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ARTICLE INFO ABSTRACT

Keywords: Bananas (Musa spp.) are a staple for more than 400 million people and a major global commodity, yet production
Banana ) remains highly vulnerable to disease. Although healthy plants host diverse fungal communities, high diversity
Core mycobiome and strong site-to-site compositional turnover hinder efforts to understand and manage these mycobiomes.
International e . . . e

Global Identifying taxa that consistently persist across environments may therefore help prioritise targets for further

investigation. We used ITS2 metabarcoding of bulk soil and the ectorhizosphere from a single banana cultivar
grown in distinct plantation soils across six countries spanning Africa, Asia, and Australia. Across 24 sites, we
identified 59 core fungal taxa that met prevalence-abundance criteria across multiple sites and compartments.
Despite representing <1% of detected OTUs, these taxa accounted for up to 83% of total community relative
abundance and showed strong concordance with our previously reported national core in Australia, indicating
spatial and temporal stability. This curated multi-country core assemblage provides a tractable set of taxa for
isolation and functional characterisation and establishes a shared reference for sequence-based tracking across
studies, supporting future investigation of microbiome-informed approaches for sustainable banana production.

Soil health
ITS2 metabarcoding
Musa spp.

1. Introduction contribute to disease suppression, nutrient acquisition, and stress

tolerance (Rodriguez-Romero et al., 2005; Ting et al., 2008; Ahmad

Bananas (Musa spp.) are the most traded fruit in the world with over
100 million tonnes produced annually (FAO, 2023). They provide food
security and income for more than 400 million people across South and
Central America, Asia, and Africa (FAO, 2023). Owing to their low ge-
netic diversity, commercial banana varieties are particularly susceptible
to disease (Drenth and Kema, 2021). Fungal pathogens, including
Fusarium oxysporum f. sp. cubense, are major constraints to production,
often necessitating agrochemical inputs that are increasingly less
effective (Gutierrez-Monsalve et al., 2015; Bubici et al., 2019; Drenth
and Kema, 2021). However, not all fungi are pathogenic: many
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et al., 2018). Improving management of commercial banana ecosystems
therefore requires a more comprehensive understanding of fungal
microbiomes (mycobiomes). This is challenging because mycobiomes
exhibit strong spatial and temporal turnover and are shaped by land
management practices (Birt et al., 2024), limiting the generalisability of
findings from individual locations. Despite this variability, a subset of
taxa consistently persists across environments. These “core” taxa tend to
account for a substantial proportion of community abundance and are
hypothesised to be ecologically relevant because of their stable host-
associations across diverse environmental gradients (Liu et al., 2017;
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Lay et al., 2018; Shade and Stopnisek, 2019; Simonin et al., 2020). These
attributes make them useful candidates for further ecological and
functional investigation.

In Australia, Birt et al. (2023) identified 21 core fungal operational
taxonomic units (OTUs) associated with banana. Despite representing
only 0.35% of detected OTUs, these taxa comprised 50-60% of the total
community abundance. While that study demonstrated that these OTUs
occurred in other published datasets, it did not assess whether they met
the core criteria beyond Australia. As such, existing national lists of core
taxa for banana are useful to prioritise research efforts within countries
but remain uncertain over broader geographical scales. Identifying
internationally persistent core taxa could strengthen industry collabo-
ration, support coordinated biobanking initiatives (Ryan et al., 2023),
and provide a basis for future investigation of microbiome-informed
management strategies across regions.

Here, using ITS2 metabarcoding, we identified a multi-country core
mycobiome associated with banana (Musa spp.) comprising 59 fungal
taxa from the bulk and ectorhizosphere soil of a single banana variety
(‘Pisang Awak’, Musa ABB). In each of six countries (Australia,
Philippines, Lao PDR, Malaysia, South Africa, and Uganda), tissue-
culture plantlets were grown in pots containing soils collected from
banana plantations with distinct edaphic properties. DNA was then
extracted from bulk and ectorhizosphere samples and sent to the Uni-
versity of Queensland for ITS2 metabarcoding and analysis. This
standardised approach facilitated the identification of core taxa within
and between countries and sites.

2. Methods
2.1. Soil collection and set up of the pot experiments

In each country (Australia, Philippines, Lao PDR, Malaysia, South
Africa and Uganda), bulk soil was collected from up to five different
farms (Fig. 1). At each farm, soil was sampled near the base of banana
plants to a depth of c. 0-20 cm depth after removing surface leaf litter.
Samples were passed through a clean 8 mm sieve, pH was measured
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using the method of Moody and Cong (2008), and 1 kg (fresh weight)
was weighed into clean 120 mm x 125 mm pots. All farms had distinct
edaphic properties, and no reported instances of Fusarium wilt within
the year prior to sampling, and no visible disease symptoms at the time
of collection. Site locations and soil properties are provided in Table S1.

Within seven days of soil collection, Musa (ABB) ‘Pisang Awak’ tissue
culture (TC) plantlets were rinsed free of agar, then transplanted into the
prepared pots. Pisang Awak was selected because it was available in all
participating countries, albeit with different local names (Ducasse in
Australia, Kayinja in Uganda, Kluai Nam Wa in Lao PDR, and Cardaba in
the Philippines). To account for potential mortality, TC plantlets were
transplanted into 15 replicate pots per soil in each country. To minimise
contamination, benches and tools were sterilised with 4% bleach and
new gloves were used between different soils.

2.2. Growth conditions

Prior to being exposed to full sunlight, TC banana plantlets were
‘hardened’ in shaded chambers with high humidity for one month, then
moved to greenhouses, where they were regularly watered and exposed
to full sunlight gradually over a few weeks. Plants were harvested when
they were > 10 cm tall, which took 12-16 weeks depending on country
due to differences in climate and soils. Within countries, all plants were
harvested at the same time with the slowest-growing treatment deter-
mining when sampling occurred. Ten plants were sampled per soil,
except for treatments with higher mortality (e.g., Philippines Soil 4 and
South Africa Soil 5), which were excluded if they had fewer than three
replicates.

2.3. Bulk and ectorhizosphere soil sampling and DNA extraction

Samples of bulk soil and ectorhizosphere soil were collected using
the protocol of Birt et al. (2021). Briefly, after removing a plant from its
pot, bulk soil was shaken into a bag and a sub-sample collected in a 50
mL Falcon tube. Using sterile scissors, roots were then excised from the
rhizome, cut into 2-3 cm apical, middle, and basal sections, and pooled
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Fig. 1. Map of the 24 banana farms (sites) from which soils were collected.
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in a 50 mL Falcon tube. Ectorhizosphere was then collected by shaking
roots in 40 mL of 1 x phosphate buffered saline (PBS) by hand for 5 min,
or if available, by vortex for 2 min. Roots were then removed and
ectorhizosphere soils were pelleted by centrifugation at 480 x g for 5
min. All samples were stored at —20 °C prior to DNA extraction.

2.4. PCR amplification and sequencing of ITS2 rRNA genes

In all countries, DNA was extracted using the DNeasy PowerSoil Pro
Kits (Qiagen) as per the manufacturer's instructions, and then shipped to
the University of Queensland, Australia, for ITS2 metabarcoding.

To PCR amplify fungal ITS2 regions without significant co-
amplification of Musa, we used the semi-nested PCR described by Birt
et al. (2023). Briefly, primers ITS-F_KYO1 (5-CTH GGT CAT TTA GAG
GAA STA A-‘3) (Toju et al., 2012) and ITS4 (5’-TCC TCC GCT TAT TGA
TAT GC-‘3) (White et al., 1990) were used to generate full ITS amplicons
(PCR 1), which were then used as template in PCR 2 to target the ITS2
region using gITS7 (5’- GTG AAT CAT CGA ATC TTT G-‘3) (Ihrmark
et al., 2012) and ITS4. For PCR 1, reactions contained: 2.5 pL of DNA
sample in 1x AmpliTaq Gold 360 master mix (Thermo Fisher) and 250
nM of each primer made to a total volume of 20 pL with molecular
biology grade water. Amplifications were performed using a Sim-
pliAmp™ 96-well Thermocycler (Applied Biosystems) under the
following conditions: 95 °C for 8 min; then 15 cycles of 95 °C for 20 s,
56 °C for 30 s, 72 °C for 1 min, followed by 72 °C for 7 min. Amplicons
were then purified using an 18% suspension of Sera-Mag Speed-beads
Carboxyl Magnetic Beads (GE Healthcare), added in a ratio of 1.8:1 (v/v)
(Rohland and Reich, 2012). Each PCR 2 reaction contained: 4.5 pL of the
purified product from PCR 1, 1x AmpliTaq Gold 360 master mix
(Thermo Fisher), and 250 nM of each primer made to a total volume of
20 pL with molecular biology grade water. The thermocycling condi-
tions were identical to those used in PCR 1, except PCR 2 had 25 cycles.
PCR 2 products were bead purified as described for those from PCR 1,
and eight replicates per site were selected at random for sequencing.
PCRs for Soil 4 from Lao PDR failed so it was excluded. Blank extraction
controls and no-template PCR controls were included and verified by gel
electrophoresis. Equimolar concentrations of each indexed sample were
pooled and sequenced as a single batch on an Illumina MiSeq using 30%
PhiX Control v3 (Illumina) and a MiSeq Reagent Kit v3 (600 cycles;
Illumina) according to the manufacturer's instructions.

2.5. Sequence data processing

Sequence data were processed as described by Birt et al. (2023).
Briefly, cutadapt from QIIME2 v2017.9 (Bolyen et al., 2019) was used to
demultiplex samples, then fungal ITS2 sequences were extracted using
ITSx v1.0.1 (Bengtsson-Palme et al., 2013). Chimeric sequences were
removed using uchime2_ref from USEARCH (v10.0.240) (Edgar, 2010)
against the UNITE v10 database (Abarenkov et al., 2024). The resulting
ITS2 reads were then mapped against representative sequences using
fastx_uniques and -cluster otus (sequence similarity = 0.97) from
USEARCH to produce an OTU table. UNITE v10 taxonomy was assigned
using BLASTN v2.3.0+ (Zhang et al., 2000) and data were then rarefied
to a depth of 1000 reads per sample to normalise sequencing effort. This
depth is sufficient to capture patterns of beta diversity (Lundin et al.,
2012) and to reliably detect candidate core taxa based on the thresholds
described in Section 2.7. All alpha diversity metrics were produced using
QIIME2 v2017.9 (Bolyen et al., 2019). Lastly, ecological guilds were
assigned using FUNGuild vl.x (Nguyen et al., 2016) with default
parameters.

2.6. Matching sequences to previously identified banana core taxa
The ITS2 OTU sequences for our present study were compared to the

sequences of the 21 core fungal OTUs identified by Birt et al. (2023)
using USEARCH (Edgar, 2010). OTUs that were > 97% similar were
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flagged as close matches.
2.7. Establishing a multi-country core assemblage

To operationally define core taxa, we first identified OTUs that
consistently met biologically meaningful thresholds within each site. For
each compartment at each site, OTUs present in >50% of biological
replicates at a relative abundance of >0.5% were designated as candi-
date core OTUs (Fig. S1). Rather than imposing a binary definition of
“core”, we quantified “coreness” as the number of sites in which an OTU
satisfied these candidate criteria (i.e., cross-site occupancy). Candidate
core OTUs were ranked within each compartment according to this
occupancy measure, such that OTUs occurring in more sites were
considered more core. The relationships between rank, occupancy, and
country distribution were then examined to identify inflection points in
the occupancy-rank distributions (Fig. 5A-C). OTUs within the upper
occupancy tier defined by these inflection points were designated as the
international core taxa reported in this study. For consistency across
compartments, an equal number of highest-ranked OTUs were desig-
nated from bulk soil and the ectorhizosphere. This framework treats
“coreness” as a continuous property reflecting geographic persistence
rather than a strict categorical assignment. For full transparency, all
candidate core OTUs, including their occupancy rank, number of sites,
and number of countries in which they occurred, are provided in the
Supplementary File.

2.8. Statistical analyses

The main and interactive effects of country (Australia, Lao PDR,
Malaysia, Philippines, South Africa and Uganda), sites (sampling loca-
tion) and compartments (ectorhizosphere and bulk soil) on univariate
response variables (alpha diversity metrics, i.e., Shannon's Diversity
Index and the numbers of observed (Syps) and predicted (Chaol) OTUs,
were evaluated using ANOVA with Tukey's HSD post hoc comparisons.
The main and interactive effects of country, site and compartment on
multivariate responses (Hellinger transformed OTU relative abun-
dances) were assessed using PERMANOVA. All analyses were performed
using R (v4.3.0; R Core Team, 2021). For alpha diversity models, the
variance explained by each factor was estimated using partial n? derived
from the ANOVA models, calculated using the effectsize package (Ben-
Shachar et al., 2020). For community composition, the proportion of
variance explained by each predictor was estimated as R? from the
PERMANOVA models.

3. Results
3.1. Effects of country, site and compartment on fungal alpha diversity

The alpha diversity of fungal communities was significantly influ-
enced by the main and interactive effects of country, site and
compartment (Table 1). Country accounted for a larger proportion of
variance in alpha diversity than site and compartment (Tables 1 and S2).
Site had a significant effect on alpha diversity in all countries, except for
South Africa (Table 1). In Australia, the interaction between site and
compartment significantly influenced alpha diversity (Table 1), while in
Laos, both the interactive and individual effects of compartment and site
significantly influenced fungal alpha diversity. Compartment did not
have a significant influence on the alpha diversity of fungal communities
in Malaysia, Philippines, South Africa or Uganda (Table 1). ANOVAs on
each individual site within Malaysia and Philippines, however, indi-
cated that a few sites had significant differences between compartments
(Fig. 2).

3.2. Changes in the composition of fungal communities

Fungal communities from all sites were dominated by members of
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Table 1
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Results from ANOVA and PERMANOVA models representing the main and interactive effects of country (Australia, Laos, Malaysia, Philippines, South Africa, and
Uganda), site (sampling locations), and compartment (bulk vs. ectorhizosphere soil) on the alpha (Shannon's Diversity Index) and beta (Hellinger transformed OTU
relative abundances) diversity of fungal communities, respectively. For alpha diversity, partial n? values are reported as estimates of variance explained, while for
community composition R? values from PERMANOVA represent the proportion of variance explained by each predictor. Asterisks indicate significant differences
where P < 0.001%*%); P < 0.01%*); P < 0.05%; P < 0.10%.

Country Predictor Shannon Diversity Index Community composition
df F value 7 (%) P value F value R? (%) P value
All Country 5 31.20 33.91 <0.001 i 34.16 23.24 <0.001 i
Site 18 3.60 17.57 <0.001 bl 10.32 25.28 <0.001 i
Compartment 1 14.96 4.69 <0.001 HxE 12.26 1.67 <0.001 HxE
Country: Site: Compartment 23 3.18 19.40 <0.001 HxE 2.70 8.44 <0.001 HxE
Australia Site 4 4.54 22.66 0.003 e 14.70 44.69 <0.001 i
Compartment 1 1.80 2.82 0.185 4.95 3.76 <0.001 i
Site: Compartment 4 2.69 14.78 0.039 * 1.45 4.42 0.017 *
Laos Site 3 5.54 25.32 0.002 e 6.02 19.76 <0.001 i
Compartment 1 19.44 28.40 <0.001 bl 11.94 13.05 <0.001 il
Site: Compartment 3 5.44 24.99 0.003 o 4.15 13.60 <0.001 HxE
Malaysia Site 4 4.25 19.33 0.004 wx 11.81 34.59 <0.001 HrE
Compartment 1 3.06 4.13 0.085 8.61 6.31 <0.001 i
Site: Compartment 4 2.37 11.80 0.060 . 2.42 7.10 <0.001 i
Philippines Site 4 3.64 19.78 0.010 * 6.38 27.59 <0.001 HxE
Compartment 1 2.29 3.74 0.135 2.63 2.84 <0.001 i
Site: Compartment 4 1.30 8.11 0.280 1.33 5.74 0.0134 *
South Africa Site 3 0.20 1.21 0.896 15.41 45.03 <0.001 HxE
Compartment 1 2.34 4.55 0.133 2.92 2.85 0.002 e
Site: Compartment 3 2.13 11.56 0.108 1.50 4.40 0.0352 *
Uganda Compartment 1 2.32 14.19 0.150 1.25 8.22 0.189
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Fig. 2. The alpha diversity (Shannon's Diversity Index) of fungal communities in each site, grouped by country, within A) the bulk soil and B) the ectorhizosphere.
Error bars represent the standard errors of the means. Capital letters represent significant differences between countries based on Tukey post hoc analysis of the
average of all sites in each country. Lower case letters represent significant differences between sites within countries based on Tukey post hoc analysis. Asterisks
indicate sites that differed significantly (P < 0.05) between compartments.
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the Ascomycota, and to a lesser extent Basidiomycota and Mortier-
ellomycota. Other fungal phyla were more sporadically represented and
at lower relative abundances (Fig. 3). At the OTU level, fungal com-
munity composition (beta diversity) was significantly associated with
the main and interactive effects of country, site, and compartment
(Table 1). Country accounted for the greatest proportion of composi-
tional variance (Table 1).

The composition of fungal communities was generally more similar
among geographically closer sites (e.g., within the same country or
latitude), while those from the Philippines were the most distinct
(Fig. 4). Across most countries, variation among sites was greater than
variation between compartments (Table 1). Ordination further showed
that sites within each country formed distinct clusters, although in Laos,
clustering was driven primarily by compartment and secondarily by site
(Fig. 4; Fig. S2). By contrast, in Uganda (where only one site was
investigated), compartment had no significant effect, and communities
did not cluster by compartment (Table 1; Fig. S2).

candidate core criteria across sites.

Applied Soil Ecology 223 (2026) 107040

thresholds at each site identified 328 OTUs in bulk soil and 293 in the
ectorhizosphere as candidate core members across the 24 sites. Of these,
206 were shared between compartments, yielding 415 unique candidate
core OTUs. Cross-site occupancy was positively associated with the
number of countries in which an OTU occurred (Fig. 5A-B), indicating
that geographically widespread taxa more frequently satisfied the

Ranking candidate core OTUs by occupancy revealed a pronounced
inflection in the occupancy-rank distribution around rank 50 for both
compartments (Fig. 5C), separating a high-occupancy group from a
larger pool of lower-occupancy taxa. All OTUs detected in four or more
countries occurred within this upper occupancy tier (ranks <50;
Fig. 5B), whereas OTUs restricted to a single country generally ranked
below 50. This threshold therefore captured the inflection separating
highly persistent taxa from the broader pool of lower-occupancy OTUs.
A small number of exceptions (e.g., OTUs 59 and 126 in the ectorhizo-
sphere; OTUs 77 and 36 in bulk soil) reached high ranks due to

consistent presence across all five sampled sites within a single country
(Fig. 5; Fig. $3), showing that strong within-country persistence was also

3.3. Defining international core taxa of Musa spp. associated with high coreness.

Consistent with this
Applying the >50% prevalence and > 0.5% relative abundance
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Fig. 3. Stacked bar graphs highlighting the relative abundances of fungal classes present at >1% mean relative abundance within at least one site for A) bulk soil, and
B) ectorhizosphere samples. Within each phylum, classes representing <1% relative abundance were grouped as “Other”. Phyla lacking any classes at >1% relative

abundance were grouped as “Other phyla”. The pH of each soil is shown above the bars in panel A.
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abundance increased sharply across ranks 1-50 and stabilised thereafter
(Fig. 5E-F), indicating that the upper coreness tier accounts for a sub-
stantial proportion of total community abundance. Together, the
occupancy-rank inflection and the subsequent stabilisation of cumula-
tive relative abundance provide complementary evidence for defining
the upper coreness tier and the international core set reported here. Full
occupancy rank, site-level presence, and country distribution data for all
candidate core OTUs are provided in the Supplementary File.

3.4. An international core assemblage of fungal taxa associated with
Musa spp.

The upper coreness tiers of taxa (ranks <50) identified in bulk soil
and the ectorhizosphere were combined into a non-redundant set
comprising 59 unique core fungal OTUs. This assemblage was domi-
nated by Ascomycota, with only two Basidiomycota representatives and
one Mortierellomycota representative (Fig. 6; Fig. S3). Although repre-
senting just 0.87% of all detected OTUs (59 of 6755), this core set rep-
resented a substantial proportion of total community abundance:
22-78% (mean = 56.3, SD = 13.7) in bulk soil and 17-83% (mean =
59.2, SD = 13.9) in the ectorhizosphere.

Highly ranked taxa corresponded closely with the core mycobiome of
banana reported by Birt et al. (2023) (Figs. 5-6; Fig. S3). Of the 21
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fungal OTUs they identified as core across eight compartments, we
recovered >97% sequence similarity matches to 14 (67%), including
eight of the nine (89%) OTUs they designated as core in bulk and
ectorhizosphere soil (Supplementary file). The only bulk/ectorhizo-
sphere soil core OTU not detected in our dataset was a representative of
the Colletotrichum siamense (OTU 8). The remaining six matching taxa
were reported by Birt et al. (2023) as core in other compartments,
including the endorhizosphere, rhizome, pseudostem, or leaves (Sup-
plementary file). Forty-one of the 59 core OTUs were assigned “prob-
able” or “highly probable” guild classifications using FunGuild. The
assemblage included many taxa classified as multifunctional patho-
troph—saprotroph-symbiotrophs (37%) and pathotroph-saprotroph
fungi (34%), and comprised predominantly plant-associated genera
such as Trichoderma, Aspergillus, and Penicillium (Supplementary
Information).

4. Discussion

Identifying internationally persistent core taxa provides a useful
basis for future investigation of microbiome-informed approaches for
sustainable agriculture (Toju et al., 2018). While regional studies pro-
vide valuable insights into local variation, broader sampling across
contrasting environments is needed to identify taxa that consistently

Ectorhizosphere Rel:ﬁve Abundance (%) Country
20 30 40 B AU

EAR N (T (11T LA
9] f_Unc.; g_Unc.;s_Unc. %
401 f_Cl g C ; s_salinae PH
(128]f_Did 1g_H oma; s_nobilis muG
[152]f_Pleosporaceae: g_Curvularia; s_lunata
[18]f_Pleosporaceae; g_Unc.; s_Unc. mza
25] f_Unc.; g_Unc; s_ Unc.
5] f_| Pynslluu g Pyrenoch p
126]f_Aract y s gracnhs
65] f_| Herpomchlellaceae g Pmalophora s gemculata
[122]1_Aspergi g_A llus; s_
[56]_Aspergillaceae; g _ Asperglllus s ruber
[59]1_A: g_A ydosporus
(36]f_Aspergillaceae; g_/ Asperglllus s fumigalus

72]f_Aspergillaceae; g_Aspergillus; s_flavus
102]f_Aspergillaceae; g_Aspergillus; s_piperis
[96]f_Aspergillaceae; g_Penicillium; s_pimiteouiense
[43]f_Aspergillaceae; g_Penicillium; s_citrinum
81]f_Aspergillaceae; g_Penicillium; s_menonorum
123]f_Aspergillaceae; g_Penicillium; s_oxalicum

18] f_Trict g_Tal ; s_derxii

[14] f_Apiosporaceae; g_Nigrospora; s pynformls

[33] f_Chaetosphaeriaceae; g_Chloridium; s_aseptatum

10] f_Plectosphaer 1 g_Brunneoct ium; s_r
55] f_Plectosphaerellaceae; g_Gibellulopsis; s_piscis

[49] f_Plectosphaerellaceae; g_Plectosphaerella; s_plurivora
37] f_| Heaosphaerellaceae g_| Plectosphaerella s_cucumerina
294]f_Bi ; g_Acr ; s_poly m
[42]f_Bionectriaceae; g_Unc.; s_Unc.

63]f_Clavicipitaceae; g_Metacordyceps; s_chlamydosporia
(134]f_Clavicipitaceae; g_Metarhizium; s_anisopliae
[24)f_Hypocreaceae; g_Trichoderma; s_asperellum
[54]f_Hypocreaceae; g_Trichoderma; s_virens
[2176]f_Hypocreaceae; g_Trichoderma; s_pubescens
77]f_Hypocreaceae; g_Trichoderma; s_ochroleucum

916]f Hypocreaceae a_ Tnchoderma s, splrale

41]f_] g E |
[4]f_L Nectnaceae g_Bisifusarium; s delph|n0|des
47]f_| Necmaoeae g_Bisifusarium; s_dimerum

30]f_N g_Ci ;' S_repens

1] £ i g_Fusarium; s_oxysporum

[13] f_Nectriaceae; g_Fusarium; s solam

[2] f_Nectriaceae; g Fusanum.s Unc.

[22] 1_| nium; s_inflatum

108]! Nectnaoeae g_Paracremomum s_ellipsoideum

78] f_¢ y q Purp illium: s_Unc.
68]f_t i g_! i s_strictum

34]f_ Slachybo(ryaceae g_/ Alblﬁmbns S\ verrucana
57]f_Stachybotryaceae; g_Stri s_bi Jm
26]f_Stachybotryaceae; g_: y i s_|

[45]f_CF i _Allobotryotrichum; s_t um

6] f_Chaetomiaceae; g_Chaetomium; s_Unc.
20] f_Chaetomiaceae; g_Humicola; s_phialophoroides
[46] f_Ct g_P ia; s_arxii
3]
(8] |f_Unc.;g_Unc.;s_Unc.
[27]
['1[29]f_Une.; g_Unc.; s_Unc.
| 1[23]f Unc.; g_Unc.;s_Unc.

Fig. 6. Heatmap summarising the relative abundances of the 59 non-redundant core fungal OTUs identified using the occupancy-rank framework from bulk soil and

the ectorhizosphere of Musa (ABB) ‘Pisang Awak’ across 24 farms in six countries (Australia (AU) =

(pH) = yellow, South Africa (ZA) = pink, and Uganda (UG) =

green, Laos (LA) = red, Malaysia (MY) = orange, Philippines

= purple). Rank scores are given in light blue (bulk soil) or purple (ectorhizosphere) on the left of the

heatmap. A rank score of 0 indicates that the OTU was not a candidate core for that compartment in any site. OTU IDs are shown in square brackets next to the family
and genus labels. OTUs shown in red match the sequences (>97% similarity) of core OTUs identified by Birt et al. (2023).
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persist across ecological gradients and to capture the diversity of
farming systems across countries (Xu et al., 2018). By surveying banana
systems across 24 sites in six countries spanning Africa, Asia, and
Australia, we identified 59 fungal taxa with high cross-site occupancy
that consistently met prevalence-abundance criteria in banana-
associated soils. This multi-country design captured variation in
climate, soil properties, and management practices, as well as ecological
contrasts between bulk soil and the ectorhizosphere.

4.1. Similarities and differences between countries and sites

Across all countries, banana-associated mycobiomes were dominated
by Ascomycota, in line with previous studies of Musa spp. fungal com-
munities (Fu et al., 2017; Rames et al., 2018; Liu et al., 2019; Kaushal
et al., 2020; Shen et al., 2022; Birt et al., 2023). Basidiomycota and
Mortierellomycota were also well represented, whereas Chy-
tridiomycota and Rozellomycota appeared sporadically, and Glomer-
omycota were only occasionally detected at appreciable abundance. The
low representation of Glomeromycota in ITS metabarcoding studies
contrasts with their frequent observation under the microscope in ba-
nana roots (Declerck et al., 1995; Van der Veken et al., 2008; Jefwa
et al., 2012), suggesting that ITS-based approaches may underrepresent
this group (Kriiger et al., 2009). Targeted sequencing approaches may
therefore be required to fully assess the occurrence of arbuscular
mycorrhizal fungi in banana systems (Kriiger et al., 2009).

Community-level analyses revealed a strong geographic signal, with
clear differentiation among countries and additional structuring among
sites within countries. These patterns are consistent with broader evi-
dence that both geographic distance and local environmental factors are
associated with fungal community composition (Bahram et al., 2018).
Variation in climate, soil properties, and management practices likely
interact to generate the regional differences in community composition
observed here. Differences between bulk soil and the ectorhizosphere
further reflect compartment-specific ecological filtering consistent with
the distinct physicochemical and biological conditions associated with
plant roots (Zheng et al., 2021; Birt et al., 2023).

Because this study involved sampling across multiple countries with
differing analytical infrastructure and biosecurity constraints, it was not
feasible to quantify a comprehensive suite of soil physicochemical
properties using standardised methods across all sites. Soil pH, however,
was measured consistently by all participating laboratories at the site
level and is widely recognised as a key determinant of microbial com-
munity structure. Soil pH was significantly associated with variation in
both the overall fungal community and the core assemblage (Fig. S4),
consistent with the possibility that differences in soil conditions among
sites are linked to regional variation in mycobiome structure. Under-
standing the ecological preferences of the banana mycobiome and its
core taxa may also help guide future investigation of whether micro-
biome composition can be influenced indirectly through farm practices
such as soil amendments and crop management (Clarke et al., 2024).

4.2. The international core taxa of Musa spp.

Applying prevalence-abundance criteria identified 328 candidate
core OTUs in bulk soil and 293 in the ectorhizosphere across the 24 sites.
Ranking these taxa by cross-site occupancy distinguished a highly
persistent subset, and combining the upper occupancy tiers from each
compartment yielded a non-redundant assemblage of 59 core fungal
OTUs. This assemblage showed strong concordance with the core taxa
previously reported in bulk soil and the ectorhizosphere by Birt et al.
(2023), with all but one taxon recovered at >97% sequence similarity.
As only bulk soil and ectorhizosphere were sampled here, the absence of
taxa from other plant compartments (e.g., pseudostem, leaves) was ex-
pected. Notably, nearly all core OTUs from Birt et al. (2023) were again
detected in Australian samples, consistent with the persistence of these
OTUs across geographical and environmental gradients and over time.
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Although fungal diversity in banana production systems remains less
well characterised than bacterial communities, particularly across
multiple countries, the recurrence of these taxa across contrasting en-
vironments suggests that a relatively small subset of fungi consistently
accounts for a substantial proportion of banana-associated fungal
abundance.

While the 59 core fungal taxa represented only 0.87% of the total
OTUs detected, they represented 22-83% of the total community rela-
tive abundance. Although formal diagnostic tests were not performed,
all plants in this study lacked visible signs of disease or pest damage.
Accordingly, this assemblage of core fungal OTUs was associated with
visually healthy plants. Notably, functional guild assignments suggested
that many of these taxa belong to genera that include plant pathogens (e.
g., Fusarium). This pattern is not unexpected, as numerous fungal genera
contain both pathogenic and non-pathogenic lineages, and ecological
function often varies at the strain level. Consequently, the presence of
taxa with pathogenic relatives does not necessarily imply disease risk,
and some members of these groups may exist as commensals or latent
symbionts in association with healthy plants. Identifying these persis-
tent taxa therefore provides a useful foundation for future work aimed at
clarifying their ecological roles and evaluating whether their abun-
dances are associated with host health and productivity.

4.3. Future work with core taxa

Clarifying the ecological roles of these persistent taxa and evaluating
whether their abundances are associated with host health and produc-
tivity represent important next steps for advancing banana mycobiome
research. If these functions can be resolved, some core taxa may warrant
consideration in future strategies aimed at supporting banana produc-
tion and resilience, either through direct inoculation of beneficial iso-
lates, or indirectly through farm management practices that influence
their abundance and activity. Because the core assemblage comprises a
relatively small and consistently detected subset of the broader fungal
community, focusing on these 59 OTUs provides a tractable framework
for hypothesis-driven investigation. Their consistent occurrence across
sites also suggests that insights gained from studying these taxa may be
relevant across multiple production systems.

One possible future application of these taxa is in microbiome-based
approaches aimed at supporting plant health, including the potential use
of microbial inoculants. The use of agrochemical inputs to support plant
growth and control fungal pathogens and pests continues to rise,
contributing to adverse environmental impacts and resistance in target
organisms (Rahman et al., 2018). Biocontrol agents (i.e., microbes and/
or their metabolites) represent a promising alternative and can be as
effective as chemical pesticides (Gutierrez-Monsalve et al.,, 2015;
Tyskiewicz et al., 2022). The internationally persistent core taxa iden-
tified here may provide a useful starting point for future investigation of
such approaches, as their recurrence across diverse soils, climates, and
management systems suggests ecological robustness and consistent as-
sociation with bananas (Zhou et al., 2024).

Circumstantial evidence from the literature indicates that close rel-
atives of several core OTUs belong to genera that include strains with
antagonistic or plant-promoting traits, such as Aspergillus, Fusarium,
Penicillium, Talaromyces, and Trichoderma (Thambugala et al., 2020).
While some members of the Fusarium oxysporum species complex are
well-known pathogens, many lineages are non-pathogenic, commonly
associated with healthy plants, and have been reported to suppress
pathogenic strains (Forsyth et al., 2006; Nel et al., 2006a, 2006b; Bel-
grove et al., 2011; Zimmermann et al., 2016). Notably, the most domi-
nant core fungal OTU in our present study (Fig. 6) and in Birt et al.
(2023) was assigned to the Fusarium oxysporum species complex, indi-
cating a recurrent association with Musa spp. Similarly, species within
the genus Trichoderma include strains reported to stimulate plant
growth, antagonise pathogens, and colonise the rhizosphere (Tyskiewicz
et al., 2022; Idbella et al., 2023). Members of both Trichoderma and
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Penicillium have also been reported to be enriched in Fusarium wilt-
suppressive soils (Puig and Cumagun, 2019; Win et al., 2021; Jamil
et al., 2023), while representatives of Aspergillus have been shown to
antagonise Fusarium spp. in vitro (Hidayat et al., 2019). The inverse
abundance relationship observed here between Trichoderma OTU 2176
and Fusarium OTU 13 (Fig. 6) is consistent with the possibility of
antagonistic interactions involving pathogenic Foc, although this re-
mains to be tested directly.

Importantly, our study identifies several persistent lineages within
the fungal tree that are consistently associated with banana across sites
and environments. However, functional inference based on taxonomy or
ITS2 sequence similarity alone provides only coarse ecological resolu-
tion, as closely related taxa, particularly within species complexes such
as the Fusarium oxysporum species complex, can exhibit substantial
functional variation. Because ITS markers generally do not resolve
strain-level diversity, further targeted sequencing within these recurrent
lineages may help determine whether specific strains are consistently
associated with visually healthy plants or particular ecological traits.
Isolation and culture of these taxa would then be required for direct
characterisation of pathogenicity, beneficial traits, and ecological in-
teractions. Such work may help evaluate whether pure or mixed-isolate
inoculants could be developed for reintroduction into banana produc-
tion systems. Alternatively, improved understanding of how these taxa
respond to environmental gradients (e.g., soil pH; Fig. S4) and farm
management practices may help assess whether their abundances can be
influenced indirectly through microbiome-informed management.

5. Conclusion

This study provides the first large-scale multi-country survey of
banana-associated mycobiomes, revealing clear geographic structuring
and underscoring the importance of sampling across diverse soils, cli-
mates, and management systems. Using abundance—occupancy criteria,
we identified 59 internationally persistent core fungal taxa that, while
representing less than 1% of detected OTUs, accounted for up to 83% of
total community relative abundance. Their recurrence across conti-
nents, environmental gradients, and time points indicates that they are
stable components of banana-associated fungal communities and sup-
ports their prioritisation for future investigation.

By defining a reproducible, cross-country core assemblage, this study
establishes a practical framework for advancing research on the banana
mycobiome. These taxa provide a tractable foundation for isolation,
functional characterisation, and future evaluation as candidate taxa of
potential relevance to microbiome-informed management strategies.
Anchoring future studies to a shared set of core taxa may improve
consistency, facilitate collaboration, and help guide the development
and assessment of microbiome-informed strategies for sustainable ba-
nana production.
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