


Minireview Article

Is There Truly a Hidden Diversity of Environmental Yeasts—and Can In Situ Cultivation Help Reveal It?


Abstract
Yeasts are widespread fungi occurring across soils, decaying wood, plant tissues, aquatic systems, insects, and host-associated habitats, where they contribute to decomposition, nutrient fluxes, and chemically mediated interactions. Yet, whether environmental yeasts harbor a “hidden diversity” comparable in magnitude to the broader fungal “dark taxa” signal remains debated. A key complication is conceptual and methodological: “yeast” is a growth form and life strategy rather than a barcode category, and most high-throughput sequencing (HTS) surveys (commonly ITS-based) do not identify growth forms at the sequencing step. Thus, fungal dark-taxa patterns cannot be automatically translated into yeast-specific conclusions without yeast-focused analyses and recovery experiments. This minireview revisits the hidden-yeast question by synthesizing methodological and ecological drivers that shape observed yeast inventories, including sampling design and microhabitat heterogeneity, primer/reference bias and marker resolution limits, low-abundance dynamics and competitive suppression during isolation, and cryptic physiological states such as viable-but-nonculturable (VBNC)-like behavior. Recent yeast-centered re-analyses of global datasets illustrate both promise and caution: yeast signals can be a small fraction of broad fungal inventories and many operational taxonomic units remain unresolved at species level, reflecting reference gaps and marker constraints rather than true absence. We argue that progress requires moving beyond sequence-first inference toward designed recovery tests that manipulate the early growth context. In situ cultivation and microhabitat-mimicking devices—adapted to yeast cell sizes, diffusion needs, and matrix constraints—offer a realistic path to reduce the detection–recovery gap in substrates where yeasts are rare, stressed, or interaction-dependent (e.g., soil microaggregates, decaying wood, plant tissues, marine sediments). When integrated with culture-assisted omics, shotgun metagenomics, and data-driven prioritization, these approaches can refine biodiversity assessments and accelerate the recovery of novel taxa and functions while clarifying how much “hidden” diversity reflects biology versus methodology.	Comment by ahmed: Center text	Comment by ahmed: Starting distance of paragraph
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Introduction
Environmental yeasts have long been recognized as widely distributed and ecologically versatile fungi. They inhabit soils, plant surfaces, decaying wood, aquatic systems, insect-associated niches, and extreme environments, where they contribute to decomposition, nutrient turnover, and microbially mediated chemical interactions (Kurtzman et al., 2011; Botha, 2011; Brysch-Herzberg et al., 2004; Fell, 2011; Boekhout et al., 2022). At the same time, contemporary high-throughput sequencing (HTS) continues to expand the perceived scope of fungal diversity, repeatedly yielding sequence-defined lineages that lack cultured representatives or formal taxonomic placement (Blackwell, 2011; Hyde et al., 2022; Abarenkov et al., 2024). These observations fuel the broader “fungal dark taxa” framing and sharpen the central question considered here: is there truly a hidden diversity of environmental yeasts, and if so, what mechanisms—ecological or methodological—explain its apparent invisibility?	Comment by ahmed: Center text	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
A critical nuance is definitional. In practical ecological usage, “yeasts” are often described as unicellular fungi; however, yeast is primarily a growth form rather than a monophyletic unit. Multiple lineages include species that grow predominantly as single cells, species that are dimorphic (switching between yeast-like and filamentous states), and filamentous fungi that can adopt yeast-like morphologies under specific conditions (e.g., thermally dimorphic pathogens). This morphological plasticity reinforces the methodological point that community HTS workflows do not distinguish “yeast versus filamentous” at the sequencing step. “Yeast” is not a barcode category; downstream attribution depends on taxonomic classification, reference database coverage, and imperfect links between detected lineages and growth form or life history (Abarenkov et al., 2024; Boekhout et al., 2022).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
For this reason, general claims about fungal “dark matter” cannot, by themselves, establish hidden diversity specifically among yeasts. Broad fungal metabarcoding detects fungal sequences, and any inference that “many of these are yeasts” must be grounded in lineage-aware annotation and yeast-focused benchmarking. The hidden-yeast question is therefore best treated as an empirical problem: under what conditions do yeast-focused surveys and recovery pipelines produce a consistent detection–recovery gap that remains after controlling for sampling depth, marker/reference bias, and viability uncertainty?	Comment by ahmed: Starting distance of paragraph
Several arguments nonetheless support the plausibility of yeast underestimation. First, yeasts can be low-abundance members within communities dominated by bacteria and filamentous fungi, amplifying stochastic detection effects and complicating isolation (Fierer, 2017; Boekhout et al., 2022). Second, conventional culture media may fail to reproduce the nutritional and physicochemical constraints of many microhabitats, particularly in substrates with narrow substrate chemistry, inhibitory compounds, fluctuating osmolarity, or strong diffusion gradients (Botha, 2011; Díaz et al., 2020). Third, yeast populations may enter cryptic physiological states—including VBNC-like or low-culturability forms—under stress, reducing colony formation on standard media despite retained viability markers (Xie et al., 2021; Salma et al., 2013; Xiao et al., 2025). Finally, the taxonomic and ecological breadth of yeasts continues to expand, with structured syntheses emphasizing ongoing discovery, persistent reference gaps, and the need for ecology-informed recovery strategies (Boekhout et al., 2022).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
Conversely, caution remains warranted when interpreting sequencing–cultivation gaps. Amplicon-based surveys can be influenced by primer bias, variable rDNA copy numbers, incomplete reference databases, and detection of relic or transient DNA, so sequence abundance does not necessarily map to viable biomass or ecological activity at the time of sampling (Abarenkov et al., 2024; Boekhout et al., 2022). Activity-proximal approaches—such as RNA-based profiling, metabolomics, and culture-assisted frameworks—can therefore help connect barcode-defined diversity to cultivation priorities, especially in low-biomass or highly heterogeneous habitats where methodological bias is amplified (Fierer, 2017).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold
Methodological innovation is also narrowing the gap between sequence-first discovery and culture-first validation. Single-cell and low-input genomics can recover genomes from previously inaccessible fungal lineages, improving marker design and enabling cultivation hypotheses grounded in genomic inference (Ahrendt et al., 2018). Parallel advances in omics-guided cultivation emphasize that conditions can be rationally informed by habitat chemistry, community context, and genomic signals rather than standardized laboratory media alone (Zhang et al., 2024). In yeast-specific contexts, the emergence of dedicated discussions around yeast metagenomics and analytical challenges further underscores both the opportunity and complexity of making yeast biodiversity claims from sequence data alone (Renzi et al., 2023; Péter et al., 2023).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
Is there truly a hidden yeast diversity? What culture-independent signals can—and cannot—tell us
A common shortcut in the “dark taxa” discussion is to move from “sequencing reveals many unnamed fungi” to “there must be similarly vast hidden diversity among yeasts.” That jump is not logically safe. Broad fungal metabarcoding does not directly encode morphology or growth form, and many “uncultured fungus” assignments reflect reference gaps and classifier uncertainty rather than yeast-specific under-sampling (Abarenkov et al., 2024; Boekhout et al., 2022). Culture-independent surveys are therefore best treated as evidence that fungal diversity is under-resolved overall—not as yeast-specific proof.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
At the same time, yeast-focused re-analyses illustrate why the hidden-yeast question remains plausible and testable. In global soil datasets, yeasts can represent only a small fraction of OTUs classified across taxonomic ranks, and a large share of yeast-associated OTUs may remain unresolved at the species level even after reclassification with curated yeast barcode resources. In one such yeast-centered assessment, the majority of yeast OTUs were not identified to species level and the authors argued that a substantial portion of soil yeast diversity remains undescribed under conservative assumptions (Boekhout et al., 2022). These patterns underscore a methodological reality: yeast signals can be diluted in broad fungal surveys, while reference gaps and marker constraints can inflate “unknown” categories in ways that are not uniquely yeast-driven.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Marker resolution further complicates inference. Even within yeast-focused datasets, a non-trivial fraction of yeast species can be indistinguishable by ITS2, and lineage-specific similarity thresholds are recommended over arbitrary global cutoffs; taxonomy should be supported by ecology, genetics, and physiology rather than sequence similarity alone (Boekhout et al., 2022). As a result, the presence of many unassigned OTUs can reflect a mixture of missing references, marker limits, artifacts, and genuinely novel taxa.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Even so, culture-independent data remain highly informative when used to guide recovery rather than to substitute for it. First, in settings where yeasts plausibly dominate functional processes—such as fermentations or yeast-enriched fractions—culture-independent profiling can provide yeast-proximal community signals and reveal taxa that routine isolation misses (Ercolini, 2004; Sun et al., 2014; Mendoza et al., 2017; Sha et al., 2018; Li et al., 2019). Second, when culture-dependent and culture-independent methods are applied side-by-side to the same samples, the direction of disagreement—what is repeatedly detected but not recovered—can guide recovery experiments that test whether low abundance, slow growth, competition, missing cues, or VBNC-like physiology plausibly explain the gap (Boekhout et al., 2022; Zhang et al., 2024).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
Fermentation studies illustrate this logic clearly because yeasts are central functional players and communities can be enriched for yeast-forming taxa by process conditions. In wine-associated environments, culture-independent profiling has been used to argue that a more complete picture of yeast assemblages emerges even when culturing is performed in parallel (Ercolini, 2004; Sun et al., 2014). In traditional maize-based fermentations such as chicha, HTS inferred substantial yeast richness while culturing recovered only a subset, emphasizing a sequencing–cultivation asymmetry under real-world conditions (Mendoza et al., 2017). Similar disparities have been described in other starter systems, where routine plating preferentially recovers fast-growing or medium-tolerant taxa and underdetects low-abundance or slow-recovering members (Sha et al., 2018; Li et al., 2019).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
Natural substrates are more challenging because broad community sequencing captures fungi across growth forms and yeast signals can be diluted by filamentous fungi and bacteria. Nonetheless, yeast recovery from soils remains strongly shaped by habitat and geography, and ecological syntheses emphasize that microhabitat heterogeneity and sampling design can dominate observed community patterns (Xu et al., 2018; Fierer, 2017; Boekhout et al., 2022). In such settings, the most defensible inference is modest but actionable: when yeast-proximal signals and yeast-focused re-annotation consistently suggest lineages that could plausibly include yeast-forming taxa, yet cultivation systematically yields only a narrow subset, the detection–recovery gap becomes a rational target for experimental reduction rather than a claim to be asserted.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
Shotgun metagenomics provides a complementary angle by recovering functional gene content and, in favorable cases, genome fragments that can support cultivation hypotheses and trait inference even when marker-based classification is ambiguous. Yeast-focused discussions of metagenomic analysis emphasize both potential and analytical challenges for eukaryotic microbiomes, reinforcing that sequence-first approaches are powerful but not a substitute for isolates when taxonomy, phenotype, and physiology must be validated (Ahrendt et al., 2018; Renzi et al., 2023). A pragmatic culture-assisted omics view is therefore warranted: sequence-based signals guide where and how to search, while recovery provides the material needed to confirm novelty, test physiology, and connect biodiversity to function.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
Yeast ecology: microhabitats, competition, and VBNC-like states
If hidden yeast diversity exists in a given habitat, ecology provides parsimonious reasons for why recovery is difficult. Yeast communities are shaped by substrate availability, seasonal flux, dispersal vectors, and interactions with bacteria and filamentous fungi; many substrates impose strong microenvironmental gradients that are poorly reproduced by standard laboratory media (Botha, 2011; Díaz et al., 2020; Fierer, 2017; Boekhout et al., 2022). Some yeast species appear to be generalists capable of utilizing broad carbon spectra, whereas others show microhabitat-linked specialization that can translate into narrow growth windows in vitro (Botha, 2011; Boekhout et al., 2022). This microhabitat logic is especially relevant for decaying wood, soil microaggregates, and plant tissues, where diffusion constraints, inhibitory chemistry, and intimate microbial interactions can determine whether cells are actively dividing, dormant, or physiologically stalled at the time of sampling.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
Competition is a persistent, often underappreciated contributor to “missing” yeasts in routine isolation. Even when viable yeast cells are present, fast-growing fungi or bacteria can suppress colony formation or mask rare morphotypes, and standard incubation windows may be too short for slow outgrowth. This is one reason why expanded incubation times and diversified media panels can increase recovery even without sophisticated devices, especially when the goal is to reduce competitive exclusion and allow slow-growing taxa to emerge (Ercolini, 2004; Sha et al., 2018).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
One important factor that may further obscure yeast diversity is VBNC-like behavior. While VBNC has been extensively developed in bacterial systems, yeast VBNC frameworks have gained attention as evidence accumulates that stress can induce nonculturable or low-culturability states in multiple yeast contexts. Experimental work has documented VBNC-like behavior in yeasts under defined stressors, and broader syntheses highlight implications for detection, surveillance, and recovery (Salma et al., 2013; Xie et al., 2021; Xiao et al., 2025). Cells in such states may retain membrane integrity and metabolic activity yet fail to form colonies under routine conditions, creating both a surveillance problem and a biodiversity discovery problem: viable cells may be present but operationally invisible to standard plating (Xiao et al., 2025). At the same time, the yeast VBNC concept carries limitations and heterogeneity across taxa and conditions; operational definitions and resuscitation requirements may differ from classic bacterial frameworks, and recovery success may depend on staged transitions and appropriate cues rather than a single resuscitation switch.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
VBNC-like behavior is not the only explanation for apparent uncultivability. Some yeasts may require specific symbiotic interactions or growth factors provided by other microorganisms, including vitamins, siderophores, lipids, or signaling molecules absent in axenic media (Botha, 2011; Fierer, 2017; Boekhout et al., 2022). A particularly illustrative example is the genus Malassezia: many species are lipid-dependent and can be difficult to isolate in axenic culture without appropriate lipid supplementation. These examples emphasize that “no colonies” can reflect multiple hidden layers—rare cells, slow recovery, competition, missing cues, or VBNC-like physiology—rather than a single barrier.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Within this landscape, it is useful to distinguish at least three operational contributors to apparent “uncultivability”: taxa that are cultivable in principle but are missed because laboratory conditions poorly match their nutritional, physicochemical, or biotic requirements; taxa that enter VBNC-like or low-activity states under stress, requiring resuscitation cues or extended recovery periods; and taxa that are detectable primarily through environmental DNA, including potentially inactive or transient signatures (Abarenkov et al., 2024; Boekhout et al., 2022; Xiao et al., 2025). Making these distinctions explicit aligns sequencing inventories with realistic recovery strategies and mitigates overinterpretation of sequencing–cultivation gaps.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: and scape	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic
Why recovery matters: functional, biotechnological, and clinical motivations
The hidden-yeast discussion is not purely taxonomic. Recovering isolates is essential because function, physiology, and ecological roles are often not inferable with confidence from markers alone—especially under reference gaps, ambiguous growth-form inference, and uncertain viability. From an ecological perspective, yeast isolates enable mechanistic tests of microhabitat specialization, stress tolerance, dispersal strategies, and interactions with bacteria and filamentous fungi that shape community structure in soils, wood, and plant tissues (Botha, 2011; Díaz et al., 2020; Fierer, 2017; Boekhout et al., 2022). They also enable direct mapping between genotype and phenotype, including substrate utilization spectra, growth constraints, and interaction dependencies.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
Biotechnologically, environmental yeasts remain a reservoir of metabolic novelty. Yeasts contribute to industrial fermentation, enzyme production, lipid accumulation, and biotransformations, and the expansion of nonconventional yeast platforms continues to broaden metabolic space for biofuels, biosurfactants, and high-value chemicals (Botha, 2011; Ledesma-Amaro & Nicaud, 2016). Importantly, many traits of applied interest—stress resilience, unusual carbon utilization, bioconversion pathways, and secretion profiles—require cultivation and experimental validation. This is particularly true for rare biosphere candidates that may not dominate sequence libraries but can hold high-value phenotypes once isolated.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold
Yeast functional diversity is also relevant to chemical ecology and cross-kingdom interactions. Yeast-produced metabolites and volatiles can shape insect behavior, feeding, and dispersal, illustrating that yeast traits can structure ecological networks that are rarely captured by cultivation-limited inventories (Becher et al., 2012; Starmer & Lachance, 2001). Recovering isolates is often the only route to experimentally validate such interactions and to link ecological function to specific taxa and metabolites.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Clinically, yeast recovery has direct translational value. Yeasts include commensals, opportunists, and lineages capable of severe disease; accurate detection and recovery support surveillance, antifungal susceptibility testing, and mechanistic follow-up. The World Health Organization has highlighted fungal priority pathogens, underscoring the urgency of fungal disease surveillance and research capacity (World Health Organization, 2022). Modern diagnostics increasingly use molecular approaches, improving sensitivity but also generating scenarios where signatures are detected without cultures, complicating isolate-based susceptibility testing and clinical interpretation (Kidd et al., 2020). Environmental reservoirs and exposure pathways remain relevant to the emergence and spread of pathogenic yeasts; Cryptococcus gattii is often cited as an environmentally associated lineage capable of disease in immunocompetent hosts, underscoring that environmental yeast ecology can have clinical relevance (Chen et al., 2014).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold
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Finally, omics and metagenomics deepen the motivation for recovery rather than replacing it. Shotgun metagenomics can reveal functional potential and, in some cases, genome fragments associated with yeast lineages, but analytical challenges for eukaryotic microbiomes remain substantial and many predictions require cultivation for validation (Ahrendt et al., 2018; Renzi et al., 2023). In short, recovery is the bridge between “signals” and “knowledge”: it enables taxonomy, physiology, ecological tests, and translational exploitation.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
In situ cultivation: a prospective avenue?
In situ cultivation refers to strategies that allow microorganisms to grow within or close to their natural environment while still enabling physical recovery. For bacteria, in situ devices such as diffusion chambers, iChip, and other microhabitat-mimicking systems have expanded cultivation success by enabling access to natural nutrients and signaling factors under constrained, retrievable conditions (Bollmann et al., 2007; Berdy et al., 2017; Nichols et al., 2010). Similar approaches are increasingly considered for fungi and yeasts, based on the rationale that many difficult-to-culture taxa fail in vitro because key environmental cues are absent rather than because growth is impossible.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: FiChip	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic
For yeasts, the translation is promising but not plug-and-play. Yeast cell sizes, budding morphologies, and the physical properties of solid matrices (wood fibers, soil aggregates) impose design constraints on pore sizes, membranes, and chamber geometries. Devices developed for bacteria may introduce biases: membrane cutoffs, diffusion distances, and microcompartment dimensions can preferentially support certain cell sizes or growth rates, potentially underrepresenting larger or slower-growing eukaryotic cells if not adapted. Thus, yeast-facing designs should explicitly consider membrane pore size, antifouling behavior, and microcompartment dimensions to maintain diffusion while preventing washout or ingress of competing hyphae and fast-growing bacteria.	Comment by ahmed: Starting distance of paragraph
In situ cultivation may be particularly valuable in substrates such as decaying wood, soil microaggregates, and plant tissues, where cells may exist in structured microhabitats and interact with complex consortia (Botha, 2011; Díaz et al., 2020). In situ incubation can provide environmental cues while maintaining containment and retrievability, and it may support gradual resuscitation dynamics for low-activity or VBNC-like cells when the transition from habitat to laboratory is staged rather than abrupt (Bollmann et al., 2007; Berdy et al., 2017; Xiao et al., 2025). Beyond physical devices, in situ cultivation can be paired with culturomics logic—systematic screening of incubation regimes and media—implemented in microstructured formats that better approximate microhabitat constraints.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic
Recent culturomics developments illustrate how device engineering and iterative condition screening can expand fungal recovery from complex environments. A fungal isolation chip (FiChip) applied to mangrove sediments enabled high-throughput recovery of diverse isolates and reported multiple taxa new to science, underscoring the value of microstructured platforms for matching microhabitat-like growth constraints while maintaining scalability (Li et al., 2023). At the same time, chip-based approaches can face practical limits when translated to solid, heterogeneous matrices such as decaying wood or compacted soils: insertion and retrieval can disrupt microstructure, diffusion fields may be anisotropic, and chamber clogging or biofouling can reduce effective exchange. These constraints do not negate value but motivate matrix-aware device adaptations and careful controls.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Integrating in situ cultivation with modern culture-assisted omics offers a pragmatic path to triangulate diversity, function, and recovery. Genomic and community signals can guide media composition and co-culture hypotheses, while recovery outputs provide the material required for taxonomy, physiology, and mechanistic validation (Ahrendt et al., 2018; Zhang et al., 2024; Renzi et al., 2023).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic
Suggested in situ cultivation approach to test whether recovery expands yeast diversity
A practical way to operationalize the in situ argument is to treat it explicitly as a recovery experiment designed to measure whether microhabitat-faithful incubation increases the breadth of cultivable yeasts relative to direct plating. The core idea is to keep sampling constant while changing the early growth context. The same source material can be split into a conventional culture arm and an in situ arm, so that any gain can be interpreted as a recovery effect rather than a sampling artifact.	Comment by ahmed: Starting distance of paragraph
In the in situ arm, retrievable microchambers (diffusion-chamber–like devices or chip-based compartments) can be inoculated with diluted or fractionated material and incubated within the target microhabitat—embedded in soil, inserted into decaying wood, placed in the rhizosphere, or positioned in marine sediment—so that cells experience native diffusible nutrients and signaling molecules while being physically contained (Bollmann et al., 2007; Berdy et al., 2017; Nichols et al., 2010). For yeasts, device parameters should be tuned to cell size and matrix properties: membrane pore size should allow small-molecule diffusion while minimizing intrusion by hyphae and limiting bacterial overgrowth; compartment volumes and geometries should accommodate yeast budding and microcolony formation; and retrieval should minimize contamination while preserving microcolonies.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic
Controls are essential for interpretability. Negative device controls (sterile chambers deployed and retrieved alongside inoculated units) should be included to monitor environmental contamination during deployment and recovery. In addition, matrix controls (devices incubated in the environment but physically isolated from direct contact, when feasible) can help separate the effect of diffusible cues from effects of matrix colonization. To address competition within microchambers—still possible even in situ—dilution-to-extinction inocula, selective antifungal/antibacterial supplements in staged transfers, and multiple incubation windows can be used to reduce dominance by fast-growing taxa while preserving yeast recovery potential (Ercolini, 2004; Sha et al., 2018). Where VBNC-like states are suspected, gradual soft-landing transfers through low-nutrient or habitat-informed media before richer formulations may reduce abrupt osmotic and chemical shifts and permit gradual re-entry into growth (Xie et al., 2021; Xiao et al., 2025). Lipid supplementation can be explicitly considered in protocols targeting lipid-dependent lineages (e.g., Malassezia) or other physiologically constrained taxa (Boekhout et al., 2022).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
In parallel, the conventional arm can apply a small but diverse media panel and longer incubation windows than typical yeast isolation protocols, explicitly aiming to reduce competitive exclusion and allow slow outgrowth. The point is not to create a weak control, but a reasonable baseline representing a careful modern isolation effort without in situ incubation. Both arms can then be evaluated by sequencing recovered isolates and comparing taxonomic breadth and novelty across arms, while interpreting amplicon data conservatively as a community context map rather than yeast-specific proof (Abarenkov et al., 2024; Boekhout et al., 2022). Where resources allow, shotgun metagenomics or targeted genome recovery can add functional context and help prioritize lineages for cultivation optimization, while recognizing analytic constraints for eukaryotic microbiomes (Ahrendt et al., 2018; Renzi et al., 2023).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic
If the in situ arm repeatedly yields isolates absent from direct plating—especially from substrates where yeasts are expected to be low-abundance, stressed, or interaction-dependent—this would provide direct evidence that recovery constraints contribute to the apparent gap in those habitats. Conversely, if gains are modest, the experiment still clarifies which constraints dominate (sampling depth, marker limits, reference gaps, competition, or physiology) and helps refine both yeast biodiversity claims and practical recovery pipelines. Finally, scalability and logistics should be discussed explicitly: deploying device arrays in remote or under-resourced settings may introduce cost and handling constraints. Lightweight, reusable formats and simplified retrieval workflows are therefore crucial for field realism and broad adoption.	Comment by ahmed: Starting distance of paragraph
Conclusion
The question of hidden yeast diversity remains nuanced. HTS surveys strongly support that fungal diversity is vast and includes many taxa without cultured representatives, but the extent to which this general dark-taxa signal applies to yeasts is constrained by taxonomy, database completeness, marker resolution limits, and the fact that sequencing signals do not necessarily imply viable, active organisms at the time of sampling (Blackwell, 2011; Hyde et al., 2022; Abarenkov et al., 2024; Boekhout et al., 2022). Broad metabarcoding does not inherently distinguish yeasts from filamentous fungi, so “hidden yeast diversity” cannot be claimed on sequencing alone.	Comment by ahmed: Center text	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic
Nonetheless, substantial underestimation of environmental yeasts is plausible due to sampling bias, microhabitat specificity, competitive suppression during isolation, VBNC-like physiology, and protocol limitations that fail to reproduce habitat constraints (Botha, 2011; Díaz et al., 2020; Salma et al., 2013; Xie et al., 2021; Xiao et al., 2025; Boekhout et al., 2022). Yeast diversity in underexplored substrates and heterogeneous matrices is therefore likely not fully characterized, and recovery-focused strategies are essential to connect sequence-defined diversity to cultivable material. Accordingly, the search for hidden yeast diversity should evolve from sequencing-driven inference toward intelligently designed recovery experiments, in which in situ cultivation and omics-guided condition design are applied in tandem within prioritized microhabitats—explicitly testing when “missing” yeasts reflect biology (stress states, dependencies, rarity) versus methodology (markers, references, competition, and sampling structure).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic	Comment by ahmed: Italic
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