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Introduction

The apple (Malus domestica Borkh.), a cornerstone of Iran's agricultural exports, plays an important role in the
nation's economy. The cultivation of this fruit, however, is frequently exposed to a multitude of pests and diseases,
especially fungi from the Botryosphaeriaceae family emerging as a significant threat. Among these, Diplodia
bulgarica is a particularly harmful fungus that causes a lot of damage to apple orchards. Traditional management
strategies have predominantly relied on chemical fungicides; however, these methods have several problems,
including environmental contamination, food safety concerns, and the potential for pathogen resistance. These issues
highlight the critical need for alternative solutions. To deal with these problems, experts in plant diseases are
looking more at using biological control agents as a viable and environmentally friendly option. Endophytic
bacteria, a group of non-pathogenic microorganisms that inhabit plant tissues, are leading this change. By producing
essential growth factors, these bacteria not only enhance the metabolic processes of their host plants but also protect
them from many diseases and environmental stress. Their mode of action is not limited to direct antagonistic actions
like nutrient competition and antibiotic production; they also take in a range of indirect strategies that effectively
inhibit plant diseases. Using endophytic bacteria to control plant diseases is a new, exciting and promising direction
toward sustainable agriculture. Their dual role as biocontrol agents and promoters of plant health offers a
comprehensive strategy for enhancing crop resilience. Ongoing research is revealing how endophytic bacteria could
transform the way we protect plants and increase farm yields, marking a new era in the management of apple and
other fruit tree diseases.

Materials and Methods
This study aimed to isolate auxin-producing endophytic bacteria from apple trees in the orchards of East
Azerbaijan province and assess their capacity to inhibit the pathogenic fungus Diplodia bulgarica the major causal
agent of apple tree decline in Northwest Iran. To do this, healthy branches from apple trees in East Azerbaijan
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province in northwest Iran were sampled, resulting in 110 isolates of endophytic bacteria being isolated and
subsequently analyzed. Employing the dual-culture method, researchers identified the most effective isolate
exhibiting the strongest antagonistic effect. Subsequently, fifty isolates out of the initial 110 were chosen for further
investigation based on their promising antifungal properties. To statistically analyze the auxin production data,
researchers conducted a variance analysis (ANOVA). Finally, Duncan's multiple range test (DMRT) at a 1%
significance level was used to compare the mean auxin production values among these selected isolates.
Identification was carried out based on polymerase chain reaction (PCR) and sequencing of the 16S rDNA region,
along with biochemical assays including gram staining, catalase, oxidase, arginine hydrolase, and others.

Results and Discussion

The dual-culture assay results led to the selection and preservation of 50 isolates demonstrating varying degrees
of antagonistic potential. Of these, 37 isolates (74%) were identified as gram-positive, while the remaining 13
isolates were gram-negative. The inhibition percentage of these isolates ranged from 10% to 79%. Notably, five
endophytes exhibited high inhibition rates (74-79%), were also effective in auxin production. The auxin production
assay revealed that, on average, bacterial isolates produced 5.5 mg/ml of auxin in the absence of tryptophan and 8.58
mg/ml in its presence. Based on biochemical and molecular identification, all five isolates belonged to the Bacillus
genus, with more than 99% similarity. These included Bacillus xiamenensis, Bacillus sonorensis, Bacillus
tequilensis, Bacillus mojavensis, and Bacillus subtilis. Bacillus mojavensis demonstrated the highest auxin
production, yielding up to tenfold more auxin without tryptophan and fivefold more with tryptophan compared to
other isolates. The study also found that adding L-tryptophan to the bacterial growth medium generally increased
auxin production. In the qualitative evaluation, a pink color change was observed exclusively in the B. mojavensis
isolate.

Conclusion

While fungicides are highly effective, their escalating use has led to serious repercussions, including
environmental pollution, toxic residues in food, pathogen resistance, and socio-economic issues. The substantial
costs and consumer demand for chemical-free produce have spurred researchers to seek viable alternatives to these
agents. In this study, five Bacillus bacterial isolates were identified from apple trees in Iran's northwestern regions.
These isolates not only exhibit strong inhibitory effects against the fungus Diplodia bulgarica but also possess the
capability to produce significant amounts of the phytohormone auxin (IAA). Consequently, they can be
recommended to farmers as both an alternative to fungicides and as biofertilizers. The deployment of these bacteria
promises not only the effective and safe mitigation of pathogens but also supports plant growth and development
through hormone production.
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Figure 1- Dual-culture of Diplodia bulgarica with endophytic bacteria isolated from apple trees in East Azerbaijan for
antagonistic activity assay
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Figure 2- Qualitative assessment of auxin (IAA) production capability by endophytic bacterial isolates from apple tree in East
Azerbaijan Province for antagonistic activity assay- the distinct production of a pink color in the presence of Salkowski’s
colorimetric assay (left)(Sh-4) and weaker (right)(Sh-2) samples
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Table 1- Mean comparison of IAA production by endophytic bacteria in presence and absent of Tryptophan
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Table 2- The inhibition percentage of selected endophytic Bacillus isolates on Diplodia bulgarica, and the outcomes of 16S
rDNA sequencing alongside with biochemical assays
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Species Code Inhibition percentageArginine assayOxidase assayCatalase assayPotato softening assayGram staining
Bacillus xiamenensis Sh-1 79% = = + = +
Bacillus sonorensis Sh-2 74.5% + + - + +
Bacillus tequilensis Sh-3 76% = = = = +
Bacillus mojavensis Sh-4 78% - - - + +
Bacillus subtilis Sh-12 74% + + = + +

SH12

KC990823.1 Bacillus subtilis strain RN40 165 ribosomal RNA gene partial sequence

MVW563945.1 Bacillus halotolerans strain RRSE16 165 ribosomal RNA gene partial sequence
LT844636.1 Bacillus velezensis partial 165 rRNA gene strain RPL isolate 43

SH4

LN556387.1 Bacillus mojavensis partial 16S rRNA gene isolate P AZ 10

MW828652 1 Bacillus vallismortis strain JUPG04 16S ribosomal RNA gene partial sequence

MT436086.1 Bacillus nakamurai strain AB214 16S ribosomal RNA gene partial sequence

LT838175.1 Bacillus vallismortis partial 165 rRNA gene isolate SR1-57

MW301614.1 Bacillus haynesii strain NB LEAF 1 16S ribosomal RNA gene partial sequence

MMN372087.1 Bacillus licheniformis strain MA-76 16S rRNA gene partial sequence 16S ribosomal RNA genz partial sequence
MW301648.1 Bacillus paralicheniformis strain ASD 16 STEM 1 165 ribosomal RMA gene partial sequence
MW331689.1 Bacillus sonorensis strain KM ROQOT 3 16S ribosomal RNA gene partial sequence

SH2

LC512762.1 Bacillus tequilensis N4-1 gene for 165 rRNA partial sequence

HF585003.1 Bacillus safensis partial 16S rRNA gene isolate BFDP-S11

MMN249522 1 Bacillus swezeyi strain N-34 16S ribosomal RNA gene partial sequence
SH3

FJ032017.1 Bacillus pumilus strain ES4 16S ribosomal RNA gene partial sequence

MNT04773.1 Bacillus australimaris strain TS3 16S ribosomal RNA gene partial sequence
SH1

MH788976.1 Bacillus xiamenensis strain CBx LGR21 16S ribosomal RNA gene partial sequence
MMN165952 1 Bacillus zhangzhouensis strain N-29 16S ribosomal RNA gene partial sequence

KP682494 1 Bacillus idriensis strain N40 165 ribosomal RNA gene partial sequence

——— (654664.1 Agrobacterium sp. strain I1AUK2307 16S ribosomal RNA gene partiai sequence
MH7T28788.1 Pseudomonas sp. strain I-63 16S ribosomal RNA gene partial sequence
MT557010.1 Erwinia sp. strain CoA12 165 ribosomal RNA gene partial sequence
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Figure 3- Phylogenetic tree drawn for 16srDNA region using Neighbor Joining algorithm with 1000 bootstrap replication for

endophytic bacteria with IAA production capability isolated from apple trees; three gram-negative bacteria (Agrobacterium,
Pseudomonas, Erwinia) were used as out-group
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