30 and 24°C for bacterial and fungal isolates,
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respectively. The growth inhibition of Bacillus velezensis
and Trichoderma koningiopsis was measured after 7 days
of incubation.

3. RESULTS

3.1. Obtained bacterial and fungal isolates

A total of 296 bacterial isolates and 119 fungal isolates
were collected. Isolates of bacteria and fungi obtained from
the soil under apple trees are presented in Fig. 1. The graph
presents the amounts of Bacillus spp. and Trichoderma spp.
isolates obtained from the soil under apple trees depend-
ing on the land management method. Figure 1a shows the
number of obtained bacterial isolates, while Fig. 1b shows
the number of fungal isolates obtained.

a) 49
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Fig. 1. Number of obtained isolates of bacteria (a) and fungi (b)
across different management practices: belts (hedges) separating
cultivated fields (B), forest areas (F), gardens with ornamental
plants and fruit trees (G), courtyards/gardens where farm animals
are kept (GA), orchards where the use of agrochemical treatments
has been discontinued, uncultivated orchards (OU), and orchards
cultivated in an integrated system (OC).

3.2. Antagonism against Neofabraea representatives

The results of the antagonist tests are presented in Figs 2
and 3. The low degree of growth inhibition of the tested
collection of 150 fungi of the genus Neofabraea was classi-
fied in the range of relatively low (+) 8-12 mm, good (++)
13-15 mm, and very good (+++) >16 mm. Bacteria isolate
B134/22 inhibited the growth of 12 Neofabraea isolates to
a low degree, 45 to a good degree, and 35 to a very good
degree. B233/22 inhibited the growth of 12 Neofabraea
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IDENTIFYING ANTAGONISTIC ISOLATES TO CONTROL NEOFABRAEA IN APPLES

isolates to a low degree, 36 to a good degree, and 51 to
a very good degree. B267/22 inhibited the growth of 30
Neofabraea isolates to a low degree, 33 to a good degree,
and 33 to a very good degree.

Fungal isolate G633/22 inhibited the growth of 5
Neofabraea isolates to a low degree, 14 to a good degree,
and 80 to a very good degree. G756/22 fungal isolate inhib-
ited the growth of 4 isolates to a low degree, 9 to a good
degree, and 81 to a very good degree. G779/22 inhibited the
growth of 12 Neofabraea spp. isolates to a low degree, 11
to a good degree, and 76 to a very good degree.

Finally, three isolates of bacteria (B134/22, B233/22,
B267/22) and one isolate of fungi (G779/22), were chosen
for the biopreparation consortium as candidates based on
the high degree of Neofabraea growth inhibition. A total of
65% of the 150 tested Neofabraea isolates were inhibited
by the antagonistic isolates. Figure 4 presents pictures that
confirm the antagonism followed within growth inhibition
zones of selected isolates for biopreparation against five
arbitrarily selected different Neofabraea spp. isolates. The
selected isolates underwent further analyses.

3.3. Genetic identification and functional analysis

Table 1 presents the genetic identification of iso-
lates selected from the antagonism tests, based on Whole
Genome Sequencing (WGS), along with details on their
origins and locations. WGS analysis revealed that all
bacterial isolates under consideration for the bioprepara-
tion belong to the species Bacillus velezensis (B134/22,
B233/22, B267/22). In contrast, the fungal isolate G779/22
was identified as the species Trichoderma koningiopsis.
Identification was through comparison with the GenBank
NCBI sequence database. The tested bacterial isolates did
not show any differences in the properties revealed by func-
tional analyses following WGS.

Using the KofamKOALA — KEGG Orthology Search
tool (Table 2), the completeness of the genome of the tested
Bacillus velezensis isolates and Trichoderma koningiopsis
isolate was included in sulfur assimilation, glycogen or
carbon degradation, glycolysis, amino acid biosynthesis,
and nitrogen metabolism. The presence of genes encoding
the production of chitinases and B-glucosidase was found
for Trichoderma koningiopsis, but not Bacillus velezensis.
However, these bacteria contained genes encoding starch
and glycogen degradation.

Additionally, using the Resistance Gene Identifier
(RQ@]) (Fig. 5) tool, only a few potential antibiotic and dis-
infectants resistance genes were identified in the genomes
of Bacillus velezensis isolates due to the presence of the
following genes: qacG (quaternary ammonium compound
resistance gene), becl (B-lactamase gene), FosBx1 (fos-
fomycin resistance gene), vanT (vancomycin resistance
gene), vanG cluster (vancomycin resistance gene clus-
ter), clbA (chloramphenicol acetyltransferase gene), qacl
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(quaternary ammonium compound resistance gene), vanY
(D,D-carboxypeptidase gene), vanB cluster (vancomycin
resistance gene cluster).

3.4. Antagonistic isolates’ chemical sensitivity — evaluating
resistance

The sensitivity of the tested microorganisms to seve-
ral different chemical compounds was evaluated and the
results are presented in Tables 3 and 4.

Bacillus velezensis showed different levels of sensitivity
to the tested chemical compounds. All three tested isolates
showed sensitivity to antibiotics: troleandomycin, rifamy-
cin SV, minocycline, lincamycin, niaproof 4, vancomycin,
nalidixic acid, and potassium tellurite. Regarding aztre-
onam, sensitivity was shown only in the first two days of
incubation. Guanidine HCI, lithium chloride, sodium bro-
mide, D-serine, tetrazolium violet, fusidic acid, tetrazolium
blue, and pH 5 and pH 6 caused a decrease in adsorption
of bacterial isolates between 4 and 6 days of incubation,
which means that longer exposure to a given chemical
compound/culture conditions caused inhibition of bacterial
biomass growth. On the other hand, 1% sodium chloride,
4% sodium chloride, 8% sodium chloride, 1% sodium lac-
tate, and sodium butanoate did not cause growth inhibition
in the tested isolates, which had an effect on increasing tur-
bidity (T) and thus increasing biomass.

The effect of compounds influencing the chemical sen-
sitivity of the tested Trichoderma koningiopsis isolate can
be divided into two groups: substrates that caused a slight,
unnoticeable increase in absorbance, and consequently an
increase in biomass, and those in which the tested isolate
was able to increase biomass production only after 72 h of
incubation, i.e. its sensitivity to compounds contained on the
plate increased after a certain time of exposure. Chemical
compounds such as promethazine, dodecyltrimethyl ammo-
nium bromide, cetylpyridinium chloride, domiphen bro-
mide, sodium dichromate, magnesium chloride, copper(Il)
sulfate, trifluoperazine, thiourea, zinc chloride caused
visible sensitivity of the tested Trichoderma koningiopsis
isolate, affecting the inability to increase cell biomass in
the presence of these compounds. Guanidine hydrochlo-
ride, 2,2’-dipyridyl, nystatin, protamine sulfate, L-aspartic
acid b-hydroxamate, 1-hydroxypyridine-2-thione, EDTA,
Compound 48/80, manganese (II) chloride, neomycin,
D-cycloserine, sodium selenite, nickel chloride, diamide
are compounds to which the tested fungal isolate showed
chemical sensitivity only in the initial days of incubation.

It can be observed that compounds from the cation
groups mostly influenced the limitation of the biomass
growth of the tested fungi, while substrates belonging to
groups such as chelators or antibiotics sensitized the tested
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Fig. 4. Pictures on antagonistic activity in growth inhibition zones
of biocontrol biopreparation candidates — Bacillus velezensis and
Trichoderma koningiopsis isolates against selected Neofabraea

Spp.

Trichoderma koningiopsis isolate only for a certain period,
which means that it was able to adapt to the action of unfa-
vorable compounds.

3.5. Antagonists’ response to fungicides

The study’s findings highlight the varying efficacy
of different fungicides in inhibiting fungal and bacterial
growth. Figure 6a presents the inhibition of Trichoderma
koningiopsis G779/22. In this case, Siarkol stands out as
the most effective fungicide, achieving an inhibition zone
of approximately 28 mm, significantly surpassing all other
treatments. This strong inhibitory effect is distinct. Unix
also demonstrated considerable effectiveness with an inhi-
bition zone of about 22 mm, followed by Bellis, which
showed moderate activity at around 17 mm. Meanwhile,
Zato and Captan exhibited similar inhibition levels, ranging
from 12 to 13 mm. In contrast, Delan, Miedzian, Geoxe,
Luna, Switch, and the control treatment displayed negligi-
ble inhibition, all grouped under the same category.

K. ZAWADZKA et al.
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Fig. 5. Antibiotic resistance genes of Neofabraea biocontrol bio-
preparation candidates — Bacillus velezensis isolates.

Figure 6b focuses on the inhibition of three isolates
of Bacillus velezensis (B134/22, B233/22, and B267/22),
revealing a different pattern of effectiveness among the
fungicides. For isolate B134/22, Zato and Luna emerged
as the leading fungicides, achieving inhibition zones of
approximately 17 to 18 mm. Other treatments, including
Bellis, Delan, Miedzian, Geoxe, Captan, Unix, Siarkol, and
the Control, showed little to no impact. Isolate B233/22
revealed a notable result with Siarkol displaying the high-
est inhibition at around 12 mm. Fungicides, such as Zato,
Luna, and Switch demonstrated moderate inhibition, rang-
ing from 5 to 7 mm, while the remaining treatments,
including Bellis, Delan, Miedzian, Geoxe, Captan, Unix,
and control, showed no significant effect. In the case of
isolate B267/22, Captan emerged as the most effective
fungicide, achieving an inhibition zone of approximately
16 mm. A group of fungicides including Zato, Luna, and
Switch exhibited moderate inhibition (7-8 mm), while the
rest of the treatments — Bellis, Delan, Miedzian, Geoxe,
Unix, Siarkol, and control showed minimal or no inhibitory
effect respectively.

Table 1. Datasheet on Neofabraea biocontrol biopreparation candidate microbial isolates

. Land L
Isolate  Ocnetic Sequence Apple variet manacement  COcalization
identification in GenBank No. PP Y £ (latitude N/ longitude E)
practice
. . , 51°03°55.0”N 22°56’11.1”E
B134/22  Bacillus velezensis  PQ620373 Antonoéwka Garden (51.065272, 22.936407)
. . 51°00°03.2”N 22°15°20.7”E
B233/22  Bacillus velezensis  PQ620374 nd Garden (51.000889, 22.255750)
. . Garden and 51°05°21.2”N 22°43°53.7"E
B267/22  Bacillus velezensis ~ PQ620375 Sztetyna Animals (51.089213, 22.731569)
G779/22 Trichoderma PQ620377 Kronselka Bounds 51°22°02.1”N 22°16°19.2”E

koningiopsis

(51.367237,22.271997)
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Table 2. Genome completeness of Neofabraea biocontrol biopreparation candidates — Bacillus velezensis and Trichoderma koningi-
opsis isolates following KofamKOALA - KEGG Orthology Search tool

Function B134/22 B233/22  B267/22 Function G779/22
Retinal biosynthesis 0.25 0.25 0.25 ﬁ;ﬁgji;;:f;g;::B i 0.10
Biofilm PGA Synthesis protein 0.25 0.25 0.25 S;’n‘?;’:;zﬁ‘t’:'related core 0.14
4-Hydroxybutyrate/3-hydroxypropionate 0.30 0.30 0.30  Mixed acid: Formate to CO, & H, 0.17
gﬁﬁ;‘;‘: PEPto Succinate via OAA, malate ——, 4, 040 040  Polyhydroxybutyrate synthesis 0.17
Serine pathway/formaldehyde assimilation 0.40 0.40 0.40  Staphyloaxanthin biosynthesis 0.17
Twin Arginine Targeting 0.50 0.50 0.50 i:;‘;eﬂzfl?:ay/ formaldehyde 0.20
Bidirectional polyphosphate 0.50 0.50 0.50  Arsenic reduction 0.25
TCA Cycle 0.62 0.62 0.62  Starch/glycogen synthesis 0.33
Cytochrome ¢ oxidase 0.75 0.75 0.75  End-product myxoxanthophylls 0.33
Entner-Doudoroff Pathway 0.75 0.75 0.75  NADH-quinone oxidoreductase 0.35
Anaplerotic genes 0.75 0.75 0.75  F-type ATPase 0.38
Arsenic reduction 0.75 0.75 0.75 gzczii;:il(;:t:sz;;i:l;c;nate via 0.4
Competence-related related components 0.80 0.80 0.80  Thiamin biosynthesis 0.45
Sec-SRP 0.81 0.82 0.83  TCACycle 0.50
Valine 0.83 0.83 0.83  Riboflavin biosynthesis 0.50
Isoleucine 0.83 0.83 0.83  Entner-Doudoroff Pathway 0.50
Flagellum 0.87 0.87 0.87  Bidirectional polyphosphate 0.50
Chemotaxis 0.88 0.88 0.88  Ubiquinol-cytochrome c reductase 0.66
Glycolysis 0.89 0.89 0.89  Valine 0.66
Competence-related core components 0.98 0.98 0.98  Isoleucine 0.66
MEP-DOXP pathway 0.99 0.99 0.99  Anaplerotic genes 0.75
F-type ATPase 1.00 1.00 1.00  Mevalonate pathway 0.80
Cytochrome aa3-600 menaquinol oxidase 1.00 1.00 1.00  Glycolysis 0.89
Cytochrome bd complex 1.00 1.00 1.00  Gluconeogenesis 0.89
D-galacturonate isomerase 1.00 1.00 1.00  Beta-N-acetylhexosaminidase 1.00
Alpha-amylase 1.00 1.00 1.00  Alpha-amylase 1.00
Nitrite oxidation 1.00 1.00 1.00  Beta-glucosidase 1.00
Dissimilatory nitrate reduction 1.00 1.00 1.00  Dissimilatory sulfate <> APS 1.00
Dissimilatory sulfate <> APS 1.00 1.00 1.00  Sulfide oxidation 1.00
Sulfur assimilation 1.00 1.00 1.00  Sulfur assimilation 1.00
Thiamin biosynthesis 1.00 1.00 1.00  Alcohol oxidase 1.00
Riboflavin biosynthesis 1.00 1.00 1.00  Mixed acid: Acetate 1.00
Transporter: phosphate 1.00 1.00 1.00 Z/Icizte;il;((:ji:};}%:anol, Acetate to 1.00
Mixed acid: Lactate 1.00 1.00 1.00  Glyoxylate shunt 1.00
Mixed acid: Acetate 1.00 1.00 1.00  Histidine 1.00

Value of 1 indicates a complete genome for the given function, while a value < 1 indicates an incomplete genome.
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Table 2. Continuation

K. ZAWADZKA et al.

Function B134/22 B233/22 B267/22 Function G779/22
Mixed acid: Ethanol, Acetate to Acetylaldehyde 1.00 1.00 1.00  Arginine 1.00
Cobalt transporter CorA 1.00 1.00 1.00  Lysine 1.00
Copper transporter CopA 1.00 1.00 1.00  Serine 1.00
Fe-Mn transporter MntH 1.00 1.00 1.00  Threonine 1.00
Histidine 1.00 1.00 1.00  Asparagine 1.00
Arginine 1.00 1.00 1.00  Glutamine 1.00
Lysine 1.00 1.00 1.00  Cysteine 1.00
Serine 1.00 1.00 1.00  Glycine 1.00
Threonine 1.00 1.00 1.00  Proline 1.00
Asparagine 1.00 1.00 1.00  Methionine 1.00
Glutamine 1.00 1.00 1.00  Phenylalanine 1.00
Cysteine 1.00 1.00 1.00  Tyrosine 1.00
Glycine 1.00 1.00 1.00  Aspartate 1.00
Proline 1.00 1.00 1.00  Glutamate 1.00
Alanine 1.00 1.00 1.00  Starch/glycogen degradation 1.00
Methionine 1.00 1.00 1.00  Glucoamylase 1.00
Phenylalanine 1.00 1.00 1.00  Cellulase 1.00
Leucine 1.00 1.00 1.00  Chitinase 1.00
Tryptophan 1.00 1.00 1.00  Cobalt transporter CorA 1.00
Aspartate 1.00 1.00 1.00  Copper transporter CopA 1.00
Glutamate 1.00 1.00 1.00  Leucine 1.00
Starch/glycogen degradation 1.00 1.00 1.00  Tryptophan 1.00

Overall, the results indicate that Siarkol is the most potent
fungicide against Trichoderma koningiopsis. Meanwhile,
Zato and Luna demonstrate consistent effectiveness across
various isolates of Bacillus velezensis. Some fungicides,
such as Bellis, Delan, Miedzian, and Geoxe show minimal
to no significant impact on either microorganism, suggest-
ing limited efficacy in these contexts.

4. DISCUSSION

4.1. Phenomena underlying robust search for Neofabraea
microbial antagonists in soil

Based on our hypothesis, a few microbial isolates
collected from the soil beneath apple trees exhibit antag-
onistic properties that could be utilized for biocontrol of
Neofabraea isolates responsible for causing apple Bull’s
Eye Rot (BER). We selected soil from beneath apple trees
for our search, adopting the approach commonly used in
the search for antagonists against other fungal phytopatho-
gens (Oszust et al., 2021; Pylak et al., 2020). What unites
these studies is the underlying phenomenon: the natural
interactions between soil microorganisms, which can lead
to the emergence of antagonistic properties. In the soil

environment, microorganisms are in constant interaction,
competing for resources and niches, which may trigger the
development of mechanisms that facilitate their coexist-
ence - such as the production of antimicrobial compounds
or competitive exclusion (Tyc et al., 2014; Whipps, 2001;
Zhang et al., 2021). This continuous microbial interaction
increases the likelihood of isolating isolates that possess
the desired biocontrol activity. Indeed, Neofabraea is pri-
marily associated with the presence of fruits, but it is not
limited to them. This pathogen also inhabits the bark of
apple trees (Aguilar et al., 2019; Gariépy et al., 2003), and
based on our unpublished observations, it is also present
in the soil beneath the trees. The widespread distribution
of Neofabraea across different parts of the tree presents an
opportunity to search for antagonistic microorganisms not
only on the fruit but also in the soil, and thus, this approach
was followed.

In light of previous studies evaluating the impact of
different land management practices on soil bacterial and
fungal communities under apple trees, it is clear that soil
microbiomes can be significantly influenced by manage-
ment (Zawadzka et al., 2024). A study examining soil
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Table 3. Chemical sensitivity of Neofabraea bacterial biocontrol biopreparation candidates — Bacillus velezensis isolates on GENIII
Biolog™ plate within time of incubation

B134/22 B233/22 B267/22

Chemical compound Time (h)

0 24 48 72 9 120 0O 24 48 72 9 120 0 24 48 72 96 120

=

pHS

pH

Antibiotics
Troleandomycin
Rifamycin SV
Minocycline
Lincomycin
Vancomycin
Nalidixic Acid
Fusidic Acid

Aztreonam

Organic compounds

1% Sodium Lactate

Sodium Butyrate

Sodium Bromate -

D-serine

Salinity

1% NaCl
4% NaCl
8% NaCl

Toxic susbtances
Niaproof 4
Potassium tellurite
Guanidine HCI
Lithium Chloride
Tetrazolium Violet

Tetrazolium Blue

The color scale ranges from blue to green, where darker blue indicates higher sensitivity, while green represents a lack of sensitivity
(both in relation to the positive control).
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Table 4. Chemical sensitivity of Neofabraea biocontrol biopreparation fungal candidate — Trichoderma koningiopsis isolate on PM21

Biolog™ plate within time of incubation

Time (h)

Chemical compound
0 24

48 72 96 120 144 168 192

Anions

Sodium dichromate

Sodium selenite

Antibiotcs

Neomycin

D-cycloserine

Cations

Dodecyltrimethyl ammonium bromide
Manganese (II) chloride

Magnesium chloride

Copper (II) sulfate

Nickel chloride

Zinc chloride

Chelators

2,2’-dipyridyl
1-hydroxypyridine-2-thione
EDTA

Promethazine
Compound 48/80

Cyclic compounds

R

Membrane function compounds

Guanidine hydrochloride
Nystatin

Protamine sulfate
Cetylpyridinium chloride
Domiphen bromide

Nitrogen compounds

Diamide

Thiourea

Hydroxamates

L-aspartic acid f-hydroxamate

Trifluoperazine

beneath apple trees growing in six different manage-
ment practices demonstrated that these practices indeed
impact the soil microbiome properties. These variations in
microbial communities were important to consider if they
positively affect the presence and diversity of antagonistic
microorganisms capable of biocontrol of Neofabraea.

A key phenomenon driving the search for Neofabraea
antagonists is thus the diversity among microbial isolates
of the same species, as well as the intra- and interspecific
diversity among pathogens themselves (Pertile ez al., 2018).

Heterocyclic compounds

The color scale ranges from red through orange and yellow to green, where green indicates lack of sensitivity (in relation to the posi-
tive control).

This diversity stems from various factors, including genetic
variation, environmental conditions, and geographical ori-
gin. Genetic differences can lead to variations in traits like
antibiotic resistance and metabolic capabilities, while envi-
ronmental factors such as temperature, pH, and nutrient
availability influence microbial behavior and antagonistic
potential (Baquero et al., 2021; Depardieu et al., 2007;
Jiménez-Delgadillo et al., 2018; Orr and Nelson, 2018).
Additionally, isolates from different locations may adapt
to local conditions (Kraemer and Boynton, 2017; Lankau,
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Fig. 6. Efficacy of fungicides in inhibiting growth of Neofabraea biocontrol biopreparation candidates — Bacillus velezensis (a) and

Trichoderma koningiopsis (b) isolates.

2013; Martignoni and Kolodny, 2024), affecting their ability
to combat pathogens like Neofabraea. The diversity within
Neofabraea, as well as the broader diversity among related
pathogens, can also influence their pathogenicity and resist-
ance to biocontrol agents. Interactions with specific hosts
can shape both microbial and pathogen traits, enhancing
the effectiveness of biocontrol strategies. Understanding
these factors was crucial for identifying effective antago-
nists and designing targeted treatments.

In this study, we evaluated the antagonistic poten-
tial of various microbial isolates against 150 isolates of
Neofabraea collected from different orchards, locations,
and apple varieties. Our results demonstrated significant
variability in the efficacy of the tested antagonists, high-
lighting the importance of considering both microbial and
pathogen diversity when selecting potential biocontrol
agents. However, this wide approach is a less common
strategy due to its highly time- and labor-intensive nature.
Among the 150 Neofabraea isolates, a diverse range of
responses to the antagonists was observed. Some isolates

exhibited strong inhibitory effects, while others showed
limited or no antagonistic activity. This suggests that the
local environmental conditions and the specific host-path-
ogen interactions may play a key role in determining the
success of biocontrol agents. Our findings are in line with
previous studies that highlight the variability of microbial
behavior across different ecological niches (Bonaterra et
al.,2022; Gémez et al., 2016).

Bacillus velezensis isolates B134/22, B233/22,B267/22,
and the fungal isolate G779/22, identified as Trichoderma
koningiopsis, were selected in our stepwise research due
to their significant potential in suppressing 65% of 150
Neofabraea isolates collected from Polish apple orchards.
These promising results highlight the potential of these
candidate isolates for future development into effective
biocontrol biopreparations.

Bacillus velezensis is commonly used in biocontrol due
to its ability to grow under biotic and abiotic stress con-
ditions, adapt to environmental conditions, and produce
spores or compounds that affect plant growth (Alenezi et al.,
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2021). So far, its ability to combat various fungal pathogens
has been demonstrated, including Fusarium graminearum
or Botrytis cinerea, which cause diseases such as Fusarium
head blight (FHB) and Plant gray mold, respectively (Chen
et al., 2018; Jiang et al., 2018). The potential of Bacillus
velezensis for biocontrol is also visible concerning fungal
pathogens causing apple diseases. Valsa mali causing apple
Valsa canker and Botryosphaeria dothidea causing posthar-
vest apple ring rot showed sensitivity to the antagonistic
effect of Bacillus velezensis, manifested by, among others:
growth inhibition or hyphal deformation (Liu et al., 2021;
Yuan et al., 2022).

Trichoderma koningiopsis is also used in biocontrol. It
has various mechanisms of action, including the ability to
grow rapidly, which results in it winning the competition
for nutrients due to the intensive multiplication of its cells
(Luo et al., 2023). Its antagonistic effect has been confirmed
against various pathogens, including Colletotrichum gloe-
osporioides causing the postharvest anthracnose of chili
pepper or Calonectria pseudonaviculata causing boxwood
blight (Kong and Hong, 2017; Ruangwong et al., 2021).
It is also used to inhibit the growth of pathogens attack-
ing fruit, e.g. Fusarium oxysporum which causes numerous
losses in banana cultivation (Luo ef al., 2023).

In light of the examples cited, it is worth noting that the
combined action of Bacillus velezensis and Trichoderma
koningiopsis has not been used so far to biocontrol fungal
pathogens attacking apple trees, especially pathogens of the
Neofabraea genus, which is an approach proposed for the
first time.

4.2. Microbiological characteristics of biocontrol candidates
vs. apple orchard practices

4.2.1. Linking biocontrol properties to chitinase and
p-glucanase

Although differences in antagonistic properties impor-
tant in the biocontrol of Neofabraea were noted (based
on growth inhibition), no genetic differences were found
among the tested bacterial isolates (functional analysis of
the genomes). The genomes of the Bacillus velezensis iso-
lates did not contain genes for chitinase and B-glucanase
production. However, they did harbor genes involved in
e.g. the degradation of glycogen, thus obtaining antagonis-
tic properties should result from different characteristics.
Antagonistic Bacillus velezensis, particularly those used
as biocontrol agents, are often subjected to nutrient-limit-
ing conditions, particularly in soil environments or when
competing with plant pathogens (Alenezi et al., 2021;
Jiang et al., 2018). On the other hand, what is important,
the genome analysis of Trichoderma koningiopsis isolate
revealed the presence of genes responsible for the pro-
duction of chitinases and B-glucosidase, confirming its
antagonistic activity against Neofabraea isolates. Our find-
ings followed functional analyses by the WGS indirectly

K. ZAWADZKA et al.

explain the mechanisms of antagonistic action confirmed in
vitro antagonistic tests (Corral-Ramos and Roncero, 2015;
Derikvand et al., 2023; Palumbo et al., 2005; Wang et al.,
2020).

4.2.2. Low risk of antibiotic resistance spread in apple
orchard microbial communities

Only a few potential antibiotic-resistance genes were
found in the Bacillus velezensis genome, driven by sev-
eral key genes, which situation is crucial for their use in
orchard environments. Resistance mechanisms enable
Bacillus velezensis to withstand a variety of antimicrobial
agents (Jian et al., 2021; Beri¢, 2018; Wash et al., 2022).
These were as follows quaternary ammonium compound
resistance, B-lactam degradation, fosfomycin inactivation,
chloramphenicol neutralization, and vancomycin resistance
were found in our investigation (Kanehisa and Goto, 2000).

Although, WGS analysis detected vancomycin resist-
ance genes, in vitro sensitivity following PM plates for
vancomycin occurred. The noted situation explains that
for the tested isolates those genes might not have been
expressed or functional. Factors like inducible resistance,
gene regulation, or even testing particular conditions could
lead to this discrepancy. Thus, the WGS detected the genet-
ic potential for resistance, while culturing tests revealed the
actual behavior under tested conditions.

What needs to be highlighted is, that the results showed
that these isolates contain fewer resistance genes compared
to other isolates, e.g. as presented by Jin ef al. (2024) who
showed more than ten antibiotic resistance genes in the
tested Bacillus sp. isolates. This is particularly significant
because even environmental isolates typically harbor a sub-
stantial number of resistance genes (Beri¢, 2018). This
feature provides Bacillus velezensis isolates with an advan-
tage for future orchard applications, as their introduction
into orchards would be less likely to lead to the spread or
transfer of resistance genes within the microbial commu-
nity (Jian et al., 2021; Zhai et al., 2023). Such studies are
crucial before introducing an isolate as part of a bioprepara-
tion into the environment, as they help assess the potential
risks associated with the spread of antibiotic resistance
genes. If biopreparations contain isolates with a high resist-
ance gene content, there is a risk that these genes could
transfer to other microorganisms in the environment within
the microbial community, potentially leading to the emer-
gence of greater resistance in the environment (Courvalin,
1994; Dai et al., 2012; Zhai et al., 2023). By thoroughly
evaluating the resistance profiles of isolates in advance, it
is theoretically ensured that the introduction of bioprepara-
tions into apple orchards would not unintentionally foster
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the spread of resistance, thus promoting the safe and effec-
tive use of these isolates in agricultural and environmental
applications.

4.2.3. The relevance of sensitivity/resistance properties
in enduring agrochemicals used in apple production

The relevance of sensitivity or resistance properties of
selected antagonistic isolates in enduring apple produc-
tion practices should be considered towards agrochemicals
commonly applied to the foliage (leaves or stems), wheth-
er used in integrative (chemical) or ecological (organic)
methods. This is important because these isolates are also
intended for foliar application to protect apples against
Neofabraea occurrence. Thus, the results on the sensitivity
of selected isolates of Bacillus velezensis and Trichoderma
koningiopsis to various chemical compounds in fungicides
are also relevant in the proper efficiency of biocontrol of
Neofabraea in apple orchards. In other words, when sensi-
tivity is observed, special caution should provided to avoid
applying these isolates when other substances remain active
(i.e. when the withdrawal period of the particular substance
has not already passed).

The adaptability of our microbial isolates to differ-
ent substances suggests that they can survive and remain
effective in diverse and potentially stressful orchard envi-
ronments (Jin ef al., 2023; Mohammadi et al., 2023). For
example, Bacillus velezensis isolates showed resilience to
salinity. Similarly, the ability of Trichoderma koningiopsis
to adapt to certain compounds over time suggests it could
withstand fluctuating conditions in the orchard, which is
crucial for long-term biocontrol. When used as a biocontrol
agent as part of a foliar treatment in apple orchards, it may
be exposed to salts from the chemicals applied to the leaves
(e.g., potassium salts, sodium chloride, or other salts in the
spray solution) (Wani et al., 2022).

On the other hand, tested isolates showed sensitivity to
some chemical substances used in apple orchard practice
(e.g. antibiotics, copper(Il) sulfate, fusidic acid, or prometh-
azine). Streptomycin and oxytetracycline are sometimes
used in apple orchards to manage bacterial diseases like
fire blight. Although specific antibiotics like rifamycin,
minocycline, and vancomycin are not typically used in
apple production, sensitivity to antibiotics, in general, can
indicate how bacteria might respond to antimicrobial treat-
ments in the orchard environment. Next, copper(Il) sulfate
is a common fungicide used in apple orchards to control
various fungal diseases. The sensitivity of Trichoderma
koningiopsis isolate to copper(Il) sulfate is relevant because
exposure to copper-based fungicides could impact the effi-
cacy of microbial biocontrol agents (Johnson et al., 2023;
Kurnik et al., 2012; Mayerhofer et al., 2009).

Similar results of sensitivity were observed for pH. This
aspect is important with pH adjusters are applied directly on
trees in orchard management, typically with chemical treat-
ments. These are often used to influence the pH of the plant
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surface or to optimize the effectiveness of treatments like
pesticides, fungicides, or foliar sprays. pH adjusters can be
added to spray solutions to ensure that other pesticides or
fungicides work effectively. Many agrochemicals are most
effective at specific pH levels (Nicholls, 1988; Zhang et al.,
2018). Some fungicides are more effective in acidic condi-
tions, while others perform better in alkaline environments.
Adjusting the pH of foliar spray agrochemical solutions
improves chemical efficacy, enhances absorption, and pre-
vents leaf burn (Spadotto and Hornsby, 2003). Chelated
micronutrients like iron, zinc, and manganese are bet-
ter absorbed when the pH is slightly acidic. Additionally,
adjusting pH prevents precipitation of chemicals, ensuring
they stay in solution. Citric or acetic acid can lower pH,
while sodium hydroxide or potassium hydroxide can raise
it, optimizing the treatment’s effectiveness (Haynes and
Swift, 1985; Madhupriyaa et al., 2024; Naylor et al., 2013;
Pampulha and Loureiro-Dias, 1989). Nevertheless, special
attention should be paid to pH adjustors may change the
efficacy of biocontrol isolates.

In particular, it is also significant to assess the potential
for fungicides to reduce the population and activity of these
antagonistic isolates. Fungicides can have detrimental
effects on the survival and biocontrol potential of micro-
bial agents, which may compromise their ability to protect
against pathogens Neofabraea and others. Studies conduct-
ed so far have only considered the use of biocontrol agents
as a replacement for fungicides, the combined effects of
fungicides and biocontrol agents, or a comparison of the
effects of both (Lima et al., 2008; Ons et al., 2020; You et
al.,2016). This is the first time that the action of fungicides
on isolates of antagonistic microorganisms is considered in
the laboratory. Therefore, providing detailed information
about the sensitivity or resistance of these biocontrol iso-
lates to commonly used fungicides is crucial. The very first
step is to test them against fungicides in in vitro tests. We
used in our experiments the most commonly applied fun-
gicides (Gupta, 2018; Koller et al., 2005). Briefly, Siarkol
emerged as the most potent fungicide against Trichoderma
koningiopsis, demonstrating a superior ability to inhibit
fungal growth. Meanwhile, Zato and Luna showed con-
sistent effectiveness across tested isolates of Bacillus
velezensis, indicating their reliable performance as anti-
bacterial agents. In contrast, Bellis, Delan, Miedzian, and
Geoxe exhibited minimal to no significant impact on either
Trichoderma koningiopsis or Bacillus velezensis isolates,
suggesting that their efficacy is limited in these particular
contexts.

This information on the sensitivity/resistance properties
of our antagonistic candidates Bacillus velezensis isolates
B134/22, B233/22, B267/22, and the fungal Trichoderma
koningiopsis isolate G779/22 against Neofabraea on agro-
chemicals will allow for more informed recommendations
on their application strategies, including the timing of fun-
gicide treatments to minimize interference with the activity
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of the biocontrol agents and maximize their protective effect
on apple trees. By considering these characteristics, orchard
managers can better integrate biocontrol solutions with
chemical or organic management practices. This will help
optimize the long-term sustainability of apple production,
ensuring that the antagonistic isolates remain effective in
controlling Neofabraea even in the presence of fungicide
treatments.

5. CONCLUSIONS

The study focuses on identifying microbial antago-
nists against Neofabraea, a pathogen responsible for apple
Bull’s Eye Rot (BER). Soil samples from beneath apple
trees growing in six different land management practices
were chosen to search for biocontrol agents, leveraging the
local and natural interactions of soil microorganisms.

The study evaluated the antagonistic potential of micro-
bial isolates against 150 Neofabraea isolates from various
orchards and apple varieties. Significant variability in
antagonist efficacy highlighted the need to consider both
microbial and pathogen diversity in biocontrol selection.

Key candidates identified were Bacillus velezensis isola-
tes B134/22, B233/22, B267/22 and a Trichoderma kon-
ingiopsis isolate G779/22. These isolates suppressed 65%
of tested Neofabraea representatives, suggesting strong
potential for future biocontrol biopreparation development.

Microbial traits linked to biocontrol efficacy, such as
chitinase and B-glucanase production, were explored among
these isolates. While 7. koningiopsis G779/22 demonstrat-
ed genetic capabilities for these enzymes, B.velezensis
B134/22, B233/22, and B267/22 relied, among other me-
chanisms, on glycogen degradation, suggesting other
mechanisms contribute to their antagonistic activity.

Importantly, the study examined the antibiotic resist-
ance profiles of the candidates, with only a few resistance
genes, which indicates a lower risk of resistance gene
spread, making the isolates safer for environmental use.

Sensitivity to agrochemicals was also assessed, given
the need for biocontrol agents to endure orchard condi-
tions, including exposure to commonly used fungicides and
pH adjusters. The study identified Siarkol as particularly
effective against 7. koningiopsis G779/22, while Zato and
Luna were reliable against B velezensis B134/22, B233/22,
B267/22. In contrast, Bellis, Delan, Miedzian, and Geoxe
showed limited efficacy.

Overall, understanding the sensitivity and resistance
properties of biocontrol agents is crucial for integrating
them with common orchard management practices. This
knowledge enables optimized timing and strategies for fun-
gicide applications, ensuring the biocontrol agents remain
effective and contribute to sustainable apple production.

The most important conclusions of the study are that
Bacillus velezensis isolates B134/22, B233/22, B267/22
and Trichoderma koningiopsis isolate G779/22 demon-
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strated diverse antagonistic mechanisms, combined with
favorable antibiotic resistance profiles and sensitivity to
agrochemicals, make them promising candidates for deve-
loping environmentally safe and sustainable biocontrol
solutions against Neofabraea spp. in apple orchards.

Conflict of interest. The Authors declare they have no
conflict of interest.

6. REFERENCES

Aguilar, C.G., Mazzola, M., Xiao, C.L., 2018. Control of bull’s-
eye rot of apple caused by Neofabraea perennans and
Neofabraea kienholzii using pre- and postharvest fungi-
cides. Plant Dis. 102, 905-910. https://doi.org/10.1094/
PDIS-09-17-1363-RE.

Aguilar, C.G., Mazzola, M., Xiao, C.L., 2019. Timing of perennial
canker development in apple trees caused by Neofabraea
perennans and Neofabraea kienholzii. Plant Dis. 103, 555-
562. https://doi.org/10.1094/PDIS-06-18-0935-RE.

Ahmadi-Afzadi, M., Tahir, 1., Nybom, H., 2013. Impact of har-
vesting time and fruit firmness on the tolerance to fungal
storage diseases in an apple germplasm collection. Postharvest
Biol. Technol. 82, 51-58. https://doi.org/10.1016/].
postharvbio.2013.03.001.

Alcock, B.P., Huynh, W., Chalil, R., Smith, K. W., Raphenya
A.R., Wlodarski, M.A., et al., 2023. CARD 2023: expanded
curation, support for machine learning, and resistome pre-
diction at the Comprehensive Antibiotic Resistance
Database. Nucleic Acids Research, 51, D690-D699. https://
doi.org/10.1093/nar/gkac920.

Alenezi, FN., Slama, H.B., Bouket, A.C., Cherif-Silini, H., Silini,
A., Luptakova, L., et al., 2021. Bacillus velezensis: A treas-
ure house of bioactive compounds of medicinal, biocontrol
and environmental importance. Forests 12. https:/doi.
org/10.3390/f12121714.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J.,
1990. Basic local alignment search tool. J. Molecular Biol.
215(3), 403-410.
https://doi.org/10.1016/S0022-2836(05)80360-2.

Andrews, S., 2010. FastQC: a quality control tool for high
throughput sequence data. Available online at: http:/www.
bioinformatics.babraham.ac.uk/projects/fastqc.

Aramaki, T., Blanc-Mathieu, R., Endo, H., Ohkubo, K., Kanehisa,
M., Goto, S., et al., 2020. KofamKOALA: KEGG Ortholog
assignment based on profile HMM and adaptive score
threshold, Bioinformatics 36(7), 2251-2252. https://doi.
org/10.1093/bioinformatics/btz859.

Baquero, F., Martinez, J.L., Lanza, V.F., Rodriguez-Beltran, J.,
Galan, J.C., San Millan, A., et al., 2021. Evolutionary path-
ways and trajectories in antibiotic resistance. Clin.
Microbiol. Rev. 34. https://doi.org/10.1128/CMR.00050-19.

Beri¢, T., 2018. Identification and antibiotic resistance of Bacillus
spp. isolates from natural samples. Arch. Biol. Sci. 70,
70(3), 581-588. https://doi.org/10.2298/ABS180302019B.

Blin, K., Shaw, S., Augustijn, H.E., Reitz, Z. L., Biermann, F.,
Alanjary, M., et al., 2023. antiSMASH 7.0: new and
improved predictions for detection, regulation, chemical
structures and visualisation. Nucleic Acids Research,
S1(W1), W46-W50. https://doi.org/10.1093/nar/gkad344.



https://doi.org/10.1094/PDIS-09-17-1363-RE
https://doi.org/10.1094/PDIS-09-17-1363-RE
https://doi.org/10.1094/PDIS-06-18-0935-RE
https://doi.org/10.1016/j.postharvbio.2013.03.001
https://doi.org/10.1016/j.postharvbio.2013.03.001
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.3390/f12121714
https://doi.org/10.3390/f12121714
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/bioinformatics/btz859
https://doi.org/10.1093/bioinformatics/btz859
https://doi.org/10.1128/CMR.00050-19
https://doi.org/10.2298/ABS180302019B
https://doi.org/10.1093/nar/gkad344

IDENTIFYING ANTAGONISTIC ISOLATES TO CONTROL NEOFABRAEA IN APPLES

Blum, M., Chang, H.-Y., Chuguransky, S., Grego, T., Kandasaamy,
S., Mitchell, A., et al., 2021. The InterPro protein families
and domains database: 20 years on. Nucleic Acids Res.
49(D1), D344-D354. https://doi.org/10.1093/nar/gkaa977.

Bonaterra, A., Badosa, E., Daranas, N., Francés, J., Roselld, G.,
Montesinos, E., 2022. Bacteria as biological control agents
of plant diseases. Microorganisms 10. https:/doi.
org/10.3390/microorganisms10091759.

Brauer, V.S., Rezende, C.P., Pessoni, A.M., De Paula, R.G.,
Rangappa, K.S., Nayaka, S.C., et al, 2019. Antifungal
agents in agriculture: friends and foes of public health.
Biomolecules 9. https://doi.org/10.3390/biom9100521.

Bryk, H., Rutkowski, K.P., 2012. Efficacy of alternative methods
in controlling of bull’s eye rot (Pezicula spp.) (in Polish).
Postepy w Ochronie Ro$lin 52(3), 727-732.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos,
J., Bealer, K., Madden, T.L., 2009. BLAST+: architecture
and applications, BMC Bioinformatics 10, 421. https://doi.
org/10.1186/1471-2105-10-421.

Cao, D., Li, X., Cao, J., Wang, W., 2013. PCR Detection of the
three Neofabraea pathogenic species responsible for apple
Bull’s Eye Rot. Adv. Microbiol. 03, 61-64. https://doi.
org/10.4236/aim.2013.31009.

Chen, L., Heng, J., Qin, S., Bian, K., 2018. A comprehensive
understanding of the biocontrol potential of Bacillus
velezensis LM2303 against Fusarium head blight. PLoS
One 13, 1-22. https://doi.org/10.1371/journal.pone.0198560.

Chojniak, J., Jatowiecki, L., Dorgeloh, E., Hegedusova, B., Ejhed,
H., Magnér, J., et al., 2015. Application of the BIOLOG
system for characterization of Serratia marcescens ss mar-
cescens isolated from onsite wastewater technology
(OSWT). Acta Biochim. Pol. 62, 799-805. http://dx.doi.
org/10.18388/abp.2015_1138.

Cock, PJ.A., Fields, C.J., Goto, N., Heuer, M.L., Rice, PM.,
2010. The Sanger FASTQ file format for sequences with
quality scores, and the Solexa/Illumina FASTQ variants.
Nucleic Acids Res. 38(6), 1767-1771. https://doi.
org/10.1093/nar/gkp1137.

Corral-Ramos, C., Roncero, M.I.G., 2015. Glycogen catabolism,
but not its biosynthesis, affects virulence of Fusarium oxys-
porum on the plant host. Fungal Genet. Biol. 77, 40-49.
https://doi.org/10.1016/j.fgb.2015.03.014.

Courvalin, P., 1994. Minireview transfer of antibiotic resistance
genes between gram-positive and gram-negative bacteria.
Antimicrob. Agents Chemother. 38, 1447-1451.

Dai, M., Lu, J., Wang, Y., Liu, Z., Yuan, Z., 2012. In vitro devel-
opment and transfer of resistance to chlortetracycline in
Bacillus subtilis. J. Microbiol. 50, 807-812. https:/doi.
org/10.1007/s12275-012-1454-5.

Depardieu, F., Podglajen, 1., Leclercq, R., Collatz, E., Courvalin,
P., 2007. Modes and modulations of antibiotic resistance
gene expression. Clin. Microbiol. Rev. 20, 79-114. https://
doi.org/10.1128/cmr.00015-06.

Derikvand, F., Bazgir, E., El Jarroudi, M., Darvishnia, M., Mirzaei
Najafgholi, H., Laasli, S.E., et al., 2023. Unleashing the
potential of bacterial isolates from apple tree rhizosphere
for biocontrol of Monilinia laxa: A promising approach for
combatting Brown rot disease. J. Fungi 9, 1-15. https://doi.
0rg/10.3390/j0f9080828.

161

Fira, D., Dimki¢, 1., Beri¢, T., Lozo, J., Stankovi¢, S., 2018.
Biological control of plant pathogens by Bacillus species.
J. Biotechnol. 285, 44-55. https://doi.org/10.1016/].
jbiotec.2018.07.044.

Gariépy, T.D., Lévesque, C.A., de Jong, S.N., Rahe, J.E., 2003.
Species-specific identification of the Neofabraea pathogen
complex associated with pome fruits using PCR and multi-
plex DNA amplification. Mycol. Res. 107, 528-536. https://
doi.org/10.1017/S0953756203007810.

Gomez, P., Paterson, S., De Meester, L., Liu, X., Lenzi, L.,
Sharma, M.D., et al., 2016. Local adaptation of a bacterium
is as important as its presence in structuring a natural micro-
bial community. Nat. Commun. 7, 1-8. https:/doi.
org/10.1038/ncomms12453.

Grishechkina, S.D., Ermolova, V.P., Kovalenko, T.K., Antonets,
K.S., Belousova, M., Yakhno, V.V., et al, 2019.
Polyfunctional properties of the Bacillus thuringiensis var.
thuringiensis industrial strain 800/15. Biol. 54, 494-504.
https://doi.org/10.15389/agrobiology.2019.3.494eng.

Grzegorczyk, M., Szalewicz, A., Zarowska, B., Polomska, X.,
Watorek, W., Wojtatowicz, M., 2015. Microorganisms in
biological protection of plants against fungal diseases (in
Polish). Acta Sci. Pol., Biotechnol. 14, 1-58.

Gupta, P.K., 2018. Chapter 45 — Toxicity of fungicides. In: Gupta,
R.C.B.T.-V.T. Veterinary Toxicology. Academic Press, 569-
580. https://doi.org/10.1016/B978-0-12-811410-0.00045-3.

Gurevich, A., Saveliev, V., Vyahhi, N., Tesler, G., 2013. QUAST:

quality assessment tool for genome assemblies.
Bioinformatics 29(8), 1072-1075. https://doi.org/10.1093/
bioinformatics/btt086.

Haynes, R.J., Swift, R.S., 1985. Effects of soil acidification on the
chemical extractability of Fe, Mn, Zn and Cu and the
growth and micronutrient uptake of highbush blueberry
plants. Plant Soil 84, 201-212. https://doi.org/10.1007/
BF02143184.

Hernandez-Plaza, A., Szklarczyk, D., Botas, J., Cantalapiedra, C.
P., Giner-Lamia, J., Mende, D.R., Kirsch, R., Rattei, T.,
Letunic, 1., Jensen, L.J., Bork, P., von Mering, C., Huerta-
Cepas, J., 2023. eggNOG 6.0: enabling comparative
genomics across 12 535 organisms. Nucleic Acids Res.
51(D1), D389-D394. https://doi.org/10.1093/nar/gkac1022.

Jain, C., Rodriguez-R.L.M., Phillippy, A.M., Konstantinidis, K.T.,
Aluru, S., 2018. High throughput ANI analysis of 90K
prokaryotic genomes reveals clear species boundaries.
Nature Communications 9(1), 5114. https://doi.org/10.1038/
s41467-018-07641-9.

Jian, Z., Zeng, L., Xu, T., Sun, S., Yan, S., Yang, L., et al., 2021.
Antibiotic resistance genes in bacteria: Occurrence, spread,
and control. J. Basic Microbiol. 61, 1049-1070. https://doi.
org/10.1002/jobm.202100201.

Jiang, C.-H., Liao, M.-J., Wang, H.-K., Zheng, M.-Z., Xu, J.-J.,
Guo, J.-H., 2018. Bacillus velezensis, a potential and effi-
cient biocontrol agent in control of pepper gray mold caused
by Botrytis cinerea. Biol. Control 126, 147-157. https://doi.
org/10.1016/j.biocontrol.2018.07.017.

Jiménez-Delgadillo, R., Valdés-Rodriguez, S.E., Olalde-Portugal,
V., Abraham-Juarez, R., Garcia-Hernandez, J.L., 2018.
Effect of pH and temperature on the growth and antagonis-
tic activity of Bacillus subtilis on Rhizoctonia solani. Rev.
Mex. Fitopatol. Mex. J. Phytopathol. 36, 256-275.



https://doi.org/10.1093/nar/gkaa977
https://doi.org/10.3390/microorganisms10091759
https://doi.org/10.3390/microorganisms10091759
https://doi.org/10.3390/biom9100521
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.4236/aim.2013.31009
https://doi.org/10.4236/aim.2013.31009
https://doi.org/10.1371/journal.pone.0198560
http://dx.doi.org/10.18388/abp.2015_1138
http://dx.doi.org/10.18388/abp.2015_1138
https://doi.org/10.1093/nar/gkp1137
https://doi.org/10.1093/nar/gkp1137
https://doi.org/10.1016/j.fgb.2015.03.014
https://doi.org/10.1007/s12275-012-1454-5
https://doi.org/10.1007/s12275-012-1454-5
https://doi.org/10.1128/cmr.00015-06
https://doi.org/10.1128/cmr.00015-06
https://doi.org/10.3390/jof9080828
https://doi.org/10.3390/jof9080828
https://doi.org/10.1016/j.jbiotec.2018.07.044
https://doi.org/10.1016/j.jbiotec.2018.07.044
https://doi.org/10.1017/S0953756203007810
https://doi.org/10.1017/S0953756203007810
https://doi.org/10.1038/ncomms12453
https://doi.org/10.1038/ncomms12453
https://doi.org/10.15389/agrobiology.2019.3.494eng
https://doi.org/10.1016/B978-0-12-811410-0.00045-3
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1007/BF02143184
https://doi.org/10.1007/BF02143184
https://doi.org/10.1093/nar/gkac1022
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1002/jobm.202100201
https://doi.org/10.1002/jobm.202100201
https://doi.org/10.1016/j.biocontrol.2018.07.017
https://doi.org/10.1016/j.biocontrol.2018.07.017

162

Jin, X., Cai, R., Wang, R., Cao, Y., Dai, Z., Hu, Z., et al., 2023.
Antibiotic resistance characterization and molecular char-
acteristics of Enterococcus species isolated from
combination probiotic preparations in China. Foodborne
Pathog. Dis. 21, 36-43. https://doi.org/10.1089/fpd.2023.00.

Jin, X., Zhang, L., Cao, Y., Dai, Z., Ge, X., Cai, R, et al., 2024.
Antibiotic resistance characterization, virulence factors and
molecular characteristics of Bacillus species isolated from
probiotic preparations in China. J. Glob. Antimicrob.
Resist. https://doi.org/10.1016/j.jgar.2024.06.015, In press.

Johnson, K.B., Temple, T.N., Achala N.K.C., 2023. Acidifying
spray suspensions of oxytetracycline and kasugamycin
enhances their effectiveness for Fire blight control in apple
and pear. Phytopathology 113, 2205-2214. https:/doi.
org/10.1094/PHYTO-04-23-0122-R.

Jones, P., Binns, D., Chang, H.-Y., Fraser, M., Li, W., McAnulla,
C., et al.,2014. InterProScan 5: genome-scale protein func-
tion classification. Bioinformatics 30(9), 1236-1240.
https://doi.org/10.1093/bioinformatics/btu031.

Kanehisa, M., Goto, S., 2000. KEGG: Kyoto Encyclopedia of
Genes and Genomes. Nucleic Acids Res. 28, 27-30. https:/
doi.org/10.1093/nar/28.1.27.

Kall, L., Krogh, A., Sonnhammer, E.L.L., 2004. A combined
transmembrane topology and signal peptide prediction
method. J. Molecular Biol. 338(5), 1027-1036. https://doi.
org/10.1016/j.jmb.2004.03.016.

Koller, W., Parker, D., Turechek, W., Rosenberger, D., Wilcox,
W., Carroll, J., et al., 2005. Fungicide resistance of apple
scab: status quo and management options. New York Fruit
Q. 13,9-17.

Kong, P, Hong, C., 2017. Biocontrol of boxwood blight by
Trichoderma koningiopsis Mb2. Crop Prot. 98, 124-127.
https://doi.org/10.1016/j.cropro.2017.03.015.

Kraemer, S.A., Boynton, P.J., 2017. Evidence for microbial local
adaptation in nature. Mol. Ecol. 26, 1860-1876. https://doi.
org/10.1111/mec.13958.

Kumbar, B., Mahmood, R., Nagesha, S.N., Nagaraja, M.S.,
Prashant, D.G., Kerima, O.Z., et al., 2019. Field application
of Bacillus subtilis isolates for controlling late blight dis-
ease of potato caused by Phytophthora infestans. Biocatal.
Agric. Biotechnol. 22, 101366. https://doi.org/10.1016/].
bcab.2019.101366.

Kurnik, V., Gabersek, V., Unuk, T., Tojnko, S., Vogrin, A., Vajs,
S., et al., 2012. Influence of Alternative Copper Fungicide
Formulations on Copper Content in Apple Fruits. Erwerbs-
Obstbau 54, 161-170. https://doi.org/10.1007/
s10341-012-0172-9.

Lankau, R.A., 2013. Species invasion alters local adaptation to
soil communities in a native plant. Ecology 94, 32-40. htt-
ps://doi.org/10.1890/12-0675.1.

Lima, G., De Curtis, F., De Cicco, V., 2008. Interaction of micro-
bial biocontrol agents and fungicides in the control of
postharvest diseases. Stewart Postharvest Rev. 4.

Lin, H., Jiang, X., Yi, J., Wang, X., Zuo, R., Jiang, Z., et al., 2018.
Molecular identification of Neofabraea species associated
with bull’s-eye rot on apple using rolling-circle amplifica-
tion of partial EF-la sequence. Can. J. Microbiol. 64,
57-68. https://doi.org/10.1139/cijm-2017-04438.

Lipa, T., Szot, 1., Dobrzanski, B., Kaptan, M., 2019. The assess-
ment of ten apple cultivars and their susceptibility on

K. ZAWADZKA et al.

bruising after storage and shelf-life of fruit treated with
1-MCP. Acta Sci. Pol. Hortorum Cultus 18(6) 2019, 129-
140. https://10.24326/asphc.2019.6.13.

Liu, R, Li, J., Zhang, F., Zheng, D., Chang, Y., Xu, L., Huang, L.,
2021. Biocontrol activity of Bacillus velezensis D4 against
apple Valsa canker. Biol. Control 163, 104760. https://doi.
org/10.1016/j.biocontrol.2021.104760.

Love, J., Palmer, J., Stajich, J., Esser, T., Kastman, E., Winter, D.,
2018. Nextgenusfs/Funannotate: Funannotate v1.5.1.
Zenodo. https://doi.org/10.5281/zenodo0.4054262.

Lowe, T.M., Eddy, S.R., 1997. tRNAscan-SE: A Program for
improved detection of transfer RNA genes in genomic
sequence. Nucleic Acids Res. 25(5), 955-964. https://doi.
org/10.1093/nar/25.5.955.

Luo, M., Chen, Y., Huang, Q., Huang, Z., Song, H., Dong, Z.,
2023. Trichoderma koningiopsis Tk905: an efficient bio-
control, induced resistance agent against banana Fusarium
wilt disease and a potential plant-growth-promoting fun-
gus. Front. Microbiol. 14, 1-11. https://doi.org/10.3389/
fmicb.2023.1301062.

Lysiak, G., Szot 1., 2023. The possibility of using fruit-bearing
plants of temperate climate in the treatment and prevention
of diabetes. Life 13(9). https://doi.org/10.3390/
life13091795.

Madhupriyaa, D., Baskar, M., Sherene Jenita Rajammal, T.,
Kuppusamy, S., Rathika, S., Umamaheswari, T., et al.,
2024. Efficacy of chelated micronutrients in plant nutrition.
Commun. Soil Sci. Plant Anal. 55, 3609-3637. https://doi.
org/10.1080/00103624.2024.2397019.

Martignoni, M.M., Kolodny, O., 2024. Microbiome transfer from
native to invasive species may increase invasion risk and
shorten invasion lag. bioRxiv 2023.08.28.555072. https:/
doi.org/10.1101/2023.08.28.555072.

Martin, M., 2011. Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet J. 17(1), 10-12.
https://doi.org/10.14806/ej.17.1.200.

Mayerhofer, G., Schwaiger-Nemirova, 1., Kuhn, T., Girsch, L.,
Allerberger, F., 2009. Detecting streptomycin in apples
from orchards treated for Fire blight. J. Antimicrob.
Chemother. 63, 1076-1077. https://doi.org/10.1093/jac/
dkp055.

Mikheenko, A., Valin, G., Prjibelski, A., Saveliev, V., Gurevich,
A., 2016. Icarus: visualizer for de novo assembly evalua-
tion. Bioinformatics 32(21), 3321-3323. https://doi.
org/10.1093/bioinformatics/btw379

Mikheenko, A., Prjibelski, A., Saveliev, V., Antipov, D., Gurevich,
A., 2018. Versatile genome assembly evaluation with
QUAST-LG. Bioinformatics 34(13), 1142-i150. https://doi.
org/10.1093/bioinformatics/bty266

Mohammadi, B., Gorkina, N., Pérez-Reyes, M.E., Smith, S.A.,
2023. Profiling toxin genes and antibiotic resistance in
Bacillus cereus isolated from pre-launch spacecraft. Front.
Microbiol. 14, 1-8. https://doi.org/10.3389/fmicb.2023.1231726.

Musacchi, S., Serra, S., 2018. Apple fruit quality: Overview on
pre-harvest factors. Sci. Hortic. 234, 409-430. https://doi.
org/10.1016/j.scienta.2017.12.057.

Naylor, M.A., Kaiser, H., Jones, C.L.W., 2013. The effect of dos-
ing with sodium hydroxide (NaOH-) on water pH and
growth of Haliotis midae in an abalone serial-use raceway.
Aquac. Int. 21, 467-479. https://doi.org/10.1007/
$10499-012-9574-9.



https://doi.org/10.1089/fpd.2023.00
https://doi.org/10.1016/j.jgar.2024.06.015
https://doi.org/10.1094/PHYTO-04-23-0122-R
https://doi.org/10.1094/PHYTO-04-23-0122-R
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/j.jmb.2004.03.016
https://doi.org/10.1016/j.jmb.2004.03.016
https://doi.org/10.1016/j.cropro.2017.03.015
https://doi.org/10.1111/mec.13958
https://doi.org/10.1111/mec.13958
https://doi.org/10.1016/j.bcab.2019.101366
https://doi.org/10.1016/j.bcab.2019.101366
https://doi.org/10.1007/s10341-012-0172-9
https://doi.org/10.1007/s10341-012-0172-9
https://doi.org/10.1890/12-0675.1
https://doi.org/10.1890/12-0675.1
https://doi.org/10.1139/cjm-2017-0448
https://10.24326/asphc.2019.6.13
https://doi.org/10.1016/j.biocontrol.2021.104760
https://doi.org/10.1016/j.biocontrol.2021.104760
https://doi.org/10.5281/zenodo.4054262
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.3389/fmicb.2023.1301062
https://doi.org/10.3389/fmicb.2023.1301062
https://doi.org/10.3390/life13091795
https://doi.org/10.3390/life13091795
https://doi.org/10.1080/00103624.2024.2397019
https://doi.org/10.1080/00103624.2024.2397019
https://doi.org/10.1101/2023.08.28.555072
https://doi.org/10.1101/2023.08.28.555072
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/jac/dkp055
https://doi.org/10.1093/jac/dkp055
https://doi.org/10.1093/bioinformatics/btw379
https://doi.org/10.1093/bioinformatics/btw379
https://doi.org/10.1093/bioinformatics/bty266
https://doi.org/10.1093/bioinformatics/bty266
https://doi.org/10.1016/j.scienta.2017.12.057
https://doi.org/10.1016/j.scienta.2017.12.057
https://doi.org/10.1007/s10499-012-9574-9
https://doi.org/10.1007/s10499-012-9574-9

IDENTIFYING ANTAGONISTIC ISOLATES TO CONTROL NEOFABRAEA IN APPLES

Nicholls, P.H., 1988. Factors influencing entry of pesticides into
soil water. Pestic. Sci. 22, 123-137. https://doi.org/10.1002/
ps.2780220204.

O’Leary, N.A., Wright, M.W., Brister, J.R., Ciufo, S., Haddad, D.,
Veigh, RM., et al., 2016. Reference sequence (RefSeq)
database at NCBI: current status, taxonomic expansion, and
functional annotation, Nucleic Acids Res. 44(D1),
D733-D745. https://doi.org/10.1093/nar/gkv1189.

Oleszek, M., Pecio, L., Kozachok, S., Lachowska-Filipiuk, Z.,
Oszust, K., Frac, M., 2019. Phytochemicals of apple pom-
ace as prospect bio-fungicide agents against mycotoxigenic
fungal species — in vitro experiments. Toxins 11(6), 361.
https://doi.org/10.3390/toxins11060361.

Ons, L., Bylemans, D., Thevissen, K., Cammue, B.P.A., 2020.
Combining biocontrol agents with chemical fungicides for
integrated plant fungal disease control. Microorganisms 8,
1-19. https://doi.org/10.3390/microorganisms8121930.

Orr, R., Nelson, P.N., 2018. Impacts of soil abiotic attributes on
Fusarium wilt, focusing on bananas. Appl. Soil Ecol. 132,
20-33. https://doi.org/10.1016/j.aps0il.2018.06.019.

Oszust, K., Pylak, M., Frac, M., 2021. Trichoderma-based bio-
preparation with prebiotics supplementation for the
naturalization of raspberry plant rhizosphere. Int. J. Mol.
Sci. 22. https://doi.org/10.3390/ijms22126356.

Oszust, K., Szpilska, K., Gryta, A., Panek, J., Pylak, M., Lipa, T.,
et al., 2023a. New biotechnological solutions in biocontrol
and molecular diagnostics of Neofabraea spp. in apples
— A review. Postharvest Biol. Technol. 204. https:/doi.
org/10.1016/j.postharvbio.2023.112442.

Oszust, K., Pinzari, F., Frac, M., 2023b. Selection of redox dye
and inoculum conditions for the optimisation of respiromet-
ric indices in Verticillium and Trichoderma. Int. Agrophys.
37, 279-292. https://doi.org/10.31545/intagr/170884.

Palumbo, J.D., Yuen, G.Y., Jochum, C.C., Tatum, K., Kobayashi,
D.Y., 2005. Mutagenesis of f-1,3-glucanase genes in
Lysobacter enzymogenes strain C3 results in reduced bio-
logical control activity toward Bipolaris leaf spot of tall
fescue and Pythium damping-off of sugar beet.
Phytopathology 95, 701-707. https://doi.org/10.1094/
PHYTO-95-0701.

Pampulha, M.E., Loureiro-Dias, M.C., 1989. Combined effect of
acetic acid, pH and ethanol on intracellular pH of ferment-
ing yeast. Appl. Microbiol. Biotechnol. 31, 547-550. https://
doi.org/10.1007/BF00270792.

Panek, J., Frac, M., Bilinska-Wielgus, N., 2016. Comparison of
chemical sensitivity of fresh and long-stored heat-resistant
Neosartorya fischeri environmental isolates using Biolog
Phenotype MicroArray system. PLoS One 11, 4-8. https:/
doi.org/10.1371/journal.pone.0147605.

Patel, J., Teli, B., Bajpai, R., Meher, J., Rashid, M., Mukherjee,
A, etal., 2019. 13 - Trichoderma-mediated biocontrol and
growth promotion in plants: an endophytic approach. In:
Kumar, A., Singh, A.K., Choudhary, K.K.B.T.-R. of
P.G.PM. in S.A. and N. (Eds). Woodhead Publ. 219-239.
https://doi.org/10.1016/B978-0-12-817004-5.00013-0.

Pearson, W. R., Lipman, D. J., 1988. Improved tools for biological
sequence comparison., Proc. Natl. Acad. Sci. U.S.A. 85(8)
2444-2448. https://doi.org/10.1073/pnas.85.8.2444.

Pertile, G., Panek, J., Oszust, K., Siczek, A., Frac, M., 2018.
Intraspecific functional and genetic diversity of Petriella
setifera. Peer] 2018. https://doi.org/10.7717/peerj.4420

163

Poveda, J., Eugui, D., 2022. Combined use of Trichoderma and
beneficial bacteria (mainly Bacillus and Pseudomonas):
Development of microbial synergistic bio-inoculants in
sustainable agriculture. Biol. Control 176, 105100. https://
doi.org/10.1016/j.biocontrol.2022.105100.

Prjibelski, A.D., Vasilinetc, 1., Bankevich, A., Gurevich, A.,
Krivosheeva, T., Nurk, S., ef al., 2014. ExSPAnder: a uni-
versal repeat resolver for DNA fragment assembly.
Bioinformatics 30(12), i293-i301. https://doi.org/10.1093/
bioinformatics/btu266.

Prjibelski, A., Antipov, D., Meleshko, D., Lapidus, A.,
Korobeynikov, A., 2020. Using SPAdes De Novo
Assembler. Current Protocols in Bioinformatics 70(1),
€102. https://doi.org/10.1002/cpbi.102.

Pylak, M., Oszust, K., Frac, M., 2019. Review report on the role
of bioproducts, biopreparations, biostimulants and micro-
bial inoculants in organic production of fruit. Rev. Environ.
Sci. Biotechnol. 18, 597-616. https://doi.org/10.1007/
s11157-019-09500-5.

Pylak, M., Oszust, K., Frac, M., 2020. Searching for new benefi-
cial bacterial isolates of wild raspberries for biocontrol of
phytopathogens-antagonistic properties and functional
characterization. Int. J. Mol. Sci. 21, 1-33. https://doi.
org/10.3390/ijms21249361.

Ruangwong, O.U., Pornsuriya, C., Pitija, K., Sunpapao, A., 2021.
Biocontrol mechanisms of Trichoderma koningiopsis
PSU3-2 against postharvest anthracnose of chili pepper.
J. Fungi 7, 4, 276. https://doi.org/10.3390/j0f7040276.

Seemann, T., 2014. Prokka: rapid prokaryotic genome annotation,
Bioinformatics 30(14), 2068-2069. https://doi.org/10.1093/
bioinformatics/btul53.

Silva, V., Yang, X., Fleskens, L., Ritsema, C. J., Geissen, V., 2022.
Environmental and human health at risk — Scenarios to
achieve the Farm to Fork 50% pesticide reduction goals.
Env. Int. 165, 107296. https://doi.org/10.1016/].
envint.2022.107296.

Simao, F.A., Waterhouse, R.M., Ioannidis, P., Kriventseva, E.V.,
Zdobnov, E.M., 2015. BUSCO: assessing genome assem-
bly and annotation completeness with single-copy
orthologs, Bioinformatics 31(19), 3210-3212. https://doi.
org/10.1093/bioinformatics/btv351.

Sottocornola, G., Baric, S., Nocker, M., Stella, F., Zanker, M.,
2022. Picture-based and conversational decision support to
diagnose post-harvest apple diseases. Expert Syst. Appl.
189, 116052. https://doi.org/10.1016/j.eswa.2021.116052.

Spadotto, C.A., Hornsby, A.G., 2003. Soil sorption of acidic pes-
ticides. J. Environ. Qual. 32, 949-956. https:/doi.
org/10.2134/jeq2003.9490.

Teufel, F., Armenteros, A.J.J., Johansen, A.R., Gislason, M.H.,
Pihl, S.I., Tsirigos, K.D., et al., 2022. SignalP 6.0 predicts
all five types of signal peptides using protein language
models. Nature Biotechnology 40(7), 1023-1025. https:/
doi.org/10.1038/s41587-021-01156-3.

Tyc, O., van den Berg, M., Gerards, S., van Veen, J.A,,
Raaijmakers, J.M., de Boer, W., et al., 2014. Impact of
interspecific interactions on antimicrobial activity among
soil bacteria. Front. Microbiol. 5, 1-10. https:/doi.
org/10.3389/fmicb.2014.00567.

Wang, B.T., Hu, S., Yu, X.Y,, Jin, L., Zhu, Y.J., Jin, F.J., 2020.
Studies of cellulose and starch utilization and the regulatory
mechanisms of related enzymes in Fungi. Polymers 12,
1-17. https://doi.org/10.3390/polym12030530.



https://doi.org/10.1002/ps.2780220204
https://doi.org/10.1002/ps.2780220204
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.3390/toxins11060361
https://doi.org/10.3390/microorganisms8121930
https://doi.org/10.1016/j.apsoil.2018.06.019
https://doi.org/10.3390/ijms22126356
https://doi.org/10.1016/j.postharvbio.2023.112442
https://doi.org/10.1016/j.postharvbio.2023.112442
https://doi.org/10.31545/intagr/170884
https://doi.org/10.1094/PHYTO-95-0701
https://doi.org/10.1094/PHYTO-95-0701
https://doi.org/10.1007/BF00270792
https://doi.org/10.1007/BF00270792
https://doi.org/10.1371/journal.pone.0147605
https://doi.org/10.1371/journal.pone.0147605
https://doi.org/10.1016/B978-0-12-817004-5.00013-0
https://doi.org/10.1073/pnas.85.8.2444
https://doi.org/10.7717/peerj.4420
https://doi.org/10.1016/j.biocontrol.2022.105100
https://doi.org/10.1016/j.biocontrol.2022.105100
https://doi.org/10.1093/bioinformatics/btu266
https://doi.org/10.1093/bioinformatics/btu266
https://doi.org/10.1002/cpbi.102
https://doi.org/10.1007/s11157-019-09500-5
https://doi.org/10.1007/s11157-019-09500-5
https://doi.org/10.3390/jof7040276
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1016/j.envint.2022.107296
https://doi.org/10.1016/j.envint.2022.107296
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.2134/jeq2003.9490
https://doi.org/10.2134/jeq2003.9490
https://doi.org/10.1038/s41587-021-01156-3
https://doi.org/10.1038/s41587-021-01156-3
https://doi.org/10.3389/fmicb.2014.00567
https://doi.org/10.3389/fmicb.2014.00567
https://doi.org/10.3390/polym12030530

164

Wani, A.K., Akhtar, N., Sher, F., Navarrete, A.A., Américo-
Pinheiro, J.H.P., 2022. Microbial adaptation to different
environmental conditions: molecular perspective of evolved
genetic and cellular systems. Arch. Microbiol. 204, 1-16.
https://doi.org/10.1007/s00203-022-02757-5.

Wash, P., Batool, A., Mulk, S., Nazir, S., Yasmin, H., Mumtaz, S.,
et al., 2022. Prevalence of antimicrobial resistance and
respective genes among Bacillus spp., a versatile bio-fungi-
cide. Int. J. Environ. Res. Public Health 19, 22, 14997.
https://doi.org/10.3390/ijerph192214997.

Whipps, J.M., 2001. Microbial interactions and biocontrol in the
rhizosphere. J. Exp. Bot. 52, 487-511. https:/doi.
org/10.1093/jexbot/52.suppl_1.487.

Wood, P. N., Fisher, B.M. 2017. The effect of fungicides on spore
germination, mycelial growth and lesion development of
Phlyctema vagabunda (syn: Neofabraea alba) (bull’s eye
rot of apples). New Zealand Plant Protection 70, 112-119.
https://doi.org/10.30843/nzpp.2017.70.36.

You, C., Zhang, C.,Kong, F., Feng, C., Wang, J.,2016. Comparison
of the effects of biocontrol agent Bacillus subtilis and fun-
gicide metalaxyl-mancozeb on bacterial communities in
tobacco rhizospheric soil. Ecol. Eng. 91, 119-125. https:/
doi.org/10.1016/j.ecoleng.2016.02.011.

Yuan, H., Shi, B., Wang, L., Huang, T., Zhou, Z., Hou, H., et al.,
2022. Isolation and characterization of Bacillus velezensis
strain P2-1 for biocontrol of apple postharvest decay caused
by Botryosphaeria dothidea. Front. Microbiol. 12, 1-11.
https://doi.org/10.3389/fmicb.2021.808938.

K. ZAWADZKA et al.

Zawadzka, K., Oszust, K., Pylak, M., Panek, J., Gryta, A., Frac,
M., 2024. Beneath the apple trees - Exploring soil microbial
properties under Malus domestica concerning various land
management practices. Appl. Soil Ecol. 203, 105642.
https://doi.org/10.1016/j.aps0il.2024.105642.

Zhai, Z., Cui, C., Li, X., Yan, J., Sun, E., Wang, C., ef al., 2023.
Prevalence, antimicrobial susceptibility, and antibiotic
resistance gene transfer of Bacillus strains isolated from
pasteurized milk. J. Dairy Sci. 106, 75-83. https:/doi.
org/10.3168/jds.2022-22199.

Zhang, N., Nunan, N., Hirsch, P.R., Sun, B., Zhou, J., Liang, Y.,
2021. Theory of microbial coexistence in promoting soil—
plant ecosystem health. Biol. Fertil. Soils 57, 897-911.
https://doi.org/10.1007/s00374-021-01586-w.

Zhang, Y., Lorsbach, B.A., Castetter, S., Lambert, W.T., Kister, J.,
Wang, N.X., ef al., 2018. Physicochemical property guide-
lines for modern agrochemicals. Pest Manag. Sci. 74,
1979-1991. https://doi.org/10.1002/ps.5037.

Zia, R., Taj, A., Younis, S., Bukhari, S.Z., Latif, F., Feroz, Y., et
al., 2022. 12 — Application of nanosensors for pesticide
detection. In: Denizli, A., Nguyen, T.A., Rajendran, S.,
Yasin, G., Nadda, A.K.B.T.-N. for S.A. (Eds), Micro Nano
Technologies. Elsevier 259-302. https://doi.org/10.1016/
B978-0-12-824554-5.00006-9.

Zydlik, Z., Zydlik, P., Wieczorek, R., 2021. The effects of bioino-
culants based on mycorrhizal and Trichoderma spp. Fungi
in an apple tree nursery under replantation conditions.
Agronomy 11, 11, 2355. https://doi.org/10.3390/

agronomy11112355.



https://doi.org/10.1007/s00203-022-02757-5
https://doi.org/10.3390/ijerph192214997
https://doi.org/10.1093/jexbot/52.suppl_1.487
https://doi.org/10.1093/jexbot/52.suppl_1.487
https://doi.org/10.30843/nzpp.2017.70.36
https://doi.org/10.1016/j.ecoleng.2016.02.011
https://doi.org/10.1016/j.ecoleng.2016.02.011
https://doi.org/10.3389/fmicb.2021.808938
https://doi.org/10.1016/j.apsoil.2024.105642
https://doi.org/10.3168/jds.2022-22199
https://doi.org/10.3168/jds.2022-22199
https://doi.org/10.1007/s00374-021-01586-w
https://doi.org/10.1002/ps.5037
https://doi.org/10.1016/B978-0-12-824554-5.00006-9
https://doi.org/10.1016/B978-0-12-824554-5.00006-9
https://doi.org/10.3390/agronomy11112355
https://doi.org/10.3390/agronomy11112355

	Zakładka 2
	_Hlk182832275
	_Hlk182832546
	_Hlk182832064
	_Hlk182832093
	_Hlk182831780
	_Hlk182831811
	_GoBack
	_GoBack

