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The mycobiome is comprised of a rich array of fungal species that compete for resources, and species 
diversity and prevalence exhibit a dynamic structure under the influence of many factors. While the 
host fruit develops, the prevalence and the arrangement of fungal species in this mycobiome also 
change, forming a dynamic microenvironment. In this study, fungal diversity on peach fruit surfaces 
at different developmental stages have been determined to better understand the changes in fungal 
diversity and disease occurrence by using metabarcoding of the full ITS region and processing the 
obtained high-throughput sequencing data with various bioinformatic analyses. It has been found 
that fungal diversity in early developmental stages is higher, and the diversity declines as the fruit 
matures, likely due to more prevalent fungal species establishing themselves on the surface as the fruit 
develops. Additionally, this research reveals that the prevalence of pathogens does not necessarily 
mean that disease will develop, as pathogenic species were found to be at higher prevalence 
percentages when compared to non-pathogenic species in healthy fruit samples. This study also 
identified the Monilinia polystroma species at a molecular level for the first time in Türkiye; however, 
no symptomatic signals were recorded on the host. The study provides valuable data for mycobiome 
studies, while also highlighting its importance in optimizing sustainable disease management 
strategies.
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Mycobiome is defined as the collection of fungal species present in a specific environment of the host at a certain 
time1. The fungal species forming the mycobiome vary in their taxonomy, belonging to different families and 
phyla, as well as differing lifestyles such as pathogenic, mutualistic, and saprophytic2,3. These fungal species 
can coexist in the same microenvironment, interact with each other, and affect each other’s nutrient uptake, 
growth, pathogenicity, and resistance to external factors.4,5. These effects can also cause unknown or potentially 
pathogenic species to arise in the mycobiome that take advantage of the absence of other species6,7. Although the 
mycobiome content is constantly fluctuating, the changes that occur within this microenvironment become even 
more clear with the host’s development8,9.

To understand disease occurrence and develop effective and alternative management strategies for fungal 
plant diseases, it is essential to understand the content of species and the interactions among these species 
within the mycobiome7,10. Several studies have been reported on uncovering the fungal content of host surfaces, 
especially of agriculturally important fruits such as apples11, grapes12, pineapple9 and blueberry13. Although 
these studies have shown that several different fungal pathogens are present together on the fruit surface at 
a time, fluctuations within the mycobiomes were left uncovered, and researchers highlight the importance of 
gaining more information on dynamics of fungal prevalence. Following this point, some studies have been 
performed to reveal the mycobiome of fruits throughout the development of the host which were performed on 
dates14, and avocados15. Both studies report several dominant pathogenic fungal species within the mycobiome 
at the developed stages of the fruits and indicate the importance of studying fungal diversity of the mycobiome.

When the target of the research is to detect the diversity within an environment, it is important to select 
the method of isolation and sequencing, and although research has been performed with culture-dependent 
methodologies before, it is essential to detect the maximum number of species in an environment through 
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culture-independent methods that implement high-throughput sequencing techniques6. By implementing these 
methods, mycobiome structure detection can be performed on different economically important agricultural 
produce.

In Türkiye, peach (Prunus persica) has an important economic role in agricultural practices with approximately 
1 million tones being produced each year16. Although management strategies, mainly fungicides of different 
active groups, are applied, the cultivars still lose a consequential part of the produce to fungal diseases17. 
Especially the brown rot disease is known as one of the major fungal problems in yield quality and quantity on 
peach production18. This concept makes research discovering the fungal interactions on the host fruit and the 
fluctuations that occur throughout the season indispensable for agricultural practices. However, studies focusing 
on the peach fruit mycobiome are lacking in literature, with only one research presenting the microbial diversity 
of mummified peach fruits19 and some others focusing on the peach tree wood20,21 and soil microbiomes22. 
These studies focus on microbial diversity at only one point in time, and report of the fungal species found but 
the dynamicity and the species fluctuations remain unknown.

In this study, the peach fruit mycobiome was profiled through different host development stages using culture-
independent metabarcoding with high-throughput sequencing as well as with an optimized bioinformatics 
pathway to (I) explore the content of the peach fruit mycobiome, (II) determine the pathogenic fungal species 
present in the microenvironment at different times to reveal potential disease factors, and (III) discover the 
fungal prevalence fluctuations across different times. This research fills the knowledge gap regarding mycobiome 
fluctuations on the surface of peach fruit and provides important insights into the relationship between fungal 
species abundance and disease development. It also identifies pathogenic species even in the absence of 
symptoms, shedding light on their potential impact on plant health.

Results
Sampling and mycobiome composition
Peach fruit surface samples were collected each month during different development stages of the host fruit 
and the samples were sequenced using paired end NovaSeqX 150 bp after total DNA isolation. A mean value of 
21,150,34 reads were obtained from the sequencing and a minimum of 93.43% of sequences passed the filtering 
steps and denoising raw data workflow. The forward and reverse reads were joined by DADA223 “merge” function. 
Success of sequencing on detecting diversity was confirmed by the alpha rarefaction plot (Fig. 1). Taxonomic 
assignment of the sequences was performed with a newly trained, dynamic Naive-Bayes feature classifier which 
was successful in detecting all the ASVs present in the data pulled from the UNITE 9.0 database in the classifier 
evaluation steps, which was then used on the research data. Taxonomic assignments of the samples represented 
in Fig. 2 showed that Ascomycetes were in majority compared to Basidiomycetes with an 8:23 ratio. The most 
prevalent fungal species across all samples and their mean abundance were as follows: the pathogenic species 
Botrytis cinerea (40.3875%), Monilinia fructicola (38.7927%), Sclerotinia sclerotiorum (7.38282%), Monilinia 
polystroma (2.35553%) and the non-pathogenic Sporobolomyces roseus (6.57153%). Botrytis cinerea had the 
highest abundance of 63,106% in the sample taken from the infected fruit in June (the sample J3). At the same 
time, this sample had the lowest Monilinia fructicola abundance with 28.863%. Similarly, when Monilinia 
fructicola abundance was the highest at 51.880%, which was in the A6 sample, Botrytis cinerea abundance was at 
its lowest at 21.805%. Additionally, Sclerotinia tetraspora, a monotrophic species in the Sclerotinia genus and in 
close relationship with S. borealis24 was also only found in the infected fruit sample with a percentage of 1.424%.

Sporobolomyces roseus, the only Basidiomycete in the most prevalent species criteria, however, was found in a 
higher percentage in the August samples with an average of 10.6229% than in the June samples where the species 
abundance percentage average was 1.72786%.

Fig. 1.  Alpha rarefaction plot of the sample groups, showing ASV counts per sequence depth.
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Along with these most prominent species, the mycobiome of all samples also included uncommon species 
that occurred with percentages lower than 0.5%. The rare species to prevalent species ratio was 15:16, and most 
of these rare species were present on samples among the June group with an average of 0.01114%.

Alpha and beta diversities of mycobiome profiles
To determine the efficiency of sequences in representing biodiversity within the samples, the alpha rarefaction 
curve was calculated. This rarefaction curve was also used to select the “maximum depth” of sequences in 
diversity analyses. The rarefaction curve showed that the observed ASV value of 599 was reached and a plateau 
was formed at 180,000 reads. As the sequences contained a minimum of 2,115,034 reads, this result showed that 
the sequences were sufficient in representing the fungal diversity within the samples (Fig. 1). The 180,000 reads 
were then used in the calculation of diversity indexes.

For alpha diversity, the sample groups’ richness and diversity were first calculated using the Shannon index 
(Fig. 3). The results showed that the fungal mycobiome of the June samples was significantly (P = 0.006) richer 
than the August samples, with the mean Shannon entropies with 6.1 and 6.4, respectively (Fig. 3). The Shannon 
index also showed that the June samples were closer in richness to the July samples than the August samples. 
The Berger-Parker dominance index was calculated to determine the relative richness of the prevalent species 
and the extent of a species dominance over the mycobiome (Fig. 3). The diversity richness was lower in August 
as observed in the Supplementary Material 1, but the dominance index of this group was significantly (P = 0.009) 
higher than June’s and July’s with the mean Berger-Parker dominance index values of 0.027 for August, 0.024 for 
July, and 0.021 for June (Fig. 3). This result shows that the species dominance over others gradually increased 
until the host reached the ripe stage.

For beta diversity analyses and beta group significances, the Dice index was used to calculate the similarities 
between the sample groups according to their species composition (Fig. 4). The index calculation showed that 
both June and July samples were significantly (P = 0.016) dissimilar to the August samples, while the June sample 
group was more similar to the July samples than the August samples. The Jaccard index calculation that compares 
sample groups based on their shared and unique features showed that June and July samples had significantly 

Fig. 2.  Taxonomic annotation bar plot and abundance percentages of dominant fungal species in June, July, 
and August samples (Asterisks (*) indicates the sample including the diseased fruits).
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(P = 0.018) higher unique features than the August samples (Fig. 4). However, the unique features of the June 
group were also dissimilar to the July group.

The PCoA proximity patterns based on beta diversity dissimilarities among samples showed close clustering 
among August samples while June samples were scattered (Fig. 5). The infected sample Jn3 also showed distant 
diversity index than the other June samples. The distance of the samples was based on the diversity indexes, 
therefore the July samples proximity patterns showed to be distant from each other.

Phylogenies of fungal species
The phylogenetic tree build resulted in a complicated tree with a quite large cluster count, which was made 
interpretable by clustering the sequences that belong to the same species together. The “taxa” term given in 
each cluster refers to the number of sequence variants the species on the branch has which derived from the 
sequence data and the ASV counts. The cluster sizes were not proportional to the abundance rate of the species, 
which may be due to prevalent species taxa groups being formed of uniform sequences. The tree showed that 
the more prevalent species, which are mostly pathogenic and are in the Leotiomycetes class, are evolutionarily 
closer to each other than the rare and/or non-pathogenic species. The tree also included species that were present 
in the mycobiome at a rate lower than 0.5%, which showed that the populations of rare species groups in the 
microenvironment were diverse. While some of these species were closely related and grouped into one clade, 
most were separated into far different branches. Because the phylogram is so large to present here, it is provided 
as Supplementary Material (S2).

Co-occurrence network analysis
To obtain the total interactions among the species, samples throughout the season were presented in the network 
analysis (Fig. 6). Co-occurrence network analysis of the ASVs resulted in a network with 48 nodes and 592 
edges, with a network density of 0.430. The nodes clustered into 8 modules, with module 1 containing the most 
interconnected nodes. Additionally, module 1 included the most abundant species’ nodes, with both Botrytis 
cinerea and Monilinia fructicola being in module 1. Modules 1, 2, 3 and 5 were clustered closely, while the 
other modules scattered around the network, and mainly interacted with few species in the main cluster, while 
also having fewer interactions within the module as well. It was also observed that modules 1, 2 and 3 mainly 
contained mycelial pathogenic fungi while the scattered modules 4, 6, 7 and 8 included mainly yeasts, mutualistic 
mycelial fungi and/or basidiomycetes.

Discussion
In this study, the fungal diversity appearing on peach fruits during different fruit developmental stages during 
a season has been characterized and compared by using the metabarcoding and bioinformatics tools. The fruit 
surface mycobiome is a diverse and dynamic structure that is under many biotic and abiotic stresses15,25. Many 
fungal species with different life cycles are present in this structure, and it is important to incorporate culture-
independent studies, along with developing high throughput sequencing techniques to discover the properties 
of the mycobiome26–28. The fungal mycobiome of the peach fruit showed significant differences in the abundance 
of species across sampling times considering the fruit ripening stages and decrease in fungal diversity was 

Fig. 3.  Box-plots representing α-diversity indexes of Shannon (P = 0,006) (a) and Berger-Parker dominance 
(P = 0,009) (b) analysis tests.
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observed over time. However, it should be noted that the effects of different biotic and abiotic factors may also 
be a contributing factor in the formation of these mycobiome profiles.

The samplings in this study were performed in a commercial orchard that was placed in between different 
fruit cultivating fields. Information has been gained on the application of multisite activity and DMI fungicides 
along with fertilizers during fruit development (personal communication with orchard’s owner). In the region 
where the sampled orchard is located, it is known that fungicides with different mode of action has been utilized29 
A study investigating the resistance of brown rot pathogens of peaches in Türkiye to some respiratory inhibitor 
fungicides included samples from Çanakkale/Umurbey29. Fungicides are expected to have significant effects 
on mycobiome composition in terms of both diversity of species and genotype diversity within the species. For 
example, it has been reported that fungicide applications significantly reduce mycobiome diversity in blueberry 
fruit skin and pulp13. This research plan did not include the direct exploration of the fungicide effect but further 
studies in this direction are important and necessary. Furthermore, the orchard’s owner stated that while fungal 
diseases, especially brown rot caused by Monilinia species and gray mold caused by Botrytis species, were a 
problem in previous years, they have been seen very rarely in recent years. This observation coincided with the 
observation of a small number of diseased fruits. Fungal diseases, affected by various factors like the protective 
measures applied or climatic conditions unfavorable for fungal pathogens, point to substantial alterations and 
dynamics on the fruit surface pathobiome and, of course, the mycobiome.

It was expected that as the fruit matured, some species, especially pathogenic species with host preference 
or specialization, would become increasingly dominant on the surface as a result of possible competition, 
establishment and/or infections, thus bringing certain species to the fore and reducing species diversity in the 
mycobiome. These expectations were supported by taxonomy and diversity analyses that the August samples 

Fig. 4.  Box-plots representing β-diversity indexes of Jaccard (P = 0,018) (a) and Dice (P = 0,016) (b) analysis 
tests (n = number of pairwise comparisons included in the distribution of each group).
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had significantly less diversity than the June samples. Additionally, while the diversity was lowest in August 
samples, the prevalence of the remaining species was higher. Mainly, Botrytis cinerea had a higher abundance 
rate than other species in June, with Monilinia fructicola following close behind. However, in August Monilinia 
species came forward and had the largest abundance rate. It is also important to note that along with June 
samples having higher Botrytis abundance than other sample groups, the diseased Jn3 sample had the highest 
Botrytis abundance and the lowest Monilina abundance. The percentages of these species drastically changed in 
the diseased sample, with Botrytis cinerea dominating over the Monilinia species, while in the other samples, 
they were in close competition. This drastic change in the ratio may be related to interspecific competition and/
or host–pathogen relationships, such as one species being suppressed by another species and one pathogenic 
species being more aggressive or faster at infecting the host than the other. These findings support our hypothesis 
that was formed by the observations in our team’s previous research on Monilinia species, where brown rot and 
gray mold diseases were never observed together in fields18. The absence of one of the diseases when the other is 
present is explained in this case study by being both due to seasonal change and the intense competition among 
the species. It is suggested that as the conditions start to support Botrytis at the start of the growing season, the 
species dominates over Monilinia fructicola and diminishes its presence on the surface on a large part. Then as 
the seasons become more adaptable to Monilinia fructicola which has a higher optimal growth temperature than 
the other, these species start to suppress the other. However, this situation may change based on the population 
structure of the species in the microenvironment. Genotype effects such as virulence and fungicide resistance 
levels should also be considered in these interactions.

As the two stated species were in intense competition with one another, other species in the mycobiome 
fluctuated as well. For example, the Sclerotinia sclerotiorum species presence in the samples went down from 
8.521 to 6.823% in August, when the Monilinia fructicola prevalence was 42.122125% on average. This finding 
shows that when the abundances of the species change slightly, it may have consequences for other species to stay 
on the fruit surface and develop. However, species do not always affect each other in negative ways and in some 
cases, a species prevalence may be beneficial for another to develop30. Such was the case for Sclerotinia tetraspora, 
which was only present on the diseased Jn3 sample where the Botrytis cinerea prevalence was 63.106%. Although 
the diseased fruit presents a study case, the presence of this species has the potential to be explained by the stated 
reason. Another interesting finding was the presence of the Monilinia polystroma species. Monilinia polystroma, 
known as the Asiatic brown rot, was reported in Poland31, China32, and the Czech Republic33. Recently, cases of 
Monilinia polystroma were also reported in Italy as well34,35. However, no case of the species has been reported 
in Türkiye yet, and its presence in peach fruits in Türkiye was detected for the first time in this study, but this 
was only based on the determination of the presence at the molecular level, and its possible pathogenic effect 
and infection were not detected. Monilinia polystroma was present in all samples from June to August, and the 

Fig. 5.  Bray–Curtis dissimilarity analysis PCoA plot of samples taken each month.
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species was one of the more dominant ones in the mycobiome. This brings attention to the emergence of new 
diseases as they become more prevalent in their environment and management strategies for disease prevention.

Along with pathogenic species, several non-pathogenic fungal species were also detected. It was observed 
that the majority of these species were Basidiomycetes such as Sporobolomyces spp., which was also directly not 
present in some of the August samples, suggesting seasonal decrease in its prevalence, and Filobasidium spp. 
while the majority of Ascomycetes were pathogenic. In literature, the diversity of fungal species such as the 
ones stated above are studied extensively, however, most studies are culture-dependent and cultivate the fungal 
samples before further analyses9,36. Although culture-dependent studies are necessary to study fungal organisms 
extensively, it is important to include unculturable species in biodiversity studies, which cannot be detected 
with the culture-dependent approaches. By using a culture-independent approach with metabarcoding, we have 
detected unculturable species such as Podosphaera spp., which are obligate biotrophs37.

Species identified in this study, sampled across different months, exhibited considerable diversity in 
their ITS region compositions, which was reflected in the ASV diversity of the fungal population within the 
microenvironment. The ASV diversity within the ITS region did not appear to influence the structuring of 
species abundance in the mycobiome. Some of the rare species presented themselves in large clusters in the 
phylogenetic tree with their high ASV diversities, while some of the dominant species presented themselves 
in smaller clusters in the phylogenetic tree with their low ASV diversities. Moreover, even B. cinerea, the most 
dominant species in the mycobiome, was found to possess a monomorphic ITS region. This observation may 
imply that the most well-adapted genotypes may be selectively maintained within the populations of dominant 
species in the mycobiome; however, a deeper understanding requires a large-scale analysis of population 
structures through metagenomic data.

The network analysis tests have suggested that the fungal species forming the structure identified in this 
study constantly interact with each other. The main cluster of modules being formed of fungal pathogens also 
indicates that co-abundance of these pathogens is interconnected. The networks also imply that the presence of 
one of the species may enable other species of the family to also be present in the mycobiome. These complex 
interactions among fungal organisms on the fruit surface highlight the need for a more detailed examination, 
especially in terms of pathogenic species, in understanding the disease formation and development processes, 
and our further research plan is being prepared in this direction.

Fig. 6.  Co-occurrence network analysis of OTUs throughout the samples. The nodes represent the species, 
with node sizes correlated to mean abundance percentages. The node colors are in accordance with modules. 
The lines represent the interaction between nodes.
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In this study, we have shown the dynamicity of the fungal communities on peach fruits at different 
development stages. Many biotic and abiotic factors at the macro and micro scale, such as physiological changes 
during the fruit ripening process38, different biological interactions and molecular traffic of microorganisms 
both among themselves and with the host39,40, plant protection practices and different climate effects41,42, may 
affect the formation and change of the mycobiome composition. Moreover, the dominance of pathogenic 
species over the non-pathogenic ones in current conditions show the need for revised disease management 
strategies. Although fungicides are used against pathogenic fungi, they affect the entire mycobiome43,44, and 
the resulting diversity becomes mainly comprised of resistant individuals of pathogenic species such as Botrytis 
cinerea and Monilinia fructicola, which showed the highest abundances in the mycobiome structure uncovered 
here. Considering the structures of the mycobiome appears to offer considerable potential for enhancing the 
effectiveness of disease management strategies. Correct management of mycobiome composition also appears 
to be important in disease management strategies. In this direction, planning comprehensive studies involving 
multiple collaborations from areas such as academia, farmers, agriculture ministries and private sectors will be 
beneficial for sustainable agriculture.

Materials and method
Sampling
Peach fruit samples were obtained from the target commercial peach orchard located in Umurbey, Çanakkale 
with the permission of the owner. The orchard was observed from May 2023 when the trees were at the flowering 
stage, to the end of August 2023 when the last harvest of the fruits was done by the cultivator. The orchard was 
divided into nine sections and trees at the center of these sections were marked as target trees (Fig. 7). Samplings 
were performed in June and August 2023 when the fruits were underdeveloped and fully developed (Fig. 8). 
Fewer fruit samples were also taken in July, when the fruits were partially developed, for better comparison 
between the sampling times in bioinformatic analyses. As total, 48 fruits were aimed to be taken per sampling 
time, with 4 samples being taken from each direction profile of a tree. The samples taken from the same tree were 
pooled to represent the entire profile of the tree. Additionally, the samples taken from the corresponding sections 
of the orchard were pooled as well to represent the target region. Target region samples were then pooled as 
given in Table 1, and the samples were named according to their locations in Fig. 7. Furthermore, to ensure 
that the situation in July, which represents an intermediate stage in the ripening process of the fruit between the 
June and August samples, was not overlooked, it was planned to collect samples only twice, but with a relatively 
larger number of samples taken each time (Table 1). Throughout the sampling times, diseased fruits were only 
encountered in one case, during June sampling at the tree called 7–12. The diseased fruit samples were taken 
from two profiles of the tree, with other two profiles giving healthy fruits. These fruits were pooled to represent 
the entirety of the tree like the other samples and included in the profiling. Samples were directly taken to the 
laboratory for DNA isolation in sterile bags.

DNA isolation, PCR amplification and sequencing
DNA isolation
The isolation procedure started the moment the samples arrived in the laboratory. Circular tissue samples in 1 cm 
diameter and 2 mm depth were cut from four sites of the sample fruit surfaces with a sterile scalpel. The surface 
tissues of samples were put together in a sterilized mortar cooled with liquid nitrogen. The fruit tissue samples 
were crushed with a sterilized pestle and the samples were taken into 2 mL tubes. DNA isolation was performed 
by using the Norgen Fungi/Yeast Genomic DNA Isolation kit (Norgen, Canada) according to the manufacturer’s 
protocol with minor deviations. Although the entire protocol was followed, each of the centrifuge procedures 
during the isolation were performed at 14,000 rpm for 2 min to precipitate smaller particles in the initial stages, 
and then to allow flowthrough to pass from the filter tubes completely. DNA samples were kept in store at -20 °C 
for further procedures.

Full ITS region amplification and sequencing
The commonly used full ITS region was used for the amplification procedure of the total DNA obtained from 
the samples to be able to target all organisms within the sample without losing diversity. To test the specificity of 
the primers to the fungal organisms, previous to the PCR amplifications, Prunus persica whole genome available 
under the BioProject number PRJNA3122745 was used to map the primers to the genome by using the Geneious 
9.1.846, where the primers did not align with the genome and no product could be observed in within the target 
length of 650 bp. Broad spectrum ITS1F/ITS4B primers developed by White et al.47 and Gardes and Bruns48 
were used to amplify the ITS1-5.8S-ITS2 region specific to fungal species. These primers were also essential 
in disposing of the DNA of the dead organisms that may be present in the samples, as the target length of the 
primers surpassed the length of decaying DNA49.

PCR amplifications of the target region for the samples were carried out as follows; 1 × DreamTaq™ buffer 
without MgCl2, 0.2 mM dNTPs, 2 mM MgCl2, 0.3 μM of each primer, and 1U DreamTaq™ polymerase was used. 
2 µL DNA template was used for each sample and ddH2O was added to the reaction solution, making the final 
volume in the PCR tubes 50 μL. Conditions for the PCR amplification were an initial denaturation at 95 °C for 
2 min, 40 cycles at 95 °C for 30 s, 54 °C for 45 s, 72 °C for 1 min, and a final extension stage at 72 °C for 5 min.

The amplifications were tested with gel electrophoresis and ultraviolet (UV) visualization was performed 
with 1.5% gel including 5 μL/100 μL RedSafe™. Samples were run in the gel for 45 min at 100 V and 120 mA. 
The resulting visualizations have shown that products were obtained with success, with bands being seen in the 
650 bp region of the ladders, which corresponds to the target size of the primers.

The PCR reactions were performed in replicates for each sample and the amplification products were sent to 
Macrogen (Amsterdam, The Netherlands) for library preparation and sequencing using a NovaSeq sequencer. 
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The DNA samples that passed the company’s library preparation and sequencing quality filters were sequenced. 
The samples were multiplexed and normalized during the sequencing to prevent diversity loss.

Statistical and bioinformatic analyses
Raw data analyses
The metabarcoding datasets were analyzed using the QIIME2 2024.250 workflow. To summarize, the raw paired-
end sequences were demultiplexed with “q2-demux” and the sequencing barcodes were removed from the 
sequences by using Cutadapt 3.451. Demultiplexed and trimmed sequences were denoised, and corrected, and 
the chimeras were removed on paired end using DADA223 through the “q2-dada2” function.

Taxonomic assignment
A new classifier was trained to make taxonomic assignments for amplicon sequence variants (ASVs). All ITS 
data was pulled from UNITE 9.052 through RESCRIPt53 including all eukaryotes. The Naive-Bayes classifier was 
filtered and trained using the “q2-fit-classifier-naive-bayes” function with the classifier being evaluated using 
the “q2-evaluate-taxonomy” function before taxonomic assignment. The evaluation step enabled the classifier’s 
accuracy to be tested internally, where the testing stages were performed on UNITE 9.0 ITS sequence database, 
ensuring that the final iteration of the classifier was able to correctly identify all sequences in the given database 
before its usage in the taxonomic assignment. The taxonomic assignment was done with the newly trained 
classifier. The classifier was then employed to assign taxonomic annotations to the sample sequences with 
QIIME2 “classify-sklearn” function. After the annotations were performed, the unidentified taxa, along with 

Fig. 7.  Target orchard in Umurbey, Çanakkale70. Division of the sections for samplings (indicated by lines) and 
target trees (indicated by dots). Sample locations are given as row and column numbers (Google (n. d.)).
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human contaminant taxa were removed from the plot with “qiime taxa filter-table” function. The remaining 
taxa were considered to form the mycobiome and the relative abundance calculations were based on this 
normalization. The taxonomic assignment bar plots were obtained through the “q2-taxa-barplot” function after 
the annotations were filtered.

Alpha and beta diversity analyses
Alpha-diversity metrics Shannon54 and Berger-Parker55 dominance indexes were estimated using the “q2-
diversity” function. For better visualization, the resulting boxplots were edited using R56 and R package 

Sample Name Pooled samples (coordinates)

A1 3–3, 7–3

A2 14–3, 16–16

A3 7–12

A4 14–19, 16–19

A5 10–16

A6 3–16

A7 3–13, 3–8

A8 3–8, 3–5

Jl1 3–8, 3–5, 3–3, 7–3, 14–3, 7–12

Jl2 16–16, 14–19, 16–19, 10–16, 3–16, 3–13

Jn1 3–3, 7–3

Jn2 14–3, 16–16

Jn3* 7–12*

Jn4 14–19, 16–19

Jn5 10–16

Jn6 3–13, 3–16

Jn7 3–8, 3–5

Table 1.  Pooling system of samples from each month. Samples have been coded according to their coordinates 
given in Fig. 6. (Jn = June, Jl = July, A = August) (The sample including diseased fruits have been indicated with 
asterisks (*)).

 

Fig. 8.  Development stages of peach fruit samples on sampling groups ((a) underdeveloped in June, (b) 
partially developed in July, and (c) fully developed in August)).
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“ggplot2”57 on Rstudio58. For beta-diversity analyses, Dice59 and Jaccard60 distances were calculated through 
pairwise PERMANOVA with 999 permutations. The diversity indexes were calculated after a rarefaction curve 
was plotted using “q2-alpha-rarefaction” to verify the sufficiency of the sequences in presenting the fungal 
diversity within the samples. The observed feature count per sequence data was plotted using the aforementioned 
function as well.

EMPeror61 plugin within QIIME2 was used to visualize the beta diversity patterns among samples based on 
Bray–Curtis dissimilarities as Principal Coordinates analysis plot (PCoA).

Phylogenetic analyses
All ASVs were aligned using mafft62 through q2-alignment and the phylogenetic tree of all assigned taxa 
was obtained using RaxML63 after the alignment was exported and the evolution model calculated using 
MrModelTest264. The assigned evolution model of the data set was GTR-Γ, and the maximum likelihood 
(ML) based phylogenetic tree of the ASVs was built according to the model with 1000 rapid bootstrap and 
random seeds by using the “q2-phylogeny-raxml” function. The phylogenetic tree was then midpoint rooted and 
exported using the export function in QIIME2. The bootstrap threshold was then set to 70% and the consensus 
tree was visualized. The visualized tree contained too many clusters and formed a complex structure, so to raise 
the interpretability of the tree, the ASVs belonging to the same species were clustered. The visualization and 
toggling of the tree were performed by using phyloXML65.

Co-abundance network analysis
Fungal co-abundance network analysis was performed based on the OTU tables and relative abundances of 
the species in the samples. The pairwise correlations between ASV taxa were calculated with SparCC66 and the 
network was built by using SCNIC (version 2020.10)67,68 with minimum R value of 0.35. Visualization of the 
network was performed through Cystoscape 3.10.369.

Data availability
The data generated and used in this study are available in NCBI GenBank under the BioProject accession num-
ber PRJNA1145258.
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