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

Abstract
High-throughput sequencing (HTS) has revealed widespread signals of unknown fungal taxa across diverse environments. However, interpreting these signals as hidden yeast diversity requires cautious, lineage-aware scrutiny. Several factors motivate this caution: broad surveys often do not distinguish yeasts from filamentous fungi; reference databases remain incomplete for many yeast lineages; marker resolution varies among clades; and DNA sequences may derive from inactive or dead cells at the time of sampling. At the same time, culture-dependent methods typically recover only a fraction of the yeasts anticipated in complex habitats. This shortfall may reflect both biological constraints and laboratory approaches that fail to reproduce the natural nutritional and chemical contexts needed for yeast growth. In certain microhabitats, yeasts may rely on scarce micronutrients, lipid sources, or diffusible signals that are absent or greatly diluted in standard laboratory media. This mini-review evaluates current evidence behind discussions of hidden yeast diversity and argues that the hypothesis is empirically testable through targeted cultivation strategies that modify early growth conditions. Diffusion-based microchambers—originally developed for bacteria (e.g., iChip-like formats)—may be adaptable to yeasts, provided yeast-specific parameters are addressed, including membrane pore size selection, diffusion performance, invasion risk from filamentous fungi, and selective post-recovery workflows. These ideas have not yet been tested by the present author due to technical and resource constraints, but they appear sufficiently grounded to justify careful pilot evaluation. When combined with culture-integrated genomics, feasible shotgun metagenomics, and conservative interpretation of sequencing results, such approaches may help clarify whether a meaningful fraction of yeast diversity is presently “hidden” mainly due to recovery constraints. Beyond diversity assessment, improved isolation may also reveal yeast metabolic pathways, ecologically significant traits, and compounds with potential bioactive or industrial relevance that short amplicon datasets alone cannot substantiate.
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Introduction
Environmental yeasts are widely distributed and ecologically versatile fungi. They occur in soils, plant surfaces, decaying wood, aquatic systems, insect-associated niches, and host-associated habitats, where they contribute to decomposition, nutrient turnover, and microbially mediated chemical interactions (Kurtzman et al., 2011; Botha, 2011; Brysch-Herzberg, 2004; Fell, 2012; Boekhout et al., 2022). In parallel, HTS continues to expand the perceived scope of fungal diversity, frequently yielding sequence-defined lineages that lack cultured representatives or stable taxonomic placement (Blackwell, 2011; Hyde, 2022; Nilsson et al., 2019; Abarenkov et al., 2024). These observations motivate “fungal dark taxa” framings and sharpen the question explored here: is there truly a hidden diversity of environmental yeasts, and if so, what ecological or methodological factors account for its apparent invisibility?
A key nuance is definitional. In ecological usage, “yeasts” are often described as unicellular fungi, but yeast is primarily a growth form rather than a monophyletic unit. Multiple lineages include primarily unicellular species, dimorphic species that switch between yeast-like and filamentous states, and filamentous fungi that can adopt yeast-like morphologies under particular conditions (including thermally dimorphic pathogens). This plasticity reinforces a methodological constraint: routine community HTS workflows do not encode “yeast versus filamentous” at the sequencing step. Any downstream attribution depends on taxonomy, reference coverage, and imperfect links between detected lineages and growth form or life history (Nilsson et al., 2019; Abarenkov et al., 2024; Boekhout et al., 2022). Accordingly, this review treats “hidden yeast diversity” as a nuanced, testable hypothesis shaped by sampling design and microhabitat heterogeneity, primer/reference bias and marker limits, low-abundance dynamics and competitive suppression during isolation, and cryptic physiological states such as VBNC-like behavior.

From fungal dark taxa to yeast-specific inferences
HTS surveys strongly support that fungal diversity is vast and that many sequence clusters do not map cleanly to named taxa in current reference libraries (Nilsson et al., 2019; Abarenkov et al., 2024). Still, several steps separate a general fungal dark-taxa signal from a yeast-specific inference.
First, broad metabarcoding does not inherently distinguish yeasts from filamentous fungi. In soils, litter, and decaying plant matter, internal transcribed spacer (ITS) amplicons derived from hyphae-dominant taxa can dominate read pools even where yeasts are present (Gardes & Bruns, 1993; Schoch et al., 2012; Nilsson et al., 2019). Second, marker performance varies across clades. ITS works well for many yeasts but is insufficient for others, while alternative loci—large subunit ribosomal RNA gene (LSU), translation elongation factor 1-alpha (TEF1), and RNA polymerase II subunits 1 and 2 (RPB1/2)—are unevenly represented in databases and less frequently used in routine community surveys (Kurtzman et al., 2011; Schoch et al., 2012; Nilsson et al., 2019). Third, database completeness is uneven: environmental yeast diversity is not curated as systematically as clinically prominent lineages, increasing uncertainty and the frequency of “unknown” bins (Kõljalg et al., 2013; Nilsson et al., 2019; Abarenkov et al., 2024). Fourth, sequencing reads do not necessarily imply viability or activity at the time of sampling, as relic DNA, dormant cells, spores, or transient propagules can contribute to signal (Carini et al., 2017; Fierer, 2017).
These constraints do not negate the possibility of hidden yeast diversity, but they require cautious framing. A defensible position is that HTS reveals extensive fungal sequence diversity, including lineages without cultivated representatives, yet yeast-specific inference remains bounded by growth-form ambiguity, marker and database limits, and the viability gap between DNA reads and living cells (Nilsson et al., 2019; Kidd et al., 2020; Boekhout et al., 2022). Broad fungal metabarcoding detects fungal sequences; claims that “many of these are yeasts” require lineage-aware annotation and yeast-focused benchmarking.

What culture-independent signals can—and cannot—tell us
Building on the dark-taxa context, it is important to distinguish what culture-independent data can robustly support from what they cannot. A common rhetorical shortcut moves from “sequencing reveals many unnamed fungi” to “there must be vast hidden yeast diversity.” That leap is not logically secure. Broad metabarcoding does not encode morphology or growth form, and “uncultured fungus” assignments often reflect reference gaps, classifier uncertainty, or limited marker resolution rather than yeast-specific undersampling (Abarenkov et al., 2024; Boekhout et al., 2022). Thus, culture-independent surveys are best interpreted as evidence that fungal diversity remains under-resolved overall, not as direct proof of a yeast-specific hidden reservoir.
At the same time, yeast-focused syntheses and re-analyses keep the question plausible and empirically tractable. In global soils, yeasts often constitute a small fraction of fungal inventories, and even with curated re-annotation many yeast-affiliated sequence signals remain unresolved at species level due to reference gaps, marker constraints, and true novelty (Boekhout et al., 2022). Within yeast datasets, a meaningful fraction of species cannot be distinguished by ITS2 alone, supporting the use of lineage-specific similarity thresholds and taxonomic decisions informed by ecology, genetics, and physiology beyond sequence similarity (Boekhout et al., 2022). In practice, unassigned operational taxonomic units (OTUs) likely represent a mixture of missing references, marker limits, artifacts, and truly novel taxa.
Culture-independent data are especially valuable when used to guide recovery rather than replace it. In yeast-dominant or enriched processes (e.g., fermentations), profiling can highlight yeast-associated signals and taxa that routine isolation fails to capture (Ercolini, 2004; Sun & Liu, 2014; Mendoza et al., 2017; Sha et al., 2018; Li et al., 2019). When cultivation and sequencing are applied to the same samples, discrepancies—signals detected but not recovered—can steer experiments that test low abundance, slow growth, competition, missing cues, or VBNC-like states (Boekhout et al., 2022; Zhang et al., 2024). Fermentation systems illustrate this clearly: HTS can infer rich yeast communities, while plating recovers only a subset, exposing a pragmatic detection–recovery asymmetry (Mendoza et al., 2017). Similar patterns appear in starters and processed substrates, where plating favors fast growers and can overlook slow or low-abundance taxa (Sha et al., 2018; Li et al., 2019).
Natural substrates are more challenging because broad sequencing pools across fungal growth forms and often dilutes yeast signals amid filamentous fungi and bacteria. Yeast recovery from soils is strongly influenced by habitat, geography, microhabitat structure, and sampling design (Fierer, 2017; Boekhout et al., 2022; Aljohani et al., 2018). A modest but useful inference follows: where yeast-affiliated signals repeatedly appear (under conservative re-annotation), yet culture recovery remains narrow, the detection–recovery gap justifies targeted, testable cultivation refinements.
Shotgun metagenomics offers complementary advantages by capturing functional genes and genome fragments that can strengthen trait inference and cultivation hypotheses, while also introducing analytical hurdles in eukaryotic microbiome analysis (Ahrendt et al., 2018; Renzi et al., 2023). Single-cell and low-input genomics can further expand genomic coverage for hard-to-access lineages, improving marker design and informing cultivation strategies through genome-enabled predictions (Ahrendt et al., 2018). A pragmatic culture-assisted -omics approach therefore remains compelling: sequence signals guide where and how to search, while isolates enable validation of taxonomy, phenotype, and physiology.

Yeast ecology: microhabitats, competition, and VBNC-like states
Biological ecology can also suppress yeast recovery independently of methodological bias. Many yeasts occupy transient or microniche habitats where local chemistry, moisture, and microbe–microbe interactions determine persistence. 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 standard laboratory media do not reproduce (Botha, 2011; Fierer, 2017; Boekhout et al., 2022). In soils and decaying wood, yeasts may occur at low abundance relative to filamentous fungi, be patchily distributed, or depend on micronutrients and community-derived metabolites that are diluted or absent during standard isolation (Buzzini et al., 2017; Botha, 2011; Mašínová et al., 2018; Boekhout et al., 2022). Some yeasts are broad-spectrum generalists, whereas others show microhabitat-linked specialization that translates into narrow in vitro growth windows (Botha, 2011; Boekhout et al., 2022).
Competition is a persistent and 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. Standard incubation windows may also be too short for slow outgrowth. Extended incubation times and diversified media panels can increase recovery, even without specialized devices, by reducing competitive exclusion and allowing slow-growing taxa to emerge (Ercolini, 2004; Sha et al., 2018).
A related theme is dormancy and VBNC-like behavior. While VBNC is most established in bacteria, evidence supports that yeasts can enter low-metabolic states with reduced culturability under environmental stressors, including chemical exposures, nutrient limitation, and temperature shifts (Salma et al., 2013; Xu et al., 2021; Xiao et al., 2025). This framing should be applied cautiously, but it plausibly complements purely technical explanations for low recovery. In practice, it reinforces a central point: failure to isolate does not necessarily imply absence of viable yeast cells, while sequencing alone cannot resolve the viability gap (Fierer, 2017; Kidd et al., 2020).
VBNC-like behavior is not the only explanation for reduced culturability. Some yeasts may require symbiotic interactions or growth factors supplied by other microorganisms, including vitamins, siderophores, lipids, or signaling molecules absent in axenic media (Botha, 2011; Fierer, 2017; Boekhout et al., 2022). A representative example is Malassezia: many species are lipid-dependent and can be difficult to isolate in axenic culture without lipid supplementation. Together, these considerations suggest that “no colonies” can reflect layered constraints—rarity, slow recovery, competition, missing cues, or altered physiological states—rather than a single barrier.

Why recovery matters: functional, biotechnological, and clinical motivations
The yeast culture gap matters because yeasts remain disproportionately informative and valuable once isolated. Environmental yeasts contribute to decomposition and nutrient fluxes, but they also underpin applied opportunities in biotechnology, including fermentation traits, stress tolerance phenotypes, lipid accumulation, and novel enzymatic capacities that are difficult to infer from short amplicons alone (Buzzini et al., 2017; Sitepu et al., 2014; Boekhout et al., 2022). Culture-based recovery also enables taxonomic resolution and formal species description, which remain essential for reproducibility and for linking ecological signals to stable biological units (Kurtzman et al., 2011; Boekhout et al., 2022). Even in yeast-centered systems such as artisanal fermentations, culture-independent profiles and isolate recovery can diverge, and isolates remain necessary to validate physiology, interactions, and strain-level functions (Mendoza et al., 2017; Li et al., 2019).
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, suggesting that yeast traits can structure ecological networks that cultivation-limited inventories may miss (Becher et al., 2012; Quan & Eisen, 2018). Isolates are often required to validate such interactions experimentally and to link ecological function to specific taxa and metabolites.
Clinically, improved recovery and taxonomy intersect with surveillance and risk assessment. Environmental and opportunistic yeasts are increasingly relevant under changing exposures and immunocompromising conditions, while incomplete reference coverage can propagate diagnostic uncertainty (Vinh, 2025; Lass-Flörl & Steixner, 2023; Pappas et al., 2018; World Health Organization, 2022). Molecular diagnostics can improve sensitivity but also produce cases where fungal signatures are detected without cultures, complicating susceptibility testing and interpretation (Kidd et al., 2020). Environmental reservoirs remain relevant to the emergence and spread of pathogenic yeasts; Cryptococcus gattii, for example, is an environmentally associated lineage capable of causing disease in immunocompetent hosts (Chen et al., 2014). Overall, recovery remains the bridge between “signals” and “knowledge,” enabling taxonomy, physiology, ecological experiments, and translational exploitation.

In situ cultivation: a prospective avenue?
If “hidden yeast diversity” is treated as a testable hypothesis, the key question becomes whether targeted cultivation can narrow the gap between sequence-derived signals and isolate recovery. In situ cultivation refers to approaches that allow microorganisms to grow within or near their natural environment while preserving physical retrievability. For bacteria, diffusion chambers, the isolation chip (iChip), and related microchamber systems have repeatedly expanded recovered diversity by preserving environmental exchange while segregating propagules (Bollmann et al., 2007; Nichols et al., 2010; Berdy et al., 2017). A yeast-directed adaptation is plausible because several limiting factors—nutrient mismatch, missing growth factors, and competition—can, in principle, be mitigated by incubating cells in their native milieu while limiting overgrowth and enabling diffusion of small molecules.
Yeast adaptation, however, is not a simple transfer of bacterial designs. Yeasts are typically larger (often ~3–10 micrometers [µm]), so membrane pore sizes used for bacterial retention (e.g., 0.03–0.2 µm) may be unnecessarily restrictive and may reduce diffusion flux to levels that impose starvation-like constraints. A yeast-focused implementation should therefore treat pore size as an adjustable, reportable parameter that retains yeast cells while maximizing exchange—often plausibly in the ~0.45 µm to 1.0 µm range, depending on target habitats and expected size distributions.
A second yeast-specific concern is invasion by external filamentous fungi. In soil and wood deployments, hyphae can grow over membranes or exploit microdefects, invade chambers, and outcompete yeasts during prolonged incubation. Practical mitigations include shorter incubation windows, membrane choices or laminates that resist penetration, physical spacing or protective meshes, and recovery workflows that prioritize early retrieval before hyphal dominance emerges. These constraints do not invalidate in situ cultivation for yeasts; they define why “yeast in situ cultivation” is best framed as a methodological hypothesis requiring yeast-specific optimization.
In situ cultivation may be particularly relevant in structured substrates such as forest soils and decaying wood, plant tissues, and marine sediments, where cells inhabit microhabitats shaped by strong gradients and consortial interactions (Botha, 2011; Mašínová et al., 2018). In situ incubation can preserve environmental cues while maintaining containment and retrievability. It may also support gradual resuscitation dynamics for low-activity or VBNC-like cells by staging the transition from habitat to laboratory (Bollmann et al., 2007; Berdy et al., 2017; Xiao et al., 2025). In addition, culturomics logic—systematic screening of incubation regimes and media—can be implemented in microstructured formats that better approximate habitat constraints.
Recent platform developments illustrate how microstructured device engineering and iterative condition screening can expand fungal recovery. A fungal isolation chip (FiChip) applied to mangrove sediments enabled high-throughput isolation and reported multiple taxa new to science, supporting the broader idea that structured platforms can improve alignment between microhabitat constraints and cultivation regimes while maintaining scalability (Li et al., 2023). At the same time, chip-based methods can face practical limits in solid, heterogeneous matrices: insertion and retrieval can disrupt microstructure, diffusion may be anisotropic, and chamber clogging or biofouling can reduce exchange. These constraints motivate matrix-aware adaptations and careful controls rather than negating the concept.

Proposed in situ cultivation workflow
A practical evaluation of in situ cultivation for yeasts can be framed as a paired recovery experiment designed to test whether habitat-proximal incubation broadens cultivable diversity relative to direct plating. The simplest design uses consistent sampling and a split workflow: one branch follows contemporary best-practice cultivation baselines, while the second branch uses in situ microchambers. This pairing reduces interpretive ambiguity by linking any diversity gain to recovery conditions rather than sampling variation.
One testable workflow could proceed as follows. Environmental samples (e.g., soil microaggregates, decaying wood fragments, plant biofilms, insect surfaces) are gently processed to preserve viability while limiting debris. Cells are apportioned using limiting dilution (dilution-to-extinction), aiming for one or a few propagules per chamber to reduce within-chamber competition and support slow outgrowth. Chambers are sealed with membranes designed to retain yeast-sized cells while permitting diffusion of small molecules. The device is incubated within the target microhabitat to enable exchange of nutrients and site-specific cues that standard media may not reproduce. After incubation, chamber contents are retrieved and transferred onto yeast-selective agar blocks or plates formulated to inhibit molds and bacteria, followed by isolate purification and identification. Where taxonomic uncertainty is expected, multi-locus identification can be applied alongside ITS (Kurtzman et al., 2011; Schoch et al., 2012; Nilsson et al., 2019).
Controls strengthen interpretability. Sterile chambers deployed alongside inoculated ones can monitor contamination during handling and retrieval. Where feasible, additional controls that reduce direct matrix contact while permitting diffusion may help differentiate effects of diffusible cues from matrix colonization. Incubation duration should be treated as a tunable factor: shorter windows may reduce hyphal invasion, while staged transfers can support slow recovery. If VBNC-like states are a concern, a “soft-landing” approach—transferring from low-nutrient or habitat-inspired media to richer formulations—may reduce abrupt transitions and encourage resuscitation (Xu et al., 2021; Xiao et al., 2025). Lipid supplementation can be incorporated when targeting lipid-dependent lineages such as Malassezia (Boekhout et al., 2022).
Feasibility is supported by accessible protocols and low-cost diffusion-microchamber designs described for iChip-style workflows, including inoculation, assembly, field incubation, and recovery (Berdy et al., 2017; Braus et al., 2021; Gauthier et al., 2025; Vincy et al., 2025). These precedents suggest that diffusion-based microchamber methods can be implemented without specialized infrastructure, using fabrication approaches such as basic machining, laser cutting, or 3D printing (Braus et al., 2021).
Two optional refinements may be especially relevant to yeast recovery. First, substrate pre-treatments can be explored, such as mild preconditioning steps that approximate ecological conditions (e.g., controlled moisture and temperature conditioning of wood particles or litter) to increase yeast representation without strongly enriching molds. Second, standardized yeast-selective agar blocks (with yeast-favoring pH and osmolarity/water activity adjusted—e.g., higher sugar—to bias early growth toward yeasts) can serve as a consistent recovery substrate across sites, improving comparability of post-incubation transfers. These refinements remain untested by the present author due to technical and financial constraints, but they are tractable in principle and amenable to pilot evaluation.
In parallel, the conventional branch should reflect a reasonable baseline rather than a weak comparator. It can include a modest media panel and extended incubation periods to reduce competitive exclusion and permit slow outgrowth (Ercolini, 2004; Sha et al., 2018). Both branches can then be evaluated by comparing isolate richness, taxonomic breadth, and novelty across replicates, while interpreting amplicon data conservatively as community context rather than direct yeast-specific proof (Abarenkov et al., 2024; Nilsson et al., 2019). Where resources permit, shotgun metagenomics and targeted genome recovery can provide functional guidance and help prioritize lineages for further cultivation refinement (Ahrendt et al., 2018; Renzi et al., 2023).

Testing the hypothesis: evidence criteria
Because “hidden yeast diversity” can be rhetorically broad, explicit endpoints are essential. The simplest evidence is comparative: paired sampling of the same substrate using conventional plating versus in situ microchambers, followed by standardized identification. Evidence for improved recovery includes higher observed richness of yeast isolates, recovery of lineages rarely obtained by plating, improved overlap between isolates and yeast-affiliated sequence clusters under conservative annotation, and reproducibility across habitats and sampling events.
If the in situ arm repeatedly yields isolates absent from direct plating—especially in substrates where yeasts are expected to be rare, stressed, or interaction-dependent—this would support the interpretation that recovery constraints meaningfully contribute to the apparent gap. Conversely, negative or modest differences would also be informative. They would suggest that a substantial fraction of yeast-affiliated signals reflects nonviable DNA, extreme rarity, or biological constraints not solved by diffusion exchange alone. Either outcome advances the field by converting a generalized narrative into a measurable, falsifiable claim and by clarifying which constraints dominate (sampling depth, marker limits, reference gaps, competition, or physiology).
Finally, logistics and scalability should be stated explicitly. Device arrays deployed in remote or under-resourced settings raise cost and handling constraints. Lightweight, reusable formats and simplified retrieval workflows therefore matter for field realism and broader adoption.

Conclusion
Claims of “hidden yeast diversity” require nuance. HTS robustly indicates vast fungal diversity and frequent dark-taxa signals, but yeast-specific inference is constrained by growth-form ambiguity, marker and database limitations, and the gap between sequencing reads and viable cells. Broad metabarcoding does not inherently distinguish yeasts from filamentous fungi, so hidden yeast diversity cannot be concluded from sequencing alone. At the same time, underestimation of environmental yeasts remains plausible due to sampling bias, microhabitat specificity, competitive suppression during isolation, VBNC-like physiology, and protocols that fail to reproduce habitat constraints (Botha, 2011; Fierer, 2017; Salma et al., 2013; Xu et al., 2021; Xiao et al., 2025; Boekhout et al., 2022).
The culture gap matters because isolates enable functional and translational work that short-read metabarcoding cannot deliver. In situ cultivation devices and diffusion microchambers offer a practical route to test whether yeast recovery can be expanded, provided yeast-specific parameters—membrane pore sizes, diffusion performance, and hyphal invasion risk—are explicitly addressed. Overall, these approaches merit empirical testing as a hypothesis-driven bridge between sequencing signals and isolate recovery.
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