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Abstract: This study investigates the impact of organic (OF) and conventional farming (CF) on
soil fungal communities in banana monoculture plantations on Madeira Island. We hypothesized
that OF promotes beneficial fungal groups over harmful ones, sustaining soil health. Soil samples
were collected from six plantations (three OF and three CF) for ITS amplicon sequencing to assess
fungal diversity. Results showed that OF significantly enhanced fungal alpha-diversity (Shannon–
Wiener index) and Evenness. The phylum Ascomycota dominated OF systems, while Basidiomycota
prevailed in CF. Mortierella, a beneficial genus, was abundant in OF and is observed in CF but was
less evident, being the genus Trechispora the most well represented in CF agrosystems. Additionally,
OF was associated with higher soil pH and Mg levels, which correlated positively with beneficial
fungal groups. Functional analysis revealed that OF promoted saprotrophic fungi, crucial for the
decomposition of organic matter and nutrient cycling. However, both systems exhibited low levels
of arbuscular mycorrhizal fungi, likely due to high phosphorus levels. These findings suggest
that organic practices can enhance soil fungal diversity and health, although attention to nutrient
management is critical to further improving soil–plant–fungi interactions.
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1. Introduction

Bananas are one of the most widely produced, traded, and consumed fruits world-
wide. This fruit crop plays a vital role in world agricultural production, especially for
smallholders [1]. On Madeira Island, the banana crop was introduced in the 16th century
and gradually became a major source of wealth [2]. However, only in the 20th century
was the crop traded abroad [3]. Madeira produces bananas with unique characteristics,
known for their intense flavor and aroma [2,3]. This is due to environmental conditions
such as proximity to the sea, sun exposure, mild climate throughout the year, and soil
fertility combined with the selection of clones with the best quality and yields [3,4]. They
are predominantly cultivated on Madeira’s south coast, up to 300 m above sea level [2].

According to regional statistics, bananas are among the most economically relevant
fruit crops for Madeira. The latest agricultural census data account for 5.171 banana farms,
representing 35% of the total agricultural area used for permanent crops [5]. In 2023, more
than 85% of the production was shipped, mainly to mainland Portugal [6].
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Because of the importance of this crop, traditional banana cropping systems in Madeira
Island have been under monoculture for many years, most of them for more than 50 years.
For most of the Banana plantations from Madeira, three varieties are used, namely ‘Robusta’,
‘Pequena anã’, and ‘Grande anã’. The growth of banana plants as monocultures increases
the problems with diseases and pests [7]. For example, Fusarium wilt became a major
concern for producers in several regions, including Madeira Island [7–9]. The fungus can
invade the plant, penetrating the cell wall of the roots or through wounds or injury sites
of the roots, then it spreads all over the plant and sporulates, plugging the xylem vessels,
creating a water deficit condition, and causing wilting of the host plant [9]. The only current
effective strategy to control the disease is the planting of resistant cultivars, even though,
owing to its high mutation rates and rapid co-evolution with the host, Fusarium wilt has
likely bypassed host defenses and is now infecting resistant varieties [9]. In addition, the
long-term cultivation of the same crop in the same soil may result in soil degeneration,
with adverse effects on multiple abiotic and biotic indicators of soil health, including
microorganisms with important functions in soil [10].

The importance of soil microorganisms has been recognized for a long time. Mi-
croorganisms are a driving force behind the soil processes that are crucial for sustaining
agricultural production [11]. Fungi, in particular, can act as harmful pathogens [12,13], but
also are the main decomposers of organic materials in soils [14,15], are important symbionts
of plants [16], may contribute to maintaining soil structure and nutrient cycling [17] and
interact with other organisms as biocontrol agents, like Trichoderma species [18]. However,
only recently, the studies on soil microbial communities in agriculture have increased
considerably due to the development of high-throughput sequencing technologies [19,20].
Previous research verified that agricultural intensification may change the diversity, com-
position, and functioning of microbial communities in soil, which can have a negative
impact on the proper functioning of an agroecosystem due to their key role in soils [21,22].
Management practices used in organic farming, when compared to conventional practices,
are considered to play beneficial roles in improving and preserving microorganisms’ di-
versity and biological activity of the soil [10,23], which contributes to sustaining elevated
nutrient levels in the soil, boosting crop productivity and enhancing soil health [24]. In
addition, some amendments may contribute to a decrease in the incidence or severity of
diseases caused by soil-borne plant pathogens [25–27]. Notably, soil from organic practices
shows an enrichment of specifical fungal genera known for their biocontrol properties,
which enhances its disease-suppressive capabilities, making organic soil more effective in
suppressing disease than soil from conventional systems [28]. Organic farming practices
also prevent the loss of soil fertility through the maintenance of the structural stability
of the soil, the cycling of nutrients, and the improvement of other physical and chemical
properties of the soil [10,23]. In agrosystems under monoculture, organic farming can
have a positive impact on soil health, although the cost of monoculture possibly increases
over time [10]. On the other hand, conventional farming is based on the use of synthetic
fertilizers and pesticides and on management practices that force productivity, but with cost
for agroecological interactions, which exacerbate the imbalance of the agrosystems [23].

The differences in management practices and locations of banana plantations are
shown to influence the soil’s edaphic conditions, thereby impacting its fungal diver-
sity [29,30]. Little is known about the impact of organic amendments on soil fungal
communities from monoculture banana plantations in Madeira Island. Hence, in this study,
we hypothesize that organic farming practices used in these banana agrosystems are able
to select important fungal functional groups over harmful ones, contributing to sustain-
ing the soil health and fertility of an agroecosystem, in contrast to conventional farming
practices. The present study aimed to analyze and compare the soil fungal communities,
with a focus on functional groups, of traditional banana plantations under organic and
conventional farming.
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2. Materials and Methods
2.1. Site Description and Soil Sampling

Soil samples were collected between May and June of 2020 from 6 banana plantations
(agrosystems) in monoculture along the south coast of Madeira Island, differing in the
management system (MS) adopted; 3 of them are under organic farming (OF) and the other
3 are under conventional farming (CF) (Table 1). For CF and OF, traditional cultivation
methods are used. The cultural practices of bananas, for both systems, include cutting the
leaves (for plant cover), fragmenting the pseudo-stems to speed up their decomposition in
the soil, and on many farms, they still use flood irrigation, generally being non-mechanized
systems. Conversion from CF to OF takes about 3 years, according to national guidelines.
Both management systems receive fertilization; however, CF is of synthetic origin, and OF
is of organic origin. Both obtain P fertilizer via fertigation or directly in the soil. The banana
plants did not indicate any symptoms related to diseases during the sampling. Sampling
was performed according to Paetz and Wilke [31] with adaptations. Briefly, soil samples
were collected in a zigzag pattern across the field from 15 points, approximately 10 cm deep,
less than 50 cm away from banana plants. The 15 sub-samples were pooled and well mixed
into a clean plastic bag to obtain a sample representative of the soil of each agrosystem
(n = 6) and immediately transported to the laboratory. Each soil sample was then divided
into two parts; one part was distributed into aliquots and stored at −20 ◦C for molecular
analysis, and the other part was air-dried, grounded, and sieved (2 mm) for determination
of macronutrients (NO3-N, NH4-N, P, and K) and micronutrients (Ca, Mg, Na, Cu, Zn, Mn,
and Fe), pH, organic matter (OM), cation exchange capacity (CEC), and saturation degree
(SD) at the Agricultural Quality Division of Laboratory and Agri-Food Research Services in
Camacha, Madeira, Portugal. Soil physicochemical properties were determined previously
according to Portuguese legislation; for details, and for pH, OM, CEC, and macronutrients,
see Ragonezi et al. [32], and see Temminghoff and Houba [33] for SD and micronutrients
(for detailed soil physicochemical properties determination, see Supplementary Material).

Table 1. General information on the 6 banana plantations under study.

Agrosystem ID Management System Coordinates Age of the Agrosystem Altitude (a.s.l.)

B1 OF 32.6678705
−16.9617026 >50 years; OF certification since 2012 152

B2 OF 32.7114335
−17.1464224 >50 years; OF certification since 2015 217

B3 OF 32.6466043
−16.8831825 >20 years; OF certification since 2017 90

C1 CF 32.763168
−17.2333474 >50 years 13

C2 CF 32.6878779
−17.1020215 >20 years 214

C3 CF 32.6983176
−16.7830542 >50 years 179

2.2. DNA Extraction and ITS Amplicon Sequencing

Total genomic DNA was extracted from soil samples, according to Yeates et al. [34],
with adaptations. For each agrosystem, 6 tubes with 250 mg (dry weight) of soil and
±250 mg of glass beads (≤106 µm, acid-washed; Sigma-Aldrich, St. Louis, MO, USA)
were filled with 400 µL of extraction buffer (100 mM Tris-HCl, pH 8.0; 100 mM sodium
EDTA, pH 8.0; 1.5 M NaCl) and vortexed for 10 min. Then, 25 µL of sodium dodecyl sulfate
(10%) was added to each tube and mixed for 5 s. Tubes were incubated (65◦ C for 1 h) and
centrifuged (16,000× g for 10 min), and the supernatants were transferred to new tubes. The
soil pellets were re-extracted with 400 µL of extraction buffer, incubated (65 ◦C for 10 min),
and centrifuged (16,000× g for 10 min). Supernatants were added to the tubes of the
first extraction, then a half-volume of polyethylene glycol (30%)/sodium chloride (1.6 M)
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was added to each tube and incubated for 2 h at room temperature. 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. Tubes were incubated (4 ◦C for 5 min) and
then centrifuged (16,000× g for 30 min). Phenol/chloroform/isoamyl alcohol (25:24:1)
was added and mixed gently, then tubes were centrifuged (2500× g for 15 min), and the
aqueous phase was transferred to new tubes. DNA 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 obtained by the extraction of 6 aliquots
of each soil sample was pooled and gently mixed in the end (n = 6). The concentration and
purity of DNA were measured with NanoDrop® 2000c Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA). DNA extracts were purified using an ExtractME DNA
clean-up kit (Blirt, Gdańsk, Poland) and preserved at −20 ◦C.

PCR amplification of the ITS1 region of the fungal nuclear rRNA gene cluster was
achieved using primers ITS5-1737F (5′ GGAAGTAAAAGTCGTAACAAGG 3′) and ITS2-
2043R (5′ GCTGCGTTCTTCATCGATGC 3′) [35]. Amplicon cleaning, library preparation,
and following sequencing were performed at Novogene (Cambridge, UK) through Illumina
Sequencing NovaSeq technology (Illumina, San Diego, CA, USA) (paired-end reads of
250 nt). DNA samples were analyzed in duplicate (n = 12, 50 K tags per sample).

2.3. Bioinformatics Pipeline

Paired-end reads were demultiplexed and then truncated by cutting the barcodes
and primer sequences with Cutadapt (v3.3) [36]. The software FLASH (v1.2.11) was used
to merge the reads (default parameters, except for fragment length that was set to 300
and a maximum mismatch density to 0.1) [37]. Quality control of raw tags was checked
using fastp (v0.20.0) software (qualified quality phred: ≥Q19; unqualified percent limit:
15%) [38]. Detection and removal of chimeric sequences was performed using Vsearch
(v2.15.0) software [39]. The reads were denoised with DADA2 (v4.2.0) [40] (default settings)
in QIIME2 (v2020.6.0) software [41]. The size of the obtained Amplicon Sequence Variants
(ASVs) ranged between 200 and 400 bp. ASVs with less than 5 reads were removed, and the
final set of ASVs was compared with the UNITE database (v9.0) [42] for species annotation,
using a sklearn-based taxonomy classifier [43]. The absolute abundance of ASVs was
normalized using a standard sequence number corresponding to the sample with the least
sequences (50,735 high-quality reads). The normalized data were used for the following
analyses of alpha- and beta-diversity and functional communities.

2.4. Data Analysis

Alpha- and beta-diversity were analyzed using R software (v4.3.1). The drawing of
the rarefaction curves and calculation of Richness, Shannon–Wiener diversity, and Even-
ness indices were performed using the package vegan (v2.6-6.1) [44], and boxplots were
drawn with package ggplot2 (v3.5.1) [45]. Permutational multivariate analysis of variance
(PERMANOVA) based on the Bray–Curtis distance for fungal functional communities was
performed using the functions “vegdist” and “adonis2” from package vegan, and the func-
tion “betadisper” was used to test the homogeneity of groups dispersions, through Marti
Anderson’s PERMDIST2 procedure. Constrained Analysis of Principal Coordinates (CAP)
based on Bray–Curtis dissimilarity distance matrix of soil fungal functional communities
was ordinated using the function “capscale” from package vegan and drawn using the
package ggplot2. Bar charts for communities’ composition were drawn on Excel 2019 (Mi-
crosoft Corporation, Redmond, WA, USA v1808). ASVs were assigned to a probable or
highly probable ecological function using the database FUNGuild [46], and boxplots were
drawn on R using the package ggplot2.
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The normality and homogeneity of variance assumptions of the variables under
study were evaluated in the statistical package for the social sciences (SPSS, IBM SPSS
Statistics, Armonk, NY, USA v27.0) for Windows using Shapiro–Wilk and Levene’s tests.
For comparisons of means between management systems, Student’s t-test or Welch’s t-test
was performed depending on if homogeneity of variances was assumed or not, and when
normality assumptions were not verified, the Mann–Whitney U test was used. Correlation
analysis was performed with Spearman’s coefficient, and the graph was drawn with
package corrplot (v0.92).

3. Results
3.1. Effect of Management Systems on Soil Physicochemical Properties

Comparing the means of soil physicochemical properties for organic farming (OF)
and conventional farming (CF) through Student’s t-test or Mann–Whitney U test (Table 2),
we verified that pH and Mg were the properties that were mainly affected by the man-
agement practices adopted. OF agrosystems showed pH around 6.57 and Mg around
12.77 meq/100 g, while CF presented values of 4.56 and 6.00, respectively. The micronutri-
ent Ca also showed higher values in OF soils; however, the difference was not statistically
significant. For all the other properties, it was found that they had similar values in soils
from both management systems (Table 2).

Table 2. The effect of different management systems on soil physicochemical properties.

Soil Properties
Management System

t-Test Mann–Whitney U
OF CF

pH 6.57 ± 0.55 4.27 ± 0.21 ** -
OM (%) 3.83 ± 1.32 4.56 ± 1.22 ns -
P (ppm) 1206 ± 503 1007 ± 478 ns -
K (ppm) 1480 ± 250 1200 ± 208 ns -

Ca (meq/100 g) 27.37 ± 13.45 8.63 ± 1.36 ns -
Mg (meq/100 g) 12.77 ± 3.59 6.00 ± 1.30 * -
Na (meq/100 g) 0.70 ± 0.36 0.43 ± 0.12 ns -

CEC (meq/100 g) 56.57 ± 12.07 60.10 ± 28.96 ns -
SD (%) 79.67 ± 35.22 34.33 ± 11.55 - ns

NO3-N (ppm) 35.00 ± 34.64 68.33 ± 54.85 ns -
NH4-N (ppm) 4.13 ± 2.66 5.00 ± 1.13 ns -

Cu (ppm) 5.17 ± 2.75 6.67 ± 4.65 ns -
Zn (ppm) 9.33 ± 2.93 7.17 ± 2.93 ns -
Mn (ppm) 16.50 ± 1.50 16.50 ± 0.50 ns -
Fe (ppm) 50.00 ± 5.00 53.33 ± 2.89 ns -

OM—organic matter; CEC—cation exchange capacity; SD—saturation degree; macro- and micronutrients (P,
K, Ca, Mg, Na, NO3-N, NH4-N, Cu, Zn, Mn, Fe); OF—organic farming; CF—conventional farming. Values
(mean ± standard deviation n = 3); ns—non-significant differences between management practices; significant
levels: ** p < 0.01; * p < 0.05.

3.2. Soil Fungal Diversity in OF and CF Management Systems

A total of 3600 ASVs (Amplicon Sequence Variants) were obtained from all the DNA
soil samples (n = 12). Rarefaction curves showed that the sequencing depth was sufficient
to cover the fungal diversity from all agrosystems, as they all reached roughly saturation
(Figure S1). Richness, Shannon–Wiener diversity index, and Evenness were calculated
using the normalized data after rarefaction. Richness was similar in both management
systems, but the Shannon–Wiener diversity index and Evenness were significantly higher
in OF (Figure 1).
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3.3. Soil Fungal Composition in Study Sites and Management Systems

Figure 2A shows the relative abundance of different phyla in the six agrosystems,
while Figure 2B shows the relative abundance of phyla in the two management systems (OF
and CF). The soil fungal communities from OF were dominated by the phyla Ascomycota
(47.73%), followed by Mortierellomycota (13.84%), Basidiomycota (3.93%), and Chytrid-
iomycota (2.39%). The three agrosystems from OF followed a similar pattern for the main
phyla, differing only in abundance, and there were more Kickxellomycota (5.20%) than
Basidiomycota (2.05%) and Chytridiomycota (1.63%) in B3. The soil fungal communities
from CF were dominated by Basidiomycota (43.69%), followed by Ascomycota (30.03%)
and Mortierellomycota (3.26%). However, the agrosystem C1 differs from C2 and C3, with
Ascomycota dominating the community (48.84%), followed by Basidiomycota (15.25%) and
Mortierellomycota (5.86%).
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ment system.

Figure 3 discriminates the top 25 genera that appear in each agrosystem (Figure 3A)
and each management system (Figure 3B). In the three agrosystems under OF, Mortierella
was the genus with higher relative abundance, representing 48.56% of total genera identified
for B1, 23.54% in B2, and 26.77% in B3 and a mean of 32.12% in OF. The other genera found
for OF agrosystems were represented in less than 10%. In CF agrosystems, there was a
different distribution of the main genera; however, it is evident that Trechispora was well
represented in the three agrosystems, with a mean of 28.81% in CF, followed by Humicola
(25.79%) and Mortierella (7.86%). The agrosystem C1 was the one differing the most,
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with Humicola representing 49.35% of the total identified genera, followed by Trechispora
(12.46%) and Mortierella (10.15%). The main genera for agrosystem C2 were Trechispora
(24.71%), Metarhizium (19.52%), and Cyphellophora (12.22%). And finally, the main genera for
agrosystem C3 were Trechispora (52.72%), Mortierella (7.58%), and Ilyonectria (5.93%). Due to
the importance of this genus for banana plantations, the relative abundance of Fusarium
was also analyzed; however, it represented mostly less than 1% of the total abundance
in agrosystems from both management systems. There was an exception for C2 (1.37%)
(Table S1).
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system. Graphics discriminate the top 25 genera.

The indirect influence of management systems was evaluated through Spearman’s
correlation between the top 25 genera with pH and Mg, which were significantly differ-
ent between OF and CF, and we added Ca that was higher in OF, although not statisti-
cally different from CF and the genus Fusarium given its importance for banana agrosys-
tems (Figure 4). Positively significant correlations were observed between pH and the
genera Mortierella (p < 0.05), Ramicandelaber (p < 0.05), Penicillium (p < 0.05), Gliomastix
(p < 0.01), Chaetomium (p < 0.01), and Paracremonium (p < 0.01) and no negatively significant
correlations. The micronutrient Mg was positively correlated with Mortierella (p < 0.01),
Rhizophlyctis (p < 0.05), and Paracremonium (p < 0.05) and negatively correlated with Trechis-
pora (p < 0.05) and Conlarium (p < 0.05). For Ca, positively significant correlations with
Rhizophlyctis (p < 0.01) and Paracremonium (p < 0.05) were found, and negatively significant
correlations were found with Trechispora (p < 0.05) and Conlarium (p < 0.05). Finally, the
genus Fusarium did not show any significant correlation with the three soil variables.

3.4. Differences in Functional Groups of OF and CF Management Systems

Using the FUNGuild database, it was possible to link 690 ASVs to a probable or highly
probable ecological function. Figure 5 shows the variation in the abundance of each ecologi-
cal function in both management systems. The agrosystems from OF showed a significantly
higher abundance of fungi that were linked to unidentified (Welch’s t-test, p < 0.05), soil
(Mann–Whitney U test, p < 0.05), and dung (Mann–Whitney U test, p < 0.01) saprotrophs.
On the other hand, the CF agrosystems appeared to have more wood saprotrophs; how-
ever, the difference from OF is not statistically significant. Regarding symbiotic fungi, the
six agrosystems showed more epiphytes and endophytes than ectomycorrhizal and arbuscu-
lar mycorrhizal fungi. Epiphytes were significantly higher in OF than in CF (Student’s t-test,
p < 0.05). The total abundance of arbuscular mycorrhizal fungi did not exceed 60 reads in
any agrosystem. There was no significant difference between OF and CF for
pathogenic fungi.
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Figure 5. Variation of the abundance of fungal functional groups in each management system,
conventional farming (CF) and organic farming (OF). The significant difference between CF and
OF is labeled with * p > 0.05 or ** p > 0.01, Student’s t-test (p < 0.05), Welch’s t-test (p < 0.05) or
Mann–Whitney U test (p < 0.05), depending on if homogeneity of variance and normality of the data
were verified or not.
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PERMANOVA was used to determine the effect of management practices and soil
properties on soil fungal functional communities (Table 3). Management systems (MS)
is the factor that most affects the fungal functional communities, explaining 38.71% of
the variance (p < 0.001), followed by the macronutrient K (20.57%, p < 0.001), OM (8.17%,
p < 0.1), p (7.34%, ns), and pH (4.08%, ns).

Table 3. PERMANOVA table generated based on Bray–Curtis dissimilarity distance matrix, showing
the significant effect of management systems and soil physicochemical properties in soil fungal
functional communities. The number of permutations = 9999. Terms are added sequentially (first
to last).

Df SumOfSqs R2 F Pr(>F)

MS 1 0.108915 0.38709 10.9904 0.0001 ***
pH 1 0.011481 0.04080 1.1585 0.3623 ns
OM 1 0.022982 0.08168 2.3190 0.0760 .

P 1 0.020652 0.07340 2.0839 0.1063 ns
K 1 0.057882 0.20571 5.8408 0.0009 ***

Residual 6 0.059460 0.21132
Total 11 0.281370 1.00000

MS—management systems; OM—organic matter; macronutrients (P, K); ns—the effect is non-significant; signifi-
cant levels: *** p < 0.001; . p < 0.1.

The distribution of the soil fungal functional communities from the six agrosystems
(in duplicate) is shown in CAP (Figure 6). Samples from OF and CF agrosystems are well
separated, with K positively correlated with most of the OF samples and OM positively
correlated with most of the CF samples, corroborating the PERMANOVA results.
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4. Discussion

The rising global population has sharply increased food demand, prompting farming
practices like intensive mechanization and heavy chemical use [10,47,48]. These methods,
however, have led to environmental degradation and soil health concerns [10,48,49]. To
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achieve sustainable growth of food production, it is essential to decrease the agriculture’s
environmental footprint [47]. Organic farming is a holistic system that favors good farm
management practices that preserve and improve the ecosystem’s health by promoting
biodiversity, biological cycles, and biological activity in the soil [23,50].

Soil fungi play a central role in agrosystems. These microorganisms can participate
in organic matter decomposition, nutrient and water delivery, and plant protection or
interact with animals and plants as pathogens or as limiting factors [51]. However, fungal
communities may be influenced by several factors, including land use [52–54]. In this study,
we reported the differences between soil fungal communities of banana agrosystems under
OF and CF. In addition, the indirect impact of the management practices adopted was
analyzed through the soil physicochemical properties found in the management systems
used in the agrosystems.

A significant shift in the structure of fungal communities and functional groups
was observed between management systems. OF showed significantly higher Shannon–
Wiener diversity and Evenness and a higher abundance of epiphytes and unclassified soil
and dung saprotrophs. Inconsistent results about the impact of OF and CF in fungi alfa
diversity have been found in the literature [53,55,56]. This could be due to the different
management practices applied for different crops. Li et al. [57] found that two organic
fertilizers significantly increased the pH and other soil properties in comparison to chemical
fertilizers applied to banana plantations. In addition, fungal quantification was higher
with organic fertilizers, and fungal compositions changed. An experiment conducted
in soils in a tropical region also found an increase in pH in organic systems and high
amounts of Mg in nature management, i.e., organic management based on green manure,
following natural farming principles proposed by the philosopher Mokiti Okada [58]. In
our study, OF improved the pH and Mg when compared with the CF management system
but had no significant differences for the other soil physicochemical properties. Regarding
fungal composition, OF and CF followed different patterns, and soil physicochemical
properties had an important contribution. The pH and Mg were positively associated
with the increase in genera from Mortierellomycota, Kickxellomycota, Chytridiomycota, and
Ascomycota. Li et al. [57] also found a higher abundance of Mortierellomycota, Kickxellomycota,
and Chytridiomycota with the organic fertilizer that increased the pH the most and improved
other soil properties, in addition it was the treatment with the best results for productivity.
Another study, where different rates of Mg were applied to the soil, reported an increase in
Kickxellomycota with Mg increment; however, Mortierellomycota decreased, which differed
from our results [59]. The phylum Ascomycota was found to be dominant in healthy banana
rhizospheres soils in a previous study [60], which is in line with our results, but this phylum
was also linked to an increase in Fusarium wilt in other studies [29,61]. Although Fusarium
wilt is a major concern for banana production [7–9], in our study, the genus Fusarium was
in low abundance in both management systems (OF and CF), representing less than 1%
of total abundance. Major genera belonging to Ascomycota in the OF management system
were Acremonium, Penicillium, Gliomastix, Humicola, and Chaetomium. These genera are
all classified as saprotrophs in the FUNGuild database [46], which explains the higher
abundance of undefined soil and dung saprotrophs compared to the CF management
system. Some species of these genera are also symbionts (epiphytes and endophytes) or
pathogens [46]. However, there were no statistically significant differences from CF for
harmful fungi, such as plant or animal pathogens. The genus Mortierella dominated the
agrosystems. Several studies also found this genus to be dominant or in high abundance in
healthy banana systems, in systems where organic practices are applied, and also in the
core fungal of banana´s microbiome [30,57]. Mortierella species are considered beneficial
fungi and indicators of healthy soils because of their great capacity to decompose plant
organic matter and aromatic hydrocarbons or their ability to assist plants and mycorrhizal
fungi in nutrient acquisition [62,63]. On the other hand, mycorrhizal fungi, one of the most
important functional groups in soils [64], were in low abundance in both management
systems, especially the arbuscular mycorrhizal fungi (AMF). Mycorrhizal fungi improve
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soil structure through aggregation and interaction with plant roots, exchanging nutrients
and improving their growth and resistance to biotic and abiotic stresses [65]. Although
banana cropping systems show low soil disturbance compared to other annual crops, the
low abundance of AMF is probably due to the high amounts of phosphorus found in
banana agrosystems analyzed in this study. A study conducted in Rwanda analyzed the
AMF communities in 188 banana fields and found that the frequency and intensity of
colonization were negatively correlated with P content [66]. Similar results were found by
Jefwa et al. [67] in banana plantations in Kenya. Other fungal symbionts were found in
banana agrosystems in this study. Epiphytes and endophytes were in higher abundance
than mycorrhizal fungi, and OF showed a significantly higher abundance of epiphytes than
CF. Interactions between these fungi and plants are complex and include commensalism,
parasitism (opportunistic), and mutualism, depending on environmental factors and the
genetic, nutritional, and development stages of the plant [68,69]. However, they may offer
several benefits to plants and the ecosystem, such as increasing plant growth and resistance
to environmental stresses or remediating contaminated sites [70]. In this study, the most
abundant ASVs classified as epiphytes and endophytes were from the genera Acremonium,
Plectosphaerella, Trichoderma, and Cladosporium. The low abundance of the genus Fusarium
may be related to the presence of these functional groups, as several studies report the
antagonism or induction of resistance in plants against pathogens invasion [71,72].

To conclude, the OF management system adopted in banana plantations from Madeira
Island showed a positive impact on the structure and function of fungal communities,
enhancing the alfa diversity and presence of several beneficial fungi and functional groups.
Nevertheless, care must be taken with the input of macronutrients, especially phosphorus,
to allow the colonization of soil and plants by important fungi such as AMF.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms12112372/s1, Figure S1: Rarefaction curves;
Table S1: Abundance of Fusarium.

Author Contributions: Conceptualization, M.C.O.O., J.G.R.d.F., and M.A.A.P.D.C.; methodology,
M.C.O.O., J.G.R.d.F., and M.A.A.P.D.C.; formal analysis, M.C.O.O.; investigation M.C.O.O.; data
curation, M.C.O.O.; writing—original draft preparation, M.C.O.O.; writing—review and editing,
M.C.O.O., J.G.R.d.F., A.A., C.R., and M.A.A.P.D.C.; supervision, M.A.A.P.D.C.; funding acquisition,
M.C.O.O., J.G.R.d.F., C.R., and M.A.A.P.D.C. All authors have read and agreed to the published
version of the manuscript.

Funding: 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 num-
ber 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 Euro-
pean Social Fund [grant number M1420-09-5369-FSE000002, ARDITI]. Thanks are due to the Por-
tuguese Foundation for Science and Technology (FCT/MCTES) for the financial support to CESAM
(UIDP/50017/2020 + UIDB/50017/2020 + LA/P/0094/2020).

Data Availability Statement: Research data used in this article are part of a wider data collection
deposited in BioProject database: https://www.ncbi.nlm.nih.gov/sra/PRJNA1107202, accessed on
10 November 2024, accession reference: PRJNA1107202.

Acknowledgments: The authors acknowledge the support by National Funds FCT-Portuguese
Foundation for Science and Technology, under the projects UIDB/04033/2020 (https://doi.org/10.544
99/UIDB/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.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/microorganisms12112372/s1
https://www.mdpi.com/article/10.3390/microorganisms12112372/s1
https://www.ncbi.nlm.nih.gov/sra/PRJNA1107202
https://doi.org/10.54499/UIDB/04033/2020
https://doi.org/10.54499/UIDB/04033/2020


Microorganisms 2024, 12, 2372 12 of 14

References
1. OECD/FAO. Other Products. In OECD-FAO Agricultural Outlook 2023–2032; OECD Publishing: Paris, France, 2023; pp. 248–270.
2. Nogueira, J.M.F.; Fernandes, P.J.P.; Nascimento, A.M.D. Composition of Volatiles of Banana Cultivars from Madeira Island.

Phytochem. Anal. 2003, 14, 87–90. [CrossRef] [PubMed]
3. GESBA. A Banana da Madeira e as suas Especificidades (Conclusão). Available online: https://dica.madeira.gov.pt/index.php/

producao-vegetal/fruticultura/2539-a-banana-da-madeira-e-as-suas-especificidades-conclusao (accessed on 24 June 2024).
4. Villaverde, J.J.; Oliveira, L.; Vilela, C.; Domingues, R.M.; Freitas, N.; Cordeiro, N.; Freire, C.S.R.; Silvestre, A.J.D. High Valuable

Compounds from the Unripe Peel of Several Musa Species Cultivated in Madeira Island (Portugal). Ind. Crops Prod. 2013, 42,
507–512. [CrossRef]

5. DREM. Recenseamento Agrícola 2019—Região Autónoma Da Madeira; Direção Regional de Estatística da Madeira: Funchal, Portugal,
2022; ISBN 978-989-8755-80-3.

6. DREM. Comercialização de Banana Na Madeira. Available online: https://estatistica.madeira.gov.pt/download-now/
economica/agricultura-floresta-e-pesca/prod-veg-prd-animal-pesca-pt/prod-vegetal-noticias-pt/noticias-comercializacao-
de-banana-pt/4366-25-01-2024-em-2023-a-comercializacao-de-banana-aumentou-10-8-face-ao-ano-anterior.html (accessed
on 24 June 2024).

7. Jones, D.R. Disease and Pest Constraints to Banana Production. Acta Hortic. 2009, 828, 21–36. [CrossRef]
8. Camacho, I.; Leça, R.; Sardinha, D.; Fernandez, M.; Camacho, R. Drivers of Fusarium Dispersion in Madeira Archipelago

(Portugal). Summa Phytopathol. 2022, 48, 9–16. [CrossRef]
9. Ghag, S.B.; Shekhawat, U.K.S.; Ganapathi, T.R. Fusarium Wilt of Banana: Biology, Epidemiology and Management. Int. J. Pest

Manag. 2015, 61, 250–263. [CrossRef]
10. Pervaiz, Z.H.; Iqbal, J.; Zhang, Q.; Chen, D.; Wei, H.; Saleem, M. Continuous Cropping Alters Multiple Biotic and Abiotic

Indicators of Soil Health. Soil Syst. 2020, 4, 59. [CrossRef]
11. Hartmann, M.; Six, J. Soil Structure and Microbiome Functions in Agroecosystems. Nat. Rev. Earth Environ. 2023, 4, 4–18.

[CrossRef]
12. Pegg, K.G.; Coates, L.M.; O’Neill, W.T.; Turner, D.W. The Epidemiology of Fusarium Wilt of Banana. Front. Plant Sci. 2019, 10,

1395. [CrossRef] [PubMed]
13. Mapuranga, J.; Zhang, N.; Zhang, L.; Chang, J.; Yang, W. Infection Strategies and Pathogenicity of Biotrophic Plant Fungal

Pathogens. Front. Microbiol. 2022, 13, 799396. [CrossRef]
14. Liu, C.; Wang, S.; Yan, J.; Huang, Q.; Li, R.; Shen, B.; Shen, Q. Soil Fungal Community Affected by Regional Climate Played an

Important Role in the Decomposition of Organic Compost. Environ. Res. 2021, 197, 111076. [CrossRef]
15. Mayer, M.; Rewald, B.; Matthews, B.; Sandén, H.; Rosinger, C.; Katzensteiner, K.; Gorfer, M.; Berger, H.; Tallian, C.; Berger, T.W.;

et al. Soil Fertility Relates to Fungal-Mediated Decomposition and Organic Matter Turnover in a Temperate Mountain Forest.
New Phytol. 2021, 231, 777–790. [CrossRef] [PubMed]

16. Martin, F.M.; van der Heijden, M.G.A. The Mycorrhizal Symbiosis: Research Frontiers in Genomics, Ecology, and Agricultural
Application. New Phytol. 2024, 242, 1486–1506. [CrossRef] [PubMed]

17. Azcón-Aguilar, C.; Barea, J.M. Applying Mycorrhiza Biotechnology to Horticulture: Significance and Potentials. Sci. Hortic. 1997,
68, 1–24. [CrossRef]

18. López-Bucio, J.; Pelagio-Flores, R.; Herrera-Estrella, A. Trichoderma as Biostimulant: Exploiting the Multilevel Properties of a
Plant Beneficial Fungus. Sci. Hortic. 2015, 196, 109–123. [CrossRef]

19. Carvalhais, L.C.; Dennis, P.G.; Tyson, G.W.; Schenk, P.M. Application of Metatranscriptomics to Soil Environments. J. Microbiol.
Methods 2012, 91, 246–251. [CrossRef] [PubMed]

20. Lahlali, R.; Ibrahim, D.S.S.; Belabess, Z.; Kadir Roni, M.Z.; Radouane, N.; Vicente, C.S.L.; Menéndez, E.; Mokrini, F.; Barka,
E.A.; Galvão de Melo e Mota, M.; et al. High-Throughput Molecular Technologies for Unraveling the Mystery of Soil Microbial
Community: Challenges and Future Prospects. Heliyon 2021, 7, e08142. [CrossRef]

21. Meriles, J.M.; Vargas Gil, S.; Conforto, C.; Figoni, G.; Lovera, E.; March, G.J.; Guzmán, C.A. Soil Microbial Communities under
Different Soybean Cropping Systems: Characterization of Microbial Population Dynamics, Soil Microbial Activity, Microbial
Biomass, and Fatty Acid Profiles. Soil Tillage Res. 2009, 103, 271–281. [CrossRef]

22. Zhu, S.; Wang, Y.; Xu, X.; Liu, T.; Wu, D.; Zheng, X.; Tang, S.; Dai, Q. Potential Use of High-Throughput Sequencing of Soil
Microbial Communities for Estimating the Adverse Effects of Continuous Cropping on Ramie (Boehmeria nivea L. Gaud). PLoS
ONE 2018, 13, e0197095. [CrossRef]

23. Pinheiro de Carvalho, M.Â.A.; de Macedo, F.L.; de Nóbrega, H.G.M.; de Freitas, J.G.R.; Oliveira, M.C.O.; Antunes, G.N.M.;
Gouveia, C.S.S.; Ganança, J.F.T. Agrodiversidade, Variedades Regionais da Madeira; Centro ISOPlexis da Universidade da Madeira,
ACOESTE-Associação da Costa Oeste: Madeira, Portugal, 2021; ISBN 978-989-33-2868-2.

24. Jin, X.; Cai, J.; Yang, S.; Li, S.; Shao, X.; Fu, C.; Li, C.; Deng, Y.; Huang, J.; Ruan, Y.; et al. Partial Substitution of Chemical Fertilizer
with Organic Fertilizer and Slow-Release Fertilizer Benefits Soil Microbial Diversity and Pineapple Fruit Yield in the Tropics.
Appl. Soil Ecol. 2023, 189, 104974. [CrossRef]

25. Lutz, S.; Thuerig, B.; Oberhaensli, T.; Mayerhofer, J.; Fuchs, J.G.; Widmer, F.; Freimoser, F.M.; Ahrens, C.H. Harnessing the
Microbiomes of Suppressive Composts for Plant Protection: From Metagenomes to Beneficial Microorganisms and Reliable
Diagnostics. Front. Microbiol. 2020, 11, 1810. [CrossRef]

https://doi.org/10.1002/pca.691
https://www.ncbi.nlm.nih.gov/pubmed/12693632
https://dica.madeira.gov.pt/index.php/producao-vegetal/fruticultura/2539-a-banana-da-madeira-e-as-suas-especificidades-conclusao
https://dica.madeira.gov.pt/index.php/producao-vegetal/fruticultura/2539-a-banana-da-madeira-e-as-suas-especificidades-conclusao
https://doi.org/10.1016/j.indcrop.2012.06.037
https://estatistica.madeira.gov.pt/download-now/economica/agricultura-floresta-e-pesca/prod-veg-prd-animal-pesca-pt/prod-vegetal-noticias-pt/noticias-comercializacao-de-banana-pt/4366-25-01-2024-em-2023-a-comercializacao-de-banana-aumentou-10-8-face-ao-ano-anterior.html
https://estatistica.madeira.gov.pt/download-now/economica/agricultura-floresta-e-pesca/prod-veg-prd-animal-pesca-pt/prod-vegetal-noticias-pt/noticias-comercializacao-de-banana-pt/4366-25-01-2024-em-2023-a-comercializacao-de-banana-aumentou-10-8-face-ao-ano-anterior.html
https://estatistica.madeira.gov.pt/download-now/economica/agricultura-floresta-e-pesca/prod-veg-prd-animal-pesca-pt/prod-vegetal-noticias-pt/noticias-comercializacao-de-banana-pt/4366-25-01-2024-em-2023-a-comercializacao-de-banana-aumentou-10-8-face-ao-ano-anterior.html
https://doi.org/10.17660/ActaHortic.2009.828.1
https://doi.org/10.1590/0100-5405/249307
https://doi.org/10.1080/09670874.2015.1043972
https://doi.org/10.3390/soilsystems4040059
https://doi.org/10.1038/s43017-022-00366-w
https://doi.org/10.3389/fpls.2019.01395
https://www.ncbi.nlm.nih.gov/pubmed/31921221
https://doi.org/10.3389/fmicb.2022.799396
https://doi.org/10.1016/j.envres.2021.111076
https://doi.org/10.1111/nph.17421
https://www.ncbi.nlm.nih.gov/pubmed/34013982
https://doi.org/10.1111/nph.19541
https://www.ncbi.nlm.nih.gov/pubmed/38297461
https://doi.org/10.1016/S0304-4238(96)00954-5
https://doi.org/10.1016/j.scienta.2015.08.043
https://doi.org/10.1016/j.mimet.2012.08.011
https://www.ncbi.nlm.nih.gov/pubmed/22963791
https://doi.org/10.1016/j.heliyon.2021.e08142
https://doi.org/10.1016/j.still.2008.10.008
https://doi.org/10.1371/journal.pone.0197095
https://doi.org/10.1016/j.apsoil.2023.104974
https://doi.org/10.3389/fmicb.2020.01810


Microorganisms 2024, 12, 2372 13 of 14

26. Silva, J.C.P.; Nunes, T.C.S.; Guimarães, R.A.; Pylro, V.S.; Costa, L.S.A.S.; Zaia, R.; Campos, V.P.; Medeiros, F.H.V. Organic Practices
Intensify the Microbiome Assembly and Suppress Root-Knot Nematodes. J. Pest. Sci. 2022, 95, 709–721. [CrossRef]

27. Bonanomi, G.; Zotti, M.; Idbella, M.; Cesarano, G.; Al-Rowaily, S.L.; Abd-ElGawad, A.M. Mixtures of Organic Amendments and
Biochar Promote Beneficial Soil Microbiota and Affect Fusarium oxysporum f. sp. lactucae, Rhizoctonia solani and Sclerotinia minor
Disease Suppression. Plant Pathol. 2022, 71, 818–829. [CrossRef]

28. Khatri, S.; Chaudhary, P.; Shivay, Y.S.; Sharma, S. Role of Fungi in Imparting General Disease Suppressiveness in Soil from
Organic Field. Microb. Ecol. 2023, 86, 2047–2059. [CrossRef]

29. Wahome, C.N.; Maingi, J.M.; Ombori, O.; Njeru, E.M.; Muthini, M.; Kimiti, J.M. Diversity and Abundance of Bacterial and Fungal
Communities in Rhizospheric Soil from Smallholder Banana Producing Agroecosystems in Kenya. Front. Hortic. 2023, 2, 1061456.
[CrossRef]

30. Birt, H.W.G.; Pattison, A.B.; Skarshewski, A.; Daniells, J.; Raghavendra, A.; Dennis, P.G. The Core Fungal Microbiome of Banana
(Musa spp.). Front. Microbiol. 2023, 14, 1127779. [CrossRef]

31. Paetz, A.; Wilke, B.-M. Soil Sampling and Storage. In Manual for Soil Analysis: Monitoring and Assessing Soil Bioremediation; Soil
Biology; Springer: Berlin, Germany; New York, NY, USA, 2005; ISBN 978-3-540-25346-4.

32. Ragonezi, C.; Nunes, N.; Oliveira, M.C.O.; de Freitas, J.G.R.; Ganança, J.F.T.; de Carvalho, M.Â.A.P. Sewage Sludge Fertilization—
A Case Study of Sweet Potato Yield and Heavy Metal Accumulation. Agronomy 2022, 12, 1902. [CrossRef]

33. Temminghoff, E.E.; Houba, V.J. Plant Analysis Procedures, 2nd ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
2004.

34. Yeates, C.; Gillings, M.R.; Davison, A.D.; Altavilla, N.; Veal, D.A. PCR Amplification of Crude Microbial DNA Extracted from Soil.
Lett. Appl. Microbiol. 1997, 25, 303–307. [CrossRef]

35. White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In
PCR Protocols; Academic Press: San Diego, CA, USA, 1990; pp. 315–322; ISBN 978-0-12-372180-8.

36. Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet. J. 2011, 17, 10–12.
[CrossRef]
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