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Agricultural soils are responsible for ecological functions and services that 
include primary production of food, fiber and fuel, nutrient cycling, carbon 
cycling and storage, water infiltration and purification, among others. Fungi are 
important drivers of most of those ecosystem services. Given the importance 
of fungi in agricultural soils, in this study, we aimed to characterize and analyse 
the changes of the soil fungal communities of three cropping systems from 
Madeira Island, where family farming is predominant, and investigate the 
response of fungi and its functional groups to soil physicochemical properties. 
To achieve that, we sequenced amplicons targeting the internal transcribed 
spacer 1 (ITS1) of the rRNA region, to analyse soil samples from 18 agrosystems: 
6 vineyards (V), 6 banana plantations (B) and 6 vegetable plantations (H). Our 
results showed that alpha diversity indices of fungal communities are similar 
in the three cropping systems, but fungal composition and functional aspects 
varied among them, with more pronounced differences in B. Ascomycota, 
Basidiomycota, and Mortierellomycota were the main phyla found in the three 
cropping systems. Agaricomycetes and Sordariomycetes are the predominant 
classes in B, representing 23.8 and 22.4%, respectively, while Sordariomycetes 
(27.9%) followed by Eurotiomycetes (12.3%) were the predominant classes in 
V and Sordariomycetes (39.2%) followed by Tremellomycetes (8.9%) in the H. 
Saprotrophs are the fungal group showing higher relative abundance in the 
three cropping systems, followed by plant pathogens. Regarding symbionts, 
endophytes were highly observed in B, while mycorrhizal fungi was predominant 
in V and H. The structure of fungal communities was mainly correlated with 
soil content of P, K, N, Fe, and Cu. In addition, we identified bioindicators for 
each cropping system, which means that cultivated crops are also drivers of 
functional groups and the composition of communities. Overall, the three 
cropping systems favored diversity and growth of taxa that play important 
roles in soil, which highlights the importance of conservative management 
practices to maintain a healthy and resilient agrosystem.
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1 Introduction

World population growth is a challenge for agriculture (Schulte 
et al., 2014). To meet the growing demand for food, feed, and fiber, 
production areas have increased substantially in recent decades and 
farmers have intensified the use of irrigation, fertilizers, pesticides, 
and mechanical practices, which have high costs for the environment 
(Schulte et  al., 2014; Foley et  al., 2011). Crops in high demand 
worldwide are permanent or cultivated continuously over vast areas 
for many years (Jiang et al., 2024; Wahome et al., 2023; Liu et al., 
2020). These practices lead to soil deterioration that affects plant 
growth, yield, and food quality (Jiang et al., 2024). However, in many 
regions of the world, polyculture has traditionally been used and 
promoted as a good way to preserve soil health (Pinheiro de Carvalho 
et al., 2022; Guzman et al., 2021).

Madeira Island is an example of these regions. Madeira is the 
largest inhabited island of the Portuguese Archipelago of Madeira, 
located in the Atlantic Ocean, between the latitudes 33°10′–32°20′N 
and longitudes 16°10′–17°20′W and at 630 km west from the coast of 
North Africa (Ganança et al., 2007). The location and orography of the 
island define the climate, showing a mixture of Subtropical and 
Mediterranean climatic elements. This characteristic makes the island 
ideal for growing a wide variety of vegetables (Pinheiro De Carvalho 
et al., 2021) and fruit crops, such as bananas and grapevines (Pinheiro 
de Carvalho et al., 2022), which provide beautiful landscapes that are 
very attractive to tourism (Macedo et al., 2020; Ribeiro and Silva, 
1998). Due to the small size of most agrosystems (farms), below one 
hectare, the agriculture in Madeira is mainly familiar, based on low 
input, rotation, intercropping, or pluricultural practices (Pinheiro de 
Carvalho et al., 2022). However, most of the banana and grapevine 
agrosystems are under long-term monoculture.

Healthy soil is imperative in agriculture, regardless of the target 
crop or agricultural practice. Microorganisms are responsible for 
many processes that are crucial for soil maintenance and quality 
(Thomson et al., 2015; Zeilinger et al., 2016). Fungi, due to their ability 
to produce a wide variety of extracellular enzymes, can regulate the 
balance of carbon and nutrients (Frąc et al., 2018). Besides, fungi can 
act as biocontrol agents, since they can be  antagonists of other 
organisms that are pests or cause diseases, and can interact with plant 
components (Zeilinger et al., 2016; Frąc et al., 2018). Fungi are known 
to be crucial in supporting plant life; mycorrhizal fungi are known to 
associate with roots of over 90% of plant species and improve the 
nutrient status of their host (Bonfante and Genre, 2010). Soil 
environments are not static and the microorganisms in these habitats 
react to changes in soil conditions (Choudhary et  al., 2022). Soil 
fungal communities are influenced by several factors, including 
physicochemical conditions, which depend on geological, climatic, 
and land use factors (Hartmann et al., 2012; Lauber et al., 2008; Yang 
et  al., 2017). While the ecological services of fungi are critical to 
agriculture and an important aspect of sustainable agriculture under 
new scenarios of climate change, management practices are likely to 

result in changes in soil variables, thus impacting fungal communities 
with costs for important soil processes (Thomson et al., 2015; Frąc 
et al., 2018; Hartmann and Six, 2023). For example, the employment 
of standard and persistent agricultural practices in continuous 
cropping systems of major crops can result in the selection of specific 
taxa, reducing the abundance of functionally important fungi and 
increasing pathogens (Pérez-Brandán et al., 2014). Orrù et al. (2021) 
demonstrated, in a long-term field experiment, that fungal diversity 
was greater in the plots where no-tillage/rotation was applied, 
compared to plots where tillage and/or no-rotation was applied. In 
addition, these authors identified fungal species that are indicators of 
management practices or associated with specific conditions.

Until recent years, the study of the structure of fungal communities 
was limited to morphological identification and culturing 
(Wijayawardene et  al., 2021; Janowski and Leski, 2022). High-
throughput sequencing provided a culture-independent approach that 
allowed for a better understanding of the ecology of soil fungi (Frąc 
et al., 2022). In the field of agriculture, the impact of management 
practices on fungal communities has gained some attention in recent 
years. Nevertheless, more research is needed to understand fungal 
community dynamics and, therefore, how to positively influence the 
sustainability and productivity of agroecosystems (Frąc et al., 2018).

To the best of our knowledge, the study of fungal communities in 
agricultural soil on Madeira Island is scarce and does not focus on the 
diversity of functional groups or the impact of different cropping 
systems (Pinheiro de Carvalho et al., 2022; Melo and Cardoso, 2008). 
Therefore, in this study, using amplicon (targeting the internal 
transcribed spacer 1, ITS1, of the rRNA region) DNA sequencing with 
Illumina technology, we  aim to: (1) characterize and analyse the 
changes of the fungal communities of three different cropping systems 
from Madeira Island: vineyards, banana plantations, and vegetables; 
and (2) investigate the response of fungi and its functional groups to 
soil physicochemical properties.

2 Materials and methods

2.1 Study sites and soil samplings

Eighteen traditional agrosystems were selected along the island, 6 
vineyards (V), 6 banana plantations (B) and 6 vegetables farms (H) 
(Figure  1). The cropping system adopted in vegetable farming is 
polyculture, intercropping and/or rotation and in vineyards and 
banana plantations monoculture. Three vineyards and vegetable farms 
were in the north and three in the south of the island. However, all 
banana plantations were located in the south, as the north of the island 
does not offer suitable conditions for banana crop growing. At the 
beginning of this study, all agrosystems had been installed for more 
than 10 years. Soil samples were collected between May and June of 
2020, according to Paetz and Wilke (2005), with adaptations. Briefly, 
soil samples from 15 points, at 10–15 cm deep close to the crops, less 
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than 50 cm apart, were collected along the field, in a zigzag pattern. 
Samples were bulked to get sample representative of the agrosystem 
soil. Pooled soil samples (n = 18, one per agrosystem) were divided 
into two parts, one part was immediately transported to the laboratory, 
distributed in aliquots and stored at −20°C until DNA extraction, the 
other part was air-dried, ground, and sieved (2 mm) for further 
analysis to determine pH, organic matter (OM), cation exchange 
capacity (CEC), degree of saturation (DS), macronutrients (NO3-N, 
NH4-N, P, and K) and micronutrients (Ca, Mg, Na, B, Cu, Zn, Mn, and 
Fe) at the Agricultural Quality Division of Laboratory and Agro-Food 
Research Services in Camacha, Madeira, Portugal. Determination of 
pH, OM, CEC, and macronutrients (NO3-N, NH4-N, P, and K) was 
done according to Ragonezi et al. (2022). Micronutrients (Ca, Mg, Na, 
B, Cu, Zn, Mn, and Fe) and DS were determined according to 
Temminghoff and Houba (2004).

2.2 DNA extraction and purification

Total genomic DNA extraction was adapted from Yeates et al. 
(1998). Extraction buffer (400 μL of 100 mM Tris–HCl, pH 8.0; 
100 mM sodium EDTA, pH 8.0; 1.5 M NaCl) was added to 250 mg 
(dry weight) of soil in a tube with glass beads (≤106 μm, acid-washed; 
Sigma-Aldrich, United  States) and vortexed for 10 min. Sodium 
dodecyl sulfate (SDS) was added (25 μL; 10%) and samples were 
mixed for 5 s. Samples were incubated at 65°C for 1 h, centrifuged 
(16,000 g for 10 min) and the supernatants were transferred to new 

tubes. The soil pellets were re-extracted with extraction buffer 
(400 μL), incubated at 65°C for 10 min and centrifuged as above. 
Supernatants were transferred to the tubes with the previous 
extraction, then a half-volume of polyethylene glycol (30%)/sodium 
chloride (1.6 M) was added and incubated at room temperature for 
2 h. After centrifugation (16,000 g for 20 min) pellets were resuspended 
in 140 μL of Tris-EDTA (10 mM Tris–HCl, 1 mM sodium 
Ethylenediaminetetraacetic acid, pH 8.0). Potassium acetate (7.5 M) 
was added to a final concentration of 0.5 M. Samples were transferred 
to the fridge for 5 min and then centrifuged (16,000 g, 30 min). The 
aqueous phase of supernatants was obtained by addition of phenol/
chloroform/isoamyl alcohol (25:24:1) and centrifuged (2,500 g for 
15 min). Then, the aqueous phase was precipitated by adding 1.5 
volume of absolute ethanol and incubated overnight at −20°C. DNA 
was pelleted (16,000 g for 30 min) and resuspended in TE (25 μL). The 
DNA extraction was performed in sextuplicate from each soil sample 
(n = 18*6 = 108) and total DNA was pooled in the end before further 
analysis (n = 18). DNA purity and concentration were measured with 
NanoDrop® 2000c Spectrophotometer (ThermoFisher Scientific, 
United States). DNA extracts were purified using ExtractME DNA 
clean-up kit (Blirt, Poland) and preserved at −20°C.

2.3 ITS amplicon sequencing

PCR amplification of ITS 1 region of the fungal rRNA cluster was 
performed with primers ITS5-1737F (5′ GGAAGTAAAAGTC 

FIGURE 1

Location of agrosystems under study along Madeira Island. B1–B6 is for banana plantations, V1–V6 is for vineyards and H1–H6 is for vegetable 
plantations.
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GTAACAAGG 3′) and ITS2-2043R (5′ GCTGCGTTCTTCATC 
GATGC 3′) (White et  al., 1990). Amplicon cleaning, library 
preparation and subsequent sequencing was conducted at Novogene 
(UK), using Illumina Sequencing NovaSeq technology (paired-end 
reads of 250 nt). Samples were analyzed in duplicate (50 K tags per 
sample; n = 18*2 = 36).

2.4 Bioinformatics pipeline

Samples were demultiplexed, and primer sequences were removed 
with Cutadapt (v3.3) (Martin, 2011). FLASH (v1.2.11) software was 
used to merge the reads (Magoč and Salzberg, 2011), using default 
parameters, with exception of fragment length of 300, and a maximum 
mismatch density of 0.1. Quality control of raw tags was checked using 
fastp (v0.20.0) software (Chen et al., 2018), where qualified quality 
phred was ≥Q19 and unqualified percent limit was set to 15%. 
Vsearch (v2.15.0) software (Rognes et al., 2016) was used to detect and 
remove chimeric sequences, and obtain the final effective data. The 
reads were further processed with QIIME2 (v2020.6.0) software 
(Bolyen et al., 2019). DADA2 (v4.2.0) (Callahan et al., 2016) was used 
to denoise the reads (with default settings). The length of the final 
Amplicon Sequence Variants (ASVs) ranged between 200 and 400 bp. 
ASVs with fewer than 5 reads were removed, and the remaining ASVs 
were compared with the UNITE database (Abarenkov et al., 2023), 
using a sklearn-based taxonomy classifier (Bokulich et al., 2018). The 
abundance of ASVs was normalized using a standard of sequence 
number corresponding to the sample with least sequences (19,931 
high-quality reads). Subsequent analyses of alpha diversity indices and 
beta diversity were performed based on the output normalized data. 
The sequence files were submitted to GenBank (https://www.ncbi.nlm.
nih.gov/, BioProject: PRJNA1107202, accession: KIGQ00000000).

2.5 Statistical analysis

All tests were performed considering an alpha level of significance 
of 0.05. Alpha-diversity indices, namely Richness (Obs. ASVs), Pielou’s 
Eveness (E), and Shannon-Wiener (H′) diversity were calculated with 
QIIME2 software. The rarefaction curves and species accumulation 
boxplot were drawn. For beta-diversity, samples were compared using 
the UniFrac distances calculated by QIIME2 software, and the 
dimensionality reduction maps of non-metric multidimensional 
scaling (NMDS) drawn by R software (v4.3.1), packages vegan (v2.6-4) 
(Oksanen et al., 2022) and ggplot2 (v3.4.2) (Wickham, 2016). The 
significance of community structure differences among groups was 
calculated, through the analysis of similarity function (ANOSIM R) in 
QIIME2 software. A heatmap of community composition was plotted 
in QIIME2 software, after Z-score normalization, and bar charts 
drawn in Microsoft Excel 2019 (v1808). Linear discriminant analysis 
Effect Size (LEfSe) analysis was performed by LEfSe software (v1.1.2) 
(Segata et al., 2011), and linear discriminant analysis (LDA) score 
threshold was set to 4. FUNGuild database (Nguyen et al., 2016) was 
used to assign ASVs to potential ecological guilds. In addition, to 
determine differences among the cropping systems, an ANOVA 
followed by the Tukey HSD test were performed when data normal 
distribution was observed. When the data normality was not observed, 
Kruskal-Wallis and Dunn’s tests with Bonferroni correction were 

applied. These analyses were performed using the statistical package 
for the social sciences (SPSS, v27.0) for Windows. The boxplots and 
bar charts of community composition were drawn using R software 
(package graphics) and Excel 2019 (v1808), respectively.

Variables of physicochemical properties were tested for normality 
and the ones not following a normal distribution were transformed 
using R, package bestNormalize (Peterson, 2021; Peterson and 
Cavanaugh, 2020), to draw the map for Principal Component Analysis 
(PCA), using R, packages stats, ggplot2 and ggfortify (Tang et al., 
2016). The multiple correlations analysis was performed in SPSS, 
using the Pearson coefficient or, when normality was not observed, 
Spearman’s correlation coefficient.

3 Results

3.1 Impact of the cropping system on 
fungal abundance and community diversity

The sequencing depth of the metabarcoding analysis was sufficient 
to cover the diversity in all communities, which can be seen in the 
rarefaction curves of all samples, which nearly reached saturation 
(Supplementary Figures S1, S2). The lowest value obtained for 
observed ASVs, Pielou’s Evenness (E) and Shannon’s diversity (H′) 
was found in a banana plantation (B4) with the average of 404, 0.39, 
and 3.42, respectively. The highest values were all found in vineyards, 
with 834 for obs. ASVs (V1), 0.75 for E (V3) and 7.20 for H′ (V3). No 
significant differences were detected among cropping systems for the 
alpha-diversity indices (Supplementary Table S1; ANOVA, p > 0.05).

The NMDS cluster analysis based on unweighted UniFrac 
distances showed a great variation among fungal communities 
between and even within the cropping systems (Figure  2A). The 
cropping system B showed less dissimilarity between samples. 
However, they are close to some samples from H and V cropping 
systems. The NMDS analysis based on weighted UniFrac distance 
shows that most of the samples from H cluster together and samples 
from V and B are more dissimilar. Although some of them are close 
to H cluster (Figure 2B). The unweighted and weighted ANOSIM R 
test showed that fungal communities from cropping systems were 
significantly different (p < 0.01). Pairwise comparisons for unweighted 
UniFrac metric (Figure  2A) showed that cropping system B was 
dissimilar from V and H (R ~ 0.5, p < 0.01). The cropping systems V 
and H were less dissimilar (R = 0.19, p < 0.05). Pairwise comparisons 
for weighted UniFrac metric (Figure 2B) showed that the cropping 
system B was more dissimilar from the H than from the V (R of 0.26 
and 0.17, respectively; p < 0.05 for all pairwise comparisons). Two 
samples, one from B4 and one from H6, differed strongly from the 
others. The Venn diagram (Figure 2C) showed that H sampling sites 
showed more unique ASVs (2251) followed by V (2192) and B (2086). 
The V and H are the cropping systems sharing more ASVs (655) and 
the three cropping systems shared 600 ASVs.

3.2 Impact of the cropping system on 
fungal communities’ composition

The fungal community composition of the cropping systems is 
presented in Figure  3. Graphics organized from phylum to family 
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exhibit the most abundant taxa. Fungi from B, V and H belong mainly 
to phyla Ascomycota, Basidiomycota and Mortierellomycota 
(Figure 3A), the latter being more abundant in B cropping system. It was 
not possible to assign phylum-level classification to 20% of total fungi 
in the three cropping systems. Agaricomycetes and Sordariomycetes are 
the predominant classes in B, representing 23.8 and 22.4%, respectively, 
while Sordariomycetes (27.9%) followed by Eurotiomycetes (12.3%) 
were the predominant classes in V and Sordariomycetes (39.2%) 
followed by Tremellomycetes (8.9%) in the H (Figure 3B). Trechisporales 
order represents 21.5% of total fungi in B, and < 1% in V and H 
(Figure  3C). Mortierellaceae (9.3%), Chaetomiaceae (7.8%) and 
Hydnodontaceae (6.2%) are the main families in B with a close relative 
abundance (Figure 3D). However, Mortierellaceae and Hydnodontaceae 
represents <5% and <1%, respectively in the V and H cropping systems. 
Instead, Chaetomiaceae (10.5%) and Aspergillaceae (9.1%) are the main 
families in V, and Chaetomiaceae stands out among fungal community 
of H cropping system, with 21.4% of relative abundance. So, the analysis 
below phylum taxonomic level shows that fungal diversity from B 
stands out from V and H cropping systems.

The top 35 of most abundant genera were selected and clustered 
to draw a heatmap of their abundance across cropping systems 
(Figure 4A). Each cropping system showed a different set of most 
abundant genera. It is worth highlighting that the cropping system B 
holds more genera with higher abundance from 5 different phyla 
(Ascomycota, Basidiomycota, Chytridiomycota, Kickxellomycota, and 
Mortierellomycota), while in the V and H, the genera with higher 
abundance were only from Ascomycota and Basidiomycota. The linear 
discriminant analysis effect size (LefSe) complements these results, 
identifying bioindicators responsible for significant differences 
detected between cropping systems. Significant differences observed 
at family level or broader levels can be seen in the Figure 4B. The 
histogram in Figure 4C shows the linear discriminant analysis (LDA) 
value for potential species or broader taxonomic levels with significant 
differences in abundance among cropping systems. Twenty-four taxa 
play an important role in cropping systems differentiation. One genus 
(Penicillium), one family (Aspergilaceae), two orders (Eurotiales and 
Helotiales) and two classes (Tremellomycetes and Leotiomycetes) were 
found in significantly higher abundance in V. In cropping system H 

was found two potential species (Humicola olivacea and Monocillium 
mucidum), three genera (Humicola, Chaetomium, and Solicoccozyma), 
two families (Chaetomiaceae and Piskurozymaceae), two order 
(Sordariales and Filobasidiales) and one class (Sordariomycetes). 
Finally, two potential species (Mortierella oligospora and Mortierella 
chlamydospora), one genus (Trechispora), two families (Pezizaceae), 
two orders (Trechisporales and Pezizales) and one class 
(Pezizomycetes) were found to be significantly higher abundance in B.

3.3 Impact of the cropping systems on 
functional fungal communities

Using the database FUNGuild, part of the identified ASVs could 
be assigned to a potential function in the agrosystems. The variation 
of the main functional groups in the 3 cropping systems is shown in 
the Figure  5. Saprotrophs (Figures  5A–E) are the fungal group 
showing higher relative abundance in the three cropping systems, 
mainly the unidentified, dung and wood saprotrophs, followed by 
plant pathogens (Figure 5K) and endophytes (Figure 5F). Significant 
differences (p < 0.05) among the three cropping systems were showed 
by the Kruskal-Wallis’s test and the post-hoc Dunn’s test with 
Bonferroni correction. But concerning the unidentified saprotrophs 
(Figure 5A), dung saprotrophs (Figure 5C), AMF (Figure 5G), and 
endophytes (Figure 5F), significant differences were observed only 
between cropping systems B and V. The abundance of ectomycorrhizal 
fungi was significantly lower in B than in H and V (Figure 5H), and 
the abundance of litter saprotrophs was significantly higher in V than 
in B and H (Figure 5D). The other functional groups did not show 
significant differences among cropping systems.

3.4 Soil physicochemical properties in the 
cropping systems and the effect on soil 
fungal community structure

The PCA explained 65.4% of the similarities among cropping 
systems based on soil physicochemical properties (Figure  6; 

FIGURE 2

Comparison of the soil fungal communities in the cropping systems (B, V, and H). (A) NMDS ordination plot based on unweighted UniFrac distance 
metric for the 18 sampling sites (in duplicates) and pairwise ANOSIM R test results. (B) NMDS based on weighted UniFrac distance metric for the 18 
sampling sites (in duplicates) and pairwise ANOSIM R test results. (C) Venn diagram showing the number of unique and shared ASVs among and 
between cropping systems.
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FIGURE 3

Relative abundance of fungal taxa in each cropping system from phylum to family (A–D). For class, order and family only the 10 most abundant taxa 
are discriminated in the graphics.

FIGURE 4

Differences found in fungal community composition of different cropping systems. (A) Heatmap of top 35 most abundant genera with the abundance 
increasing from blue to red, after Z-score normalization. Z values, depicted by colors, indicate the content of fungal species among groups at the 
genus level. (B) Cladogram indicating the polygenetic distribution of fungi. The color of the nodes in the diagram represents the groups that play 
significant roles in the matching cropping system, while yellow nodes indicate unimportant fungal groups. (C) The LDA value distribution histogram 
shows the taxonomic levels with higher significant differences in abundance in the different cropping systems. Higher scores of LDA represent higher 
influence of the taxa.
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Supplementary Table S2). The first and second principal components 
explained 39.2 and 26.2% of the data variation, respectively, allowing 
to separate the cropping system B from V and H. The Cu concentration 
had the higher weight in this separation from V and H cropping 
systems. However, the variation in CEC and macronutrients NH4-N, 
P and K also had an impact on the separation of cropping system B 
from H and V, along second PCA axis. The pH and OM variation is 
well correlated with samples distribution along the first axis. These 
two parameters distinguished the mean point of V and H, meaning 
that in average, H had higher concentration in OM and V had higher 
values of pH.

Soil properties were correlated with diversity indices (Figure 7A). 
Strong correlations (Spearman, p < 0.01) between ObsASVs, E and H′ 
and pH, SD, and Ca were observed. Significant correlations for 

micronutrients Mg and Zn (Spearman, p < 0.05) were also observed. 
In addition, it is possible to observe the correlations between soil 
physicochemical properties and key fungal genus that were identified 
as bioindicators in LefSe (Figure 7B). Significant correlations were 
observed for all genus except for Humicola. The stronger correlations 
(Spearman, p < 0.01) were observed between Trechispora and 
macronutrient P (R = 0.610) and micronutrient Fe (R = 0.779) and 
between Solicoccozyma (R = 0.626) and Chaetomium (R = 0.695) 
with Mn.

Significant positive and negative Spearman correlations were 
observed between the analyzed soil properties and functional groups 
determined by FUNGuild (Figure 7C). In this case, macronutrients 
NO3-N, NH4-N, P, and K, the micronutrients Mn and Fe and CEC 
were the soil properties with more significant correlations with 

FIGURE 5

Variation of relative abundance of fungal functional groups in each cropping system. (A–E) Saprotrophs; (F–I) Symbiotrophs; (J–L) Pathotrophs. Boxes 
with different letters indicate a significant difference among them (Kruskal-Wallis, p  <  0.05).
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functional groups. But other significant correlations were observed 
between pH, SD, Ca, Mg, Na, and Cu and functional groups. The 
trophic group of symbionts are the one with more significant 
correlations with soil properties, as well as the functional group Dung 
saprotroph. Mycorrhizal fungi and dung saprotrophs were in lower 
abundance in soils with higher contents of macronutrients Fe, and 
higher CEC, typically from cropping system B, while endophytes were 
at highest abundance.

4 Discussion

This study represents a first attempt to characterize the soil fungal 
communities, including its functional groups, of the traditional 
cropping systems from Madeira Island, namely vineyards, banana, and 
vegetable plantations. These three cropping systems differ not only in 
crop, but also in the management practices. Vineyards and banana 
plantations are in monoculture, while vegetables are under rotation 
and/or in intercropping. The management practices have influence on 
soil physicochemical properties (Zalidis et al., 2002), thus changing 
the environment for soil fungal communities.

In this study we found that fungal community composition and 
functional groups were more susceptible to the changes across 
cropping systems, than alpha diversity indices. Values found for 
diversity (H′) and richness (Obs. ASVs) are similar or even higher to 
those found in previous studies in vineyards (Gobbi et al., 2022; Pingel 
et al., 2023; Liang et al., 2019), banana plantations (Wahome et al., 
2023; Wang et al., 2022; Jamil et al., 2023) and vegetable plantations 

(Orrù et al., 2021; Li and Wu, 2018; Wang et al., 2021). Crop rotation 
is seen as a promising management practice to preserve soil quality 
(Bai et al., 2018). Even though the analyzed cropping systems have 
different crops, it was expected that in H, the fungal communities 
would be more diverse due to the higher plant diversity. However, the 
alpha-diversity values found for the three cropping systems were 
similar. Lyu et al. (2020) observed that different vegetables may show 
opposite effects on Shannon diversity index and richness of fungal 
communities. Furthermore, the implementation of crop rotation 
appears to be insufficient to enhance fungal diversity. Other promising 
management practices should be adopted in combination, such as no 
tillage (Orrù et al., 2021) or incorporation of residues (Choudhary 
et al., 2022). The same occurs with intercropping; depending on the 
consociation, fungal abundance and diversity may or may not 
be  improved (Li and Wu, 2018). The fungal communities from 
agrosystems of the cropping system B were more similar to each other 
than in H and V, and the cropping system B is different from H and 
V. The Venn diagram corroborates with this, showing that B is the 
cropping system sharing less ASVs with others.

Soil physicochemical properties showed to be  determinant in 
shaping and sizing the fungal communities. Agricultural soils from 
Madeira island are mainly acidic (Ganança et al., 2007) and liming is 
frequently used by farmers to increase pH values in order to improve 
the bioavailability of important nutrients, such as P (Azevedo, 2023; 
Goulding, 2016). This practice seems to have a positive impact on 
alpha-diversity indices of fungal communities. Soil pH was pointed as 
an important factor affecting fungal communities (Wahome et al., 
2023; Yang et al., 2017; Zhang et al., 2016; Glassman et al., 2017) and 

FIGURE 6

Principal coordinate analysis (PCA) based on soil physicochemical properties in cropping systems B, V, and H.
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this is in agreement with our results. Special attention should be given 
to Pielou’s evenness which has been shown to be negatively impacted 
by low pH of the soil sampling sites. Low fungal evenness may reduce 
community resistance to environmental changes and this can have 
serious implications for soil functioning (Anthony et  al., 2021). 
Degree of water saturation also seemed to play an important role in 
alpha-diversity measurements. In a Mediterranean pine forest, fungal 
communities showed to be influenced by soil moisture. However, the 
effect differed among fungal groups (Castaño et al., 2018), arbuscular 
mycorrhizal fungi were negatively correlated with soil moisture, while 
free-living fungi were positively correlated. Furthermore, soil moisture 
also controls the availability of nutrients (Hinsinger, 2001). This can 
explain why in soils with higher degree of saturation, alpha-diversity 
indices are improved. Nevertheless, it is worth noting that, in this 
study, soil samples were collected between May and June, a period 
with low precipitation and with farmers taking control of irrigation. It 
is likely that in rainy seasons the behavior of soil fungal communities 
will be  different. For example, in water-saturated soils the fungal 
activity and the growth of certain taxa was inhibited due to oxygen 
limitation (Schimel, 2018). A study conducted in a vineyard from 
Madeira Island, showed that Shannon diversity and Evenness index of 
fungal communities were significantly lower in winter, the period with 
the highest precipitation (Pinheiro de Carvalho et al., 2022). Other soil 
properties are in the base of this process, such as soil texture and 

structure and the size of the pores (Hartmann and Six, 2023; Samaddar 
et al., 1834) and should be taken into account when analysing the 
impact of soil physicochemical properties on soil fungal communities.

In this study, cropping system B was more differentiated from the 
other cropping systems, especially considering class and lower 
taxonomic levels. For example, while the three dominant phyla are the 
same for the three cropping systems (Ascomycota > Basidiomycota > 
Mortierellomycota), concerning the classes, there are more 
Agaricomycetes and Mortierellomycetes and less Sordariomycetes in 
B than in V and H, reflecting the 10 most abundant taxa in the below 
taxonomic levels. Furthermore, the class Tremellomycetes is almost 
inexistent in B. Ascomycota and Basidiomycota are predominant 
phyla in agricultural soils (Choudhary et al., 2022; Wang et al., 2022; 
Li and Wu, 2018; Wang et al., 2023). Some of these studies also showed 
high relative abundance of Zygomycota under certain conditions, a 
phylum where Mortierellomycota was formerly included. The class 
Tremellomycetes, in H and V cropping systems, include yeasts of the 
genera Saitozyma and Solicoccozyma. The genus Solicoccozyma was 
identified as a bioindicator for cropping system H and was found to 
have correlations with soil physicochemical properties. Despite this, 
studies demonstrate that the soil yeasts distribution seems to 
be  determined mainly by biotic factors, such as plant, insect and 
fungal hosts or vectors. Due to yeasts adaptation capacity they can 
survive in a wide range of environmental conditions (Yurkov, 2018).

FIGURE 7

Observed Spearman significant correlations between soil physicochemical properties and (A) diversity indices, (B) key fungal genus identified as 
bioindicators in LefSe, (C) functional groups. Symbol * for p  <  0.05; ** for p  <  0.01. OM, Organic Matter; CEC, Cation Exchange Capacity; SD, Saturation 
Degree; Obs.ASV, Richness; E, Pielou Evenness; H′, Shannon–Wiener diversity index; Endoph, Endophytes; Ectomyc., Ectomycorrhizal; Und., 
Undefined.
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Agaricomycetes is a highly diverse class and most of the members 
live as saprotrophs, plant pathogens or ectomycorrhiza (Naranjo-Ortiz 
and Gabaldón, 2019). Trechisporales is the most abundant order of 
Agaricomycetes found in cropping system B, and Trechispora was 
found to be  a bioindicator for this sampling group. The genus 
Trechispora is considered as a saprotroph (Hibbett et al., 2014) and is 
also assumed as wood saprotroph (Nguyen et al., 2016). However, 
some studies also associate members of this genus to mycorrhizal 
fungi (Dunham et al., 2007; Vanegas-León et al., 2019; Vohník et al., 
2012). The high levels of Fe, P, and K and low levels of Cu seems to 
be associated to the abundance of Trechispora. Two potential species 
of Mortierella, class of Mortierellomycetes, were also found as 
bioindicators for cropping system B. This genus is classified as 
saprotroph in FUNGuild database (Nguyen et al., 2016). Due to its 
ability to degrade organic compounds, such as cellulose (Gawas-
Sakhalkar and Singh, 2011) and chitin (De Tender et  al., 2019), 
efficiently solubilize phosphate from soil minerals through pH 
decreasing (Osorio and Habte, 2013), and other features that can 
be useful in agriculture (Ozimek and Hanaka, 2021), the Mortierella 
species are being studied as Plant-Growth Promoting Fungi (Zhang 
et al., 2011; Zhang et al., 2020; Wani et al., 2017).

Cropping systems H and V differ the most at the order level and 
downwards taxonomic levels. The genera Chaetomium and Humicola, 
from the family Chaetomiaceae, were both identified as bioindicators 
for cropping system H. Members of these two genera are saprotrophic 
and commonly found in soil and organic compost (Soytong et al., 
2001; Ko et al., 2011). Some species have the potential to be used in 
agriculture as biocontrol agents (Phong et al., 2016; Lang et al., 2012) 
and/or biostimulants (Spinelli et  al., 2022; Yang et  al., 2014). An 
experiment with fungal community of tobacco soil rhizosphere 
showed that the abundance of Humicola was enhanced by the 
reduction of nitrogen fertilization, while the abundance of 
Chaetomium decreased (Shen et al., 2022). In this study, the relative 
abundance of these two genera was not significantly correlated with 
nitrogen compounds (NO3-N and NH4-N). The prevalence of both 
genera in sampling sites from cropping system H indicated that the 
soil management practices, mainly the input of nitrogen fertilizers 
(organic or inorganic) is suitable to the growth of these beneficial fungi.

Fungal communities from cropping system V are more even 
than from H. The genera Penicillium (Aspergillaceae) and Humicola 
stand out with higher relative abundances. Penicillium was 
identified as a bioindicator for V. This genus is commonly found in 
soil samples (Wahome et al., 2023; Jamil et al., 2023; Hernandez and 
Menéndez, 2019) and is associated to the reduction or suppression 
of soil-borne plant pathogens, due to their capacity to produce 
compounds with antifungal activity (Puig and Cumagun, 2019; Win 
et  al., 2021). In addition, some species have demonstrated the 
ability to solubilize phosphate and enhance the plant development 
(Sharma et al., 2013; Radhakrishnan et al., 2014). Hernandez and 
Menéndez (Hernandez and Menéndez, 2019) found that species of 
Penicillium were specific to concrete environmental conditions 
(season and weather) and soil treatments (tillage/no-tillage, 
herbicide/no-herbicide) in soils from vineyards. In our study, the 
genus Penicillium was found in higher abundance in cropping 
system V and in lower abundance in B, which may indicate that 
some species of Penicillium are vulnerable to management practices, 
mainly the input of nutrients, used in B and at less extent in 
cropping system H. The results indicate that high concentrations of 

P and Fe are correlated to a decrease in abundance of this genus. 
Gobbi et  al. (2022) found that Fusarium was dominant with a 
relative abundance of up to 10% of total fungal community in 
vineyard soils from Portugal (Azores). However, in our study, 
Fusarium did not appear in the top 35 genera and the Nectriaceae 
family to which it belongs represented only about 1% of total 
community in vineyards. This may be due to the climatic differences 
between the two Portuguese archipelagos (Pinheiro de Carvalho 
et al., 2022; Macedo et al., 2020).

The saprotrophs were the trophic group dominating in all three 
cropping systems. Saprotrophs are the most common functional 
group in agricultural soils (Camacho-Sanchez et al., 2023; Schmidt 
et al., 2019; Moreno et al., 2021). The saprotrophs dominance indicates 
that the soils under study are, in general, rich of fungi capable to 
provide important agroecological services. Some examples of those 
fungi were already discussed above. The cropping system B showed 
lower abundance of some groups of saprotrophs and mycorrhizal 
fungi but higher abundance of endophytes. The changes in relative 
abundance of functional groups were well correlated with soil 
physicochemical properties. The content of N, P, K, and Fe and level 
of CEC, are influencing the changes observed. Banana requires high 
amounts of N, P, and K to obtain good yields (Al-Harthi and 
Al-Yahyai, 2009). For many years, producers of banana from Madeira 
applied NPK fertilizers (mainly, N – 13%, P – 13%, K – 21%) two to 
four times/year. Although this practice is currently discouraged, soils 
accumulated large amounts of these macronutrients over time. Most 
of the banana agrosystems in this study are established for more than 
50 years, thus explaining the higher concentrations of N, P, and K 
comparing to soils from V and H. In addition, it is a common practice 
to deposit leaves and pseudostem of banana plants in the soil, 
returning part of the absorbed nutrients into the soil, including Fe (Ho 
et al., 2015; Zou et al., 2022). Plant waste from vines and vegetables are 
likewise incorporated in the soil. However, this occurs in smaller 
amounts and, in some cases the plant waste can be used for other 
purposes, such as animal feeding, thus fewer mineral nutrients 
returned to the soil. Although important functional groups were 
negatively impacted, these agricultural practices favored the 
endophytes, fungi that are capable of colonize internal tissues of plants 
without causing damage and provide important benefits to the plants 
(Kuźniar et al., 2019). For example, they may stimulate the plants 
growth (Ozimek and Hanaka, 2021), enhance the host defense 
efficiency (Cui et al., 2017), and facilitate nutrient absorption (Hiruma 
et  al., 2016). Nevertheless, endophytic fungi may also develop a 
commensal or pathogenic relationship with the host, under specific 
conditions (Hiruma et al., 2016; Alam et al., 2021; Cui et al., 2021).

5 Conclusion

Our results showed that although alpha-diversity is similar across 
the three analyzed cropping systems, there are differences in fungal 
composition and functional characteristics. The dominant phyla were 
Ascomycota, Basidiomycota, and Mortierellomycota, with variations 
among the cropping systems from class to downward levels, especially 
in cropping system B. Agricultural practices adopted in banana 
plantation from Madeira Island increased P, K, N, and Fe levels while 
decreasing Cu, influencing the structure of fungal communities. Each 
cropping system showed an affinity for different fungal genera, 
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highlighting that both soil properties and cultivated crops are key 
factors in fungal composition.

Overall, the three cropping systems favored the growth of 
beneficial fungi to the agrosystems, suggesting that local traditional 
practices are on the right path toward sustainable agriculture.

However, 9% of total ASVs could not be assigned to a phylum, 
representing around 20% of the community in each cropping system. 
These unidentified fungi may also have important functions in the 
agrosystems, reinforcing the need for more studies on agricultural soil 
fungi to promote sustainable agriculture.

Data availability statement

The data presented in the study are deposited in the Genbank 
repository (https://www.ncbi.nlm.nih.gov/genbank/), acession 
number KIGQ00000000.

Author contributions

MO: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Writing – original draft, 
Writing – review & editing. AA: Conceptualization, Supervision, 
Validation, Writing – review & editing. CF: Writing – review & 
editing, Formal analysis. JF: Conceptualization, Funding acquisition, 
Writing – review & editing. MP: Conceptualization, Funding 
acquisition, Project administration, Supervision, Validation, Writing 
– review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
was funded by Programa Operacional Madeira 14–20, Portugal 2020, 
and the European Union through the European Regional Development 
Fund, grant number M1420-01-0145-FEDER-000011 [CASBio], 
Interreg MAC 2014–2020 Cooperation Program, grant number 
MAC2/3.5b/307 [VERCOCHAR] and by the Agência Regional 

para o Desenvolvimento da Investigação, Tecnologia e Inovação, 
Portugal 2020 and the European Union through the European 
Social Fund [grant number M1420-09-5369-FSE000002, ARDITI]. 
Thanks are due to the Portuguese Foundation for Science and 
Technology (FCT/MCTES) for the financial support to CESAM 
(UIDP/50017/2020 + UIDB/50017/2020 + LA/P/0094/2020).

Acknowledgments

The authors acknowledge the support by National Funds 
FCT-Portuguese Foundation for Science and Technology, 
under the projects UIDB/04033/2020 + UIDP/04033/2020, 
UIDP/50017/2020 + UIDB/50017/2020 + LA/P/0094/2020 and 
CEECIND/01373/2018; the farmers for the studied sites availability; 
and the Secretaria Regional de Agricultura e Desenvolvimento Rural 
of Madeira for partnership and support.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426957/
full#supplementary-material

References
Abarenkov, K., Nilsson, R. H., Larsson, K. H., Taylor, A. F. S., May, T. W., Frøslev, T. G., 

et al. (2023). The UNITE database for molecular identification and taxonomic 
communication of fungi and other eukaryotes: sequences, taxa and classifications 
reconsidered. Nucleic Acids Res.:gkad1039. doi: 10.1093/nar/gkad1039

Alam, B., Lǐ, J., Gě, Q., Khan, M. A., Gōng, J., Mehmood, S., et al. (2021). Endophytic 
fungi: from symbiosis to secondary metabolite communications or vice versa? Front. 
Plant Sci. 12:791033

Al-Harthi, K., and Al-Yahyai, R. (2009). Effect of NPK fertilizer on growth and yield 
of banana in northern Oman. JHF 1, 160–167. doi: 10.5897/JHF.9000035

Anthony, M. A., Knorr, M., Moore, J. A. M., Simpson, M., and Frey, S. D. (2021). 
Fungal community and functional responses to soil warming are greater than for soil 
nitrogen enrichment. Elementa 9:000059. doi: 10.1525/elementa.2021.000059

Azevedo, A. A reação do solo e o nível de fertilidade dos solos agrícolas na Região 
Autónoma da Madeira. DICAs - Informações da Agricultura e do Desenvolvimento 
Rural. (2023) Available at: https://dica.madeira.gov.pt/index.php/outros-temas/
diversos/4112-a-reacao-do-solo-e-o-nivel-de-fertilidade-dos-solos-agricolas-na-regiao-
autonoma-da-madeira (Accessed June 12, 2023).

Bai, Z., Caspari, T., Gonzalez, M. R., Batjes, N. H., Mäder, P., Bünemann, E. K., et al. 
(2018). Effects of agricultural management practices on soil quality: a review of long-

term experiments for Europe and China. Agric. Ecosyst. Environ. 265, 1–7. doi: 10.1016/j.
agee.2018.05.028

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. 
(2018). Optimizing taxonomic classification of marker-gene amplicon sequences with 
QIIME 2’s q2-feature-classifier plugin. Microbiome 6:90. doi: 10.1186/s40168-018-0470-z

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., al-Ghalith, G. A., 
et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science 
using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

Bonfante, P., and Genre, A. (2010). Mechanisms underlying beneficial plant–fungus 
interactions in mycorrhizal symbiosis. Nat. Commun. 1:48. doi: 10.1038/ncomms1046

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Camacho-Sanchez, M., Herencia, J. F., Arroyo, F. T., and Capote, N. (2023). Soil 
microbial community responses to different management strategies in almond crop. J. 
Fungi (Basel) 9:95. doi: 10.3390/jof9010095

Castaño, C., Lindahl, B. D., Alday, J. G., Hagenbo, A., Martínez de Aragón, J., 
Parladé, J., et al. (2018). Soil microclimate changes affect soil fungal communities in a 
Mediterranean pine forest. New Phytol. 220, 1211–1221. doi: 10.1111/nph.15205

https://doi.org/10.3389/fmicb.2024.1426957
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/genbank/
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426957/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426957/full#supplementary-material
https://doi.org/10.1093/nar/gkad1039
https://doi.org/10.5897/JHF.9000035
https://doi.org/10.1525/elementa.2021.000059
https://dica.madeira.gov.pt/index.php/outros-temas/diversos/4112-a-reacao-do-solo-e-o-nivel-de-fertilidade-dos-solos-agricolas-na-regiao-autonoma-da-madeira
https://dica.madeira.gov.pt/index.php/outros-temas/diversos/4112-a-reacao-do-solo-e-o-nivel-de-fertilidade-dos-solos-agricolas-na-regiao-autonoma-da-madeira
https://dica.madeira.gov.pt/index.php/outros-temas/diversos/4112-a-reacao-do-solo-e-o-nivel-de-fertilidade-dos-solos-agricolas-na-regiao-autonoma-da-madeira
https://doi.org/10.1016/j.agee.2018.05.028
https://doi.org/10.1016/j.agee.2018.05.028
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/ncomms1046
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.3390/jof9010095
https://doi.org/10.1111/nph.15205


Oliveira et al. 10.3389/fmicb.2024.1426957

Frontiers in Microbiology 12 frontiersin.org

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one 
FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/
bioinformatics/bty560

Choudhary, M., Jat, H. S., Jat, M. L., and Sharma, P. C. (2022). Climate-smart 
agricultural practices influence the fungal communities and soil properties under 
major agri-food systems. Front. Microbiol.:986519:13. doi: 10.3389/
fmicb.2022.986519

Cui, R., Lu, X., Chen, X., Malik, W. A., Wang, D., Wang, J., et al. (2021). A novel 
raffinose biological pathway is observed by symbionts of cotton≡Verticillium dahliae to 
improve salt tolerance genetically on cotton. J. Agron. Crop Sci. 207, 956–969. doi: 
10.1111/jac.12556

Cui, J. L., Wang, Y. N., Jiao, J., Gong, Y., Wang, J. H., and Wang, M. L. (2017). Fungal 
endophyte-induced salidroside and tyrosol biosynthesis combined with signal cross-talk 
and the mechanism of enzyme gene expression in Rhodiola crenulata. Sci. Rep. 7:12540. 
doi: 10.1038/s41598-017-12895-2

De Tender, C., Mesuere, B., Van der Jeugt, F., Haegeman, A., Ruttink, T., 
Vandecasteele, B., et al. (2019). Peat substrate amended with chitin modulates the 
N-cycle, siderophore and chitinase responses in the lettuce rhizobiome. Sci. Rep. 9:9890. 
doi: 10.1038/s41598-019-46106-x

Dunham, S. M., Larsson, K. H., and Spatafora, J. W. (2007). Species richness and 
community composition of mat-forming ectomycorrhizal fungi in old-and second-
growth Douglas-fir forests of the HJ Andrews experimental Forest, Oregon, USA. 
Mycorrhiza 17, 633–645. doi: 10.1007/s00572-007-0141-6

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., 
et al. (2011). Solutions for a cultivated planet. Nature 478, 337–342. doi: 10.1038/
nature10452

Frąc, M., Hannula, S. E., Bełka, M., and Jędryczka, M. (2018). Fungal biodiversity and 
their role in soil health. Front. Microbiol. 9:707. doi: 10.3389/fmicb.2018.00707

Frąc, M., Hannula, E. S., Bełka, M., Salles, J. F., and Jedryczka, M. (2022). Soil 
mycobiome in sustainable agriculture. Front. Microbiol.:1033824:13. doi: 10.3389/
fmicb.2022.1033824

Ganança, J. F. T., Abreu, I., Sousa, N. F., Paz, R. F., Caldeira, P., dos Santos, T. M. M., 
et al. (2007). Soil conditions and evolution of aluminium resistance among cultivated 
and wild plant species on the Island of Madeira. Plant Soil Environ. 53, 239–246. doi: 
10.17221/2218-PSE

Gawas-Sakhalkar, P., and Singh, S. M. (2011). Fungal community associated with 
Arctic moss, Tetraplodon mimoides and its rhizosphere: bioprospecting for production 
of industrially useful enzymes. Curr. Sci. 100, 1701–1705.

Glassman, S. I., Wang, I. J., and Bruns, T. D. (2017). Environmental filtering by pH 
and soil nutrients drives community assembly in fungi at fine spatial scales. Mol. Ecol. 
26, 6960–6973. doi: 10.1111/mec.14414

Gobbi, A., Acedo, A., Imam, N., Santini, R. G., Ortiz-Álvarez, R., Ellegaard-Jensen, L., 
et al. (2022). A global microbiome survey of vineyard soils highlights the microbial 
dimension of viticultural terroirs. Commun. Biol. 5, 241–249. doi: 10.1038/
s42003-022-03202-5

Goulding, K. W. T. (2016). Soil acidification and the importance of liming agricultural 
soils with particular reference to the United Kingdom. Soil Use Manag. 32, 390–399. doi: 
10.1111/sum.12270

Guzman, A., Montes, M., Hutchins, L., DeLaCerda, G., Yang, P., Kakouridis, A., 
et al. (2021). Crop diversity enriches arbuscular mycorrhizal fungal communities in 
an intensive agricultural landscape. New Phytol. 231, 447–459. doi: 10.1111/
nph.17306

Hartmann, M., Howes, C. G., VanInsberghe, D., Yu, H., Bachar, D., Christen, R., et al. 
(2012). Significant and persistent impact of timber harvesting on soil microbial 
communities in northern coniferous forests. ISME J. 6, 2199–2218. doi: 10.1038/
ismej.2012.84

Hartmann, M., and Six, J. (2023). Soil structure and microbiome functions in 
agroecosystems. Nat. Rev. Earth Environ. 4, 4–18. doi: 10.1038/s43017-022-00366-w

Hernandez, M. M., and Menéndez, C. M. (2019). Influence of seasonality and 
management practices on diversity and composition of fungal communities in vineyard 
soils. Appl. Soil Ecol. 135, 113–119. doi: 10.1016/j.apsoil.2018.11.008

Hibbett, D. S., Bauer, R., Binder, M., Giachini, A. J., Hosaka, K., Justo, A., et al. (2014). 
“14 Agaricomycetes” in Systematics and Evolution: Part A. The Mycota. eds. D. J. 
McLaughlin and J. W. Spatafora (Springer), 373–429.

Hinsinger, P. (2001). Bioavailability of soil inorganic P in the rhizosphere as affected 
by root-induced chemical changes: a review. Plant Soil 237, 173–195. doi: 
10.1023/A:1013351617532

Hiruma, K., Gerlach, N., Sacristán, S., Nakano, R. T., Hacquard, S., Kracher, B., et al. 
(2016). Root endophyte Colletotrichum tofieldiae confers plant fitness benefits that are 
phosphate status dependent. Cell 165, 464–474. doi: 10.1016/j.cell.2016.02.028

Ho, L. H., Chew, T. T., Abdul Aziz, N. A., and Bhat, R. (2015). In vitro starch 
digestibility of bread with banana (Musa acuminata X balbisiana ABB cv. Awak) pseudo-
stem flour and hydrocolloids. Food Biosci. 12, 10–17. doi: 10.1016/j.fbio.2015.07.003

Jamil, F. N., Hashim, A. M., Yusof, M. T., and Saidi, N. B. (2023). Association of soil 
fungal community composition with incidence of fusarium wilt of banana in Malaysia. 
Mycologia 115, 178–186. doi: 10.1080/00275514.2023.2180975

Janowski, D., and Leski, T. (2022). Factors in the distribution of mycorrhizal and soil 
fungi. Diversity 14:1122. doi: 10.3390/d14121122

Jiang, Y., Wang, J., Liu, L., Chen, L., Yin, X., Tan, W., et al. (2024). Synergistic changes 
in bacterial community composition, function, and soil characteristics of tomato 
rhizosphere soil under long-term monoculture conditions. Rhizosphere 31:100950. doi: 
10.1016/j.rhisph.2024.100950

Ko, W. H., Yang, C. H., Lin, M. J., Chen, C. Y., and Tsou, Y. J. (2011). Humicola 
phialophoroides sp. nov. from soil with potential for biological control of plant diseases. 
Bot. Stud., 52, 197–202.

Kuźniar, A., Włodarczyk, K., and Wolińska, A. (2019). Agricultural and other 
biotechnological applications resulting from trophic plant-endophyte interactions. 
Agronomy 9:779. doi: 10.3390/agronomy9120779

Lang, J., Hu, J., Ran, W., Xu, Y., and Shen, Q. (2012). Control of cotton Verticillium 
wilt and fungal diversity of rhizosphere soils by bio-organic fertilizer. Biol. Fertil. Soils 
48, 191–203. doi: 10.1007/s00374-011-0617-6

Lauber, C. L., Strickland, M. S., Bradford, M. A., and Fierer, N. (2008). The 
influence of soil properties on the structure of bacterial and fungal communities 
across land-use types. Soil Biol. Biochem. 40, 2407–2415. doi: 10.1016/j.
soilbio.2008.05.021

Li, S., and Wu, F. (2018). Diversity and co-occurrence patterns of soil bacterial and 
fungal communities in seven intercropping systems. Front. Microbiol. 9:1521:9. doi: 
10.3389/fmicb.2018.01521

Liang, H., Wang, X., Yan, J., and Luo, L. (2019). Characterizing the intra-vineyard 
variation of soil bacterial and fungal communities. Front. Microbiol. 10:1239. doi: 
10.3389/fmicb.2019.01239

Liu, Z., Liu, J., Yu, Z., Yao, Q., Li, Y., Liang, A., et al. (2020). Long-term continuous 
cropping of soybean is comparable to crop rotation in mediating microbial abundance, 
diversity and community composition. Soil Tillage Res. 197:104503. doi: 10.1016/j.
still.2019.104503

Lyu, J., Jin, L., Jin, N., Xie, J., Xiao, X., Hu, L., et al. (2020). Effects of different vegetable 
rotations on fungal community structure in continuous tomato cropping matrix in 
greenhouse. Front. Microbiol.:829:11. doi: 10.3389/fmicb.2020.00829

Macedo, F. L., Ragonezi, C., and Pinheiro De Carvalho, M. Â. A. (2020). Zoneamento 
agroclimático da cultura da videira para a Ilha da Madeira-Portugal. RCG 21, 296–306. 
doi: 10.14393/RCG217349287

Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to 
improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/
bioinformatics/btr507

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

Melo, I., and Cardoso, J. (2008). “The Fungi (Fungi) of the Madeira and Selvagens 
archipelagos” in A list of the terrestrial Fungi, Flora and Fauna of Madeira and Selvagens 
archipelagos. Direcção regional do Ambiente da Madeira and Universidade dos 
Açores, 57–93.

Moreno, M. V., Casas, C., Biganzoli, F., Manso, L., Silvestro, L. B., Moreira, E., et al. 
(2021). Cultivable soil fungi community response to agricultural management and 
tillage system on temperate soil. J. Saudi Soc. Agric. Sci. 20, 217–226. doi: 10.1016/j.
jssas.2021.01.008

Naranjo-Ortiz, M. A., and Gabaldón, T. (2019). Fungal evolution: diversity, taxonomy 
and phylogeny of the Fungi. Biol. Rev. 94, 2101–2137. doi: 10.1111/brv.12550

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., et al. (2016). 
FUNGuild: An open annotation tool for parsing fungal community datasets by 
ecological guild. Fungal Ecol. 20, 241–248. doi: 10.1016/j.funeco.2015.06.006

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., 
et al. Vegan: community ecology package. (2022). Available at: https://cran.r-project.org/
web/packages/vegan/index.html (Accessed August 25, 2023).

Orrù, L., Canfora, L., Trinchera, A., Migliore, M., Pennelli, B., Marcucci, A., et al. 
(2021). How tillage and crop rotation change the distribution pattern of fungi. Front. 
Microbiol.:634325:12. doi: 10.3389/fmicb.2021.634325

Osorio, N. W., and Habte, M. (2013). Phosphate desorption from the surface of soil 
mineral particles by a phosphate-solubilizing fungus. Biol. Fertil. Soils 49, 481–486. doi: 
10.1007/s00374-012-0763-5

Ozimek, E., and Hanaka, A. (2021). Mortierella species as the plant growth-promoting 
Fungi present in the agricultural soils. Agriculture 11:7. doi: 10.3390/agriculture11010007

Paetz, A., and Wilke, B. M. (2005). “Soil sampling and storage” in Manual for soil analysis: 
Monitoring and assessing soil bioremediation. Soil biology (Berlin, Heidelberg: Springer).

Pérez-Brandán, C., Huidobro, J., Grümberg, B., Scandiani, M. M., Luque, A. G., 
Meriles, J. M., et al. (2014). Soybean fungal soil-borne diseases: a parameter for 
measuring the effect of agricultural intensification on soil health. Can. J. Microbiol. 60, 
73–84. doi: 10.1139/cjm-2013-0792

Peterson, R. A. (2021). Finding optimal normalizing transformations via best 
normalize. R Journal 13, 310–329. doi: 10.32614/RJ-2021-041

Peterson, R. A., and Cavanaugh, J. E. (2020). Ordered quantile normalization: a 
semiparametric transformation built for the cross-validation era. J. Appl. Stat. 47, 
2312–2327. doi: 10.1080/02664763.2019.1630372

https://doi.org/10.3389/fmicb.2024.1426957
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.3389/fmicb.2022.986519
https://doi.org/10.3389/fmicb.2022.986519
https://doi.org/10.1111/jac.12556
https://doi.org/10.1038/s41598-017-12895-2
https://doi.org/10.1038/s41598-019-46106-x
https://doi.org/10.1007/s00572-007-0141-6
https://doi.org/10.1038/nature10452
https://doi.org/10.1038/nature10452
https://doi.org/10.3389/fmicb.2018.00707
https://doi.org/10.3389/fmicb.2022.1033824
https://doi.org/10.3389/fmicb.2022.1033824
https://doi.org/10.17221/2218-PSE
https://doi.org/10.1111/mec.14414
https://doi.org/10.1038/s42003-022-03202-5
https://doi.org/10.1038/s42003-022-03202-5
https://doi.org/10.1111/sum.12270
https://doi.org/10.1111/nph.17306
https://doi.org/10.1111/nph.17306
https://doi.org/10.1038/ismej.2012.84
https://doi.org/10.1038/ismej.2012.84
https://doi.org/10.1038/s43017-022-00366-w
https://doi.org/10.1016/j.apsoil.2018.11.008
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1016/j.fbio.2015.07.003
https://doi.org/10.1080/00275514.2023.2180975
https://doi.org/10.3390/d14121122
https://doi.org/10.1016/j.rhisph.2024.100950
https://doi.org/10.3390/agronomy9120779
https://doi.org/10.1007/s00374-011-0617-6
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.3389/fmicb.2018.01521
https://doi.org/10.3389/fmicb.2019.01239
https://doi.org/10.1016/j.still.2019.104503
https://doi.org/10.1016/j.still.2019.104503
https://doi.org/10.3389/fmicb.2020.00829
https://doi.org/10.14393/RCG217349287
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1016/j.jssas.2021.01.008
https://doi.org/10.1016/j.jssas.2021.01.008
https://doi.org/10.1111/brv.12550
https://doi.org/10.1016/j.funeco.2015.06.006
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.3389/fmicb.2021.634325
https://doi.org/10.1007/s00374-012-0763-5
https://doi.org/10.3390/agriculture11010007
https://doi.org/10.1139/cjm-2013-0792
https://doi.org/10.32614/RJ-2021-041
https://doi.org/10.1080/02664763.2019.1630372


Oliveira et al. 10.3389/fmicb.2024.1426957

Frontiers in Microbiology 13 frontiersin.org

Phong, N. H., Pongnak, W., and Soytong, K. (2016). Antifungal activities of Chaetomium 
spp. against fusarium wilt of tea. Plant Prot. Sci. 52, 10–17. doi: 10.17221/34/2015-PPS

Pingel, M., Reineke, A., and Leyer, I. (2023). Disentangling the mixed effects of soil 
management on microbial diversity and soil functions: a case study in vineyards. Sci. 
Rep. 13:3568. doi: 10.1038/s41598-023-30338-z

Pinheiro De Carvalho, M. Â. A., De Macedo, F. L., HGM, D. N., Freitas, G., Oliveira, C., 
Antunes, G., et al. (2021). Agrodiversidade, Variedades Regionais da Madeira. Funchal, 
Portugal: Centro ISOPlexis da Universidade da Madeira, ACOESTE-Associação da 
Costa Oeste.

Pinheiro de Carvalho, M. Â. A., Ragonezi, C., Oliveira, M. C. O., Reis, F., Macedo, F. L., 
de Freitas, J. G. R., et al. (2022). Anticipating the climate change impacts on Madeira’s 
agriculture: the characterization and monitoring of a vine agrosystem. Agronomy 
12:2201. doi: 10.3390/agronomy12092201

Puig, C. G., and Cumagun, C. J. R. (2019). Rainforest fungal endophytes for the bio-
enhancement of banana toward fusarium oxysporum f. sp. cubense tropical race 4. Arch. 
Phytopathol. Plant Protect. 52, 776–794. doi: 10.1080/03235408.2018.1560652

Radhakrishnan, R., Kang, S. M., Baek, I. Y., and Lee, I. J. (2014). Characterization of 
plant growth-promoting traits of Penicillium species against the effects of high soil 
salinity and root disease. J. Plant Interact. 9, 754–762. doi: 10.1080/17429145.2014.930524

Ragonezi, C., Nunes, N., Oliveira, M. C. O., de Freitas, J. G. R., Ganança, J. F. T., and de 
Carvalho, M. Â. A. P. (2022). Sewage sludge fertilization—a case study of sweet potato yield 
and heavy metal accumulation. Agronomy 12:1902. doi: 10.3390/agronomy12081902

Ribeiro, L. N., and Silva, J. (1998). Preliminary studies of Cavendish Banana cultivars 
under the edaphoclimatic conditions of Madeira Island. Acta Hortic. 490, 85–88. doi: 
10.17660/ActaHortic.1998.490.6

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a 
versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.2584

Samaddar, S., Karp, D. S., Schmidt, R., Devarajan, N., McGarvey, J., Pires, A. F. A., et al. 
(1834). Role of soil in the regulation of human and plant pathogens: soils’ contributions to 
people. Philos. Trans. R. Soc. B Biol. Sci. 376:20200179. doi: 10.1098/rstb.2020.0179

Schimel, J. P. (2018). Life in dry soils: effects of drought on soil microbial communities 
and processes. Annu. Rev. Ecol. Evol. Syst. 49, 409–432. doi: 10.1146/annurev-
ecolsys-110617-062614

Schmidt, R., Mitchell, J., and Scow, K. (2019). Cover cropping and no-till increase 
diversity and symbiotroph:saprotroph ratios of soil fungal communities. Soil Biol. 
Biochem. 129, 99–109. doi: 10.1016/j.soilbio.2018.11.010

Schulte, R. P. O., Creamer, R. E., Donnellan, T., Farrelly, N., Fealy, R., O’Donoghue, C., 
et al. (2014). Functional land management: a framework for managing soil-based 
ecosystem services for the sustainable intensification of agriculture. Environ. Sci. Pol. 38, 
45–58. doi: 10.1016/j.envsci.2013.10.002

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. 
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 
10.1186/gb-2011-12-6-r60

Sharma, S. B., Sayyed, R. Z., Trivedi, M. H., and Gobi, T. A. (2013). Phosphate 
solubilizing microbes: sustainable approach for managing phosphorus deficiency in 
agricultural soils. Springerplus 2:587. doi: 10.1186/2193-1801-2-587

Shen, M. C., Shi, Y. Z., Bo, G. D., and Liu, X. M. (2022). Fungal inhibition of 
agricultural soil pathogen stimulated by nitrogen-reducing fertilization. Front. Bioeng. 
Biotechnol. 10:866419. doi: 10.3389/fbioe.2022.866419

Soytong, K., Kanokmedhakul, S., Kukongviriyapa, V., and Isobe, M. (2001). 
Application of Chaetomium species (Ketomium(R)) as a new broad spectrum biological 
fungicide for plant disease control: a review article. Fungal Divers. 7, 1–15.

Spinelli, V., Brasili, E., Sciubba, F., Ceci, A., Giampaoli, O., Miccheli, A., et al. (2022). 
Biostimulant effects of Chaetomium globosum and Minimedusa polyspora culture 
filtrates on Cichorium intybus plant: growth performance and Metabolomic traits. Front. 
Plant Sci.:879076:13. doi: 10.3389/fpls.2022.879076

Tang, Y., Horikoshi, M., and Li, W. (2016). Ggfortify: unified Interface to visualize 
statistical result of popular R packages. R Journal 8, 474–485. doi: 10.32614/RJ-2016-060

Temminghoff, E. E., and Houba, V. J. (2004). Plant analysis procedures. 2nd Edn. 
London: Kluwer Academic Publishers.

Thomson, B. C., Tisserant, E., Plassart, P., Uroz, S., Griffiths, R. I., Hannula, S. E., et al. 
(2015). Soil conditions and land use intensification effects on soil microbial communities 
across a range of European field sites. Soil Biol. Biochem. 88, 403–413. doi: 10.1016/j.
soilbio.2015.06.012

Vanegas-León, M. L., Sulzbacher, M. A., Rinaldi, A. C., Roy, M., Selosse, M. A., and 
Neves, M. A. (2019). Are Trechisporales ectomycorrhizal or non-mycorrhizal root 
endophytes? Mycol. Prog. 18, 1231–1240. doi: 10.1007/s11557-019-01519-w

Vohník, M., Sadowsky, J. J., Kohout, P., Lhotáková, Z., Nestby, R., and Kolařík, M. 
(2012). Novel root-fungus Symbiosis in Ericaceae: sheathed ericoid mycorrhiza formed 

by a hitherto undescribed basidiomycete with affinities to Trechisporales. PLoS One 
7:e39524. doi: 10.1371/journal.pone.0039524

Wahome, C. N., Maingi, J. M., Ombori, O., Njeru, E. M., Muthini, M., and Kimiti, J. M. 
(2023). Diversity and abundance of bacterial and fungal communities in rhizospheric 
soil from smallholder banana producing agroecosystems in Kenya. Front. 
Horticult.:1061456:2. doi: 10.3389/fhort.2023.1061456

Wang, Q., Liang, A., Chen, X., Zhang, S., Zhang, Y., McLaughlin, N. B., et al. (2021). 
The impact of cropping system, tillage and season on shaping soil fungal community in 
a long-term field trial. Eur. J. Soil Biol. 102:103253. doi: 10.1016/j.ejsobi.2020.103253

Wang, M., Wang, C., Yu, Z., Wang, H., Wu, C., Masoudi, A., et al. (2023). Fungal 
diversities and community assembly processes show different biogeographical patterns 
in forest and grassland soil ecosystems. Front. Microbiol.:1036905:14. doi: 10.3389/
fmicb.2023.1036905

Wang, Q., Zhou, L., Jin, H., Cong, B., Yang, H., and Wang, S. (2022). Investigating the 
responses of microbial communities to Banana fusarium wilt in suppressive and 
conducive soils based on soil particle-size differentiation. Agronomy 12:229. doi: 
10.3390/agronomy12020229

Wani, Z. A., Kumar, A., Sultan, P., Bindu, K., Riyaz-Ul-Hassan, S., and Ashraf, N. 
(2017). Mortierella alpina CS10E4, an oleaginous fungal endophyte of Crocus sativus L. 
enhances apocarotenoid biosynthesis and stress tolerance in the host plant. Sci. Rep. 
7:8598. doi: 10.1038/s41598-017-08974-z

White, T. J., Bruns, T., Lee, S., and Taylor, J. (1990). “Amplification and direct 
sequencing of fungal ribosomal RNA genes for phylogenetics” in PCR Protocols. Eds. 
M. A. Innis, D. H. Gelfand, J. J. Sninsky and T. J. White  (Amsterdam, Netherlands: 
Academic Press), 315–322. Available at: https://www.sciencedirect.com/science/article/
pii/B9780123721808500421

Wickham, H. (2016). Ggplot2: Elegant graphics for data analysis. New York: Springer-
Verlag Available at: https://ggplot2.tidyverse.org.

Wijayawardene, N. N., Bahram, M., Sánchez-Castro, I., Dai, D. Q., Ariyawansa, K. G. 
S. U., Jayalal, U., et al. (2021). Current insight into culture-dependent and culture-
independent methods in discovering Ascomycetous taxa. J. Fungi 7:703. doi: 10.3390/
jof7090703

Win, T. T., Bo, B., Malec, P., and Fu, P. (2021). The effect of a consortium of 
Penicillium sp. and Bacillus spp. in suppressing banana fungal diseases caused by 
fusarium sp. and Alternaria sp. J. Appl. Microbiol. 131, 1890–1908. doi: 10.1111/
jam.15067

Yang, Y., Dou, Y., Huang, Y., and An, S. (2017). Links between soil fungal diversity and 
plant and soil properties on the loess plateau. Front. Microbiol.:2198:8. doi: 10.3389/
fmicb.2017.02198

Yang, C. H., Lin, M. J., Su, H. J., and Ko, W. H. (2014). Multiple resistance-
activating substances produced by Humicola phialophoroides isolated from soil for 
control of Phytophthora blight of pepper. Bot. Stud. 55:40. doi: 
10.1186/1999-3110-55-40

Yeates, C., Gillings, M. R., Davison, A. D., Altavilla, N., and Veal, D. A. (1998). 
Methods for microbial DNA extraction from soil for PCR amplification. Biol. Proced 
Online 1, 40–47. doi: 10.1251/bpo6

Yurkov, A. M. (2018). Yeasts of the soil – obscure but precious. Yeast 35, 369–378. doi: 
10.1002/yea.3310

Zalidis, G., Stamatiadis, S., Takavakoglou, V., Eskridge, K., and Misopolinos, N. 
(2002). Impacts of agricultural practices on soil and water quality in the Mediterranean 
region and proposed assessment methodology. Agric. Ecosyst. Environ. 88, 137–146. doi: 
10.1016/S0167-8809(01)00249-3

Zeilinger, S., Gupta, V. K., Dahms, T. E. S., Silva, R. N., Singh, H. B., 
Upadhyay, R. S., et al. (2016). Friends or foes? Emerging insights from fungal 
interactions with plants. FEMS Microbiol. Rev. 40, 182–207. doi: 10.1093/
femsre/fuv045

Zhang, K., Bonito, G., Hsu, C. M., Hameed, K., Vilgalys, R., and Liao, H. L. (2020). 
Mortierella elongata increases plant biomass among non-leguminous crop species. 
Agronomy 10:754. doi: 10.3390/agronomy10050754

Zhang, T., Wang, N. F., Liu, H. Y., Zhang, Y. Q., and Yu, L. Y. (2016). Soil pH is a key 
determinant of soil fungal community composition in the Ny-Ålesund region, Svalbard 
(high Arctic). Front. Microbiol. 7:227:7. doi: 10.3389/fmicb.2016.00227

Zhang, H., Wu, X., Li, G., and Qin, P. (2011). Interactions between arbuscular 
mycorrhizal fungi and phosphate-solubilizing fungus (Mortierella sp.) and their 
effects on Kostelelzkya virginica growth and enzyme activities of rhizosphere and 
bulk soils at different salinities. Biol. Fertil. Soils 47, 543–554. doi: 10.1007/
s00374-011-0563-3

Zou, F., Tan, C., Zhang, B., Wu, W., and Shang, N. (2022). The valorization of Banana 
by-products: nutritional composition, bioactivities, applications, and future 
development. Food Secur. 11:3170. doi: 10.3390/foods11203170

https://doi.org/10.3389/fmicb.2024.1426957
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.17221/34/2015-PPS
https://doi.org/10.1038/s41598-023-30338-z
https://doi.org/10.3390/agronomy12092201
https://doi.org/10.1080/03235408.2018.1560652
https://doi.org/10.1080/17429145.2014.930524
https://doi.org/10.3390/agronomy12081902
https://doi.org/10.17660/ActaHortic.1998.490.6
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1098/rstb.2020.0179
https://doi.org/10.1146/annurev-ecolsys-110617-062614
https://doi.org/10.1146/annurev-ecolsys-110617-062614
https://doi.org/10.1016/j.soilbio.2018.11.010
https://doi.org/10.1016/j.envsci.2013.10.002
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/2193-1801-2-587
https://doi.org/10.3389/fbioe.2022.866419
https://doi.org/10.3389/fpls.2022.879076
https://doi.org/10.32614/RJ-2016-060
https://doi.org/10.1016/j.soilbio.2015.06.012
https://doi.org/10.1016/j.soilbio.2015.06.012
https://doi.org/10.1007/s11557-019-01519-w
https://doi.org/10.1371/journal.pone.0039524
https://doi.org/10.3389/fhort.2023.1061456
https://doi.org/10.1016/j.ejsobi.2020.103253
https://doi.org/10.3389/fmicb.2023.1036905
https://doi.org/10.3389/fmicb.2023.1036905
https://doi.org/10.3390/agronomy12020229
https://doi.org/10.1038/s41598-017-08974-z
https://www.sciencedirect.com/science/article/pii/B9780123721808500421
https://www.sciencedirect.com/science/article/pii/B9780123721808500421
https://ggplot2.tidyverse.org
https://doi.org/10.3390/jof7090703
https://doi.org/10.3390/jof7090703
https://doi.org/10.1111/jam.15067
https://doi.org/10.1111/jam.15067
https://doi.org/10.3389/fmicb.2017.02198
https://doi.org/10.3389/fmicb.2017.02198
https://doi.org/10.1186/1999-3110-55-40
https://doi.org/10.1251/bpo6
https://doi.org/10.1002/yea.3310
https://doi.org/10.1016/S0167-8809(01)00249-3
https://doi.org/10.1093/femsre/fuv045
https://doi.org/10.1093/femsre/fuv045
https://doi.org/10.3390/agronomy10050754
https://doi.org/10.3389/fmicb.2016.00227
https://doi.org/10.1007/s00374-011-0563-3
https://doi.org/10.1007/s00374-011-0563-3
https://doi.org/10.3390/foods11203170

	Variations in the structure and function of the soil fungal communities in the traditional cropping systems from Madeira Island
	1 Introduction
	2 Materials and methods
	2.1 Study sites and soil samplings
	2.2 DNA extraction and purification
	2.3 ITS amplicon sequencing
	2.4 Bioinformatics pipeline
	2.5 Statistical analysis

	3 Results
	3.1 Impact of the cropping system on fungal abundance and community diversity
	3.2 Impact of the cropping system on fungal communities’ composition
	3.3 Impact of the cropping systems on functional fungal communities
	3.4 Soil physicochemical properties in the cropping systems and the effect on soil fungal community structure

	4 Discussion
	5 Conclusion

	References

