Cyanobacterial Crowding-Out Effects on Metabolite Partitioning: Modeling MIB Release Dynamics and Implications for Lake Taihu
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Abstract
2-Methylisoborneol (MIB), a potent cyanobacterial metabolite, impairs drinking water quality through taste-and-odor issues at trace concentrations. Despite its significant impact, the intracellular dynamics and environmental release mechanisms of MIB remain poorly characterized. We developed a mechanistic model of growth-phase dependent MIB release through controlled experiments with two producer strains. The model reveals that the extracellular MIB proportion () follows a consistent pattern: decreasing to a minimum at mid-log phase before rising and stabilizing (: 0.4 to 0.6) during stationary phase, suggesting crowding-induced cell lysis drives release dynamics. Application to Lake Taihu successfully reconstructed two odor events (2022-2023), elucidating both the spatiotemporal development of MIB producers and identifying critical risk thresholds at ~15°C and >30°C under moderate light (0.1-0.4 mol m-2 d-1) - patterns undetectable by conventional monitoring. Our findings demonstrate that physiological transitions, rather than just biomass accumulation, control odorant release. This framework may extend to other algal metabolites (e.g., geosmin, cyanotoxins), offering broader predictive capability. By linking cellular processes to water quality risks, our approach enables proactive management of cyanobacterial contaminants, informing both early warning systems and operational guidance for oxidant-type optimization to prevent large-scale release of hazardous compounds.
Introduction
The issue of taste and odor (T&O) in drinking water sources is a major water quality concern, with earthy-musty odors caused by 2-methylisoborneol (MIB) being one of the most prevalent problems1–3. MIB, an odorous terpenoid derivative, poses a persistent challenge in drinking water due to its extremely low odor threshold concentration (OTC) of 10 ng L-1 and its resistance to conventional water treatment processes4–10. This compound is produced by various microorganisms, including actinomycetes11, cyanobacteria12, fungi13, and myxobacteria14. However, in drinking water sources, filamentous cyanobacteria—such as Pseudanabaena, Planktothrix, Phormidium, Oscillatoria, Lyngbya, and Planktothricoides—are the primary producers15–21.
Following biosynthesis, MIB is primarily distributed inside the cells as intracellular MIB () or cell-bound MIB22,23. It is then transported to the extracellular environment via cell membrane transporters, forming extracellular MIB (). Additionally, MIB release can occur during cell wall rupture or lysis upon cell death24,25.
The distribution of MIB between intracellular and extracellular compartments has significant implications for drinking water treatment. If most MIB is already released into the water, advanced treatment processes such as ozone-activated carbon adsorption are required for its removal. Conversely, if MIB remains predominantly intracellular, conventional coagulation and sedimentation processes can effectively remove algal cells, or oxidants that minimize cell damage can be employed to prevent MIB release. Current monitoring practices in water treatment plants typically measure total MIB () without distinguishing between intracellular and extracellular fractions, limiting their utility in guiding treatment process selection. Existing studies on MIB distribution are limited and often assume a constant ratio, which fails to provide actionable insights for water treatment optimization.
Our observations from culture experiments suggest that the intracellular and extracellular distribution of MIB is not constant and may be influenced by its biosynthesis and release mechanisms25–28. The biosynthetic pathway of MIB in cyanobacteria involves the methylation of geranyl diphosphate (GPP) followed by cyclization of methyl-GPP, catalyzed by 2-methylisoborneol synthase (2-MIBS) within the Sg Enc protein shell29–32. However, due to the lack of observable pores in the Sg Enc shell and the challenges in directly tracking MIB migration, the mechanisms governing its release and distribution remain poorly understood.
MIB production in cyanobacteria is highly variable and influenced by environmental stressors27,33. While total MIB concentrations typically peak during the exponential growth phase and decline during the senescence phase, some studies report a negative correlation between MIB production and cell growth rates. For instance, Pseudanabaena sp. accumulates higher intracellular MIB and releases more extracellular MIB under suboptimal temperature and light conditions25,34,35. One hypothesis suggests that cyanobacteria may increase extracellular MIB release under stress to inhibit competing algal species, thereby maintaining ecological dominance35. Alternatively, extracellular MIB may simply result from cell damage or death under adverse conditions25,36.
In high-cell-density environments, crowding effects can restrict cell proliferation, migration, and metabolism, impacting growth and death dynamics37–40. Crowding-induced growth limitation arises from resource competition, spatial constraints, and cell cycle arrest41,42, while cell death may result from programmed cell death, metabolic stress, mechanical damage, or cell-to-cell interactions43–45. These effects indirectly influence the release of intracellular metabolites such as MIB.
The Logistic growth model effectively describes cyanobacterial population dynamics under crowding effects, incorporating intrinsic growth rate () and carrying capacity () to capture growth deceleration and inflection points46–48. This model is particularly useful for analyzing shifts in metabolic activity and the timing of metabolite release, making it well-suited for studying MIB dynamics49,50.
Based on these observations, we hypothesize that the ratio of  to  () is not constant but varies predictably over time in response to cell crowding. To test this, we developed a mechanical model describing the temporal variation of  using culture experiments with typical MIB-producing strains. The model was validated to explain MIB release patterns during cell growth and applied to assess growth-stage distributions of odor-producing cyanobacteria in Taihu Lake, predicting odor risk during MIB outbreaks. This study provides new insights into MIB release dynamics, enhances understanding of cyanobacterial odor production, and offers practical guidance for water treatment process selection and bloom management.
Materials and Methods
Study area and sampling
Lake Taihu (30°55’40”-31°32’58”N, 119°52’32”-120°36’10”E), located in the southeastern part of the Yangtze River Delta, is the third largest shallow freshwater lake in China, with a surface area of 2,578 km2. In recent years, rapid industrialization and urbanization in the surrounding watershed have led to increasingly frequent outbreaks of algal blooms. Microcystis and Pseudanabaena have become the dominant harmful algal species in the lake, resulting in deteriorating water quality. The presence of microcystins and the odorous compound 2-methylisoborneol (MIB) has further impacted water usage in the surrounding regions. From March 2022 to February 2023, water samples were collected monthly from 31 sampling sites distributed across different regions of the lake (Fig. S1). With an average depth of approximately 2 m and well-mixed conditions, approximately 2 liters of surface water samples were collected from 0.5 m below the water surface using a Kemmerer water sampler.
Phytoplankton identification and physico-chemical analysis
Subsamples (1000 mL) for cell counting were preserved with 5% Lugol’s iodine solution51 and allowed to settle for 48 hours. The samples were then pre-concentrated 20-fold and stored in the dark until cell enumeration. Cyanobacterial species were identified according to52, with revisions based on53. Phytoplankton identification and enumeration were performed using an upright microscope (Olympus BX53, Japan) following the protocol established by54. Subsamples for MIB analysis were stored in amber glass bottles with airtight seals. The production potential of MIB was calculated by measuring its total concentration. To prevent biodegradation, 10 mg L-1 HgCl2 was added to the samples55, and analysis was conducted within 72 hours using solid-phase microextraction (SPME) coupled with gas chromatography-mass spectrometry (GC-MS) (Agilent 6890/5975, Agilent Tech., USA) following the procedures established by56 and previous studies16. In situ measurements of physicochemical variables, including water temperature, pH, dissolved oxygen (DO), turbidity, and conductivity, were performed using a multiparameter probe (EXO2, USA). Water transparency was measured using a 20 cm diameter Secchi disk with alternating black and white quadrants, expressed as Secchi depth (SD). Nutrient concentrations, including nitrate, nitrite, ammonia, total nitrogen (TN), and total phosphorus (TP), were analyzed according to Chinese national standard methods.
Model Development
The Logistic growth model was employed to fit the changes in cell density of cultured Pseudanabaena (Eq. 1).
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The parameter  represents the environmental carrying capacity, which denotes the maximum cell density that algae can reach under specific environmental conditions.  is the initial cell density at  = 0, while  represents the intrinsic growth rate, indicating the maximum growth rate of cells under ideal conditions48,50.  denotes the initial growth potential.
In aquatic environments, MIB primarily exists in two forms: intracellular MIB (iMIB) and extracellular MIB (eMIB), with their sum constituting the total MIB (tMIB). The eMIB fraction is mainly released into the water due to the lysis of odor-producing cyanobacterial cells. The ratio  (eMIB/tMIB) serves as an odor index, reflecting both the proportion of dissolved MIB in total MIB and the relative abundance of cells at different growth stages. To characterize the temporal variation of eMIB and tMIB produced by Pseudanabaena cinerea FACHB 1277 (obtained from the Freshwater Algae Culture Collection at the Institute of Hydrobiology) during cultivation, a time-dependent model for  was constructed. Since eMIB is associated with cell lysis and death, different approaches were used to describe the variation of  based on cell density. When the cell density was low (less than 80% of ), the variation in  was derived based on the cell crowding effect. Specifically, Eq. 3 was obtained by differentiating the logistic growth equation (Eq. 1) with respect to time, which reflects the dynamic change in cell abundance during the early to mid-growth stages (Eq. 3). When the cell density approached the carrying capacity (greater than 80% of ), the remaining capacity for growth was used to express the decline phase and corresponding change in  (Eq. 4).
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In this model,  and  are variation coefficients,  represents the cell doubling time under cultivation conditions, and  is a correction factor that accounts for the accumulation and volatilization effects of MIB in the cultivation system. Logistic curve fitting was applied to the cell growth data under various environmental conditions using Eq. 1, yielding the initial cell density (), environmental carrying capacity (), and intrinsic growth rate (). These parameters, along with  and , were then incorporated into Eq. 3 and Eq. 4, and linear regression was employed to estimate the model parameters ,  and  along with their statistical significance. Furthermore, by adjusting the intrinsic growth rate , this model enables the simulation of potential trends in cell growth and MIB production under different environmental conditions.
MIB risk assessment
Given a known value of , the cyanobacteria growth time  can be determined based on Eq. 3 and Eq. 4. Subsequently, the corresponding growth stage indicator  can be calculated using Eq. 5. By combining the estimated  values with observed tMIB concentrations from field monitoring, a frequency distribution histogram of  versus tMIB is generated (Fig. S9). This distribution characterizes the probability of various tMIB concentrations occurring at different cyanobacterial growth stages, providing a basis for assessing MIB-related odor risk.
[bookmark: eq-st]
When  = ,  =  (Eq. 1), indicating that  corresponds to the inflection point of the logistic growth curve.
Statistical analysis and illustration
All data analysis and illustration were performed using R 4.4.2. Data pretreatment and summary were performed using the dplyr package in R, regression analysis including linear and generalized linear models were performed using the stats package, generalized additive modeling was performed using the mgcv package quantile regression analysis was performed using the quantreg package; contour figures were created by the graphics package, other figures were prepared using the ggplot2 package.
Results
Spatiotemporal Distribution Characteristics of MIB in Lake Taihu
Between March 2022 and February 2023, two severe MIB outbreaks were observed in Taihu Lake (Fig. 1A). The high MIB concentration outbreaks primarily occurred in the spring (40.0 ± 77.5 ng L) and summer (107 ± 230 ng L), with significant peaks in April (66.5 ± 101 ng L) and July (232 ± 361 ng L), demonstrating a marked seasonality (p < 0.001). Notably, between the two MIB outbreaks, the MIB concentrations in June across the lake were relatively low. In addition to seasonal variation, the distribution of MIB concentrations across the lake also exhibited spatial heterogeneity. The regions with the highest MIB concentrations were mainly concentrated in the northern area and the southeastern area. The April MIB peak was primarily centered around northern area, while the July peak was predominantly observed in both northern area and southeastern area.
A cluster analysis was performed on MIB concentrations from all 31 sampling sites throughout the year, classifying them into four distinct clusters based on concentration levels. These clusters also corresponded spatially to four distinct lake regions (Fig. S1). The highest MIB concentrations during both outbreak periods were primarily located within Northern part and Southeastern part. Furthermore, analysis of the variation in  at different clusters revealed a characteristic trend: during the decline phase of , the lowest values were often followed by an MIB outbreak (Fig. 1C). Concurrent analysis of odor-producing cyanobacteria in water samples using epic-PCR identified Pseudanabaena and Planktothricoides as the dominant MIB-producing genera during the study period. During the sampling period, Microcystis was the dominant cyanobacterial genus for most of the time (Fig. 1D). However, in September, Pseudanabaena, as the primary MIB-producing species reached its highest relative abundance (31.0%). In contrast, Planktothricoides was much lower, accounting for only 1.4%.
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Fig. 1: The distribution of MIB and primary odor-producing cyanobacteria in Lake Taihu: Temporal and spatial distribution of  concentrations in Lake Taihu throughout the year (A), clustering of  concentrations in Lake Taihu (B). Temporal variation in the proportion of  in different lake regions (C) and in the dominant algal species composition (D).


Construction of Model Between the Cultured Cyanobacteria Growth and f Change
In the previous analysis, a distinct pattern in the  was observed in Taihu Lake water samples. Concurrently, pure cultures of the two odor-producing cyanobacteria from Taihu Lake were grown under different light conditions . It was found that during their growth and odor production, the f initially decreased. This ratio reached its lowest point at approximately half of the maximum cell density. During this phase, both  and  concentrations increased slowly. Subsequently, the ratio began to increase gradually and eventually stabilized near 0.5, with  and  concentrations rising rapidly during this period (Fig. 2A, B).
To characterize this pattern, a logistic growth-based model was constructed to express the variations in the . Logistic fitting of the growth of Pseudanabaena and Planktothricoides (Fig. 2C, D) showed good fit results. Based on the f variations during the growth period, the model parameters ,  and  were derived. The parameter  for Pseudanabaena was significantly greater than that for Planktothricoides (p < 0.01), while the parameter  showed the opposite trend (p < 0.01)(Fig. 2E). The model exhibited relatively small residuals under most growth conditions, demonstrating a good fitting performance (Fig. 2F).
	[image: ../figures/modelconcept_revised.png]
Fig. 2: Concept and performance of  model: Logistic growth curve (A) and conceptual diagram of model (B). logistic growth fitting curves for Planktothricoides (C) and Pseudanabaena (D). Comparison of model parameters between Planktothricoides and Pseudanabaena (E). Comparison of model residuals between Planktothricoides and Pseudanabaena (F). Panel C is replotted using raw data from33, and panel D from18; logistic fitting was performed in this study.
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Fig. 3: Modelled ratio (line) and observed ratio (circle) of extracellular MIB to total MIB () for cultured Pseudanabaena and Planktothricoides


Spatiotemporal Variation of Odor-Producing Cyanobacteria Growth Stage in Taihu Lake
After establishing the model based on the cultivation data, it was applied to the various sampling points in Taihu Lake to calculate the growth information of the odor-producing cyanobacteria at each location and determine the  values. The growth of odor-producing cyanobacteria at different sampling points in Taihu Lake exhibited two distinct growth trends throughout the year. As temperatures increased, a significant growth phase occurred from May to November, followed by a smaller-scale growth  between December and April after the winter production (Fig. 4A). The two distinct cell density growth phases in different seasons led to two separate MIB concentration peaks in Taihu Lake throughout the year. Further analysis of the growth stages of odor-producing algae at different clustering points revealed that the growth stages of the algae and the MIB outbreaks were synchronized at different clustering locations (Fig. 4B). When the  value approaches 0.5, it indicates that the growth stage of the odor-producing algae is near the inflection point of the logarithmic phase, suggesting a high risk of significant MIB release.
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Fig. 4: Growth stage distribution of odor-producing cyanobacteria in the Lake Taihu (A) and different subregions (B)


To extend the model’s application to the entire Taihu Lake, data on water temperature, solar radiation, and odor-producing cyanobacteria growth under different conditions from various sources were collected for different months. Based on temperature and light intensity, a relationship with the intrinsic growth rate () of the cyanobacteria was established. It was found that the distribution of the growth stages of odor-producing cyanobacteria exhibited seasonal differences (Fig. 5A). From spring (starting in March 2022) to winter (ending in February 2023), the growth stages across the lake showed an increasing trend followed by a decrease. Spatially, in different seasons, the northern and southeastern regions exhibited significantly higher growth stages than other areas.
In general, the seasonal pattern was as follows: in early spring, odor-producing cyanobacteria began to grow earliest in the northwest and southeast regions; by summer, most of the lake had growth; in autumn, the northern, southern, and southeastern regions were in the later stages of growth; and in winter, except for a small part of the northern lake region, the growth of odor-producing cyanobacteria was minimal across the lake.
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Fig. 5: Growth stage distribution of odor-producing cyanobacteria across the entire Lake Taihu; Odor risk assessment across the entire Lake Taihu (probability of  > 10 ng L).


Further analysis of the relationship between the growth stage of odor-producing cyanobacteria () and total MIB concentration () revealed the annual distribution of odor risk in Lake Taihu (Fig. 5B, r zref(“sfg-taihurisk50”)). The results showed that the spatial patterns of the probability of MIB exceeding 10 ng L and 50 ng L were similar, with the latter generally being about half the former. Based on this probability distribution, elevated MIB risk was observed in spring (March–May) and late summer to autumn (July–October). In contrast, the risk was low in other months: June served as a transitional period between the two major MIB episodes, and from November to February, most of the lake exhibited minimal risk except for parts of the northern and southeastern regions.
Spatially, the risk zones in spring were mainly concentrated in the northern part of the lake. As the risk intensified in late summer and autumn, high-risk areas expanded to cover nearly the entire lake. Notably, the northern and southeastern regions of Lake Taihu consistently emerged as hotspots with a higher probability of experiencing elevated MIB concentrations.
Environmental Influences on Cyanobacteria Growth and Odor Risk
According to various studies, Pseudanabaena exhibits different intrinsic growth rates () under varying light and temperature conditions. These differences in  can indirectly influence the temporal dynamics of the growth stage indicator () by affecting the timing of the logistic growth inflection point (). Within a range of environmental conditions (15–35°C and 0.1–0.4 mol m-2 d-1),  is negatively correlated with initial cell density, light dose, and temperature (Fig. 6A). When the environmental carrying capacity remains constant but the initial cell density increases, the growth stage of odor-producing cyanobacteria becomes shorter, leading to a decrease in . This results in earlier onset of crowding effects, causing cell lysis and the subsequent release of odor compounds, thereby increasing odor risk. Similarly, within favorable ranges of light and temperature, higher light intensity and temperature accelerate cell growth rates, also resulting in a reduced .
When these relationships are incorporated into the odor risk prediction framework for Lake Taihu, the model reveals two distinct peaks in odor risk under moderate light conditions—one occurring at approximately 15°C and another above 30°C (Fig. 6B). These two temperature ranges correspond to the observed bimodal pattern of MIB-related odor events in the lake, indicating that there is a risk of odor outbreaks both in spring and summer. In Lake Taihu, the variation in MIB-related odor risk is primarily driven by temperature-mediated changes in cyanobacterial growth dynamics.
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Fig. 6: Effects of Different Light Intensities and Temperatures on the Logistic Growth Inflection Point (A) and Odor Risk (B) of Odor-Producing Cyanobacteria in Lake Taihu (probability of  > 10 ng L).


Discussion
Modeling MIB Partitioning Dynamics in Relation to Cyanobacterial Growth Phases
The production and distribution of 2-methylisoborneol (MIB) by odor-producing cyanobacterial cells are influenced by both their growth stage and environmental stressors. Previous studies have rarely focused on the intracellular and extracellular distribution of MIB during the growth of cyanobacteria in both natural aquatic environments and laboratory cultures. Some even suggested that the variation in MIB partitioning lacks a discernible pattern57,58. In this study, we introduce the ratio  () as an indicator to represent the distribution pattern of MIB. Our findings show that  is not a constant, but follows a specific dynamic trend, which may be attributed to cell crowding effects. After synthesis, MIB is primarily bound to cytoplasmic and soluble protein fractions within cyanobacterial cells59. The major mechanism of MIB release is cell lysis, occurring either through programmed cell death or mechanical rupture of the cell wall25,27,28,36. In this study, we established a model describing the relationship between  and growth time , and further proposed a metric—growth stage ()—to evaluate the distribution of cyanobacterial growth stages across the lake (Fig. 7). The  index ranges from 0 to 1, representing the progression of cell growth from the lag phase to the stationary phase, with  = 0.5 corresponding to the inflection point of the logistic growth curve. A higher  indicates a larger proportion of cells in the later stages of growth, implying a greater potential for MIB release. As cell growth progresses toward the stationary phase, environmental cell density increases, leading to intensified crowding effects. These conditions exacerbate cell damage and apoptosis, causing a larger proportion of MIB to be released into the surrounding water60.
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Fig. 7: Schematic representation of MIB allocation dynamics influenced by cell crowding, both intracellularly and extracellularly


In this study, we developed a model linking  to cell growth time , thereby associating the cyanobacterial growth stage with odor production patterns. This model enables the estimation of the growth stage distribution of odor-producing cyanobacteria, offering insights into current odor issues and supporting prediction of future taste and odor (T&O) risks. From a management perspective,  serves dual functions: (1) as a T&O index reflecting the proportion of dissolved MIB () to total MIB () in the water, and (2) as an ecological indicator of the relative proportions of cells at different growth stages. Model results (Fig. 2A, B) demonstrate that  follows a nonlinear pattern—initially decreasing, then increasing and eventually stabilizing—as the cell population transitions from the lag phase to the stationary phase. During the exponential phase,  reaches its minimum when cell growth rate peaks at the inflection point of the logistic growth curve. After this point, crowding-induced stress increases, leading to significant MIB release due to cell damage and apoptosis. Toward the end of the exponential phase and during the stationary phase, cell density approaches the environmental carrying capacity and enters a state of dynamic equilibrium. At this stage,  is primarily influenced by total cell density and the accumulation and degradation dynamics of eMIB in the environment. This trend is consistent with observations reported in previous studies25,27. By applying the -model, the growth stage distribution of odor-producing cyanobacteria can be inferred based on measured MIB partitioning. This framework enhances our understanding of T&O events in freshwater lakes and reservoirs and provides valuable guidance for implementing more targeted management strategies.
Field-Based Analysis of MIB Dynamics in Relation to Cyanobacterial Growth in Lake Taihu
Based on the intracellular and extracellular MIB distribution patterns caused by the cell crowding effect, the growth and odor-producing processes of MIB-producing cyanobacteria in Lake Taihu can be further analyzed. Field monitoring of MIB in Lake Taihu revealed two major MIB outbreaks: one in April (in the northern region) and another in July, with high concentrations predominantly observed in summer and early autumn. Spatial clustering analysis showed that the northern and southeastern regions were identified as MIB outbreak hotspots. Simultaneously, the lake-wide distribution of  indicated that during the transition from winter to spring, cyanobacteria in certain lake areas began to grow slowly. This early-phase growth persisted until early summer, after which a second, more rapid growth period occurred, continuing until late autumn. Similar dual-peak MIB patterns have been reported in other studies, although with slightly different timing. For instance, in 2019 and 2021, smaller MIB peaks were observed in May, while the major peaks occurred in August in Lake Taihu. Notably, the May MIB outbreaks were predominantly located in the southeastern region61,62. Temperature and light availability are the primary environmental drivers of cyanobacterial growth. During the summer, both factors typically reach optimal levels for the growth of Pseudanabaena, a key MIB-producing filamentous cyanobacterium62–65. From April to May, when the surface water temperature exceeds 20°C, MIB-producing cyanobacteria are already able to grow at a considerable rate66–68. Meanwhile, the lake lacks other dominant cyanobacterial species to compete with them, resulting in a minor peak in MIB concentration during spring. Between May and July, Microcystis undergoes rapid proliferation and becomes the dominant cyanobacterial genus. This dominance reduces light penetration to the subsurface layers, where filamentous MIB-producing cyanobacteria typically reside, thereby inhibiting their growth65,69. Previous studies also confirm that Microcystis blooms begin around May and subsequently dominate the phytoplankton community70. Research on microcystin production in Lake Taihu supports this timeline, with significant increases in microcystin concentrations observed only after May61.
Further identification of high-risk regions for T&O events indicates that the northern and southeastern areas are the most vulnerable. In the southeastern risk zone, which includes four sampling sites, MIB levels slightly increased in April, declined briefly, and then peaked again in July, remaining elevated through September. In contrast, the northern region exhibited a similar trend, but with a higher April–May peak, and sustained MIB levels >10 ng L-1 between the two major peaks (Fig. 1B). The different odor production dynamics in these two risk zones are attributable to variations in cyanobacterial growth stages. In the southeast, cyanobacteria were in the late growth stage in March, but transitioned to an early growth stage by April, suggesting a mass cell death event between March and April. As a result, cell density did not increase significantly, and MIB production potential was limited. In contrast, cyanobacteria in the northern region remained in the exponential phase from March to April, with continuous growth and higher MIB production potential. At the lake-wide scale, the spatial progression of odor risk zones from north to south from spring through winter was observed—a pattern not previously reported in studies of MIB-related odor problems in Lake Taihu.
Different odor-producing cyanobacteria exhibit distinct growth and odor-production characteristics. Modeling efforts tailored to specific taxa revealed significant differences in fitted parameters (Fig. 2E), likely due to variations in intrinsic growth rates and MIB production efficiencies among species. Studies have shown that Pseudanabaena has a maximum cellular MIB yield of 0.15 ± 0.04 pg cell⁻¹ under a light intensity of 85 μmol photons m⁻² s⁻¹18, while Planktothricoides exhibits a higher yield of 0.22 ± 0.02 pg cell⁻¹ under similar conditions33. In addition,the inflection point time () for these two species also vary significantly across studies (Fig. S10), further contributing to their differential contributions to odor events in aquatic systems.
Environmental significance
By developing a model that links the growth stages of odor-producing cyanobacteria with MIB release and its intracellular–extracellular distribution, this study offers important insights into the ecological dynamics of odor events in freshwater systems. First, it enhances our understanding of the growth behavior of odor-producing cyanobacteria in natural waters. Second, the model provides a tool for forecasting the temporal trends of MIB concentration, thereby improving early-warning capabilities. Third, by quantifying the ratio of intracellular to extracellular MIB, the results can inform water treatment strategies—specifically, whether to target intact cells through coagulation and sedimentation or to apply cell-disruption methods when extracellular MIB dominates. This integrated approach supports more effective and condition-specific odor mitigation in drinking water treatment9,71–73.
This study investigates the distribution pattern of MIB-producing cyanobacteria and constructs a model for f based on cell crowding effects and the Logistic growth curve to explain the dynamics of eMIB and pMIB during different growth phases. Furthermore, applying the model to Lake Taihu enables the estimation of annual cyanobacterial growth phase distributions based on MIB distribution patterns and facilitates the prediction of high-risk odor zones, providing guidance for odor management in lakes and reservoirs. However, this study primarily considers MIB release through cell damage and apoptosis, which accounts for the majority of MIB release, while the potential active release of MIB remains unaddressed and requires further investigation.
Conclusion
The intracellular and extracellular distribution dynamics of 2-methylisoborneol (MIB), a musty-smelling secondary metabolite produced by cyanobacteria, remain poorly understood, limiting our ability to predict odor events in source waters. This study developed a growth-stage-based model to characterize MIB release patterns and applied it to Lake Taihu, where conventional approaches have struggled to explain complex odor phenomena. Results revealed that odor-producing cyanobacteria in the lake underwent two distinct growth cycles annually, corresponding to dual MIB concentration peaks—in spring and summer. The  model, derived from laboratory-cultured cyanobacteria data, accurately captured these growth trends and was successfully applied to field observations across the lake. By integrating environmental variables such as water temperature and light intensity, the model enabled lake-wide prediction of cyanobacterial growth stages and corresponding MIB risk. Spatially, the northern and southeastern regions of Lake Taihu consistently showed higher growth potential and odor risk. Temporally, high MIB risk was concentrated in early spring and mid-summer, aligning with inflection points in the cyanobacterial growth phase. Further analysis indicated that environmental factors—especially temperature and light dose—significantly influenced the timing of growth phase transitions, thereby affecting odor risk. Notably, the model identified two risk peaks under moderate light conditions, reflecting the dual seasonal odor patterns observed in the lake. These findings demonstrate the applicability of the  model as a predictive tool for early MIB warnings and provide valuable insights for water quality monitoring and lake management.
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