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Microorganisms are important members of seagrass bed ecosystems and play a crucial role in maintaining the health of seagrasses and the ecological functions of the ecosystem. In this study, we systematically quantified the assembly processes of microbial communities in fragmented seagrass beds and examined their correlation with environmental factors. Concurrently, we explored the relative contributions of species replacement and richness differences to the taxonomic and functional β-diversity of microbial communities, investigated the potential interrelation between these components, and assessed the explanatory power of environmental factors. The results suggest that stochastic processes dominate community assembly. Taxonomic β-diversity differences are governed by species replacement, while for functional β-diversity, the contribution of richness differences slightly outweighs that of replacement processes. A weak but significant correlation (p < 0.05) exists between the two components of β-diversity in taxonomy and functionality, with almost no observed significant correlation with environmental factors. This implies significant differences in taxonomy, but functional convergence and redundancy within microbial communities. Environmental factors are insufficient to explain the β-diversity differences. In conclusion, the assembly of microbial communities in fragmented seagrass beds is governed by stochastic processes. The patterns of taxonomic and functional β-diversity provide new insights and evidence for a better understanding of these stochastic assembly rules. This has important implications for the conservation and management of fragmented seagrass beds.
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1 Introduction

Assembly mechanisms are closely linked to changes in community structure, diversity, and the ecological functions they support (Fukami, 2015). This phenomenon has been extensively studied in various ecosystems, such as soil microbes (Wang et al., 2022; Cao et al., 2023), bacterioplankton (Dai et al., 2017), intertidal communities (Loke and Chisholm, 2023), and plants (Peter and Harrington, 2018; Tanunchai et al., 2023). Assembly processes are influenced by various environmental factors, with community turnover cycles limiting exploration. Microorganisms, which are often the most abundant group within systems, play a crucial role in material and energy cycling (Tarquinio et al., 2019; Lemay et al., 2021; Nguyen et al., 2022). Due to their short life cycles, rapid community turnover, and sensitivity to the environment, they are excellent subjects for investigating community assemblage (Vogel et al., 2021a, Vogel et al., 2021b). Seagrass bed ecosystems are known for their highly diverse habitats and host abundant microbial communities, providing habitats for various marine organisms and numerous ecosystem services (Yarnall et al., 2022; Han et al., 2023). These characteristics make seagrass beds an ideal environment for studying microbial community assembly mechanisms (Santos et al., 2016; Du et al., 2020). However, due to factors like climate change, pollution influx, and commercial fishing, seagrass beds in China are rapidly declining (Santos et al., 2016; Xu et al., 2022), resulting in significant losses of ecosystem services they provide (Xiao et al., 2020; Li et al., 2022). Despite ongoing attention and research on related issues, our comprehension of microbial community assembly in fragmented seagrass beds remains limited (Du et al., 2020; Hu et al., 2021), constraining our ability to develop applications for seagrass bed conservation and restoration.

The widely embraced null model method, which quantifies community assembly using beta-mean nearest taxon distance (β-NTI) based on phylogenetic distance and species abundance (Stegen et al., 2012), is designed to elucidate spatial alterations in phylogenetic β-diversity (Zhou and Ning, 2017). Assembly processes, which encompass deterministic and stochastic components, provide insights into variations in community structure composition and diversity dynamics (Prosser et al., 2007). Currently, the latter has garnered significant attention and research focus in seagrass habitats (Crump et al., 2018; Liu et al., 2022; Kardish and Stachowicz, 2023). However, investigations into community assembly, particularly concerning microbial communities, remain relatively limited (Leibold et al., 2017; Zhou and Ning, 2017; Fahrig, 2019). Understanding changes in microbial communities is crucial for seagrass growth (Milbrandt et al., 2008), health (Vandenkoornhuyse et al., 2015), and the ecological functions they provide (Liu et al., 2017; Zhang et al., 2023). Additionally, related research indicates that microbial communities are seldom uniformly distributed in the environment and their spatial variation is primarily dependent on diffusion (Vincent et al., 2021). However, it is currently unknown how microbial function varies as a result.

β-diversity refers to the variations in species composition between different communities, delineated by the processes of species replacement and richness differences. Methods for partitioning β-diversity aim to discern the roles of these processes in total β-diversity, investigating their collective impact on species distribution patterns across diverse spatiotemporal dimensions (Baselga, 2010; Podani and Schmera, 2011). Both taxonomic and functional β-diversity can be quantified between communities, offering valuable insights into the rules governing micro-community assembly (Luo et al., 2023). However, analysis of taxonomic data is inherently limited as it does not provide information about the ecological roles of species (McGill et al., 2006). The use of functional data aids in obtaining a more nuanced comprehension of biodiversity patterns and processes (Swenson et al., 2012; Villéger et al., 2012), which is a well-established application in related research (Swenson et al., 2011; Cardoso et al., 2014).

Since the introduction of β-diversity patterns (Williams, 1996; Lennon et al., 2001), the diversity patterns of plant and animal species have been extensively studied, resulting in various hypotheses (Shen et al., 2020). More recently, attention has also been given to microbial communities, particularly in soils (Li et al., 2020), with fewer investigations in aquatic environments (Sun et al., 2024). However, there is still a lack of understanding regarding fragmented seagrass bed habitats. These patches may resemble individual islands, but their dynamics are significantly influenced by the ebb and flow of seawater. Therefore, classical island ecology theories, such as the area-diversity theory, may not be directly applicable to seagrass bed patches (Chisholm et al., 2016). Additionally, some studies suggest that ecological and evolutionary processes, rather than island biogeography theories, primarily govern species assembly on islands (HilleRisLambers et al., 2012; Mittelbach and Schemske, 2015). Research on microbial communities in seawater indicates that species replacement significantly contributes to β-diversity patterns (Lyu et al., 2023).

This work randomly selected seagrass patches of varying sizes, inculding Enhalus acoroides and Thalassia hemprichi. Microorganisms attached to the leaves and those present in the surrounding seawater, were systematically sampled. The study analyzed the patterns of β-diversity, considering both taxonomic and functional aspects, and used null models to investigate the mechanisms of microbial community assembly in fragmented seagrass beds. The hypotheses are as follows: (1) The phylogenetic relationships of metapopulation provide a more comprehensive background for community assembly within fragmented seagrass bed habitats. Stochastic processes predominantly shape the constitution of local species pools, thereby influencing on community assembly. (2) Replacement processes are the primary driver of β-diversity differences in microbial communities. (3) Microbial functions play a significant role in community assembly through mechanisms that involve environmental adaptation and niche differentiation. Despite taxonomic differences, functional convergence suggests functional redundancy.




2 Materials and methods



2.1 Sampling

Microbial samples were collected in July 2022 from a fragmented seagrass bed area located between Nanhai Village and Baozhi Village (19.4741°N – 19.4784°N, 110.8096°E – 110.8192°E) in Wenchang City, within the South China Sea. A total of 43 seagrass patches were selected, with 27 patches dominated by Enhalus acoroides, 13 patches dominated by Thalassia hemprichii, and 3 patches co-dominated by both seagrasses. Each patch had designated sampling points at the center and the edge, where microbial samples were collected from seagrass leaf and the surrounding seawater (Figure 1A). Specifically, microbial samples from the seawater and seagrass leaves were collected at the center and edge of E. acoroides patches (including patches with both seagrasses). For T. hemprichii patches, also including 3 patches with both seagrasses, microbial samples were collected from seagrass leaves at the center and edge. In total, we obtained 60 seawater microbial samples, 60 microbial samples attached to E. acoroides, and 32 microbial samples attached to T. hemprichii, with half at the center and half at the edge of patches. Environmental variables, such as total nitrogen (TN), total phosphorus (TP), and phosphate (PO43-), as well as patch characteristics, such as seagrass biomass, patch area, and isolation, were measured. Both environmental variables and patch characteristics are classified as environmental factors.




Figure 1 | Schematic diagram of microbial community assembly and β-diversity patterns in seagrass beds. (A, conceptual diagram of sampling; B, anaylsis of β-diversity; C, anaylsis of assembly process; D, the main conclusion; W, surrounding seawater; H, E. acoroides; T, T. hemprichii).



Microbial samples were filtered onto 0.22 μm diameter filter membranes, with seawater initially filtered through a 5 μm before further filtration to 0.22 μm, with a volume of 1 L. Microorganisms from seagrass leaves were gently brushed into distilled water and subsequently filtered onto the filter membranes. The membranes were stored at -80°C until genomic DNA extraction. Another 1 L seawater sample was collected and transported promptly to the laboratory for measuring TN, TP, and PO43- concentrations, using spectrophotometer and molybdenum blue methods (Murphy and Riley, 1962). Seagrass biomass, including both aboveground and belowground parts, was weighted at wet and dry conditions. Patch morphological assessments and patch areas measurements were conducted using unmanned aerial vehicles (DJI Mini 4 Pro) and GPS markers.




2.2 DNA sequencing

Microbial DNA was extracted from the filter membranes using a Thermo genomic DNA extraction kit. A biological company was contracted for high-throughput sequencing services. The OD260/280 values of the DNA samples were within the range of 1.8 to 2.0. The concentration, determined using a Nanodrop 2000 spectrophotometer, exceeded 50 μg/μL, with a total amount surpassing 2 μg. The DNA samples mentioned above were diluted to 1 ng/μL with sterile water and used as a template for PCR amplification of the 16S rRNA target gene. High-fidelity enzymes and primers with barcode tags were used for the amplification. After amplification, PCR products of equal volumes were mixed based on their concentration, and 2% agarose gel electrophoresis was conducted for detection. Subsequently, the target bands were purified using gel extraction kits from QIAGEN. Finally, the raw sequencing data was obtained though sequencing with the Hiseq2500 platform and library preparation using Illumina kits.

The processes of assembly, quality control, and filtering are necessary to convert data into valid data. Subsequently, the Uparse software (Edgar, 2013) was used with a sequence similarity threshold of 97% (Schloss and Handelsman, 2005) to obtain operational taxonomic units (OTUs). After taxonomic annotation based on representative sequences and normalization of OTUs abundance information (Green et al., 2017) based on the minimum sequence count, a total of 4320 OTUs were obtained from seawater, 6739 from E. acoroides, and 3157 from T. hemprichii, respectively. The taxa, classified at the Family level by OTUs, were used for data analysis in this study. All sequences utilized in this study are publicly accessible at the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra) under accession PRJNA1048314.




2.3 Analysis of microbial community assembly

The microbial community assembly was quantified using a well-accepted null model (Chase et al., 2011) that evaluates the deterministic and stochastic processes based on the abundance of microbial taxonomic groups and their phylogenetic evolutionary distances. This analysis involved 999 randomizations. The phylogenetic relatedness of taxa within the community was evaluated using nearest taxon index (NTI) and its calculation was performed using the “picante” package (Webb et al., 2008). A homogeneous assembly is indicated by NTI values >2 or mean NTI > 0 (at the regional level), while heterogeneous assembly is suggested by NTI values < -2 or mean NTI < 0 (at the regional level) (Kembel, 2009; Stegen et al., 2013).

The β-NTI (Webb et al., 2008; Kembel et al., 2011) and RCBray (Stegen et al., 2013) values were used to quantify deterministic and stochastic processes. These values were calculated using the “pNST” function in the “NST” package. Assembly of community is considered deterministic if |β-NTI| > 2, while stochastic processes dominate assembly if |β-NTI| < 2 (Kembel et al., 2011). The RCBray value provides a more precise understanding of stochastic processes. If |RCBray| is greater than 0.95, it is likely that community assembly is dominated by probabilistic dispersal. On the other hand, if |RCBray| is less than 0.95, community assembly can be attributed to undominated processes such as weak selection, weak dispersal, diversification, and drift (Stegen et al., 2015) (Figure 1C). Stegen et al. (2013) developed a statistical framework to describe the ecological processes of community assembly (Figure 1C).

To explore the impact of environmental factors on community assembly, the mantel test based on matrix data was employed to observe the correlation between the two. Euclidean distances for both environmental variables and patch characteristics were calculated using the “dist” function of the “vegan” R package, resulting in matrix data. The significance threshold was set at p < 0.05. The patch isolation was calculated based on the coordinates between sampling sites using the “distm” function in the “geosphere” R package.




2.4 Analysis of microbial community β-diversity patterns

A β-diversity partitioning approach based on the Jaccard dissimilarity index (Podani and Schmera, 2011; Carvalho et al., 2012; Cardoso et al., 2014) was used to calculate three paired β-diversity metrics for both microbial taxonomy and ecological functional groups (referred to as “functional”): total diversity (Total), turnover or replacement (Repl), and richness differences (RichDiff) (Figure 1B). Ternary plots were utilized to illustrate the varying contributions of different metrics to β-diversity differences. The differences between taxonomic and functional were compared for each diversity metric, and their correlation was explored using the mantel test. Additionally, the mantel test was used to indicate the relationship between the β-diversity metrics and environmental factors.

The β-diversity analysis in microbial taxonomy employed the data obtained from the classification of OTUs at the Family level, which yielded 416 taxa in seawater, 464 taxa in E. acoroides, and 364 taxa in T. hemprichii. Ecological function groups of microbial communities in seagrass beds were obtained by comparing OTUs classification tables with the functional annotation of prokaryotic taxa (FAPROTAX) (http://www.zoology.ubc.ca/louca/FAPROTAX/) using Python scripts. These functional groups effectively explained and predicted the functions related to the cycling of elements such as carbon (C), nitrogen (N), phosphorus (P), and sulfur (S) (Louca et al., 2016; Kumar et al., 2018; Picazo et al., 2021). A total of 57 ecological functional groups were identified from microbial communities of seawater and E. acoroides, and 48 in T. hemprichii. These data were used for β-diversity analysis in microbial functionality.

The analyses were conducted using the R software (Team, 2023). The β-diversity calculation used the “adespatial” package, the mantel test used the “vegan” package, and functional annotations were based on the Linux system and accomplished using the “FAPROTAX” package.





3 Results



3.1 Stochasticity, undominated process specifically, determines microbial community assembly

The average NTI values of microbial communities in both seagrass species are higher than those in the surrounding seawater, and both are greater than zero (Supplementary Figure S1). This suggests a homogeneous assembly of communities in seagrass beds and a closer phylogenetic relationship in the microbial communities attached to seagrasses. The assembly of microbial communities in seagrass beds is primarily governed by stochastic processes, accounting for over 75%, as evidenced by β-NTI values (Supplementary Figure S2; Figure 2A). The contribution of deterministic processes in seawater and T. hemprichii patches is higher at the edge than at the center, while the opposite is observed in E. acoroides patches (Figure 2A). Further identification revealed that determinism is primarily attributed to heterogeneous selection, whereas stochasticity is mainly attributed to undominated processes, including weak selection, weak dispersal, diversification, and drift (Figure 2B).




Figure 2 | The proportion of different assembly processes of  microbial communities in seagrass beds (A, the proportion of deterministic and stochastic processes; B, the proportion of components of deterministic and stochastic processes; W, surrounding seawater; H, E. acoroides; T, T. hemprichii; C, center of the patch; E, edge of the patch).



Mantel test results (Supplementary Table S1) indicate a significant correlation between the assembly processes of microbial communities (β-NTI) at the centers (p < 0.05) of E. acoroides patches with seagrass biomass and a partially significant correlation (p < 0.08) at the edges. At the centers of T. hemprichii patches, community assembly is partially correlated with TN and isolation, while at the edges, it is significantly correlated with PO43- (Supplementary Table S1). We analyzed whether there were patterns of variation in dominant taxa, defined as taxa with abundances exceeding 1% across all sampling sites, within the community in fragmented seagrass bed patches (Supplementary Figure S3). The results showed no discernible patterns, suggesting that dominant taxa do not dictate the assembly of microbial communities in fragmented seagrass beds.




3.2 Replacement is responsible for the β-diversity difference of microbial communities

The analysis of β-diversity partition indicates that the differences in microbial community composition are primarily driven by species replacement, which contributes significantly more to β-diversity than richness differences (Figure 3; Table 1). Furthermore, no significant differences were observed between seawater and the two seagrass species, nor between the center and edge of patches. In seawater microbial communities, species replacement processes accounted for an average of 73.96%, while richness differences processes accounted for 26.04% (Table 1). In the microbial communities attached to E. acoroides, species replacement processes were 73.42% and richness differences processes were 26.58%. For the microbial communities attached to T. hemprichii, species replacement processes accounted for 71.65% and richness differences processes accounted for 28.35% (Table 1). The mantel test revealed that the species replacement processes of most communities did not exhibit significant correlation with environmental factors (Supplementary Table S2). Specifically, the replacement process was significantly and positively correlated with patch area, isolation, and PO43- in the central community of E. acoroides patches. TP and TN were significantly and positively correlated with the replacement process at the edge of T. hemprichii patches (Supplementary Table S2).




Figure 3 | Triangular plots of taxonomic β-diversity comparisons (using Jaccard dissimilarity index) in seagrass beds among all sites (Its position is determined by a triplet of values from the JS (Jaccard Similarity), Repl (replacement) and RichDiff (richness difference) matrices. The mean values of JS, Repl and RichDiff are shown. Each point represents a pair of sites with 435 pairs sites in the W and H, 120 pairs sites in the T. W, surrounding seawater; H, E. acoroides; T, T. hemprichii; C, center of the patch; E, edge of the patch.).




Table 1 | The contribution of replacement and richness differences to β-diversity differences (W, surrounding seawater; H, E. acoroides; T, T. hemprichii; C, center of the patch; E, edge of the patch).



Among the top 15 most abundant ecological function groups, the majority are associated with the C cycle (Supplementary Figure S4). However, their relative abundance varies. Chemoheterotrophy and aerobic_chemoheterotrophy are most abundant in the microbial communities of seawater and T. hemprichii, whereas the opposite is true for E. acoroides (Supplementary Figure S4). In contrast to differences in community composition, microbial functional differences in seawater are mainly contributed by replacement processes, whereas in seagrass richness differences play a predominant role (Figure 4; Table 1). Specifically (Table 1), in seawater microbial communities, replacement processes contribute an average of 54.27%, while richness difference processes contribute 45.73%. For the communities attached to E. acoroides, replacement processes contribute an average of 43.47% and richness differences processes contribute 56.53%. In the microbial communities attached to T. hemprichii, replacement processes were 37%, and richness differences processes contributed 63%. Replacement processes of most communities were not significantly correlated with environmental factors, except for a significant positive correlation with PO43- and patch isolation in seawater at the edge of patches (Supplementary Table S3). There was no significant correlation between all richness difference processes and environmental factors (Supplementary Table S4).




Figure 4 | Triangular plots of functional β-diversity comparisons (using Jaccard dissimilarity index) for microbes in seagrass beds among all sites. (Its position is determined by a triplet of values from the JS (Jaccard Similarity), Repl (replacement) and RichDiff (richness difference) matrices. The mean values of JS, Repl and RichDiff are shown. Each point represents a pair of sites with 435 pairs sites in the W and H, 120 pairs sites in the T. W, surrounding seawater; H, E. acoroides; T, T. hemprichii; C, center of the patch; E, edge of the patch.).



A comparison was conducted between taxonomy and functionality for the three components of β-diversity: total β-diversity, replacement, and richness differences. The results indicate that both total β-diversity and replacement exhibit higher values in taxonomy than in functionality, while richness differences are relatively similar between the two (Figure 5). Mantel analyses were performed to examine the relationship between taxonomic and functional β-diversity. Significant positive correlations were found for total β-diversity in seawater, including both the center and edge. Only at the edge of E. acoroides patches, total β-diversity exhibited a significant positive correlation. At the center and edge of T. hemprichii patches, significant positive correlations of total β-diversity and richness difference were observed. However, replacement processes existed a partially significant positive correlation at the center (Table 2).




Figure 5 | Comparisons of β-diversity components (total, replacement and richness difference) for taxonomy and ecological function groups of microorganisms in seagrass beds (W, surrounding seawater; H, E. acoroides; T, T. hemprichii; C, center of the patch; E, edge of the patch.).




Table 2 | Mantel test between the β-diversity components (total, replacement and richness difference) and taxonomy, ecological function groups of microorganisms in seagrass beds (Bold numbers indicates significant correlation, p < 0.05.







4 Discussion

While it is widely recognized that both deterministic and stochastic processes impact community assembly (Ofiţeru et al., 2010; Chase and Myers, 2011; Zhou and Ning, 2017), there is an ongoing debate regarding their relative importance in governing community variations (Zhou et al., 2013; Vellend et al., 2014). Notably, the significance of stochastic processes has historically been understated in this discourse (Zhou and Ning, 2017; Li and Gao, 2023). The study highlights the significant role of stochastic processes in microbial community assembly in fragmented seagrass beds, in contrast to traditional island ecology perspectives. Additionally, the study reveals differences in the patterns of functional and taxonomic β-diversity, including the relative contributions of replacement and richness difference processes and their responses to environmental factors. This aids in a better understanding and elucidation of these stochastic rules. On the basis of the dominant factor of stochastic assembly, perhaps focusing on community function in future management and restoration is an ingenious perspective.



4.1 The stochastic assembly processes in microbial communities

The NTI results reflect the phylogenetic clustering relationships within communities. An average NTI across multiple communities at the regional level demonstrates the homogeneous assembly of microbial communities across the region, rather than relying on a single NTI. In other words, the phylogenetic relationships of metapopulation provide background information for the microbial community assembly in seagrass beds. According to Stegen et al. (2013), undominant processes in stochasticity, such as weak selection, weak dispersal, diversification, and drift, are responsible for the assembly of microbial communities. The mantel results indicate a lack of significant correlation between β-NTI and environmental factors, supporting this notion. The findings suggest that community assembly in seagrass bed patches is minimally explained by environmental variables and patch characteristics, which is consistent with previous research on microbes (Ramette and Tiedje, 2007; Zhou et al., 2008; Graham et al., 2016).

Generally, diversification and dispersal are often considered components of stochastic processes, especially in microbial communities (Chase and Myers, 2011), as microbial dispersal is typically passive (Nemergut et al., 2013) and passive dispersal is regarded as random (Vellend et al., 2014). Drift refers to the random changes in the relative abundance of different species within a community over time, driven by inherent stochastic processes such as birth and death (Vellend, 2010; Nemergut et al., 2013). It is undeniably stochastic (Vellend et al., 2014). The challenge lies in the inability to directly measure these stochastic processes in community ecology. Furthermore, in microbial communities, drift is likely associated with functional redundancy and plays a crucial role in shaping community structure (Ofiţeru et al., 2010; Zhou et al., 2013), as the common functional redundancy in microbial communities can induce drift by increasing neutrality (Allison and Martiny, 2008; Delgado-Baquerizo et al., 2016). It is clear that there are dynamic exchanges between microorganisms attached to seagrass and the species pool in the surrounding seawater (Fahimipour et al., 2017). Seagrasses prevent or selectively filter microbial colonization for various reasons. Combining our results, it can be inferred that stochastic processes have a significant impact on the assembly of attached microbial communities by predominantly shaping the formation of local species pools.




4.2 Microbial community assembly from a β-diversity patterns perspective

Understanding the contributions of the two components of β-diversity is crucial for comprehending how communities change, and provides a new perspective on community assembly (Carvalho et al., 2012). From a taxonomic standpoint, differences in microbial community β-diversity are mainly driven by species replacement. From a functional perspective, replacement processes contribute slightly more than richness differences in seawater microbial communities, which is contrary to the observed pattern in communities attached to seagrasses. These findings align with related research on seawater microbial communities (Sun et al., 2024). Furthermore, we observed that the proportion of dominant taxa did not exhibit consistent patterns with increasing or decreasing patch area of seagrass beds. This statement contrasts with the area-diversity theory in island ecology, which suggests that species diversity is proportional to island size (Li et al., 2020). The area-diversity theory is not applicable to fragmented seagrass bed patches; instead, replacement processes dominate the β-diversity differences in microbial communities. Previous studies suggest that species dispersal may cause species turnover among communities (Swenson et al., 2011). Dispersal is common in microbial communities (Wu et al., 2021).

Taxonomically, β-diversity is primarily influenced by replacement processes, while the contribution of richness differences to functional β-diversity slightly surpasses that of replacement. This implies a significant convergence of functional traits among communities (Carvalho et al., 2020), reinforcing the concept of heightened functional redundancy within microbial communities. The taxonomic dissimilarity and functional convergence suggest turnover among microbial taxa with similar functions (Wu et al., 2021). There is a weak yet significant correlation between taxonomic and function-based β-diversity components, indicating that these two facets provide complementary ecological information (Devictor et al., 2010). This pattern has been observed across diverse biological groups, including fish, planktonic plants, and zooplankton, as well as various habitats, encompassing different types of water bodies (Gianuca et al., 2018; Wu et al., 2018; Hill et al., 2019). Furthermore, there is limited correlation between β-diversity components from both taxonomic and functional perspectives and environmental factors, including environmental variables and patch characteristics. These findings suggest that environmental factors play a minimal role in driving replacement processes within microbial communities. The collective findings demonstrate that the β-diversity patterns provide a new perspective and reference for better understanding the stochastic assembly rules of microbial communities in fragmented seagrass beds.

Research indicates a complex and intimate interaction between plants and their associated microorganisms, whether in the rhizosphere microbiome (Gabriel Nuto et al., 2023; Tang et al., 2023) or the phyllosphere microbiome (Lehnen et al., 2016; Ettinger et al., 2017). Seagrasses are no exception, as changes in the structure and diversity of attached microbial communities, along with their responses to the environment, significantly impact the health, growth, and functions of seagrasses (Chen et al., 2022; O’Connor et al., 2022). For instance, alterations in rhizosphere microbial communities play a pivotal role in the successful transplantation of seagrasses (Christiaen et al., 2013). Undoubtedly, the ecosystem services provided by seagrass beds, such as high productivity and a robust carbon sequestration capacity (Fourqurean et al., 2012; Han et al., 2023), predominantly rely on seagrasses. Therefore, delving into community assembly mechanisms is crucial for understanding of the intricate relationship between microbial communities and seagrasses. This knowledge can guide the development of targeted management strategies to protect and restore seagrass bed ecosystems.





5 Conclusion

The assembly processes of microbial communities attached to seagrass play a crucial role in the growth and health of seagrasses and, consequently, the stability, diversity, and multifunctionality of seagrass bed ecosystems. We emphasize the dominance of stochastic rules, particularly undominant processes such as weak selection, weak dispersal, diversification, and drift, in the assembly of these communities (Figure 1D). The taxonomic-based differences in β-diversity are driven by replacement processes, whereas in functional β-diversity, the contribution of richness differences slightly surpasses that of replacement processes. Although there are significant taxonomic distinctions among microbial communities in seagrass beds, functional convergence and redundancy are observed. Environmental factors, indicative of deterministic processes, provide minimal explanation for the patterns of β-diversity. In summary, stochastic processes govern the assembly of microbial communities in fragmented seagrass beds. The taxonomic and functional β-diversity patterns provide a new perspective and support for better comprehending these stochastic assembly rules. This study provides foundational evidence for the mechanisms of microbial community assembly in fragmented seagrass beds, offering novel insights for the conservation and management of seagrass beds.
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Taxonomic and functional β-diversity patterns reveal stochastic assembly rules in microbial communities of seagrass beds
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Surface blooms of colony-forming Microcystis are increasingly occurring in aquatic ecosystems on a global scale. Recent studies have found that the Microcystis colonial morphology is a crucial factor in the occurrence, persistence, and dominance of Microcystis blooms, yet the mechanism driving its morphological dynamics has remained unknown. This study conducted a laboratory experiment to test the effect of extracellular polymeric substances on the morphological dynamics of Microcystis. Ultrasound was used to disaggregate colonies, isolating the cells and of the Microcystis suspension. The single cells were then re-cultured under three homologous EPS concentrations: group CK, group Low, and group High. The size, morphology, and EPS [including tightly bound EPS (TB-EPS), loosely bound EPS (LB-EPS), bound polysaccharides (B-polysaccharides), and bound proteins (B-proteins)] changes of colonies were closely monitored over a period of 2 months. It was observed that colonies were rapidly formed in group CK, with median colony size (D50) reaching 183 µm on day 12. The proportion of colonies with a size of 150–500 µm increased from 1% to more than 50%. Colony formation was also observed in both groups Low and High, but their D50 increased at a slower rate and remained around 130 µm after day 17. Colonies with a size of 50–150 µm account for more than 50%. Groups CK and Low successively recovered the initial Microcystis morphology, which is a ring structure formed of several small colonies with a D50 of 130 µm. During the recovery of the colony morphology, the EPS per cell increased and then decreased, with TB-EPS and B-polysaccharides constituting the primary components. The results suggest that colony formation transitioned from adhesion driven to being division driven over time. It is suggested that the homologous EPS released into the ambient environment due to the disaggregation of the colony is a chemical cue that can affect the formation of a colony. This plays an important but largely ignored role in the dynamics of Microcystis and surface blooms.
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Highlights

	The TB-EPS and B-polysaccharides primarily contribute to colony formation.

	Microcystis unicell forms a colony by cell adhesion.

	Microcystis achieves specific morphotypes by rapid cell division.

	Homologous EPS has an inhibitory effect on the morphological recovery of Microcystis.






1 Introduction

Microcystis spp. are widespread, harmful bloom-forming cyanobacteria (Sun et al., 2016; Chen et al., 2020; Kondo et al., 2023). Its colonies, characterized by individual cells embedded within extracellular matrices rich in extracellular polymeric substances (EPS) (Xiao et al., 2018), are ecologically significant for Microcystis enhancing persistence of individual cells in dynamic environments. Through cell aggregation, colonies provide protection, efficient resource uptake, and create unique microenvironments (Stal, 2017; Xiao et al., 2018). These advantages bolster ecological success and shape community structure (Visser et al., 2005; Yamamoto et al., 2011).

Under natural conditions, Microcystis mainly exists in colonies. But in typical laboratory cultures, it exists as single cells. Laboratory Microcystis strains can form colonies due to various biotic and abiotic factors. Biotic factors, such as EPS (Omori et al., 2019; Wei et al., 2020, 2021), Microcystin (Gan et al., 2012), allelopathy (Li et al., 2020), and zooplankton (Yang and Kong, 2012), are commonly involved. Abiotic factors include Ca2+ (Chen and Lurling, 2020; Huang et al., 2022), Mg2+ (Omori et al., 2019), temperature (Wei et al., 2020), and light (Wei et al., 2021). For Microcystis in the field, colony size may become larger under the disturbance caused by different wind and wave conditions (Duan et al., 2019). However, under some environmental stresses, colonies may also disaggregate to adapt to the novel environment. Strong turbulence can cause the disaggregation of a colony (Wu et al., 2019b). In late autumn and winter, as light decreases and water temperatures drop, Microcystis colonies in the lake may disaggregate resulting in a decreasing size (Tsujimura et al., 2000).

Colony formation is achieved through the mechanisms of cell division and adhesion, and these two mechanisms are often interactive (Xiao et al., 2017) posing a challenge in evaluating their respective roles. Division and adhesion are usually quantified by comparing colony cell growth with total cell number growth (Xiao et al., 2017; Duan et al., 2018). Studies have shown that after colony-induced culturing of laboratory Microcystis strains and field isolated single-celled Microcystis strains, the newly formed colonies did not exhibit specific types of morphology in a few months (Duan et al., 2018; Chen and Lurling, 2020). When future cell division events take place, the arbitrary arrangement of cells within the colony becomes regular (Otsuka et al., 2000; Sun et al., 2016). It helps to form colonies with distinct morphological characteristics.

The formation of a colony is seemingly associated with EPS. For example, EPS has been found to contribute to the adhesion, cohesion, and aggregation of Microcystis cells providing the foundation for the development of multi-cellular structures (Karampatzakis et al., 2017; Liu et al., 2018). This matrix is excreted by Microcystis into their surrounding environment (Duan et al., 2018), where it functions as a critical scaffold for colony formation. EPS can be categorized as soluble EPS (SL-EPS) and binding EPS (B-EPS) according to the degree of tight binding with a colony, and B-EPS is further divided into loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) (Omori et al., 2019; Tan et al., 2020). The main constituents of Microcystis EPS are polysaccharides and proteins, and many humic acid-like components have been identified recently (Xiao et al., 2019; Van Le et al., 2022). In natural water bodies, EPS can be released by disaggregation of a colony and death of a cell (Sigee et al., 2007). However, how EPS affect the colony dynamics of Microcystis has remained unclear.

To enhance the understanding of colony formation and dynamics, the single-celled Microcystis was used to culture a colony with homologous EPS in the laboratory. In the present study, ultrasound was used to simulate the natural forces that cause the disaggregation of a colony and to isolate the cells and EPS. By incubating the single cells with varied amount homologous EPS, we aim to (i) explore the effect of EPS on the morphological characteristics of Microcystis and (ii) investigate the mechanism of colony formation during this process. This study is expected to contribute to a better understanding of the differences between single-celled and colonial morphologies of Microcystis, the strategies involved in community formation, and the role of EPS in Microcystis colony formation and morphological changes.




2 Materials and methods


2.1 Microcystis colony culture and collection

On 20 March 2023, a phytoplankton net with a mesh size of 63 µm was used to collect a thin layer of surface scum composed of cyanobacteria that was collected during the early stages of a spring bloom in Guanqiao fish pond located in Wuhan, China. The collected cyanobacterial colonies were quickly transported to the laboratory. They were immediately filtered through a 300-µm mesh filter followed by a 45-µm mesh filter to eliminate coarse impurities. The filtered and concentrated cyanobacterial colonies were subjected to a pre-culturing process in 10% BG11 medium, at a temperature of 25°C, under a light/dark cycle of 12 h/12 h with light exposure of 25 µmol photons m−2 s−2, for a duration of 3 days (Zhao et al., 2019; Gao et al., 2020; Xu et al., 2023). Morphological identification was conducted, which revealed the predominance of Microcystis species (Supplementary Figure S1C).




2.2 Acquisition of cells and homologous EPS of Microcystis

To isolate cells from Microcystis colonies, the Microcystis colonies were subjected to pretreatment using an Ultrasonic Processor (VCX150, Sonics & Materials Inc., USA). The colonies were dispersed into individual cells (Supplementary Figures S2B and S3B) through the application of ultrasonic waves (Wu et al., 2012; Zhang et al., 2021). The ultrasonic amplitude was set at 50%, and a total energy of 108–112 J was released over a 4-min duration. The single cells obtained from ultrasonic dispersion were stained with fluorescein diacetate (FDA) at 100 µg mL−1 and subsequently kept in darkness for 5 min (Chen et al., 2005). Upon exposure to an excitation light source, the cells exhibited a vibrant green fluorescence (Supplementary Figure S3B) confirming that the ultrasonic treatment employed did not induce cellular mortality (Yang et al., 2021). Both the cells and EPS were isolated by centrifugation at 9,000 rpm for 10 min. The experimental cells were obtained by subjecting them to three rounds of resuspension and centrifugation in 10% sterile BG-11 medium.

The resulting supernatant from centrifugation at 9,000 rpm was collected and subsequently filtered using GF/F membranes (0.22 µm; Waterman, UK) to obtain Microcystis EPS that was devoid of cells. This collected EPS is called homologous EPS. To prevent the EPS from rapidly deteriorating at ambient temperature, the separated homologous EPS was promptly refrigerated and stored for later use.




2.3 Experiment design

The homologous EPS collected during pre-treatment was added to cells at different concentrations, determined by the dissolved organic carbon (DOC) concentration. This resulted in EPS concentrations of 0 mg L−1 (CK), 0.66 mg L−1 (Low), and 12 mg L−1 (High) within the culture system (Supplementary Table S1). During the collection of Microcystis in the field, the pond’s DOC content was measured to be 12 mg L−1 at a depth of 0.1 m below the water surface.

All groups were cultured in Erlenmeyer flasks containing 10% sterile BG11 medium. In all groups, the starting cell density was consistent at 6.5×108 cell L−1. The experiments were conducted in an Illuminated Incubator (PGX-100A-LED, Jiangsu Tianling Instrument Co., Ltd., Yancheng, China). Culture conditions mirrored those of wild Microcystis colonies, with gentle agitation provided by manual shaking two to three times per day (Gao et al., 2020; Xu et al., 2023). Other culturing conditions were the same as those in Section 2.1. Samples were collected every 3 days during the initial phase when cells reaggregated into microcolonies and every 5 days when the size of reaggregated colonies stabilized. Nutrient concentrations within the culture system were monitored throughout the sampling period to ensure adequate nutrient availability. All experimental groups were conducted in quadruplicate, and the results were reported as averages.




2.4 Growth parameters and morphology

The Microcystis population is enumerated after the alkaline hydrolysis using an optical microscope (BX43, Olympus Corporation). The relative growth rate (ν) of Microcystis was calculated as follows (Xu et al., 2023):

	

where Cti and Ctj (cells L−1) are the cell densities of Microcystis at two consecutive sampling times.

Chlorophyll a (Chla) was measured using a 4.8-mL sample. The Phytoplankton Analyzer (Phyto-PAM, Walz Co., Erlangen, Germany) was utilized for the assessment of Microcystis photosynthetic activity (Ye et al., 2023). The Fv/Fm parameter represents the potential maximum conversion efficiency of Microcystis photosystem II, as it is overwhelmingly dominant (Wang et al., 2018). Photos were taken using software (HaoKangBioImaging) on a microscope.




2.5 Zeta potential, pH, and dissolved oxygen

The zeta potential of Microcystis was measured with a Malvern Zetasizer (Malvern-Nano-ZSMalvern, UK) (Tattibayeva et al., 2022). The pH was determined with a pH meter (pH100A, EcoSence, China). Additionally, the dissolved oxygen (DO) in the Microcystis fluid was quantified using a YSI instrument (YSI Pro ODO, USA).




2.6 Colony size and compactness

The study utilized a Laser In-Situ Scattering and Transmissometer instrument (LISST-200X, Sequoia Scientific Inc., Bellevue, WA, USA) to measure colony size, cell size, and biovolume concentration. The median colony size (D50), representing the median biovolume concentration location, was used to characterize the diameter of Microcystis cells and colonies. Before measuring, the Microcystis sample was appropriately diluted with distilled water. Then, 10 mL of the diluted sample was used to determine the size distribution and biovolume concentration (Vcolony in µL L−1) of the original Microcystis colony. After the measurements, the Microcystis fluid was retrieved, and the colonies were disaggregated into single cells through alkaline hydrolysis at 85 °C for 6–8 min (Wang et al., 2015). The size distribution and biovolume concentration (Vcell in µL L−1) of Microcystis cells were subsequently assessed using the LISST-200X. The volume ratio (VR) of the cells to colonies was calculated according to established laboratory protocols from prior studies (Wu et al., 2020; Xu et al., 2023), and it indicates the relative compactness of colonies:

	

where Vcell (µL L−1) and Vcolony (µL L−1) are the mean biovolume concentrations of single cells and of colonies in a sample.




2.7 EPS and DOC measuring

Coomassie Brilliant Blue G-250 and phenol-sulfuric acid were used to measure polysaccharides and proteins, respectively (Wang and Xing, 2009; Ma et al., 2021; Duan et al., 2022) in this study. The sample was first centrifuged at 5,000 rpm for 15 min. After removing the supernatant, the remaining sediment was resuspended using a 0.05% NaCl solution. The suspended algae solution was then centrifuged at 5,000 rpm for LB-EPS measurement (Xiao et al., 2018). The residual sediment was re-suspended with a 0.05% NaCl solution at an adjusted pH of 10 and heated at 45°C for 4 h. Subsequently, centrifugation was performed at 11,000 rpm for 15 min, and the resulting supernatant was collected for the measurement of polysaccharides and proteins (Yang et al., 2008; Xiao et al., 2012, 2019). LB-EPS encompasses loosely bound proteins and polysaccharides. TB-EPS comprises tightly bound proteins and polysaccharides.

The content of dissolved polymeric substances (S-EPS) was represented by DOC in this study. The DOC in liquid samples filtered through GF/F membranes was quantified using a Total Organic Carbon Analyzer (TOC-VCPH, Shimadzu Co., Kyoto, Japan).




2.7 Statistical analysis

SPSS statistics software (version 27, Chicago, IL, USA) was used to determine the differences in physiological regulation of Microcystis at different periods of colony formation and the differences in colony formation caused by homologous EPS. Values with p< 0.05 were considered significant, while those with p< 0.01 were considered very significant. All data images were produced using Origin 2021 software (OriginLab, Northampton, MA, USA).





3 Results


3.1 Growth of Microcystis under different EPS concentrations

As shown in Figure 1A, there was no significant difference in Microcystis cell density during the first 0–6 days. However, the cell density in group High remained consistently higher than the other two groups for the following 42 days. In Figure 1B, the growth rate of group CK had a small peak of 0.46 day−1 during 3–6 days followed by a small decrease and a rise to the second peak of 1.05 day−1 during 27–32 days. This pattern repeated, reaching the third peak of 1.05 day−1 during 42–47 days. During the final 20 days of the experiment, the rapid increase in growth rate of group CK ceased and then decreased to a stagnant growth state. It showed a relatively stable and low cell density curve in Figure 1A. The growth rate of group Low rose and fell during the experiment in general. But it decreased to 0.25 day−1 between days 27 and 32 before peaking at 0.84 day−1 in the following 5 days. Group High had higher growth rate at the beginning and end of experiment. Specifically, the peak values observed were 0.69 and 1.17 day−1 on days 6–9 and 42–47. At the same time, it was observed that the dissolved total phosphorus (DTP) in this set of systems was almost depleted by the end of day 12, and the medium was replenished in a timely manner (Supplementary Figure S4). The growth rate of group High reached a second small peak of 1.7 on days 22–27. A third peak in growth rate was observed after 47 days. The growth rate of group Low reached a small peak on day 22 and increased rapidly to 7.4 on days 32–52. In the long term, the addition of homologous EPS is beneficial to Microcystis population.




Figure 1 | Time series of cell density (A), growth rate (B), photochemical efficiency of PSII (Fv/Fm) (C), and Chla concentration (D) of Microcystis under three homologous EPS concentrations (Supplementary Table S1 for explanation of the experimental groups).



The Chla per cell in group CK was significantly lower than that in group Low (p< 0.05). In comparison to group Low, the difference in Chla content in group High was much more significant (p< 0.01). The Chla content per cell increased during the initial 6 days, followed by a decrease as the days progressed, and eventually stabilizing at a relatively constant value. The Chla content was similar among the different treatment groups (Figure 1D).

During the first 6 days, the photochemical efficiency of PSII (Fv/Fm) significantly decreased in all treatment groups. The magnitude of the decrease was directly proportional to the amount of added homologous EPS. The group with high homologous EPS addition showed a reduction of 0.34, which was two to five times lower than the low addition group and group CK (Figure 1C). Overall, group CK had the highest Fv/Fm value, while the group with high homologous EPS addition had the lowest value.




3.2 Changes in physicochemical parameters of the Microcystis

It was observed that the absolute value of the Zeta potential in group CK increased in the first 0–3 days before decreasing. Groups Low and High experienced a decrease in the absolute value of Zeta potential until 12 days (Figure 2A). From days 10 to 40, the absolute value of the Zeta potential of group CK remained at 20 to 24, which was lower than that of the other two groups. There is no significant difference in the Zeta potential between group Low and group High. The concentration of DO and pH of group High were higher than those in group Low. Similarly, group Low had higher DO and pH than group CK in the first 20 days (Figures 2B, C).




Figure 2 | The variation of the Zeta potential (A), DO (B), and pH (C) of algae under three homologous EPS concentrations over time. Difference between group CK and two EPS addition groups on Zeta potential and DO were very significant and significant (p< 0.01, p< 0.05).






3.3 The impact of EPS concentration on colony size and morphology


3.1.1 Dynamics of colony morphology

As shown in Figure 3, the addition of homologous EPS had a lasting and profound effect on the restoration of colony morphology. Both groups CK and group Low successfully returned to the original Microcystis novacekii form by the end of the experiment (Figures 3A4, B4). However, the colonies of group High consist of small spherical or nearly spherical colonies (diameter<50 µm) forming loose large colonies (Figure 3C4). For group CK, some large colonies were observed on day 6. On day 12, many gaps appeared between the colonies, which were then divided into distinct and tiny blocks (Figure 3A2). By day 27, the colonies had taken on the classic form of Microcystis novacekii, with three to five small colonies connected in rings (Figure 3A3). The differences between group Low and group CK were that there were fewer large colonies in the process of morphological recovery in group Low (Supplementary Figure S5), and the ring form formed by connecting small groups does not appear until day 32 (Figures 3B1–B3).




Figure 3 | Different colony forms formed over time. They are microphotographs taken at ×20 magnification [group CK: groups (A1–A4); group Low: (B1–B4); High: (C1–C4)]. Row 1: day 6; row 2: day 12; row 3: day 32; row 4: day 52.






3.1.2 The impact of EPS on colony size and compactness

During the first three days of the experiment, D50 increased at the same rate in all groups. However, after that, group CK exhibited a greater growth trend in D50, reaching its first peak on the 12th day and gradually decreasing thereafter. In contrast, D50 under different initial EPS concentrations remained relatively stable at approximately 120 µm on day 17 (Figure 4A). The maximum D50 values of groups Low and High were 166 and 187 µm, respectively. The two groups of colonies were similar in size. D50 of group CK and two EPS addition groups were significantly different (p< 0.05).




Figure 4 | The medium-sized colonies under three homologous EPS concentrations and the original colonies (horizontal solid line: 130 µm) (A) and the colony volume ratio (VR) (B).



Simultaneously, it was discovered that different concentrations of EPS influenced the formation of Microcystis colonies. The colony size in group CK quickly recovered to the size of the original colonies (Figure 4A). Meanwhile, the cell density remained relatively constant during this period. The recovery speed of colony size in groups Low and High was slower than that of group CK, requiring 17 and 27 days, respectively. During the initial stages of the experiment, the colonies VR decreased due to loose cell adhesion (Figure 4B). In Supplementary Figure S5, the proportion of the VC for 0–50, 50–150, and 150–500 µm in the total VC was roughly the same on day 0. Specifically, the VC proportion for 0–50 µm was 72% ± 4%, the VC proportion for 50–150 µm was 27.5% ± 3.5%, and the VC proportion for 150–500 µm was 1%. After 3 days, the VC proportion for 0–50 µm decreased in each group, while the VC proportion for 50–150 µm increased significantly, and the VC proportion for 150–500 µm increased slightly. After 12 days, the VC proportion for 150–500 µm in group CK remained stable at over 50%. The VC proportion for 50–150 µm also remained stable at more than 38% ± 4%, while the VC proportion of 0–50 µm accounted for only a very small percentage of 3%–5%. Compared with group CK, colonies measuring 150–500 µm accounted for the majorities of the proportion. Two groups with added homologous EPS accounted for more colonies of 50-150 µm proportion. Additionally, the proportion of 50–150 µm in group High was higher than that in group Low.

Group High exhibited the lowest D50 indicating that a high concentration of homologous EPS had an inhibitory effect on the process of colony formation when compared with no and low concentrations of homologous EPS. After 12 days, there was a significant increase in cell density, with a rise of (10.4 ± 2.4) × 108 cells L−1, and the cell density began to increase. Although group CK had the lowest cell density, it exhibited the fastest VR growth. This indicates that the EPS produced by cells during cultivation was more effective in promoting cell density than the added homologous EPS.





3.4 Changes in EPS of Microcystis colonies

In this experiment, the EPS of Microcystis were analyzed by their content of polysaccharides and proteins as representative structural EPS. The ultrasonic treatment used to extract the EPS was not entirely thorough, as evidenced by the incomplete extraction of TB-EPS (Figure 5B). The addition of homologous EPS resulted in a rapid response from Microcystis cells, as indicated by the production of LB-EPS. The strength of the positive response was directly proportional to the amount of homologous EPS added (Figure 5A). Initially, the added homologous EPS mainly consisted of soluble EPS, with a smaller proportion of LB-EPS. Among them, proteinaceous substances had a higher proportion than polysaccharides (Figures 5A, B, D, F). During the experiment, the LB-EPS on individual cells in both groups Low and High first decreased from 0 to 6 days and then increased. In groups CK, Low, and High, the LB-EPS content on individual cells reached its highest levels at approximately 32 days, with values of 0.045, 0.048, and 0.065 pg cell−1, respectively (Figure 5A). In contrast to the immediate decrease in LB-EPS content in groups CK and Low, group High maintained its peak levels for 10 days. Over the course of 0–20 days, the TB-EPS on individual cells in group Low was significantly higher than in groups CK and High. In Figure 5B, the TB-EPS peak values were 0.092, 0.111, and 0.139 pg cell−1 for groups Low, CK, and High, respectively. The peak order of B-polysaccharides on cells was similar to that of TB-EPS, with only group High showing a peak of up to 0.114 pg cell−1 at 32 days. According to the trend of extracellular substances on cells from 0 to 6 days, polysaccharides are suggested to be mainly TB-EPS, while proteins are suggested to be mainly LB-EPS (Figures 5A–D). The trends in B-EPS on individual cells in each group were generally similar, with group CK maintaining lower B-EPS levels than the other two groups (Figure 5A), resulting in the formation of denser Microcystis colonies in group CK. The DOC level in group CK consistently remained low, with a slight decrease after a gradual increase (Figure 5F). In group Low, the DOC level was above 0.003 pg cell−1 after the ninth day and continued to decline after approximately 20 days. The DOC level in group High rapidly decreased from 0.018 to 0.003 pg cell−1 within the first 3 days and has since fluctuated between 0 and 0.003 pg cell−1.




Figure 5 | The content of LB-EPS (A), TB-EPS (B), B-polysaccharides (C), B-protein (D), bound extracellular polymers (B-EPS) (E), and DOC (F). All on individual Microcystis cells.







4 Discussion

Under no and low homologous EPS addition, Microcystis cells isolated from field strains can recover to the colonies with original morphological level, including colony size and morphology. Based on VR, it suggests that the formation of Microcystis colonies from single cells to stable shapes involves two main stages. Stage 1: Cells aggregate into small colonies through adhesion (decreasing VR). Stage 2: Colonies become more compact (increasing VR) and eventually form a specific colony morphology.

At the beginning of stage 1, the Chla content of cell and DO all increased (Figures 1, 2). The pH rapidly increased to 9–10 within 3 days (Figure 2). Such alkaline condition could be created by the photosynthesis of cyanobacteria. The colony’s photosynthesis is promoted by the elevated pH, which increases until it surpasses 10 (Fang et al., 2018). This could facilitate colony formation (Bano and Siddiqui, 2004; Fang et al., 2018). At stage 1, which lasted for about 12 days, the cell densities of all three groups did not increase significantly (Figure 1A), while colonies were observed in all groups. Particularly, in group CK, the colony size of Microcystis on the sixth day is comparable to original colonies (Figure 4A). Therefore, this process of cell aggregation is most likely caused by adhesion. Although adhesion has been considered as one of the mechanisms for the formation of colonies (Duan et al., 2019), the involved processes have not been fully clarified. Colonies formed in all groups suggest that the cell adhesion is not caused by homologous EPS. Contrarily, the results suggest that homologous EPS can inhibit this process. The more homologous the EPS added, the stronger the inhibition observed (Figure 3). Under different homologous EPS additions, the rate of change in D50 in the first 12 days was group CK > group Low > group High (Figure 3). At the same time, counterintuitively, it was found that the VR of colonies did not become dense with the decrease in D50. Group CK with a larger size had the largest colony VR (Figure 3). The TB-EPS on cells was not completely removed (Figure 5B). Most Microcystis (>85%) have a layer of hydrophobic proteins outside the cell wall named S-layer, which is important for cell adhesion and surface recognition (Šmarda et al., 2002; Schachtsiek et al., 2004; Zu et al., 2020). This structure may overlap with TB-EPS, which allows cells in group CK to directly recognize and adhere to special substances between TB-EPS, thus forming larger and relatively denser colonies. A recent study (Duan et al., 2022) shows that few perssads of LB-EPS in Microcystis novacekii are enhanced in favor of colony adhesion. Cells with low and high EPS concentrations first face the binding of TB-EPS to homologous EPS, then resulting in looser colonies. Besides, due to the larger physiological differences between different strains (Zhang et al., 2007; Wu and Song, 2008; Du et al., 2023), adhesion of Microcystis occurs in the same morphological type relating to different EPS components (Duan et al., 2022).

Stage 2 occurred after 12 days. Contrary to single-celled Microcystis strains forming colonies in the laboratory, colony B-EPS secretion capacity was inversely related to colony size (Xu et al., 2016). The organic matter synthesized by cells is first used for proliferation rather than self-protection especially during the last period of rapid cell growth. Consequently, a reciprocal limitation is observed between cell growth and the produce of EPS. Generally, group CK exhibited significantly larger colony sizes, although with the lowest recorded cell density and absolute Zeta potential values. It is easier to form a bloom with a lower absolute value of cell surface potential resulting in larger colony size of the bloom (Cao and Yang, 2010; Liu et al., 2016). In all groups, the absolute value of Zeta potential increases first and decreases, which is roughly consistent with the time of B-EPS change (Figures 2A, 5E). It suggests that the change in surface zeta potential over time may be caused by changes in the composition and content of B-EPS (Bernhardt et al., 1985; Liu et al., 2016).The colony of Microcystis novacekii has an orderly arrangement of cells, and it is spherical or nearly spherical, and three to five small colonies are connected into a ring structure (Yu et al., 2007). Through microscopic observation, we found that the colonies appeared to have a more obvious morphological type in the period of rapid growth of cell density, which we identified as Microcystis novacekii (groups CK and High) (Figure 3). Cell division results in the orderly arrangement of cells within the colony (Xiao et al., 2017). Group High may take longer to exhibit this pattern. Based on this finding, we hypothesize that in the natural environment, the homologous EPS, which is often accompanied by colony disaggregation, is a signaling important chemical cue that transmits environmental stress to Microcystis inhibiting the formation of new colonies.

It is reported that co-occurring microorganisms isolated from Microcystis blooms from Lake Taihu can increase or decrease Microcystis aeruginosa colony size (e.g., Chryseobacterium sp. and Bacillus cereus) (Wu et al., 2019a). In this experiment, the possible role of the co-occurring microorganisms in the formation of the colony remains uncertain. In the process of colony formation, EPS on cells always increases and then decreases. The TB-EPS and B-polysaccharides were more abundant (Figure 5) indicating that they may contribute to colony maintenance more than LB-EPS, S-EPS, and B-proteins. It is undeniable that more EPS is conducive to colony formation, but the colony that has formed a morphological structure seems to maintain the morphological structure with a low EPS presence (Figure 5). The vital role of EPS in the dynamics of Microcystis colonial morphology, as revealed by this study, implies that monitoring the EPS content in lakes may be another potential means for early warning of harmful cyanobacterial blooms.




5 Conclusion

The colony-forming process of Microcystis from single cells’ specific morphological characteristics is helpful to further understand the early development process of Microcystis blooms. During the colony formation, adhesion contributed more. Then cell division took over, accompanied by the increase in EPS on Microcystis. The EPS decreased when the Microcystis was divided into a morphologically distinct structure. The homologous EPS has a certain influence on the development of colony morphology features. This study provides new insights into the single-cell to colonial transformation of Microcystis and the processes associated with colony morphological changes.
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Due to climate change, Microcystis blooms occur at increasing frequencies in aquatic ecosystems worldwide. Wind-generated turbulence is a crucial environmental stressor that can vertically disperse the Microcystis surface scum, reducing its light availability. Yet, the interactions of Microcystis scum with the wind-generated hydrodynamic processes, particularly those at the air-water interface, remain poorly understood. Here, we explore the response of Microcystis (including colony size and migration dynamics) to varying magnitudes and durations of intermittent wind disturbances in a mesocosm system. The flow velocities, size of Microcystis colonies, and the areal coverage of the water surface by scum were measured through video observations. Our results demonstrate that low wind speeds increase colony size by providing a stable condition where Microcystis forms a scum layer and aggregates into large colonies at the air-water interface. In contrast, wind disturbances disperse scum and generate turbulence, resulting in smaller colonies with higher magnitudes of wind disturbance. We observed that surface scum can form rapidly following a long period (6 h) of high-magnitude (4.5 m s-1) wind disturbance. Furthermore, our results indicate reduced water surface tension caused by the presence of Microcystis, which can decrease surface flow velocity and counteract wind-driven mixing. The reduced surface tension may also drive lateral convection at the water surface. These findings suggest that Microcystis reduces surface tension, likely by releasing surface-active materials, as an adaptive response to various wind conditions. This could result in an increased rate of surface scum re-formation under wind conditions and potentially facilitate the lateral expansion of scum patches during weak wind periods. This study reveals new insights into how Microcystis copes with different wind conditions and highlights the importance of the air-water interface for Microcystis scum dynamics.




Keywords: aquatic ecosystems, cyanobacterial blooms, wind disturbance, surface tension, biological-physical interactions, capillary force





Highlights

	Larger colony size of Microcystis at low wind speed

	Rapid formation of scum after strong wind disturbances

	Increasing re-formation rate of surface scum during recurring disturbances

	Increasing biomass of Microcystis leads to reduction of water surface tension

	Reduced surface tension can be advantageous for Microcystis surface scum






1 Introduction

Cyanobacterial blooms have been becoming a globally relevant threat to the ecological integrity of inland and coastal waters (Huisman et al., 2018; Ho et al., 2019). As one of the most common and ubiquitous cyanobacterial genera, Microcystis spp. can float upward to the water surface and form dense surface scum, i.e., visible mucilaginous cyanobacteria accumulating at the water surface (Oliver, 1994), disrupting the functioning of aquatic ecosystems.

Buoyancy regulation is an important cellular feature that enables Microcystis spp. to maintain their position at the water surface and form surface scum (Reynolds, 1987; Oliver, 1994). The buoyancy of Microcystis can be modulated by (i) the carbon-reserve metabolism, i.e., the accumulation of intracellular carbohydrates (Visser et al., 1997), (ii) the synthesis and collapse of gas-vesicles in the cells (Dunton and Walsby, 2005), (iii) the formation of colonies, i.e., aggregations of Microcystis cells embedded in a mucilaginous matrix, and (iv) trapping of gas bubbles within the colonies (Dervaux et al., 2015; Aparicio Medrano et al., 2016). The colony size of Microcystis is considered an important factor for surface scum formation as their floatation velocity increases with increasing colony size (Xiao et al., 2018; Wu et al., 2020).

Disturbances induced by wind are among the most important stressors that counteract scum formation (George and Edwards, 1976). Wind-generated turbulence can vertically disperse surface scum to deeper depths and reduce the light availability for Microcystis when the wind speed exceeds a critical value (2.6-3 m s-1) (Cao et al., 2006; Wu et al., 2015). Below the critical wind speed, wind-generated flow leads to the accumulation of Microcystis in downwind areas of the basin (Chen et al., 2023). Although the flows generated by wind, including basin-scale circulation, waves and turbulent eddies exceed the size of Microcystis colonies by far, these motions are coupled through the turbulent cascade to the small-scale viscous environment of cells and colonies (Regel et al., 2004). Although wind disturbances at appropriate magnitudes can promote the aggregation of Microcystis colonies, continuous wind disturbances act as stressors by inhibiting growth and their aggregation through shear forces (O’Brien et al., 2004; Liu et al., 2019; Zhao et al., 2020).

The above studies have primarily focused on bulk water, without considering the presence of a free-water surface, i.e., the air-water interface. The physicochemical and biological properties at the water surface are measurably distinct from those in the underlying water, and various physical processes, such as momentum transfer from wind to water, wind-generated wave, and capillary effect can occur (Vella and Mahadevan, 2005; Cunliffe et al., 2013). For example, current knowledge focuses on how wind-generated turbulence in the water column affects colony size dynamics, but often overlooks the frequent aggregation of Microcystis at the water surface during low wind periods. This is due to a lack of understanding of aggregation mechanisms at the water surface and their role in colony size dynamics. Neglecting the aggregation of colonies at the water surface may lead to an overestimation of the role of colony size in surface scum formation, as larger colonies in the epilimnion are often considered as a cause (Zhu et al., 2014), instead of being the consequence of surface scum formation.

Current understandings of the interactions between Microcystis and wind-generated hydrodynamic processes are largely one-way, neglecting the potential feedback of Microcystis on hydrodynamics. Studies have revealed that phytoplankton can affect the physical properties of water; Dervaux et al. (2015) observed non-Newtonian behavior of algal suspensions at low shear stress, with viscosity increasing by three orders of magnitude. Additionally, proteins extracted from algae can reduce interfacial tension at the air-water interface, even at relatively low bulk concentrations (Chronakis et al., 2000). They attributed these findings to the release of extracellular polymeric substances (EPSs) by phytoplankton. The alteration in physical properties of water resulting from the released EPSs could be a response of phytoplankton to stressors, constituting two-way interactions between Microcystis and wind-generated hydrodynamic processes. However, these interactions have rarely been studied.

As a result of climate change, wind speeds are expected to decrease in some regions under future climates (Vautard et al., 2010; Ranjbar et al., 2022), necessitating the testing of how Microcystis responds to different magnitudes and durations of intermittent wind disturbances. In this study, we conducted laboratory experiments in annular flumes, in which wind-driven flow was simulated by controlled air circulation above the water surface. Different magnitudes of wind forcing (0.5, 1.5, 3.8, and 4.5 m s-1) and durations of their periodic occurrence (3 and 6 h) were used to simulate the periodic formation, development, dissipation and re-formation of surface scum over a period of seven days. We hypothesized that Microcystis surface scum can interact with the hydrodynamic processes at the air-water interface by affecting the physical properties of water, i.e., water surface tension. The experiments aimed at (i) studying the response of colony size and surface scum dynamics of Microcystis to wind-generated turbulence, and (ii) exploring the effect of Microcystis surface scum on hydrodynamic processes mediated by surface tension. The results of this study are expected to be instrumental in the mechanistic and process-based understanding of surface scum dynamics.




2 Materials and methods



2.1 Source of material

A stock of phytoplankton (approximately 90% of the phytoplankton was Microcystis aeruginosa by microscopic observation) was collected from the Moselle River in southwest Germany on 9 August 2022 during a heavy Microcystis bloom. Colonies were collected from the water surface using a silk plankton net with a 40 μm mesh size. To select predominantly Microcystis colonies, the samples were first filtered through a 500 μm sieve to remove large particles and then through a 40 μm sieve. The filtered Microcystis colonies with sizes between 40 and 500 μm were stored and cultured at 20 ± 1°C and photosynthetically active radiation (PAR) of 15 μmol photons s−1 m−2.




2.2 Experimental design



2.2.1 Flume experiments

The dynamics of Microcystis colonies under different wind conditions were studied in five annular flumes with outer and inner diameters of 700 and 560 mm (Supplementary Figure S1). The light intensity and wind speed were varied in individual flumes. Flow velocities and Microcystis colonies were observed in video recordings with digital cameras (Raspberry Pi HQ Camera, United Kingdom, 1080p, 30 fps) at the water surface and at three different depths (near the water surface at 0 – 6 cm depth, in a middle layer at 12 – 18 cm depth and close to the flume bottom at 24 – 30 cm depth). All operations, including environmental settings (i.e., wind and light) and video recordings (i.e., cameras and laser light sheet for underwater illumination) were fully automated and computer-controlled (see Supplementary Figure S1 for details).

Before the experiment, all flumes were sterilized for 30 min using an ozone generator. The flumes were then filled with distilled water (volume: ~ 41.5 L, water height: ~ 30 cm) before a nutrient stock solution (BG-11, see Supplementary Table S1 for details) and Microcystis colonies were added to the five flumes. The final concentration of nutrients in the flumes was 10% (v/v) of BG-11 medium. Optical density at a wavelength of 680 nm (OD680) was used as a proxy for Microcystis biomass (Lv et al., 2018; Wu et al., 2019) and measured by a spectrophotometer (Novaspec II, Amersham Pharmacia Biotech Inc, UK). The initial optical density (at 680 nm) of Microcystis in the flumes was 0.05 ± 0.01, which corresponds to an approximate cell density of 7.9 ×105 cells mL-1 (Lv et al., 2018).

During the following 7-day experimental period, different magnitudes (0.5, 1.5, 3.8, 4.5 m s-1) and durations (3 and 6 h) of intermittent wind forcing were applied in the flumes at a constant water temperature of 22.3 ± 1.0°C. The chosen temperature is within the range of water temperatures for which Microcystis blooms were observed under field conditions (18 - 24°C, Feng et al., 2019). No temperature difference between the water surface, the middle layer and the bottom of the flume was observed. Two different wind forcing (high wind speed and low wind speed) were applied alternately for two different durations. The wind speed was measured 2 cm above the water surface at a location between the two fans using a hot-wire anemometer (Testo 425, Germany). The high wind speed in the flumes F1 – F5 was 4.5, 4.5, 3.8, 1.5, and 1.5 m s-1, respectively, whereas a wind speed of 0.5 m s-1 was used in all flumes during the low wind periods (Figure 1). The high wind speed periods were defined as wind disturbances. Due to a technical issue, the experiment in F4 started at 11:00 on Day 2. Surface waves were observed in our experiment during wind disturbances; the amplitudes of the waves were determined to be < 8 mm through visual estimates using video footage. Due to the differing aerodynamic characteristics between the flume and the atmosphere, it is not easy to directly compare the airflow generated in the flumes with wind velocities measured in the atmospheric boundary layer above water surfaces. We estimated an equivalent wind speed in the atmospheric boundary layer at a standard height of 10 m (U10) from observed surface flow velocities (U0, described below) using a fixed wind factor (the ratio of wind speed at 10 m to the surface flow velocity of water, f = 0.01 [Wu, 1975)] as U10=U0/f.




Figure 1 | Diurnal variations of photosynthetically active radiation (PAR, upper panel) and wind speed (lower panel) in the five flumes (F1 – F5) during the 7-day experiment. The morning period (0:00 to 12:00) was defined as stage I and the afternoon (12:00 to 24:00) was defined as stage II. The wind speeds of 4.5, 3.8 and 1.5 m s-1 were defined as high wind speeds and the wind speed of 0.5 m s-1 was defined as low wind speed.



We applied a diurnal light cycle (12:12 h light: dark periods) to all flumes. To simulate the light conditions in the field, the irradiance at the water surface was modulated as a sinusoidal function with a maximum irradiance of 800 μmol photons m-2 s−1 and truncated to zero for the nights (18:00 – 6:00) in induvial flumes (Figure 1). We defined the period 0:00 – 12:00 as stage I and the period 12:00 – 24:00 as stage II.

Videos were recorded at hourly intervals for estimating the surface flow velocity and areal coverage of the water surface with Microcystis. In addition, flow velocities and size of Microcystis colonies were observed at three different depths in the bulk water. The biomass of Microcystis colonies at the water surface and in the bulk water (~15 cm depth) were daily measured during 9:00- 11:00 am (low wind periods).




2.2.2 Supplementary experiment

Due to the sampling difficulties caused by strong heterogeneity in the surface scum layer and dispersal of surfactant molecules during sampling, surface tension measurements could not be conducted under the prevailing flow conditions in the flume experiment. Consequently, we conducted an additional experiment to investigate the relationship between surface tension and Microcystis biomass. We measured the OD680 (as described above) and surface tension (using the Wilhelmy plate method with a tensiometer (TC1, Lauda Scientific, Germany)) of various Microcystis samples at different dilution factors (0%,1.5%, 3%, 6%, 9%, 15%, 75% and 100%). To ensure the OD680 did not exceed the detection limit of the spectrophotometer, the OD680 of algal samples higher than 0.3 were diluted 10 – 50 times, and then the OD680 of algal samples was calculated from OD680 of the diluted samples multiplied by the dilution factor.





2.3 Parameters of Microcystis and hydrodynamics measurements

Time-resolved observations of Microcystis colonies were obtained from video observations of the water surface using a down-looking digital camera (for the observation of surface scum and velocities of Microcystis) and of the bulk water (at depths of 0 – 4 cm, 12 – 16 cm and 26 – 30 cm) using side-looking cameras (for the observation of colony size and velocities of Microcystis). Videos of 90 s duration were hourly recorded. During the recordings at the water surface, illumination was provided by an LED spotlight, while during the recordings of the side-looking cameras, illumination in the bulk water was provided by a vertically oriented laser light sheet, which illuminated a central plane of the flow channel using a continuous-wave line laser (InLine HP, MediaLas, Germany; output power: 500 mW, green, 532 nm). Colonies within the approximately 3 mm thick light sheet were observed using three digital cameras in a perpendicular arrangement (Supplementary Figure S1). The resolution and field of view of the videos recorded by the cameras used in the experiments are shown in Supplementary Table S2.

Individual Microcystis colonies were detected in each image based on intensity thresholds during automated image processing. The analysis provided surface areal coverage of Microcystis (SAC, calculated as the percentage of water surface that was covered by colonies) for down-looking cameras, the equivalent spherical diameter of colonies for side-looking cameras, as well as colony velocities estimated using particle tracking velocimetry (Kelley and Ouellette, 2011). We estimated and summed up the area covered by the colonies for each frame, which was then divided by the camera’s field of view to calculate the SAC. The change rate of surface areal coverage (dSAC/dt) during low wind periods, representing the reformation rate of surface scum, was estimated by the difference of mean SAC between subsequent recordings. The volumetric median colony diameter (Dv50, i.e., the colony size corresponding to the 50th percentile of observed colony volumes) was used to characterize the average colony size as described in Wu et al. (2019) and Wu et al. (2020). More than 300 colonies on each of the videos were used to estimate Dv50. The rate of change of colony size (dDv50/dt) was used to characterize the aggregation or disaggregation of colonies. Since surface scum formed during low wind periods and was dispersed during wind disturbances, the Dv50 near the water surface at the beginning of a wind disturbance, when the surface scum layer was dispersed, was considered as a representative colony size at the water surface. To compare the colony size dynamics at the water surface and in the bulk water, dDv50/dt in the bulk water was estimated as the difference of mean Dv50 near the water surface during wind disturbances between subsequent recordings. The dDv50/dt at the water surface was estimated by the ratio of the difference of mean Dv50 near the water surface between the beginning of the wind disturbance and the end of the preceding wind disturbance to the duration of the wind disturbance.

The mean velocities of colonies at the water surface and in the bulk water were estimated by observing the displacement of identified colonies via particle tracking velocimetry, using the predictive tracking algorithm described by Kelley and Ouellette (2011).

We did not observe a consistent size-dependence of colony velocities (Supplementary Figure S2) and therefore considered the observed colony velocities as a proxy for flow velocity.

We use root-mean-square velocity fluctuations (Urms) as the measure of the intensity of turbulence, which scales with the square root of turbulence kinetic energy, and is calculated as:



where the fluctuating velocity components of the horizontal (u’) and vertical (v’) flow velocities are the difference between the instantaneous and the temporarily averaged velocities (Reynolds decomposition:   and  ). The temporarily averaged velocity was calculated by averaging the velocities of all colonies in each video.




2.4 Statistical analyses

Shapiro-Wilk test was used to assess the normality of data. A post hoc LSD (least significant difference) test with one-way ANOVA was used to compare the surface areal coverage (SAC) and the flow velocity during low wind periods at different depths at both stages among the different flumes if the data were normally distributed with homogeneous variance, otherwise, Kruskal-Wallis tests were used. The differences in Dv50 of colonies among different flumes as well as the difference between the rate of colony size change (dDv50/dt) at the water surface and in the bulk water were compared using the student t-test. The relationships between mean SAC and Dv50, mean SAC and dDv50/dt, normalized flow velocity and SAC as well as between rate of change in SAC and time were fitted by linear regressions. All statistical analyses were performed using the software package SPSS 27.0 (IBM Corp, USA). Data are presented as mean ± standard deviation and were tested for statistical significance at a significance level (p) of 0.05 unless stated otherwise.





3 Results



3.1 Dynamics of Microcystis surface scum formation

Surface scum layers developed during low wind periods and disappeared during wind disturbance over the seven-day experimental period (Figure 2). During wind disturbances (1.5 – 4.5 m s-1), the areal coverage of the water surface with Microcystis colonies was generally < 1%, whereas it increased during low wind period (0.5 m s-1) gradually from 0.1 to 25% from Day 1 to Day 7. The observed rates of change in SAC (dSAC/dt) and rates of change in SAC per unit biomass (dSAC/(OD680 dt)) during low wind speed linearly increased over time (p < 0.05, Figure 3), suggesting that the surface scum recovered from wind disturbances at increasing rates. Similar to surface coverage, the biomass of Microcystis colonies in the thin surface layer showed a 2 - 6 fold increase from Day 1 to Day 7 (Supplementary Figure S3A).




Figure 2 | Temporal dynamics of the surface areal coverage of Microcystis colonies in different stages (I and II) and experimental flumes (F1 – F5, see legend for color assignment). High and Low represent the periods of high wind speed (wind disturbances, 4.5 m s-1 for F1 and F2, 3.8 m s-1 for F3, 1.5 m s-1 for F4 and F5) and low wind speed (0.5 m s-1), respectively. Different panels denote the time (day) after the start of the experiment. Each box plot shows the mean surface areal coverage observed in the hourly video observations (n=6). Different letters on top of the box plots indicate significant differences (p < 0.05) in surface areal coverage during low wind periods between different groups at each stage, while the same or no letter indicates no significant difference (Kruskal-Wallis tests). F1: 6 h of high-magnitude (4.5 m-1) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-1) wind disturbance; F4: 6 h of low-magnitude (1.5 m-1) wind disturbance; F5: 3 h of low-magnitude wind disturbance.






Figure 3 | The temporal change of the rate of change in scum areal coverage (A, dSAC/dt) and the rate of change in scum areal coverage per unit biomass [B, dSAC/(OD680 dt)]. Significant linear relationships between dSAC/dt as well as dSAC/(OD680 dt) and time were observed (p < 0.05). Each box plot shows the dSAC/dt or dSAC/(OD680 dt). Both solid lines represent linear regressions based on the equations provided in the legend, with a significance level of p < 0.05. F1: 6 h of high-magnitude (4.5 m-1) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-1) wind disturbance; F4: 6 h of low-magnitude (1.5 m-1) wind disturbance; F5: 3 h of low-magnitude wind disturbance.



The formation of surface scum followed a diurnal pattern with the average surface coverage during low wind periods in the afternoon (stage II) being reduced by 87.7%, 36.6%, 31.3%, 44.5% and 51.1% (for F1 – F5) in comparison to that in the morning (stage I) (Figure 2).

The dynamics of surface scum formation varied in dependence on wind conditions (Figure 2). The prolonged duration of low wind periods promoted scum formation: the surface coverage in flumes F1 and F4 was significantly higher than that in F2 and F5 in most cases (p < 0.05). Wind magnitudes of 4.5 and 1.5 m s-1 promoted the subsequent surface scum formation, in comparison to the intermediate magnitude of 3.8 m s-1: In most cases, the surface areal coverage in F1 and F4 was higher than that in F3 (p < 0.05).




3.2 Dynamics of Microcystis colony size

The colony size showed temporal trends during the 7-day experiment (Figure 4). In the upper layer near the water surface, Dv50 increased from the beginning to Day 7 by a factor of 2.4, 3.1, 2.4, 4.4 and 2.7 in F1- F5, respectively. During the increase of Dv50, we observed the peaks in Dv50 of Microcystis colonies near the water surface at times when the wind speed changed from low to high from Day 3 – Day 7 (Figure 4). Through visual observations, we found that such larger colonies suddenly appearing in the bulk water resulted from wind-induced entrainment of surface scum patches forming during preceding low wind periods.




Figure 4 | Temporal dynamics of the volume median diameter (Dv50) of Microcystis colonies near the water surface (0 - 6 cm depth) in different experimental flumes (F1 – F5, see legend for color assignment). Symbols show mean values and error bars are standard deviations. The periods of high wind speed (wind disturbances) were represented with gray shading. The initial lack of data in F4 was due to a technical issue. F1: 6 h of high-magnitude (4.5 m-1) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-1) wind disturbance; F4: 6 h of low-magnitude (1.5 m-1) wind disturbance; F5: 3 h of low-magnitude wind disturbance.



The mean rate of change in colony size (dDv50/dt) at the water surface and in the bulk water is -0.12 and 0.14 mm h-1, respectively. In each flume, the dDv50/dt at the water surface is significantly higher than that in the bulk water (p <0.05, Figure 5). At the beginning of wind disturbances, both Dv50 and dDv50/dt increased linearly with increasing SAC during the preceding low wind period (Figure 6).




Figure 5 | Rates of change in colony size (dDv50/dt) at the water surface (grey-filled box plots) and in the bulk water (black-colored box plots) in different flumes (F1 – F5). The dashed horizontal line indicates the dDv50/dt of 0 mm h-1. Significant differences between dDv50/dt at the water surface and in the bulk water were observedin all flumes (t-test, df=21 and 44, p < 0.001). F1: 6 h of high-magnitude (4.5 m-1) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-1) wind disturbance; F4: 6 h of low-magnitude (1.5 m-1) wind disturbance; F5: 3 h of low-magnitude wind disturbance.






Figure 6 | Relationship between the median diameter (Dv50) of Microcystis colonies near the water surface at the onset of high wind disturbances and mean surface areal coverage during the low wind period before the disturbance (A). Relationship between the rate of change in the colony median diameter (dDv50/dt) near the water surface at the onset of wind disturbances and mean surface areal coverage during low wind periods before the disturbance (B). Symbols show mean values for different flumes (F1 – F5, see legend) and the error bars shown in (A) show the standard deviations. Both solid lines represent linear regressions based on the equations provided in the legend, with a significance level of p < 0.05. F1: 6 h of high-magnitude (4.5 m-1) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-1) wind disturbance; F4: 6 h of low-magnitude (1.5 m-1) wind disturbance; F5: 3 h of low-magnitude wind disturbance.



The median diameter of Microcystis colonies (Dv50) was affected by the different wind conditions (Figure 4). Dv50 increased with decreasing magnitude of wind disturbances regardless of their duration (Figure 4). The response of Dv50 to the duration of the wind disturbance was dependent on its magnitude, with longer duration of high-magnitude wind disturbances leading to decreased Dv50 (F1 < F2, Figure 4), whereas Dv50 increased for longer durations of low-magnitude wind disturbances (F4 > F5, Figure 4). The order of mean Dv50 of Microcystis colonies near the water surface was F4>F5>F3>F2>F1 when combining all measurements (p < 0.05).




3.3 Hydrodynamics under different wind conditions

At the beginning of the experiment, the surface flow velocities increased nearly linearly with the applied wind speed resulting in equivalent wind speeds in the atmospheric boundary layer (U10) of 2.0 m s-1 under low wind speed conditions and 2.8 to 5.3 m s-1 during the simulated disturbances (Table 1).


Table 1 | Wind speed measured at 2 cm above the water surface in the flumes and the corresponding equivalent wind speed in the atmospheric boundary layer at 10 m height (U10) derived from observed surface velocities at the beginning of the experiment using a wind factor of 0.01 (Wu, 1975).



The surface flow velocity and underwater flow velocities (at three depths) observed at a particular wind speed generally decreased from Day 1 to Day 7 (Supplementary Figure S4). The normalized flow velocity (defined as the ratio of flow velocity to wind speed) at the water surface and in the bulk water generally decreased linearly over time (p < 0.05, Supplementary Figure S5, Supplementary Table S3). In all flumes, the surface flow velocity and underwater flow velocities during low wind periods decreased to approximately 1 mm s-1 on Day 7 (Figure 7).




Figure 7 | Temporal dynamics of the mean surface flow velocity in different stages (I and II) and experimental flumes (F1 – F5, see legend). High and Low represent periods of high wind speed (wind disturbances, 4.5 m s-1 for F1 and F2, 3.8 m s-1 for F3, 1.5 m s-1 for F4 and F5) and low wind speed (0.5 m s-1), respectively. Different panels denote the time (day) after the start of the experiment. Each box plot shows mean flow velocities observed in hourly video observations in the given stage in different flumes during the 7 days. Different lowercase letters indicate significant differences in flow velocity at different stages during low wind periods among different flumes, while the same letter, or the lack of a letter, indicates no significant differences. F1: 6 h of high-magnitude (4.5 m-1) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-1) wind disturbance; F4: 6 h of low-magnitude (1.5 m-1) wind disturbance; F5: 3 h of low-magnitude wind disturbance.



At the applied wind speed of 0.5 m s-1 (low wind periods), significant differences in surface flow velocity among different flumes were observed (p <0.05, Figure 7). No consistent dependence of surface flow velocity on the duration of the intermittent wind disturbance was observed, while surface flow velocity during low wind periods generally increased with increasing preceding magnitudes of wind disturbance: The order of surface flow velocity during low wind periods was F1>F3>F4, except for Day 6 stage I and Day 7. Unlike the surface flow velocity, the underwater flow velocities during low wind periods did not differ significantly between different flumes in most cases (Supplementary Figure S6).




3.4 Relationship between Microcystis and hydrodynamic parameters

Higher SAC was primarily observed at low surface flow velocities (< 5 mm s-1). However, it is noteworthy that SAC at moderate surface flow velocities (5-12 mm s-1) on Day 3 – Day 6 could also surpass some SAC at low surface flow velocities (Supplementary Figure S7). Neither Dv50 of colonies nor (dDv5/dt) were linearly related to the root-mean-square velocities of colonies in the bulk water (Urms, calculated using Equation 1) when combining all measurements (Supplementary Figure S8). However, the proportion of dDv50/dt being smaller than -1 mm h-1 (indicating colony disaggregation) increased with increasing Urms. Conversely, the proportion of dDv50/dt larger than 0.5 mm h-1 (colony aggregation) decreased with increasing Urms when Urms exceeded 3 mm s-1and increased with increasing Urms when Urms was smaller than 3 mm s-1 (Supplementary Figure S9).

The presence of Microcystis affected the hydrodynamic parameters: In the flumes experiment, from Day 1 to Day 4, no linear relationships between the normalized flow velocity and SAC were found, but from Day 5 to Day 7, the normalized flow velocity decreased with increasing SAC (p < 0.05, Figure 8). The results of our supplementary dilution experiment showed that the surface tension decreased with the increasing optical density of Microcystis (Figure 9).




Figure 8 | Normalized surface flow velocities (ratio of surface flow speed to wind speed) versus areal coverage of the water surface with algae. Symbols show mean values for different flumes F1 – F5, see legend. Different panels denote the time (day) during the experiment. No significant linear relationship was observed from Day 1 - 4 (p > 0.05), while significant linear relationship was observed from Day 5 to Day 7 (solid black lines, p < 0.05). F1: 6 h of high-magnitude (4.5 m-1) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-1) wind disturbance; F4: 6 h of low-magnitude (1.5 m-1) wind disturbance; F5: 3 h of low-magnitude wind disturbance.






Figure 9 | Water surface tension versus optical density of algal samples at 680 nm (OD680). Error bars show the standard deviation of replicated surface tension measurements (n=3).







4 Discussion



4.1 The response of colony size and scum of Microcystis to wind-generated hydrodynamics

Our experiments successfully reproduced the periodical formation and dispersion of Microcystis surface scum under intermittent wind disturbances (Figure 2). During low wind periods (0.5 m s-1), we observed gradually increased surface scum in all the flumes. Surprisingly, we found that scum was forming more rapidly following prolonged duration of high-magnitude wind disturbances compared to that following moderate magnitudes (F1, Figure 2). The differences in scum coverage in varying flumes can be attributed to the flow conditions, as they govern the migration of Microcystis. However, we found significant differences in flow velocities among flumes were only evident for the surface (Supplementary Figure S6; Figure 7), suggesting that the surface flow field likely played a pivotal role in modulating the response of scum formation to preceding wind disturbances.

Higher scum coverage can be observed at moderate surface flow velocities (5 - 12 mm s-1) compared to lower surface flow velocities in some cases (Supplementary Figure S7). This result implies potential mechanisms for surface scum formation under moderate flow velocities, considering that surface scum is typically associated with lower flow conditions (Wu et al., 2015). Webster and Hutchinson (1994) suggested the trapping mechanisms of colonies by viscous sublayer. A possible explanation we proposed is the strong vertical velocity gradient within the viscous sublayer, where the higher flow velocities near the water surface result in lower static pressure and a net upward lift force on the colonies, of which the magnitudes depend on the colony size and morphology. Although this process was not resolved in our study due to the lack of small tracer particles, we speculate that these complex interactions may account for the higher scum coverage observed at moderate flow velocities following a prolonged period (6 h) of high-magnitude wind disturbance. Future studies should include a more detailed characterization of the hydrodynamic conditions at the water surface (e.g., adding additional small seeding particles to perform particle image velocimetry) to better understand this mechanism.

The observed increase in surface scum also led to more frequent aggregations among colonies at the air-water interface. The developing scum significantly increased the colony size (Figure 6), thereby explaining the higher rates of change in colony size at the surface compared to in the bulk water (Figure 5). Given the limited attention to these aggregations, the underlying mechanism is unclear. Here we proposed capillary forces could be a driver for the formation of Microcystis aggregations at the water surface. In the vicinity of immersed buoyant particles, attractive forces arise due to micro-deformation of the air-water interface (capillary immersion force, Kralchevsky and Nagayama, 2000; Paunov et al., 1993). The common phenomenon that floating objects such as bubbles tend to clump together or cling to the sides of the container is driven by capillary forces (Vella and Mahadevan, 2005). We speculate that capillary forces partly increase the encounter rate of Microcystis at the water surface during prolonged periods of low wind speed, which promotes their accumulation and aggregation.

During wind disturbance, surface scums were dispersed throughout the bulk water, in which the hydrodynamics was governed by turbulent flow. Our study showed that moderate wind-generated turbulence promoted the aggregation of Microcystis into larger colonies, whereas high wind-generated turbulence favored their disaggregation (Supplementary Figure S9). This dual effect can be explained by the opposing effects of turbulence in increasing the collision frequency of cells and colonies and by increasing shear forces (Liu et al., 2019; O’Brien et al., 2004; Njobuenwu and Fairweather, 2018; Yao and Capecelatro, 2021). The latter likely limited the colony size in our experiments, which consistently decreased for increasing magnitudes of wind disturbances, regardless of disturbance duration (Figure 4). The duration of wind disturbances thus affects colony size by controlling the duration of interactions of colonies with turbulence, which may explain the magnitude-dependent effect of wind disturbance duration on colony size.

Periodic wind disturbances shifted the habitat of Microcystis between the air-water interface and the bulk water, during which the surface aggregation of Microcystis and the combination of their collision and disaggregation in the bulk water were alternating. In our experiments, such cycles constituted a positive feedback regulation between colony size and formation of surface scum, by which the size of suspended colonies and re-formation rate of scum continuously increased (Figure 3). It should be noted that colony size can also be affected by Microcystis growth (Xiao et al., 2018). However, the growth of Microcystis did not show notable differences among different flumes. In addition, the Dv50 changed in accordance with the wind conditions, with the peak in Dv50occurring after the start of the disturbances (Figure 4), suggesting that the colony size dynamics were likely governed by the hydrodynamic conditions rather than by growth.




4.2 The effect of Microcystis surface scum on hydrodynamics under different wind conditions

We found a pronounced reduction in water surface tension with increasing Microcystis biomass with our supplementary experiment (Figure 9), which can have important consequences for the hydrodynamic processes at the air-water interface. We found that the normalized flow velocity decreased with increasing scum coverage at the later phase of our experiment (Figure 8), suggesting that the dense scum layer suppressed the momentum transfer from wind to water. At low wind speed, the reduction in momentum transfer can be explained by low water surface roughness, which is a consequence of low water surface tension (suppression of capillary waves, Wüest and Lorke, 2003). The increasing scum layer explained the decrease in water flow velocity generated by a given wind speed over time in our experiments (Supplementary Figure S5) and in a previous study (Wu et al., 2019). These findings implied that floating Microcystis can promote the formation and persistence of surface scum by altering surface tension and counteracting wind-driven mixing. Such reduced flow velocity caused by the presence of scum layers additionally contributed to the increasing re-formation rate of surface scum (Figure 3). The lack of direct measurements of surface tension in the flumes does not negate the surface tension-mediated hydrodynamic interactions between Microcystis and the air-water interface during the flume experiments, as indicated by the observed reduction in flow velocity.

The reduced surface tension caused by Microcystis colonies can also directly generate surface flows being directed towards regions of high surface tension (Marangoni effect (Roché et al., 2014; Vinnichenko et al., 2018), i.e., a spreading towards Microcystis-free regions. Although we could not directly observe this flow in our experiment as the Marangoni flow was masked by the wind-driven flow, it is ubiquitously present in environmental flows (Scriven and Sternling, 1960). Similar to the ‘soap boat’ (a well-known visualization of Marangoni convection), we propose that the lateral gradient of surface tension in the vicinity of initial scum patches can drive their horizontal surface drift and reshape their distributions in the absence of external force (e.g., weak wind forcing).




4.3 The environmental relevance and limitations of the experiment

We scaled the wind speeds measured in the flumes to representative wind velocities at a standard measurement height of 10 m (U10, see Supplementary Table S3). In our experiment, the low wind speed (U10 of 2 m s-1) corresponds to the wind magnitude during weak wind periods, while the wind disturbances (U10 of 2.8 – 5.3 m s-1) correspond to amplitudes of periodic wind forcing frequently observed over lakes (Saber et al., 2018; Fernández Castro et al., 2021). The chosen 6 h and 12 h periods of wind disturbances represent the lower and the upper range of field observations over lakes (Fernández Castro et al., 2021).

Surface scum formed during low wind periods and was dispersed during wind disturbances, which is in line with field investigation that showed an upper threshold of U10 for scum persistence is 2.6 - 3 m s-1 (George and Edwards, 1976; Cao et al., 2006; Qi et al., 2018). Moreover, light-induced changes in the buoyancy of Microcystis, commonly observed in the field (Ibelings et al., 1991), were successfully reproduced (Figure 2). These observations further demonstrate the validity of our experimental design.

The water depth in our study was limited by the dimensions of the flume to 30 cm, which is smaller than the amplitude of vertical migration of Microcystis in natural lakes. Consequently, the formation rates of surface scum that we observed in the flumes may be higher than those found in the field. In addition, the low water depth restricted vertical mixing at high wind speeds, exposing Microcystis in the bulk water to higher irradiance than in deeper water. However, the focus of this study was on the hydrodynamic interactions of surface scum with the air-water interface, which is not expected to be linked to the scale of the experimental setup or to water depth. As the light intensity affects both the growth and the buoyancy production of Microcystis, we utilized relatively high irradiance levels, as they often persist in surface waters in the field. Initially, our experiments also included the configuration of the low duration (3 h) and median-magnitude (3.8 m s-1) wind disturbances. That data, however, had to be excluded due to technical issues with the flume operation. Future experiments should be conducted at higher resolutions (e.g., analyzing finer gradients of disturbance magnitude and duration) in order to provide a more comprehensive understanding of the partly non-linear interactions of wind with surface scum. Furthermore, buoyancy-driven migration could not be resolved in our measurements, as the flow velocity (generally exceeding 1 mm s-1) surpasses the floatation velocity of most colonies (< 1 mm s-1, Wallace et al., 2000).

Our study reveals the close connection between Microcystis dynamics and the air-water interface. The air-water interface emerges as a crucial habitat increasing colony size during scum formation (typically under low wind speeds), surpassing the impact of bulk water (Figure 5). Recent studies have shown that the wind has declined in some regions over the past few decades (Vautard et al., 2010; Ranjbar et al., 2022). Consequently, this study indicates that the projected decrease in wind speed under future climate conditions will result in larger colonies and facilitate the recovery of surface scum upon wind disturbance. Additionally, our finding of denser scum after prolonged periods of high wind speeds may have implications for early warning of blooms during windy conditions.

Our study also suggests that Microcystis reduces surface tension, likely through the excretion of surface-active substances. This process constitutes a dispersion-avoidance mechanism under wind conditions, allowing Microcystis to persist at well-lit depths. Furthermore, reduced surface tension potentially drives lateral convection, facilitating the expansion of Microcystis and mitigating competition for resources during weak wind periods. These processes may represent adaptive responses of Microcystis to wind stressors, suggesting that water surface tension, affected by Microcystis, may be an important mediator by which scum-forming cyanobacteria shape their habitat in favorable directions. Given the oversight of the aggregation of Microcystis at the air-water interface and their hydrodynamic interactions in current studies, it is important to consider these processes appropriately for a more accurate prediction of Microcystis scum dynamics in future climatic conditions.
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The vertical distribution of phytoplankton plays a crucial role in shaping the dynamics and structure of aquatic communities. In highly dynamic reservoir systems, water level fluctuations significantly affect the physiochemical conditions and the phytoplankton community. However, the specific effects on the vertical characteristics of phytoplankton between the mainstream and the tributary bay of the reservoir remain unstudied. This study investigated the vertical aspects of phytoplankton density, biomass, α and β diversity through monthly sampling over two years in the mainstream (Chang Jiang, CJ) and a tributary bay (Xiang Xi, XX) of the Three Gorges Reservoir in China. Phytoplankton density and biomass were significantly higher in XX, indicating an increased risk of algal blooms in the tributary. The phytoplankton community in CJ showed more stable species-environment relationships, a lower Shannon index and a higher evenness index, suggesting a relatively simple structure and a more uniform distribution of phytoplankton among different water layers. Conversely, XX showed greater differences between water layers (higher β diversity), with significant negative correlations with water level and positive correlations with DO difference, dissolved silica (DSi) difference, and stratification. Peak phytoplankton density and biomass, as well as high β diversity in XX, occurred during periods of decreased water levels with strong stratification in spring and summer. A structural equation model complemented by path analysis revealed that a decrease in water level could increase β diversity either directly through internal processes with extended residence time or indirectly by modifying stratification and the vertical distribution of DSi in XX. Therefore, a proposed water quality management strategy for XX was to increase the water level or reduce β diversity by implementing artificial mixing during stratification periods. Overall, this study lies in its comprehensive investigation of the vertical characteristics of the phytoplankton community in both the mainstream and the tributary bay of the Three Gorges Reservoir, elucidating the significant impact of water level fluctuations and providing insights for targeted water quality management strategies in the tributary bay to mitigate potential ecological impacts.
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1 Introduction

River systems worldwide are increasingly affected by damming to meet growing demands for hydropower, flood control, and reliable water resources (Straškraba, 2005). The impoundment of reservoirs significantly alters river flows, shorelines, sediments, and aquatic organisms. These effects are particularly complex and profound in the tributaries of reservoirs, where hydrodynamics and water mass transport processes are significantly altered. Consider the Three Gorges Project, the world’s largest hydraulic engineering project. With the implementation of the Three Gorges Dam Project in 2008, the reservoir water level fluctuated from 145 m above sea level in summer to 175 m above sea level in winter (first recorded on October 26, 2010). This resulted in a water level fluctuation zone of about 350 km2 in the reservoir (New and Xie, 2008). Before the impoundment, the tributaries maintained a natural river state, with the water environment mainly determined by the characteristics of the tributary basin. However, after impoundment, the rising water level in the mainstream induces a flow back into the tributary (Liu et al., 2012). This results in a slowing of the flow velocity, a reduction in the aquatic environment capacity, and an influx of additional nutrients from the mainstream, further degrading the aquatic environment. As a result, the likelihood of algal blooms is significantly increased (Wang et al., 2011; Liu et al., 2012; Li et al., 2021).

Phytoplankton is widely recognized as the primary producer in aquatic ecosystems and plays a crucial ecological role. However, their abnormal proliferation, known as algal blooms, has negative impacts on the aquatic environment. Their sensitivity to environmental changes underscores their importance in understanding and mitigating environmental challenges. Therefore, it serves as a good indicator of water quality and ecosystem health (Phillips et al., 2013; Bellinger and Sigee, 2015). The vertical distribution of phytoplankton is fundamental to the dynamics and structure of aquatic communities (Ryabov et al., 2010). Increased mixing has been identified as a key strategy to mitigate algal blooms (Visser et al., 2016; Wen et al., 2022), and increasing mixing promotes uniformity in the vertical distribution of phytoplankton communities across different layers in terms of density, biomass, and compositional structure. This uniformity in the vertical distribution of phytoplankton has emerged as a reliable indicator of the effectiveness of water quality regulation under hydrodynamic conditions. Most related studies have traditionally focused on reporting vertical phytoplankton profiles based on total density (Ryabov et al., 2010; Ikram et al., 2017; Chen et al., 2021; Huang et al., 2022), total biomass (Ji et al., 2017; Xue et al., 2017; Sakharova and Korneva, 2018; Cordero-Bailey et al., 2021; Lu et al., 2023; Radchenko et al., 2023), or species composition (Ryabov et al., 2010; Mojica et al., 2015; Ikram et al., 2017; Sakharova and Korneva, 2018; Chen et al., 2021; Huang et al., 2022; Cui et al., 2023; Lu et al., 2023; Radchenko et al., 2023), with limited attention to diversity (Sakharova and Korneva, 2018; Cui et al., 2023). Diversity is also an important community attribute, and various reviews have concluded that diversity plays a major role in maintaining ecosystem productivity and stability (Cardinale et al., 2012; Tilman et al., 2014). Therefore, a comprehensive study of the vertical distribution patterns of phytoplankton in reservoir ecosystems serves as a valuable complement to current research and has practical implications for the development of effective human-driven regulation strategies in reservoirs.

The formation of vertical phytoplankton profiles is influenced by several primary factors. One factor is light intensity, which decreases with depth, making deep layers unfavorable for photosynthetic phytoplankton species. Another factor is the nutrient gradient, which supports diverse production for phytoplankton with different nutrient requirements. In addition, different water temperatures at different depths in a reservoir can directly affect phytoplankton, and the stratification of water quality conditions, along with changes in relative water column stability caused by thermal stratification, can indirectly affect phytoplankton dynamics (Cui et al., 2021). In many ecosystems, mixing and stratification play an essential role as key drivers of the distribution and segregation of different phytoplankton taxa (Mojica et al., 2015). In artificially regulated reservoirs, all of these factors can be influenced by hydrodynamic factors such as water level. Numerous studies have highlighted the potential to mitigate algal blooms by regulating hydrodynamic conditions such as water level fluctuations (Bakker and Hilt, 2015; Yang et al., 2016; Ji et al., 2017). The effect of hydrological factors on phytoplankton has become a research hotspot in recent years, as it is not only a key factor influencing phytoplankton growth, but also the most easily regulated factor in reservoirs (Cui et al., 2021). The effect of water level on phytoplankton biomass and composition in reservoir systems has been well studied (Naselli-Flores and Barone, 1997; Mac Donagh et al., 2009; Wang et al., 2011; Zhu et al., 2013; Yang et al., 2016). However, its influence on the vertical structure of phytoplankton and the underlying mechanisms are still lacking.

This study, conducted over two annual cycles with monthly sampling, examines the vertical distribution patterns of phytoplankton under the influence of different environmental factors and water levels. The primary objective is to explore potential differences in the vertical distribution of phytoplankton between the mainstream and the tributary of the Three Gorges Reservoir, and to understand how these differences variances respond to changes in hydrodynamic and environmental conditions. We hypothesized that the water level had both direct and indirect effects on the phytoplankton community and addressed the potential pathways of influence. The results will provide valuable scientific information for targeted management and conservation of the ecological systems within the mainstream and tributary of the Three Gorges Reservoir.




2 Materials and methods



2.1 Study site and sampling

The Three Gorges Reservoir (TGR) is located at 29°16’-31°25’ N, 106°-110°50’ E (Huang et al., 2006), with a subtropical monsoon climate prevails (Jiang et al., 2006). It has an average annual precipitation of 1,000-1,300 mm, characterized by warm winter and hot summer, early spring and cold autumn (Cai et al., 2010). It is more than 600 km long and 1.1 km wide, with a surface area of 1,080 km2 (Huang et al., 2006). The sampling site for the mainstream of TGR (Chang Jiang, CJ) is located near the dam, 31 km from the mouth of the Xiangxi River (Figure 1). The Xiangxi River is the largest tributary of the TGR in Hubei Province, with a mainstream length of 94 km and a watershed area of 3,099 km2 (Wang et al., 1997). The lower 20-40 km section of Xiangxi River was named Xiangxi Bay after the impoundment of the TGR (Cai and Hu, 2006). The sampling site for the tributary of the TGR (Xiang Xi, XX) was located near the middle of Xiangxi Bay, 18 km from the mouth of the Xiangxi River (Figure 1). The CJ and XX sites have been sampled as a representative of the mainstream and tributary of the TGR since the early study by Kuang et al. (2005).




Figure 1 | Map of sampling sites in this study.



Sampling was performed monthly from September 2008 through August 2010. A 5 L Van Dorn sampler was used to collect water samples at depths of 0.5 m, 2 m, 5 m, 10 m, 15 m, and 20 m for both CJ and XX. 1 L samples for phytoplankton analysis were fixed with neutral Lugol’s solution immediately after sampling. 250 ml samples for nutrient analysis were stored in a pre-cleaned plastic bottle and acidified with sulfuric acid for laboratory analysis.




2.2 Biotic and abiotic variable measurements

Phytoplankton was quantitatively analyzed in a Fuchs-Rosental slide using an Olympus CX21 microscope (Olympus Corporation, Japan) at 400× magnification. Previously, a sedimentation method was used to concentrate the phytoplankton (Huang et al., 2000; Cai, 2007). Taxonomic identification was performed according to the guidelines of Hu and Wei (2006) and John et al. (2002). Vertical profiles of water temperature (Temp, °C), conductivity (Cond, ms/cm), dissolved oxygen (DO, mg/L), pH, and turbidity (Turb, NTU) were measured using environmental monitoring systems (YSI 6600EDS, USA). Concentrations of total nitrogen (TN), nitrate-nitrogen (NO3-N), total phosphorus (TP), phosphate-phosphorus (PO4-P), and dissolved silicon (DSi) were measured with a segmented flow analyzer (Skalar San++, Netherlands) according to the Protocols for Standard Observation and Measurement in Aquatic Ecosystems of the Chinese Ecosystem Research Network (CERN) (Huang et al., 2000; Cai, 2007).




2.3 Data analysis

Algal biovolume was calculated using formulas for geometric shapes, with the fresh weight unit expressed in mass, where 1 mm3/L is equal to 1 mg/L (Huang et al., 2000; Wetzel and Likens, 2000). Real-time data on water level, inflow, and outflow data for the TGR were obtained from the China Three Gorges Corporation. Linear correlation between environmental variables was assessed using Pearson’s correlation coefficient. To examine the relationship between phytoplankton community (density, biomass, and α diversity index Shannon and evenness) and environmental variables, we performed a Mantel test using the R package “LinkET”.

Constrained ordination methods including Redundancy Analysis (RDA) and Canonical Correspondence Analysis (CCA), are used to examine the relationships between phytoplankton community structure and environmental factors. The decision to use either RDA (maximum DCA axis length below 3) or CCA (maximum DCA axis length above 4) ordination methods is based on Detrended Correspondence Analysis (DCA) applied to the species data, according to (Lepš and Šmilauer, 2003). In the RDA and CCA analysis, the significant environmental variables are identified using the “envfit” function.

The COSTATIS technique, which is based on Partial Triadic Analysis combined with Co-Inertia Analysis, was used to assess the stability of phytoplankton species-environment relationships using the R packages “ade4” and “adegraphics” (Slimani et al., 2017). COSTATIS brings to light the connections between two stable structures (a set of species data tables and a set of environmental parameter tables). The use of COSTATIS eliminates conflicting variation between the entire sequences are eliminated, thereby facilitating ease of interpretation (Thioulouse et al., 2004).

The Shannon index (Shannon) and Buzas and Gibson’s evenness index (Evenness) were chosen to characterize α diversity. The Shannon index takes into account the number of individuals as well as the number of taxa and is calculated using the formula:

	

where ni is the number of individuals of taxon i and n is the total number of individuals. The Buzas and Gibson’s evenness index is calculated as:

	

where S is the number of taxa. The Friedman test was used to compare physical and chemical conditions, total density and biomass, and Shannon and evenness among different water layers for both CJ and XX. The Kruskal-Wallis H test was used to compare the physical and chemical conditions, total density and biomass, and Shannon and evenness between CJ and XX. Bray-Curtis dissimilarity was used to measure the β diversity among samples based on phytoplankton community, while Euclidean distance was used to assess the dissimilarity among samples with respect to environmental factors. Mantel test was performed to select significant environmental factors related to Bray-Curtis dissimilarity of the community. All the DCA, RDA, CCA, Shannon and evenness index, β diversity and Mantel test were calculated using the “vegan” package in R.

Two hydrodynamic factors were examined for their influence on the α and β diversity of the phytoplankton community: squared buoyancy frequency (N2) and water level. Squared buoyancy frequency (N2) can serve as an alternative indicator of stratification (Li et al., 2020) and is calculated using the formula:

	

Where g is the gravitational acceleration (9.8092597 m/s2), ρ0 is the density of water at 3.98°C, and z is the water depth. In our study, N2 is calculated for the entire water column, extending from the surface to a depth of 20 m, to assess the degree of stratification of the entire water column. A higher N2 indicates a more stratified water column and a higher static stability. Eleven elementary indices were used to clarify the water level in three aspects: magnitude, frequency and rate of change of water level data, following the approach proposed by (Olden and Poff, 2003). These indices were calculated on the day of sampling and 1 to 30 days prior to sampling, with the aim of assessing the temporal effects of water level fluctuations on α and β diversity. The calculation of these indices was performed using the “SER” function within the R package “SER” (Guo et al., 2020). The univariate linear regression model was used to investigate the relationships between the β diversity and the Euclidean distance of environmental factors, as well as a single key environmental factor determined by the Mantel test. It was also used to investigate the response of α and β diversity to N2 and water level over different time scales. In addition, a structural equation model (SEM) with path analysis was used to test the direct and indirect effects of the predictor variables (Shipley, 2002). Significant paths were retained while non-significant paths were removed from the developed model. The final model was validated using the Chi-square p-value, the goodness-of-fit index (GFI), the adjusted goodness-of-fit index (AGFI), and the root mean square error of approximation (RMSEA). Structural equation analysis was performed using the “lavaan” package in R.





3 Results



3.1 Hydrodynamic and environmental conditions

The main hydrodynamic conditions, including water level (Figure 2A), inflow and outflow of the TGR (Figure 2B), showed regular intra-annual variations during the two-year study period. The mean daily water level showed higher values from November to the following January and remained low from June to September. TGR inflow and outflow peaked from July to September and remained low from late November to the following March. From February to September, N2 values in XX were significantly higher than those in CJ (Figure 2B). However, from October to the following January, the water column in both CJ and XX showed little stratification (indicating strong mixing).




Figure 2 | Changes of water level, inflow and outflow of TGR (A) and vertical stratification (B) during the study period.



Except for water temperature, pH and turbidity, significant differences were observed in most environmental conditions between CJ and XX (Table 1). Among water layers in CJ, TN, NO3-N, PO4-P, DSi and Turb showed no significant differences, while other environmental factors showed remarkable differences. In XX, most environmental factors showed significant differences among different water layers, except for Turb. TN, NO3-N, TP, PO4-P, DSi, and conductivity were significantly higher in CJ compared to XX, while XX showed significantly higher DO. The correlation analysis between environmental factors in Figure 3 showed that in both CJ and XX, TN and NO3-N had relatively high positive correlations. In CJ, relatively high negative correlations were observed between Temp and Cond, and between Temp and DO. In XX, a relatively high negative correlation was observed between Temp and PO4-P.


Table 1 | Statistical summary of environmental conditions, phytoplankton density, biomass and diversity for CJ and XX.






Figure 3 | Relationship between environmental variables and phytoplankotn density, biomass, α diversity indices (Shannon and Evenness) through Mantel tests. Pairwise comparisons of different enviornmental variables are presented in the bottom-left section.






3.2 Phytoplankton community and response to environmental factors

Phytoplankton density and biomass varied significantly among the different water layers and were significantly lower in CJ than in XX (Table 1). Annual cycles showed two peaks in spring (March~April) and summer (July~August) for both CJ and XX (Supplementary Figure S1), and the vertical structure of phytoplankton density and biomass is shown in Supplementary Figures S2 and S3. Diatoms dominated in all layers for both sites. In the first year, the spring peak species were Stephanodiscus sp. in CJ and Stephanodiscus sp. and Fragilaria sp. in XX, while the summer peak in XX was more pronounced with Stephanodiscus sp., cyanophytes and cryptophytes. In the second year, density and biomass decreased in CJ, while the summer peak in XX exceeded that of the first year, dominated by Stephanodiscus sp., Synedra acus and some cyanophytes. Mantel test showed that more environmental factors were significantly correlated with phytoplankton density and biomass in XX compared to CJ, except pH and Turb (Figure 3). CJ showed significant relationships only with Temp and DO.

RDA and CCA were selected for CJ and XX based on the maximum DCA axis length of 2.12 and 4.55, respectively. Figure 4 shows different patterns of phytoplankton community ordination between CJ and XX. In CJ, the primary RDA axis explained 21.47% of the variability in phytoplankton data, with significant correlations between phytoplankton species and environmental factors including DO (r = -0.62, p = 0.001) and Temp (r = 0.54, p = 0.003). In XX, the first two CCA axes together accounted for 25.21% of the variability in phytoplankton data (axis 1 = 16.57%, axis 2 = 8.64%), with significant correlations between phytoplankton species and environmental factors including Cond (r = 0.72, p = 0.001), Temp (r = -0.57, p = 0.006), and TP (r = 0.52, p = 0.001) on the first CCA axis. Monte Carlo simulation confirmed the significance of all CCA axes (F = 3.638, p = 0.028 for CJ, and F = 7.796, p = 0.001 for XX, 999 permutations). Notably, Stephanodiscus sp. (Stsp) stood out significantly in CJ, while few species were significantly different in XX.




Figure 4 | Phytoplankton community ordination based on RDA for CJ and CCA for XX.



COSTATIS is used to identify stable structures in phytoplankton species-environment relationships, ignoring temporal structures. The first eigenvalue is much more important than the following ones (97.0% and 2.8% of the total inertia for the first two axes). The COSTATIS co-inertia results for sampling sites are shown in Figure 5A, where the tip and the black bullet end of the arrow represent the site from the perspective of phytoplankton and environmental parameters, respectively. The lengths of the arrows are greater in XX than in CJ, indicating a greater discrepancy between phytoplankton and environmental factors. The closer proximity of the points in CJ compared to XX indicates that the water layers in CJ have a higher similarity in phytoplankton species-environment relationships. Figures 5B and C illustrates the intrastructure for the sampling sites overlaid with environmental parameters and species. Most of the environmental factors were in the direction of CJ, while DO pointed to XX. These results can be mutually corroborated with Table 1. Figure 5C indicates that the differentiation of phytoplankton species in different water layers of XX may be mainly due to a significant disparity of 0.5 m.




Figure 5 | COSTATIS Co-inertia results for sampling locations (A), and intrastructure plot of the COSTATIS method: projection of the sampling locations superimposed with environmental parameters (B) and species (C), CJ0.5, CJ2, CJ5, CJ10, CJ15, and CJ20 indicate depths of 0.5 m, 2 m, 5 m, 10 m, 15 m, and 20 m for CJ, and XX0.5, XX2, XX5, XX10, XX15, and XX20 indicate depths of 0.5 m, 2 m, 5 m, 10 m, 15 m, and 20 m for XX.






3.3 Phytoplankton diversity patterns and response to hydrodynamic and environmental conditions

Figures 6A and B show the Shannon and Evenness indices of different water layers. Similar temporal cycles were observed for both indices. While the Shannon index showed no significant variation among the water layers, a notable vertical variation was observed for the Evenness index (Table 1). Overall, XX had a higher Shannon index while CJ had a higher evenness index (Figures 6A, B; Table 1). In CJ, significant relationships were observed between the Shannon index and TN, DSi, Temp and DO, while the Evenness index showed significant relationships with DSi, Temp, Cond, DO and Turb (Figure 3). However, in XX, the Shannon index only showed significant relationships with Temp, while the evenness index showed significant relationships with NO3-N, Temp, and DO.




Figure 6 | Vertical changes of Shannon (A) and Evenness (B), their response to N2 (C, D) and water level (E, F) in CJ and XX. Significance level: a denotes p<0.05, b denotes p<0.01, blank denotes p >0.05.



The Shannon index showed a significant positive relationship with N2 in XX, but no relationship with N2 in CJ (Figure 6C). The evenness index showed no relationship with N2 in either CJ or XX (Figure 6D). Among the 11 water level indices, the “mean of the daily data before sampling date” index showed significantly more and stronger correlations with the Shannon and Evenness indices. Therefore, it was selected to establish the correlations. The Shannon index showed a negative correlation with water level in XX, with a slight increase observed as the number of days in advance for water level increased (Figure 6E). Conversely, the Shannon index did not show a significant relationship with water level in CJ. The evenness index showed a negative correlation with water level in CJ, with a slight improvement observed as the number of days in advance for water level increased (Figure 6F). However, the evenness index did not show a significant relationship with water level in XX.

The β diversity for pairs of water layers over time is shown in Figure 7A, based on the Bray-Curtis dissimilarity of the community in CJ and XX. In most months, XX had higher β diversity compared to CJ, with exceptions in some spring months. During late autumn and winter, the disparity in pairs of water layers was remarkably low, indicating a uniform distribution of the phytoplankton community in both CJ and XX during these months. DSi (r=0.40, p< 0.001) and DO (r=0.39, p< 0.001) were identified by Mantel test as the most significant and influential environmental factors related to the differences in community structure between different water layers. The β diversity of the phytoplankton community in XX was found to be significantly positively correlated with the Euclidean distance of the total environmental factor matrix, DSi, and DO (p< 0.001, Figures 7B-D). However, in CJ, only the difference of DSi in different water layers was significantly positively correlated with β diversity (p = 0.04, Figure 7C).




Figure 7 | β diversity for pairs of water layers based on Bray-Curtis dissimilarity of community (A) and its response to Euclidean distance of environmental factors (B), DSi (C) and DO (D), as well as N2 (E) and water level (F) in CJ and XX. Significance level: c denotes p<0.001, blank denotes p >0.05.



The β diversity showed a positive correlation with N2 in XX, while no significant relationship with N2 was observed in CJ (Figure 7E). Among the 11 water level indices, the “mean of the daily data before sampling date” index showed significantly more and stronger correlations with β diversity. Therefore, it was chosen to establish the correlations. The β diversity showed a negative correlation with the water level in XX, and this effect showed a slight increase with an increase in the number of days in advance for the water level (Figure 7F). In contrast, no significant relationship was found between β diversity and water level in CJ.

Based on the above results, we constructed structural equation models to disentangle the complex interactions of direct and indirect effects of predicted variables on β diversity in XX (Figure 8). As hypothesized, both water level and stratification had significant direct and indirect effects on β diversity in XX. Water level had a direct negative effect (-0.37) and stratification had a direct positive effect (0.14) on β diversity. Their indirect effects followed the path of water level → stratification → DSi difference → β diversity. The p-value of the Chi-squared test was 0.783, and the goodness-of-fit index (GFI) and adjusted goodness-of-fit index (AGFI) were 0.999 and 0.996, respectively. The root mean square error of approximation (RMSEA) was 0.000. The results indicated that the proposed models provided good interpretations of the original data (Schermelleh-Engel et al., 2003).




Figure 8 | Path with structural equation model predicting direct and indirect effects of water level on β diversity in XX.







4 Discussion



4.1 Vertical divergences in phytoplankton total density, total biomass and community composition

The aquatic ecosystems in both CJ and XX experienced identical and highly dynamic water level fluctuations during the study period. However, the phytoplankton density in XX was found to be 4 times higher with almost 9 times higher biomass compared to CJ during the two-year study period. This observation highlights the increased risk of algal bloom in the tributary when compared to the mainstream of the reservoir. Kuang et al. (2005) conducted a study on phytoplankton density before the impoundment of TGR and found that phytoplankton density in the tributary was 3.8 times higher than that in the mainstream. After years of operation following the impoundment of TGR, the dynamics of phytoplankton in the tributary become more complicated. The results in Figure 3 show that phytoplankton density and biomass were only related to Temp and DO in CJ, while almost all the environmental factors influenced phytoplankton density and biomass in XX, supporting the above conclusion to some extent. Although XX had a significantly lower nutrient level as shown in Table 1, it had a higher phytoplankton density and biomass. This suggests that nutrient availability did not limit phytoplankton growth in XX.

On the other hand, even in a well-mixed water column, where phytoplankton and nutrients are homogenized throughout the water column, a light gradient is inevitable (Mellard et al., 2011). Therefore, phytoplankton will experience different local light levels and therefore different growth rates. In this study, the turbidity of CJ and XX was relatively low and didn’t show significant differences, but the phytoplankton density and biomass were significantly higher in XX than in CJ and had distinct vertical variations, suggesting that phytoplankton growth is free from light limitation caused by high turbidity in both CJ and XX. This finding is consistent with a study by Liu et al. (2012), and is consistent with the characteristics of the phytoplankton composition. Diatoms are the primary phytoplankton group in the study area and have a low light requirement (Huisman et al., 2004). Both theoretical predictions and field experiments with artificial mixing have shown that diatoms are more efficient species at low light levels than Microcystis (Huisman et al., 2004). Phytoplankton growth was not limited by nutrients or light; therefore, the relatively lower mixing or stronger stratification in XX may facilitate favorable conditions with longer residence time for phytoplankton growth, even though the inflow and outflow of TGR reached their peak for the year during this period. Liu et al. (2012) showed that seasonal thermal stratification is strongly developed in the tributary, but weak in the mainstream of the TGR. Similar findings have been reported in a drinking water reservoir, where thermal intensity (water temperature and thermal stratification intensity) was found to be a key driver of spatiotemporal changes in phytoplankton (Lu et al., 2023).

Throughout the two-year study, phytoplankton density and biomass showed peak values in spring and summer, followed by low values in the autumn and winter, which occurred almost simultaneously for CJ and XX. Significant vertical differences in phytoplankton density and biomass were observed during the peak period, with the surface showing the highest values. A notable finding during this peak period was the significant evolution of phytoplankton from a diatom-dominated community to a chlorophyta/cyanophyta/cryptophyta/dinophyta-dominated community. Turbulence promoted diatom growth, but cyanophyta and dinoflagellates prefer stable water conditions (Rath et al., 2021). A significant disappearance of diatoms was strongly associated with the weakening of mixing. Interestingly, this peak period coincides with the stratification period, which is characterized by relatively high N2 values and medium to low water levels. Therefore, both water level and stratification level may influence the vertical differences in total density, total biomass, and the composition of phytoplankton. This conclusion, asserting that the vertical heterogeneity of the phytoplankton corresponds to its vertical hydrological structure, was also confirmed in a 6 m deep lagoon (Radchenko et al., 2023).

When analyzing the responses of phytoplankton community structure to environmental factors, excluding hydrodynamic conditions, it was observed that DO and Temp were significant factors influencing the phytoplankton community in CJ. In contrast, Cond, Temp and TP emerged as significant factors influencing the phytoplankton community in XX. The undeniable effect of temperature on phytoplankton is evident, and in this study, water temperature emerged as a key factor influencing the structure of the phytoplankton community in both CJ and XX. Similar results have been reported in other reservoir systems (Cai et al., 2020; Cui et al., 2023). In addition to water temperature, phytoplankton community structure was more strongly influenced by nutrients in XX compared to CJ. This suggests that nutrients played a more important role in shaping phytoplankton composition in the tributary. While most nutrients showed no vertical variation in CJ, they showed significant differences in the vertical direction in XX, resulting in different phytoplankton compositions in different water layers.

COSTATIS is preferred when species-environment relationships are strong, and temporal structures are not of primary importance (Thioulouse, 2011). In this study, it is applied to test whether stable species-environment relationships can be found in CJ and XX through multiple repeated sampling. The COSTATIS analysis showed that the sites representing the six water layers of CJ were aggregated, while those in XX were quite separated, indicating a more stable species-environment relationship in CJ compared to XX. This means that when considering temporal changes, the species-environment relationship varied significantly in XX, while it remained relatively unchanged in CJ. To some extent, this indicates that CJ has a stronger resistance to external disturbances and the ability to maintain the system structure relatively unchanged. The relatively stable phytoplankton community structure in CJ was consistent with the temporal dynamics of phytoplankton composition in Supplementary Figures S2 and S3. A similar result was reported by Rodrigues et al. (2018), who found high stability of phytoplankton-environment relationships in all reservoir zones except the tributary in a reservoir in central Brazil.




4.2 Impact of water level on vertical disparities in phytoplankton diversity

The vertical differences in phytoplankton diversity between CJ and XX are evident in several aspects. As a representative of α diversity, the Shannon index was higher in XX, while the evenness index was higher in CJ, although both showed similar temporal patterns throughout the study period. This suggests that CJ had a more simplified and evenly distributed phytoplankton community structure compared to XX. The significant negative correlation between the evenness index and water level in CJ indicates that, even during the summer with low water levels, the water column in CJ remains relatively mixed, maintaining an evenly distributed phytoplankton community. In contrast, the phytoplankton community in XX exhibited high species diversity during the summer with low water level and strong stratification.

From the perspective of β diversity, CJ showed a much more similar phytoplankton community between different water layers, with a relatively aggregated pattern of low β diversity. The phytoplankton community in CJ maintained a higher level of independence compared to XX, as the β diversity in CJ showed only a weak correlation with DSi. In contrast, in XX, all the environmental factors, including the matrix and single key environmental factors (DSi and DO), as well as N2, showed significant and high positive correlations with β diversity in XX. In addition, water level showed a significant and high negative correlation with β diversity in XX. Due to the multitude of factors associated with β diversity in XX, a structural equation model was applied to elucidate the potential pathways through which these factors act. The results showed that both stratification and water level had direct and indirect effects on β diversity in XX, with the direct path involving the DSi difference in water layers.

Water level fluctuation is a complex variable that integrates various physical effects into a comprehensive descriptor (Li et al., 2018). It has been recognized as a key factor influencing phytoplankton biomass and composition in rivers, lakes, and reservoirs (Naselli-Flores and Barone, 1997; Mac Donagh et al., 2009; Wang et al., 2011; Zhu et al., 2013; Yang et al., 2016) through both direct and indirect pathways. Direct effects include biomass dilution and mixing effects during periods of high and low water, respectively. Indirect effects alter the physicochemical characteristics of water bodies, including nutrient variation and underwater light availability (Valdespino-Castillo et al., 2014; Fadel et al., 2015; Liu et al., 2019). These studies have provided valuable insights into how phytoplankton biomass and composition respond to water level effects. However, to the best of our knowledge, the effects of water level on the vertical β diversity of phytoplankton have not been reported.

The reduction of water level during the spring and summer in our study area leads to a more pronounced effect of internal processes with increased residence time. This explains to some extent the direct negative effect of water level on the β diversity of phytoplankton in XX. It also provides a plausible explanation for the occurrence of cyanobacterial blooms following water level drawdowns in certain reservoirs (Cooke, 1980; Yang et al., 2016). The indirect influence of water level acts through stratification and the difference in DSi. The critical role of seasonal stratification in shaping phytoplankton structure and dynamics has been established in reservoir systems (Fonseca and de Mattos Bicudo, 2011; Wang et al., 2011). Our study further confirms that stratification directly affects the variation of community structure throughout the water column, and this stratification is significantly negatively affected by water level (r = -0.83). Stratification promotes an uneven distribution of physiochemical factors in the water column, which in our study significantly increased the DSi difference between water layers (r = 0.86). Silicon is a crucial nutrient for diatom growth, as diatoms need it to build their siliceous cell walls. The high availability of silicon favors the growth of diatoms over non-siliceous phytoplankton (Tréguer and Pondaven, 2000). Consequently, a higher DSi difference induces an increased β diversity of phytoplankton in the vertical direction, thus closing the indirect pathway from water level to β diversity.

To date, numerous researchers have proposed potential strategies for XX under the influence of complex hydrodynamic conditions. Ji et al. (2017) found that the rising water level can lead to an increases or decreases in chlorophyll a depending on the water circulation patterns in XX, which were based on both the tributary inflow and the intrusion flow from the TGR. Ye et al. (2022) suggest that the rising water levels have a greater effect on phytoplankton blooms than falling water levels. Gai et al. (2023) suggest a potential dam operation strategy to mitigate blooms during stratification, which involves withdrawing the warm surface water from upstream reservoirs to increase horizontal flows in the surface layer. Through the analysis of vertical phytoplankton data, our study provides a compelling direction for formulating effective water quality management strategies, particularly for XX. Our results highlight the significant negative correlations between β diversity and water level through both direct and indirect effects. During stratification periods characterized by decreased water level, increased phytoplankton density and biomass, along with notable vertical differences of the phytoplankton community, manipulation of water level and application of artificial mixing emerge as promising strategies. The proposed approach involves raising the water level to facilitate dilution and implementing artificial mixing techniques to reduce the β diversity of phytoplankton in different water layers. This approach will not only promote water quality, but also provide a sustainable solution to maintain a balanced ecosystem in the tributary bay. Potential future research directions include: 1) investigating the long-term effects of water level fluctuations on phytoplankton dynamics to understand their ongoing impact on aquatic ecosystems, 2) incorporating advanced modeling techniques to simulate and predict the response of vertical phytoplankton communities to varying environmental conditions to aid in the development of more effective management strategies.





5 Conclusion

The study describes the vertical phytoplankton structure and highlights the complex responses of phytoplankton to water level fluctuations and environmental conditions. Monthly data were collected over 2 years in both the mainstream (CJ) and the tributary bay (XX) of the Three Gorges Reservoir. CJ exhibited a more uniform distribution of nutrients across water layers, but maintained a higher overall nutrient level compared to XX. Phytoplankton density and biomass were lower in CJ, which was influenced by water temperature and dissolved oxygen (DO). The phytoplankton community in CJ showed a more stable species-environment relationship, a lower Shannon index and a higher evenness index. This suggests a relatively simple community structure and a more uniform distribution of phytoplankton among different water layers in CJ.

XX had significantly higher phytoplankton density and biomass, influenced by a wide range of environmental factors. The phytoplankton community in XX showed diverse species-environment relationships across different water layers, higher Shannon diversity and a lower evenness. In particular, XX showed increased differences in phytoplankton community between water layers (higher β diversity). These differences showed significant negative correlations with water level and positive correlations with differences in DO, differences in dissolved silica (DSi) and stratification. Peak values of phytoplankton density and biomass, as well as high β diversity in XX, were observed during periods of low water level and strong stratification in spring and summer. A structural equation model complemented by path analysis revealed that a decrease in water level could increase β diversity either directly through internal processes with extended residence time or indirectly by modifying stratification and the vertical distribution of DSi in XX. The substantial disparity in phytoplankton structure characterization between CJ and XX underscores the key role of the tributary in the TGR ecosystem. A proposed water quality management strategy for XX includes raising water levels to facilitate dilution and implementing artificial mixing techniques to reduce the β diversity of phytoplankton across different water layers. The combination of these water quality management methods is expected to effectively control and mitigate algal blooms and help maintain a balanced ecosystem in the tributary bay.
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Increasing occurrences of Microcystis surface scum have been observed in the context of global climate change and the increase in anthropogenic pollution, causing deteriorating water quality in aquatic ecosystems. Previous studies on scum formation mainly focus on the buoyancy-driven floating process of larger Microcystis colonies, neglecting other potential mechanisms. To study the non-buoyancy-driven rapid flotation of Microcystis, we here investigate the floating processes of two strains of single-cell species (Microcystis aeruginosa and Microcystis wesenbergii), which are typically buoyant, under light conditions (150 μmol photons s−1 m−2). Our results showed that M. wesenbergii exhibited fast upward migration and formed surface scum within 4 hours, while M. aeruginosa did not form visible scum throughout the experiments. To further explore the underlying mechanism of these processes, we compared the dissolved oxygen (DO), extracellular polymeric substance (EPS) content, and colony size of Microcystis in different treatments. We found supersaturated DO and the formation of micro-bubbles (50–200 µm in diameter) in M. wesenbergii treatments. M. aeruginosa produces bubbles in small quantities and small sizes. Additionally, M. wesenbergii produced more EPS and tended to aggregate into larger colonies. M. wesenbergii had much more derived-soluble extracellular proteins and polysaccharides compared to M. aeruginosa. At the same time, M. wesenbergii contains abundant functional groups, which was beneficial to the formation of agglomerates. The surface scum observed in M. wesenbergii is likely due to micro-bubbles attaching to the surface of cell aggregates or becoming trapped within the colony. Our study reveals a species-specific mechanism for the rapid floatation of Microcystis, providing novel insights into surface scum formation as well as succession of cyanobacterial species.
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Highlights

	• EPS produced by Microcystis wesenbergii can contribute to the formation of large aggregates.

	• The formation of aggregate and micro-bubble can drive the surface scum formation.

	• Light and EPS contributed to the formation of the large algal aggregate.






1 Introduction

Cyanobacterial blooms exist in many freshwater bodies worldwide (Schindler, 1974). Microcystis spp., which can form colonies ranging in size from a few microns to a few millimeters, are the most common and ubiquitous toxic blooms (Paerl et al., 2014). Under warming and eutrophic conditions, Microcystis cells have the propensity to aggregate and float upward, giving rise to harmful Microcystis blooms (Luerling et al., 2017; Zhu et al., 2023). The extensive proliferation of harmful Microcystis has various negative effects on human health and environmental safety (Fiehn et al., 1998; Susanna et al., 2020). This phenomenon results in the depletion of dissolved oxygen in the water, causing disruptions to aquatic ecosystems (Paerl et al., 2011; Guo et al., 2022), in which the decay of biomass ultimately leads to oxygen depletion, causing a complete alteration of the aquatic environment (Hallegraeff, 1993). Microcystins are toxins produced by a variety of bloom-forming cyanobacteria that can cause hepatotoxicity in humans and animals (Zhou et al., 2021).

The formation of Microcystis blooms is affected by various biotic and abiotic factors, including nutrients, light, temperature (Andrew, 1991; Soranno, 1997; Hans and Valerie, 2012; Min et al., 2012), hydrodynamic conditions (Medrano et al., 2013; Chao et al., 2017), predation (Wang et al., 2010), and buoyancy of Microcystis colonies (Jacco and Luuc, 1984; Medrano et al., 2016). Due to the buoyancy regulation, Microcystis is capable of forming surface scum in eutrophic lakes (Chorus, 1999; Rainer et al., 2003). Many former studies suggest that buoyancy provides several competitive advantages for Microcystis over phytoplankton, including the capability to acquire light and carbon dioxide at the uppermost layer, and grazing avoidance (Reynolds and Walsby, 1975; Lovelock et al., 2008). Microcystis had a diurnal migration pattern, and migration causes were affected by multiple factors (Wu et al., 2019). This development will be rapid, probably on a characteristic timescale of approximately a day (Timothy et al., 2009). The sudden increases in biomass at the surface layer may lead to long-term proliferative cell interactions and mass migration of biomass. In many cases, this migration ends up forming thick scum on the surface of the water (Anne et al., 2016).

There is currently research evidence demonstrating that the regulation of gas buoyancy on vesicles and carbohydrate ballast is a crucial factor in the migration of Microcystis colony (Colin et al., 2002). The hypothesis posited suggests that the irreversible buoyancy of cyanobacterial colonies is induced by the growth of gas bubbles on or within the mucilage of the colonies (Medrano et al., 2016). They hypothesized that the irreversible buoyancy of cyanobacterial colonies is induced by the growth of bubbles on or inside the colony mucilage. These bubbles grow under conditions of oxygen supersaturation. Meanwhile, many abiotic factors can affect the buoyancy of Microcystis through these mechanisms (Hans and Jef, 2008; Paerl and Otten, 2013). For instance, light has been found to regulate buoyancy through the carbohydrate ballast mechanism. Specifically, Microcystis loses buoyancy under high light conditions, while it regains buoyancy under low light conditions. This allows Microcystis to exhibit a diel migration pattern, where it floats upward to the surface at night and sinks during the daytime. Although this migration pattern has been confirmed by many lake studies (Ma et al., 2015), there are exceptions where Microcystis forms scum on a shorter timescale of hours and can persist at the water surface even under high light conditions during the daytime. This may imply the existence of additional mechanisms for the rapid Microcystis flotation and the surface scum formation under strong light conditions.

To fill the knowledge gaps, the influence of high light on the floatation and surface scum formation of Microcystis was investigated in this study. We used two different strains of Microcystis species (Microcystis wesenbergii and Microcystis aeruginosa), which are neutrally buoyant, to study the non-buoyancy-driven floatation of Microcystis with laboratory experiments. We hypothesize that the bubbles generated from photosynthesis during high light exposure can felicitate the rapid floatation of Microcystis. We aim to study the mechanism of rapid floatation of Microcystis driven by bubble formation. This study is expected to provide new implications for the mechanism for the formation of Microcystis blooms as well as cyanobacterial species succession.




2 Materials and methods


2.1 Microcystis strains and culture conditions

Two different Microcystis strains (M. wesenbergii, FACHB-908, and M. aeruginosa, FACHB-905) used in this study were generously provided by the Freshwater Algae Culture Collection at the Institute of Hydrobiology, Chinese Academy of Sciences (FACHB-collection, Wuhan, China). The strains were cultured in BG11 medium (Supplementary Table 1) at 25°C with a 16-hour light/8-hour dark cycle of 32 µmol photons s−1 m−2 to obtain a cell density of ca. 800 μg/L (Lin et al., 2017).




2.2 Experimental design

To study the effect of light intensity on the Microcystis aggregation and their upward floating to the surface, M. aeruginosa and M. wesenbergii were diluted to the same initial Chla concentration (ca. 800 μg/L). Two types of Microcystis were placed in separate 50-mL glass tubes (height, 20 cm) under strong light (150 μmol photons s−1 m−2) and dark conditions. The light source was derived from a LED lamp located on the side of the test tubes to provide light. Dark conditions were carried out in a closed cabinet. The room temperature was maintained at 25°C. Samples that float to the surface were mainly collected to measure the dissolved oxygen, electrolytic potential, and extracellular polysaccharides. All the treatments and controls were performed in triplicate. A Canon camera was used to capture images of Microcystis aggregation and floating to determine the state and size of the aggregation under light conditions.




2.3 Measurement and characterization of algal aggregate extracellular polymeric substances derived from Microcystis

To analyze the composition of special substances in extracellular polymeric substances (EPS) released by two different strains of Microcystis under light conditions, two treatments and two controls were prepared, as follows. To prepare surface aggregate samples, 50 mL of algal solution containing M. wesenbergii (A) and M. aeruginosa (B) was used. Light conditions were used as treatment and dark conditions as control, with the same density of Microcystis solution (L and D as abbreviations for light and dark, respectively). The samples were placed in a 50-mL centrifuge tube. Three parallel samples were analyzed for each group using the method described below.



2.3.1 EPS extraction and quantification

The extracellular polymeric substances were collected from the M. aeruginosa and M. wesenbergii cultures (stationary phase) according to the method of Xiao et al. (2019). Algae suspensions (10 mL) were centrifuged at 11,000 g and 4°C for 15 minutes, separating the supernatant and algal cells. The EPS fractions were then divided into soluble EPS (S-EPS) and bound EPS (B-EPS). The supernatant was used to determine the soluble EPS. The pH was adjusted to 10 using the 1 mol/L of sodium hydroxide. The samples were then placed in a water bath sonicator at intermediate power (25 kHz) and 45°C to separate cells from loosely bound EPS. The resulting EPS were classified as conjunction type and stored at −20°C until analysis. The total EPS content in the algal aggregate was calculated as the sum of polysaccharides and proteins. The protein content was determined using Coomassie brilliant blue (Marion, 1976). The polysaccharides were analyzed using the phenol-sulfuric acid method (Dubois et al., 1951).




2.3.2 EPS fluorescence staining and confocal laser scanning microscopy analysis

A modified fluorescence staining method according to Liu (Liu et al., 2020) was used to observe the components of EPS. The Microcystis samples were collected from the surface layer and washed three times with phosphate buffer (pH = 7) to remove the medium. They were then fixed with 2.5% glutaraldehyde. The SYTO63 stain (Thermo Fisher Scientific, Waltham, MA, USA), fluorescein isothiocyanate (FITC), and calcofluor white were used to stain bacterial cells, proteins, and polysaccharides, respectively. The spatial distribution of various components in EPS was observed using confocal laser scanning microscopy (CLSM) (TCS, Leica, Wetzlar, Germany). The excitation wavelengths for polysaccharides and proteins were 400 nm and 480 nm, with the emission wavelengths of 480 nm and 550 nm, respectively (Chen et al., 2007). After each staining procedure, samples were washed at least twice with phosphate-buffered saline (PBS) (pH = 7.2) to remove excess stains. The polysaccharides are represented by blue fluorescence, the proteins are represented by green fluorescence, and the bacteria are represented by red fluorescence (Badiaa et al., 2010). The sample preparation process should be carried out in a darkroom to avoid fluorescence.




2.3.3 Fourier transform infrared spectrum and fluorescence spectrometer analysis

The Fourier transform infrared (FT-IR) spectrum of EPS samples was analyzed using a Fourier transform infrared spectrometer (Nicolet 6700, Thermo Scientific Co., Ltd., USA). All samples were washed twice with PBS (pH = 7.2), then lyophilized, and stored at −20°C (Bo et al., 1996). Before FT-IR scanning, samples were ground with IR-grade KBr powder and molded into a disc. The infrared absorption spectra of transmittance or absorbance with wave number or wavelength were obtained by Fourier transform. The components of organic chemicals were analyzed using sub-peak spectra obtained from the original spectra through curve fitting.

The fluorescence intensity of the protein-like components and humic acid-like components in samples was measured using the fluorescence excitation–emission matrix (3D EEM) with a fluorescence spectrometer (Hitachi F4700, Hitachi, Tokyo, Japan) (Yunlin et al., 2014). The slit width was set to 5 nm, and the photomultiplier was set to a voltage of 720 V. The excitation scanning range was 250–450 nm, and the emission scanning range was 300–550 nm and 2 nm. The EEM data of deionized water were also subtracted to remove the effect of Raman scattering (Markus et al., 2010).





2.4 The Microcystis algae cell density

The cell density was counted three times in a hemocytometer using an optical microscope (BX43, Olympus Corporation, Tokyo, Japan) at ×40 magnification.




2.5 Statistical analysis

Variance analysis (ANOVA) was used to determine the difference in EPS content released from different strains of Microcystis. Statistical significance was set at p < 0.05. All significant differences between samples were determined using SPSS version 25 (IBM, USA). Graphs were generated using Origin 8.0 software (OriginLab, Northampton, MA, USA).





3 Results


3.1 Effect of light intensity on the surface Microcystis aggregates

As shown in Supplementary Video 1, M. wesenbergii suddenly produced bubbles under strong light intensity in the middle stage, causing the algal biomass to rise and reach a layer of foam at the air–water interface. Under suitable nutrient and light conditions, the dissolved oxygen (DO) in photosynthetic active cells was supersaturated to form bubbles. Bubbles were wrapped and expanded until buoyancy was sufficient to pull M. wesenbergii aggregates to the water surface and to form a stable surface bloom after 4 hours. However, this phenomenon was not observed in M. aeruginosa. M. aeruginosa only produced very few bubbles uniformly distributed in the water column.

Figure 1 illustrates the typical time evolution of the system. The culture kept in darkness remained homogeneous throughout the experiment. We observed a massive migration of the biomass toward the water surface in the sample exposed to high light exposure. The floating phenomena of M. wesenbergii and M. aeruginosa were distinct (Figure 1D). The migration and aggregation of M. wesenbergii resulted from the generation and floating migration of bubbles. At the same time, the bubbles cause M. wesenbergii to rise to the surface (Figure 1C). Approximately 1 hour after the start of the experiment, bubbles began to form gradually. For approximately 2 hours, the test tubes were filled with numerous stable bubbles (Figure 1A). When the test tubes were slightly shaken, the bubbles floated up quickly and did not adhere to the wall of the test tubes. This indicates that the M. wesenbergii is covering them, and these bubbles continued to increase until they were sufficiently supported to float. It should be noted that cyanobacteria under light conditions persist in the bacterial foam formed at the surface (Figure 1C) and did not sink even after 1 week. In contrast, the samples placed in darkness settled. Additionally, we observed supersaturated DO and the formation of micro-bubbles (50–200 μm in diameter) in M. wesenbergii treatments, while M. aeruginosa produced bubbles in small quantities and small sizes (Supplementary Figure 1).




Figure 1 | Contrast before and after the formation of cyanobacterial blooms. (A) Bubbles of Microcystis wesenbergii forming during experimentation. (B) Aggregation of the biomass and bubble production of M. wesenbergii during a bloom. (C) Microscopic bubbles and Microcystis aggregates. (D) Different experimental phenomena produced by M. wesenbergii and Microcystis aeruginosa.






3.2 Changes in physicochemical indexes of surface Microcystis aggregates (DO and zeta potential)

When the bloom in M. wesenbergii produced a large number of bubbles, we hypothesized that the gas was oxygen, a by-product of photosynthesis. We then measured the dynamic DO contents at the air–water interface under dark and light conditions. As shown in Figure 2A, the DO concentration of the two different strains of Microcystis was approximately 10.8 mg/L initially. The dissolved oxygen concentration of M. wesenbergii increased linearly at a rate of 5 mg L−1 h−1 over the next 4 hours under light conditions. Under dark conditions, the DO concentration decreased steadily and eventually fell below the equilibrium value of 8.1 mg/L, indicating active aerobic respiration in the system. In contrast, under light conditions, the DO concentration of M. wesenbergii increased linearly at a rate of 2 mg L−1 h−1 until the detection limit of the DO probe (42 mg/L) approximately 300 minutes after the start of the experiment. The rate of DO increase for M. aeruginosa was much lower. This was consistent with the experimental phenomenon (Figure 1D).




Figure 2 | Surface dissolved oxygen (DO) concentration over time (A) and zeta potential of two different strains of Microcystis (B). The dashed line in panel A indicates equilibrium value with air.



Zeta potential is usually used to monitor the electrostatic neutralization of particles to explain the relationship between particle instability and floc formation (Arya et al., 2019). The magnitude of the electrokinetic potential is associated with the stability of the solution. At the start of the experiment, the zeta potentials of M. aeruginosa and M. wesenbergii solution were similar below 30 mV. However, by the end of the experiment, the zeta potentials of the M. wesenbergii solution had significantly increased to a lower value of (−5 mV). The electric potential of M. wesenbergii changed noticeably before and after the experiment, indicating the neutralization of electrostatic particles by static electricity. This phenomenon was not observed in the other treatment groups, confirming the consistency of the experimental results.




3.3 Changes in the content of extracellular material in Microcystis aggregates

Polysaccharides and protein content were measured in mixed and surface samples of M. wesenbergii and M. aeruginosa under dark and light conditions. Figure 3 shows that under light conditions, the polysaccharides secreted by M. wesenbergii were significantly higher than those secreted by M. aeruginosa (p < 0.05), but there was little difference under dark conditions. Under light conditions, the polysaccharides secreted by the surface layer of M. wesenbergii were significantly higher than those in the water column (p < 0.05). Meanwhile, the content of polysaccharides secreted by M. aeruginosa on the surface and the water column was basically the same (p > 0.05). In the mixed samples of M. wesenbergii, the levels of dissolved polysaccharides and bound polysaccharides were 10.7 mg/L and 6.6 mg/L, respectively; the surface samples showed higher levels of polysaccharides, corresponding to 41.8 mg/L and 72.2 mg/L, respectively. The levels of dissolved proteins and loosely bound proteins increased from nearly zero at the beginning of the experiment to approximately 8 mg/L. In contrast, the mixed samples and surface samples of M. aeruginosa showed constant levels of polysaccharides and protein under both illuminated and dark conditions. The concentration of dissolved proteins increased from 0 mg/L to approximately 4 mg/L, while the level of bound proteins slightly decreased. Significant differences in the secretion of dissolved polysaccharides and bound polysaccharides were observed between M. aeruginosa and M. wesenbergii (p < 0.01). The polysaccharide content of M. wesenbergii decreased significantly under dark conditions, and both illumination and algal species had a significant impact on the concentration of dissolved polysaccharides (p < 0.01).




Figure 3 | The content of polysaccharides in light (A) and darkness (B) before and after the experiment, and proteins in light (C) and darkness (D) before and after the experiment.






3.4 Qualitative analysis of extracellular species in Microcystis aggregates


3.4.1 CLSM picture of organic constituents in EPS

CLSM analysis was conducted to investigate the distribution of cells, proteins, and polysaccharides in the Microcystis aggregate (Figure 4). The results showed a significant increase in polysaccharides and protein of M. wesenbergii after illumination (Figures 4A, B), while no significant increase was observed in M. aeruginosa (Figures 4C, D). As shown in Figure 4, the membrane formed by the surface layer of M. wesenbergii samples has a network or membrane-like structure, which contains obvious polysaccharides and protein components. Additionally, M. wesenbergii cells formed large aggregates. As time increased, the protein and polysaccharide contents also increased significantly (Figure 3). It was worth noting that the content of both protein and polysaccharides was related to cell density (Figure 4B). However, the initial biomass remained consistent, and the protein surrounding the cells of M. wesenbergii was denser. This may be closely related to cell distribution and content.




Figure 4 | CLSM images of unicellular Microcystis wesenbergii before (A) after (B) and Microcystis aeruginosa before (C) after (D) floating up to the water surface (1, polysaccharides; 2, proteins; 3, bacteria). CLSM, confocal laser scanning microscopy.






3.4.2 Three-dimensional fluorescence in superficial surface Microcystis aggregates

The 3D EEM fluorescence spectra revealed three obvious fluorescent peaks in the EPS sample of strain FACHB 908 (Figure 5). Two of these peaks, observed at the excitation/emission wavelengths (Ex/Em) of 205/300 and 230/300, were identified as tyrosine protein-like. The third peak, observed at Ex/Em 235/350, was identified as tryptophan protein-like. No fluorescent peak was assigned for the presence of humic acid, suggesting that it may not be present in the EPS of laboratory trains.




Figure 5 | Three-dimensional fluorescence of two different strains of Microcystis. (A) Microcystis wesenbergii before light exposure. (AL) M. wesenbergii under light. (B) Microcystis aeruginosa before light exposure. (BL) M. aeruginosa under light.






3.4.3 FT-IR spectra in superficial surface Microcystis aggregates

FT-IR analysis was conducted on M. wesenbergii and M. aeruginosa to compare the composition of specific substances that produce surface blooms after light exposure. The functional groups were used to determine the type of compounds (Jingyun et al., 2010). The FT-IR results showed that there were no significant differences in most of the bands in M. aeruginosa before and after the experiment. As shown in Figure 6, the peak appeared at 1,726 cm−1 after the experiment. At the spectral width of 1,537–1,652 cm−1, the intensity of the bound amide group decreased, representing the NH in the peptide bond. The NH bond breaks with the CN bond. In the spectrum of M. wesenbergii, the NH stretch vibration at 3,382–3,338 cm−1 significantly increased, indicating the full involvement of the NH bond in the process of surface water bloom formation and the creation of a surface film. The broad peak of 3,408–3,431 cm−1 in the spectrum of M. aeruginosa was stronger than before the experiment, and the intensity of the spectrum of M. wesenbergii was stronger. These groups exhibited broad bands of polysaccharides (3,700–3,000 cm−1 and 1,500–1,200 cm−1) and proteins (1,700–1,600 cm−1 and 1,200–1,050 cm−1). Significant differences were observed in the bands of M. wesenbergii before and after the experiment, such as the polysaccharides (3,700–3,000 cm−1), C–H characteristic peak (3,000–2,800 cm−1), and the glycosidic bond (835 cm−1). Strong peaks near 3,400–3,500 cm−1 bands were also observed, which belong to the stretch vibrations of N–H and O–H (Zongqian et al., 2019). These peaks were likely due to the presence of carboxylic acids, alcohols, and phenolic compounds (Mecozzi et al., 2001; Badiaa et al., 2010). The broad peak of 3,408–3,431 cm−1 in the spectrum of M. aeruginosa was stronger than that before the experiment, and the intensity of the spectrum of M. wesenbergii was stronger. This peak was attributed to hydrogen bonds such as C–H, N–H, and O–H (Zongqian et al., 2019), indicating that there were compounds with the structure of R–NH2 and R–CO–NH2. The C═C stretching vibration at 1,657 cm−1 was enhanced, and the C═C carboxylic acid (C═C skeleton vibration) at 1,367–1,384 cm−1 was obvious. The peak at 836–1,081 cm−1 represents the carbon–hydrogen bonds of polysaccharides that were converted from glycosides at 836 cm−1 to polysaccharides (Christopher et al., 2011). The sharp increase in the intensity of the peak at 1,081 cm−1 also indicates that polysaccharides are one of the important factors in the formation of surface blooms.




Figure 6 | FT-IR spectra of two different strains of Microcystis before and after the experiment. (A) Microcystis wesenbergii before light exposure. (AL) M. wesenbergii under light. (B) Microcystis aeruginosa before light exposure. (BL) M. aeruginosa under light. FT-IR, Fourier transform infrared.








4 Discussion

Our study reveals a novel mechanism for the rapid flotation of Microcystis under light conditions, which is species-specific. Under such conditions, M. wesenbergii was capable of forming surface scum, while M. aeruginosa could not form visible scum throughout the experiments. This timescale is shorter than the observed timescale for scum formation in conventional bloom formation process. The timescale for the formation of cyanobacterial blooms in the wild is influenced by various factors, including the nutrient status of the water body, temperature, and light intensity. Generally, the formation of cyanobacterial blooms can range from several days to several weeks. In highly eutrophic waters, under warm and stable climatic conditions, blooms may develop rapidly (Christopher et al., 2011). Considering the difference in DO and EPS content between the treatments in our study, we speculated two possible reasons for the observed phenomenon: 1) exopolysaccharides may play an important role in algal cell adhesion and surface bloom formed, and 2) the rising process of O2 bubbles accompanied by algal migration to the surface improves the biological amount leading to the formation of surface blooms. Under strong light conditions, the formation of bubbles can drive the formation of surface blooms.

For the first hypothesis, we analyzed the extracellular substances secreted by two Microcystis species. Light could affect the extracellular substances secreted by Microcystis and produce varying amounts of polysaccharides, thus affecting the aggregate formation. The SEM results confirmed the presence of significant secretions in the M. wesenbergii samples. These secretions can promote aggregate formation and upward migration to the water surface with the help of the micro-bubbles (Figure 1D). The S-EPS released from M. wesenbergii solution played an important role in the aggregation process (Figures 3A, B).

Studies have shown that proteins and polysaccharides are indispensable for maintaining the cross-linked structure of extracellular substances (Yang et al., 2008; Gan et al., 2012; Huiqun et al., 2018). The effect of EPS on the microbial aggregation process is mainly reflected in the bridging effect. However, the alteration of different types of EPS or the proportion of certain components can also affect this process. Meanwhile, the protein can promote the stability of maintaining the polymer structure (Badiaa et al., 2010). The protein in EPS contains more negatively charged amino acids (Figure 2). Compared with polysaccharides, the electrostatic bridging between EPS and divalent and polyvalent cations is more obvious. The existence of EPS and algal aggregates also contributes to better preservation of the integrity of colony algal cells. Furthermore, B-EPS, which tightly binds to the cell membrane of the algae, can serve as a binding molecule between algae cells, promoting the combination of Microcystis cells into a colony structure. CLSM results also confirmed that the large algal floc that rises to the surface was formed by large amounts of proteins and polysaccharides that adhere together tightly to form a “macroalgal collective” (Figure 1B). Indeed, EPS with multifunctional groups can promote the adsorption and chelation with various organic and inorganic matter to form aggregates in aqueous systems (Bai et al., 2016; Zhang et al., 2019).

The FT-IR spectroscopy of the Microcystis floating and migrating to the surface formed the surface film (Figure 6). This provides physical and chemical evidence for its formation and helps understand the occurrence of possible biomolecular groups or chemical changes. During the formation of surface blooms, the main functional groups in the extracellular substances secreted by Microcystis, such as hydroxyl and carboxyl groups, could have acted as binding sites and bridges with the high-molecular-weight adsorption sites of Microcystis S-EPS to form a network structure, which tightly packed single-celled Microcystis, and bubbles rise with photosynthesis (Figure 1). FT-IR analysis results showed that all samples contained a large number of hydrogen bonds, as evidenced by the broad peak of 3,500–3,400 cm−1 and 3,431–3,408 cm−1. There were noticeable changes in glycosidic bonds. The EPS was generally supported by a hydrogen bond system, and a higher ratio of hydrogen bonds resulted in stronger intermolecular interaction (Zhu et al., 2014). These findings were consistent with those of previous studies (Yang et al., 2016; Li et al., 2021).

For the second hypothesis, we analyzed the changes in oxygen quantity and electric potential during the formation of surface blooms. By modulating their buoyancy using internal gas vesicles, individual Microcystis can migrate along the water column at a speed of up to 1 mm/h (Walsby and Anthony, 1994). At the same time, the bubbles formed by the increase in sample oxygen are beneficial to the formation of water blooms on the surface of Microcystis (Johnk et al., 2008). This supports our conclusion that the rising process of O2 bubbles is accompanied by algal migration to the surface, which improves the biological amount and forms surface blooms. The O2 supersaturation is generally caused by concentrated photosynthesis, which in turn forms bubbles. The trapped O2 bubbles provide lift and gather most of the biomass on the surface of the water column to form a denser foam layer. Also, this rapid migration process is irreversible. The foam will remain stable for several weeks if the nutritional conditions are sufficient. According to literature reports, blooming occurs without a major increase in overall biomass, and the threshold for irreversible migration concentration is above 106 cells/mL (Klemer et al., 1982). As cyanobacteria migrate toward the free surface, their effective concentration increases, and the system moves away from the critical point for blooming. The rate of oxygen production per unit biomass decreases under low light intensity or under weak photosynthetic mechanisms in harsh environments (Dervaux et al., 2015). Instead, light boosts photosynthesis and makes more bubbles. It is possible that oxygen production is the limiting factor for bloom formation.

The zeta potential is the potential of the shear plane in the double electric layer of charged particles in solution, which can reflect the stability of the colloidal system (Zhao et al., 2017). During the experimental stage (Figure 2B), the main force in M. wesenbergii solution is gravity rather than repulsion. The surface charge of protein molecules in the system is high, which maintains the stability of the system through electrostatic repulsion, making it difficult for protein molecules to accumulate (Bojorquez-Velazquez et al., 2016).

In addition, we performed a Fisher exact test bar plot on the species richness of M. wesenbergii before and after the experiment (Supplementary Figure 2). The results indicated a significant increase in species abundance at the level of Microcystis phylum after the experiment. Subsequently, individuals were randomly sampled from the specimens, and the dilution curve was based on the number of individuals and species (Supplementary Figure 3A). The species richness of M. wesenbergii before and after the experiment was compared by drawing dilution curves. Under the condition of extracting the same sequence, the number of operational taxonomic units (OTUs) of M. wesenbergii was higher after the experiment, indicating that the species richness of M. wesenbergii was higher. In this dilution graph (Supplementary Figure 3B), eventually, the curve tended to flatten out, further indicating that the number of samples taken was reasonable. Alpha diversity refers to the diversity within a specific region or ecosystem. The statistical t-test was used to detect significant differences between each of the two sets of index values (Supplementary Figure 3C).

Environmental isolates of M. wesenbergii form large colonies and exhibit complex vertical migration dynamics due to their dynamic glycan ballast ability to compete with oxygen-mediated upward migration. While similar experiments on indoor samples may still be qualitative, it would be interesting to test the mechanisms identified in this study using natural samples. Although the aggregation and binding of cyanobacteria EPS to form algal blooms have been reported (Parker et al., 2000; Micheletti et al., 2008), the underlying mechanisms were still poorly understood, and more work is needed to elucidate these binding processes. In this regard, similar experiments on algae with differences in EPS production can provide valuable data for further understanding the cell aggregation process. In future studies, we should also focus on effective and special substances that facilitate the aggregation process and identify the structure and properties of these substances. The dominant niche of high temperature-adapted cyanobacteria genera will be further reinforced with global warming and elevated carbon dioxide in the future. The cyanobacterial dominance and succession are inherently attributed to the distinctive traits of cyanobacteria including colony formation, gas vesicles, toxin release, and nitrogen fixation (Wang et al., 2021; Firsova et al., 2023). In the future, we will further explore the extracellular substances released by Microcystis and the physiological and biochemical effects of Microcystis.




5 Conclusion

The present study revealed that the two different species of Microcystis (M. wesenbergii and M. aeruginosa) ascended and gathered under light and dark conditions. It focused on the impact of the EPS and bubbles released by Microcystis on the formation of surface scum during the process of floating and gathering to the surface scum. The results showed the following:

	(a) EPS produced by M. wesenbergii can contribute to the formation of large aggregates.

	(b) The formation of aggregate and micro-bubble can drive the surface scum formation.

	(c) Light and EPS contributed to the formation of the large algal aggregate.
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Reservoirs, heavily influenced by artificial management, often harbor phytoplankton assemblages dominated by cyanobacteria or dinoflagellates, triggering significant changes in aquatic ecosystems. However, due to limited sampling frequency and insufficient attention to species composition, the bloom processes and key characteristics of phytoplankton community structure have not been systematically elucidated. During the low-water level period when blooms are most likely to occur (June to September) in a tributary bay of the Three Gorges Reservoir, daily sampling was conducted to investigate phytoplankton community composition, identify significant environmental factors, and evaluate important structure characteristics of phytoplankton community. The results showed that Microcystis aeruginosa maintained a clear dominance for almost a month in stage 1, with low Shannon and evenness but a high dominance index. Phytoplankton total density and biomass decreased drastically in stage 2, but Microcystis aeruginosa still accounted for some proportion. The highest Shannon and evenness but the lowest dominance index occurred in stage 3. Peridiniopsis niei occurred massively in stage 4, but its dominant advantages lasted only one to two days. NH4-N was responsible for the dominance of Microcystis aeruginosa, while TP and PO4-P was responsible for the dominance of Peridiniopsis niei; however, precipitation contributed to their drastic decrease or disappearance to some extent. The TN : TP ratio could be considered as an important indicator to determine whether Microcystis aeruginosa or Peridiniopsis niei dominated the phytoplankton community. Throughout the study period, physiochemical factors explained more variation in phytoplankton data than meteorological and hydrological factors. Pairwise comparisons revealed an increase in average β diversity with stage progression, with higher β diversities based on abundance data than those based on presence/absence data. Repl had a greater effect on β diversity differences based on presence/absence data, whereas RichDiff had a greater effect on β diversity differences based on species abundance data. Co-occurrence networks for stage 1 showed the most complex structure, followed by stage 4, while the network for stage 3 was relatively sparse, although the overall community division remained compact. This study provides a useful attempt to explore the status and changes in phytoplankton community structure during the bloom process through high-resolution investigation.
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1 Introduction

Phytoplankton species are the most widespread and quantitatively relevant primary producers in aquatic ecosystems (Basset et al., 2008). A significant increase in phytoplankton biomass, known as a phytoplankton bloom, indicates an imbalance between phytoplankton growth and loss processes (Carstensen et al., 2007). It is widely accepted that global climate change and eutrophication have intensified phytoplankton blooms in lakes and reservoirs around the world (Ho et al., 2019; Griffith and Gobler, 2020; Liu et al, 2021). China has been severely threatened by water body eutrophication and frequent harmful phytoplankton bloom events during the past decade (Huang et al., 2020), which is one of the most challenging environmental problems (Huisman et al., 2018).

Reservoirs have become important frameworks within ecological studies of assemblage organization (Leitão et al., 2003), mainly due to the abiotic instability generated in their water bodies. Compared to lakes, reservoirs are subject to a greater degree of artificial management. Therefore, reservoirs can serve as a valuable water body type to study the ecological response of ecosystems to artificial interventions. Globally, reservoirs are inhabited by phytoplankton assemblages dominated by cyanobacteria such as Microcystis and Dolichospermum, or dinoflagellates such as Ceratium, forming either mixed or single blooms (see the literature cited by Bordet et al., 2017). Intense algal blooms can cause severe changes in the aquatic ecosystems (Reid et al., 2019), posing a significant threat to aquatic organisms and even humans using these water sources (Olokotum et al., 2020). Reservoir impoundment alters turbulence regimes, allowing the development of phytoplankton species that cannot thrive in fast-flowing waters, but gradually reach large populations in frequently stratified water columns with sufficient nutrients and light conditions (Bordet et al., 2017; Zeng et al., 2023). As the largest reservoir for water conservancy and hydropower projects in China, the Three Gorges Reservoir (TGR) has attracted widespread attention for its ecological impacts. Since the impoundment of the reservoir, the water level has risen significantly, the flow velocity has slowed down greatly, the water exchange has weakened, the artificial regulation has counteracted seasonal hydrological fluctuations (Ding et al., 2022; Ou et al., 2022), and the self-purification capacity of the water body has decreased (Liu et al., 2013). As a result, many tributary bays of the TGR have suffered from phytoplankton blooms of various sizes every year. In summer and early autumn (the low-water level period in the Three Gorges Reservoir), the light and water temperature conditions are good, which are favorable for algal growth, and algal blooms, especially cyanobacterial blooms, are prone to occur (Wang et al., 2011; Zhou et al., 2022). For example, a severe cyanobacterial bloom occurred in 2008 in Xiangxi Bay, a typical tributary of the Three Gorges Reservoir (Ministry of Environmental Protection of China, 2014), which seriously affected the safety of the water quality in the Three Gorges Reservoir area.

Research on phytoplankton bloom has primarily focused on the total amount of phytoplankton and the dominant species. However, the total algal abundance or biomass provides limited insight into the processes that govern their spatial and temporal distribution (Zhao et al., 2017). During blooms dominated by different species and at different stages of bloom development, the structure of phytoplankton communities can undergo significant changes with profound impacts on water quality. In addition, weekly sampling is essential for effective studies of phytoplankton blooms. This frequency is consistent with the timescale of population responses, as the generation time of phytoplankton varies from hours to a few days (Reynolds, 2006). While weekly dynamics of phytoplankton communities have been reported in Xiangxi Bay (Wang et al., 2011), changes in phytoplankton communities composition at higher sampling resolutions during the bloom process have not been documented. Therefore, more fine-scale and structured information on phytoplankton communities is urgently needed to fully understand the conceptual mechanisms driving bloom development.

The present study aimed to analyze phytoplankton communities during the bloom process using daily sampling data. Bloom stages were broadly defined based on total and relative abundance and biomass, as well as α diversity. We expected to identify differences in phytoplankton community structure within and between different bloom stages, and to explore the combined effects of environmental factors through a multifactorial investigation. The influence of environmental factors on the variation in phytoplankton community composition among sampling days (β diversity) was evaluated, and significant environmental factors were identified. In addition, β diversity was decomposed into turnover and richness changes to assess their relative importance. Co-occurrence networks were constructed to compare the internal structure of the phytoplankton community in different bloom stages.




2 Materials and methods



2.1 Study site and sampling

The Three Gorges Reservoir (TGR), located at 29°16′~31°25′ N, 106°~110°50′ E, has a normal water level of 175 m above sea level and a summer flood protection level of 145 m, covers an area of 1080 km2 with a volumetric capacity of 3.93 × 1010 m3, and extends over 600 km in length and an average width of 1.1 km (Huang et al., 2006). A subtropical monsoon climate dominates this region (Cai et al., 2010), characterized by an average annual precipitation of 1000 to 1300 mm. As the largest tributary of the TGR in Hubei Province, the Xiangxi River is located in 38 km upstream of the Three Gorges Dam. It extends for 94 km as a mainstream and drains a watershed area of 3099 km2 (Wang et al., 1997). Notably, after the impoundment of the TGR, the lower 20~40 km stretch of the Xiangxi River was transformed into the Xiangxi Bay (Cai and Hu, 2006). 25 km upstream of the mouth of Xiangxi Bay, the sampling site in this study was located at the Xiangxi Ecosystem Station of the Institute of Hydrobiology, Chinese Academy of Sciences and China Three Gorges Corporation (Figure 1).




Figure 1 | Location of the sampling site in Xiangxi Bay of the Three Gorges Reservoir, China.



Daily sampling was conducted between June 18th and September 28th, 2008, during a warm flood season characterized by small water level fluctuations around the low water level, i.e. 145 m a.s.l. Water samples were consistently collected at 10: 00 a.m., at a depth of 0.5 m below the water surface using a 5 L Van Dorn sampler. For nutrient analysis, samples were carefully stored in pre-cleaned plastic bottles and immediately acidified with sulfuric acid. Phytoplankton samples were preserved with neutral Lugol’s solution immediately after collection.




2.2 Abiotic and biotic variable measurements and acquisition

Daily precipitation (Prep), vertical profiles of water temperature, and wind speed (Wind) were recorded using EcoTech monitoring stations (EcoTech Umwelt-Meßsysteme GmbH, Germany). Photosynthetic active radiation (PAR) in the air and vertical profiles of PAR through the water column were obtained using a quantum sensor (Li-192SA, USA). Real-time water level data of the TGR were obtained from China Three Gorges Corporation. In this study, the water level (WL) data were derived from the daily average water level, while the diurnal fluctuation of water level (DFWL) was calculated based on the daily fluctuation range of water level.

Surface water temperature (WT), conductivity (Cond), dissolved oxygen (DO), and pH were measured using environmental monitoring systems (YSI 6600EDS, USA). Total phosphorus (TP), total nitrogen (TN), phosphate phosphorus (PO4-P), ammonia nitrogen (NH4-N), nitrate nitrogen (NO3-N), and dissolved silicon (DSi), were analyzed using a Continuous flow analyzer (Skalar San++, Netherlands) according to the Standard Observation and Measurement Protocol for Aquatic Ecosystems of the Chinese Ecosystem Research Network (CERN) (Cai, 2007).

A sedimentation method was used prior to phytoplankton analysis (Cai, 2007). Taxonomic identification of phytoplankton species followed the procedures described by Hu and Wei (2006) and John, Whitton and Brook (2002). Algal enumeration was performed using Fuchs-Rosental slides and an Olympus CX21 model microscope (Olympus Corporation, Japan) at 400× magnification.




2.3 Data analysis

The Relative Water Column Stability (RWCS) indicates the thermal stratification conditions within a water body based on density variations throughout the water column (Padisák et al., 2003). This dimensionless parameter was calculated by comparing the density gradient across the water column with the difference in density of pure water at 4°C and 5°C, according to the formula described by Padisák et al. (2003):

	

where Db, Ds, D4, and D5 represent the densities of the bottom water, surface water, and pure water at 4°C and 5°C, respectively. In this study, a depth of 1 m was considered the “surface layer”, while the maximum depth was considered the “bottom layer” (with a water depth of approximately 10 m). The euphotic zone (Zeu) was defined as the depth at which 1% of the photosynthetically active radiation penetrates the surface (Naselli-Flores, 2000). Transparency, as indicated by the Secchi depth (SD), was measured using a Secchi disk.

Algal biomass was assessed using formulas applicable to geometric shapes, assuming the fresh weight unit expressed in mass, where 1 mm3/L is equal to 1 mg/L (Wetzel and Likens, 2000). The Shannon index (Shannon), Pielou’s evenness index (Evenness), and Dominance index (Dominance) were used to characterize α diversity. The Shannon index takes into account both the number of individuals and the number of taxa and is calculated using the formula:

	

where ni is the number of individuals of taxon i and n is the total number of individuals. Evenness is determined by dividing Shannon diversity by the logarithm of the number of taxa. Dominance is calculated as:

	

The Compositional dissimilarities of phytoplankton communities between different days (β diversity) were analyzed using both presence/absence data (using Podani family, Jaccard-based indices) and abundance data (using the Ruzicka index) in the R package “adespatial”. This analysis allowed for the partitioning of dissimilarities into replacement and richness difference components, providing insight into the turnover and richness changes within the community over time. Correlation-based co-occurrence network analysis was used to explore the co-occurrence patterns among phytoplankton taxa. Pairwise Spearman’s rank correlations (r) were calculated using the R package “psych”. Only correlations with r greater than 0.8 or less than -0.8 and statistically significant with a p-value threshold of less than 0.01 were included in the network analyses. Network visualization and modular analysis were performed using Gephi (version 0.9.2). Topological characteristics including modularity, clustering coefficient, average degree, and average path length were calculated to provide quantitative insights into the structure and organization of the network.

Friedman’s two-way analysis of variance by ranks was used to compare differences between phytoplankton bloom stages in abiotic and biotic parameters. Linear correlation between environmental variables was assessed using Pearson’s correlation coefficient. To investigate the relationship between phytoplankton community (total density, total biomass, density of Microcystis aeruginosa and Peridiniopsis niei, and α diversity index Shannon, evenness, and dominance) and environmental variables, we performed a Mantel test using the R package “LinkET”. The Variation Partitioning Analysisi (VPA) was performed based on the partitioning criterion of meteorological and hydrological (Prep, Wind, PAR, WL, DFWL, and RWCS), physical (Zeu, SD, WT, Cond), and chemical (DO, pH, TN, NH4-N, NO3-N, TP, PO4-P, DSi, and TN/TP) factors partition criterion. Distance-based redundancy analysis (db-RDA) is an ordination method similar to redundancy analysis (RDA), with the difference that non-Euclidean dissimilarity indices, such as the Bray-Curtis distance, can be considered (Oksanen et al., 2022). db-RDA successfully partitions data variability based on complex designs or models, and applies an appropriate multivariate distance measure for ecological datasets, by computing principal coordinates and adjusting for negative eigenvalues when necessary, with a constant added to squared distances (Mcardle and Anderson, 2001). In this study, db-RDA was performed to explore relationships between phytoplankton species composition and environmental factors during daily processes using the R package “vegan”.





3 Results



3.1 Daily phytoplankton bloom process

Euglenophyta (3 species). Daily changes in density and biomass are shown in Figure 2. Microcystis aeruginosa (Maer) and Peridiniopsis niei (Pnie) emerged as the most significant species when both density and biomass were considered simultaneously. Microcystis aeruginosa maintained a clear dominance for almost a month, with both its relative density and biomass exceeding 80% on most days. On July 2nd, its density and biomass peaked at 5.23E8 cells/L and 34.22 mg/L, respectively. Peridiniopsis niei briefly dominated in mid-September. On September 15th, its density and biomass peaked at 3.79E7 cells/L and 167.89 mg/L, respectively, representing 59.1% of the total density and 98.1% of the total biomass on that day. The α diversity indices Evenness, Shannon, and dominance showed clear temporal patterns (Figure 3). Evenness and Shannon followed a similar trend, with Shannon showing a wide range of variation. Both indices showed low values during the bloom periods of Microcystis aeruginosa and Peridiniopsis niei. Shannon reached its highest values around August and the second highest values from mid-July to early August. In contrast, Dominance showed opposite changes and was higher during the blooms of Microcystis aeruginosa and Peridiniopsis niei.




Figure 2 | Daily changes of phytoplankton density and phytoplankton biomass.






Figure 3 | Daily changes of α diversity indices during the study period.



Based on the daily variation of density, biomass and α diversity indices, the study period was divided into four stages, designated S1 to S4 (Table 1). During S1, spanning from June 18th to July 11th, the stage was characterized by a bloom of Microcystis aeruginosa which dominated the community. This stage had the lowest Shannon and evenness and the highest dominance. S2, occurring from July 12nd to August 7th, represented a stage in which the dominance of Microcystis aeruginosa decreased, and other species including Peridiniopsis niei began to appear. S3, from August 8th to 29th, was characterized by a continued decrease in total density and a reduction of total biomass to the minimal levels. Peridiniopsis niei continued to increase, and the highest Shannon and evenness and the lowest dominance was recorded. S4, from August 30th to September 28th, represented the stage of Peridiniopsis niei bloom. During this stage, the total density decreased to the minimum level, while the total biomass showed drastic variations. A statistical analysis was performed on all environmental factors and the aforementioned biotic factors to evaluate their average values, ranges of variation among these four stages, and the significance of the differences using Friedman’s two-way analysis of variance by ranks in Table 1. The results showed significant differences between the stages for all factors except the meteorological factors.


Table 1 | Statistical summary of environmental conditions, phytoplankton density, biomass and diversity.






3.2 Response of phytoplankton community to environmental factors

Pairwise comparisons of different environmental variables in Figure 4 revealed stronger correlations between physical and chemical factors, as well as between internal chemical factors. Significantly strong positive correlations (Spearman’s r > 0.6) were observed between SD and Zeu, WT and RWCS, pH and DO, NH4-N and DO, TN/TP and WT, and pairwise between TN, NO3-N and Cond. Significantly strong negative correlations (Spearman’s r< -0.6) were found only between DSi and WT, DSi and Cond, and TN/TP and TP. Phytoplankton total density and Microcystis aeruginosa density showed a stronger correlation with NH4-N. Total phytoplankton biomass and the density of Peridiniopsis niei showed a stronger correlation with TP and PO4-P. Evenness showed a relatively higher correlation with pH and NH4-N, while dominance showed a relatively higher correlation with NH4-N.




Figure 4 | Relationship between environmental variables and phytoplankton total density (density), total biomass (biomass), density of Maer (Maer) and Pnie (Pnie), α diversity indices (Shannon, Evenness, and Dominance) through Mantel tests. Pairwise comparisons of different environmental variables are presented in the top-right section.*0.01≤p<0.05, **0.001≤p<0.01, *** denotes p<0.001



Many explanatory variables closely associated with the phytoplankton community were collected in this study, but their collective effect on changes within the phytoplankton community remains elusive. In addition, there are individual effects and interactions among these explanatory variables that pique our interest. Variation partitioning analyses (VPA) decompose total variability into the effects of pure explanatory variables, interaction effects between explanatory variables, and unexplained residuals, and help to address the aforementioned questions. In this study, phytoplankton variation was explained by 19 environmental factors, categorized into three groups: six meteorological and hydrological factors, four physical factors, and nine chemical factors. Together, they accounted for 0.51 of the total variation (Figure 5). Individually, their explanatory power was 0.05, 0.06, and 0.11, respectively. The interaction effect between the three groups was 0.05. Notably, the interaction between physical and chemical factors emerged as the most significant explanation for the observed variation in phytoplankton community composition, contributing 0.19 to the total variation.




Figure 5 | Variation partitioning analysis to show the percentages of explained variations for the phytoplankton composition. Variation was partitioned by meteorological and hydrological factors (Prep, Wind, PAR, WL, DFWL, and RWCS), physical factors (Zeu, SD, WT, and Cond) and chemical factors (DO, pH, TN, NH4-N, NO3-N, TP, PO4-P, DSi, TN/TP).



The db-RDA technique was used to investigate the dissimilarity (Bray-Curtis distance) between phytoplankton communities among different sampling days and their relationships with environmental factors (Figure 6). Forward selection was used to identify significant environmental factors, including DSi, NO3-N, NH4-N, pH, WT, RWCS, and Zeu in this study. Variance Inflation Factor (VIF) testing indicated no significant collinearity among the environmental factors (VIF< 4.5). Collectively, all db-RDA axes explained 18.82% of the total variability in phytoplankton data, with the first three axes contributing 8.08%, 4.12%, and 2.88%, respectively. Key environmental factors associated with the first axis were DSi (0.18), NH4-N (-0.26), and pH (-0.17); with WT (-0.21), Zeu (-0.15), and RWCS (-0.14) for the second axis; and with NO3-N (-0.15) for the third axis. Global tests showed significance for all db-RDA axes under the reduced model (F = 4.3781, p = 0.001, 999 permutations). Individual tests showed significance for each of the first three axes (F = 13.1637, p = 0.007; F = 6.7134, p = 0.007; F = 4.6818, p = 0.007). There was a clear separation of phytoplankton communities among the four stages. Stage S1 sites had higher NH4-N and pH with Microcystis aeruginosa as the dominant species. Stage S2 sites had higher WT, Zeu, and RWCS, with Stephanodiscus hantzschii and Chroomonas acuta as dominant species. Stage S4 sites had higher DSi, with Peridiniopsis niei and Aulacoseira sp. as dominant species.




Figure 6 | Phytoplankton community ordination based on db-RDA technique.






3.3 Structure characteristics of phytoplankton community

The β diversity of the phytoplankton community was assessed and further partitioned into richness difference (RichDiff) and replacement (Repl) in Figure 7. Lower similarity in Figure 7 indicated higher β diversity, and vice versa. The β diversities based on abundance data were higher than those based on presence/absence data. Pairwise comparison of phytoplankton communities in stage 4 showed the lowest average similarity and the highest β diversity. In all stages, Repl contributed more to the variation than RichDiff with presence/absence data, while RichDiff contributed more to the variation than Repl with abundance data. Pairwise comparisons revealed an increase in average β diversity with stage progression, i.e., β diversity in stage 1< stages 1-2< 1-3< 1-4, 2< 2-3< 2-4, and 3< 3-4. For presence/absence data, RichDiff contributed more between stages 1 and 3, and stages 3 and 4, while Repl contributed more between the other pairs of stages. For abundance data, Repl contributed more between stages 2 and 3, while RichDiff contributed more between the other pairs of stages.




Figure 7 | Triangular plots of β diversity comparisons for phytoplankton communities between successive days (with presence/absence data, (A) with abundance data, (C) and between days within and between stages (with presence/absence data, (B) with abundance data, (D). The position of each point is determined by a triplet of values from the Similarity, RichDiff (richness difference), and Repl (replacement) matrices; each triplet sums to 1. The numbers 1~4 indicated the stage 1~4.



The co-occurrence network was used to elucidate the dynamic interactions and structure within the phytoplankton communities over time for each stage (Figure 8). In each stage, the proportion of species forming the network was relatively low, with most species changing independently. Among the species forming the network, there were some shared species across stages 2, 3, and 4, for example, Stephanodiscus minutulus and Cyclotella stelligera. However, in stage 1, the only shared species was Pandorina morum. The Topological characteristics of the co-occurrence networks for each stage are presented in Table 2. All nodes (i.e., all species) were shown to facilitate comparison of differences between the stages, but only those edges with connections were shown. Stages 1 and 3 showed almost opposite topological characteristics. Stage 1 had the highest average degree, graph density, and average clustering coefficient, and the lowest connected components and average path length. However, stage 3 had the lowest average degree, average weighted degree, graph density, and the highest modularity, connected component, and average path length. In addition, S2 had the lowest modularity, and S4 had the lowest average clustering coefficient.




Figure 8 | Co-occurrence networks of phytoplankton community at species level based on Spearman correlation analysis for each stage. (Green and red curves between nodes represent positive and negative correlations, respectively).




Table 2 | Topological characteristics of co-occurrence networks for each stage.







4 Discussion

Algal blooms have emerged as a significant environmental problem in inland waters (Hou et al., 2022) and pose a significant threat to public health and aquatic ecosystems worldwide (Brooks et al., 2016). Daily sampling provides a more detailed view of the phytoplankton bloom process compared to the broader dynamics captured by weekly sampling. Our previous weekly study (Wang et al., 2011) missed the peaks of both Microcystis aeruginosa on July 2nd and Peridiniopsis niei on September 15th, despite overlapping study periods. Inaccurate time scales can lead to misinterpretation of key factors influencing algal community composition and confound studies of growth dynamics (Gupta et al., 2023). There is an urgent need for fine-scale and structured information on phytoplankton communities to fully understand the conceptual mechanisms driving bloom development, which will provide technical support for watershed management. Different studies use different definitions of the biomass threshold for identifying bloom occurrence. For example, Tett (1987) defines exceptional blooms as those that exceed a chlorophyll threshold of 100 µg/L. In practice, a chlorophyll a level of 15 µg/L is often used as a standard for algaecide application (Hudnell et al., 2010). In our study, the peak chlorophyll a levels in stages 1 and 4 reached 70.80 µg/L and 706.44 µg/L, respectively (unpublished data). However, it is not appropriate to compare two types of phytoplankton blooms, Microcystis and Peridiniopsis blooms, based on chlorophyll a concentrations alone. The Microcystis bloom had higher density but lower biomass and chlorophyll a concentration and lasted longer. In contrast, the Peridiniopsis bloom had lower density but higher biomass and chlorophyll a concentration, with its clear advantage lasting one to two days. Consideration of phytoplankton community structure provides a more insightful framework for studying bloom dynamics.

Species dominance in the environment is typically not attributed to the influence of a single environmental factor, but is often determined by complex nonlinear relationships involving many environmental variables. Wind- driven hydrodynamic conditions are often an important factor in determining the extent of phytoplankton blooms (Wu et al., 2015). Light and the hydrodynamic conditions also play a critical role in the development and maintenance of blooms (Wang et al., 2020; Summers and Ryder, 2023). However, in this study, the influence of meteorological and hydrological factors was less than that of physiochemical factors (Figure 5). Excessive nutrient enrichment in water bodies undoubtedly promotes the growth of harmful cyanobacteria (Nowicka-Krawczyk et al., 2022). Throughout the study period, the density of Microcystis aeruginosa showed a stronger correlation with NH4-N (Figure 4). The Microcystis bloom created conditions that could further increase its dominance, such as higher pH and lower Zeu (Table 1). These conditions favor the development of cyanobacterial blooms (Amorim and Moura, 2021). In addition to being photoautotrophic, cyanobacteria are known to use several ecophysiological strategies to outcompete eukaryotic algae and ensure their mass dominance in the phytoplankton. These strategies include the presence of gas vesicle aggregates, rapid cell division, and the use of specific metabolic pathways, among others (Li et al., 2016). Summers and Ryder (2023) concluded that prolonged stratification reduces competition, decreases diversity, and leads to cyanobacteria-dominated blooms. In our study, stages 1 and 2 had relatively higher RWCS, but there was a drastic decrease in the abundance of Microcystis, due in part to reductions in TN and NH4-N. This suggests that nutrient availability may contribute more significantly than stratification to the transformation of the phytoplankton community towards a reduction of Microcystis blooms. Furthermore, the influence of rainfall could not be excluded, as rainfall occurred on July 1st (11.6 mm/day) and 2nd (0.3 mm/day).

Freshwater dinoflagellates, including Peridiniopsis, are found in many aquatic ecosystems worldwide and can sometimes lead to harmful blooms that adversely affect water quality (Viner-Mozzini et al., 2003; Yatigammana et al., 2011). Dinoflagellates possess several abilities, such as tolerance to high irradiance, vertical migration within the water column to optimize photosynthesis and growth, and the secretion of toxins, which allow them to compete, thrive, and dominate within the phytoplankton community (Viner-Mozzini et al., 2003; Regel et al., 2004). In our study, Peridiniopsis niei density showed a stronger correlation with TP and PO4-P, highlighting the importance of phosphorus in maintaining their dominance. Wu et al. (2017) also showed that high phosphorus increased the photosynthetic efficiency of Peridiniopsis and stimulated its growth. However, certain environmental factors, such as lower RWCS in stage 4, did not provide suitable conditions to maintain their competitive advantage. The dominance of Peridiniopsis niei persisted for one to two days, possibly due to the rainfall events that occurred on September 15th (0.1 mm/day). A similar phenomenon was reported by Zhou et al. (2011), who attributed the decrease in phytoplankton biomass and the disappearance of blooms to heavy rainfall.

Despite the morphological and physiological differences between cyanobacteria and dinoflagellates, reservoirs provide ecological conditions conducive to their success. The possession of aerotopes or flagella allows individuals to dominate in newly created regimes with less turbulence (Bordet et al., 2017). Although TP reduction is widely used as a primary strategy to mitigate the severity of harmful algal blooms (Pick, 2016), cases have shown that TP decreases can be accompanied by increases in chlorophyll a concentrations, suggesting that other abiotic factors may also influence the observed trends (Huang et al., 2020). The study by Nowicka-Krawczyk et al. (2022) showed that the composition of cyanobacterial blooms is strongly influenced by the nitrogen/phosphorus (N/P) ratio, with N/P explaining 13.3% of the variation and PO4-P explaining 10.5%. In hypereutrophic waters (TP > 0.1 mg/L), phytoplankton biomass was found to increase with additions of both phosphorus and nitrogen (Filstrup and Downing, 2017). Therefore, it is critical to consider the TN : TP ratio for these systems (Summers and Ryder, 2023). Some studies have considered N/P as a factor influencing phytoplankton structure, rather than just absolute N and P concentrations (Liu et al., 2024; Yang et al., 2020). In this study, the maximum concentrations of TP reached 0.13 and 0.30 mg/L in stages 1 and 4, respectively. Therefore, the ratio of TN : TP should be considered. We correlated TN, TP, and TN : TP with the biomass proportion of Microcystis aeruginosa and Peridiniopsis niei for the sampling days when either Microcystis aeruginosa or Peridiniopsis niei was present (see Figure 9). The results showed that a high TN concentration, low TP concentration, and high TN : TP ratio corresponded to a high biomass proportion of Microcystis aeruginosa. Conversely, a low TN concentration, high TP concentration, and low TN : TP ratio corresponded to a high biomass proportion of Peridiniopsis niei. This contrasting response of Microcystis aeruginosa and Peridiniopsis niei suggests that TN : TP plays an important role in maintaining the competitive advantages of different dominant bloom species.




Figure 9 | Correlation relationships between TN, TP, as well as TN : TP and biomass proportion of Microcystis aeruginosa and Peridiniopsis niei.



The bloom-forming taxa significantly influenced the composition and structure of the phytoplankton. Microcystis aeruginosa blooms significantly reduced phytoplankton species richness, Shannon diversity, and evenness, reaching the lowest levels observed (refer to Figure 3 and Table 2), consistent with the findings of Escalas et al. (2019). Similarly, blooms of Peridiniopsis niei also resulted in reduced phytoplankton species richness, Shannon diversity, and evenness, consistent with recent findings by Amorim and Moura (2021). In addition, intense blooms of cyanobacteria and dinophyta are known to cause fish kills by depleting oxygen concentrations during biomass decomposition (Meichtry de Zaburlín et al., 2016), leading to significant disruptions in aquatic food webs, ecosystem functioning, and ecosystem service provision (Sukenik et al., 2015). However, throughout the entire study period, stage 3 exhibited low total density and total biomass, with the highest species richness (as indicated by the highest nodes in Table 2), Shannon diversity, and evenness, as well as the lowest dominance index. The successful growth of Peridiniopsis niei after stage 3, despite the initial low phytoplankton density, indicates its resilience under reduced competition from other phytoplankton.

The β diversity of phytoplankton can serve as an excellent model for elucidating the mechanisms that shape aquatic communities in reservoirs (de Moura et al., 2022). Studies examining replacement rates and variations in phytoplankton richness or abundance can be interpreted as indicators of ecosystem function, given the significant dependence of reservoir trophic webs on phytoplankton dynamics (Znachor et al., 2020). In this study, β diversities based on abundance data were higher than those based on presence/absence data. Repl had a greater effect on β diversity differences based on presence/absence data. This may indicate that during blooms dominated by different species and at different stages of bloom development, certain species had replaced others, resulting in variations in β diversity. Conversely, RichDiff had a greater effect on β diversity differences based on species abundance data. This suggests the presence of species with significant differences in abundance between samples, particularly dominant phytoplankton bloom species, and that these differences in abundance were one of the main drivers of β diversity differences. These results indicate that β diversity differences throughout the phytoplankton bloom process included significant species turnover and abundance gradients, both of which jointly influenced the differences in phytoplankton species composition on different sampling days. Szabo et al. (2019) suggested that both abundance and binary data sets should be considered when assessing ecological uniqueness, as they can shed light on different ecological interpretation patterns, and de Moura et al. (2022) also identified some differences between data types.

Increasing evidence suggests that the ability of microbial systems to support ecological functions and resist environmental pressures is an emergent property resulting from interactions among many taxa (Escalas et al., 2019). Network-based approaches provide an integrated representation of interactions among different taxa within microbial communities (Deng et al., 2012). However, studies on the structure of phytoplankton networks are still limited (Carey et al., 2017; Tarafdar et al., 2023). Each phytoplankton network constructed in this study represents the covariation in phytoplankton density over time for each stage, with similar responses to environmental changes or interactions among phytoplankton species (Rottjers and Faust, 2018). The co-occurrence networks of stages 1 and 4 had relatively high average degree and graph density, low connected components and average path length. This combination of features may reflect a relatively dense and evenly connected network, where connections between nodes are tight and the entire network is a relatively cohesive unit. Such a network structure may indicate efficient information propagation, shorter path lengths, and higher network accessibility under certain circumstances. Although composed of fewer nodes and links for stage 1 in Table 2, the Microcystis-dominated networks could be considered as more complex than the others, as they have a higher graph density and a higher average number of links (degree) per node. Similar results were reported in the study of Escalas et al. (2019). Furthermore, the co-occurrence networks in stage 3 were relatively special, with the lowest average degree and graph density, but the highest number of nodes, edges, modularity, connected components, and average path length. This indicated that there were some sparsely connected small-world structures within the community, resulting in a lower clustering coefficient for nodes within the community; however, the overall community division remained compact. It has been reported that networks with small-world structures tend to be more robust to perturbations and random loss of species (Peura et al., 2015). A slightly more positive correlation at stage 3 also suggests that high cooperative interactions among species may result in a more stable community structure and thus more resilient to environmental changes (Tarafdar et al., 2023).




5 Conclusion

The study analyzed the dynamics of the phytoplankton community during a low-water level period (June to September) when blooms of Microcystis aeruginosa and Peridiniopsis niei occurred sequentially in a large subtropical reservoir bay. The entire bloom process was clearly delineated into four stages based on daily changes in total and relative phytoplankton abundance and biomass, and α diversity including Shannon, evenness and dominance. Microcystis aeruginosa maintained significant dominance for almost a month in stage 1, with low Shannon and evenness but a high dominance index. This was followed by stage 2, where total density and biomass decreased dramatically, but Microcystis aeruginosa still accounted for some proportion. Phytoplankton total density and biomass continued to decrease in stage 3, which was characterized by the highest Shannon and evenness but the lowest dominance index. Peridiniopsis niei bloomed in stage 4, but its dominant advantages lasted only one to two days. Total phytoplankton density and Microcystis aeruginosa density showed a stronger correlation with NH4-N, while total phytoplankton biomass and Peridiniopsis niei density showed a stronger correlation with TP and PO4-P. The TN : TP ratio could be considered as an important indicator to determine whether Microcystis aeruginosa or Peridiniopsis niei dominated the phytoplankton community. Precipitation partially contributed to their significant decrease or disappearance. Variation partitioning analyses (VPA) indicated that physical and chemical factors and their interactions explained more variation in phytoplankton data than meteorological and hydrological factors. DSi, NH4-N, pH, WT, Zeu, and RWCS were identified as key environmental factors associated with phytoplankton community variation using the db-RDA technique. The β diversity of the phytoplankton community was assessed and further partitioned into richness difference (RichDiff) and replacement (Repl). The results showed an increase in average β diversity with stage progression, i.e., β diversity in stage 1< stages 1-2< 1-3< 1-4, 2< 2-3< 2-4, and 3< 3-4. In all stages, Repl contributed more to the variation than RichDiff with presence/absence data, while RichDiff contributed more to the variation than Repl with abundance data. Co-occurrence network analysis revealed that stage 1 had the highest average degree, graph density, and average clustering coefficient, along with the lowest connected components and average path length, indicating the most complex structure. However, stage 3 had the lowest average degree, average weighted degree, graph density, along with the highest modularity, connected component, and average path length, suggesting that the network for stage 3 was relatively sparse, despite maintaining a compact overall community division.
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Introduction

Water depth (WD) and snail abundance (SA) are two key factors affecting the growth of submersed aquatic plants in freshwater lake ecosystems. Changes in WD and SA drive changes in nutrients and other primary producers that may have direct or indirect effects on submersed plant growth, but which factor dominates the impact of both on aquatic plants has not been fully studied.





Methods

To investigate the dominant factors that influence aquatic plant growth in plateau lakes, a one-year field study was conducted to study the growth of three dominant submersed macrophyte (i.e., Vallisneria natans, Potamogeton maackianus, and Potamogeton lucens) in Erhai Lake.





Results

The results show that, the biomass of the three dominant plants, P.maackianus, is the highest, followed by P.lucens, and V.natans is the lowest. Meanwhile, periphyton and snails attached to P.maackianus are also the highest. Furthermore, WD had a positive effect on the biomass of two submersed macrophyte species of canopy-type P.maackianus and P.lucens, while it had a negative effect on rosette-type V.natans. Snail directly inhibited periphyton attached on V.natans and thereby increasing the biomass of aquatic plants, but the effect of snails on the biomass of the other two aquatic plants is not through inhibition of periphyton attached to their plants.





Discussion

The dominant factors affecting the biomass of submersed macrophyte in Erhai Lake were determined, as well as the direct and indirect mechanisms of WD and snails on the biomass of dominant submersed macrophyte. Understanding the mechanisms that dominate aquatic plant change will have implications for lake management and restoration.





Keywords: submersed macrophytes, water depth, herbivory, periphyton, snail abundance





Introduction

Submerged macrophytes serve as major primary producers in freshwater lakes and provide a range of ecological services and functions (Moss, 1990; Scheffer, 1998). For example, submerged macrophytes can provide extensive substrate, habitat, shelter and food resources for periphyton, invertebrates and fish, remove nutrients from the water column and sediment, inhibit sediment resuspension and improve water transparency, thereby influencing a series of ecological processes (Moss, 1990; Scheffer et al., 1993; Jeppesen et al., 1998). However, as with other components of freshwater ecosystems, submersed macrophyte growth limitation and biomass reduction can be influenced by a combination of biotic and abiotic factors, including WD, light, nutrients and macroinvertebrates (Zhang et al., 2020a; Yuan et al., 2021; Ren et al., 2022; Wen et al., 2022).

The distribution and growth of submersed macrophytes are closely linked to WD. WD affects submerged macrophytes both directly and indirectly by altering a number of other environmental variables, such as the intensity of underwater light and nutrients (Wang et al., 2019; Wang et al., 2021b; Zhang et al., 2022). Many studies have shown that deep water can attenuate underwater light intensity and inhibit the growth and spread of submersed macrophytes (Yuan et al., 2021; Chen et al., 2023). In addition, shallow areas of lakes are susceptible to wind and wave disturbance, which can cause changes such as sediment resuspension, reduced water transparency, and increased concentrations of nitrogen, phosphorus (Van Zuidam and Peeters, 2015; Xu et al., 2022; Zhou et al., 2022). Thus, differences in WD can affect the composition and biomass of submersed macrophytes in freshwater lakes by altering a variety of factors in the water column. Furthermore, the response and adaptability of submersed macrophytes with different growth forms to WD differ in freshwater ecosystems (He et al., 2019; Meng et al., 2023). Vallisneria natans, Potamogeton maackianus and Potamogeton lucens are three common and dominant submersed macrophytes in Erhai lake, Yunnan Province, China, and their growth forms are different: V.natans is a rosette-forming species, and P.maackianus, P.lucens shows canopy growth (Wang et al., 2021a; Yu et al., 2022; Wen et al., 2022). Therefore, there may be differences in the pathways affected by submersed macrophytes of different growth forms.

In addition to WD effects, variation in SA may also contribute to changes in aquatic macrophyte biomass (Sheldon, 1987; Zhi et al., 2020). In general, as common benthic invertebrates in freshwater lakes, snails are generally regarded as generalist herbivores with diverse food sources including organic detritus, periphyton, decaying and living aquatic macrophytes (Brönmark, 1990; Yang et al., 2020; Ren et al., 2022). A complex relationship among snails, periphyton and macrophytes has been shown in many previous studies (Li H. et al., 2020; Yang et al., 2020; Zhi et al., 2020; Ren et al., 2022). For example, snails can indirectly promote the growth of submersed macrophytes by directly scraping periphyton attached to the surface of aquatic plants (Yang et al., 2020; Ren et al., 2022). In addition, snails can also directly graze macrophytes thereby inhibiting aquatic plant growth, especially at high snail densities (Zhi et al., 2020). Furthermore, snails can increase nutrient levels in the water column through excretion, which is likely to affect the relationship between periphyton and macrophytes. However, early studies were relatively short, or only conducted only under controlled experimental conditions in mesocosms (Yang et al., 2020; Ren et al., 2022), and these studies do not necessarily reflect the interactions between snails, periphyton and macrophytes observed in filed lakes. Furthermore, different plants typically have different leaf complexity (Dibble and Thomaz, 2009), with increased periphyton biomass associated with higher leaf complexity in macrophytes (Ferreiro et al., 2013; Hao et al., 2017; Zhi et al., 2020). Thus, heterogeneity of macrophytes with different structures may influence the relationship among snail, periphyton, and macrophyte.

A large number of studies have been conducted on the effects of environmental factors such as water depth, light availability, snail abundance and water column nutrient content on the biomass, community structure and distribution of submersed aquatic plants (Olsen et al., 2015; Li et al., 2020a; Qin et al., 2020; Zhang et al., 2020b), and they have primarily focused on a single factor or in the mesocosm experiment (Yu et al., 2015; Zhi et al., 2020; Zhang et al., 2020b; Ren et al., 2022; Chen et al., 2023). However, the comprehensive effects of WD, SA and other environmental factors on submersed aquatic plants are still unknown in plateau lakes with complex ecological processes and require investigation in field lakes.

Erhai is a large plateau lake with important ecological significance in Yunnan Province, China (Li et al., 2020b). The declines of submersed macrophytes due to anthropogenic activities and eutrophication has been repeatedly reported (Fu et al., 2018). In our field survey, P.maackianus, P.lucens, and V.natans were found to be the top three dominant submersed macrophytes in Erhai lake. Therefore, we conducted a one-year quarterly survey and measured the biomass of the three aquatic plants species in different WD, as well as periphyton, snail and the other environmental factors. In the present study, we identify the dominant environmental factors that influence the respective biomass of different growth forms in freshwater lakes. we hypothesized that 1) The effects of WD on submersed macrophyte biomass vary among species; 2) Snails promote submersed macrophyte growth by grazing on periphyton, but different species of aquatic plant species may be affected differently; 3) WD may have a dominant effect on the biomass of submersed plants with different growth forms rather than SA, because the distribution of snails may be affected by water depth (according to our field observations).





Materials and methods




Study area

The study was conducted out at Erhai Lake, Yunnan Province, China (25°55′N,100°78′E). Erhai Lake is a large subtropical freshwater lake in China. It covers a water surface area of 252 km2 and has an average depth of 10 m (with a maximum depth of 20 m). In recent decades, external nutrient inputs to the lake have also increased as a result of increased anthropogenic activities, and the water quality of Erhai Lake has changed from oligotrophic to mesotrophic (Lin et al., 2020), which caused the submersed macrophyte community to shift from being dominated by Potamogeton maackianus to being jointly dominated by V.natans and P.maackianus (He et al., 2015; Wang et al., 2021a). From September 2019 to August 2020, we conducted quarterly surveys and sampling in eight bays around Erhai Lake for one year to investigate the effects of water depth and snail abundance on the three dominant plants in Erhai Lake. The location of Erhai Lake, the distribution of sampling bays and sampling points are shown in Figure 1.




Figure 1 | The location of Erhai Lake and sampling bays.







Measurement of water physiochemical parameters and phytoplankton biomass

We designed three parallel transects in each bay, and the sampling points on each transect were set at intervals of 1m WD. The sampling WD are 1 m, 2 m, 3 m, 4 m, 5 m, and 6 m respectively. Prior to water sampling, WD was measured at each site and 2 L of mixed water samples were collected at 50 cm below the water surface, at the intermediate depth and at 50 cm above the sediment surface. The collected water samples were acidified and stored at 4°C, and transported to the laboratory as soon as possible, and the water column concentrations of total nitrogen (TN), total phosphorus (TP), orthophosphate (PO4-P), nitrate (NO3-N) and ammonium nitrogen (NH4-N) were determined in accordance with standard methods. After filtering the water samples through Whatman GF/C glass fiber filters, chlorophyll-a (Chl a) was determined by the ethanol-thermal method (Liu et al., 2020).

Use a water quality analyzer (YSI, USA) to measure physical and chemical indicators of the water column including pH, dissolved oxygen (DO), conductivity (C), total dissolved solids (TDS) and oxidation-reduction potential (ORP) at each sampling point in the field. Photosynthetically active radiation (PAR) was determined at 0.5 m WD intervals (0, 0.5, 1, 1.5, 2, 2.5 … m) on the basis of the actual WD of the sampling point with the Li-1400 data logger (Li-1400; Li-Cor Company, Lincoln, NE, USA). The calculation equation for the light extinction coefficient (K) of the water column is as follows: K = -(1/d) ln (Id/Is). In the equation, d is the water depth, Id is the PAR value at the water depth d, and Is is the PAR value at the water surface (Krause-Jensen et al., 1998).





Measurements of macrophytes, periphyton and snails

Submersed macrophytes were collected with a rotating harvester hook (sampling area: 0.2 m2) at each sampling site after water sampling was completed. The plants obtained were cleaned and identified according to species, and then the three dominant species (V.natans, P.maackianuss and P.lucens) were selected and weighed separately, and then placed in sealed bags and brought to the laboratory for subsequent processing. Furthermore, prior to bagging, one plant per variety was chosen at random, individually placed in a sealed plastic bag and brought to the laboratory, and then tap water was added to the sealed bag several times to remove periphyton attached to the plant by shaking thoroughly. The periphyton solution obtained after several shakes was fixed with Lugol’s reagent, precipitated for 48 hours and concentrated to a final volume of 40-50 ml for storage. The mass and abundance of the periphyton was then calculated by counting the concentrated periphyton solution using a counting chamber (0.1 ml) under a microscope at 400 times magnification. Periphyton biomass was calculated as the mass of periphyton attached to the plants divided by the weight of the host plant and expressed in mg g−1. Finally, three species of the plants, which were packed separately and returned to the laboratory, were further processed to collect the snails. Each species of submersed macrophytes brought back to the laboratory in sealed bags were rinsed several times, and the rinsed solution was filtered through a sieve with a pore size of 1 mm. At the end, the snails collected in the sieve were counted and weighed.





Data analysis

Homogeneity of variance and normal distribution tests were conducted on all data before analysis. Before conducting variance analysis and constructing structural equations, the data of three aquatic plants, snail abundance, periphyton biomass, and water nutrients were all log (x+1) transformed to meet the data analysis requirements. Differences in the biomass of the three submersed macrophytes V.natans, P.maackianuss and P.lucens, as well as periphyton and snail attachment to the three plants and environmental variables (TN, TP, Chl a, and K), were analyzed using one-way ANOVA and non-parametric tests. A Kruskal-Wallis test was performed using the “ggpubr” package to determine differences in in biomass and their periphyton and snail among the three species and environmental variables.

The R package “lmerTest” was used for the following analysis. A multivariate linear mixed model was constructed to detect the effects of WD, snail, nutrients (TN and TP), and light (K) on the biomass of three macrophyte specie and their periphyton biomass, using as a random variable. The standardized regression coefficient for each explanatory variable implies the change in the average response per unit increase in the associated predictor variable, holding all other predictor variables constant. In addition, we quantified the inclusive R2 for WD, snail, nutrients (TN and TP) and light (K) based on linear mixed effects model fitting using the “partR2” package in R. The inclusive R2 here is the variance explained by the predictor without taking into account covariance with other predictors. Higher values of inclusive R2 indicate that a predictor is more important in explaining the variance of macrophyte biomass (V.natans, P. maackianuss and P.lucens).

Structural equation modeling (SEM) was used to analyze the effects of WD, nutrients and snails on the biomass of three submersed aquatic plants in subtropical lakes. We used the R package “piecewiseSEM” to construct the SEM, adding a random effect of season in each path. An overall test of fit of the SEM was performed using Fisher’s c, degrees of freedom, and p-values.






Results




Difference in biomass of V.natans, P.maackianuss, and P.lucens

The biomass of the three submersed macrophyte species showed different variation trends in the four seasons (Figure 2). The biomass of V.natans has no significant difference among four seasons, with an average biomass of 1.64kg m-2. Meanwhile, there were significant differences in the biomass of P.maackianuss and P.lucens among the four seasons. Among them, the biomass of P.maackianuss was highest in spring and winter, and lowest in summer and autumn, with values of 4.89-5.86 kg m-2 and 3.49-3.91kg m-2 respectively, whereas the biomass of P.lucens was opposite, with biomass of 1.2-1.59 kg m-2 in spring and winter and 2.30-2.50 kg m-2 in summer and autumn. Over the four seasons, the average of V.natans, P.maackianuss and P.lucens biomass was 1.64 ± 1.58 kg m-2, 4.62 ± 3.91 kg m-2 and 2.32 ± 1.83 kg m-2, respectively.




Figure 2 | Biomass of three dominant submersed macrophytes in Erhai Lake across four seasons. Mean and standard deviation are shown in each bar. The different letters on the bars indicate significant differences at p < 0.05.







Difference in snail and periphyton attached on V.natans, P.maackianuss, and P.lucens

There were significant differences in SA and periphyton biomass on the three species among the four seasons (Figure 3) . Snail abundance and periphyton biomass on three submerged macrophyte species (with similar trends) were higher in autumn and winter than in spring and summer, and no major differences were found between spring summer and autumn winter, except for P.lucens. The abundance of snails on P.lucens was significantly lower in winter than in autumn, while the opposite was true for periphyton biomass. In general, there were significant differences in the average SA and periphyton biomass on the three submersed macrophyte species. The average SA and periphyton biomass on V.natans was the lowest, 7.04 mg g-1, followed by P.lucens, and the highest was P.maackianus.




Figure 3 | Changes in SA and periphyton biomass attached to three submerged macrophytes. Mean and standard deviation are shown in each bar. The different letters on the bars indicate significant differences at p < 0.05.







Changes in environmental factors

Overall, TN, TP, Chl a and light extinction coefficient (K) differed significantly among the four seasons, and showed similar trends of variation, with the highest values in summer and autumn and lowest values in spring and winter. For TN, 0.76 mg L−1 and 0.63 mg L−1 were the highest and lowest values, respectively. The highest and lowest values for TP were 0.043 mg L−1 and 0.035 mg L−1, respectively (Figure 4). The highest values of Chl a and K were 20.3 mg L-1 and 2.15, respectively, and the lowest values were 12.7 mg L-1 and 0.95 (Figure 4).




Figure 4 | Changes in total nitrogen (TN), total phosphorus (TP), phytoplankton chlorophyll- a (Chl a) and light extinction coefficient (K) in Erhai Lake across four seasons. Mean and standard deviation are shown in each bar. The different letters on the bars indicate significant differences at p < 0.05.







Effects of multiple driving factors on macrophytes biomass

The multivariate linear mixed model showed that WD had a significant negative effect on V.natans biomass (β= -0.22, p<0.01), while it had a significant positive effect on P.maackianus (β= 0.124, p<0.001) and P.lucens biomass (β= 0.182, p<0.05) (Table 1). Meanwhile, WD had a significant negative effect on all periphyton (β= -0.21, p<0.001; β= -0.135, p<0.001), except for periphyton attached on P.lucens (β= -0.067, p>0.05). SA had a significant positive effect on the biomass of three plants (V.natans: β= 0.28, p<0.01; P.maackianus: β= 0.329, p<0.001; P.lucens: β= 0.368, p<0.001) and periphyton attaches to P.maackianus (β= 0.143, p<0.001). For nutrients, TP has a positive effect on periphyton attached to the three plant species (β = 0.116, p < 0.05; β = 0.09, p < 0.05; β = 0.124, p < 0.05) and phytoplankton (Chl a: β = 0.236, p < 0.001) (Table 1). Among the five variables, we found that WD and SA were the most important drivers affecting three plant species, accounting for 14.8-27.2%, 14.7-24.4% of the variance respectively (Figure 5).




Figure 5 | Inclusive R2 and 95% CI for each driver on (A) V.natans biomass and (B) P.maackianuss biomass and (C) P.lucens biomass.




Table 1 | Effect of water depth (WD), snail abundance (SA), nutrients (TN and TP), and light extinction coefficient (K) on three species macrophytes biomass and their periphyton biomass in a multivariate linear mixed model.







Effect of snail, nutrients and water depth on macrophytes biomass

Piecewise SEM results showed that WD and SA could have direct or indirect effects on macrophyte biomass (Figure 6). Overall, the model explained 34%, 57%, and 38% of the variation in biomass of the three aquatic species, respectively. Specifically, WD had a direct negative effect on V.natans, but a significant positive effect on P.maackianus and P.lucens. SA directly inhibits periphyton attached to V.natans and thereby increasing the biomass of aquatic plants, but the effect of snails on the biomass of the other two aquatic plants is not through inhibition of periphyton attached to their plants.




Figure 6 | Piecewise structural equation model (SEM) showing the effects of WD, SA and nutrients on macrophyte biomass directly and indirectly. Solid black line shows a significant positive correlation and the solid red line shows a significant negative correlation, with the dotted line indicates no significance. Standardized path coefficients (similar to relative regression weights) are shown as numbers next to the path lines. Next to each response variable in the model is the proportion of variance explained (R2). Model fit: V.natans: Fisher’s C = 2.139, P=0.508; P. maackianus: Fisher’s C = 0.469, P=0.791; P.lucens: Fisher’s C = 0.214, P=0.899. *p < 0.0 5, **p < 0.01, ***p < 0.001.








Discussion

Our results showed that WD inhibited the growth of V.natans, but significantly increased the biomass of P.maackianus and P.lucens. SA significantly inhibited periphyton attached to V.natans, thereby enhancing its host plant biomass, but it was difficult to offset the negative effect of WD on V.natans. Meanwhile, snails did not have a positive impact on their hosts by significantly inhibiting the periphyton attached to the P.maackianus and P.lucens. Overall, the three dominant species are mainly affected by WD, which means that WD has a greater impact on submersed plants than snail grazing in Erhai Lake, a mesotrophic lake.

WD is one of the most important factors influencing the growth and distribution of submersed macrophytes (Olsen et al., 2015; Su et al., 2018; Li et al., 2020a; Qin et al., 2020), and many studies has shown that variation of WD can have both an effect on underwater light availability and play an important role in the nutrient status of lakes (Li et al., 2020a; Qin et al., 2020; Yang et al., 2022; Chen et al., 2023). Generally, with the increase of water depth, the intensity of underwater light decreases, which is not conducive to the growth of submersed macrophytes (Yuan et al., 2021; Chen et al., 2023). In our results, WD significantly inhibited the biomass of V.natans biomass while at the same time significantly improving the biomass of P.maackianus and P.lucens. The reason for the inconsistent results on the effect of water depth on different plant biomass may be that the different growth types of the dominant macrophytes respond differently to underwater light caused by WD. V.natans, as a rosette-type submersed macrophyte with its stems and leaves under water, responds to changes in water depth by regulating leaves chlorophyll a concentration and photosynthetic efficiency, whereas P.maackianus and P.lucens, as canopy-type submersed plants, respond to changes in water depth by extending their shoot length to the water surface (Chen et al., 2016; He et al., 2019). In addition, V.natans biomass was the lowest among the three dominant macrophytes, followed by P.lucens, and P.maackianus biomass was the highest. This indicates that within the range of 0-6m water depth, the attenuation of underwater light intensity caused by deeper WD has a greater inhibitory effect on rosette-type plants than on canopy-type plants. In other words, rosette-type V.natans is more susceptible to deeper WD and light suppression. For example, Li et al. (2021) found strong suppression of both V.natans and H.verticillata biomass in deeper water (250cm), whereas only V.natans was suppressed in intermediate water depth (150cm). Moreover, we also found nutrient significantly enhanced the growth of V.natans and had no significant effect on the other two plants, suggesting that V.natans may have a broad nutrient-absorption capacity. The adaptation of these species to their environment may explain the differences in biomass.

The impact of snails on aquatic plants depends on the snail abundance (Jones and Sayer, 2003; Zhi et al., 2020). While macrophytes can also be used as a food source by snails, it is generally accepted that periphyton constitutes a larger proportion of the snail diet than macrophytes. For example, Zhi et al. (2020) reported an effective removal of periphyton from four macrophyte species (Myriophyllum spicatum, Potamogeton wrightii, P. crispus, and P. oxyphyllus) by herbivorous snails, resulting in a significant increase in host plant biomass. Nevertheless, high densities of snails can consume both plants and periphyton, resulting in no positive effect on submerged macrophytes (Zhi et al., 2020). In this study, we observed that when the abundance of snails attached to V.natans is approximately 13 ind m-2, they exerted significant feeding pressure on the periphyton, and contributed to an increase in host plant biomass. This is also in line with the results of previous studies. For example, Ren et al. (2022) found when the initial density of herbivorous snail was 16 ind m-2, V.natans biomass could be promoted by removing periphyton attached to host plant leaves. However, despite the higher abundance of snails on P.maackianus (45 ind m-2) and P.lucens (32 ind m-2), there was no obvious effect on the periphyton and their host plants. This may also be due to the fact that snail have other abundant food sources besides periphyton and their host plants, which may require further verification.

Changes in WD are often accompanied by changes in the physical and chemical parameters of the water column, which will inevitably affect the growth of submersed macrophyte, either directly or indirectly (Meng et al., 2023). For example, external disturbances such as wind and waves tend to resuspend sediments and release nutrients (TN and TP) from the sediments into the water column, reducing clarity in shallow areas (Tammeorg et al., 2015; Baastrup Spohr et al., 2016; Tong et al., 2017). Our results found that the concentration of TN, TP and Chla showed similar trends of variation, with the highest values in summer and autumn and lowest values in spring and winter. In addition, the average concentrations of TN and TP (0.76 mg L-1 and 0.036 mg L-1, respectively) were highest in the depth range 0-2m, which were higher than those in the depth range 2-4m and 4-6m. Meanwhile, V.natans biomass was the highest in 0-2m water depth (consistent with the change of TN and TP), while the biomass of P.maackianus and P.lucens were the highest in 2-4m and 4-6m, respectively. Although the concentration of TN and TP in the water column strongly influence the biomass of V.natans, and snails also promote V.natans growth by inhibiting periphyton, but it is difficult to offset the direct negative effects of WD on V.natans. In addition, we found that WD significantly increased the biomass of P.maackianus and P.lucens, while SA significantly affected the nutrient contents in the water column but did not significantly affect P.maackianus and P.lucens, indicating that aquatic plants are directly controlled by WD and less affected by nutrient contents and SA.

In conclusion, the three dominant aquatic plants in a meso-eutrophic lake Erhai were mainly and directly affected by WD, and snail only had a positive and direct promotion effect on the rosette-type V.natans by grazing the periphyton attached to its host plant, but had no significant effect on the other two canopy-type submersed plants (P.maackianus and P.lucens). WD can directly inhibit the increase of V.natans biomass, but significantly increased the biomass of P.maackianus and P.lucens. SA significantly inhibited periphyton attached to V.natans, thereby increasing aquatic plant biomass, but it was difficult to offset the negative effect of WD on V.natans. For P.maackianus and P.lucens, although SA significantly affected the nutrient content of the water column, it did not significantly affect the biomass of P.maackianus and P.lucens. Overall, aquatic plants are directly controlled by WD and less affected by nutrient contents and SA in the mesotrophic lake.
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Globally, anthropogenic disturbance and climate change caused a rapid decline of submerged macrophytes in lake ecosystems. Potamogeton crispus (P. crispus), a species that germinates in winter, explosively expanded throughout many Chinese lakes, yet the underlying mechanism remained unclear. Here, this study examined the long-term changes in the distribution patterns of P. crispus in Lake Gaoyou by combining remote sensing images and hydrometeorological data from 1984 to 2022 and water quality data from 2009 to 2022. It aims to unravel the relationships between the distribution patterns of P. crispus and hydrometeorological and water quality factors. The results showed that the area of P. crispus in Lake Gaoyou showed a slight increase from 1984 to 2009, a marked increase from 2010 to 2019, followed by a decline after 2020. Spatially, P. crispus was primarily distributed in the western and northern parts of Lake Gaoyou, with less distribution in the central and southeastern parts of the lake. Wind speed (WS), temperature (Temp), water level (WL), ammonia nitrogen (NH3-N), and Secchi depth (SD) were identified as the key factors regulating the variation in the P. crispus area in Lake Gaoyou. We found that the P. crispus area showed an increasing trend with increasing Temp, WL, and SD and decreasing WS and NH3-N. The influence of environmental factors on the area of P. crispus in Lake Gaoyou varied among seasons. The results indicated that hydrometeorology (WS, Temp, and WL) may override water quality (NH3-N and SD) in driving the succession of P. crispus distribution. The findings of this study offer valuable insights into the recent widespread expansion of P. crispus in shallow lakes across Eastern China.
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1 Introduction

As a crucial producer in aquatic ecosystems, macrophytes not only prevent sediment resuspension, reduce nutrient release, and inhibit the growth of phytoplankton, but also provide habitats for various aquatic organisms (Søndergaard et al., 2010). As one of the important types of macrophyte, submerged macrophytes play an important role in ecological restoration; the water body in which they are present typically has low nutrient levels and phytoplankton biomass (Sayer et al., 2010). Generally, submerged macrophytes absorb nutrients from the water body during their growth period, significantly improving water quality and increasing transparency (Wu and Hua, 2014). However, extensive submerged macrophyte decomposition following excessive growth can have negative impacts on aquatic ecosystems by depleting dissolved oxygen (DO) in the water, which is an important cause of water quality degradation in macrophyte-dominated eutrophic lakes (Roman et al., 2001; Wang et al., 2018). Therefore, maintaining an appropriate level of submerged macrophyte coverage is essential for maintaining water quality and aquatic ecosystem stability, as well as for ecological restoration (Temmink et al., 2021).

Over the past few decades, many lake ecosystems in China have undergone rapid degradation, characterized mainly by reduction in macrophyte coverage, dominance of single species, and overgrowth of specific species (Cao et al., 2015; Dong et al., 2022). These phenomena were influenced by various factors, including global climate change and anthropogenic activities. Previous studies have indicated that an increase in temperature promotes the germination of macrophytes, affecting their reproductive strategies, interactions, and species richness (Zhang YL et al., 2016; Li et al., 2017; Fares et al., 2020; Kim and Nishihiro, 2020). Changes in hydrological conditions such as water level and flow velocity are important factors contributing to the significant decrease in submerged macrophyte coverage and diversity (Breugnot et al., 2008; Luo et al., 2015). Anthropogenic activities may cause eutrophication in lakes and trigger a shift from macrophyte-dominated to phytoplankton-dominated states; a regime shift theory had been developed to describe the abrupt changes (Scheffer et al., 1993; Akasaka et al., 2010; Zhang PY et al., 2016). Previous studies have explored the impact of environmental factors on submerged macrophyte decline, investigating the spatiotemporal variability of the distribution of submerged macrophyte in eastern lakes such as Lake Taihu in China through field investigation, controlled experiment, remote sensing, and ecological modeling (Zhang YL et al., 2016; Dong et al., 2022). These studies mainly focused on the decline of macrophyte coverage. However, studies on the explosive growth of single species are also necessary; in recent years, Potamogeton crispus (P. crispus) has expanded explosively in many shallow lakes in China and disrupted water quality and the stability of aquatic ecosystems (Cao et al., 2015; Huang et al., 2022).

P. crispus is a submerged macrophyte that requires lower temperatures during its growth period; it usually germinates in the winter, grows in the spring, and then degrade in late spring and early summer (Jian et al., 2003; Woolf and Madsen, 2003). Because of this unique phenological character, P. crispus has emerged as a predominant submerged macrophyte species in most shallow lakes in Eastern China in spring (Cao et al., 2015; Chen et al., 2017). Among these, there were few submerged macrophyte species in Lake Gaoyou, and P. crispus has emerged as a dominant species in recent years; it spread across the entire lake during spring (Tian et al., 2019; Xia et al., 2022). Following its bloom period, P. crispus decomposes quickly, releasing nutrients that have a substantial negative influence on water quality and the stability of aquatic ecosystems, potentially endangering the safety of the local water supply security (Wang et al., 2018; Huang et al., 2022). Therefore, elucidating the factors influencing the growth of P. crispus appears to be quite important. Since the 1990s, there have been field investigations on macrophyte communities in some lakes, such as Lake Nansi and Lake Dongping (Yu et al., 2017; Xia et al., 2022). In recent years, some studies used remote sensing technologies to interpret and identify wetlands and macrophyte distribution (Wang et al., 2019; Huang et al., 2021). However, there have been few studies on the long-term spatiotemporal variability of the distribution and driving factors of P. crispus.

Here, this study combined remote sensing images and hydrometeorological factors of Lake Gaoyou from 1984 to 2022 and water quality factors from 2009 to 2022 to achieve the following research objectives: (1) clarify the long-term changes in distribution characteristics of P. crispus in Lake Gaoyou, and (2) disentangle the relative importance of hydrometeorology and water quality factors in regulating the area of P. crispus in Lake Gaoyou. We hypothesized that long-term changes in distribution patterns of P. crispus were strongly related to hydrometeorological conditions compared to water quality because of climate change in the past decades (Wu et al., 2021; Xia et al., 2022). This study could provide insights into understanding the mechanisms behind the recent large-scale blooms of P. crispus in shallow lakes of Eastern China.




2 Materials and methods



2.1 Study area

Lake Gaoyou (32°30′–33°05′N, 119°06′–119°25′E) is located in the central part of Jiangsu Province, China, in the downstream area of the Huai River; it mainly receives water from the Huai River (Figure 1). The total area of the water body is 728 km2. Lake Gaoyou is situated in the subtropical monsoon climate zone, with an average annual precipitation of 1,029 mm and an average annual evaporation of 890 mm (Chen et al., 2017). The prevailing wind direction is southeast. The main rivers along the lake include Linong River, Baita River, and Qinlan River. Lake Gaoyou is a typical overflow lake, primarily playing a crucial role in flood control and water supply. More importantly, it serves as a water source for the Eastern Route of the South-to-North Water Diversion Project (ER-SNWDP), thus contributing to water diversion benefits and drinking water safety (Qu et al., 2020). However, Lake Gaoyou is undergoing drastic changes in hydrological regime and is strongly impacted by anthropogenic activities such as reclamation and enclosed aquaculture, leading to eutrophication (Guo et al., 2023).




Figure 1 | Map showing Lake Gaoyou and the distribution of sampling sites. Red circles indicate the monthly sampling sites and green circles indicate the seasonal sampling sites.






2.2 Remote sensing data collection and analysis

The remote sensing data for this study are Landsat 5 and Landsat 8 satellite data, with a spatial resolution of 30 m. The Landsat series images of Lake Gaoyou obtained are atmospheric-corrected surface reflectance data. The obtained image data are near-cloudless images (cloud cover <20%) during the submerged macrophyte (especially P. crispus) growth period in April and May.

This study employed a remote sensing-based automatic classification algorithm for the extraction of macrophytes, which is able to distinguish algal blooms, emergent/floating-leaved macrophytes, and submerged macrophytes in eutrophic lakes. The decision tree is composed of two vegetation indices and their respective thresholds (Supplementary Figure 1): the Aquatic Vegetation Index (AVI) (Luo et al., 2023) and the Normalized Difference Vegetation Index (NDVI). Here, AVI was calculated based on the humidity coefficient and reflectance of various bands after the Landsat tasseled cap transformation and was used to extract the macrophyte area (Equation 1). NDVI was used to extract the floating-leaved vegetation and emergent macrophyte (FEM) area (Equations 1, 2). The specific process is as follows: (1) By a threshold value a, the study area was divided into macrophyte areas and non-macrophyte areas: the pixel with AVI > a was identified as macrophyte and the remaining pixels were non-macrophyte. (2) In the macrophyte area, further classification was carried out by a threshold value b. The pixel with NDVI > b was classified as FEM and the remaining pixels were submerged macrophytes. Among them, the threshold a for AVI was a dynamic threshold, which varies for images acquired on different dates. It was obtained through a mixed linear model (Equation 3). The NDVI threshold was derived from extensive empirical data training, aimed at extracting FEM in Lake Gaoyou. The universal threshold b = 0.2 for NDVI was acquired through the threshold statistical graph obtained by the maximum gradient method. The AVI, NDVI,   formula was expressed as Equations 1-3:







where   represents the wetness coefficient of the tasseled cap transformation for band i in different satellite images.   represents the surface reflectance of the corresponding spectral band i;  ,  , and   are the reflectances of the near-infrared, red, and short-wave infrared bands, respectively;  ,  , and   correspond to the central wavelengths of the near-infrared, red, and short-wave infrared bands, respectively;  ,  , and   represent the spectra of mixed materials, pure water, and pure vegetation, respectively; p represents the proportion of the pure water spectrum in the spectral mixture. Accuracy evaluation results of the classification confusion matrix are displayed in Supplementary Table 1.

Owing to the typical spectral characteristics of vegetation exhibited by FEM growing in the lakeshore zone, which has stronger spectral signals compared to submerged macrophytes, they are easily distinguishable from each other. P. crispus dominates the submerged macrophyte population in Lake Gaoyou, with the distribution of other species being quite limited (Tian et al., 2019; Xia et al., 2022). Additionally, considering that other submerged macrophytes are in their germination phase in April and May, while P. crispus is in its rapid growth phase with its stems closest to the water surface, exhibiting relatively strong spectral signals at this time. Therefore, we selected satellite images from April and May to identified the area of P. crispus in Gaoyou Lake. The remote sensing images from 2011 to 2013 and 2015 have high cloud content or contain stripes. By downloading Landsat 7 ETM and Landsat 8 OLI satellite data, visual interpretation was conducted to extract the area of P. crispus for these years.




2.3 Meteorological, hydrological, and water quality data

The meteorological factors, air temperature (Temp), wind speed (WS), and precipitation (PP) from 1984 to 2022, were obtained from the National Weather Science Data Center (https://data.cma.cn/). The hydrological factor [water level (WL)] data from 1984 to 2022 were obtained from the Jiangsu Provincial Hydrology and Water Resources Investigation Bureau. The water quality data from 2009 to 2022 were obtained from field surveys and sampling analysis.

The water quality survey conducted between 2009 and 2022 involved seven sampling sites (Figure 1), namely, two seasonal sampling sites across the lake (February, May, August, and November/December) and five monthly sampling sites. After the initial processing, the collected water samples were further detected and analyzed in the laboratory, ultimately yielding data on seven water quality parameters. Secchi depth (SD) was measured with the Secchi disk, and DO was measured with a portable multi-parameter water quality meter (YSI Professional Plus, USA). Surface, middle, and bottom water samples taken with a Plexiglas sampler were pooled and kept cool in a 1-L refrigerated container (at 4°C) and transported to the laboratory within 24 h. Total nitrogen (TN) was determined by potassium persulfate oxidation and UV spectrophotometry, and total phosphorus (TP) was determined by ammonium molybdate spectrophotometry. Ammonia nitrogen (NH3-N) was determined using the nano reagent photometric method, and the permanganate index (CODMn) was determined using the dichromate method. Chlorophyll a (Chl-a) was determined using a spectrophotometer (UV-2450, Shimadzu Co., Ltd., Japan) after filtering known amounts of water through a GF/F (Whatman International Ltd., Maidstone, England) filter.

The flowchart of the grouping of environmental factors to analyze the area of P. crispus is shown in Supplementary Figure 2.




2.4 Data analysis

To understand the variation trend of P. crispus area, the “lm” function was used to analyze the long-term temporal changes of environmental factors in Lake Gaoyou. Subsequently, the “segmented” package was employed to fit segmented models to the time series of P. crispus area over the years. As P. crispus germinates in winter and blooms in spring, we examined the effects of environmental factors on the P. crispus area based on data of winter (from December of the previous year to March), spring (from April to May), and the entire year (from January to December). To identify the key environmental factors explaining the area of P. crispus, the “cor.test” function was employed to analyze the correlation between the area of P. crispus and meteorological factors, hydrological factors, and water quality factors. To perform stepwise regression analysis and select the main driving factors explaining the area of P. crispus, the “step” function was used. Subsequently, the “lm” function was employed to fit the area of P. crispus with the selected factors.

The “vegan” package was used for variation partitioning analysis to analyze the importance of two types of factors (hydrometeorological factors and water quality factors) in influencing the area of P. crispus.

The “ggplot2” package was used to visualize the above analysis results. In addition, p < 0.05 is considered to have a statistically significant difference in all analyses. Data analysis was performed using relevant packages in R version 4.3.2, and the plots were generated on both Origin and R platforms.





3 Results



3.1 Temporal changes in the environment factors

The hydrometeorological factors during the bloom period of P. crispus showed significant changes from 1984 to 2022 (Figure 2, Supplementary Figures 3, 4). For example, in spring, the Temp (18.22 ± 1.08°C) increased markedly over time and reached its maximum of 20.53°C in 2017, followed by a decreasing trend between 2017 and 2020. Conversely, WS (2.65 ± 0.35 m/s) declined significantly from 2013 to 2019 and reached its minimum of 1.92 m/s, with a noticeable rebound from 2019 to 2020, followed by a subsequent decline. The annual average WL (5.79 ± 0.25 m) increased significantly over time and reached its maximum of 6.21 m in 2018. From 2009 to 2022, the main water quality factors of Lake Gaoyou also showed significant temporal variations. For example, in spring, Chl-a (0.012 ± 0.004 mg/L) increased markedly and reached its maximum of 0.019 mg/L in 2018. DO (8.25 ± 0.39 mg/L) and SD (0.34 ± 0.04 m) showed a fluctuating trend. TP (0.06 ± 0.01 mg/L) increased from 2009 to 2013 and peaked at 0.08 mg/L in 2013, followed by fluctuating changes. TN (1.06 ± 0.31 mg/L) showed considerable fluctuation, mostly remaining at approximately 1.0 mg/L. CODMn (4.17 ± 0.30 mg/L) showed an overall slight increasing trend and reached its maximum of 4.79 mg/L in 2020, followed by a declining trend.




Figure 2 | Temporal changes in hydrometeorological and water quality variables in spring. See the main text for abbreviations.



In addition, some water quality factors showed a significantly seasonal difference (Figure 3). The investigated lake in spring had a median TP concentration of 0.059 (0.036–0.076) mg/L and a median CODMn concentration of 4.17 (3.68–4.79) mg/L. However, TP and CODMn concentration for the entire year were 0.070 (0.054–0.080) mg/L and 4.41 (3.95–4.88) mg/L, respectively. TP and CODMn in spring were significantly lower than the concentration for the entire year (p < 0.001 for TP and p < 0.05 for CODMn). DO also showed pronounced differences among three periods and had a significantly higher median concentration of 10.92 (10.27–11.63) mg/L in winter than the other two (p < 0.001).




Figure 3 | Comparisons of water quality in different seasons. *p < 0.05; ***p < 0.001. ****p < 0.0001..






3.2 Long-term trends and the spatial distribution of P. crispus

The segmented linear fitting results indicated that the variation in the area of P. crispus between 1984 and 2022 can be divided into three time periods (Figure 4). From 1984 to 2009, the area of P. crispus in Lake Gaoyou slightly increased from approximately 37.86 km² to approximately 100 km², with a relatively low distribution area. From 2010 to 2019, the area of P. crispus began to markedly increase (p < 0.001), exhibiting a large-scale bloom trend with an average area of 291.31 km², and reached its maximum of 395.51 km². After 2019, the area of P. crispus showed a rapid decrease (p < 0.05) and reached 136.78 km² in 2022.




Figure 4 | The variation in the area of P. crispus in Lake Gaoyou from 1984 to 2022.



From a spatial perspective, P. crispus was primarily distributed in the western and northern parts of Lake Gaoyou, with less distribution in the central and southeastern parts of the lake (Figure 5; Supplementary Figure 5). From 1984 to 2010, P. crispus in Lake Gaoyou transitioned from a scattered distribution in the northern part of the lake to extending towards the western part, gradually increasing in area. From 2010 to 2019, P. crispus continued to extend towards the southeastern part of the lake and spread from the surrounding areas towards the central part of the lake, rapidly expanding in area. From 2019 to 2022, the area covered by P. crispus decreased rapidly as it receded from the central part of the lake towards the surrounding areas.




Figure 5 | Changes in the spatial distribution of the P. crispus area in Lake Gaoyou from 1984 to 2022. (A) 1988 (B) 1992 (C) 1997 (D) 2002 (E) 2006 (F) 2010 (G) 2014 (H) 2018 (I) 2022. FEM, floating-leaved and emergent macrophyte.






3.3 Factors driving the distribution pattern succession of P. crispus



3.3.1 Correlation analysis

The results of the Pearson correlation analysis showed that the area of P. crispus in Lake Gaoyou showed a significantly positive correlation with Temp and WL (p < 0.001) and a significantly negative correlation with WS (p < 0.001). The correlations between water quality factors for different periods and the area of P. crispus varied (Figure 6A): In the analysis of environmental factors in winter, the area of P. crispus was positively correlated with SD (p < 0.05). In the analysis of environmental factors in spring, the area of P. crispus was negatively correlated with NH3-N (p < 0.05).




Figure 6 | Correlation analysis between the area of P. crispus and environmental factors. (A) Relationships between the area of P. crispus and environmental factors. The numbers in each grid represent the correlation coefficients between the area of P. crispus and environmental factors. (B) Linear fitting of the area of P. crispus and environmental factors in spring. * p < 0.05; ** p < 0.01; *** p < 0.001.






3.3.2 Stepwise regression analysis

The stepwise regression analysis showed that the five most important factors influencing the change in P. crispus area in Lake Gaoyou were WS, Temp, WL, NH3-N, and SD (Table 1). In particular, the area of P. crispus was found to correlate closely with hydrometeorology, and the contribution of WS was particularly significant (p < 0.001). The area of P. crispus consistently showed a negative association with WS and a positive relationship with SD in the analysis of three periods (p < 0.05). In the analysis of entire-year and winter environmental factors, Temp and WL (p < 0.05) were two important factors, both of which were positively correlated with the area of P. crispus (Supplementary Figures 7, 8). In the analysis of entire-year and spring environmental factors, the area of P. crispus showed a significantly negative correlation with NH3-N (p < 0.05) (Figure 6B), and the relative contributions of the variables to explain the total variation were NH3-N > SD. The regression models selected with significance (p < 0.001) between hydrometeorology and the area of P. crispus for different periods had a total explanation of 72.6%, 75.2%, and 64.0%, respectively. The regression models selected with significance between water quality and the area of P. crispus for different periods had a total explanation of 36.4%, 34.0% (p < 0.05), and 44.9% (p < 0.05), respectively.


Table 1 | The multiple regression model results for the area of P. crispus and environmental factors.






3.3.3 Variation partitioning analysis

The results of the variation partitioning analysis showed that the P. crispus presented significant differences among the different periods. In the analysis of entire environmental factors, WS and Temp accounted for 60.2% of the variation in the P. crispus area, with their interaction with NH3-N and SD explained 15.0% (Figure 7A). For winter environmental factors, WS and WL explained 39.7% of the variation in the P. crispus area, with the shared fraction with SD explained 30.5% (Figure 7B). For spring environmental factors, WS explained 35.4% of the variation in the P. crispus area, with their interaction with NH3-N and SD explained 21.0% (Figure 7C).




Figure 7 | The differences in the relative contributions of hydrometeorology and water quality to the area of P. crispus. (A) entire year, (B) winter, (C) spring. Values < 0 are not shown.



The variation partitioning analysis for all three periods indicated that hydrometeorological factors (Temp, WS, and WL) accounted for the high amount of variation in the P. crispus area in Lake Gaoyou compared to water quality (NH3-N, and SD), playing a dominant role in driving the changes in the area of P. crispus. Additionally, the interaction between hydrometeorology and water quality explained a higher proportion of variation in the area of P. crispus in winter, whereas its amount of explanation was lower for the entire year.






4 Discussion



4.1 Main driving factors affecting the distribution of P. crispus

The five most important factors influencing the change in the P. crispus area in Lake Gaoyou were WS, Temp, WL, NH3-N, and SD. Among them, WS played a crucial role in the variation of the P. crispus area (Table 1). On one hand, WS can affect the growth of P. crispus by influencing the hydrodynamic conditions of the lake. Macrophytes in lakes are often affected by water flow resistance, which is frequently over 25 times more resistant compared to terrestrial vegetation under similar wind speeds (Denny and Gaylord, 2002). Submerged macrophytes will also show different biomechanical characteristics subject to the wind and wave conditions (Zhu et al., 2015). Consequently, most submerged macrophytes float to the water’s surface when strong winds and waves cause stems to break or entire plants to be uprooted. This causes a significant decrease in submerged macrophytes in shallow lakes, or even their disappearance, which reduces the macrophytes’ biomass and coverage (Riis and Biggs, 2003; Yang et al., 2004; Breugnot et al., 2008; Angradi et al., 2013). Consistent with previous findings, in this study, WS was an important variable that negatively contributed to the P. crispus area (Table 1); the P. crispus area showed an increasing trend with declining WS from 2010 to 2019. On the other hand, wind speed is often significantly negatively correlated with transparency in shallow lakes (Soria et al., 2021), which is similar to the results of this study (Supplementary Figure 9). Increased wind speeds can intensify hydrodynamic disturbances in lakes, causing lake sediments to appear in resuspension and reducing transparency (Soria et al., 2021). A decline in transparency inhibits plant photosynthesis, which was unfavorable for the growth of P. crispus in Lake Gaoyou. According to the spatial distribution of P. crispus in Lake Gaoyou, the area of P. crispus in the southeastern part of the lake was perennially small. This may be due to the fact that this area serves as a flood channel where the southeast monsoon prevails, which was prone to stronger hydrodynamic disturbances leading to lower water transparency, thus inhibiting the growth of P. crispus.

Generally, water depth has been considered a significant factor influencing the growth of submerged macrophytes. Typically, there is a negative correlation between water depth and the biomass of submerged macrophytes (Li et al., 2021). However, in shallow lakes, increasing the water depth probably creates a favorable growing habitat for submerged macrophytes by changing the temperature, DO content, and underwater light intensity and by expanding the growth space for these plants (Fu et al., 2014, 2018; Su et al., 2018). On the other hand, changes in water depth or level often interact with factors such as wind speed to influence submerged macrophytes (Van Zuidam and Peeters, 2015). An increase in water depth often leads to a decrease in the intensity of wind–wave disturbances (Søndergaard et al., 2003). This, to some extent, mitigated the negative effects of wave disturbance on SD, thereby promoting the expansion of the P. crispus area.

The stepwise linear regression model conducted in our study indicated that NH3-N concentration and SD were the two important water quality variables that contributed to the area of P. crispus (Table 1). The improvement in water transparency helps to increase the underwater light intensity, thereby improving photosynthesis efficiency in plants and consequently promoting the growth of P. crispus (Wang et al., 2017). Previous studies also concluded that macrophytes showed a decreasing trend due to a deteriorating underwater light environment. In our study, NH3-N negatively contributed to the area of P. crispus. High concentrations of ammonium ions can interfere with the nitrogen metabolism of P. crispus (Zhang YL et al., 2016; Dong et al., 2022), and physiological stress caused by high concentrations of ammonia nitrogen in the water can also lead to a decrease in the biomass of P. crispus (Cao et al., 2015). Several laboratory and field studies have demonstrated that macrophytes in lakes can experience damage and even disappear when there is a high concentration of nitrogen, particularly ammonia nitrogen (Moss et al., 2012; Olsen et al., 2015; Yu et al., 2015; Zhang YL et al., 2016). The conclusion has also been confirmed by site-specific observation and remote sensing mapping (Zhang YL et al., 2016). These findings imply that the increasing SD and decreasing NH3-N concentration in Lake Gaoyou may enhance the area of P. crispus from 2010 to 2019.

Additionally, P. crispus has an interactive relationship with water quality. Submerged macrophytes improve local water transparency by reducing sediment resuspension and absorbing nutrients from the water; thus, there is a positive feedback relationship between submerged macrophyte and local water transparency in shallow lake ecosystems (Su et al., 2019). Similarly, P. crispus needs to absorb nutrients such as ammonia nitrogen from sediment and water through its roots and stems to support growth (Li et al., 2015).




4.2 Seasonal characteristics of driving factors

The influence of environmental factors in different seasons on the area of P. crispus in Lake Gaoyou varied (Table 1). In this study, NH3-N significantly contributed to the fluctuation of P. crispus area in spring, while no statistical difference was observed for NH3-N in winter. Conversely, WL in winter significantly contributed to the variation in the P. crispus area, while no statistical difference was observed for water level in spring.

Water level itself generally does not directly affect macrophytes but often influences plant growth by altering other environmental factors (Van Zuidam and Peeters, 2015). Increasing fluctuation frequency increases disturbance to plants, leading to increased nutrient loss and tissue damage (Bornette et al., 2008). High-frequency fluctuations in the water level can also lead to the resuspension of sediments, increasing water turbidity, thereby inhibiting the growth of macrophytes (Coops and Hosper, 2002; Luo et al., 2015). In May, Lake Gaoyou experiences a period of rising water levels, with significant fluctuations in water levels (Jiang et al., 2023). The flow velocity may rise simultaneously with water level during this period (Zhang et al., 2017). The rising flow velocity intensifies water disturbance, which is unfavorable for the growth of P. crispus. Compared to spring, water level fluctuations were smaller in winter, which may be the reason why the positive effect of WL changes on the expansion of the P. crispus area was more significant in winter.

The interactions between NH3-N and P. crispus showed a seasonal difference. On one hand, in a shallow eutrophic water body, macrophytes can assimilate a large amount of nitrogen from sediments via their roots during the growing season (Xie et al., 2013). The efficiency of assimilating and utilizing nitrogen increases when P. crispus blooms in spring. On the other hand, toxic effects cause the various growth indices of P. crispus, such as leaf length, leaf mass, and root length, to decline with increasing nitrogen and ammonia concentrations (Yu et al., 2015). Therefore, in Lake Gaoyou, the relatively higher concentration of NH3-N in spring compared to winter may explain a more noticeable inhibitory effect of NH3-N on the growth of P. crispus during spring.

The temperature was only screened as a significant influencing factor in the factor analysis at the annual scale. This was primarily because the multivariate stepwise regression algorithm aimed to balance model stability and simplicity. Because of the significant correlation between factors (such as Temp and WS, p < 0.05), where WS coincided with Temp covariation, there was some redundancy in information (Supplementary Figure 6). Once WS entered the model, Temp could not enter to the same extent. However, from the correlation coefficients, it could be observed that Temp was significantly correlated with the area of P. crispus. Research related to the influence of temperature on P. crispus indicated that warming treatments significantly increased plant height and total biomass (Yan et al., 2021). As a submerged macrophyte that grows in winter and spring, P. crispus will enter the growing season earlier and occupy more spatial ecological niches as the winter gets warmer (Li et al., 2018). Consistent with previous studies, the results of this study demonstrate that an increase in Temp had a positive effect on the growth of P. crispus in Lake Gaoyou (Table 1; Figures 2, 4).




4.3 Relative importance of hydrometeorology and water quality

The primary influencing factors for the growth of P. crispus in Lake Gaoyou were hydrometeorological factors (Temp, WS, and WL), which fits with our hypothesis. Moreover, the relative importance of the interaction between hydrometeorology and water quality varied across different periods. The interaction between hydrometeorology and water quality showed a higher explanation in winter, whereas it was lower over the entire year (Figure 7).

Against the backdrop of global climate change, increasing water temperatures, storm events, and associated long-term flooding have had a significant impact on the health of aquatic ecosystems dominated by macrophytes worldwide, thereby affecting the growth of macrophytes in lakes (Zhang et al., 2017). Research on large-scale vegetation in global lakes indicated that climate variables have a greater impact on species selection at a large spatial scale (García-Girón et al., 2020). Similar to previous studies, at the large spatial scale of Lake Gaoyou, climate had a more significant impact on the growth of P. crispus compared to anthropogenic activities. Furthermore, temperature changes have a significant impact on the growth of submerged macrophytes. For example, Elodea canadensis biomass increases directly with warmer temperatures as opposed to nutrient enrichment (Wu et al., 2021). Similarly, the drastic fluctuations in Temp in the Lake Gaoyou area also have significantly influenced the changes in the area covered by P. crispus.

Climate change is not a uniform warming process; its impact on winter is particularly noticeable (Franssen and Scherrer, 2008). Macrophytes can overwinter in an aboveground form under warmer winter (Havens et al., 2015). Warmer winters increase the number of branch and total biomass of macrophytes, thereby enhancing overwinter survival rates (Liu et al., 2016). Additionally, this study revealed that the interaction between winter WS and SD was more significant. It was possible that winter WS affected the growth of P. crispus via influencing SD, making the impact of winter WS on the expansion of P. crispus more significant. Additionally, this study revealed that the interaction between winter WS and SD was more significant (p < 0.05) (Supplementary Figure 9). It was possible that winter WS affected the growth of P. crispus by influencing SD, making the impact of winter WS on the expansion of P. crispus more significant.





5 Conclusion

Ensuring adequate appropriate coverage of submerged macrophyte growth is vital for maintaining water quality and ecosystem stability. The area of P. crispus in Lake Gaoyou showed a slight increase from 1984 to 2009, followed by a marked increase from 2010 to 2019, and then a decline after 2020. We found that the variation in the P. crispus area was highly influenced by WS, Temp, WL, NH3-N, and SD in Lake Gaoyou and showed seasonality in response to hydrometeorology and water quality parameters. Hydrometeorology factors appeared to exert a more substantial influence on the area covered by P. crispus than water quality parameters. The significantly decreasing WS and the increasing Temp and WL resulted in explosive trends in the area of P. crispus. Overall, our study revealed the long-term distribution pattern of P. crispus in Lake Gaoyou and identified key factors regulating the distribution of P. crispus. The proliferation of specific species would disrupt water quality and aquatic ecosystem stability. Therefore, effective lake management should include enhanced macrophyte monitoring and timely intervention measures to counteract the excessive growth of specific species, thereby safeguarding water resources for the China ER-SNWDP.
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The epiphytic bacteria in aquatic ecosystems, inhabiting a unique ecological niche with significant ecological function, have long been the subject of attention. Habitat characteristics and plant species are believed to be important in controlling the assembly of epiphytic bacteria. However, the underlying principle governing the assembly of the epiphytic bacterial community on macrophytes is far from clear. In this study, we systematically compared the diversity and community composition of epiphytic bacteria both in different habitats and on different species of macrophytes where they were attached. Results suggested that neither the plant species nor the habitat had a significant effect on the diversity and community of epiphytic bacteria independently, indicating that the epiphytic bacterial community composition was correlated to both geographical distance and individual species of macrophytes. Furthermore, almost all of the abundant taxa were shared between different lake regions or macrophyte species, and the most abundant bacteria belonged to Proteobacteria and Firmicutes. Our results demonstrated that the competitive lottery model may explain the pattern of epiphytic bacterial colonization of submerged macrophyte surfaces. This research could provide a new perspective for exploring plant–microbe interaction in aquatic systems and new evidence for the lottery model as the mechanism best explaining the assembly of epiphytic bacteria.
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1 Introduction

Submerged macrophytes, providing a linkage between sediment and overlying water, play an important role in the biological productivity and stability of the structure and function of aquatic ecosystems (Horppila and Nurminen, 2003). They are also used as indicators of the ecological quality of lakes because they have a clear response to eutrophication (Søndergaard et al., 2010). Furthermore, submerged macrophytes with a large surface area enhanced the density of surface-associated organisms, such as algae, invertebrates, and bacteria (Jeppesen, 1998). In aquatic systems, a large number of bacteria, which were described as epiphytic bacteria in previous studies (Andrews and Harris, 2000; Pollard, 2010), inhabit surfaces of submerged macrophytes. According to previous studies, epiphytic bacteria exhibited a higher diversity and a distinct community composition compared to the surrounding bacterioplankton (He et al., 2014; Levi et al., 2017) and play important ecological roles in aquatic ecosystems (Ma et al., 2021). Moreover, epiphytic bacteria may also have complex interactions with their host plants. These interactions are manifested as competitive, mutualistic, and commensalistic (Wijewardene et al., 2022). Despite these findings, epiphytic biofilms are understudied compared to other periphytic biofilms in freshwater ecosystems (Wijewardene et al., 2022). Ignoring the understanding of the role macrophytes play as a substrate for epiphytic bacteria may underestimate the importance of macrophytes in freshwater ecosystems.

For decades, the relationship between epibiotic bacterial community and environmental factors (including host plants, spatial and geographical heterogeneity) and hypotheses regarding bacterial community assembly has been studied extensively (Knief et al., 2010; He et al., 2012; Liao et al., 2016; Levi et al., 2017). However, due to differences in research emphasis and technical matters, there were some inconsistencies and even contradictory conclusions in different scientific reports. Therefore, the relationship between bacterial composition and host plants/habitats, and the mechanisms of community assembly are still poorly understood. There are two theories explaining the mechanism of bacterial community assembly. One is the traditional niche-based theory, which emphasizes abiotic and biotic factors, such as environmental physicochemical properties, habitat heterogeneity, and species interactions (Ramette and Tiedje, 2007; Dumbrell et al., 2010; Gilbert et al., 2012). The other is the neutral theory that only considers random processes, such as birth, death, colonization, immigration, and speciation or dispersal limitations (Vanwonterghem et al., 2014). Recent investigations have suggested that both neutral and niche processes play a critical role in the assembly of entire bacterial communities (Liao et al., 2016). In the case of epiphytic bacteria, some studies demonstrated that the composition of the epiphytic bacterial community may be influenced by the host plant and habitat heterogeneity (Hempel et al., 2008), while other studies suggested that plant-specific effects could shape the composition of epiphytic bacteria on aquatic plants (He et al., 2012; Yu et al., 2022). These references provided valuable information about the complex interaction between epiphytic bacteria and their host plants. However, few studies have systematically investigated the influence of habitat heterogeneity and plant–host specificity on the community composition of epiphytic bacteria. Given that situation, we questioned whether different host plants or their respective habitat determined the epiphytic bacterial community composition.

In the study, we collected four species of submerged macrophytes (Ceratophyllum demersum, Vallisneria natans, Myriophyllum verticillatum, and Potamogeton crispus) from three regions of Taihu Lake with different trophic status. This work aimed to 1) ascertain whether macrophyte species or their habitats determine epiphytic bacterial community composition, 2) investigate the mechanisms of assembly for epiphytic bacteria, and 3) give directions to further research.




2 Materials and methods



2.1 Study sites and sample collection

Taihu Lake, the third largest shallow freshwater lake (2,338 km2, average depth 1.9 m) in China, is located in the Yangtze River Delta (Qin et al., 2007). There are strong environmental gradients and habitat patterns in Taihu Lake (Dong et al., 2017). In this study, samples were collected from three regions of Taihu Lake: Wuli Lake (W), Southern Taihu (ST), and Eastern Taihu Lake (ET) (Figure 1). Wuli Lake, an arm of Meiliang Bay in the north of Taihu Lake, is a hyper-eutrophic bay located in Wuxi City. The Southern Taihu Lake features less embayment, little macrophyte coverage, and relatively good water quality and is classified as mesotrophic water. Eastern Taihu Lake, a shallow macrophyte-dominated bay and the area where the dilution water flows out of the lake (Hu et al., 2010), is generally considered the least nutrient-impacted region of Taihu Lake.




Figure 1 | Map of Lake Taihu showing the sampling locations in Southern Taihu Lake, Eastern Taihu Lake, and Wuli Lake.



Four macrophytes were collected by hand or hook on July 24–26, 2016. For each plant species, three to five individual plants at a similar growth stage were collected randomly in three selected regions of Taihu Lake and Wuli Lake (Table 1). Plants were stored individually in sterile plastic bags on ice and transported to the laboratory. Water parameters such as pH, temperature, chlorophyll-a, and conductivity were measured using a multi-parameter water quality analyzer (YSI 6600v2) prior to sample collection (Supplementary Table S1).


Table 1 | Plant species and sampling locations.






2.2 Detachment of epiphytic biofilm

Epiphytic bacteria attached to submerged macrophytes were collected following the method previously described in published literature (Hempel et al., 2009; He et al., 2012). Briefly, 2 g of each macrophyte with similar growth vigor was selected and rinsed with sterile deionized water three times to remove large particles adhering to the plant surface. Then, the macrophytes were transferred to a sterile 50-mL polyethylene tube containing 40 mL of sodium pyrophosphate (0.1 mol/L Na4P2O7·10H2O, NaPPi). The epiphytic bacteria were detached by ultra-sonication for 3 min, followed by 30 min of shaking (225 r/min) and subsequent 3 min of ultra-sonication. The suspensions were filtered onto a 0.22-μm polycarbonate membrane (Millipore, Billerica, MA, USA) to collect the detached epiphytic bacteria and stored at −20°C for DNA extraction.




2.3 DNA extraction and PCR amplification

DNA was extracted using the Fast DNA® SPIN Kit for Soil (MP Biomedicals, Irvine, CA, USA) according to the manufacturer’s protocol. The extracted DNA samples were stored at −20°C for further molecular analyses.

PCR was performed to amplify the variable regions of the bacterial 16S rRNA gene (V3–V4) with the primers 341 F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) with sample-identifying barcodes. The PCR mixture with a total volume of 50 μL that included 5 μL of 10× Buffer KOD, 1.5 mM MgSO4, 0.2 mM dNTPs, 0.3 μM each of the forward and reverse primers, 1.0 U of KOD DNA Polymerase, 100–300 ng of DNA template, and double-distilled water (ddH2O). The reaction was performed as follows: initial incubation step at 94°C for 2 min; followed by 30 cycles of denaturation at 98°C for 10 sec, annealing at 65°C for 30 sec, and extension at 68°C for 30 sec; and final extension at 68°C for 5 min. PCR products were further purified with Agencourt AMPure XP Beads (Beckman Coulter, Brea, CA, USA), and the concentrations were quantified using the ABI StepOnePlus Real-Time PCR System (Life Technologies, Carlsbad, CA, USA). The purified PCR products were combined at equimolar ratios and submitted to Gene Denovo Biotechnology Company (Guangzhou, China) for sequencing on the Illumina HiSeq 2500 PE250 platform.




2.4 Sequence analysis

The raw data were filtered and assembled. Raw data obtained after sequencing included dirty reads containing adapters or low-quality bases. Reads with N bases accounting for more than 10% or low quality (containing less than 80% of bases with Q-value > 20) were filtered from the raw data. The filtered reads were then assembled into tags according to the overlap between paired-end reads. The redundant tags were removed from raw tags to obtain unique tags using Mothur (v.1.34.0). The obtained unique tags were then used to calculate the abundance. Operational taxonomic units (OTUs) (97% identity) were clustered using unique tags by Mothur (v.1.34.0) (Schloss et al., 2009). Sequences were taxonomically classified using a 0.5 confidence threshold against the RDP Database (DeSantis et al., 2006). Sequence data have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database under BioProject PRJNA513113 (sample accession numbers SAMN10696321–SAMN10696330).




2.5 Definition of abundant, rare, and conditionally rare taxa

Microbial communities are normally composed of a few abundant and many rare species, and these two subcommunities may have fundamentally different characteristics and ecological roles (Logares et al., 2014). In this study, we defined and classified all OTUs into six categories in accordance with previous studies (Dai et al., 2016; Xue et al., 2018). Briefly, the OTUs with an abundance ≥ 1% in all samples were defined as abundant taxa (ATs); the OTUs with an abundance<0.01% in all samples were defined as rare taxa (RTs); the OTUs with an abundance between 0.01 and 1% in all samples were defined as moderate taxa (MTs); the OTUs with an abundance below 1% in all samples and<0.01% in some samples were defined as conditionally rare taxa (CRTs); the OTUs with abundance ≥0.01% in all samples and ≥1% in some samples but never rare (<0.01%) were defined as conditionally abundant taxa (CATs); OTUs with abundance varying from rare (<0.01%) to abundant (≥1%) were defined as conditionally rare and abundant taxa (CRATs). In this study, we combined ATs, CATs, CRATs, and MTs as ATs to perform further analyses.




2.6 Analysis of community diversity

To investigate the diversity of epiphytic bacteria, the α-diversity (including Chao1, ACE, Simpson, and Shannon indices) was calculated for each sample (Kemp and Aller, 2004). To assess sample adequacy, rarefaction curves (3% distance cutoff) were also constructed. Rarefaction curves and α-diversity were performed using Mothur (v.1.34.0). One-way analysis of variance (ANOVA) was performed using SPSS 20.0 (IBM Corp., Armonk, NY, USA) to test the habitat and host plant effects on epiphytic bacterial community composition. The Venn diagram was used to depict the similarities and differences between communities. The Venn diagram was constructed based on the epiphytic bacteria of different submerged macrophytes and different habitats.

First, the Bray–Curtis similarity matrix was calculated to determine the similarity of the epiphytic bacterial community composition between the samples at the OTU level. The cluster analysis based on the Bray–Curtis coefficient was used to investigate the phylogenetic composition differences of microbial communities among 10 samples. Then, the Bray–Curtis similarity matrix was calculated based on samples within the same habitat or the same host plant. The non-metric multidimensional scaling (NMDS) analysis was employed for detecting possible differences in epiphytic bacterial community composition among different habitats and host plants. Analysis of similarities (ANOSIM) was performed to evaluate the significant difference (p< 0.01) between groups. Complete separation is indicated by R = 1, whereas R = 0 indicates no separation (Chen et al., 2017). The NMDS analysis and ANOSIM were performed using the PRIMER v.6.0 package. For this analysis, the data sets ATs, CRTs, and RTs were used.




2.7 Niche breadth

Studies have shown that the microbial communities of habitat specialists are more vulnerable to disturbance than those of habitat generalists (Logares et al., 2013; Liu et al., 2017). In this study, to measure habitat specialization, the niche breadth was calculated according to the following formula (Levins, 1968):

	

where Bj is the niche breadth and Pij is the percentage of the individuals of species j present in habitat i. The OTUs with mean relative abundances ≦2 × 10−5 were excluded from the analysis, as these taxa may appear to be specialized even if they are not. In this study, there are three types of lake regions with each type representing a habitat.

Species with higher and lower values of niche breadth can be considered generalists and specialists, respectively (Pandit et al., 2009). Compared with habitat specialists, habitat generalists exhibited a more even distribution along a broader range of habitats. Therefore, we classified OTUs as habitat generalists and specialists according to outlier detection.




2.8 Predicted functional profiles

Given the need to predict the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) functional profiles of microbial communities, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was developed (Kemp and Aller, 2004). KEGG pathway variability between different habitats or host plants was compared using NMDS or ANOSIM, respectively.





3 Result



3.1 Taxonomic composition of epiphytic bacterial communities

A total of 515,407 high-quality sequence reads were obtained from all 10 samples and were clustered into 30,435 OTUs based on a 97% similarity level. The sequences that could be annotated to the family level in all 10 samples ranged from 58.51% to 92.00%; therefore, “family” was chosen as the best classification level for the 10 samples (Supplementary Figure S1).

Significant differences in bacterial abundance among the 10 samples were found in accordance with the bacterial distribution at different taxonomic levels (Figure 2). At the phylum level, Proteobacteria were the most dominant group in all 10 samples, which occupied 40.12% (epiphytic bacteria of C. demersum in Southern Taihu Lake) to 82.35% (epiphytic bacteria of V. natans in Eastern Taihu Lake). The major phyla were Firmicutes (1.56% to 49.05% in each sample), Bacteroidetes (2.42% to 12.84%), Actinobacteria (0.23% to 5.62%), Planctomycetes (0.25% to 4.09%), and Cyanobacteria (0.16% to 23.45%) (Figure 2A). Although the abundances of phyla were significantly different between samples, the composition was similar. Furthermore, Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria were the dominant classes of Proteobacteria occupying more than 97.9% of Proteobacteria (Figure 2B). At the family level, Bacillaceae and Aeromonadaceae belonging to Firmicutes and Proteobacteria, respectively, were dominant in epiphytic bacteria (Figure 2D).




Figure 2 | Distribution of epiphytic bacteria in different samples at different taxonomic levels. (A) Phylum level, (B) class level, (C) order level, and (D) family level. “Others” refers to the taxa with maximum abundance<2% in any sample. Sequences that could not be classified into any known group were assigned as “Unclassified”.






3.2 Epiphytic bacterial diversity

The coverage of the 10 samples ranged from 88.60% to 98.45%, suggesting that there still may be some microbes remaining undetermined (Supplementary Table S2). Rarefaction curves of the 10 samples did not approach saturation at the 0.03 cutoff level, indicating that the amount of sequencing data was not enough to cover all of the sampled species and that a greater bacterial diversity existed in the samples (Supplementary Figure S2).

The diversity and community richness of epiphytic bacteria were reflected by the Chao1, ACE, Shannon–Wiener, and Simpson indices. The average community richness indices (number of OTUs, ACE, and Chao 1) in Wuli Lake were higher than in Eastern Taihu Lake and Southern Taihu Lake (Figure 3). The Shannon–Wiener index ranged from 4.27 to 6.00 (average 4.92) for Eastern Taihu Lake, 2.85 to 6.42 (average 4.36) for Southern Taihu Lake, and 3.37 to 6.22 (average 5.21) for Wuli Lake (Figure 3). The average Simpson index in Southern Taihu Lake (0.14) was higher than that in Wuli Lake (0.10) and Eastern Taihu Lake samples (0.08) (Figure 3). However, no statistically significant difference (p > 0.05) was observed in diversity indices, suggesting similar species richness and equitability between different lake regions. The one-way ANOVA indicated that neither habitat nor host plant had a significant effect on the alpha-diversity indices (including OTU number, Chao 1, ACE, Shannon–Wiener diversity index, and Simpson diversity index) (Supplementary Table S3).




Figure 3 | Comparison of alpha-diversity of the epiphytic bacterial communities among three different lake regions. The operational taxonomic units (OTUs) were defined at 97% sequence similarity threshold. The ends of the box represent the 25th and 75th percentiles, the whiskers represent minimum and maximum range, and the center lines represent the median.



For the bacterial taxa, the distribution characteristics of the three categories identified were as follows: i) 50 (0.16%) OTUs with 290,715 (56.40%) sequences were recognized as ATs, ii) 2,932 (9.63%) OTUs with 175,681 (34.09%) sequences were defined as CRTs, and iii) as many as 27,453 (90.20%) OTUs with 49,011 (9.51%) sequences were classified as RTs (Supplementary Table S4).




3.3 Variations of epiphytic bacterial community composition

To estimate the patterns of bacterial compositional dissimilarity between samples, the cluster analysis based on the Bray–Curtis coefficient was employed (Supplementary Figure S3). Interestingly, among component communities, epiphytic bacterial communities did not group according to host plant or habitat.

In terms of relative abundance, our results revealed that all three subcommunities (abundance, conditionally rare, and rare taxa) did not cluster strongly by host plant or habitat, especially the rare subcommunity (Figure 4A), which was confirmed by the ANOSIM comparison between epiphytic bacterial subcommunities (Table 2). In abundant taxa, Wuli Lake showed a striking separation compared to the other two lake regions, especially Southern Taihu, which suggested that the abundant bacterial subcommunities were vulnerable to environmental variations (Figure 4A).




Figure 4 | Comparison of beta-diversity of the epiphytic bacterial community among different habitats or host plants. (A) Non-metric multidimensional scaling (NMDS) ordination of epiphytic bacterial communities based on the Bray–Curtis dissimilarity. (B) Venn diagram showing the shared bacterial operational taxonomic units (OTUs) between three habitats (48 abundant OTUs, 1,289 conditionally rare OTUs, and 856 rare OTUs). (C) Venn diagram showing the shared bacterial OTUs between four different types of submerged macrophytes (47 abundant OTUs, 828 conditionally rare OTUs, and 197 rare OTUs).




Table 2 | Results of the ANOSIM and the pairwise analyses comparing epiphytic bacterial communities among different host plants and habitats.



Venn analyses were employed to evaluate the similarity of diversity and community composition between the epiphytic bacterial communities according to lake regions or macrophyte species (Figures 4B, C). In the case of the three lake regions, almost all abundant taxa (48 OTUs out of 50 OTUs) were shared among habitats, and most of the unique OTUs belonged to either conditionally rare taxa or rare taxa (Figure 4B). A similar pattern was displayed for the epiphytic bacterial community composition according to macrophyte species (Figure 4C).

Microhabitat niche breadth ranged from 1.00 to 2.98 (Figure 5A). The niche breadth of epiphytic bacteria displayed variability at different host plants (Figure 5A). Mean niche breadth values of epiphytic bacteria were the highest in the host plant M. verticillatum (B = 1.45) and V. natans (B = 1.44), followed by C. demersum (B = 1.25) and P. crispus (B = 1.18). For all of the host plants, it could be observed that there were more OTUs identified as habitat specialists than habitat generalists (Figure 5B).




Figure 5 | Habitat specialization of different operational taxonomic units (OTUs) based on niche breadth. (A) Distribution of niche breadth values of epiphytic bacteria that attached to different host plants. (B) The OTU number of generalists and specialists belonged to different host plants.






3.4 Functional annotation and categorization

In order to compare functional differences among different samples, biological functions were predicted and annotated with KEGG pathways. In total, all the OTUs to 139 KEGG pathways were assigned. The most highly represented category was “metabolism pathways”, occupying 66% to 69%, suggesting that the epibiotic bacteria have strong metabolic activity (Supplementary Table S6 and Figure 6A). The “Environmental Information Processing” pathways were also well presented, accounting for 17% to 20% (Supplementary Table S6 and Figure 6A). The predicted functional distribution was not grouped based on either the lake regions or the type of macrophytes (Figure 6B), indicating that neither the habitats nor the host plants could significantly influence bacterial functional groups, which is confirmed by the ANOSIM comparisons between differentially abundant KEGG pathways (Supplementary Table S5).




Figure 6 | (A) Heatmap of differentially abundant Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways among different samples. KEGG pathways with obvious increasing or decreasing trends are displayed in red or blue colors, respectively. (B) Non-metric multidimensional scaling (NMDS) analysis based on the calculated Bray–Curtis dissimilarities between the functional gene family abundances of samples.







4 Discussion

Many reports have described the diversity and community composition of epiphytic bacteria on submerged macrophytes. Most studies focused on comparing the composition of the epiphytic bacterial community from either different macrophytes (Ma et al., 2008; He et al., 2012; Gordon-Bradley et al., 2014) or different habitats (Hempel et al., 2008; Levi et al., 2017). However, the current understanding of epiphytic biofilm–macrophyte-specific relationships is far from sufficient. In this study, we aimed to systematically investigate whether different macrophytes or their habitats determine epiphytic bacteria assembly, which will provide clues for understanding the epiphytic biofilm–macrophyte interactions and their roles in freshwater ecosystems.



4.1 Effects of different habitats on epiphytic bacterial community

Previous studies have demonstrated that variations in habitats strongly influenced the composition of bacterial communities (Hempel et al., 2008; Levi et al., 2017). Physical habitat characteristics can affect the composition and abundance of epiphytic bacteria by creating microhabitats (Levi et al., 2017). In contrast, our results showed that the composition of the epiphytic bacterial community was not significantly different between different habitats, and the ANOSIM found no significant intra-lake heterogeneity in microbial community structure at different relative abundances (abundant, conditionally rare, and rare taxa) except for the Wuli Lake region and Southern Taihu lake region in abundance taxa (Table 2). Cai et al. (2013) obtained similar results when investigating the epiphytic bacterial community structure of Potamogeton malaianus Miq. at two lake regions in Taihu Lake. In our study, all the taxa with different relative abundances did not display a separation pattern between groups, whereas the taxa exhibited different responses to the habitats (Figure 4A). Typically, the abundant taxa occupy a broad niche and are capable of competitively utilizing a series of limited resources, thus providing driving mechanisms for specific ecological processes (Qin et al., 2022; Zhu et al., 2023). Moreover, the abundant taxa could be more sensitive in response to environmental filtering during colonization (Zhu et al., 2023). In this study, Wuli Lake had a higher degree of eutrophication than the other two lake regions, and the physicochemical properties of lake water differ significantly; therefore, the abundant taxa of Wuli Lake showed a striking separation compared to the other two lake regions. Xian et al. (2018) reported that epiphytic bacteria exhibited a higher diversity in a lower-nutrient environment, which was due to the plant status at different nutrient states. In our experiment, the epibiotic bacteria of macrophytes, which were collected from the least nutrient-impacted region (Eastern Taihu Lake), did not always exhibit higher diversity (Supplementary Table S2 and Figure 3). In brief, the habitats did not have a decisive influence on epiphytic bacterial community composition.

Furthermore, more habitat specialists than generalists were found in the epiphytic bacterial community (Figure 5B). Habitat specialists are predicted to be more vulnerable to disturbance than habitat generalists and exhibit specific environmental fitness (Swihart et al., 2003; Michael et al., 2015). Due to the weak ecological tolerance capacity, the specialists were easily affected by environmental disturbance. A recent study showed that habitat specialists showed stronger distance-decay patterns and weaker environmental adaptation than habitat generalists and exhibited higher network complexity and modularity when suffering from environmental stress (Sun et al., 2024). Therefore, when habitats change, the resulting microbial community of epiphytic bacteria is likely to be filled by a series of habitat specialists, which would change the community composition and function.

The reasons for the highly similar epiphytic bacterial community composition between different habitats may be due to the following: i) the epiphytic bacteria not only can absorb nutrients from water but also can use the organic compounds and nutrients secreted by the macrophytes, which may reduce the effects of different habitats on epiphytic bacteria (Cai et al., 2013). ii) The epiphytic bacterial communities may have relatively strong resistance to environmental pressure, thus weakening the environmental fluctuation of the surrounding water (Dong et al., 2014). iii) The epiphytic bacterial communities are also related to the growth state and morphology of the host plant (Crump and Koch, 2008; Lachnit et al., 2011; He et al., 2012).




4.2 Effects of plant species on epiphytic bacterial community

Several studies indicated that the different physical or biochemical characteristics of leaves could result in host-specific communities on different plant species (Lachnit et al., 2011; He et al., 2014). In our study, we saw a more complex picture. The ANOSIM suggested that there were no significant differences in community structure at three relative abundances (abundant, conditionally rare, and rare taxa) between different host plants (Table 2). However, epiphytic bacterial communities on C. demersum from two lake regions (Southern Taihu Lake and Wuli Lake) showed a similar community composition and appeared to be host-specific (Figure 2 and Supplementary Figure S3). Furthermore, the bacterial diversity and bacterial community structure of the four submerged macrophytes were not typical and stable as expected (Supplementary Table S2). For instance, the Shannon diversity index showed that V. natans had the greatest diversity in Wuli Lake and the lowest diversity in Southern Taihu Lake.

The epiphytic bacteria M. verticillatum and V. natans displayed a wider niche range than the epiphytic bacteria C. demersum and P. crispus, suggesting that the epiphytic bacteria M. verticillatum and V. natans were able to occupy a greater range of habitat types (Figure 5A). Hence, species with broader niche breadth had a higher probability of dispersal, thereby resulting in widespread or ubiquitous distribution.

These results indicated that there were sophisticated relationships between epibiotic bacteria and their host plants. To be specific, the epiphytic bacteria on C. demersum appear to be host-specific, while epiphytic bacteria on the other three submerged macrophytes were not significantly related to the host plant (Figure 2 and Supplementary Figure S3). The reason may be that the epiphytic bacteria occupy a special ecological niche where they can acquire nutrients from both water body and plant tissues. Hence, the variations in epiphytic bacterial communities may be related to macrophyte species, habitat conditions, or a combination of these factors depending on which factor is overwhelming.




4.3 Variation in functional potential of epibiotic bacteria

The predicted functional communities were not separated, as expected, based on habitats or macrophyte species when examining the functions of the epiphytic bacteria (Figure 6B). These pathways have been adapted to respond to a wide variety of stimuli. Theoretically, the physicochemical properties of the water body seem to be an essential factor in the functional variation. However, when contrasting the predicted functional variability of epiphytic bacteria, a stable functional distribution was found across different lake regions and macrophyte species (Figure 6A, Supplementary Tables S5; S6). This is congruent with previous research on a marine system, where functional categories were found to be evenly distributed across different zones, while taxonomic compositions varied markedly between subjects (Sunagawa et al., 2015).

In this study, the community composition of all the samples exhibited high variability (Figure 3), while the functional categories displayed a stable distribution (Figure 6). This suggested that although microbial communities within the same ecosystem may not be identical, their functions may exhibit a high degree of similarity, which is known as “functional redundancy” (Louca et al., 2018; Zhu et al., 2024). These findings were consistent with the redundancy hypothesis, which assumes that there are more than one species sharing common biogeochemical attributes within an ecosystem, thereby conferring ecosystem functions a degree of resilience to disturbance (Naeem, 1998). Moreover, we also observed striking differences among the samples even in the same habitat (Figures 2 and 4A), which could not be explained by the neutral model. Therefore, we suggested that the “lottery hypothesis” may be an appropriate model to be able to explain the assembly of epiphytic bacteria. This hypothesis asserts that species with similar ecologies will occupy a niche within an ecosystem based on stochastic recruitment (Brum and Esteves, 2001). Neutral models of community assembly also work on the assumption of ecological equivalence. The difference is that the neutral model assumes the ecological equivalence broadly, while the lottery model makes this assumption for defined groups of species sharing a particular niche (Brum and Esteves, 2001). More specifically, in the lottery model, there is functional redundancy in an ecosystem, and those bacteria that happen to encounter and occupy the surface of macrophytes first are those that will subsequently colonize it.





5 Conclusion

Results indicated that the composition of epiphytic bacterial communities was related to macrophyte species, habitat conditions, or a combination of these factors depending on which factor is overwhelming. There are restrictions and limitations with previous studies that emphasized host specificity or environmental heterogeneity in epiphytic bacterial community composition. The assembly strategies of epiphytic bacteria are much more complex than we expected. We believe that there are three main reasons for these inconsistencies: limitations of technology, finite set of samples, and the diversity and complexity of the environment. Our work provided a new perspective for exploring plant–microbe interaction in aquatic systems. This research also provided new evidence for the lottery model as the mechanism that best explains the assembly of epiphytic bacteria.
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In this study, we investigated the photoperiodic responses regulating erect thallus formation in Petalonia fascia (KU-1293). We found that, through critical day length analysis and night break treatment culture experiments, P. fascia formed erect thalli under short-day conditions, indicating a genuine photoperiodic response. The critical day length for this morphological change was 10–11 h. Notably, night-break treatment with blue light (BL) and green light (GL) inhibited, whereas that with red light (RL) enhanced erect thallus formation. P. fascia was more sensitive to BL than to GL, requiring approximately 100-times less light to exhibit similar effects. Furthermore, promotion of erect thallus formation by RL was not negated by far-red light, suggesting the presence of a novel RL receptor distinct from the classical phytochrome system in terrestrial plants. These findings highlight the complexity of light wavelength interactions in regulating photoperiodic responses and suggest the presence of unique photoreceptors for day-length perception and erect thallus formation in P. fascia.
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Introduction

Brown algae are among the major primary producers in coastal ecosystems. Similar to land plants, alternating generation and morphology in response to physical conditions, such as light, temperature, and dehydration, are important for the environmental adaptation of immobile brown algae. Seasonal changes are among the most influential environmental factors for brown algae. They sense the seasonal transitions based on day length, regulate physiological activities, and alternate generations. Many studies have investigated photoperiodism in land plants, with most focusing on morphological formation, such as flower bud formation and fruit ripening (Thomas and Vince-Prue, 1997). The response of an organism to day length is known as photoperiodism. Many studies have reported photoperiodism in animals, fungi and terrestrial plants (Nelson et al., 2010). In angiosperms, night-break (NB) treatment, which involves a short period of light irradiation in the middle of the dark period, is among the most useful methods for photoperiodism analysis (Thomas and Vince-Prue, 1997). As the day length affects the total amount of photosynthetic products involved in growth and physiological functions, NB treatment helps in determining whether certain morphogenesis is induced by a photoperiodic response (photoperiodism) (Parker et al., 1950). Moreover, NB treatment with monochromatic light helps to identify the photoreceptors controlling photoperiodic responses (Parker et al., 1945). In land plants, photoperiodically controlled responses are dependent on photoreceptors rather than photosynthesis. Analysis of the NB action spectrum revealed that photoperiodicity in short-day (SD) plants is regulated by the perception of phytochromes to red light (RL) and far-red light (FR) (Thomas and Vince-Prue, 1997).

To date, only physiological experiments have been conducted on brown algae, with only a few studies investigating photoreceptors using molecular biology techniques. Photomorphogenesis controlled by the photoperiod has been reported in several genera of brown algae, including erect thallus formation in Scytosiphon lomentaria (Dring and Lüning, 1975a), gamete formation in Sphacelaria rigidula (Ten Hoopen et al., 1983), sorus formation in Saccharina and Undaria (Lüning, 1986, Lüning, 1988; Pang and Lüning, 2004), stem elongation in Sargassum muticum (Hwang and Dring, 2002), and receptacle initiation in Ascophyllum nodosum and Sargassum horneri (Terry and Moss, 1980; Yoshikawa et al., 2014). These reports suggest that the photoperiod is an essential environmental factor affecting the seasonality of brown algae and that brown algae possess photoreceptors to perceive day length. However, the specific receptor molecules involved in photoperiodism in brown algae remain elusive. This is due to the scarcity of studies analyzing the wavelengths controlling photoperiodism in brown algae (Dring and Lüning, 1975a; Terry and Moss, 1980; Yoshikawa et al., 2014) despite the important effect of light quality on photoperiodic responses and photoreceptor molecules.

Analysis of the effect of NB treatment on erect thallus formation in S. lomentaria revealed that the photoperiodic responses are regulated only by blue light (BL) (Dring and Lüning, 1975a). In contrast, NB treatment with RL and BL induces receptacle formation in A. nodosum (Terry and Moss, 1980). We previously showed that NB treatment with green light (GL) and BL effectively initiates receptacle formation in Sargassum horneri (Yoshikawa et al., 2014). However, whether brown algae have common photoreceptors associated with photoperiodism remains unclear. Moreover, differences in light quality related to photoperiodism hinder the comprehensive understanding of photoperiodism in brown algae. To determine the photoreceptors controlling photoperiodism in brown algae, we focused on the photoperiodic responses affecting erect thallus formation in Petalonia fascia in this study. A previous study reported that P. fascia forms an erect thallus from a discoid thallus under SD conditions (Roeleveld et al., 1974), suggesting that the erect thallus formation is a photoperiodic response in P. fascia. However, detailed physiological analysis of the photoperiodism of P. fascia has not yet been performed. Here, we analyzed the effects of various light intensities and qualities on erect thallus formation and photoperiodic responses in P. fascia.





Materials and methods




Materials

A strain of P. fascia (KU-1293) was obtained from the Kobe University Macro-Algal Collection.





Culture conditions

For subculture, P. fascia was cultured in the ESI medium (Tatewaki, 1966) without Tris at 15°C under 30 µmol photons m-2 s-1 fluorescent lamp light (FL20SSEX-D; Toshiba, Tokyo, Japan) and long-day (LD) conditions (16 h light and 8 h dark). The same temperature conditions and medium were used in all experiments. Thalli were pinched off from the subculture and incubated in a flask with 100 mL medium for two weeks as a pre-culture.





Light–dark cycle and NB treatment

To determine whether erect thallus formation depends on photoperiodism, we investigated erect thallus formation using critical day length and NB treatment. The pre-cultured discoid thalli of P. fascia were statically cultured in a 24-well plate (14530; Thermo Fisher Scientific, MA, USA) under 30 µmol photons m-2 s-1 fluorescent lamp light and various light: dark regimes from 9:15 h to 16:8 h. After 24 d, erect thallus formation rate was calculated by dividing the number of erect thalli formed in a well by the amount of chlorophyll a (µg) in the same well. The number of erect thalli within the well was counted using a stereomicroscope (SZX-10; Olympus, Tokyo, Japan) equipped with a digital camera (DP12; Olympus). Chlorophyll a content of the well was calculated from the absorbance values using 90% acetone (Jeffrey and Humphrey, 1975). In NB treatment, 1-h light was provided 7 h after the start of the dark period under short-day conditions (SD, 10 h light and 14 h dark). The following light sources were used for NB: white light (WL), BL (LED illuminators ISL-150×150-BB LED illuminators; peak wavelength: 472 nm; full width at half maximum: 24 nm; CCS Inc., Kyoto, Japan), GL (QFC45-100PG; peak wavelength: 531 nm; full width at half maximum: 21 nm; ACETEC, Tokyo, Japan) with a sharp cut-off filter (SC52; Fujifilm, Tokyo, Japan), RL (ISL-150×150-RR; peak wavelength: 654 nm; full width at half maximum: 18 nm; CCS), and FR (ISL-150×150-FR; peak wavelength: 738 nm; full width at half maximum: 27 nm; CCS). Intensity of each light source was adjusted by changing the distance between the light source and plate or using an ND filter (ND-0.1; Fujifilm). Light intensity in NB treatment with BL, GL, and RL was 10 µmol photons m-2 s-1. Light intensity in NB treatment with FR was 50 µmol photons m-2 s-1. Emission spectra (Supplementary Figure 1) and photon fluence rates of the light sources used for NB treatment were measured using the Light Analyser LA-105 (Nippon Medical & Chemical Instruments Co., Ltd., Osaka, Japan). To assess the difference in sensitivity to BL and GL, effects of different durations (60–3600 s) of NB treatment with various intensities (0.1–10 µmol photons m-2 s-1) of BL and GL on erect thallus formation were examined (Supplementary Table 1).

Significant differences among groups were analyzed using one-way analysis of variance, followed by the Bonferroni test.





In vivo absorption spectrum

The in vivo absorption spectrum of discoid thallus was acquired with Spectrophotometer U-3300 (Hitachi, Ltd., Tokyo, Japan). Thalli were suspended in the culture medium and placed in a 10-mm path-length cuvette. Absorbance was recorded at 1-nm intervals across 400 to 700 nm wavelengths. To obtain the relative absorption spectrum, the absorbance at 437 nm, which showed the highest value, was normalized to 1, and the absorbance at 700 nm, which showed the lowest value, was normalized to 0.






Results




Erect thallus formation under SD conditions

Consistent with previous reports (Roeleveld et al., 1974), almost all thalli of P. fascia were discoid (disc thalli) under LD (Figure 1A), and erect thalli were formed only under SD conditions (Figure 1B). Erect thalli grew directly from the discoid thalli. Erect thallus formation was low under LD conditions and high under SD conditions.




Figure 1 | Photoperiod-dependent changes in the morphology of Petalonia fascia. (A). Discoid thalli under long-day (LD) conditions. (B). Erect thalli (arrows) produced on the discoid thalli under short-day (SD) conditions.







Critical day length for erect thallus formation

Discoid thalli were cultured for various day lengths to determine the critical day length for erect thallus formation (Figure 2). When the discoid thalli were cultured with a day length over 11 h, only a few erect thalli were formed. Erect thallus formation rate with the 11-h day length was 1.8 Cha (µg)-1. No significant differences in erect thallus formation rates were observed from the 11- to 16-h day lengths. In contrast, erect thallus formation rates with 9- and 10-h day lengths were 9.0 and 9.1 Cha (µg)-1, respectively, which were significantly higher than that with 11-h day length (P < 0.01; Figure 2). Erect thallus formation rate with the 10-h day length was approximately four-times higher than that with the 11-h day length. These results suggest that the critical day length for erect thallus formation is between 10 and 11 h in P. fascia.




Figure 2 | Critical day length for erect thallus formation in P. fascia. After 24 d of culture, erect thallus formation rates were evaluated. Bars indicate the standard deviations. Letters indicate the significant means determined using the Bonferroni test (P < 0.01; n = 24).







NB treatment for erect thallus formation

Next, NB experiments were performed to confirm that erect thallus formation is influenced by photoperiodism and identify the effective wavelength to control photoperiodism. Erect thallus formation rate was 0.2 Cha (µg)-1 after 1-h NB treatment with WL, which was almost the same as that under LD conditions (0.1) but significantly lower than that under SD conditions (6.4 Cha (µg)-1; P < 0.01; Figure 3). These results indicate that erect thallus formation in P. fascia is regulated by photoperiodism. Next, we investigated the effects of various wavelengths of NB treatment on the erect thallus formation rate. As shown in Figure 3, NB treatment with BL and GL inhibited erect thallus formation, leading to erect thallus formation rates of 0.3 and 0.4 Cha (µg)-1, respectively (Figure 3). Erect thallus formation rate under these conditions was significantly lower than that under normal SD conditions (P < 0.01). Notably, erect thallus formation rate was higher after NB treatment with RL (21.8 Cha (µg)-1) than under SD conditions (P < 0.05; n = 24; Figure 3), being more than twice the value under SD conditions. However, no significant difference was observed in the erect thallus formation rate after NB treatment with FR (5.6 Cha (µg)-1) and under SD conditions (P > 0.05; n = 24).




Figure 3 | Effects of night-break treatment with different wavelengths of light on erect thallus formation in P. fascia. Thallus of P. fascia underwent night-break treatment for 1 h with white light (WL), blue light (BL), green light (GL), red right (RL), and far-red light (FR) 7 h after the start of the dark period. Erect thallus formation rates under LD and SD conditions are shown. After 24 d of culture, erect thallus formation rates were evaluated. Bars indicate the standard deviations. Letters indicate the significant means determined using the Bonferroni test (P < 0.05; n = 24).



To investigate the sensitivity of day-length perception to BL and GL in P. fascia, we analyzed the relationship between total quantum irradiation (Supplementary Table 1) and erect thallus formation. Erect thallus formation rate decreased with increasing photon quantities in NB treatment with BL and GL. However, erect thallus formation in P. fascia showed very high sensitivity to BL rather than to GL (Figure 4; Supplementary Figure 2). More than 30 µmol photons m-2 (1.5 µmol photons m-2 s-1, 20 s) irradiation in NB treatment with BL significantly decreased the erect thallus formation rate compared to that under SD conditions (Supplementary Figure 2). At photon quantities < 600 µmol photons m-2, effect of GL on erect thallus formation was significantly weaker than that of BL (P < 0.01; Figure 4; Supplementary Figure 2). More than 3600 µmol photons m-2 (1 µmol photons m-2 s-1, 3600 s) irradiation was needed to achieve the same effect with BL. These results revealed that the sensitivity to BL was almost 100-times higher than that to GL for erect thallus formation in P. fascia.




Figure 4 | Effects of the total quantum of night-break treatment with BL and GL on erect thallus formation in P. fascia. Open circles and closed squares indicate the effects of GL and BL, respectively. After 24 d of culture, erect thallus formation rates were evaluated. Bars indicate the standard deviations.



To estimate the photosynthetically utilized radiation (PUR) absorbed primarily by photosynthetic pigments, we obtained in vivo absorption spectra of P. fascia from 400–700 nm (Supplementary Figure 3). The relative absorbance values for BL (472 nm)and GL (532 nm) were 0.84 and 0.55, respectively, indicating that blue light is absorbed approximately 1.5 times more than green light, primarily by photosynthetic pigments. Considering the PUR absorption (Supplementary Figure 3) and the light intensities that inhibit erect thallus formation (Figure 4; Supplementary Figure 2), it is estimated that the sensitivity to BL in erect thallus formation is about 150 times higher than to GL.





Verification of photoreversibility

In some angiosperms, phytochrome-mediated RL responses, such as seed germination and flowering, are cancelled by FR (Thomas and Vince-Prue, 1997). Therefore, in this study, we examined whether increased erect thallus formation by photoreceptors, such as phytochromes, in P. fascia was cancelled by NB treatment with FR. Notably, 1-h FR irradiation following NB treatment with RL did not cancel the effect of RL, and erect thallus formation rate was significantly higher than that under SD conditions (Figure 5; P < 0.01; n = 24).




Figure 5 | Effect of FR irradiation immediately after RL irradiation on erect thallus formation in P. fascia. Effect of 1-h night-break treatment with RL, followed by 1-h FR irradiation on erect thallus formation was examined. Erect thallus formation rates under LD and SD conditions are shown. After 24 d of culture, erect thallus formation rates were evaluated. Bars indicate the standard deviations. Letters indicate the significant means determined using the Bonferroni test (P < 0.01; n = 24).



Recent studies have focused on the biochemical analyses of diatom phytochromes. Phytochromes of diatoms and brown algae are reversible under GL and RL exposure (Rockwell et al., 2014). To assess the relationship between RL-induced erect thallus formation and photoperiodic response, effects of 1-h GL irradiation following NB with RL (G/R) and 1-h RL irradiation following NB with GL (R/G) were analyzed (Figure 6). Regardless of whether RL irradiation was performed before or after GL irradiation, only the effect of GL was observed. Erect thallus formation rates under LD, G/R, and R/G conditions were 0.6, 0.2, and 0.5 Cha (µg)-1, respectively, which were significantly lower than that under SD conditions (8.5 Cha (µg)-1; P < 0.01; n = 24). These results suggest that the effect of RL on erect thallus formation is limited to SD conditions. Collectively, all NB experiments revealed that P. fascia uses BL and GL to perceive day length.




Figure 6 | GL effects on Petalonia fascia are cancelled by RL and vice versa. Effect of 1-h night-break treatment with GL, followed by 1-h RL irradiation on erect thallus formation was examined (G/R). Effect of 1-h night-break with RL, followed by 1-h GL irradiation on erect thallus formation was examined (R/G). Erect thallus formation rates under LD and SD conditions are shown. After 24 d of culture, erect thallus formation rates were evaluated. Bars indicate the standard deviations. Letters indicate the significant means determined using the Bonferroni test (P < 0.01; n = 24).








Discussion

Previous studies on the life cycle of P. fascia have reported erect thallus formation under SD conditions (Roeleveld et al., 1974). However, to date, no study has conducted physiological analysis to determine whether this phenomenon is controlled by a genuine photoperiodic response or the total light period. In this study, we demonstrated that erect thallus formation in P. fascia is regulated by photoperiodism.

Previous studies reported that the light quality affects photoperiodism in three brown algal species: Scytosiphon lomentaria, Ascophyllum nodosum, and Sargassum horneri (Dring and Lüning, 1975a; Terry and Moss, 1980; Yoshikawa et al., 2014). These reports are consistent with our findings on BL-controlled photoperiodism. Therefore, BL is possibly a common mechanism for day-length perception in brown algae. Here, 10 s of dim light NB treatment with BL (total quantum: 30 µmol photons m-2) inhibited erect thallus formation, indicating the high sensitivity of P. fascia to BL. This effect is comparable to that observed in S. lomentaria after NB treatment with BL (total quantum 20 µmol photons m-2) (Dring and Lüning, 1975a).

Notably, effects of NB treatment with GL on P. fascia in this study were clearly different from those in previous studies on S. lomentaria. Dring and Lüning reported that the action spectrum for erect thallus formation in S. lomentaria had no effect in the wavelength range of 501–724 nm (Dring and Lüning, 1975a cf.; Figure 5). Differences between our results and previous findings on the effects of GL may be due to differences in the total quantum rather than differences in the experimental organisms. Here, NB treatment with 1 µmol photons m-2 s-1 (60 min; total quantum 3600 µmol photons m-2) GL inhibited erect thallus formation in P. fascia. In contrast, Dring and Lüning reported that NB treatment with 1 µmol photons m-2 s-1 (1 min; total quantum 60 µmol photons m-2) GL has no effect on erect thallus formation. As the total quantum of GL irradiation in this study was 60-times higher than that in the study by Dring and Lüning, GL effectively suppressed erect thallus formation in P. fascia.

The light intensity and duration of GL exposure used in this study were comparable to those observed in the natural growth environment of P. fascia. GL intensity of 1 µmol photons m-2 s-1 may cause disc thallus formation in P. fascia. As GL is more prominent than BL in phytoplankton-rich environments (Jaubert et al., 2017), the mechanism to measure day length using GL is helpful for the environmental adaptation of P. fascia. BL-and GL mediating photoperiodic responses have been reported in S. horneri (Yoshikawa et al., 2014). However, only a few studies have investigated the spectral quality related to photoperiodism in brown algae. Moreover, whether most brown algae use GL in the same manner as BL to measure day length remains unclear. Future studies should investigate the photoperiodicity and light quality in other brown algal groups to determine whether photoperiodicity control via GL is a shared characteristic among brown algae.

The BL photoreceptors, aureochromes and cryptochromes, are possible photoreceptors controlling photoperiodism in P. fascia based on the identified photoreceptor genes in the brown alga Ectocarpus siliculosus (Cock et al., 2010).

Aureochromes are BL receptors unique to stramenopiles. Although their functions in brown algae remain unknown, they are involved in branch formation in the xanthophyte Vaucheria frigida (Takahashi et al., 2007) and cell division in diatoms (Huysman et al., 2013). Recent studies in diatoms have reported that aureochromes are involved in light-dependent responses, including photoprotection (Zhang et al., 2024) and the regulation of the circadian clock (Madhuri et al., 2024). As aureochromes are composed of a BL-sensing LOV domain and b-zip domain that binds to DNA, they perform dual functions: photoreception and regulation of gene expression (Takahashi et al., 2007; Takahashi, 2016). Therefore, aureochromes may be the key photoreceptors involved in photoperiodism and gene expression control in brown algae. However, as aureochromes exhibit an absorption spectrum similar to that of typical flavin proteins and the absorption does not include the GL region (> 500 nm) (Hisatomi et al., 2013), involvement of aureochromes in the regulation of photoperiodism in P. fascia suggesting the existence of another GL photoreceptor for photoperiodism in P. fascia. Cryptochromes are BL receptors that function as day-length sensors in Arabidopsis (Mockler et al., 2003). Although cryptochrome is a receptor that primarily absorbs BL, reduced cryptochrome has an absorbance spectrum that extends into the GL range (Lin et al., 1995a, b), suggesting that cryptochromes may perceive both BL and GL in P. fascia. Although homologous cryptochrome genes have been identified in brown algae, their physiological functions remain unknown.

In this study, we demonstrated that NB treatment with RL enhanced erect thallus formation. Similarly, Lüning also reported that continuous irradiation with RL enhances erect thallus formation in P. fascia (1973). Some studies have reported BL-induced photomorphogenesis in brown algae (Dring and Lüning, 1975a, b, Lüning, 1981; Lüning and Dring, 1975; Wang et al., 2010; Yoshikawa et al., 2014); however, studies on RL-induced photomorphogenesis are rare (Duncan and Foreman, 1980; Lüning, 1973; Müller and Clauss, 1976). RL photoreceptor phytochrome-mediated photoresponse, which is also observed in terrestrial plants, is cancelled by FR irradiation shortly after RL irradiation (Thomas and Vince-Prue, 1997). In brown algae, only one response, potentially involving phytochromes, has been reported. FR induces stipe elongation in Nereocystis luetkeana, which is cancelled by RL irradiation (Duncan and Foreman, 1980). In this study, FR did not counteract the RL response in P. fascia (Figure 5). The response of P. fascia to RL may be a different type of photoreceptor-mediated response from that of N. luetkeana.

The phytochrome gene has been identified in E. siliculosus genome (Cock et al., 2010; Rockwell et al., 2014). As the spectrum of the recombinant protein of E. siliculosus phytochrome shows RL and GL photoconversion (Rockwell et al., 2014), we investigated whether the effects of GL are counteracted by RL irradiation immediately after GL irradiation and vice versa in this study. Notably, only the effects of GL were observed in experiments with GL irradiation, regardless of whether it was performed before or after RL irradiation. This result suggests that photoreceptors undergoing photoconversion with RL and GL are not involved in erect thallus formation in P. fascia. When GL irradiation preceded RL irradiation, RL did not promote erect thallus formation. This suggests that RL-induced erect thallus formation is not involved in day length perception but rather acts as a promoter under SD. Therefore, RL photoreceptors may function downstream of BL and GL receptors for day-length perception.

In conclusion, this study revealed that P. fascia uses both BL and GL for photoperiodic regulation, showing higher sensitivity to BL for erect thallus formation under SD conditions. RL further promotes erect thallus formation in NB treatment under SD conditions. Overall, this study provides insights into the photoperiodic strategies of brown algae from a physiological perspective and establishes a basis for future molecular biological studies on photoreceptor mechanisms.
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Introduction

The adaptation mechanisms of marine plants to the environments have garnered significant attention in recent years. Eelgrass (Zostera marina), a representative marine angiosperm, serves as an ideal model for investigating the mechanisms underlying salt tolerance.





Methods

This study integrated mRNA, sRNA, and degradome sequencing data to identify key genes associated with salt tolerance in eelgrass.





Results

The results indicate that a series of genes involved in biological processes such as “in response to water deprivation” and “biosynthesis of secondary metabolites” respond to salt stress. Analysis of cis-regulatory elements and expression similarities suggests that the ABA synthase 9-cis-epoxycarotenoid dioxygenase (NCED) may be regulated by ERF members, while phenylalanine ammonia-lyase (PAL) may be regulated by MYB members. At the post-transcriptional regulation level, miRNA156 and miRNA166 might be involved in the response by regulating potential target genes, such as members of the WRKY and HD-ZIP families. Additionally, eelgrass exhibits unique responses to salt, such as the up-regulation of genes involved in the “fucose biosynthetic process”. These findings enhance our understanding of how eelgrass adapts to the marine environment.





Discussion

As a marine monocotyledon, eelgrass is helpful to find conserved salt tolerance mechanisms by cross-species comparison. By examining the transcriptional responses of homologous genes in eelgrass, rice, and maize, we identified several groups of genes that are conserved in their response to salt stress. These conserved gene resources may provide targets for genetic engineering to improve the salt tolerance of crops.
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1 Introduction

Seagrass, a widely distributed coastal angiosperm, plays a crucial role in marine ecosystem functioning and global carbon sequestration (Ma X. et al., 2021). In order to adapt to the marine environment, seagrass has evolved different morphological (e.g. osmotic capacities), ultrastructural (e.g. absence of the real cuticle) and physiological characteristics (e.g. polyanionic, low-methylated pectins and sulfated galactans in cell walls) to tolerate salinity (Olsen et al., 2016; Wissler et al., 2011; Sandoval-Gil et al., 2023). Hence, salinity is considered as one of the major factors that condition the distribution, ecology and biology of seagrasses. Changes in salinity have the potential to impact on growth and biomass production of seagrass (Sandoval-Gil et al., 2023). In recent years, salinity levels in some seagrass beds are frequently influenced by extreme climate events such as continuous evaporation under high temperature or water exchange by rainfall (Koch et al., 2007; Tomasello et al., 2009), as well as human activities including the discharge from desalination factories (Cambridge et al., 2019), which are seriously threatened the maintenance of seagrass beds.

Eelgrass (Zostera marina), a member of the Angiosperms within the Monocotyledon group, is widely distributed in the coastal areas of the Northern Hemisphere (Zhang Y. et al., 2023). It is considered as one of the marine ecological model species for revealing adaptation to marine life. The activities of Na+/H+ exchangers in the plasma membrane of eelgrass have been involved in salinity tolerance (Rubio et al., 2011). Nitric oxide (NO) is also reported to play a crucial role in regulating the salinity tolerance of eelgrass by enhancing antioxidant defense mechanisms, as well as by modulating osmotic balance and energy metabolism (Wang X. et al., 2024). The analysis of the genome has revealed eelgrass exhibits some cell wall characteristics similar to those of macroalgae, which facilitate the retention of water and ions (Olsen et al., 2016). Genome-wide analysis in eelgrass revealed a reduced number of aquaporins and higher expression of plasma membrane intrinsic proteins (PIPs) compared to terrestrial plants (Shivaraj et al., 2017). These studies have revealed many genomic changes responsible for marine physiological adaptations, particularly regarding salinity tolerance.

Transcription factors (TFs) could activate or inhibit the transcription of target genes by binding specific DNA sequence (Yoon et al., 2020). Stress-responsive TFs such as the members of AP2/ERF and ARF, control the gene transcription in abscisic acid (ABA) and jasmonic acid (JA) signaling which are the key stress hormones in plant response to abiotic stress. Numerous studies have highlighted the regulatory functions of those two stress-responsive TFs in mediating terrestrial plants’ responses to salinity. For instance, ERF106MZ in rice or EREB57 in maize are reported to mediate ABA signaling under salinity stress (Chen et al., 2023; Zhu et al., 2023). The salt tolerance role of ARF5 in sweet potato has been functionally verified in transgenic Arabidopsis thaliana and is associated with ABA signaling (Kang et al., 2018). However, in many species, ARFs are down-regulated at high salinity, suggesting that members of this family may play a negative role (Ye et al., 2020; Wang C. et al., 2024). Besides, other TFs including MYB, NAC, bHLH and WRKY, are also predicted to be differentially expressed under salinity stress. For example, the AtMYB20 in A. thaliana is up-regulated by salt stress, and transgenic plants overexpressing AtMYB20 showed improved tolerance to salt stress (Cui et al., 2013). The heterologous overexpression of strawberry FaMYB63 in A. thaliana increased salt tolerance by reactive oxygen species (ROS) clearance (Wang S. et al., 2024). SlNAC4 in Suaeda liaotungensis was also verified to enhance tolerance to salt by regulating ABA metabolism through heterologous overexpressed (Liu et al., 2023). ThNAC13 in Tamarix hispida was proved to improve salt tolerance by binding to ThPP2 gene to enhance antioxidant enzyme activity (Liu R. et al., 2024). MYC2, a bHLH family member in A. thaliana and BpWRKY32 in Betula platyphylla were verified to increase salt tolerance (Verma et al., 2020; Liu Z. et al., 2024). In summary, these TFs primarily influence salt stress response and tolerance by modulating the expression of downstream genes, which participate in enhancing the antioxidant system, maintaining ion balance, regulating proline synthesis and ABA response. However, there is a notable scarcity of studies investigating these regulatory factors in seagrass species.

Plant microRNAs (miRNAs), typically consisting of 20-24 nucleotides, are also important post-transcriptional regulatory molecules (Begum, 2022). miRNAs could influence the expression of target genes. The function of stress-responsive miRNAs and their target under salt stress have been studied in model plants and some economic terrestrial crops. The expression of Tch-miR167 was negatively correlated to the expression of TcARF6, which indicated that TcARF6 increases salt tolerance in Tamarix chinensis by post-transcriptional regulation (Ye et al., 2020). The miR393 in A. thaliana regulated the salt-responsive pathway by scaffold protein RACK1A mediated ABA signaling pathways (Denver and Ullah, 2019). Overexpression of Osa-miR319a in transgenic creeping bentgrass Agrostis stolonifera inhibited the expression of AsPCF6, AsPCF8, AsTCP14, and AsNAC60, and modified the salt tolerance of transgenic plant (Zhou et al., 2013). The ABA receptor genes NtPYL2 and NtSAPK3 showed up-regulated expression in TaemiR408 tobacco lines, which indicated that TaemiR408 is associated with the miRNA modulation for ABA signaling to improve salt tolerance (Bai et al., 2018). miR172a and miR172b in cereal crops, miR398 in tomato and miR528-AO in rice were also proved to play a regulatory role in maintaining ROS homeostasis during salt stress (Cheng et al., 2021; He et al., 2021; Wang et al., 2021). In contrast, research on the role of miRNAs in aquatic plants under environmental stress conditions remains limited. Studies addressing the response of microRNAs to salt stress have been reported in species such as Dunaliella salina (Gao et al., 2019) and Spirulina platensis (Zhao et al., 2016). Some miRNAs in eelgrass have been identified by genomic analysis by Olsen et al. (2016) and Ma et al. (2021), which provide information for further research on the regulation mechanism of miRNA under abiotic stress.

The function of TFs and microRNAs in terrestrial plants have been identified as important regulatory elements that enable plants to withstand salt stress. Compared to terrestrial plants, the transcriptional and post-transcriptional response of those regulator in seagrass under stress remain elusive. Previous studies on eelgrass exhibited that high salinity not only inhibits seed germination but also effect the growth rate and survival of eelgrass (Zhang Y.-H. et al., 2023; Zhang Y. et al., 2023). In order to investigate the molecular mechanism and identify the potential regulatory factors, we performed a comprehensive analysis on the transcriptional response of eelgrass to salt stress using mRNA sequencing and small RNA sequencing data. Based on differential expression characteristics and similarity in expression trends, we identified various TFs, miRNAs, and functional target genes that may be associated with salt tolerance in eelgrass. The relationship between target genes and miRNAs was predicted and proved by degradome sequencing. This discovery provides more information about the molecular mechanisms underlying the adaptation of eelgrass to hypersalinity. Furthermore, we chose two terrestrial economic crops, rice and maize which also belong to Monocotyledon, to compare the homologous differential expression genes (DEGs) in response to salt stress. The comparative analysis not only sheds light on the conserved and specific mechanism in eelgrass adaption to hypersalinity but also provides gene resources for functional verification in terrestrial model species.




2 Materials and methods



2.1 Plant and sampling

The eelgrass used in this study was sourced from a seedling factory in Qingdao, Shandong Province of China. Initially, the plants underwent a cleaning process and were then methodically arranged within a temporary tank. The base of the temporary storage tank comprised sand and stone that had undergone high-temperature sterilization, with the filtered seawater. The seawater was maintained with temperature of 17.5°C and salinity of 30, while the light intensity was approximately 120 µmol/(m²·s). Following three days of cultivation, the plants exhibiting robust growth were selected and transferred to experimental boxes No. 1 and No. 2, with seawater salinities of 30 and 50 (Xu et al., 2015), respectively. After 12 hours of treatment, the plants were removed from the boxes and promptly placed in liquid nitrogen for rapid freezing. A total of 6 plants were sampled in each treatment to build three biological replicates (with 2 plants being mixed to form a sample) for small RNA and mRNA sequencing. Different tissues were separated with sterile scissor. As the individual root samples did not provide enough material for sequencing, we mixed the stem and root together as one tissue (SR tissue). Besides, another 3 plants under high salt conditions were collected as a mixed sample for degradome sequencing.




2.2 RNA-seq library construction and sequencing

The total RNA was extracted using the RNAprep Pure Plant Kit DP441 (Tiangen, Beijing, China) according to the kit instructions. Then, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in First Strand Synthesis Reaction Buffer. First strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Second strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3’ ends of DNA fragments, Adaptor with hairpin loop structure were ligated to prepare for hybridization. In order to select cDNA fragments of preferentially 370-420 bp in length, the library fragments were purified with AMPure XP system. Then PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. At last, PCR products were purified. After the library construction is completed, preliminary quantification is carried out using Qubit, and the library is diluted to 1.5ng/ul. Subsequently, the inserted fragments of the library are detected. Once the inserted fragments meet expectations, the effective concentration of the library is accurately quantified using realtime PCR to ensure the quality of the library. The qualified libraries were pooled and sequenced on Illumina sequencing platforms, according to effective library concentration and data amount required.




2.3 Small RNA library construction and sequencing

The total RNA extracted was also used for small RNA sequencing (Zhang M. et al., 2023; Hu et al., 2021). We used NEB Next® Multiplex Small RNA Library Prep Set (NEB E7300L) for small RNA library construction. The 5 ‘end of small RNA has a complete phosphate group and the 3’ end of small RNA has a hydroxyl group. So special 3’ and 5’ adaptors were ligated to the 3’ and 5’ ends of small RNA based on the special structure of the 3’ and 5’ end of small RNA, respectively. Following this step, the first strand cDNA was synthesized subsequent to hybridizing with the reverse transcription primer. Subsequently, the double-stranded cDNA library was created via PCR enrichment. The libraries containing insertions ranging from 18 to 40 bp were then readied for sequencing after purification and size selection. Upon completion of the library construction process, the inserted fragments were quantified and the effective concentration (9~14.41 nmol/L) was assessed to ensure the quality of the libraries. The qualified libraries were pooled and sequenced on Illumina sequencing platforms, according to effective library concentration and data amount required. To gather more data for analysis, additional sequencing runs were conducted on four small RNA samples (L30-2, L30-3, L50-2, L50-3), which were collectively labeled as “batch2”.




2.4 RNA-seq data analysis

The RNA-seq data was subjected to quality assessment using Fastqc and then preprocessed using trim-galore v0.6.10. Basic data information, such as sequence number and sequence length, was obtained using the seqkit v2.1.0. The preprocessed data was then aligned to the reference genome Zostera marina v3.1 from Phytozome13 using hisat2 v2.2.1. The results were sorted using samtools, and the quantification of gene loci was performed with featureCounts v2.0.6. Additionally, stringtie v2.2.2 was utilized to compute Fragments Per Kilobase of transcript per Million mapped reads (FPKM). Additionally, the sample R50-1 was excluded from further analysis due to its low mapping rate. Besides, we analyzed the PRJNA342750 data from NCBI related to the NaCl response.

The DESeq2 R package was used to analyze gene expression differences based on read count data, with the criteria for DEGs screening set as false discovery rate (FDR) ≤ 0.05 and fold change (FC) ≥ 2. The identified DEGs were classified according to their differential expression in different tissues, and the R package ComplexHeatmap was utilized to draw heat maps. The gene annotation was downloaded from Phytozome13, and complemented by eggNOG and KASS for GO and KEGG annotation. Mercator4 was utilized for mapman annotation of genes. Functional enrichment analysis was performed using the R package clusterProfiler (FDR ≤ 0.05).




2.5 Construction of gene co-expression network in eelgrass

To reveal the transcriptional regulatory network of eelgrass in response to high salt stress, we first conducted co-expression network analysis using the Weighted Gene Co-expression Network Analysis (WGCNA) package. Our dataset was combined with 58 additional samples obtained from the NCBI database (refer to Supplementary Data S2). In the initial stages of data preprocessing, we utilized Sratoolkit for data format conversion and Trim-galore for the identification and removal of adaptors and low-quality reads. Subsequently, the preprocessed data were aligned to a reference genome using hisat2. RSeQC was employed to ascertain the strand specificity of the mapped data. Following this, Stringtie was employed to compute the gene expression levels in fragments per kilobase of transcript per million mapped reads (FPKM), with genes exhibiting a Coefficient of Variation (CV) ≥ 1 retained for further analysis. Then, the gene expression values were log2-transformed (log2[FPKM+1]) for normalization. To construct an appropriate correlation weighting value (soft threshold) for co-expression network prediction, we utilized the pickSoftThreshold function in the R package WGCNA, with a criterion of SFT.R.sq ≥ 0.85 to ensure a scale-free network structure. Subsequently, we determined the soft threshold value of 8 for network construction. The one-step method (blockwiseModule function, parameters: networkType=“signed hybrid”; minModuleSize=30; mergeCutHeight=0.25) was then employed to build the network, and eigengene analysis was applied to illustrate the gene expression trends within each module. Finally, we used the R package Complex Heatmap to generate heat maps to visualize the distribution of DEGs in co-expression modules.




2.6 Identification of microRNAs and DEmiRNAs

Small RNA data were aligned to the reference genome Zostera marina v3.1. The mapping files were merged to identify microRNAs using ShortStack v3.8.5 and miRDeep-P2 v1.1.4. Subsequently, bedtools v2.30.0 was employed to distinguish the same and unique MIRNA loci predicted by the two tools. The non-coding RNAs such as rRNA, tRNA, snRNA, and snoRNA were excluded from this analysis. For the identification of these non-coding RNAs, distinct prediction tools including barrnap, tRNAscan-SE, and Infernal-Rfam were utilized.

The pre-miRNA sequences were extracted based on the predicted MIRNA loci. Then, RNAfold (https://www.tbi.univie.ac.at/RNA/tutorial/) was used to examine the secondary structure of pre-miRNAs. Simultaneously, the predicted mature miRNA sequences were compared with those documented in miRbase (http://www.mirbase.org/) to determine miRNA families based on similarity. Meanwhile, we compared the MIRNA and gene location to classify the MIRNA into two types: the intragenic ones and the intergenic ones.

The read counts for miRNA and other sRNA loci were calculated using the ShortStack. According to the correlation analysis on the expression of small RNAs, we removed four samples in subsequent analysis, including L30.1, L50.1, SR30.3, and SR50.2. The R package EdgeR was used for counts per million (CPM) quantification. Differentially expressed miRNAs (DEmiRNAs) were identified using both EdgeR and DESeq2, with a threshold of p-value ≤ 0.05. The online tool psRNATarget (2017 release) was employed to predict miRNA target genes.




2.7 qRT-PCR detection of DEGs and DEmiRNAs

We utilized the SteadyPure Plant RNA Extraction Kit (Accurate Biotechnology, Changsha, Hunan, China) for mRNA extraction and the Evo M-MLV Reverse Transcription Kit (Accurate Biotechnology, Changsha, Hunan, China) for reverse transcription of RNA. For small RNA extraction, we utilized the SteadyPure Tissue and Cell Small RNA Extraction Kit (Accurate Biotechnology, Changsha, Hunan, China) followed by reverse transcription using the miRcute Enhanced miRNA cDNA First Strand Synthesis Kit (Tiangen, Beijing, China). The procedures were conducted according to the instructions. Quantitative real-time PCR (qRT-PCR) experiments were carried out using 7500 Fast Real-Time PCR equipment, with the following thermal cycling conditions: 95°C for 30s, followed by 40 cycles at 95°C for 5s and 60°C for 30s. In total, 9 DEGs and 4 DEmiRNAs were verified. The primers for these genes and miRNAs are listed in Supplementary Data S12. For normalization, 18S rRNA and U6 served as the reference gene, and relative expression changes were calculated using the 2−ΔΔCt method. The statistical analysis was performed using the function t.test in R software.




2.8 Degradome sequencing and analysis

Total RNA was isolated and purified using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s procedure. The RNA amount and purity of each sample were quantified using NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). The RNA integrity was assessed by Agilent 2100 with RIN number >7.0.

Poly(A) RNA is purified from plant total RNA (20μg) using poly-T oligo-attached magnetic beads using two rounds of purification. Because of the 3′ cleavage product of the mRNA contains a 5′-monophosphate, the 5’ adapters were ligated to the 5’ end of the 3′ cleavage product of the mRNA by the RNA ligase. The next step is reverse transcription to make the first strand of cDNA with a 3′-adapter random primer and size selection was performed with AMPureXP beads. Then the cDNA was amplified with PCR by the following conditions: initial denaturation at 95°C for 3 min; 15cycles of denaturation at 98°C for 15 s, annealing at 60°C for 15 s, and extension at 72°C for 30 s; and then final extension at 72°C for 5 min. The average insert size for the final cDNA library was 200-400 bp. At last, we performed the 50bp single-end sequencing on an Illumina Hiseq 2500 (LC Bio, China) following the vendor’s recommended protocol.

Degradome sequencing data were analyzed using ACGT101-DEG (LC Sciences, Houston, Texas, USA), which incorporates CleaveLand4. The analysis began with the preprocessing of sequences and followed by the creation of degradome density file. The miRNA sequences were aligned with the reference transcript sequence to identify potential clipping sites. Finally, the integration of sequencing data and comparison results allowed for the identification of targets and cutting sites which are supported by evidence of degradation fragments, and obtain the P-values.




2.9 Prediction of cis-regulatory elements and corresponding TFs

The 1000 bp upstream sequence of DEGs and the 2000 bp upstream sequence of MIRNA loci were extracted, followed with cis-regulatory element prediction carried out using FIMO v4.11.2 (parameter: default) with the JASPAR2024_CORE_non-redundant database. The classification of cis-regulatory elements was based on the prediction results obtained from plantTFDB for the corresponding proteins documented in the JASPAR database. At the same time, we used the plantCARE online tool to make additional predictions.

The TFs of eelgrass were predicted using the Plant Transcription Factor Database (plantTFDB) available at http://planttfdb.cbi.pku.edu.cn/. The expression patterns of these TFs were compared with those predicted target genes. TFs with a Pearson correlation coefficient (PCC) of 0.8 or higher were selected as candidate regulators. Cytoscape v3.10.2 (https://cytoscape.org/) was employed for visualization of the transcriptional regulatory network.




2.10 Gene family analysis

Based on the results of functional enrichment analysis in eelgrass and references to genes involved in salt tolerance in terrestrial plants, we selected a set of genes for gene family analysis.

Aquaporins in eelgrass containing PF00230 domains were identified by hmmscan 3.4 (parameter:-E 10-5). Four classes of ion channel proteins, the NHX, KEA, and CHX family genes were gathered from the research of Olsen et al. (2016). Blast comparison was performed based on the protein sequences to find the corresponding gene IDs in Zostera marina v3.1. Additionally, genes possessing the PF01699 domain were classified as members of the Ca2+/H+exchanger antiporter (CAX) family using the hmmscan tool with a parameter setting of -E 10-5. Antioxidant enzyme genes, including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) collected based on the research of Olsen et al. (2016). Blast comparisons were carried out using the protein sequences to determine the corresponding gene IDs in Zostera marina v3.1. Moreover, a list of ascorbate peroxidase (APX) family genes from A. thaliana was retrieved from NCBI, and the homologous genes in eelgrass were identified using OrthoFinder. Moreover, OrthoFinder was utilized to identify homologous genes in eelgrass based on hormone-related genes in A. thaliana summarized by Altmann et al. (2020). Genes involved in the salt overly sensitive (SOS) pathway were identified by first compiling a list of A. thaliana genes associated with this pathway (Sandoval-Gil et al., 2023). Subsequently, using the A. thaliana gene IDs, the ortherFinder identification results were utilized to locate the corresponding genes in eelgrass.

Using protein sequences, we employed blastp v2.12.0 (parameters: -evalue 10-10, -max_target_seqs 5) to identify the top five homologous genes in A. thaliana, rice, and maize to construct phylogenetic tree. Besides, to compare the response to salinity across species, 100 rice sra data and 57 maize sra data (Supplementary Data S9) were downloaded from the NCBI. The reference genome was obtained from Ensembl Plants. Data preprocessing, sequence alignment, gene expression quantification, and identification of DEGs were performed following the same procedures as those for the samples of eelgrass. The GO annotation of genes in rice and maize was performed by eggNOG. To identify the set of genes that are widely up-regulated in rice and maize, we counted sample comparisons for up-regulated DEGs. Then, we selected the genes based on the top 10% percentile of comparison counts and performed functional enrichment analysis.





3 Results



3.1 The transcriptional response of genes under salt stress

The raw data of RNA-seq includes 41.8-53.4 million reads, and the mapping rate of most samples is greater than 80%. We identified a total of 409 DEGs between the samples under salinity 50 and 30 treatment using DESeq2 (Supplementary Data S1; Supplementary Figure S1A), including 188 genes from leaf tissue and 236 genes from SR tissue (the mixed tissue of stem and root). Additionally, an analysis of the PRJNA342750 dataset revealed 334 DEGs in leaf tissues in response to NaCl. There was minimal overlap among the DEGs identified across the three groups (Supplementary Figure S1B), indicating distinct responses to salt stress in different tissues and under varying experimental conditions.

We performed functional enrichment analysis on the DEGs identified in our data, which revealed several enriched GO terms and KEGG pathways such as “response to water deprivation (GO:0009414)”, “MAPK signaling pathway-plant (map04016)”, “Biosynthesis of secondary metabolites (map01110)”, “Phenylpropanoid biosynthesis (map00940)” (Figure 1; Supplementary Figures S1C, D). DEGs in GO:0009414 were predominantly up-regulated in leaf, including members of the PP2C family (Zosma01g16060), ERF family members (Zosma05g33490 and Zosma03g37150), Late embryogenesis abundant protein (Zosma05g03710), and the UPF0057 family gene (Zosma03g14850). Conversely, DEGs in map04016 were primarily down-regulated in leaf, including family members of MAPKKK (Zosma03g00830, Zosma03g00810), ERF (Zosma06g29270), WRKY (Zosma06g26970), and CALM (Zosma06g17200). What’s more, DEGs in map01110 were mainly up-regulated in SR tissue, including Cinnamate 4-coumarate:CoA ligase (Zosma01g00600), trans-cinnamate 4-monooxygenase (Zosma02g22230), cinnamoyl-CoA reductase (Zosma03g12930), phenylalanine ammonia-lyase (Zosma03g22300), cinnamyl-alcohol dehydrogenase (Zosma06g25800), chalcone synthase (Zosma01g25890), and chalcone isomerase (Zosma06g21110). MapMan annotation and enrichment results indicated that salt stress may induce programmed cell death (Supplementary Figure S1C). Zosma03g26890 is a proline dehydrogenase and down-regulated under salt stress, indicating the proline accumulation might be enhanced in eelgrass. (Supplementary Figure S1D). Additionally, plant hormones such as ABA and gibberellin may play a role in the response to salt stress (Supplementary Figure S1D).




Figure 1 | Enriched GO terms and KEGG pathways of responsive DEGs to high salt in eelgrass. “LF” refers to the leaf; “SR” refers to the mixed tissue of stem and root. The length of the bar refers to the count of DEGs in a Go-term or KEGG pathway.



By examining the overlapping DEGs, we identified four genes (Zosma02g20240, Zosma04g22590, Zosma05g04820, Zosma05g31200) that were up-regulated in all three comparisons (Supplementary Figure S1B). Zosma05g04820 is a member of the AP2/ERF family, and its homologous genes participate in abiotic stress such dehydration (Sakuma et al., 2002). Zosma04g22590 encodes NCED is a crucial enzyme in the biosynthesis of ABA (Qin and Zeevaart, 1999), of which homologous genes function in drought tolerance (Iuchi et al., 2001). Zosma02g20240 belongs to the CAX family of cation antiporters, of which the homologous gene is involved in calcium transport (Emery et al., 2012). Zosma05g31200 is a senescence-associated protein, of which homologous genes are involved in various abiotic stress including salt stress (Barajas-Lopez et al., 2021). The transcriptional response of these four DEGs was further verified through qRT-PCR assays (Figure 2).




Figure 2 | qRT-PCR validation of four DEGs that are up-regulated in all comparisons. The star marks on statistical charts represent the statistical significance: “*” stands for P < 0.05, “**” stands for P < 0.01, “***” stands for P < 0.001.



We observed that the tissue-specific responsive genes account for a large proportion of the DEGs identified by our data (Supplementary Figure S1B). Consistently, the results of functional enrichment analysis on these gene sets (Supplementary Figure S1E) were similar to those described above (Figure 1), which indicate enhanced and impaired biological processes in different tissues. Especially, we found that an enriched GO term “fucose biosynthetic process” was identified from up-regulated genes in leaf. In a previous study, fucose was found as the main component of extracted polysaccharides in Lessonia (Zou et al., 2019). This raises the question of whether fucose is involved in the adaptation of marine plants to high-salt environments. What’s more, we examined the specific DEGs in response to NaCl (identified by PRJNA342750 data): 118 genes were up-regulated, which were involved in biological processes such as “response to stimulus (GO: 0050896)”, “cobalamin biosynthetic process (GO: 0009236)” and “heme biosynthetic process (GO: 0006783)”; 167 genes were down-regulated, which were involved in the process such as “carbohydrate metabolic process (GO: 0005975)” and “mucilage metabolic process (GO: 0010191)”. These results help us to gain a deeper understanding of the response of eelgrass to salinity changes at the organ level.




3.2 Salt-responsive DEGs in co-expression modules

Utilizing our data and transcriptome data from 58 samples of eelgrass obtained from NCBI (Supplementary Data S2), we constructed a gene co-expression network that revealed a total of 36 gene modules, each containing at least 30 genes (Supplementary Data S3; Supplementary Figures S2A, B). The analysis (Supplementary Figure S2C) indicated that the up-regulated genes under salt stress in leaf were predominantly distributed in the M3, M4, M6, and M7 modules, while the down-regulated genes in leaf were primarily found in the M1, M2, M4, and M6 modules. In SR tissue, most of the up-regulated genes were distributed in the M4 and M6 modules, while the down-regulated genes were mainly distributed in the M2, M4, M6, and M7 modules.

We focused on the salt-responsive DEGs in modules M4, M6, and M9 due to their expression patterns (Figure 3A; Supplementary Figure S2B): M4 exhibited a high expression primarily in leaf. M6 was notably expressed in leaf, stems, and roots. M9 showed predominant expression in stem and root. M4 harbored a number of metal transporters that were up-regulated (Supplementary Figure S2D), such as the mitochondrial iron transporter (Zosma03g13600) and several heavy metal-associated domain-containing proteins (Zosma04g04780, Zosma02g05210, Zosma02g16380). Conversely, many DEGs related to photosynthesis in M4 were significantly down-regulated (Supplementary Figure S2D), including the light-harvesting complex I chlorophyll a/b binding proteins (Zosma02g19650, Zosma03g33730, Zosma03g35370, Zosma05g20560) and the photosystem II reaction center PSB28 protein (Zosma03g24460). Furthermore, several nutrition-related DEGs in leaf were up-regulated (Supplementary Figure S2D), including nitrite reductase (Zosma02g18160, Zosma03g25160) in M4, nitrate transmembrane transporters (Zosma05g08330), proton/phosphate symporters (Zosma05g32160) and ferritin (Zosma02g21810) in M6. These findings suggest a shift in the nutritional status of eelgrass under salt stress. Additionally, M6 contains a few up-regulated DEGs associated with calcium-dependent signaling (Supplementary Figure S2D), such as calmodulin-related calcium sensor proteins (Zosma01g15140, Zosma01g36630, Zosma04g24750), indicating heightened calcium signaling activity in response to high salinity. A set of up-regulated DEGs in M9 were involved in secondary metabolism (Supplementary Figure S2D), such as phenylalanine ammonia-lyase (Zosma03g22300), cinnamoyl-CoA reductase (Zosma03g12930) and glutamate decarboxylase (Zosma02g19830), indicating that the plants might undergo secondary metabolic changes in stem and root.




Figure 3 | Salt-responsive DEGs in WGCNA modules. (A) Up-regulated or down-regulated genes in response to high salinity assigned to M4, M6 and M9. (B) The transcriptional response of TFs to high salinity. The asterisk stands for a significant difference in the expression comparison.



TFs are potential regulators for genes in co-expression modules. The M4 module contains 12 salt-responsive TFs. Three of these TFs were up-regulated in leaf, including two bHLH family members (Zosma03g02210, Zosma06g18160) and one MYB family member (Zosma01g40890). Two of these TFs were up-regulated in SR tissue, including one ERF family member (Zosma01g29190) and one TALE family member (Zosma05g18780). The M6 module includes 14 salt-responsive TFs. Eight of these TFs were up-regulated in leaf, including four ERF family members (Zosma03g37150, Zosma05g04820, Zosma05g33490, Zosma02g05080), two bHLH family members (Zosma01g41170, Zosma05g10360), one C2H2 family member (Zosma01g25030), and one WRKY family member (Zosma01g05750). Two ERF family members (Zosma05g04820 and Zosma05g33490) were up-regulated in SR tissue. M9 module contains 2 salt-responsive TFs, which belong to MYB family members (Zosma06g17610 and Zosma06g17660) and show up-regulated expression in SR tissue. How these TFs regulate the response of eelgrass to salt stress is an issue that remains to be resolved. (Figure 3B; Supplementary Figure S2E; Supplementary Data S4). We analyzed the cis-regulatory elements located within the 1000 bp region upstream of DEGs. Our findings revealed that the motifs potentially binding TFs such as bHLH, ERF and MYB family members (Supplementary Figure S2F) are universally distributed in the promoter of DEGs. Moreover, predictions from the PlantCARE indicate that plant hormone signals, such as ABA and JA, may also contribute to the regulatory mechanisms in eelgrass (Supplementary Figure S2G).




3.3 Identification and classification of microRNAs

In this study, a total of 172 MIRNA loci were identified through the analysis of small RNA sequencing data (Figure 4A). miRDeep-P2 exhibited a higher sensitivity compared to Shortstack, being able to identify 157 miRNAs independently. Additionally, ShortStack detected 6 miRNAs that were not identified by miRDeep-P2. Of these sites, 9 were found to be identified by both the Shortstack and miRDeep-P2 tools, which are considered the most reliable sites for MIRNA. The majority of these miRNAs were found to be located on chromosomes (Supplementary Figure S3A), with a few being situated on the scaffold. The length distribution of the identified mature sequences was predominantly 20-22 nt, aligning with the typical length characteristics of miRNAs in plants (Figure 4C).




Figure 4 | Identification of microRNAs in eelgrass. (A) The number of MIRNAs identified by ShortStack and miRDeep-P2. (B) The number of identified MIRNAs belonging to known and novel families. (C) The number of miRNAs (mature sequence) of different lengths.



Subsequently, a comparison was conducted between the mature sequences obtained from the predicted sites and those documented in miRbase (Figure 4B). This comparison led to the annotation of a total of 38 miRNAs belonging to known MIRNA families, while an additional 134 miRNAs were identified as de novo loci (Supplementary Data S5). Among the known families, MIR156 was identified to have the highest number of loci in eelgrass, specifically containing six members. Moreover, several other families, including MIR166, MIR172, MIR164, MIR396, MIR319, and MIR390, were found to have more than two members each.

Simultaneously, the relative positions of MIRNAs to neighboring genes were assessed. A total of 41 MIRNAs were categorized as intragenic, while 131 were categorized as intergenic (Supplementary Figure S3B). Among the intragenic MIRNAs, 31 were located within intron regions, 3 were found in exon regions, and 7 spanned both introns and exons (Supplementary Figure S3C). For 78.3% of the intergenic MIRNAs were located within 20,000 bp of an upstream gene (Supplementary Figure S3D).




3.4 Salt-responsive miRNAs in eelgrass

We identified a total of 14 DEmiRNAs in response to salt stress using edgeR and DESeq2. There were 8 overlapped DEmiRNAs identified by both tools, including MIR166a, MIR166d, MIR172d and a series of de novo loci (Figure 5A; Supplementary Figure S3E; Supplementary Data S6). The transcriptional responses of miRNAs from these loci such as miR156, miR166 and NOVEL008 were further validated through qRT-PCR assays (Figure 5C; Supplementary Figure S3F). To uncover the potential mechanisms regulating miRNA expression, we analyzed the cis-regulatory elements within the 2000 bp upstream region of MIRNAs. The results showed that there were many potential TF binding sites upstream of the MIRNA. The binding sites for TFs such as bZIP, C2H2, and Dof are widely present (Supplementary Figures S4A, B). Additionally, predictions from plantCARE indicated that the upstream regions of DEmiRNAs were enriched in cis-regulatory elements associated with abiotic stress and hormone responses. It suggests that diverse signaling pathways, such as those related to osmotic stress (STRE) and JA (CGTCA-motif and TGACG-motif), play a role in regulating microRNA expression in eelgrass (Supplementary Figure S4C).




Figure 5 | DEmicroRNAs and their potential targets in eelgrass. (A) The DEmiRNAs in response to salt stress in eelgrass identified by edgeR. (B) The expression of MIR156, MIR166 and their predicted targets in L30 and L50. (C) Validated expression of MIR156a/d and MIR166a/d mature sequences as well as their predicted targets using qRT-PCR. The gray bar stands for L30, while the black bar stands for L50. The star marks on statistical charts represent the statistical significance: “*” stands for P < 0.05, “**” stands for P < 0.01, “***” stands for P < 0.001.






3.5 miRNA-target module in eelgrass

We employed psRNATarget to predict microRNA target genes, of which 35 were DEGs in response to salt stress and potentially targeted by DEmiRNA (Supplementary Data S7). There are a number of target genes whose expression changes are negatively correlated with their corresponding miRNAs, such as miR156 and miR166. Among them, Zosma06g26970, is a member of WRKY family and identified as a target gene for miR156; Zosma03g00210, is a member of the HD-ZIP family and identified as a target gene for miR166 (Figure 5B). Both of them exhibit down-regulated expression at high salinity, of which homologous genes has been reported to be involved in salt stress (Jiang and Deyholos, 2009; Yadav et al., 2021). The responses of these miRNAs and their target genes were further validated through qRT-PCR assays (Figure 5C).

We also employed degradome sequencing to investigate the target sites of microRNAs (miRNAs), resulting in identification of 91 reliable miRNA-target pairs (Supplementary Data S8). 86.8% of these miRNA-target pairs were consistent with the predicted pairs identified by psRNATarget. Among the predicted targets, we found two genes were DEGs in response to salt stress. Zosma04g26100, a potential target of miRNA160 (Figure 6), exhibited up-regulation in SR tissue. The homolog of Zosma04g26100, athARF16 (AT4G30080) plays roles in root cap cell differentiation and is regulated by both miRNA160 and plant hormones (Wang et al., 2005; Bascom, 2023). The relatively insignificant response of miRNA160 might facilitate the increased expression of Zosma04g26100. Zosma05g29470, identified as a potential target for NOVEL056, displayed a predicted cutting site that is not located near the peak of degraded fragments (Supplementary Figure S5). The homologous gene athPAL1 (AT2G37040) of Zosma05g29470 is implicated in the biosynthesis of lignin and flavonoid (Olsen et al., 2008), suggesting that the down-regulation of Zosma05g29470 could adversely affect related metabolic functions.




Figure 6 | Representative target plots (t-plot) depicting categories of the cleaved mRNAs confirmed by degradome sequencing. The red triangle at the top represents the predicted cleavage location.



Although some genes did not exhibit obvious responses to salt stress, they were potentially regulated by microRNAs, as indicated by the degradome data and previous studies (Figure 6). For instance, the target gene of miRNA156, Zosma05g09900, is a member of the SPL family, of which homologous gene has been implicated in various processes such as plant morphogenesis (Ferreira e Silva et al., 2014), secondary metabolism (Gou et al., 2011), and signal transduction (Barrera-Rojas et al., 2023). Zosma05g02470 and Zosma03g23770, both belonging to the HD-ZIP family (Supplementary Figure S5), are predicted target genes of miR166. Their homologous genes in A. thaliana play crucial roles in regulating vascular development (Kim et al., 2005). Moreover, the degradome data provided evidence for additional miRNA-target pairs, including miR396-GRF (Zosma02g02440/Zosma01g12870), miR393-TIR (Zosma01g13700/Zosma02g25510), miR167-ARF (Zosma01g35720), miR319-TCP (Zosma03g04610), and miR164-NAC (Zosma05g19590) (Supplementary Figure S5), which have been reported to function in other plant species (Guo et al., 2005; Gutierrez et al., 2009; Liang et al., 2014; Koyama, 2017; Wang et al., 2018). The miRNA cleavage sites identified by the degradome are speculative and require future verification.





4 Discussion



4.1 Osmosis homeostasis at high salinity

The enriched GO-term “response to water deprivation” suggests that eelgrass may experience osmotic stress similar to drought conditions in high salt environment. Most DEGs within this GO-term are significantly up-regulated in leaf, including Zosma01g16060, Zosma03g14850, Zosma03g23560, Zosma03g33910, Zosma03g37150, Zosma05g03710 and Zosma05g33490. Among these genes, Zosma01g16060 is a member of the PP2C family, of which homolog in A. thaliana, HAI2 (AT1G07430), whose mutant has been documented to enhance drought resistance by regulating proline and osmoregulatory solute accumulation (Bhaskara et al., 2012). The other two DEGs Zosma05g03710 and Zosma03g14850 in GO term of “response to water deprivation” also appear to be involved in salt stress. The homolog (AT1G01470) of Zosma05g03710 has been reported to exhibit significant protective effects under salt stress (Jia et al., 2014), while the homolog RCI2B (AT3G05890) of Zosma03g14850 is responsive to abiotic stresses such as low temperature and water scarcity, with its expression induced by ABA (Capel et al., 1997). Zosma05g33490 and Zosma03g37150 belong to the AP2/ERF family. The homologous gene DREB1A (AT4G25480) of Zosma05g33490 has been implicated in the response to abiotic stresses, including drought, across various plant species (Polizel et al., 2011; Ravikumar et al., 2014). Meanwhile, the homolog of Zosma03g37150 is known to participate in gene expression related to dehydration and cold stress (Sakuma et al., 2002). Besides, the collinear genes of Zosma01g16060, Zosma05g33490, and Zosma05g03710 in rice and maize also exhibit responses to salt stress, suggesting a conserved role among these “response to water deprivation” genes (Supplementary Data S10; Supplementary Figure S6). By comparing the enriched go-terms, we observed that the biological process “response to water deprivation” is conserved in three species (Supplementary Figure S6C). Within this go-term, some gene families, such as AP2, PP2C, and Annexin, are present in both eelgrass and rice, suggesting similarities in how marine and terrestrial plants respond to high salinity stress.

Aquaporins are the key regulators for regulating osmotic homeostasis in plants (Ren et al., 2021). Previous studies in other seagrass have suggested that aquaporins contribute to the adaptation in hypersaline environments (Sandoval-Gil et al., 2023), and one of the studies has shown that aquaporins are involved in the maintenance of osmotic balance (Serra et al., 2013). In this study, we identified a total of 25 aquaporins in eelgrass (Supplementary Data S11). The gene expression profile revealed that several aquaporin members, including Zosma01g17610, Zosma01g27210, Zosma02g03080, Zosma02g23130, and Zosma03g25250, exhibited high expression levels across multiple organs (Supplementary Figure S7A). The phylogenetic analysis (Supplementary Figure S7B) indicates that Zosma01g17610 belongs to the TIP branch, while Zosma01g27210, Zosma02g23130, and Zosma02g03080 belong to the SIP branch, and Zosma03g25250 is part of the NIP branch. Members of the TIP branch have been associated with the promotion of new lateral root primordia (Reinhardt et al., 2016), whereas SIP branch members are primarily localized in the endoplasmic reticulum, functioning as channels for water, small molecules, and ions (Ishikawa et al., 2005). Additionally, NIP branch members are implicated in the absorption of certain mineral ions and can influence hydrogen peroxide (H2O2) levels (Kamiya et al., 2009; Kamiya and Fujiwara, 2009; Wang et al., 2017). The widespread expression of these genes may facilitate the transport of water and small solutes across cell membranes in eelgrass. Simultaneously, we observed that three aquaporins (Zosma03g21300, Zosma01g24240, and Zosma03g27440) exhibited significantly down-regulated expression levels under high salt conditions. The phylogenetic tree reveals that Zosma01g24240 belongs to the PIP1 branch, Zosma03g21300 to the PIP2 branch, and Zosma03g27440 to the TIP branch. Members of the PIP1 branch are reported to be involved in water transport and immune responses (Postaire et al., 2010; Tian et al., 2016), while those in the PIP2 branch are associated with drought resistance (Chen et al., 2021, 2022) and the transport of H2O2 (Rodrigues et al., 2017; Wang et al., 2020). Zosma03g27440 and Zosma01g17610 share the same branch, suggesting potential functional redundancy. Furthermore, a number of their homologous genes in rice and maize, such as Zm00001eb096680, also exhibit reduced expression at high salinity (Supplementary Figure S7C). In terrestrial plants, drought or salt stress can suppress the expression of certain aquaporins such as PIPs, thereby reducing root hydraulic conductivity by limiting water loss (Yepes-Molina et al., 2020). The down-regulation of aquaporins in eelgrass might reflect a conserved character in plants responding to salt stress.




4.2 Ion homeostasis at high salinity

Plant adaptation to high-salinity environments depends in part on the maintenance of cell ion homeostasis, a process significantly facilitated by ion transporters (Malakar and Chattopadhyay, 2021). In this study, we identified several key ion transporter families in eelgrass, including five Na(+)/H(+) exchangers (NHX), five K(+) efflux antiporters (KEA), fifteen cation/H(+) exchangers (CHX), and eleven sodium/calcium exchanger proteins belonging to CAX family (Supplementary Data S11). The gene expression profile (Supplementary Figure S8A) indicates that most NHX and KEA genes are broadly expressed across multiple organs, with the exception of one NHX member (Zosma01g13710), which exhibits specific expression in floral organs. In contrast, the expression of CHX family exhibits organ specificity, particularly with higher expression levels in male flowers, suggesting a potential role in reproductive development. Approximately half of the CAX members are also widely expressed in various organs, including Zosma02g20240, which shows significant accumulation under high salt stress. While alterations in calcium levels are critical in the SOS pathway (Ali et al., 2023), there is currently no evidence linking CAX family members to this process. Previous research has indicated that certain CAX family members, such as athNCL (AT1G53210), contribute to plant salt tolerance (Wang et al., 2012). The genes of eelgrass in the same branch of athNCL include Zosma01g22450 and Zosma06g26160 (Supplementary Figure S8B), while Zosma02g20240 is positioned on a separate branch, indicating the need for further investigation into their roles in salt tolerance. Additionally, comparative analysis reveals that, unlike eelgrass, many ion channel protein genes in rice and maize respond to salt stress (Supplementary Figure S8C), highlighting the differences in ion regulation mechanisms between terrestrial and marine plants.




4.3 Activation of antioxidant system and secondary metabolic pathways

Osmotic stress and ionic stress induced by salt stress can lead to the production of ROS in plants (Hasanuzzaman et al., 2021). To mitigate the effects of ROS, plants can accumulate osmotic products and enhance the activity of antioxidant enzymes, thereby improving their tolerance to salt stress (Yang and Guo, 2018). In this study, several antioxidant enzymes were identified in eelgrass, including SOD, CAT, GPX, and APX (Supplementary Data S11). Gene expression profiles revealed that, while most antioxidant enzymes did not show a significant response to salt stress, they were highly expressed across multiple organs (Supplementary Figure S9A). Zhang et al. (2023) also discovered the upregulation of SOD, peroxidase and other antioxidant enzyme genes in germination of eelgrass, but with no significant difference. Olsen et al. (2016) reported many stress-resistance genes in eelgrass. The salinity and temperature fluctuation are usually gradual in coastal environments, we speculate that high constitutive expression of antioxidant enzyme genes in eelgrass might be the adaptation mechanism to reduce the ROS during the gradual change of abiotic stress. Notably, Zosma06g29150, a member of the GPX family, exhibited significant up-regulation in the leaf, indicating that this enzyme may function in reducing H2O2 by oxidizing glutathione (GSH) (Das and Roychoudhury, 2014), thereby enhancing salt tolerance. GPX was also reported as the most abundant DEGs and proteins in eelgrass under low salinity stimulation during germination (Zhang Y. et al., 2023), which is coincident with the result of our study. It indicated that GPX family is the main antioxidant enzyme for scavenging ROS in eelgrass. Furthermore, homologous genes of Zosma41g01010 in rice and maize, such as Os02g0664000 and Zm00001eb016270, also respond to salt stress (Supplementary Figures S9B, C).

Salt stress induces secondary metabolic changes in plants, especially the accumulation of phenolic compounds, including lignin (Dabravolski and Isayenkov, 2023) and flavonoids (Shomali et al., 2022). Lignin fortifies plant cell walls, thereby protecting membrane integrity under salt stress. Flavonoids play a role in reducing ROS accumulation to enhance plant resistance to adverse conditions (Li et al., 2018). The biosynthesis of many phenolic compounds occurs via the phenylpropanoid pathway (Salam et al., 2023). Transcriptional analysis in this study revealed that several genes associated with phenylpropanoid and flavonoid synthesis were responsive to high salt stress. This suggests that the synthesis of phenolic compounds in eelgrass is highly active under such conditions. Furthermore, homologous genes in rice and maize exhibited significant up-regulation (Supplementary Figure S10), supporting the conserved secondary metabolic responses to salt stress across plant species.




4.4 Activation of phytohormone signaling pathway

Plant hormones are important participants in the salt tolerance of plants (Yu et al., 2020). In eelgrass, we identified a series of hormone-related genes responding to salt stress, suggesting high salinity stimulates the activation of phytohormone signaling pathway.

We have mentioned in the result that the ABA synthesis gene, Zosma04g22590, a member of the NCED family, was consistently up-regulated across three comparisons. However, another NCED family member, Zosma01g20220, exhibited down-regulation. In rice and maize, most members of this family are up-regulated (Supplementary Figure S11), suggesting the conservation of ABA signaling in plant salt responses. This viewpoint is further supported by several potential downstream genes of the ABA signaling pathway, including dehydrin family protein (Zosma03g27730), protein kinases (Zosma03g25920), and PP2C family members (Zosma01g41250, Zosma02g21670). Their expressions were up-regulated at high salinity and homologous genes have been reported to be induced by ABA (Supplementary Figure S11). RAB18 is the homolog of Zosma03g27730 and reported to interact with PIP2B (Hernández-Sánchez et al., 2019), which suggests the regulation of aquaporin genes by ABA signaling. Zosma01g41250 and Zosma02g21670 are members of the PP2C family. Phylogenetic tree analysis shows that Zosma01g41250 is located on the branch with HAI1 and HAI2, while Zosma02g21670 is located on the branch with PP2C5 and AP2C1(Supplementary Figure S11). It is reported that HAI PP2C mutants had enhanced proline and osmoregulatory solute accumulation at low water potential (Bhaskara et al., 2012). Both PP2C5 and AP2C1 function as MAPK phosphatases, which are important to ABA signaling (Brock et al., 2010; Schweighofer et al., 2007). The up-regulation of PP2C members seems to be a conserved character under salt stress, as many homologous genes in rice and maize also show similar responses (Supplementary Figure S11). Terrestrial plants typically respond to osmotic stress caused by high salinity by regulating stomatal opening and closing via ABA (Hedrich and Shabala, 2018; Komatsu, 2020). Since eelgrass lacks stomata (Olsen et al., 2016), how ABA helps eelgrass cope with high-salinity environments needs further investigation.

In addition, JA, auxin, brassinosteroid (BR), cytokinin (CK) and gibberellin (GA) are also potential regulatory factors in the salt stress response of eelgrass. Research indicates that JA signaling in terrestrial plants is activated in response to salt stress, thereby enhancing salinity tolerance (Valenzuela et al., 2016; Zhao et al., 2014). Among the DEGs identified in eelgrass, Zosma01g30620, Zosma05g15520, and Zosma06g28020 are associated with JA signaling and down-regulated at high salinity. The homologous gene of Zosma01g30620, lipoxygenases (LOX3) is involved in JA synthesis (López-Cruz et al., 2014). The homolog of Zosma05g15520, jasmonic acid carboxyl methyltransferase (JMT) is a carboxyl methyltransferase that catalyzes the formation of methyl jasmonate from jasmonate (Seo et al., 2001). Zosma06g28020 is homologous to the jasmonic acid receptor COI1 (Song et al., 2021). Furthermore, we found that auxin-related genes Zosma03g17780 and Zosma05g12790 were down-regulated under high salt stress. The homolog of Zosma03g17780, PGP4 encodes an auxin effector transmembrane transporter, which is involved in auxin transport and inhibits root hair elongation (Cho et al., 2007). The homolog of Zosma05g12790, ARA-2 plays a role in the auxin signaling pathway and inhibits lateral root development (Koh et al., 2009). Exogenous application of BR can enhance the salt tolerance of terrestrial plants, indicating that BR may be involved in salt tolerance (Fu and Yang, 2023). Zosma03g35130 and Zosma03g30090 are identified as BR-related genes. Overexpression of the BKI1, a homolog of Zosma03g35130, leads to a salt-tolerant phenotype (Zhang et al., 2017). DOGT1, a homolog of Zosma03g30090, encodes a don-glucosyltransferase that regulates BR activity (Poppenberger et al., 2005). Moreover, Zosma06g28530 and Zosma01g36380, family members of two-component response regulator ARR-A, are associated with CK (Li et al., 2013; Ishida et al., 2008). These two genes are down-regulated at high salinity in eelgrass, most of which homologous genes in maize exhibited similar responses (Supplementary Figure S11). Among the down-regulated DEGs in SR tissue, we identified one gene related to gibberellin synthesis, Zosma06g07970 (ent-kaurene oxidase), suggesting that hypersalinity may regulate gibberellin levels in eelgrass.

In terrestrial plants, the actions of different phytohormones are interconnected. For instance, the key regulator jasmonate ZIM-domain proteins (JAZ) in JA could be regulated by the PYL6-MYC2 module of ABA (Aleman et al., 2016). CK receptor kinase significantly regulates ABA levels (Nishiyama et al., 2013). The interplay between ABA and GA signaling under abiotic stress conditions is significantly influenced by DELLA proteins (Aizaz et al., 2024). In the future, we aim to reveal the reasons for these transcriptional changes by studying the hormone content in eelgrass. Furthermore, exploring the potential interactions of phytohormones under salt stress in eelgrass will be valuable.




4.5 SOS and MAPK signaling pathway in eelgrass

The SOS pathway is crucial for plant salt tolerance. Its core components include SOS1 (sodium-proton exchanger), SOS2 (CBL-interacting protein kinase), SOS3 (calcium-binding EF-hand family protein), and SCaBP8 (SOS3-like calcium-binding protein). Additional components associated with SOS pathway, such as HIS1-3, MPK4, PLATZ2, RSA1 at the transcriptional level, and UBC, as well as 14-3-3, BIN2, CIPK8, GI, PKS5, and PP2C at the post-transcriptional level, were also identified for plant salt tolerance (Ali et al., 2023). In our study, we utilized OrthoFinder (Supplementary Data S11) to identify SOS pathway genes in eelgrass. We found that none of these genes exhibited a significant response to salt stress, which was different from the findings in rice and maize (Supplementary Figure S12). Unlike terrestrial plants, which only have their roots in direct contact with soil salinity change, the whole plant of seagrass is exposed to the hypersalinity. The SOS pathway genes show high expression levels in various organs in eelgrass (Supplementary Figure S12A), which may provide a foundation for the protein-level responses of SOS pathway. Furthermore, several genes including Zosma01g22480 (SCaBP), Zosma05g05710 (14-3-3), and Zosma01g41780 (BIN2), were specifically expressed in floral organs, indicating their potential involvement in the reproductive development of eelgrass.

Salt stress can activate the MAPK signaling cascade, which involves protein kinases that phosphorylate various substrates (Taj et al., 2010). In this study, we observed that the expression of two MAPKKK genes, Zosma03g00830 and Zosma03g00810, was down-regulated under high salt conditions in leaf. Their A. thaliana homolog MAPKKK18 (AT1G05100) is induced by ABA and promotes leaf senescence (Matsuoka et al., 2015). This suggests that eelgrass may enhance its salinity tolerance by reducing the accumulation of these MAPKKK genes, thereby avoiding senescence. Additionally, the colinear gene Os05g0545300, corresponding to Zosma03g00810, also responded to salt stress, although it exhibited down-regulation in only one comparison (Supplementary Figure S13).




4.6 miRNA and their potential targets in eelgrass

We identified a total of 172 MIRNA loci using small RNA-seq data. The mature sequences derived from these MIRNAs were predominantly 21 nucleotides in length. 83 (71.6%) of these microRNAs had uracil (U) as the first base at the 5’ end. Previous studies have demonstrated that the presence of uracil at the 5’ end can enhance the binding of microRNAs to the AGO1 protein (Mi et al., 2008). Based on the similarity of mature miRNAs, we identified 38 MIRNA belonging to known families, which is far fewer than the 93 known conserved miRNAs predicted genome-wide by Ma et al. (2021). The limited number of known miRNAs might be attributed to the restrictions in the plant tissues or RNA extraction method. The same kits for total RNA extraction were used for both mRNA and small RNA sequencing, as they have been employed in other researches (Zhang M. et al., 2023; Hu et al., 2021). In order to prove the accuracy of our study, we have experimentally validated the response of some DEmiRNAs using qRT-PCR. The results proved the existence of those miRNAs and the expression pattern of them was the same as the result from library construction.

Differential expression analysis of miRNAs revealed multiple miRNAs response to salt stress, including miR156, miR166, miR172, and a number of de novo miRNAs. miR156 has been reported to participate in salt tolerance across different plant species such as apple (Ma Y. et al., 2021), tobacco (Kang et al., 2019) and Alfalfa (Arshad et al., 2017). Similarly, miR166 has been shown to respond to salt stress in plants such as Hemerocallis fulva (Zhou et al., 2023), sugar beet (Zhang Z. et al., 2023), and potato (Kitazumi et al., 2015). It also plays a regulatory role in other abiotic stresses, including drought (Zhao et al., 2024) and low potassium conditions (Lei et al., 2023). In cereal crops, miR172 contributes to salt tolerance by maintaining ROS homeostasis (Cheng et al., 2021). Based on expression correlation analysis, we hypothesize that miR156 and miR166 are key regulators of the salt stress response in eelgrass. Specifically, miR156 was significantly up-regulated in leaf, while three of its target genes, WRKY family member Zosma06g26970, cellulose synthase Zosma04g03580, and heavy metal-related domain protein Zosma04g09250, were significantly down-regulated. Similarly, miR166 exhibited significant up-regulation in leaf, with two of its target genes, HD-ZIP family member Zosma03g00210 and S-locus lectin protein kinase family protein Zosma04g15070, also showing significant down-regulation. This negative correlation in expression patterns suggests the potential existence of miRNA-target modules involved in the salt stress response. Meanwhile, the degradome data predicted additional miRNA-target pairs (Figure 5; Supplementary Figure S5), which require further verification of their function in eelgrass.

Several microRNAs, including miR160 (Tang et al., 2022), miR164 (Lu et al., 2017), miR167 (Ye et al., 2020), miR172 (Cheng et al., 2021), miR319 (Zhou et al., 2013), miR390 (Chu et al., 2022), miR393 (Denver and Ullah, 2019), miR396 (Pegler et al., 2021), miR398 (He et al., 2021), miR399 (Pegler et al., 2020), and miR528 (Wang et al., 2021), have been reported to respond to salt stress or contribute to salt tolerance in various plant species. Although these miRNAs were identified in eelgrass, their expression levels did not exhibit significant differences under salt stress. However, some target genes of these miRNAs are responsive to salt stress (Supplementary Data S7), such as Zosma01g26740, a predictive target gene for miR167, and Zosma03g30130, a predictive target gene for miR319. Zosma01g26740 belongs to the ARF family and shows significantly reduced transcription levels under salt stress. ARF8 (AT5G37020), which is homologous to Zosma01g26740, has been reported to be regulated by miR167 and involved in root development (Gutierrez et al., 2009; Liao et al., 2023). Similarly, Zosma03g30130, a member of MYB family, exhibits down-regulated transcription levels under salt stress. MYB33 (AT5G06100), which is homologous to Zosma03g30130, is reported to be regulated by miR319 and specifically down-regulated in roots treated with ethylene, thereby influencing root growth (Zhang et al., 2016). The interaction between these prediction targets and miRNAs is worthy of further exploration in eelgrass.




4.7 Essential roles of TFs in the response to salt stress

The results revealed that 81% of salt-responsive TFs were distributed in eight modules: M1, M2, M3, M4, M5, M6, M7, and M9. A homologous analysis of these TFs indicated that several homologous genes from the bHLH, ERF, and MYB families in rice and maize exhibited similar expression patterns under high salt stress (Supplementary Figure S14). For instance, the bHLH family member Zosma03g02210, Os04g0300600, Os04g0301500, and Zm00001eb086370 are grouped in a branch. Similarly, ERF family members Zosma03g37150 and Os06g0166400 are found in the same branch, while ERF family members Zosma02g05080 and Os12g0168100 are collinear genes in one branch. Additionally, MYB family members Zosma06g17610, Zosma06g17660, Os03g0720800, Os11g0207600, and Zm00001eb168720 are grouped together in a branch. The consistent up-regulation of these genes suggests that they may function as conserved TFs involved in response to high salinity.

We focused on TFs that potentially regulate enriched biological processes and pathways, including GO:0009414 (response to water deprivation), map04016 (MAPK signaling pathway - plant), map00940 (phenylpropanoid biosynthesis), and map01110 (biosynthesis of secondary metabolites). To evaluate the expression correlation between DEGs, we calculated the Pearson correlation coefficient, considering values of ≥0.8 as indicative of similarity. The results revealed the potential regulatory roles of several TFs (Supplementary Figure S15). For instance, Zosma04g22590 (NCED) and Zosma02g25150 (arogenate/prephenate dehydratase) may be targeted by the ERF family member Zosma05g04820. Zosma03g22300 (phenylalanine ammonia-lyase) may be regulated by MYB family members Zosma06g17610 and Zosma06g17660. Furthermore, numerous potential binding sites for TFs are located in the upstream regions of microRNAs that respond to salt stress (Supplementary Figure S4). Further research is needed to determine whether these TFs can effectively regulate microRNA expression.




4.8 Summary

In this study, we performed a comprehensive analysis to reveal the response of eelgrass to high salt using transcriptome and degradome, and compared the result with other transcriptomes obtained from NCBI. In total, 14 DEmiRNAs and 691 DEGs including 53 TFs were identified. We further predicted the interactions between TFs, miRNAs, and their potential target genes. For instance, the up-regulated ERF members in the leaf may function by regulating the ABA synthase NCED, while MYB members might affect secondary metabolism by regulating PAL. Additionally, miRNA156-WRKY and miRNA166-HD-ZIP are supposed to be regulatory modules influencing the response on the post-transcriptional level.

Through the identification of homologous genes and expression profiling, we obtained a series of conserved responsive genes in eelgrass and two terrestrial plants rice and maize. The osmotic response related to the go-term “response to water deprivation” seems to be conserved in three species. Besides, we identified other conserved responses between rice and maize (Supplementary Figure S16), which suggest potential differences between terrestrial plants and marine plants in response to salt stress, such as the “gibberellin biosynthetic process”. Moreover, eelgrass exhibits specific responses to high salinity, as evidenced by the enriched go-terms such as fucose biosynthesis and vacuolar protein processing. These findings enhance our understanding of the molecular-level adaptability of seagrass to marine environments. In the future, we aim to validate the functions of these genes and their homologs in model organisms through experiments such as constructing overexpression plants. The conserved and specific responsive genes can serve as potential genetic resources for improving the salt tolerance of crops.
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Density (cells/L) 4.26E6" 1.93E5 2.26E8 1.70E7° 7.89E4 228E8 e
Biomass (mg/L) 0.163° 0.012 5.768 1.450° 0.006 18.327
Shannon 1.032 0.188 1772 1.207 0.077 2.266 “
Evenness 0.399" ‘ 0.093 0.756 0334 0.077 0.961 Rk

Significance level:
“denotes p<0.05,

Pdenotes p<0.01,

“denotes p<0.001, blank denotes p >0.05, from Friedman test.

*** denotes p<0.001, ** denotes p<0.01, blank denotes p >0.05, from Kruskal-Wallis H test.
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