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Abstract: The influence of the development stage and post-harvest handling on the microbial
composition of mango fruit plays a central role in fruit health. Hence, the composition of fungal and
bacterial microbiota on the anthoplane, fructoplane, stems and stem-end pulp of mango during fruit
development and post-harvest handling were determined using next-generation sequencing of the
internal transcribed spacer and 165 rRNA regions. At full bloom, the inflorescence had the richest
fungal and bacterial communities. The young developing fruit exhibited lower fungal richness and
diversities in comparison to the intermediate and fully developed fruit stages on the fructoplane. At
the post-harvest stage, lower fungal and bacterial diversities were observed following prochloraz
treatment both on the fructoplane and stem-end pulp. Ascomycota (52.8%) and Basidiomycota
(43.2%) were the most dominant fungal phyla, while Penicillium, Botryosphaeria, Alternaria and Mucor
were detected as the known post-harvest decay-causing fungal genera. The Cyanobacteria (35.6%),
Firmicutes (26.1%) and Proteobacteria (23.1%) were the most dominant bacterial phyla. Changes in
the presence of Bacillus subtilis following post-harvest interventions such as prochloraz suggested
a non-target effect of the fungicide. The present study, therefore, provides the primary baseline
data on mango fungal and bacterial diversity and composition, which can be foundational in the
development of effective disease (stem-end rot) management strategies.

Keywords: pre-harvest; non-target fungicidal effect; phytopathogenic fungi; phytobacteria; plant
microbiome; endophyte

1. Introduction

The mango (Mangifera indica L.) is a popular fruit mostly due to its delicious taste,
attractive fragrance as well as its exceptional flavour and high nutritional value [1]. De-
pending on the cultivar, growing region and weather conditions, the mango can take 100 to
150 days to reach maturity from the time of flowering (full bloom) to the fully developed
fruit [2]. During this period, the fruit is an open ecosystem, able to sustain a diverse micro-
bial population [3] as with many other fruit types [4]. This population is not stagnant and
adapts during the developmental growth stages of the fruit from flowering till ready-to-
eat [5]. These shifts in microbial populations can provide critical windows of opportunity
for phytopathogens to colonise the surface and infect the fruit [6]. Natural antagonistic
populations can also reside on the surface and have a competitive and/or protective effect
within the population dynamics [7]. On the other hand, various commercial practices and
interventions may alter the natural developmental stages of a climax and stable microbial
community [8].

The understanding of microbial population composition in commercial agricultural
production systems presents new opportunities to approach disease control in a more
holistic way [9]. To achieve effective disease control on aerial plant sections, a thorough
knowledge of the natural microbial population on the affected foliage, flowers and fruit
is required [10]. Previously, culture-dependent methods were used to assess microbial
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population dynamics although limitations in depicting the correct microbial community
representation were encountered. Furthermore, it could not be ascertained how far the
cultured isolates mirrored the indigenous community on the host plant [11]. With the
advent of modern next-generation sequencing technologies, the study of total microbial
communities and functions has resulted in rapid disease detection and advancements
in ecological approaches to disease control [12]. The current popular trend is to study
the whole microbial biome of a plant and then unravel the pathogenic component of the
population, as well as assess shifts and interactions within the entire microbiome. This
level of knowledge on the interaction of economically important pathogens that cause
anthracnose and stem-end rot in mango will be beneficial in formulating a more effective
pre- and post-harvest disease control strategy.

Several studies have characterised diseases such as stem-end rot [13-15] and anthrac-
nose of mango [16-18] at the pre- and post-harvest stage, assessed the pathogenicity of
post-harvest fungal pathogens [19-21] and the efficacy of different post-harvest control
strategies of stem-end rot [22-25] and anthracnose [26-32]. To date, microbial dynamics of
mango fruit have only been studied at the post-harvest stage [33]. However, to our knowl-
edge, no study has been conducted to investigate microbial population at the pre-harvest
stage, a critical period with regards to the establishment of phytopathogens later impacting
on ultimate fruit quality. Moreover, the effect of physical and chemical interventions on the
natural microbial populations during the mango fruit development growth stages have
not yet been probed. Therefore, the purpose of this study was to determine the baseline
microbial population of the mango fruit from flowering to ready-to-eat stages. Special em-
phasis was placed on understanding the microbial composition under commercial growth
and production conditions in South Africa and focuses on known pathogenic fungi and
potential biocontrol bacteria.

2. Materials and Methods
2.1. Plant Material, Trial Design and Sample Collection

The experiment was conducted on the mango cultivar Tommy Atkins located in a
commercial orchard (23.5792° S, 30.1424° E) in the Mooketsi valley, Limpopo Province
during the 2017 /18 growing season. Weather data at the time of sample collection, as well
as physical and chemical interventions at different sampling stages, are shown in Table 1.
The mango trees (27) were selected in a randomised design within three blocks (nine in
each block) with single trees per plot. In order to understand microbial composition at
the pre-harvest stage, sampling was carried out at different stages of fruit development,
namely full-bloom (whole inflorescence), small (£129.4 cm), medium (+197.2 cm) and
fully developed (£271.4 cm) or mature (commercially ready to harvest) fruit for pre-
harvest assessments. A total of 81 samples were collected for each stage of the fruit
development and post-harvest stages: per tree, three of each inflorescence, fruitlets or fruit
were sampled at the top, middle and lower regions of the tree canopy. To determine post-
harvest compositions and the effect of post-harvest physical and chemical interventions,
comparisons were made between mature fruit harvest (representing day zero in the post-
harvest context) and samples collected after commercial prochloraz (Chronos® 45 EC,
ADAMA, Brackenfell, South Africa) dip treatments, after two weeks of cold storage at 8 °C
and after three weeks cold storage plus seven days at room temperature, representing ripe
and ready-to-eat fruit. All the samples were processed within 24 h.
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Table 1. Summary of sampling stages, weather data and physical and chemical interventions during the mango develop-

mental and post-harvest stages.

Pre-Harvest At Harvest Post-Harvest
Aspect . . . . Prochloraz Cold Ripe and
Inflorescence Small Fruit Medium Fruit Mature Fruit Dip ! Storage Ready-to-Eat
. 2h 2 weeks 4 weeks
2
Time 0 100 days AFB 125 days AFB 150 days AFB post-harvest postharvest post-harvest
Average +23 128 +29.5 +25 +15 48 +20
temperature (°C)
Rainfall (mm) 0-10 0-10 10-25 0-10 - - -
during sampling
. Comme}" cial Insect Developing Copper oxide Commercial Post-harvest Cold storage Ripening at room
intervention or activi fruit spray 3 harvestin, handlin 8°C) temperature
observations ty pray & & (20°C)

1 Treatment concentration 180 mL 100 L~! Chronos 450 SC. 2 AFB, after full bloom. 3 Commercial orchard spray (130 g 100 L1 Nordox
86% WP) 25 days before sampling.

2.2. Post-Harvest Fruit Quality and Decay Parameters of Mango Fruit

Physiological maturity parameters for fruit firmness, total soluble solids (TSS) and
pH were measured at harvest, two weeks into cold storage (8 °C) and at the ripe and
ready-to-eat mango stage of 10 individually selected fruits representing each sampling
stage. Flesh firmness (kg) was determined on two points at the equatorial point of the
fruit using a Chitillon Penetrometer, Model DFM50 (Ametek, Largo, FL, USA) according to
Woolf et al. [34]. The TSS content (%) of the fruit was measured according to the method
of Nisansala et al. [35] with minor modifications. Total soluble solids were measured
from extracted juice using a hand digital refractometer (PR-32, Atago, TSS 0-32%, Palette,
Japan). The fruit pH was measured according to Montesinos-Herrero et al. [36] with minor
modifications, using a Jenway 3510 pH meter (Bibby Scientific Ltd., Stone, UK) with a flat
surface electrode combination (Extech Instruments, Waltham, MA, USA). All fruit tested
during the study were visually assessed for development of any post-harvest diseases.
The disease incidence of stem-end rot and anthracnose was determined as a percentage of
decayed fruit in a batch at each evaluation stage.

2.3. Mango Microbiome Sample Preparation
2.3.1. Epiphytic (Fructoplane) Microbiome

In order to study the epiphytic microflora, 25 g samples (pre- and post-harvest, n = 7)
of inflorescence, fruitlets or fruit were suspended in sterile peptone buffered water (225 mL)
supplemented with 0.025% Tween 80 (Associated Chemical Enterprises, Johannesburg), and
sonicated in an ultrasonic water bath (Labotec, Johannesburg) to dislodge microbes from
plant surfaces, as described in Gomba et al. [37]. The micro-floral wash was concentrated
by filtration through cellulose nitrate (0.45 pm pore size; Sartorius, Gottingen, Germany)
and used for DNA extraction.

2.3.2. Endophytic (Stem-End Pulp) Microbiome

The whole fruit, stem-end pulp and fruit stems were sampled to study the endophytic
populations of the stem (pre-harvest, n = 3) and internal stem-end (pre- and post-harvest,
n = 6) area. All sample types were processed separately according to Diskin et al. [33]
and within 24 h of their collection. Briefly, for the stem-end and stem samples, the fruit
and detached (at harvest) fruit stems were surface disinfected with 70% ethanol for five
minutes and then rinsed three times in sterile water for one minute to remove epiphytic
microorganisms. The surface disinfected fruit were aseptically peeled at the stem-end with
a disinfected peeler. The internal tissue (pulp) of the stem-end portion of the fruit were
aseptically removed and cut into smaller pieces using a sterile scalpel blade. The sampled
material, i.e., fruit stems (cut into small pieces) and stem-end pulp were immediately
snap-frozen in liquid nitrogen and finely ground using a coffee grinder before storage at
—80 °C for downstream DNA extractions.
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2.4. DNA Extraction, Amplification and Sequencing

DNA extraction of the total community was performed on processed flower (an-
thoplane) and fruit (fructoplane) micro-floral wash, stem-end pulp and stems using the
fungal/bacterial Zymo Research kit (ZymoResearch, Irvine, CA, USA), according to the
manufacturer’s protocol and the extracts stored at —20 °C. Individual DNA samples (n = 3)
for each sample type (pre-harvest stage: anthoplane (n = 1), fructoplane (n = 3) and stem
(n = 3), stem-end pulp (n = 3) and post-harvest stage: fructoplane (n = 3) and stem-end
pulp (n= 3)) were quantified using the Nanodrop™ ND2000 spectrophotometer and were
thereafter pooled to equivalent concentrations creating 16 individual bulk DNA samples to
be used for sequencing.

Bacterial and fungal microbiomes were subjected to paired-end sequencing (2 x 300 bp)
using Illumina MiSeq to target the V4 hyper-variable region of the bacterial 16S riboso-
mal DNA (rDNA) and the internal transcribed spacer region of the fungal 185 rDNA,
according to Weisburg et al. [38] and Muyzer et al. [39]. This process involves amplifica-
tion using bacterial primer set 515F (5'-GTGCCAGCMGCCGCGGTAA-3") and 806R (5'-
GGACTACHVHHHTWTCTAAT-3') and fungal ITS1 loci using primers ITS1 (5-TCCGTAG
GTGAACCTGCGG-3') and 1TS4 (5'-TCCTCCGCTTATTGATATGC-3'). Raw sequence data
are available in fastq format on NCBI-SRA under the BioProject accession number: PR-
INA770748.

2.5. llumina Sequence Processing and Analysis

Raw Illumina sequence data were processed using the MR DNA analysis pipeline
(www.mrdnalab.com, MR DNA, Shallowater, TX, USA). Sequences were depleted of bar-
codes and primers and those with ambiguous base calls and <150 base pairs in length [40,41]
were discarded. Noises, singletons and chimeras were removed from sequences. There-
after, operational taxonomy units (OTUs) were defined by clustering at a similarity thresh-
old of 97% using the Usearch algorithm [42]. Generated OTUs were defined by clus-
tering at a similarity threshold of 97%. The OTUs affiliated with Archaea, chloroplast
and mitochondria as well as those present at less than 0.1% abundance were filtered out
from the OTU table. Final OTUs were taxonomically classified using BLASTn against
a curated database derived from RDPII to NCBI (www.ncbi.nlm.nih.gov, http://rdp.
cme.msu.edu) and compiled into each taxonomic level. Non-rarefied sequences were
used for a-diversity and compositional analysis, while rarefied sequences (at a depth
of 1000 sequences) were used to determine 3-diversity. The x-diversity of fungal and
bacterial communities were calculated using the MicrobiomeAnalyst online pipeline
(https:/ /www.microbiomeanalyst.ca/) [43,44].

Two alpha diversity measures were accounted for within this dataset. The ACE
(Abundance-based Coverage Estimator) index, a nonparametric method for estimating the
number of species using sample coverage, which is defined as the sum of the probabilities
of the observed species [45] was used to estimate microbial richness. The Shannon diversity
index was able to account for both richness and evenness of the species present in a sample.
Statistical differences in beta diversity were inferred with permutational multivariate
analysis of variance (PERMANOVA, 999 permutations), using the adonis function in
vegan R package. Principal coordinate analyses (PCoA) were performed using the Bray—
Curtis distance matrix estimation to visualise spatial patterns between samples. Further
analysis to quantitatively characterise the composition of agriculturally important taxa was
performed via in-depth analysis of the OTU table in Microsoft Excel.

2.6. Statistical Analysis

The data were subjected to General Linear Models procedure of Statistical Analysis
Systems (SAS) version 9.4 (Institute Inc., Carry, NC, USA) to determine differences in
TSS, pH, firmness and disease incidence between sampling stages (harvest to ripe and
ready-to-eat stage).
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3. Results
3.1. Physiological Maturity Parameters and Disease Incidence

Fruit firmness decreased successively during storage, i.e., from at harvest stage to the
ripe and ready-to-eat stage (1.3 to 0.4 kg; p = 0.004) while the TSS content (14.8 to 20.7%;
p =0.003) and pH increased (3.8 to 5.9; p = 0.046) (Table 2). Anthracnose was not detected
at the pre- or post-harvest stages. Stem-end rot was only detected in ripe and ready-to-eat
fruit at 30% incidence.

Table 2. Physiological maturity parameters and disease incidence of cv. Tommy Atkins mangoes at the post-harvest stages.

Sampling Stage TSS 1 (%) pH Firmness (kg) Anthracnose Incidence (%) Stem-End Rot Incidence (%)
At harvest 14.8 ¢ * 3.8c¢ 13a ons 0b
Two weeks in cold storage (8 °C) 159b 44b 09b 0 0b
Ripe and ready-to-eat 20.7 a 59a 0.4c 0 30a

1TSS, Total soluble solids. *, means in the same column with different letters are significantly different (p < 0.05).

3.2. Diversity of Fungal and Bacterial Communities during Different Stages of Mango Production

A total of 1,458,457 ITS region and 1,119,897 16S region rDNA sequences were recov-
ered from 16 mango fruit developmental and post-harvest handling stages, after paired-end
alignments, quality filtering, and deletion of chimeric sequences and singletons. The ITS
sequences ranged from 37,464 to 205,514 reads and could be assigned to 4485 fungal OTUs
at 97% similarity, with abundances between 183 and 332 (Table 3). Meanwhile, the 16S se-
quences ranged from 4893 to 114,287 per sample and all could be assigned to 5881 bacterial
OTUs at 97% similarity, with abundances between 239 and 425 (Table 4).

Table 3. Summary of fungal amplicon sequence counts and diversity estimators for mango inflorescence, fructoplane, fruit

stem and stem-end pulp at the pre- and post-harvest stages of cv. Tommy Atkins mangoes.

Sampling Stages and Code Sequences  Total OTU ACE Shannon (Shannon-Weaver

Stage Type of Stage Code! d oa i Diversity Index)
Pre-harvest Inflorescence FP 73,734 183 126.9 1.76
FP 98,043 250 114.3 1.32
Small fruit S 53,907 354 83.8 1.32
SEP 80,913 323 91.5 1.48
FP 71,619 241 115.7 1.92
Medium fruit S 46,462 364 77.2 0.83
SEP 128,211 268 105.8 1.80
FP 88,454 299 109.9 1.79
At harvest Mature fruit S 37,464 315 102.7 1.83
SEP 90,168 289 110.8 2.39
After prochloraz FP 60,126 245 105.5 1.19
packhouse treatment SEP 92,011 332 79.7 0.89
Post- o FP 75,921 204 118.1 1.97
harvest Two weeks cold storage (8 °C) SEP 205 514 304 767 0.52
Ready-to-eat stage FP 66,709 198 122.8 2.40
SEP 189,201 316 81.8 0.86

L Fp, fructoplane; S, fruit stem; SEP, stem-end pulp.

Considering all samples, the epiphytic (anthoplane/fructoplane) fungal and bacterial
richness (ACE index) observed at flowering, which is the initial stage of fruit development,
was the highest with ACE index-126.9 and 102.6, respectively. Meanwhile, fungal, and bac-
terial diversities (Shannon index) of 1.76 and 1.19, respectively were recorded at flowering.
Assessment of overall richness on the fructoplane revealed the largest fungal (115.7) and
bacterial (101.4) richness at the medium size. This corresponded to high fungal (Shannon
index, 1.92) and bacterial (Shannon index, 2.32) diversities. When compared to the medium
stage, the fungal richness on the fructoplane was low for the small and mature fruit sizes,
by 1% and 5%, respectively. The fungal diversity for the small and mature fruit sizes was
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also low compared to the medium fruit sizes, by 31% and 8%, respectively. A similar trend
was observed with bacterial richness and diversity at these stages of fruit development
(Table 3).

Table 4. Summary of bacterial amplicon sequence counts and diversity estimators for mango inflorescence, fructoplane,

fruit stem and stem-end pulp at the pre- and post-harvest stages of cv. Tommy Atkins mangoes.

Sampling Stages and Code Sequences  Total OTUs ACE Shannon-Weaver Diversity
Stage Type of Stage Code! Index
Pre-harvest Inflorescence FP 64,745 239 102.6 1.19
FP 81,349 352 90.8 1.17
Small fruit S 54,412 425 100.4 1.16
SEP 105,422 421 97.2 2.62
FP 76,837 313 101.4 2.32
Medium fruit S 52,145 408 83.4 1.14
SEP 57,495 414 83.9 1.13
FP 75,359 324 98.0 1.73
At harvest Mature fruit S 58,768 418 91.3 1.24
SEP 60,271 416 87.6 1.44
After prochloraz FP 93,785 339 94.1 1.52
packhouse treatment SEP 4893 392 83.9 111
Post- o FP 99,451 348 92.1 1.70
harvest VO weekscold storage 8°C) - gpp, 114,287 376 88.4 1.978
Ready-to-eat stage FP 51,933 314 90.6 0.76.
SEP 68,745 382 92.4 2.27

LFp fructoplane; S, fruit stem; SEP, stem-end pulp.

An analysis of the fruit stems for fungal richness (ACE index) and diversity (Shannon
index) (Table 3) showed a decline of 8% and 37%, respectively from the small fruit to the
medium fruit size, while the highest fungal richness and diversity was observed at the fully
mature fruit stage. In contrast, the bacterial community, richness and diversity (Table 4) in
the fruit stems were highest at the small fruit stage (ACE index: 100.4 and Shannon index:
1.25) and decreased by 17% and 8%, respectively at the medium stage (ACE index: 83.4
and Shannon index: 1.15) but recovered to 91.3 (richness) and 1.18 (diversity) at the mature
fruit stage. In stem-end pulp (endophytic) samples, fungal species richness and diversity
estimates increased gradually with fruit development and peaked at the mature stage (ACE
index: 91.5-110.8 and Shannon index: 1.48-2.39, respectively). The stem-end pulp bacterial
richness and diversity were highest at the small fruit stage (ACE index: 97.2 and Shannon
index: 2.62) and lowest at the medium stage (ACE index: 83.9 and Shannon: 1.13).

Comparisons of fructoplane fungal richness and diversity in response to chemical
(prochloraz) showed that the lowest indices (ACE index: 101.4 and Shannon index: 1.19)
were recorded after the commercial prochloraz dip treatment, reflecting on an 18% and
34% decline, respectively when compared to the untreated fruit (at harvest). Post physical
interventions (cold storage), the fungal richness and diversity recovered to ACE index:
118.1 and Shannon index: 1.97 during cold storage and even higher to ACE index: 122.8
and Shannon index: 2.40 at the ripe and ready-to-eat stage (Table 3). The bacterial richness
on the fructoplane declined gradually after the prochloraz dip treatment, at the two weeks
cold storage stage and at the ripe and ready-to-eat stage (Table 4). In contrast, high fungal
richness (ACE index: 110.8) and diversity (Shannon index: 2.39) were recorded in the
stem-end pulp area at the point of harvest which sharply declined after prochloraz dip to
ACE index: 79.4 and Shannon index: 0.89. At the two weeks cold storage stage, the fungal
richness and diversity further declined to 76.3 (ACE index) and 0.52 (Shannon index),
respectively but recovered at the ripe and ready-to-eat stage. The stem-end pulp bacterial
community richness and diversity followed a similar trend except for an increase in both
richness and diversity at the two weeks cold storage stage and further on at the ripe and
ready-to-eat stage.
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Beta Diversity

Evaluation of the PCoA (Figure 1A) ordination showed no distinct clustering patterns
in both the fructoplane and stem-end pulp fungal communities at the different developmen-
tal stages of mango fruit. PERMANOVA tests (F = 1.09; R? = 0.237; p = 0.357) also showed
no significant effect of sample type (fructoplane and stem-end pulp) at the pre-harvest
stage. In fact, a significant effect of sample type (p < 0.05) at the post-harvest stage was
observed, which was further supported by PERMANOVA testing (F = 3.98; R? = 0.399;
p = 0.026). The fructoplane samples showed discrete clustering while most of the SE pulp
samples were broadly scattered across the PCoA (Figure 1B). With regards to bacterial
communities, we did not observe a particular pattern between the fructoplane and stem-
end pulp samples at the pre- and post-harvest stages (Figure 2A,B). This observation was
further supported by the PERMANOVA testing (F = 1.02; R? = 0.226; p = 0.373) which
indicated no significant sampling stage effect at the pre-harvest stage. A similar trend
was observed with bacterial communities at the post-harvest stage (PERMANOVA testing:
F=0.761; R? = 0.112; p = 0.639).



Horticulturae 2021, 7, 495

8 of 23
A . B
0754 050
= [ ] Sample F
< oo @ ] b Sample
o, Fructoplane o
L 075 Fructoplane
. @ Fruit stem o ® Semend
il @ W pulp
w® @ Stem-end pulp -]
< o
0754
0.00
o
0:50 e o] O
0.25 0.00 025 0.6 04 0.2 0.0 02
Axis1 [47.4%] Axis.1 [58.5%]

Figure 1. Principal component analysis of the mango fructoplane and stem-end pulp fungal community compositions at the (A) pre-harvest and (B) post-harvest stages of cv. Tommy
Atkins mangoes, according to Illumina sequencing data.
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Figure 2. Principal component analysis of the mango fructoplane and stem-end pulp bacterial community compositions at the (A) pre-harvest and (B) post-harvest stages of cv. Tommy

Atkins mangoes, according to Illumina sequencing data.
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3.3. Structure of Fungal and Bacterial Communities during Different Stages of Mango Production

The phylum Ascomycota dominated the fungal dataset (52.8% of total reads) irre-
spective of sampling stage (Figure 3A,B). Other dominant phyla detected throughout
the sampling stages included Basidiomycota (43.2%) and Mucoromycotina (3.9%) while
Glomeromycota and Entomophthoromycota were detected at <2%. A total of 85 fun-
gal families were recorded across all the sampling stages of which the Aspergillaceae
(31.3%), Botryosphaeriaceae, (3.7%), Aureobasidiaceae (2.5%), Pleosporaceae (1.3%) and
Cladosporiaceae (0.5%) dominated the Ascomycota phylum.

A 100% B 100%
] 8 90%
& 80% S 80%
-g ® Glomeromycota '8 70% u Glomeromycota
S 0
3 60% 2 60% ,
© Mucoromycotina 2 50% Mucoromycotina
—_ ©  40%
4] 0 =]
E" 40% Entomophthoromycota < 30% Entomophthoromycota
] = 20%
(= 0,
[} 20% M Basidiomycota _g 10% u Basidiomycota
2 2 0%
= o FP SEP FP SEP FP SEP FP SEP
o M Ascomycota 2 = Ascomycota
g FP FP SEP S FP SEP S FP SEP S At harvest  After Two Ready-to-
Inflorescerfreall fruit Medium fruit Mature fruit prochloraz weeks cold eat
storage
Preharvest sampling stage Postharvest samplingstage
0
C © 100% u Spirochaetes D ™ 1 88 of’ = Proteobacteria
O 90% 3] (]
% 80 (; H Proteobacteria % 80% H Planctomycetes
° ° T 70% N
c 0 m Planctomycetes c o = Nitrospirae
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o 20% = Firmicutes K] 1 8 °§’ || - I - || m Deinococcus_thermus
o [
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Ly 0% : K Atharvest  After Two weeks Read-to- i
&, FP FP SEP S FP SEP S FP SEP S m Cyanobacteria & prochloraz  cold ot Chloroflexi
Inflorescend@mall fruit ~ Medium fruit = Mature fruit Chloroflexi storage Bacteroidetes

Preharvest sampling stage

Bacteroidetes Postharvest sampllng Stage u Actinobacteria

Figure 3. Taxonomic abundance of major fungal phyla on the mango fructoplane, stem-end pulp and fruit stem at the
pre-harvest (A) and post-harvest (B) stages; bacterial phyla at the pre-harvest (C) and post-harvest (D) stages of cv. Tommy
Atkins mangoes. FP, fructoplane; SEP, stem-end pulp; S, fruit stem.

Mucoraceae (3.9%), was also detected in substantial abundances both on the fructo-
plane and in the stem-end pulp area (Figure 4A,B). Of the observed fungal OTUs, 107 OTUs
were specific epiphytic (fructoplane) fungi mainly from the families Pleosporaceae, Cla-
dosporiaceae, 45 OTUs were specific endophytic (stem-end pulp) fungi mostly from the
families Aspergillaceae and Saccharomycodaceae and 333 OTUs were shared. These in-
cluded members of Aureobasidiaceae, Dothideomycetes and Filobasidiales among others.
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Figure 4. Taxonomic abundance of nine dominant fungal families on the mango fructoplane, stem-end pulp and fruit stem

at the pre-harvest (A) and post-harvest (B) stages of cv. Tommy Atkins mangoes. FP, fructoplane; SEP, stem-end pulp; S,

fruit stem.

The most dominant bacterial phyla detected throughout the study period included
Cyanobacteria (35.6%), Firmicutes (26.1%), Proteobacteria (23.4%) and Actinobacteria
(14.2%) (Figure 3C,D). Other phyla included Bacteriodetes, Acidobacteria, Chloroflexi
and Gemmatimonadetes, which were present at less than 2% abundance level. A total
of 130 families were found in the bacterial populations, including Staphylococcaceae
(12.1%), Enterobacteriaceae (6.8%), Bacillaceae (5.0%), Pseudomonadaceae (2.2%), Micro-
coccaceae (2.2%), Oxalobacteraceae (1.3%), Comamonadaceae (0.9%), Sphingomonadaceae
(0.8%) (Figure 5A,B). Bacterial communities indicated an exclusive epiphytic community of
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49 OTUs including taxa from the Pseudomonadaceae and Microbacteriaceae while the ex-
clusive endophytes consisted of 127 OTUs (e.g., Sphingomonadaceae and Bacillaceae), with
357 OTUs forming the shared community and also included Acetobacteraceae, Bacillaceae,
Enterobacteraceae, Micrococcaceae and Pseudomonadaceae among others.
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stem at the pre-harvest (A) and post-harvest (B) stages of cv. Tommy Atkins mangoes. FP, fructoplane; SEP, stem-end pulp;

S, fruit stem.
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3.4. Identification of Pathogenic Fungal Taxa at the Pre- and Post-harvest Stages of Mango

In-depth analysis of the OTU tables permitted the identification of commercially
significant microbes for their pathogenic and beneficial importance (Table 5, Figure S1A,B).
Eight pathogenic fungal genera were present at both the pre- and post-harvest stages
(Table 5) and included genera associated with stem-end rot: Botryosphaeria, Cladosporium,
Aspergillus, Penicillium and Alternaria. Other fungal pathogens detected were Phoma, Mucor
and Fusarium. On the fructoplane, the genus Penicillium was detected at all stages of fruit
development, with abundances ranging from 10.6% to 47.7%, and peaking at the small
fruit stage (Penicillium commune Thom. —0.49%) (Table 5 and Figure S1A). Sequences
belonging to the Alternaria genus (Alternaria alternata (Fr.) Keissl.) were also detected in
all the samples, with the highest abundance of Alternaria observed on the fructoplane of
small fruit (5.5%) and lowest on medium-sized fruit (0.17%). Botryosphaeria dothidea (Moug.
Ex Fr.) Ces. and De Not. (<0.2%) and Cladosporium cladosporioides (Fres.) de Vries (0.3%)
sequences were the least abundant on the fructoplane throughout fruit development, while
Fusarium detected on the fructoplane showed a gradual decline from the small to the fully
mature stage (1.3% and 0.8% respectively). The highest abundance of the Phoma (2.3%)
and Mucor (3.6%) genera on the fructoplane was observed at the small fruit stage and
declined substantially at the medium to fully mature fruit stages. The Mucor genus was
generally dominated by two pathogenic species Mucor circinelloides and Mucor racemosus
(Figure S1A).

The fruit stems were also dominated by Penicillium genus sequences throughout
fruit development, ranging from 1.9% to 42.6%. Penicillium commune (Figure S1A) was
the most dominant in the fruit stems of small (72.3%) and medium (98.5%) sized fruit,
remaining the most dominant (12.5%) on mature stage fruit. Most of the stem-end rot
genera were present at abundances lower than 2% in all three stages of fruit development
except for Botryosphaeria and Aspergillus sequences that could not be detected during the
first two stages of fruit development. Sequences of the Penicillium genus also dominated
the stem-end pulp, increasing from 72.6% at the small fruit stage to 98.6% at the medium
development stage. On the contrary, the presence of P. commune in the stem-end pulp
decreased from 45.4% at small to 10.5% at medium fruit stages. The remainder of the stem-
end rot and pathogenic species had prevalences under 0.3% during fruit development.

Botryosphaeria, Cladosporium, Aspergillus, Penicillium and Alternaria on the fructoplane
responded to chemical and physical post-harvest interventions stages, showing a distinct
decline in relative abundance (Table 5). The most remarkable of these were for Penicillium
and Alternaria demonstrating decreases of 54.22% and 82.95% in relative abundance respec-
tively following the prochloraz dip treatment. The Penicillium genus was detected on all
the samples on the fructoplane at the post-harvest stage with the highest abundance at the
ripe and ready-to-eat stage (24.0%). However, the proportion of P. commune increased from
5.5% at harvest to 46.0% after prochloraz dip treatment, followed by a gradual decline at
two weeks cold storage to 29.2% and ripe and ready-to-eat stage to 27.1% (Figure S1B).
Despite being present in very low abundances (0.16%) at harvest and abundance declining
after prochloraz treatment to 0.02%, sequences of the Botryosphaeria (specifically B. dothidea)
genus increased dramatically to 3.1% at the ripe and ready-to-eat stages on the fructoplane.
As for the stem-end pulp, the Penicillium genus was detected in the highest abundances
(30.6%) after prochloraz dip followed by a 7.7% decline at two weeks of cold storage.
Botryosphaeria in the stem-end pulp showed the highest (21.6%) abundances at the ripe and
ready-to-eat stage after a sharp increase after the prochloraz dip (0.7%). The abundance of
the Mucor genus increased similarly after the prochloraz treatment (0.7%) at the ripe and
ready-to-eat stage (2.0%). However, despite the observed increase in the sequences of the
Mucor genus, its dominant members, Mucor circinelloides Tiegh. and Mucor racemosus Bull.
remained the least dominant (0.2%) in the stem-end pulp at the ready-to-eat stage.



Horticulturae 2021, 7, 495 14 of 23

Table 5. Genera of pathogenic and beneficial microorganisms detected in cv. Tommy Atkins mangoes sequence profile.

Pre-Harvest At Harvest Post-Harvest
Sa;rtlfgheng InfloRescence Small Fruit Medium Fruit Mature Fruit: Point of Harvest  After Prochloraz Dip Two Weeks Cold in Storage (8 °C) Ripe and Ready-to-Eat
FP1 FP S SEP FP S SEP FP S SEP FP SEP FP SEP FP SEP
Stem-end rot causing fungi (%)
Botryosphaeria 043 0.63 - 0.01 0.01 - 0.01 0.16 0.16 0.02 0.02 0.74 0.10 21.37 3.13 21.57
Cladosporium 1.04 0.83 001 0.04 0.11 - 0.02 1.13 0.08 0.10 0.04 0.13 0.34 - 0.12 -
Aspergillus - 0.10 - - 0.01 - 0.02 - - - - 222 0.02 - 0.01 -
Penicillium 6.53 4765 1.87 7261 1056 4624 98.61 17.85 1.87 12.78 8.17 30.55 17.16 28.21 24.04 29.59
Alternaria 113 5.53 - 0.01 017 009 0.06 4.34 0.08 0.07 0.74 0.13 - 0.12 0.10 -
Other pathogenic fungi (%)

Colletotrichum - - - - - - - - - - - - - -
Phoma 7.79 229 001 - 0.02 005 0.05 0.48 0.11 0.02 0.04 0.20 0.29 0.49 0.29 0.15
Mucor 0.39 355 009 0.08 010 0.09  0.09 0.48 0.27 0.43 0.33 0.74 24.25 2.44 15.67 2.04

Fusarium 043 125 0.05 0.04 118 005 0.1 0.80 1.37 0.48 0.02 0.20 1.22 0.37 2.61 117
Beneficial bacteria (%)
Bacillus 1.23 6649 047 079 111 098 093 1.87 0.31 1.78 0.76 0.37 0.20 0.75 2.33 0.66

Bacillus subtilis 0.06 004 022 013 - 0.09 025 0.15 0.07 0.15 0.04 0.03 0.01 0.12 0.02 0.13

Lactobacillus 0.62 0.01 - - 0.08 - - - - 0.02 - - - - - 0.03

1Fp, fructoplane; S, fruit stem; SEP, stem-end pulp.
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3.5. Beneficial Bacterial Taxa Present at the Pre- and Post-Harvest Stages of Mango

The 16S amplicon sequences of the Bacillus genus were detected at an overall abun-
dance of 6.1% throughout all the sampling stages (Table 5). A low abundance (1.2%) of
Bacillus was observed on the inflorescence. Bacillus subtilis was also detected in much lower
abundances (0.1%) at this stage. The Bacillus genus was more prevalent at the small fruit
stage during pre-harvest (66.5%), which was followed by a very sharp decline to 1.1%
at the medium fruit development stage where B. subtilis could not be detected (Table 5).
Meanwhile, the presence of Bacillus (1.9%) on the fructoplane at the mature fruit stage re-
sulted in a 0.15% increment in B. subtilis prevalence. Fruit stems at the small fruit sampling
stage were also characterised by a very low presence (0.5%) of Bacillus and 1% relative
abundance at the medium fruit size, which subsequently declined to 0.3% at the mature
stage. Stem-end samples had one of the lowest presences of Bacillus (0.8%) at the small
fruit stage but were present at slightly higher abundance (1.8%) at the mature stage and
B. subtilis followed a similar trend except for the low presence at the mature stage.

The abundance of the Bacillus genus on the fructoplane declined to 0.8% after prochlo-
raz dip treatment compared to that of mature fruit at harvest (0.8%) (Table 5). A further
10% decline in the abundance of Bacillus at two weeks cold storage and a 10-fold increment
at the ripe and ready-to-eat stage to 2.3%. Bacillus subtilis also followed the same trend.
Further, B. subtilis was present at all post-harvest stages in the stem-end pulp with a decline
observed after prochloraz dip and during cold storage. Lactobacillus was only detected at
continuously decreasing low relative abundance on the fructoplane from inflorescence to
medium fruit size (0.01-0.62%) and in the stem end pulp of mature fruit (0.02).

4. Discussion
4.1. Microbial Diversity and Composition at the Pre- and Post-Harvest Stages of Mango

The dynamics of the microbial community of fresh produce have blossomed in the
last decade, with a focus on establishing the factors that contribute to shifts or changes
in the microbiota. The present study highlighted a change in diversity and composition
of bacterial and fungal amplicon-based marker genes associated with various stages of
mango growth and post-harvest value chain (anthoplane, fructoplane, fruit stems and
stem-end pulp).

As reproductive structures, flowers are essential to the propagation success of plants
and provide the first platform for microbial fructoplane succession. Understanding the
microbial inhabitants in this ecologically important zone plays a key role in the health
and reproductive success of plants [46]. The study revealed a rich fungal community on
the anthoplane at the full bloom stage. The majority (80%) of the fungal families (85) de-
tected were present on the anthoplane of the mango inflorescence; most were members of
the Ascomycota phylum of which Pleosporaceae (Alfernaria), Cladosporiaceae (Cladospo-
rium), and Didymellaceae (Phoma.) have previously been detected on mango flowers using
culture-dependent methods as the most dominant inflorescence fungi [3]. Other previously
detected fungi species which were present on the mango inflorescence in our study in-
cluded Mucoraceae (Mucor), Nectriaceae (Fusarium), Botryosphaeriaceae (Botryosphaeria)
and Aspergillaceae (Penicillium). The most dominant bacterial phyla observed on the inflo-
rescence were Cyanobacteria, Firmicutes, Proteobacteria and Actinobacteria. Proteobacteria
(Enterobacteriaceae), Firmicutes (Bacillus) and Actinobacteria (Actinobacterium, Curto-
bacterium, Microbacterium) have previously been reported to dominate the flowers of
grapes, tomato and apple [4,47,48]. Most of the bacterial families previously reported to har-
bour the mango fructoplane including Staphylococcaceae, Enterobacteriaceae, Bacillaceae,
Pseudomonadaceae, Micrococcaceae, Oxalobacteraceae, Comamonadaceae, Sphingomon-
adaceae [33] were also detected on the inflorescence in the current study.

Flowers at the full bloom stage attract a diverse range of floral visitors including polli-
nating and non-pollinating insects that may transfer microbial organisms to the flower [49],
thus enhancing microbial richness when compared to other developmental phases such as
fruit-set and mature fruit stages [50]. The high level of sugars and certain nutrients further
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contributes to the establishment of a rich microflora [3]. Once established, the diverse
microflora may be sustained by the continuous provision of nectar and exudates [51]
providing a rich nutrient base for colonisation.

The transition of flowers into young fruits (small size stage) was associated with a
decline in fungal diversity in the stem-end pulp. The present study further revealed that,
in the stem-end pulp, fungal richness and diversity were lowest at the small size fruit
stage. This could be a result of low sugar content in the pulp of immature mango fruit,
which increases gradually as the fruit develops [52]. It was also observed that the fungal
richness and diversity in fruit stems and stem-end pulp climaxed at the mature fruit stage
whereas that of the fructoplane peaked at the small fruit stage. The peak fungal diversity
for each sample type (fruit stem, stem-end pulp and fructoplane) correlated with the low
abundance of the Penicillium genus. Furthermore, the fruit stem harboured a less diverse
community compared to the stem-end pulp across all stages of fruit development. Gener-
ally, the Ascomycota and Basidiomycota phyla have been reported to dominate fruit fungal
profiles [50,53], including the flowering stage in apple, pear and fig [47,54,55] as previously
mentioned. Similar observations were made in the current study, as well as the presence
of other fungal phyla such as Mucoromycotina and Entomophthoromycota, previously
not reported as prevalent on mango. Penicillium commune was the most dominant fungal
species detected on the mango fructoplane with the most (21.7%) number of OTUs at
medium fruit development stage (21.7%). The fungal community structure of mango fruit
at the post-harvest stage was also reported to change during storage [33]. Immediately
after post-harvest treatment, pesticide concentrations will be higher on the fruit surface
but will gradually decline as the product breaks down or diffuses into the fruit [56], which
explains surface population and endophyte recovery in endophytic Botryosphaeria at two
weeks cold storage.

A study on the microbial ecology of the grapevine found high diversity in epiphytic
(fructoplane) populations compared to endophyte (stem-end pulp) populations [57], simi-
lar to the present study. Differences in fungal diversity were also noted on the fructoplane
between three different fruit developmental stages. This study revealed higher fungal
diversity on the fructoplane in immature (small and medium fruit stages) mango fruit
(114.3 and 115.7) compared to fully mature fruit (109.9), an observation that was in contrast
to that in bananas, another tropical fruit [58]. The low fungal diversity in mature fruit
could be ascribed to several factors including a decrease in available nutrient levels [10]
and unfavourable environmental conditions such as higher temperature, low relative
humidity and dry periods [59]. In addition, during fruit development, various physio-
logical and biochemical changes take place [60], that can affect the diversity of the fungal
communities inhabiting the fruit. Noticeable differences in the morphological features
(wax development) of the mango surface also take place between immature and mature
fruit [61].

The observed differences in fungal diversity could also be due to management prac-
tices [62] during fruit development. A decrease in microbiome diversity was observed in
subtropical fruit when sprayed with copper [63]. In commercial mango orchards in South
Africa, copper is sprayed during fruit development until 14 days before harvest, at 28-day
intervals under dry conditions or 14- to 21-day intervals under rainy conditions. The
application of copper sprays could, therefore, have resulted in a decline in the abundance
of pathogenic fungi [64] and other non-target organisms, creating a microbial vacuum [65].

Further to this, fungicide applications are known to affect microbial balance and
diversity on mango fruit [3]. The commercial application of prochloraz dip treatment to
post-harvest mangoes was associated with a decline in both fungal and bacterial diversities
on both the fructoplane and stem-end pulp area. The effect of prochloraz was also visible
on the fungal beta diversity in the stem-end pulp which resulted in these communities
clustering far apart from the rest. Prochloraz is known to target several fungal groups by
inhibition of ergosterol, a fatty acid that is vital to the structural formation of fungal cell
membranes [66]. Despite prochloraz being non-systemic, there is a possibility of fungicide
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internalisation [67] into the stem-end area during commercial dipping, potentially resulting
in a decline in fungal diversity in this area. To date, the direct effect of copper sprays over
time (pre-harvest), as well as the non-target effect of prochloraz (post-harvest) on microbial
diversity has not been reported and warrants future investigation.

For mangoes exposed to cold storage until the ripe and ready-to-eat stage, fungal
stem-end pulp communities and bacterial stem-end pulp communities showed indications
of recovery post prochloraz dip. The increase in both the fungal and bacterial diversities at
the ripe and ready-to-eat stage in the stem-end pulp could have been due to the combined
effect of an increase in the availability of sugars (total soluble solids) and a decrease in pH
level as the fruit ripened [33]. This, therefore, created an environment that is characterised
by less competition for food and more diverse fungal populations [68].

4.2. Pathogenic Fungal Taxa Composition at the Pre- and Post-Harvest Stages of Mango

During flowering typical stem-end pathogens get introduced [69], often via infection
through the stamen, as was reported with Alternaria alternata for citrus [70]. Well-known
stem-end pathogens, e.g., Dothiorella (avocado) and Botryosphaeria (mango) remain in this
area as endophytes and typically move into the stem-end area of the fruit during maturation.
The resultant development of stem-end rot represents a significant post-harvest disease in
mango [64].

The presence of pathogenic signatures during fruit development and at the post-
harvest stage in response to physical and chemical interventions was evaluated based on
the observed abundance of OTUs belonging to fungi responsible for post-harvest diseases
of mango fruit. This included Penicillium, Alternaria, Botryosphaeria, and Fusarium [71].

Penicillium digitatum was reported as the only known stem-end pathogen in mango
belonging to the Penicillium genus [72], however, we did not detect it in the present study.
Penicillium commune was detected as an endophyte in fruit stems and showed a presence at
all stages of fruit development. The lowest relative abundance of P. commune in the fruit
stems at the mature stage coincided with a 61% increase in abundance in the stem-end pulp.
P. commune was previously reported as a fungal endophyte isolated from avocado roots [73].
To date, there are no reports on the pathogenicity of P. commune in mango. However, the
fungus was reported as pathogenic to pears and apples [74,75].

Mucor racemosus Bull. a prevalent member of the Mucoraceae family, was reported
to be pathogenic to cherry tomato (Soft rot) and mandarin (Mucor rot) [76,77] and has
previously been detected on mango flowers [3]. However, there were no reports of M. race-
mosus being pathogenic to mango. In this study, M. racemosus was detected in post-harvest
mangoes, and at relatively high abundances at the small fruit stage which declined as the
fruit developed. However, despite the observed increase in the sequences of the Mucor
genus, its dominant members, Mucor circinelloides Tiegh. and Mucor racemosus remained
the least dominant (0.2%) in the stem-end pulp at the ready-to-eat stage.

The family Botryosphaeriaceae is composed of many pathogenic members [78] in-
cluding B. dothidea, a common causal agent of stem-end rot in mango; [79] reported that,
B. dothidea grows endophytically in mango pedicels during fruit development and spreads
into fruit a few weeks before they reach harvest maturity to form quiescent infections. This
genus was detected in the present study and observed to have a relative abundance in the
stem-end pulp at the mature fruit stage two times as high as that of the medium stage.
Botryosphaeria dothidea was generally detected in very low abundances on the fructoplane
(<0.2%) at the pre-harvest stage, which is in agreement with [79] who reported that B.
dothidea grows endophytically in mango pedicels during fruit development and spreads
into fruit a few weeks before they reach harvest maturity to form quiescent infections.
Furthermore, the detection of B. dothidea at the inflorescence stage (0.09%) and almost
non-detection in fruit stems and stem-end pulp at the small and medium fruit stages in
this study confirm that a critical infection period exists during flowering [70].

Alternaria alternata, a member of the Pleosporaceae family was previously reported
to be the most abundant pathogen in semi-dry arid areas and the most important mango
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pathogen in countries such as Israel [80]. Alternaria signatures were detected on the mango
fructoplane in all development stages. Alternaria, Cladosporium and Botryosphaeria sig-
natures did, however, demonstrate their lowest abundances at the medium fruit stage
which could be attributed to low nutrient levels. According to Blakeman [10], this is a
result of morphological changes on the fruit surface which occur during fruit development
in mango [61]. Further to this, it is essential to keep in mind that a commercial copper
spray was applied to the orchard a week prior to sampling during the medium fruit stage.
Since the non-target effect of commercial copper sprays on the presence of fungi is well
known [63], this once again raises the need for extensive assessments on the effect of copper
sprays as a biocontrol agent on microbial biomes of mango.

At the post-harvest stage, the ability of prochloraz to control a diverse range of
fungal genera common to mango including Gloeosporium, Penicillium, Alternaria, Botrytis,
Fusarium, Phoma, Sclerotinia and Colletotrichum was the subject of extensive research on
avocados [66]. The findings of the present study revealed that most of the families including
Aspergillaceae (Penicillium), Aureobasidiaceae, Pleosporaceae (Alternaria), Cladosporiaceae
(Cladosporium) and Botryosphaeriaceae (Botryosphaeria) declined following prochloraz dip
treatment. The exception was P. commune, which indicated that prochloraz had no effect on
their relative abundance, which was 2.4 times higher than at the harvest stage fruit. Usually,
this organism is known to rapidly colonise a niche once other competing organisms are
removed, representing a typical strategist [81]. Interestingly, the Penicillium genus showed
a stark inversely proportional relationship between the P. commune and other species
present. The fungal community structure of mango fruit at the post-harvest stage was
also reported to change during storage [33]. Immediately after post-harvest treatment,
pesticide concentrations will be higher on the fruit surface but will gradually decline as the
product breaks down or diffuses into the fruit [56], which explains surface population and
endophyte recovery in endophytic Botryosphaeria at two weeks cold storage.

Further on, Alkan and Fortes [60] indicated that during the ripening process, fruits
exhibit biochemical and physiological changes that include a decrease in important defence
mechanisms such as phytoanticipin, phytoalexin levels, inducible plant defence mechanisms,
and changes in ambient host pH. The decline in the defence mechanisms as the fruit ripens
results in an increase in pathogenic members of the Ploeosporace and Davidiallaceae families
in the stem-end [33]. Over the course of this study, we observed that the abundance of
A. alternata was undetected at the ready-to-eat stage, whereas B. dominica, one of the least
abundant fungi at the pre-harvest stage, was detected in high relative abundances (21%)
in the stem-end pulp at the ripe and ready-to-eat stage. More so, the high occurrence of
B. dominica during pre-harvest resulted in a higher stem-end rot occurrence in mango [64],
hence the 30% incidence observed at the ready-to-eat stage. In addition, Mucor racemosus a
prevalent member of the Mucoraceae family was also detected in relatively high abundances
in the stem-end at the post-harvest stages. The fungus was reported to be pathogenic to
cherry tomato (Soft rot) and mandarin (Mucor rot) [76,77]. To date, there are no reports on
M. racemosus being pathogenic to mango and its elevated presence on the fruit surface and
the stem-end pulp at the post-harvest stage is of concern. Future work should focus on
assessing the pathogenic potential of such organisms prevalent in mango fruit.

4.3. Beneficial Bacterial Taxa Composition at the Pre- and Post-Harvest Stages of Mangoes

Bacillaceae, a family of interest in plant health [82] play fundamental roles in soil
ecology, plant health and growth stimulation via suppression of plant pathogens and
phosphate solubilisation. B. subtilis, a well-known biocontrol agent against major post-
harvest fungal pathogens of mango, such as Colletotrichum gloeosporioides [83] was detected
in very low abundances on the anthoplane of the mango inflorescence (0.06%).

The succession of endophytic Bacillus populations during fruit development appeared
to be governed more by the initial composition on the inflorescence and the physiological
state of the fruit [84] as opposed to environmental factors. This is evidenced by B. subtilis
being present in higher abundances in both the fruit stems and stem-end pulp area at
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medium fruit size, which was then followed by a considerable decline in abundance from
medium to mature fruit stage. Previously, culture-dependent methods detected B. subtilis in
similar very low abundances on the mango fructoplane [3]. In fact, Wei et al. [66] reported a
50% loss of B. subtilis on the strawberry phyllosphere eight days after commercial biocontrol
applications as a result of wash-off by rainfall. This provides a possible explanation for
the decline in the abundances observed from the medium to mature stage in the current
study as 10-25 mm of rain was experienced on the trial field during this period (Table 1). It
was further suggested that in order to maintain an active population on the phyllosphere
biocontrol agents, such as B. subtilis must be applied frequently [85].

However, the use of prochloraz as a commercial post-harvest treatment seemed to
have a potential negative impact on the natural populations of B. subtilis at the post-harvest
stage. The effect was more pronounced and persistent on the fructoplane as opposed to the
stem-end pulp. This is an important finding that can be exploited for awareness on fruit
biocontrol application schedules.

4.4. Conclusions

This study provides an indication of the baseline yet fundamental composition and
dynamics of the fungal and bacterial community present on mango inflorescence, fruit
stems and fruit (fructoplane and stem-end pulp area) during growth and production in a
commercial orchard. Although it is not definitive from the limited dataset, the differences
in the fungal and bacterial community compositions at the pre- and post-harvest stages
observed were suggested to be mainly due to the stage of fruit development and responses
to physical and chemical interventions. For instance, most of the families including As-
pergillaceae, Aureobasidiaceae, Pleosporaceae, Cladosporiaceae and Botryosphaeriaceae
declined following prochloraz dip treatment. Despite the observed differences in the
microbiome, several shared taxa persist in the mango fructoplane and endosphere. Some
of the major pathogenic fungal (Penicillium, Alternaria, Botryosphaeria, and Fusarium) and
beneficial bacterial (Bacillus) groups observed were previously reported in several fruits
including avocado and grapes. Interestingly, pathogenic fungi such as P. commune and
M. racemosus that were previously undocumented as mango endophytes were detected
pre-harvest and persisted during storage up to the ripe and ready-to-eat stage. The next
step in fungal pathogen research should focus on assessing the pathogenic potential of such
organisms prevalent in mango fruit. The use of fungicides seemed to reduce the diversity
and abundance of some pathogenic fungal populations at the post-harvest stage though
the effects did not persist to the final ready-to-eat stage. Unexpectedly, a decline in the
presence of B. subtilis was observed following the prochloraz treatment which insinuated a
non-target effect of the fungicide. Future studies could specifically focus on an in-depth
analysis of the non-target effect of both copper fungicides during spray intervals as well
as post-harvest prochloraz dip treatment and the effect they have on beneficial bacteria.
This primary survey study provides first-hand essential knowledge on the impact of pre-
harvest bacterial biocontrol applications on the overall microbial ecology and stem-end
rot pathogens in mangoes during production and at the post-harvest stages. In the future,
analysis such as these could lead to improved fruit microbiome-based orchard management
and preventative strategies for post-harvest decay, wastes and losses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7110495/s1, Figure S1: Taxonomic abundance of pathogenic fungal species at the
preharvest (A) and postharvest stages (B) on the fructoplane, stem-end pulp and fruit stems of cv.
Tommy Atkins mangoes. FP, fructoplane; SEP, stem-end pulp; S, fruit stem.
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