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� NGS was used to precisely describe
the microbiome of three strawberry
cultivars.

� Plant organs and genotype shape the
composition of the microbiomes.

� Strawberry microbiome delivers
several beneficial functions to the
plant.

� Functional microbiome diversity
correlates with cultivars’
phenotypical differences.

� Microbiome manipulation may
enhance agricultural performances.
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Introduction: Specific microbial communities are associated to host plants, influencing their phenotype
and fitness. Despite the rising interest in plant microbiome, the role of microbial communities associated
with perennial fruit plants remains overlooked.
Objectives: This work provides the first comprehensive description of the taxonomical and functional
bacterial and fungal microbiota of below- and above-ground organs of three commercially important
strawberry genotypes under cultural conditions.
Methods: Strawberry-associated fungal and bacterial microbiomes were characterised by Next-
Generation Sequencing and the potential functions expressed by the bacterial microbiome were analysed
depen-
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Phyllosphere
Plant growth-promoting bacteria
Pseudomonas fluorescens
Rhizophagus irregularis
by both in silico and in vitro characterisation of plant growth-promoting abilities of native bacteria.
Additionally, the association between the strawberry microbiome, plant disease tolerance, plant mineral
nutrient content, and fruit quality was investigated.
Results: Results showed that the strawberry core microbiome included 24 bacteria and 15 fungal opera-
tional taxonomic units (OTUs). However, plant organ and genotype had a significant role in determining
the taxonomical and functional composition of microbial communities. Interestingly, the cultivar with
the highest tolerance against powdery mildew and leaf spot and the highest fruit productivity was the
only one able to ubiquitously recruit the beneficial bacterium, Pseudomonas fluorescens, and to establish
a mutualistic symbiosis with the arbuscular mycorrhiza Rhizophagus irregularis.
Conclusion: This work sheds light on the interaction of cultivated strawberry genotypes with a variety of
microbes and highlights the importance of their applications to increase the sustainability of fruit crop
production.
� 2022 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Crop plants are associated with wide diversity of microorgan-
isms, which differently colonise plant compartments [1]. Such
microbial biocoenosis influences plant phenotype, fitness, growth,
fruit production, and quality, by contributing to plant nutrition,
tolerance to abiotic stresses, and control of pathogenic or oppor-
tunistic species [2]. In this view, the individual plant can be consid-
ered as a holobiont, i.e. the superorganism encompassing the host
and its associated microbial community [3–4]. The association
between terrestrial plants and microbes developed at least 460
million years ago, as suggested by the fossil evidence of arbuscular
mycorrhizae on some of the earliest land plants [4]. To date, many
questions regarding plant–microbe associations remain unan-
swered, including the factors determining the community assem-
blage and diversity of the plant microbiome [2]. Increasing
evidence suggests that plants can actively recruit beneficial micro-
flora to facilitate their adaptation to environmental conditions and
changes [2]. However, further studies are needed to generalize this
hypothesis, and enable practical applications, especially for peren-
nial crops such as fruit trees [5]. To date, most experiments on
plant microbiome have focused either on model plants (i.e. Ara-
bidopsis thaliana) or economically important, annual herbaceous
monocotyledons, such as corn and rice [6]. Perennial plants, on
the other hand, are exposed to radically changing environmental
conditions (including freezing winter temperatures, dry seasons,
periodic flooding) [7]. Therefore, the microbial community associ-
ated with such plants has evolved to last for more than a growing
season, thus suggesting a metabolic selectivity and intimate con-
nection with the host, allowing its stability despite environmental
stresses. Furthermore, perennial crops may promote microbial eco-
logical complexity, increasing the richness of bacterial and fungal
beneficial communities, due to their extensive root networks and
allocation of carbon to the rhizosphere [8]. In addition, microbiome
research has so far primarily taken into consideration the rhizo-
sphere, while other plant-associated niches have been relatively
neglected [9]. The study of bacterial and fungal microbiota colonis-
ing different plant compartments under agronomic conditions pro-
vides key information to unfold agricultural constraints and
achieve a successful microbial manipulation in farmlands [10].

The cultivated strawberry (Fragaria � ananassa Duch., fam.
Rosaceae) is an important fruit crop, originated approximately
300 years ago from the hybridisation between ecotypes of wild
octoploid species: Fragaria chiloensis subsp. chiloensis from South
America and Fragaria virginiana subsp. virginiana from North Amer-
ica [11]. In the last decade (2008–2018), the global strawberry cul-
tivation area has increased by 14% [12]. In 2016, the global
strawberry gross production was estimated at 17 billion US$ with
China having the largest market share (6.48 bn US$), followed by
Europe (3.49 bn US$) and the United States (3.47 bn US$) [12].
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The high adaptability of strawberry to different conditions allows
its cultivation under a wide range of environments and agronomi-
cal managements (from the Mediterranean to the Nordic climates)
making the fruit available on the market, almost independently of
the season [13]. For this reason, strawberry fruit represents an
important and valuable portion of daily fresh food consumption
[14]. Strawberry is greatly appreciated for its aroma and nutraceu-
tical properties. Among others, strawberry fruit contains phyto-
chemicals, such as anthocyanins and ellagitannins which may
prevent human health issues induced by oxidative stress [14].
While strawberry productivity and quality can be positively
improved by beneficial microorganisms [15], the cultivation is
challenged by a large variety of pathogens, which cause substantial
economic losses and require the frequent application of pesticides.
Among these diseases, red stele (Phytophthora fragariae), powdery
mildew (Podosphaera aphanis), and leaf spot are the most serious
concerns worldwide [16]. Powdery mildew mainly affects the pho-
tosynthetic ability of strawberries cultivated in humid environ-
ments [17], which leads to a strong reduction of growth and
productivity with major yield losses [18]. Leaf spot diseases, which
in severe conditions may lead to plant death, are caused by differ-
ent pathogens, including bacteria (Xanthomonas fragariae) and
fungi (Colletotrichum gloeosporiodes, Mycosphaerella fragariae,
Cercospora fragariae, Mycosphaerella louisianae, Septoria fragariae,
S. aciculosa, S. fragariaecola, etc.). For most of these pathogens
and/or diseases, genetic resistance traits are not available among
commercial strawberry cultivars (i.e. human-selected clonal geno-
types) [19]. In addition, several cultivars present at the same time,
flowers, fruits, and leaves, and therefore disease control practices
may lead to pesticide residue accumulation on berries [13]. Biolog-
ical control is a promising and safer alternative to the use of xeno-
biotic pesticides. Some commercially available, beneficial
microorganisms (i.e. Ampelomyces quisqualis, Bacillus subtilis, Tri-
choderma harzianum, Glomus spp.) have been tested for disease
control in strawberry, yet none of them has demonstrated suffi-
cient reliability, persistence, and/or cost-effectiveness to replace
chemical pesticides [16]. The unsatisfactory degree of disease con-
trol and the high variability of results obtained in different loca-
tions and seasons with commercial beneficial microorganisms
can be explained by the fact that those microbes are in most cases
non-native to the strawberry plant microbiome. Several studies
suggest that biological control agents isolated from the host plant
microbiome have superior efficacy in comparison to non-
indigenous microbial inoculants [20].

Traditionally, microbiome studies focused on the taxonomy of
plant-associated microbial communities. However, functional
diversity should receive reasonable consideration in the context
of sustainable agriculture as it has been recognized as the best
predictor of ecosystem processes and properties [21]. Indeed,
metabolic functionalities provided by the microbiome are essential
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for supporting plants in coping with adverse environmental condi-
tions [3,5], and are adapted to specific plant niches [22]. For the
above reasons, the characterisation of the plant native microbiome
both from a taxonomical and functional point of view is a key step
for the successful selection of beneficial microorganisms [1].
Therefore, this study aimed to provide a complete description of
the strawberry holobiome, including both fungal and bacterial
populations, and to identify the core microbiome, from soil,
plant-soil interface (rhizosphere), and plant compartments (roots
and above-ground organs) using Next Generation Sequencing
(NGS). For this purpose, three commercially important strawberry
genotypes (’Elsanta’, ’Darselect’, and ’Monterey’) were used. Addi-
tionally, Plant Growth Promoting (PGP) functions potentially
expressed by the bacterial microbiota were analysed both in silico
and in vitro. Furthermore, the effects of strawberry genotypes, soil
and plant compartments on the richness and microbial community
composition were studied, with a focus on pathogenic and benefi-
cial microbes. Finally, the links between strawberry microbiomes,
plant mineral nutrient content, and fruit quality traits were inves-
tigated. This study provides the first in-depth and comprehensive
view of the horticultural crop microbiome in relation to plant
genotype, health, nutritional status, and fruit quality parameters,
prompting the selection of the most effective indigenous microor-
ganisms for future field application.
Materials and Methods

Strawberry cultivation, phenotypic characterisation, and disease
severity ranking

Three Fragaria � ananassa cultivars (genotypes) were used: the
everbearing genotypes ’Elsanta’ and ’Darselect’ (widely cultivated
in Northern Italy), and the day-neutral variety ’Monterey’. Bareroot
strawberry plants were bought from CREA (Forlì, Italy), COVIRO
(Ravenna, Italy) and SANTORSOLA (Trento, Italy) for ’Darselect’,
’Monterey’, and ’Elsanta’ genotype, respectively. Plants were trans-
planted in early June-July 2017 into 48.5 � 22 � 11 cm white plas-
tic pots, filled with a commercial blond sphagnum peat moss soil
(pH 5.2–5.8) (Vigorplant s.r.l, Lodi, Italy). Each pot contained 6
plants with a distance of 16.7 cm between each other. These pots
were maintained at 1.2 m above ground under a rainproof tunnel
(18 m � 3.50 m � 5.60 m) located in-field at the experimental sta-
tion of Pergine Valsugana (Trento, Italy; 46�070N, 11�220E, 450 a.s.
l.). Plants were fertigated using a drip system (Table S1). Over the
growing season (25, 35, and 50 days after transplant) root and leaf
apparatus, as well as fruits, of 50 plants were weighted. Moreover,
100 additional plants of each genotype grown in the same condi-
tions were weekly monitored for powdery mildew and leaf spot
symptoms. Disease index on leaves was visually ranked using a
0–5 scale (0 = no symptoms; 5 = severe symptoms) (Table S2).
Sampling

At the end of the production cycle, for each genotype, four
asymptomatic plant replicates from different pots distributed in
the field area were collected. Plant-soil compartments were
defined as described in [23]. The plants were immediately brought
to the laboratory and processed. Briefly, bulk soil was collected
from the growing pots and suspended in sterile 10 mM MgSO4

solution. The use of MgSO4 is required for avoiding osmotic poten-
tial imbalances of cells and it is commonly used for microbial sus-
pension preparation, serial dilutions, and washing of plant organs
[1]. Plants were divided into above-ground tissues (leaves, stems,
crown) and roots. Roots were shaken to release loosely-
associated soil, then washed in sterile 10 mM MgSO4 solution
3

under vigorous shaking to collect the rhizospheric soil. Above-
ground tissues and root samples were ground with mortar and
pestle, and suspended in sterile 10 mM MgSO4 solution. For each
sample, one aliquot of MgSO4, in which the washing of the organs
was carried out, was used to perform serial dilutions. Dilutions
were plated on Lysogenic Broth (LB) agar medium (Sigma Aldrich,
St. Louis, MO, USA) amended with cycloheximide (100 lg ml�1) to
prevent fungal growth. The remaining washing volume was stored
at �20 �C until DNA extraction.
Bacterial isolation and functional characterisation

LB agar plates, prepared as described above, were incubated at
27 �C for 24 h. Colonies were phenotypically characterised and for
each phenotype in a repetition, a single colony was randomly col-
lected from the plates at the highest dilution. After purification,
isolates were stored at �80 �C in LB broth supplemented with
20% v/v glycerol [24]. DNA was extracted from each bacterial iso-
late using GenElute Bacterial Genomic DNA kit (Sigma Aldrich, St.
Louis, MO, USA), following the manufacturer’s instructions. REP-
PCR was performed using BOXA1R and genomic DNA patterns
obtained were visualized on a polyacrylamide gel (Fig. S1), as
described in [25]. All primers’ references used in this work are
shown in supplementary information (Table S3). Bacterial isolates
were identified by 16S rRNA sequencing as described in [26]. Bac-
terial isolates (19, 14, and 10 for ’Monterey’, ’Elsanta’ and ’Darse-
lect’, respectively) were functionally characterised for acetoin,
IAA, ammonia, and siderophores production, 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase activity,
X. fragariae, and B. cinerea inhibition as described in [26].
Analysis of plant mineral composition and fruit quality traits

General procedures were performed as previously reported
[27]. Elemental analysis (%C, H, and N) was performed in duplicate
on Thermo ScientificTM FLASH 2000 elemental analyser (Thermo-
Fisher Scientific, Waltham, MA, USA). Measurements of the Mg, P,
K, Ca, Fe, Mn, Co, Ni, Zn. Sr, Ba, and Pb were performed by Thermo
ScientificTM XSeries-II ICP/qMS analyser equipped with Peltier
cooled (3 �C) spray chamber and Teledyne CETAC ASX 520
autosampler (Teledyne CETAC, Omaha, NE, USA). The instrument
tuning was performed daily, HNO3 4% Indium solution (100 ppb)
was used as an internal standard and ICP-multi-element solution
(IV-ICP-MS-71A, Inorganic Ventures, Christiansburg, VA, USA)
was used for quantitation. 0.4 g of each sample were weighted in
the microwave quartz vessels and added of 1.5 mL sub-boiling
HNO3 and 3.5 mL H2O. Digestion was performed by a microwave-
assisted Ultrawave FKV autoclave (FKV s.r.l., Bergamo, Italy). The
resulting solutions were diluted up to 15 g with Milli-Q water
and microfiltered (Ø 0.22 mm) before analysis. Results are given
as mean value ± standard deviation (3 independent measurements,
3 repetitions each) (Table S7).

Strawberry fruits for each cultivar were weighted. Fruit firm-
ness was measured by a texture analyser (Zwick Roell, Genova,
Italy) using the penetration test methodology that was previously
developed for raspberry [28]. In this study, only the maximum
force value (N) was considered, since this parameter is usually
highly related to berry firmness [28]. Total soluble sugar content
(SSC) was measured on strawberry fruit juice with a hand-held
Atago digital refractometer (Optolab, Modena, Italy). Titratable
acidity (TA) was determined on strawberry juice diluted (1:2) in
distilled water by titration with NaOH to pH 8.1 and expressed
as citric acid equivalents.
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DNA extraction and Illumina sequencing

DNA was extracted from 250 mg of each homogenized bulk soil,
rhizosphere, root, and above-ground organs using the MoBio
PowerSoil kit (MO BIO Laboratories, Carlsbad, CA, USA), following
the manufacturer’s instructions. DNA quality and quantity were
measured by spectrophotometric quantification with a NanoDrop
ND-8000 V1.1.1 spectrophotometer (ThermoFisher Scientific, Wal-
tham, MA, USA). DNA extracts were then stored at –20 �C before
further analysis. The extracted DNA samples were sent to RTL
Genomics (Lubbock, TX, USA) for Paired-end Illumina MiSeq
sequencing. The V5, V6, and V7 regions of the 16S rRNA gene
and ITS2 regions of the nuclear ribosomal internal transcribed
spacer (ITS) rRNA gene were targeted for bacteria and fungi respec-
tively. DNA extracts were amplified for sequencing in a two-step
process: the forward primer was constructed with the Illumina i5
sequencing primer (50-TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAG-30), and the 799F (50-AACMGGATTAGATACCCKG-30) for bacte-
ria and the fITS7 primer (50- GTGARTCATCGAATCTTTG-30) for fungi.
The reverse primer was constructed with the Illumina i7 sequenc-
ing primer (50-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-30)
and the 1193r (50-ACGTCATCCCCACCTTCC-30) for bacteria or the
ITS4 (50-TCCTCCGCTTATTGATATGC-30) primer for fungi (Table
S3). The selected primer set for bacteria (799F and 1193r) can
avoid contamination from plastid DNA. Reaction for the amplifica-
tion of bacteria was performed as described in [29]. For fungi, the
amplification cycle was as follows: 95 �C for 15 min, then 35 cycles
of 94 �C for 30 sec, 54 �C for 40 sec, 72 �C for 1 min, followed by one
cycle of 72 �C for 10 min and 4 �C hold. Products from the first stage
amplification were added to a second PCR aimed to qualitatively
determine concentrations. The second PCR reaction was performed
using Nextera primers i5 index and i7 index (Illumina Inc., San
Diego, CA, USA) (Table S3). The second stage amplification was
run the same as the first stage except for 10 additional cycles.
Amplified products were visualized with eGels (Life Technologies,
Grand Island, NY, USA). The products were then pooled equimolar,
and each pool was size selected in two rounds using Agencourt
AMPure XP (BeckmanCoulter, Indianapolis, IN, USA) in a 0.75 ratio
for both rounds. The size selected pools were then quantified using
the Quibit 2.0 fluorometer (Life Technologies, Carlsbad, CA, USA)
and loaded on an Illumina MiSeq (Illumina, Inc, San Diego, CA,
USA) 2x300 flow cell at 10 pM.

nifH gene and Pseudomonas fluorescens detection

To verify the nitrogen-fixing activity and the presence of puta-
tive PGP species that were found to be discriminant genotypes and/
or compartments, specific detection protocols were applied. nifH
gene was used as a target to detect N-fixing activity, being a highly
conserved gene [30]. The presence of the nifH gene in samples was
verified by PCR using nifH gene-specific primers, as previously
described (Table S3). Pseudomonas fluorescens detection in ’Mon-
terey’ genotype was performed as follows: DNA from bulk soil
and rhizosphere samples was extracted as above; roots and
above-ground parts of strawberry plants were surface-sterilized
two times with deionized water and 70% ethanol and washed 3
times sterile water, organs were let 3 h in sterile water. Then,
DNA of strawberry roots and above-ground part was extracted as
above and amplified as described elsewhere (Table S3). For both
nifH and Ps. fluorescens detection, amplification products were
visualized through agarose gel 1.5% electrophoresis.

Bioinformatics

High-quality reads from the paired-end sequences generated by
the Illumina MiSeq sequencing platform were extracted using
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Mothur [31] and OBI Tools [32] software suits. PANDAseq was used
to merge forward and reverse raw reads from the same sample by
using the simple-bayesian algorithm with a minimum overlap of
80 and 20 nucleotides for bacteria and fungi, respectively. All the
merged reads were then trimmed with the following parameters:
(i) minimum length of 350 (bacteria) and 120 (fungi), (ii) minimum
average Phred score of 25 on the trimmed length, (iii) no ambigu-
ities in the sequence length, and (iv) maximum length of 20
homopolymers in the sequence. The reads were then pre-
clustered using CD-HIT-EST, allowing a maximum of 1% of dissim-
ilarity and with only one base allowed per indel, to merge those
reads arising likely from sequencing errors. Chimeric sequences
were detected using the Uchime algorithm [33] as implemented
in Mothur and removed. Reads from each sample were pooled
together and were dereplicated into unique sequences and sorted
by decreasing abundance. The resulting reads were then clustered
into operational taxonomic units (OTUs) using the CD-HIT-EST
algorithm [34] at a threshold of 97% sequence similarity. The
OTU representative sequences (defined as the most abundant
sequence in each OTU) were taxonomically assigned against the
reference sequences from the SILVA database v132 for prokaryote
16S [35] and from the Unite database (version unite.v7) [36] for
fungal ITS using the naive Bayesian classifier [37] as implemented
in Mothur using the default parameters. All the sequences identi-
fied as non-target organisms were removed from bacterial and fun-
gal datasets. Rare OTUs (singletons), which potentially might
represent artificial sequences were removed. The read counts were
rarefied to the smallest read number per sample (10,930 and 8,077
reads for bacteria and fungi, respectively). Ecological functions
were determined for each OTU using FAPROTAX for bacteria [38],
and FUNGuild [39] for fungi. The ecological functions of bacteria
obtained by FAPROTAX were also manually checked against other
references for their presence in the terrestrial system [40]. Arbus-
cular mycorrhizae, ectomycorrhizae, ericoid mycorrhizae, endo-
phytes, dark septate endophytes, and mycoparasites were
grouped as potential beneficial fungi. All fungal plant pathogens
were checked again for their taxonomic identifications and their
DNA-based Species Hypotheses (SH) are presented in Supplemen-
tary Table S4. Potential beneficial bacteria (N fixing, plant-growth-
promoting, and biological control agents) were manually assigned
using all available references (Table S5). Prediction of the bacterial
functions according to the KEGG database was also performed.
Tax4fun package [41] was used to perform the functional predic-
tion, and the results were analysed following MicrobiomeAnalyst
online pipeline ((https://www.microbiomeanalyst. ca/) [42]. KEGG
orthologs and modules involved in PGP mechanisms were chosen
using the KEGG database and several reviews. The Illumina
sequencing of all bacterial and fungal datasets are deposited in
The National Center for Biotechnology Information (NCBI) database
under BioProject: PRJNA556362 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA556362).

Statistical analysis

To assess the coverage of the sequencing depth, individual rar-
efaction analysis for each sample using the function ‘diversity’ in
Past was performed. At the analysed sequencing depth, all individ-
ual rarefactions showed to be sufficient to infer bacterial and fun-
gal community composition and richness in the samples (Fig. S2).
The core microbiome was defined as the bacterial and fungal com-
munities that are comprised of OTUs that were detected in all
strawberry genotypes and present in more than 75% of the sam-
ples. The effects of strawberry genotype, soil, and plant compart-
ments (bulk soil, rhizosphere, root, and above-ground organs) on
bacterial and fungal OTUs richness were analysed using two-way
analysis of variance (ANOVA), incorporating the Jarque-Bera JB test
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for normality. The effects of strawberry genotype, soil, and plant
compartment on bacterial and fungal community compositions
were visualized using Non-metric MultiDimensional Scaling
(NMDS) based on the presence-absence data and Jaccard distance
measure. Colored ellipses in NMDS ordinations are 95% confidence
intervals of species centroids for each treatment level. The signifi-
cant effect of the strawberry genotype, soil, and plant compart-
ment on bacterial and fungal community compositions was
determined using two-way Analysis of Similarity (ANOSIM) and
two-way Permutational multivariate analysis of variance (PERMA-
NOVA) based on the presence-absence data and Jaccard distance
measure over 999 permutations. Since relative abundance data
from NGS may not be fully used quantitatively, the microbial com-
munity composition was analysed using both presence/absence
and relative abundance data sets. The results from presence/ab-
sence data are presented in the main text and the corresponding
results using relative abundance data (with Bray–Curtis distance
measure) are presented in Supplementary Information (Table S6).
NMDS ordination based on presence-absence data and the Jaccard
dissimilarity measure coupled with the envfit function of the vegan
package in R version 3.2.2 were used to investigate the links
between each bacterial and fungal community composition (bulk
soil, rhizosphere, root, and above-ground organs) and soil nutrient
parameters, strawberry genotypes, fruit quality parameters (SSC
and TA). NMDS stress values were between 0.06 and 0.13. Differ-
ences in phenological characteristics, PGP KEGG modules, Kegg
Orthologies (KOs), and chemical composition of roots and above-
ground strawberry of the three genotypes were tested by One-
way ANOVA, followed by multiple comparisons by Tukey’s test,
performed using Past version 2.17.
Results

Phenotypical differences of strawberry cultivars

Flower differentiation, fruit production, plant architecture, and
growth rate were observed during the growing season. Leaf and
root apparatus of ’Elsanta’ were significantly heavier in respect to
the other genotypes, whereas ’Monterey’ showed the highest pro-
ductivity and the largest fruit size (Table 1).

The susceptibility of the different genotypes to the main straw-
berry diseases was also evaluated (Table S2). Plants of ’Monterey’
showed the highest tolerance to leaf spot and powdery mildew
in comparison to the other genotypes. On the other hand, ’Elsanta’
showed to be less sensitive than ’Darselect’ to leaf spot, but highly
susceptible to powdery mildew.
Composition of strawberry microbiomes

Bacterial 16S rRNA and ITS gene communities were profiled in
bulk soil, rhizosphere, root, and above-ground organ samples in
the three strawberry genotypes (Fig. 1a). In roots and above-
ground organs, epiphytic and endophytic microorganisms were
targeted jointly. In total, 1,531,637 (average of 31,909 reads per
sample) and 739,458 (average of 15,405 reads per sample) high-
quality reads were generated for bacteria and fungi, respectively,
excluding chimeric sequences. Singletons that may come from
sequencing errors were removed and all datasets were normalized
to 10,930 sequences for bacteria and 8,077 sequences for fungi.
Rarefaction curves showed sufficient sequencing effort for most
of the samples (Fig. S2a, b). Observed richness was used directly
as a diversity measure for both bacteria and fungi (Fig. 1b,c). In
total, 26,434 bacterial and 1,716 fungal OTUs were detected.
Among the three strawberry genotypes, ’Darselect’ displayed the
lowest bacterial richness in all compartments (Fig. 1d). In general,
5

above-ground organs had a lower bacterial richness compared to
the other compartments. In contrast, fungal microbiome diversity
was fairly homogenous among different compartments (Fig. 1e).

The total bacterial and fungal community assemblages were
compared using two-way PERMANOVA to identify the main dri-
vers of the microbiome composition (Table 2). Microbial composi-
tions were strongly dependent on the analysed genotype (bacteria
F = 1.87, P = 0.002; fungi F = 2.93, P = 0.001), on the compartment
(bacteria F = 4.27, P = 0.001; fungi F = 3.56, P = 0.001), and on
genotype � compartment interaction (bacteria F = 1.44,
P = 0.001; fungi F = 1.51, P = 0.001; Table 2). In particular, NMDS
highlighted that both bacterial and fungal above-ground micro-
biome compositions strongly differed from below-ground ones
(Fig. 1d, e). Similar results were obtained by means of two-way
ANOSIM analysis (Table 2) and by using relative abundance data,
instead of presence-absence (Table S6).

Community composition based on presence-absence data indi-
cates that Actinobacteria, Alphaproteobacteria, Gammaproteobac-
teria, Deltaproteobacteria, and Bacteroidia are the bacterial
groups representing the backbone of the strawberry bacterial
microbiome in all plant and soil compartments, accounting on
average for 80% of the total detected OTUs (Fig. 1a). Above-
ground organs of ‘Darselect’ and ‘Elsanta’ were dominated by Acti-
nobacteria (54 and 53% respectively), whereas ‘Monterey’ was
mostly colonised by Gammaproteobacteria (Fig. 1a). Below-
ground compartments of the three cultivars were dominated by
Alphaproteobacteria (Fig. 1a).

Regarding the strawberry mycobiome, Sordariomycetes, Doth-
ideomycetes, Leotiomycetes, and Agaricomycetes were the most
represented fungal classes in all plant and soil compartments
accounting for 64% of total OTUs based on presence-absence data
(Fig. 1a), but their percentages varied depending on cultivar and
compartment. Dothideomycetes were predominant in leaves of
the three F. � ananassa genotypes (34% ’Elsanta’, 28% ’Darselect’,
27% ’Monterey’), whereas below-ground compartments of all geno-
types were mostly dominated by Sordariomycetes (Fig. 1a).

Overall bacterial and fungal microbial community composi-
tion was also analysed based on relative-abundance data
(Fig. S3). In this view, Actinobacteria was the predominant bac-
terial group in all genotypes and compartments. The lowest per-
centages were found in the rhizosphere and bulk soil of ’Elsanta’
(31 and 33%, respectively), whereas ’Elsanta’ and ’Darselect’
above-ground compartments showed a high group homogeneity,
being dominated by Actinobacteria for 98 and 99%, respectively
(Fig. S3). Alphaproteobacteria were homogenously represented
in plant and soil compartments of the three genotypes.
Gammaproteobacteria were almost absent in the above-ground
compartments of ’Elsanta’ and ’Darselect’, while they were the
second most represented group in ’Monterey’ (26%) (Fig. S3).
The fungal community composition, based on relative abundance
data, showed a good level of homogeneity between different
genotypes. Dothideomycetes were the predominant group in
the above-ground organs of the three genotypes (Fig. S3), fol-
lowed by Tremellomycetes, Leotiomycetes, and Sordariomycetes.
whereas below-ground organs of the three cultivars were domi-
nated by Sordariomycetes (Fig. S3).

Commonalities in the microbiomes of the three cultivars in the
different plant compartments are shown (Fig. 2). Alphaproteobac-
teria, Gammaproteobacteria and Actinobacteria (plus Deltapro-
teobacteria and Bacteroidia, except for above-ground organs) are
common to the three genotypes in all plant compartments
(Fig. 2). Regarding the fungal microbiome, Sordariomycetes, Doth-
ideomycetes, Leotiomycetes, Eurotiomycetes, and Agaricomycetes
were found in the below-ground organs of the three genotypes.
The above-ground core was similar except for the absence of Euro-
tiomycetes and Agaricomycetes (Fig. 2).



Table 1
Phenological characteristics of different strawberry genotypes. Data are expressed as mean ± SE. Different letters indicate significant differences between genotypes according to
One-way ANOVA followed by multiple comparisons by Tukey’s test.

Cultivar Leaves g/plant at 50 days after transplant Root g/plant at 50 days after transplant Harvested red fruit/week/plant (g) Single fruit weight (g)

Monterey 7.76 ± 0.90b 30.04 ± 3.29 ab 53.87 ± 5.48 a 16.24 ± 0.76 a
Elsanta 15.32 ± 1.54 a 39.54 ± 2.74 a 34.24 ± 5.81 ab 10.24 ± 0.55b
Darselect 9.44 ± 1.39b 20.25 ± 3.64b 30.87 ± 6.73b 9.43 ± 1.07b

Fig. 1. Composition of strawberry microbiomes. (A) Overall community composition of bacteria and fungi in different soil and plant compartments and genotypes, estimated
using presence-absence data. (B) Bacterial and (C) fungal OTU richness in different soil and plant compartments and genotypes. Bacterial (D) and (E) fungal composition
similarity among different soil and plant compartments and genotypes, shown by nonmetric multidimensional scaling (NMDS) plot.

D. Sangiorgio, A. Cellini, I. Donati et al. Journal of Advanced Research xxx (xxxx) xxx

6



Table 2
Effect of genotype, soil, and plant compartment on the richness and community composition of the strawberry microbiome. Nd = not determined; Significant P values are
highlighted in bold.

Microorganisms/Factors Richness (Two way ANOVA) Community composition
(Two-way ANOSIM)

Community composition
(Two-way PERMANOVA)

F P R P PseudoF P

Total bacteria
Genotype 12.15 0.000 0.65 0.001 1.87 0.002
Compartment 32.47 0.000 0.83 0.001 4.27 0.001
Genotype � compartment 2.55 0.037 nd nd 1.44 0.001
Potential beneficial bacteria
Genotype 4.92 0.013 0.34 0.001 1.61 0.001
Compartment 20.86 0.000 0.48 0.001 2.87 0.001
Genotype � compartment 1.81 0.125 1.35 0.001
Fungi
Genotype 1.74 0.191 0.78 0.001 2.93 0.001
Compartment 19.00 0.000 0.76 0.001 3.56 0.001
Genotype � compartment 2.00 0.092 nd nd 1.51 0.001
Potential beneficial fungi
Genotype 9.23 0.001 0.22 0.001 2.05 0.004
Compartment 13.13 0.000 0.47 0.001 4.05 0.001
Genotype � compartment 3.46 0.008 nd nd 1.33 0.033
Plant pathogenic fungi
Genotype 3.65 0.036 0.43 0.001 3.34 0.001
Compartment 4.30 0.011 0.51 0.001 3.90 0.001
Genotype � compartment 2.92 0.020 nd nd 1.58 0.002
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Ubiquitous microbes found from the soil to the above-ground
plant organs of all three strawberry genotypes were identified.
Among these core microbes, 24 OTUs were bacteria (mainly Micro-
coccales) and 15 were fungi (mainly Ascomycota) (Table S8).

Functions potentially expressed by plant-associated bacteria and fungi

The plant-associated microbial community is pivotal in deliver-
ing multiple functions to the plant, such as plant growth promo-
tion and increase of abiotic/biotic stress resilience. In this work,
the functional diversity of bacterial and fungal microbiomes was
studied following several approaches.

In silico prediction of the microbial functions was first per-
formed using FAPROTAX and FUNGuild. These are functional pre-
diction tools providing guild characteristics of bacterial and
fungal taxa, respectively. 3,845 bacterial (15% of all detected bacte-
ria) and 706 fungal (41% of all detected fungi) OTUs were assigned
to a putative functional group. Twenty bacterial and sixteen fungal
functional groups colonised different soil and plant compartments
of strawberry plants (Table S9). Chemoheterotrophy, methanol
oxidation, intracellular parasitism, predation/exoparasitism were
the dominant bacterial functions, while saprophytism, plant
pathogenic, and endophytic colonisation were dominant among
the fungal functions.

Within the bacterial OTUs, specific functions relevant to plant
health, fitness, and growth were further explored (Table S5). 285
OTUs were assigned to 16 potential N-fixing genera, and 129 OTUs
as species are known for their activity as biological control agents
(BCA) and/or plant growth promoting bacteria (PGPB). Both com-
partment and genotype had a significant role in defining plant-
associated beneficial bacterial community, according to ANOSIM
and PERMANOVA (P < 0.001) (Fig. S4a; Table 2; Table S6). In
below-ground organs, commonalities of N-fixing bacteria between
the three strawberry genotypes consisted of Rhizobiaceae, Devosi-
aceae, Xanthobacteraceae, and Burkholderiaceae, whereas in
above-ground organs no overlap was identified (Fig. 2). Besides
the identification of commonalities of the three genotypes in dif-
ferent organs, the distribution of OTUs among organs of the same
genotype was further highlighted (Fig. 3). N-fixing bacteria were
found to be widely distributed both in below- and above-ground
compartments. However, above-ground organs were colonised by
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fewer N-fixing bacteria in respect to below-ground compartments.
Above-ground organs of ’Monterey’ and ’Darselect’ were charac-
terised by the presence of Methylobacterium spp., which was found
only in this compartment. Aminobacter spp. was uniquely found in
the root and rhizosphere of ’Darselect’, whereas Phyllobacterium
spp. was characteristic of ’Monterey’ (Fig. 3a).

Regarding the bacterial beneficial microbiome, in ’Monterey’,
19% of beneficial OTUs were able to simultaneously colonise
below- and above-ground organs, whereas in ’Elsanta’ and ’Darse-
lect’ only one OTU (identified as B. megaterium) was found to colo-
nise both underground and above-ground organs. Ps. fluorescens is
known for its PGP activity and the ability to control several plant
diseases [43]. NGS analysis revealed that Monterey was the only
genotype colonised by Ps. fluorescens both in below- and above-
ground organs (Fig. 3b). Its ability to colonise different plant com-
partments was further confirmed by PCR analysis. Indeed, popula-
tions of Ps. fluorescens could be detected in the soil and tissues
(both internal and external) of ’Monterey’ (Fig. S5).

Nitrogen (N) is one of the essential nutrients for ensuring plant
growth and productivity. In agriculture, it might become a limiting
factor and therefore external application is generally needed. N-
fixing microorganisms, able to convert the unavailable atmo-
spheric N2 into an accessible form, belong to Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, Firmicutes, and
Cyanobacteria phyla [44]. nifH is a highly conserved gene, generally
used as a marker for nitrogen fixation processes in natural habitats.
In this work, PCR analysis assessed the presence of the nifH gene in
bulk soil, rhizosphere, and root samples of the three strawberry
genotypes.

Besides investigating the potential functionalities of the bacte-
rial microbiome using FAPROTAX and databases research, bio-
chemical functions were analysed using Tax4fun [41]. Tax4Fun
allows the prediction of functional traits comparing bacterial 16S
rRNA genes with information available on the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database. According to Two-way
PERMANOVA, the compartments had a significant role in shaping
the functionalities expressed by the microbiome (Table 3). Mod-
ules and KOs related to PGP traits were strongly linked both to
the organ and the genotype. On the whole, 26 modules and KOs
were found to be significantly different (Table 4). Interestingly, in
the above-ground organs of ’Monterey’, genes linked to jasmonic



Fig. 2. Identification of bacterial and fungal core microbiomes. Core microbiome taxonomic compositions, both concerning the whole plant and for each organ, are described.
Quantity of bacterial and fungal OTU unique for each strawberry genotype, as well as overlaps, are reported. M= ’Monterey’, E= ’Elsanta’, D= ’Darselect’.
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acid (JA) biosynthesis, isoprenoid biosynthesis, and H2S production
were found to be significantly more abundant. On the other hand,
potential beneficial traits associated with below-ground organs
were homogeneously found across the three genotypes.
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Using the FUNGuild predictive tool, fungi were divided into
beneficial or pathogenic (Table S9). As for bacteria, beneficial fun-
gal community showed to be strongly correlated to both genotype
(F = 2.05, P = 0.004) and compartment (F = 4.05, P = 0.001) (PERMA-



Fig. 3. Genotype-specific functional microorganisms. Venn diagram showing (A) Potential Nitrogen-fixing genera, (B) Potential Plant Growth Promoting Bacteria and
Biological Control Agents species, (C) Potential Fungal pathogens species, and (D) Potential Fungal Beneficial species present in each compartment (B = bulk soil;
RH = rhizosphere; R = Roots, AGO = Above-ground organs) of the three strawberry cultivars. Intersections indicate microbes simultaneously present in more than one organ
are also presented (genera abbreviations Ps. = Pseudomonas; B. = Bacillus).

Table 3
Effect of genotype and soil/plant compartment on overall KEGG modules and KO and
Plant Growth Promoting KEGG modules and KO composition throughout strawberry
microbiome, according to Two-way PERMANOVA analysis. Significant P values are
highlighted in bold.

Feature/Factors Two-way PERMANOVA

Pseudo F P

KEGG Modules
Organ 22.46 0.0001
Cultivar 1.76 0.12
Organ � Cultivar 1.43 0.15
KEGG KO
Organ 39.007 0.0001
Cultivar 1.95 0.1111
Organ � Cultivar 1.6 0.1088
PGPB Kegg Modules
Organ 18.74 0.0001
Cultivar 2.09 0.0564
Organ � Cultivar 1.42 0.1182
PGPB Kegg KO
Organ 24.04 0.0001
Cultivar 2.72 0.0361
Organ � Cultivar 1.39 0.1904
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NOVA values genotype� compartment F = 1.33, P = 0.033; Fig. S4b;
Table 2; Table S6). Cladosporium sphaerospermumwas the only spe-
cies common to the above-ground organs and rhizosphere of the
three genotypes (Fig. 2). While most of the potentially beneficial
fungal groups were similarly represented in the three strawberry
genotypes, the arbuscular mycorrhizal fungus Rhizophagus irregu-
laris showed a high frequency only in ’Monterey’, while being com-
pletely absent in ’Elsanta’ and ’Darselect’ (Fig. 3d). In addition to
the beneficial fungi recognized with FUNGuild, other species previ-
ously documented as beneficial to plants were also highlighted
(Table S10).
9

Both genotype (F = 3.34, P = 0.001) and plant compartment
(F = 3.90, P = 0.001), as well as their interaction (PERMANOVA val-
ues genotype � compartment F = 1.58; P = 0.002; Fig. 3c; Fig. 4b;
Table 2; Table S6) play a key role in the abundance of pathogens
in the fungal community associated to strawberry. Regarding com-
monalities of fungal pathogens in the three strawberry cultivars in
different organs, Powellomycetaceae and Taphrinaceae were only
found in bulk soil and above-ground organs, respectively (Fig. 2)
whereas Podosphaera spp. was present in both below- and above-
ground compartments of the three genotypes (Fig. 3c).

Isolation and functional characterisation of bacteria isolates

Viable bacterial counts were on average 5.02 � 107, 4.65 � 108,
4.29 � 107, 1.12 � 108 CFU/ml for leaves, rhizosphere, root, and
soil, respectively (Fig. S6). No significant differences were found
among population sizes detected on the same organ of different
genotypes. A total of 70 colonies were selected from the highest
countable dilution.

Ten genera of potential PGPB were uniquely isolated from this
variety, whereas one and three genera were unique to ’Elsanta’
and ’Darselect’, respectively. Pseudomonas and Vagococcus genera
were common to the three genotypes (Table S11), being the former
isolated only from below-ground compartments. 43 isolates were
tested in vitro for their plant growth-promoting activities. PGP
traits were qualitatively screened (0 = no activity, 3 = highest
activity). Bacterial isolates from Monterey showed the highest
plant-growth-promoting potentiality both in the above- and
below-ground organs (Table 5). Interestingly, in above-ground
organs, ’Monterey’ showed the highest number of indoleacetic acid
(IAA)- and NH4

+-producing bacteria, as well as more Xanthomonas
fragariae antagonists when compared to ’Elsanta’ and ’Darselect’.
ACC deaminase-producing bacteria were not found in



Table 4
Significantly different Plant Growth Promoting KEGG modules and KOs in soil/plant compartments. Data are expressed as mean ± SE. Different letters indicate significant
differences between genotypes according to One-way ANOVA followed by multiple comparisons by Tukey’s test.

Organ KEGG PGP MODULE or GENE Monterey Elsanta Darselect

BULK SOIL Pectin degradation 42.25 ± 0.94b 67 ± 5.93 a 34 ± 2.20c
Polyamine biosynthesis, arginine => agmatine => putrescine =>
spermidine

1315.75 ± 27.67
ab

1389.25 ± 36.81 a 1199.75 ± 33.61b

C10-C20 isoprenoid biosynthesis, bacteria 650.5 ± 11.13b 704 ± 7.22 a 643.75 ± 7.92b
C10-C20 isoprenoid biosynthesis, archaea 215.5 ± 5.5b 277.5 ± 15.22a 211 ± 10.98b
Dissimilatory sulfate reduction, sulfate => H2S 434 ± 10.36b 506 ± 18.41 a 442.75 ± 12.26b
1-aminocyclopropane-1-carboxylate deaminase 42 ± 2.97b 56 ± 2.55 a 42.75 ± 1.31b
Pyocyanine biosynthesis, chorismate => pyocyanine 5.75 ± 0.63b 19.25 ± 2.59 a 8,75 ± 2.02b
Abscisic acid biosynthesis, beta-carotene => abscisic acid 3.5 ± 0.29b 5.5 ± 0.29 a 2.75 ± 0.25b

RHIZOSPHERE Assimilatory sulfate reduction, sulfate => H2S 2578.5 ± 26.43c 2847.75 ± 54.76 a 2774.5 ± 45.10b
Betaine biosynthesis, choline => betaine 1265.5 ± 15.78b 1486 ± 77.35 a 1429.5 ± 40.70 ab
Butanoate metabolism 4654.5 ± 26.36b 5321 ± 217.89 a 5044.25 ± 181.02

ab
ROOT GABA (gamma-Aminobutyrate) shunt 1911.5 ± 45.42 ab 2184.25 ± 92.87 a 1833.75 ± 65.80b

C5 isoprenoid biosynthesis, non-mevalonate pathway 3498.75 ± 31.54
ab

3597.25 ± 83.17 a 3277.25 ± 66.64b

Ascorbate biosynthesis, plants, fructose-6P => ascorbate 2918.75 ± 20.30b 2970.25 ± 41.62 a 2717 ± 72.87c
Ascorbate biosynthesis, animals, glucose-1P => ascorbate 1523.75 ± 5.65 ab 1580.25 ± 5.12 a 1477.25 ± 40.07b
Polyamine biosynthesis, arginine => agmatine => putrescine =>
spermidine

1231.25 ± 39.21b 1044.5 ± 23.36c 1287.75 ± 57.05 a

GABA biosynthesis, eukaryotes, putrescine => GABA 2914 ± 36.25 ab 3086.75 ± 129.51
a

2541 ± 178.62b

Methanogenesis, methanol => methane 150.5 ± 18.19 a 72.75 ± 20.00b 130.25 ± 15.43 ab
Betaine biosynthesis, choline => betaine 1458 ± 40.38 ab 1599.25 ± 49.18 a 1285.25 ± 48.17b
methionine-gamma-lyase 277.25 ± 13.47 a 252.75 ± 10.94 a 190 ± 13.23b
IAA 1006.75 ± 15.13

ab
1059.25 ± 60.20 a 827.25 ± 56.85b

salycilic acid 391.5 ± 10.32b 458.5 ± 13.11 a 319.5 ± 15.60c
ABOVE-GROUND

ORGANS
Jasmonic acid biosynthesis 710.25 ± 45.82 a 552 ± 44.68b 624.5 ± 23.90 ab
C10-C20 isoprenoid biosynthesis, non-plant eukaryotes 130.75 ± 8.08 a 99.75 ± 9.09b 116.5 ± 5.63 ab
Purine degradation, xanthine => urea 1378.5 ± 104.68b 1775 ± 81.18 a 1595 ± 98.93 ab
Dissimilatory sulfate reduction, sulfate => H2S 764.5 ± 22.26 a 669.75 ± 15.14b 710.75 ± 30.13 ab
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above-ground organs. Potential plant-growth promoting functions
were more homogeneously spread in below-ground than above-
ground organs across the three cultivars.

Effects of the strawberry microbiome on plant mineral composition
and fruit quality

The contribution of bacterial and fungal microbiomes to the
plant mineral composition (Fig. 5a) and fruit quality (Fig. 5b) was
investigated. Significant correlations were observed between the
mineral composition of the plant organs and the microbial commu-
nity assemblage across different soil and plant compartments
(Fig. 5a). In particular, the fungal microbiome colonising the root
of strawberry was strongly determined by the genotype and was
associated with the availability of B, Sr, and N. On the other hand,
the fungal community associated with above-ground organs was
not correlated to plant mineral composition. Compared to the fun-
gal microbiome, the correlation of the bacterial community with
the mineral elements was weak. However, below-ground bacterial
microbiomes strongly correlated with Sr and Ca. In addition,
microbes, and particularly those associated with soil and roots,
contributed substantially, although indirectly, to fruit quality
(Table S12). In detail, the fungal microbiome associated with the
bulk soil and rhizosphere contributed the most to the development
of SSC and TA of fruits (Fig. 5b). Rhizospheric and above-ground
bacterial microbiome also contributed to SSC of fruits, whereas
TA was related only to bacterial bulk soil microbiome.

Discussion

Microbiome composition

In agreement with previous studies [4], above-ground
organs displayed a lower bacterial and fungal alpha-diversity
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than below-ground ones. Such diversity in microbial commu-
nity composition (Fig. 1a; Fig. S2a, b) and richness could be
explained by the differences in the physical and chemical
properties of the two environments. In fact, above-ground
organs are subjected to oligotrophic and unstable conditions,
with daily and seasonal fluctuations in temperature, humidity,
and UV light [45], whereas the soil compartment is relatively
more protected, stable, and nutrient-rich [46]. Despite the
influence of plant genotype in the assembly of the cultivar-
specific microbiota, the existence of a core microbiome, com-
mon to the three strawberry plant genotypes was reported
(Fig. 2). The identification of ubiquitous microbes suggests
that they are either able to colonise all soil and plant com-
partments, or they can move across the soil and the plant
organs with a passive or active translocation from roots to
the above-ground organs (e.g. leaves, runners).

Interestingly, several strawberry pathogens colonised the
plants (Fig. 3c), and some of them were found among the core
fungal microbiome, although no evident disease symptoms were
observed. Such organisms include Plectosphaerella cucumerina
(responsible for fruit root and collar rot), Botrytis caroliniana
(gray mold), and Alternaria alternata (black leaf spot)
(Table S8). The integration of different populations of potential
pathogens (pathobiome) into a complex biotic environment
[47], where they are involved in antagonistic and mutualistic
interactions occurring among microbes and with the host plant,
is likely to contribute to the control of such pathogens popula-
tion, making the mere organ colonisation not sufficient, per se,
for a successful infection causing disease symptoms [48]. On
the whole, these observations suggest that abiotic (e.g. tempera-
ture, humidity, nutrient availability) [49] and biotic factors (e.g.
plant-associated microbial consortia, plant resistance) [17] may
have contributed to determine the fate of plant-pathogen
interactions.



Fig. 4. Distinctive features of populations of pathogens and disease-protecting microbes in different strawberry cultivars. (A) Fungal and bacterial pathogens affecting
strawberry plant cultivation. (B) Nonmetric multidimensional scaling (NMDS) plot showing fungal pathogens composition similarity among different soil and plant
compartments and genotypes. (C) Bacterial and fungal beneficial species colonising the different strawberry genotypes.

Table 5
Plant Growth Promoting in vitro activities of bacteria isolated either in above-ground or below-ground organs of the three strawberry genotypes. Plant Growth Promoting traits
were qualitatively screened (0 = no activity, 3 = highest activity) for each isolate (Table S11). For each trait, the indicated values represent the sum of activity levels of single
isolates from each genotype.

Monterey Elsanta Darselect

Above-Ground Organs Acetoin Production 2 0 1
IAA production 6 0 0
Siderophores 0 0 0
Botrytis cinerea antagonism 0 0 1
Xanthomonas fragariae antagonism 5 0 2
NH4

+ production 3 1 0
ACC deaminase activity 0 0 0

Below-Ground Organs Acetoin Production 6 2 6
IAA production 0 3 3
Siderophores 6 3 4
Botrytis cinerea antagonism 2 0 0
Xanthomonas fragariae antagonism 6 1 2
NH4

+ production 5 7 2
ACC deaminase activity 0 1 4
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Plant growth-promoting functions of the microbiota and their
contribution to plant phenotype

Domestication of crop plants has been suggested to have
determined a reduction in the biodiversity of the associated
microflora, in particular for functions regarding nutrition and
stress tolerance [50]. On the other hand, cultivated plants might
recruit microbes specifically exerting beneficial functions under
cultural conditions. In this view, the ability to interact with such
microbes may be regarded as a trait selected by domestication
[51]. In this work, it was found that even after centuries of
domestication and complex hybridisation [11], cultivated straw-
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berry plants are associated with 16 nitrogen-fixing bacterial gen-
era (Fig. 3a), which is more than what was reported in wild
strawberry plant relatives (F. chiloensis, F. virginiana ssp. platype-
tala, F. � ananassa ssp. cuneifolia) (7 genera) [52] and comparable
to the number of nitrogen-fixing genera (18) able to establish a
nitrogen-fixing symbiosis with legumes (Table S13). Although
bacterial taxa known to have N-fixing potential were surpris-
ingly found in the above-ground habitat (Fig. 3a), nifH gene
was not detected in this compartment by specific PCR. Consider-
ing that nitrogenase is inactivated by oxygen [53], the ability of
these bacteria to interact with plant hosts is not necessarily
related to their ability to fix nitrogen.



Fig. 5. Interactions between the strawberry microbiome, plant mineral composition, and the effect of the microbiome on fruit quality. (A) Correlations between bacterial and
fungal microbiomes colonising roots and above-ground compartments with genotype and mineral nutrient content of the respective organ. Nutrients are indicated as
essential macro-nutrients (yellow), universally essential cations (purple), elements playing an important ecological role both for plants and microbes (light blue), elements
with specialized purposes in microbes (green), micro-nutrients (white); (B) Correlation between bacterial and fungal microbiomes colonising different plant compartments
and total soluble solid content (SSC) and titratable acidity of fruits. Arrows thickness indicate strength of the correlation, R2 and p-values (* = 0.05; ** = 0.01; *** = 0.001) are
shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Tax4Fun predictive functional analysis of the bacterial micro-
biome showed that both the plant genotype and the organ signifi-
cantly contributed to the overall assembly of metabolic
functionalities (Table 3), which is in accordance with previous find-
ings [54]. Modules and KOs specifically related to PGP traits were
also investigated and the organ was found to significantly con-
tribute to the assembly of metabolic functionalities of the micro-
biota. Metabolites or signals differently emitted by plant organs
may explain organ colonisation by microorganisms potentially
delivering different functions [54]. Additionally, both Tax4fun pre-
dictive analysis and in vitro screening of PGP traits showed that
several PGP functions were different among cultivars (Table 4).
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However, in the case of below-ground organs, differences in PGP
traits of the three genotypes were less marked. Similarly, studies
about functional microbiomes of grapevine rootstocks of different
genotypes showed that the potential ecological services were
maintained across below-ground organs of different genotypes
[55].

PGP functions might result in the production of specific
metabolites, signals, or activation of pathogen defence mecha-
nisms that may explain differences observed in the phenotype of
different strawberry cultivars. ACC deaminase-producing bacteria
have not been isolated from ’Monterey’. On the other hand,
’Elsanta’ and ’Darselect’ hosted ACC deaminase-producing bacteria.
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Thus, it might be speculated that these plants, less fit than ’Mon-
terey’ to the growing conditions, actively recruited bacteria
expressing ACC deaminase activity to cope with stress. Indeed, this
enzyme cleaves the ethylene precursor (ACC) into ammonia and
alpha-ketobutyrate, preventing the accumulation of ethylene to
detrimental levels [56]. ’Elsanta’ plants showed significantly heav-
ier root and leaf apparatuses, which might relate to functions
linked to IAA and betaine production expressed by below-ground
microflora. Indeed, root growth can be simulated through secretion
of IAA by a variety of microbial species, including PGP, stress
tolerance-inducing, as well as pathogenic ones [57]. Betaine is syn-
thesized by plants in response to several environmental stresses,
such as drought, salinity, and low temperatures [58], but
betaine-producing bacteria (including B. subtilis and Arthtobacter
globiformis [59] may also contribute to plant stress tolerance.

The roles of beneficial fungi on disease tolerance are almost
unexplored in strawberry. This current work revealed the vast
diversity of fungal partners of strawberry, which have not been
thoroughly investigated so far, and include ectomycorrhizae,
arbuscular mycorrhizae, ericoid mycorrhizae, endophytes, dark
septate endophytes, and mycoparasites (Figs. 2 and 3c,d). Future
study should focus on isolation of these beneficial fungi and test
for their contributions and mechanisms on plant disease tolerance.

Effect of the microbiota on disease resistance

The environmental factors, soil conditions, and pool of natural
microbial inoculum were assumed to be comparable for all three
strawberry genotypes, as plants were grown in the same cultural
and environmental conditions. Therefore, the observed differences
in associated bacterial and fungal communities (Figs. 2, 3) can be
explained by the ability of the plant to adjust the composition of
the associated microflora [60]. In this view, the lower susceptibility
to powdery mildew and leaf spot observed in ’Monterey’ over the
season (Table S2), which is in agreement with existing literature
[61], may be at least partly due to its ability to establish beneficial
microbial relationships (Fig. 4a, c). At the same time, ’Elsanta’
showed to be less sensitive than ’Darselect’ to leaf spot, but highly
susceptible to powdery mildew [62–63]. Finding microbial pat-
terns unique to a tolerant genotype suggests an important contri-
bution of the microbiota to the defence strategy of strawberry
plants against biotic stresses.

Indeed, ’Monterey’ was characterised by the presence of Rhi-
zophagus irregularis and above-ground Ps. fluorescens populations
(Fig. 4). In several crop plants, the colonisation of the root systems
by R. irregularis has been demonstrated to confer plant resistance
to broad spectrum of pathogens by induced systemic resistance
(ISR) and mycorrhizal-induced resistance (MIR) [64–65]. Many
Ps. fluorescens strains promote plant growth or protection, by
mechanisms such as phosphorus solubilization, phytohormone
production, competition against phytopathogens, elicitation of
ISR, or production of antimicrobial compounds, such as cyanide
or phenolics [43]. Ps. fluorescens strains isolated from raspberry
fruit produce high levels of siderophores, which provide a compet-
itive advantage against plant pathogens [26]. Furthermore, the
same strains showed a strong ACC-deaminase activity that may
regulate plant ethylene and, in turn, influence induced systemic
resistance. Non-indigenous Ps. fluorescens strains have been
already applied to strawberry plants, allowing them to anticipate
flowering and fruiting, increase fruit yield and vitamin content
[66], and control crown rot (Phytophthora cactorum) [67]. Notably,
the inoculation of rice seed with a Ps. fluorescens strain for rice blast
control resulted in the colonisation of roots, stems, and leaves [68],
supporting that this species does not have strict organ preferences.
In this work, three different Ps. fluorescens strains were isolated
from the three strawberry genotypes. Remarkably, only the strains
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isolated from ’Monterey’ often showed to have in vitro antagonistic
activity against the pathogen Xanthomonas fragariae (Table 5 and
Table S11).

Interestingly, the combined action of Pseudomonas spp. and Rhi-
zophagus spp. has been explored in several crop species [65,69]. In
particular, amixtureof arbuscularmycorrhizae,which includedRhi-
zophagus spp., and Pseudomonas fluorescenswas successfully applied
to strawberry, resulting in increased fruit production and quality
[66]. The combination of Rhizophagus spp. and Ps. fluorescens has
been proven to elicit plant systemic defence system in tomato via
the activation of ethylene response to pathogen attack [65].

B. megaterium was the only OTU able to ubiquitously colonise
’Elsanta’ and ’Darselect’. This bacterium has attracted considerable
attention as a functional microbe in several crop species, including
strawberry since it can solubilize phosphate and produce phyto-
hormones [70]. Furthermore, it has been proven to be effective
for the control of B. cinerea [71].

In above-ground organs, the KEGG modules responsible for JA,
isoprenoid biosynthesis and H2S formation were higher in
’Monterey’ than in the other genotypes. JA and its derivatives are
responsible for many essential processes involved in plant growth
and development, such as the immune response against necro-
trophic pathogens and herbivorous insects [72] and regulation of
ISR [73]. The production of JA from plant-associated bacteria is scar-
cely documented [74], although oxylipins have been reported to act
as quorum sensing messengers in bacterial communication [75].
Volatile isoprenoids andH2Smay exert a direct antimicrobial action,
and/or enhance plant defences against pests and pathogens [76].

A further indication of the role of the microbiota in disease pro-
tection of ’Monterey’ is offered by the high number of native X. fra-
gariae antagonists isolated from this cultivar, in agreement with its
low susceptibility to leaf spot disease.

For these reasons, disease tolerance in ’Monterey’ may be par-
tially explained by a contribution of phyllospheric microflora in
plant signaling and biochemical functions, and by the ability of
the plant to recruit microbiota components with protective action.

Interactions between the strawberry microbiome, plant mineral
composition, and fruit production and quality

Bacterial and fungal microbiomes were correlated to plant min-
eral composition (Fig. 5a). Indeed, plant-associated microbiomes
play a key role in improving plant nutrition by promoting both
nutrient acquisition and nutrient use efficiency [77]. On the other
hand, the host plant and its nutrient preferences impact its micro-
biome recruitment [78]. Significant correlations between fruit SSC
and TA and bacterial and fungal microbiomes emerged from this
work (Fig. 5b), suggesting a role of plant-associated microflora in
fruit development. Such a role has been previously observed in
strawberry [15] as well as in other species, e.g. for Bacillus spp.
on flowers and leaves of sour cherry [79], and is not limited to
interactions with above-ground organs. In fact, fruit development
and ripening are finely regulated by phytohormones, in particular
by ethylene, auxin, and gibberellins that can be produced by both
fungi and bacteria. Ethylene is produced by a wide range of
microbes starting from two alternative precursors, 2-keto-4-
methyl-thiobutyric acid (KMBA) or 2-oxoglutarate [80]. Further-
more, several ACC deaminase-expressing bacterial species has
been observed in this study (i.e. Methylobacterium sp., Pantoea
sp., Erwinia sp., Pseudomonas sp.), whose ACC deaminase activity
has been previously found on other berry fruits [26].

A high plant productivity and fruit weight, as observed in ’Mon-
terey’, may be partially explained by the hormonal and signaling
effects of the associated microflora [25]. Indeed, this cultivar was
rich in OTUs predicted to produce JA and isoprenoids (Table 4),
as well as in IAA-producing isolates (Table 5). In strawberry, JA
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and derived compounds stimulate the development and ripening
of fruits [81]. In addition to volatile compounds, responsible for
fruit aroma, the isoprenoid family includes abscisic acid, brassinos-
teroids, cytokinins, gibberellins, phytoecdysteroids, and strigolac-
tones, all with key roles in plant growth regulation [82]. IAA
regulates fruit size and ripening at the early stages of fruit develop-
ment [83]. The relative importance of these signals and the
microbes that release them, on fruit production and quality
remains to be assessed.

Arbuscular mycorrhizae have been proven to affect plant hor-
monal balance and metabolism. Indeed, their beneficial effect has
been observed both in below- and above-ground organs [66].
Besides arbuscular mycorrhizae, PGPB are also able to affect fruit
quality, mainly by modulating the interplay between ethylene
and auxin metabolisms and providing essential nutrients [5,26].
On the whole, these correlations suggest that bacteria and fungi
can contribute to the host’s adaptation to growing conditions
and, consequently, to fruit development.
Conclusions

Together with the characterisation of the taxonomical composi-
tion, the prediction of plant microbiota functional properties facil-
itates the study and exploitation of metabolic potentialities of the
microbiome [3,41]. Thus, several aspects, such as the plant perfor-
mance, resistance, and resilience to stresses might be influenced by
functional, rather than taxonomic diversity [21].

Although it may be difficult to dissect the plant properties
uniquely deriving from its genotype, the contribution of its micro-
flora, and the interactive effects of plant genotype with the specif-
ically associated microbiota, it is important to note that the
culture-dependent, biochemical characterisation of the bacterial
isolates led to results similar to those obtained by in silico predic-
tion of metabolic functionalities (viz. a culture-independent
approach). These data offer two independent lines of confirmation
of phenotypic observations, thus strengthening the results.

In conclusion, this work highlighted the interaction of culti-
vated strawberry genotypes with a variety of microbial species.
Such interactions are specific to genotypes and compartments.
The microbiome plays a key role in the plant’s ability to cope with
biotic stress and in modulating fruit quality. These findings suggest
that a comprehensive picture of plant holobiome is needed in order
to shed light on the influence of microbial communities and key
microbes on plant phenotype and performances. Further studies
on microbiomes of crop plants can contribute to the advancement
of plant production science, by providing a deeper insight into the
interactions between crops and the microflora and evidencing
applicative tools and strategies for an efficient and environmen-
tally sustainable horticultural practice. However, the complexity
and specificity of the patterns described in this work suggest that
the idea to replace agrochemicals with a few universal beneficial
microorganisms is not realistic. Therefore, breeding programs
should aim at the selection of high-quality, climate-change resili-
ent horticultural varieties with a remarkable capacity to establish
symbiotic relationships with useful microorganisms [5]. The inclu-
sion of microbial markers in marker-assisted selection will repre-
sent a paradigm shift in plant breeding.
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