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Protective holobiome promotes strawberry
tolerance of biotic stresses
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Abstract

The commercial cultivation of strawberry (Fragaria x ananassa) is increasingly challenged by biotic stresses such

as plant pathogens and insect pests, while climate change exacerbates abiotic stresses. Reliance on chemical fumi-
gants and broad-spectrum pesticides presents risks to human health, environmental quality, and microbial diversity.
The strawberry holobiome, defined as the integrated community of plant-associated microorganisms that inhabit
the rhizosphere, phyllosphere, endosphere, and fruit surface, is emerging as a key determinant of plant health

and productivity. Recent metagenomic and metabolomic studies have identified cultivar-specific microbial consor-
tia that suppress plant disease, enhance stress tolerance via induced systemic resistance, and modulate fruit quality.
The engineering of synthetic microbial communities (SynComs) offers a targeted approach to microbiome aug-
mentation, but the lack of high-resolution functional data hinders the development of effective SynComs, especially
in hydroponic and substrate culture systems. This review synthesizes recent advances in holobiome profiling, evalu-
ates microbial biocontrol strategies against major pathogens, and outlines future directions, including Al (artificial
intelligence)-driven community design, integrated multi-omics analysis, and microbiome-assisted breeding. Address-
ing these gaps will enable precision management of the strawberry microbiome to sustain yield, quality, and resil-
ience under dynamic environmental conditions.
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Introduction recent domesticate that originates from a natural hybridi-

Strawberry (Fragaria x ananassa) is one of the most
economically important and nutritionally valuable berry
crops cultivated worldwide (Simpson 2018; Zhang et al.
2010). The modern cultivated strawberry is a relatively
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zation between Fragaria virginiana, native to North
America, and E chiloensis, native to South America (Lis-
ton et al. 2014; Duchesne 1766; Darrow 1966). Although
both progenitor species are indigenous to the Americas,
the hybridization event took place in Europe, where sub-
sequent breeding programs during the nineteenth and
twentieth centuries facilitated the global expansion of
strawberry cultivation (Herndndez-Martinez et al. 2023;
Darrow 1966; Finn et al. 2013).

Strawberry is valued worldwide for its flavor, nutritional
richness, and health-promoting properties, with a global
market value projected to surpass USD 43 billion by
2028 (Giampieri et al. 2012; FAO 2023; Priyadarshi et al.
2024). However, the accelerating pace of climate change
has emerged as the most formidable threat to the stabil-
ity of this rapidly expanding industry. Extreme weather
fluctuations and persistent global warming are reshaping
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agroecosystems by weakening plant immune defenses
and promoting the emergence and establishment of novel
pests and pathogens. As global temperatures continue
to rise, the distribution ranges of agricultural pests and
plant pathogens are expanding toward higher latitudes
and elevations, fundamentally altering long-standing dis-
ease dynamics (Schneider et al. 2022). In Europe alone, a
total of 142 novel pathogen introductions were recorded
between 2012 and 2022, including viruses (37%), bacteria
(32%), and fungi (25%) (Raza and Bebber 2022). Elevated
temperatures are also associated with increased species
richness in several genera of plant pathogens, including
Alternaria, Fusarium, and Venturia (Raza and Bebber
2022). Furthermore, climate change is expected to accel-
erate the spread and establishment of weeds, insect pests,
and plant diseases to previously unaffected regions,
adding further challenges to sustainable crop produc-
tion. In addition, climate change contributes to a pro-
gressive increase in the frequency and intensity of plant
stress events, particularly during the critical phenological
stages of flowering, fruit set, and the pre-harvest period.
In climate-sensitive regions such as the Mediterranean
Basin, future climate scenarios predict a sharp rise in
plant pathogens, which are likely to result in significant
yield reductions and increased inter-annual variability in
production (Trnka et al. 2012).

Strawberry cultivation often relies on heavy applica-
tion of chemical agents to cope with microbial patho-
gens. This may lead to the accumulation of pesticide
residues and pose potential risks to human health. Cur-
rently, up to 36 pesticide applications are used annu-
ally, with approximately 18 kg/ha of plant protectant
agents applied (Dara 2016; Song et al. 2020; Wardlaw
et al. 2023). As a result, strawberries are consistently
ranked near the top of the “Dirty Dozen,” a list of the
most pesticide-contaminated fruits and vegetables
(Winter and Katz 2011). This underscores the urgent
need for alternative strategies that significantly reduce
the dependency of strawberry production on chemical
inputs and thus improve its long-term sustainability.
The adoption of hydroponic soil-less cultivation systems
of strawberry production that reduce the introduction
of soil-borne diseases and pests offers one promis-
ing alternative (Herndndez-Martinez et al. 2023; Oguz
et al. 2022). Other challenges remain, however, as rising
temperatures due to climate change lead to heat stress,
while the continuous recirculation of nutrient solutions
in closed systems causes salt accumulation within the
beds, resulting in salt stress that must also be addressed
(Sakamoto et al. 2016; Jamwal and Sharma 2019).
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The strawberry holobiome, defined as the ecologi-
cal and functional unit comprising the host and its asso-
ciated microbiota, represents a critical determinant of
plant health and adaptive capacity under environmental
stress. Microbial consortia inhabiting the rhizosphere,
phyllosphere, endosphere, and fruit surface contribute to
pathogen suppression, modulation of immune responses,
nutrient acquisition, and tolerance to drought, salinity, and
thermal stress. These functions highlight the holobiome
as a central axis of physiological resilience and ecological
integration in strawberry cultivation. Recent advances in
metagenomics and microbial ecology have revealed intri-
cate interactions within plant-associated microbiomes.
However, a comprehensive framework that integrates the
biological compartments and applied relevance of the
strawberry holobiome remains insufficiently developed.
Unlike seed-propagated crops, strawberry reproduces
vegetatively through stolons, which connect mother and
daughter plants and enable the partial transfer of associ-
ated microorganisms. The plant also exhibits a distinc-
tive crown-based architecture, where leaves and roots
originate from a compact stem, and develops a recepta-
cle-derived fruit rather than an ovary-derived pericarp.
These unique anatomical and reproductive traits may lead
to microbiome compositions distinct from those of other
crops. Nevertheless, quantitative and system-level investi-
gations of the strawberry holobiome remain limited.

This review discusses the biological distinctiveness of
the strawberry holobiome and summarizes the compo-
sition of microbial communities reported to date, cat-
egorized into the rhizosphere, phyllosphere, and fruit
microbiome. In particular, it integrates studies on micro-
biome modulation under biotic stress, providing impor-
tant insights into the social networking mechanisms
through which strawberry plants interact with surround-
ing microbiota in response to environmental stimuli.
In addition, beneficial microbes capable of alleviating
or suppressing biotic stress are introduced, and future
directions are proposed for developing holobiome-based
strategies to achieve sustainable strawberry cultivation in
the era of climate change.

The genesis and evolution of the holobiome
concept

The term holobiome originated from the concept of the
holobiont, which was first proposed by the theoretical
biologist Adolf Meyer-Abich in 1943 and later developed
by Lynn Margulis, who described it as a plant or ani-
mal host integrated with its symbiotic microorganisms,
forming a tightly associated biological unit through-
out much of its life cycle (Amidon 2008; Margulis and
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Fester 1991). The holobiome concept achieved further
prominence with the development of next-generation
sequencing technologies, which enabled quantitative
analysis of microbial community structure and function.
Initially, holobiome referred to the entire community of
organisms that constituted the holobiont (the collective
sum of their genomes) and was sometimes used inter-
changeably with hologenome (Guerrero et al. 2013). In
recent years, however, the scope of the holobiome has
expanded beyond individual host organisms to encom-
pass the broader, interconnected microbial ecosystems
that span soil, plants, animals, and humans, reflecting
an extended ecological framework. In this review, the
term strawberry holobiome indicates a specific group in
the microbial community (microbiota) that has evolved
to interact with specific plant organs, such as the leaf,
root, and fruit, and grow upon (epiphytes) or within
(entophytes) strawberry plants.

Recent studies have shown increasing interest in apply-
ing plant holobiome concepts to agriculture (Vanden-
koornhuyse et al. 2015; Sayyed and Ilyas 2024). Certain
plant species, including strawberry, are highly suscep-
tible to many diseases, emphasizing the importance of
holobiome-based approaches to their cultivation. The
plant holobiome function as integrated biological units
in close association with diverse microbial communities,
which play essential roles throughout plant develop-
ment, including pathogen suppression, immune regula-
tion, and mitigation of environmental stresses (Trivedi
et al. 2020). Beneficial microbes, in particular, help block
pathogen colonization and activate host defense mecha-
nisms, whereas excessive proliferation of pathogenic
microbes can impair host physiological functions and
increase disease incidence (Mendes et al. 2011; Compant
et al. 2025). The balance between beneficial microbiota
and the pathobiome has a significant impact on plant
health, disease resistance, and fruit quality (Bass et al.
2019), and maintaining this balance is considered a key
strategy for enhancing the resilience and sustainability of
strawberry cultivation.

The holobiome concept has also introduced a new
perspective on traditional breeding strategies. Rather
than focusing solely on selecting plant genetic traits,
recent approaches employ holobiont-level breed-
ing strategies that consider host—microbe interaction
traits, such as the ability to recruit and maintain ben-
eficial microbes (Wei and Jousset 2017; Marco et al.
2022). Some individual plants activate the so-called
"cry for help" mechanism, whereby beneficial microbes
are actively recruited in response to pathogen attack.
Selection for such traits may enhance disease resist-
ance without the need for external chemical inputs
(Sharifi and Ryu 2021).
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The uniqueness of the strawberry holobiome

Most dicotyledonous plants develop a well-defined tap-
root system, whereas strawberry possesses a crown-
based root architecture in which short-lived adventitious
and lateral roots are predominant (Labadie et al. 2023).
The crown functions as a central axis connecting
the aboveground and belowground organs, where new
roots are continuously formed and senesced (Tuo-
mainen et al. 2024) (Fig. 1A). This shallow and fibrous
root structure, together with rapid root turnover, gen-
erates a dynamic rhizosphere environment character-
ized by recurrent microbial colonization and succession.
These structural characteristics indicate the potential
for the formation of a distinctive holobiome, suggest-
ing that the microbial composition and function in the
strawberry rhizosphere may exhibit unique ecological
patterns (Zhang et al. 2023a).

Strawberry reproduces not only sexually through seeds
but also asexually through stolons (runners), suggesting
that the holobiome of the mother plant may be partially
transmitted to its daughter plants (Fig. 1B). Kukkurainen
et al. (2005) analyzed various tissues of Fragaria X anana-
ssa and F vesca and first reported the presence of iden-
tical endophytic bacteria, Pseudomonas fluorescens and
Pantoea spp., in both stolons and seeds. This finding
indicated that microorganisms could be vertically trans-
mitted through both clonal propagation via stolons and
sexual propagation via seeds. Subsequently, microscopic
and PCR analyses confirmed that Azospirillum brasilense
can migrate from the mother plant to daughter plants
through stolons, and this bacterium is presumed to pro-
mote the growth of daughter plants through nitrogen
fixation and IAA biosynthesis (Guerrero-Molina et al.
2012). However, microbial transmission through stolons
is not limited to beneficial bacteria. Fusarium oxyspo-
rum f. sp. fragariae is transmitted via stolons to daugh-
ter plants, causing Fusarium wilt, and Phlomobacter, the
causal pathogen of strawberry marginal chlorosis disease,
has also been shown to move through stolons (Pastrana
et al. 2019; Dittmer et al. 2021). These findings provide
important evidence that plants can transmit microorgan-
isms through stolon-mediated pathways. Although quan-
titative analyses at the microbiome level remain limited,
elucidating the composition and transmission mecha-
nisms of stolon-associated microbial communities will
provide key insights into the intergenerational continuity
of the holobiome. Such continuity is expected to facilitate
the establishment of stable microbial assemblages during
the development of daughter plants and to maintain dis-
ease resistance and physiological resilience under stress
conditions.

Strawberry plants reproduce asexually through sto-
lons rather than seeds, suggesting the holobiome of the
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A. Crown-centered root dynamics

New root
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Fig. 1 The unigueness of the strawberry holobiome. A
Crown-centered root dynamics. Crown-centered root turnover
continuously generates new root niches, repeatedly reshaping
rhizosphere colonization and microbial succession. B Asexual
daughter plant formation via stolons provides a physical route
for partial holobiome transmission, potentially influencing

microbiome assembly in daughter plants. C Receptacle-derived fruit.

Fruit development from the floral receptacle suggests continuity
between flower- and fruit-associated niches, supporting potential
microbial transfer and redistribution during fruit formation
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mother plant may be partially transmitted to its daugh-
ters during vegetative propagation. Although experi-
mental evidence is currently limited, characterizing the
microbial communities associated with runners and their
potential transfer may provide insight into holobiome
continuity across generations. This continuity may not
only support the development of healthy daughter plants
but also facilitate the establishment of a stable holobiome
under stress conditions, potentially enhancing disease
resistance.

In addition to its distinctive root architecture and veg-
etative propagation traits, strawberry displays a unique
fruit morphology in which the receptacle, rather than
the ovary, enlarges to form the fleshy edible portion (Fait
et al. 2008) (Fig. 1C). The true fruits are the achenes dis-
tributed across the receptacle surface, and the red flesh
that is consumed corresponds to the expanded recepta-
cle tissue rather than the ovary. This anatomical feature
produces a fruit surface fundamentally different from the
pericarp-derived tissues of typical fruits and provides
a nutrient-rich and highly exposed niche favorable for
microbial colonization. Therefore, the receptacle-based
fruit structure suggests the potential for the formation of
a distinctive fruit microbiome specific to strawberry.

Hydroponic cultivation systems are increasingly being
adopted to ensure stable production and yield of high-
quality strawberries, while traditional soil-based cul-
tivation is gradually declining. This shift in cultivation
practices may have a significant impact on the composi-
tion and function of the strawberry holobiome. In soil-
based systems, the rhizosphere acts as a reservoir for
diverse microbial communities; however, in hydroponic
systems, microbial input from external sources is lim-
ited, potentially leading to the formation of a holobiome
that differs from that in soil. Accordingly, elucidating the
composition and functional roles of the holobiome under
hydroponic conditions, and developing strategies to
introduce and stably maintain beneficial microbes in this
environment, has emerged as a critical research priority.

The distinctive morphological and physiological char-
acteristics of strawberry suggest the potential formation
of a holobiome that is clearly differentiated from that of
other crops. These structural and reproductive traits may
drive the assembly of specialized microbial communi-
ties across multiple plant compartments, including the
rhizosphere, phyllosphere, and carposphere. However,
the ecological roles and functional significance of the
strawberry holobiome remain insufficiently elucidated.
It is still unclear whether the holobiome acts as a driv-
ing factor directly regulating plant development, growth,
and fitness, or whether it simply represents a respon-
sive outcome shaped by plant physiological status and
environmental conditions. Future studies integrating
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multi-omics analysis with experimental validation are
required to clarify how the strawberry holobiome con-
tributes to plant growth, health, and environmental
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Ecological aspects of the strawberry holobiome
Rhizosphere holobiome
The rhizosphere is a front line in the battlefield between

adaptability. pathogens and the beneficial holobiome (microbiome)
(Fig. 2). Recent microbiome analyses revealed that the
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Fig. 2 Assembly and modulation of the strawberry-associated microbiome across different plant compartments. This figure illustrates

the compartment-specific assembly and modulation of microbial communities across the strawberry holobiome, which is comprised

of the rhizosphere, phyllosphere, and fruit. Upper panel: Table summarizing the common microbial taxa detected across compartments.

Blue shading indicates microbes shared between the rhizosphere and phyllosphere, while red shading indicates microbes shared

between the phyllosphere and fruit. Lower panel: Leaf-associated microbes are presumed to be transferred to developing fruits via floral tissues.
Beneficial microbes and pathogens modulate the strawberry microbiome, either supporting plant growth or inducing dysbiosis
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strawberry rhizosphere is dominated by Proteobacteria
(45-55%), followed by Actinobacteria (10-30%), Bac-
teroidetes (5-12%), Acidobacteria (5-10%), and Fir-
micutes (2-5%) (Olimi et al. 2022; Lazcano et al. 2021;
Sangiorgio et al. 2022a). Among these bacterial taxa,
the genera Pseudomonas, Bacillus, Streptomyces, Azos-
pirillum, and Rhizobium are consistently detected as
dominant members of the strawberry rhizosphere. The
fungal community is mainly composed of Ascomycota
(70-90%), followed by Mortierellomycota (5-12%) and
Basidiomycota (2-8%) (Sangiorgio et al. 2022b; Hu et al.
2025; Li and Liu 2019). Within Ascomycota, Sordari-
omycetes (40—-60%) is the dominant class, represented by
saprophytic genera such as Fusarium, Thelonectria, and
Chaetomium. In addition, arbuscular mycorrhizal fungi,
including Rhizophagus (Glomeromycetes, 1-3%), are also
detected in the rhizosphere.

In general, the rhizospheric microbiome of plants is
shaped by both biotic and abiotic factors in a complex
and dynamic manner. Among biotic factors, patho-
gen infection and inoculation with beneficial microbes
are considered major drivers of microbial commu-
nity restructuring. In particular, microbial assemblages
formed under pathogen-challenging conditions are
known to play critical roles in the activation and modula-
tion of host defense mechanisms. A representative exam-
ple involves the activation of plant immune responses
upon pathogen recognition. Pathogen perception signals
induce the expression of defense-related transcription
factors, such as MYB72, which subsequently activate the
coumarin biosynthesis pathway. As a result, coumarin
derivatives such as sideretin and fraxetin are secreted
into the rhizosphere as root exudates (Voges et al. 2019).
In parallel, salicylic acid (SA)-dependent signaling path-
ways trigger the transcription of the AtALMTI gene
(Aluminum-activated malate transporter I), leading to
the release of organic acids such as L-malic acid from the
roots (Rudrappa et al. 2008). These phenolic compounds
and organic acids function as selective cues that enhance
the chemotaxis, colonization, and biofilm formation of
beneficial microbes such as Pseudomonas and Bacil-
lus, thereby contributing to the restructuring of the root
microbiome in favor of plant protection (Rudrappa et al.
2008). Nevertheless, the classical view of host—pathogen
interactions has largely overlooked the functional contri-
bution of these microbial communities, despite their cen-
tral role in mediating plant immunity.

Modulation of the rhizosphere holobiome by microbial
pathogen infection

In 2015, Cha and colleagues conducted a pioneering
study elucidating the disease-suppressive function of
the rhizosphere microbiome, demonstrating that the
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microbial community in the strawberry rhizosphere con-
tributes to soil suppressiveness against Fusarium wilt
(Cha et al. 2015). They identified a field in South Korea
that maintained remarkably low disease incidence despite
15 years of continuous strawberry monoculture. Analy-
sis of microbial diversity revealed a strong correlation
between the relative abundance of Actinobacteria and
disease suppression. Through culture-based isolation,
the authors identified Streptomyces sp. S4-7, which pro-
duces a ribosomally synthesized thiopeptide antibiotic,
conprimycin. This compound inhibits Fusarium oxyspo-
rum by targeting the cell wall remodeling kinase PKC1
and the Golgi-associated transporter SBE2, thereby dis-
rupting cell wall biosynthesis and suppressing pathogen
growth.

Following this discovery, subsequent microbiome stud-
ies expanded the scope to other soil-borne fungal path-
ogens affecting strawberry, including Macrophomina
phaseolina and Verticillium dahliae (Lazcano et al. 2021;
Hassani et al. 2023) (Fig. 2). Inoculation of Macropho-
mina phaseolina decreased microbial diversity, as indi-
cated by the Shannon index, whereas Verticillium dahliae
inoculation increased microbial diversity (Lazcano et al.
2021). Although cultivar-dependent recruitment of spe-
cific bacterial taxa was observed, cultivars resistant to
Verticillium dahliae showed a consistent enrichment of
Actinobacteria, including Arthrobacter, Nocardioides,
and Gaiella, as well as Acidobacteria. These taxa are
presumed to contribute to the suppression of Verticil-
lium dahliae through antifungal activity and the produc-
tion of cell wall-degrading enzymes such as chitinase.
In contrast, during Macrophomina phaseolina infec-
tion, Actinobacteria, including Streptomyces and Non-
omuraea, together with Pseudomonas (Proteobacteria),
were enriched and are likely to inhibit pathogen growth
by producing antifungal metabolites and siderophores
(Lazcano et al. 2021). Subsequently, the same research
group conducted a field experiment using a Macropho-
mina phaseolina—strawberry interaction model with
three cultivars (two resistant and one susceptible) (Has-
sani et al. 2023). They reconfirmed that Actinobacteria,
including Streptomyces, and Proteobacteria, including
Pseudomonas, were dominant in the resistant cultivars,
consistent with previous findings. In addition, beneficial
microbial taxa such as Mesorhizobium, Sphingomonas,
Novosphingomonas, Nocardioides, and Mucilaginibacter,
which interact with plants and promote growth, were
enriched in the resistant cultivars.

Verticillium dahliae inoculation significantly reduced
fungal OTU richness in both the rhizosphere and root
compartments. In the rhizosphere, pathogen-associated
or saprotrophic fungi such as Cryptococcus, Phoma, and
Mortierella increased, whereas the root compartment
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exhibited a pronounced enrichment of Leptodontidium
sp. C2 BESC319g, a fungus with potential antifungal
activity. This shift was more evident in the resistant cul-
tivar Florence than in the susceptible cultivar Honeoye,
with antifungal taxa such as Leptodontidium and Trichos-
poron being selectively enriched (Nallanchakravarthula
et al. 2014).

In addition to soil-borne pathogens, air-borne micro-
bial pathogens also influence rhizosphere microbiome
modulation. Foliar challenge of strawberry leaves by the
gray mold Botrytis cinerea altered the root microbiome
by enriching Actinobacteria while reducing Acidobacte-
ria (De Tender et al. 2016). In contrast, Colletotrichum
infection increased both bacterial and fungal diversity
and richness, accompanied by a decline in beneficial
microbes such as Streptomyces, Bacillus, Azospirillum,
and Trichoderma, and an enrichment of potential oppor-
tunistic or pathogenic taxa including Pseudomonas, Rho-
dococcus, and Fusarium (Su et al. 2022). These findings
suggest that pathogen infections can reshape the rhizo-
sphere microbiome, potentially influencing belowground
ecological interactions. However, further research is
needed to determine whether these changes in the rhizo-
sphere microbiome represent a plant-driven response
that recruits beneficial microbes for defense or a patho-
gen-mediated interference that disrupts plant immune
signaling.

In summary, microbial pathogen infection induces
modulation of the strawberry rhizosphere holobiome
(Fig. 2). However, the extent and direction of these
changes appear to depend on the plant’s genetic back-
ground and resistance level. Therefore, further mechanis-
tic studies are required to elucidate how host resistance is
linked to the assembly and functional reorganization of
the rhizosphere holobiome.

Modulation of the rhizosphere holobiome by plant-beneficial
microbes

The introduction of plant-beneficial microbes pro-
vides a promising approach for improving crop perfor-
mance by modulating the microbial communities in the
rhizosphere (Fig. 2). Such microbial inputs operate not
only through direct colonization but also indirectly by
restructuring the native microbial networks via ecologi-
cal interactions with the host plant. Nam and colleagues
(Nam et al. 2023) applied a consortium of plant growth-
promoting rhizobacteria (PGPR) composed of Bacillus
subtilis, Bacillus amyloliquefaciens, and Pseudomonas
monteilii to field-grown strawberry plants. The PGPR
treatment selectively enriched key functional taxa in the
rhizosphere, resulting in a functional reorganization of
the microbial network. The relative abundances of Bacil-
lus and Pseudomonas increased, along with beneficial
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microbes such as Roseiarcus, Rhodanobacter, Devosia,
Microvirga, Ramlibacter, Flavobacterium, and Vari-
ovorax, which are involved in nitrogen fixation, nutrient
cycling, pathogen suppression, and plant growth pro-
motion. Although a- and p-diversity remained largely
unchanged, the relative composition of functionally
important microbial groups shifted, indicating a restruc-
turing of the rhizosphere microbiome toward greater
functional stability.

VESTA (SOBEC Corporation, Fowler, CA) is a com-
mercially available fermented microbial soil amendment
composed of a complex mixture of diverse bacteria, fer-
mentation by-products, and organic acids, including
Mycobacterium, Caulobacter, Novosphingobium, Bacil-
lus, Flavobacterium, and Pseudomonas. Application of
VESTA to strawberry plants grown in open-field condi-
tions decreased Shannon diversity (a-diversity) in soil
and rhizosphere, while increasing B-diversity, indicating
greater compositional heterogeneity between the treated
and control microbiomes (Deng et al. 2019). Taxonomic
analysis revealed a significant enrichment of Betaproteo-
bacteria, particularly Ramlibacter, Comamonadaceae,
Acidovorax, and Methylophilaceae, which are known to
participate in nitrogen fixation, denitrification, and sul-
fur cycling. Interestingly, most of the taxa that increased
in abundance after treatment were not included in the
VESTA formulation. This indicates that VESTA did not
directly replace the native microbial community but
instead induced a rewiring of pre-existing microbial net-
works mediated by plant—microbe interactions.

Modulation of the rhizosphere holobiome by hydroponic
cultivation
The increasing use of hydroponic systems for strawberry
cultivation means that understanding how artificial sub-
strates reshape the root microbiome from that found in
conventional soil-based systems has become essential. A
recent study characterized the structural and functional
dynamics of the root microbiome in a strawberry cultivar,
Benihope, cultivated in greenhouse soil and two differ-
ent artificial substrates (Zhang et al. 2023b). -diversity
analysis revealed a clear separation in root bacterial com-
munity composition between the artificial substrates and
soil; significant differences were also observed between
the two substrates, indicating substrate-specific micro-
bial selection; moreover, a-diversity indices were signifi-
cantly higher in both artificial substrates than in soil. At
the compositional level, genera such as Burkholderia,
Acidocella, Asticcacaulis, and Turicibacter were enriched
in plants grown in artificial substrates, whereas Strepto-
myces and Cellvibrio were significantly reduced.

These shifts were accompanied by functional changes
in the root microbiome. In silico functional prediction
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indicated significant upregulation of metabolic path-
ways associated with flavonoid and flavanol biosynthe-
sis in artificial substrates, while pathways related to the
biosynthesis of antimicrobial compounds, including cla-
vulanic acid, stilbenoid, and macrolides, were downregu-
lated. These findings suggest that hydroponic conditions
may reduce the microbe-mediated suppressive potential
against invading pathogens, thereby increasing disease
susceptibility in strawberry plants grown in artificial sub-
strate-based systems.

Phyllosphere holobiome

The phyllosphere, encompassing aerial plant organs such
as leaves, stems, flowers, and fruits, provides a habitat for
diverse microbial communities including bacteria, fungi,
viruses, and protozoa (Sohrabi et al. 2023). Particularly,
the phyllosphere serves as an ecological interface that
directly interacts with various arthropods, including pol-
linators and predatory mites, functioning as an important
conduit for microbial introduction and dissemination
(Kim et al. 2019; Legein et al. 2022). Among these tis-
sues, leaves are the most intensively studied because of
their direct exposure to environmental stress and dis-
tinctive surface structure. Phyllosphere microbes have
evolved adaptations such as the production of pigments,
extracellular polysaccharides, and biosurfactants to cope
with ultraviolet radiation, desiccation, and nutrient limi-
tation. They can also modulate or evade host immune
responses, enabling stable colonization of above-ground
tissues (Bashir et al. 2022; Sohrabi et al. 2023; Thapa and
Prasanna 2018).

Recent studies have revealed that phyllosphere
microbes are not passive epiphytes but active biological
agents that influence plant physiology, growth, immu-
nity, and stress tolerance (Bashir et al. 2022; Sohrabi
et al. 2023; Stone et al. 2018). Their roles are comparable
to those of PGPR in the rhizosphere. However, the phyl-
losphere holobiome of strawberry plants remains less
characterized than the root- and soil-associated microbi-
omes. Most studies have focused on taxonomic variation
among cultivars, while the functional relevance of these
microbial assemblages to host performance is still poorly
understood.

Across strawberry cultivars, bacterial diversity in the
phyllosphere is generally lower than in root-associated
compartments, whereas fungal diversity remains rela-
tively stable among tissues. In the cultivars Elsanta and
Darselect, Actinobacteria dominate the phyllosphere,
while cultivar Monterey is enriched in Gammaproteo-
bacteria. Fungal communities are comparatively con-
served, with Dothideomycetes being the most abundant
class, followed by Tremellomycetes, Leotiomycetes, and
Sordariomycetes. Functional predictions suggest that
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Methylobacterium, known for its plant-beneficial prop-
erties, is highly enriched in the above-ground tissues of
Monterey and Darselect (Sangiorgio et al. 2022a).

Other cultivars including Mara des Bois, White
Ananas, White Elves, Tokun, and Akihime also exhibit
clear genotype- and tissue-dependent differentiation
(Olimi et al. 2022) (Yang et al. 2025). A consistent core
bacterial community dominated by Sphingomonas, Pseu-
domonas, Bacillus, Methylobacterium, and Flavobac-
terium has been identified across these cultivars, while
dominant fungal genera include Mycosphaerella, Alter-
naria, and Helotiales. In White Elves, microbial com-
munities were functionally associated with cell growth,
motility, and energy metabolism, whereas in Akihime,
predicted functions were related to amino acid metabo-
lism and xenobiotic degradation, suggesting genotype-
specific microbial adaptation. These functions were
inferred from in silico analyses and require validation
through metatranscriptomic, proteomic, or metabolomic
studies to confirm their ecological significance.

The phyllosphere, including flowers and leaves, directly
interacts with various arthropods such as pollinators and
predatory mites, resulting in potential modulation of
the phyllosphere microbiome. Notably, the detection of
Buchnera populations, typically associated with aphids,
in the aerial phyllosphere including fruits suggests that
above-ground tissues can serve as an ecological inter-
face that closely interacts with insects (Olimi et al. 2022).
This concept is supported by the findings of Legein et al.
(2022), who reported that the introduction of predatory
mites led to an enrichment of Sphingomonas, Methylo-
bacterium, and Pseudomonas in the strawberry phyl-
losphere. Strawberry plants also maintain intimate
associations with pollinators. Pollinating bees can intro-
duce Snodgrasella and Gilliamella to the phyllosphere
(Legein et al. 2022). In addition to introducing external
microbes, bee activity also mediates the transmission of
beneficial bacteria already residing in the phyllosphere.
Streptomyces globisporus SP6C4, originally detected in
the strawberry phyllosphere, has been shown to spread
among plants through pollinator movement (Kim et al.
2019). This bacterium suppresses fungal diseases by
inhibiting phytopathogenic fungi and also blocks the
invasion of entomopathogenic fungi within bees. Inter-
estingly, SP6C4 exhibits 99% genome similarity to the
rhizosphere-derived beneficial strain S. globisporus S4-7,
implying that beneficial rhizobacteria can migrate to
aerial tissues and participate in a bacteria—plant—insect
tripartite interaction that contributes to disease suppres-
sion and ecosystem stability.

The leaf microbiome can be transferred to strawberry
fruit (Olimi et al. 2022). The microbial communities of
leaves and fruits share similar taxa, indicating continuous
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microbial transfer during fruit development. Fungal
transmission rates (50—-99%) are considerably higher than
those of bacteria (38—80%), whereas microbial move-
ment from the root and rhizosphere to the fruit is very
limited. This highlights the phyllosphere as a key micro-
bial reservoir influencing fruit health, disease resistance,
postharvest quality, and microbiome-based management
strategies in strawberry cultivation.

Fruit holobiome

Compared with the phyllosphere, studies of the straw-
berry fruit microbiome during the pre-harvest stage are
scarce. Most research has focused on post-harvest con-
ditions, particularly on microbiomic shifts following
pathogen infection or application of biological control
agents. To date, the study by Olimi et al. (2022) remains
the only detailed investigation of the fruit microbiome
during fruit development. Their results showed a clear
separation between below-ground (root and rhizosphere)
and above-ground (leaf and flower) microbial commu-
nities. A high proportion of bacteria was transmitted
among above-ground organs, whereas only a small frac-
tion originated from the rhizosphere (Fig. 2). In contrast
to the strong cultivar-dependent variation observed
in the rhizosphere and phyllosphere, the fruit micro-
biome exhibited limited cultivar-specific differences.
The dominant bacterial genera included Sphingomonas,
Pseudomonas, Pantoea, Methylobacterium, and Massi-
lia, whereas Mycosphaerella, Alternaria, and unidenti-
fied Capnodiales were the major fungal taxa. As the fruit
ripened, bacterial abundance and diversity increased,
while fungal changes were relatively modest. During
storage, Methylobacterium abundance increased, while
Sphingomonas declined. Among fungi, Mycosphaerella
and Alternaria increased, but Capnodiales decreased.
After Botrytis cinerea infection, both bacterial and fun-
gal abundances increased, but overall microbial diver-
sity declined sharply, with Botrytis becoming dominant.
These findings, however, were derived from a single
study, underscoring the need for additional research to
clarify the ecological and functional dynamics of fruit-
associated microbiomes.

Recent studies have highlighted the role of microbial
biocontrol agents in modulating the strawberry fruit
microbiome during post-harvest storage. Application
of Debaryomyces hansenii increased fungal a-diversity
while reducing the relative abundance of Cladosporium,
although Botrytis abundance rose during later storage
(Zhao et al. 2023). Similarly, pre-harvest treatment with
Metschnikowia fructicola enriched beneficial bacterial
genera such as Methylobacterium, Sphingomonas, Rhizo-
bium, and Bacillus, while suppressing the pathogenic
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fungus Botrytis (Zhimo et al. 2021). These findings sug-
gest that microbial biocontrol agents not only inhibit
pathogens directly but also reshape the fruit microbiome,
contributing to disease suppression and maintenance of
post-harvest fruit quality.

Beyond disease control, the fruit-associated microbi-
ome plays a crucial role in shaping the nutritional and
postharvest traits of strawberry fruit. Beneficial micro-
organisms can influence sugar—acid balance, pigment
accumulation, and volatile compound biosynthesis,
thereby enhancing sweetness, color, and aroma quality
(Todeschini et al. 2018). Collectively, these findings sug-
gest that the strawberry fruit holobiome contributes not
only to disease suppression but also to the edible quality
and commercial value of the fruit. Future studies should
investigate how targeted manipulation of the fruit micro-
biome can be applied to enhance flavor, extend shelf life,
and improve the overall market value of strawberries.

Microbial protection of strawberry

against microbial pathogens

Practical approaches to disease management are cur-
rently limited to applications of a single microbe rather
than a microbial community, even though recent stud-
ies show strawberry plants provide habitats for diverse
microbes. In this section, we discuss disease control
methodologies involving environmentally friendly bio-
logical and chemical agents against microbial pathogens
of the aerial and below-ground organs of strawberry
plants (Fig. 3 and Table 1).

Biological control against soil-borne pathogens

Fusarium wilt, caused by Fusarium oxysporum f. sp. fra-
gariae, is one of the most destructive soil-borne diseases
affecting cultivated strawberry plants, requiring effec-
tive and sustainable control strategies. Several Bacillus
strains have shown potent antifungal activity against this
pathogen. Bacillus velezensis BS87 and RK1 reduced dis-
ease incidence by up to 69.2% under both pot and field
conditions (Nam et al. 2009), while Bacillus subtilis TS06
inhibited Fusarium oxysporum and Verticillium dahliae
by > 80% in vitro and achieved comparable suppression
in pot experiments (Zhang et al. 2012). A bioorganic fer-
tilizer containing Bacillus licheniformis X-1 and Bacillus
methylotrophicus Z-1 suppressed Fusarium wilt by 80%,
while enhancing the activities of superoxide dismutase
(SOD), peroxidase (POD), polyphenol oxidase (PPO),
and catalase (CAT), thereby reducing tissue damage and
inducing systemic resistance (Chen et al. 2020).

Beyond bacterial agents, alternative biological
approaches have demonstrated durable effects. The
microalga Chlorella fusca CHKO0059 reduced disease
severity by 70.4% and pathogen density by 86.8% at
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Fig. 3 Modes of action of microbial biocontrol agents against strawberry pathogens. Microbial biocontrol agents suppress strawberry pathogens
through both direct and indirect mechanisms. Direct inhibition involves the production of antibiotics, cell wall-degrading enzymes such

as chitinases and glucanases, and volatile organic compounds (VOCs) that target microbial pathogens associated with both roots and leaves. In
addition, a subset of biocontrol agents induces systemic resistance (ISR) in the host plant, thereby priming immune responses against subsequent
pathogen challenges. ISR-triggered defense signaling influences not only the treated mother plant but also its runner-derived daughter plants

69 days after treatment, confirming its long-term stability
(Kim et al. 2020). Co-application of the plant biostimu-
lant 5-aminolevulinic acid (ALA) and Chlorella enhanced
inhibition of Fusarium oxysporum by 43.1% compared
with individual treatments, while Trichoderma har-
zianum proliferation was simultaneously promoted,
suggesting synergistic activity (Yang et al. 2024a). The
arbuscular mycorrhizal fungus (AMF) Glomus mos-
seae increased lignin and hydroxyproline-rich glyco-
protein accumulation, enhanced antioxidant enzyme
activities, and stabilized cell membranes, conferring sys-
temic resistance to Fusarium wilt (Yanan et al. 2015).

Other soil-borne pathogens, including Verticillium
dahliae, Phytophthora cactorum, and Macrophomina
phaseolina, also pose serious threats to strawberry
production.

Application of Serratia plymuthica HRO-C48 reduced
Verticillium wilt incidence by 24.2% in multi-year field
trials and increased fruit yield by 296% (Kurze et al.
2001). Commercial AMF products containing Glomus
spp. (Agrauxine formulation) significantly suppressed
Verticillium dahliae and improved plant water status by
increasing stomatal conductance, transpiration rate, and
leaf water potential, particularly in susceptible cultivars
(Sowik et al. 2016).

Several microbial agents demonstrate significant effi-
cacy against Phytophthora root and crown rots. Ser-
ratia plymuthica HRO-C48 reduced Phytophthora
cactorum incidence by 9.6% in field trials (Kurze et al.

2001). Pseudomonas fluorescens EPS817 and EPS894
produce a suite of antimicrobial compounds, includ-
ing 2,4-diacetylphloroglucinol and phenazine-1-car-
boxylic acid, that suppressed spore germination by 60%
and reduced disease incidence by up to 80% when the
two strains are co-applied (Agusti et al. 2011). Similarly,
Raoultella terrigena G-584, Bacillus amyloliquefaciens
G-V1, and Pseudomonas fluorescens 2R1-7 inhibited
Phytophthora spp. in vitro and reduced disease severity
by 51.5% under greenhouse and field conditions (Anand-
hakumar and Zeller 2004). Long-term applications of
Trichoderma harzianum and Trichoderma viride, espe-
cially when combined with soil solarization, decreased P
cactorum density by 99% and disease incidence by 76.6%,
maintaining effective rhizosphere colonization over suc-
cessive seasons (Porras et al. 2007).

Macrophomina phaseolina, the causal agent of charcoal
rot, has also been successfully controlled using micro-
bial antagonists. Preventive application of Trichoderma
asperellum T18 reduced disease incidence by 65% in the
field and inhibited mycelial growth by 36% in vitro (Pas-
trana et al. 2016). The biocontrol formulation Fusbact®,
composed of Bacillus megaterium and Bacillus latero-
sporus, exhibited similar suppression, although perfor-
mance varied with environmental conditions (Pastrana
et al. 2016). Generalist Trichoderma strains (T. har-
zianum, T. album, T. viride) showed broad-spectrum
activity against Rhizoctonia solani, Fusarium spp., and
Macrophomina phaseolina, reducing root rot incidence
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Table 1 Biological control agents for strawberry leaves and fruit and their modes of action

Infection sites Diseases (pathogen species) Biocontrol agents

Mechanisms References

Leaves Anthracnose Bacillus amyloliquefaciens S13-3
(Colletotrichum spp.)
Bacillus atrophaeus DM6120
Paenibacillus polymyxa TP3
Bacillus amyloliquefaciens PMBO5
Powdery mildew Penicillium oxalicum
(Podosphaera aphanis) Trichoderma harzianum T39,
Rhodotorula sp.Y13 and Pseu-
domonas sp. B52
Ampelomyces quisqualis, Tricho-
derma harzianum T39 and Bacil-
lus subtilis QST713
Neopestalotiopsis leaf spot Trichoderma asperellum
(Neopestalotiopsis clavispora)
Bacillus cereus Bce-2
Fruits Anthracnose Bacillus amyloliquefaciens PMBO05
(Colletotrichum spp.) Bacillus velezensis 12Y
Streptomyces sp. H4
Streptomyces corchorusii CG-G2
Burkholderia sola NAU20
Gray mold Galactomyces candidum JYC1146
(Botrytis cinerea)

Rhodotorula glutinis
Clonostachys rosea

Bacillus halotolerans KLBC XJ-5

Other fruit disease Debaryomyces hansenii

Direct inhibition by antifungal com- Mochizuki et al. (2012)

pounds including iturin A
Direct inhibition by antifungal com-
pounds

Alijani et al. (2022)

Direct inhibition by antifungal com- Lee et al. (2024)
pounds, and Induction of systemic
resistance via jasmonic acid-dependent
signaling

enhancement of antioxidant enzyme Wu et al. (2021)

activity and callose accumulation
De Cal et al. (2008)
Harel et al. (2011)

Direct inhibition of fungal pathogen

Induction of pathways associated
with salicylic acid and jasmonic acid

Direct inhibition of fungal growth Pertot et al. (2008)

and induced systemic resistance

Direct inhibition of fungal growth Amrutha and Vijayara-

ghavan (2018)

Direct inhibition of fungal growth Zhang et al. (2024)

and induction of defense-related gene
expression in strawberry

Wu et al. (2021)
Yang et al. (2024a, b)
Lietal (20213, b)
Lietal. (2024)
Wang et al. (2025)
Chen et al. (2018)
Zhang et al. (2007)
Cota et al. (2008)
Wang et al. (2021)

Direct inhibition of fungal growth
Direct inhibition of fungal growth
Direct inhibition of fungal growth
Direct inhibition of fungal growth
Direct inhibition of fungal growth
Direct inhibition of fungal growth
Direct inhibition of fungal growth
Direct inhibition of fungal growth

Direct inhibition of fungal growth
and induction of plant resistance

Zhao et al. (2022)
Zhao et al. (2023)

Inhibition of fungal spore germination
and activation of antioxidant enzymes
and resistance-related metabolites

in strawberry

by 77%, increasing yield by 36.8%, and improving chlo-
rophyll, phenol, sugar, and protein content (Ahmed and
El-Fiki 2017). Azospirillum brasilense strains REC3 and
2A1 reduced disease severity by 15-22.5% via induced
resistance mechanisms, including stomatal closure and
deposition of callose and lignin (Viejobueno et al. 2021a).
Brevibacterium sp. Hvs8 suppressed charcoal rot by 80%,
decreased crown symptom severity by 85%, and reduced
plant mortality by 65% under field conditions through
induced systemic resistance (ISR)-related structural and
biochemical defense activation (Viejobueno et al. 2021b).

Collectively, these findings demonstrate that diverse
microbial agents including Bacillus, Trichoderma, Serra-
tia, Pseudomonas, AMF Glomus spp., Chlorella, and ben-
eficial bacteria such as Azospirillum and Brevibacterium

provide broad and sustainable protection against soil-
borne strawberry pathogens (Table 2). Their effectiveness
derives from both direct antagonism through the produc-
tion of antifungal metabolites, competitive exclusion, and
volatile organic compounds, and indirect plant-medi-
ated mechanisms involving the activation of antioxidant
enzymes, ISR, and improved physiological resilience.

Biological control against air-borne pathogens

Biological control of foliar diseases in strawberry plants
has primarily focused on antagonistic bacteria, particu-
larly those in the genus Bacillus, although several fungal
and yeast-based antagonists have also been investigated.
These agents suppressed pathogen development either
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Table 2 Biological control agents for strawberry roots and their modes of action
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Infection site Disease (pathogen species)

Biocontrol agents

Mechanisms

References

Roots

Fusarium wilt
(Fusarium oxysporum f. sp.
fragariae)

Verticillium wilt
(Verticillium dahliae)

Phytophthora root and crown
rots
(Phytophthora cactorum)

Charcoal rot
(Macrophomina phaseolina)

Streptomyces sp. S4-7

Bacillus velezensis BS87 and B.
velezensis RK1

Bacillus subtilis TS06

Bacillus licheniformis X-1 and B.

methylotrophicus Z-1

Chlorella fusca CHK0059
Trichoderma harzianum

Glomus mosseae

Serratia plymuthica HRO-C48
Glomus spp.
Serratia plymuthica HRO-C48

Pseudomonas fluorescens
EPS817 and EPS894

Raoultella terrigena G-584,
Bacillus amyloliquefaciens G-V1
and P, fluorescens 2R1-7

Trichoderma harzianum and T.
viride
Trichoderma asperellum T18

Bacillus megaterium and B.
laterosporus

Trichoderma spp.

Azospirillum brasilense REC3
and 2A1

Brevibacterium sp. Hvs8

Direct inhibition of fungal
growth by producing thiopep-
tide antibiotic conprimycin

Direct inhibition of fungal
growth

Direct inhibition of fungal
growth

Enhancement of plant
antioxidant enzyme activity
and induction of systemic
resistance

Not elucidated
Not elucidated

Enhancement of plant antioxi-
dant enzyme activity and accu-
mulation of lignin and hydroxy-
proline-rich glycoproteins

Direct inhibition of fungal
growth

Increase of water contents
of strawberry plants

Direct inhibition of fungal
growth

Direct inhibition of fungal
growth

Not elucidated

Not elucidated

Direct inhibition of fungal
growth

Direct inhibition of fungal
growth

Direct inhibition of fungal
growth

Induced systemic resistance

Induced systemic resistance

Chaetal. (2015)

Nam et al. (2009)
Zhang et al. (2012)

Chen et al. (2020)

Kim et al. (2020)
Yang et al. (20243, b)

Yanan et al. (2015)

Kurze et al. (2001)
Sowik et al. (2016)
Kurze et al. (2001)
Agustiet al. (2011)

Anandhakumar and Zeller. (2004)

Porras et al. (2007)
Pastrana et al. (2016)
Pastrana et al. (2016)
Ahmed and EI-Fiki. (2017)
Viejobueno et al. (2021b, a)

Viejobueno et al. (2021b, a)

by producing antifungal compounds or by inducing host
resistance mechanisms such as ISR.

Among the air-borne fungal pathogens affecting straw-
berry foliage, Colletotrichum species, the causal agents of
anthracnose, are the most extensively studied targets for
biological control. Multiple Bacillus strains have demon-
strated potent antagonistic activity, enabling the manage-
ment of anthracnose caused by Colletotrichum species.
Bacillus amyloliquefaciens S13-3, which produces anti-
fungal compounds including iturin A, reduced disease
severity by 41.8% in detached leaf assays (Mochizuki
et al. 2012). Bacillus atrophaeus DM6120, an endophyte

isolated from strawberry roots, inhibited mycelial growth
and spore germination of Colletotrichum nymphaeae by
54.92% and 80.80%, respectively, and provided 94.44%
and 88.88% disease suppression when applied via soil
drenching or foliar spraying (Alijani et al. 2022). In addi-
tion to its direct antifungal effects, Paenibacillus poly-
myxa TP3 suppressed Colletotrichum siamense through
fusaricidin production. P. polymyxa TP3 also upregulated
the jasmonic acid-responsive gene FuPDFI1.2 to activate
ISR, inducing callose deposition and, ultimately reducing
lesion size by 56.8%. Notably, the defense signaling path-
way induced by TP3 in mother plants was transmitted
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to runner-derived daughter plants, resulting in com-
parable reductions in anthracnose severity, suggesting
that IR was maintained across clonal generations (Lee
et al. 2024). Similarly, Bacillus amyloliquefaciens PMB05
enhanced host antioxidant enzyme activity and induced
callose accumulation, reducing disease incidence from
93.3% to 33.3% (Wu et al. 2021).

Microbial antagonists have also been effective against
powdery mildew, another major foliar disease of straw-
berry. Penicillium oxalicum reduced disease progress by
25.3-86.9 percent in growth-chamber assays and 25-50
percent in three-year field trials, with efficacy varying
among cultivars (De Cal et al. 2008). Additional antago-
nists such as Trichoderma harzianum T39, Pseudomonas
sp. B52, and Rhodotorula sp. Y13 reduced disease sever-
ity by 30-60 percent. Trichoderma harzianum T39 also
induced systemic resistance by up-regulating defense
genes including PRI, PR10, WRKY, and LOX (Harel et al.
2011). Integrating microbial treatments with chemical
fungicides further improves disease control while reduc-
ing fungicide residues. Combined treatments involving
Ampelomyces quisqualis, Trichoderma harzianum T39,
and Bacillus subtilis QST713, especially in rotation with
azoxystrobin or penconazole, yielded superior disease
suppression compared with biological control alone (Per-
tot et al. 2008).

The emerging pathogen Neopestalotiopsis clavispora
has recently been managed using Trichoderma asperel-
lum, which reduced disease severity by 75.8 percent
(Amrutha and Vijayaraghavan 2018). Bacillus cereus
Bce-2 inhibited fungal growth by 79 percent in vitro and
reduced disease severity by 57.9 percent in field condi-
tions while enhancing the activities of peroxidase, SOD,
CAT, and phenylalanine ammonia-lyase (PAL). It also
activated multiple defense pathways through up-regula-
tion of WRKY22, WRKY29, ChiB, RBOHD, HSP90, RD19,
PRI, and PP2C (Zhang et al. 2024).

Despite these advances, the biological control of angu-
lar leaf spot, caused by Xanthomonas fragariae and
responsible for yield losses ranging from 8 to 80 percent,
remains largely unexplored (Roberts et al. 1997). Con-
sidering its economic impact, the development of effec-
tive microbial strategies against this disease should be
prioritized.

Biological control of fruit pathogens
The high moisture and carbohydrate contents of straw-
berry fruit, combined with its delicate texture, make it
highly vulnerable to microbial infection during harvest
and storage.

Anthracnose, caused by Colletotrichum species, is one
of the most destructive post-harvest diseases. Among
the antagonistic microbes studied, strains of Bacillus and
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Streptomyces have shown the most consistent and potent
antifungal activity against Colletotrichum species. Bacil-
lus amyloliquefaciens PMBO05 reduced anthracnose inci-
dence from 86.7 to 43.3 percent by inducing spore death
through strong antifungal activity (Wu et al. 2021). The
marine-derived Bacillus velezensis strain 12Y exhibited
broad-spectrum antifungal activity and enhanced fruit
resistance by activating PAL, cinnamate 4-hydroxylase
(C4H), and 4-coumarate:CoA ligase (4CL), leading to
increased accumulation of phenolic compounds and
anthocyanins without affecting fruit quality (Yang et al.
2024b). Similarly, Streptomyces strains have displayed
remarkable inhibition of Colletotrichum species through
both direct and indirect mechanisms. Streptomyces sp.
H4 inhibited mycelial growth of Colletotrichum fragar-
iae by 80.7 percent and completely suppressed disease
at higher concentrations by blocking spore germination,
inducing hyphal deformation, and disrupting fungal
metabolism (Li et al. 2021a). Streptomyces corchorusii
CG-G2 decreased disease incidence from 90.5 to 9.5
percent and inhibited conidial germination by 99.05 per-
cent via the production of volatile organic compounds
(VOCs). These VOCs also stimulated flavonoid biosyn-
thesis and the accumulation of pinocembrin, contributing
to enhanced host resistance and improved fruit quality
(Li et al. 2024). Other antagonists such as Burkholderia
sola NAU20 emit VOCs that suppress Colletotrichum
gloeosporioides by inhibiting mycelial growth and spore
germination by 73.2 and 85.7 percent, respectively. Ethyl
trans-2-octenoate, one of the VOCs produced, showed
the highest antifungal activity and activated the flavonoid
and phenylpropanoid biosynthesis pathways in fruit tis-
sues (Wang et al. 2025).

Gray mold, primarily caused by Botrytis cinerea, is
another major post-harvest disease of strawberry. Galac-
tomyces candidum JYC1146 inhibited hyphal growth by
69.6 percent via volatile compound production and chi-
tinase-mediated lysis of fungal cell walls, reducing gray
mold incidence to 77.2 percent after 4 days and 47.7 per-
cent after 8 days of storage(Chen et al. 2018). The yeast
Rhodotorula glutinis suppressed both hyphal growth and
spore germination of Botrytis cinerea, reducing disease
incidence by over 94 percent after 2 days at 20 °C and
7 days at 4 °C (Zhang et al. 2007). This yeast colonized
wound sites effectively and remained active under both
ambient and cold conditions. The mycoparasitic fun-
gus Clonostachys rosea, applied twice weekly under field
conditions, decreased infection rates in flowers and fruit
from 50.6 to 10.0 percent and from 25.1 to 5.9 percent,
respectively, while reducing spore production and latent
infection by more than 80 percent (Cota et al. 2008).
Bacillus halotolerans KLBC XJ-5 decreased gray mold
incidence from 100 to 6.7 percent and reduced lesion
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diameter by 25 percent. Its antagonistic effect was attrib-
uted to the production of antimicrobial compounds,
secretion of chitinase, and induction of host resistance
via increased PAL, PPO, chalcone isomerase, and $—1,3-
glucanase activities (Wang et al. 2021).

Other fungal pathogens, including Rhizopus stolonifer,
also cause substantial fruit decay during storage and han-
dling. The yeast Debaryomyces hansenii has emerged as
an effective biocontrol agent against soft rot caused by
Rhizopus stolonifer. It reduced disease incidence from
81.5 to 14.8 percent by inhibiting spore germination and
germ tube elongation, while simultaneously activating
host defense enzymes such as SOD, POD, CAT, PPO, and
PAL (Zhao et al. 2023, 2022). These enzymatic responses
promoted the accumulation of phenolic and antioxi-
dant compounds in fruit tissue, enhancing physiological
resistance to pathogen invasion.

Collectively, these findings demonstrate that a wide
range of microbial antagonists exert strong biocon-
trol activity against fruit pathogens in strawberry. Their
effectiveness arises from multiple mechanisms, includ-
ing the production of antifungal metabolites and VOCs,
enzymatic degradation of pathogen cell walls, and the
induction of host antioxidant and structural defenses that
maintain fruit integrity and post-harvest quality.

Future research directions for sustainable
strawberry cultivation

The rise of multiple stresses imposed by a changing
climate presents a challenge to the sustainability of
strawberry production, despite its high plasticity, adapt-
ability to different environments, and variety of culti-
vation methods. Cultivation under highly controlled
greenhouse conditions, such as vertical farming, may
increase resource use efficiency and minimize the impact
of climate change on strawberry productivity and health
(Verma et al. 2025). Such conditions require signifi-
cant investment and have a high energy demand, how-
ever, thus fostering a rise in greenhouse gas emissions
(Khoshnevisan et al. 2014). Such considerations limit
the effectiveness of these technologies in addressing the
food demands of a continuously growing global popula-
tion. Thus, the development of sustainable methods of
strawberry production relies on four complementary
strategies. These, listed in their probable order of devel-
opment from the short to the long term, are 1. microbial
improvement of plant fitness and health; 2. novel cultural
methods based on precision agriculture; 3. epigenetic
manipulation; and 4. genetic improvement.

Microbial improvement
A promising approach to mitigating the impact of climate
changes on strawberry productivity is the development

Page 14 of 20

of synthetic communities (SynComs) (Fig. 4A). Syn-
Com development is still in its infancy and harnessing
its full potential requires systematic and standardized
studies (Berg et al. 2021). SynComs may be built by mix-
ing selected strains and applying them to plants under
controlled conditions (Mueller and Sachs 2015). Tran-
scriptomic and proteomic analyses unveiled the mecha-
nisms underlying plant-microbe interactions (Sergaki
et al. 2018). SynComs introduce a second generation of
microbiomic manipulation that reshapes the phytobiome
composition to include desired traits. SynComs consist
of multi-species consortia that include complementary
modes of action, such as plant growth promotion, induc-
tion of resistance, and pathogen inhibition. The main
challenge to the development of effective SynComs is
maximizing facilitation over interspecific competition
between the different species (Xu et al. 2025), which may
occur after several cycles of SynCom inoculation onto
plants (SynCom experimental evolution). One strategy
for overcoming this problem is the use of Artificial Intel-
ligence (AI) or Explainable Artificial Intelligence (XAI)
to model microbial interaction within a SynCom and
between SynCom members on the host plant (Jing et al.
2024). The XAI approach can unravel the causal links
between microbes and plant immunity (Venneman et al.
2020), thus identifying the keystone taxa that contribute
to plant health. Moreover, the combination of supervised
machine learning models (Emmenegger et al. 2023) with
explainable components will enable analysis of the rela-
tive importance of each taxon, thus defining the roles of
microbes within a SynCom and generating new biomark-
ers. These models can be combined with metadata to rec-
ognize patterns using integrative multi-omics approache.

The design of SynComs applicable to strawberry is
currently severely constrained by the paucity of high-
resolution metagenomic datasets specific to strawberry-
associated microbiomes. Most studies have focused on
taxonomic profiling based on 16S rRNA or Internal Tran-
scribed Spacer amplicon sequencing and provide limited
functional insight and strain-level resolution. In such
data-sparse environments, the identification of func-
tionally relevant taxa, prediction of interspecies inter-
actions, and modeling of ecological stability are highly
speculative. This substantially hinders the development
of customized, context-adapted SynComs capable of
reliably shaping protective microbiomes in field-grown
strawberry. Therefore, large-scale, function-oriented
metagenomic and metatranscriptomic surveys targeting
strawberry compartments and developmental stages are
urgently required to enable precise and predictable Syn-
Com engineering.
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Precision Agriculture for Strawberry
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Fig. 4 Integrated holobiome-based strategies with impact ranging from sustainable strawberry production to the human microbiome. This
figure illustrates holobiome-based strategies for sustainable strawberry cultivation. It also shows the potential modulating influence of strawberry
holobiomes on the human gut microbiome. A Microbial and genetic strategies for strawberry resistance. B Precision agriculture for strawberry
cultivation. C Epigenetic modulation of strawberry. D Gut microbiome modulation by strawberry fruit microbiome

New cultivation methods based on precision agriculture

Over the past decade, several complementary tools for
sensing plant health and physiological status have been
developed and integrated into Decision Support Sys-
tems (DSSs), enabling a precise application of different
culture methods (Fig. 4B) (Lindblom et al. 2017). These
tools include wearable chemosensors for detecting and
monitoring VOCs (Li et al. 2021b), visible and near-
infrared (visNIR), thermal, and hyperspectral imaging
(Siedliska et al. 2018), multi-view remote imaging (Zheng
et al. 2023), and environmental and soil sensors. Straw-
berry-specific data acquisition strategies have not yet
been developed, however, especially for stationary fixed
spectral analysis chambers and in-field remote sensing
systems. Precision agriculture coupled with soil-less,
indoor cultivation may create a complete closed-cycle

production system (Hadavi and Ghazijahani 2018). The
use of light-emitting diodes (LEDs) can increase the
energy and resource use efficiency of such systems. Mod-
ulation of the light spectrum may increase crop yield and
quality (Roosta et al. 2024) and influence plant-pathogen
interactions (Correia et al. 2022), but the effects of these
cultivation techniques and LED lighting on the assembly,
structure, and functionality of the strawberry microbi-
ome has not been yet fully elucidated.

Epigenetic modulation of strawberry

RNA profiling (sSRNA-omic and transcriptomic analyses)
in susceptible vs. resistant strawberry cultivars is a novel
approach allowing the development of sRNA through
the identification of highly relevant sRNA effectors
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and their target genes (Koch and Wassenegger 2021).
Understanding epigenetic changes in response to infec-
tion will identify differentially methylated genes. This is
essential for epigenetics-based protection strategies that
use approaches such as epigenetic editing (EpiEdit) and
CRISPR-Cas9-modified EpiEdit systems. Once these
tools are developed, RNA-directed host gene modula-
tions may be achieved by spraying with non-coding (e.g.,
dsRNA, siRNA) or coding (e.g., mRNA, circRNA) RNAs
(Fig. 4C) (Hofle et al. 2020). In the future, such new con-
trol tools may be integrated into a precise application
system based on plant sensors & XIA-generated DSS.

Genetic improvement

The modern cultivated strawberry, FragariaXannana-
ssa, was generated less than 300 years ago by hybridizing
Fragaria virginiana with Fragaria chiloensis. Strawberry
resistance is mostly polygenic and quantitatively inher-
ited, which makes it difficult to associate molecular
markers with disease resistance genes against the main
pathogens and/or abiotic stressors. The development
of a new strawberry cultivar typically involves a lengthy
breeding process and requires multiple years of hybridi-
zation and phenotypic selection. The accelerating pace
of climate change thus creates a temporal mismatch
with the timeframes needed for cultivar development.
This misalignment significantly complicates the iden-
tification and selection of key agronomic and adaptive
traits, thereby hindering the formulation of effective and
climate-resilient breeding strategies. Furthermore, the
octoploid genome of strawberry poses substantial chal-
lenges for the development and use of molecular markers
for marker-assisted selection.

Microbial-driven breeding may help to overcome the
problems facing traditional breeding programs (Fig. 4A).
The “Plant Social Networking System” (pSNS) model
(Sharifi and Ryu 2021; Park and Ryu 2021) suggests the
existence of an unwired/wired plant—plant and plant—
microbiome network, and also triggers/determinants to
adjust defense responses to stressors. Crop plants may
have lost some of their communication abilities during
domestication and in breeding programs (Soldan et al.
2021). The development of novel tools to modulate plant
traits to enable recruitment of beneficial microorganisms
or to dissuade pathogens is thus a goal for strawberry
breeding programs over the coming decades. Improv-
ing the strawberry microbiome via genetic modulation
of the host plant must be achieved to enable plant-driven
enrichment of beneficial microbial communities (Clouse
and Wagner 2021).
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Impact of strawberry holobiomes on the human gut
microbiome

Fruit and vegetables have long been recognized as
sources of nutrients and bioactive compounds; however,
they also serve as important reservoirs of diverse micro-
bial communities. Despite this, the potential impact of
plant-derived microbes on the human gut microbiome
has long been overlooked. Microbes on fruits and veg-
etables can be transmitted to the human gut and persist
there at detectable levels (Wicaksono et al. 2023). This
study reconstructed 314 high-quality, non-redundant
metagenome-assembled genomes (MAGs) from 156
fruit and vegetable metagenomes and mapped these to
2,426 human gut metagenomic datasets. Bacteria associ-
ated with fruit and vegetables were consistently present
in the human gut microbiota, albeit at low relative abun-
dance (0.003 to 3.6%). Microbial diversity and abundance
increased over the weaning period (1-12 months of age),
suggesting that plant-derived microbes were actively
transferred to the gut during the early stages of solid food
introduction.

Furthermore, the frequency and diversity of vegetable
consumption was positively correlated with the detection
rate and abundance of plant-associated MAGs, indicating
that diet played a key role in mediating the integration of
plant-derived microbes into the gut ecosystem. Notably,
bacterial genera commonly found in strawberry fruit,
such as Pseudomonas, Sphingomonas, and Methylobac-
terium, are also reported in the human gut, suggesting
that strawberry-associated microbes influence gut micro-
bial composition, either transiently or via colonization.
The functional roles of these microbes in the gut remain
poorly understood. These findings shift the paradigm
from a purely nutrient-based view of food-microbiome
interactions toward a new ecological perspective that
considers the role of the food-borne microbes themselves
(Fig. 4D).

Conclusion

Strawberry is a popular fruit found on dining tables
across the world. Strawberry production faces many new
challenges, even as consumer requirements for quantity
and quality increase sharply year on year. Climate change
has had a major impact on strawberry cultivation, as on
other crop plants. In addition, consumers and famers are
increasing their demands for safe agriproducts because
of the harmful side-effects of chemical control methods.
Recent amplicon sequencing-based metagenomic analy-
ses have advanced our understanding of the strawberry
holobiome. Despite this, our knowledge of holobiome
functionality and its application to agriculture remains at
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an early stage. We believe now is the right time to shift
our viewpoint beyond single microbial preparations. In
particular, strawberries should no longer be regarded
solely as sources of nutrients and bioactive compounds,
but also as ecologically meaningful microbial carriers.
Future research is needed to determine whether straw-
berry-associated microbiota can colonize the human gut
stably, modulate host physiology, and interact with the
resident gut microbiota.
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