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This study examines how plant genotype can influence the microbiome by
comparing six tomato genotypes (Solanum lycopersicum) based on their
traditional vs. commercial backgrounds. Using Illumina-based sequencing of
the V6-V8 regions of 16S and ITS2 rRNA genes, we analyzed and compared
the endophytic bacterial and fungal communities in stems to understand how
microbiota can differ and be altered in plant genotypes and the relation to human
manipulation. Our results reflect that traditional genotypes harbor significantly
more exclusive microbial taxa and a broader phylogenetic background than
the commercial ones. Traditional genotypes were significantly richer in
Eurotiomycetes and Sordariomycetes fungi, while Lasiosphaeriaceae was more
prevalent in commercial genotypes. TH-30 exhibited the highest bacterial
abundance, significantly more than commercial genotypes, particularly in
Actinomycetia, Bacteroidia, and Gammaproteobacteria. Additionally, traditional
genotypes had higher bacterial diversity, notably in orders like Cytophagales,
Xanthomonadales, and Burkholderiales. Moreover, we performed an evaluation
of the impact of a systemic fungicide (tebuconazole-dichlofluanide) to simulate
a common agronomic practice and determined that a single fungicide
treatment altered the stem endophytic microbiota. Control plants had a higher
prevalence of fungal orders Pleosporales, Helotiales, and Glomerellales, while
treated plants were dominated by Sordariomycetes and Laboulbeniomycetes.
Fungal community diversity significantly decreased, but no significant impact
was observed on bacterial diversity. Our study provides evidence that the
background of the tomato variety impacts the fungal and bacterial stem
endophytes. Furthermore, these findings suggest the potential benefits of
using of traditional genotypes as a source of novel beneficial microbiota that
may prove highly valuable in unpredicted challenges and the advancement in
sustainable agriculture.
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1 Introduction

The plant microbiome has gathered considerable attention
within the scientific community for its role in plant growth and
resistance to several stresses (Pieterse et al., 2014; Berg et al,
2017; Gouda et al., 2018). Multiple factors shape the plant-
associated microbial communities and their dynamics, including
plant species, soil, location, and plant development stage (Zachow
et al, 2014; Compant et al., 2019; Brown et al., 2020; Ishida
et al., 2022). The plant genotype is recognized as a key factor
in determining the microbiome (Wang et al, 2016; da Costa
et al., 2022; Malacrino et al.,, 2023), and plants may have evolved
mechanisms to attract, select, and maintain their microbiota
(Vorholt et al., 2017).

Human influence can also alter the microbiota through
the pressure to domesticate plants in modern agriculture
(Zachow et al., 2014; Pérez-Jaramillo et al., 2017; Zheng et al.,
2020). Commercial genotypes, bred for optimal production in
specific environments, may have retained only the essential
microorganisms or core microbiota for those conditions (Neu
et al, 2021; Favela et al, 2022), potentially leading to the
absence of microorganisms found in more varied environments
2003). In addition,
agronomic practices commonly involve pesticide treatments

(Magurran and Henderson, current
and their effects on the rhizosphere and soil microbiome
have been reported (Nettles et al, 2016; Caradonia et al,
2019; Vozniuk et al, 2019; Chen et al, 2021; Zhang et al,
2021). This raises the question of the value of microorganisms
absent under modern agronomic practices and whether they
could be key to plant adaptation in unexpected challenging
environments (Gera Hol et al, 2015; Ravanbakhsh et al,
2019).

Tomatoes (Solanum lycopersicum) are one of the worldwide
main agricultural crops and several microbiome studies have
evaluated the below-ground microbial communities (Poli et al,
2016; Chialva et al., 2018; Kwak et al., 2018; Gholizadeh et al.,
2022; El-Debaiky and El-Sayed, 2023). However, research on aerial
tissue microbiota is more limited (Ottesen et al., 2013; Runge
etal., 2023) and studies on endophytic microbiota are even scarcer.
In addition, most of the studies on genotype influence focus on
commercial cultivars or wild tomato ancestors (French et al., 2020;
Runge et al., 2023). Traditional cultivars, or landraces, represent
a genetic middle ground between wild species, which exhibit
low productivity and suboptimal quality for human consumption,
and commercial cultivars that endure constant selection and
agronomic treatments. These traditional cultivar plants undergo
minimal selection pressure and are cultivated in small fields
using traditional methods, including open pollination and fewer
agronomic treatments (Ficiciyan etal., 2018). As aresult, traditional
tomatoes may harbor a unique and potentially untapped microbial
reservoir that could differ significantly from the microbiota found
in commercial cultivars. The significance of studying traditional
tomatoes lies in their potential to contribute to agricultural
biodiversity and sustainability. By understanding the microbial
communities associated with these genotypes, we can explore
new ways for improving crop resilience, disease resistance, and
productivity through microbiome management. This could lead to
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the development of more sustainable agricultural practices that use
the natural microbiota of traditional cultivars.

In this study, we analyze the endophytic stem microbiota
of several tomato genotypes (Solanum lycopersicum), which
objective is identifying and comparing the bacterial and fungal
communities within the stems of both traditional and modern
commercial genotypes. This is conduced through amplicon
sequencing, which is a particularly effective method for exploring
and profiling diversity and composition of the microbial
communities. By contrasting the potential distinctions caused
by genotype background, we aim to uncover novel insights
into the role of traditional cultivars in shaping plant-associated
microbiomes and their implications for crop improvement.
The study of stem microbiota reduces the number of taxa
bound to environmental factors and likely transmitted to the
plant from the soil and air (Bulgarelli et al., 2013). While this
could potentially be achieved by studying seed microbiota,
which has been reported to harbor the core microbiota
(Frank et al, 2017; Zhang et al., 2021), the use of developed
plants also served to demonstrate the effects of a fungicide
treatment. To explore the potential influence of a common
crop management practice on the endophytic communities, we
assessed the impact of systemic fungicides tebuconazole and
dichlofluanide. Dichlofluanide is effective against a broad spectrum
of diseases such as rust, black spot, Botrytis cinerea, and mildew
by inhibiting spore germination. Tebuconazole, on the other
hand, targets several pathogens including bunt, smut, net blotch,
and powdery mildew by disrupting membranes and inhibiting
sterol synthesis.

Our hypothesis asserts that traditional tomato plants, subjected
to less selection and agronomic pressure, would harbor a more
diverse microbiota compared to their cultivated counterparts.
Similarly, we expected the treatment with fungicides would reduce
the endophytic microbial diversity. The results are expected to
contribute to the knowledge regarding the tomato microbiome,
particularly in the context of endophytic stem microbiota, a
relatively underexplored research area.

2 Materials and methods

2.1 Plant material

Six tomato (Solanum lycopersicum Mill.) genotypes were used
in the study. Four tomato landraces from Spain (ADX2), Greece
(TH-30), Israel (ISR-10), and France (MO-10) were selected
alongside the widely used commercial cultivars Moneymaker (MM)
and Ailsa Craig (AIL).

The seeds that were used to produce the plant material for
this study were obtained from the Institute for the Conservation
and Improvement of the Valencian Agrodiversity (COMAV),
Polytechnic University of Valencia, Spain. They were kept in
aseptic conditions, germinated and cultivated individually in
pots containing 12g of vermiculite as substrate in a growth
chamber. The growth environment was controlled within the
growth chamber (16-h photoperiod, 26°C:17°C day:night, 80%
humidity). These measures were taken to minimize the effects
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of the environmental factors encountered typically in open-
field conditions.

Plantlets were watered twice a week with Hoagland nutritive
solution over 4 weeks, reaching the 5% leaf stage. At that stage,
a fungicide treatment was applied to two traditional varieties
(ADX2, TH-30) and two commercial ones (AIL, MM). These
specific genotypes were selected to ensure a comparison among
plants of similar size. Five plants of each genotype were randomly
selected for spray treatment with combined systemic fungicides
(Tebuconazole 10% w/w + dichlofluanide 40% w/w) at a dosage of
5mL per plant of a 0.25% solution, adhering to the manufacturer’s
recommendations (Folicur, Bayer). The remaining plants were
mock-treated with distilled water. All plant material was collected
48h post-fungicide treatment. This timeframe was chosen due to
noticeable visual distinctions between treated and control plants, as
treated plants exhibited reduced growth.

Sample preparation followed the methodological structure
described by Sun et al. (2020). Stem tissue between 1% and 4™ true
leaves was cut and 1 cm long fragments were obtained from each
internodal stem segment. These fragments were surface sterilized
by immersion in a 4% bleach solution for 1 min, followed by 70%
ethanol for 3 min and rinsed with sterilized distilled water.

Afterwards, 200mg of each sample was transferred to
Eppendorf tubes. These samples were used for DNA extraction,
employing the CTAB method (Tamari et al., 2013) with DMSO to
enhance strand separation. ITS4 (TCCTCCGCTTATTGATATGC)
and ITS86 (GTGAATCATCGAATCTTTGAA)
(Op De Beeck et al,
60°C, were used for fungal DNA amplification targeting
the ITS2c region. For bacterial identification, 16S rDNA
primers B969F (ACGCGHNRAACCTTACC) and BAI1406R
(ACGGGCRGTGWGTRCAA) (Walters et al, 2016) targeting
the region V6-V8 were used, with a melting point of 62°C.

primers
2014), with a melting point of

Detailed procedures for this step are available in the full protocol
(Comeau et al.,, 2017). Subsequently, agarose gel electrophoresis
was performed to verify the DNA integrity of PCR samples.

For comparisons between commercial and traditional varieties,
10 plants per variety were used (10 x 6 varieties = 60 plants
total). Comparisons between fungicide-treated and control plants
involved 20 plants per condition with 5 plants per variety (5 x 4
varieties x 2 conditions = 40 plants in total). In addition, 150 mg
of tissue sample was preserved in Eppendorf tubes and stored at
—80°C for potential future use.

2.2 Amplicon sequencing

To perform sequencing of amplicons, samples were sent to the
Integrated Microbiome Resource (IMR) at Morgan Langille Lab
from the Department of Pharmacology at Dalhousie University
(Canada). The protocols for the amplicon sequencing, barcoding
adaptors and PCR conditions were described previously by
Comeau etal. (2017). The amplicon fragments were PCR-amplified
from the DNA in duplicate using separate template dilutions
(1:1 & 1:10) using the Phusion™ High-Fidelity DNA Polymerase
(Thermo Scientific™). A single round of PCR was done using
fusion primers that include Illumina adaptors, indices and specific
regions, targeting the ITS2 region for fungi analysis and the

Frontiersin Microbiology

10.3389/fmicb.2024.1453699

V6-V8 region of 16S for bacterial analysis. The PCR reactions
from the same samples were pooled in one plate, then cleaned
up and normalized using the high-throughput Just-a-Plate 96-
well Normalization Kit (Charm Biotech™). All samples were then
pooled to make one library which was quantified fluorometrically
before sequencing. The amplicon samples were run on Illumina
MiSeq using 300 + 300 bp paired-end V3 chemistry which allows
overlap and stitching together of paired amplicon reads into one
full-length read of higher quality.

2.3 Bioinformatics analysis

Forward and reverse reads were imported and demultiplexed
using the QIIME2 platform (version 2020.2; https://qiime2.org).
Sequence quality control and feature table construction were
performed using Deblur workflow, applying a trimming value of
250 as described by Amir et al. (2017). The bacterial samples
were analyzed under the Deblur denoise-16S build-in protocol,
whereas quality control and construction for ITS were performed
with UNITE Version 8.2 (https://unite.ut.ee/) as a reference.
The taxonomic composition of the samples was assessed with
the classifier feature classify-consensus-blast using UNITE version
8.2 as a reference database for ITS and Greengenes 2 99%
operational taxonomic units (OTUs) for 16S with a resolution
of 99% (McDonald et al., 2012). Since the DNA was extracted
from plant tissue, the presence of plant mitochondria and
chloroplast might arise. Hence, a taxa filtration to exclude these
terms was performed following the protocol in Comeau et al.
(2017). For diversity analysis, the table of frequencies was rarefied
(subsampled) according to the values obtained from the deblur
workflow for ITS and 16S at sequencing depths of 1,000 and 5,000
respectively. Afterwards, the obtained results were subjected to
statistical analysis performed by different software packages. a-
diversity metrics were achieved through the QIIME2 package. The
resulting data was imported to R statistical software (R version
4.0.2) using the qiime2R package. Principal Coordinates Analysis
(PCoA), taxabars, hierarchical clusters, and diversity plots were
executed with the Microbiotaprocess ver. 1.2.2 and the Vegan ver.
2.6-2 packages. Shannon graphs were made using the Tidyverse
package ver. 1.3.1. The abundance of taxa was calculated using the
Phyloseq package ver. 1.34.0 and phylloclades were calculated with
the Coin ver. 1.4-1 package.

A total of 3,823,640 reads for ITS sequences and 2,709,671
reads for 16S sequences were retrieved from the analyzed plant
samples under control conditions after filtering for mitochondria
and chloroplast (0.1%). Among these, 237 OTUs belonged to
fungi, of which 232 aligned successfully with the UNITE reference
database. All 343 bacterial OTUs aligned successfully with the
Greengenes 2 database.

3 Results

3.1 Distribution and overall comparison of
the endophytic OTUs

Venn diagrams were generated to compare the overall

OTUs between traditional and commercial genotypes of
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FIGURE 1

Venn Diagrams of the different microbial operational taxonomic units (OTUs) of four traditional varieties (ADX2, TH-30, ISR-10, MO-10) and two
commercial cultivars (AL, MM) of S. lycopersicum. Ellipsoidal areas represent the study groups, with common OTUs represented in overlapped areas.
(A) Overall comparison between OTUs from traditional and commercial genotypes for fungal and bacterial endophytic communities. (B) Common
and exclusive OTUs between traditional varieties for fungal and bacterial taxa.
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tomato (Figure 1A). One hundred and eighty four different
fungal OTUs were shared by both traditional and commercial
genotypes while 47 OTUs were exclusive of traditional tomato

genotypes
held only one exclusive OTU identified as an uncultured

genotypes  (Supplementary Table 1).  Commercial
Ascomycota. For bacteria, 57 OTUs were shared, 243 exclusive to
traditional genotypes (Supplementary Table 2), and 43 exclusive to
commercial genotypes.

The distribution among traditional genotypes (Figure 1B)
showed a common core of 86 fungal OTUs. The number of
exclusive OTUs was higher in ADX2 (10), ISR-10 (8), MO-10 (8),
and lower in TH-30 (3). ADX2 harbored the highest number of
total OTUs (188).

On the other hand, only 13 bacterial OTUs were common
among the traditional genotypes, and each genotype harbored
several exclusive OTUs. TH-30 possessed the highest number (63),
followed by MO-10 (51), ISR-10 (41), and ADX2 (38). TH-30
harbored the highest number of total OTUs (137).

The overall wa-diversity, as measured by observed OTUs,
was represented in rarefaction curves (Figures 2A-C). Significant
differences in fungal and bacterial diversity were observed,
although no clear distinction between the traditional and
commercial groups was found for fungi. In addition, the differences
between the genotypes were analyzed by several a-diversity indexes
(Supplementary Figures 1, 2).

Bray-Curtis dissimilarity was used to study p-diversity
(Figures 2B-D). PCoA plots were generated by clustering samples
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of each background (traditional or commercial) based on
unweighted unifrac calculations, as weighted unifrac did not
contribute in defining results. The distance between the centroids of
the clusters was 5.17 for fungi and 0.618 for bacteria which indicates
a greater dissimilarity in fungal communities between traditional
and commercial groups. This distance was mainly attributed
to the first component. To assess the statistical significance of
group clustering, Permutational Multivariate Analysis of Variance
(PERMANOVA) tests were conducted. The difference was found to
be statistically more significant for fungal samples (Pr > F 0.001),
than bacterial ones (Pr > F 0.004).

3.2 Composition of the endophytic
communities

The composition and abundance of the microbial communities
were examined and depicted in bar plot graphics (Figure 3)
at a taxonomic level that ensured item distinguishability
and clarity.

The structure of fungal OTUs at the class level (Figure 3A)
The fungal
communities were dominated by Sordariomycetes (>50%),

was consistent across all tomato genotypes.

followed by other ascomycetes from the classes Leotiomycetes

(5%—15%) and Dothideomycetes (4%—6%). The Basidiomycota
phylum was primarily represented by taxa belonging to
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A Traditional
o Commercial

Diversity of fungal (A, B) and bacterial (C, D) endophytes according to genotype or genotype origin. (A, C) a-diversity of microbial communities for
each tomato genotype shown by rarefaction curves based on number of observed OTUs, represented as mean =+ standard deviation (B, D) Principal
Coordinates Analysis (PCoA) plot of microbial communities between traditional and commercial genotypes, with distance matrices based on the
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the classes Agaricomycetes (2%—4%), Tremellomycetes
(1%—4%). Other phyla,

such as Chytridiomycota and Mucoromycota, exhibited low

(1%—3%), and Malasseziomycetes

prevalence (<1%).

The Ascomycota prevalence was also evident in absolute
abundance (Figure 3B). The abundance of subgroups appeared as
horizontal lines in the bars though this did not convey further
relevant information. The statistical differences among genotypes
were analyzed using Fisher’s Least Significant Difference (LSD)
test, with the significance set at p < 0.05 (Supplementary Table 3).
Commercial AIL hosted significantly fewer ascomycotes than
ADX2 and TH-30, and commercial MM had significantly
fewer than ADX2. No significant distinctions were found
in other fungal phyla based on the genotype background.
Although significant distinctions among traditional genotypes were
identified, some could not be distinguished from the commercial
genotype MM.

Regarding the composition of bacterial endophytic
communities (Figure 3C), a similar distribution was observed
across all genotypes except for AIL. A significant portion
was covered by the orders Flavobacteriales (9%—22%),
Sphingobacteriales (4%—14%), and Chitinophagales (4%—10%),
contributing to the prominence of the Bacteroidia class.
Gammaproteobacteria was also prevalent, including the orders
Pseudomonadales (11%—17%), Enterobacterales (2%—19%),

and Xanthomonadales (1%—18%), while the order Rhizobiales

Frontiersin Microbiology

(14%—18%) was the primary contributor to the abundance of
Alphaproteobacteria. The AIL genotype was notable for its higher
presence of Rhodobacteriales and a subgroup of Rhizobiales
(504705), along with a relative decrease in Flavobacteriales
compared to other genotypes.

The traditional genotype TH-30 exhibited the highest
bacterial abundance (Figure 3D), which was statistically distinct
(p < 0.05),
of Actinomycetia,

from the commercial genotypes
for the
and Gammaproteobacteria.

specifically
bacterial classes Bacteroidia,

The phylogenetic structure of the microbial communities was
represented in cladograms (Figure 4). The hierarchical cluster
analysis (HCA) of the samples (Figures4A, B) indicated a
distinction that was particularly noticeable in fungal clusters, where
AIL samples clustered closely, indicating a narrower phylogenetic
composition and variation than other genotypes. Phylogenetic
cladograms also showed differences based on genotype background
(Figures 4C, D). The highlighted areas indicated a significantly
higher density of microbial reads from either the traditional or
commercial genotypes, as determined by the Kruskal-Wallis test.
Traditional genotypes were significantly richer in fungi from the
Eurotiomycetes and Sordariomycetes classes, although the family
Lasiosphaeriaceae was significantly more prevalent in commercial
genotypes. Traditional genotypes also had higher presence of the
bacterial orders Cytophagales, Xanthomonadales, Burkholderiales,
Rhizobiales, and Caulobacteriales.
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Bacteroidia, Chloroflexia, and Gammaproteobacteria.
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3.3 Variation of the endophytic
communities under fungicide treatment

The impact of the systemic fungicides dichlofluanid and
tebuconazole, applied via spray on the tomato plants, was not
apparent on the structure of endophytic microbiota (Figures 5A-
C) (p < 0.05). However, the abundance of some fungal and
bacterial taxa did significantly decrease for TH-30 (Figures 5B-
D, Supplementary Table 4). There were some instances where
fungicide treatment resulted in an increased relative abundance of
specific taxa. This increase was particularly noticeable in bacterial
taxa for AIL and TH-30 (Supplementary Table 5) and in fungal taxa
for AIL and MM (Supplementary Table 6). Specifically, AIL showed
a notable increase in Hypocreales, while Helotiales and Pleosporales
were the most increased orders in MM.

The phylogenetic distribution of OTUs highlighted the
main differences between fungicide-treated and control plants
(Figure 6). In control plants, the fungal orders Pleosporales,
Helotiales, and Glomerellales predominated, whereas treated
plants were notable for their abundance of Sordariomycetes and
Laboulbeniomycetes classes. Fungicide treatment also led to a higher
incidence of specific bacterial families such as Sphingobacteriaceae,
Peredibacteraceae (Bacteriovoracaceae), and Rhodanobacteraceae,
with no prevalence in any clade or common ancestor.

In addition, several a-diversity indices revealed a significant
reduction in fungal community diversity post-fungicide application
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(Figure 7) (p < 0.01). Treated plants showed lower fungal
richness based on Chaol and ACE tests and significantly reduced
fungal diversity according to the Shannon test. Moreover, Pielou’s
Evenness Index indicated a higher degree of inequality among
communities in treated plants. Conversely, fungicide treatment did
not show any statistically significant impact on bacterial diversity.

4 Discussion

This study aimed to evaluate the endophytic stem microbiota
of various tomato genotypes used for consumption, comparing
their similarities and differences based on the genotype background
(traditional vs. commercial). By focusing specifically on the
bacterial and fungal endophytic communities in stems, this
research seeks to expand the current understanding of the tomato
microbiome, which is typically focused on the rhizosphere and
bacterial populations. Additionally, it helped to delve into the
impact of the aerial application of a combination of systemic
fungicides on the endophytic communities of the plant.

Our study showed that in all the genotypes tested,
Sordariomycetes, Dothidiomycetes, and Leotimycetes are the
predominant classes. Interestingly, Manzotti et al. (2020) observed
similar results in Castlemart variety, which exhibited a significantly
higher proportion of Sordariomycetes compared to the wild type.
This similar pattern may suggest that the predominant classes are
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Cladogram layout for the stem microbiota in S. lycopersicum with the distinction between traditional and commercial genotypes. (A) Euclidean
hierarchical cluster of fungal samples. (B) Euclidean hierarchical cluster of bacterial samples. (C) Phylogenetic cladogram of fungal OTUs, with a
highlighted area representing greater density for OTUs from a particular tomato origin (commercial or traditional). (D) Phylogenetic cladograms of
bacterial OTUs, with a highlighted area representing greater density for OTUs from a particular tomato origin (commercial or traditional).

4 #= ~
T 0 o
5315225889
25885322 Py
5. % v o =< v\?/ )
7?2 @Qﬁ &
2% % NI )
7, i
‘70,,,; “‘o@\
Sk, A0
70 &
SR"lo R\
Mo.4, NS
Mo. \w P
19 A= origin
ADX2 /
MO-10 TH-30 : Com
\SR-10 ISR-10 T
pO*2 ISR.10
Pp‘/\”— rTH.aa
R\ by /7\?0
W K 4{4’:30
o
N Yo-\ﬂ' S 3%
& 2%, %
dsSo E <}
R - B )
S3335%9%%°
ST XL B
33
-log10(pvalue)
° 16
018
020
0 22
label

a:s__Xanthomonas_A_614442 albilineans
b: {_Cyclobacteriaceae_900466

c: f_Spirosomaceae

Caulobacteraceae

ace:
: {Xanthomonadaceae_616009
i:g—Dyadobacter_906143
[ 9—Shinela
- g_ Pararheinheimera
I:g_Cellvibrio
m:g__Xanthomonas_A_614442
origin
o Trad

able to colonize the whole plant. The connection between plant
compartments has been previously found in other species (Wang
etal, 2016; Cregger et al., 2018) and suggests a feasible resemblance
of our results with the microbiota in other tissues of our study
genotypes. On the other hand, Dong et al. (2021), analyzed
endophytic communities of tomato “Zhongza 302,” and observed
that Sordariomycetes and Dothidiomycetes were predominant in
roots with a similar distribution, while Dothidiomycetes dominated
in their stems (around 70%). This, reinforces the hypothesis that
origin or development of the cultivar may highly influence the
composition of the microbiome.

The bacterial communities identified in this study revealed
a prevalence of Gammaproteobacteria. In this case, the results
observed were different from those previous reported for root-
focused investigations (French et al, 2020; Haq et al, 2021)
and tomato leaf microbiome (Toju et al, 2019; Llontop et al,
2021). While Bacteroidia emerged as the dominant taxa in roots,
Sphingomonadales were predominant in the leaves of grafted
tomato. Interestingly, Zhang et al. (2022), observed that the
differences in the management of the tomato plants could affect the
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composition of the plant microbiome in different compartments.
These findings underscore the considerable variability in bacterial
communities across different plant genotypes and compartments,
which could stem from bacterial transmission dynamics (Wang
et al,, 2016), higher adaptation to varying conditions or sensitivity
to stochastic processes (Taniguchi et al, 2023) or likely a
combination of them.

Focusing on the differences in the stem endophytic microbiota
among the genotypes in our study, several divergences were
observed. While fungal OTUs presented a strong shared core across
all genotypes, bacterial OTUs were more specific to each genotype.
The variability in the microbiome among plant genotypes of the
same species have been reported multiple times. Several studies
have identified cultivar-specific microorganisms in various crops,
including maize, sweet potato, wheat, pea, oat, and barley (Inceoglu
et al,, 2011; Fitzpatrick et al., 2018; Peiffer et al., 2013; Turner et al,,
2013; Marques et al., 2014; Bulgarelli et al., 2015).

In our study, Ascomycetous fungi dominated across all
the genotypes, which is consistent with their widespread
presence in plants (Camarena-Pozos et al, 2021). Traditional
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Abundance and structure of fungal and bacterial endophytic communities in S. lycopersicum for control (mock-treated) and fungicide-treated plants
(ADX2, TH-30, AlL, and MM genotypes). (A) Relative taxonomic composition and structure of fungi expressed at class rank. (B) Distribution and
abundance of main taxonomic phyla in fungal communities: Ascomycota, Basidiomycota, Chytridiomycota, Mortierellomycota, and Mucoromycota.
(C) Relative taxonomic composition and structure of bacteria expressed at order rank. (D) Distribution and abundance of main taxonomic classes in
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genotypes exhibited a higher presence of Herpotrichiellaceae
and Nectriaceae families, while commercial genotypes showed
higher presence of Lasiosphaeriaceae. The results of fungal o-
and P-diversity indicated an imbalance in fungal communities.
Regarding bacteria, traditional genotypes exhibited a higher
abundance of taxa from Flavobacteriales, whereas commercial
genotypes showed a notable prevalence of Enterobacterales and
Rhodobacterales. Bacterial a-diversity was significantly lower in
commercial varieties, and PB-diversity supported the existence
of differences.

These findings suggest that the substantial difference in
microbial composition between traditional and commercial
varieties lies more in the bacterial endophytes than the fungal ones,
manifesting higher differences in both abundance and diversity.
We observed that lower bacterial abundance was mostly correlated
with lower fungal abundance in the genotypes. It has been
previously hypothesized that the presence of fungal hyphae may
have an impact on the bacterial recruitment (Zhang et al., 2024).
Notably, the commercial AIL and MM showed the lowest total
microbial abundance and a narrower phylogenetic background,
therefore reinforcing our main hypothesis regarding the distinction
between commercial and traditional genotypes. In previous works
comparing modern cultivars with wild tomato plants, Yu J. et al.
(2023) observed that agricultural conditions such as phosphorus
level can change the composition of plant microbiome, suggesting
that domestication not only changed the genotype but also
influenced the plant microbiome with the transition from native
habitats to agricultural soils.
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These results suggests that the continuous pressure on
commercial tomato cultivation does not alter the overall structure
of fungal communities but may reduce the endophytic diversity
and induce significant changes at low taxonomic level. The
disparities reflected here need further investigation to clarify
whether it is entirely attributed to human manipulation or rather
an accumulation of genotypical differences over time.

On the other hand, pesticides are treatments that are typically
applied directly to soil or by spray to foliage, thus having a greater
impact on the microbial community on the rhizosphere and soil
microbiome (Nettles et al., 2016; Vozniuk et al., 2019; Zhang et al.,
2021), and on the phyllosphere (Chen et al., 2021). However, the
effects of these chemical treatments on endophytic communities
are not addressed as much. These could similarly affect the stem
endophytic communities, potentially influencing plant physiology
or even posing risk for consumption (Yu Z. et al., 2023).

Our results revealed that tebuconazole and dichlofluanide
disrupted the balance of the tomato endophytic microbiota leading
to a reduction of certain community members while others
persist. This disruption may not cause direct negative effects on
plant performance, though the persistence of these treatments
might alter the microbial communities significantly. Although
most of these communities appear to be environmentally bound
with no notable pathogenic tendencies, our study revealed a
significant presence of Fusarium solani in the fungicide-treated
plants. This observation may indicate the persistence of this
pathogen and its potential negative impact on the plants. On
the other hand, the use of fungicides could translate into higher
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Cladogram layout for the stem microbiota in S. lycopersicum with distinction between control (mock-treated) and fungicide-treated plants. (A)
Phylogenetic cladogram of fungal OTUs. The highlighted area represents greater density for OTUs from one of the conditions (mock-treated,
fungicide-treated). (B) Phylogenetic cladogram of bacterial OTUs. The highlighted area represents greater density for OTUs from one of the
conditions (mock-treated, fungicide-treated).
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bacteria colonization by reducing competition (Lu et al.,, 2019),
observed in a significantly higher presence of some families such
as Sphingobacteriacea, Peredibacteraceae, and Herpetosiphonaceae.
Nevertheless, the application of the fungicides did not concur
in significant changes in the bacterial diversity. As non-target
communities, other studies focused on phyllosphere and soil also
observed that no significant changes happened in the bacterial
communities (Perazzolli et al., 2014; Prudnikova et al., 2020;
Wu et al., 2023). In addition, the use at recommended rates of
tebuconazole might not significantly change bacterial communities,
as previously observed in soil by Volova et al. (2017).

Despite of that, certain communities may exhibit greater
resistance against fungicide treatments. It is currently known
that some bacteria can degrade pesticides which gives them an
advantage against other microorganisms (Satapute and Kaliwal,
2016; Alexandrino et al., 2020). Han et al. (2021) observed
that in tebuconazole-treated soils bacteria that can degrade this
fungicide (Methylobacterium, Burkholderia, Hyphomicrobium, and

Frontiers in Microbiology

Dermacoccus) increase their activity. In our case, we found
the presence of OTUs belonging to these genera (except for
Dermacoccus) and it could be plausible that these communities
unbalanced the composition of the microbiome. Another relevant
point to take into account is bacteria sensitivity. A previous
study on grapevine observed that bacterial communities displayed
varying sensitivity to different fungicides (Andreolli et al., 2023).

As a particular instance, the traditional genotype TH-
30 did exhibit notable changes that were not shared with
the other genotypes. This included a significant reduction in
the abundance of Ascomycota, Alphaproteobacteria, Bacteroidia,
and Gammaproteobacteria. We hypothesize that this increased
fluctuation observed in the TH-30 endophytic microbiota may be
attributed to a delicate microbial balance, potentially contributing
to its high susceptibility under stressful conditions, as noted by
Fernandez-Crespo et al. (2022).

Ultimately, we believe that non-target effects must be
considered during the formulation and application of pesticides.
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Estimated richness of control vs. fungicide-treated S. lycopersicum by several diversity tests for (A) fungal communities and (B) bacterial
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Our study indicates that even a single application of fungicide
can induce changes in the endophytic communities, which may
lead to imbalances. If the long-term effects of repeated applications
lead to cumulative changes over adaptation (Sim et al., 2023), this
could result in noticeable distinctions between genotypes subject to
continuous treatment and those that are not. However, this aspect
requires further investigation.
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5 Conclusions

The relationship between plant genotype and microbiome has
been previously documented in several crop species (Zachow
et al, 2014; Pérez-Jaramillo et al., 2017; Zheng et al., 2020).
However, the characterization of tomato endophytic communities
remains fairly unexplored. This study represents a first effort to

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1453699
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu-Xu et al.

compare stem microbiota among tomato genotypes from both
traditional and commercial background. Our results indicate that
traditional tomato genotypes, subjected to less manipulation,
host several exclusive taxa that are absent in their commercial
counterparts. Furthermore, the PERMANOVA analysis revealed
that their microbial communities were distinguished from those
of commercial genotypes. This suggests that traditional genotypes
may serve as a richer reservoir of potentially novel endophytes,
which hold promising alternatives for enhancing plant health in
sustainable agriculture. Additionally, we observed that a systemic
fungicide treatment could change the stem endophytic microbiota.
Although the impact was not evident in the microbial community
structure, the treatment induced changes at a low taxonomic
level and led to a decrease in fungal a-diversity. This supports
the notion that chemical treatments may influence endophytic
microbiota and contribute to the differences over time found
between traditional and commercial genotypes. We believe that
these findings will contribute to enhancing our understanding of
the tomato microbiome, as this will be a valuable resource for the
demanding future of agronomy.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found below: https://osf.io/smvra/;
doi: 10.17605/OSE.IO/SMVRA.

Author contributions

LL-X: Data curation, Formal analysis, Funding acquisition,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing - review & editing. LM: Data curation,
Formal analysis, Methodology, Validation, Writing - review
& editing. AF: Visualization, Writing - review & editing,
Methodology. PG-A: Writing - review & editing, Validation.
EL: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Validation,
Writing - original draft, Writing - review & editing.

Resources, Software, Supervision, Visualization,

References

Alexandrino, D. A. M., Mucha, A. P., Almeida, C. M. R., and Carvalho, M. F. (2020).
Microbial degradation of two highly persistent fluorinated fungicides - epoxiconazole
and fludioxonil. J. Hazar. Mater. 394:122545. doi: 10.1016/j.jhazmat.2020.122545

Amir, A, McDonald, D., Navas-Molina, J. A., Kopylova, E., Morton, J. T., Zech
Xu, Z., et al. (2017). Deblur rapidly resolves single-nucleotide community sequence
patterns. mSystems 2, 10-1128. doi: 10.1128/mSystems.00191-16

Andreolli, M., Lampis, S., Tosi, L., Marano, V., and Zapparoli, G. (2023). Fungicide
sensitivity of grapevine bacteria with plant growth-promoting traits and antagonistic
activity as non-target microorganisms. World J. Microbiol. Biotechnol. 39, 1-15.
doi: 10.1007/s11274-023-03569-5

Berg, G., Kéberl, M., Rybakova, D., Miiller, H., Grosch, R., and Smalla, K. (2017).
Plant microbial diversity is suggested as the key to future biocontrol and health trends.
FEMS Microbiol. Ecol. 93:50. doi: 10.1093/femsec/fix050

Frontiers in Microbiology

10.3389/fmicb.2024.1453699

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article.
This research was financially supported by the Universitat

Jaume I (UJI-A2019-19 and UJI-B2022-30), “Generalitat
Valenciana” (GV/2019/028), and the Spanish Ministry of
Science and Innovation (AGL2017-85987-C3-1-R). This

work was performed as part of LL-X’s PhD thesis, funded
by the Spanish Ministry of Education
Training (FPU18/02891).

and Vocational

Acknowledgments

The authors are grateful to the Integrated Microbiome
resources and especially to Andre Comeau.

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.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the publisher,
the editors and the reviewers. Any product that may be

affiliated organizations, or

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.
1453699/full#supplementary-material

Brown, S. P., Grillo, M. A., Podowski, J. C., and Heath, K. D. (2020). Soil origin
and plant genotype structure distinct microbiome compartments in the model legume
Medicago truncatula. Microbiome 8, 1-17. doi: 10.1186/540168-020-00915-9

Bulgarelli, D., Garrido-Oter, R., Miinch, P. C., Weiman, A., Drége, J., Pan, Y.,
et al. (2015). Structure and function of the bacterial root microbiota in wild and
domesticated barley. Cell Host Microbe. 17, 392-403. doi: 10.1016/j.chom.2015.01.011

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Van Themaat, E. V. L., and Schulze-Lefert,
P. (2013). Structure and functions of the bacterial microbiota of plants. Annu. Rev.
Plant Biol. 64, 807-838. doi: 10.1146/annurev-arplant-050312-120106

Camarena-Pozos, D. A., Flores-Nuiez, V. M., Lépez, M. G., and Partida-Martinez,
L. P. (2021). Fungal volatiles emitted by members of the microbiome of desert plants
are diverse and capable of promoting plant growth. Environ. Microbiol. 23, 2215-2229.
doi: 10.1111/1462-2920.15395

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1453699
https://osf.io/smvra/
https://doi.org/10.17605/OSF.IO/SMVRA
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1453699/full#supplementary-material
https://doi.org/10.1016/j.jhazmat.2020.122545
https://doi.org/10.1128/mSystems.00191-16
https://doi.org/10.1007/s11274-023-03569-5
https://doi.org/10.1093/femsec/fix050
https://doi.org/10.1186/s40168-020-00915-9
https://doi.org/10.1016/j.chom.2015.01.011
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1111/1462-2920.15395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu-Xu et al.

Caradonia, F., Ronga, D., Catellani, M., Giaretta Azevedo, C. V., Terrazas, R.
A., Robertson-Albertyn, S., et al. (2019). Nitrogen fertilizers shape the composition
and predicted functions of the microbiota of field-grown tomato plants. Phytob. J. 3,
315-325. doi: 10.1094/PBIOMES-06-19-0028-R

Chen, X, Wicaksono, W. A, Berg, G, and Cernava, T. (2021).
Bacterial ~communities in  the plant phyllosphere  harbour  distinct
responders to a broad-spectrum pesticide. Sci. Total Environ. 751:141799.

doi: 10.1016/j.scitotenv.2020.141799

Chialva, M., Salvioli di Fossalunga, A., Daghino, S., Ghignone, S., Bagnaresi,
P., Chiapello, M., et al. (2018). Native soils with their microbiotas elicit a
state of alert in tomato plants. New Phytol. 220, 1296-1308. doi: 10.1111/nph.
15014

Comeau, A. M., Douglas, G. M., and Langille, M. G. 1. (2017). Microbiome helper:
a custom and streamlined workflow for microbiome research. mSystems 2:10-1128.
doi: 10.1128/mSystems.00127-16

Compant, S., Samad, A., Faist, H., and Sessitsch, A. (2019). A review on the plant
microbiome: ecology, functions, and emerging trends in microbial application. J. Adv.
Res. 19, 29-37. doi: 10.1016/j.jare.2019.03.004

Cregger, M. A., Veach, A. M., Yang, Z. K., Crouch, M. ], Vilgalys, R., Tuskan, G. A.,
etal. (2018). The Populus holobiont: dissecting the effects of plant niches and genotype
on the microbiome. Microbiome 6, 1-14. doi: 10.1186/s40168-018-0413-8

da Costa, P. B, Benucci, G. M. N,, Chou, M. Y., Wyk, J., Van Chretien,
M., and Bonito, G. (2022). Soil origin and plant genotype modulate switchgrass
aboveground productivity and root microbiome assembly. MBio 13:e00079-22.
doi: 10.1128/mbio.00079-22

Dong, C., Wang, L., Li, Q,, and Shang, Q. (2021). Epiphytic and endophytic fungal
communities of tomato plants. Hortic. Plant J. 7, 38-48. doi: 10.1016/j.hp;j.2020.09.002

El-Debaiky, S. A., and El—Sayed, A. F. (2023). Morphological and molecular
identification of endophytic fungi from roots of tomato and evaluation of
their antioxidant and cytotoxic activities. Egyptian J. Botany 63, 981-1003.
doi: 10.21608/ejb0.2023.201958.2291

Favela, A., Bohn, M., and Kent, A. (2022). N-Cycling microbiome recruitment
differences between modern and wild Zea mays. Phytobiomes J. 6, 151-160.
doi: 10.1094/PBIOMES-08-21-0049-R

Fernandez-Crespo, E., Liu-Xu, L., Albert-Sidro, C., Scalschi, L., Llorens, E.,
Gonzdlez-Herndndez, A. I, et al. (2022). Exploiting tomato genotypes to understand
heat stress tolerance. Plants 11:3170. doi: 10.3390/plants11223170

Ficiciyan, A., Loos, J., Sievers-Glotzbach, S., and Tscharntke, T. (2018). More
than yield: Ecosystem services of traditional versus modern crop varieties revisited.
Sustainability 10:2834. doi: 10.3390/su10082834

Fitzpatrick, C. R, Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P. M., and
Johnson, M. T. J. (2018). Assembly and ecological function of the root microbiome
across angiosperm plant species. Proc. Natl. Acad. Sci. USA. 115, E1157-E1165.
doi: 10.1073/pnas.1717617115

Frank, A. C., Guzmén, J. P. S,, and Shay, J. E. (2017). Transmission of bacterial
endophytes. Microorganisms 5:70. doi: 10.3390/microorganisms5040070

French, E., Tran, T. and Iyer-Pascuzzi, A. S. (2020). Tomato genotype
modulates selection and responses to root microbiota. Phytobiomes J. 4, 314-326.
doi: 10.1094/PBIOMES-02-20-0020-R

Gera Hol, W. H., de Boer, W., de Hollander, M., Kuramae, E. E., Meisner, A., and van
der Putten, W. H. (2015). Context dependency and saturating effects of loss of rare soil
microbes on plant productivity. Front. Plant Sci. 6:485. doi: 10.3389/fpls.2015.00485

Gholizadeh, S., Mohammadi, S. A., and Salekdeh, G. H. (2022). Changes
in root microbiome during wheat evolution. BMC Microbiol. 22, 1-17.
doi: 10.1186/512866-022-02467-4

Gouda, S., Kerry, R. G., Das, G., Paramithiotis, S., Shin, H. S., and Patra, J. K. (2018).
Revitalization of plant growth promoting rhizobacteria for sustainable development in
agriculture. Microbiol. Res. 206, 131-140. doi: 10.1016/j.micres.2017.08.016

Han, L., Kong, X., Xu, M., and Nie, J. (2021). Repeated exposure to fungicide
tebuconazole alters the degradation characteristics, soil microbial community
and functional profiles. Environ. Pollut. 287:117660. doi: 10.1016/j.envpol.2021.
117660

Haq, H. U,, Li, Y., Jin, L., Zhang, T., Cheng, L., Li, Z., et al. (2021). Effect of chicken
manure-based fertiliser on bacterial communities and fiversity of tomato endosphere
microbiota. Agriculture 67, 144-154. doi: 10.2478/agri-2021-0013

Inceoglu, O., Al-Soud, W. A., Salles, J. F., Semenov, A. V., and van Elsas,
J. D. (2011). Comparative analysis of bacterial communities in a potato field
as determined by pyrosequencing. PLoS ONE 6:€23321. doi: 10.1371/journal.pone.
0023321

Ishida, J. K., Bini, A. P, Creste, S., and Van Sluys, M. A. (2022). Towards defining
the core Saccharum microbiome: input from five genotypes. BMC Microbiol. 22:193.
doi: 10.1186/512866-022-02598-8

Kwak, M. J., Kong, H. G., Choi, K., Kwon, S. K., Song, J. Y., Lee, J., et al. (2018).
Rhizosphere microbiome structure alters to enable wilt resistance in tomato. Nat.
Biotechnol. 36, 1100-1116. doi: 10.1038/nbt.4232

Frontiersin Microbiology

10.3389/fmicb.2024.1453699

Llontop, M. E. M., Tian, L, Sharma, P., Heflin, L., Bernal-Galeano, V.,
Haak, D. C, et al. (2021). Experimental evidence pointing to rain as a
reservoir of tomato phyllosphere microbiota. Phytobiomes J]. 5, 382-399.
doi: 10.1094/PBIOMES-04-21-0025-R

Lu, T., Zhang, Q. Lavoie, M., Zhu, Y., Ye, Y., Yang, J., et al. (2019). The
fungicide azoxystrobin promotes freshwater cyanobacterial dominance through
altering competition. Microbiome 7:128. doi: 10.1186/s40168-019-0744-0

Magurran, A. E., and Henderson, P. A. (2003). Explaining the excess of
rare species in natural species abundance distributions. Nature 422, 714-716.
doi: 10.1038/nature01547

Malacrino, A., Abdelfattah, A., Belgacem, I, and Schena, L. (2023). Plant genotype
influence the structure of cereal seed fungal microbiome. Front. Microbiol. 13:1075399.
doi: 10.3389/fmicb.2022.1075399

Manzotti, A., Bergna, A., Burow, M., Jorgensen, H. J. L., Cernava, T,
Berg, G., et al. (2020). Insights into the community structure and lifestyle of
the fungal root endophytes of tomato by combining amplicon sequencing and
isolation approaches with phytohormone profiling. FEMS Microbiol. Ecol. 96:fiaa052.
doi: 10.1093/femsec/fiaa052

Marques, J. M., da Silva, T. F,, Vollu, R. E,, Blank, A. F.,, Ding, G. C,, Seldin, L.,
et al. (2014). Plant age and genotype affect the bacterial community composition in
the tuber rhizosphere of field-grown sweet potato plants. FEMS Microbiol. Ecol. 88,
424-435. doi: 10.1111/1574-6941.12313

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., Desantis, T. Z.,
Probst, A., et al. (2012). An improved Greengenes taxonomy with explicit ranks for
ecological and evolutionary analyses of bacteria and archaea. ISME J. 6, 610-618.
doi: 10.1038/isme;j.2011.139

Nettles, R., Watkins, J., Ricks, K., Boyer, M., Licht, M., Atwood, L. W., et al. (2016).
Influence of pesticide seed treatments on rhizosphere fungal and bacterial communities
and leaf fungal endophyte communities in maize and soybean. Appl. Soil Ecol. 102,
61-69. doi: 10.1016/j.aps0il.2016.02.008

Neu, A. T., Allen, E. E,, and Roy, K. (2021). Defining and quantifying the core
microbiome: challenges and prospects. Proc. Natl. Acad. Sci. USA. 118:e2104429118.
doi: 10.1073/pnas.2104429118

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

Ottesen, A. R., Gonzdlez Pefa, 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, 1-12.
doi: 10.1186/1471-2180-13-114

Peiffer, J. A., Spor, A., Koren, O,, Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2013).
Diversity and heritability of the maize rhizosphere microbiome under field conditions.
Proc. Natl. Acad. Sci. USA. 110, 6548-6553. doi: 10.1073/pnas.1302837110

Perazzolli, M., Antonielli, L., Storari, M., Puopolo, G., Pancher, M., Giovannini,
O., et al. (2014). Resilience of the natural phyllosphere microbiota of the grapevine
to chemical and biological pesticides. Appl. Environ. Microbiol. 80, 3585-3596.
doi: 10.1128/AEM.00415-14

Pérez-Jaramillo, J. E., Carridn, V. J., Bosse, M., Ferrdo, L. F. V., De Hollander, M.,
Garcia, A. A. F,, et al. (2017). Linking rhizosphere microbiome composition of wild
and domesticated Phaseolus vulgaris to genotypic and root phenotypic traits. Isme. J.
11, 2244-2257. doi: 10.1038/ismej.2017.85

Pieterse, C. M. J., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees, S. C.
M., and Bakker, P. A. H. M. (2014). Induced systemic resistance by beneficial microbes.
Annu. Rev. Phytopathol. 52, 347-375. doi: 10.1146/annurev-phyto-082712-102340

Poli, A., Lazzari, A., Prigione, V., Voyron, S., Spadaro, D., and Varese, G. C. (2016).
Influence of plant genotype on the cultivable fungi associated to tomato rhizosphere
and roots in different soils. Fungal Biol. 120, 862-872. doi: 10.1016/j.funbio.2016.03.008

Prudnikova, S., Streltsova, N., and Volova, T. (2020). The effect of the pesticide
delivery method on the microbial community of field soil. Environ. Sci. Pollut. Res.
28, 8681-8697. doi: 10.1007/s11356-020-11228-7

Ravanbakhsh, M., Kowalchuk, G. A., and Jousset, A. (2019). Root-associated
microorganisms reprogram plant life history along the growth-stress resistance
tradeoff. Isme. J. 13, 3093-3101. doi: 10.1038/541396-019-0501-1

Runge, P., Ventura, F., Kemen, E.,, and Stam, R. (2023). Distinct phyllosphere
microbiome of wild tomato species in central peru upon dysbiosis. Microb. Ecol. 85,
168-183. doi: 10.1007/s00248-021-01947-w

Satapute, P., and Kaliwal, B. (2016). Biodegradation of the fungicide propiconazole
by Pseudomonas aeruginosa PS-4 strain isolated froma paddy soil. Ann. Microbiol. 66,
1355-1365. doi: 10.1007/s13213-016-1222-6

Sim, J. X. F., Drigo, B., Doolette, C. L., Vasileiadis, S., Donner, E., Karpouzas, D.
G., et al. (2023). Repeated applications of fipronil, propyzamide and flutriafol affect
soil microbial functions and community composition: a laboratory-to-field assessment.
Chemosphere 331:138850. doi: 10.1016/j.chemosphere.2023.138850

Sun, X., Kosman, E., and Sharon, A. (2020). Stem endophytic mycobiota in
wild and domesticated wheat: Structural differences and hidden resources for wheat
improvement. J. Fungi 6, 1-19. doi: 10.3390/jof6030180

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1453699
https://doi.org/10.1094/PBIOMES-06-19-0028-R
https://doi.org/10.1016/j.scitotenv.2020.141799
https://doi.org/10.1111/nph.15014
https://doi.org/10.1128/mSystems.00127-16
https://doi.org/10.1016/j.jare.2019.03.004
https://doi.org/10.1186/s40168-018-0413-8
https://doi.org/10.1128/mbio.00079-22
https://doi.org/10.1016/j.hpj.2020.09.002
https://doi.org/10.21608/ejbo.2023.201958.2291
https://doi.org/10.1094/PBIOMES-08-21-0049-R
https://doi.org/10.3390/plants11223170
https://doi.org/10.3390/su10082834
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.3390/microorganisms5040070
https://doi.org/10.1094/PBIOMES-02-20-0020-R
https://doi.org/10.3389/fpls.2015.00485
https://doi.org/10.1186/s12866-022-02467-4
https://doi.org/10.1016/j.micres.2017.08.016
https://doi.org/10.1016/j.envpol.2021.117660
https://doi.org/10.2478/agri-2021-0013
https://doi.org/10.1371/journal.pone.0023321
https://doi.org/10.1186/s12866-022-02598-8
https://doi.org/10.1038/nbt.4232
https://doi.org/10.1094/PBIOMES-04-21-0025-R
https://doi.org/10.1186/s40168-019-0744-0
https://doi.org/10.1038/nature01547
https://doi.org/10.3389/fmicb.2022.1075399
https://doi.org/10.1093/femsec/fiaa052
https://doi.org/10.1111/1574-6941.12313
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1016/j.apsoil.2016.02.008
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1371/journal.pone.0097629
https://doi.org/10.1186/1471-2180-13-114
https://doi.org/10.1073/pnas.1302837110
https://doi.org/10.1128/AEM.00415-14
https://doi.org/10.1038/ismej.2017.85
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1016/j.funbio.2016.03.008
https://doi.org/10.1007/s11356-020-11228-7
https://doi.org/10.1038/s41396-019-0501-1
https://doi.org/10.1007/s00248-021-01947-w
https://doi.org/10.1007/s13213-016-1222-6
https://doi.org/10.1016/j.chemosphere.2023.138850
https://doi.org/10.3390/jof6030180
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu-Xu et al.

Tamari, F., Hinkley, C. S., and Ramprashad, N. (2013). A comparison of DNA
extraction methods using Petunia hybrida tissues. J. Biomolec. Techn. 24, 113-118.
doi: 10.7171/jbt.13-2403-001

Taniguchi, T., Isobe, K., Imada, S., Eltayeb, M. M., Akaji, Y., Nakayama, M., et al.
(2023). Root endophytic bacterial and fungal communities in a natural hot desert are
differentially regulated in dry and wet seasons by stochastic processes and functional
traits. Sci. Total Environ. 899:165524. doi: 10.1016/j.scitotenv.2023.165524

Toju, H., Okayasu, K., and Notaguchi, M. (2019). Leaf-associated microbiomes of
grafted tomato plants. Sci. Rep. 9, 1-11. doi: 10.1038/541598-018-38344-2

Turner, T. R,, James, E. K., and Poole, P. S. (2013). The plant microbiome. Genome
Biol. 14, 1-10. doi: 10.1186/gb-2013-14-6-209

Volova, T. G., Prudnikova, S. V., Zhila, N. O., Vinogradova, O. N., Shumilova, A.
A, Nikolaeva, E. D, et al. (2017). Efficacy of tebuconazole embedded in biodegradable
poly-3-hydroxybutyrate to inhibit the development of Fusarium moniliforme in soil
microecosystems. Pest Manag. Sci. 73, 925-935. doi: 10.1002/ps.4367

Vorholt, J. A., Vogel, C., Carlstrom, C. I, and Miiller, D. B. (2017). Establishing
causality: Opportunities of synthetic communities for plant microbiome research. Cell
Host Microbe 22, 142-155. doi: 10.1016/j.chom.2017.07.004

Vozniuk, S. V., Tytova, L. V., Pinaev, A. G., Andronov, E. E,, and Iutynska, G. O.
(2019). Microbiome of soybean rhizosphere under fungicides and complex inoculation
application. Mikrobiol. Zh. 81, 30-44. doi: 10.15407/microbiolj81.06.030

Walters, W., Hyde, E. R,, Berg-Lyons, D., Ackermann, G., Humphrey, G., Parada,
A, etal. (2016). Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal internal

transcribed spacer marker gene primers for microbial community surveys. mSystems
1:10-1128. doi: 10.1128/mSystems.00009-15

Wang, W., Zhai, Y., Cao, L., Tan, H., and Zhang, R. (2016). Endophytic bacterial
and fungal microbiota in sprouts, roots and stems of rice (Oryza sativa L.). Microbiol.
Res. 188, 1-8. doi: 10.1016/j.micres.2016.04.009

Frontiersin Microbiology

13

10.3389/fmicb.2024.1453699

Wu, P. H, Chang, H. X, and Shen, Y. M. (2023). Effects of synthetic
and environmentally friendly fungicides on powdery mildew management
and the phyllosphere microbiome of cucumber. PLoS ONE 18:0282809.
doi: 10.1371/journal.pone.0282809

Yu, J., Wang, L., Jia, X., Wang, Z., Yu, X, Ren, S,, et al. (2023). Different microbial
assembly between cultivated and wild tomatoes under P stress. Soil Sci. Environ. 2:10.
doi: 10.48130/SSE-2023-0010

Yu, Z, Lu, T, and Qian, H.
additional effects on plant microbiomes.
doi: 10.1016/j.scitotenv.2023.164149

interference and
888:164149.

Pesticide
Total Environ.

(2023).
Sci.

Zachow, C., Miiller, H., Tilcher, R., and Berg, G. (2014). Differences between the
rhizosphere microbiome of Beta vulgaris ssp. maritima-ancestor of all beet crops-and
modern sugar beets. Front. Microbiol. 5:415. doi: 10.3389/fmicb.2014.00415

Zhang, C., van der Heijden, M. G. A., Dodds, B. K., Nguyen, T. B., Spooren, J.,
Valzano-Held, A., et al. (2024). A tripartite bacterial-fungal-plant symbiosis in the
mycorrhiza-shaped microbiome drives plant growth and mycorrhization. Microbiome
12, 1-21. doi: 10.1186/s40168-023-01726-4

Zhang, H., Song, J., Zhang, Z., Zhang, Q., Chen, S., Mei, J.,, et al. (2021).
Exposure to fungicide difenoconazole reduces the soil bacterial community
diversity and the co-occurrence network complexity. J. Hazard. Mater. 405:124208.
doi: 10.1016/j.jhazmat.2020.124208

Zhang, Z., Xiao, Y. S., Zhan, Y., Zhang, Z., Liu, Y., Wei, Y., et al. (2022).
Tomato microbiome under long-term organic and conventional farming. iMeta 1:e48.
doi: 10.1002/imt2.48

Zheng, Y., Liang, J., Zhao, D. L., Meng, C., Xu, Z. C,, Xie, Z. H., et al. (2020). The root
nodule microbiome of cultivated and wild halophytic legumes showed similar diversity
but distinct community structure in yellow river delta saline soils. Microorganisms
8:207. doi: 10.3390/microorganisms8020207

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1453699
https://doi.org/10.7171/jbt.13-2403-001
https://doi.org/10.1016/j.scitotenv.2023.165524
https://doi.org/10.1038/s41598-018-38344-2
https://doi.org/10.1186/gb-2013-14-6-209
https://doi.org/10.1002/ps.4367
https://doi.org/10.1016/j.chom.2017.07.004
https://doi.org/10.15407/microbiolj81.06.030
https://doi.org/10.1128/mSystems.00009-15
https://doi.org/10.1016/j.micres.2016.04.009
https://doi.org/10.1371/journal.pone.0282809
https://doi.org/10.48130/SSE-2023-0010
https://doi.org/10.1016/j.scitotenv.2023.164149
https://doi.org/10.3389/fmicb.2014.00415
https://doi.org/10.1186/s40168-023-01726-4
https://doi.org/10.1016/j.jhazmat.2020.124208
https://doi.org/10.1002/imt2.48
https://doi.org/10.3390/microorganisms8020207
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Exploring the impact of plant genotype and fungicide treatment on endophytic communities in tomato stems
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Amplicon sequencing
	2.3 Bioinformatics analysis

	3 Results
	3.1 Distribution and overall comparison of the endophytic OTUs
	3.2 Composition of the endophytic communities
	3.3 Variation of the endophytic communities under fungicide treatment

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


