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The diversity of both bacterial and fungal communities associated with mango surface
was explored using a metabarcoding approach targeting fungal ITS2 and bacterial 16S
(V3-V4) genomic regions. Fruits were collected in Reunion Island from two different
orchards according to a sampling method which allowed the effect of several pre-
harvest factors such as geographical location (terroir), cultivars, fruit parts, tree position
in the plot, fruit position on the tree (orientation and height), as well as the harvest
date to be investigated. A total of 4,266,546 fungal and 2,049,919 bacterial reads
were recovered then respectively assigned to 3,153 fungal and 24,087 to bacterial
amplicon sequence variants (ASVs). Alpha and beta diversity, as well as differential
abundance analyses revealed variations in both bacterial and fungal communities
detected on mango surfaces depended upon the studied factor. Results indicated
that Burkholderiaceae (58.8%), Enterobacteriaceae (5.2%), Pseudomonadaceae (4.8%),
Sphingomonadaceae (4.1%), Beijerinckiaceae (3.5%), and Microbacteriaceae (3.1%)
were the dominant bacterial families across all samples. The majority of fungal
sequences were assigned to Mycosphaerellaceae (34.5%), Cladosporiaceae (23.21%),
Aureobasidiaceae (13.09%), Pleosporaceae (6.92%), Trichosphaeriaceae (5.17%), and
Microstromatales_fam_Incertae_sedis (4.67%). For each studied location, mango fruit
from each cultivar shared a core microbiome, and fruits of the same cultivar harvested
in two different locations shared about 80% fungal and bacterial family taxa. The various
factors tested in this study affected bacterial and fungal taxa differently, suggesting that
some taxa could act as geographical (terroir) markers and in some cases as cultivar
fingerprints. The ranking of the factors investigated in the present study showed that in
decreasing order of importance: the plot (terroir), cultivar, fruit parts, harvest date and the
position of the fruits are respectively the most impacting factors of the microbial flora,
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when compared to the orientation and the fruit position (height) on the tree. Overall,
these findings provided insights on both bacterial and fungal diversity associated with
the mango surface, their patterns from intra-fruit scale to local scale and the potential
parameters shaping the mango microbiota.

Keywords: metabarcoding, epiphytic microbiota, mango (Mangifera indica), cultivar, biogeography, bacterial

communities, fungal communities

INTRODUCTION

Fruits harbor on their surface a diversity of microorganisms
(Leff and Fierer, 2013; Abdelfattah et al., 2016a), which can
play a central role in fruit health, as it could be view as part
of the solutions against some fruit diseases. Increasing studies
highlighted the epiphytic microbial diversity (i.e., microbial
communities associated with fruit surface) and the importance
of the fruit microbiome (Janisiewicz et al., 2013; Pinto et al.,
2014; Kecskeméti et al., 2016; Abdelfattah et al., 2018; Droby and
Wisniewski, 2018). The microbial communities of fruit surfaces
being an open ecosystem exposed to different biotic and abiotic
factors (Barata et al., 2012; Ottesen et al., 2013), the fluctuations
in microbial diversity are poorly understood probably because
their study is challenging. Diverse factors are known to influence
epiphytic microbial communities, such as the surrounding air
(i.e., pollutants, treatments) (Joshi, 2008; Abdelfattah et al., 2019),
soil richness (Berg and Smalla, 2009), terroir or producing
region (Mezzasalma et al, 2018) as well as intrinsic factors
(i.e., tree age, cultivar, stress, genetic variability, rootstocks/scion,
diseases, fruit physiology and anatomy) (Left and Fierer, 2013;
Diskin et al, 2017; Liu et al, 2018; Marasco et al., 2018;
Vepstaité-Monstaviceé et al., 2018).

Soil is the first reservoir of plant microbiomes (Barata et al.,
2012; Bacon and White, 2016). The rhizosphere corresponds
to the zone of soil surrounding a plant root that contains
the highest microbial diversity, especially in bacteria, where
microbes are at the shelter of the different abiotic factors (i.e.,
temperature, humidity, and UV radiation variations) affecting
the aerial parts such as the leaf, flower, and fruit (Ottesen et al.,
2013). Various studies showed the existence of a decreasing
gradient of microbial richness and diversity between different
parts of the plant located at an increasing distance from the
soil (Ottesen et al., 2013; Abdelfattah et al.,, 2016b; Trivedi
et al.,, 2020). Microorganisms that colonize the surface of the
fruit can be transported from the soil to different organs of
the plant (stem, leaves, flowers and fruit) by insect and animal
species as well as raindrop splash and wind (Valero et al,
2007; Compant et al., 2011; Stefanini et al, 2012; Martins
et al, 2013; Berg et al, 2014; Zarraonaindia et al., 2015;
Mezzasalma et al., 2018).

Only few studies focusing on the carposphere microbiota have
been published yet, mostly on grapes and apples (Setati et al.,
2012; Bokulich et al., 2014; Taylor et al., 2014). The influence of
geographical locations, farming practices, plant cultivars, harvest
date and fruit parts was previously reported in separate studies,
especially on grapes (Pretorius, 2000; Setati et al., 2012; Pinto
et al,, 2014, 2015; Wang et al., 2015; Zarraonaindia et al., 2015)

and apples (Leff and Fierer, 2013; Abdelfattah et al.,, 2016a;
Diskin et al., 2017; Liu et al., 2018; Vepstaité-Monstavi¢é
et al, 2018). These studies clearly showed that microbial
communities composition differ strongly according to plant
species (Lindow and Brandl, 2003; Hunter et al., 2010; Leff
and Fierer, 2013; Vepstaité-Monstavicé et al.,, 2018), and also
to climatic conditions, ripening stage and the application of
agrochemicals (Pretorius, 2000; Pinto et al, 2014, 2015; Liu
et al., 2016). However, little is known on the potential influence
of other factors and their relative contribution in shaping the
carposphere microbiota.

Some previous studies used fruits from grocery stores, without
taking into account the period between fruit harvest and
analyses including human contamination by handling, storage
and transport conditions that could have a significant impact
of on microbial communities. Neglecting the period between
harvest and sampling analysis therefore potentially leading to a
misinterpretation of the results.

The domesticated mango (Mangifera indica L.) is native from
the Indian subcontinent. The mango tree was introduced in many
tropical and subtropical regions (Mukherjee, 1950, 1953) where
it adapted to a wide variety of climates and soils, with preferred
semi-arid areas, with alternating dry and wet periods. There are
hundreds of mango cultivars harboring specific characteristics
such as taste, flesh and peel color, size, shape, resistance to
transport and storage, resistance to diseases and insects. Few
studies conducted on mango-associated microbiomes focused on
the biocontrol of mango diseases, such as anthracnose and stem-
end rot diseases (Ortega-Morales et al., 2009; Bautista-Rosales
etal., 2013; Rungjindamai, 2016; Diskin et al., 2017), but no study
exploring the microbial diversity of mango fruit surface using
metabarcoding approaches was reported so far.

In this context, the objectives of this present study were: (i)
to provide an exhaustive characterization of both the fungal
and bacterial communities associated with mango surface, (ii) to
identify and (iii) rank the pre-harvest factors influencing bacterial
and fungal communities.

In order to achieve those objectives, the sampling strategy
of this present study was designed to include several levels
of comparison. Thus, fruits were collected from two orchards
to be representative of the plot, and several pre-harvest
factors including the geographical location (plot), cultivars,
within fruit parts, tree position in the plot, fruit position
on the tree, as well as the harvest date. Mangoes were
harvested in sterile conditions to avoid any contamination
from human skin microbiome and molecular characterization
of both bacterial and fungal communities using 16S V3-V4
and ITS2, respectively, were performed. The potential influence
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of the different factors was taken into account community
analysis using both 16S V3-V4 and ITS2 datasets. By getting
more insight into the mango epiphytic bacterial and fungal
communities, we believe that post-harvest fruit handling and
transformation steps as well as potential biocontrol strategies
could be further developed.

MATERIALS AND METHODS

Mango Sampling and Experimental

Design

Fruits were harvested during the mango season peak
between November 2017 and January 2018 in Reunion
Island (Indian Ocean), in two different areas. St-Gilles
(21°02/28.4"S 55°13'34.5”E, 49 meters of altitude) and Bassin
Plat (21°19/22.6”S 55°29'17.2"E, 140 meters of altitude). Each
area is characterized by specific microclimatological conditions.
The following data were collected from the local weather
stations: mean air temperatures in November 2017 and January
2018 were 25.5 and 24.95 C in St-Gilles and Bassin plat,
respectively, sunshine 10 h/d, rainfall were 3.67 mm/month
and 6.24 mm/month, respectively. The two selected plots were
separated by a distance of 40 km. Both plots shared some
characteristics; mango cultivars, sun exposure and management
system. The last phytosanitary treatment (Product: Karate Zeon;
Active ingredient: Lambda Cyhalothrin; Dose: 0.00125L/hL)
was applied during the flowering period between August and
September 2017 in St Pierre. Two mango cultivars were selected:
Cogshall (American’ cultivar) and José (local cultivar). Two
sampling harvests of cv. Cogshall were performed in each
plantation plot [two harvest dates in St-Gilles (H1, H2) and
two harvest dates in St-Pierre (H3, H4)], similarly one fruit
batch of cv. José was harvested in each location (St-Gilles JH1
and St-Pierre JH2) as shown in Figure 1. In order to evaluate
the cultivar and geographical impact on the composition of
microbial communities, fruit samples were collected at the
same stage of maturity (pre-climacteric state also named ‘Green
mature’) according to their peel color, without any visible
mechanical, insect damage or fungal diseases using sterilized
gloves and placed in sterile bags. Sampled fruits were transported
to the laboratory and analyzed within 2h after harvest from
the two plantations. In total, 90 mangoes [80 fruits of cv.
Cogshall (H1 and H2), and 10 fruits of cv. José (JH1)] were
harvested in two sampling periods from St-Gilles, and similarly,
62 mangoes from St-Pierre (52 fruits of cv. Cogshall, H3 and
H4, and 10 fruits of cv. José, JH2) (Figure 1). Fruits were
collected from two orchards according to a sampling plan
to be representative of the plot. Hence, the sampling design
allowed to investigate the following pre-harvest factors: (i) the
geographical location (St-Gilles and St-Pierre), (ii) the cultivar
(cv. Cogshall and cv. José), (iii) the fruit parts (stem-end ‘SE’ and
peel surface ‘PE’), (iv) the position of the tree in the plot (edge
and center), (v) the position of the fruit on the tree (Height:
<2.5 m vs. >2.5 m), (vi) orientation (East, North, and South),
and (vii) the harvest dates (H1 and H2 in St-Gilles; H3 and
H4 in St-Pierre).

Microbial Sampling, DNA Extraction,
PCR Amplification and Sequencing

Epiphytic microbial communities were sampled from each
mango by swabbing the surface with a sterile single-use cotton
swab previously wet with sterile buffered peptone water (Shen
et al., 2018b,a), then placed in an individual tube filled with
1 ml gs of the same solution (Bodur and Cagri-Mehmetoglu,
2012) (pH 7.2 %+ 0.2; peptone 10 g/L, sodium chloride 5 g/L,
disodium phosphate 9 g/L, monopotassium phosphate 1.5 g/L;
Merck, Darmstadt, Germany). For Fruit Part samples, the
Stem-End surface (SE) and the rest of the total mango peel
surface (PE) were swabbed from the same fruit and collected
separately. The collected samples were stored at —20°C
prior to DNA extraction. Total DNA was extracted from
individual samples using Fast DNA Kits and the FastPrep®
homogenizer (MP Biomedicals, Inc., United States), according
to the manufacturer’s instructions. DNA concentration was
then quantified using Bisbenzimide Hoechst 33258 dye
(Amersham Biosciences, Piscataway, NJ) (Sabnis, 2015),
and normalized to 5 ng/pl~!. A two-step PCR strategy was
performed combined with the dual-index paired-end sequencing
approach described in Kozich et al. (2013). The 16S rRNA
V3-V4 gene region and ITS2 region were amplified with specific
archaeal/bacterial (341F: CCTACGGGNGGCWGCAG/785R:
GACTACHVGGGTATCTAATCC) and fungal (ITS86F: GTGA
ATCATCGAATCTTTGAA/ITS4R: TCCTCCGCTTATTGATA
TGC) DNA primers (Op De Beeck et al., 2014; Thijs et al,
2017). PCR reactions were conducted in a total volume of 25 pl
containing 12.5 pl of Phusion Flash High-Fidelity PCR Master
Mix (Thermo Fisher Scientific, Lithuania), 0.625 pl of each
primer (10 wM), and 5 ng template DNA. PCR reactions were
incubated in a T100 thermal cycler (Bio-Rad, Hercules, CA,
United States) for 3 min at 98°C followed by 25 cycles (for 16V 3-
V4) or 30 cycles (for ITS2) of [30 s at 95°C, 30 s at 50°C and
30 s at 72°C]. A final extension of 10 min at 72°C. Nuclease-free
water replaced template DNA in negative controls. PCR products
were visualized by agarose gel electrophoresis (1.5% in TAE
buffer). Amplicon DNA yields from each PCR reaction were
then quantified using Hoechst method. All PCR products were
normalized to equimolar concentrations. Sequencing libraries
for each sample were generated in accordance with the Illumina
16S rRNA metagenomic sequencing library preparation protocol
(Kozich et al., 2013). Sequencing was performed on an Illumina
MiSeq at The Regional Genotyping Platform of the UMR AGAP
(Univ Montpellier, CIRAD, INRAE, Institut Agro, Montpellier,
France) core facility.

Bioinformatics

Mlumina Miseq reads were processed similarly as previously
described (Santillan et al., 2019). Briefly, Illumina adaptors and
gene-specific primers were removed using Cutadapt (Martin,
2011). Sequences were then processed using the DADA?2 pipeline
(Callahan et al., 2016) which allows inference of exact amplicon
sequence variants (ASVs). Bacterial (16S) reads were truncated
after 260 and 230 nucleotides for forward and reverse reads,
respectively. ITS2 sequences, reads were not truncated in order to
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FIGURE 1 | Synthetic diagram of the sampling protocol. (A) The geographic location of the two plots in Reunion; photos of the two mango cultivars and their
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allow the capture of size polymorphism of ITS sequences. Then,
16S and ITS2 reads with expected error rates higher than 2 and

4 for forward and reverse reads were removed. After filtering,

error rate learning, ASV inference and denoising, reads were
merged with a minimum overlap of 20 bp. Chimeric sequences
were identified and removed. Taxonomy was assigned for 16S
and ITS2 ASV using SILVA (v.132) (Glockner et al., 2017) and

Statistics

UNITE (v. 1.3.3) (Abarenkov et al., 2010; Nilsson et al., 2013)
databases, respectively.

For all studied factors, we tried to reduce the data sets to
avoid a cumulative effect. For the terroir and cultivar factors, a
reduced dataset was used carried out by considering only the data
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corresponding to the cv. Cogshall fully swabbed and not used in
the "fruit parts” section. ASV tables were rarefied to an even depth
of 2, 700 reads per sample for both 16S V3-V4 and ITS2 datasets
allowing robust use of alpha and beta diversity metrics (Willis,
2019; Mbareche et al, 2020). Observed species (number of
observed ASV) and Chaol indices (richness + estimated number
of unobserved ASV) were used to quantify the richness (Chao,
1987; Hughes et al., 2001). Diversity was quantified via Shannon
(evenness of the species abundance distribution) and InvSimpson
indices. The Kruskal-Wallis tests (KW) were used to search for
significant differences in alpha-diversity among groups.

Bray-Curtis and Serensen p-diversity dissimilarities were used
in order to characterize community structure and composition,
respectively (McArdle and Anderson, 2001). Ordination technics
(PCoA and NMDS) as well as hierarchical clustering (with
the ward.D2 method) were employed to depict community
structure and composition differences between samples (Lema
etal., 2019). PERMANOVA (Permutational multivariate analysis
of variance), Analysis of similarities (ANOSIM) and multi-
response permutation procedures (MRPP) were conducted to
assess the source of variation of B-diversity measures (Anderson,
2017). Fungal and bacterial datasets were also used to generate
differential abundance plots between categories using the DESeq2
(Anders and Huber, 2010) with alpha of 0.01 and fold change
of 2 (log2 scale). Tanglegram analysis was conducted to
compare bacterial and fungal dendrograms based on community
similarities (Bray—Curtis distance). The two dendrograms with
the same set of tip labels connected by lines, were plotted
using the dendextend R-package (v. 1.13.4) (Galili, 2015). The
phylogenetic analysis was conducted by extracting the tree from
16S dataset and visualized using the Interactive Tree of Life'
(Letunic and Bork, 2019). Statistical analyses were conducted
using Rstudio [with the phyloseq (v 1.28.0)] (McMurdie and
Holmes, 2013), microbiome (v. 1.6.0) (Lahti et al., 2017), Vegan
(v. 2.5-6) (Oksanen et al.,, 2019), ggplot2 (v. 3.2.1) (Wickham,
2016), igraph (v. 1.2.4.1) (Csardi and Nepusz, 2006), DESeq2 (v.
1.24.0) (Love et al., 2014), pheatmap (v. 1.0.12) (Kolde, 2012),
UpSetR (v. 1.4.0) (Lex et al, 2014) packages in R [version
3.6.1 (2019-07-05)].

Results

A total number of 2,049,919 and 4,266,546 reads were processed
for 16S V3-V4 and ITS2 datasets, respectively. DADA?2 pipeline
allowed to identify 24,087 and 3,153 bacterial and fungal ASVs,
respectively after removing singletons, as well as ASV assigned
to non-target plant sequences (i.e., Alveolata, Metazoa, unknown
phylum, Eukaryota and Chloroplast), represented 6 Phyla, 30
Classes, 90 Orders, 245 Families, 523 Genera, and 725 Species;
while bacterial ASVs represented 24 Phyla, 45 Classes, 123
Orders, 301 Families, 893 Genera, and 566 Species.

In this study, we characterized both bacterial and fungal
communities from 152 mangoes to identify and rank the
environmental parameters shaping the mango microbiota,
including the main factors as terroirs, cultivars, fruits parts
and harvest date. In general, we found that the factors studied

Thttps://itol.embl.de

had a differential influence on the distribution and diversity
of the bacterial and fungal communities, especially terroir
(Figure 2). Hierarchical clustering of all samples based on
both bacterial and fungal community compositions shows that
geographical location had more influence on fungal (relative
to bacterial) community structures. In addition, tanglegram
between bacterial and fungal dendrograms show that the fungal
and bacterial structures were differentially affected by pre-
harvest factors (Figure 3 and Supplementary Data 8). For
instance, Aureobasidium was most abundant in St-Pierre and
Cladosporiaceae was most abundant in St-Gilles, which seems
to act as geographical (terroir) markers (Figure 2). In the
following sections will be presented and discussed the data
related to factors for which a significant impact on microbial
communities was observed.

Mango Fruit Geographical Origin and
Microbial Composition

Analysis of the bacterial and fungal community composition
according to the terroir was performed. To this end, the diversity
and richness indices of all cv. Cogshall samples from the two
regions were measured to describe the complexity of each
sample. The highest number of fungal ASVs was detected in
cv. Cogshall mango sampled in St-Pierre with a significant
difference between plots (Observed [KW p-value = 0.0087]),
while the same trend was measured for bacterial communities
with no significant difference (Observed [KW p-value = 0.36])
(Figure 4A2). Fungal communities were significantly more
diverse in St-Pierre as compared to St-Gilles (Shannon [KW
p-value = 0.004641]). Similarly, the same trend was measured for
bacterial communities (Shannon [KW p-value = 0.00011]) (see
Figures 4A1,A2 and Supplementary Data 1, 2).

For both bacterial and fungal datasets, differences in
community composition between samples are depicted by NMDS
ordination based on Serensen dissimilarity. Samples clearly
cluster according to their geographical origin which is confirmed
by statistical tests based on fungal communities (PERMANOVA
pseudo-F = 16.9; R* = 0.17, p < 0.001; ANOSIM: R = 0.72;
P < 0.001; MRPP: P < 0.001, see Figures 4B:1,B:2). Nevertheless,
samples from St-Gilles and St-Pierre were less clearly separated
in the plot based on bacterial communities (PERMANOVA
pseudo-F = 6.4, R?> = 0.071, p < 0.001; ANOSIM: R = 0.46;
P < 0.001; MRPP: P < 0.001) (see Figures 4B1,B2 and
Supplementary Data 3).

Six fungal phyla were dominant in samples harvested
in St-Gilles, Ascomycota (53,13%), Basidiomycota (15.07%),
Mucoromycota (8.22%), Mortierellomycota (8.12%), Chytri-
diomycota (7.73%) and Blastocladiomycota (7.73%) (Figure 4F).
A similar trend was observed in samples harvested in St-
Pierre, were the four most abundant fungal phyla detected were:
Ascomycota (87.15%), Basidiomycota (12.85%), Chytridiomycota
(0.002%) and Blastocladiomycota (0.0001%). Mucoromycota
(8.22%) and Mortierellomycota (8.12%) were only detected in
St-Gilles samples (Supplementary Data 5).

The 9 shared fungal families were Mycosphaerellaceae (36.72
and 22.38%), Cladosporiaceae (27.56 and 11.8%), Aureoba-
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FIGURE 2 | Hierarchical clustering of all samples based on community structure. Samples were hierarchically clustered based on their communities using the
Bray-Curtis dissimilarity measure, which was visualized in the dendrogram. Adjacent to the branches of the dendrogram information on plot (St-Gilles: “H1/H2/JH1”;
St-Pierre: “H3/H4/JH2”), cultivars (cv. Cogshall, cv. José) and fruit parts (PE: “H1/H2”; SE: “H1/H2”) is shown. The relative abundance of the 20 highest ranking
family taxa is shown per sample in vertical stacked bar plots. (A) Fungal dendrogram based on community similarities (Bray—Curtis distance) derived from ITS2
sequences. (B) Bacterial dendrogram based on community similarities (Bray—Curtis distance) derived from 16S rRNA gene sequences.
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FIGURE 3 | Tanglegrams showing concordance between bacterial and fungal dendrograms from mango fruit samples. The lines in the tanglegram connect the
samples. Individual dendrograms were calculated using hierarchical clustering with the ward. D2 method, (A) Bacterial dendrogram based on community similarities
(Bray—Cuirtis distance) derived from 16S rRNA gene sequences. (B) Fungal dendrogram based on community similarities (Bray—Curtis distance) derived from ITS2
sequences.

sidiaceae (2.95 and 32.12%), Microstromatales_fam_Incertae_  2.39%), Pucciniaceae (2.06 and 1.8%), Didymosphaeriaceae
sedis (3.71 and 5.08%), Trichosphaeriaceae (7.7 and 5.92%), (0.45 and 1.57%) families were the most abundant taxa
Didymellaceae (0.65 and 7.2%), Pleosporaceae (11.19 and shared between samples from the two geographical locations
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in St-Gilles and St-Pierre
Supplementary Data 5, 6).

Four  dominant  bacterial  phyla  (Proteobacteria,
Actinobacteria, Bacteroidetes, and Firmicutes) were detected
in all samples with a similar relative abundance pattern in
both locations. Proteobacteria were detected as the most
abundant phylum comprising 88.25 and 78.98% in St-Gilles
and St-Pierre samples, respectively. The second most abundant
bacterial phylum was Actinobacteria which was found with
a similar relative abundance in St-Pierre (9.90%) and St-
Gilles (5.5%) samples. The third most abundant phylum
was Bacteroidetes, with relative abundance of 5.5 and 2.19%
in St-Pierre and St-Gilles samples, respectively. Firmicutes
represented about 2.88% in St-Pierre and 2.31% in St-Gilles
of bacterial phyla (Supplementary Data 6). Different rare
phylum taxa were detected with relative abundances of
less than 1% (17 taxa at St-Pierre and 20 taxa at St-Gilles).
Ten bacterial families were shared by samples from both
locations with different proportions [e.g., Burkholderiaceae
(71.74 and 51.51%), Enterobacteriaceae (4.65 and 4.96%),
Pseudomonadaceae (1 and 3.75%), Sphingomonadaceae (3.26 and
4.72%), Microbacteriaceae (1.55 and 4.56%), Beijerinckiaceae
(1.38 and 4.90%), Hymenobacteraceae (0.25 and 2.64%),
Rhizobiaceae (1.66 and 1.42%), Acetobacteraceae (1.62 and
2.52%), and Blattabacteriaceae (0.94 and 1.14%)] in St-Gilles and
St-Pierre, respectively (Figure 4G).

The Core microbiome of “cv. Cogshall” collected from St-
Gilles and St-Pierre consisted of 230 bacterial (78.5%) and 193
fungal (85.6%) families, which represented respectively 79.5% of
the total family taxa (532) detected in Cogshall cultivar samples.
In other words, 45 bacterial (14.3%) and 16 fungal (6.7%) families
were detected exclusively at St-Gilles, while 21 bacterial (7.2%)
and 30 fungal (12.6%) families were exclusively detected in St-
Pierre (Figure 4E). About 1,817 fungal and 8,085 bacterial ASV's
in St-Gilles and 2,053 Fungal and 6,646 bacterial ASVs in St
Pierre were detected on cv. Cogshall samples. About 248 fungal
and 3,111 bacterial ASVs were exclusively detected in St-Gilles
and 404 fungal and 1,836 bacterial ASVs in St-Pierre. 3948
bacterial ASVs and 1441 fungal ASVs were shared by the two
terroirs (Figure 4C), which represent about 49% of the total ASV's
detected on cv. Cogshall mangoes analyzed. In addition, about
1,125 fungal and 3,510 bacterial ASVs in St-Gilles and 1,113
fungal and 3,466 bacterial ASVs in St Pierre were detected on cv.
José cultivars.

Differentially abundant bacterial taxa were identified
using DESeq2 method and plotted in Figure 4D. In total,
89 bacterial ASVs were more abundant in St-Pierre than
in St-Gilles. Most of those taxa belong to one of the 3
bacterial families: Beijerinckiaceae, Burkholderiaceae and
Sphingomonadaceae. For fungal ASVs, the differential
abundance analysis identified 95 fungal ASV that were
more abundant in St-Pierre and 149 ASVs that were more
abundant in St-Gilles. Most of those fungal taxa belong to one
of the 5 following families: Cladosporiaceae, Didymellaceae,
Mycosphaerellaceae, Pleosporaceae, Trichosphaeriaceae.
At least 7 fungal genera including (but not limited to)
Stomiopeltis, Cryptococcus, Stagonosporopsis, Phaeophleospora,

respectively (Figure 4F and

Sporidesmajora,  Phaeosphaeria,  Paraphaeosphaeria, —were
significantly more abundant (p-adjusted < 0,001) in samples
from St-Pierre, while 7 other fungal genera, Neodevriesia,
Stachybotrys, Rhodosporidiobolus, Gibberella, Paraconiothyrium,
Alternaria, Exserohilum genera were the most-significantly
differentially abundant taxa associated with samples from
St-Gilles (Figure 4D and Supplementary Data 4).

Mango Cultivars Shaping the Microbial
Diversity and Distribution

The influence of cultivars on microbial diversity was investigated
by analyzing fruit samples from two cultivars cv. José (n = 10)
and cv. Cogshall (n = 10) harvested in Saint Gilles. Regarding
the fungal communities, data indicated that (alpha) diversity
indices were higher in cv. Cogshall compared to cv. José
samples (Figure 5A1 and Supplementary Data 1, 2), but the
difference was not significant (Observed [KW p-value = 0.85];
Shannon [KW p-value = 0.29]). On the contrary, prokaryotic
diversity (as shown by InvSimpson and Shannon indices) were
higher in cv. José than in cv. Cogshall samples [Shannon
(KW p-value = 0.0001]) (Supplementary Data 1, 2). Observed
diversity index did not significantly differ between samples
belonging to the two cultivars (Observed [KW p-value = 0.26]),
indicating that diversity between samples belonging to the two
cultivars are better related to Shannon index. Beta diversity
indices based on both fungal and bacterial ASVs showed that
samples belonging to the same cultivar are clustered together,
which separate cv. Cogshall samples from cv. José samples,
revealing different community composition according to the
mango cultivar considered [Permanova (P < 0.001); Anosim
(P < 0.001); MRPP (P < 0.001)] (Supplementary Data 3).

The 2 most abundant fungal phyla in all samples were
Ascomycota (87.17 and 88.25%) and Basidiomycota (12.83 and
11.75%, on cv. Cogshall and cv. José samples respectively).
The 4 most abundant bacterial phyla detected on both cultivar
samples, Proteobacteria (90.78 and 69.67%), Actinobacteria (4.08
and 12.98%), Bacteroidetes (0.92 and 5.79%), Firmicutes (2.81
and 6.42%) as well as 14 rare phyla (<1%). Entotheonellacota
(4.09E-03%) and Tenericutes (9.13E-04%) were exclusively
detected on cv. Cogshall fruits, while Nitrospirae (2.54E-01%),
Spirochetes (1.22E-02%) and Epsilonbacteraeota (6.12E-
03%) were only detected in cv. José (Supplementary Data
6). All samples harbored 15 dominant bacterial families
such as Burkholderiaceae (75.07 and 38.3% on cv. Cogshall
and cv. José samples, respectively), Pseudomonadaceae
(0.82 and 3.5%), Enterobacteriaceae (6.13 and 10.1%),
Sphingomonadaceae (1.81 and 5.4%), Microbacteriaceae (1.23 and
3.9%), Beijerinckiaceae (1.18 and 3.5%), Rhizobiaceae (1.68 and
1.6%), Acetobacteraceae (1.24 and 1.9%), Blattabacteriaceae
(0.11 and 1.7%), Hymenobacteraceae (0.12 and 1.5%),
Bacillaceae (0.44 and 1.8%), Staphylococcaceae (0.69 and
1.3%), Corynebacteriaceae (0.64 and 1.2%), Chroococcidiopsaceae
(0.32 and 1.6%), Micrococcaceae (0.22 and 1.1%) (Figure 5D1 and
Supplementary Data 6). Among other taxa which represented
less than 1% of the total bacterial relative abundance, 175
and 195 other rare family taxa were detected on cv. Cogshall
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FIGURE 4 | Comparison of alpha, beta diversity and community composition between cv. Cogshall samples collected from St-Gilles and St-Pierre. (A) Boxplots of
different diversity indices (alpha, InvSimpson, Shannon, Observed, and Chao1) for Fungal (A:1) and Bacterial (A:2) ASVs. (B) Non-metric multidimensional scaling
(NMDS) plot based on the distance matrix of Serensen dissimilarity of microbial communities between samples for Fungal (B:1) and Bacterial (B:2) ASVs. The
asterisk represents the statistical difference between categories by PERMANOVA, ANOSIM and MRPP. The number of stars account for p-value range: (***)

P < 0.001. A rule of thumb, stress levels less than 0.2 indicate a good representation of the data in a reduced number of dimensions. (C) UpSetR plot of unique and
shared fungal (C:1) and bacterial (C:2) ASVs among samples harvested in St-Gilles and St-Pierre. (D) Differential abundance analysis (DESeq?2) expressed as
Log2FC comparison of St-Pierre vs. St-Gilles samples, Positive Log2FC represents phyla more abundant in St-Pierre samples indicated by up-arrow. Negative
Log2FC represents phyla more abundant in St-Gilles samples indicated by down-arrow and each point represents an individual ASV. ASVs are organized on the
x-axis according to Genus classification level and colored in the legend according to their Class level. Only ASVs with significant differences (P-adjusted < 0.01) in
log2 fold change are depicted. (E) Venn diagrams showing the number of unique and shared fungal (ITS) and bacterial (16S) families between samples. (F,G) Relative
abundance at the family level in cv. Cogshall collected from Saint Gilles and Saint Pierre; (F) Fungal and (G) bacterial ASVs.
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FIGURE 5 | Alpha, beta diversity and community composition of cv. Cogshall and cv. José samples collected from St-Gilles. (A) Boxplots of different alpha diversity
indices; diversity Shannon, Observed species for Fungal (A:1) and Bacterial ASVs (A:2). Boxplots showed there was significant difference between cultivars
samples. (B) Non-metric multidimensional scaling (NMDS) plot based on Bray-Curtis dissimilarity of the microbial community between samples, (B:1) Fungal and
(B:2) Bacterial ASVs. The asterisk represents that there is significant difference between categories by PERMANOVA, ANOSIM and MRPP. The stars denote
significance p-value: (ns) indicate P > 0.05; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. A rule of thumb, stress levels less than 0.2 indicate a good representation of
the data in reduced dimensions. (C) UpSetR plot of unique and shared fungal (C:1) and bacterial ASV (C:2) among cultivars samples harvested in St-Gilles.

(D) Relative abundance at the Family level in cv. Cogshall collected from Saint Gilles and Saint Pierre; (D:1) Bacterial and (D:2) Fungal ASV. (E) Heatmap of
comparison of differential abundance analysis (DESeq?2) of fungal ASVs between cultivars samples harvested in St-Gilles. Tree type and plot information are shown
with colored bars at the top of the heatmap. Only ASVs with significant differences (P-adjusted < 0.01) in log2 fold change are depicted. (F) Venn diagrams showing
the number of unique and shared fungal (ITS) and bacterial (16S) families between samples.
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and cv. José, respectively. Similarly, the 9 most abundant
fungal families, Mycosphaerellaceae (39.48 and 31.3%),
Cladosporiaceae (254 and 25.1%), Pleosporaceae (11.5 and
13.08%), Trichosphaeriaceae (9.01 and 3.82%), Aureobasidiaceae
(0.56 and 7.77%), Microstromatales_fam_Incertae_sedis (4.31
and 7.16%), Pucciniaceae (4.09 and 1.6%), Didymellaceae (0.38
and 1.42%), Capnodiaceae (0.11 and 2.15%) were detected
respectively on both cv. Cogshall and cv. José samples
(Figure 5D2 and Supplementary Data 5). Other rare taxa
which represent less than 1% of the total fungal relative
abundance were detected among which 139 and 158 rare families
on cv. Cogshall and cv. José, respectively.

The two mango cultivars shared 167 bacterial (72.3%)
and 129 fungal (69.4%) families at their surface, which
represented 71% of all microbial families detected on the
two cultivars harvested in St-Gilles. The seven dominant
bacterial species shared by the two mango cultivars were
Passalora fulva (60.18 and 36.7%), Exserohilum rostratum
(8.89 and 7.65%), Cladosporium sphaerospermum (5.23 and
4.39%), Cladosporium dominicanum (4.83 and 16.5%), Jaminaea
angkorensis (2.89 and 8.5%), Curvularia hawaiiensis (2.66 and
3.23%), Aureobasidium pullulans (0.46% in cv. Cogshall and
6.76% in cv. José, respectively). The bacterial species exclusively
detected in cv. Cogshall samples were Pelomonas saccharophila
(12.83%), Pantoea eucalypti (10.16%), Massilia consociata
(5.41%), Sphingomonas yunnanensis (3.12%), Massilia arvi
(2.68%) and Corynebacterium accolens (2.19%) The following
species Erwinia typographi (4.84%), Acetobacter pasteurianus
(4.21%), Erwinia amylovora (3.26%), Kosakonia cowanii (6.67%),
Sphingobium abikonense (1.04%) (Supplementary Data 6). In
cv. José, the 5 specific bacterial species detected were Massilia
oculi (8.04%), Morganella morganii (6.76%), Sphingomonas
yunnanensis (5.27%), Methylobacterium aerolatum (3.95%), and
Massilia arvi (3.88%).

The two mango cultivars shared about 1,328 bacterial ASV
and 636 fungal ASV. About 1,617 bacterial and 264 fungal ASVs
were detected only in cv. Cogshall, while 2,182 bacterial and
489 fungal ASVs were detected only in cv. José (Figure 5C).
Differential abundance analysis identified 7 ASVs that were
highly abundant in cv. José while 7 ASVs that were highly
abundant in cv. Cogshall (Figure 5E). The following species;
Antennariella placitae, Aureobasidium pullulans, Cladosporium
sphaerospermum, Periconia digitata, Cladosporium dominicanum
had the highest abundance associated with cv. José samples,
while Nigrospora oryzae, Sympodiomycopsis paphiopedili,
Neodevriesia pakbiae, Meira argovae were significantly more
abundant (p-value adjusted < 0.005) in cv. Cogshall samples
(Supplementary Data 4).

Distribution of Bacterial and Fungal
Communities at the Fruit Scale (Peel
Surface and Stem-End)

For a subset of mango fruit harvested in St-Gilles plot, two
different areas of the fruit (cv. Cogshall) were swabbed, the
mango peel (PE, n = 24) and the stem-end (SE, n = 24) for
microbial community analyses. The diversity and richness indices

of all samples from the two different fruit parts were determined.
The highest number of fungal ASVs was detected in mango
peel (PE) compared to the stem-end (SE) part with significant
differences (Observed [KW p-value = 7.8e-06]). A similar trend
was observed regarding bacterial ASVs with no significant
differences (Observed [KW p-value = 0,058]) (Figure 6A and
Supplementary Data 1, 2). Fungal diversity was higher in PE
zone compared to SE samples [Shannon (KW p-value = 0.002)]
while Bacterial diversity showed an opposite trend [Shannon
(KW p-value = 0.14)] (Figure 6A and Supplementary Data 1,
2). Beta diversity analysis (based on Bray-Curtis metric) showed
revealing different microbial composition according to mango
fruit parts. The presence of clusters separating PE samples
from SE samples. Based on fungal ASVs analysis, PE and
SE form clusters, indicating differences in the composition of
fungal communities [PERMANOVA pseudo-F = 5.4, R* = 0.10;
ANOSIM: R = 0.31, p < 0.01; MRPP: p < 0,001]. A similar
trend was observed with bacterial ASVs athough SE samples
appeared less clustered than PE ones [PERMANOVA pseudo-
F=3.5R>=0.07 p < 0.001; ANOSIM: R = 0.25; p < 0.001; MRPP:
p < 0.001] (Figure 6B and Supplementary Data 3).

The 10 most abundant of bacterial genera were dominated
by Ralstonia on both PE and SE samples (42.7 and 16.18%,
respectively), followed by Burkholderia (13.17 and 4.6%),
Pseudomonas (7.79 and 12.53%), Massilia (8.54 and
34.48%), Pantoea (2.68 and 6.71%), Sphingomonas (2.3 and
3.1%) Methylobacterium (1.81 and 0.69%), Hymenobacter
(1.38 and 0.59%), Curtobacterium (1.44 and 3.81%) and
Candidatus_Uzinura (0.58 and 4.24%) (Figure 6E2). The
dominant sequences attributed to the 19 bacterial species
found in the samples (with relative abundance of above 1%)
were Methylobacterium aerolatum (5.76 and 4.46% in PE and
SE samples respectively), Massilia arvi (8.24 and 19.17%),
Pelomonas saccharophila (12.57 and 4.25%), Sphingomonas
yunnanensis (4.07 and 5.43%), Massilia consociata (4.56
and 8.91%), Pantoea eucalypti (4.76 and 1.96%), Pantoea
ananatis (042 and 2.1%), Acetobacter pasteurianus (5.43
and 0.14%), Kosakonia cowanii (3.05 and 0.08%), Massilia
niastensis (1.14 and 8.01%), Enhydrobacter aerosaccus (1.31 and
0.79%), Roseomonas ludipueritiae (1.5 and 1.27%), Erwinia
typographi (1.87 and 0.23%), Sphingomonas desiccabilis
(0.53 and 2.87%), Xanthomonas cynarae (0.47 and 2.64%),
Amnibacterium_kyonggiense (0.65 and 1.22%), Curtobacterium
flaccumfaciens (0.14 and 1%), Curtobacterium luteum (1.54 and
2.24%), Massilia kyonggiensis (0.43 and 1.03%).

The 10 most abundant genera were dominated by Passalora
(with respectively 37.03 and 47.33% in PE and SE samples),
followed by Cladosporium (27.33 and 31.01%), Aureobasidium
(9.45 and 6.62%), Nigrospora (4.72 and 0.88%), Jaminaea (3.78
and 4.26%), Exserohilum (3.28 and 0.66%), Curvularia (2.7 and
0.54%), Alternaria (1.74 and 1.04%), Sympodiomycopsis (0.79 and
1.21%) and Vishniacozyma (0.47 and 1.13%).

The 11 dominant sequences attributed to fungal species (with
relative abundance > 1%) were Passalora fulva (53.17 and 66.08%
in PE and SE respectively), Jaminaea angkorensis (3.82 and 5.2%),
Cladosporium sphaerospermum (6.76 and 4.75%), Cladosporium
dominicanum (4.37 and 4.82%), Aureobasidium namibiae
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FIGURE 6 | Comparison of alpha, beta diversity and community composition between stem-end (SE) and peel (PE) tissues from cv. Cogshall samples collected from
St-Gilles. (A) Boxplots of different alpha diversity indices; Observed species and diversity Shannon for Fungal (A:1) and Bacterial ASVs (A:2). Boxplots showed there
was significant difference between samples from cv. Cogshall fruit parts. (B) Non-metric multidimensional scaling (NMDS) plot based on bray-Curtis dissimilarity of
the microbial community between samples, (B:1) Fungal and (B:2) Bacterial ASVs. The asterisk represents a significant difference between categories by
PERMANOVA, ANOSIM and MRPP. The stars denote significance of the p-value: (ns) indicate P > 0.05; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. A rule of thumb,
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number of unique and shared fungal (ITS) and bacterial (16S) species between PE (peel surface) and SE (stem-end) samples. (E) Relative abundance at the Genus
level in cv. Cogshall collected from Saint Gilles and Saint Pierre; (E:1) Fungal and (E:2) bacterial ASV.
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(5.85 and 2.65%), Aureobasidium pullulans (2.11 and 3.08%),
Sympodiomycopsis paphiopedili (0.72 and 1.23%), Aureobasidium
thailandense (3.19 and 1.75%), Vishniacozyma taibaiensis (0.46
and 1.36%), Exserohilum rostratum (4.82 and 0.91%), and
Curvularia hawaiiensis (1.85 and 0.39%) (Figure 6E1).

Overall, cv. Cogshall fruit parts (PE and SE) shared 288
fungal species (57.6%) and 257 bacterial species (59.7%), which
represented respectively 58.6% of the total microbial species
detected on the two fruit parts of cv. Cogshall mangoes harvested
in St-Gilles (Figure 6D2). The two parts of the fruit share about
56 bacterial and 165 fungal ASVs, however, 184 bacterial and
954 fungal ASVs were exclusively detected in peel surface (PE),
while 52 bacterial and 662 fungal ASVs only exclusively detected
in stem-end (SE) as shown in Figure 6C. The comparison
of differential abundance of fungal ASVs between stem-end
(SE) and peel surface (PE) of cv. Cogshall samples harvested
in St-Gilles identified 12 ASVs belonging to the 5 genera
are (Quambalaria, Vishniacozyma, Cladosporium, Papiliotrema,
and Passalora) that were highly abundant in Stem-end (SE).
14 ASVs, the majority of which belong 3 genera (Nigrospora,
Curvularia, and Puccinia) were highly abundant in peel surface
(PE) (Figure 6D1 and Supplementary Data 4).

Ranking/Summary of the Factors
Investigated in the Study

Our sampling allowed to investigate and rank the influence of
seven factors on the composition of the microbiota associated
with mango fruit surface. In this part, we will summarize and
rank the most influencing factors to the least important factors
in terms of microbial alpha and beta diversities. Alpha diversity
data indicated that the terroir (plot) and the fruit parts had the
most significant impact on mango fungal communities compared
to other factors (particularly when compared to cultivars, fruit
orientation and height as well as tree position and harvest date).
However, regarding bacterial populations, the cultivar was the
most impacting factor followed by the terroir (plot), the tree
position, the fruit height, the fruit parts, the orientation and the
harvest date. Overall, the terroir (plot) and fruit parts showed
the highest effect on fungal diversity, while, the cultivar and the
terroir (plot) strongly influenced the bacterial diversity while the
tree position and harvest date impacted the bacterial richness
(Supplementary Data 2).

Beta diversity analysis showed that bacterial and fungal
diversity were differentially impacted (Supplementary Data 3).
In general, all factors influenced both fungal and bacterial
composition with different significance values except for fruit
position on the tree [‘height’ (<2.5 m vs. >2.5 m)]. The terroir
(plot), the cultivar, the fruit part, and the harvest date are the most
influencing factors on both alpha and beta diversities based on the
analysis of bacterial and fungal DNA sequences.

Differentia abundance analysis (using DESeq2) was applied
to each factor and the results are presented in Figure 7 (and
Supplementary Data 7). Overall, 135 bacterial and 256 fungal
ASVs (which represent 1.44% of total fungal and bacterial ASVs)
were identified to be impacted by at least one of the factors
studied. A given factor can influence the abundance of one or

more ASVs, and several factors influenced the abundance of an
ASV as shown in Figure 7.

Regarding bacterial ASVs, the terroir (plot) significantly
affected 81 ASV, followed by the cultivar (47 ASV), the Harvest
date ‘H1/H2’ (35 ASV), the Fruit parts (4 ASV), and the
orientation (1 ASV) (Figure 7).

Regarding fungal ASV, DESeq2 results indicate that 188 ASV
were impacted by only one factor presented in Supplementary
Data 4 and 69 ASV were influenced by more than one factor. The
terroir (plot) affected 244 fungal ASV, followed by the cultivar (14
ASV), the harvest dates ‘H1/H2’ (11 ASV)/*H3/H4’ (30 ASV), and
the Fruit parts (26 ASV) (Supplementary Data 4).

Overall, the terroir (plot) affected 325 fungal and bacterial
ASVs, followed by the harvest dates (76 ASVs), the cultivars (61
ASVs), and the fruit parts (30 ASVs).

DISCUSSION

An increasing number of studies explored the microbiota of fruits
and vegetables (Barata et al., 2012; Pinto et al., 2014; Abdelfattah
et al, 2015, 2016a,b; Droby and Wisniewski, 2018; Hassan
et al., 2018; Liu et al, 2018). Different factors may influence
the distribution and composition of the microbial communities
associated with the surface of the mango fruit. However, these
factors are often interrelated, making it challenging to establish
major and specific factors responsible in shaping bacterial and
fungal communities (Leff and Fierer, 2013). Minor factors can
have a cumulative effect and then significantly contribute to
shaping the structure of the microbial communities. In the
present study, our sampling strategy was design to gain insights
on the factors shaping the mango fruit microbiota. Therefore,
different modalities of terroir (St-Gilles vs. St-Pierre), tree
position in an orchard (Edge vs. Center), position of the fruit on
the tree (<2.5 m vs. >2.5 m), Cultivar (cv. Cogshall vs. cv. José),
Harvest date (1 week between two harvests), as well as different
fruit parts (Stem-end “SE” and peel surface “PE”) were studied.
Bacterial and fungal community analyses demonstrated that these
factors had an impact on both bacterial and fungal communities
and the orchard (terroir), the cultivar, the harvest date, and fruit
parts had the major impact on microbial communities.

Bacterial communities were significantly different between
samples from the two mango cultivars. On the other hand,
the differences in the fungal communities composition were
highly significant between the two geographical locations, and
significant different fungal populations were detected in the two
different mango surface zones (Stem End vs. Cheek). Terroir
can be defined by a set of agricultural parcels, which must
be located in the same region, correspond to the same type
of soil, both geologically and geographically, have identical
climatic conditions and managed using the same technical
cultural itineraries. Constancias and colleagues previously
studied the distribution of soil microbial communities across an
agricultural landscape and demonstrated that microbial biomass
and bacterial richness distributions were mainly explained by
soil pH and texture whereas bacterial evenness distribution was
mainly related to land management (Constancias et al., 2015b).
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The “terroir” effect between St-Gilles and St-Pierre is probably a
mixed between rootstock, soil and climate differences. Otherwise,
all trees from a single plot have about the same age and a similar
physiology. The type of soil, potential evapotranspiration, global
radiation, precipitation, and temperature are factors related to the
geographical location, which may have an impact on fruit quality,
and therefore may have contributed to the observed differences.
Reunion Island is made up of two large strato-volcanoes, the
two sites chosen for the studies belong to different volcanoes,
and therefore are composed of slightly different types of soil.
Besides, Reunion Island is known for its multiple climatic micro-
zones. A high level of humidity characterizes St-Pierre region,
which is related to rainfall, as compared to St-Gilles region
(Figure 1). Soil type was shown to harbor a wide variety of

microbial communities and is the primary source of variability
at the fruit surface (Ottesen et al., 2013; Constancias et al., 2014;
Zarraonaindia et al.,, 2015; Liu et al., 2016). Distinct groupings
of microbial communities were associated with different tomato
plants, and a gradient of similarity correlated to the distance of
a given plant part to the soil (Ottesen et al., 2013). Bacterial
genera shared between grapevine cultivars and the vineyard
soil can reach 60% of the microbiota (Mezzasalma et al.,
2018). Geographical differentiation between bacterial and fungal
communities associated with fruits is related to cultivars and
species, according to Vepstaite-Monstavice et al. (2018). Even
the "rootstocks" and grafted scion influences the fruit microbiota
(Liu et al., 2018), which can select and affect bacterial richness
and evenness (Marasco et al.,, 2018). Studies on the microbial
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ecology of the rootstock indicated that the soil is the primary
source of microbial taxa found in the different organs of the plant
(Hartmann et al., 2009; Martins et al., 2013; Reinhold-Hurek
et al., 2015; Zarraonaindia et al., 2015).

There are two types of soil microbial transmission to the
fruit surface: vertical transmission through the roots and the
stomata, and horizontal transfer by wind carrying microbes
from the environment to the fruit surface. The colonization
and distribution of microorganisms depend on plant species
and may be affected by growth and ripening stage (Leff and
Fierer, 2013; Pinto et al.,, 2015). The ripening stage includes the
morphology, physiology, and anatomy of the fruit, which plays
a role in the selection and regulate the microbial diversity on
the fruit surface. Differences in microbiome between cultivars
were already showed in previous studies (Bokulich et al., 2014;
Mezzasalma et al., 2018). These differences can be interpreted
by physiological and morphological differences between the two
mango cultivars used in this study, as it is known that the peel
thickness are cultivar-specific (Konarska, 2012). Each cultivar
produce fruit that are different in terms of size, skin thickness,
and biochemical composition. Various studies showed that
polyphenols content could influence microbial diversity (Daglia,
2012; Cardona et al,, 2013; Duda-Chodak et al., 2015; Wang et al.,
2016), suggesting that the secretion of phenolic compounds by
mango peel may have an impact on their epiphytic microbiota.
In general, both biotic and abiotic factors play critical roles for
microbial community composition, richness, and diversity. It was
shown that soil harbor a wide variety of microbial communities
and is the primary source of variability at the fruit surface
(Ottesen et al., 2013; Constancias et al., 2014; Zarraonaindia
et al., 2015). The most dominant species we found in all samples
belonging to Proteobacteria, Actinobacteria, Bacteroidetes,
Firmicutes, and Acidobacteria phyla. Unsurprisingly, these
bacterial phyla are ubiquitous in the soil and usually found
on the surface of fruits and vegetables (Leff and Fierer, 2013;
Constancias et al., 2015a).

Our results also show a significant difference in microbial
communities, particularly the fungal population in two different
part of cv. Cogshall fruits (SE and PE). Different parts of fruit have
already reported in previous studies showing specific microbial
communities (Abdelfattah et al., 2016a). On the one hand, a
microenvironment different from the rest of the fruit may exists
in the peduncle, especially in terms of humidity, availability of
the nutrient. On the other hand, the morphology around the
peduncle allows contamination and colonization. Comparison
of stem-end microbial communities (SE) of cv. Cogshall
with cv. Shelly showed that despite the fact that they share
similar fungal families (i.e., Pleosporaceae, Botryosphaeriaceae,
Sporidiobolaceae, Quambalariaceae, and Dothioraceae) they
harbored different fungal composition. A few large families
of fungi exclusively detected in the cv. Shelly stem-end,
including Davidiellaceae, Trichocomaceae, Metschnikowiaceae,
Hypocreaceae, and Sclerotiniaceae, suggested a link between
microbiota and stem end disease (Diskin et al., 2017). This
hypothesis was reinforced by the fact that the incidence of
stem rot disease has a very low occurrence when compared to
anthracnose in Reunion Island (unpublished data).

Fungal species and genera such as Alternaria, Bipolaris (Taba
et al,, 2007), Stomiopeltis (Ajitomi et al., 2017), Nigrospora
(Alam et al.,, 2017, 2020), Passalora (i.e., Passalora fulva, syn.
Cladosporium fulvum) (Altin, 2016), Stagonospora, Ascochyta
(Milgroom and Peever, 2003), Diaporthe, Gibberella (Guenther
and Trail, 2005), Mycosphaerella, Zasmidium, Sterigmatomyces,
Helicoma, Puccinia, Exobasidium, Lasiodiplodia, Exserohilum,
Curvularia (Oeurn et al., 2015; Hafiz et al., 2019), Phytophthora,
Peniophora (Taylor, 1969), and Neofusicoccum (Hara et al.,
2016) are commonly associated with plant disease and are
most likely opportunists, which develop on stressed or dying
fruit and leaf tissues (Om et al., 1999; Galsurker et al., 2018).
Alternaria alternata were associated with mango stem-end root
and C. gloeosporioides with mango anthracnose, resulting in
serious post-harvest losses (Prusky et al., 2013; Diskin et al,
2017). Anthracnose is the most common disease in Reunion
Island when compared to other microbial mediated plant diseases
affecting mango (unpublished data). Lasiodiplodia sp. were also
reported to be associated with dieback and stem-end rot of
mango in the semi-arid region of Latin America (Marques et al.,
2013; Rodriguez-Galvez et al., 2017). Species of Stomiopeltis
were reported causing flyspeck of mango (Ajitomi et al., 2017).
Aspergillus and Botryosphaeria reported causing soft rot and dry
rot on several fruit, including mango, pomegranates (Al-Najada
and Al-Suabeyl, 2014; Li et al., 2020). Even though potential
plant pathogens were identified in our metabarcoding 16S and
ITS datasets, complementary experiments would be required
to link the presence or density of potential pathogens and the
occurrence of plant disease and additional measurements would
be actually required to precisely quantify their density in the
mango carposphere such as qPCR quantification or isolation.
Nevertheless, the quality of the applied metabarcoding approach
from swab sampling, DNA extraction and bioinformatic analyses
seems to be sensitive enough to detect potential plant pathogens
on obviously unaffected fruits.

In an orchard, the localization of the tree in the plot,
the orientation, and position of the fruit on the tree can
affect the diversity and composition of fruit microbiome. Trees
closely located to a road can easily be exposed passively
transported microbiota from unrelated environments (i.e.,
dust, air-polluting particles, aerosols). Thus, border trees may
exchange the microbiota with trees of different cultivars, species,
or intercropping (i.e., trap culture, repellant intercropping). The
present study showed high bacterial diversity and richness on
fruits harvested at the edge of the plot when compared to
the center, but no significant difference in fungal richness and
diversity were observed in terms of tree position. Previous studies
on mango fruits have reported that the position on the canopy
and exposure to the sunlight affects the accumulation of water,
structural and non-structural dry matter in the fruit during
its development (Léchaudel and Joas, 2007; Joas et al., 2013;
Sivankalyani et al., 2016) reported that the effect of sun exposure
on the accumulation of anthocyanin and flavonoids in the peel
surface is related to resistance to mango anthracnose. A gradient
of the composition of bacterial and fungal communities has been
identified previously on a different part of the plant (Ottesen et al.,
2013; Abdelfattah et al., 2016b; Trivedi et al., 2020). Our results
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did not confirm such pattern when considering orientation
(East, North, and South) and position of the fruit on each tree
(Height: <2.5 m” vs. >2.5 m”) on both bacterial and fungal
diversity. The harvest date is strongly linked to climatic condition
and mostly rainfall in the context of this study. High rainfall
between the two sampling dates can leach microorganisms that
are not adequately attached to the fruit surface. On the other
hand, fungal communities can benefits from higher humidity.
Fruit surface microbial adhesion is a critical step in biofilm
formation, and therefore, promotes resistance to washing by
rainwater and splashing raindrops. The waxy surface of the fruit
peel presents an obstacle for bacterial adhesion, at least for
many bacterial species (Reisberg et al., 2013). The difference in
topology, morphology, and biochemical characteristics between
the parts of the fruit may affect the fungal and bacterial species
colonization and development.

CONCLUSION

Microbial communities of the mango fruit surface are likely
to be influenced by different factors at different scales. In this
study, we inventoried and described the both bacterial and fungal
communities associated with the mango carposphere, according
to various orchard-linked features including the terroir (plot),
the position of the tree in the orchard, the position the fruit on
the tree, the orientation and the fruit parts and their impacts on
associated microbial communities (diversity and composition).
Our data also showed that, despite the presence of the factors
influencing the microbiota of mango, different cultivars shared
a common microbiota (core-microbiome) regardless of the
geographical origin of the fruits. We noticed that geographical
location had the most significant influence on the structures
of both fungal and bacterial communities associated with cv.
Cogshall surface. In general, we conclude that the cultivar showed
less impact on fungal communities compared to the geographical
location. This study contributes to a more in-depth knowledge
of mango fruit microbiota which could lead to fruit microbiota-
based orchard management, future biological control strategies,
and processing and could be used for the development of a
strategy based on mango microbiome manipulation to prevent
post-harvest decay.
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Supplementary Data 1 | Table 1: Richness estimators and alpha diversity results
of metagenomics surveys conducted with cv. Cogshall and cv. José samples
originated from St-Gilles and St-Pierre. Shannon index (evenness of the species
abundance distribution); Chao 1 index [richness + (estimated) number of
unobserved species]; Observed species (number of observed species), and
InvSimpson index (inverse probability that two sequences randomly sampled
come from the same species). The results are presented as means + SD. H1 and
H2 represent two harvest campaigns of cv. Cogshall in St-Gilles: H3 and H4 in
St-Pierre. JH1 (José harvested in St-Gilles) and JH2 (José harvested in St-Pierre)
Stem-end (SE); Peel surface (PE).

Supplementary Data 2 | Table 2: Kruskal-Wallis tests on a-diversity metrics: we
used Kruskal-Wallis tests to assess whether alpha diversity was significantly
different between categories. We used four different measurements of alpha
diversity (Observed number of ASVs, Chao1, Shannon, and Inverse Simpson
indices). The asterisk represents the level of significance of differences between
categories. The stars denote significance p-value: (ns) indicate P > 0.05; (¥)

P < 0.05; (**) P < 0.01; (***) P < 0.001.

Supplementary Data 3 | Table 3: Statistical analysis of category effects on
bacterial and fungal diversity patterns conducted with, ANOSIM (analysis of
similarity); PERMANOVA (Permutational multivariate analysis of variance); and
MRPP (multi-response permutation procedures) based on Serensen, Jaccard,
and Bray-Curtis distance metrics. P-value (i.e., significance levels), R-value (i.e.,
the strength of the factors on the samples). R-value close to 1 indicates high
separation between categories of the factor (e.g., St-Gilles vs. St-Pierre samples),
while R-value close to 0 indicate no separation categories levels of the factor.
Pseudo-F (PERMANOVA pseudo-F-statistic), R? is about explanatory power; A
(i.e., chance-corrected within-group agreement).

Supplementary Data 4 | Differential abundance analysis (DESeq?2) of fungal ASVs
applied to different factors, including plot, cultivar, harvest date, and fruit parts.

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 619226


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://www.gptr-lr-genotypage.com/
https://www.frontiersin.org/articles/10.3389/fmicb.2020.619226/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.619226/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Taibi et al.

Terroir Drives Mango Surface Microbiome

Supplementary Data 5 | The relative abundance of fungal (ITS) composition in
terroirs, cultivars and at the fruit scale. Average (Mean) of relative abundance (%)
at phylum, order, family, genus and species level were calculated and presented
with standard deviation (SD) in samples according to regions, cultivars, and

fruit parts.

Supplementary Data 6 | The relative abundance of bacterial (16S) composition
in terroirs, cultivars and at the fruit scale. Average (Mean) of relative abundance (%)
at phylum, class, order, family, genus and species level were calculated and
presented with standard deviation (SD) in samples according to regions, cultivars,
and fruit parts.

REFERENCES

Abarenkov, K., Nilsson, R. H., Larsson, K. H., Alexander, 1. J., Eberhardt, U.,
Erland, S., et al. (2010). The UNITE database for molecular identification of
fungi - recent updates and future perspectives. New Phytol. 186, 281-285.
doi: 10.1111/§.1469-8137.2009.03160.x

Abdelfattah, A., Li Destri Nicosia, M. G., Cacciola, S. O., Droby, S., and Schena,
L. (2015). Metabarcoding analysis of fungal diversity in the phyllosphere and
carposphere of olive (Olea europaea). PLoS One 10:¢0131069. doi: 10.1371/
journal.pone.0131069

Abdelfattah, A., Malacrino, A., Wisniewski, M., Cacciola, S. O., and Schena, L.
(2018). Metabarcoding: a powerful tool to investigate microbial communities
and shape future plant protection strategies. Biol. Control 120, 1-10. doi: 10.
1016/j.biocontrol.2017.07.009

Abdelfattah, A., Sanzani, S. M., Wisniewski, M., Berg, G., Cacciola, S. O., and
Schena, L. (2019). Revealing cues for fungal interplay in the plant-air interface
in vineyards. Front. Plant Sci. 10:922. doi: 10.3389/fpls.2019.00922

Abdelfattah, A., Wisniewski, M., Droby, S., and Schena, L. (2016a). Spatial
and compositional variation in the fungal communities of organic and
conventionally grown apple fruit at the consumer point-of-purchase. Hortic.
Res. 3:16047. doi: 10.1038/hortres.2016.47

Abdelfattah, A., Wisniewski, M., Li Destri Nicosia, M. G., Cacciola, S. O., and
Schena, L. (2016b). Metagenomic analysis of fungal diversity on strawberry
plants and the effect of management practices on the fungal community
structure of aerial organs. PLoS One 11:e0160470. doi: 10.1371/journal.pone.
0160470

Ajitomi, A., Takushi, T., Sato, T., Ooshiro, A., and Yamashiro, M. (2017). First
report of flyspeck of mango caused by Stomiopeltis sp. in Japan. J. Gen. Plant
Pathol. 83,299-303. doi: 10.1007/s10327-017-0726-7

Alam, M. W., Rehman, A., Ahmad, S., Sarwar, M., Nawaz, A., Khan, S. M, et al.
(2020). First report of Nigrospora sphaerica causing leaf spot of date palm in
Pakistan. J. Plant Pathol. 102:223. doi: 10.1007/s42161-019-00360-0

Alam, M. W.,, Rehman, A., Gleason, M. L., Riaz, K., Saira, M., Aslam, S., et al.
(2017). First report of Nigrospora sphaerica causing leaf spot of Kinnow
mandarin in Pakistan. J. Plant Pathol 99, 295. doi: 10.4454/jpp.v99i1.3844

Al-Najada, A. R, and Al-Suabeyl, M. S. (2014). Isolation and classification of
fungi associated with spoilage of post-harvest mango (Mangifera indica L.) in
Saudi Arabia. Afr. J. Microbiol. Res. 8, 685-688. doi: 10.5897/AJMR12.1898

Altin, N. (2016). Identification of race 2.5 of leaf mold (Passalora fulva, syn.
cladosporium fulvum) on tomato. J. Plant Dis. Prot. 123, 279-284. doi: 10.1007/
541348-016-0040-1

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence
count data. Genome Biol. 11:R106. doi: 10.1186/gb-2010-11-10-r106

Anderson, M. J. (2017). “Permutational multivariate analysis of variance
(PERMANOVA),” in Wiley StatsRef: Statistics Reference Online, eds N.
Balakrishnan, T. Colton, B. Everitt, W. Piegorsch, F. Ruggeri, J. L. Teugels
(Hoboken, NJ: Wiley Online Library). doi: 10.1002/9781118445112.stat07841

Bacon, C. W., and White, J. F. (2016). Functions, mechanisms and regulation
of endophytic and epiphytic microbial communities of plants. Symbiosis 68,
87-98. doi: 10.1007/513199-015-0350-2

Barata, A., Malfeito-Ferreira, M., and Loureiro, V. (2012). The microbial ecology
of wine grape berries. Int. J. Food Microbiol. 153, 243-259. doi: 10.1016/j.
ijfoodmicro.2011.11.025

Bautista-Rosales, P. U., Calderon-Santoyo, M., Servin-Villegas, R., Ochoa-Alvarez,
N. A,, and Ragazzo-Sénchez, J. A. (2013). Action mechanisms of the yeast

Supplementary Data 7 | Differential abundance analysis (DESeq?2) of bacterial
ASVs applied to different factors, including plot, cultivar, fruit parts, harvest date,
tree position, height, and orientation.

Supplementary Data 8 | Overview of the main factors. (S8-1) Boxplots of
comparison of diversity Shannon between samples from different plots, cultivars,
harvest dates and fruit parts, Fungal (A) and Bacterial ASVs (B). (S8-2) Non-metric
multidimensional scaling (NMDS) plot based on the distance matrix of Bray—-Curtis
distance metric of the microbial community between all samples, (A) Fungal and
(B) Bacterial ASVs. (S8-3) Global UpSetR plot of unique and shared bacterial (A)
and fungal ASV (B) among all samples harvested in St-Gilles and St-Pierre.

Meyerozyma caribbica for the control of the phytopathogen Colletotrichum
gloeosporioides in mangoes. Biol. Control 65, 293-301. doi: 10.1016/j.
biocontrol.2013.03.010

Berg, G., Erlacher, A., Smalla, K., and Krause, R. (2014). Vegetable microbiomes: is
there a connection among opportunistic infections, human health and our “gut
feeling”? Microb. Biotechnol. 7, 487-495. doi: 10.1111/1751-7915.12159

Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape
the structure and function of microbial communities in the rhizosphere. FEMS
Microbiol. Ecol. 68, 1-13. doi: 10.1111/j.1574-6941.2009.00654.x

Bodur, T., and Cagri-Mehmetoglu, A. (2012). Removal of Listeria monocytogenes,
Staphylococcus aureus and Escherichia coli O157: H7 biofilms on stainless steel
using scallop shell powder. Food Control 25, 1-9. doi: 10.1016/j.foodcont.2011.
09.032

Bokulich, N. A., Thorngate, J. H., Richardson, P. M., and Mills, D. A. (2014).
Microbial biogeography of wine grapes is conditioned by cultivar, vintage,
and climate. Proc. Natl. Acad. Sci. U.S.A 111, E139-E148. doi: 10.1073/pnas.
1317377110

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
Iumina amplicon data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.
3869

Cardona, F., Andrés-Lacueva, C., Tulipani, S., Tinahones, F. J., and Queipo-
Ortuiio, M. I. (2013). Benefits of polyphenols on gut microbiota and
implications in human health. . Nutr. Biochem. 24, 1415-1422. doi: 10.1016/
j.jnutbio.2013.05.001

Chao, A. (1987). Estimating the population size for capture-recapture data with
unequal catchability. Biometrics 43, 783-791.

Compant, S., Mitter, B., Colli-Mull, J. G., Gangl, H., and Sessitsch, A. (2011).
Endophytes of grapevine flowers, berries, and seeds: identification of cultivable
bacteria, comparison with other plant parts, and visualization of niches of
colonization. Microb. Ecol. 62, 188-197. doi: 10.1007/500248-011-9883-y

Constancias, F., Prévost-Bouré, N. C., Terrat, S., Aussems, S., Nowak, V.,
Guillemin, J. P., et al. (2014). Microscale evidence for a high decrease of soil
bacterial density and diversity by cropping. Agron. Sustain. Dev. 34, 831-840.
doi: 10.1007/513593-013-0204-3

Constancias, F., Saby, N. P. A,, Terrat, S., Dequiedt, S., Horrigue, W., Nowak,
V., et al. (2015a). Contrasting spatial patterns and ecological attributes of soil
bacterial and archaeal taxa across a landscape. Microbiologyopen 4, 518-531.
doi: 10.1002/mbo3.256

Constancias, F., Terrat, S., Saby, N. P. A, Horrigue, W., Villerd, J., Guillemin,
J. P, et al. (2015b). Mapping and determinism of soil microbial community
distribution across an agricultural landscape. Microbiologyopen 4, 505-517.
doi: 10.1002/mbo3.255

Csardi, G., and Nepusz, T. (2006). The igraph software package for complex
network research. Int. J. Complex Syst. 1695, 1-9.

Daglia, M. (2012). Polyphenols as antimicrobial agents. Curr. Opin. Biotechnol. 23,
174-181. doi: 10.1016/j.copbio.2011.08.007

Diskin, S., Feygenberg, O., Maurer, D., Droby, S., Prusky, D., and Alkan, N. (2017).
Microbiome alterations are correlated with occurrence of postharvest stem-end
rot in mango fruit. Phytobiomes J. 1, 117-127. doi: 10.1094/PBIOMES-05-17-
0022-R

Droby, S., and Wisniewski, M. (2018). The microbiome: a
new frontier for postharvest biocontrol and postharvest biology.
Postharvest Biol. Technol. 140, 107-112. doi: 10.1016/j.postharvbio.2018.
03.004

fruit

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 619226


https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1371/journal.pone.0131069
https://doi.org/10.1371/journal.pone.0131069
https://doi.org/10.1016/j.biocontrol.2017.07.009
https://doi.org/10.1016/j.biocontrol.2017.07.009
https://doi.org/10.3389/fpls.2019.00922
https://doi.org/10.1038/hortres.2016.47
https://doi.org/10.1371/journal.pone.0160470
https://doi.org/10.1371/journal.pone.0160470
https://doi.org/10.1007/s10327-017-0726-7
https://doi.org/10.1007/s42161-019-00360-0
https://doi.org/10.4454/jpp.v99i1.3844
https://doi.org/10.5897/AJMR12.1898
https://doi.org/10.1007/s41348-016-0040-1
https://doi.org/10.1007/s41348-016-0040-1
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1007/s13199-015-0350-2
https://doi.org/10.1016/j.ijfoodmicro.2011.11.025
https://doi.org/10.1016/j.ijfoodmicro.2011.11.025
https://doi.org/10.1016/j.biocontrol.2013.03.010
https://doi.org/10.1016/j.biocontrol.2013.03.010
https://doi.org/10.1111/1751-7915.12159
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1016/j.foodcont.2011.09.032
https://doi.org/10.1016/j.foodcont.2011.09.032
https://doi.org/10.1073/pnas.1317377110
https://doi.org/10.1073/pnas.1317377110
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.jnutbio.2013.05.001
https://doi.org/10.1016/j.jnutbio.2013.05.001
https://doi.org/10.1007/s00248-011-9883-y
https://doi.org/10.1007/s13593-013-0204-3
https://doi.org/10.1002/mbo3.256
https://doi.org/10.1002/mbo3.255
https://doi.org/10.1016/j.copbio.2011.08.007
https://doi.org/10.1094/PBIOMES-05-17-0022-R
https://doi.org/10.1094/PBIOMES-05-17-0022-R
https://doi.org/10.1016/j.postharvbio.2018.03.004
https://doi.org/10.1016/j.postharvbio.2018.03.004
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Taibi et al.

Terroir Drives Mango Surface Microbiome

Duda-Chodak, A., Tarko, T., Satora, P., and Sroka, P. (2015). Interaction of dietary
compounds, especially polyphenols, with the intestinal microbiota: a review.
Eur. J. Nutr. 54, 325-341. doi: 10.1007/s00394-015-0852-y

Galili, T. (2015). dendextend: an R package for visualizing, adjusting and
comparing trees of hierarchical clustering. Bioinformatics 31, 3718-3720. doi:
10.1093/bioinformatics/btv428

Galsurker, O., Diskin, S., Maurer, D., Feygenberg, O., and Alkan, N. (2018). Fruit
stem-end rot. Horticulturae 4:50. doi: 10.3390/horticulturae4040050

Glockner, F. O., Yilmaz, P., Quast, C., Gerken, J., Beccati, A., Ciuprina, A, et al.
(2017). 25 years of serving the community with ribosomal RNA gene reference
databases and tools. J. Biotechnol. 261, 169-176. doi: 10.1016/].JBIOTEC.2017.
06.1198

Guenther, J. C., and Trail, F. (2005). The development and differentiation of
Gibberella zeae (anamorph: Fusarium graminearum) during colonization of
wheat. Mycologia 97, 229-237. doi: 10.3852/mycologia.97.1.229

Hafiz, A., Suhana, S., Sulastri, J. N., and Mohd, M. H. (2019). Status and challenges
of dragon fruit production in Malaysia. FFTC Agric. Policy Platf.

Hara, S., Kitazawa, Y., Neriya, Y., Nishida, S., Yusa, A., Nijo, T., et al. (2016). First
report of a Neofusicoccum sp. causing stem-end rot of mango. J. Gen. Plant
Pathol. 82, 314-317. doi: 10.1007/s10327-016-0683-6

Hartmann, A., Schmid, M., van Tuinen, D., and Berg, G. (2009). Plant-driven
selection of microbes. Plant Soil 321, 235-257. doi: 10.1007/s11104-008-9814-y

Hassan, A.-A., Abdel-Sater, M. A., and Soliman, Z. (2018). Biodiversity of
filamentous and yeast fungi in citrus and grape fruits and juices in Assiut area,
Egypt. . Microbiol. Biotechnol. Food Sci. 7, 353-365. doi: 10.15414/jmbfs.2018.
7.4.353-365

Hughes, J. B., Hellmann, J. J., Ricketts, T. H., and Bohannan, B. J. M. (2001).
Counting the uncountable: statistical approaches to estimating microbial
diversity. Appl. Environ. Microbiol. 67, 4399-4406. doi: 10.1128/AEM.67.10.
4399-4406.2001

Hunter, P. ], Hand, P., Pink, D., Whipps, J. M., and Bending, G. D. (2010).
Both leaf properties and microbe-microbe interactions influence within-species
variation in bacterial population diversity and structure in the lettuce (lactuca
species) phyllosphere. Appl. Environ. Microbiol. 76, 8117-8125. doi: 10.1128/
AEM.01321-10

Janisiewicz, W. J., Jurick Ii, W. M., Vico, I, Peter, K. A., and Buyer, J. S. (2013).
Culturable bacteria from plum fruit surfaces and their potential for controlling
brown rot after harvest. Postharvest Biol. Technol. 76, 145-151. doi: 10.1016/j.
postharvbio.2012.10.004

Joas, J., Vulcain, E., and Léchaudel, M. (2013). Effect of fruit position in the canopy
on physiological age and physicochemical composition of mango “Cogshall.”.
Acta Hortic. 992, 123-128. doi: 10.17660/ActaHortic.2013.992.14

Joshi, S. R. (2008). Influence of roadside pollution on the phylloplane
microbial community of Alnus nepalensis (Betulaceae). Rev. Biol. Trop. 56,
1521-1529.

Kecskeméti, E., Berkelmann-Lohnertz, B., and Reineke, A. (2016). Are epiphytic
microbial communities in the carposphere of ripening grape clusters (Vitis
vinifera L.) different between conventional, organic, and biodynamic grapes?
PLoS One 11:¢0160852. doi: 10.1371/journal.pone.0160852

Kolde, R. (2012). Package Pheatmap’. Bioconductor.

Konarska, A. (2012). Differences in the fruit peel structures between two apple
cultivars during storage. Acta Sctientiarum Pol. 11, 105-116.

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D.
(2013). Development of a dual-index sequencing strategy and curation pipeline
for analyzing amplicon sequence data on the miseq illumina sequencing
platform. Appl. Environ. Microbiol. 79, 5112-5120. doi: 10.1128/ AEM.01043-13

Lahti, L., Shetty, S., and Blake, T. (2017). Tools for Microbiome Analysis in R.
Microbiome Packag. Version 0.99.

Léchaudel, M., and Joas, J. (2007). An overview of preharvest factors influencing
mango fruit growth, quality and postharvest behaviour. Braz. J. Plant Physiol.
19, 287-298. doi: 10.1590/51677-04202007000400004

Leff, J. W., and Fierer, N. (2013). Bacterial communities associated with the surfaces
of fresh fruits and vegetables. PLoS One 8:¢59310. doi: 10.1371/journal.pone.
0059310

Lema, K. A., Constancias, F., Rice, S. A., and Hadfield, M. G. (2019). High
bacterial diversity in nearshore and oceanic biofilms and their influence on
larval settlement by Hydroides elegans (Polychaeta). Environ. Microbiol. 21,
3472-3488. doi: 10.1111/1462-2920.14697

Letunic, L, and Bork, P. (2019). Interactive Tree Of Life (iTOL) v4: recent updates
and new developments nucleic acids research oxford academic. Nucleic Acids
Res. 47, W256-W259.

Lex, A., Gehlenborg, N., Strobelt, H., Vuillemot, R., and Pfister, H. (2014). UpSet:
visualization of intersecting sets. IEEE Trans. Vis. Comput. Graph. 20, 1983—
1992. doi: 10.1109/TVCG.2014.2346248

Li, X,, Lu, X,, He, Y., Deng, M., and Lv, Y. (2020). Identification the pathogens
causing rot disease in pomegranate (Punica granatum l.) in china and the
antifungal activity of aqueous garlic extract. Forests 11:34. doi: 10.3390/
11010034

Lindow, S. E., and Brandl, M. T. (2003). Microbiology of the phyllosphere. Appl.
Environ. Microbiol. 69, 1875-1883. doi: 10.1128/ AEM.69.4.1875-1883.2003

Liu, J., Abdelfattah, A., Norelli, J., Burchard, E., Schena, L., Droby, S., et al.
(2018). Apple endophytic microbiota of different rootstock/scion combinations
suggests a genotype-specific influence. Microbiome 6:18. doi: 10.1186/s40168-
018-0403-x

Liu, Y., Zhang, H., Xiong, M.-H., Li, F., Zhang, X.-H., Pan, G.-X,, et al. (2016). Effect
of climate change on soil microbial diversity and function. Zhongguo Huanjing
Kexue/China Environ. Sci. 36, 3793-3799.

Love, M., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. bioRxiv [Preprint] doi: 10.1101/
002832

Marasco, R., Rolli, E., Fusi, M., Michoud, G., and Daffonchio, D. (2018). Grapevine
rootstocks shape underground bacterial microbiome and networking but not
potential functionality. Microbiome 6:3. doi: 10.1186/s40168-017-0391-2

Marques, M. W, Lima, N. B., De Morais, M. A., Barbosa, M. A. G., Souza, B. O.,
Michereff, S. J., et al. (2013). Species of Lasiodiplodia associated with mango in
Brazil. Fungal Divers. 61, 181-193. doi: 10.1007/s13225-013-0231-z

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

Martins, G., Lauga, B., Miot-Sertier, C., Mercier, A., Lonvaud, A., Soulas, M. L.,
et al. (2013). Characterization of epiphytic bacterial communities from grapes,
leaves, bark and soil of grapevine plants grown, and their relations. PLoS One
8:¢73013. doi: 10.1371/journal.pone.0073013

Mbareche, H., Veillette, M., Bilodeau, G., and Duchaine, C. (2020). Comparison of
the performance of ITS1 and ITS2 as barcodes in amplicon-based sequencing
of bioaerosols. Peer] 8:e8523. doi: 10.7717/peerj.8523

McArdle, B. H., and Anderson, M. J. (2001). Fitting multivariate models to
community data: a comment on distance-based redundancy analysis. Ecology
82:290. doi: 10.2307/2680104

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:¢61217. doi: 10.1371/journal.pone.0061217

Mezzasalma, V., Sandionigi, A., Guzzetti, L., Galimberti, A., Grando, M. S.,
Tardaguila, J., et al. (2018). Geographical and cultivar features differentiate
grape microbiota in Northern Italy and Spain vineyards. Front. Microbiol. 9:946.
doi: 10.3389/fmicb.2018.00946

Milgroom, M. G., and Peever, T. L. (2003). Population biology of plant pathogens:
the synthesis of plant disease epidemiology and population genetics. Plant Dis.
87, 608-617. doi: 10.1094/pdis.2003.87.6.608

Mukherjee, S. K. (1950). Mango: its allopolyploid nature. Nature 166, 196-197.
doi: 10.1038/166196b0

Mukherjee, S. K. (1953). The mango-its botany, cultivation, uses and future
improvement, especially as observed in India. Econ. Bot. 7, 130-162. doi: 10.
1007/BF02863059

Nilsson, R. H., Taylor, A. F. S, Bates, S. T., Thomas, D., Bengtsson-
palme, J., Callaghan, T. M., et al. (2013). Towards a unified paradigm
for sequence-based identification of fungi. Mol Ecol 22, 5271-
5277.

Oeurn, S., Jitjak, W., and Sanoamuang, N. (2015). Fungi on dragon fruit in Loei
Province, Thailand and the ability of Bipolaris cactivora to cause post-harvest
fruit rot. Khon Kaen Univ. Res. ] 20, 405-418.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D., et al.
(2019). vegan: Community Ecology Package. R package version 2.5-5. Available
online at: https://CRAN.R-project.org/package=vegan.

Om, P., Misra, A. K,, and Central Institute for Subtropical Horticulture,
Lucknow(India) (1999). “New records and diseases of unknown etiology of
mango,” in Proceedings of the 6th International Mango Symposium, Pattaya City.

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 619226


https://doi.org/10.1007/s00394-015-0852-y
https://doi.org/10.1093/bioinformatics/btv428
https://doi.org/10.1093/bioinformatics/btv428
https://doi.org/10.3390/horticulturae4040050
https://doi.org/10.1016/J.JBIOTEC.2017.06.1198
https://doi.org/10.1016/J.JBIOTEC.2017.06.1198
https://doi.org/10.3852/mycologia.97.1.229
https://doi.org/10.1007/s10327-016-0683-6
https://doi.org/10.1007/s11104-008-9814-y
https://doi.org/10.15414/jmbfs.2018.7.4.353-365
https://doi.org/10.15414/jmbfs.2018.7.4.353-365
https://doi.org/10.1128/AEM.67.10.4399-4406.2001
https://doi.org/10.1128/AEM.67.10.4399-4406.2001
https://doi.org/10.1128/AEM.01321-10
https://doi.org/10.1128/AEM.01321-10
https://doi.org/10.1016/j.postharvbio.2012.10.004
https://doi.org/10.1016/j.postharvbio.2012.10.004
https://doi.org/10.17660/ActaHortic.2013.992.14
https://doi.org/10.1371/journal.pone.0160852
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1590/S1677-04202007000400004
https://doi.org/10.1371/journal.pone.0059310
https://doi.org/10.1371/journal.pone.0059310
https://doi.org/10.1111/1462-2920.14697
https://doi.org/10.1109/TVCG.2014.2346248
https://doi.org/10.3390/f11010034
https://doi.org/10.3390/f11010034
https://doi.org/10.1128/AEM.69.4.1875-1883.2003
https://doi.org/10.1186/s40168-018-0403-x
https://doi.org/10.1186/s40168-018-0403-x
https://doi.org/10.1101/002832
https://doi.org/10.1101/002832
https://doi.org/10.1186/s40168-017-0391-2
https://doi.org/10.1007/s13225-013-0231-z
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0073013
https://doi.org/10.7717/peerj.8523
https://doi.org/10.2307/2680104
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.3389/fmicb.2018.00946
https://doi.org/10.1094/pdis.2003.87.6.608
https://doi.org/10.1038/166196b0
https://doi.org/10.1007/BF02863059
https://doi.org/10.1007/BF02863059
https://CRAN.R-project.org/package=vegan
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Taibi et al.

Terroir Drives Mango Surface Microbiome

Op De Beeck, M., Lievens, B., Busschaert, P., Declerck, S., Vangronsveld, J., and
Colpaert, J. V. (2014). Comparison and validation of some ITS primer pairs
useful for fungal metabarcoding studies. PLoS One 9:¢97629. doi: 10.1371/
journal.pone.0097629

Ortega-Morales, B. O., Ortega-Morales, F. N., Lara-Reyna, J., De La Rosa-Garcia,
S. C., Martinez-Hernandez, A., and Montero-, M. J. (2009). Antagonism of
Bacillus spp. isolated from marine biofilms against terrestrial phytopathogenic
fungi. Mar. Biotechnol. 11, 375-383. doi: 10.1007/s10126-008-9152-3

Ottesen, A. R, Gonzalez Pena, A., White, J. R., Pettengill, J. B., Li, C., Allard,
S., et al. (2013). Baseline survey of the anatomical microbial ecology of an
important food plant: Solanum lycopersicum (tomato). BMC Microbiol. 13:114.
doi: 10.1186/1471-2180-13-114

Pinto, C., Pinho, D., Cardoso, R., Custddio, V., Fernandes, J., Sousa, S., et al. (2015).
Wine fermentation microbiome: a landscape from different Portuguese wine
appellations. Front. Microbiol. 6:905. doi: 10.3389/fmicb.2015.00905

Pinto, C., Pinho, D., Sousa, S., Pinheiro, M., Egas, C., and Gomes, A. C. (2014).
Unravelling the diversity of grapevine microbiome. PLoS One 9:€85622. doi:
10.1371/journal.pone.0085622

Pretorius, I. S. (2000). Tailoring wine yeast for the new millennium: novel
approaches to the ancient art of winemaking. Yeast 16, 675-729. doi: 10.1002/
1097-0061(20000615)16:8<675::AID- YEA585<3.0.CO;2-B

Prusky, D., Alkan, N., Mengiste, T., and Fluhr, R. (2013). Quiescent and
necrotrophic lifestyle choice during postharvest disease development. Annu.
Rev. Phytopathol. 51, 155-176. doi: 10.1146/annurev-phyto-082712-102349

Reinhold-Hurek, B., Biinger, W., Burbano, C. S, Sabale, M., and Hurek, T. (2015).
Roots shaping their microbiome: global hotspots for microbial activity. Annu.
Rev. Phytopathol. 53, 403-424. doi: 10.1146/annurev- phyto-082712-102342

Reisberg, E. E., Hildebrandt, U., Riederer, M., and Hentschel, U. (2013). Distinct
phyllosphere bacterial communities on Arabidopsis wax mutant leaves. PLoS
One 8:€78613. doi: 10.1371/journal.pone.0078613

Rodriguez-Galvez, E., Guerrero, P., Barradas, C., Crous, P. W., and Alves, A.
(2017). Phylogeny and pathogenicity of Lasiodiplodia species associated with
dieback of mango in Peru. Fungal Biol. 121, 452-465. doi: 10.1016/j.funbio.
2016.06.004

Rungjindamai, N. (2016). Isolation and evaluation of biocontrol agents in
controlling anthracnose disease of mango in Thailand. J. Plant Prot. Res. 56,
306-311. doi: 10.1515/jppr-2016-0034

Sabnis, R. W. (2015). “Hoechst 33342,” in Handbook of Fluorescent Dyes and Probes,
(Hoboken, NJ: Wiley Online Library), doi: 10.1002/9781119007104.ch85

Santillan, E., Seshan, H., Constancias, F., and Wuertz, S. (2019). Trait-based
life-history strategies explain succession scenario for complex bacterial
communities under varying disturbance. Environ. Microbiol 21, 3751-3764.
doi: 10.1111/1462-2920.14725

Setati, M. E., Jacobson, D., Andong, U. C,, and Bauer, F. (2012). The vineyard
yeast microbiome, a mixed model microbial map. PLoS One 7:¢52609. doi:
10.1371/journal.pone.0052609

Shen, Y., Nie, J., Dong, Y., Kuang, L., Li, Y., and Zhang, J. (2018a). Compositional
shifts in the surface fungal communities of apple fruits during cold storage.
Postharvest Biol. Technol. 144, 55-62. doi: 10.1016/j.postharvbio.2018.05.005

Shen, Y., Nie, J., Li, Z., Li, H., Wu, Y., Dong, Y., et al. (2018b). Differentiated
surface fungal communities at point of harvest on apple fruits from rural and
peri-urban orchards. Sci. Rep. 8:2165. doi: 10.1038/s41598-017-17436-5

Sivankalyani, V., Feygenberg, O., Diskin, S., Wright, B., and Alkan, N. (2016).
Increased anthocyanin and flavonoids in mango fruit peel are associated with

cold and pathogen resistance. Postharvest Biol. Technol 111, 132-139. doi: 10.
1016/j.postharvbio.2015.08.001

Stefanini, I., Dapporto, L., Legras, J. L., Calabretta, A., Di Paola, M., De Filippo,
C., et al. (2012). Role of social wasps in Saccharomyces cerevisiae ecology and
evolution. Proc. Natl. Acad. Sci. U.S.A. 109, 13398-13403. doi: 10.1073/pnas.
1208362109

Taba, S., Miyahira, N., Nasu, K., Takushi, T., and Moromizato, Z. I. (2007). Fruit rot
of Strawberry pear (pitaya) caused by Bipolaris cactivora. J. Gen. Plant Pathol 73,
374-376. doi: 10.1007/s10327-007-0032-x

Taylor, J. B. (1969). Root-canker disease of apples caused by Peniophora sacrata.
New Zeal. ]. Bot. 7,262-279. doi: 10.1080/0028825X.1969.10428597

Taylor, M. W., Tsai, P., Anfang, N, Ross, H. A, and Goddard, M. R.
(2014). Pyrosequencing reveals regional differences in fruit-associated fungal
communities. Environ. Microbiol 16, 2848-2858. doi: 10.1111/1462-2920.12456

Thijs, S., De Beeck, M. O., Beckers, B., Truyens, S., Stevens, V., Van Hamme, J. D.,
et al. (2017). Comparative evaluation of four bacteria-specific primer pairs for
16S rRNA gene surveys. Front. Microbiol. 8:494. doi: 10.3389/fmicb.2017.00494

Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant-
microbiome interactions: from community assembly to plant health. Nat. Rev.
Microbiol. 18, 607-621. doi: 10.1038/s41579-020-0412- 1

Valero, E., Cambon, B., Schuller, D., Casal, M., and Dequin, S. (2007). Biodiversity
of Saccharomyces yeast strains from grape berries of wine-producing areas using
starter commercial yeasts. FEMS Yeast Res. 7, 317-329. doi: 10.1111/j.1567-
1364.2006.00161.x

Vepstaité-Monstavice, I, Luksa, J., Stanevitiené, R., Strazdaité-Zieliené, Z,
Yurchenko, V., Serva, S., et al. (2018). Distribution of apple and blackcurrant
microbiota in Lithuania and the Czech Republic. Microbiol. Res. 206, 1-8.
doi: 10.1016/j.micres.2017.09.004

Wang, C., Garcia-Ferndndez, D., Mas, A., and Esteve-Zarzoso, B. (2015). Fungal
diversity in grape must and wine fermentation assessed by massive sequencing,
quantitative PCR and DGGE. Front. Microbiol 6:1156. doi: 10.3389/fmicb.2015.
01156

Wang, L., Zeng, B., Zhang, X,, Liao, Z., Gu, L., Liu, Z., et al. (2016). The effect of
green tea polyphenols on gut microbial diversity and fat deposition in C57BL/6]
HFA mice. Food Funct. 7, 4956-4966. doi: 10.1039/C6FO01150K

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag.

Willis, A. D. (2019). Rarefaction, alpha diversity, and statistics. Front. Microbiol.
10:2407. doi: 10.3389/fmicb.2019.02407

Zarraonaindia, I., Owens, S. M., Weisenhorn, P., West, K., Hampton-Marcell,
J., Lax, S., et al. (2015). The soil microbiome influences grapevine-associated
microbiota. mBio 6:€02527-14. doi: 10.1128/mBi0.02527- 14

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.

Copyright © 2021 Taibi, Rivallan, Broussolle, Pallet, Lortal, Meile and Constancias.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

19

January 2021 | Volume 11 | Article 619226


https://doi.org/10.1371/journal.pone.0097629
https://doi.org/10.1371/journal.pone.0097629
https://doi.org/10.1007/s10126-008-9152-3
https://doi.org/10.1186/1471-2180-13-114
https://doi.org/10.3389/fmicb.2015.00905
https://doi.org/10.1371/journal.pone.0085622
https://doi.org/10.1371/journal.pone.0085622
https://doi.org/10.1002/1097-0061(20000615)16:8<675::AID-YEA585<3.0.CO;2-B
https://doi.org/10.1002/1097-0061(20000615)16:8<675::AID-YEA585<3.0.CO;2-B
https://doi.org/10.1146/annurev-phyto-082712-102349
https://doi.org/10.1146/annurev-phyto-082712-102342
https://doi.org/10.1371/journal.pone.0078613
https://doi.org/10.1016/j.funbio.2016.06.004
https://doi.org/10.1016/j.funbio.2016.06.004
https://doi.org/10.1515/jppr-2016-0034
https://doi.org/10.1002/9781119007104.ch85
https://doi.org/10.1111/1462-2920.14725
https://doi.org/10.1371/journal.pone.0052609
https://doi.org/10.1371/journal.pone.0052609
https://doi.org/10.1016/j.postharvbio.2018.05.005
https://doi.org/10.1038/s41598-017-17436-5
https://doi.org/10.1016/j.postharvbio.2015.08.001
https://doi.org/10.1016/j.postharvbio.2015.08.001
https://doi.org/10.1073/pnas.1208362109
https://doi.org/10.1073/pnas.1208362109
https://doi.org/10.1007/s10327-007-0032-x
https://doi.org/10.1080/0028825X.1969.10428597
https://doi.org/10.1111/1462-2920.12456
https://doi.org/10.3389/fmicb.2017.00494
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1111/j.1567-1364.2006.00161.x
https://doi.org/10.1111/j.1567-1364.2006.00161.x
https://doi.org/10.1016/j.micres.2017.09.004
https://doi.org/10.3389/fmicb.2015.01156
https://doi.org/10.3389/fmicb.2015.01156
https://doi.org/10.1039/C6FO01150K
https://doi.org/10.3389/fmicb.2019.02407
https://doi.org/10.1128/mBio.02527-14
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Terroir Is the Main Driver of the Epiphytic Bacterial and Fungal Communities of Mango Carposphere in Reunion Island
	Introduction
	Materials and Methods
	Mango Sampling and Experimental Design
	Microbial Sampling, DNA Extraction, PCR Amplification and Sequencing
	Bioinformatics
	Statistics
	Results
	Mango Fruit Geographical Origin and Microbial Composition
	Mango Cultivars Shaping the Microbial Diversity and Distribution
	Distribution of Bacterial and Fungal Communities at the Fruit Scale (Peel Surface and Stem-End)
	Ranking/Summary of the Factors Investigated in the Study

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


