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Abstract: Marker gene sequencing of the 165 has become the gold standard to characterize
microbial communities from all environments. One of those environments are plants, which are
in constant interaction with microbes that have the ability to colonize their surface and interior

and perform very valuable metabolic functions.

In the present study, we assessed different

tools and databases to study 16S marker sequencing data considering distinct biases of the
technique in order to unravel the endophytic dynamics of Banana (Musa acuminata) under
different conditions such as the infection by Pseudocercospora fijiensis and the inoculation of

Bacillus subtilis EA-CB0575.
1 Introduction

Microbial communities are present through
most of the known ecosystems of the Earth,
these communities, also called microbiota
along with their genomes the microbiome, play
crucial roles in sustaining life as we know it to-
day [1, 2]. Thus, its characterization is vital
to understand their roles in the ecosystem [3].
Many techniques for characterizing microbial
communities have emerged over time, such as:
cell culture, DDGE, FISH or T-RLFPs [3, 4],
but none of these techniques has grown as pop-
ular as marker gene sequencing [4].

Marker gene sequencing to characterize mi-
crobial communities has been done tradition-
ally using the 165 ribosomal RNA (16S5) ribo-
somal marker. The 16S gene was first used for
phylogenetic purposes back in 1985, due to its
nature of containing regions of both conserva-
tion and variability, which ease the primer de-
sign over the conserved regions and the identi-
fication of organisms based in the hypervari-
able regions [5]. Subsequently, 16S became
the most used marker gene for profiling micro-
bial communities; but it wasn’t until the devel-
opment of High-throughput sequencing (HTS)
technologies that this technique became afford-
able and routine [3]. Thus, amplifying and
sequencing 165 has become one of the stan-
dard techniques to survey and compare micro-
bial communities across space, time and envi-
ronments [6]. Nevertheless, implementing HT'S
carried with it some trade-offs [7].

The issues of HT'S arise due to the fragmen-
tary and compositional nature of sequencing

data, the former issue is related to the read
length supported by the platforms, while the
latter is related to the nature of sampling dur-
ing the sequencing. Most ”Second generation”
or ”Next generation” sequencing (NGS) meth-
ods output reads between 200 and 600 base-
pairs (bps) while full-length 165 gene is around
1500 bps long [6]; hence, only a portion of 165
can be sequenced by NGS methods and this
represents a problem for taxonomic classifica-
tion and phylogenetic reconstruction, which di-
rectly impacts in the calculation of several a-
diversity and S-diversity metrics [8]. Addition-
ally, primer election to amplify the targeted re-
gion to sequence introduces the "PCR bias”,
in which variations over the conserved region
where primers are designed result in unequal
amplification of the 165 over the sample [9],
this trade-off is highly relevant for plant as-
sociated microbiota studies as universal 165
primers also result in plastid and mitochondrial
derived amplicons [10].

Among the mentioned issues of HTS, we
find the compositional bias, which is due to
the limited capacity of the sequencing instru-
ments, that can only deliver a given number
of reads, inevitably, the total read count of an
HTS run is of a fixed-size, which represents a
random sample of the molecules in the sampled
ecosystem. This directly affects the captured
abundance of sampled organisms, which subse-
quently affects S-diversity calculations [7, 11].
Additionally, related to the compositional bias,
we find Esparcity, which is the large amount
of zeros in the count matrices of data derived



from HTS experiments [11].

Furthermore, with the rise of marker gene
HTS-based characterization of microbial com-
munities, also came the realization that a vast
portion of Earth’ microbiota is uncultured,
therefore uncharacterized [12]. This had led to
a quest to quantify how much of certain com-
munities remains uncultured, which members
need an extra effort to be cultured and how
representative the isolates are of the sequenced
data [13]. Nevertheless, some considerations as
gapped distances metrics [14] must be consid-
ered to accurately characterize this gap.

Although the framework of amplicon anal-
ysis was established in the past decade, analy-
sis methods and standards have been evolving
rapidly over the past few years, the quick ac-
cumulation of new methods makes challenging
for researchers to choose suitable software and
pipelines for data analysis and interpretation
[4]. One of the recently published pipelines is
for microbiome analysis is Qiime2 (q2), which
includes plugins of the latest-generation tools
for quality check, taxonomy assignment and
phylogenetic reconstruction [15].

Plants are in constant communication with
a wide variety of microorganisms in its en-
vironment [16], microbial habitats in plants
comprise the bulk soil, phyllosphere, spermo-
sphere, rhizosphere, endosphere [17]. Endo-
phytes, which inhabit the endosphere, are de-
fined as those microorganisms that colonize in-
ternal plant tissue without causing harm to
the plant. These endophytes can promote
plant growth, elicit defense or protect against
pathogens and act as remediators of abiotic
stress [16], these traits make endophytes po-
tential natural resources to control abiotic and
biotic stresses [18].

In the present work, we assessed different
tools and databases for the analysis of 165
marker gene sequencing data derived from both
HTS sequencing and amplicons from cell cul-
tures, in (mostly) Qiime2. Thus, the present
work designed a state-of-the-art analysis work-
flow, necessary to unravel the dynamics of the
endophytic microbiota of two varieties of Ba-
nana (Musa acuminata) var. Calcutta-4 and
Williams under different treatments PGPR

Bacillus subtilis EA-CB0575 [19] inoculation,
Pseudocercospora fijiensis infection and plants
without P. fijiensis or B. subtilis EA-CB0575
in order to identify promising endophytes for
future bioproducts and study the effect of
treatments on the banana microbiota.

2 Methods

2.1 Previous work.

Wetlab experiments such as B. subtilis inocu-
lation, P. fijiensis infection, greenhouse plant
growth, DNA extraction and 165 amplification
was performed by Luisa F. Posada-Uribe in un-
published work. Then facility sequencing by
BaseClear (Nederlands), of the hypervariable
V3-V4 region (primers 341F/805R), in com-
bination with chloroplast and mitochondrial
blocking primers, was performed. Sanger reads
obtained in previous work by Adarve-Rengifo
(2020) [20], were basecalled using Tracy v0.5.9
[21], then trimmed with Cutadapt [22] v2.8 and
finally converted to a Qiime2 artifact for down-
stream analyses such as taxonomy assignment.

2.2 Wetlab experiments

Fifteen g of Calcutta 4 and Williams banana,
infected with P. fijiensis, inoculated with B.
subtilis EA-CB0575 plants sections (leaves,
roots or pseudostem) and neither inoculated
and infected, were disinfected and macerated
using liquid N2 a for DNA extraction (DNeasy
PowerSoil Kit, Qiagen) according to protocol
recommended by manufacturer with comple-
mentary steps for DNA concentration. After
discarding spin filter 4 mL NaCl 5 M were
added and inverted, 200 mL of cold ethanol
96% were added and tubes were inverted and
centrifuged at 11500 rpm during 5 min at root
temperature and supernatant was discarded.
Finally, residual ethanol was discarded using
Vacuum Concentrator (mode V-HV, 30°C dur-
ing 20 min) and pellet was resuspended on ster-
ile Tris-HC1 10mM pH 8.5 and storage at -80°C.
DNA concentration was evaluated by gel elec-
trophoresis 1% agar, Nanodrop™ spectropho-
tometer (Thermo Fisher Scientific, USA) and
Qubit®) 2.0 Fluorometer (IThermoScientific).



DNA samples with concentration greater than
10 ng/mL were submitted to

2.3 Bioinformatics analysis.

2.3.1 Quality check and Amplicon Se-
quence Variant inference

Raw data was quality checked with FastQC
and MultiQC [23], then 165 rRNA amplicon
sequence variants (ASVs) were inferred using
DADA2 pipeline in Qiime2 v2020.08 [24]; for-
ward and reverse reads were truncated at 280
and 250 bp respectively, the 10 first bases were
trimmed for all reads, pseudo-pooling method
was set on and all other parameters were de-
fault.

2.3.2 Database curation and Taxonomy
assignment

Database curation was done with g2 plugin
RESCRIPt [25] over SILVA v138 [26, 27], Bac-
teria GTDB 1220 [28], GreenGenes 138 [29]
and NCBI Refseq [30]. Taxonomic assign-
ment was performed with different approaches
and databases in order to compare, such as
naive bayes (NB) classifiers [31], VSEARCH
[32] and BLAST[33], all implemented in g2
feature-classifier [34]. Briefly, for taxonomic
assignment with naive bayes classifiers, first
primer specific databases were extracted with
q2 extract-reads [35] for primer sets 341F-805R
and 8F-907R, then NB classifiers were trained
using 2 plugin fit-classifier-naive-bayes, and
finally ASVs were classified using g2 plugin
classify-sklearn.  For VSEARCH classifica-
tion, ASVs were compared against primer spe-
cific databases. Comparisons among different
databases were made with q2-rescript evaluate-
taxonomy. ASVs classified either as Mito-
chondria or Chloroplast were removed with q2-
filter-table. As long for culture amplicon clas-
sification was performed with 8F-907R. primer
specific databases.

2.3.3 Phylogenetic analysis

Phylogenetic analyses were performed de novo
and by Saté-enabled phylogenetic placement

(SEPP). First, ASVs were aligned with q2-
mafft [36] then masked for gappy regions, de
novo phylogenetic analysis was performed by
RAxML [37] with 10 independent replicates.
SEPP analysis was performed with q2 frag-
ment insertion [8] default parameters using
SILVA 128.1 reference.

2.3.4 oa-diversity and (-diversity met-
rics calculation

Diversity indexes were calculated with q2-core
metrics, q2-alpha and g2-beta plugins. As
for phylogenetic-aware metrics such as Faith
phylogenetic diversity, two analyses were com-
puted independently modifying its input tree
based in the methodology of reconstruction,
and a rarefaction depth of 9200 counts where
needed [38]. a-diversity was estimated using
Shannon as Richness and Evenness estimator,
Simpson E and Lladser [39] as Evenness esti-
mators and Fisher-a and Faith’s phylogenetic
as richness estimators as suggested by Hagerty
(2020) [40]. Metrics were calculated
in g2-alpha and tested using Kruskal-Wallis
test [41] implemented in g2-alpha-significance
plugin. [S-diversity was estimated with Jac-
card, Bray-Curtis, and DEICODE Aitchin-
son distance indexes with g2 diversity beta
and q2 DEICODE [42], then a Principal co-
ordinate analysis (PCoA) was performed for
all beta diversity indexes assessed, then DE-
ICODE Aitchinson distance was tested using
Permutational multivariate analysis of vari-
ance (PERMANOVA) [43], and Analysis of
similarities (ANOSIM), QZA distance matrix
artifacts were imported into R with qiime2R
for visualization.

et al.

2.3.5 Differential abundance

Differentially abundant ASVs for the three
variables independently, among contrast of
treatments, were calculated using an ag-
glomerative approach implemented in rA-
NOMALY [44] for non-compositional methods
(DEseq2, Metagenomeseq and Metacoder) and
q2-composition (ANCOM v1) and ANCOM-
BC [45] for compositional methods, all with
default parameters. Additionally, as ANCOM



is affected by the inacuracies of automatic tax-
onomy assignment when counts are pooled at
given taxonomic level, we performed a compar-
ison between ANCOM results at genus level be-
tween SILVA v138.1 and GTDB r220, genera
were considered differentially abundant when
g-value < 0.05.

2.3.6 Cultured collection representa-
tion of NGS sequencing data

First, regions belonging to the V3-V4 region
of the basecalled chromatograms from the cul-
ture collection were extracted using q2 extract-
reads and 341F-805R primer set. Resulting
sequences were then used as the database in-
put for VSEARCH search and ASVs repre-
sentative sequences as query, we performed
searches with the Marine Biological Lab iden-
tity definition, which takes gap openings into
account, as suggested by [14]. An ASV was
considered represented by the culture collec-
tion when VSEARCH reported a match with
> 0.97 of identity score with a strain sequence.
Then, features from each category (represented
or not) were collapsed with q2 feature-table
group by the sum of its frequency by treatment.
Thus, proportion of the 165 sequencing data
represented within the culture collection was
calculated by dividing the sum of frequency of
represented ASVs and the total frequency for
each treatment.

3 Results

48 libraries were sent for facility sequencing but
only 36 were successfully sequenced, Calcutta-
4 was the treatment most affected by techni-
cal failures (10 of the samples belonged to this
treatment). Nevertheless, other factors such
as plant organ and PGPR/infection remained
evenly distributed. After ASV inference and
plastid/mitochondrial sequence removal, 9941
ASVs were kept for downstream analyses.

3.1 Taxonomy assignment

Metrics for the assessment of the tested
databases are available at Figure 1, SILVA and

GTDB performed best over NCBI RefSeq and
GreenGenes. Results for general taxonomy as-
signment at phylum level are available in Fig-
ure 2. At phylum level, Proteobacteria was
the most abundant, followed by Bacteroidota,
Actinobacteriota, Firmicutes and Acidobacte-
riota. Nevertheless, an unprecedent abundance
of recently described taxa such as Patescibac-
teria (CPR), PVC (Planctomycetota, Verru-
comicrobia, Chlamydiota) and Gemmatimon-
odota was detected (Figure 2). The higher
diversity of classified taxa is found at genus
level, which has the highest count of Unique la-
bels and Taxonomic Entropy, therefore, differ-
entially abundant taxa was calculated with this
level for both taxonomy assignments (Figure
1). Taxonomic classification and strain count
from the cell culture collection is available at
Figure 3.

3.2 «a-diversity and p-diversity met-
rics

3.2.1 a-diversity

Boxplots for a-diversity visualization are avail-
able at Figure 4. Overall, most metrics are
significantly different when compared in the
Organ (Aerial vs Roots) Factor, samples from
roots have significantly higher richness accord-
ing to the evaluated metrics. Evenness met-
rics such as Lladser and Simpson E are also
significantly different in this treatment. Fur-
thermore, evaluated richness metrics are signif-
icantly different when P. fijiensis infection and
B. subtilis EA-CBO0575 are compared against
the control. Nevertheless, none of the evalu-
ated metrics are significantly different for the
variety treatment.

3.2.2 [p-diversity

PCoA of the different S-diversity metrics as-
sessed are available at Figure 5. All (-
diversity metrics assessed showed a clear
and significant differentiation of Roots and
Aerial samples (Aitchinson-DEICODE, PER-
MANOVA and ANOSIM p-value: 0.001).
Nevertheless, none of the (-diversity met-
rics assessed showed a clear differentiation be-



tween treatments of the PGPR/pathogen fac-
tor (Aitchinson-DEICODE, PERMANOVA p-
value: 0.05 and ANOSIM p-value: 0.11). Ad-
ditionally, Aitchinson-DEICODE and Bray-
Curtis distances showed a clear differentiation
between Calcutta-4 and Williams, specific to
Root samples, however it is the only metric
in which this differentiation is observed and
is significant (Aitchinson-DEICODE, PER-
MANOVA and ANOSIM p-value: 0.001). The
top variants contributing variation belong to
Acidocella, Streptomyces, Cutibacterium, Sph-
ingomonas, Trinickia, Dyella and members of
the Rhizobiaceae and Micrococcaceae families.

3.3 Differential abundance

Relative abundance of taxa determined as dif-
ferentially abundant (DA) by ANCOM-BC be-
tween all factors is available at Figure 6. Al-
though characterizing the differences between
the rhizosphere and phyllosphere are outside
the scope of this study, ANCOM-BC iden-
tified at least 60 genera DA with both tax-
onomies in the Organ Factor, equally dis-
tributed between factors. Q2-composition AN-
COM and Q2-Aldex2 failed to output taxa
DA in the root treatment, nevertheless all
the taxa identified as DA in the Aerial treat-
ment for both plugins were also identified as
DA by ANCOM-BC. To synthesize this vari-
ation the top five DA (Higher W value) gen-
era of ANCOM-BC-GTDB results were se-
lected. For the root treatment the top five
genera are Streptomyces, Terracidiphilus, De-
vosia_A, CAIPFQO01 and 2011-GWC2-44-17.
As for leaves, the five top are Methylobac-
terium, Staphylococcus, Actinomycetospora,
Corynebacterium and Lawsonella.  Finally,
a distinct enrichment of families Chitinopha-
gaceae, GWC2-71-9 and UBA2163 families
was observed in the roots, in which 6 taxa
are DA for Chitinophagaceae (Chitinophaga,
Niastella, Flavipsychrobacter, Paraflavitalea,
Sediminibacterium and NS-102), two taxa for
GWC(C2-71-9 (DSTP01 and JABFSMO01) and
two for UBA2163 (UBA10103 and C7867-001).

Meanwhile for the variety treatment and
the PGPR/pathogen factor a high level of

variation between analyses was found, there-
fore, this makes more difficult to analyze which
taxa is DA. Initially Kosakonia was consistenly
determined as DA between varieties (specifi-
cally in Calcutta-4 variety) by compositional
and non-compositional DA methods, as well
as, Noviherbaspirillum (DA in Calcutta-4) and
Acidocella (DA in Williams), in a lesser ex-
tent. Beyond this consistency, there is not
overlap between taxa determined as DA by
ANCOM-BC when results for both taxonomy
assignments are compared. Other taxa deter-
mined as DA by ANCOM-BC with GTDB clas-
sification are Sphingomonas, Methyloceanibac-
ter, AC-14 and VKM-B-2647 which are more
abundant in Calcutta-4 variety along Acidobac-
terium and Shinella which are more abundant
in Williams variety. Additionally, taxa deter-
mined as DA by ANCOM-BC with SILVA tax-
onomy are Niabella, Haoranjiania (both from
Chitinophagaceae), Thiomonas, Possible genus
04 (Fibrobacteriaceae), Ca. Jorgensenbacteria
and Ca. Brownia.

Furthermore, Crossiella is the only Genus
consistently DA in samples without PGPR in-
oculation or infection across most of the anal-
yses. Beyond this consistency, again, there
is not overlap between taxa determined as
DA when results are compared by taxonomy
assignments.  Taxa determined as DA by
ANCOM-BC and GTDB taxonomy are Methy-
lotenera, C7867-002, SHVAOL and Pan189 DA
in P. fijiensis infection, Gemmatimonas DA
in samples with PGPR application and F1-
20-MAGs016, AC-14 DA in samples without
PGPR inoculation or infection. On the other
hand, taxa determined as DA by ANCOMBC
and SILVA taxonomy are Dechloromonas, Ter-
rimonas, Ca. Brownia, env.OPS.17 and uncul-
tured members of Pedosphaeraceae DA in P.
fijiensis infection, Subgroup 13 DA in samples
with PGPR and Arthrobacter and uncultured
members of Methyloligellaceae DA in samples
without PGPR inoculation or infection.

To summarize, taxa determined as differ-
entially abundant by ANCOM-BC in combi-
nation with GTDB r220 are spread through
phyla: Proteobacteria which taxa is mainly
DA in the variety treatment, Actinobacteri-



ota which is characterized by an increase of
AC-14 taxon in Calcutta 4 and plants with-
out PGPR or infection and a distinct increase
of this group in leaves with 7 DA genera for
this treatment; Acidobacteriota with DA taxa
in Williams (Acidobacterium) and roots, Fir-
micutes with DA taxa in leaves and Calcutta-4
(VKM-B2647), Patescibacteria with DA taxa
in infected plants (C7867-002) and roots, Gem-
matimonadota with a Genus DA in plants with
PGPR application (Gemmatimonas) and PVC
superphylum, in which Chlamydiota taxon is
DA in roots and Planctomycetota taxa DA ei-
ther in infected plants or plants without infec-
tion or PGPR application.

Finally, it is worthy to mention that taxa
determined as DA by ANCOM-BC in com-
bination with SILVA was highly concordant
with results from non-compositional methods
assessed with TANOMALY, in opposition to
results of ANCOM-BC in combination with
GTDB which are hardly correlated with non-
compositional methods except for previously
mentioned cases.

3.4 Culture Collection representa-
tion of NGS data

Cultivated organisms belong to 57 genera,
which represent roughly the 5% of genus cat-
egories detected in NGS data. Differentially
abundant genera included in the cultured col-
lection include: Methylobacterium, Curtobac-
terium, Brevibacterium, Streptomyces, Sphin-
gomonas and Kosakonia. Nevertheless, the
proportion of NGS data represented in the cul-
ture collection by treatment presented inter-
esting variation: As for variety treatment, the
proportion is 0.37 for Calcutta-4 and 0.35 for
Williams, as long for Organ, the proportion in
Roots is 0.22 and Aerial is 0.53, finally for the
proportion for the PGPR inoculation /infection
treatment is 0.27 for the infection, 0.3 for the
PGPR inoculation and 0.52 for the microbiome
of plants without infection or PGPR inocula-
tion. As for features matching B. subtilis EA-
CBO0575 at 0.996 identity score the proportion
was of 0.002 in plants without infection or in-
oculation, 0.0007 for plants with PGPR inoc-

ulation and 0.002 in infected plants.

4 Discussion

4.1 Diversity metrics

Richness metrics were significantly different
between plants without infection/PGPR appli-
cation and infected plants, this result is quite
contrasting with previous studies as infection
by Fusarium oxysporum sub. cubensis 4 (Foc4)
does not correlate with variations observed in
the assessed a-diversity metrics [46]. Further-
more, Aitchinson-DEICODE and Bray-Curtis
distances were able to differentiate between
Calcutta-4 and Williams in some extent, re-
vealing that microbiomes of these two varieties
differ mostly in the roots. Nevertheless, to
clarify both tendencies in the assessed diver-
sity metrics further research is needed.

4.2 Differentially abundant taxa

As one of the principal aims of the project
is to identify promising endophytes for future
bioproducts, the identification of taxa vary-
ing across our co-variates is crucial. Differen-
tially abundant groups across all factors dis-
play an unprecedent yet specific variation. To
illustrate this, Methanol is one of the most
abundant compounds in plants as a result of
its byproduct during plant growth and decay
[47] and it has been recognized the phyllo-
sphere, rhizosphere and endosphere as suit-
able habitat for methylotrophic communities
(Organisms capable of metabolizing C1 com-
pounds)[48]. In this study we found a strik-
ing variation of known and potential methy-
lotrophs across our factors, including: Methy-
lotenera [49], Methyloceanibacter [50], Methy-
lobacterium [51] and the phylum Planctomyce-
tota [52].

Methylotrophs in association with the plant
can promote plant growth as they perform
crucial biological functions such as Nitrogen-
fixation, P, K and Zn solubilization, pro-
duction of hormones and Fe-chelating com-
pounds or indirect biological control [53]. Just
Methylobacterium alone has potential to act as
bio-estimulant, bio-fertilizer and bio-controller



[61]. Nevertheless, the role of other methy-
lotrophs remains unknown, such as Methy-
lotenera or Pan189 during the infection by P.
fijiensis or Methyloceanibacter colonizing dif-
ferentially Calcutta-4. Although, metabolic
potential of Planctomycetes taxa DA remains
to be assessed by other methods such as Cell
culture or Metagenomics, it is clear the lack
of knowledge regarding the role of this phy-
lum as endophyte, as part of the methyl-
trophic network, and during the infection of
P. fijiensis. Furthermore, Panl89 taxon is
currently affiliated to the Planctomycetaceae
family which members are known to perform
annamox (the anaerobic oxidation of ammo-
nium) [52]. Even without potential metabolic
features previously mentioned, Planctomycetes
represent a potential source for small bioactive
molecules and enantioselective enzymes [54].

Known Plant Growth Promoting taxa
(Kosakonia, Nouviherbaspirillum, Sphin-
gomonas, Shinella) are also DA in the vari-
ety factor. Consistently DA in Calcutta-4,
Kosakonia is both an enigma and on oppor-
tunity, as various members of this genus have
been found accomplishing many roles, from al-
leviating the abiotic stress such Salinity, Cold
or caused by bioavailable metals [55] to act as
control to biotic stress caused by pathogens
such as Fusarium spp. [56, 18] or Ralsto-
nia syzygi [57]. Nevertheless, members of
this genus (Kosakonia cowanii, specifically)
has been also found pathogenic for humans,
plants, insects, birds [55]. Further research
is needed in order to isolate, culture, charac-
terize and understand the role this genus is
fulfilling as endophyte in Calcutta-4 and their
biotechnological potential. As long for Nowi-
herbaspirilum, some members of this genus
have shown potential for denitrification [58],
beyond this, its biotechnological potential is
unclear. On the other hand, Sphingomonas
are mainly known for their ability to degrade
environmental pollutants but have also been
reported to be antagonistic against bacteria
and fungi [59] and to produce gibberelins [60].

Furthermore, genera DA en Williams (Aci-
docella, Acidobacterium and Shinella) beyond
the reported plant promoting growth abilities

of Shinella [61], show interesting biotechnolog-
ical potential. Both Acidocella and Acidobac-
terium have the potential to carry out Fe(IlI)
reduction [62], in which ferric ions are con-
verted to ferrous ions, this is beneficial to the
plant as Fe(II) is more soluble [63]. Especially
Acidocella members which can catalyze this
reduction with organic low molecular weight
compounds as electron acceptors [64]. Addi-
tionally, both Acidocella and Acidobacterium
have recently shown potential for Nitrogen up-
take, P and Zn solubilization, Siderophore pro-
duction and Pyrroloquinoline quinone synthe-
sis for plants growing in Oil-contaminated soils
[65].

Meanwhile, Gemmatimonas was the only
genus differentially abundant in the application
of B. subtilis EA-CB0575, this result is con-
sistent with previously reported studies which
correlated Gemmatimonas with total nitrogen
and Foc4 disease suppression after the applica-
tion of Bio-organic fertilizer [46]. This corre-
lation agrees with previous studies that report
that Gemmatimonadota participates in the soil
N cycle [66]. Finally, this genus has been also
found to be highly abundant in the rhizosphere
of healthy sugarcane plants [67]. Nevertheless,
as this is a very recently established genus, fur-
ther research is needed to evaluate the dynam-
ics of this group as endophyte.

Additional to previously mentioned varia-
tion of Planctomycetota, we find CAIPFQO1
DA in the roots, taxon that belongs to SM23-
39 family (Chlamydia), members this family
has the genetic potential to perform acetogenic
fermentation and use the arginine deiminase
(ADI) pathway to produce ATP [68]. The eco-
logical roles of plant-associated chlamydia are
still unknown and matter of ongoing research
[69]. Hence, PVC genomic repertoire and phys-
iology remains to be explored in order to clarify
its roles as endophytes.

Results from the ANCOM-BC in com-
bination with SILVA are cryptic to analyze
as recent changes have been introduced in
some of the groups (such as Arthrobacter
[70]) determined as differentially abundant by
this analysis. Besides, many of the variants
classified with SILVA changed its taxonomy



when compared to other taxonomy assign-
ments, a very immediate result regards the
genus Dechloromonas which alleged members
are classified as Azovibrio or other Rhodocy-
claceae genera by GTDB r99 and r202. Thus,
it is unclear how accurate these results are.

4.3 Culturable collection in NGS

data

Proportion and number of genera of the cul-
turable collection in the NGS data agrees with
the previously published studies, in Thomas &
Sekhar [71] only 2.6% of detected genera were
isolated from endophytes of banana shoots,
nevertheless, other studies recover from 20%
to 50% of the endophytic microbiota [13], in
this study we found that 5% of genera were
isolated and NGS is represented in proportion
between 0.22 to 0.53, depending on the treat-
ment. Proportion of represented ASVs did not
vary in the variety treatment. The highest
proportion belonged to the NGS data coming
from plants without PGPR inoculation or in-
fection followed by the Aerial organs, this was
largely driven by the recovery of Arthrobacter
and related lineages which are highly abun-
dant in these treatments. Also it is quite clear
that isolation efficacies of endophytes from the
Roots and infected plants is quite low, further
research is needed to cultivate and characterize
lineages that might be relevant for the Banana
cultivar, from PVC or Gemmatimonadota to
Acidocella or Kosakonia. Furthermore, our un-
derstanding of variation in the specific or strain
level is limited, as many strains share 100%
identity regions in its 16S sequence and NGS
only provides a small fragment to match. This

problem has been identified as the principal is-
sue to compare Non-culturable and culturable
data sets [13]. This lack of resolution impacts
our analysis of the colonization of B. subtilis
EA-CB0575 as not enough resolution is pro-
vided. Further research is needed to assess the
different population dynamics of Bacillus and
the extend of colonization of B. subtilis EA-
CBO0575 inside the plant.

5 Final remarks

In the present study was possible to design and
implement a robust analysis methodology to
unravel the dynamics of banana endophytes.
It was possible to assess different methodolo-
gies and databases for taxonomic classifica-
tion which did impact largely throughout our
analysis, specially over the differential abun-
dant taxa determination. It was also possible
to determine and correct biases with appro-
priate diversity metrics and differential abun-
dance tools which took them into account
such as Aitchinson-DEICODE and ANCOM-
BC, which lead to a higher understanding of
the previously mentioned dynamics. Neverthe-
less, this study is a consequence of its era and
falls prey of the pitfalls that it dugs. Exten-
sive amounts of research will be necessary to
confirm or deny the results of this study, nev-
ertheless, the considerations laid here for the
analysis of 16S gene marker sequencing data
and about the endophytic microbiota of Ba-
nana will impact our view of different biological
phenomena such as P. fijiensis infection and
lead to the development of novel bioproducts
based in the discussed endophytes that will im-
pact positively the crop.
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