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Abstract 

Organic agriculture is at a crossroads, facing the dual challenge of meeting rising consumer demand 
while enhancing productivity and resilience in the absence of synthetic inputs. For decades, vegetable 
breeding for organic systems has focused on the plant genome, selecting for traits like pest resistance 
and nutrient efficiency. While successful, this plant-centric approach overlooks a critical component 
of agroecological fitness: the phytobiome. Plants are not sterile entities; they are complex holobionts, 
hosting a vast community of microbes that profoundly influence their health, nutrition, and stress 
tolerance. This perspective argues for a paradigm shift in organic vegetable breeding—from a focus 
on the plant alone to a holistic, holobiont-aware approach. We posit that the next leap in organic 
productivity will come from breeding vegetable varieties that actively recruit and sustain beneficial 
microbial partnerships. This article deconstructs the unique microbial landscape of organic farms, 
outlines the key functions the phytobiome provides—from nutrient mobilization to induced systemic 
resistance—and proposes an integrated framework for breeding "smarter," microbially-attuned 
vegetables. By merging cutting-edge 'omics' technologies with farmer-centric participatory research, 
we can design future-proof organic vegetable systems that are not just high-yielding, but also self-
regulating, resource-efficient, and truly sustainable. This requires a deep understanding of the 
holobiont, plant-microbe interactions, root exudates, and the integration of participatory breeding 
strategies for sustainable intensification. 
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1. Introduction: A Paradigm Shift for Organic Breeding 

The global appetite for organic produce has surged, driven by consumer demand for healthy 
food and environmental stewardship, transforming organic farming into a significant agricultural 
sector with worldwide organic farmland reaching 74.9 million hectares (Willer et al., 2022). However, 
this growth has exposed a fundamental challenge: organic systems often exhibit a yield gap 
compared to their conventional counterparts (Seufert et al., 2012; Ponisio et al., 2015), a gap that 
requires innovative solutions to close. The need for crop varieties specifically adapted to organic 
principles of health, ecology, fairness, and care is therefore paramount (IFOAM, 2005; Wolfe et al., 
2008). For years, the response has been to breed vegetable varieties that can thrive without synthetic 
inputs, focusing on traits like robust root systems and innate genetic resistance (Murphy et al., 2007). 

This conventional breeding approach, however, treats the plant as an autonomous organism. 
This perspective is fundamentally incomplete, as plants in all environments are complex 
superorganisms or 'holobionts'—a cohesive unit of the host plant and its associated microbiome 
(Vandenkoornhuyse et al., 2015). The hologenome concept posits that this collective entity, not the 
plant alone, is the true unit of selection in evolution (Rosenberg and Zilber-Rosenberg, 2018; Simon 
et al., 2019). This phytobiome, encompassing a vast community of microorganisms, acts as the plant's 
"second genome," performing functions the plant cannot (Turner et al., 2013; Bulgarelli et al., 2013). 
In conventional agriculture, many of these microbial functions are suppressed or replaced by 
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chemical inputs (Hacquard et al., 2015), but in organic farming, they are essential for success 
(Berendsen et al., 2012). The very foundation of an organic system depends on this hidden world of 
plant-microbe partnerships (van der Heijden and Hartmann, 2016). We argue, therefore, that the 
current paradigm of organic vegetable breeding is reaching its limit. To unlock the full potential of 
organic agriculture, we must learn to breed plants that are not just genetically superior, but are also 
master orchestrators of their microbial allies. 

2. The Organic Agroecosystem as a Unique Selective Environment 

Organic farming principles inadvertently create the ideal conditions for a thriving and 
functional phytobiome. The prohibition of synthetic inputs fundamentally alters the soil 
environment, while practices like compost application and cover crops build soil organic matter, 
serving as a rich energy source for microbial life (Lori et al., 2017). Meta-analyses have confirmed that 
organic farming enhances soil microbial abundance and activity (Mäder et al., 2002) and often 
supports greater biodiversity compared to conventional systems (Tuck et al., 2014; Pimentel et al., 
2005). This biologically-driven environment exerts strong selective pressure on plants. A variety bred 
for high-input systems may fail under organic conditions because it lacks the ability to engage with 
the soil microbiome for its needs (Richardson et al., 2009). Nutrient scarcity forces plants to "forage" 
for resources, a task greatly aided by phosphate-solubilizing bacteria and arbuscular mycorrhizal 
fungi (AMF). Without chemical pesticides, plants are more exposed to pathogens, making a robust, 
defensive microbiome and suppressive soils essential for survival (Weller et al., 2002). Furthermore, 
healthy soils rich in microbial life possess better structure, improving water retention and buffering 
plants against drought stress—a key climate resilience trait (Wright et al., 2005; Compant et al., 2010). 
The fitness of a plant in an organic system is thus inextricably linked to its ability to form beneficial 
symbioses (Lammerts van Bueren et al., 2011). The "ideal" organic vegetable is a systems-level 
phenotype that includes the plant's capacity to recruit and benefit from its microbial partners. 

3. The Phytobiome: An Untapped Resource for Trait Improvement 

Breeding for an optimized holobiont requires understanding which microbial functions are most 
critical. These microbial communities provide a suite of benefits that can be targeted as indirect 
breeding goals (Figure 1). A primary area is enhanced nutrient acquisition. The phytobiome directly 
addresses nutrient limitation, with breeding targeting plants that excel at partnerships with key 
microbial groups, including free-living nitrogen-fixing bacteria that can supply nitrogen to non-
legumes (Kuan et al., 2016), and arbuscular mycorrhizal fungi, whose vast hyphal networks are 
extensions of the root system for phosphorus and water uptake (Smith and Read, 2008; Bonfante and 
Genre, 2010). This is complemented by phosphate-solubilizing microbes that unlock bound 
phosphorus in the soil (Alori et al., 2017). 
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Figure 1. The Organic Vegetable Holobiont and its Key Functions. A schematic of the vegetable phytobiome, 
highlighting the ecosystem services provided by microbial partners in an organic context. The plant actively 
shapes its rhizosphere microbiome via root exudates. In return, microbial communities provide benefits 
including nutrient acquisition, pathogen suppression, and stress tolerance. Holobiont-aware breeding aims to 
optimize these beneficial interactions.

Beyond nutrition, the microbiome provides multi-layered biotic stress resistance. Holobiont-
aware breeding can enhance this "living shield" by selecting for plants that efficiently partner with 
competitive antagonists (Lugtenberg and Kamilova, 2009; Vinale et al., 2008). Many beneficial 
partners, such as Pseudomonas, Bacillus, and Trichoderma species, produce a wide array of 
antimicrobial compounds (Raaijmakers et al., 2002). Perhaps most elegantly, the presence of certain 
microbes can trigger Induced Systemic Resistance (ISR), priming the plant's immune system for a 
faster, stronger response to attack (Pieterse et al., 2014; Zamioudis and Pieterse, 2012). The 
phytobiome also confers abiotic stress tolerance. As climate change intensifies, microbes that produce 
stress-mitigating compounds become invaluable (Vurukonda et al., 2016). Bacteria containing the 
enzyme ACC deaminase can lower plant stress ethylene levels, promoting growth under drought 
and salinity (Glick, 2014). Finally, these interactions can improve crop quality, influencing nutritional 
content, flavor, and shelf-life (Bitas et al., 2013), analogous to the microbial "terroir" that defines wine 
quality (Gilbert et al., 2014).
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4. Root Exudates: The Language of Plant-Microbe Communication

The primary mechanism through which plants actively shape their rhizosphere microbiome is 
the secretion of root exudates. This complex cocktail of sugars, amino acids, and secondary 
metabolites is a deliberate strategy to attract and nurture specific microbial partners (Sasse et al., 
2018). It is now understood that different plant genotypes release distinct exudate profiles, creating a 
chemical fingerprint that sends a "call for partners" into the soil (Zhalnina et al., 2018). Beneficial 
microbes have evolved to recognize and utilize these specific compounds as food sources, leading to 
their proliferation near the root (Jacoby et al., 2017). This chemical dialogue is the foundation of the 
plant-microbe symbiosis and represents a powerful, yet largely untapped, target for plant breeding. 
By selecting for vegetable varieties that produce exudate profiles optimized to recruit elite nutrient-
solubilizing or disease-suppressing microbes, breeders can indirectly select for a superior holobiont. 
This moves beyond breeding for the plant in isolation and begins to breed for the partnership itself, 
targeting the very language that establishes these crucial alliances.

5. A New Breeding Paradigm: Integrating ʹOmicsʹ with On-Farm Expertise

Breeding for a plant and its microbiome requires a strategy that represents a significant evolution 
from previous approaches (Figure 2). This requires an integrated, cyclical framework that merges 
high-throughput technology with farmer-centric validation (Figure 3). The most feasible approach is 
indirect selection: breeding a better host. By using tools like metabolomics to analyze exudate profiles, 
breeders can select for plants that secrete compounds favored by beneficial partners. This process is 
accelerated by modern 'omics' technologies (Knight et al., 2018). Metagenomics allows for the rapid 
profiling of the microbial community (Mueller and Sachs, 2015), while Genome-Wide Association 
Studies (GWAS) can pinpoint the plant genes that control the recruitment of key microbes (Wallace 
et al., 2018).

Figure 2. The Evolution of Plant Breeding Paradigms for Organic Systems. A conceptual model illustrating the 
evolution of breeding strategies. (A) Classical breeding relied on phenotypic observation. (B) The molecular era 
integrated knowledge of the plant's genotype. (C) The proposed new paradigm, holobiont-aware breeding, 
treats the plant and its microbiome as a single, co-adapted unit of selection, essential for optimizing performance 
in complex organic agroecosystems.
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Figure 3. An Integrated Framework for Holobiont-Aware Vegetable Breeding. A proposed framework 
integrating participatory plant breeding with 'omics' technologies. This cyclical process begins with on-farm 
selection, which grounds the program in real-world performance. High-throughput 'omics' and bioinformatics 
dissect the basis of successful plant-microbe partnerships, creating molecular tools to accelerate the development 
of organically-adapted varieties optimized at the holobiont level.

While powerful, these lab-based tools cannot replace real-world validation. Participatory Plant 
Breeding (PPB), where farmers and researchers collaborate, is a scientifically robust approach to 
selecting for complex, system-level traits (Ceccarelli et al., 2007; Dawson et al., 2008). Farmers' holistic 
selection implicitly accounts for the performance of the entire holobiont, capturing the complex 
Genotype x Environment x Microbiome (G x E x M) interactions that lab experiments often miss 
(Busby et al., 2017). Integrating farmer knowledge with 'omics' data creates a powerful feedback loop: 
on-farm performance guides lab-based discovery, which then informs the next cycle of on-farm 
breeding and selection.

6. Challenges and Future Directions

The path to breeding for the phytobiome is not without significant hurdles. The interactions 
within the microbial community are dizzyingly complex and highly sensitive to environmental 
factors (Toju et al., 2018). Developing the sophisticated bioinformatics and statistical models required 
to analyze G x E x M interactions will demand significant interdisciplinary collaboration. A further 
challenge is ensuring that the technologies and elite varieties developed are accessible to small- and 
medium-scale organic farmers, aligning with principles of food sovereignty (Kloppenburg, 2010). 
Another area requiring intense research is the development of microbial inoculants or synthetic 
communities (SynComs) (Liu et al., 2019). While promising, ensuring the survival and efficacy of 
these inoculants in competitive native soil environments remains a major bottleneck (Kaminsky et 
al., 2019). Future work must focus on developing robust, locally-adapted microbial solutions and the 
plant genotypes best equipped to host them (Finkel et al., 2017).

7. Conclusion: Co-Evolving Crops for a Sustainable Future

The principles of organic agriculture have always implicitly relied on the health of the soil 
ecosystem. It is time for our breeding strategies to explicitly embrace this reality. The shift from a 
plant-centric to a holobiont-centric breeding paradigm represents a convergence of ecology, 
microbiology, and genetics (O'Malley, 2015), moving us towards a systems-based understanding of 
crop performance essential for sustainable intensification (Pretty, 2018). Despite the challenges, the 
potential rewards are transformative (Bakshi et al., 2022; Lozano et al., 2020). This "back-to-nature" 
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breeding approach is not science fiction (Palmgren et al., 2015); it is the logical next step in our co-
evolutionary journey with the plants that feed us. By breeding for the holobiont, we can create organic 
vegetable systems that are more productive, resilient, and better aligned with the ecological 
principles on which they were founded, contributing to a more sustainable and food-secure future. 
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