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Abstract
Background

Cultivated strawberry (Fragaria × ananassa Duch., fam. Rosaceae) is an important fruit crop, greatly
appreciated for its aroma and nutraceutical properties. Niche-speci�c characterisation of plant
microbiome, from rhizosphere to aboveground plant organs, is crucial to understand the in�uence of
structure and function of the microbial communities on plant phenotype, performances and disease
resistance. Strawberry cultivation is challenged by a large variety of pathogens, which cause substantial
economic losses and require the frequent application of pesticides. Biological control is a promising and
safer alternative to the use of xenobiotic pesticides. Biological control agents isolated from the
microbiome of the host plant may have a superior e�cacy in comparison to non-indigenous microbial
inoculants. Therefore, the characterization of the native microbiome along different plant compartments
is a key step for the successful microbial manipulation in farmlands. 

Results 

Here, we provide the �rst comprehensive description of the soil, rhizosphere, root and aerial parts
microbiome of three commercially important strawberry cultivars (‘Darselect’, ‘Elsanta’ and ‘Monterey’)
under cultural conditions. The fungal and bacterial microbiomes were functionally characterised to
investigate their in�uence on plant disease tolerance, plant mineral nutrient content and fruit quality. The
core microbiome included 24 bacteria and 15 fungal operative taxon units which were present in all
compartments and plant genotypes. However, both plant organ and genotype had a signi�cant role in
assembling the microbial communities. The microbial community assemblage across different soil and
plant compartments signi�cantly correlated with disease resistance, mineral nutrient content in the plant
and with fruit quality parameters.  Interestingly, only the disease tolerant genotype ‘Monterey’ was able to
recruit Pseudomonas  �uorescens in all plant organs and to establish symbiosis with the arbuscular
mycorrhiza Rhizophagus irregularis. These two species include several strains acting as pathogen
biocontrol agents, plant growth promoters and plant defence inducers. 

Conclusions 

Altogether, our study provides the �rst comprehensive view of strawberry microbiome in relation to plant
genotype, health and nutritional status and fruit quality parameters, shedding light on potential practical
applications to increase the sustainability of crop production.

Background
Crop plants are associated with a wide diversity of microorganisms in all their parts1,2. Such microbial
biocoenosis in�uence plant phenotype �tness, growth, fruit production and quality, by contributing to
plant nutrition, tolerance to abiotic stresses, and control of pathogenic or opportunistic species1,3. In this
view, individual plants can be considered as an holobiont, i.e. the superorganism encompassing
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individual host and its associated microbial community4,5. 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 plants4. To date, many important questions regarding these
associations remain unanswered, especially concerning the factors determining the community
assemblage and diversity of the plant microbiome3. Increasing evidence suggests that plants can
actively recruit a bene�cial micro�ora to facilitate their adaptation to environmental conditions and
changes3,6,7. However, further studies are needed to generalize this hypothesis, and enable practical
applications, especially for horticultural perennial crops grown in cultural conditions8. To date, most
experiments on plant microbiome have focused either on speci�c model plants (i.e. Arabidopsis thaliana)
or economically important, annual herbaceous monocotyledons9. Perennial plants, on the other hand, are
exposed to radically changing environmental conditions (including freezing winter temperatures, dry
seasons, periodic �ooding)10. Therefore, in perennial plants, the microbial community has evolved to last
for more than a growing season, thus suggesting an assembly with a more intimate connection with host
allowing its endurance to changing environmental conditions. Furthermore, perennial crops may promote
plant–microbial linkages, increasing richness of bacterial and fungal bene�cial communities, due to their
extensive root networks and allocation of belowground carbon11–13. In addition, microbiome research
has so far primarily taken into consideration the rhizosphere, while other plant compartments have been
relatively neglected14. Finally, bacterial community analysis dominates the microbiome studies15. The
study of bacterial and fungal microbiomes colonizing different plant compartments under agronomic
conditions provides key information to unfold agricultural constraints and achieve a successful microbial
manipulation in farmlands16.

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
America17. In the last decade, the global strawberry cultivation area has increased by 14% (2008–
2018)18. In 2016, the global strawberry gross production valued 17 billions US$ with China having the
biggest market-share (6,48 bn US$), followed by Europe (3,49 bn US$) and United States (3,47 bn US$)18.
The high adaptability of strawberry to different conditions, allows the cultivation under a wide range of
environments and agronomical managements (from Mediterranean to the Nordic climates) making the
fruit available on the market, almost independently of the season19. For this reason, strawberry fruit
represents an important and valuable portion of the daily fresh food consumption20. Strawberry is greatly
appreciated for its aroma and nutraceutical properties. Among others, strawberry fruit contains
phytochemicals, such as anthocyanins and ellagitannins which may prevent human health diseases
induced by reactive oxygen species21. While strawberry productivity and quality can be positively
improved by bene�cial microorganisms22, 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 ones most severely affecting strawberry production worldwide23. Powdery mildew mainly affects
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photosynthetic ability of strawberries cultivated in humid environments24, which leads to strong reduction
of growth and productivity with major yield losses25. Leaf spot diseases, which in severe conditions may
led to plant death, are caused by different pathogens, including bacteria (Xanthomonas fragariae) and
fungi (Colletotrichum gloeosporiodes, Mycosphaerella fragariae, Cercospora fragariae, Mycosphaerella
louisianae, Septoria fragariae, S. aciculosa, S. �fragariaecola, etc.). Multiple resistance to a broad
spectrum of diseases such as powdery mildew and leaf spot is still not available among commercial
strawberry cultivars (i.e. human-selected clonal genotypes)26. Disease control is particularly challenging
in strawberry production, since several cultivars present at the same time, �owers, fruit and leaves, and
are therefore subjected to a high risk of pesticide residue accumulation on berries19. Biological control is
a promising and safer alternative to the use of xenobiotic pesticides. Some commercially available,
bene�cial microorganisms (i.e. Ampelomyces quisqualis, Bacillus subtilis, Trichoderma harzianum,
Glomus spp.) have been tested for disease control in strawberry, yet none of them has demonstrated
characteristics of reliability, persistence and/or cost-effectiveness justifying their use as an alternative to
chemical pesticides23. The unsatisfactory degree of disease control and the high variability of results
obtained in different locations and seasons with commercial bene�cial 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 microbiome of the host plant have a
superior e�cacy in comparison to non-indigenous microbial inoculants27–29. Thus, the characterization
of the native microbiome is a key step for the successful selection of bene�cial microorganisms against
plant diseases1. Unfortunately, the complete microbiome of cultivated strawberry has not yet been
described, hindering the identi�cation and selection of the most effective indigenous microorganisms to
improve plant �tness and fruit quality and/or provide resistance to biotic and abiotic stresses.

The aim of this study was to provide a complete picture of the strawberry holobiome, including both
fungal and bacterial populations, and to identify a 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. Furthermore, the effects of strawberry genotypes, soil and plant
compartments on the richness and community composition of the overall microbiome were studied, with
a focus on pathogenic and bene�cial microbes. Finally, the links between strawberry microbiomes, plant
mineral nutrient content and fruit quality traits were investigated. To our knowledge, this study provides
the �rst in depth and comprehensive view of horticultural crop microbiome in relation to plant genotype,
health and nutritional status and fruit quality parameters, shedding light on potential practical
applications to increase the sustainability of crop production.

Results And Discussion

Composition of strawberry microbiomes
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Quadruplicate bulk soil, rhizosphere, root and above-ground organs samples were prepared for bacterial
16S rRNA and ITS gene community pro�ling for three strawberry genotypes (Fig. 1). In roots and above-
ground organs, we targeted epiphytic and endophytic microorganisms jointly. In total, we generated
1,531,637 (average of 31,909 reads per sample) and 739,458 (average of 15,405 reads per sample) high
quality reads excluding chimeric sequences for bacteria and fungi, respectively. We removed singletons
which may come from sequencing errors and normalized all bacterial and fungal datasets to 10,930
sequences for bacteria and 8,077 for fungi. Rarefaction curves show the su�cient sequencing effort for
most of the samples (Fig. S1b,c). Nevertheless, OTU richness estimates, predicted with Chao1 were also
analysed and showed (Fig. S2). We used observed richness directly as diversity measure for both bacteria
and fungi (Fig. 1c,e). In total, we detected 26,434 bacterial and 1,716 fungal OTUs. The total bacterial and
fungal community assemblages were compared using two-way PERMANOVA to identify the main drivers
of the microbiome composition (Table 1; Table S1). Notably, we found that microbial compositions are
strongly dependent both on the analysed genotype (bacteria F = 1.87, P = 0.002; fungi F = 2.93, P = 0.001)
and compartment (bacteria F = 4.27, P = 0.001; fungi F = 3.56, P = 0.001) (PERMANOVA values genotype × 
compartment bacteria F = 1.44, P = 0.001; fungi F = 1.51, P = 0.001; Fig. 1b,d; Table 1; Table S1). Similar
results were obtained when we compared the effect either of genotype or compartment by means of two-
way ANOSIM analysis (Table 1; Table S1).
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Table 1
Effect of genotype, soil and plant compartment on richness and community composition of strawberry

microbiome. Nd = not determined; Signi�cant 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 x
compartment

2.55 0.037 nd nd 1.44 0.001

Potential bene�cial 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 x
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 x
compartment

2.00 0.092 nd nd 1.51 0.001

Potential bene�cial 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 x
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 x
compartment

2.92 0.020 nd nd 1.58 0.002
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In agreement with previous studies4,30, above-ground organs displayed the lowest bacterial and fungal
OTU richness. ‘Darselect’ showed to be the genotype with the lowest bacterial richness in all
compartments (Fig. 1c). OTU richness estimates, predicted with Chao1, also showed similar results as the
observed data (Fig. S2). Diversity between above and below-ground microbial community composition
(Fig. 1a; �g. S1a) 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 �uctuations in temperature, humidity, UV light31), whereas
the soil compartment is relatively more protected, stable and nutrient-rich32.

Our study showed that Actinobacteria, Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria
and Bacteroidia are the bacterial groups representing the backbone of strawberry bacterial microbiome in
all plant and soil compartments, all together accounting on average for 80% of total detected OTUs based
on presence-absence data (Fig. 1a), which correspond to 93% of total bacterial abundance (Fig. S1a).
Above-ground organs of ‘Darselect’ and ‘Elsanta’ were dominated by Actinobacteria (54 and 53%
respectively), whereas ‘Monterey’ cv was mosty colonized by Gammaproteobacteria (Fig. 1a). Below-
ground compartments of the three cvs were dominated by Alphaproteobacteria (Fig. 1a). Analyzing
bacterial abundance, we found that Actinobacteria was the predominant group in all genotypes and
compartments analysed. The lowest percentages 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. S1a).
Alphaproteobacteria were homogenously represented in plant and soil compartments of the three
genotypes. Gammaproteobacteria were almost absent in above ground compartments of ‘Elsanta’ and
‘Darselect’, while they were the second most represented group in ‘Monterey’ (26%) (Fig. S1a).

Regarding the strawberry mycobiome, Sordariomycetes, Dothideomycetes, 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), which correspond to 86% of total fungal
OTU abundance (Fig. S1a), but their percentages varied depending on cv and compartment.
Dothideomycetes were predominant in leaves of the three F. x ananassa genotypes (34% ‘Elsanta’, 28%
‘Darselect’, 27% ‘Monterey’), whereas below-ground compartments of all genotypes were mostly
dominated by Sordariomycetes (Fig. 1a).

Identi�cation Of The Core Microbiome
In this study, we report the existence of a core microbiome, common to the three genotypes (Fig. 2). The
dominant bacterial and fungal groups in the overall and core microbiome are similar, at the �ne
taxonomic resolution. We identi�ed ubiquitous microbes in all the studied environments from the soil to
the above ground plant organs of all three strawberry genotypes. This observation suggests that they are
either able to colonize all soil and plant compartments or they can move across soil and the plant organs
with a passive or active translocation from roots to the above-ground organs (e.g. leaves, runners).
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Among these core microbes, 24 OTUs were bacterial (mainly Micrococcales) and 15 fungal (mainly
Ascomycota). Interestingly, several strawberry pathogens were found among the core fungal OTUs,
namely Plectosphaerella cucumerina (fruit, root and collar rot), Botrytis caroliniana (gray mold) and
Alternaria alternata (black leaf spot) (Table S2). The colonisation of plant organs by a pathogen is not
su�cient, per se, to result in a successful infection causing disease symptoms33. This observation
con�rms that abiotic (e.g. temperature, humidity, nutrient availability)34 and biotic (e.g. plant-associated
microbial consortia, plant resistance)23,35,36 factors play a crucial role in determining the fate of plant-
pathogen interactions.

Functions Potentially Expressed By The Microbiota
Based on their taxonomy, 3,845 bacterial (15% of all detected bacteria) and 706 fungal (41% of all
detected fungi) OTUs were assigned to a putative functional group. Results showed that 20 bacterial and
16 fungal functional groups colonized different soil and plant compartments of strawberry plants (Table
S3). Chemoheterotrophy, methanol oxidation, intracellular parasitism, predation/exoparasitism were the
dominant bacterial functions while saprophytism, plant pathogenic and endophytic colonization were
dominant among the fungal functions (Table S3). Within the bacterial OTUs we further explored speci�c
functions relevant to plant health, �tness and growth. We identi�ed 285 OTUs as potential N-�xing genera
and 129 OTUs as species known for their activity as biological control agents (BCA) and/or plant growth
promoter (PGPB) (Fig. 2; Fig. 3b; Table S4). Interestingly, both compartment and genotype had a
signi�cant role in de�ning plant-associated bene�cial bacterial community, according to ANOSIM and
PERMANOVA (P < 0.001) (Fig. S3a; Table 1; Table S1).

Likewise, different groups of potentially bene�cial fungi (mycorrhizae, endophytes, dark septate
endophytes, and fungal parasites) were found (Figs. 2 and 3d). In addition to the bene�cial fungi
recognized with FUNGuild, we highlighted some species previously documented as bene�cial to plants
(Table S5). As for bacteria, bene�cial fungal community showed to be strongly correlated to both
genotype (F = 2.05, P = 0.004) and compartment (F = 4.05, P = 0.001) (PERMANOVA values genotype × 
compartment F = 1.33, P = 0.033; Fig. S3b; Table 1; Table S1).

It has been suggested that domestication of crop plants has determined a reduction in the biodiversity of
the associated micro�ora, in particular for functions regarding nutrition and stress tolerance37. On the
other hand, it is also possible that cultivated plants recruit microbes speci�cally exerting bene�cial
functions under cultural conditions. In this view, the ability to interact with such microbes may be
regarded as a trait selected by domestication38. In this work, we found that, even after centuries of
domestication and complex hybridisation17,39, cultivated strawberry plants are associated with 16
nitrogen �xing bacterial genera (Fig. 3a), which is more than what reported in wild strawberry plants
relatives (F. chiloensis, F. virginiana ssp. platypetala, F. × ananassa ssp. cuneifolia) (7 genera)40 and
comparable to the number of nitrogen-�xing genera (18) reported in legumes, which are nodulating plants
specialized for symbiosis with nitrogen-�xing bacteria (Table S6). The presence of nitrogen �xing
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bacteria is con�rmed by PCR on nifH gene in bulk soil, rhizosphere and root samples of the three
strawberry genotypes (Fig. S4).

Although, bacterial taxa known to have N-�xing potential were surprisingly found in the above-ground
habitat (Fig. 3a), we did not detect any nifH gene in this compartment (Fig. S4). Indeed, nitrogenase is
inactivated by oxygen. This may indicate that the ability of these bacteria to interact with plant hosts is at
least partially disconnected from the ability to �x nitrogen.

Our work also 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 ).

Remarkably, we found that both genotype (F = 3.34, P = 0.001) and plant compartment (F = 3.90, P = 
0.001), as well as their interaction (PERMANOVA values genotype × compartment F = 1.58; P = 0.002;
Fig. 4b; Fig. 3b; Table 1; Table S1) play a key role in the abundance of pathogens in the fungal
community associated to strawberry.

The environmental factors, soil conditions and pool of natural microbial inoculum are 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 with the ability of the plant to adjust the composition of the
associated micro�ora41. In this view, the lower susceptibility to powdery mildew and leaf spot observed in
‘Monterey’ over the season (Table S8), may be at least partly due to its ability to establish exclusive
bene�cial microbial relationships (Fig. 4a,c).

Indeed, while most of the potentially bene�cial fungal groups are similarly represented in the three
strawberry genotypes, the arbuscular mycorrhizae Rhizophagus irregularis showed a high frequency only
in ‘Monterey’, while being completely absent in ‘Elsanta’ and ‘Darselect’ (Fig. 3d). 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)42,43. Regarding the bacterial bene�cial microbiome, in cultivar ‘Monterey’, 19% of bene�cial OTUs
were able to simultaneously colonise below and above-ground organs, whereas in �Elsanta� and
�Darselect� only one OTU (identi�ed as B. megaterium) was found to colonize both underground and
above-ground organs. B. megaterium has attracted considerable attention as a functional microbe in
several crop species, including strawberry, since it is able to solubilize phosphate and produce
phytohormones44. Furthermore, it has been proven to be effective for the control of B. cinerea45.

Surprisingly, Pseudomonas �uorescens has been detected only in the above-ground compartments of
�Monterey�, the genotype showing the highest disease tolerance (Fig. 3b). We further investigated its
colonization ability by PCR ampli�cation. Indeed, we proved the ability of Ps. �uorescens to establish
detectable populations in the soil and, remarkably, both in internal and external tissues of �Monterey�
plants (Fig. S5). Many Ps. �uorescens strains have been proven to promote plant growth or protection, by
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mechanisms such as phosphorus solubilization, phytohormone production, competition against
phytopathogens, elicitation of ISR, or production of antimicrobial compounds, such as cyanide or
phenolics46,47. Non-indigenous Ps. �uorescens strains have been already applied to strawberry plants,
allowing to anticipate �owering and fruiting, increase fruit yield and vitamin content48, and to control
crown rot (Phytophtora cactorum)49. Notably, the inoculation of rice seed with a Ps. �uorescent strain for
riceblast control resulted in the colonization of roots, stems and leaves50, supporting that this species
does not have strict organ preferences.

Interestingly, the combined action of Pseudomonas spp. and Rhizophagus spp. has been explored in
several crop species43,51,52. In particular, a mixture of AMF, which included Rhizophagus sp., and
Pseudomonas �uorescens was successfully applied to strawberry, resulting in increased fruit production
and quality48. The combination of Rhizophagus sp. and Ps. �uorescens has been proven to elicit plant
systemic defence system in tomato via the activation of ethylene response to pathogen attack43.

Finding unique bene�cial microbial patterns for a genotype that showed to be more tolerant than others
to biotic stresses suggests an important contribution of the microbiota in the defence strategy of
strawberry plants. In�uence of rhizosphere microbiome on plant tolerance to root diseases is well
known53. However, microbiome investigations focusing on speci�c soil or plant compartments may be
less informative than studying the overall plant holobiont. In our work, we show a clear relationship
between plant tolerance to above-ground diseases and overall plant colonization by speci�c microbes.
Howbeit, further studies are required to deeply investigate, and �nally agronomically exploit, the naturally
occurring, genotype-speci�c plant bene�cial microbiome.

Interactions between strawberry microbiome, plant mineral composition and effect of microbiome on fruit
quality

Besides �nding signi�cant effects of genotypes, soil and plant compartments on the taxonomic
(Fig. 1b,d) and functional composition of both bacterial and fungal communities (Figs. 4b; S3, Table 1),
we found signi�cant correlations between the mineral composition of the plant organs and the microbial
community assemblage of bacteria and fungi across the different soil and plant compartments (Fig. 5a).
Indeed, plant associated microbiomes have been already proven to play a key role in improving plant
nutrition both by promoting nutrient acquisition and nutrient use e�ciency54. On the other side, the host
plant and its nutrient preferences impact its microbiome recruitment55.

In addition, microbes, and particularly those associated with soil and roots, contribute substantially,
although indirectly to sensorial fruit quality (Table S11). In details, titratable acidity is mainly related to
the below-ground microbiome (Fig. 5b), whereas total soluble solids content of fruits is linked to
rhizospheric and above-ground bacterial microbiome and to below-ground fungal microbiome. Notably,
inoculation of Bacillus sp. on �owers and leaves of sour cherry affected sugar content and titrable acidity
of fruits56. Similar results were obtained applying bacteria and AMF, both alone or in combination, on
strawberry plantlets22. Fruiting process and ripening are �nely regulated by phytohormones, in particular
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by ethylene, auxin and gibberellins that are known to be produced by both fungi and bacteria. Ethylene is
a key regulator of fruit ripening thus in�uencing all the main quality traits. Despite strawberry has been
considered as non-climacteric fruit, new genetic evidences suggest that ethylene is required for strawberry
ripening57,58. Ethylene is produced by a wide range of microbes starting from two alternative precursors,
2-keto-4-methyl-thiobutyric acid (KMBA) or 2-oxoglutarate59,60. Furthermore, several bacterial species
present the 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity. ACC deaminase degrades
the ethylene precursor, thus, impairing its production in the plant tissues8.

AMF have been proven to affect plant hormonal balance and metabolism, indeed their bene�cial effect
has been observed both in below and above-ground organs48. Besides AMF, PGPB are also able to affect
fruit quality, mainly by modulating the interplay between ethylene and auxin metabolisms and proving
essential nutrients8,61. Altogether, these correlations suggest that bacteria and fungi contribute to the
host’s adaptation to growing conditions and, consequently, to fruit development.

Conclusions
Cultivated strawberry genotypes interact with a variety of microbial species. Such interactions have been
demonstrated to be speci�c to genotypes and compartments. These microbiomes play a key role in the
plant ability to cope with biotic stress and in modulating fruit quality. Our �ndings suggest that a
comprehensive picture of plant holobiome is needed in order to shed light on the in�uence 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 in the interactions between crops and the micro�ora and evidencing applicative tools and
strategies for an e�cient and environmentally sustainable horticultural practice. However, the complexity
and speci�city of the patterns described in this work suggests that the idea to replace agro-chemicals by
a few universal bene�cial microorganisms is not realistic. Therefore, breeding programs should aim at
the selection of high quality, climate-change resilient horticultural varieties with remarkable capacity to
establish symbiotic relationships with useful microorganisms8. The inclusion of microbial markers in
marker-assisted selection will represent a paradigm shift in plant breeding.

Methods

Strawberry cultivation, disease severity ranking and
physicochemical analyses
Three Fragaria × ananassa cultivars (genotypes) were used: the everbearing varieties ‘Elsanta’ (E) and
‘Darselect’ (D) (widely cultivated in the Northern Italy), and the day-neutral variety ‘Monterey’ (M). Bareroot
strawberries were bought from CREA Forlì, COVIRO Ravenna, SANTORSOLA Trento, for D, M and E
genotype, respectively. Plants were transplanted at the beginning of June-July 2017 into 48.5 × 22 × 
11 cm white plastic pots, �lled with a commercial blond sphagnum peat moss soil (pH 5.2–5.8)
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(company Vigorplant s.r.l, Lodi), each pot containing 6 plants with a distance of 16.7 cm between each
plant. These pots were maintained at 1.2 m above ground under rainproof tunnel (18 m × 3.50 m × 5.60 )
located in �eld at the experimental station of Pergine Valsugana (frazione Vigalzano, TN, Italy; 46°07’N,
11°22’E, 450 a.s.l.). Plants were fertigated using a drip system (Table S9). Throughout the season,
addition 100 plants of each genotype grown in same conditions were weekly monitored for powdery
mildew and leaf spot symptoms. Symptom severity on leaves was visually ranked using a 0–5 scale (0 = 
no symptoms; 5 = plant death) (Table S7).

Sampling
At the end of the production cycle (June, 2018), for each genotype, four asymptomatic plant replicates
were collected, from different pots distributed in the �eld area and immediately brought to the laboratory.
De�nition of the plant-soil compartments were slightly modi�ed from previous studies: ‘bulk soil’ is the
soil domain explored by the roots, but not attached to them (i.e. approx. 1 cm radius form a feeder root);
‘rhizosphere’ includes only soil particles �rmly adhering to root and extracted by washing; ‘roots’ are
washed roots (without visible soil particles); ‘above-ground organs of strawberry plant’ are constituted by
crown (short stem), petiole, leaves and runners. More in detail, bulk soil was collected from the growing
pots, approx. 10 cm apart from any plant and at 5 cm depth, and suspended in sterile 10 mM MgSO4

solution. Plants were divided in above-ground tissues (leaves, stems, crown) and roots. Roots were
shaken to release loosely-associated soil, then washed in sterile 10 mM MgSO4 solution under vigorous
shaking to collect the rhizospheric soil. Above-ground tissues and root samples (further cleaned with a
brush) were ground with mortar and pestle, and suspended in sterile 10 mM MgSO4 solution. No
bleaching agent was used neither for roots and aerial parts samples as it may enter inside the plant
tissues and degrade the microbial DNA targets. All the samples were stored at -20 °C until DNA extraction.

Dna Extraction And Illumina Sequencing
DNA was extracted from 250 mg of each homogenized bulk soil, rhizosphere, root, and aboveground
organs the MoBio PowerSoil kit (MO BIO Laboratories, Carlsbad, CA, USA), following the manufacturer’s
instructions. DNA quality and quantity were measured by spectrophotometric quanti�cation with a
NanoDrop ND-8000 V1.1.1 spectrophotometer (Thermo Fisher Scienti�c, Dreieich, Germany). 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 respectively. DNA extracts were ampli�ed for sequencing in a two-
step process. The forward primer was constructed with (5’-3’) the Illumina i5 sequencing primer
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG) and the 799F (5’-AACMGGATTAGATACCCKG-3’)
(bacteria)62 or the fITS7 primer (5′- GTGARTCATCGAATCTTTG-3′, 1) (fungi). The reverse primer was
constructed with (5’-3’) the Illumina i7 sequencing primer
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(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) and the 1193r (5’-ACGTCATCCCCACCTTCC-3’)
(bacteria)63 or the ITS4 primer (5′-TCCTCCGCTTATTGATATGC-3′, 2) (fungi). The selected primer set for
bacteria (799F and 1193r) can strongly reduce contamination from plastid DNA. Ampli�cations were
performed in 25 µl reactions with Qiagen HotStar Taq master mix (Qiagen Inc, Valencia, California), 1 µl
of each 5 µM primer, and 1 µl of template. Reactions were performed on ABI Veriti thermocyclers (Applied
Biosytems, Carlsbad, CA, USA) under the following thermal pro�les: 95○C for 15 min, then 35 cycles of
94○C for 30 sec, 55○C for 30 sec, 72○C for 1 min, followed by one cycle of 72○C for 10 min and 4○C
hold (bacteria) and 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 (fungi). Products from the �rst stage
ampli�cation were added to a second PCR based on qualitatively determine concentrations. Primers for
the second PCR were designed based on the Illumina Nextera PCR primers as follows: Forward -
AATGATACGGCGACCACCGAGATCTACAC[i5index]TCGTCGGCAGCGTC and Reverse -
CAAGCAGAAGACGGCATACGAGAT[i7index]GTCTCGTGGGCTCGG. The second stage ampli�cation was
run the same as the �rst stage except for 10 cycles. Ampli�ed products were visualized with eGels (Life
Technologies, Grand Island, New York). The products were then pooled equimolar and each pool was size
selected in two rounds using Agencourt AMPure XP (BeckmanCoulter, Indianapolis, Indiana) in a 0.75
ratio for both rounds. The size selected pools were then quanti�ed using the Quibit 2.0 �uorometer (Life
Technologies) and loaded on an Illumina MiSeq (Illumina, Inc. San Diego, California) 2 × 300 �ow cell at
10pM.

nifH gene and Pseudomonas �uorescens detection

The presence of nifH gene in samples was veri�ed by PCR using nifH gene-speci�c primers (PolF (5'- TGC
GAY CCS AAR GCB GAC TC -3') /PolR (5’- ATS GCC ATC ATY TCR CCG GA -3')), as previously described64.
Pseduomonas �uorescens detection in ‘Monterey’ genotype was performed as follows: bulksoil and
rhizosphere DNA were 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. DNA was extracted as above and ampli�ed using Pseudomonas
�uorescens speci�c primers (16SPSE�uF (5'-TGC ATT CAA AAC TGA CTG-3') /16SPSER (5'-AAT CAC ACC
GTG GTA ACC G-3')) as described elsewhere65. Both for nifH and P. �uorescens, ampli�cation products
were visualized through agarose gel 1.5% electrophoresis.

Analysis Of Plant Mineral Composition And Fruit Quality
Traits
Ultrapure 65% HNO3 was obtained from analytical grade HNO3 (Carlo Erba, Milan, Italy) by means of a
SAVILLEX DST 1000 sub-boiling system (Savillex Corp., Eden Prairie, MN, USA). Standard solution and
sample preparation were carried out by weight with a Mettler AE200 analytical balance (Mettler Toledo
S.p.A, Milan, Italy) with ± 0.0001 g sensitivity. Elemental analysis on root and above-ground organs of
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strawberry plants (percentage of C, H and N) was performed on Thermo Scienti�cTM FLASH 2000
organic elemental analyser, each sample was analysed in duplicate. Strawberry samples’ digestion was
performed by a microwave assisted procedure performed with a FKV autoclave, Ultrawave model, on a
maximum sample aliquot of 0.4 g, accurately weighted in the microwave quartz vessels, before adding
1.5 mL HNO3 and 3.5 mL H2O. At the end of digestion process, an almost colourless, pale yellow sample
was obtained. The resulting solutions were diluted up to a total mass of 15 g with Milli-Q water in
polypropylene tubes, micro�ltered (Ø 0.22 mm) and analysed. Measurements of the Mg, P, K, Ca, Fe, Mn,
Co, Ni, Zn. Sr, Ba and Pb content in vegetal samples were performed by using an inductively coupled
plasma interfaced to a quadrupolar mass analyzer, ICP/qMS, (XSeries II model, ThermoFisher Scienti�c,
Bremen, Germany) equipped with Peltier cooled (3 °C) spray chamber. The collected samples were
randomly acquired after being introduced by the autosampler CETAC ASX 520 into the nebulizer, and the
positively charged ions were then produced by a high-temperature, inductively coupled plasma. The ions
passed through a sampling cone interface into a high-performance quadruple mass spectrometer, which
is computer controlled to carry out multi-element analysis. Data were analysed by PlasmaLab software.
The instrument was tuned daily with an ICP-MS tuning solution. In in HNO3 4% (100 ppb) was used as
internal standard. ICP-multi-element solution, IV-ICP-MS-71A (Inorganic Ventures, Christiansburg, VA, USA)
was used for the determination of Mg, P, K, Ca, Fe, Mn, Co, Ni, Zn, Sr, Ba and Pb concentrations. Each
sample was analysed at least in 3 independent measurements and each experiment comprised three
repetitions. Results are given as mean value ± standard deviation (Table S10).

Strawberry fruit �rmness was measured by a texture analyser (Zwick Roell, Italy) using the penetration
test methodology that was previously developed for raspberry66. This penetration test outlined a
mechanical force displacement using a 5 kg loading cell and a cylindrical �at head probe with a diameter
of 4 mm entering into the berry �esh that was placed on the plate with the receptacle upright to the
compression probe. Mechanical pro�les were acquired with a resolution of 100 points per second with
the following instrumental settings: test speed of 300 mm min− 1, post-test speed of 1000 mm min− 1,
auto force trigger of 2 g and stop plot at target position. Each berry was penetrated until a 99%
penetration strain. In this study only the maximum force value (N) was considered, since this parameter is
usually highly related with berry �rmness66.

Soluble sugar content was measured on strawberry fruit juice with a hand-held Atago digital
refractometer (Optolab, Modena, Italy). Titratable acidity 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.

Bioinformatics
High quality reads from the paired-end sequences generated by Illumina MiSeq sequencing platform were
extracted using MOTHUR67 and OBI Tools68 software suits. PANDAseq was used to merger 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
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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 ambiguities in the sequence length, and (iv) maximum
length of 20 homoploymers in the sequence. The reads were then pre-clustered using CD-HIT-EST,
allowing a maximum of 1% of dissimilarity and with only one base allowed per indel69, in order to merge
those reads arising likely from sequencing errors70. Chimeric sequences were detected using the UCHIME
algorithm71 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 algorithm72 at a
threshold of 97% sequence similarity. The OTU representative sequences (de�ned as the most abundant
sequence in each OTU) were taxonomically assigned against the reference sequences from the SILVA
database v132 for prokaryote 16S73 and from the Unite database (version unite.v7)74 for fungal ITS
using the naive Bayesian classi�er75 as implemented in MOTHUR using the default parameters. All the
sequences identi�ed as non-target organisms were removed from bacterial and fungal datasets. Rare
OTUs (singletons), which potentially might represent arti�cial sequences were removed. The read counts
were rare�ed 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 bacteria76, and
FUNGuild77 for fungi. Ecological functions of bacteria obtained by FAPROTAX were also manually
checked against other references for their present in terrestrial system. We grouped arbuscular
mycorrhizae, ectomycorrhizae, ericoid mycorrhizae, endophytes, dark septate endophytes and
mycoparasites as potential bene�cial fungi. All fungal plant pathogens were checked again for their
taxonomic identi�cations and their DNA-based Species Hypotheses (SH) are presented in Supplementary
Table S8. Potential bene�cial bacteria (N �xing, plant growth promoting and biological control agents)
were manually assigned using all available references (Table S4). The Illumina sequencing of all
bacterial and fungal datasets are deposited in The National Center for Biotechnology Information (NCBI)
database under BioProject: PRJNA556362 (https://dataview.ncbi.nlm.nih.gov/object/PRJNA556362?
reviewer=4d8dskbpvkqqcci8o1inim36b).

Statistical analysis:
To assess the coverage of the sequencing depths, individual rarefaction analysis was performed for each
sample using the function ‘diversity’ in PAST. At the analyzed sequencing depths, all individual
rarefactions shown to be su�cient to infer bacterial and fungal community composition and richness in
our samples (Fig. S1). We de�ned core microbiome as the bacterial and fungal communities that are
comprised of OTUs that were detected in all strawberry genotype and present in more than 75% of the
samples78. The effects of strawberry genotype, soil plant compartment (bulk soil, rhizosphere, root and
aboveground organs) on bacterial and fungal OTUs richness were analyzed using two-way analysis of
variance (ANOVA), incorporating the Jarque-Bera JB test 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. Coloured ellipses in NMDS ordinations are 95% con�dence intervals of species
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centroids for each treatment level. The signi�cant effect of the strawberry genotype, soil and plant
compartment on bacterial and fungal community compositions were determined using two-way Analysis
of Similarity (ANOSIM) and two-way Permutational multivariate analysis of variance (PERMANOVA)
based on the presence–absence data and Jaccard distance measure over 999 permutations. Since
relative abundance data from Next Generation Sequencing may not be fully used quantitatively79, we
analyzed the microbial community composition using both presence/absence and relative abundance
data sets. The results from presence/absence 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 S1). NMDS ordination based on presence/absence data and the
Jaccard dissimilarity measure coupled with the env�t function of the vegan package in R were used to
investigate the links between each of bacterial and fungal community composition (bulk soil, rhizosphere,
root and aboveground organs) and soil nutrient parameters, strawberry genotypes, fruit quality
parameters (soluble sugar content and titratable acidity). NMDS stress values were between 0.06–0.13.
All statistical analyses were performed using PAST80 version 2.17. and R version 3.2.281.

Abbreviations
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Arbuscular Mychorrhiza Fungi
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Plant Growth Promoting Bacteria
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