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Editorial on the Research Topic 


The impacts of anthropogenic activity and climate change on the formation of harmful algal blooms (HABs) and its ecological consequence


Recent decades have witnessed a marked increase in the intensity of human activities, including agriculture, aquaculture, and manufacturing, leading to significant environmental repercussions (Smith and Schindler, 2009; Lu et al., 2021; Priya et al., 2023). These activities have resulted in the excessive discharge of nutrients, notably nitrogen (N) and phosphorus (P), into riverine systems, which subsequently transport these nutrients to estuaries and coastal seas (Seitzinger and Sanders, 1997; Liu et al., 2020; Voss et al., 2021; Yu et al., 2021; Beusen et al., 2022). The resultant nutrient composition shift towards a dominance of organic over inorganic nutrients has significant implications for aquatic ecosystems (Hébert et al., 2023). Eutrophication in estuarine and coastal waters has been exacerbated by an excess of nutrient runoff, a situation that is predicted to worsen (Sinha et al., 2017). Concurrently, climate change, characterized by increased atmospheric and aquatic CO2 levels and rising temperatures, has had profound impacts on biological processes within marine ecosystems, further complicating the challenges posed by eutrophication (Brierley and Kingsford, 2009; Boyd et al., 2013; Brandenburg et al., 2019; Fu et al., 2024).

The frequency, severity, and duration of harmful algal blooms (HABs) in coastal and estuarine waters worldwide has shown a troubling increase, and is responsible for negative wildlife and human health effects, ecological disasters, and significant economic losses (Anderson et al., 2021; Sakamoto et al., 2021; Yu et al., 2023). Understanding the causative mechanisms and the ecological consequences of HABs is crucial due to the considerable ecological, economic, and societal ramifications (Anderson et al., 2021; Yu et al., 2023). Alterations in nutrient content, notably the increase in organic nutrient loads, coupled with climate change, significantly affects the growth, species composition, toxin production, and toxicity of HAB-forming species (Gobler et al., 2017; Brandenburg et al., 2019; Gobler, 2020; Raven et al., 2020). The persistence of HABs in an anthropogenically altered marine environment necessitates a comprehensive understanding of phytoplankton diversity, growth, physiology, allelochemicals, toxins, and toxicity of harmful algae, alongside the exploration of mitigation strategies.

Seven studies in our Research Topic focused on the diversity of resting cysts and phytoplankton in both marine and freshwater environments. Wang et al. investigated dinoflagellate cysts, particularly the distributions of toxic and harmful species along the Qingdao coast of the Yellow Sea, China, and analyzed the relationship between contents of biogenic elements and cysts. They identified a total of 32 cyst taxa, including 23 autotrophic and 9 heterotrophic taxa, among them, 17 of the cyst types identified were formed by HAB-causing species. The redundancy analysis demonstrated the influence of biogenic elements on cyst assemblages, and explained why the three sea areas examined, each with different degrees of human disturbance, showed different dinocyst assemblages and abundance. Roche et al. used amplification of the Pseudo-nitzschia-specific 18S-5.8S rDNA internal transcribed spacer region 1 (ITS1) in plankton samples and high throughput sequencing to characterize Pseudo-nitzschia species composition over a decade in Narragansett Bay, including eight years before the 2016−17 fisheries closures and two years following, and found that several species now recur as year-round residents in Narragansett Bay (P. pungens var. pungens, P. americana, P. multiseries, and P. calliantha). Various other species increased in frequency after 2015, and some appeared for the first time during the closure period. Pseudo-nitzschia australis, a species prevalent along the US West Coast and known for high domoic acid (DA) production, was not observed in Narragansett Bay until the 2017 closure but has been present in several years since the closures. Annual differences in Pseudo-nitzschia community composition were correlated with physical and chemical conditions, predominantly water temperature. Sun et al. investigated the phytoplankton community and its association with physicochemical properties in coastal waters of the northern Yellow Sea in 2016. These authors identified 39 taxa belonging to 4 phyla and 24 genera. Diatoms and dinoflagellates were the dominant groups. An algal bloom dominated by Thalassiosira pacifica occurred in March, effecting a shift in diatom-dinoflagellate dominance; notably dinoflagellates dominated throughout the summer but switched to diatom dominance again in September. Hypoxic zones (<2 mg·L-1) developed in bottom waters in August, with minimum dissolved oxygen (DO) of 1.30 mg·L-1, as a result of the diatom bloom in March. The effects of algal blooms on phytoplankton composition and hypoxia could have a cascading effect on fisheries sustainability and aquaculture in nearshore waters of the northern Yellow Sea. Xin et al. identified eight major marine phytoplankton assemblages, cryptophytes, pelagophytes, prymnesiophytes, diatoms, and chlorophytes using CHEMTAX analyses, and 149 species belonging to 96 genera of 6 major groups (diatoms, prymnesiophytes, pelagophytes, chlorophytes, cryptophytes, and dinoflagellates) by metabarcoding sequencing in the Western Subarctic Gyre during the summer of 2021.Sixteen out of the 97 identified species were annotated as potentially harmful algal species, e.g., Heterocapsa rotundata, Karlodinium veneficum, Aureococcus anophagefferens, etc. Nutrient concentrations were more important in shaping the phytoplankton community than temperature and salinity.

Two more works focused on freshwater ecosystems. Jiang et al. investigated the species composition and spatial distribution with respect to environmental factors in Lake Longhu, China, in July of 2020. They identified a total of 68 phytoplankton species belonging to 7 phyla, in which Chlorophyta, Bacillariophyta and Cyanophyta contributed more to the total cell density, while Chlorophyta and Cryptophyta contributed more to the total biomass. The parameters including pH, water temperature, nitrate, nitrite, and chemical oxygen demand were the main environmental factors affecting the composition of phytoplankton communities in Lake Longhu. Li et al. investigated the phytoplankton community in the Ashi River Basin (ASRB), Harbin, China, between April and October 2019, and identified 137 phytoplankton species belonging to seven phyla. They selected five critical ecological indices (Shannon-Wiener index, total biomass, percentage of motile diatoms, percentage of stipitate diatom, and diatom quotient) to evaluate the biological integrity of phytoplankton in the Ashi River Basin, and concluded that P-IBI (Phytoplankton Index of Biological Integrity) was a reliable tool to assess the relationship between phytoplankton communities and habitat and environmental conditions in that system. Their findings contribute to the ecological monitoring and protection of rivers impacted by anthropogenic pollution.

Four studies made significant contributions to our understanding of HAB physiology: one characterized the transcriptome of a species known to form HABs; another investigated the growth physiology of four harmful raphidophyte species; a third examined the interactions between bacteria and algae; and the fourth reviewed existing research on the impact of picophytoplankton on the carbon (C) and silicon (Si) cycles. Chen et al. used single-molecule real-time (SMRT) sequencing technology to characterize the full-length transcript in Akashiwo sanguinea, a harmful algal species commonly observed in estuarine and coastal waters around the world. In total, 83.03 Gb SMRT sequencing clean reads were generated, 983,960 circular consensus sequences (CCS) with average lengths of 3,061 bp were obtained, and 81.71% (804,016) of CCS were full-length non-chimeric reads (FLNC). Furthermore, 26,461 contigs were obtained after being corrected with Illumina library sequencing, with 20,037 (75.72%) successfully annotated in the five public databases. This work provides a sizable insight into gene sequence characteristics of A. sanguinea, and provides an important reference resource for A. sanguinea draft genome annotation. Lum et al. compared the growth responses to temperature and salinity for four harmful raphidophyte species that coexist in the tropical waters, Chattonella malayana, C. marina, C. subsalsa, and C. tenuiplastida, using unialgal cultures grown at ten temperatures (ranging 13.0–35.5°C) and five salinities (ranging 15–35) to better understand how these factors might regulate their distribution in the environment. They found that their growth rates with respect to optimal temperature were 28.0, 30.5, 25.5, and 30.5°C, respectively, and that growth rate maxima with respect to salinity were similar for C. subsalsa and C. malayana (30), and for C. marina and C. tenuiplastida (25). The high adaptability of C. subsalsa to a wide range of temperatures and salinities suggests it is highly competitive in a range of environments. The ability of C. marina to thrive in colder waters compared to other species likely contributes to its wide distribution in the temperate Asian waters. The narrow and warmer temperature window in which C. malayana and C. tenuiplastida grew well suggests they are well suited and growth and distribution are more limited. This study provides a physiological basis for the relative occurrences and bloom potential of Chattonella spp. in Asia. Tang et al. isolated and identified a cultivable bacterium (Alteromonas sp.) coexisting with Levanderina fissa by the gradient dilution method and investigated the characteristics of the bacterial interactions with three diatom species (Chaetoceros curvisetus, Skeletonema dohrnii, and Phaeodactylum tricornutum) and three dinoflagellate species (Scrippsiella acuminata, Karenia mikimotoi, and the host alga), and found that Alteromonas sp. had significant inhibitory effects on the growth of all the algal species except its host (L. fissa). However, all the algal species tested, especially their natural hosts, showed significant stimulatory effects on the growth of Alteromonas sp. This study implies a highly complicated and variable interaction between phycosphere bacteria and their host alga. Picophytoplankton have been found to have significant silica (Si) accumulation, a finding which provides a new insight into the interaction of the marine carbon (C) and Si cycles and questions whether large diatoms (>2 μm) dominate the Si cycle. Wei and Sun found there were few studies on the physiology and ecology of picophytoplankton, especially regarding their potential roles in the biogeochemical Si cycle. These authors extensively reviewed past studies regarding the influence of picophytoplankton on the C and Si cycles, used this as the basis for conducting targeted studies on the picophytoplankton Si pool and its regulation. This work also provides a theoretical framework for further study of the role of small cells in the global ocean Si cycle and the coupling of C and Si cycles.

Two studies focused on the effects of algal toxin(s) and allelochemical(s) on other organisms. Yang et al. investigated the ability of 10 strains of Margalefidinium polykrikoides with different geographic origins and ribotypes to cause mortality in two strains of the dinoflagellate, Akashiwo sanguinea (allelopathy), and the sheepshead minnow, Cyprinodon variegatus (toxicity). Results showed that the potency of allelopathy against both strains of A. sanguinea and toxicity to the fish were significantly correlated across strains of M. polykrikoides. They concluded that the major allelochemicals and toxins of M. polykrikoides are identical chemicals, an ecological strategy that may be more energetically efficient than the separate synthesis of toxins and allelochemicals as has been reported for other HABs. Fu et al. investigated the effects of neurotoxin β-N-methylamino-L-alanine (BMAA) on the early development of embryos of mussel Mytilus galloprovincialis, oyster Magallana gigas, and marine medaka Oryzias melastigma. Results demonstrated that the embryonic development of mussels and oysters were significantly inhibited when BMAA concentrations were above 0.65 µM and 5.18 µM, respectively. The shell growth of mussel embryos was also markedly inhibited by BMAA at concentrations ≥ 0.65 µM. A sustained and dose-dependent decrease in heart rate was apparent in marine medaka embryos at 9-days post fertilization following BMAA exposure. This study contributes to our knowledge regarding the sublethal effects of BMAA on early embryonic development of marine bivalves and medaka.

Lastly, three studies explored the biological and chemical methods for controlling species that cause HABs. Wang et al. isolated a strain of algicidal bacterium Pseudoalteromonas sp. strain LD-B6 with high efficiency against Noctiluca scintillans, the highest algicidal activity reached 90.5%, and the algicidal activity of Pseudoalteromonas sp. was influenced by the density of N. scintillans. This bacterium could also lyse other algal species. This work provides a candidate algicidal bacterium against N. scintillans blooms. Chi et al. introduced a modified clay (MC) method to regulate the nutrients and phytoplankton community in Litopenaeus vannamei ponds. Compared to the control, they found that in the MC-regulated pond, there were reduced concentrations of both organic and inorganic nutrients and a distinct change in the phytoplankton community composition, with green algae becoming the most abundant phytoplankton species. This study provides new insights into an effective treatment for managing water quality and maintaining sustainable mariculture. Liu et al. compared the removal capacity of polydimethyl diallyl ammonium chloride (PDMDAAC) modified clay (MP) and hexadecyl trimethyl ammonium bromide (HDTMA) modified clay (MH) on the HAB-forming species Prorocentrum donghaiense. They found that PDMDAAC could remove microalgae at a low dose (2 mg/L) and quickly clarify the water by significantly enhancing the flocculation of algae onto the clay. This study provides support for the development of organic-modified clay.

In summary, the papers in this Research Topic contribute new insights into the effects of anthropogenic activities and climate change on the composition of phytoplankton communities in marine and freshwater ecosystems. They delve into the ecological physiology of species that form harmful algal blooms (HABs), the roles of allelochemicals, and the toxins and toxicity produced by harmful algae, as well as exploring methods for controlling HABs through both biological and chemical strategies. These studies offer valuable contributions to our understanding of ecosystem complexities and the impact of human activities on HAB-forming species. Moreover, this topic highlights the urgent need for further research on HAB species and their adverse effects on various trophic levels within aquatic ecosystems, alongside mitigation strategies for these impacts in both marine and freshwater environments.
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Summer hypoxia and harmful algal bloom occurred sometimes in the nearshore of the northern Yellow Sea in recent years. Based on seven multidisciplinary investigations conducted from March to November 2016, except for April and October, the phytoplankton community and its association with ambient seawater physicochemical parameters in coastal waters of the northern Yellow Sea were comprehensively examined. In total, 39 taxa belonging to 4 phyla and 24 genera were identified. Diatoms and dinoflagellates were the dominant groups, which accounted for 64.1% and 30.8% of total species, respectively. An algal blooming event dominated by the diatom (Thalassiosira pacifica) occurred in March, which affects the shifting of diatom–dinoflagellate dominance. A notable dinoflagellate dominance occurred especially in surface water throughout the whole summer but changed to diatom dominance again from September. Hypoxic zones (<2 mg l-1)were observed in the bottom water in August, with minimum dissolved oxygen (DO) of 1.30 mg l-1. This low DO zone in August was clearly associated with the diatom blooming event (Thalassiosira pacifica) in March, as diatoms in surface waters sank into bottom waters and decomposed by the microbial community resulting in oxygen consumption. After the early-spring diatom bloom, thermohaline stratification occurred and prevented exchanges of dissolved oxygen, which eventually led to hypoxia in bottom waters. The effects of algal blooms on phytoplankton composition and hypoxia could have a cascaded effect on the fishery sustainability and aquaculture in nearshore waters of the northern Yellow Sea.
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Introduction

Coastal waters are regions that are influenced by strong land–ocean interactions (Frigstad et al., 2020); they account for only a small portion of the ocean surface area (7%–8%) but are responsible for 25% of the global ocean primary production (Smith and Hollibaugh, 1993). Compared with open sea ecosystems, coastal waters are under substantial pressure and have become ecologically fragile regions in recent decades (Regnier et al., 2013; Fennel and Testa, 2019). Under the combined influences of climate change and human activities, coastal areas are more vulnerable to eutrophication, harmful algal blooms, and hypoxia (Bianchi and Allison, 2009; He and Silliman, 2019; Wei et al., 2020). As a feedback, hypoxia can influence fundamental biological and biochemical processes (Turner et al., 2008; Breitburg et al., 2018) and affect pelagic organisms from plankton to fish (O’Connor and Whitall, 2007; Breitburg et al., 2009; Roman et al., 2012; Bausch et al., 2019), which would destroy the potential functioning of the fragile coastal ecosystem. Phytoplankton is the main source of primary production and plays a key role in estuary ecosystems, which could be reflected by the variation of composition diversity and abundance (Falkowski and Woodhead, 1992). Previous studies have shown that the spring bloom is the period with the highest annual primary production and sinking of organic matter to the sediment; thereafter, the fate of this organic matter is a key driver for material fluxes, affecting ecosystem functioning and eutrophication feedback loops (Spilling et al., 2018). The potential functioning of the coastal ecosystem strongly depends on the quantity and quality of phytoplankton.

The Yantai nearshore ecosystem is located in the western portion of the northern Yellow Sea, where it is close to the Yantai-Weihai fishing ground and affected by typical anthropogenic activities such as sewage discharge and aquaculture. Similar to other coastal waters that are severely impacted by anthropogenic activities, our study area has also been suffering from serious eutrophication, jellyfish blooms, and hypoxia (Dong et al., 2012; Wang et al., 2012; Sun et al., 2015; Zhang et al., 2018; Yang et al., 2020). Since 2013, hypoxia was reported to cover approximately 54.0 km2 and cause mass mortality of the benthos species, such as sea cucumbers, abalones, and scallops, thus leading to huge economic and ecological losses. Bottom-layer hypoxia was also observed in the summers of most of the subsequent years (Yang et al., 2018; Zhang et al., 2018) in this studied area. Previous studies showed that phytoplankton blooms and their subsequent decomposition are important biological factors leading to oxygen depletion and hypoxia in Changjiang estuary and its adjacent waters (Wang, 2009; Chi et al., 2021). The diatom-dominated community sediments rapidly, having higher sinking rates, and contributes more carbon flux to the bottom waters during algal blooms (Guo et al., 2016; Li et al., 2018). Thus, it is important to understand the phytoplankton community composition and spatial and temporal changes, to assess algal bloom effects on shifting of diatom–dinoflagellate dominance, and on subsequent deoxygenation in coastal waters of northern Yellow Sea, China.

From March to November 2016, seven multidisciplinary investigations were conducted in the northern Shandong Peninsula, North Yellow Sea, China. The main goal of this study is to identify phytoplankton species (populations) associated with environmental factors to analyze the potential effects of spring diatom bloom on subsequent dinoflagellate dominance and formation of hypoxia. It is hypothesized that degradation of organic matter derived from diatom blooms is the cause of the formation of hypoxia.



2 Materials and Methods


2.1 Study Area and Cruise

The Yantai coast in the northern Yellow Sea covers an area of 423 km2 with a 118-km-long coastline, including Muping marine ranching (MR), Yantai–Weihai fishing ground (FG), and Sishili bay (SB). SB is a typical half-closed coastal bay affected by anthropogenic activities, such as harbor pollution and wastewater discharge from domestic, industrial, and agriculture areas (Wang et al., 2012). MR is an important aquaculture breeding base. The hydrological conditions of temperature, salinity, and water column stratification exhibit a seasonal cycle, leading to complex spatial–temporal heterogeneity in the phytoplankton community in the study area (Yang et al., 2020). Therefore, seven cruises were carried out from March to November 2016, except for April and October, in coastal waters of the northern Yellow Sea (121.51°E–122.03°E, 37.46°N–37.63°N). Thirty-five stations, with a sampling depth from 11 to 25 m, were established to include all representative areas within the domain. The locations of sampling stations are presented in Figure 1 and Table 1.




Figure 1 | Location of sampling stations in the northern Yellow Sea, China.




Table 1 | The sampling date and station numbers of environmental and biological parameters during each cruise.





2.2 Sampling and Processing

The profiles of temperature, salinity, and DO were recorded by the CTD device (RBRmaestro, Ottawa, Canada; RBR temperature and salinity probes, and a Model AADI DO optode). Discrete water samples were collected from standard depths, i.e., surface, 5 m, 10 m, 20 m, and 2 m above bottom, using 12-l Niskin bottles (KC Denmark Ltd., Silkeborg, Denmark) at each station. For analysis of phytoplankton assemblage, aliquots of 250-ml seawater samples were preserved with buffered formalin (2% final concentration). Following the methodology described by Utermöhl (1958), 10–25 ml of the subsamples was settled in a Hydro-bios chamber for 24 h, then identified and enumerated under an inverted light microscope (IX71, Olympus, Japan) at ×200 or ×400 magnification (Tomas, 1997). The lower size limit of resolution for this analysis was ~5μm.



2.3 Data Analysis

The diversity of phytoplankton assemblages was demonstrated by the Shannon–Weiner diversity index (H′, log base 2) (Sun and Liu, 2003). The dominant phytoplankton species were determined according to the McNaughton index (Y), which is calculated as follows:

	

where ni is the total abundance of species i, N is the total abundance of all species, and fi is the frequency of species i in all samples. Values of Y < 0.02, indicate that the species is not dominant.

The DO saturation of each sample was calculated based on the Weiss equation (Pytkowicx, 1971).

	

In the equations, DO′ is the equilibrium saturation concentration in water under certain environmental conditions and DO is the measured concentration.



2.4 Statistical Analysis

One-way analysis of variance (ANOVA) was applied to compare the parameters in different sampling sites, with the significant level of p set at 0.05. Pearson correlation analysis was conducted to access the relationships between phytoplankton abundance and environmental factors. A Kruskal–Wallis test was performed to reveal differences of phytoplankton in non-hypoxia and hypoxia zones. All statistical tests were conducted with the SPSS (Version 20.0 for Windows, SPSS Inc., La Jolla, CA, USA). The horizontal distributions of each parameter were plotted using Surfer 16 (Golden Software LLC, Golden, CO, USA). The variations in the phytoplankton abundance were conducted with OriginPro 2021 software.




3 Results


3.1 Environmental Factors


3.1.1 Temporal Variation of Temperature and Salinity

Water temperature showed strong monthly variation in the study area, and variations of water temperature in bottom were consistent with the surface layer (Figure 2). Water temperature was highest in August, with the average of 25.38 ± 0.91°C, and lowest in March, with the average of 3.38 ± 0.51°C in the surface layer. There were small differences in water temperature of the surface layer between June and July, with the average of 19.23 ± 0.99°C and 20.84 ± 1.65°C, respectively. The averaged salinity was lower in summer than the other seasons, and salinity in the surface layer was lower than that in the bottom layer especially from March to August (Figure 3). In the surface layer, the lowest salinity occurred in August with the average of 31.31 ± 0.15. On the whole, the mean temperature in surface water was higher than that in bottom water from March to August (p < 0.001). Similarly, surface salinity was lower than bottom salinity from March to August (p < 0.05 in March, p < 0.001 in other months). No differences in surface salinity and bottom salinity were detected in September and November (p > 0.05).




Figure 2 | Temporal and spatial distribution of temperature (°C) in surface (A) and bottom (B) water.






Figure 3 | Temporal and spatial distribution of salinity in surface (A) and bottom (B) water.





3.1.2 Spatial Distribution of Temperature and Salinity

As a typical half-closed coastal bay, the study area was affected by wastewater discharge from domestic, open sea waters and melting snow, which together leads to the different variations of salinity from coastal to offshore waters. In March, the temperature and salinity were lower in the coastal water than those in the outer part (Figure 2, 3). In May, the temperature and salinity increased from coastal to offshore waters. The relatively higher salinity and lower temperature distributed offshore in June and remained until August especially in bottom water. The temperature and salinity were homogeneous from September in both surface and bottom waters. However, the relatively lower temperature and higher salinity occurred from the inner bay (the west of studied area) in November.




3.2 Phytoplankton Assemblage


3.2.1 Species Composition

During the seven cruises, a total of 39 taxa belonging to 4 phyla and 24 genera were identified. Diatoms and dinoflagellates were the dominant groups, which accounted for 64.1% and 30.8% of total species, respectively. In general, diatoms were dominant in March, most of which were chain-forming diatoms such as T. pacifica and Paralia sulcata. Dinoflagellates became dominant from May to August in surface water (Figure 4), while the species amounts of Chrysophyta and Euglenophyta were low in all cruises.




Figure 4 | Variation in the dominance (Y) of phytoplankton species (or genera) in the study area (A); variation in relative abundance of diatoms and dinoflagellates in study area (B). The upper and bottom capture represent surface and bottom water, respectively. Variation in cell abundance of total phytoplankters, diatoms, and dinoflagellates (all data were transformed logarithmically [log10 (x)] before analyses; the bottom and top of the box represent the lower and upper quartiles, respectively. The band near the middle of the box represents the medium; the ends of the whisker represent the maximum and minimum values, respectively) (C).





3.2.2 Dominant Species

The top 10 dominant phytoplankton species (or genera) are listed in Figure 4A, including six diatom and four dinoflagellate species during the study period. Chain-forming diatoms, such as T. pacifica, P. sulcate, and Skeletonema costatum, were the most common dominant species in the study area. In March, T. pacifica showed exclusive dominance (Y = 0.91). P. sulcata was another dominant diatom in this nearshore area except in March and August, and its highest dominance occurred in November in the whole water. Coscinodiscus spp. were the dominant diatoms in bottom water and higher than in surface water from March to June. Prorocentrum minimum presented higher dominance in surface water from May to August and was the only dominant dinoflagellate in March in bottom water. Gonyaulax spp. maintained the highest dominance from June to August in surface water (Y = 0.35–0.66). Neoceratium tripos was dominant in both surface and bottom waters in July and August and was the dinoflagellate species with the highest dominance in August, whereas Alexandrium spp. showed a relatively high dominance (Y = 0.07) only in August in surface water.



3.2.3 Temporal and Spatial Distribution of Phytoplankton

The relative abundance of Bacillariophyta and Dinophyta is shown in Figure 4B. The ratio of diatom peaked in March, but the ratio of dinoflagellates in bottom water exhibited a higher value than that in surface water. The ratio of dinoflagellates increased greatly from May to June, with the maximum of 89.97%, and maintained a relatively high abundance until August in surface water. From September, the ratio of diatoms began to increase in both surface and bottom waters, with high ratios more than 96.77% in November. The total abundance of phytoplankton, diatoms, and dinoflagellates is shown in Figure 4B, and the abundance transformed logarithmically [log10 (x)] is shown in Figure 4C. After a relatively high abundance in March, the total of phytoplankton abundance showed low from May to August in both surface and bottom waters and then increased to a weaker peak in September in surface water.

The spatial distribution of total phytoplankton is shown in Figure 5. The phytoplankton abundance was relatively higher at station 6 (maximum at 2.01 × 105 cells l-1 in surface water) in March, with the diatom blooming event dominated by T. pacifica (this blooming threshold was determined based on “People’s Republic of China Marine Industry Standard: HY-T069-2005_Technical specification for red tide monitoring”). In May~June, the phytoplankton presented patches with higher abundance from northern offshore areas to coastal waters. In July, the phytoplankton cell abundance remained high in northern areas but decreased in August. In September, the phytoplankton cell abundance concentrated in the northwest and thereafter phytoplankton maintained low abundance but only concentrated in the east part of the study area in November.




Figure 5 | Temporal and spatial distribution of phytoplankton in surface (A) and bottom (B) water.






3.3 Low DO and Hypoxia

The DO concentration of the study area exhibited both spatial variation and seasonal fluctuation (Figure 6). The DO concentration in surface water was significantly higher than that in bottom water from March to August (p < 0.05 in July, p < 0.001 in other months), but there was no significant difference in September and November. In March and May, the DO concentrations in surface water waters were relatively high, ranging from 6.48 to 11.89 mg l-1, while a relatively low DO zone (minimum at 4.86 mg l-1) appeared in bottom water in May, which centered in the west part of the coastal area. The DO saturation ranged from 75.1% to 94.0% in March and 61.7% to 93.5% in May. The averaged DO increased slightly in June especially in surface water, while the low DO zones in bottom water expanded, with a DO concentration decreased to 4.10 mg l-1 in the center. The low DO zone expanded continuously from the west to east parts in July, with the lowest DO (<4.0 mg l-1) formed around stations 4–7 and a lower DO (< 6.0 mg l-1) distributed in most coastal areas in bottom water. In August, waters with low DO (<4.0 mg l-1) almost covered all parts of the study area in bottom water and the DO concentrations of five coastal stations (stations 6–8 and stations 12–13) reached the hypoxia level (1.31–1.77 mg l-1). The minimum of DO saturation was 16.2% at station 7. In September, the hypoxia zone was relieved and low DO (minimum to 3.54 mg l-1) was only observed in the offshore area. The low DO zone disappeared in November, and the DO concentration in the bottom water increased to saturation in the west part of the study area. Overall, the low DO zone in the bottom water from June to August distributed at the same stations where diatom abundance was high in March (stations 6 and 7).




Figure 6 | Temporal and spatial distribution of DO (mg L-1) in surface (A) and bottom (B) water.






4 Discussion

Summer oxygen depletion and even hypoxia in the northern mariculture areas of the Shandong Peninsula have been observed since 2013 (Liu et al., 2014; Zhai et al., 2014). In the present study, low DO (<3 mg l-1) or hypoxic zones (<2 mg l-1) were observed in bottom waters in August 2016. The low DO zone almost covered the whole of the survey area, with DO reaching its minimum of 1.31 mg l-1. The low DO zone in bottom water in August was clearly associated with the high phytoplankton cell abundance of surface waters in March. Previous studies have indicated that the formation of the hypoxic zone is closely related to the oxygen utilization by the particulate organic matter (Rabouille et al., 2008; Li et al., 2011), and the photosynthesis of surface phytoplankton is the main source of organic matter (Wei et al., 2007). In this study, a diatom bloom dominated by T. pacifica broke out in March, which could provide an organic carbon source. When algal mass sank to the bottom and decomposed by microbial community eventually, low DO and even hypoxia formed in bottom waters (Li et al., 2018; Chi et al., 2021).


4.1 The Correlation Between Algal Blooms and Low DO

Hypoxia has been widely observed in various estuaries and coastal and gulf regions, including the Gulf of Mexico, Chesapeake Bay, the Baltic Sea, and the Changjiang (Yangtze River) Estuary (Chen et al., 2007; Breitburg et al., 2009; Conley et al., 2011; Carstensen et al., 2014). Previous studies have shown that phytoplankton communities dominated by diatoms with higher sinking rates contribute more particulate organic matter to the bottom waters during algal blooms and may thus be more closely associated with bottom hypoxia in the Changjiang Estuary (Yangtze River) and its adjacent waters (Guo et al., 2016; Li et al., 2018). In addition, studies have shown that the spring diatom bloom could be followed by seasonal DO reduction in coastal areas (Egge and Aksnes, 1992). Besides, 40%–60% of annual carbon fixation takes place during the spring bloom in the most eutrophicated region of the Baltic Sea. When the fixed carbon sinks to the bottom, seasonal hypoxia occurred (Spilling et al., 2018).

In this study, the relationships between the numerical abundance of dinoflagellates and diatoms in surface and bottom water and the environmental factors in the corresponding layer from May to November are shown in Table 2. Results showed the significant negative relationship between surface diatom abundance and surface DO concentration (p < 0.05, r2 = -0.86), similar with the result between bottom dinoflagellate abundance and bottom DO concentration (p < 0.01, r2 = -0.92). It is worth noting that the relatively high Chl a values in the surface water appeared right in the region with low DO in the bottom water (Yang et al., 2020). Particularly, the spatial distribution of the hypoxic area in August was consistent with the zone of diatom blooms in March, which provided a clue of DO consumption resulting from organic matter degradation during an algal bloom period. Phytoplankton bloom could be the primary contribution to dissolved organic matter (DOM) and dissolved organic carbon (DOC) (Wei et al., 2007; Fan et al., 2018; Zhang et al., 2018). The origin and dynamics of DOM were studied in the same cruise in the study area. The results showed that DOM mainly produced in situ, indicating that in situ diatom blooms were the resource of DOM (Zhang et al., 2018).


Table 2 | Pearson’s correlation coefficient of the relationship between abundance of diatoms or dinoflagellates and environmental parameters in surface (S) and bottom (B) water from May to November.



Degradation of organic matter is known to be a major factor contributing to the development of hypoxia (Wang et al., 2016; Su et al., 2017). In approximately the same study area, the microbial diversity in bottom water was significantly higher in summer, and Bacteroidetes was higher in August, which was the important organic-aggregate-associated bacteria during phytoplankton bloom (Wang et al., 2022). This may be due to that planktonic algae multiplied in spring and then sank to the bottom, increasing the influx of organic matter to the seabed in August. Besides, bacterial oxidation of sulfur compounds is known to occur extensively in the sediments under oxygen minimum zones and sulfate-reducing bacteria could indirectly promote phosphate release through organic matter mineralization (Diaz and Rosenberg, 2008; Sinkko et al., 2011). As one of sulfate-reducing bacteria, Pseudomonas could cause phosphate release. In the study area, Pseudomonas with higher abundance was found in the bottom in August, which indirectly proves that microbial decomposition accelerates the oxygen consumption in summer (Wang et al., 2022). Moreover, studies in dissolved inorganic nutrients in the same cruise also showed that dissolved silicon (DSi) was mainly generated by sediment release, accounting for 94.2% in this area, and DSi increased from June onward, reaching a maximum in August (Yang et al., 2020). The results suggested that variation of DSi associated with DO consumption in the bottom, indicating that the mineralization of the settled diatom could contribute to deoxygenation. Therefore, the formation of hypoxia was related to the quick sinking and subsequent mineralization of diatom blooms in the study area.

In addition, stratification of the water column has also been shown be an important factor contributing to hypoxia (Wiseman et al., 1997; Murphy et al., 2011; Hamidi et al., 2015). In the study area, temperature and salinity stratification appeared from June to September. In November, the temperature and salinity distributed vertical homogeneity with adequate water exchange. Water column stratification influences the replenishment of oxygen by restricting exchanges between near-bottom waters and surface waters. Moreover, the organic matters derived from diatom blooms sinking below the pycnocline led to more oxygen depletion in near-bottom waters in summer. Therefore, both the diatom bloom as a biological factor and the thermohaline stratification as a hydrological factor could affect the formation of hypoxia. To further reveal the contribution of phytoplankton blooms sinking to the organic carbon and DO reduction in the hypoxia zone, sediment traps together with the evaluation of carbon flux could be conducted in further investigations.



4.2 Shifting of Diatom-Dinoflagellate Dominance After Early-Spring Bloom

An increasing trend in dinoflagellate abundance has been detected throughout the Baltic Sea in recent decades, and Peridiniella catenata (syn. Gonyaulax catenata) dominated in the phytoplankton community during phytoplankton bloom in the end of April (Lignell et al., 1993; Wasmund and Uhlig, 2003; Klais et al., 2011; Hajdu et al., 2000; Stoecker et al., 2017). In this study, the relative abundance of dinoflagellate reached the highest value in May and remained in high abundance until July, after the early-spring diatom bloom (Figure 4). In particular, the dominance of Gonyaulax spp. was 0.66 in June, while the diatom species even had no dominance in May (Y < 0.02).

During the investigation, the spatial distribution of surface nutrients exhibited an obvious seaward gradient, and the nutrients were higher in the inshore zones than in the offshore zones, especially DIN and DIP (Sun et al., 2021), leading to the higher phytoplankton abundance off coastal waters in March. However, terrestrial input was not the primary source of DSi to the study area (Liu et al., 2006), as sediment was the main source of DSi (Sun et al., 2021). In the study area, DSi increased in June with the degradation of settled diatom and reached to a maximum in August (Yang et al., 2020). This variation of DSi was consistent with shifting of diatoms–dinoflagellates, which decreased after the diatom blooming but reached maximum supporting diatom dominance to the first in September. Therefore, early-spring diatom bloom could result in dinoflagellate dominance in subsequent months and restoration of diatom dominance with release of DSi after sedimentation.

In addition to the effects of nutrients, many other factors could contribute to dinoflagellate dominance in the nearshore area of the northern Yellow Sea. Changes in mixing conditions, stratification, and wind-induced cyst resuspension have all been invoked to explain the dinoflagellate increase in the Baltic Sea (Kremp, 2001; Klais et al., 2011; Lips et al., 2011; Sildever et al., 2017). As cysts of the dominant dinoflagellates, Gonyaulax spp. and Alexandrium spp. have been shown to be dominant in Yellow Sea sediments (Liu et al., 2012; Wu et al., 2018); the potential effects of cyst germination on dinoflagellate dominance especially during the deoxygenation period should be focused in future to explain the shifting of diatom–dinoflagellate in nearshore water of the northern Yellow Sea.




5 Conclusions

Diatoms and dinoflagellates are the dominant groups, and diatom blooms occurred nearshore (station 6) in March. Hypoxic zones (<2 mg l-1) were observed in bottom waters in August. The low DO zone in bottom waters in August was clearly associated with the high phytoplankton cell abundance of surface waters in March. Degradation of organic matter derived from diatom blooms is essential to the formation of low DO and shifting of diatom–dinoflagellate dominance. Moreover, water-column stratification, which occurred from May to August, could also be an important factor contributing to hypoxia. Moreover, water-column stratification, which occurred from May to August, could also be an important factor contributing to DO decrease and dinoflagellate dominance. Therefore, further in situ studies are needed for a better understanding of hypoxia and algal blooms in this typical nearshore area, to assure the health of aquaculture in Muping marine ranching and sustainability in fishery resource zones nearby.
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Levanderina fissa (formerly Gyrodinium instriatum) frequently causes blooms in the Pearl River Estuary and has few advantages in interspecific competition with other bloom-forming algal species. Phycosphere bacteria, which closely interact with algal cells, may play an ecologically functional role in the population dynamics and bloom occurrence. To test this hypothesis, we isolated and identified cultivable bacteria coexisting in different growth stages of L. fissa by the gradient dilution method and investigated the characteristics of the bacterial interactions with three diatom species (Chaetoceros curvisetus, Skeletonema dohrnii, and Phaeodactylum tricornutum) and three dinoflagellate species (Scrippsiella acuminata, Karenia mikimotoi, and the host algae) after screening for functional bacteria. One of the isolated bacterial strains, Lf7, which was phylogenetically identified as an Alteromonas species, showed significant inhibitory effects on different algal species except its host. Moreover, all algal species, especially their hosts, showed significant stimulatory effects on bacterial Lf7 growth. These results indicate that the phycosphere bacterium Lf7 may play some ecological roles in the competition between its host alga L. fissa and other phytoplankton. The study also highlights the complicated interactions between phycosphere bacteria and host algae.
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1 Introduction

The phycosphere is the planktonic analogue of the rhizosphere in plants (Seymour et al., 2017). Phytoplankton–bacteria relationships in this microenvironment can span mutualism, antagonism, parasitism, and competition, indicating a multifarious and highly sophisticated ecological function of phycosphere bacteria (Cole, 1982; Findlay and Patil, 1984; Amin et al., 2012; Seymour et al., 2017; Höger et al., 2021). Competitive or antagonistic relationships of phycosphere bacteria and phytoplankton have been mostly extensively studied, including their competition for inorganic nutrients (Bratbak and Tingstad, 1985), algicidal abilities of bacteria (Mayali and Azam, 2004; Umetsu et al., 2019), and defense mechanisms of phytoplankton (Teplitski et al., 2004; Rajamani et al., 2011; Stien et al., 2016). Their mutualism associations were recently revealed and proposed to be more prevalent than antagonism (Xie et al., 2013; Buchan et al., 2014; Calatrava et al., 2018).

Some studies have described the phycosphere bacteria of certain algae as friends with benefits (Amin et al., 2009; Kim et al., 2014; Johansson et al., 2019). For example, several clades of Marinobacter ubiquitously found in close association with dinoflagellates and coccolithophores produce an unusually lower affinity dicitrate siderophore, vibrioferrin, which increased algal iron uptake of a representative dinoflagellate partner, Scrippsiella trochoidea, >20-fold (Amin et al., 2009). When Rhizobium sp., the most prevalent and dominant bacterium isolated from Chlorella vulgaris, was cocultured with green algae, it increased the algal cell count by approximately 72% (Kim et al., 2014). Several phycosphere bacterial strains (Arenibacter algicola strain SMS7, Marinobacter salarius strain SMR5, Sphingorhabdus flavimaris strain SMR4y, Sulfitobacter pseudonitzschiae strain SMR1, Yoonia vestfoldensis strain SMR4r and Roseovarius mucosus strain SMR3) stimulate the growth of the diatom partner Skeletonema marinoi under different environmental conditions, for example, low iron concentrations and high and low temperatures (Johansson et al., 2019). Symbiotic bacteria may also provide the host with vitamins and organic acids, including amino acids and siderophores, and are essential to the growth of their host (Croft et al., 2005; Amin et al., 2009; Sandhya and Vijayan, 2019). Moreover, these kinds of phycosphere bacteria are well adapted to a narrow range of compounds secreted by their algal host, forming an exclusively specific association with the host algae (Bell, 1984; Schäfer et al., 2002; Sapp et al., 2007; Sison-Mangus et al., 2014; Palacios et al., 2022). This may not be the only way phycosphere bacteria benefit their algal hosts. Our laboratory isolated several phycosphere bacteria that showed inhibitory activity against algal species other than their host (Wang et al., 2021).

Levanderina fissa (formerly Gyrodinium instriatum) has frequently caused blooms in the Pearl River Estuary in the past two decades, for example, blooms in Shenzhen Bay in 1998, 2003, and 2007 (Wang et al., 2001; Zhu et al., 2004; SOA, 2008); Lingding Bay in 2002 (Wang et al., 2003); and Zhuhai coastal waters in 2009 (Wang et al., 2011). However, blooms caused by this species elsewhere were rare and were observed only in the Gulf of Guayaquil in Ecuador (Jimenéz, 1993); Hakozaki Fishing Port of Japan (Nagasoe et al., 2006; Nagasoe et al., 2010); and Bahia de Acapulco, Mexico (Gárate-Lizárraga et al., 2013). Our previous study showed that L. fissa had few advantages in interspecific competition with three other algal bloom-forming species, namely, Skeletonema dohrnii (Bacillariophyceae), Prorocentrum micans (Dinophyceae), and Chattonella marina (Raphidophyceae), using pure, sterilized cultures (Wang et al., 2021). Thus, we suspect that phycospheric bacteria may play an ecological function role by promoting the growth or competition of L. fissa. To test this hypothesis, we isolated and identified cultivable bacteria coexisting in different growth stages of L. fissa by the gradient dilution method and obtained an isolate with an inhibitory effect on algal growth by screening experiments with C. curvisetus. We also cocultured the isolate Lf7 at different inoculation doses with three diatom species, Chaetoceros curvisetus, Skeletonema dohrnii, and Phaeodactylum tricornutum, as well as three dinoflagellate species, Scrippsiella acuminata, Karenia mikimotoi, and L. fissa, to determine their effects on these commonly dominant phytoplankton species in the Pearl River Estuary. Our research will provide insight into the ecological function of phycosphere bacteria on algal growth, interspecies competition, and bloom formation.



2 Materials and Methods


2.1 Isolation of Bacterial Strains from the Phycosphere of Levanderina fissa


2.1.1 Microalgal Culture

Levanderina fissa (GenBank accession no. ITS: KF435124) was isolated in October 2009 during a bloom in the Pearl River Estuary, South China Sea. The cultures were maintained in autoclaved (121°C, 20 min) f/2 medium (Guillard, 1975). Algal cells at the exponential phase were incubated in 250 mL Erlenmeyer flasks containing 100 mL of sterilized f/2 medium. The medium was made with artificial sea salt (Red Coral Sea, nutrient-free formula) with a salinity of 30-31 and pH of 7.9 ± 0.1. Microalgal cultures were maintained in an incubator at 20 ± 1°C and illuminated with 100 μmol photon/m2·s cool-white fluorescent illumination with a dark:light cycle of 12:12 h.



2.1.2 Isolation of Cultivable Bacteria in the Phycosphere

Samples were aseptically collected at five growth phases of L. fissa, that is, the lag growth phase, the logarithmic growth phase, the stationary phase, and the early and late decline phases. One milliliter of each culture was suspended in 9 mL of Zobell 2216E marine medium (Su et al., 2007) to a dilution of 10-1. Zobell 2216E marine medium was prepared using artificial seawater. These suspensions were further diluted in the same way to dilutions of 10-2-10-6. A 0.1 mL aliquot of the dilutions of 10-3-10-6 was spread onto Zobell 2216E agar plates, and the plates were incubated at 28°C for 5-7 days. Visually distinct bacterial colonies were subcultured on fresh Zobell 2216E agar plates and incubated for 5-7 days. The step was repeated three to four times to obtain purified bacterial colonies.

There were 32 bacterial isolates collected from cultures of L. fissa. The bacterial isolates were then identified based on sequencing of the V3 region of the 16S rRNA gene. Twelve different phylotypes were obtained after removing the duplicate rRNA gene sequences. The isolated bacteria were labelled Lf1 to Lf12. The sequences were submitted to the International Nucleotide Sequence Database Collaboration at NCBI (GenBank accession nos. KF444158-KF444169). The bacterial phylotypes belonged to Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes, and Actinobacteria (Table 1 and Figure 1)


Table 1 | The identities of bacteria isolated from phycosphere of Levanderina fissa and their phylogenetically most related sequences from EzTaxon database based on partial 16S rRNA gene sequences.






Figure 1 | Neighbor-joining tree, showing the phylogenetic position of bacterial strains isolated from phycosphere of Levanderina fissa and type strains of most phylogenetically related taxa (type species included) based on partial 16S rRNA gene sequences. GenBank accession numbers are given. Bootstrap analysis was made with 1000 resamplings; percentages of support are shown at nodes, Bar, 5% sequence divergence.






2.2 Effects of Bacteria on the Growth of Different Microalgal Taxa


2.2.1 Antibacterial Treatment of Microalgal Cultures

The clonal strains of the six phytoplankton species, including three diatom species, C. curvisetus (GenBank accession no.: MW793400), S. dohrnii (GenBank accession no.: MW795694), and P. tricornutum (GenBank accession no.: MW793395), and three dinoflagellate species, K. mikimotoi (GenBank accession no.: MW793400), S. acuminata (GenBank accession no.: MW793402), and L. fissa, were isolated between 2005 and 2009 from southern Chinese coastal waters and maintained in f/2 media (for diatoms) or in f/2 media without silicon (for dinoflagellates).

The stock cultures were treated with a mixture of antibiotics to destroy the external bacteria before the experiments. First, 10 μg/mL penicillin (final concentration) was added to 100 mL of C. curvisetus culture in the exponential phase and incubated for 24 h. Then, 10 mL of the penicillin-treated culture was inoculated into 100 mL of fresh f/2 medium with 10 μg/mL streptomycin sulfate and incubated for another 24 h, followed by treatment with 10 μg/mL kanamycin sulfate. The antibacterial treatment cultures were maintained in sterilized f/2 medium for the experiments.



2.2.2 Bacterial Isolation and Counting

Bacterial isolates were maintained in a Zobell 2216 marine agar plate after removing the repeated isolates by cross-comparison with the results of the rRNA gene sequences. Before the experiment, bacterial colonies were transferred to liquid Zobell 2216 medium, cultivated on a 28°C, 200 r/min shaking table for 8-10 h, and then gradually acclimated to 20°C within 2 h.

The bacterial concentration was determined by measuring the colony-forming unit (CFU) number on Zobell 2216E agar medium. Each distinct bacterial colony was counted in the plate of suitable colonies (30-300), and the concentration of each bacterium (CFU/mL) was obtained according to the dilution factor.



2.2.3 Screening of the Bacterial Strains

The effects of the 12 bacterial isolates on the growth of different microalgal taxa were screened by C. curvisetus. Liquid bacterial cultures of the 12 isolates in exponential phase were added to the exponential C. curvisetus cultures. The inoculation rate was 0.1% (v/v), and the initial bacterial concentration was 7.5×107 CFU/mL in the cocultures. Cultures in f/2 medium (f/2) and with the same volume of liquid Zobell 2216E medium (BC) were used as the negative controls. Algal cultures were cultivated under the same conditions as outlined in Section 2.1.1. All experiments were carried out in sterile 24-well tissue culture plates. The experiment was conducted for 5 days covering the whole exponential phase and reaching the stationary phase for C. curvisetus, and cell numbers were counted every day. The algal cell numbers were counted daily during the incubation period. The cell counts were performed in a cell counting chamber by placing 0.05-0.1 mL of culture into the chamber, fixing with a drop of Lugol’s fixative, and observing under an inverted microscope (Leica DMIRB) at a magnification of 200×. Each sample was counted more than three times until the differences in cell counts were less than 10%. When C. curvisetus always showed negative growth with lower cell densities than initial cell densities, the maximum cell density was recorded as 0. All experiments were conducted in triplicate.



2.2.4 Effects of Bacterial Strain Lf7 on the Growth of Microalgal Taxa

The results of the screening test showed that the bacterial strain Lf7 had the strongest inhibitory effect on the growth of C. curvisetus. Therefore, Lf7 was selected as the bacterial strain to study its effects on the growth of the six different phytoplankton taxa. Four bacterial concentrations were set in the experiment, which were 7.5×107, 7.5×106, 7.5×105, and 7.5×104 CFU/mL, with an inoculation rate of 0.1% (v/v). The experiment was conducted for 6 days to cover the whole exponential phase and reach the stationary phase for the algae, and algal cell numbers and bacterial concentrations were measured every day. The initial cell densities of different microalgal taxa were set differently according to their cell sizes to obtain similar initial biomasses. The size of the microalgal taxa is described in Supplementary Table S1. The experiment was conducted for 6 days to cover the whole exponential phase and reach the stationary phase for the algae according to our former lab experience, and algal cell numbers and bacterial concentrations were measured every day.

This additional experimental design is the same as that in Section 2.2.3.




2.3 Data and Statistical Analysis


2.3.1 Phylogenetic Analysis

Analysis of the 16S rRNA gene sequence was performed using the software package MEGA, version 3.1 (Kumar et al., 2004). The model of Jukes and Cantor (1969) was used to compute the evolutionary distance, based on which a phylogenetic tree was constructed using the neighbor-joining method (Saitou and Nei, 1987), with a bootstrap analysis derived from 1000 replications. Sequence similarity was calculated using pairwise alignment obtained from the EzTaxon database (Chun et al., 2007).



2.3.2 Inhibitory Effect

The effects of bacterial strains on the growth of algal cells are expressed as the relative maximum cell number (%), which is defined as the maximum/final cell number in each experimental regime compared to the maximum/final cell number obtained in the f/2 medium (f/2). When cell numbers in the test group were always lower than the initial density, indicating that no active growth occurred, neither the maximum cell number (cells/mL) nor the relative maximum cell number (%) was calculated.



2.3.3 Maximum Specific Growth Rate

The specific growth rate (μ, divisions/d) of algal cells was calculated every day during the experimental period using the following equation:



where N2 and N1 are cell density values at times t2 and t1, respectively. The maximum specific growth rate (μmax) is defined as the maximum value of μ during the experiment.



2.3.4 Statistics

The mean and standard deviation (SD) were calculated for each treatment from three independent replicate cultures. The means and standard deviations of all data were calculated and graphed. Repeated measures ANOVA was used to compare growth curves of different treatments. One-way ANOVA with post hoc (Tukey test) analysis was conducted for multiple comparisons of the maximum specific growth rate, relative maximum cell density, and maximum bacterial concentration. Statistical analyses were performed using SPSS 25.0, and differences were considered significant when p < 0.05. Detailed statistical information is shown in the Supplementary Tables.





3 Results


3.1 Bacteria Isolation from the Phycosphere of Levanderina fissa

The growth of C. curvisetus in the coculture of the 12 bacterial strains isolated from the phycosphere of L. fissa is shown in Figure 2. The cell density increased gradually in the f/2 medium and reached a maximum of 1.71×105 cells/mL at Day 5. The cell density in the BC control, which was supplemented with bacterial medium, increased and peaked at Day 2, with a maximum of 1.67×105 cells/mL. As shown in Figure 2A, most bacteria had no significant inhibition of the growth of C. curvisetus, and only two strains (Lf4 and Lf7) showed significant inhibitory effects (p < 0.01). The cell density of C. curvisetus decreased rapidly after the addition of the bacterial strain Lf7 and dropped to 2.2×104 cells/mL at Day 5, which was only 16.9% of the inoculation density. The growth of algal cells was significantly inhibited in the first 3 days after the addition of the bacterial strain Lf 4 (p < 0.01), and then the cell density increased at Day 4 and Day 5; however, it was still lower than the inoculation density. The cell densities of C. curvisetus in cocultures with Lf7 and Lf4 were always lower than the inoculation densities. Moreover, the maximum cell densities in the cocultures with the other 10 bacterial strains were significantly higher than those of the f/2 and BC media (p < 0.05, Figure 2B). Moreover, only C. curvisetus inoculated with strain Lf7 showed a negative maximum specific growth rate (Figure 2C). The results of the screening experiment suggested that the bacterial strain Lf7 had the most obvious growth inhibition on C. curvisetus. Therefore, Lf7, identified as the Gammaproteobacteria Alteromonas species based on a partial sequence of the 16S rRNA gene (Table 1 and Figure 1), was selected for further experiments.




 Figure 2 | The growth of Chaetoceros curvisetus in the co-culture of bacterial strains isolated from the phycosphere of Levanderina fissa including (A) Growth curve, (B) maximum cell density, and (C) maximum specific growth rate. The maximum cell densities were not shown in Lf4 and Lf7, whose cell numbers were always lower than the initial cell numbers during the experiment. Lf1-Lf12: Cultures addition of the 12 bacterial strains Lf1-Lf12, BC: Culture addition of the liquid Zobell 2216E medium, f/2: Growth in f/2 medium.





3.2 Effects of Bacterial Strain Lf7 on the Growth of Chaetoceros curvisetus

The growth curves of C. curvisetus in different experimental treatments were similar, except for the highest bacterial inoculation group (7.5×107 CFU/mL). The curves initiated at a 1–2-day lag period, then a 2–3-day rapid growth period, followed by a slow increase or a slight decrease in cell density (Figure 3A). Significant growth inhibition occurred only in culture with 7.5×107 CFU/mL bacterium Lf7, in which cell numbers deceased steadily and were always lower than the incubation number (Figure 3A). As shown in Figure 4A, the maximum cell density in the BC culture was 95.7% compared to that in the f/2 medium, while the relative maximum cell densities were over 100% (106-133%) in cultures with bacterial addition at concentrations of 7.5×104-7.5×106 CFU/mL. The algal cells showed no effective growth after adding bacteria at a concentration of 7.5×107 CFU/mL, and the maximum cell density was the inoculation density. The maximum specific growth rate of C. curvisetus showed a negative value when inoculated with 7.5×107 CFU/mL bacterium Lf7, indicating negative growth throughout the whole experimental period (Figure 4B).




  Figure 3 | The growth of Chaetoceros curvisetus in the co-cultures with different inoculum dose of bacterial strain Lf7 (7.5×104-7.5×107 CFUs/mL). (A) Growth curves of C. curvisetus in co-cultures with Lf7, (B) Lf7 abundances in the algal cultures.






Figure 4 | Relative maximum algal cell density, maximum algal specific growth rate, and bacteria concentration in co-cultures of six microalgal taxa with the bacterial strain Lf7 during the six days incubation. (A) Relative maximum algal cell density, (B) maximum algal specific growth rate, (C) maximum Lf7 concentration in the algal cultures. Cc, co-culture of Chaetoceros curvisetus with Lf7; SK, co-culture of Skeletonema dohrnii with Lf7; Pt, co-culture of Phaeodactylum tricornutum with Lf7; Sa, co-culture of Scrippsiella acuminata with Lf7; Km, co-culture of Karenia mikimotoi with Lf7; Lf, co-culture of Levanderina fissa with Lf7.



In the coculture system, bacteria grew well and showed maximum abundances at 2 to 4 days (Figure 3B). The bacterial concentration in the group with the highest bacterial inoculum dose maintained the longest growing period (4 days). In all groups with different bacterial inoculum doses, the maximum bacterial concentration showed no significant difference, ranging from 8.7×108-1.42×109 CFU/mL (Figure 4C).



3.3 Effects of the Bacterial Strain Lf7 on the Growth of Skeletonema dohrnii

The cell densities of S. dohrnii with f/2 medium were significantly higher than those with bacterial medium. The cell densities of S. dohrnii inoculated with strain Lf7 were significantly lower than those inoculated with either f/2 medium or bacterial medium (Figure 5A). The density dropped to 15-24% of the initial inoculation densities, indicating a strong inhibitory effect of the bacterial strain Lf7 on the growth of the algae S. dohrnii. The maximum specific growth rate of S. dohrnii showed a negative value when inoculated with 7.5×105 CFU/mL bacterium Lf7, indicating negative growth throughout the whole experimental period (Figure 4B).




Figure 5 | The growth of Skeletonema dohrnii in the co-cultures with different concentrations of bacterial strain Lf7 (7.5×104-7.5×107 CFUs/mL). (A) Growth curves of S. dohrnii in co-cultures with Lf7, (B) Lf7 concentration in the algal cultures.



The bacterial concentration increased significantly to 9.1×108-1.29×109 CFU/mL, showing no significant differences between groups with different bacterial inoculum doses (Figure 5B).



3.4 Effects of Bacterial Strain Lf7 on the Growth of Phaeodactylum tricornutum

As the control, P. tricornutum with f/2 experienced a lag phase within two days, reached maximum cell densities on the fourth day, and maintained a high cell density from Day 5 to Day 6 (Figure 6A). At a high inoculation dose of bacteria (7.5×107 and 7.5×106 CFU/mL), the growth of P. tricornutum was strongly inhibited, with a decline of 90% cell density within 3 days. Afterward, the cell density of this algae decreases slowly and remains low in such a coculture condition. Whether at a low inoculation dose of bacteria (7.5×104 and 7.5×105 CFU/mL) or under additions of bacterial medium, the growth of P. tricornutum showed a similar growth pattern: cell densities decreased within 2 days and gradually increased to maximum values on Day 4. The cell densities of P. tricornutum with high inoculation doses of strain Lf7 were significantly lower than those with either low inoculation doses of strain Lf7 or bacterial medium. The maximum specific growth rate of P. tricornutum showed a value close to zero when inoculated with 7.5×104 CFU/mL bacterium Lf7, indicating almost no growth throughout the whole experimental period (Figure 4B).




Figure 6 | The growth of Phaeodactylum tricornutum in the co-cultures with different concentrations of bacterial strain Lf7 (7.5×104-7.5×107 CFUs/mL). (A) Growth curves of P. tricornutum in co-cultures with Lf7, (B) Lf7 concentration in the algal cultures.



When cocultured with P. tricornutum, CFUs of strain Lf7 increased significantly (Figure 6B). The highest bacterial concentration occurred on Day 2 when the growth of this algae was strongly suppressed. The bacterial concentration increased to 1.14-1.9×109 CFU/mL by the end of the experiment, showing no significant differences between groups with different bacterial inoculum doses (p > 0.05).



3.5 Effects of Bacterial Strain Lf7 on the Growth of Scrippsiella acuminata

As the control, the cell densities of S. acuminata with additions of f/2 medium and bacterial medium showed no significant differences. The cell densities of S. acuminata at all inoculation doses of Lf7 declined dramatically (Figure 7A), indicating a strong inhibitory effect of Lf7 on S. acuminata. Moreover, the concentration of strain Lf7 increased under the coculture conditions, with maximum values within 2.7-5.7×108 CFU/mL from Day 3 to Day 4 (Figure 7B). The maximum specific growth rate of S. acuminata showed a negative value at all inoculation doses of the bacterium Lf7, indicating negative growth throughout the whole experimental period for all the coculture treatments (Figure 4B). Among the three diatoms used in the coculture experiments, Lf7 showed the lowest maximum concentration when cocultured with S. acuminata (Figure 4C).




Figure 7 | The growth of Scrippsiella acuminata in the co-cultures with different concentrations of bacterial strain Lf7 (7.5×104-7.5×107 CFUs/mL). (A) Growth curves of S. acuminata in co-cultures with Lf7, (B) Lf7 concentration in the algal cultures.





3.6 Effects of the Bacterial Strain Lf7 on the Growth of Karenia mikimotoi

As the control, the cell densities of K. mikimotoi with additions of f/2 medium and bacterial medium showed no significant differences in their growth curves (p > 0.1, Figure 8A). Only the maximum specific growth rate of K. mikimotoi cocultured with 7.5×106 CFU/mL bacterium Lf7 was significantly lower than that of the control (P. tricornutum cultured with f/2 or BC) (all p <0.05, Figure 4B). However, the cell densities of K. mikimoto at all inoculation doses of Lf7 declined dramatically on the first day and were maintained at a low density, reaching 42-68% of the inoculum dose. Lf7 showed inhibitory effects on the growth of K. mikimotoi under the addition of all bacterial concentrations (Figure 8A).




Figure 8 | The growth of Karenia mikimotoi in the co-cultures with different concentrations of bacterial strain Lf7 (7.5×104-7.5×107 CFUs/mL). (A) Growth curves of K. mikimotoi in co-cultures with Lf7, (B) Lf7 concentration in the algal cultures.



The concentration of strain Lf7 under coculture conditions with K. mikimotoi was also similar to that with S. acuminata and significantly lower than that with other diatoms, reaching maximum values within 2.7-5.7×108 CFU/mL (p < 0.01, Figures 4C, 8B).



3.7 Effects of Bacterial Strain Lf7 on the Growth of Levanderina fissa

Regardless of treatments (whether with different inoculation doses of bacteria or under additions of different media), the cell densities of L. fissa increased to a maximum value at Day 5 (Figure 9A). Although the daily maximum specific growth rate occurred differently between several of the two treatments (p <0.05, Figure 4B), the growth curves showed no significant differences (p > 0.05), indicating that the growth of L. fissa was not inhibited by Lf7. However, the concentration of strain Lf7 in coculture conditions with L. fissa reached maximum values within 1.52-1.87×109 CFU/mL, with the highest average values among those of strain Lf7 in coculture conditions with all algal species in this experiment (Figures 4C, 9B).




Figure 9 | The growth of Levanderina fissa in the co-cultures with different concentrations of bacterial strain Lf7 (7.5×104-7.5×107 CFUs/mL). (A) Growth curves of L. fissa in co-cultures with Lf7, (B) Lf7 concentration in the algal cultures.






4 Discussion

The study isolated and identified a total of 12 strains of cultivable bacteria coexisting in different growth stages of L. fissa by the gradient dilution method. Only strain Lf7, identified phylogenetically as an Alteromonas species using a partial 16S rRNA gene sequence, showed a significant inhibitory effect on different algal species except its host, and its growth was promoted by coculture with the host algae L. fissa.

Alteromonas species are frequently reported as phycosphere bacteria with two opposite interacting actions with their host (Meyer et al., 2017; Cao et al., 2021). These bacteria can directly cause the lysis of their host algae by producing β-glucosidase and chitinase (Imai et al., 1995; Wang et al., 2010; Lin et al., 2013; Umetsu et al., 2019). Shi et al. (2018) isolated an algicidal bacterium (FDHY-03) from a bloom of Prorocentrum donghaiense and found the characteristics of its action against P. donghaiense by digesting cell wall polysaccharides from the megacytic growth zone. 16S rRNA gene sequence analysis placed this strain in the genus Alteromonas. The beneficial effects of Alteromonas species on their hosts have also been reported (Ferrier et al., 2002; Sandhya and Vijayan, 2019). By examining how the entire transcriptome of Isochrysis galbana changed when it was cocultured with A. macleodii isolated from its phycosphere, Cao et al. (2021) revealed transcriptome changes, including notable increases in transcripts related to photosynthesis, carbon fixation, oxidative phosphorylation, ribosomal proteins, biosynthetic enzymes, and transport processes, as well as the depletion of transcripts encoding DNA repair enzymes, superoxide dismutase (SOD), and other stress-response proteins. Taken together with the lab-enhanced growth of I. galbana by coculturing with A. macleodii, the presence of A. macleodii enhanced photosynthesis and biosynthesis of I. galbana and protected it from stress, especially oxidative stress.

Our isolated Lf7 showed neither direct beneficial nor inhibitory effects on its host, as discussed above. However, the strain showed different inhibitory effects on the growth of five other tested algal species, including K. mikimotoi, S. acuminata, P. tricornutum, C. curvisetus, and S. dohrnii. All five algal species occurred in the Pearl River Estuary. Except for the model diatom Phaeodactylum tricornutum, the other four were reported as bloom species elsewhere (Shikata et al., 2008; Begum et al., 2015; Tse and Lo, 2017; Li et al., 2019). L. fissa blooms are frequent in the Pearl River Estuary, while the phenomenon is not common worldwide (Jimenéz, 1993; Nagasoe et al., 2006; Nagasoe et al., 2010; Gárate-Lizárraga et al., 2013). L. fissa showed few advantages in interspecific competition with three other algal bloom-forming species, Skeletonema dohrnii (Bacillariophyceae), Prorocentrum micans (Dinophyceae), and Chattonella marina (Raphidophyceae), using pure, sterilized cultures in previous research (Wang et al., 2021). Thus, the reason L. fissa outcompeted other algae in the Pearl River Estuary and other limited places might be a key factor explaining the frequent blooms. Wang et al. (2017) proposed the assumption that the ability to dissolve organic phosphorus utilization of L. fissa offers this species a competitive advantage in the phytoplankton community. In this study, our results hint at another possible explanation that bacteria associated with L. fissa might have some ecological roles in its competition with other phytoplankton.

Mutualism associations often refer to a serious chemical exchange between phytoplankton and phycosphere bacteria; for example, diatoms secrete the amino acid tryptophan, which is converted by the bacterium into the hormone indole-3-acetic acid (IAA) (increasing bacterial growth simultaneously), which is then transferred from the bacterium back to the diatom to promote its cell division (Amin et al., 2015). Both bacteria and phytoplankton benefited from direct mutualism associations. In our study, the growth of that bacterium benefited most from the original host L. fissa among all tested algae. It is a common case that phycosphere bacteria are more adapted to a narrow range of compounds secreted by their algal host (Bell, 1984; Schäfer et al., 2002; Sapp et al., 2007; Sison-Mangus et al., 2014). Even though strain Lf7 showed no promoting effect on the growth of L. fissa, the inhibitory effect of strain Lf7 on other algae may lead to a competing advantage of its host. This may indicate complicated interactions between phycosphere bacteria and their host algae, which needs further lab studies.

In conclusion, by isolating and identifying cultivable bacteria coexisting in different growth stages of Levanderina fissa and subsequently monitoring the growth status of bacteria and microalgae in cocultural conditions, we obtained the bacterial strain Lf7 (taxonomically belonging to Alteromonas species), which showed inhibitory effects on the growth of five different microalgae (K. mikimotoi, S. acuminata, P. tricornutum, C. curvisetus, and S. dohrnii). We suspect that phycosphere bacteria Lf7 might have some ecological roles in the competition between its host algae L. fissa and other phytoplankton.
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Marine picophytoplankton (<2 μm) play a key role in supporting food web and energy flow in the ocean, and are major contributors to the global marine carbon (C) cycle. In recent years, picophytoplankton have been found to have significant silica (Si) accumulation, a finding which provides a new sight into the interaction of marine C and Si cycles and questions the overwhelming role of large diatoms (>2 μm) in the Si cycle. As picophytoplankton have high cell abundance and wide distribution in the open ocean, exploring their influences on the C and Si cycles as well as other element cycles are becoming new scientific hotspots. However, there are still few studies on the physiology and ecology of picophytoplankton, especially their potential roles in the biogeochemical Si cycle at present. Thus, it is necessary to accurately evaluate and quantify the contributions of picophytoplankton to the C and Si cycles, and to further understand their C and Si sinking mechanisms. In this review, we expect to have a novel understanding of picophytoplankton Si pool and regulation mechanism by conducting targeted studies on these scientific issues. This also provides a premise foundation and theoretical framework for further study of the role of small cells in the global ocean Si cycle and the coupling of C and Si cycles.
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INTRODUCTION

Among phytoplankton the large diatoms (>2 μm), a dominant group that are generally prevalent in coastal eutrophic ecosystems (Cermeño et al., 2005; Carstensen et al., 2015), contribute significantly to the biogenic silica (bSi) production and global primary production (Nelson et al., 1995; Brzezinski et al., 1998; Chai et al., 2007; Krause et al., 2011). These photosynthetic protists can absorb dissolved silicic acid to form their siliceous cell walls (Hecky et al., 1973; Bidle and Azam, 1999), and produce approximately 100–140 Tmol Si year−1 for the global ocean (Nelson et al., 1995). In addition, these large diatoms are one of the major primary producers in the ocean and are able to contribute up to ~25% of global carbon (C) fixation, although they are not dominant in oligotrophic oceans (Armbrust et al., 2004; Kale and Karthick, 2015). Aspects of their life history, notably their siliceous cell walls and high sinking rates, make them also important to the export of C and Si to depth, owing to density-driven particle sedimentation (Kemp et al., 2006; Ragueneau et al., 2006; Tréguer et al., 2018). As such, the marine Si cycle is intimately tied to the C cycle through the biotic action of large diatoms, such as growth, reproduction, and metabolism (Huang and Daboussi, 2017). Collectively, large diatoms are thought to be the primary organisms responsible for the export of Si to the ocean interior and one important group of primary producers in the global marine ecosystems (Armbrust et al., 2004; Ragueneau et al., 2006; Tréguer et al., 2018). In some cases, the presence of other siliceous organisms (e.g., Silicoflagellates and Rhizarians) would likely reduce the proportional importance of large diatoms to total bSi standing stocks (Biard et al., 2018; Hendry et al., 2018). However, a fundamental knowledge about the role of biota in marine Si cycle is that large diatoms overwhelmingly dominate the bSi standing stocks in the open ocean (Figure 1).

[image: Figure 1]

FIGURE 1. Schematic view of the significance of large diatoms and picophytoplankton in the marine C and Si cycles.


In recent years, regional bSi measurements have revealed that large diatoms have a disproportionately high contribution to bSi standing stock and Si export relative to their contribution to total phytoplankton biomass (Brzezinski et al., 2011; Krause et al., 2017), particularly in the mid-ocean oligotrophic gyres where diatom biomass and Si production rates are among the lowest in the ocean. For example, similar studies carried out in the equatorial Pacific (110–140°W) have led to a revised estimate of diatom bSi standing stock, as only 2%–31% of bSi pool was associated with living large diatoms (Krause et al., 2010). The implication is that the marine bSi pool may be not entirely originate from the large diatoms, and may be associated with a previously unexplored source of Si in the ocean. Surprisingly, Baines et al. (2012) have revealed that the widely distributed marine picocyanobacterium Synechococcus can accumulate substantial amounts of Si, a finding which may interpret the disproportionately high contributions of large diatoms to primary production and organic matter export. Also, Leblanc et al. (2018a) have demonstrated that some small diatoms (e.g., Minidiscus), which belong to the picoplanktonic size-class, may play a role in marine systems. However, as a result of their small size and slow sinking rate, these picophytoplankton (e.g., Synechococcus and small diatoms) have long been considered to represent a negligible fraction of the C and Si transport from the surface into the deep ocean (Buesseler, 1998). Until recently, some studies in oligotrophic areas have suggested that picophytoplankton are also important in transporting organic matter to the depth (Richardson and Jackson, 2007). It is well known that picophytoplankton are abundant in many oligotrophic oceans (Buitenhuis et al., 2012; Flombaum et al., 2013; Visintini et al., 2021), hence the role for picophytoplankton in the Si cycle would be more prominent in oligotrophic environments where large diatoms are in low biomass (Figure 1).

A series of theoretical arguments based on laboratory experiments and field studies have provided evidence for a role for small picophytoplankton in the Si cycle, showing that these ubiquitous small cells accumulate significant amounts of Si, exert a previously unrecognized influence on the oceanic Si cycle, and may further enhance Si export to depth (Baines et al., 2012; Tang et al., 2014; Krause et al., 2017; Leblanc et al., 2018b; Wei et al., 2021a,b). For instance, size-fractionated bSi measurements by Baines et al. (2012) and Krause et al. (2017) in the Sargasso Sea showed that the bSi standing stocks within the <3 μm size fraction averaged 16–20 and 14% of the total, respectively. Leblanc et al. (2018b) revealed a non-negligible contribution of the pico-sized fraction to bSi standing stocks (11%–26%) in the tropical South Pacific. Our earlier works in the oligotrophic eastern Indian Ocean and western Pacific Ocean have also shown that the pico-sized fraction was 49%–65% of the total bSi pool and 43% of the total bSi production rates, respectively (Wei et al., 2021a,b). Accordingly, we speculate that this previously unexplored Si source of marine picophytoplankton may be important to Si cycling in the open ocean, although the genetic and metabolic mechanisms of Si accumulation by Synechococcus are unknown, particularly for the form and precise location of the Si. Given this hypothesis, with this review, we discussed recent findings that small picophytoplankton may have a quantitatively significant contribution to both bSi pool and its rate of production for the global ocean. We hope this review will provide some inspirations for researchers to explore the mechanistic role of these fascinating small cells in the biogeochemical Si cycle, as well as providing a novel context of biological and ecological functions to those interested in marine Si cycle.



THE ROLE OF LARGE DIATOMS IN MARINE C AND SI CYCLES

Terrestrial dissolved silicic acid (DSi) through rivers and atmospheric deposition are eventually transported to the ocean. The DSi is subsequently absorbed by large diatoms to construct their cell walls, becoming an essential nutrient for diatom growth, metabolism and reproduction. Furthermore, the biological silicate, as an effective pH buffer for intracellular metabolism of diatoms, contributes to more absorption of CO2, which in turn encourages the large diatoms to carry out more efficient photosynthesis. Thus, large diatoms account for ~25% of the total global C sequestration, and play an important role in the regulation of atmosphere CO2 as well as global climate change (Field et al., 1998; Ragueneau et al., 2000; Jin et al., 2006). Due to the density-driven particle deposition, large diatoms have long been thought to be responsible for the transport of organic matter to the deep ocean (~1.5–2.8 Gton C year−1; Treguer et al., 1995; Armstrong et al., 2001). Altogether, large diatoms dominate the Si absorption, metabolism, conversion, and deposition in the ocean, and closely combine the Si cycle with the C cycle, which plays an important role in the start-up and continuity of the marine biological pump (Ragueneau et al., 2006).

The process by which different phytoplankton convert CO2 from the atmosphere into organic C through photosynthesis and send it to the deep ocean is called the “biological C pump.” In this process, Si plays an irreplaceable role in the primary production and output dominated by large diatoms. Thus, the biogeochemical cycles of C and Si are closely coupled through the growth and metabolism of large diatoms, and the “biological C pump” in the ocean is called the “biological Si pump” (Raven and Falkowski, 1999). For example, studies on long-term algal blooms and nutrient status in different nearshore areas have reported that higher N and P inputs increase the C biomass of large diatoms and simultaneously result in increased Si deposition rates (Officer and Ryther, 1980). In recent years, however, studies in some oligotrophic areas have found that the C biomass of large diatoms is relatively low, but compared with the low C biomass, the Si storage and output flux are very high. The implication is that the production and output of C and Si are obviously unbalanced in these areas, i.e., the decoupling phenomenon (Assmy et al., 2013). For example, approximately 50%–75% of the Si around Antarctica is buried in deep-sea sediments, whereas large diatoms contribute only 2%–38% of the total phytoplankton C biomass (Hedges and Keil, 1995). Similarly, a large number of sediment trap data have shown a poor correlation between the C and Si flux of large diatoms in the ocean (Klaas and Archer, 2002). Although there are other siliceous organisms (e.g., silicoflagellates and Rhizarians) in the ocean that can absorb Si, their species and abundance in the ocean are very small, their growth and sedimentation rates are very low, and their contribution to offshore silicon stock, production, and output is negligible compared to that of large diatoms. Therefore, these non-diatom siliceous groups are not the main cause of the imbalance between the production and output of C and Si. So what accounts for the imbalance between the production and output of C and Si in these oligotrophic areas?



ADVANCE IN THE ROLE OF PICOPHYTOPLANKTON IN OCEAN SI CYCLING

Up to date, it is generally believed that large diatoms transport dissolved Si from the surface to the deep ocean, dominating the global ocean Si cycle and becoming the main bridge between the oceanic C and Si cycles (Raven and Falkowski, 1999). As discussed above, it is difficult to explain the imbalance between the production and output of C and Si in the ocean (especially in oligotrophic areas) from the perspective of “only diatoms.” Interestingly, Synechococcus are found to accumulate substantial amounts Si, and their cells have different Si/P and Si/S ratios. Given the phylogenetic and taxonomic similarities between Synechococcus and Prochlorococcus (Kent et al., 2019), it is possible that Prochlorococcus also can accumulate Si, but they are too small (~0.6 μm) to detect their intracellular Si content. Regardless of the morphology of Si in these picocyanobacteria, if Prochlorococcus can accumulate Si, their high abundance and worldwide distribution suggest that they would have an important effect on the oceanic Si cycle. In addition, recent studies have shown that there are a large number of small diatoms genus Minidiscus in the picoplanktonic size-class, which may have important implications for the marine Si cycle (Leblanc et al., 2018a). Meanwhile, there is accumulating evidence that marine picophytoplankton are the important contributors of primary productivity in oligotrophic waters, and their contribution to the export of organic particles to the deep ocean could not be ignored (Richardson and Jackson, 2007). The discovery of picophytoplankton Si accumulation is likely to change the absolute role of large diatoms in the global marine Si cycle and provides us with a new perspective to link the interaction of C and Si cycles.

In some cases, the Si concentration in Synechococcus cells can exceed that of large diatoms, the indication being that picocyanobacteria may have a previously unrecognized and important impact on the ocean’s Si cycle (Baines et al., 2012). Thereafter, a series of studies on Si accumulation in picophytoplankton have explored the potential impact of these small cells on the ocean Si cycle. For example, Tang et al. (2014) have found that Si can be deposited on extracellular polymeric substance (EPS) associated with decomposing Synechococcus, which is similar to the micro-blebs observed in the deep ocean in morphology and composition. So the EPS-Si produced by the Synechococcus decomposition may be the precursors of the micro-blebs that may be important to Si cycling and may further enhance export of picophytoplankton to the deep ocean. Ohnemus et al. (2016) have measured the intracellular Si content of the North Atlantic, and revealed that the intracellular Si content of Synechococcus varied greatly, ranging from 1 to 4,700 amol Si cell−1. Subsequently, they have provided evidence that the variation of intracellular Si content with depth may be related to the difference of dominant clades in different water layers. Brzezinski et al. (2017) have reported that the growth rate of Synechococcus is not affected by the concentration of Si in culture. However, they also proposed that there are two Si pools, i.e., soluble and insoluble, in the cells of Synechococcus, and speculated that soluble Si would likely bind to organic ligands. Krause et al. (2017) have analyzed the Si stock and production rate of the pico-sized fraction in the Sargasso Sea, and average bSi stock and production rate accounted for 14 and 16% of the total, respectively, indicating that the picophytoplankton accounted for a large proportion of the total bSi stock and production. They also estimated the contribution of Synechococcus to the total pico-sized bSi standing stock (~15%) and production rate (~55%), suggesting that more than half of the Si production of picophytoplankton is likely to originate from Synechococcus. Ohnemus et al. (2018) have explored the chemical form of Si in the Synechococcus cells, and revealed that Synechococcus Si was spectroscopically different from the opal-A precipitated by large diatoms. Leblanc et al. (2018b) have shown that the contribution of picophytoplankton to the total bSi stocks could not be overlooked (about 11%–26% of the total bSi stocks) in the tropical South Pacific, and have also highlighted the importance of Si uptake by Synechococcus in the ocean.

Since Baines et al. (2012) first discovered the Si accumulation of Synechococcus, there have been a series of reports on the contribution of marine picophytoplankton to bSi standing stocks and production in different oligotrophic waters (e.g., the Eastern Pacific, North Atlantic, and South Pacific). Although the absorption mechanism and environmental regulation mechanism of picophytoplankton Si accumulation are not clear at present, their Si accumulation contributes significantly to the bSi standing stock (11%–50%) and production (~55%) in different water layers (Ohnemus et al., 2016; Krause et al., 2017; Wei et al., 2021a,b). Conceivably, Si accumulation by picophytoplankton may affect their growth and metabolism, and then regulate their photosynthetic C fixation and biological C pump. More importantly, these small cells may promote the sinking of particulate matter, and all organic C contained therein through their dense siliceous cells or extracellular EPS-Si into the ocean without entering the recycling process (Tang et al., 2014; Wei et al., 2022). This potential sinking process is likely to combine the Si cycle with the C cycle, making it a new bridge connecting the interactions of the oceanic C and Si cycles. Taken together, the Si accumulation of picophytoplankton not only changes our previous understanding that large diatoms mainly control the global oceanic C and Si cycles, but also plays an important role in the sequestration of C and Si in the ocean.



SIGNIFICANT CONTRIBUTION OF PICOPHYTOPLANKTON TO SI BUDGETS

Based on our previous studies in the oligotrophic open oceans, it is concluded that marine picophytoplankton could represent on average ~50% of total bSi standing stocks, which is a significant contribution (Wei et al., 2021a,b). In the Sargasso Sea, the picophytoplankton generally contributed measurable, and at times significant proportion of both the total bSi standing stocks (9%–24%) and production rates (1%–37%; Baines et al., 2012; Krause et al., 2017). Likewise, Leblanc et al. (2018b) have revealed a non-negligible contribution of the picophytoplankton to bSi stocks and production rates in the tropical South Pacific, representing 11–26 and 11–32%, respectively, of the total. As a result, these strong evidences suggest the need to evaluate the contribution of picophytoplankton to global ocean Si cycle, which may be more prominent in oligotrophic gyres where large diatoms are in low abundance. A revised global contribution of only 13 Tmol Si yr.−1 gross Si production in the mid-ocean gyres has been estimated by Nelson et al. (1995) and Brzezinski et al. (2011), i.e., ~5%–7% of the budget calculated for the global ocean of 240 Tmol Si year−1. The range in the calculation of the global bSi production rates for mid-ocean gyres is of 0.2–1.6 mmol m−2 day−1 (Nelson et al., 1995). Our previously measured production rates in the nutrient-depleted Indian Ocean for picophytoplankton (1.1–2.2 mmol m−2 day−1) may increase the contribution of the oligotrophic waters to global bSi productivity (Wei et al., 2021b). The implication is that marine picophytoplankton, which is likely to have been included in previous analyses, may contribute even more to total bSi standing stocks and production rates of the world ocean, especially in nutrient-poor waters.

However, Krause et al. (2017) have put forward a different assumption and suggested an important role for diatom-derived bSi detritus in the pico-sized fraction. In other words, the contributions of small fragments from large diatom frustules or other siliceous microphytoplankton may increase the measurable bSi standing stock of picophytoplankton, as the preponderance of the total Si pool in the ocean is detrital and not associated with living cells. The implication is that picophytoplankton have a small contribution to total bSi stocks, which may be masked by a dynamic Si pool driven by large diatoms. This different assumption appears to be invalidated, because (i) there is surprising similarity in morphology and composition between EPS-Si and micro-blebs (a group of marine detritus enriched in Si) and thus EPS-Si may be a precursor of micro-blebs, whereas newly produced EPS-Si may most likely originate from picocyanobacteria (Tang et al., 2014); (ii) Tang et al. (2014) have provided evidence that Synechococcus-derived bSi standing stock accounts for 50% of the bSi inventory in the surface water, thus implying that half of the bSi in the surface water may originate from Synechococcus; (iii) our earlier work has revealed that the contribution of the pico-sized fraction to total Si uptake rates is really surprising, ~44%, thus can provide insight into the significant picophytoplankton contribution to Si pool (Wei et al., 2021b); and (iv) some small diatoms (e.g., Minidiscus) are globally overlooked but play a role in the marine Si cycle (Leblanc et al., 2018a). Therefore, we suggest that the source of potential Si detritus in small size fraction may originate mostly from picophytoplankton in the ocean.

Based on our previous data in the eastern Indian Ocean (Wei et al., 2021b), we made a rough estimate for the global oceanic bSi standing stock, production rate, and export flux of picophytoplankton, although such a global estimate for these small cells had significant uncertainty. The estimated results provided a global picophytoplankton bSi standing stock of 1.55–3.85 Tmol Si based on the derived Si/C ratio (i.e., ~0.035). Leblanc et al. (2012) have previously reported a first-order estimate of the diatom C biomass for the global ocean, ranging from 444 to 582 Tg C, which converts to about 3–4 Tmol Si. Thus, the estimated global bSi stock of picophytoplankton here is similar to that of large diatoms. Furthermore, we also implied a global productivity range of picophytoplankton between 78 and 194 Tmol Si year−1, which is about 32%–80% of the total global annual ocean bSi production estimate (~240 Tmol Si year−1; Nelson et al., 1995; Brzezinski et al., 2011). Richardson and Jackson (2007) have suggested that the average C export flux of picophytoplankton in oligotrophic waters is ~6.21 mmol m−2 day−1, accounting for ~50% of the total C export flux. Converting picophytoplankton C to Si export flux, using the above derived Si:C ratio (~0.035), provides an estimated global picophytoplankton Si export flux of 0.22 mmol m−2 day−1, accounting for ~55% of the global annual ocean Si flux. Altogether, these results suggest an important role for small-sized plankton in the marine Si cycle at regional and global scales, but those calculations have large uncertainty due to the lack of data, and hence more data are necessary to better understand the spatial extent of the picophytoplankton role in the global Si cycle.



FUTURE PERSPECTIVES

The biological importance of picophytoplankton in the biogeochemical cycles is even more intriguing under climate change scenarios, as the result of several studies that predict shifts toward smaller species as oceans warm. Along with the discovery of Si accumulation by picocyanobacteria, their influence could be substantially larger in various aquatic ecosystems now and in future. Meanwhile, this discovery has also strong implications for the marine C and Si cycles. Hence, this review highlights the significant advances that have been made in the past decade toward improving our understanding of Si accumulated by picophytoplankton, and their ecological and biogeochemical impacts on the Si cycle. Although this review fills some identified knowledge gaps, there are three main aspects that still need to be addressed in the future: (i) our understanding of the factors controlling the magnitude and variability in the pico-sized contribution to both total bSi stocks and its rate of production is not enough; (ii) the physiological and/or biological mechanisms of Si accumulation by picocyanobacteria are not clear; and (iii) the picophytoplankton Si export associated with possible pathways has not been established.
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Surface sediments were collected from three sea areas of the Qingdao coast, the Yellow Sea, China, namely, the inner Jiaozhou Bay, the Laoshan coast, and the Amphioxus Reserve area in November to December 2017. Dinoflagellate cysts were observed in the sediments, focusing on the distribution of toxic and harmful species. Contents of biogenic elements were analyzed to reveal their relationships to cysts. A total of 32 cyst taxa were identified, including 23 autotrophic and 9 heterotrophic taxa. Cyst concentrations ranged from 83.3 to 346.5 cysts/g D Wt with an average of 210.7 cysts/g D Wt. Generally, cysts of autotrophic dinoflagellates dominated in sediments from the Qingdao coast with proportions of 41.05%–90.25%. There were no dominant group in cyst assemblages; cysts of Protoperidiniaceae, Suessiales, and Calciodinelloideae showed similar contributions. Cyst assemblages were quite different in the inner Jiaozhou Bay reflected by the lower species richness, diversity, and cyst concentration. Results from the redundancy analysis (RDA) demonstrated the influence of biogenic elements on cyst assemblages, which explained well why the three sea areas with different degrees of human activities showed different dinocyst storages. Notably, 17 harmful algal bloom (HAB) dinoflagellate cysts were identified in this study, including cysts of those producing toxins that may damage human health and marine animals. Some of these cysts occurred widely and dominantly in this study, such as cysts of Gonyaulax spinifera, Azadinium trinitatum, Scrippsiella acuminata, and Biecheleria halophila, suggesting the potential risk of HABs in the Qingdao coastal area.
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Introduction

Dinoflagellates are the second largest group of marine phytoplankton and also an important group of toxic and harmful algal bloom (HAB) species (Gomez, 2012). HABs affect marine organisms negatively, degrade the environment, cause severe economic losses, and, in some cases, threaten human health (Hallegraeff et al., 2003). HABs only concern about 5% of marine phytoplanktonic species (Zingone and Enevoldsen, 2000), of which dinoflagellates represent 75% (Smayda, 1997). Many dinoflagellate species form resting cysts during their life cycles, which thicken cell walls and sink to the sea floor as part of marine sediments (Bravo and Figueroa, 2014). Resting cysts can survive in benthic sediments for decades or even centuries due to their thick, tolerant walls (Ellegaard and Ribeiro, 2018). Dinoflagellate cysts (hereafter referred to as dinocysts) help the population survive from the harsh environment, and the germination of cysts provides large amounts of vegetative cells to the water column. Therefore, dinocysts are considered as the “seed bank” for the occurrence of HAB (Anderson et al., 2014; Castaneda-Quezada et al., 2021). Although only 10%–20% of dinoflagellates can form resting cysts, many toxic and HAB species are cyst-forming, especially those causing recurrent blooms (Genovesi-Giunti et al., 2006; Bravo and Figueroa, 2014). The distribution of dinocysts in sediments provides essential information in giving early warnings of the presence of toxic species and possible continuing recurrence of HABs in a given area (Anderson et al., 2014; Joyce et al., 2015; Sidabutar and Srimariana, 2021).

The coastal zone is the most active area of human activity, provides abundant resources, and has high ecological value and environmental functions. However, many coastal environments have been suffering from environmental degradation, decline in biodiversity, and bio-invasion such as the rapid economic development, population expansion, and overexploitation of marine resources (Yu et al., 2019). Qingdao is located in northeastern China, southeast of Shandong Peninsula, and east of the Yellow Sea. It is the economic center of Shandong Province and functions as an important international port, a modern marine industry zone, an international shipping hub in Northeast Asia, and a maritime sports base. Qingdao City covers an area of 758.16 km2 with a population of 9.50 million in 2019. Due to the rapid increase of economic development and population size as well as the increase of aquaculture, the pollution level in Qingdao coastal waters has been increasing recently (Yuan et al., 2018). The degradation of water quality results in the frequent occurrence of algal blooms. A total of 36 algal blooms occurred in the coastal areas of Qingdao between 1990 and 2017, of which more than 80% occurred in Jiaozhou Bay (Zhou et al., 2020). Though intensive surveys have been carried out to investigate phytoplankton community in Jiaozhou Bay during the past 50 years (reviewed by Liu and Chen, 2021), dinocysts have been barely reported (Li et al., 2017).

In order to understand the effects of human activities on the distribution of dinocysts and the potential of HABs in the Qingdao coast, surface sediments were sampled from three different function sea areas of the Qingdao coast in this study, namely, a eutrophic enclosed bay (the inner Jiaozhou Bay), a conservation area (the Qingdao Amphioxus Reserve area), and a scenic and aquacultural area (the Laoshan coast). Biogenic elements including total organic carbon (TOC), organic matter (OM), total nitrogen (TN), total phosphorus (TP), and biogenic silicon (BSi) were analyzed, and the relationships between dinocysts and biogenic elements were discussed. The purposes of this study were to compare dinocyst composition among the three sea areas with different degrees of human activities, and to discuss the distribution of cysts of HAB dinoflagellates in sediments from the Qingdao coast.



Materials and Methods


Study Areas and Sediment Collection

Qingdao is located in the southeast of the Shandong Peninsula, which borders the Yellow Sea in the east and the south. Surface sediments were collected in three sea areas along the Qingdao coast, i.e., the inner Jiaozhou Bay (JZ, J1–J4), the Laoshan coast (LS, L1–L9), and the Qingdao Amphioxus Reserve area (AR, A1–A4) (Figure 1). Jiaozhou Bay, in the northwest of the center Qingdao City, is a large semi-closed bay connected to the Yellow Sea by a narrow bay mouth. Jiaozhou Bay has multiple functions (port, transportation, and aquaculture). The Laoshan coast is located in the eastern part of Qingdao City and surrounds the famous tourist attraction, the Laoshan Scenic Area. There are a lot of aquaculture farms in the Laoshan coast. The Amphioxus Reserve area is located in the southern part of Qingdao City, just outside the mouth of Jiaozhou Bay and close to the Qingdao Port. The Amphioxus Reserve area was established in August 2004 to protect wild amphioxus population and its habitat.




Figure 1 | Sampling stations in the Qingdao coastal sea area. Stations J1–J4 are in the inner Jiaozhou Bay, stations A1–A4 are in the Amphioxus Reserve area, and stations L1–L9 are in the Laoshan coast.



Surface sediments were collected from seventeen stations in the three sea areas using a Peterson grab between November and December 2017. The top 2 cm of sediments was sampled with a polyethylene spatula and sealed in a polyethylene bag, and then stored at −20°C for further treatment. All sediment samples were processed after transporting to the lab within 24 h.



Analyses of Biogenic Elements

Sediments for biogenic elements analysis were dried in an oven at 40°C until a constant weight was reached, and the water content of the sediments was calculated. The dried sediments were ground gently with an agate mortar and pestle, sieved through a 100-μm mesh for homogenization, and stored in sealed glass vials. In order to reduce the influence of external contamination on biogenic elements, sediment processing was carried out in a clean cupboard. All vessels were washed and soaked in acid for more than 24 h, and then fully rinsed with distilled water and dried before re-used. Total organic carbon (TOC) and total nitrogen (TN) were measured by a Perkin-Elmer 2400 Series II CHNS/O Analyzer (Perkin Elmer Inc., USA). Total phosphorus (TP) was measured using the potassium persulfate digestion method (Thien and Myers, 1992). Organic matter (OM) was determined by ignition loss in a muffle furnace (SG-XL1200, Honglang, Shanghai, China). Biogenic silica (BSi) was measured by the molybdate blue spectrophotometric method after removing the carbonates and organics by 1 mol/L HCl and 10% H2O2 and digested using 0.5 mol/L Na2CO3 solution (Mortlock and Froelich, 1989). The quality assurance/quality control (QA/QC) was assessed by the analyses of blank reagents and five replicates of the certified reference material (Offshore Marine Sediment, GBW 07314). The analytical precision was controlled to within 5% for biogenic elements.



Identification and Counting of Dinocysts

Approximately 5 g of wet sediments was weighted for dinocyst observation, placed in a beaker mixed with 50 ml of filtered seawater, and then sonicated for 60 s in a water bath. The sonicated materials were successively sieved through 125- and 10-μm sieves, and the slurry remaining on the 10-μm sieve with grain sizes between 10 and 125 μm was collected and filled to a final volume of 10 ml with filtered seawater, and then fixed with 3% formalin. An aliquot of 0.5–1 ml of treated sample was placed on a 1-ml counting chamber and diluted with appropriate distilled water. Dinocysts were identified and counted with an inverted light microscope (Nikon ECLIPSE) at 400× magnification according to Matsuoka and Fukuyo (2000) and Zonneveld and Pospelova (2015). At least 100 cysts were counted in each sample. Cyst concentration was expressed by the numbers of cyst per gram of dry sediments (cysts/g D Wt).



Data and Statistical Analyses

The sampling map was drawn by the software Sufer13.0. The Shannon–Wiener diversity index (H’), Pielou’s Evenness index (J), and the correlation analysis (CA) between the cysts and biogenic elements were calculated by the SPSS 20.0 software. The bar charts and line charts were drawn by Excel 2016. Venn diagram was drawn using the Venn Diagram function package of the software R4.1.0. The bubble chart of cysts arranged by their average abundance was drawn using the ggplot2 function package of R4.1.0. The vegan function package of R4.1.0 was used to standardize the cyst data, and the vegdist function was used to calculate the Bray–Curtis distance, and then a cluster diagram was drawn by the gclus and plot function packages of R4.1.0 based on the Bray–Curtis distance. A detrended correspondence analysis (DCA) was first achieved to test the character of variability in the dinocyst assemblages. The length of the first DCA gradient was 0.78 standard deviations for our dataset, which justified the further use of the redundancy analysis (RDA). DCA and RDA were performed using Canoco 5 software.




Results


Species Composition of Dinocysts

A total of 32 dinocyst taxa were identified in the surface sediments from the Qingdao coast, namely, 9 taxa in Gonyaulacales, 4 taxa in Calciodinelloideae, 1 taxon in Suessiales, 7 taxa in Gymnodiniales, 8 taxa in Protoperidiniaceae, and 3 taxa in genus Azadinium (Dinophyceae incertae sedis) (Table 1). The species richness identified at each station ranged between 6 and 23 taxa, and only 4 core species were shared among all stations (Figure 2A). The species richness in the inner Jiaozhou Bay (JZ) was 13 taxa, and 25 taxa were identified in the other two sea areas, the Laoshan coast (LS) and the Amphioxus Reserve area (AR), respectively (Table 1). Only 11 species were shared among the three sea areas (Figure 2B). No unique species occurred in JZ, while 6 unique species were recorded in the other two sea areas (Figure 2B). The Shannon–Wiener diversity index (H’) ranged from 1.37 to 2.63, and values of Pielou’s Evenness index (J) were between 0.69 and 0.89 (Figure 3A). JZ had the lowest cyst diversity with an average H’ value of 1.57, while the average H’ values in LS and AR were 2.07 and 2.28, respectively. The mean values of the evenness index (J) were similar in the three sea areas, ranging from 0.79 to 0.82 (Figure 3B).


Table 1 | Information and distribution of dinoflagellate cysts in surface sediments from the Qingdao coast.






Figure 2 | Venn diagrams highlighting the degree of overlap of dinocyst taxa among the seventeen samples (A) and among the three sea areas (B). JZ, the inner Jiaozhou Bay; LS, the Laoshan coast; AR, the Amphioxus Reserve area.






Figure 3 | Shannon–Wiener diversity index (H’) and Pielou’s evenness index (J) of dinocysts in the seventeen samples (A) and the three sea areas (B). JZ, the inner Jiaozhou Bay; LS, the Laoshan coast; AR, the Amphioxus Reserve area.



Notably, 17 cysts of the potentially toxic/harmful and/or bloom dinoflagellates were detected in this study (Table 1), including the paralytic shellfish poisoning (PSP) producers Alexandrium andersonii, A. minutum, A. tamarense, and Gymnodinium catenatum; the yessotoxin (YTX) producers Gonyaulax spinifera, Lingulodinium polyedra and Protoceratium reticulatum; the Azaspiracid shellfish poisoning (AZP) producer Azadinium poporum; and cysts of other bloom species (Biecheleria halophila, Gonyaulax fragilis, Gymnodinium corollarium, Gy. impudicum, Gy. microreticulatum, Levanderina fissa, Pseudocochlodinium profundisulcus, Scrippsiella acuminata, and S. masanensis). There were 10, 16, and 15 bloom species recorded in JZ, LS, and AR, respectively, nine of which occurred in all of the three sea areas.



Structure of Cyst Assemblages

Dinoflagellates have autotrophic and heterotrophic lifestyles, in which Gonyaulacales, Calciodinelloideae, Suessiales, and Azadinium (Dinophyceae incertae sedis) are autotrophic dinoflagellates, Gymnodiniales have both autotrophic and heterotrophic ones, and all of Protoperidiniaceae are heterotrophic. A total of 23 taxa of cysts of autotrophic dinoflagellates and 9 taxa of heterotrophic dinoflagellates were identified. The heterotrophic dinoflagellates included 7 taxa in Protoperidiniaceae and cysts of Polykrikos Schwartzii in Gymnodiniales. Generally, cysts of autotrophic dinoflagellates dominated in sediments from the Qingdao coast (Figure 4A), and the percentage proportions of autotrophic dinoflagellate cysts ranged from 41.05% to 90.25%, with an average of 76.48%. The percentages of autotrophic cysts in the three sea areas showed a gradually increasing trend from JZ to AR, from 60.44% in JZ to 79.36% in LS, and 86.04% in AR, while those of heterotrophic cysts showed an opposite trend (Figure 4B).




Figure 4 | Cyst profile in the seventeen samples (A, C) and the three sea areas (B, D). (A, B) Percentage proportions of cysts of autotrophic and heterotrophic dinoflagellates. (C, D) Percentage proportions of cysts of each dinoflagellate group. Gony, Gonyaulacales; Calc, Calciodinelloideae; Sues, Suessiales; Azad, Azadinium (Dinophyceae incertae sedis); Gymn, Gymnodiniales; Prot, Protoperidiniaceae.



Relative abundances of dinocyst groups in each station andsea area are illustrated in Figures 4C, D, respectively. There were no dominant groups in cyst assemblages, and Protoperidiniaceae, Suessiales, and Calciodinelloideae showed similar contributions with the average relative abundances of 23.45%, 21.75%, and 20.52%, respectively, followed by cysts in Gonyaulacales (17.66%) and Gymnodiniales (11.24%) (Figure 4C). Cyst composition varied in different sea areas (Figure 4D). Cyst assemblages in JZ were dominated by Protoperidiniaceae (averagely 39.56%), followed by the Calciodinelloideae (26.71%). Cysts in Suessiales slightlydominated in LS with an average proportion of 26.69%, and cysts in Protoperidiniaceae, Calciodinelloideae, and Gonyaulacales made similar contributions to the overall cyst assemblages with proportions of 15.54%–20.64%. Cysts in Gonyaulacales, Calciodinelloideae, Suessiales, and Gymnodiniales equally contributed to cyst assemblages in AR with a relative abundance of ca. 20%, and cysts in Protoperidiniaceae and Azadinium accounted for 13.66% and 6.81%, respectively.



Cyst Abundance and Distribution

Cyst concentrations ranged from 83.3 to 346.5 cysts/g D Wt with an average of 210.7 cysts/g D Wt, with the highest at station L6 and the lowest at station J3 (Figure 5). Lower cyst concentrations were recorded in JZ, ranging between 83.3 and 165.8 cysts/g D Wt, with an average of 127.2 cysts/g D Wt. Cyst concentrations in LS varied from 109.4 to 346.5 cysts/g D Wt, with an average of 230.6 cysts/g D Wt. There were few differences in cyst concentrations between samples from AR, ranging from 221.2 to 281.4 cysts/g D Wt, with an average of 249.5 cysts/g D Wt.




Figure 5 | Cyst concentration in the seventeen samples and the three sea areas. The blue bar shows cyst concentration in each sample, and the red bars present averages in the three sea areas.



Distribution of the 32 dinocyst taxa by dominance is shown in Figure 6. Only four cyst types were distributed at all stations, and they were also the top 4 most abundant cyst taxa in this study, including the bloom species Biecheleria halophila and Scrippsiella acuminata, and the YTX producer Gonyaulax spinifera, which ranked first, third, and fourth in cyst abundance, respectively. Protoperidinium monovelum was also found at all stations and ranked second in dominance. The average concentrations of the top 4 cyst types ranged between 23.8 and 51.0 cysts/g D Wt. Cysts of the bloom species Gymnodinium corollarium were distributed at 14 stations except stations J1–J3 in Jiaozhou Bay with an average of 12.2 cysts/g D Wt. Cysts of Azadinium trinitatum, Alexandrium andersonii, Gymnodinium impudicum, Gymnodinium microreticulatum, and Ensiculifera carinata occurred in most stations, with average concentrations of 4.5–11.3 cysts/g D Wt, while other cyst types rarely occurred.




Figure 6 | Distribution of dinocysts according to their average abundance.





Cluster, RDA, and CA Analyses

Cluster analysis of 17 sediment samples showed that four samples in the inner Jiaozhou Bay (JZ1-JZ4) were clustered together with station L5, while other LS and AR samples were clustered together into a large group (Figure 7). The results indicated that dinocyst assemblages in the inner Jiaozhou Bay and station L5 were quite different from other samples.




Figure 7 | Cluster analysis of seventeen sediment samples from the three sea areas of the Qingdao coast based on Bray–Curtis distance of dinocysts.



RDA analysis was conducted based on biogenic elements and dinocysts (Figure 8A). RDA1 and RDA2 explained 55.21% and 35.18% of the environmental and biological variables, respectively. The biogenic elements and dinocysts scattered in all of the four quadrants. Cysts in Calciodinelloideae showed a narrow intersection angle with BSi, indicating the significant influence of BSi on the distribution of the Calciodinelloideae cysts. Cysts in other classes scattered in the coordinates far away from the biogenic elements, indicating few effects of biogenic elements on their distribution. The ordination sampling station showed that samples in the three sea areas were separately grouped (Figure 8B). Samples in the inner Jiaozhou Bay were clustered along the negative axis of RDA2, which indicated the low BSi content and the high organic matter (TN, OM, and TOC) in this area. Samples in the Amphioxus Reserve area were distributed along the positive axis of RDA2, indicating the low organic matter (TOC, OM, and TN) and high BSi in this area. Meanwhile, the arrows of the biogenic elements were distributed within the group of samples of the Laoshan area, indicating the high content of biogenic elements in this area.




Figure 8 | Redundancy analysis (RDA) of biogenic elements and dinocysts in surface sediments from the Qingdao coast, showing cyst distribution and the directions of biogenic elements to the first two RDA axes, RDA1 (55.21%) and RDA2 (35.18%). The length of arrows indicates the importance of biogenic elements in explaining the distribution of cysts. The direction of the arrows shows approximate correlation to the ordination axes. (A) Ordination dinocyst groups and (B) ordination sampling stations, showing the distribution of the three areas.



Generally, there were no significant correlations between dinocysts and biogenic elements except for a significant positive correlation between cysts in Calciodinelloideae and BSi (Table 2). Species richness showed significant correlations with concentrations of overall cysts and cysts in Gonyaulacales, Calciodinelloideae, and Gymnodiniales (p < 0.05 or p < 0.01). The concentration of overall cysts was positively correlated with the concentration of most cyst groups except for cysts of Protoperidiniaceae. Cysts of autotrophic dinoflagellates were positively correlated with each other, while cysts of heterotrophic Protoperidiniaceae were negatively correlated with other cyst groups.


Table 2 | Pearson correlation coefficients between dinoflagellate cysts and biogenic elements.






Discussion

Resting cyst is a specific dormant stage in the life cycle of many dinoflagellates.

Nearly 10%–20% of modern dinoflagellates form resting cysts (Head, 1996), which constitute the coupling between benthic and pelagic stages, and support bloom development and recurrence (Genovesi-Giunti et al., 2006; Anderson et al., 2014). However, the morphological characteristics of many resting cysts are not clear right now, and the corresponding relationships between some cysts and vegetative cells are still unknown (Gu et al., 2022). Therefore, the diversity and abundance of dinocysts are often underestimated based on the morphological characteristics under microscopic observations. Nevertheless, cyst identification by traditional morphological classification is the basis for the study of cysts in sediments. In this study, a total of 32 cyst taxa were recorded in 17 surface sediments from the Qingdao coast. The cyst species richness was comparable to those reported in sediments from the other coastal sea areas around the world, which were generally 20–40 taxa recorded (Pospelova et al., 2005; Limoges et al., 2010; Liu et al., 2012; Aydin et al., 2015; Lu et al., 2017).

Although the three sea areas in this study are not far from each other, cyst assemblages differed among sea areas. Only 4 species were shared among all of the 17 stations, and only 34.4% of the species were shared among the three sea areas (Figure 2). The inner Jiaozhou Bay had lower cyst diversity and concentration, but a higher proportion of cysts of heterotrophic dinoflagellates. The cluster and RDA analyses showed that samples from Jiaozhou Bay were separately clustered from the other sea areas. Jiaozhou Bay is a semi-enclosed sea area with only a narrow mouth open to the Yellow Sea, which makes it a specific ecosystem and microalgal community, while the Laoshan coast and the Amphioxus Reserve area are connected to the Yellow Sea, which share similar cyst compositions. Eutrophication in Jiaozhou Bay has greatly increased recently, which resulted in frequent algal blooms and decreased phytoplankton biodiversity (Shi et al., 2020). In addition, Jiaozhou Bay is an important sea area for shellfish culturing, and feeding of shellfish also reduces the diversity of phytoplankton to a certain extent (Yu et al., 2019) and thus results in low cyst diversity and abundance. On the other hand, high sedimentation rate (0.19–3.96 cm/a, Li et al., 2011) and low water depth might result in the low abundance of cysts in Jiaozhou Bay. Station L5 showed similar cyst composition to the inner Jiaozhou Bay (Figure 7), as it is also a shallow nearshore site close to Qingdao City (Figure 1).

Generally, the productivity of heterotrophic dinoflagellates is lower than that of autotrophic ones because heterotrophs need to prey on diatoms or other small planktons. Therefore, the yield of cysts of autotrophic dinoflagellates should be higher than those of heterotrophs. The increased proportion of heterotrophic cysts indicates sufficient food resources for them, which has been regarded as an indicator of eutrophication (Matsuoka, 1999; Kang et al., 2021). Cyst assemblages in the Qingdao coast were dominated by cysts of autotrophic dinoflagellates with an average proportion of 76.48%, suggesting that the water quality in the Qingdao coast has not reached eutrophication level yet. Though nutrient levels had greatly increased in Jiaozhou Bay in recent decades (Shen et al., 2016), nutrient concentrations decreased gradually during 2010–2016, and the water quality had a slightly enriched level based on the national standard of the Marine Water Quality of China (GB3097-1997) (Yuan et al., 2018). Results from pollution assessment of biogenic elements indicated that TOC in the surface sediments from the Qingdao coast belonged to the uncontaminated level, while TN and TP reached moderate pollution levels (Lei et al., 2021). However, cysts of heterotrophic Protoperidiniaceae significantly contributed to cyst assemblages, especially in Jiaozhou Bay with an average proportion of 39.56% (Figure 4D). Diatoms generally dominated in phytoplankton community in Jiaozhou Bay, and related blooms have occurred frequently (Yao et al., 2010; Shen et al., 2016). Sufficient food supply (diatoms) promotes the growth of heterotrophic dinoflagellates and thus leads to the increased production of cysts of heterotrophic dinoflagellates.

Seventeen cyst taxa of HAB dinoflagellates were identified in this study, namely, 8 toxin-producing species and 9 bloom species (Table 1). Cysts of the potential YTX producer, Gonyaulax spinifera, Lingulodinium polyedra, and Protoceratium reticulatum (Chikwililwa et al., 2019), were detected in this study. Cysts of G. spinifera were recorded at all stations and ranked 4th in abundance (Figure 6). Coincidentally, large numbers of G. spinifera sequences were analyzed in our metabarcoding study using the same sediments (Wang et al., 2022). Blooms of G. spinifera occurred in Jiaozhou Bay in 2003 and 2007, respectively (Zhou et al., 2020). As a cyst-forming species, G. spinifera can form various types of cysts, mostly belonging to the cyst genus Spiniferites with wide morphological variations (Rochon et al., 2009). The wide and abundant occurrence of G. spinifera cysts in the Qingdao coast indicated high numbers of its vegetative cells in the water column and the high risk of its blooms.

Species in Alexandrium are the major producers of PSP (Lundholm et al., 2009 onwards). Alexandrium blooms have occurred frequently in the Chinese coastal waters (Yu et al., 2020), and cysts of Alexandrium were widely distributed in sediments of the China coasts (Tang et al., 2021). Meanwhile, PSP toxins have also been detected in phytoplankton and shellfish samples (Zou et al., 2014; Liu et al., 2017). Four cyst types of the PSP producers were detected in this study, i.e., Alexandrium andersonii, A. minutum, A. tamarense, and Gymnodinium catenatum, in which A. Andersonii was widely distributed with high concentrations, indicating a potential risk of Alexandrium blooms and PSP events in the Qingdao coast.

The potential AZP producer, Azadinium poporum, occurred in all stations except for those in the inner Jiaozhou Bay, and ranked the sixth most abundant cyst type (Figure 6). A. poporum was reported to distribute widely in surface sediments from the Chinese coasts (Gu et al., 2013; Liu et al., 2020; Tang et al., 2021), and 13 out of 16 strains of A. poporum from different geographic locations along the Chinese coastline contained AZPs (Krock et al., 2014). However, species in Azadinium has been seldom reported in the phytoplankton survey, which might be ignored due to their small sizes.

Biecheleria halophila was the most abundant cyst type in sediments from the Qingdao coast in our study. However, this species was rarely observed in the previous routine phytoplankton surveys due to the small size and frangible thin wall. Biecheleria has become more frequently detected in the phytoplankton communities as the development of molecular biological techniques (Sundstrom et al., 2010). Taxa in Biecheleria generally form resting cysts (Moestrup et al., 2009), which made them common dominant eukaryotes in sediments based on metabarcoding analysis (Dzhembekova et al., 2018; Liu et al., 2020; Rhodes et al., 2020). B. halophila was reported to form a co-occurring bloom with Scrippsiella hangoei in the Baltic Sea (Kremp et al., 2005). The wide and abundant occurrence of cysts of B. halophila in the Qingdao coast suggests that it is a common dominant dinoflagellate species in this sea area, but might be ignored during the microscopic observation because of their fragility and small size.

Cysts of Scrippsiella acuminata occurred in all stations and ranked second in abundance (Figure 6). S. acuminata is a common bloom species in coastal waters (Wang et al., 2007; Zinssmeister et al., 2011), which is easy to form cysts, making its cysts dominant in sediments from worldwide coasts (Tang et al., 2021). In China, the recurrent blooms of S. acuminata have occurred in Daya Bay, South China Sea since the end of the 1990s (Wang et al., 2007). Pseudocochlodinium profundisulcus and Levanderina fissa are common bloom species in the Pearl River Estuary of the South China Sea, and their blooms have frequently occurred in the recent two decades (Wang et al., 2001; Shen et al., 2012; Dong et al., 2020). Their cysts were detected in most stations in this study, and ranked the 13th and 14th most abundant cyst taxa (Figure 6). Shang et al. (2022) detected cysts of P. profundisulcus in the ballast tank of an international ship arriving at the Jiangyin Port (China), and successfully germinated cysts into the vegetative cells, and thus suggested the feasibility of the bio-invasion risk via the transport of live resting cysts by ship’s ballast tanks. Although these algal blooms have not occurred in the coastal waters of Qingdao, cysts of the toxic and harmful dinoflagellates were distributed widely and abundantly in surface sediments, indicating the potential risk of these algal blooms in the Qingdao coast to some extent.



Conclusion

This study provides an overview of dinocyst assemblages (including those of HAB species) from three different sea areas in the Qingdao coast, the Yellow Sea, China. Our results suggested the quite different cyst assemblages in the inner Jiaozhou Bay, which is a shallow enclosed embayment with intensive human activities, reflected by lower cyst diversity and concentration, and higher proportion of cysts of heterotrophic dinoflagellates. Notably, 17 HAB dinocysts were identified in this study, including cysts of the PSP producers Alexandrium andersonii, A. minutum, A. tamarense, and Gymnodinium catenatum; the YTX producers Gonyaulax spinifera, Lingulodinium polyedra, and Protoceratium reticulatum; the AZP producer Azadinium poporum; and the ichthyotoxic species Pseudocochlodinium profundisulcus. Cysts of the toxic and harmful dinoflagellates were distributed widely and abundantly in surface sediments, indicating the potential risk of HABs in the Qingdao coast to some extent.
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In 2016-17, shellfish harvesting closed for the first time in Narragansett Bay, Rhode Island, USA, from domoic acid (DA), a neurotoxin produced by diatoms of the Pseudo-nitzschia genus. Pseudo-nitzschia have occurred frequently for over 60 years in Narragansett Bay’s Long-Term Plankton Time Series (NBPTS), therefore it is surprising that the first closure only recently occurred. Pseudo-nitzschia species are known to vary in their toxin production, thus species identification is critical for understanding the underlying ecological causes of these harmful algal blooms (HABs). DNA in plankton biomass can be preserved for many years, so molecular barcoding of archived samples is useful for delineation of taxa over time. This study used amplification of the Pseudo-nitzschia-specific 18S-5.8S rDNA internal transcribed spacer region 1 (ITS1) in plankton samples and high throughput sequencing to characterize Pseudo-nitzschia species composition over a decade in Narragansett Bay, including eight years before the 2016-17 closures and two years following. This metabarcoding method can discriminate nearly all known Pseudo-nitzschia species. Several species recur as year-round residents in Narragansett Bay (P. pungens var. pungens, P. americana, P. multiseries, and P. calliantha). Various other species increased in frequency after 2015, and some appeared for the first time during the closure period. Notably, P. australis, a species prevalent in US West Coast HABs and known for high DA production, was not observed in Narragansett Bay until the 2017 closure but has been present in several years after the closures. Annual differences in Pseudo-nitzschia composition were correlated with physical and chemical conditions, predominantly water temperature. The long-term composition trends of Pseudo-nitzschia in Narragansett Bay serve as a baseline for identifying the introduction of new species, understanding shifting assemblages that contributed to the 2016-17 closures, and monitoring species that may be cause for future concern.
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Introduction

Pseudo-nitzschia, a cosmopolitan genus of diatom, causes harmful algal blooms (HABs) through the production of the neurotoxin domoic acid (DA), which bioaccumulates in primary and secondary consumers and causes the potentially fatal illness Amnesic Shellfish Poisoning in humans (Bates et al., 1989). Pseudo-nitzschia HABs are frequent on the US Gulf and Pacific coasts (Del Rio et al., 2010; McCabe et al., 2016), though the Northeast US had not experienced levels of DA high enough to prompt shellfish harvest closures until 2016, followed by additional closures in 2017 (Clark et al., 2019; Sterling et al., in press). This included Narragansett Bay, Rhode Island, where for the first time a closure in RI was triggered by DA in shellfish meat exceeding National Shellfish Sanitation Program limits (reviewed in Bates et al., 2018; NSSP, 2019; Sterling et al., in press). This recent emergence of blooms was unexpected, as the RI Department of Environmental Management (RI DEM) has monitored Pseudo-nitzschia HABs in Narragansett Bay since the 1990s without a closure incident (Pers. comm. David Borkman, RI DEM), and Pseudo-nitzschia have been recorded for over 60 years at the site of the Narragansett Bay Long-Term Plankton Time Series (NBPTS) (Smayda, 1959-1997; https://web.uri.edu/gso/research/plankton/, 1999-2022).

Only half of the known Pseudo-nitzschia species are confirmed toxin producers, which makes identification of species important for monitoring toxic events (reviewed in Bates et al., 2018). Additionally, many Pseudo-nitzschia species are morphologically cryptic under light microscopy (Amato & Montresor, 2008; Lundholm et al., 2012). High throughput sequencing techniques and genus-specific amplicon metabarcoding have made it possible to accurately and cost-effectively identify species at high taxonomic resolutions (Canesi & Rynearson, 2016; Lopes dos Santos et al., 2022). Furthermore, this method can be applied to previously archived biomass samples, including those of the NBPTS. Thus, amplicon sequencing is an effective way to analyze the role of species composition in the development of HABs over long periods of time (Lopes dos Santos et al., 2022). For example, a previous study that used Pseudo-nitzschia-specific metabarcoding to distinguish species in Narragansett Bay found that the high toxin-producing species P. australis likely contributed to the 2017 shellfish harvest closure and several Pseudo-nitzschia species more commonly observed at the NBPTS contributed to the precautionary closure in 2016 (Sterling et al., in press). From 2017 – 2019 in Narragansett Bay, low levels of plankton-associated DA were observed with fall and summer maxima, indicating that toxic species of Pseudo-nitzschia remained present in seasonally distinct species assemblages (Sterling et al., in press).

Similar to Pseudo-nitzschia HABs recently appearing in new locations like Narragansett Bay, they are also increasing in frequency and intensity in many regions of the ocean as climate change increases sea surface temperatures and impacts the phenology of biogeochemical cycling (reviewed in Wells et al., 2015; Bates et al., 2018; Testa et al., 2018). One example of this was in 2015 on the US West Coast, when a large bloom of P. australis led to record levels of DA, and an anomalously warm water mass was implicated in bloom formation (McCabe et al., 2016). Narragansett Bay has also been impacted by climate change, with surface water temperatures that increased by 0.23±  0.1°C per decade from 1984 – 2020 and more pronounced winter warming than other seasons (Fulweiler et al., 2015; Benoit and Fox-Kemper, 2021). Additionally, this location has experienced climate-driven nutrient cycle changes as well as a reduction in nutrient inputs due to recent management changes of sewage treatment (Oviatt et al., 2017). Examining whether the long-term patterns in Pseudo-nitzschia species composition correlate with these shifting environmental conditions is necessary for understanding the emergent DA events in Narragansett Bay and predicting future HABs.

In this study, we investigated the following questions: (1) Have particular species of Pseudo-nitzschia increased in prevalence during the closures and subsequent years? (2) Is P. australis a new species in Narragansett Bay? and (3) How have changing environmental conditions influenced Pseudo-nitzschia species composition? To address these questions, we examined more than a decade of archived phytoplankton biomass samples collected weekly since 2008 by the NBPTS for DNA analysis, with corresponding chemical and physical measurements. We used metabarcoding of the ITS1 region to identify nearly all known Pseudo-nitzschia species during the timeframe prior to closures (2008 - 2015), the years in which closures occurred (2016 and 2017), and the subsequent years (2018 - 2019). Characterizing these long-term patterns in species assemblages and environmental conditions provides a baseline for understanding the changes in closure years and following, informing how future Pseudo-nitzschia HABs will be monitored in Narragansett Bay.



Methods


Phytoplankton Biomass and Field Sampling

Narragansett Bay, a temperate estuary on the northeast continental shelf of the United States, receives riverine freshwater inputs from the north and saline tidal flow from the Atlantic Ocean in the south (Raposa, 2009). Weekly surface water samples from December 2008 to November 2019 were collected at the NBPTS (Figure 1), a mid-bay site located in the West Passage (41° 34.2’ N, 71° 23.4’ W). In this study, two sample sets were combined to analyze over a decade of data: (1) December 2008 - August 2017 samples collected by the NBPTS and (2) September 2017 - November 2019 samples collected at the same location and processed by Sterling et al., in press. The data from Sterling et al., in press
 are publicly available online through the National Science Foundation Biological and Chemical Oceanography and Data Management Office (BCO-DMO; Jenkins & Bertin, 2021a; Jenkins & Bertin, 2021b). For a comparison of sample set metadata and methods, refer to Table S2.




Figure 1 | Map of sampling location in Narragansett Bay, Rhode Island, USA. (A) Location of Narragansett Bay in Rhode Island (light grey) within the US northeast coast. (B) The Narragansett Bay Long Term Plankton Time Series (NBPTS) site is located mid-bay in the West Passage.



Biomass from the seawater samples collected by the NBPTS was filtered onto 25 mm 0.22 μm pore size ExpressPlus filters (MilliporeSigma, Burlington, MA, USA) and stored at -80°C until DNA extraction. The volume filtered for biomass capture varied and was based on the observed Secchi depth to normalize biomass collected, with 100 mL of seawater filtered per 1 m of Secchi depth. The volume filtered for NBPTS samples averaged 300 mL and ranged 100 – 600 mL. The Sterling et al., in pressbiomass samples were passed over 25 mm 5.0 μm pore size polyester membrane filters (Sterlitech, Kent, WA, USA), with an average of 240 mL and range of 75 – 430 mL filtered. Filters were then flash frozen in liquid nitrogen and stored at -80°C until DNA extraction. To ensure the comparability of sample sets using different pore sizes, we performed a comparison of species richness captured on each pore size that is outlined in the supplemental materials Figure S1. Sea surface temperature, sea surface salinity, chlorophyll a concentrations, Pseudo-nitzschia spp. cell counts, and nutrient measurements (nitrate, nitrite, phosphate) were obtained from the NBPTS prior to August 2017 and from the BCO-DMO dataset after September 2017 (NBPTS; Jenkins and Bertin, 2021a; Sterling et al., in press).



Sample Selection, DNA Extraction and Sequencing

DNA from 65 previously extracted NBPTS samples from December 2008 to April 2017 was used in this study (Canesi & Rynearson, 2016; Rynearson et al., 2020; Sterling et al., in press). An additional 76 NBPTS biomass samples from March 2009 to August 2017 were extracted. NBPTS samples with the highest corresponding Pseudo-nitzschia spp. cell counts under light microscopy for each month were selected. If all cell counts during a month were zero, samples were selected at random. The following frequency of samples was chosen when available: one sample per month from winter (December - February) and spring (March-May), and two samples per month from summer (June-August) and fall (September-November) due to the more frequent occurrence of high Pseudo-nitzschia abundance during these months (Sterling et al., in press). Additionally, 70 publicly available sequenced samples collected at the NBPTS site from September 2017 - November 2019 were used (Jenkins and Bertin, 2021b; Sterling et al., in press). Because only a partial time series exists for 2012, samples from that year were not analyzed as part of this study. In total, the dataset contained 211 samples from the NBPTS site during December 2008 - November 2019.

For all NBPTS samples, including those extracted prior to this study, DNA was extracted from biomass filters using a modified version of the DNeasy Blood & Tissue DNA extraction kit (Qiagen, Germantown, MD, USA) with the addition of 4 μL RNase, a 1 min bead beating step (0.1 mm and 0.5 mm Zirconia/Silica beads, BioSpec Products, Bartlesville, OK, USA), and elution into a total volume of 100 μL Buffer AE. DNA was amplified using a eukaryotic ITS1 forward primer 5’ TCCGTAGGTGAACCTGCGG 3’ (White et al., 1990) and 5.8S reverse primer 5’ CATCCACCGCTGAAAGTTGTAA 3’ (Sterling et al., in press), with MiSeq adapters added to the 5’ ends of each primer for high throughput sequencing: 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG - forward primer; 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC AG - reverse primer. This reverse primer was designed by Sterling et al., in press using a curated database of Pseudo-nitzschia sequences representing 41 species, thus the primer set can discriminate nearly all known Pseudo-nitzschia species with high specificity, though it is also expected to amplify some other diatom and dinoflagellate genera. The ITS region (both ITS1 and ITS2) have been used to distinguish Pseudo-nitzschia species in several studies (Lundholm et al., 2003; Amato et al., 2007; Casteleyn et al., 2008; Kaczmarska et al., 2008). The ITS1 region alone has been demonstrated as an effective marker to distinguish intra- and interspecific variation of Pseudo-nitzschia species (Hubbard et al., 2008; Hubbard et al., 2014). In Pseudo-nitzschia, the ITS1 locus is naturally variable in length, so the expected PCR product length ranged from 235 to 370 base pairs (White et al., 1990; Sterling et al., in press).

For PCR amplification, the following reagents were used in 25 μL reactions: Phusion Hot Start High-Fidelity Master Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA), HPLC-purified forward and reverse primers at 0.5 µM concentration (Integrated DNA Technologies, Coralville, IA, USA), and 2 μL of DNA template. A stepwise thermocycle protocol was used to amplify samples: 30 s denaturation at 98°C, 15 cycles of 98°C (10 s), 64.1°C (30 s), 72°C (30 s), 15 cycles of 98°C (10 s), 72°C (30 s), 72°C (30 s), and 10 min final extension at 72°C (Sterling et al., in press). Positive and negative sequencing controls were used as reported in Sterling et al., in press. PCR products were submitted to the RI Genomics and Sequencing Center (Kingston, RI, USA) for sequencing library preparation and high throughput sequencing. There, ITS1 PCR products were cleaned with KAPA pure beads (KAPA Biosystems, Woburn, MA, USA), sequencing indices and adapters were attached using PCR (50 ng template DNA, 8 cycles) and the Illumina Nextera XT Index Kit (Illumina, San Diego, CA, USA) with Phusion High Fidelity Master Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA), and PCR products were cleaned again with KAPA pure beads before being visualized by agarose gel electrophoresis. Selected samples were run on a Bioanalyzer DNA1000 chip (Agilent, Santa Clara, CA, USA). All samples were quantified using a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA) prior to pooling, and the final pooled library was quantified with qPCR in a LightCycler480 (Roche, Pleasanton, CA, USA) with the KAPA Biosystems Illumina Kit (KAPA Biosystems, Woburn, MA, USA). Samples were analyzed using v3 chemistry, 600 cycles, and 2x250 bp paired-end sequencing on an Illumina MiSeq (Illumina, Inc., San Diego, CA, USA). These sequencing methods were exactly the same as those in Sterling et al., in press.



Sequence Processing and Taxonomic Assignment

Illumina Miseq adapters and primers were trimmed using Cutadapt (v3.2; Martin, 2011) and sequences were quality checked before and after trimming using MultiQC (v1.9; Ewels et al., 2016). Amplicon sequence variants (ASVs) were delineated in DADA2 in R (v1.18.0; Callahan et al., 2016). One sample contained no reads following analysis with DADA2 and was removed. All ASVs, including those sequenced for this study and those from Sterling et al., in press, were assigned taxonomy using the scikit-learn naïve Bayes machine learning classifier in QIIME2 with the default confidence threshold of 0.7 (v2021.4.0; Bolyen et al., 2019). For taxonomic assignment, the curated reference database used in Sterling et al., in press was updated with an additional 170 unique Pseudo-nitzschia National Center for Biotechnology Information (NCBI) GenBank sequences, for a total of 302 sequences representing 51 species (retrieved June 1, 2021) (Table S1). To maximize the number of ASVs classified to the species level, additional ASVs were assigned by manual inspection of a megablast search that reported the top hit of each ASV from the BLAST nt database (retrieved June 24, 2021). Additional ASVs classified using the megablast search required >98% identity and >98% query cover to an NCBI Pseudo-nitzschia species, otherwise classifications were discarded. From this additional classification, we recovered only species already represented in our custom database from the pool of ASVs. All ASVs of the same species were agglomerated in R for downstream analyses.



Analysis of Species Composition and Environmental Conditions

Data were analyzed and visualized in R (v4.0.2; R Core Team, 2017) within RStudio (v1.3.1056; RStudio Team, 2020) using the following packages: phyloseq (v1.34.0; McMurdie & Holmes, 2013) for ASV dataset manipulation and transformations; ggplot2 (v3.3.3; Wickham, 2016) for scatterplot, heatmap, bar plot, and sample frequency plots; vegan (v2.5.7; Dixon, 2003) for dispersion tests and ANOSIM; indicspecies (v1.7.9; De Cáceres & Legendre, 2009) for indicator species analysis; raster (v3.5.15; Hijmans et al., 2015) for the sampling site map; and viridis (v0.6.2; Garnier et al., 2021) for colorblind-friendly figure color palettes. Relative abundances were calculated as the proportion of a species out of the total Pseudo-nitzschia sequencing reads for each sample, and these were only used in one visualization (Figure 3). Presence-absence Jaccard distances of composition data generated in phyloseq were used in all statistical analyses to avoid distorted relative abundance metrics that may arise from eukaryotic gene copy number variation (reviewed in Canesi & Rynearson, 2016; Gloor et al., 2017). This is a better approach for metabarcoding data than using relative or absolute abundance of sequencing reads (Zaiko et al., 2015; Canesi & Rynearson, 2016; Rynearson et al., 2020).




Figure 3 | Relative abundance of the top ten species in samples that surpass the RI DEM threshold of 20,000 cells L-1 from Dec 2008 - Nov 2019 (n=55). Dotted lines denote the 2016 precautionary shellfish closure and 2017 closure. Gray boxes represent species that were absent in samples.



Similarities between temporal groupings of species composition were characterized using an analysis of similarity (ANOSIM) on a Jaccard distance matrix. An assumption of ANOSIM is relatively equal variances, or lack of dispersion, between groups being compared. Prior to ANOSIM, dispersion of groups was determined using betadisper() and permutest() (R: vegan) with 999 permutations and a significance level of 0.05. Only groups that did not have significant dispersion were used in ANOSIM, which included year and timeframe, the latter defined as two time periods: before closures (2009 - 2015) and during/after closure years (2016 - 2019). The groupings of samples by both month and season exhibited significant dispersion of groups and thus did not meet the assumptions to test for similarity in ANOSIM (p=0.023; p=0.014). ANOSIM was performed using anosim() (R: vegan) with 999 permutations and a significance level of 0.05. To determine which species preferentially occurred before and during/after closures, an indicator species analysis (ISA) was performed on a Jaccard distance matrix using multipatt() (R: indicspecies), 9999 permutations, and a significance level of 0.05 on p-values adjusted for multiple testing.

A Best Subset of Environmental Variables (BIOENV) multivariate analysis was performed using bioenv() (R: vegan) to correlate environmental conditions with species composition. Environmental variables, including sea surface temperature, sea surface salinity, dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and chlorophyll a concentration were standardized using log-transformation prior to comparison with a Jaccard distance matrix. The BIOENV analysis was performed for all samples with complete physical and chemical data (n=178), as well as for each timeframe (before: n=81, during/after: n=97).




Results


Sequencing and Taxonomic Assignment

Within the 141 samples from December 2008 – August 2017 that were sequenced for this study, there were a total of 12.3 x 106 read pairs. Initial reads per sample ranged from 4,821 to 115,087, with an average of 70,104 reads per sample. After DADA2 sequencing error inference, there was an average of 39,673 reads per sample, with a range of 1,335 to 66,903 reads. This is comparable to the average of 35,550 reads per sample reported in the Sterling et al., in press dataset. In total, 5,117 ASVs were recovered in the newly sequenced samples. Taxonomic assignment yielded 57 ASVs at the Pseudo-nitzschia species level (46 QIIME2, 11 megablast). When re-classifying the ASVs from Sterling et al., in press with the updated database, 27 ASVs were assigned to the species level (20 QIIME2, 7 megablast). The number of ASVs per sample ranged from 1 to 15 and an average of 5,773 sequencing reads per sample were assigned to Pseudo-nitzschia spp. Each species was represented by a minimum of 2 and maximum of 17 ASVs, and after aggregating ASVs by species, 17 Pseudo-nitzschia species were characterized in the samples.



Pseudo-nitzschia Species Composition During Periods of High Cell Abundance

During the study period, December 2008 – November 2019, Pseudo-nitzschia species were observed by light microscopy each year, excluding the gap in 2012 (Figure 2). Cell counts at the genus level surpassed the RI DEM HAB abundance threshold of 20,000 cells per liter each year for which there was abundance data except 2015 (Figure 2) (RI DEM, 2021). Specifically, weekly samples surpassed the cell abundance threshold 69 times across all seasons, though more frequently during spring (n=20) and summer (n=33) months (Figure 2). The closure years in 2016 and 2017 alone comprised 38% of these high cell abundance samples: 2016 (n=11) and 2017 (n=17). A subset of our total sequenced samples (n=55) have corresponding cells counts that surpassed the RI DEM HAB threshold and were used to analyze Pseudo-nitzschia species composition during high abundance periods. P. pungens var. pungens occurred most frequently on dates of high cell counts, followed by P. multiseries and P. americana (Figure 3). Only one sample contained just one species (P. pungens var. pungens; Aug 07, 2017), while all other samples contained between 2 and 7 species (Figure 3).




Figure 2 | Abundance of live Pseudo-nitzschia spp. cells from light microscopy counts of weekly NBPTS surface seawater samples spanning Dec 2008 – Dec 2019 (n=523). The NBPTS paused during Mar 2012 – Dec 2012, so no cell counts were collected. Blue points represent Pseudo-nitzschia abundance that surpassed the RI Department of Environmental Management (DEM) HAB abundance threshold of 20,000 cells per liter, while black points are non-zero abundances below the threshold and gray points are zero counts. Dotted lines denote the 2016 precautionary shellfish closure (Oct 7–30) and 2017 closure (Mar 1–24).





Long-Term Patterns of Pseudo-nitzschia Species Composition

The 17 species of Pseudo-nitzschia identified in the total dataset exhibited varying annual patterns of occurrence (Figure 4). Four species were observed most frequently in over 40% of samples - P. pungens var. pungens (66%), P. americana (66%), P. multiseries (55%), and P. calliantha (44%) - and were found in samples from each year of the dataset (Figure 4A). Several species appeared for the first time or increased in prevalence during closure and subsequent years. Most notably, P. australis, a well characterized toxin producer, was not present in any of the sequenced samples prior to 2017 and appeared for the first time on February 6, 2017, several weeks before the closure (Figure 4B). But from 2017 – 2019, P. australis continued to be observed, appearing in 23% of sequenced samples. Similarly, the toxin-capable species P. hasleana and P. subpacifica appeared relatively infrequently in the years prior to the shellfish closures, however, each became more prevalent in frequency and were found in nearly each year from 2015-2019 (Figure 4B). Two additional toxin-capable species P. fraudulenta and P. plurisecta were present in low proportions of samples (0 - 32%) in the years prior to closures, but both were observed in higher proportions of samples (25 - 74%) from 2016-2019 (Figure 4B). Several rare Pseudo-nitzschia species that occurred in less than 10% of samples from the entire dataset were more prevalent during the closure years than any other timeframe, including P. hasleana in 2016 and 2017 and P. cuspidata in 2016 (Figure 4B).




Figure 4 | (A) Frequency of occurrence of 17 species of Pseudo-nitzschia from 2008 – 2019 (n=214). (B) Presence of Pseudo-nitzschia species by year for three timeframes: prior to closures, during closure years, and following closures. The size and color of each circle represents the percent of samples in a given year in which Pseudo-nitzschia species occurred based on a presence/absence matrix. (C) Observed toxicity of each species as reviewed in Bates et al., 2018, with “some strains” meaning that some have been reported to produce toxin while others have not.



To determine if species assemblages differed temporally, ANOSIM was used on the Jaccard distance matrix of Pseudo-nitzschia species composition. Two groupings were determined to be viable for ANOSIM based on dispersion of group tests (n=199): year (p=0.286), and timeframe (p=0.658), the latter of which was defined as before closures (2009 - 2015) and during/after closures (2016 - 2019). ANOSIM revealed significant differences between species assemblages in each temporal grouping (p=0.001, ANOSIM statistic 0.1082 and 0.0625 respectively) (Figure S2). On average, species richness by year increased over time (Figure S3). An ISA was also performed on a Jaccard matrix to determine which species preferentially occurred in the timeframes before and during/after closures, since the species assemblages between these two timeframes were significantly different (ANOSIM, Figure S2). This analysis revealed that the strongest indicator species of the timeframe prior to closures were P. americana (p=0.003) and P. seriata (p=0.025). Eight species were significant indicators of the timeframe during and after closures, including P. australis (p=0.0001), P. hasleana (p=0.0002), P. multiseries (p=0.0027), P. plurisecta (p=0.017), P. pungens var. aveirensis (p=0.031), P. pungens var. pungens (p=0.033), P. subpacifica (p=0.045), and P. calliantha (p=0.046). All other species included in the analysis did not preferentially occur in either of these two timeframes.



Environmental Correlates of Species Composition

A multivariate correlation analysis (BIOENV) showed that Pseudo-nitzschia species composition correlated with various environmental conditions. The parameters that best correlated with species composition (0.1545) were surface temperature and DIP (Table 1). When the same multivariate correlation analysis was performed on each timeframe (before and during/after closures), the highest correlates prior to closures were temperature and DIP (0.678), while the during/after closure timeframe was most correlated with temperature, DIP, and DIN (0.2725) (Table 1).


Table 1 | BIOENV results of the three models with the highest Spearman rank correlation coefficient (ρ) for three timeframes: 2008 – 2019; 2008 – 2015; 2016 – 2019. 




Pseudo-nitzschia species were found at a wide variety of temperatures in Narragansett Bay (Figure 5). During the study period, temperatures ranged from -1.31 – 26.47°C, and Pseudo-nitzschia were present in sequenced samples through nearly this entire range, from -1.31 – 25.51°C. The seven most frequently observed species- P. pungens var. pungens, P. americana, P. multiseries, P. calliantha, P. fraudulenta, P. plurisecta, and P. delicatissima- were present over wide temperature ranges that did not differ greatly in the before closure (2008 - 2015) timeframe and during/after closure (2016 - 2019) timeframe. Several less prevalent species had smaller and more distinct temperature ranges. P. subpacifica (7.6 – 23.3°C), P. pungens var. cingulata (4.48 – 22.18°C), P. pungens var. aveirensis (15.4 – 22.18°C), and P. cuspidata (9.97 – 22.4°C) were observed during relatively higher temperatures, while P. australis (1.6 – 15.4°C) and P. hasleana (2.24 – 22.18°C) tended to occur at relatively lower temperatures (Figure 5).




Figure 5 | (A) Sea surface temperature at the NBPTS site over an annual cycle with two loess smoother lines representing the timeframes before (2008-2015; blue) and during/after closures (2016-2019; yellow). (B) Thermal ranges of Pseudo-nitzschia species that were found in >5% of samples. Ranges are based on sea surface temperature of presence/absence occurrence during two timeframes. Samples from 2008-2015 are shown in blue; 2016-2019 are shown in yellow. Temperatures for which the temporal thermal ranges overlap appear in green. The median temperature at which species are observed prior to 2015 are represented by vertical blue bars and after 2016 by vertical yellow bars.






Discussion


Multiple Species Responsible for High Cell Abundance Blooms

Multiple species were present during Pseudo-nitzschia blooms in Narragansett Bay, defined here as periods where Pseudo-nitzschia cells surpass the RI DEM cell abundance threshold of 20,000 cells per liter (Figure 2) (RI DEM, 2021). Exceeding this threshold prompts DA Scotia testing of phytoplankton tow net samples followed by DA screening of shellfish meat, which can trigger shellfish harvest closures (RI DEM, 2021). More weekly light microscopy samples surpassed the cell abundance threshold in 2016 and 2017 than any other year of the study period (Figure 2). From 2016 - 2017, P. pungens var. pungens. P. fraudulenta, and P. americana were present in each of the bloom samples, with the first appearance of P. australis occurring in 2017 (Figure 3). Though P. calliantha was the fourth-most prevalent species across the entire study period, it occurred in less than half of the bloom samples (Figures 3, 4A). Most samples that surpassed the abundance threshold contained diverse multi-species assemblages containing as many as seven of the top ten most abundant Pseudo-nitzschia species, with the exception of one bloom sample in which just P. pungens var. pungens occurred (Figure 3).



Resident and Indicator Species of Narragansett Bay

From 2008 – 2019, 17 species of Pseudo-nitzschia were detected in Narragansett Bay (Figure 4). All species were previously observed except P. seriata, which was recorded annually from 2012 to 2016 in the nearby Gulf of Maine and has only ever been observed in the North Atlantic (Hasle, 2002; Clark et al., 2019; Sterling et al., in press). Some patterns in species composition differ in the years prior to shellfish harvest closures, while others remain consistent. The four resident species (P. pungens var. pungens, P. americana, P. multiseries, and P. calliantha) that occurred in each year of the dataset followed similar patterns of prevalence before, during, and after the closure periods (Figure 4). Furthermore, these resident species occurred across the widest ranges of temperatures and were present through nearly the entire temperature range of Narragansett Bay (Figure 5). This prevalence across temperature ranges indicates a plasticity of these species to a range of environmental conditions. Consistent with our observations, P. pungens var. pungens and P. multiseries have been previously characterized as cosmopolitan, occurring in both equatorial and cold-water regions (Hasle, 2002). Additionally, P. americana has been observed in a wide range of environments, including the Gulf of Maine, Malaysia, Mexico, and Namibia (reviewed in Bates et al., 2018). P. calliantha, is also a confirmed cosmopolite with occurrences in warm and cold environments (Stonik et al., 2011).

Species assemblages varied significantly between years and timeframes (before and during/after closures) (Figure S2). Though prior work in Narragansett Bay observed distinct species assemblages by season (Sterling et al., in press), the seasonal groupings in this dataset were unable to be tested for similarity because the monthly and seasonal groups displayed significant dispersion. Additionally, distinct species groupings by year and timeframe suggest that composition patterns have shifted over time in Narragansett Bay. The indicator species from each of these timeframes explains some of the temporal shifts. Before the closure periods, P. americana, which is a non-toxigenic year-round resident of Narragansett Bay, was the strongest indicator species. This timeframe was characterized by lower species richness and lower prevalence of toxigenic species (Figure 4; Figure S3). P. multiseries and P. plurisecta were two of the strongest indicator species for the during closure/after timeframe, and both toxigenic species increased in prevalence 2014 – 2019 (Figure 4B). Several other important indicator species of the during closure/after timeframe were P. hasleana, P. subpacifica, and P. pungens var. aveirensis, all of which were present in very few samples prior to closures but persisted in nearly each year of the closures and following (Figure 4B).

Temperature was the only consistent environmental driver that appeared in each of the top three multivariate models for the entire species composition dataset, the timeframe prior to closures, and the timeframe encompassing closures and subsequent years (Table 1). This is supported by previous work in Narragansett Bay that showed temperature also correlated with both Thalassiosira spp. and Skeletonema spp. assemblage composition from 2008 - 2014 (Canesi & Rynearson, 2016; Rynearson et al., 2020). The importance of sea surface temperature to phytoplankton community composition may be partially attributed to the wide range of temperatures that Narragansett Bay experiences throughout the year (Figure 5). As sea surface temperatures in Narragansett Bay continue to increase over time due to climate change (Fulweiler et al., 2015; Benoit & Fox-Kemper, 2021), this driver of Pseudo-nitzschia assemblage composition may lead to further shifts in the prevalence of certain species. This could include continued increases in the frequency of P. australis, P. hasleana, P. galaxiae, and P. subpacifica, all of which became more prevalent in Narragansett Bay in closure and subsequent years.

Additionally, availability of nutrients, including both DIP and DIN, impacted Pseudo-nitzschia species composition. DIP was a driver of species composition in all but one of the top multivariate models (Table 1). Phosphorus is a required macronutrient for phytoplankton growth, though its relationship to Pseudo-nitzschia HAB formation is complex because high DIP increases Pseudo-nitzschia growth rate but low DIP correlates with increased DA toxin production (Pan et al., 1998; Sun et al., 2011; Brunson et al., 2018). Furthermore, DIN appears in the multivariate model with the highest correlation in the during closures/after timeframe (Table 1). The importance of DIN concentration to both Pseudo-nitzschia assemblage composition and toxin production in Narragansett Bay is supported by Sterling et al., in press, who found that nitrate and DIN : DIP correlated with species composition and low DIN correlated with elevated particulate DA. The recently reduced DIN in Narragansett Bay following wastewater treatment changes may play a role in impacting the composition and physiology of these Pseudo-nitzschia assemblages (Oviatt et al., 2017).



P. australis Introduction and Persistence in Narragansett Bay

P. australis was not observed in Narragansett Bay prior to 2017 (Figure 4) and was the strongest indicator species in the during closure/after timeframe as compared to samples prior to the 2016 – 2017 HABs. It appears to be recently introduced to the North Atlantic coasts of the US and Canada during the record HABs of 2016 (Clark et al., 2019, reviewed in Bates et al., 2018). Notably, it was absent during the RI precautionary closure of 2016 in which DA below the NSSP threshold was observed in shellfish meat (Figure 3; reviewed in Bates et al., 2018; Sterling et al., in press), meaning there were other species responsible for this event. Toxigenic species present during the 2016 closure included P. pungen var. pungens and P. cuspidata. P. australis continued to persist in Narragansett Bay in about one-fifth of the samples from 2017 – 2019, suggesting it remained in the region and may be a cause for concern in future toxic events. However, it was not the only toxic species in Narragansett Bay during the 2016 – 2017 closures, so continued monitoring of Pseudo-nitzschia at the species level is important for understanding which species contribute to producing closure levels of DA.

P. australis has been connected to a large 2015 HAB event on the US west coast where increases in both Pseudo-nitzschia abundance and DA were attributed to anomalously warm water temperatures and nutrient-rich upwelling (McCabe et al., 2016). Sea surface temperatures in the North Pacific were 2.5°C higher than long term means, ranging about 12 – 18°C during the closure period from May – November 2015 (McCabe et al., 2016). Increased DA production in West Coast P. australis strains was also associated with warmer temperatures (Zhu et al., 2017). In contrast to this, we found that P. australis occurred at a lower relative thermal range than any other species and was only observed in Narragansett Bay between 1.6 – 15.4°C, with a median temperature of 3.9°C. During the closure in February – March of 2017, the temperatures at which P. australis was observed ranged 2.44 – 3.26°C, so this particular toxic event was not initiated by a warm water mass. Increased toxin concentration in shellfish meat has been linked to higher growth potential of P. australis (McCabe et al., 2016). Clark et al. (2021) reports that the optimal growth temperature for a strain of P. australis isolated from the nearby Gulf of Maine was about 15°C, while studies with US West Coast isolates have found optimal growth temperatures of 17 – 18°C (Monterey Bay, California 2015 isolate; McCabe et al., 2016) and 23 – 26°C (Southern California isolate; Zhu et al., 2017). The presence of P. australis at much lower temperatures in Narragansett Bay suggests there may be other factors influencing its growth and toxin production, such as nutrient availability, bacterial associations, or zooplankton grazing (Maldonado et al., 2002; reviewed in Lelong et al, 2012; Lundholm et al., 2018).




Conclusion

In this study, we used a DNA metabarcoding approach on more than a decade of plankton samples from Narragansett Bay, RI to characterize Pseudo-nitzschia species diversity before, during, and after two shellfish harvest closures. We found that periods of high Pseudo-nitzschia cell abundances correspond to a wide diversity of species present, supporting the complexity of bloom-forming assemblages. We characterized several species as residents of Narragansett Bay, which occurred in samples in nearly each year of the study period. P. australis, a high toxin producing species, was not present in any of the samples until 2017, and thus is likely to be a newly introduced species. Additionally, species composition was most strongly influenced by water temperature. As water temperatures continue to rise in Narragansett Bay and toxigenic species become more prevalent, it is imperative to continue monitoring Pseudo-nitzschia species composition for increased frequency and potential introduction of toxigenic species.
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Harmful algal blooms (HABs) of the ichthytoxic dinoflagellate Margalefidinium polykrikoides have caused mass mortality of marine life around the world. While its toxic effects can impact fish, bivalves, coral, zooplankton, and even other phytoplankton, the toxin(s) and allelochemical(s) eliciting these impacts have yet to be definitely identified, leaving open the question as to whether its toxicity and allelopathic effects are caused by the same chemical agents. In this study, we investigated the ability of 10 strains of M. polykrikoides with different geographic origins and ribotypes to cause mortality in two strains of the dinoflagellate, Akashiwo sanguinea (allelopathy), and the sheepshead minnow, Cyprinodon variegatus (toxicity). Results showed that the potency of allelopathy against both strains of A. sanguinea and toxicity to the fish were significantly correlated across strains of M. polykrikoides (p < 0.001 for all). These results strongly support the notion that the major allelochemicals and toxins of M. polykrikoides are identical chemicals, an ecological strategy that may be more energetically efficient than the separate synthesis of toxins and allelochemicals as has been reported in other HABs. Our results also highlight the vital significance of the definitive identification of allelochemicals and toxins of M. polykrikoides and of the quantitative characterization of these compounds in the field where HABs of M. polykrikoides occur during blooms.
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Introduction

Margalefidinium (= Cochlodinium) polykrikoides is a harmful algal bloom (HAB) species that has been responsible for mass mortalities of aquatic organisms worldwide (Dorantes-Aranda et al., 2009b; Jiang et al., 2009; Jose Dorantes-Aranda et al., 2010; Kudela and Gobler, 2012; Cui et al., 2020; Basti et al., 2021). As an ichthyotoxic and HAB-causing species, M. polykrikoides not only has caused fish kills across North America and Asia, but also has been known to cause rapid mortality in bivalves, zooplankton, and corals (Kim et al., 1999; Dorantes-Aranda et al., 2009b; Jiang et al., 2009; Tang and Gobler, 2009b; Tang and Gobler, 2009a; Bauman et al., 2010; Tang and Gobler, 2010; Griffith et al., 2019). Beyond being toxic to marine animals, M. polykrikoides is also strongly allelopathic to other phytoplankton (Kim et al., 1999; Dorantes-Aranda et al., 2009b; Tang and Gobler, 2009b; Tang and Gobler, 2009a; Tang and Gobler, 2010). Still, the traits and interactions of toxicity and allelopathy and how they may facilitate M. polykrikoides blooms remain unclear.

Allelochemicals are chemical agents secreted by photosynthetic organisms that affect (mainly negatively) the growth, health, behavior, or population biology of organisms, mainly plants (Whittaker and Feeny, 1971). Smayda (1997) hypothesized that harmful algae form blooms by four major pathways, with two of them pertinent to allelochemically enhanced interspecific competition. Oppositely, the target species of toxicity are animals (Rice, 1979; Smayda, 1997; Legrand et al., 2003; Granéli and Hansen, 2006).

Many harmful algae can be both allelopathic to other algae and toxic to marine animals. In several cases, allelochemicals and toxins seem to be different compounds as have been demonstrated for the karlotoxin-producer Karlodinium veneficum (Yang et al., 2019), the paralytic shellfish toxin-producer Alexandrium spp. (Tillmann and John, 2002; Tillmann et al., 2007; Tillmann et al., 2008), and the brevetoxin producer Karenia brevis (Kubanek et al., 2005). For some algae, however, their toxicity to animals and allelopathic effects on phytoplankton appear to be caused by common mechanisms, for instance, for Prymnesium parvum (Singh et al., 2001; Granéli and Hansen, 2006).

The identity and mechanism of toxins and allelochemicals of M. polykrikoides have been the subject of debate. The toxins of M. polykrikoides cause damage to different cell types, including hemolysis in fish erythrocytes (Kim et al., 1999; Dorantes-Aranda et al., 2009a; Kim and Oda, 2010). The conceivable ichthyotoxic substances produced by M. polykrikoides have been hypothesized to include reactive oxygen species (ROS) (Tang and Gobler, 2009a), sterols, fatty acids (Giner et al., 2016), and mucopolysaccharides (Kim et al., 2002; Kim and Oda, 2010). The short-term nature of M. polykrikoides toxicity (minutes in the absence of live cells) and the ability of anti-oxidation compounds to mitigate its toxicity have suggested that ROS are a likely source of this HABs toxicity (Tang and Gobler, 2009b; Jiang et al., 2009). Further studies have also suggested that the existence of a synergistic action of ROS and polyunsaturated fatty acids, docosahexaenoic and eicosapentanoic, that are produced by M. polykrikoides may contribute to lipid peroxidation (Dorantes-Aranda et al., 2009a; Dorantes-Aranda et al., 2009b), which is associated with an increase in the solute permeability in the membrane cells, causing swelling and lysis of the vacuoles of the membrane liposomes (Girotti, 1990) and severe damage in fish gill liposomes (Kim et al., 1999). In addition, polysaccharides can exert a damaging effect on branchial cells (Dorantes-Aranda et al., 2009a; Dorantes-Aranda et al., 2009b; Kim and Oda, 2010), which may also contribute to the ichthyotoxic effects of M. polykrikoides. As for the allelochemicals of M. polykrikoides, they have been reported to affect the growth and survival of many planktonic species (Gobler et al., 2008; Mulholland et al., 2009; Tang and Gobler, 2009b; Tang and Gobler, 2009a; Richlen et al., 2010; Koch et al., 2014; Pérez-Morales et al., 2017; Hattenrath-Lehmann et al., 2019). However, the exact allelopathic mechanisms remain controversial and largely unknown. Prior investigations of M. polykrikoides (Kim et al., 1999; Tang and Gobler, 2010) and other allelopathy-causing species (Oda et al., 1992; Marshall et al., 2005; van Rijssel et al., 2008) have suggested that various compounds including ROS, PUFA (polyunsaturated fatty acid), and unidentified toxic metabolites may act as allelochemicals.

The goal of this study was to compare the toxic effects of M. polykrikoides on fish to its allelopathic effects on other phytoplankton in terms of characterizing the chemical nature of the toxin(s) and allelochemical(s) produced by the species. Given that prior research has established significant variation in the strength of allelopathy and toxicity among clonal isolates of M. polykrikoides (Tang and Gobler, 2010; Wang et al., 2020), we compared the ability of 10 clones isolated from the Atlantic and Pacific Oceans and representing two major ribotypes. Results demonstrated a high degree of similarity between allelochemical potency and ichthyotoxicity across the clones studied.



Materials and methods


Cultures and culturing conditions

Ten strains of M. polykrikoides were isolated from coastal areas of the United States, Mexico, and Japan (Table 1). The identity of all strains was confirmed with large subunit (LSU) rDNA sequencing. Two strains of Akashiwo sanguinea (ASNP6 and AS2) isolated from the Northport Bay, New York, USA in 19 August 2011 (Tang and Gobler, 2015) were used as the target species of allelopathic tests. All cultures were maintained in exponential phase growth in sterile GSe medium with a salinity of 31−32 made with an autoclave and 0.2 µm filtered seawater, and maintained at 21°C in an incubator with a 12-h light:12-h dark cycle providing ~100 μmol quanta m– 2 s– 1. Cultures were grown with a mixture of penicillin and streptomycin (2% v/v dilution of stock with 200 U·ml−1 penicillin and 0.2 mg·ml−1 streptomycin) to discourage the growth of bacteria.


Table 1 | Strains of Margalefidinium polykrikoides used in this study.





Testing the allelopathy of M. polykrikoides

Cultures of CPSB-1B, CPSB-1G, CP1, CPNB-3, CPNB-6, CPSB-2A, CPGSB-1, and ASNP-6 were maintained in exponential growth phase in 500-ml conical flasks in GSe medium with 2% antibiotics mixture. For experiments, 10 ml of M. polykrikoides and 1 ml of ASNP-6 (both at ~103 cells ml−1) were added to one well of a six-well culture plate. One milliliter of ASNP-6 was added into 10 ml of GSe medium as control. Each treatment and control were established in triplicate. After 48 h, all samples (11 ml) were preserved with 2% Lugol’s solution (final) and quantified under a light microscope. Cultures of CPSB-2A, CP1, CPSB-1B, and CPSB-1G were also co-cultured with A. sanguinea (ASNP-6) for 72 h to test the allelopathic effects using the same methods described above for the 48-h assay, the only difference being that six replicates were set in each group of the latter experiment (n = 6).

Other strains of M. polykrikoides, CPINS129, CPCB10, CPPV1, and CP1, were tested with A. sanguinea strain AS2 as target species. All strains of M. polykrikoides were diluted to different cell densities (650−4,000 cells ml−1 for CP1, 2,300−4,300 cells ml−1 for CPINS129, 500−1,700 cells ml−1 for CPCB10, and 5,300−9,900 cells ml−1 for CPPV1) and then co-cultured with AS2 in a six-well culture plate with 9 ml of M. polykrikoides and 1 ml of A. sanguinea culture in one well, respectively. One milliliter of AS2 with the same cell density as treatments was added to 9 ml of GSe medium as control. All the treatments and controls were in triplicate. Samples were preserved after 24 h with Lugol’s solution (2% final) for subsequent cell density quantification.

To quantify and compare the allelopathic effects of M. polykrikoides among strains with different cell densities, a parameter, “Relative Mortality compared with control of A. sanguinea”, was defined as: Relative Mortality (AS) = [(Mean cell density of mono-cultured A. sanguinea − mean cell density of A. sanguinea co-cultured with M. polykrikoides)/mean cell density of mono-cultured A. sanguinea] × 100%, but is called “Mortality (AS)” below for simplicity.



Testing the toxicity of M. polykrikoides

We used 14-day-old (0.4–0.5 cm in length) Cyprinodon variegatus (sheepshead minnows) for toxicity experiments. All 10 strains of M. polykrikoides (CP1, CPINS129, CPCB10, CPPV1, CPSB-1B, CPSB-1G, CPSB-2A, CPNB-3, CPNB-6, and CPGSB-1) were maintained in exponential growth phase and diluted to several cell densities (350−4,700 cells ml−1 for CP1, 1,200−4,800 cells ml−1 for CPINS129, 300−700 cells ml−1 for CPCB10, 1,500−3,000 cells ml−1 for CPPV1, 1,200−4,000 cells ml−1 for CPSB-1B, 1,800 cells ml−1 for CPSB-1G, 2,700−5,500 cells ml−1 for CPSB-2A, 450−1,700 cells ml−1 for CPNB-3, 1,400 cells ml−1 for CPNB-6, and 1,400 cells ml−1 for CPGSB-1) before the experiment. Fish bioassays were performed in six-well plates with 10 ml of culture and one fish in each well, and one fish was added to 10 ml of GSe medium as control. All the treatments and controls were in replicates of six (n = 6) and were maintained at room temperature without aeration. The survival of fishes was recorded at 24 h. Some treatments (CP1, CPSB-1B, CPSB-1G, CPSB-2A, CPNB-3, CPNB-6, and CPGSB-1) lasted for 6 days to compare the mean death time of fishes in different cultures. A probit regression analysis of cell densities of CP1, CPINS129, and CPSB-2A, and mortality of sheepshead minnows was used to determine the median lethal dose (LD50) and compare the toxicity of different strains of M. polykrikoides when the cell densities were unequal across experiments.



Statistics

One-way ANOVAs and multiple comparison tests were used to compare the cell densities of M. polykrikoides, mortalities of A. sanguinea compared with control, and death time of sheepshead minnows among treatments using SPSS. For the toxicity experiments, G-tests were performed to assess the significance of toxic effects (Woolf, 1957). Spearman correlation coefficients were calculated to examine the correlation between the rank of allelopathy and toxicity of different M. polykrikoides. In all cases, the significance level was set at p < 0.05.




Results


Comparing allelopathic intensity of different strains of M. polykrikoides

During 48-h experiments with A. sanguinea strain ASNP-6, cell densities of seven strains of M. polykrikoides were similar with the exception of CPSB-1B (H), which was higher than CPSB-1G (H) (Figure 1, Table S1-2, p = 0.001), but this made no difference in Mortality (AS) (Table S1-1, p = 0.55), indicating that CPSB-1G was allelopathically stronger than CPSB-1B. CPSB-1B was more allelopathic than CPNB-6 given that CPSB-1B (L) had higher Mortality (AS) (Figure 1, Table S1-1, p = 0.001) but had equal cell density (Table S1-2, p = 0.08). CPNB-6 had a lower cell density than CP1 (Figure 1, Table S1-2, p = 0.01) but induced equal Mortality (AS) as CP1 (Figure 1, Table S1-1, p = 0.68), indicating that CPNB-6 was more allelopathic than CP1. As for CPNB-6 and CPGSB-1, the two strains exhibited no difference in cell density (Table S1-2, p = 0.69) but the former strain was more allelopathic (Figure 1, Table S1-1, p = 0.01). Similarly, CP1 and CPSB-2A exhibited no difference in cell density (Figure 1, Table S1-2, p = 0.66), but the former strain induced higher Mortality (AS) (Figure 1, Table S1-1, p = 0.01). Moreover, CPNB-3 (H), CPSB-2A, and CPGSB-1 led to roughly equal inhibition to ASNP-6 (Table S1, p > 0.05 for each pairwise comparison of the three strains) but decreased in order in cell density (Figure 1, Table S1, p < 0.05 in each pair of the three strains), indicating that the allelopathic strength was CPGSB-1 > CPSB-2A > CPNB-3. Although we cannot discern the difference in allelopathic strength of CP1 and CPGSB-1, the two strains were weaker than CPNB-6 but stronger than CPSB-2A, meaning the overall rank order of strength was CPSB-1G > CPSB-1B > CPNB-6 > CP1 ≈ CPGSB-1 > CPSB-2A > CPNB-3.




Figure 1 | Allelopathic effects of M. polykrikoides on ASNP-6 in 48 h expressed as Mortality compared with control of A. sanguinea [Mortality (AS)]. The dots represent the cell density of different strains of M. polykrikoides. Each data point is the mean of triplicates (n = 3). Error bars indicate ±1 SD of n = 3.



In the experiment of ASNP-6 co-cultured with CPSB-2A, CP1, CPSB-1G, and CPSB-1B for 72 h, CPSB-2A had the highest cell density and the lowest Mortality (AS) (Figure 2, p < 0.05, one-way ANOVA) and thus was the least allelopathic strain. CP1 had a higher cell density than CPSB-1G (Figure 2, p = 0.001) but showed no difference in inducing Mortality (AS) (Figure 2, p = 0.13). Additionally, CP1 showed no difference in cell density with CPSB-1B (Figure 2, p = 0.09) but induced lower Mortality (AS) (Figure 2, p = 0.001). Thus, CP1 ranked after CPSB-1B and CPSB-1G in allelopathic intensity. Concluding from the above results, the allelopathic intensity in decreasing order was CPSB-1G > CPSB-1B > CPNB-6 > CP1 ≈ CPGSB-1 > CPSB-2A > CPNB-3.




Figure 2 | Allelopathic effects of M. polykrikoides on ASNP-6 in 72 h expressed as Mortality compared with control of A. sanguinea [Mortality (AS)]. The dots represent the cell density of different strains of M. polykrikoides. Each data point is the mean of sextuplicate (n = 6). Error bars indicate ±1 SD of n = 6. Different letters in uppercase indicate significant differences (p < 0.05) among mortalities, and different letters in lowercase indicate significant differences (p < 0.05) among cell densities.



In the allelopathic experiment using AS2 as the target species, four M. polykrikoides clones, namely, CP1, CPINS129, CPCB10, and CPPV1, were tested (Figure 3). As shown in Mortality (AS), CPCB10 at 500 cells ml−1 was more potent than CP1 at 650 cells ml−1 (Figure 3, Table S2-1, p = 0.001) despite similar cell densities (Table S2-2, p = 0.05). Compared with CPINS129 at a cell density of 2,300 cells ml−1, CP1 of 1,900 cells ml−1 had a lower cell density (Figure 3, Table S2-2, p = 0.001) but had a higher Mortality (AS) (Figure 3, Table S2-1, p = 0.00). In addition, CCPV1 of 8,300 cells ml−1 and CPINS129 of 4,300 cells ml−1 led to similar Mortality (AS) (Figure 3, Table S2-1, p = 0.09); however, the former had a higher cell density (Figure 3, Table S2-2, p = 0.00). As a result, the allelopathic intensity in decreasing order of the four strains was CPCB10 > CP1 > CPINS129 > CPPV1.




Figure 3 | Allelopathic effects of M. polykrikoides on AS2 in 24 h expressed as Mortality compared with control of A. sanguinea [Mortality (AS)]. The dots represent the cell density of different strains of M. polykrikoides. Each data point is the mean of triplicates (n = 3). Error bars indicate ±1 SD of n = 3.





Comparing ichthyotoxicity among M. polykrikoides strains

Ten strains of M. polykrikoides at different cell densities were co-cultured with 14-day-old sheepshead minnows to test their toxicity (Figure 4). Four groups of M. polykrikoides (CPCB10 in 700 cells ml−1, CPSB-1B in 1,200 cells ml−1, CPNB-6 in 1,400 cells ml−1, and CPSB-1G in 1,800 cells ml−1) all caused 100% mortality of sheepshead minnows within 24 h (Figure 4, Table S3, p < 0.05 for pairwise comparisons), and the mean death time of sheepshead minnows was 1.9 h, 4.5 h, 5.4 h, and 13.1 h, respectively, suggesting that their toxic intensity decreased in the order CPCB10 > CPSB-1B > CPNB-6 > CPSB-1G. According to the results of regression analysis, CP1 caused 80% mortality of sheepshead minnows at a cell density of 1,874 cells ml−1 (Figure S1), which was lower than 100% mortality of sheepshead minnows co-cultured with 1,800 cells ml−1 of CPSB-1G (Figure 4). CP1 caused 60% mortality of sheepshead minnows at a cell density of 1,400 cells ml−1 (Figure S1), which was higher than the mortality of sheepshead minnows caused by CPGSB-1 (50%) at the same cell density (Figure 4). The LD50 dose of CPINS129 and CPSB-2A was 6,611 cells ml−1 and 5,170 cells ml−1, respectively (Figure S1), indicating that CPSB-2A was more ichthyotoxic than CPINS129. Moreover, CPPV1 and CPNB-3 caused the lowest mortality of sheepshead minnows among the 10 strains (Figure 4). Conclusively, the decreasing order of toxic intensity of the 10 strains was CPCB10 > CPSB-1B > CPNB-6 > CPSB-1G > CP1> CPGSB-1 > CPSB-2A> CPINS129 > CPPV1 ≈ CPNB-3.




Figure 4 | Toxic effects of M. polykrikoides on sheepshead minnows Cyprinodon variegatus in 24 h expressed as mortality (%) of sheepshead minnows (bars). The corresponding cell density of different strains of M. polykrikoides was also shown as dots for comparison. Error bars indicate ±1 SD of n = 6.



The death time of sheepshead minnows was also recorded in some groups (Figure 5). In groups of CPSB-2A (5,500 cells ml−1), CP1 (3,100 cells ml−1), CPSB-1G (1,800 cells ml−1), CPNB-6 (1,400 cells ml−1), and CPSB-1B (1,200 cells ml−1), the death time of sheepshead minnows was less than 20 h and did not differ among the strains (Figure 5, Table S4-2, p > 0.05 for pairwise comparisons), and cell densities of these groups decreased in order [Figure 5, Table S4-1, p < 0.05 for pairwise comparisons excluding groups CPNB-6 in 1,400 cells ml−1 vs. CPSB-1B in 1,200 cells ml−1 (p = 0.13)], indicating that the order of ichthyotoxicity of the five strains was CPSB-1B, CPNB-6 > CPSB-1G > CP1 > CPSB-2A. The death time of sheepshead minnows in groups of CPSB-2A and CPGSB-1 showed no significant difference (Figure 5, Table S4-2, p = 0.23), but CPGSB-1 had a lower cell density (Figure 5, Table S4-1, p = 0.001), indicating that the toxicity of CPGSB-1 was greater than CPSB-2A. The death time of sheepshead minnows in groups of CPNB-3 was significantly longer than in other groups as most fishes survived the duration of the experiment (Table S4-2, p = 0.001), indicating that the toxicity of CPNB-3 was the weakest among the seven strains.




Figure 5 | Toxic effects of M. polykrikoides on sheepshead minnows Cyprinodon variegatus expressed as death time. The dots represent the cell density of different strains of M. polykrikoides. Error bars indicate ±1 SD of n = 6.





Correlation of allelopathy and toxicity of M. polykrikoides

The allelopathic and toxic strengths of each strain were ranked according to the orders of allelopathy, which were CPSB-1G > CPSB-1B > CPNB-6 > CP1 ≈ CPGSB-1 > CPSB-2A > CPNB-3, and CPCB10 > CP1 > CPINS129 > CPPV1, and the order of toxicity, which was CPCB10 > CPSB-1B > CPNB-6 > CPSB-1G > CP1> CPGSB-1 > CPSB-2A > CPINS129 > CPPV1 ≈ CPNB-3 (Table S5), upon which the allelopathy and ichthyotoxicity of the strains were compared and found to be linearly correlated (Figure 6). Spearman’s rank correlation analysis showed that the allelopathic effects and ichthyotoxicity were significantly positively correlated (Spearman’s correlation coefficient = 0.88, p = 0.01, n = 7 for toxicity to sheepshead minnows and allelopathy to ASNP-6; Spearman’s correlation coefficient = 1.0, p < 0.0001, n = 4 for toxicity to sheepshead minnows and allelopathy to AS2; Figure 6), illustrating consistency between the allelopathy and ichthyotoxicity of the M. polykrikoides strains.




Figure 6 | Correlation analysis of allelopathic intensity and toxic intensity of different strains of M. polykrikoides. (A) Order of allelopathic effects of M. polykrikoides on ASNP-6 and toxic effects of M. polykrikoides on sheepshead minnows. (B) Order of allelopathic effects of M. polykrikoides on AS2 and toxic effects of M. polykrikoides on sheepshead minnows.






Discussion


The consistency between allelopathy and toxicity among strains of M. polykrikoides

Margalefidinium polykrikoides strains exhibit variations in both toxicity and allelopathy (Tang and Gobler, 2010; Wang et al., 2020). By phylogenetic analysis of LSU rDNA of M. polykrikoides strains, at least four ribotypes have been identified globally (Iwataki et al., 2008; Reñé et al., 2013). Prior research has shown that different ribotypes of M. polykrikoides differ in toxicity (Wang et al., 2020), making this trait useful for providing perspective to investigate the relationships and chemical nature of allelopathy and toxicity of M. polykrikoides.

Here, 10 strains were studied that varied in different geographic origins, ribotypes, and isolation seasons (Table 1) but were cultured under uniform conditions and maintained in exponential growth. While differences in growth rates and maximum cell concentrations sometimes caused differences in experimental cell densities used, a gradient in cell densities was typically made for comparable treatment densities across strains. Fortunately, we obtained enough data to compare the allelopathy and toxicity between two strains, which yielded similar results and a similar order of strain potency.

Even though the intensity of allelopathy and toxicity of M. polykrikoides varied in different strains, especially strains of different ribotypes (Wang et al., 2020), the potencies in toxicity and allelopathy for the different strains of M. polykrikoides were consistent, as strains displaying potent toxicity also exhibited strong allelopathy. This consistency provides potent evidence for the hypothesis that chemical agents that are responsible for inhibitory and lethal effects on phytoplankton and marine animals, i.e., allelochemicals and toxins, were the same compounds.



Possible ecological implications of the consistency between allelopathy and toxicity

Plant secondary metabolism is a term for pathways and small-molecule products of metabolism (i.e., secondary metabolites) that are non-essential for the survival of the organism (Kossel, 1891). However, a wide variety and high diversity of secondary metabolites produced by plants are an important part of plant defense system against pathogenic attacks and environmental stresses, including toxins and allelochemicals (Yang et al., 2018). Producing secondary metabolites is thought to have a minor energetic cost (Waterman, 1992). Many harmful algae (e.g., Alexandrium spp., K. brevis, and K. veneficum) produce toxins and allelochemicals that are different compounds (Tillmann and John, 2002; Kubanek et al., 2005; Tillmann et al., 2007; Tillmann et al., 2008; Yang et al., 2019). In contrast, the findings of this study suggest that M. polykrikoides produces a singular class of compounds that inhibit competitors and potential predators (e.g., zooplankton and planktivorous fish), representing a potential energetic cost-saving for this HAB-causing species.



Expectations in identifying toxins and allelochemicals of M. polykrikoides

While prior studies have identified several kinds of compounds that may be the toxins made by M. polykrikoides, more evidence is needed to verify the actual toxicity of these substances. It has been suggested that the toxins of M. polykrikoides may be ROS (Kim et al., 1999; Tang and Gobler, 2009a). ROS-scavenging enzymes (peroxidase and catalase) have been shown to mitigate the toxicity and allelopathy of M. polykrikoides and multiple attributes of the toxicity are consistent with ROS being the toxic principle. For example, the rapidly diminished toxicity (in minutes) observed in M. polykrikoides cells that were freshly killed (Tang and Gobler, 2009a) was consistent with the short half-life of ROS compounds. Furthermore, M. polykrikoides exhibited the highest toxicity during the exponential growth phase of cultures, which aligns with reports of ROS production by actively growing, rather than stationary phase, cells of the species (Tang and Gobler, 2009a). While one study found that the O2- and H2O2 in a toxic strain of M. polykrikoides were at trace levels (Kim and Oda, 2010), other ROS compounds were not measured in that study. Mucopolysaccharides produced by M. polykrikoides may be attributed to the smothering of fishes (Kim and Oda, 2010), but no study has affirmed this finding and there were no visual signs of polysaccharides on fish during our study. Giner et al. (2016) extracted lipids of M. polykrikoides cells and analyzed the compositions of fatty acid and sterol in crude lipids, which consisted of a high proportion of PUFAs (47% of total fatty acids), dinosterol (40% of total sterols), and dihydrodinosterol (32% of total sterols). The identified fatty acids and sterols may contribute to long-term deleterious effects on invertebrates but were unlikely to be effective substances responsible for the acute toxicity to fish (Giner et al., 2016). In addition, according to the definition of allelopathy, allelochemicals sensu stricto refer to the substances that are excreted from the producing cells. Thus, the crude lipids extracted with organic solvents from cells may include many more substances than extracellular secretions. While some fatty acids with hemolytic property have also been identified in M. polykrikoides (Dorantes-Aranda et al., 2009a), bioassays of these substances have not been implemented and thus their toxic effects remain unknown. In addition, it has been proved that direct physical contact between test animals and algal cells is not necessary for M. polykrikoides to cause mortality, which means the toxins of M. polykrikoides could be easily released to the extracellular milieu (Tang and Gobler, 2009a).

Our finding strongly suggests that the allelochemicals and toxins of M. polykrikoides are the same chemical agents, which could be a cost-saving or energy-saving and thus ecologically advantageous strategy, especially so if the toxin(s) and allelochemical(s) are synthesized via a simple pathway. In this regard, the multiple chemical agents proposed to be responsible for the toxicity and allelopathy of the species as reviewed above (e.g., ROS, mucopolysaccharides, fatty acids, and sterols) are certainly not to be all true. It is, therefore, important to fully identify the toxins and allelochemicals of M. polykrikoides for the sake of both understanding the bloom ecology and mitigating the harmful effects of the species in the field.




Conclusion

We confirmed that the ichthyotoxicity and allelopathy of M. polykrikoides are strain specific and vary with different geographic origins and ribotypes. We further found that the order of ichthyotoxicity and allelopathy from strong to weak of the 10 strains of M. polykrikoides was positively correlated. These results strongly suggest that major allelochemicals and toxins of M. polykrikoides are identical chemicals, which could be an energy-saving and thus ecologically advantageous strategy.
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Nutrients and phytoplankton associated with mariculture development are important concerns globally, as they can significantly impact water quality and aquaculture yield. Currently, there is still insufficient information regarding the variations in nutrients and phytoplankton community of intensive mariculture systems, and effective treatment is lacking. Here, based on consecutive daily monitoring of two Litopenaeus vannamei ponds from July to October, the dynamic variations in nutrients and phytoplankton were elucidated. In addition, modified clay (MC) method was adopted to regulate the nutrients and phytoplankton community. The temporal variations in organic and inorganic nutrients presented fluctuating upward trends. Notably, organic nutrients were the dominant species, with average proportions of TON/P in TN/P were as high as 75.29% and 87.36%, respectively. Furthermore, a marked increase in the ratios of dinoflagellates to diatoms abundance were also observed in the control pond, concurrently with dominant organic nutrients, ascending N/P ratio and decreasing Si/N and Si/P ratios. In the MC-regulated pond, MC reduced the contents of both organic and inorganic nutrients. Furthermore, a distinct change pattern of dominant phytoplankton community occurred, with green algae becoming the most abundant phytoplankton in the MC-regulated pond. This study can provide new insights into an effective treatment for managing water quality and maintaining sustainable mariculture development.




Keywords: mariculture, dynamic variations, nutrient composition and structure, phytoplankton, modified clay



Highlights

	Organic N and P were the dominant species of nutrients in mariculture shrimp ponds.Higher N/Si and N/P ratios were prominent over the production cycle.

	Variations in nutrients favored the potential predominance of dinoflagellates.

	Modified Clay effectively reduced nutrient contents and regulated the phytoplankton community.





Introduction

Mariculture is one of the fastest-expanding sectors worldwide (Campbell and Pauly, 2013; Froehlich et al., 2018; Meng and Feagin, 2019), with global production reaching 87.5 million tons in 2020 (FAO(Food and Agriculture Organization of the United Nations), 2022). Notably, China has played a major role in this growth (Li et al., 2017). In China, pond farming is a dominant aquaculture farming system. For instance, the total production of pond farming continued to increase in 2019, contributing approximately 50% of national aquaculture production (Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2020). However, the rapid development of mariculture has been accompanied by environmental pollution, such as nutrient and organic matter overload, harmful algal blooms, and drug residues, which pose threats to mariculture development (Briggs and Funge-Smith, 1994; Couch, 1998; Bouwman et al., 2013; Han et al., 2021). Currently, mariculture has become a significant and expanding cause of coastal nutrient enrichment and has influenced marine ecosystems of the receiving coastal waters (Bouwman et al., 2013; Li et al., 2017; Yang et al., 2017).

As is the case with all intensive farming systems, large quantities of excess feed and faeces increase the nutrient loading to water bodies, which cause the deterioration of water quality and restrict the sustainable mariculture (Alonso-Rodrıguez and Páez-Osuna, 2003; Casé et al., 2008; Yang et al., 2017; Díaz et al., 2019). Notably, the accumulation of ammonia and nitrite will exert toxic effects on aquaculture organisms and cause disease proliferation in culture ponds (Casé et al., 2008; Glibert, 2016). Moreover, the excessive accumulation and unbalanced proportion of nutrients will influence the phytoplankton community and can cause the occurrence of ‘harmful algal blooms (HABs)’ (Glibert, 2016; Díaz et al., 2019). Increasing occurrences of HABs, such as Karenia spp, dinoflagellates, and Aureococcus anophagefferens, are leading to growing deleterious impacts including the poisoning, asphyxiation and even the death of mariculture organisms and human poisoning (Davidson et al., 2009; Gobler et al., 2011; Anderson, 2012; Brown et al., 2020). On the other hand, the unbalanced proportion of nutrients can cause a significantly higher toxicity activity of phytoplankton (Johansson and Granéli, 1999; Hagström and Granéli, 2005). Furthermore, the discharge of mariculture effluents generates diverse effects on coastal waters (Bouwman et al., 2013). For instance, over 26% of the excess nitrogen in China’s waters is likely a result of shrimp production alone (Meng and Feagin, 2019).

Modified clay (MC), produced from natural clays via the surface modification by inorganic or organic compounds, can effectively control HABs (Yu et al., 2017; Song et al., 2021). Currently, MC technology has been included as a national standard method to control HABs and is widely employed in China (Yu et al., 2017). Previous studies found that MC can not only remove algal cells but also reduce nutrients and organic matter contents, improve water quality and reduce the degree of eutrophication (Gao et al., 2007; Lu et al., 2017; Yu et al., 2017; Song et al., 2021). In addition, MC has no adverse effects on the survival and growth of typical economically marine organisms when used at appropriate dosages (Zhang et al., 2019; Song et al., 2021). Furthermore, in mitigating the blooms of toxin-producing dinoflagellates, MC can quickly reduce algal toxins in water (Hagström and Granéli, 2005; Lu et al., 2017; Li et al., 2019).

The variations in nutrients and phytoplankton associated with mariculture development are important concerns globally, as they can have a variety of potential impacts on the mariculture yield and the environment of receiving water. Currently, there is still insufficient information on the dynamic variations in nutrients and phytoplankton, and effective regulation treatment is lacking. In the present study, based on daily monitoring of nutrients and phytoplankton of intensive mariculture shrimp ponds in Laizhou Bay, the specific objectives were to: (i) elucidate the dynamic variations in nutrients and explore the potential responses of phytoplankton community to the variations in content, composition and stochiometric ratio of nutrients, (ii) compare the variations in nutrients and phytoplankton community between an MC-regulated and control ponds and assess the regulation effects of MC. The results of this study are crucial for the comprehensive understanding of the variation patterns of nutrients and phytoplankton in the mariculture systems, and provide new insights into an effective regulation treatment for managing water quality and maintaining sustainable mariculture development.



Materials and methods


Study area

Intensive rearing Litopenaeus vannamei ponds were located in Dongying, Laizhou bay, China (118°55’E, 37°27’N), and two shrimp ponds were selected as the control pond and the MC-regulated pond, respectively (Figure 1). Each pond covered an area of approximately 1000 m2, with an average water depth of 1.5 m (shrimp stocking density: 5 × 104 shrimp per pond, the average body length of shrimp: 1.6 cm). There were no water changes during the culture process and each pond was equipped with an aerator to ensure a suitable dissolved oxygen concentration. The control pond adopted the traditional culture method for breeding, while the MC-regulated pond adopted MC to regulate water quality and phytoplankton community. The elemental composition and content of the MC were determined by XRF, as shown in Table S1. The MC is prepared into a suspension with seawater and then sprayed on the pond in a boat with spraying equipment. And the spraying of the MC were determined according to the variations in water quality and phytoplankton community (Table S2).




Figure 1 | The locations of mariculture shrimp ponds in the Laizhou bay.





Sampling and analysis

Hydrographic parameters, including temperature and salinity, were measured by a YSI multiparameter water quality meter (YSI Ltd., USA). The water samples analyzed for nutrients, Chl a and 18S rDNA were collected at a depth of 0.5 m below the surface from multiple points (four corners and the center) in the pond every two days. In addition, parallel samples were collected every week. Samples for measuring total nitrogen (TN) and total phosphorus (TP) were collected and stored at -20°C in a sulfuric acid solution (50% v/v) with a final concentration of 0.2%. Water samples for the determination of dissolved inorganic nutrients were filtered under dim light through Whatman GF/F filter membranes (pore size: 0.68 μm). The filtrate was poured into 60 mL polyethylene bottles added to approximately 0.1 mL of chloroform and stored at -20°C. For the Chl a measurement, 100 mL of water sample was filtered using What man GF/F filters after initial filtration through a 200 µm nylon sieve, and the filter membrane was wrapped in stored in a dark environment at -20°C. Water samples for 18S rDNA were filtered through a 200 µm nylon sieve to eliminate the interference of zooplankton. Following filtration, the samples were passed through a 0.22 µm cellulose acetate membrane filter. The filters were collected in a centrifuge tube and stored in liquid nitrogen at -196°C.

In the laboratory, the concentrations of TN, TP, and dissolved inorganic nitrogen [DIN, including nitrate (NO3-), nitrite (NO2-), TAN (non-ionic ammonia (NH3) and ammonium ion (NH4+))], dissolved inorganic phosphorous (DIP) and dissolved silicate (DSi) were measured with a SKALAR Flow Analyser (Skalar Ltd., Netherlands). The TON and TOP contents were calculated by the differential subtraction method, i.e. TON=TN-DIN, TOP=TN-DIP. Chl a was extracted in acetone, and its concentrations were determined by using a Trilogy fluorometer (Turner Design Ltd., USA).



DNA extraction, PCR, and gene sequencing

DNA was extracted using the HiPure Soil DNA Kits (Magen, Guangzhou, China) according to the manufacturer’s protocol. For 18S rDNA genes, universal primers 528F (5’-GCGGTAATTCCAGCTCCAA-3’) and 706R (5’-AATCCRAGAATTTCACCTCT-3’) targeting the V4 regions were used for PCR (95°C for 2 min, followed by 35 cycles at 95°C for 30 s, 60°C for 45 s, 72°C for 90 s, and a final extension at 72°C for 10 min). Ampicons were extracted using 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions. Purified amplicons were pooled in equimolar amounts and paired-end sequenced (PE250) on an Illumina platform according to the standard protocols.



Data processing and analysis

The raw reads were further filtered using FASTP to obtain high-quality clean reads. Paired-end clean reads were merged as raw tags using FLASH, with a minimum overlap of 10 bp and a mismatch error rate of 2%. The clean tags subjected to specific filtering conditions were clustered into operational taxonomic units (OTUs) of ≥ 97% similarity using the UPARSE pipeline. All chimeric tags were removed using the UCHIME algorithm; finally, effective tags were obtained for further analysis. The tag sequence with the highest abundance was selected as the representative sequence within each cluster. The representative OTU sequences were classified into organisms by a naïve Bayesian model using the RDP classifier based on the SILVA database, with a confidence threshold value of 0.8. To further elucidate the abundance and richness of eukaryotic phytoplankton from the 18S rDNA results, the nonalgal OTUs, including Metazoa, Fungi, Apicomplexa, Intramicronucleata, Streptopyta, Postciliodesmatophora, Opalozoa, and unclassified data were removed. In addition, the relative abundance of each taxon was calculated by dividing the sequence number of OTUs of this group by the total sequence number of algae.

The ranking analysis of phytoplankton and environmental factors was performed using CANOCO for Windows 5.0 software package. To satisfy the assumptions of normality and homogeneity of variance, all species data and environmental data were subjected to log (x + 1) transformation prior to multivariate analysis (Lepš and Šmilauer, 2003). According to the results of detrended correspondence analysis (DCA), redundancy analysis (RDA) was selected to determine the relationship between phytoplankton and environmental factors. The significance of the RDA ranking model was verified by the Monte Carlo permutation test.




Results


Temporal variations in nutrients

The TN and TP concentrations in the control and MC-regulated ponds varied in the ranges of 95.10-588.76 μmol/L, 100.86-557.41μmol/L and 1.73-22.47 μmol/L, 2.24-19.32 μmol/L, respectively. Notably, the contents of TN (Figure 2A) and TP (Figure 2B) in both ponds exhibited a rapid and fluctuating upward trend over time. Overall, during the main culture period, the TN and TP concentration of the MC-regulated pond were lower than those of the control pond. As for TON and TOP, the ranges in the control and MC-regulated ponds were 88.66-478.81 μmol/L, 43.81-387.82 μmol/L, and 0.81-21.42 μmol/L, 1.85-18.60 μmol/L, respectively. The mean concentrations of TON (Figure 2C) and TOP (Figure 2D) were significantly higher than those of DIN and DIP, which indicated that organic nutrients were the predominant species of nutrients in the water column of shrimp ponds. Similarly, significant temporal variations in TON and TOP concentrations were observed over the study period, which showed an increasing trend over time. Overall, in the late stage, the TOP concentration of the MC-regulated pond was lower than that of the control pond. The concentrations of DIN and DIP in the control and MC-regulated ponds varied in the ranges of 0.91-281.82 μmol/L, 0.79-248.37 μmol/L, and 0.22-5.62 μmol/L, 0.19-3.75 μmol/L, respectively. Significant temporal variations in the DIN (Figure 2E) and DIP (Figure 2F) were observed, with a fluctuating upward trend observed in the middle and late stages. Comparatively, the concentrations of DIN, especially DIP, in the MC-regulated pond were lower than those in the control pond during the study period. The DSi concentrations remained relatively stable during the study period (Figure 2G), and DSi concentrations in the control and MC-regulated ponds varied in the ranges of 1.55-8.96 μmol/L and 1.81-8.86 μmol/L.




Figure 2 | Temporal variations in (A) TN, (B) TP, (C) DON, (D) DOP, (E) DIN, (F) DIP and (G) DSi concentrations in the water column.



The concentrations of TAN, NO2- and NO3- ranged as follows: 0.78-301.93 μmol/L, 0.01-9.41 μmol/L and 0.00-8.63 μmol/L, respectively, in the control pond; while 0.70-239.71 μmol/L, 0.00-6.23μmol/L, and 0.00-9.21 μmol/L, respectively, in the MC-regulated pond. Notably, TAN was the predominant species of DIN, with significantly higher concentrations than those of NO2- and NO3-, and its average content accounted for 86.72% and 88.30% of the DIN concentration in the control and MC-regulated ponds, respectively (Figure 3A). Temporal variations in the TAN (Figure 3B) and NO2- (Figure 3C) concentrations of both ponds were observed, which exhibited an overall increasing trend during the study period. In addition, the TAN and NO2- concentrations were lower in the MC-regulated pond than in the control pond during the main study period. Differently, the concentrations of NO3- exhibited a different temporal variation (Figure 3D), decreasing in the early stage and then increasing in volatility during the middle and late stages.




Figure 3 | (A) The composition of DIN and temporal variations in each component ((B) TAN, (C) NO2-, (D) NO3-) of DIN.





Temporal variations in Chl a concentrations and phytoplankton community

The Chl a concentrations ranged between 12.57-635.40 µg/L and 12.25-489.93 µg/L in the control and MC-regulated ponds, respectively. There were significant temporal variations in Chl a concentrations in the two ponds, with considerably lower concentrations observed during the initial stage than the other two stages (Figure 4A). Comparatively, the variation of Chl a in the control pond exhibited greater fluctuations than that in the MC-regulated pond. As for phytoplankton community, a total of 2,728,684 effective tags by 18S rDNA gene sequencing were obtained, after quality screening, with an average N50 of 343 bp. After clustering based on a 97% similarity threshold and removing non-algal OTUs, 212 and 222 algal OTUs were obtained from the control and the MC-regulated ponds, respectively. Overall, six phyla, 16 classes, 22 orders, 29 families, 33 genera and 38 species were identified after annotation. Among them, the top ten algae with the highest abundance at the family level were defined as the dominant phytoplankton genera, and the abundance of families in the two ponds is shown in Figures 4B, C. In the initial stage, the phytoplankton community in both the control and the MC-regulated ponds were similar and dominated by diatoms, mainly including Stephanodiscaceae at the family level. Thereafter, the phytoplankton composition exhibited temporal variations, with a decreasing ratio of diatoms was observed. Moreover, the dominant phytoplankton species exhibited different variation pattern between the two ponds. Notably, the dominant phytoplankton species in the control pond changed to dinoflagellates, mainly including Gymnodiniaceae at the family level. And the proportion of dinoflagellates (30.02%) in the control pond was higher than that of the MC-regulated pond (25.37%) (Welch’s t-test, P > 0.05). In addition, the Chattonellaceae (Heterosigma at the genus level), one of the HABs species, was another dominant family in the control pond, and had a much higher proportion in the control pond (13.09%) than the MC-regulated pond (0.92%). In contrast, the dominant phytoplankton species in the MC-regulated pond became green algae, mainly including Chlorellaceae at the family level and Nannochloris at the genus level, which had the highest proportion. In addition, the mean relative abundance (29.9%) of Chlorellaceae was significantly higher than that in the control pond (6.41%) (Welch’s t-test, P < 0.05).




Figure 4 | Temporal variations in the (A) Chl a concentrations and relative abundance of major taxa of phytoplankton in (B) the control pond and (C) MC-regulated pond at the family level. The blue arrows indicates the date when MC was applied.





RDA ranking analysis between the abundance of major phytoplankton species and environmental variables

Overall, the phytoplankton richness, indicated by Chl a concentration, was negatively correlated with salinity and temperature, and positively correlated with nutrients in both organic and inorganic forms (Figure 5), resulting in gradually higher phytoplankton biomass as the nutrient accumulated during the study period. As for the phytoplankton communities, the RDA results indicated that the phytoplankton patterns were largely grouped by nutrient regimes. In addition, there were temporal variations in the relationship between phytoplankton communities and environmental variables. In the initial stage, the clustering characteristics of the samples from the control and MC-regulated ponds were basically the same. During this period, the phytoplankton composition was dominated by diatoms, mainly including Stephanodiscaceae, whose abundance was positively correlated with DSi. Thereafter, the clustering characteristics of the samples from the two shrimp ponds differed, indicating that the environmental influences on the distribution of the samples from the two ponds became inconsistent. In the control pond, the dominant phytoplankton species have become harmful dinoflagellates, mainly including Gymnodiniaceae and Thoracosphaeraceae. And their abundance responded strongly to TON and TOP, as indicated by their positive correlations. In contrast, the dominant species of phytoplankton in the MC-regulated pond was Chlorellaceae, a kind of green algae, and its abundance exhibited a significant positive correlation with TOP and DIP and a significant negative correlation with DSi.




Figure 5 | RDA ranking of samples and phytoplankton families with environmental variables in (A) the control pond and (B) the MC-regulated pond.






Discussion


Nutrient variation characteristics in mariculture ponds and their impacts on water quality of receiving coastal waters

In the intensive mariculture pond systems, the variation and accumulation of nutrients could cause the deterioration of water quality and pose threat to the organisms (Alonso-Rodrıguez and Páez-Osuna, 2003; Casé et al., 2008; Ray et al., 2011; Yang et al., 2017; Díaz et al., 2019). In addition, the export of mariculture pond effluents is an important anthropogenic source of nutrients pollution in coastal waters (Cao et al., 2017; Li et al., 2017; Yang et al., 2017), which has significantly increased the nutrients concentrations (Paerl, 2006; Danielsson et al., 2008; Glibert and Burford, 2017), and altered the nutrients composition and structure (Glibert et al., 2012; Peñuelas et al., 2012; Sutton et al., 2013). In the present study, the nutrients of the mariculture shrimp ponds exhibited unique characteristics compared with typical coastal regions. The concentrations of TON/P and DIN/P in the shrimp ponds were significantly higher, while DSi concentrations were lower than those in typical coastal waters. Notably, organic forms of nitrogen and phosphate were dominant (Figure 6), which could be attributed to continuous input and lower utilization efficiency of feeds (Bouwman et al., 2013). In general, more than 63% of nitrogen and 83% of phosphorus from feed have been discharged into the water column and sediment (Bouwman et al., 2013). Moreover, a large supply of organic nutrients stimulates microbial decomposition in the water column and sediment, as indicated by the increasing trend of DIN concentrations and DIN/TN ratios in this study. Notably, TAN was the predominant species of DIN, and it could be oxidized to NO2- and NO3-. Yang et al., 2017 found that the sediment fluxes in the shrimp ponds were significantly higher than the range of 0.01-31.25 mg N/(m2 h). As the most common toxicant in mariculture (Santacruz-Reyes and Chien, 2010), the general safe concentrations for TAN and NO2- in mariculture systems are under 200 μg/L and 10 μg/L, respectively (Lai, 2014), although the specific toxicity is species-dependent. In this study, the concentrations of TAN and NO2- were higher than the safe concentrations, and this result was consistent with the study by Yang et al. (2017), which could potentially restrict the development of shrimp farming.




Figure 6 | Temporal variations in (A) DIN/TN and (B) DIP/TP ratios.



Moreover, as an important anthropogenic source of nutrient pollution in coastal waters (Table 1). (Lacerda et al., 2008) estimated that more than 827 t N/yr and 69.2 t P/yr were exported from shrimp ponds of northeastern Brazil. In the Gulf of California, the estimated nutrients loads from shrimp aquaculture were 9044 t N/yr and 3078 t P/yr (Páez-Osuna et al., 1997; Páez-Osuna et al., 2013; Páez-Osuna et al., 2017). In the present study, we further estimated the potential impacts of effluent discharge on water quality of receiving coastal waters. Assuming that our average data during the study period are representative of the aquaculture ponds across China, with a total area of 2.57×1010 m2 and a mean water depth of 1.4 m (Yang et al., 2017), approximately 1.05×105 t TON (in terms of N), 1.08×104 t TOP (in terms of P), 4.80×104 t DIN and 1.69×103 t DIP accumulated in the pond system and could be discharged into coastal waters. This value represents approximately 16% of the total nutrient fluxes from the main rivers of China into the sea, whose contribution was smaller than other anthropogenic nutrient sources (SOA (State Oceanic Administration), 2017). Our results were basically consistent with the estimation of Meng and Feagin, 2019, which proposed that more than 26% of the excess nitrogen in China’s waters likely originates from shrimp production alone (Meng and Feagin, 2019). With the rapid development of marine aquaculture in China, its potential impact on water pollution will be more prominent in the future. In addition, the nutrients characteristics of the shrimp ponds could also significantly alter the composition and structure of phytoplankton community and cause the occurrence of HABs, which could also limit healthy mariculture development.


Table 1 | Main negative impacts caused by intensive mariculture systems in the Laizhou bay compared with other coastal areas.





The impacts of nutrient variations on the phytoplankton community and potential occurrences of HABs

A healthy and stable phytoplankton community structure is crucial for the stability and balance of mariculture ecosystems (Alonso-Rodrıguez and Páez-Osuna, 2003; Casé et al., 2008). Previous studies have documented the negative effect of algal blooms, especially dinoflagellate blooms, on shrimp development (Shumway et al., 1990; Alonso-Rodrıguez and Páez-Osuna, 2003; Matsuyama and Shumway, 2009; Lou and Hu, 2014). Generally, the structure and variation of phytoplankton communities are controlled by the complex interactions between environmental drivers and biotic interactions (Griffiths et al., 2016). Among them, the concentration, composition, and structure of nutrients are crucial for the growth and community succession of phytoplankton and the potential occurrence of HABs. Generally, both the inorganic (Altman and Paerl, 2012; Kamp et al., 2015) and organic nutrients are available for phytoplankton (McCarthy, 1972; Lønborg and Álvarez-Salgado, 2012). This could also be verified by the positive correlations between the Ch l a concentration with both the TON/P and DIN/P concentrations in the present study. Generally, most phytoplankton preferentially assimilate NH4+ due to the lower energy consumption requirements than those (Kamp et al., 2015). In addition, different species of phytoplankton differ in their preferences and responses to different forms of nutrients, previous studies indicated that NO3- is preferred by diatoms (Goldman and Glibert, 1983; Lomas and Glibert, 1999; Lomas et al., 2002; Berg et al., 2003), while organic nitrogen is preferred by dinoflagellates (Glibert and Terlizzi, 1999; Dyhrman and Anderson, 2003; Fan et al., 2003). For instance, dinoflagellates could absorb DON and easily replace other algae as the dominant species when DON is the nitrogen source (Collos et al., 2014). In the present study, DON/P were the predominant species, although an increasing trend in the ratio of DIN was observed in the late stages, with an average proportion of 78.92% and 88.18% in TN and TP, respectively. Furthermore, the predominant TAN in DIN were observed in this study, with a significantly higher proportion than those of the NO2- and NO3-. This was consistent with previous studies, which could be attributed to the continuous decomposition of protein-rich feeds (Yang et al., 2017). Consequently, as the main forms of nutrient reservoirs, the nutrient pattern, dominated by TON and TAN, could contribute to the potential dominance of dinoflagellates, as verified by the 18S rDNA results.

In addition, the fluctuation in nutrient structure can induce a shift in dominant species of phytoplankton, and researchers have proposed that the variation of N/P ratios might stimulate HABs worldwide (Alonso-Rodrıguez and Páez-Osuna, 2003; Davidson et al., 2012; Li et al., 2014). Generally, the pattern of “more N, less P and Si” may lead to a shift in the dominant species from diatoms to dinoflagellates (Li et al., 2014; Wang et al., 2015). For instance, excessive DIN and persistently elevated N/P have led to the dominant species shifting from diatoms to dinoflagellates in the Changjiang estuary (Wang and Cao, 2012). Likewise, Justić et al., (1995) suggested that the increase in N and P and the relative stabilization of Si in coastal waters, increased the possibility of Si limitation, leading to a shift in dominant phytoplankton species from diatom to non-diatom species. By comparing the differences in phosphorus requirements and uptake and utilization strategies of different algal species, the previous study has indicated that diatoms have the lowest mean optimum nitrogen to phosphorus ratio, followed by dinoflagellates, and green algae have the highest mean optimum nitrogen to phosphorus ratio (Hillebrand et al., 2013). In this study, there were no absolute concentration limitations of N, P, and Si in mariculture pond systems. However, the nutrient structure in terms of N/P and N/Si ratios exhibited significant temporal variations during the culture process. Relatively stable ratios of TON/TOP (with an average value of 27) but fluctuating increasing ratios of DIN/DIP (with an average value of 66) were found, which could be attributed to the higher mineralization and accumulation rate of N than P. In addition, increased DIN/DSi and decreased DSi/DIP ratios, indicating potential Si limitation, were observed especially in the middle and late stages. The variations in the nutrient stoichiometric ratios favored the shift in the dominant species that changed from diatoms to dinoflagellates. In addition, a gradually increasing proportion of dinoflagellates and decreasing proportion of diatoms corresponded well with the variations in N/P and N/Si ratios.



Regulation effects of MC on nutrients and the phytoplankton community

The intensive mariculture systems are under the threat of excessive organic loading and nutrient accumulation, which cause water quality problems and subsequent diseases (Hargreaves and Tucker, 2004; Santacruz-Reyes and Chien, 2010; Castillo-Soriano et al., 2013; Hu et al., 2014). Notably, the TAN threat can become pronounced in intensive culture systems when TAN is rapidly accumulated to concentrations beyond the safe level (Santacruz-Reyes and Chien, 2010). More importantly, it can trigger outbreaks of HABs and pose a serious threat to the aquaculture ecosystem (Huang et al., 2016; Brown et al., 2020). In this study, the initiative MC technology was adopted to regulate the nutrients and phytoplankton in the typical mariculture pond system. We observed that the nutrient contents of both organic and inorganic forms in the water column effectively decreased in most instances 24 h after the spray of MC (Figure 7). The TON and TOP contents could be reduced by up to 57% and 65%, respectively. While the TAN, NO2- and PO43- concentrations could be reduced by up 32%, 45%, and 64%, respectively, in the MC-regulated pond. In contrast, both organic and inorganic forms in the water column of the control pond increased in most instances. Overall, the contents of these nutrients in the MC-regulated pond were lower than those in the control pond. It has been suggested that MC can reduce inorganic nutrients, especially phosphate, and organic nutrients through adsorption flocculation and chelation (Lu et al., 2015; Yu et al., 2017). In addition, MC could cause algal cells to flocculate and settle to the bottom layer, and the interaction of clay minerals with organic matter provides physical protection for organic matter (Hemingway et al., 2019). This protection could delay the microbial (Pinck and Allison, 1951) and oxidative (Eusterhues et al., 2003) decomposition processes of organic matter and reduce the mineralized regeneration of nutrients.




Figure 7 | Changes in nutrients and Chl a in (A) the MC-regulated pond before and after spraying of MC and the comparison with (B) the control pond.



Furthermore, MC exerted a moderating effect on the phytoplankton biomass and community in the shrimp pond. In this study, the phytoplankton biomass was significantly higher and exhibited greater volatility in the control pond. In addition, HABs have occurred twice in the control pond, including an H. akashiwo bloom on September 2 with a density of 1.26 × 105 cells/mL (He et al., unpublished data). In contrast, the phytoplankton community in the MC-regulated pond was relatively stable in change and no HABs occurred during the study period. Based on the mean Bray-Curtis distances and molecular ecological network analysis of the community, (Ding et al. 2021) proposed that MC could enhance the resistance of phytoplankton ecological communities in cultured waters to environmental disturbance. Moreover, under the traditional condition, a high propensity for dinoflagellate blooms existed, influenced by the variation in the composition and structure of nutrients, and posed a potential risk to the growth of shrimp. This result could be verified by the variation in the dominant species of phytoplankton that changed from diatoms to dinoflagellates in the control pond. Compared with the control pond, the percentage of dinoflagellates in the MC-regulated pond was maintained at a lower level, and the percentage of green algae was higher, with Nannochloris being the dominant species. As an aquatic bait algae species, Nannochloris can improve the survival and production rate of fish and shrimp to some extent, which is important to maintain the stability of the ecosystem (Alonso-Rodrıguez and Páez-Osuna, 2003; Davidson et al., 2009). MC can directly dispose of HAB organisms through flocculation; additionally, they can induce the programmed mortality of red tide organisms through oxidative stress and other effects, thus controlling HABs (Yu et al., 2017). On the one hand, the Nannochloris could occupy a favorable ecological niche and became dominant after the removal of targeted dinoflagellates in the MC-regulated pond. On the other hand, the MC increased the N/P ratio and favored the Nannochloris, which has a higher average optimal nitrogen to phosphorus ratio than dinoflagellates (Hillebrand et al., 2013).




Conclusion

This research studied the dynamic variations in nutrients and phytoplankton of intensive mariculture systems and explored the effects of MC. The intensive culture of Litopenaeus vannamei caused a temporal significant increase in nutrients, especially in the organic forms. In addition, concurrently with ascending N/P ratio and decreasing Si/N and Si/P ratios, a marked increase in the biomass and ratios of dinoflagellates to diatoms abundance were also observed, which pose a potential threat to the mariculture organism. The MC reduced the contents of nutrients in both organic and inorganic forms, and improved the water quality. Moreover, MC effectively removed the dinoflagellates and contribute to the dominance of Nannochloris, which improved the stability of the phytoplankton community. This study provide new insights into an effective regulation treatment for managing water quality and maintaining sustainable mariculture development.
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Based on the phytoplankton community matrices in the Ashi River Basin (ASRB), Harbin city, we developed an evaluation method using the phytoplankton index of biotic integrity (P-IBI) to evaluate ecological health while investigating the response of P-IBI to anthropogenic activities. We compared the effectiveness of P-IBI with that of the water quality index (WQI) in assessing ecological health. Between April and October 2019, phytoplankton and water samples were collected at 17 sampling sites in the ASRB on a seasonal basis. Our results showed that seven phyla were identified, comprising 137 phytoplankton species. From a pool of 35 candidate indices, five critical ecological indices (Shannon–Wiener index, total biomass, percentage of motile diatoms, percentage of stipitate diatom, and diatom quotient) were selected to evaluate the biological integrity of phytoplankton in the ASRB. The ecological status of the ASRB as measured by the P-IBI and WQI exhibited a similar spatial pattern. It showed a spatial decline in ecological status in accordance with the flow of the river. These results highlighted that P-IBI was a reliable tool to indicate the interaction between habitat conditions and environmental factors in the ASRB. Our findings contribute to the ecological monitoring and protection of rivers impacted by anthropogenic pollution.
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Introduction

In recent years, the water pollution caused by anthropogenic sewage discharges, agricultural runoff, and industrial wastewater discharges has adversely impacted the health of aquatic ecosystems in numerous rivers and lakes (Griffiths et al., 2018; Xu et al., 2018). The current methods for assessing the health of the aquatic ecosystem are mainly based on water quality indicators and aquatic organisms. These include the water quality index (WQI; De La Mora-Orozco et al., 2017), biological integrity index (IBI; Wu et al., 2019), and species diversity index (SDI; Meng et al., 2020). A healthy aquatic ecosystem must have high-quality biological integrity before it can be sustainably used and developed (Scanlon et al., 2007).

Biological integrity refers to the ability of a biotic community to maintain structural equilibrium and adapt to environmental changes (Souza and Vianna, 2020). Karr (1981) assessed the ecological conditions of aquatic groups based on 12 attributes linked to the species composition and ecological structure of fish communities. This was the initial approach for assessing biological integrity, and it has been expanded and modified on an ongoing basis (Cui et al., 2018). Assessing biological integrity is a crucial method for assessing the status of ecosystems, and biological integrity indices (IBIs) play a key role in global water resource management (Zhu et al., 2019). Current research on IBIs mainly focuses on fish (Cooper et al., 2018), macroinvertebrates (Wahl et al., 2019), plankton (Zhang et al., 2019), and bacteria (Li et al., 2017, 2018). These aquatic biological community structures are important markers of water pollution and eutrophication; therefore, they are often used to evaluate the damage to and health of aquatic ecosystems (Pereira et al., 2018). Phytoplankton rapidly respond to environmental changes, and their community structure accurately reflects the short-term effects of anthropogenic and natural disturbances on aquatic ecosystems (Busseni et al., 2019). The composition, abundance, biomass, and community stability of phytoplankton are widely used as important indicators of environmental change (Marvaetal et al., 2014). The discharge of pollutants decreases phytoplankton diversity and community structure stability in rivers. In addition, it substantially impacts the biological integrity of phytoplankton and the ecological service functions of river ecosystems (Inyang and Wang, 2020; Hu et al., 2022). Phytoplankton, functioning as producers in the biological chain, are the most sensitive to changes in the river environment; therefore, they are widely used to evaluate changes in aquatic ecology (Amorim and Moura, 2021). The phytoplankton biological integrity index (P-IBI) has received less attention than other IBIs based on fish and macroinvertebrates. Although it has been used to assess river ecosystems in recent years, few studies have focused on its application to assess the impact of anthropogenic activities on river ecosystems (Lin et al., 2021; Wan et al., 2021). Therefore, it is necessary to conduct further research on the potential of phytoplankton to assess the impact of anthropogenic activities on the biological integrity of river ecosystems.

In recent years, rivers in Heilongjiang Province have been polluted to varying degrees owing to the acceleration of industrialization and urbanization, with the Songhua River Basin being heavily polluted. The Ashi River is the main tributary to the southern bank of the Songhua River. The reserve water supply for Harbin is sourced from the Xiquanyan Reservoir upstream of the Ashi River. In recent years, water pollution in the basin has become an increasingly serious concern in light of the steady expansion of the regional economy and grain production. During the wet season, a large quantity of pesticides and fertilizer residues enters the Ashi river combined with surface runoff from the extensive farmland in the middle reaches of the Ashi River Basin (ASRB) (Chen et al., 2022). The region downstream of the ASRB is densely populated, with land use dominated by cities and towns that are severely impacted by anthropogenic activities. There are several small and medium-sized enterprises in the area, and industrial effluent discharge is typically the primary source of pollution (Zhao et al., 2020b). The water quality of the Songhua River, the critical control river of the Harbin region, is gravely threatened by the deterioration of the water quality of the Ashi River, which has destroyed the ecological balance.

In this study, we established a P-IBI method to assess the health status of the ASRB aquatic ecosystem. The main purposes of this study were as follows: (1) to establish the P-IBI of the ASRB under the influence of anthropogenic activities and (2) to effectively explain the water quality and temporal and spatial distribution patterns of the ASRB. In addition, to evaluate the performance of P-IBI, we compared P-IBI evaluation results with those of a water quality index (WQI). We hypothesize that the P-IBI assessment standard can effectively represent the water quality status of the ASRB and is consistent with the performance of the WQI assessment standard. Therefore, we also aim (3) to reveal the relationship between P-IBI and environmental factors. Our research is beneficial to local water resource management, including the formulation of associated control policies, and it makes specific contributions to the development of P-IBIs.



Materials and methods


Study sites

The Ashi River is a primary tributary to the Songhua River on its right bank. It is situated only 80 km from Harbin city. The study area was located between 126°43′ and 127°36′ E longitude and 45°08′ and 45°50′ N latitude (a total distance of 213 km) (Figure 1 and Supplementary Table 1). The Xiquanyan Reservoir is a connected reservoir upstream of the main ASRB. The climate is characterized by a temperate continental monsoon, with subfreezing temperatures from November to April. The annual precipitation in the basin is 580–600 mm, and the annual average temperature is 3.6°C. In this study, 17 sampling sites were selected along the main channel of the river. Samples were collected every 3 months from April to October 2019 to represent the spring, summer, and autumn seasons. We were unable to collect all samples at certain sites owing to heavy precipitation in the spring and summer.
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FIGURE 1
Map of the Ashi River Basin (ASRB) illustrating the sampling sites for this study.




Water sampling and processing

At each sampling site, surface water samples (0–0.5 m) were collected and subjected to phytoplankton and physicochemical analyses in triplicate. Phytoplankton samples were collected in glass bottles (1 L), immediately fixed with 3% acid-Lugol’s solution, and stored in a dark room at 20°C until further processing. Water temperature (WT), dissolved oxygen (DO), conductivity (Cond.), pH, and turbidity (Tur.) were recorded using a multi-parameter water quality analyser (YSI ProPlus, YSI, United States). Total phosphorus (TP, GB/T11893-89), total nitrogen (TN, HJ 636-2012), chemical oxygen demand (CODMn, GB/T11892-89), and biochemical oxygen demand (BOD5, HJ 50-2009) were the environmental factors analyzed in the laboratory.



Plankton identification

Phytoplankton were examined at ×400 magnification (× 10 eyepiece and × 40 objective) using an Olympus microscope (Optec B302, Chongqing, China) with a 0.1 mL plankton counting chamber (Yuan et al., 2018). Most phytoplankton samples were identified at the species level, and their abundance was expressed as ind. L–1. The publication “Freshwater algae in China: systems, classification and ecology” (Hu and Wei, 2006) was used to identify phytoplankton.



Establishing the phytoplankton index of biotic integrity assessment system

In accordance with previous studies (Lacouture et al., 2006), the steps to establish an IBI system are as follows:


Determination of reference and impaired points

In this study, the WQI was used in conjunction with the results of an in situ investigation, and sampling sites were divided into two groups, namely, reference and impaired points. The points were evaluated using the WQI method (Pesce and Wunderlin, 2000; Kannel et al., 2007; Koçer and Sevgili, 2014; Sun et al., 2016). The equation used for calculating WQI was as follows:
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where n is the total number of parameters included in the study, Ci is the normalized value of parameter i, and Pi is the weight of parameter i. The minimum value of Pi was 1, and the maximum weight assigned to parameters that affect water quality was 4; these values have been verified in previous publications (Supplementary Table 2; Pesce and Wunderlin, 2000; Kannel et al., 2007; Koçer and Sevgili, 2014; Sun et al., 2016). The WQI ranged from 0 to 100, with high values indicating good water quality. Based on the WQI scores, water quality was categorized into five grades as follows: excellent (91–100), good (71–90), moderate (51–70), low (26–50), and bad (0–25) (Wu et al., 2019). The seasonal WQI values of each sampling site were averaged to determine the final WQI value.

Since there are numerous villages and agricultural land along the ASRB and many factories in its middle and lower reaches, it is difficult to obtain a clean water reference point for the development of a P-IBI unaffected by anthropogenic activities (Stoddard et al., 2006). Such a point should adhere to four conditions: (1) a good or excellent annual average WQI index evaluation grade; (2) high vegetation coverage, no overdevelopment of the shoreline, no sand fields, no wharf, and no random reclamation on the bank slopes; (3) no garbage stacking on the bank slope, no garbage floating on the water surface, no peculiar odor, and a relatively clear water body; and (4) a good phytoplankton diversity and phytoplankton abundance at less than 2 × 106 ind./L (Li et al., 2014, 2020).



Biological indicators screening

The biological indicators for establishing IBI need to be followed by the distribution range, discriminant ability, and correlation tests, and the remaining indicators were used to construct the IBI assessment system (Lacouture et al., 2006). To perform the distribution range test, it was necessary to calculate the values of candidate biological indicators based on the data at the reference and impaired points. Then, the responses of the candidate biological indicators to anthropogenic disturbances were analyzed to identify those that increased or decreased unidirectionally. The discrimination ability test initially screened strong ability indicators by evaluating the extent of boxplot overlap between the reference and impaired points. In cases where the correlation coefficients between a pair of indicators in Spearman’s correlation analysis show |r| > 0.75, one of the indicators should be omitted to avoid redundancy (Maxted et al., 2006).



Index of biotic integrity calculation and assessment grading standards

The ratio method was applied to unify the indicator dimensions (Zhang et al., 2019). The scores for the ratio method were calculated in different ways. For indicators where the values decreased as anthropogenic intervention increased, we used:
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where P refers to the indicator value and P95% is the 95% percentile of this indicator for all points. Pmin is the minimum value of a specified indicator. For indicators where the values increased as anthropogenic intervention increased, we used:

[image: image]

where Pmax was the maximum value of a specified indicator and P5% was the 5% quantile for all points. The P-IBI of each sampling site equaled the average of S for all the selected indicators at that point, which was given as follows:
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where Sj was the S value of the jth point and t was the number of samples collected at each site. Finally, the 95% quantiles of P-IBI for all sampling sites were used as the lower limit for delineating the excellent level. If the P-IBI of the sampling sites was greater than this value, the sampling point was healthier and less impacted by anthropogenic disturbances. The IBI range that was less than the lower limit for delineating the ‘excellent’ grade was divided into four categories: “good,” “fair,” “poor,” and “extremely poor.”




Statistical analyses and tools

Microsoft Excel 2016 was used for data processing, partial biological index calculations, and box plots. Shannon–Wiener, Margalef, and Pielou index calculations were performed using R 3.6.3, and inverse distance weighting interpolation within the study area was performed using ArcGIS 10.2. An independent-samples t-test was conducted to evaluate differences in environmental data and was performed using SPSS 20.0 for Windows (SPSS Inc., Chicago, IL, United States).

Prior to performing a multiple regression analysis, the collinearity among the independent variables should be diagnosed according to the eigenvalues, condition index (CI), variance proportion, tolerance, and variance inflation factor (VIF) (Liu et al., 2010). P-IBI was used as the dependent variable in an MLR (with forwarding selection) where partial regression coefficients for the independent variables were selected using a t-test at a significance level of 0.05 using SPSS 20.0 software (SPSS Inc., Chicago, IL, United States).




Results


Species and abundance of phytoplankton

In this study, 137 species of phytoplankton belonging to 7 phyla, 10 classes, 15 orders, 26 families, and 62 genera were identified throughout the spring, summer, and autumn of 2019. Phytoplankton species were mainly composed of Bacillariophyta (65 species, 47.45%) and Chlorophyta (40 species, 29.20%), followed by Cyanobacteria (14 species, 10.22%) and Euglenophyta (11 species, 8.03%), whereas the proportions of Cryptophyta, Dinophyta, and Chrysophyta were lower than those of the aforementioned phyla. Overall, the number of phytoplankton species in autumn (97) was much higher than that observed in spring (74) and summer (76). The abundance and relative abundance of phytoplankton at various sampling sites during the three seasons are shown in Figure 2. The temporal and spatial distributions of phytoplankton abundance in the ASRB exhibited distinct differences. In terms of time, the abundance of phytoplankton in spring (4.48 × 106 ind./L) was much greater than that in summer (3.60 × 105 ind./L) and autumn (1.29 × 106 ind./L), with the abundance of phytoplankton declining from spring to summer and increasing from summer to autumn. Except for S7, S8, and S12 in the summer, diatoms were the predominant organisms at each sampling site during the study period. In a spatial context, upstream phytoplankton abundance was determined to be the lowest, whereas downstream phytoplankton abundance was determined to be the highest. Simultaneously, during summer and autumn, the dominant position of diatoms from upstream to downstream gradually declined.
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FIGURE 2
Abundance and relative abundance of phytoplankton at various sampling sites: (A) spring; (B) summer; and (C) autumn.




Environmental factors of Ashi River Basin

Except for TN, other environmental factors exhibited statistically significant seasonal differences (P < 0.05) (Table 1). The WT ranged from 3.7 to 26.0°C, reaching its highest value in summer. The pH values of the water ranged from 7.16 to 9.14, making it alkaline. Conductivity values ranged from 78.3 μS/cm (S15 in autumn) to 649 μS/cm (S2 in spring). TN values were similar in spring and summer, and the highest TN concentrations were recorded at S2 (2.33 mg/L). The highest TP concentrations were recorded in summer, ranging from 0.01 to 1.08 mg/L. CODMn concentrations ranged from 3.88 to 12.86 mg/L, with the highest value recorded at S2 in summer, and the lowest value recorded at S17 in spring. DO values ranged between 1.40 and 16.44 mg/L. The highest BOD5 value was recorded at S4 (10.10 mg/L) in spring, and the lowest values were recorded at S10 and S11 (0.30 mg/L) in spring. The Tur. ranged from 7.5 NTU (S14 in autumn) to 155.5 NTU (S9 in summer).


TABLE 1    Maximum, minimum, and mean values of envorinment factors in the ASRB.
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Water quality assessments based on water quality index

During the study period, the WQI had distinct patterns of temporal and spatial changes (Figure 3). From a seasonal perspective, the WQI was highest in autumn (77), followed by spring (64) and summer (61). Compared with spring and summer, the WQI of autumn showed a significant change (P < 0.01), indicating that the water quality in autumn (good) was significantly better than that in spring and summer (moderate). From a spatial perspective, the WQI of the sampling sites surrounding the reservoir upstream of the river had the highest value during each season. Simultaneously, the changes in the WQI manifested as a gradual upstream-to-downstream decline in the river. Similar WQI spatial patterns were observed among seasons, indicating that the water quality of the ASRB was best upstream and gradually deteriorated downstream. According to the WQI classification standard, 12 sampling sites (S1–S12) in the ASRB were classified as “moderate,” and 5 sampling sites (S13–S17) were classified as “good.”
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FIGURE 3
Temporal and spatial distributions of water quality index (WQI) during the study period: (A) spring; (B) summer; (C) autumn; and (D) average.




Phytoplankton index of biotic integrity calculations and health assessment of river ecosystems

The primary sources of water pollution in the ASRB were industrial effluent and agricultural runoff, and single-factor evaluation methods could not accurately determine the relative severity of water pollution. We used the WQI to determine the water quality at each sampling point. The higher the WQI value, the better the water quality; conversely, the lower the WQI value, the worse the water quality. For rivers, it is more practical to determine reference and impaired points via comprehensive analyses of on-site investigation results and water quality. In conjunction with the field survey and WQI values, sampling sites S13-S17, which were less disturbed by anthropogenic activities near the reservoir, were used as the reference points in this study. The remaining sampling sites (S1–S12) were used as impaired points in the subsequent analysis.

First, we selected 35 candidate indicators that represented the diversity, abundance, biomass, and evenness of communities to establish the P-IBI evaluation system (Table 2). Second, indicators with little cabinet overlap were admissible to the subsequent screening stage; the metrics with the strongest separation power between the reference and impaired groups (the degree that the interquartile ranges overlapped between boxes, IQ < 2) were eliminated (Zhang et al., 2020). The 11 indicators with clear discrepancies between the impaired and reference points were selected for further analysis (Figure 4). Finally, using the Spearman correlation test (Supplementary Table 3), five non-redundant indicators were selected to calculate the P-IBI evaluation system: Shannon–Wiener index (M1), total biomass (M22), percentage of motile diatoms (M32), percentage of stipitate diatom (M33), and diatom quotient (M35).


TABLE 2    35 candidate metrics.
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FIGURE 4
Boxplot of the selected indicators. The indicators are listed in Table 2.


The ratio method was used to calculate the P-IBI values at each site. Since the selected indicators M1, M32, and M33 all decreased as anthropogenic influence and interference increased, M22 and M35 had opposite response trends. The specific calculation methods according to the calculation formula are presented in Table 3. The P-IBI values were calculated using the aforementioned biological indicators, and the classification standard for the state of the aquatic environment was generated using the P-IBI. The 95% percentile (4.73) of the P-IBI for all sampling sites was the lower limit of Class I (excellent). P-IBI scores less than 4.73 were divided into four levels: “good” (II), “fair” (III), “poor” (IV), and “extremely poor” (V). Table 4 lists the classification criteria for ecosystem health.


TABLE 3    The ratio method’s calculation standard of 5 selected metrics.
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TABLE 4    Based on the phytoplankton index of biotic integrity (P-IBI’s) grading standards of each ecosystem health status.
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Ecosystem health assessments based on phytoplankton index of biotic integrity

The health statuses of aquatic ecosystems at 17 sampling sites corresponding to the different seasons were classified according to the calculated P-IBI values and the classification standard in Table 4. From the perspective of seasonal change, the P-IBI values and health statuses in different seasons can be ranked as follows: summer (good) > autumn (fair) > spring (poor). Only the difference in the P-IBI values between spring and summer was significant (P < 0.01). Figure 5 illustrates that the health status of aquatic ecosystems had distinct spatial differences. In the present study, there was a difference of more than four evaluation levels from upstream to downstream of the river. The evaluation ranges for the mean P-IBI during the study period were “good” (4.65) to “poor” (1.85). The three sites of S10, S14, and S16-S17 were evaluated as “good”; S11-S13 and S15 were evaluated as “fair”; and the nine sites of S1-S9 were evaluated as “poor.”
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FIGURE 5
Temporal and spatial distribution of phytoplankton index of biotic integrity (P-IBI) during the study period. (A) spring; (B) summer; (C) autumn; and (D) average.




Multiple linear regression analysis between phytoplankton index of biotic integrity and environmental factors

On the basis of the significant correlations between the environmental factors and P-IBI, three environmental factors (Cond., pH, and DO) were screened to develop an MLR model. The eigenvalues, CI, variance proportion, tolerance, and VIF, which are characteristic parameters of the collinearity diagnostics, are listed in Table 5 and Supplementary Table 5. Multiple linear regression analysis showed that the regression equation was significant, F = 19.548, P < 0.001. Conductivity (B = -0.003, β = -0.441, P = 0.001), pH (B = -0.918, β = -0.656, P < 0.001), and DO (B = 0.151, β = 0.430, P = 0.005) significantly negatively and positively predicted P-IBI, respectively. Collectively, these variables explained 55.30% of the variation in P-IBI (Table 5), and the MLR model was as follows:

[image: image]


TABLE 5    The multiple linear regression of phytoplankton index of biotic integrity (P-IBI) and environment factors.
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Discussion

The IBI is a measurement method proposed by Karr (1981) that has evolved into the most widely used biological indicator. Many countries and regions have developed numerous IBI-based assessment methods for different levels of damage to aquatic ecosystems (Bae et al., 2010; Zalack et al., 2010; Wu et al., 2019). Phytoplankton comprise small individuals of a diverse range of species that occur in large quantities. They are extensively distributed in natural waters and constitute an essential component of river biodiversity; at the same time, they provide an important foundation for primary productivity in river ecosystems (Hötzel and Croome, 1999). Phytoplankton communities are the first response assemblage of organisms directly affected by environmental changes in aquatic lotic and lentic systems (Halsey and Jones, 2015). As rivers are dynamic and have expansive watersheds, the natural environment and socioeconomic conditions of the areas intersected by river flows are diverse (Acreman et al., 2014). The community structure of phytoplankton in rivers (lotic systems) is less stable than that of the phytoplankton in lakes and reservoirs (lentic systems), and both their seasonal changes are apparent (Tang et al., 2018; Minaudo et al., 2021). In addition, the biomass and species composition of phytoplankton in rivers are influenced by the combined effects of river morphology, hydrology, light, and reproduction rate, and they exhibit a clear spatial heterogeneity (Yang et al., 2019a). In recent years, the community structure of river phytoplankton has been influenced not only by the natural habitats of rivers but also by human activities and the upstream and downstream relationships of rivers (Zhao et al., 2020a). Human activities have gradually changed the types of land use in river basins, mainly through changes in nutrient enrichment, hydrological regimes, riparian habitat quality, and other ecological processes, resulting in a series of adverse effects on river ecosystems (Chen et al., 2022). With the escalation in anthropogenic stress, the loss of natural land, and the increase in pollutants discharged into rivers, the number of pollution-sensitive phytoplankton species in rivers decreased, and pollution-resistant species became the dominant group (Moghadam, 1975; Montoya-Moreno and Aguirre-Ramírez, 2013). The advantages of using phytoplankton as an IBI over other taxa (benthic diatoms, invertebrates, and fish) include simple collection, wide distribution, sensitivity to changes in aquatic conditions, short community renewal time, rapid response to changes in river water chemistry and habitat quality, and greater predictability of community trends (Zhou et al., 2019). Before and after a disturbance, the community structure of phytoplankton typically shifts dramatically, whereas the community structures of macroinvertebrates and fish are different (Wu et al., 2019; Feng et al., 2021). Therefore, phytoplankton can be used to assess the biological integrity of aquatic ecosystems, reflect the temporal and spatial changes in the condition of aquatic ecosystems in river basins, and serve as a crucial supplementary indicator for the evaluation of water quality.

Similar to the already adopted IBI based on fish and macroinvertebrates, our research has developed a standardized P-IBI system (Wu et al., 2019; Feng et al., 2021) to evaluate the ecosystem health status in the ASRB. The results showed that the aquatic ecosystem health status in the ASRB was “fair.” The evaluation based on P-IBI showed that the ASRB exhibited clear seasonal changes. According to Wu et al. (2012, 2019), the typical performance of the P-IBI evaluation system showed seasonal characteristics. According to the P-IBI results, the health of the aquatic ecosystem in the ASRB during summer was better than that during autumn and spring. This may be due to the fact that in temperate rivers, suitable temperatures, light, and nutrient conditions promote phytoplankton growth during summer (Wu and Zhang, 2013), thereby sustaining a high P-IBI value. From the perspective of the WQI, the seasonal change was autumn > spring > summer, indicating that the water quality was good in autumn and poor in summer during the study. According to the WQI classification, water quality in summer was the worst. This may be a result of exceptionally heavy rainfall in the area during the 2019 summer period, which resulted in domestic garbage entering the river via surface water runoff. Seasonal changes in nutrient concentrations are also important factors affecting P-IBIs and WQIs (Paerl et al., 2011; Song et al., 2017). Spring had substantially higher TN contents than those recorded in summer and autumn. The P-IBI indicated that the biological health of the phytoplankton community was at its worst in spring, while the WQI was higher than that in summer but remained at a “medium” level. Compared to other seasons, it was more common for a single phytoplankton species to dominate in spring. For example, Cyclotella meneghiniana Kützing had a higher degree of dominance at various sampling sites in spring. In addition, we found that the succession of dominant phytoplankton species exhibited substantial seasonal changes. In essence, diatoms bloomed in spring, Cryptophyta had a higher dominance in summer, and Chlorophyta and Cyanophyta dominated in autumn. Therefore, the P-IBI should be evaluated comprehensively in different seasons to eliminate evaluation errors caused by seasonal changes, which represents a more scientific approach for evaluating watershed health over a wide variety of time scales.

In this study, all reference points were rated as “good” or “fair” according to the P-IBI evaluation standard, whereas 16.7% of impaired points were rated as “fair” and 83.3% were rated as “poor.” These results indicated that P-IBI could acutely respond to environmental changes in the ASRB and accurately reflect the biological integrity at each sampling point (Supplementary Figure 1). Among them, the sampling points of “good” and “fair” were located in the upper reaches of the river, at the inlet and outlet of the Xiquanyan Reservoir, with high forest cover, shallow water, and high transparency, whereas the upstream current was swift, the phytoplankton abundance was low, and the area was less impacted by human activities. Sampling sites rated as “poor” were located downstream of the river in a dense urban area, with many sewage outfalls on both banks, slow flow, and turbid waters, and the area is strongly impacted by human activities. The P-IBI uses the ecological adaptability of different phytoplankton species to evaluate the health of river ecosystems. For example, the dominant phytoplankton species in the “fair” and “good” sampling sites included Encyonema minutum (Hilse) Mann, Amphora ovalis (Kützing) Kützing, Gomphonema parvulum (Kützing) Kützing, and Navicula radiosa Kützing. These dominant species are the most sensitive, and they have poor pollution tolerance; they cannot survive in heavily polluted waters. Therefore, their presence typically indicates a lightly polluted or non-polluted environment (Moghadam, 1975; Montoya-Moreno and Aguirre-Ramírez, 2013). The dominant species at the sampling sites with “poor” evaluation results mainly included C. meneghiniana, Ulnaria ulna (Kützing) Aboal, Ankistrodesmus falcatus (A. Braun) Korschikoff, and Limnothrix redekei Van Goor, which are common pollution-resistant taxa (Singh et al., 2013; Dwivedi and Srivastava, 2017). In addition, Zhang et al. (2019) determined from the P-IBI of the Bali River that pollution downstream of the river is the source of the lowest biological integrity in an estuary. The results of this study were consistent with our previous evaluation of the nutritional status in the ASRB using the benthic diatom index (Zhao et al., 2020b). In other words, rivers with obvious spatial changes in the ASRB were shown to be impacted by anthropogenic activities and nutritional conditions. This may be because there were more industrial activities in the middle and lower reaches of the ASRB, and the increase in sewage discharge caused by industrialization has caused a significant deterioration in downstream water quality (Li et al., 2018; Feng et al., 2019). Ultimately, this phenomenon affected the diversity and abundance of phytoplankton, thereby reducing the biological integrity index of phytoplankton in the lower reaches of the river. Consequently, the P-IBI could effectively reflect the health of the river ecosystem within the ASRB.

During the study, the P-IBI and WQI exhibited clear spatial changes during each season. Both indices showed a gradual decline, as anthropogenic activities increased from upstream to downstream of the ASRB. Wu et al. (2019) studied the Taihu Lake Basin and found that the value of the P-IBI gradually decreased as the degree of anthropogenic interference increased; concurrently, there was a positive correlation between the P-IBI and WQI (Supplementary Figure 2). This suggested that P-IBI and WQI were negatively correlated with anthropogenic interference, which was consistent with the results of this study. Comparing the evaluation results of the WQI and P-IBI, we found that both methods could distinguish the ecosystem health status of impaired and reference points, but that there were substantial variations in the evaluation results at the same sampling sites. At the same time, P-IBI and WQI exhibited seasonal characteristics. In previous studies, a single factor or indicator was typically used to evaluate water quality, and different results were obtained when different research methods were used. The WQI is weighted by the values of physical and chemical parameters, and the evaluation process is straightforward, quick, and simple to grasp; however, it lacks indicators related to the composition and structure of biological communities (De La Mora-Orozco et al., 2017; Nong et al., 2020). The P-IBI evaluation system lacked indicators for water quality, habitat, and hydrological conditions, and the evaluation process was relatively complicated. However, the P-IBI used phytoplankton as a biological indicator, and its community structure rapidly responded to habitat, hydrological conditions, and anthropogenic interference, and it integrated various indicators, such as community structure, biomass, and pollution tolerance. Therefore, P-IBI was a comprehensive tool that could accurately depict the health of river ecosystems. It compensated for the shortcomings of WQI when evaluating the health of rivers at the biological level. In this study, the P-IBI was constructed using a standardized method to effectively screen out indicators that are sensitive to anthropogenic disturbances. Furthermore, the current state of the aquatic ecosystem in the region could be derived through a comprehensive analysis of multiple indicators, which was a necessary complement to the water quality evaluation using WQI.

This study used environmental factors, such as WT, Cond., pH, DO, TP, CODMn, TN, BOD5, and Tur. to perform multiple linear regression analyses with P-IBI. The results indicated that Cond. and pH values significantly negatively predicted P-IBI, whereas DO positively predicted P-IBI. Cond. was an effective indicator of the inorganic ion content in water. Studies have shown that the higher the water purity, the lower the Cond. value (Flores and Barone, 1998; Trebitz et al., 2019). In the waters of the ASRB, Cond. gradually increased from the upper to the lower reaches of the river. This might be due to the large amounts of industrial wastewater discharged into the middle and lower reaches of the river, increasing the inorganic ion content of the downstream water and making it less suitable for the growth and reproduction of phytoplankton. This phenomenon was consistent with the gradual decrease in P-IBI values from upstream to downstream. As an important ecological factor, pH was closely associated with phytoplankton growth. The pH of the water is primarily controlled by CO2 content; therefore, when the abundance of phytoplankton increases to a certain level, their biological activities have a certain impact on the CO2 content in the water, which in turn changes the pH of the water (Zhang et al., 2019). The P-IBI decreased as the pH increased in the ASRB. DO is a key factor influencing phytoplankton reproduction and metabolism. The decrease in DO concentrations has a negative impact on the growth of phytoplankton and its biomass (Xu et al., 2010). In this study, the DO concentration in spring was higher than that in autumn and summer. In terms of spatial changes, DO and P-IBI gradually decreased as anthropogenic activity increased. In addition, nitrogen is an essential nutrient in water, and it is a limiting factor in the growth of phytoplankton. An increase in TN can promote the reproduction of dominant phytoplankton species to a certain extent (Shetye et al., 2019), thereby changing the phytoplankton population structure. For example, the N/P mass ratios of sampling sites S3 and S8 in spring were close to the optimal N/P ratio for phytoplankton growth (7:1), (Hu, 2009), and the appropriate nutrient concentration promoted the propagation of a large number of the dominant species of C. meneghiniana (1.5 × 107 ind./L and 1.3 × 107 ind./L, respectively), resulting in the P-IBI values at these sites reaching their lowest values during the study period.

In this study, we developed a P-IBI system composed of various indices based on the multimetric indices concept. From a pool of 35 candidate ecological indices, the Shannon–Wiener index, total biomass, percentage of motile diatoms, percentage of stipitate diatom, and diatom quotient were selected based on their correlations and environmental factors. Wu et al. (2019) screened three indicators, phytoplankton density, chlorophyll a (Chl a), and Menhinick’s richness index, to create a P-IBI system to evaluate the ecological health of the Taihu Basin. Feng et al. (2021) suggested that the P-IBI be constructed based on the percentage of Cyanophyta genera, the number of total species, percentage of Cyanophyta abundance, Shannon–Wiener index, and Pielou index to evaluate the impact of anthropogenic activities (i.e., industrial activities, dam construction, and mining) on biological integrity. In addition, other studies have also considered the development and creation of indicators, such as the density of inedible algae, water-bloom-forming algal species biomass, and density of toxic phytoplankton (Yang et al., 2019b; Zuo et al., 2019). The IBI assessment system lacks comparability owing to a large number of candidate indicators, and the relationship between different indicators and the complexity of the health of different watersheds can be filtered. Studies evaluating the ecological health of rivers in northeast China based on P-IBI are sparse, and the results of this study provided crucial information on the biological integrity of the region.

Even though P-IBI was able to assess the ecosystem health of the ASRB, there were still some uncertainties in the development process. First, to develop the P-IBI, it was impossible to locate pristine water bodies that were completely unaffected by anthropogenic activities as reference points. Second, because P-IBI exhibited certain seasonal change characteristics, the sampling frequency should have been increased, and the river ecosystem health should have been assessed regularly. Third, the P-IBI should have been continuously verified using large quantities of data and adjusted accordingly to anticipate the future impact of anthropogenic activities on river ecosystem health. Future research should focus on these existing problems and should be conducted with more depth.



Conclusion

The IBI is a potential tool for monitoring the ecological health of rivers, as it can reflect temporal and spatial changes in river ecological health. This study used the WQI and P-IBI to evaluate the impacts of anthropogenic activities on the ASRB. The seasonal characteristics of P-IBI were as follows: summer (good) > autumn (fair) > spring (poor). Based on the WQI evaluation, the water quality of the ASRB was best in autumn, followed by spring and summer. The overall health of ASRB was ‘fair’, and anthropogenic activities have severely damaged the biological integrity of the aquatic ecosystem in this region. Although the P-IBI and WQI established in this study showed similar spatial patterns and shared certain seasonal characteristics, the environmental state varied during different seasons. The development of P-IBI in ASRB enabled effective identification of the health status of reference and impaired points while compensating for the shortcomings of the WQI. Our findings have important implications for the ecological monitoring and protection of rivers impacted by anthropogenic activities.
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Red tide is a kind of marine disaster caused by the accumulation or proliferation of microalgae and other organisms in a short period of time, and utilizing modified clay to control and inhibit red tide is the preferred method. Among them, the application potential of organic-modified clay is high; unlike inorganic and microbial modifications, it has a broad-spectrum removal capacity on red tide algae at extremely low dosages. However, it has some disadvantages such as severe toxicity and high residual turbidity, leading to several limitations in its practical application. Therefore, it has become urgent to select organic-modified reagents with higher efficiency, weaker toxicity and lower residual turbidity. In this study, the typical red tide alga——Prorocentrum donghaiense was selected to detect the removal capacity of Polydimethyl diallyl ammonium chloride (PDMDAAC) modified clay (MP) by comparing with the Hexadecyl trimethyl ammonium bromide (HDTMA) modified clay (MH). Not only the physiological stress and flocculation effects of two modified clays on microalgae had been discussed, but also the properties of the modified clays had been characterized in this study. The results showed that the low degree of oxidative stress and less damage to the cell membrane make MP more environmentally friendly, PDMDAAC can remove microalgae at a low dose (2 mg/L) and quickly clarify the water by significantly enhancing the flocculation capacity of clay. In addition to discussing the removal mechanism of two modified clays on microalgae, schematic diagrams of the pathways were drafted. This study will provide support for the development of organic-modified clay.




Keywords: poly dimethyl diallyl ammonium chloride, modified clay, flocculation performance, physiological stress, removal mechanism



1 Introduction

Red tide is mainly caused by the proliferation of microalgae and other organisms within a short period of time, which can inhibit marine organisms, endanger ecosystems and compromise human security (Anderson, 2009; Lee et al., 2013; NOAA, 2016). Therefore, the effective prevention and emergency control of red tide has become a hotspot. Currently, utilizing clay minerals to control and inhibit red tide is a common measure. Multinational scholars from China (Cao et al., 2006; Liu et al., 2016; Yu et al., 2017; Wu et al., 2020), Japan (Shirota, 1989), South Korea (Na et al., 1996; Seger et al., 2017), the United States (Sengco and Anderson, 2004; Sengco et al., 2005), Saudi Arabia (Alshahri et al., 2021) and other countries have promoted the development of this method. However, due to the disadvantages of poor sol properties and low removal efficiency of clay minerals, in practical applications, due to the large amount of clay, the amount of sludge is high (Na et al., 1996). Therefore, scholars have developed inorganic or organic reagents, such as polyaluminum chloride (PAC), Aluminum sulfate, hexadecyl trimethyl ammonium bromide (HDTMA), and ferrate, to modifyclay, which greatly improved the removal efficiency of microalgae (Sengco et al., 2005; Cao et al., 2006; Liu et al., 2016; Yu et al., 2017; Alshahri et al., 2021).

Through the above studies, we found that inorganic modification can significantly improve the flocculation capacity of clay, while organically modified reagents tend to sterilize algae (Cao et al., 2006; Yu et al., 2017). Organically modified reagents are widely used in the control of red tides, and they always have a broad-spectrum removal capacity on microalgae at extremely low dosages (Cao et al., 2006; Zhang, 2016; Wu et al., 2020). Generally, due to its severe sterilization, organic-modified reagents always have a high toxicity, and the 48 h-LC50 of HDTMA on Penaeus japonicus was 1.482 mg/L (Cao et al., 2006), so there are several limitations in practical applications. Scholars have paid increasing attention to the sterilization effect of organic reagents, but have ignored the flocculation efficiency. Therefore, most organic-modified clays have defects such as slow floc sedimentation and high turbidity. Therefore, it has become an urgent demand to select organic-modified reagents with environmental friendliness and well promoted flocculation capacity. Polydimethyl diallyl ammonium chloride (PDMDAAC) is a cationic surfactant, that is widely used in water treatment (Li et al., 2018; Xin et al., 2015; Zhang et al., 2019). In the previous experiments of this study, it was found that PDMDAAC has a relatively high synergistic effect on clay, which can effectively remove Prorocentrum donghaiense in modified clay with a low dose (≤2 mg/L), and can rapidly flocculate and sediment microalgae, which can clarify the solution in 3 h. Different from that of the organic-modified reagents utilized in previous researches, the 96h-LC50 of PDMDAAC on juveniles of Penaeus vannamei is as high as 364 mg/L, which means PDMDAAC is an environmentally friendly algaecide.

This study speculates that the mechanism by which PDMDAAC inhibits algae is different from that of algaecides in previous researches. Therefore, this study utilized PDMDAAC to modify kaolin, explored the removal performance and mechanism of PDMDAAC modified clay, by observing the physiological indicators of microalgae, flocculation parameters and the property characterization of modified clay. This study will provide support for the development of organic-modified clay.



2 Materials and methods


2.1 Preparation of experimental reagents and modified clay

The clay used in the experiment was kaolin, produced in Indonesia. PDMDAAC was obtained from Aladdin, and the relative molecular mass was 100, 000, in a 35% aqueous solution. HDTMA was obtained from Aladdin, and was analytically pure. In the experiment, the PDMDAAC-modified clay was recorded as MP, HDTMA-modified clay was recorded as MH. Two kinds of modified clays were manufactured according to the mass ratio of clay: PDMDAAC or HDTMA of 200: 1, 2 or 5, recorded as MP1 or MH1, MP2 or MH2, and MP5 or MH5, respectively. The dose of modified clay was set to 0.2 g/L and the samples were prepared as aqueous solutions before use.



2.2 Modified material safety assessment

In this study, P. vannamei (approximately 11.91 mm in length and 26.28 mg in weight) was chosen as the test organism, and a 96-h acute toxicity test was conducted to evaluate the safety of PDMDAAC. PDMDAAC concentration gradients were set to 0, 20, 40, 80, 120, 200, 400, 800 mg/L. After domestication and cultivation, 20 P. vannamei were randomly selected and placed in a 5 L beaker containing sterilized seawater. PDMDAAC was added according to the dose above. Three parallels experimental groups were conducted, and dead individuals were counted and removed every 24 h, continuous experiment for 96h. After plotting the viability table, 96h-LC50 was calculated by linear interpolation.



2.3 Microalgal culture and treatment system

P. donghaiense was isolated from the Changjiang Estuary, which was kindly provided by Key Laboratory of Marine Ecology and Environmental Sciences, Institute of Oceanology, Chinese Academy of Sciences. The natural seawater used in this experiment was taken from the coastal waters of Qingdao, filtered through a 0.45 μm cellulose acetate membrane (Shanghai, Xinya) before the experiment, and used after sterilization. The salinity and pH of seawater were 31 ± 1 and 8.00 ± 0.05 respectively. Inoculated an appropriate amount of P. donghaiense into a 5 L conical flask containing L1 cultural medium (Guillard and Hargraves, 1993), the initial density was 1×104 cells/mL, the culture temperature was 20 ± 1°C, the light intensity was 65 μmol photons m−2 s−1, and the light-dark cycle was 12 h: 12 h. Experiments were performed when cultured to the later stage of exponential growth.

1) The microalgae removal experiment was carried out in 50 mL colorimetric tubes. After adding the modifier or modified clay according to the corresponding amount, the tubes were inverted and mixed three times, until sampling after 3 h. Three parallel experimental groups were conducted, and a blank control group was used. A chlorophyll in vivo fluorescence detector (Trilogy, Turner Designs, US) was used to measure viable microalgae density after treatment and calculate the removal rate of microalgae according to the following formula:

	

2) The determination of the reactive oxygen species (ROS) was carried out in a 1 L beaker. The modified clay was added to the algae solution according to the corresponding amount, mixed well and sampled after 3 h. Three parallels experimental groups were conducted, and a blank control group was set. The microalgae in supernatant were collected by filtration through a GF/D membrane. Then, a cell disruptor was used to crush the cells (5.5 m/s, 30 s, 2 times) in an ice-bath environment, and the supernatant was extracted by centrifugation (5000 rpm, 10 min), which was the crude enzyme solution. Then use the crude enzyme solution obtained by the above method to measure the indicators including the protein content (BCA method), superoxide dismutase (SOD, WST-1 method) activity, catalase (CAT, ammonium molybdate method) activity, peroxidase (POD, colorimetry method) activity and malondialdehyde (MDA) content, which were determined with the assay kits purchase from Jiancheng (Nanjing) by a microplate reader (EnSight, Perkinelmer, US). Three parallel experimental groups were conducted, and a blank control group was used.

3) Trypan blue (C34H24N6Na4O14S4) is a kind of nucleic acid stain, that can be applied to detect the integrity of cell membranes. In this part of experiment, the proportion of modified clay reduced to clay: modified reagent of 200: 0.2, 0.5, 0.8 or 1 (mass ratio), the naming method of each group was similar as section 2.1, due to the low density of residual microalgae. The membrane stability test of microalgae was carried out in a 50mL colorimetric tube. After adding the modified clay according to the corresponding amount, the tube was inverted and mixed for three times. Three parallel experimental groups were conducted, and a blank control group was used. The supernatant was sampled at 3 h and stained and unstained cells were counted under an inverted microscope. The ratio of unstained cells was defined as cell activity in this study.



2.4 Modified clay flocculation experiment


2.4.1 Static flocculation experiment

The flocculation process of P. donghaiense by the modified clay under static conditions was observed by Particle Image Velocimetry (PIV, Flow Master, LaVision, Germany) The laser was used to illuminate a particular layer of flocs in the quartz tank, and a high-resolution image was obtained with a high-speed charge-coupled device (CCD) camera. The image was analyzed by using Davis 8.40 software (LaVision, Germany) to obtain the particle size and number of flocs. Experiments were carried out in 50ml quartz tanks, modified clay were added into algae according to the dose of 0.2 g/mL and mixed well. The samples were photographed with a specific time gradient until 180 min. The main indicators were floc particle size (D50) and the particle density. The surface morphology of the flocs was carefully observed by scanning electron microscopy.



2.4.2 Coagulated flocculation experiments

The flocculation process of P. donghaiense with the modified clays and the self- flocculation process of the modified clays under coagulation conditions were observed by PIV. The measurement protocol is described in Section 2.4.1. Experiments were carried out in 100 ml quartz dishes; modified clay were added into algae according to the dose and mixed well. By adjusting the stirring speed, divide the experimental process into the growth phase (50 rpm, 15 min) - breakage phase (150 rpm, 10 min) - regrowth phase (50 rpm, 20 min). The main indicators (Wu et al., 2020): ①the floc particle size (D50); ②particle density; ③fractal dimension; ④ flocculation speed (sg): sg = dt1/tg; ⑤ floc recovery factor (Rf): Rf = 100% × (dt3 – dt2) / (dt2 – dt1); ⑤ floc strength (M): M = 100 × dt2 / dt1. The M indicates the ability of flocs to resist rupture by a certain velocity gradient and the capacity of flocs to regrow is evaluated by the Rf (Jarvis et al., 2005; Zhao et al., 2011).




2.5 Characterization of modified clay

The zeta potentials of the samples were measured by a Malvern nanoparticle potentiometer (Zetasizer, Malvern, UK). The apparatus used for FTIR spectroscopy was a Nicolet FTIR-740 spectrometer. The mineral sample ground to −5 μm was put into a beaker with a certain amount of polymer agents according to the experimental conditions and the suspension was stirred for 20 min. After washing and filtration, the filter cake was dried at 50°C in a vacuum drying oven. Finally, the infrared spectra of the mineral samples and these reagents were determined by this spectrometer. Scanning electron microscopy (SEM) images were taken by using a Japan Hitachi S-3400N. The powdered samples were first affixed onto adhesive tapes supported on metallic disks and then covered with a thin, electrically conductive gold film. Images were recorded at different magnifications (200–7000×) at an operating voltage of 5.0 kV. ①The flocs for SEM was collected in the bottom of the vessel in microalgae removal experiment, and freeze-dried for 48 h, the samples were obtained; ② The modified clay samples were dried at 60°C for 12 h, and ground into powder prior to SEM analysis.



2.6 Data statistics and analysis

Origin 2018 (OriginPro 2018C, Origin Lab, US) and Microsoft Excel (Microsoft® Excel® 2019MSO, Microsoft, US) were used to generate graphs, and data are expressed as the mean ± standard deviation (mean ± SD); Statistical analysis of the data was performed using one-way ANOVA and the independent samples T test in SPSS 19.0 (IBM SPSS Statistics 19, IBM, US), P<0.05 indicated that the difference was significant, and P<0.01 indicated that the difference was extremely significant.




3 Results


3.1 Modified material safety assessment

A 96h-acute toxicity experiment of PDMDAAC on juveniles of P. vannamei was carried out to evaluate its ecological safety (Table 1). The 96 h-LC50 can be calculated by the linear interpolation method to be approximately 364.96 mg/L. The safe concentration of PDMDAAC was determined to be 36.45 mg/L and subsequent experimental concentrations were based on the above results.


Table 1 | 96h acute toxicity test results of Poly dimethyl diallyl ammonium chloride (PDMDAAC) on juveniles of P. vannamei.





3.2 Removal performance of modified clay on microalgae

The removal ability of P. donghaiense by kaolin was weak, and the removal rate was only approximately 20% when the dose was 0.2 g/L (Figure 1). PDMDAA had a significant synergistic effect on kaolin (P<0.05). MP can significantly reduce the algal density rapidly (3 h), even the removal rate of the lowest concentration group (MP1) reached approximately 50%, and gradually surpassing 95% removal, the removal effect can be maintained up to 24 h. The treatments of microalgae by HDTMA modified clay had a similar trend to the MP group, and the removal rate of each group was slightly improved at 24 h.




Figure 1 | Removal effects of two modified clays on P. Donghaiense.





3.3 Physiological stress of microalgae

After adding the two modified clays, the activities of the two antioxidant enzymes (SOD and CAT) in microalgae were significantly promoted (P<0.05), indicating that these two modified clays could inhibit the microalgae by producing ROS stress (Figure 2A). The activities of the three antioxidant enzymes in the MH group were higher than those in the MP group, and the enzyme activities showed a more significant gradient growth. PDMDAAC had a weak induction of POD, and only the highest concentration group (MP5) significantly increased (P<0.05). The MDA content had a positive correlation with the degree of lipid peroxidation, and both modified clays can increase the MDA content of the microalgae (Figure 2B). However, microalgae in the MH group experienced higher lipid peroxidation than those in the control group, and the MDA content in MP5 was only 68.8% of that in MH2 (Figure 2B). In conclusion, MH led to severe peroxidative stress of P. donghaiense and induce a higher degree of lipid peroxidation than MP.




Figure 2 | Effects of two modified clays on antioxidant enzyme activity, MDA and cell activity in P. donghaiense (A–C).



The removal ability of P. donghaiense by kaolin was slightly increased after modification with a lower dose of PDMDAAC and HDTMA (Figure 2C). The microalgae of the MP group were almost unstained, and 94% of the MP5 cells were healthy. The cell membranes of the MH group lacked integrity, and the cell activity gradually decreased from 99% to 17%. The above results indicated that MH caused a more severe damage to the microalgal membrane, which was consistent with the change in MDA content.



3.4 Discrepancies in the flocculation of modified clays


3.4.1 Flocculation performance under static conditions

The addition of modified clay resulted in a blurred view, and evenly distributed microalgae could still be observed. It could be observed that the microalgae in the MP group began to aggregate at 15 min, and flocs were continuously generated in the following 10 min; the D50 and particle density began to decrease after 25 min (Figure 3), which indicated that the flocs could sediment quickly. Until 90 min, the visual field was dominated by small flocs. There was no significant change of D50 in the MH group among the whole experimental process (Figure 3), and the particles were evenly distributed in the view. The tendency of the particle density in the MH group was similar to that in the MP group, but caused a higher residual turbidity because of the slower sedimentation speed of flocs. In conclusion, MP had a higher flocculation capacity on P. donghaiense, and the flocs hada higher D50 and faster sedimentation speed.




Figure 3 | Changes in D50 and particle density during the process of flocculating microalgae with modified clay under static conditions.





3.4.2 The surface morphology of the floc surface

To further explore the differences in flocculation, we photographed the surface images of flocs in section 3.4.1. The kaolin group was dominated by small flocs, and there were many clustered structures attached to the surface of flocs (Figures 4A, B). MP could flocculate microalgae well, even though the lowest concentration group (MP1) mainly consisted of medium-sized flocs (≥200 μm) (Figure 4C). The surface of the flocs was dominated by square-shaped protrusions with rounded edges (Figures 4D–F). These protrusions were arranged in an irregular superimposed manner, causing the flocs to present a relatively three-dimensional spatial structure. With the increase in PDMDAAC addition, the density of such protrusions gradually increased, and microalgae embedded in flocs were observed in each group. The flocculation capacity of MH was weaker, and MH5 was dominated by small flocs with particle sizes between 100-200 μm (Figure 4G). After adjusted the magnification to 7000×, the morphology of the flocs was coated with clustered structures similar in the kaolin group and a small amount of square protrusions; only in the two relatively high concentration groups (MH2&MH5) could embedded microalgae be observed (Figures 4H–J).




Figure 4 | SEM images of flocs in the kaolin, MP and MH group under static conditions (A–J).





3.4.3 Flocculation process under coagulation conditions

Similar to the static flocculation experiment, the vision clarity gradually recovered after the addition of the modified clay, and this process was significantly accelerated under coagulated conditions. This phenomenon caused the particle density of each group to first increase and then decrease from 0 to 15 min (Figure 5). Both modified clays showed a strong flocculation effect, and the MP group clarified faster and had a higher sg than the MH group (Table 2). The higher stirring rate (150 rpm) in the breakage phase greatly improved the growth of flocs, leading to a nearly double increase in D50. Afterwards, due to the rapid sedimentation of large flocs from 25 to 27 min, the particle density and D50 of each group were maintained at a low degree (Figure 5). The M and Rf of the two modified clays were high (Table 2), which indicated that the coagulation system could significantly improve the flocculation capability.




Figure 5 | Changes in the D50, particle density and fractal dimension during flocculation of microalgae with modified clay under coagulation conditions.




Table 2 | Changes in parameters during flocculation of microalgae with modified clay under coagulation conditions.



The self-flocculation experiment showed that, the D50 and fractal dimension of the MH group were higher than those of the MP group (Figure 6), which indicated that HDTMA could combine with clay to generate large and compact flocs. The flocs produced by self-flocculation had a low strength (Table 3), which was reflected in the significant changes in the floc size and particle density when the stirring speed increased to 150 rpm. After 35 min, the D50 and fractal dimension of the MH group decreased significantly, which might be caused by floc sedimentation. The self-flocculation capability of MP was slightly weaker, and MP was greatly affected by high-speed stirring, causing the wild fluctuations of the three parameters in Figure 6. However, the flocs formed by MP had higher recovery rates between 100-181 (Table 3), which helped the floc size to improve quickly.




Figure 6 | Changes in the D50, particle density and fractal dimension during self-flocculation of modified clay under coagulation conditions.




Table 3 | Changes in parameters during self-flocculation of modified clay under coagulation conditions.






3.5 Characterization of modified materials


3.5.1 Zeta potential of modified clay in different media

The results showed that Indonesian kaolin exhibited strong electronegativity (-10 mV) in pure water (Figure 7). Both modification methods significantly increased the zeta potential of kaolin, MP was more positive than MH, and the zeta potential of the three concentration groups reached 26.30, 37.00, and 44.80 mV (Figure 7). The zeta potential elevating effect of MH was weak, and the zeta potential of each concentration was lower than that of the former samples.




Figure 7 | Effects of two modified clays on the zeta potential of pure water, P. donghaiense and natural seawater.



Zeta potential can be applied to evaluate the physical stability of the particle dispersion system. The lower the absolute value of the zeta potential, the weaker the electrostatic repulsion is between particles and the easier the aggregation or agglomeration. The addition of kaolin to the microalgae would reduce the potential to approximately -16.00 mV (Figure 7). The repulsion between particles was strong under these conditions, which proved the weak flocculation ability of kaolin to microalgae. The PDMDAAC modified clay had a strong positive charge, which could significantly increase the zeta potential. The improvements in zeta potential of the MH group were weak, and MH5 had no significant difference from P. donghaiense, which could be one of the reasons for the observed weaker flocculation of MH than of MP outlined in Section 3.4.1. Aiming at self-flocculation, this study investigated the zeta potential of two modified clays in seawater, and kaolin could further reduce the zeta potential of seawater to -14.50 mV (Figure 7). The potential of the two modified clays increased in steps, and MP could turn the entire solution positively charged. While HDTMA failed to change the electronegativity, however, the absolute value of its zeta potential was low. which could promote particle agglomeration.



3.5.2 The surface morphology of clay

As shown in the SEM images, a dense laminated structure could be observed in Figure 8A, and the surface of the layered structure was mostly covered with a large number of clustered structures (Figure 8B).




Figure 8 | Surface structure of kaolin, modified reagents, MP and MH under SEM (A–J).



Solid PDMDAAC was white and translucent crystalline particles. We observed several holes and fragments attached to the compound surface (Figure 8C). The protuberances were distributed on the surface of the particles in a scale-like pattern, presenting a three-dimensional spatial network structure, and there were rounded protrusions attached to the surface (Figure 8D). PDMDAAC could significantly reduce the clustered structures on the clay surface, and replace them with rounded protrusions. Similar to PDMDAAC, the surface of MP became compact (Figures 8E, F). The above phenomenon showed that PDMDAAC had been successfully loaded on the clay, and the density of such a flaky distribution gradually increased, indicating that the loading of the modified reagents increased gradually.

The surface of HDTMA particles was free of voids and depressions, and the structure was entirely compact and smooth (Figure 8G). It could be observed (Figure 8H) that a large number of sheet-like structures with smooth edges were distributed on the surface of material. HDTMA modification has a certain ability to modify the surface structure of clay. Two high concentration groups (MH2&MH5) were accompanied by a small number of sheet-like protrusions and a higher proportion of clustered structures (Figures 8I, J).



3.5.3 Characterization of the surface functional groups of clay and modified reagents

The surface functional groups of clay and modified reagents were observed by FT-IR spectroscopy (Figure 9). As an inorganic mineral, the characteristic peaks of kaolin are mainly distributed in the far-infrared region (400-33 cm-1). Two weak absorption peaks could be observed above 3000 cm-1, O-H at 3688.62 cm-1 and =C-H at 3619.09 cm-1. The absorption peaks below were all located in the fingerprint region (1300-400 cm-1), 1050 ± 50 cm-1 was generally the stretching vibration peak of -C-O, 910.54 cm-1 was the bending vibration of -OH, and 660 ± 20 cm-1 was the rocking vibration peak of -OH.




Figure 9 | FT-IR spectra of kaolin, PDMDAAC and HDTMA.



The infrared spectrum of PDMDAAC was investigated, and we observed a strong N-H absorption peak at 3361.88 cm-1 and a weaker stretching vibration absorption peak of unsaturated C(sp2)-H at 3010.40 cm-1. The asymmetric stretching vibration peak of -CH2 appeared at 2934.25 cm-1. Corresponding to the two absorption peaks above 3000 cm-1, the bending vibration peak of N-H appeared at 1630.20 cm-1and the out-of-plane twist vibration peak of =CH2 appeared at 988.84 cm-1.

The infrared spectrum of HDTMA is shown in Figure 9. We found that 3016.90 cm-1 is the weak stretching vibration peak of C-H, 2915.52 cm-1 is the asymmetric stretching vibration peak of -CH2, and 2848.09 cm-1 is the symmetric stretching vibration peak of -CH2. The absorption peaks in the interval of 1500-1400 cm-1 were mostly the bending vibration region of the group, such as the scissor vibration peak of -CH2 at 1462.05 cm-1, the bending vibration peak of C-N at 1430.74 cm-1, and the symmetric bending vibration peak of CH3 at 1382.50 cm-1. In the fingerprint region, 1000-650 cm-1 was the out-of-plane bending vibration region of unsaturated C-H, 910.97 and 829.75 cm-1 represented the C-N absorption peaks, and the peak at 720 ± 10 cm-1 should be the rocking vibration of -CH2.





4 Discussion

Through microalgae removal experiments, this study found that PDMDAAC has a significantly synergistic effect on kaolin and can quickly remove P. donghaiense at a relatively low dose. Considering the practical application, this study conducted toxicological experiments and found that PDMDAAC is environmentally friendly, which is contrary to the high toxicity of the organic-modified reagents used in previous researches. Therefore, this study hypothesized and explored the removal mechanism of PDMDAAC, with the physiological indicators, flocculation parameters and modified clay characterization.


4.1 The flocculation mechanism of modified clay on microalgae

The sterilization ability of Indonesian kaolin clay against P. donghaiense was weak, and the removal rate was approximately 20% when the dosage was 0.2 g/L, and no microalgae were observed on flocs. The addition of clay reduced the zeta potential of the microalgal solution from -12.7 mV to approximately -16.0 mV. The repulsion between particles was intensive under this condition, indicating that particles do not easily to agglomerate. This should be one of the reasons why it is difficult for kaolin to flocculate microalgae. The synergistic ability of PDMDAAC to clay was remarkable, and the removal rate of microalgae in the MP2 group reached 90% with a lower residual turbidity after treatment. The flocculation experiment could intuitively explain the above phenomenon. The MP could significantly reduce the absolute value of the zeta potential in solution; that is, adding MP to the algae liquid could provide a suitable environment for particle aggregation and agglomeration, and promote flocculation. The electron microscopic images showed that PDMDAAC can be loaded on the surface of kaolin. The flocs of the MP group also retained more sheet-like protrusions similar to MP, which enabled the flocs to electrostatically tract the microalgae, and the spatial net structure helped the flocs to further sweep and capture microalgae. This prompted the microalgae to aggregate and form flocs quickly, which manifested as a rapid decrease in particle density and an increase in D50 in the experimental parameters. The higher agglomeration and sedimentation capacity of flocs jointly accelerated the clarification of the solution.

Among the MH group, the average distribution of microalgae and small flocs could be observed during the whole experiment. Due to the low sedimentation speed, the solution turbidity was still high until 180 min. This phenomenon could be due to the inappropriate zeta potential of the solution, and the intense repulsion between particles obstructs MH flocculation of microalgae. Through SEM images, we found that HDTMA did not modify the clay surface as much as PDMDAAC, which weakened the electrostatic traction effect of modified clay. The floc particle size of MH5 was approximately 50 μm, which was consistent with the PIV observation (180 min-D50 = 43.8 μm). The surface of the floc had no kaolin, and no attached modified structure, which may be one of the reasons for its weak floc growth, and only a small number of microalgae can be observed in the two high concentration groups.

Red tides often break out in coastal areas, estuaries, etc. Wind, ocean currents and thermal cycles maintain the environmental dynamics, and these disturbances will inevitably affect the flocculation. Appropriate physical disturbance can increase the collision frequency of particles in the dispersion system, thereby improving the flocculation efficiency, making it obvious to identify differences in flocculation characteristics. Therefore, the flocculation ability of modified clay under coagulation conditions was observed in this study. The flocculation efficiency of MP on microalgae increased with increasing stirring speed, and D50 increased significantly at 150 rpm. The coagulation conditions improved the flocculation effect of MH on microalgae, and the flocs could also resist the shear force caused by a high stirring speed, but the flocculation parameters such as D50 and particle density reduction rate were lower than those of MP. The binding force between MP and microalgae was tough, and this force should be related to the PDMDAAC loaded on the modified clay.

In addition to the flocculation of microalgae, there is also an interaction between modified clay particles, called self-flocculation. Studies have shown that powerful self-flocculation impacts the algae removal efficiency of modified clays (Jiang et al., 2021). In seawater under coagulation conditions, the D50 and fractal dimension of the MH group were both higher, which indicated that there was a powerful binding force between HDTMA and clay. Additionally, this study found that the zeta potential of kaolin in seawater was -14.5 mV, and MH had an appropriate prompt effect on the zeta potential, which could significantly reduce the repulsion between particles in the solution. The strong self-flocculation ability of MH should be due to the moderate stirring rate and the zeta potential, the former can significantly improve the collision efficiency of particles, and the latter may reduce the repulsion between particles.



4.2 Environmental friendliness mechanism of PDMDAAC modified clay

Quaternary ammonium salts (QACs) are a kind of sterilant, that are widely used in water disinfection, biofilm inhibition and other fields (Andrzej et al., 2017; Pang et al., 2020; Zhang et al., 2021), Some kinds of QACs can notably promote the disinfectant properties of clay (Cao et al., 2006; Zhang, 2016; Wu et al., 2020). It is well known that the sterilization mechanisms of QACs include the following: ①The positively charged nitrogen atom in the QAC molecule has a severe electrostatic interaction with the negatively charged cell membrane, and the long-chain alkyl group binds to the cell membrane, destroying the hydrophobic surface, resulting in irreversible damage, which will force the cell contents to flow out, killing cells by lysis (Huang and Kim, 2013; Wessels and Ingmer, 2013; Gerba, 2015; Seo et al., 2016); ②inducing the production of excess reactive oxygen species, including single oxygen (1O2-), hydroxyl radicals (OH·), superoxide anion radicals (O2·) and hydrogen peroxides (H2O2) could cause oxidative stress and lead to cell injury (Mittler et al., 2011; Fu et al., 2014); ③positively charged nitrogen atoms in QAC molecules tend to replace Ca2+ on the cell membrane, which can reduce the stability of the cell membrane and interfere with the ion exchange between cells and outside (Chen and Cooper, 2002; Jellali et al., 2013; Das et al., 2014); and ④QACs can reduce the chlorophyll content, weaken photochemical quenching, break the chloroplast membrane structure, and inhibit the photoreaction process (Cao et al., 2006; Pérez et al., 2009; Sukenik et al., 2017). Based on the above mechanisms, this study explored the stress effects of MP and MH on the antioxidant defenced system and cell membrane of microalgae. The results showed that both modified clays could induce microalgae cells to produce excess reactive oxygen species, resulting in peroxidative stress. MDA is an essential indicator of peroxidative damage in addition to the antioxidant enzyme system, and its content is positively correlated with the degree of lipid peroxidation. The MDA content of the microalgae in the MH group was higher than that in the MP group, which may indicate that the cell membrane of the microalgae in the MH group was more damaged. The results of trypan blue staining showed that the microalgae in the MP group were almost unstained, while the microalgae in the MH group suffered strong damage to the cell membrane, and the cell viability gradually decreased with increasing modifier concentration, which was similar to lipid peroxidation.

Through the above process, this study found that the ability of QACs to sterilize microalgae mainly originates from there quaternary amino (C-N) functional groups. By exploring the molecular configurations of the two organic agents, this study found that the content of quaternary amino groups of PDMDAAC should be 2.25 times that of HTDMA of the same quality. According to the mechanism of action of QAC, compounds with more C-N should be more toxic. However, PDMDAAC is significantly safer than HDTMA, which is contrary to the observed results. Through FT-IR, this study found that a strong N-H absorption peak can be observed on PDMDAAC, which might be due to the high level of polymerization of this molecule. The stacking of long carbon chains exposed the conjugated electrons on the quaternary ammonium group and bound to H. The N-H bond might weaken the sterilization effect of PDMDAAC by inhibiting the activity of the quaternary ammonium group, thereby making PDMDAAC environmentally friendly.



4.3 Overview of modified clay removal pathways

In summary, the removal pathway of MP to microalgae was shown in a schematic diagram (Figure 10): PDMDAAC can exert an electric neutralization effect to increase the zeta potential of the solution, reduce the repulsion between particles, and promote agglomeration. The PDMDAAC attached to the surface of MP and flocs can assist the clay in capturing and sweeping the microalgae through electrostatic traction and bridging, thereby promoting floc aggregation and sedimentation, to achieve rapid water clarification. MP can also reduce microalgal activity by inducing peroxidative stress, making it easier to remove.




Figure 10 | Schematic diagram of the algae removal pathway of two modified clays (MP and MH).



As shown in Figure 10, the inferior flocculation capacity of MH on microalgae should be consistent with the following points: Weak electric neutralization of MH made it difficult for the particles in the solution to agglomerate. HDTMA had a weak modification effect on the surface of clay, which undermined the binding force between MH and microalgae, and the strong self-flocculation ability jointly obstructed the flocculation of microalgae. However, MH could induce microalgae to produce excess reactive oxygen species, resulting in significant peroxidative stress, forcing high degree of lipid peroxidation and destroying the structure of microalgal membranes. The intense cytotoxicity of HDTMA compensated for the lack of flocculation, thereby sterilizing microalgae effectively.




5 Conclusions

	The extremely low dose of PDMDAAC had a significantly synergistic effect on kaolin, and the MP could remove P. donghaiense effectively.

	The flocculation effect of MH on microalgae was negligible, which should be caused by its strong self-flocculation ability, weak positive charge, and short carbon chain. MH could increase the degree of peroxidative stress and lipid peroxidation, and destroy the structure of the cell membrane, thereby sterilizing microalgae.

	The low degree of oxidative stress and less damage to the cell membrane made MP more environmentally friendly, and the microalgae removal effect was mainly due to flocculation. PDMDAAC could exert an electrical neutralization effect to increase the zeta potential of algal liquid and reduce the repulsion between particles in the solution, and the PDMDAAC attached to the surface of modified clay and flocs assisted clay in capturing and sweeping microalgal cells through electrostatic traction and bridging.
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The dinoflagellate Akashiwo sanguinea is a harmful algal species and commonly observed in estuarine and coastal waters around the world. Harmful algal blooms (HABs) caused by this species lead to serious environmental impacts in the coastal waters of China since 1998 followed by huge economic losses. However, the full-length transcriptome information of A. sanguinea is still not fully explored, which hampers basic genetic and functional studies. Herein, single-molecule real-time (SMRT) sequencing technology was performed to characterize the full-length transcript in A. sanguinea. Totally, 83.03 Gb SMRT sequencing clean reads were generated, 983,960 circular consensus sequences (CCS) with average lengths of 3,061 bp were obtained, and 81.71% (804,016) of CCS were full-length non-chimeric reads (FLNC). Furthermore, 26,461 contigs were obtained after being corrected with Illumina library sequencing, with 20,037 (75.72%) successfully annotated in the five public databases. A total of 13,441 long non-coding RNA (lncRNA) transcripts, 3,137 alternative splicing (AS) events, 514 putative transcription factors (TFs) members from 23 TF families, and 4,397 simple sequence repeats (SSRs) were predicted, respectively. Our findings provided a sizable insights into gene sequence characteristics of A. sanguinea, which can be used as a reference sequence resource for A. sanguinea draft genome annotation, and will contribute to further molecular biology research on this harmful bloom algae.
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Introduction

Harmful algal blooms (HABs) have occurred intensively and frequently during the last two decades, and turned into the major marine ecological disaster in coastal waters around the world (Hallegraeff, 1993; Du et al., 2011; Anderson et al., 2012; Chen et al., 2015; Glibert and Burford, 2017). Akashiwo sanguinea, a harmful and conspicuous species, is a bloom-forming dinoflagellate capable of discoloring seawater with cells densities exceeding 105 cells L−1 (Lu and Hodgkiss, 2004; Kudela et al., 2005; Chen et al., 2019). Annual blooms of A. sanguinea have been observed along the coastal waters of China since 1998, resulting in huge economic losses to aquaculture and tourism (Wu et al., 2001; Hao et al., 2011; Chen et al., 2019). Although A. sanguinea is not toxigenic, large scale blooms of this species still have a severe impact on the marine ecosystem, which could form surfactant foams under the interaction of wind mixing and surfaction, and cause mass stranding and subsequent mortality of fishes, scallops and birds (Horner et al., 1997; Jessup et al., 2009).

Previous studies mainly focus on the growth, diversity, life cycle, stress responses, physiological and biochemical characteristics of A. sanguinea (Matsubara et al., 2007; Chen et al., 2015; Deng et al., 2015; Liu et al., 2015, 2019; Tang and Gobler, 2015; Luo et al., 2017). Furthermore, more efforts have been made to explore the eco-physiology of A. sanguinea at the molecular level. For instance, Deng et al. (2015) and Liu et al. (2020) characterized the Hsp 70 gene and the photosynthesis-related genes in A. sanguinea during the formation of resting cysts, respectively. The abundance of transcriptome data can facilitate the investigation of biochemical and physiological processes, while only hundreds of Expressed Sequence Tag (EST) sequences and several second-generation transcriptome sequencing data are obtained in NCBI database for A. sanguinea, and no full-length transcriptome is openly available, which limited the basic genetic and functional studies in A. sanguinea. To date, it is difficult to obtain the reference genome of A. Sanguinea through assembly and annotation due to its enormous genome, and transcript sequencing has proved to be one of the most effective technologies for obtaining reliable gene sequences (Erdner and Anderson, 2006; Wisecaver and Hackett, 2010).

The next-generation high-throughput sequencing, also known as second generation sequencing, has been employed to analyze gene expression levels for several marine dinoflagellates, largely increasing the transcript information of these dinoflagellates (Bender et al., 2014; Krueger et al., 2015; Shikata et al., 2019; Li et al., 2021). However, the inherent limitation for the next-generation sequencing is short-read RNA sequencing, which cannot provide a full-length transcript (Wang et al., 2022). Recently, the single-molecule real-time (SMRT) sequencing technology from Pacific Biosciences (PacBio), also called the third generation sequencing, has been proved to be an efficient approach to capture full length sequencing gradually (Wisecaver and Hackett, 2010; Haile et al., 2021; Yang et al., 2021). The full-length cDNA sequences can be generated without assembly via PacBio’s SMRT sequencing, dramatically increasing accuracy of alternative splice detection and genes discovery. Even though it is higher error rate (up to 15%) and relevant lower throughput may miss some rare transcript isoforms, these shortcomings can be corrected with high-accurate and high-throughput short reads and/or self-correct via circular-consensus reads (Au et al., 2013; Li et al., 2014).

Herein, the marine dinoflagellate A. sanguinea was collected and isolated from Jiaozhou Bay, China, and successfully established as continuous culture in June 2020. A full-length transcriptomic analysis of A. sanguinea under different nutrition conditions was performed using SMRT sequencing. Based on the obtained transcriptome data, transcript functional annotation, simple sequence repeat analysis, and coding sequence prediction were analyzed. Our findings provided the full-length sequences of A. sanguinea, which will be benefit for the further research on the bloom-forming dinoflagellate.



Materials and methods


Algal isolation and maintenance

Akashiwo sanguinea was obtained and isolated from Jiaozhou Bay, China (36°24′N, 120°11′E) in June 2020. The clonal culture of A. sanguinea was established by pipetting single cells under an inverted microscope (Olympus IX71, Japan) to 24-well polystyrene cell culture plates containing sterile f/2-Si medium in natural seawater base (salinity of 30 ± 0.1; Guillard and Ryther, 1962; Kim et al., 2004). Cultures were grown and maintained in an incubator (20 ± 1°C; 12 h:12 h light: dark cycle), with cool white fluorescent light providing 78.14 μE m−2 s−1. To inhibit the growth of fungus and bacteria, an antibiotic-antimycotic solution, with final concentrations of 0.05 μg ml−1 amphotericin B, 100 μg ml−1 streptomycin, and 100 I. U. penicillin (Solarbio Inc., Beijing, China), was added to the medium prior to inoculation. This antibiotic mixture had no negative effects on the growth and survival of A. sanguinea, as determined in preliminary experiments (Chen et al., 2015; Liu et al., 2020). The stock culture was maintained in the exponential growth phase by transferring into fresh f/2-Si medium bi-weekly.



Sample processing, RNA isolation, quantification, and qualification

For experiments, stock A. sanguinea in exponential growth was inoculated into various types of nutrients: f/2-Si, f/2-Si-N, f/2-Si-P, f/2-Si-NP, natural seawater (as detailed in Table 1). All treatments were conducted in 1 l Pyrex culture flasks containing 800 ml f/2-Si medium (salinity of 30 ± 0.1), with an initial cell density of 2 ± 0.1 × 103 cells ml−1. To monitor growth of A. sanguinea, algal cell counts were performed by light microscopy every day as described in Chen et al. (2015). For the f/2-Si treatment, 200 ml were concentrated by centrifugation (800 g, 5 min) and frozen in liquid nitrogen during the three different developmental stages (exponential growth phase, stationary phase, and decline phase). Other stressed cultures were incubated for 5 days (exponential growth phase) before cells were collected as described above.



TABLE 1 Laboratory setting of different nutritional conditions for growth of Akashiwo sanguinea.
[image: Table1]

Total RNA from each culture was extracted using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA, United States), and further treated with RNase-free DNase I (TakaRa, Japan) to remove contaminated genomic DNA. Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, United States) and agarose gel electrophoresis were used to determine the RNA integrity. The purity and concentration of RNA samples were ascertained with the Nanodrop microspectrophotometer (Thermo Fisher Scientific, United States) and Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA, United States), respectively. Then, RNA samples with a 260/280 ratio of ≥1.8, 260/230 ≥ 1.8 and RIN ≥ 7 were used to construct the Pacbio sequencing library. Finally, equal amounts of RNA samples from different culture conditions were pooled for the following library construction and sequencing.



Library construction and single-molecule real-time sequencing

A total of 5 μg of total RNA (equally mixed with all RNAs) was used to prepare SMRT libraries. Then, mRNA was reverse-transcribed into cDNA using the Clontech SMARTer PCR cDNA Synthesis Kit (Clontech, CA, United States) according to the Isoform Sequencing protocol. The PCR reactions were optimized to determine the optimal number of amplification cycles for the downstream large-scale PCR procedures. The large-scale double-strand cDNA was produced with the determined number of cycles using Phusion DNA polymerase (NEM, Beverly, MA, United States). The cDNA molecules >5 kb in length were selected using a Blue Pippin™ Size-Selection System (Sage Science, Beverly, MA, United States) and mixed equally with non-size-selected cDNA. Then, another large-scale PCR was preformed, and the amplified and size selected cDNA products were made into SMRTbelll Template libraries. The quality of the libraries was evaluated using the Agilent Bioanalyzer 2100 system. Finally, sequencing reactions were conducted on a PacBio Bioscience Sequel platform (Novogene Bioinformatics Technology Co., Ltd., Beijing, China).



Data processing

The raw sequencing data of the cDNA libraries was initially processed following the SMRT Link (v 9.0.0) pipeline with parameters: minReadScore = 0.75, minlength = 200. First, high-quality circular consensus sequences (CCSs, HiFi reads) were generated from subread BAM files using the CCS function with parameter settings as: min length = 200, min passes =1, max drop fraction = 0.8, min zscore = −9,999, no polish = TRUE, max length = 15,000, and min predicted accuracy = 0.8. To obtain the full-length nonchimeric (FLNC) reads, the primers, barcodes, polyA tails, and concatemers of full passes were removed. Then, consensus isoforms were identified using the algorithm of ICE (Iterative Clustering for Error Correction) from FLNC and were further polished with non-full length reads to obtain high-quality isoforms with post-correction accuracy above 99% using Quiver (parameters: bin by primer = false, hq quiver min accuracy = 0.99, qv trim 3p = 30, qv trim 5p = 100, and bin size kb = 1). The Cluster Database at High Identity with Tolerance (CD-HIT) program (v 4.6.7) was used to further correct the consensus sequences with the following parameters: −c = 0.99, −G = 0, −T = 6, −AL = 100, −aL = 0.90, −AS = 30, and −aS = 0.99, and the BUSCO (v3.0.2) was used to benchmark transcriptome completeness (Waterhouse et al., 2018). All the raw sequence data have been uploaded to NCBI with the Sequence Read Archive (SRA) number PRJNA827604.



Functional annotation

Corrected isoforms were searched against Nr (non-redundant protein sequences), Nt (non-redundant nucleotide sequences), Swiss-Prot (a manually annotated and reviewed protein sequence database), KOG/COG (Cluster of Orthologous Groups of proteins), and KEGG (Kyoto Encyclopedia of Genes and Genomes) with BLAST software (v 2.2.26) under a threshold E-value ≤ 10−5. KEGG pathway analyses were determined using the KEGG Automatic Annotation Server (KAAS1) and HMMER software (Eddy, 1998) was used to search Pfam database (Protein family http://pfam.xfam.org/). Gene Ontology (GO) annotations were performed based on the best BLASTX hit from the NR database using the Blast2GO software (v 2.3.5, -value ≤10−5).



Gene structure prediction

The unigenes were blastx searched against the databases with the E-value ≤ 10−5 to retrieve a protein sequence for each unigene from either of the four databases in the order of NR, Swiss-Prot, KEGG and KOG, which then located the CDS of the unigene. The unigenes, failing to retrieve a protein sequence, were subjected to ANGEL for CDS prediction (Shimizu et al., 2006). Four tools, including coding potential calculator (CPC), coding-non-coding index (CNCI), coding potential assessment tool (CPAT), and predictor of long non-coding RNAs and messenger RNAs based on an improved k-mer scheme (PLEK), were combined to identify LncRNA candidates from putative protein coding RNAs. LncRNAs with >200 nucleotides were selected. Then, the transcripts with encoding ORFs longer than 100 amino acids predicted by these tools were filtered out, and those without coding potential were selected as candidates of lncRNAs. BLASTN was used to get rid of the previously discovered lncRNAs under a criteria of e-value ≤ 1e−10, min-identity = 90% and min-coverage = 85%. Hmmscan against the Plant TFdb database was used to perform TF analysis (Tian et al., 2020). The alternative splicing (AS) events of the transcript isoforms were identified using the Coding GENome teconstruction Tool (Cogent, v 3.3) with the default parameters to divide the transcripts into gene families based on k-mer similarity and to reconstruct each family into a coding reference genome based on a De Bruijn graph (Alamancos et al., 2015; Li et al., 2017). The AS events were detected using SUPPA with references. The microsatellite identification tool (MISA) was used to identify simple sequence repeats (SSRs) within the FL transcriptome according to the criteria blow: length-minimum number of repetitions = 2–6 or 3–5 or 4–4 or 5–4 or 6–4 and interruptions of 100 bp (Beier et al., 2017). To characterize full-length transcripts in A. sanguinea, an experimental workflow and analysis pipeline was followed as illustrated in Figure 1.

[image: Figure 1]

FIGURE 1
 Overall experimental workflow and transcriptome bioinformatics analysis pipeline in this study.





Results


Data summary

Based on the PacBio SMRT Sequencing technology, a total of 85.19 Gb of nucleotide data with the average read length of 77,216 bp was obtained. After removing shorter reads (<50 bp in length) and adaptors, a total of 29,370,228 reads (83.03 Gb of nucleotides) were obtained, with an average length and N50 of 2,827 and 3,051 bp, respectively. After merging transcripts with at least two full passes, 983,960 circular consensus sequences (CCSs) with an average length of 3,061 bp were retained. The full-length non-chimeric (FLNC) sequences of the CCSs were further clustered and polished, and 110,200 high-quality (HQ) isoforms were produced, with an average length and N50 of 2,764 and 2,936 bp, respectively. The HQ isoforms were clustered to 26,461 unigenes after removing the sequence redundancy (Table 2).



TABLE 2 Summary of the A. sanguinea transcriptome statistics.
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Gene annotations and taxonomy

To analyze the function of the 26,461 unigenes, five databases, including the non-redundant protein (Nr) database and the NCBI non-redundant nucleotide (Nt) database, the Kyoto Encyclopedia of Genes, and Genomes (KEGG) database, Gene Ontology (GO) database, and Clusters of eukaryotic Ortholog Groups (KOG) database, were used to perform functional annotations. Totally, 20,037 unigenes (75.72%) were annotated prediction and functional annotation of the coded transcripts showed that 13,198 (49.88%), 10,458 (39.52%), 12,933 (48.88%), 12,208 (46.14%), and 17,202 (65.01%) were annotated in the Nr, KOG, KEGG, Nt, and GO database, respectively (Figure 2).

[image: Figure 2]

FIGURE 2
 Venn diagram of NR, NT, GO, KOG, and KEGG annotation of the Akashiwo sanguinea full-length transcriptome.


With regard to Nr annotation, the top 10 species classifications were Symbiodinium microadriaticum (a symbiotic dinoflagellate, 13,725, 51.87%), Vitrella brassicaformis (a photosynthetic alveolates, 1,362, 5.15%), Perkinsus marinus (a protozoan parasite, 487, 1.84%), Emiliania huxleyi (a coccolithophore, 276, 1.04%), Chrysochromulina sp. (230, 0.87%), Aureococcus anophagefferens (a heterokont alga, 180, 0.68%), Guillardia theta (a cryptophyte alga, 175, 0.66%), Ectocarpus siliculosus (a filamentous brown alga, 124, 0.47%), Plasmodiophora brassicae (a fungus, 82, 0.31%), Thalassiosira oceanica (a marine diatom, 66, 0.25%; Figure 3).

[image: Figure 3]

FIGURE 3
 Nr classification of high-quality transcripts of the A. sanguinea full-length transcriptome.


A total of 10,458 transcripts (39.52%) were annotated in the KOG database, which can be assigned to 26 subcategories (Figure 4). The highest percentage of subcategory was the signal transduction mechanisms subcategory, reaching 2,095. The rest were general function prediction only (1,628), posttranslational modification, protein turnover, chaperones (1,252), and cytoskeleton (669).

[image: Figure 4]

FIGURE 4
 KOG classification of high-quality transcripts of the Akashiwo sanguinea full-length transcriptome.


Regarding functional annotations, 17,202 (65.01%) transcripts were annotated to three major categories of “biological process,” “cellular component,” and “molecular function” in the GO database. The most enriched terms in the biological process category (44.76%) were the “cellular process” (9.43%), “metabolic process” (9.20%), “single-organism process” (6.32%), and “localization” (4.77%) terms. Within the cellular component category (25.33%), the genes involved in “cell” (4.14%), “cell par” (4.14%), “organelle” (2.97%), and “membrane” (2.88%) accounted for the largest proportion. In terms of molecular function (29.91%), “binding” (14.59%), “catalytic activity” (10.18%), “transporter activity” (2.89%), and “molecular transducer activity” (0.62%) covered the most abundant genes (Figure 5).

[image: Figure 5]

FIGURE 5
 GO classification of high-quality transcripts of the A. sanguinea full-length transcriptome.


Totally, 13,699 transcripts were classified into the KEGG database, belonging to KEGG’s six primary metabolic pathway (Lev 1) branches, namely, “cellular processes,” “environmental information processing,” “genetic information processing,” “human diseases,” “metabolism” and “organismal systems,” and the most prominent subcategory was “metabolism.” These transcripts were also annotated to 45 secondary pathways (Lev 2) of the six primary metabolic pathway (Lev 1). On the Lev 2 pathway, the genes involved in “signal transduction,” “global and overview maps,” “carbohydrate metabolism” and “folding, sorting and degradation” accounted for the majority (Figure 6).

[image: Figure 6]

FIGURE 6
 KEGG classification of high-quality transcripts of the A. sanguinea full-length transcriptome.




Analyses of coding sequence, long non-coding RNAs, and transcription factor

In 26,461 transcripts with an average length of 2,757 bp, 20,037 (75.72%) CDSs were predicted. Totally, 13,441 lncRNAs (50.80%) were identified using CPC, CNCI, Pfam, and PLEK approaches. The number of putative lncRNAS by CPC, CNCI, Pfam, and PLEK databases were 340, 72, 11,478, and 4,230, respectively. Only 5 common lncRNAs transcripts were predicted in A. sanguinea by the four methods (Figure 7A). BLASTN was used to get rid of the previously discovered 11 lncRNAs downloaded from ensemble website, and most of lncRNA were identified as novel lncRNAs (Figure 7B). A total number of 514 putative TF members were obtained and categorized into 23 families. The top 10 TFs were ranked according to the number of sequences that were aligned to the transcripts, which were C3H (137), SNF2 (72), SET (63), CSD (63), Others (41), TRAF (31), C2H2 (28), Jumonji (16), HMG (13), and GNAT (12) (Figure 7C).

[image: Figure 7]

FIGURE 7
 The identification of lncRNAs and the transcript family of the A. sanguinea transcriptome. (A) The venn diagram of the number of lncRNAs predicted by CPC2, CPAT, PLEK, and CNCI. (B) Density and length distributions of mRNAs and lncRNA in A. sanguinea. (C) Transcript families in the A. sanguinea full-length transcriptome.




Analyses of alternative splicing and simple sequence repeats

The alternative splicing (AS) event provides eukaryotes with peculiarly versatile means of genetic regulation. In total, 3,137 AS events were identified, with the genes containing two isoforms (2,523) ranked the highest, followed by three and four isoforms (Figure 8A). Only 57 events were classified into five AS types, and the major AS types were retained intron (23) and alternative 3′ splice sites (17) (Figure 8B). In the A. sanguinea full-length transcriptome, exonskipping, mutually exclusive exons and alternative first exon AS events were not detected.

[image: Figure 8]

FIGURE 8
 Characterization of structural annotation. (A) Distribution of alternative splicing (AS) in each isoform. (B) Count of five types of AS. (C) The distribution of simple sequence repeats (SSR) type counts. (D) SSR motif unit distribution, x-axis represented the type of motif unit, y-axis represented the count number and z-axis represented different repeat number.


An simple sequence repeats (SSRs) is a repetitive DNA sequence where certain motifs are repeated. In total, 4,397 SSRs were identified, and these were containing in 32,563 sequences (Figure 8C). The SSR lengths ranged from 10 to 1,354 bp, with a mean of 41.49 bp, and the number of repeat SSR motifs ranged from 5 to 67. Of these SSRs, 2,160 (49.12%) were trinucleotide repeats, most of which consisted of 5–8 repeated sequences; 527 (11.99%) were mononucleotide repeats with 9–12 repeats. In addition, 321 (7.30%) were hexanucleotide repeats with 5–8 repeats (Figure 8D).




Discussion

Akashiwo sanguinea is a commonly observed bloom-forming dinoflagellate distributed worldwide (Trainer et al., 2010; White et al., 2014). Information on partial transcripts of A. sanguinea have been obtained by Illumina sequencing in previous studies (NCBI accession: SRR1294461–SRR1294464). While the inherent limitations of Illumina sequencing, including short read length and amplification biases, still limit its application in acquiring a full-length transcript (Abdel-Ghany et al., 2016). Until now, the full-length nucleotide sequence information is still deficient in A. sanguinea, which has impeded basic genetic research in this species. With the development of sequencing technologies, PacBio sequencing is widely used in obtaining full-length transcript sequences of microorganisms without assembly (Cheng et al., 2021). Herein, the first high-quality collection of transcripts in A. sanguinea was generated by single-molecule long-read PacBio sequencing, and 83.03 Gb clean data were obtained including 983,960 circular consensus sequences (CCSs) and 110,200 high-quality (HQ) isoforms. Long non-coding RNAs (lncRNAs), alternative splicing (AS), simple sequence repeats (SSRs), and transcription factors (TFs) were further revealed in the present study. Our findings provided more accurate annotated unigene information in A. sanguinea, which will be useful for the future basic genetic and gene functional studies in this bloom-forming dinoflagellate.

In order to obtain transcripts with very low or no expression in the collected samples, the strategy of pooling of developmental stages and various nutritional conditions has been adopted to capture more complete transcript information (Hoang et al., 2017). The cDNA library was pooled from three developmental stages and five nutritional conditions in the present study. The integrity and reliability of our transcriptome were further confirmed by BUSCO analysis. Higher number of reads was always produced in the Illumina sequencing than that in the PacBio’s SMRT sequencing, however, nearly half of the short contigs generated in former were multiple alignments (Wang et al., 2022). SMRT sequencing provided new insights into capturing long transcript sequences; under normal circumstances, a single read was considered a complete transcript (Sharon et al., 2013; Chao et al., 2018). 97.64% of the generated contigs were >1,000 bp in length in the contigs length distribution of the full-length transcriptome of A. sanguinea. Our results demonstrated that SMRT sequencing is an effective and powerful technology for obtaining reliable full-length transcriptome in A. sanguinea.

Totally, 20,037 unigenes were annotated in the five public databases, and 6,424 unigenes with unpredicted functions might likely to be species-specific or unknown genes in A. sanguinea. With regard to GO annotation, transcripts assigned to categories such as “binding,” “catalytic activity,” “cellular process,” “metabolic process” and “single-organism” were significantly enriched. A total of 10,458 transcripts were assigned to “signal transduction mechanisms subcategory,” “general function prediction only,” and “posttranslational modification, protein turnover, chaperones” according to the KOG annotation analysis. A large of transcripts were involved in specific KEGG pathways, including “signal transduction,” “global and overview maps” and “carbohydrate metabolism.” Additionally, numerous transcripts showed participated in diverse biological pathways and multiple molecular functions. Our results provided a large amount of genetic information for functional investigation in A. sanguinea. However, the isoform expression levels was not analyzed in current project, and expression analysis of isoforms derived from one gene in A. sanguinea should be analyzed in detail in the future.

LncRNAs emerged as key regulatory molecules in important biological process, including transcription, translation, cellular structure integrity, and sex regulation and aging (Perry and Ulitsky, 2016; Jia et al., 2018). LncRNAs played crucial roles in the nucleus, where they regulate the target genes expression by controlling nuclear architecture and transcription (Wang et al., 2022). LncRNAs also regulated translation, modulated mRNA stability and post-translational modifications in the cytoplasm (Yao et al., 2019). In the current study, 13,441 lncRNAs with a mean length of 2,757 bp were identified. By comparison, the identified lncRNA were much longer than that of known lncRNA (the mean length of 93.09 bp), which showed that SMRT has a better capacity in capturing transcript sequences, especially long transcript sequences.

TFs play a vital role in regulating gene transcription by recognizing and binding specific nucleotide sequences (Fulton et al., 2009). A total number of 514 TFs were obtained and categorized into 23 families, with C3H (137) ranked the highest, followed by SNF2 (72), SET (63), CSD (63), and Others (41). Since all eukaryotic TF families were historically identified and characterized in plants, fungi or animals, these numbers were likely to be underestimated (Rayko et al., 2010). The SNF2 and C3H families were involved in biological processes, such as processing of DNA damage, maintenance of chromosome stability, and RNA processing (Eisen et al., 1995; Delaney et al., 2006), which were commonly present in all the organisms or eukaryote. While the heat shock transcription factor (HSF) family was the two most abundant TF family encoded in diatoms (Rayko et al., 2010). For example, the number of HSF were 187 (51.5%), 70 (33.0%), and 94 (36.4%) in Thalassiosira weissflogii, Phaeodactylum tricornutum, and Thalassiosira pseudonana, respectively (Rayko et al., 2010; Cheng et al., 2021). Besides, Myb and C2H2-type zinc finger TFs were overamplified and constituted the most abundant class of TFs in stramenopile (Rayko et al., 2010).

SSR polymorphic genetic markers, also known as microsatellites, show significant species-specific differences and have been widely used for genetic map construction, functional gene mining, genetic diversity analyses, and molecular marker-related studies (Shen et al., 2014; Feng et al., 2021). A total of 4,397 SSRs identified in A. sanguinea, exceeding the SSRs detected in T. weissflogii (3,295 SSRs) and P. tricornutum (1,390 SSRs) on numbers (Rastogi et al., 2018; Cheng et al., 2021). Herein, the mono-nucleotide (A/T) and tri-nucleotide (GCA/CAG) were the most abundant loci in A. sanguinea, and most of SSRs were identified within or around CDS regions and associated with functional genes. The SSRs found here will be of convenience for phylogenetic studies of A. sanguinea, and experimental validation should be performed before further using.

Recently, omics analyses have the potential to expand our understanding of the physiological, the initiation and dissipation of algal blooms, and underlying molecular processes of A. sanguinea. In the present study, a high-quality and more complete transcriptome analysis of A. sanguinea was conducted by the SMRT sequencing, which enabled the generation of full-length transcripts and related analysis, such as efficient gene annotation, lncRNAs, TFs, AS events, and SSRs. Our findings provided a valuable foundation for improving the genome assembly and annotation of A. sanguinea by adding accurate genes and structures, which will be helpful to analyze the eco-physiological features of this harmful algae at the molecular level.
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The neurotoxin β-N-methylamino-L-alanine (BMAA) produced by cyanobacteria and diatoms can accumulate in diverse aquatic organisms through the food web. In the present study, embryos of mussel Mytilus galloprovincialis (Lamarck, 1819), oyster Magallana gigas (Thunberg, 1793), and marine medaka Oryzias melastigma (McClelland, 1839) were exposed to BMAA dissolved in seawater and monitored for early developmental effects. Results demonstrated that the embryonic development of mussels and oysters were significantly inhibited when BMAA concentrations were above 100 μg BMAA·HCl/L (0.65 µM) and 800 μg BMAA·HCl/L (5.18 µM), respectively. The shell growth of mussel embryos was also markedly inhibited by BMAA ≥ 100 μg BMAA·HCl/L (0.65 µM). Based on the dose-response curves related to the modified malformation rate of embryos, the median effective concentration (EC50) values of mussel (48 h) and oyster (24 h) embryos were 196 μg BMAA·HCl/L (1.27 µM) and 1660 μg BMAA·HCl/L (10.7 μM), respectively. A sustained and dose-dependent decrease in heart rate was apparent in marine medaka embryos at 9-days post fertilization following BMAA exposure. However, no obvious effect on ATP concentration was noted in these marine medaka embryos. The current study contributes to our understanding of the sublethal effects of BMAA on the early embryonic development of marine bivalves and medaka. Further research examining the long-term effects of BMAA on the early development of marine organisms is necessary to determine seawater quality criteria for protection.




Keywords: β-N-methylamino-L-alanine (BMAA), embryonic development, Mytilus galloprovincialis, Magallana gigas, Oryzias melastigma



Highlights

	Effect of BMAA on embryonic development of marine shellfish and fish were eplored.

	The 48 h-EC50 for the inhibition of embryonic development of mussels was 1.27 µM.

	The 24 h-EC50 for the inhibition of embryonic development of oysters was 10.7 µM.

	Heart rate of medaka embryos was dose-dependent and reduced by BMAA at 9 DPF.

	No obvious effect on the ATP content was found due to BMAA in marine medaka embryos.





1 Introduction

The non-protein amino acid β-N-methylamino-L-alanine (BMAA) is linked to the high incidence of Amyotrophic Lateral Sclerosis/Parkinsonism Dementia Complex (ALS/PDC) in Guam (Cox et al., 2016), and the adverse effects and toxicological mechanisms of BMAA have been considered (Delcourt et al., 2018; Dunlop et al., 2021). The establishment of animal models to evaluate the neurotoxicity of BMAA has been fundamental to our understanding of human risk. Various in vivo studies on non-human primates, chicks, rats, and mice document neurodegenerative symptoms including ataxia and convulsions, as well as the formation of neurofibrillary tangles, β-amyloid plaques, ALS-related proteinopathy, and microglia activation as a result of BMAA exposure (Chiu et al., 2011; Cox et al., 2016; Davis et al., 2020). Furthermore, in vitro studies suggest that BMAA can selectively damage motor neurons through multiple mechanisms including excitotoxicity mediated by the carbamate adduct (Rao et al., 2006; Lopicic et al., 2009). In recent years, multiple studies have examined the adverse effects of BMAA on different aquatic organisms. For example, BMAA inhibited the oxidative stress defense and biotransformation enzymes of Daphnia magna (Straus, 1820) (Esterhuizen-Londt et al., 2015), altered phototaxis in brine shrimp Artemia salina (Linnaeus, 1758) (Purdie et al., 2009a), and caused abnormal spinal axis formation and some degree short-term learning and memory deficit in zebrafish Danio rerio (Hamilton, 1822) (Purdie et al., 2009b; Wang et al., 2020a). The combined evidence of these animal studies suggests that BMAA causes disease consistent with ALS/PDC.

Multiple toxicological mechanisms for BMAA neurotoxicity have been proposed. The role of BMAA as a glutamate receptor agonist has been deemed a key toxicological mechanism affecting motor neurons. In humans, an over-stimulation of glutamate and glutamatergic pathways may contribute to the development of various neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease (Salińska et al., 2005). BMAA has been shown to react with bicarbonate   to produce a β-carbamate that, in turn, acts as an agonist due to its structural homology to glutamate (Weiss and Choi, 1988). Most glutamate receptors including NMDA, AMPA/kainate, and metabotropic receptors are sensitive to the β-carbamate of BMAA (Rao et al., 2006; Lopicic et al., 2009; Chiu et al., 2012). Subsequently, an increase in intracellular Ca2+ further damages the mitochondria of neurons, promotes endoplasmic reticulum stress, and induces cell apoptosis (Delcourt et al., 2018). In addition, the competition of BMAA with cystine at the cystine/glutamate antiporter (system Xc-) could also lead to glutathione depletion and aggravate oxidative stress (Albano and Lobner, 2018). In a rat model, neonatal exposure to BMAA increased protein ubiquitination in the cornus ammonis 1 region of the adult hippocampus indicating that BMAA may induce protein aggregation (Hanrieder et al., 2014).

The ubiquity of BMAA in marine seafood products increases the potential for human exposure to this neurotoxin (Lance et al., 2018; Li et al., 2018; Wang et al., 2021). Further, the health risk of BMAA to marine fauna is poorly documented. The embryonic development and early life stages (ELS) of mollusks and fish may be influenced by environmental BMAA released through diatom metabolism or from the broken cells of BMAA producers. It is important to assess the risk of BMAA exposure to marine animals in order to understand the risk to aquatic ecosystems.

The early life stages of marine bivalves have been used to develop toxicity bioassay models and assess the ecological effects of marine pollutants due to the transparency of embryo and larva, fast development, high-throughput screening format, and their sensitivity to contaminants (Capela et al., 2020). Mussels and oysters are commonly used as model organisms in marine/brackish ecotoxicology due to their economic and ecological significance for the near-shore ecosystem. In addition, the ELS of fish, such as marine medaka Oryzias melastigma, have been used as biologically significant endpoints to evaluate the effects of pollutants on aquatic teleosts (Wang et al., 2020b).

In this study, embryos of mussel (Mytilus galloprovincialis), Pacific oyster (Magallana gigas), and marine medaka (O. melastigma) were used to assess the ecotoxicological effects of the neurotoxin BMAA through exposure to dissolved toxin in seawater. The rate of development, malformation ratio, and heart rate were recorded along with morphological observations to evaluate the toxicological mechanisms of BMAA.



2 Materials and methods


2.1 Chemicals

Standard reference material of L-BMAA hydrochloride (B107, 50 mg) was obtained from Sigma-Aldrich (Oakville, ON, Canada). Hydrochloric acid (HCl) was obtained from Sinopharm Chemical Reagent. The BMAA·HCl was dissolved in 2 mM HCl at 5 g/L to create a stock solution. The assay kit for ATP concentration was obtained from Solarbio (Beijing, China). The water used in these experiments was purified by a Milli-Q ultrapure water system (Millipore SAS, Molsheim, France) to 18.2 MΩ cm.



2.2 Animal gametes and fertilization

Sexually mature mussels (M. galloprovincialis) obtained from a local breeding farm in Qingdao, Shandong Province, China, between March and May 2020, were transferred to the laboratory and acclimatized in tanks containing natural seawater for 48 h. The collection of mussel gametes was carried out within a 2-day window during the period of spontaneous spawning. Each spawning individual was placed in a 250 mL beaker containing 200 mL of aerated 0.45 μm filtered seawater (FSW) until complete gamete release. The sperm and eggs of mussels were sieved through 50 μm and 90 μm meshes, respectively, to remove impurities after spawning. Egg quality (shape, size) and sperm motility were checked using an inverted microscope. Eggs were fertilized by adding sperm (1:10 ratio) in 6-well plates (NEST, Naisi Life Technology Co., Ltd., Wuxi, China). After 30 min, successful fertilization (n. fertilized eggs/n. total eggs × 100) was checked by microscopic observation (>85%) (Balbi et al., 2018).

Sexually mature Pacific oysters (M. gigas) were collected from a local breeding farm in Qingdao, Shandong Province, China, between May and August 2020, and transferred to the laboratory and acclimatized using the same method descried above. The oyster gametes were collected by dissection within a 7-day period. Gametes were transferred from the oyster gonads to 0.45 μm FSW using a pipette. The washing and fertilization procedure for these gametes used the same method described above.

Five-month-old male and female marine medaka were quartered in 10-L glass aquaria with 6-L natural seawater at 28 ± 1°C, with a 14:10 h light-dark cycle. Marine medaka were fed with Artemia nauplii three times a day, and the excreta was removed daily. The males and females of medaka were paired with equal individuals in a breeding aquarium before spawning. Spawned eggs were collected the next morning (8:00-9:00 am), rinsed with FSW, and examined under a stereomicroscope (Zhongheng Instrument Ltd., Shanghai, China) to ensure fertilization.



2.3 BMAA exposure experiments for bivalve embryos

Mussel embryos exposed to BMAA were observed for 48 h in 48-well microwell plates containing 1 mL of liquid per well. A total of 25 embryos were exposed in each well with a range of different concentrations of BMAA including a zero blank control (FSW only), solvent control (2 mM HCl in FSW), 50 (0.32 μM), 100 (0.65 μM), 200 (1.29 μM), 400 (2.59 μM) and 800 (5.18 μM) μg BMAA·HCl/L in FSW. Each treatment was prepared in triplicate. Microplates were maintained at 16 ± 1°C for 48 h, with a 16 h: 8 h cycle of light: dark.

The bioassay for oyster embryos was carried out using the same method described above, except using higher concentrations of BMAA: 800 (5.18 μM), 1200 (7.77 μM), 1600 (10.36 μM), 2000 (12.94 μM) and 2400 (15.53 μM) μg BMAA·HCl/L. Each treatment was prepared in triplicate and the microplates were incubated at 24 ± 1°C for 24 h in the dark.

At the end of the incubation period, samples were fixed with a buffered formalin (4%) solution. All larvae in each well were examined using an inverted microscope (Olympus, Milano, Italy). A larva was considered normal when its shell was D-shaped (straight hinge) and the mantle did not protrude out of the shell. Meanwhile, a malformed embryo was defined as not reaching the normal 48 hours post fertilization (HPF) stage for mussels and not reaching the 24 HPF for oysters (trochophore or earlier stages) or considered malformed if other developmental defects were observed (concave, malformed or damaged shell, protruding mantle). The recorded endpoint was the percentage of normal D-larvae (D-veligers) in each well relative to the total number, including malformed larvae and pre-D stages. The blank control with only seawater and solvent control with HCl were run in parallel, and no obvious effects of HCl solvent on the embryo development were observed even at the highest concentration of HCl added in seawater.

To calculate the EC50 values of BMAA for mussel and oyster embryos, the percent of biological response was modified by the solvent control following the equation:

	

where P is the modified response (%), Po is the observed initial response (%) and Pc is the control response (%) (His et al., 1999).

In addition, the length (the anterior-posterior dimension of the shell parallel to the hinge line) and height (the dorsal-ventral dimension perpendicular to the hinge) of mussel D-veligers at 48 HPF in different experimental groups were also measured under an inverted microscope (Kurihara et al., 2008).



2.4 BMAA exposure experiments for marine medaka embryos

To evaluate the effects of BMAA on the embryonic development of fish, 15 embryos (3-5 HPF) of medaka were selected and exposed to FSW (blank control), FSW with 2 mM HCl (solvent control), and 20 (0.13 μM), 200 (1.29 μM), 2000 (12.9 μM), 20000 (129 μM) μg BMAA·HCl/L in each treatment until hatching. Embryonic development was examined every day under an inverted microscope (Olympus, Milano, Italy) equipped with a color CCD camera. Several sublethal endpoints were observed during the exposure period, including developmental rate (occurrence/percentage of head bud at 24 HPF and eye pigmentation at 48 HPF), heart beat at 6 days post fertilization (DPF) and 9 DPF, hatching time-course and hatching success rate, cumulative mortality and mortality ratio at four developmental periods, morphological abnormality, malformed characteristic (Wang et al., 2020b). Embryos were judged as dead if they turned opaque and/or white in early developmental stages and if a heart beat could not be observed in the later stages. Dead embryos were counted and removed daily. The solutions were renewed once after three days. A hatching failure was recorded if the embryo did not hatch within 18 days.



2.5 Effect of BMAA on the ATP concentration of marine medaka embryos

The ATP concentration of medaka embryos was determined using an ATP assay kit (Solarbio, Beijing, China). Embryos (3-5 HPF) were exposed to FSW (blank control), FSW with 2 mM HCl (solvent control), and 20000 μg BMAA·HCl/L. Based on previous experiments (tested in section 2.4), embryos started to hatch at 10 DPF. Thus, embryos were collected at 9 DPF, i.e. one day before hatching, to test for ATP. Embryos and ATP extract solvent were mixed at a ratio of 1:10 (embryo weight: ATP extraction volume, m/v) and were homogenized within an ice bath. The homogenates were centrifuged at 8000 ×g, 4°C for 10 min. Supernatants were collected and chloroform was added. The mixed liquid was centrifuged at 10000 ×g, 4°C for 3 min. Supernatants were collected and 20 μL were transferred to a 96-well plate. The ATP reaction solution was added to these samples in each well. The ATP concentration was analyzed at 340 nm using a Synergy MX microplate reader after gently shaking the mixture.



2.6 Statistical analysis

All data were expressed as means ± standard deviations (SDs). The EC50 values for BMAA were calculated by probability unit conversion and analysis (Giannuzzi et al., 2021). Statistical analysis was performed using the IMB SPSS Statistics V25.0 software (IBM Corporation, New York, USA). Results were initially tested for normality and equality of variance (Levene’s test, 5% risk). Percentage data were arcsine transformed to achieve normality and equality of variance criteria. If assumptions of homogeneity of variances were satisfied, one-way analysis of variance (ANOVA) followed by LSD’s test was used. A p-value< 0.05 indicated a statistically significant result.




3 Results


3.1 Survival

The embryo mortality of mussel and oysters were less than 20% and 10%, respectively, in all experimental groups (Figure S1). No acute lethal effect of BMAA on either bivalve was observed in this study. Accumulative mortality of marine medaka did not significantly differ between the solvent controls and BMAA exposure treatments (Figure S2). The LC50 value of marine medaka embryo was higher than 20000 μg BMAA·HCl/L.



3.2 Effects of BMAA on the development of bivalve embryos

The effects of BMAA exposure on the embryonic development of mussel and oysters are summarized in Figure 1. The percentage of normal D-veligers in the mussel embryo bioassay decreased with rising concentrations of BMAA (Figure 1A), and no normal D-veligers were found in the BMAA exposure treatments at 400 and 800 μg BMAA·HCl/L. The percentage of mussel trochophores gradually increased with the concentration of BMAA in the exposure groups, and all embryos were blocked at the trochophore stage in the 400 and 800 μg BMAA·HCl/L treatments. Furthermore, the percentage of malformed D-veligers also positively increased as the BMAA increased from 0 to 200 μg BMAA·HCl/L.




Figure 1 | Percentage of trochophores, normal D-veligers, and malformed D-veligers of mussel (Mytilus galloprovincialis) at 48 hours post fertilization (HPF) (A) and oyster (Magallana gigas) at 24 HPF (B) in the BMAA exposure experiments. Note: An equivalent volume of 2 mM HCl used in the highest BMAA exposure treatments was added into the culture wells as a solvent control, which was labeled as a zero concentration of BMAA. Only the percentage of trochophores between control group and BMAA exposure treatments were statistically analyzed. An asterisk indicates the results were significantly difference at p< 0.05.



Within the oyster embryo bioassay (Figure 1B), the percent variation of normal D-veligers and trochophores of oysters demonstrated similar trends as those seen with the mussel embryos from 0 to 2400 μg BMAA·HCl/L treatments. However, the percentage of malformed oyster D-veligers was less than 10% and did not significantly change between different BMAA treatments.

The modified responses of mussel and oyster embryos demonstrated that the mussel embryos were more sensitive to BMAA exposure than oyster embryos (Figure S3). The dose-response curves for mussel and oyster embryos exposed to BMAA were shown in Figure 2. Finally, the 48 h-EC50 for mussel embryos was 196 μg BMAA·HCl/L (1.27 µM), and the 24 h-EC50 for oyster embryos was 1660 μg BMAA·HCl/L (10.7 µM) (Table 1).




Figure 2 | Modified malformation ratios of mussel (Mytilus galloprovincialis) embryos at 48 hours post fertilization (HPF) (A) and oyster (Magallana gigas) embryos at 24 HPF (B) during the BMAA exposure experiments.




Table 1 | The EC50 values calculated by the malformation ratios of different embryos exposed to BMAA.



To assess the impact of BMAA on the growth and development of mussel embryos, the shell length and height of normal D-veligers at 48 HPF were calculated (Figure 3). The mussel shell size significantly reduced when the embryos were exposed to BMAA at 100 and 200 μg BMAA·HCl/L.




Figure 3 | Shell size of normal D-veligers at 48 HPF in the mussel (Mytilus galloprovincialis) embryos following exposure to BMAA. Note: An equivalent volume of 2 mmol/L HCl used in the highest BMAA exposure treatments was added into the culture wells as a solvent control group and labeled as a zero concentration of BMAA. The different letters indicate a significantly different result between treatments (p< 0.05).





3.3 Effects of BMAA on development and ATP concentration within marine medaka embryos

The development of head bud (1 DPF) and eye pigmentation (2 DPF) were above 90% in all treatments (Figure S4). No significant difference between the developmental rates of medaka embryos occurred in the solvent control and BMAA treatments. The heart rate of embryos recorded at 6 DPF indicated no differences between treatment groups (Figure 4). However, the heart rate of embryos at 9 DPF were reduced in a dose-dependent manner when exposed to BMAA at 200, 2000 and 20000 μg BMAA·HCl/L.




Figure 4 | Heart rates measured at 6 days post fertilization (DPF) and 9 DPF in marine medaka (Oryzias melastigma) embryos exposed to BMAA. Note: An equivalent volume of 2 mM HCl used in the highest BMAA exposure treatments was added into the culture wells as solvent control group and labeled as a zero concentration of BMAA. The different letters indicate a significantly different result between treatments (p< 0.05).



The hatching rates of marine medaka embryos slightly increased with rising BMAA concentrations but no statistical difference between solvent control and exposure treatments were found (Figure S5A). We note that the error bars between replicates showed that variation in the hatching rate in BMAA exposure treatments were higher than that in the solvent control group. The hatching time-course of medaka embryos was not obviously affected by BMAA exposure in this study (Figure S5B). In addition, no observed changes for the development of eye melanin in medaka embryos were found in the BMAA exposure treatments.

No significant differences were found in the ATP concentrations between blank controls and solvent controls used with the medaka embryos, which demonstrated that the additional low concentration of HCl did not affect the ATP concentration of medaka embryos. Although the result was not statistically significant, the ATP concentration of medaka embryos exposed to 20000 μg BMAA·HCl/L decreased and expressed relatively large variation within the replicated groups (Figure 5).




Figure 5 | The ATP concentrations in marine medaka (Oryzias melastigma) embryos at 9 days post fertilization (DPF) in different treatments. An equivalent volume of 2 mM HCl was added into the culture well as a solvent control group.






4 Discussion

BMAA is hydrophilic and can be accumulated by shellfish and marine opossum shrimp (Neomysis awatschensis) through water filtration (Baptista et al., 2015; Wang et al., 2020a). Prior research has demonstrated that soluble BMAA was directly transferred to marine organisms from a seawater medium (Baptista et al., 2015; Wang et al., 2020a). Exogenous BMAA has been shown to disrupt the antioxidant system and cause significant DNA damage in the hemocytes of freshwater bivalves (Contardo-Jara et al., 2014; Lepoutre et al., 2018).

To further explore the toxicological effects of BMAA dissolved in seawater environments on marine bivalves and fish, we examined the external fertilization and early development of bivalve and fish embryos exposed to exogenous BMAA. We did not find a lethal effect on mussel and oyster embryos exposed to BMAA at the experimental dose used here, but demonstrated that embryo development was markedly inhibited (Figure 1). The development of all mussel embryos was delayed at the trochophore stage (48-hours post fertilization, HPF) by exposure to BMAA concentrations of 400 and 800 μg BMAA·HCl/L (Figure 1A). Comparatively, the oyster embryos were not sensitive to BMAA exposure as 25% of the embryos entered the D-veliger stage from the trochophore stage at 24 HPF while exposed to 2400 μg BMAA·HCl/L (Figure 1B). This discrepancy suggests that sensitivity to BMAA exposure during embryogenesis was interspecific in bivalves. Due to the delayed development process, the malformation rate of bivalve embryos was modified and used to calculate the EC50 values for mussel (48 h) and oyster (24 h) embryos at 1.27 and 10.7 µM BMAA, respectively (Table 1). In our previous study, the fertilization and development of sea urchin embryos were also significantly inhibited by BMAA above 300 μg/L (2.54 μM), and EC50 value calculated by the percent of active swimming larvae was 1.4 µM BMAA (Li et al., 2020). Therefore, the EC50 values for mussel and sea urchin embryos were similar, which was significantly lower than that for oyster embryos. Similar sensitivities during embryogenesis were noted among sea urchins, mussels, and copepods exposed to aromatic hydrocarbons found in heavy fuel oil (Saco-Álvarez et al., 2008). The sensitivity discrepancy we noted in bivalve embryos exposed to BMAA suggests that oysters have a relatively high resistivity to environmental contaminants. In this current study, we did not observe significant changes in the fertilization efficiency of oyster sperm exposed to a high concentration of BMAA 3200 μg BMAA·HCl/L (20.7 µM) (Figure S6). This is in contrast to our previous observations of the fertilization ability of sea urchin sperm which were significantly reduced after exposure to 500 μg BMAA/L (4.24 µM) for 10 min (Li et al., 2020). This difference further supports the conclusion that both gametes and embryos of oysters were more resistant to BMAA than those of sea urchins.

In addition to the delayed bivalve embryogenesis, as discussed above, the shell size of normal D-veliger also decreased with increasing BMAA concentrations. In recent studies, the larval shell formation of oysters was shown to be modulated by monoamine neurotransmitters, 5-HT and dopamine (DA), through the TGF-β smad pathway, triggering the expression of tyrosinase to form the initial shell which further inhibited the expression of chitinase at the trochophore stage (Liu et al., 2018; Liu et al., 2020). Interestingly, DA levels were altered in the central nervous system of adult rats and reduced in the substantia nigra of the rat brain due to the loss of tyrosine hydroxylase (TH)-positive dopaminergic neurons following BMAA exposure (Santiago et al., 2006; Scott and Downing, 2019). For aquatic animals, the expression of dopamine D4 receptor (DRD4) and monoamine oxidase A (MAOA) were also differentially down-regulated in the brain of mangrove rivulus fish (Kryptolebias marmoratus) exposed to BMAA at 15 mg/L (Carion et al., 2020). The inhibition of DA and serotonin biosynthesis were hypothesized to explain the destruction of swimming ability of sea urchin larva (Li et al., 2020). We here hypothesize that disruption or inhibition of 5-HT and/or DA biosynthesis were possibly responsible for the inhibitory effects of BMAA on shell formation and growth of shellfish embryos in this current study.

The heart development is a key process for successful embryogenesis of fish. The delivery of nutrients necessary for growth would be reduced if cardiac function was impaired by either heart malformations or a reduced heartbeat. The heart rate of marine medaka larvae was significantly reduced in a dose-dependent manner at 9 DPF, in this study (Figure 4). This same effect has been noted in previous studies using the freshwater zebrafish larvae model exposed to BMAA (Purdie et al., 2009b; Wang, 2015). The embryonic heartbeat of zebrafish was linked to several ionic currents including sodium, T-type and L-type calcium and several potassium currents (Rottbauer et al., 2001). Increased Ca2+ in the sarcoplasmic reticulum caused delayed post depolarization and arrhythmia in this model (Zhang et al., 2016). Likewise, the β-carbamate adduct of BMAA could act on glutamate receptors to activate Ca2+ influx into cells through NMDA receptors and result in the accumulation of intracellular Ca2+ (Salińska et al., 2005). Recently, it has been confirmed that the endoplasmic reticulum releases Ca2+ in rat primary motor neurons (Petrozziello et al., 2022). Glutamate receptors exist not only in the CNS, but also in other non-neuronal tissues such as the heart, pancreas and skin (Skerry and Genever, 2001; Mueller et al., 2003). In the current study, the decreased embryonic heart rate of medaka was possibly caused by the abnormal activation of glutamate receptors resulting in an increase of intracellular Ca2+ in embryonic cardiomyocytes as a direct consequence of BMAA exposure.

Mitochondrial dysfunction could lead to cardiac developmental defects because the cardiac contraction and relaxation processes relies on ATP biosynthesis by the mitochondria. Our results demonstrated that the average content of ATP in medaka embryos treated with BMAA at 9 DPF was slightly lower than that of the control group but with greater variation (Figure 5). However, an increase of intracellular ATP levels occurred in a fish immune cell line (CLC) exposed to 1.5 mM BMAA without dose-dependence, which indicated that the BMAA exposure could alter ATP biosynthesis (Sieroslawska and Rymuszka, 2019). It is possible that BMAA could affect mitochondrial function via multiple mechanisms in different species (Chiu et al., 2012).

The indexes of eye, heart and hatching rate are commonly used to assess the embryogenesis development of fish in toxicological tests. The eyes of medaka embryos begin to develop at about 28 HPF, and the optic choroidea darken because of melanin pigmentation at about 50 HPF (González-Doncel et al., 2005). In the present study, the development of eye melanin in medaka embryos was not significantly affected by BMAA. Reportedly, BMAA binds to melanin and neuromelanin cells in animals, which may lead to changes in the structure and characteristics of melanin and neuromelanin. Long term exposure to BMAA possibly caused the disintegration of melanin polymers in cells containing melanin and neuromelanin (Karlsson et al., 2009). Although no obvious effect of BMAA on melanin synthesis in medaka embryos was found, its possible impact on the later life development of medaka embryos could not be excluded.

The hatching rate of medaka embryos was not affected by BMAA. The majority of embryos in all treatments hatched in the time interval from 10 to 14 DPF. No effect of BMAA on the incubation time of zebrafish embryos was observed in previous studies using even higher concentrations of BMAA (50 and 100 mg/L) (Purdie et al., 2009b; Wang, 2015). The BMAA exposure did not cause abnormal death of medaka embryos in this study, which is similar to a previous study on freshwater fish (Wang, 2015). We observed a reduction in the heart rate of medaka embryos at 9 DPF, which could have an effect on the later developmental stages of medaka embryos. In prior in vivo experiments, almost no acute lethal effect was recorded and abnormal biological behaviors were observed only following the injection of BMAA at even higher concentrations (Chiu et al., 2011; Delcourt et al., 2018; Wang et al., 2020a). Long-term observations of aquatic organisms exposed to BMAA are needed to assess its full ecological impact.



5 Conclusions

The adverse effects of BMAA on the early embryo development of marine bivalves and marine medaka were explored and discussed in this study. We documented the sublethal effects of BMAA on the embryogenesis and growth of bivalve and fish embryos. The embryonic development and growth of mussel and oyster larvae, as well as the shell formation and growth of mussel larvae, were inhibited by BMAA exposure. Comparatively, mussel embryos were more sensitive to BMAA than oyster embryos. Arrhythmias and a slight reduction of average ATP concentration occurred in marine medaka embryos exposed to BMAA. Long-term effects of BMAA on the production and development of aquatic organisms should be explored in future research.
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The dinoflagellate Noctiluca scintillans is a harmful algal species that is globally distributed and poses a certain threat to marine ecosystems. Recent research has shown that the application of algicidal bacteria is a promising method to prevent and control such harmful algal blooms (HABs), given its advantages of safety and efficiency. In this study, a strain of algicidal bacterium LD-B6 with high efficiency against N. scintillans was isolated from the coastal waters of Lianyungang, China. 16S rDNA sequence analysis showed that the strain LD-B6 belongs to the genus Pseudoalteromonas. Furthermore, the algicidal effect of LD-B6 on N. scintillans was investigated. The results showed that strain LD-B6 exerted strong algicidal activity against N. scintillans. After 12 h of bacterial culture addition to algal cultures at a 2% final volume rate, the algicidal activity reached 90.5%, and the algicidal activity of LD-B6 was influenced by the density of N. scintillans. In addition, the algicidal bacterium LD-B6 was found to indirectly lyse algal cells by secreting extracellular compounds. These algicidal compounds were stable, indicating that they are not proteins. Importantly, strain LD-B6 was broadly general, showing varying degrees of lysing effects against five of the six algal species tested. On the basis of the described studies above, the algicidal powder was also initially developed. In summary, the isolated bacterial strain LD-B6 shows the potent algicidal capability to serve as a candidate algicidal bacterium against N. scintillans blooms.
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Introduction

Blooms usually refer to the phenomenon documented when some microalgae, protozoa, or bacteria over-proliferate or accumulate in aquatic environments, causing water discoloration. The international scientific community collectively refers to harmful algal blooms (HABs) as for those harmful or toxic blooms (Anderson et al., 2002; Grattan et al., 2016). In recent years, there has been a significant increase in the scale and frequency of HABs with the intensification of water eutrophication, global warming, ocean acidification, and other phenomena (Griffith and Gobler, 2020; Karlson et al., 2021; Sha et al., 2021).

The dinoflagellate Noctiluca scintillans is a harmful algal species with a global distribution that has caused severe HABs in many coastal waters around the world, posing a significant threat to fishery resources and marine ecosystems (Qi et al., 2019; Piontkovski et al., 2021). According to the differences in nutritional requirements, there are two forms of N. scintillans: Red and green (Harrison et al., 2011). Red N. scintillans is a heterotrophic plankton. In contrast, green N. scintillans is a mixoplankton that contains a photosynthetic symbiont, Pedinomonas noctilucae (a prasinophyte). Although N. scintillans does not produce phytotoxins or other toxins, its bloom secretes a large amount of mucus that adheres to fish gills and causes suffocation (Tan et al., 2002). Most importantly, it may cause hypoxia in the surrounding environment and release a high concentration of ammonia when the bloom declines, which not only impact aquaculture but also have a detrimental effect on aquatic environments (Montani et al., 1998; Miyaguchi et al., 2008; Zhang et al., 2017). In addition, the food vacuoles of N. scintillans have been found to contain toxigenic microalgae, suggesting that N. scintillans may act as a vector of phycotoxins to higher trophic levels (Escalera et al., 2007). Due to such harmful attributes of N. scintillans blooms, it is particularly important and urgent to carry out related research on its prevention and control.

In this regard, physical, chemical, and biological methods have been proposed for controlling the HABs (Anderson, 2009). The use of modified clay is one of the most common physical methods (Liu et al., 2016; Yu et al., 2017). The chemical approach refers to the use of foreign additives such as chemical reagents (Geciova et al., 2002; Maršálek et al., 2020). However, the implementation of chemical and physical methods for the management of HABs is still limited due to the disadvantages of high cost, poor specificity, and secondary pollution (Yu et al., 2017). Biological methods such as the use of algicidal bacteria have been widely studied in the control of HABs because of their advantages of safety and efficiency (Wang et al., 2020; Coyne et al., 2022). Studies have shown that about 50% of the algicidal bacteria belong to the Cytophaga/Flavobacterium/Bacteroidetes (CFB) group, and about 45% belong to Gammaproteobacteria. The remaining bacteria are from the Gram-positive genera Micrococcus, Bacillus, and Planomicrobium (Roth et al., 2008). Algicidal bacteria generally attack the target algae through two strategies: directly by being in contact with algal cells and indirectly by competition or secretion of extracellular active compounds by the bacteria (Azam, 1998). The mechanisms associated with algicidal bacteria mainly include a few pathways, like the destruction of cell structure, the change in enzyme activity, and the influence of algal photosynthesis or respiration (Zhang et al., 2020a; Chen et al., 2022). A large number of highly efficient algicidal bacteria have been recently isolated from various eutrophic regions (Lu et al., 2016; Zheng et al., 2018; Li et al., 2022). However, few studies have isolated algicidal bacteria against N. scintillans despite the potential impacts discussed above. At present, only Marinobacteria salsuginis BS2 (Gammaproteobacteria) has been documented to show algicidal activity against N. scintillans (Keawtawee et al., 2011).

In this study, the isolation of an efficient N. scintillans algicidal bacterium from the coastal waters of Lianyungang, China, is reported. The strain was identified by 16S rDNA sequence analysis. Its algicidal effects against red N. scintillans were also explored. We have also developed a preliminary algicidal powder based on the nascent research for future N. scintillans algal bloom management.



Materials and methods


Noctiluca scintillans cultures

The red N. scintillans strain was originally isolated from the coastal waters of Lianyungang, China (October 2020). Briefly, N. scintillans single cell was isolated with a large-diameter pipette based on the morphology and maintained in sterilized seawater (salinity of 30‰), which was prepared by filtration (0.22 μm filter) and autoclaving of in situ seawater. The culture was incubated at 20°C under light (100 μE m–2 s–1, 14: 10 h light–dark cycle) and with Tetraselmis subcordiformis as the prey (Wu et al., 1994; Luo et al., 2022).

To inhibit the growth of excess bacteria in the algae, N. scintillans cultures of 100 mL were pretreated with an antibiotic mixture of 100 μL ampicillin (200 mg/mL), kanamycin (100 mg/mL), and streptomycin (100 mg/mL) before the experiment. In preliminary experiments, this antibiotic mixture did not adversely affect the growth of N. scintillans.



Isolation, screening, and identification of algicidal bacteria

We collected surface seawater from a phytoplankton bloom in the coastal waters of Lianyungang, China (34°46’57"N, 119°27’8"E) (Zhang et al., 2022). The water samples were serially diluted 10-fold with sterilized seawater, and 0.2 mL of each 10-fold serially diluted dilution was spread onto 2216E (10 g L–1 of tryptone, 2 g L–1 of yeast extract, 0.2 g L–1 of ferrous sulfate, and 1.0 L seawater) agar plates and incubated at 28°C for 48 h. The single colonies with significant differences in morphology were selected to obtain pure strains.

In order to screen the strains with algicidal activity against N. scintillans, we conducted pre-experiments in 24-well plates. All the purified strains were inoculated in 100 mL 2216E medium and cultured at 28°C, 180 rpm to their exponential growth period (OD600: 0.6–0.8). The bacterial culture was inoculated into 1 mL (10 cells mL–1) of algae cultures at 2 and 5% volume ratio, and an equal volume of sterilized 2216E medium and natural seawater was added to the algal cultures as control and blank groups, respectively. Bioassays were performed in triplicate, and all experiments were conducted during the light phase of the light cycle (20°C). The algal cells were counted at 4, 8, and 12 h to calculate the algicidal activity as follows:
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where Nc and Nt represent the cell concentrations of N. scintillans measured in the control and experimental groups, respectively.

The cell density of N. scintillans was counted using a macroscopic observation because the cells are large enough (∼200–2,000 μm in diameter) to be seen by the naked eye (Zhang et al., 2020b). Gently shake the algal culture and collect 1 mL of culture for cell counting. Counting was performed three times in triplicate.

The morphological changes of algae cells were also examined and recorded under an inverted microscope to confirm the algicidal effect. The most effective and stable algicidal strain was selected for follow-up experiments.

Individual colonies of the screened algicidal bacterium were picked in 50 μL ddH2O (double distilled water), incubated at 100°C for 10 min, and then quickly transferred to ice. The bacterial lysate was taken as a template, and its 16S rDNA was amplified by PCR using the universal primers 16S-27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 16S-1492R (5′-TACGGYTACCTTGTTACGACTT-3′) for bacterial identification (DeLong, 1992). PCR amplification was performed in a 25 μL amplification volume, which contained 1 μL of each primer (10 μM), 2 μL of template, 12.5 μL of 2 × Accurate Taq Master Mix (Accurate Biology, China), and 8.5 μL ddH2O. An initial denaturation period of 95°C for 5 min, followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, and the final extension at 72°C. Then the amplicons were sent to MAP (MAP Biotech, Shanghai, China) for sequencing. The obtained sequences were compared with those from the database for homology analysis using BLAST from the National Center for Biotechnology Information (Altschul et al., 1990). Multiple 16S rDNA sequences were aligned using ClustalW (Thompson et al., 2003). After removing the variable regions at both ends, 1,216 nucleotides positions were selected for phylogenetic analysis using the maximum-likelihood method with the Tamura-Nei model (1,000 bootstrap replications) in the MEGA 7.0 program (Kumar et al., 2016).



Algicidal activity of LD-B6

Among 45 isolates, strain LD-B6 was chosen for further analysis. The LD-B6 strain was inoculated in 100 mL 2216E medium and cultured at 28°C, 180 rpm to their exponential growth period to obtain the LD-B6 cultures (Supplementary Figure 1). In order to assess the algicidal activity of different final concentrations of LD-B6 against N. scintillans, LD-B6 cultures were added to the pretreated (antibiotic-treated) algal cultures with different volume ratios (0.5, 1, 2, and 5%). To elaborate, 0.25, 0.5, 1, and 2.5 mL of bacterial cultures were added to 50 mL (10 cells mL–1) of the pretreated algal cultures. The same volume of sterilized seawater and 2216E medium was added to 50 mL of N. scintillans cultures as blank and control, respectively. All treatments were performed in triplicate and conducted during the light phase of the light cycle (20°C). The algal cells were counted after 4, 8, and 12 h of treatment, and the algicidal activity was calculated as described above.

To investigate the algicidal effect of LD-B6 on different densities of algal cultures, a 2% volume of cell-free supernatant of LD-B6 was added to 50 mL of the pretreated N. scintillans algal cultures with initial densities of 10, 30, and 50 cells mL–1, respectively. Also, a 2% volume of sterilized 2216E medium was used as a control. All experiments were performed in triplicate and conducted during the light phase of the light cycle (20°C). The algal cell concentration was counted at 12 h, and the algicidal activity was calculated as described above.



Analysis of the algicidal mechanisms of LD-B6

To study the algicidal mode of LD-B6 against N. scintillans, the bacterial culture was treated in different ways: first, strain LD-B6 was inoculated in 100 mL of sterilized 2216E medium and cultured at 28°C, 180 rpm to their exponential growth phase to obtain the bacterial cultures, and then 10 mL bacterial cultures were collected and centrifuged at 12,000 rpm for 10 min. The collected supernatant was filtered with a 0.22-μm membrane to obtain the cell-free supernatant. The remaining cells were washed thrice with sterilized seawater and resuspended in 10 mL of sterilized seawater to obtain bacterial cells. The bacterial culture, cell-free supernatant, and bacterial cells were added to 50 mL (10 cells mL–1) of the pretreated algal cultures at the optimum concentration of 2% (v/v) to investigate the algicidal activity of these fractions. In addition, the same amounts of sterilized 2216E medium were added to the algal culture as the experimental control. All experiments were performed in triplicate and conducted during the light phase of the light cycle (20°C). The algal cells were counted after 4, 8, and 12 h of treatment, and the algicidal activity was calculated as described earlier.



Stability of the LD-B6 cell-free supernatant

To examine the stability of the cell-free supernatant of strain LD-B6, the effect of different treatments on algicidal activity was investigated. The LD-B6 cell-free supernatant was incubated at different temperatures of −80, −20, 0, 15, 30, 60, and 100°C for 2 h, and then thawed or cooled to room temperature. The LD-B6 cell-free supernatant was adjusted to pH 3, 8, and 12 using NaOH or HCl and then adjusted back to the initial pH of 8 after 2 h. The supernatants treated in these two ways were inoculated into 50 mL (10 cells mL–1) of the pretreated algal cultures at 2% (v/v). All treatments were performed in triplicate and conducted during the light phase of the light cycle (20°C). The algicidal activity was calculated at 12 h to test the heat and acid-base tolerance of the cell-free supernatant. The algal cell count and the algicidal activity were computed as described above.

LD-B6 cell-free supernatant tubes were then put in liquid nitrogen for 5 min. They were taken it out and thawed in a thermostat water bath at 65°C, and this freeze-thaw step was repeated three times. The supernatant was cooled to room temperature and inoculated into 50 mL (10 cells mL–1) of the pretreated algal cultures at 2% (v/v). All experiments were performed in triplicate and conducted during the light phase of the light cycle (20°C). The algal cells were counted at 4, 8, and 12 h to calculate the algicidal activity. The algal cell counting and algicidal activity computations were as described above.



Algicidal activity of LD-B6 on several HABs species

The algicidal efficiency of strain LD-B6 against typical HAB species was tested, including dinoflagellates (N. scintillans CCMA-LYG006, Prorocentrum micans CCMA-NT010, Gymnodinium impudicum CCMA-LYG009, and Heterocapsa steinii CCMA-LYG002), raphidophytes (Heterosigma akashiwo CCMA-LYG001), and diatoms (Skeletonema costatum CCMA277). Among them, P. micans was isolated from Nantong, China. S. costatum was provided by the Center for Collection of Marine Algae at Xiamen University. The rest strains were isolated from Lianyungang, China. Among them, S. costatum was cultured in the F/2 medium, and the other algae were cultured in the F/2-Si medium (Guillard, 1975). All algal cultures were incubated at 20°C under a 14: 10 h light–dark cycle with a photon flux of 100 μE m–2 s–1.

Flasks containing 50 mL of each species in an exponential growth period were inoculated with LD-B6 cultures at a final volume ratio of 2% (v/v). The same amounts of sterilized 2216E medium were used as controls. All treatments were performed in triplicate and incubated at 20°C. Algal cell concentrations were counted after 24 h. The cell concentration of N. scintillans was determined using macroscopic observations, and the algal cell density of other cultures was counted using a Sedgwick-Rafter chamber under a microscope.



Algicidal powder production and application

Here, sawdust was selected as a carrier for LD-B6 immobilization. Briefly, sawdust was sterilized twice, dried, and used as the carrier. The carrier was added to the bacterial culture in the stable growth phase of LD-B6 at a mass fraction of 15% and then placed at 28°C and 180 rpm for co-incubation for 6 h to facilitate the sufficient adsorption of the sawdust. The un-adsorbed bacterial culture was removed by a screen mesh, and the adsorbed sawdust was placed on a glass petri dish and freeze-dried for 24 h. The lyophilized powder was stored at 4°C.

To assess the effectiveness of algicidal powder, 0.1 g of powder was added to 50 mL (10 cells mL–1) of the pretreated algal cultures, and the same volume of sterilized sawdust was added to 50 mL of N. scintillans cultures as control. All treatments were performed in triplicate and conducted during the light phase of the light cycle (20°C). The algal cells were counted at 12 h, and the algicidal activity was calculated as described above.



Statistical analyses

All experiments were performed in triplicate, and data were presented as mean ± standard deviations. Statistical analyses were performed using SPSS16.0 software, and the significant differences among treatments in this study were analyzed by one-way ANOVA (p < 0.05).




Results


Screening and identification of algicidal bacteria

After isolation and purification, a total of 45 strains were initially obtained. Among them, 11 strains showed algicidal activity against N. scintillans, and the LD-B6 strain had the strongest algicidal activity in the experiments with 2 and 5% volumes (Supplementary Figure 2). At the same time, microscopic imaging confirmed the effective algicidal activity of strain LD-B6. As shown in Figure 1 and Supplementary Video 1, the cell wall of N. scintillans began to break (6 h), and the contents flowed out after a period of co-culture of the bacterial culture and the algal culture, and then the rupture expanded continuously. Thus, the strain LD-B6 was selected for further study.
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FIGURE 1
Microscope images of Noctiluca scintillans when co-incubated with strain LD-B6 at (A) 0 h, (B) 12 h. Scale bars = 100 μm.


The 16S rDNA gene of LD-B6 was amplified and sequenced (GenBank accession number: OP010006.1). The 16S rDNA sequence of this strain showed the highest similarity (100%) to that of Pseudoalteromonas sp. CF1 (accession number KX570621). Meanwhile, in phylogenetic analysis, strain LD-B6 formed a monophyletic group with Pseudoalteromonas sp., corresponding to the Gammaproteobacteria subclass (Figure 2). This result indicated that strain LD-B6 belonged to Pseudoalteromonas sp., and it was designated as Pseudoalteromonas sp. LD-B6.


[image: image]

FIGURE 2
Phylogenetic tree of algicidal bacterial strain LD-B6 based on 16S rDNA sequence. Support of nodes > 50% is shown. Bar 0.05 means a nucleotide substitution rate of 0.05.




Algicidal effects of LD-B6 on Noctiluca scintillans

The algicidal activity of LD-B6 against N. scintillans at different concentrations was examined to determine the optimum final volume of the bacterial culture for further experiments. As shown in Figure 3B, LD-B6 at 1, 2, and 5% final volume activity have a certain algicidal effect against N. scintillans, and its algicidal activity increased in a concentration- and time-dependent manner, reaching 37.9 ± 1.8, 90.5 ± 3.2, and 100% at 12 h, respectively. However, the 0.5% treatment group only inhibited the growth of N. scintillans and did not kill algal cells (Figure 3A). Thus, the algicidal effect of strain LD-B6 against N. scintillans was concentration-dependent. As the algicidal activity in the 2% treatment group was higher than 90% at 12 h, this dose was chosen for further studies.
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FIGURE 3
Algicidal activities of different concentrations of LD-B6 culture on Noctiluca scintillans based on (A) algal cell concentration and (B) algicidal activity. The error bars represent standard deviations (n = 3).


The cell-free supernatant of LD-B6 was added to N. scintillans cultures at different initial densities to examine its algicidal activity. As shown in Figure 4, the algicidal effect of the cell-free supernatant was the highest when the initial density was 10 cells mL–1, followed by 30 and 50 cells mL–1at algicidal activity of 93.8 ± 3.1, 78.2 ± 1.7, and 61.9 ± 1.7%, respectively. Generally, the algicidal activity of LD-B6 against N. scintillans decreased with the initial density of the algal culture increasing.
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FIGURE 4
Algicidal effect of strain LD-B6 at different Noctiluca scintillans initial cell densities. The error bars represent standard deviations (n = 3).




Algicidal mechanisms of LD-B6 on Noctiluca scintillans

To initially investigate the algicidal mechanisms of strain LD-B6, we added different fractions of bacterial cultures to N. scintillans cultures. The strain culture and cell-free supernatant showed an algicidal activity of 89.5 ± 1.8 and 89.5 ± 4.8%, respectively, after treatment for 12 h, while the algicidal effect of the bacterial cells was only 14.7 ± 3.2% and not obvious (Figure 5). The algicidal effect of the supernatant was significantly better than that of the bacterial cells themselves. It is presumed that strain LD-B6 lyses algal cells by secreting active compounds into the cell-free supernatant, and therefore strain LD-B6 lysed N. scintillans indirectly.
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FIGURE 5
Algicidal activities of different fractions of LD-B6 culture on Noctiluca scintillans based on (A) algal cell concentration and (B) algicidal activity. The error bars represent standard deviations (n = 3).




Stability of the LD-B6 filtrate

Under different temperature treatment conditions, the algicidal effect of strain LD-B6 compounds on N. scintillans is shown in Figure 6A. Although the algicidal activity was slightly different among treatments, there was no significant difference. It shows that the algicidal compounds of strain LD-B6 have definite thermal stability. Incubation at different pH values for 2 h had an effect on the algicidal activity of the cell-free supernatant of strain LD-B6. The algicidal compounds of strain LD-B6 were sensitive to acid, and their algicidal activities were significantly decreased under acidic conditions. In contrast, the algicidal effect of the cell-free supernatant was stable under alkaline conditions (Figure 6B). Repeated freezing and thawing had almost no effect on the algicidal activity of the LD-B6 cell-free supernatant, and there was no significant difference in the algicidal effect between the control and the experiments (Figure 6C).
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FIGURE 6
Algicidal effect of strain LD-B6 cell-free supernatant at different temperatures (A), pH (B) conditions, and repeated freeze-thaw (C) treatment against Noctiluca scintillans. The error bars represent standard deviations (n = 3). Different letters a, b represent significant differences between groups (p < 0.05).




Algicidal activity of LD-B6 on several HABs species

The algicidal activity of LD-B6 culture against six different HABs species is shown in Figure 7. Within 24 h of incubation, the LD-B6 culture showed the strongest algicidal effect on N. scintillans and H. akashiwo, and the algicidal activity reached 100%. It also had a strong algicidal activity on H. steinii and G. impudicum, with the algicidal activity of 73.3 ± 1.3 and 63.7 ± 9.2%, respectively. A weak effect on P. micans (26.7 ± 0.68%) was observed. In contrast, the growth of S. costatum was slightly promoted by strain LD-B6.
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FIGURE 7
Algicidal activity of bacterial strain LD-B6 on representative HABs species. N.s, Noctiluca scintillans; H.a, Heterosigma akashiwo; P.m, Prorocentrum micans; S.c, Skeletonema costatum; G.i, Gymnodinium impudicum; H.s, Heterocapsa steinii. The error bars represent standard deviations (n = 3).




Algicidal powder production and application

Algicidal powder product status is shown in Supplementary Figure 3. The algicidal powder of LD-B6 was added to N. scintillans cultures to assess its algicidal effect. As shown in Supplementary Figure 4, the algicidal activity of 100% at 12 h with 0.2% final volume of algicidal powder. This result indicated that the developed algicidal powder has a strong algicidal effect and that the production method is feasible.




Discussion

During algal bloom formation and decline, the populations and dominance of marine bacteria change significantly, especially in the period of extinction (Yang et al., 2015). More importantly, some marine bacteria play an important role at the end of the HABs (Li et al., 2018). Therefore, the research on the relationship between bacteria and algae in controlling algal blooms has become a hot topic. However, the interactions between bacteria and the alga N. scintillans have received limited attention. In this work, a bacterial strain LD-B6 with algicidal activity against N. scintillans was isolated. This strain was identified by 16S rDNA sequencing to belong to Pseudoalteromonas in the class Gammaproteobacteria (Figure 2). Several investigations have documented that Gammaproteobacteria is the dominant bacteria during HABs, and the dominant population of marine bacteria exhibit a succession from Alphaproteobacteria to Gammaproteobacteria during the late-blooming phase, indicating that they may influence algal bloom dynamics (Teeling et al., 2012; Zhang et al., 2016; Li et al., 2018). Pseudoalteromonas sp. is one of the most frequently reported and abundant algicidal bacterial species in the ocean. It has been documented that bacteria of this genus show algicidal effects against phytoplankton, including Dinophyceae, Raphidophyceae, and Bacillariophyceae (Lovejoy et al., 1998; Lee et al., 2000; Zhang et al., 2022). Therefore, this isolate may be involved in the regulation of algal blooms.

Strain LD-B6 had a strong algicidal effect on N. scintillans. The normal cells of N. scintillans are nearly spherical, with a full and smooth surface. Twelve hours after LD-B6 bacterial cultures were added, the cells showed obvious folds and atrophy under the microscope (Figure 1). In addition, the algicidal activity of LD-B6 on N. scintillans was also recorded by an inverted microscope (Supplementary Video 1), which indicates that the cell wall of N. scintillans was the main target of LD-B6. At present, a number of algicidal bacteria have been proven to lyse algal cells by degrading cell wall polysaccharides (Kim et al., 2009; Wang et al., 2010; Li et al., 2022). Hydrolytic enzymes such as amylase, cellulase, and xylanase are the causes of such polysaccharide degradation (Li et al., 2022). These results enrich the understanding of the mechanism of algal cell lysis by LD-B6.

It has been reported that the algicidal activity of bacteria depends on bacterial concentration and algal cell density (Tian et al., 2012; Kong et al., 2020; Al-Hakimi et al., 2020). For instance, Shao et al. (2015) found that Bacillus sp. B50 showed an algicidal activity when the bacterial concentration reached 1.9 × 106 CFU/mL, while the algicidal activity was lost at a cell concentration below 1.9 × 105 CFU/mL. Yang et al. (2020) indicated that the higher the initial concentration of algal cells, the poorer the algicidal activity of the Ponticoccus sp. CBA02. Similar to these previous reports, the algicidal effect of LD-B6 against N. scintillans also reflects these patterns. When a low concentration of bacterial culture was inoculated into the algal culture, it only inhibited the growth of N. scintillans, while the high concentration of bacteria cultures showed a strong algicidal effect (Figure 3). In addition, we also found that the algicidal effect of LD-B6 decreased with the increase in the initial density of algal cultures (Figure 4). These observations can be explained as that with the increase in the bacterial concentration, there are more algicidal compounds per unit volume, and the contact probability between algae cells and algicidal compounds is further increased, thus enhancing the algicidal effect. On the contrary, a high concentration of algal cells may reduce the concentration of algicidal compounds exposed to individual algal cells, thereby affecting the algicidal activity. Therefore, the control of HABs can entail the inoculation of a certain concentration of algicidal bacteria at the initial stage of bloom, or the concentration of algicidal bacteria can be adjusted according to the development stage of an algal bloom.

Algicidal bacteria generally exert two main strategies for lysing algae: direct and indirect modes (Azam, 1998). In this study, the cell-free supernatant of strain LD-B6 showed a strong algicidal effect against N. scintillans, indicating an indirect manner of targeting. This is on the same lines as algicidal bacteria belonging to Pseudoalteromonas spp. previously reported (Wang et al., 2020), which lyse target algae by releasing extracellular substances. The characteristics of algicidal compounds are influenced by various factors such as temperature and pH (Fu et al., 2011; Zhang et al., 2022). Bai et al. (2011) reported that the compounds of Brevibacterium sp. BS01 were heat tolerant and stable in acidic or alkali conditions, indicating these compounds are not proteins. In addition, the algicidal compounds of Pseudoalteromonas sp. SP48 are tolerant to heat but unstable under acidic conditions (Su et al., 2007). Our findings showed that the algicidal compounds of LD-B6 had freeze-thaw stability, were heat tolerant, and were stable under alkaline conditions, while acidic conditions had a significant effect on the algicidal activity (Figure 6). As described in reviews, algicidal bacteria can produce several kinds of algicidal substances, including ectoenzymes (e.g., serine protease and extracellular agarase), pigments (e.g., isatin and prodigiosin) (Meyer et al., 2017; Wang et al., 2020; Coyne et al., 2022). Based on the thermal stability of algicidal compounds secreted by strain LD-B6, it is unlikely that this compound is a protein. Alternatively, it is possible that algicidal compounds of LD-B6 are a pigment. Examples include an algicidal substance of Pseudomonas sp. C55a-2 was identified as a pigment (Sakata et al., 2011). Further, the properties, types, and extraction of algicidal compounds still need to be studied.

Different strains of algicidal bacteria likely show different degrees of specificity. Some bacteria are species-specific, lysing only specific algae. Shi et al. (2020) isolated a strain FDHY-CJ8, which had algicidal activity only on S. costatum, but almost no algicidal effect on other algae. Pokrzywinski et al. (2012) found that the algicidal bacterium Shewanella sp. IRI-160 showed selectivity toward dinoflagellates. Some strains have broad specificity and are able to lyse a wide range of algal species. For example, the bacterium YX04 has an algicidal effect on the taxa of Bacillariophyceae, Pyrrophyta, and Chrysophyta (Zhu et al., 2022). Highly species-specific or broadly specific algicidal bacteria are related to their type and secreted compounds (Meyer et al., 2017). Most bacteria in the free-living form are highly species-specific, and the bacteria in the particle-associated form are mostly broadly specific (Park et al., 2010). Strain LD-B6 showed varying degrees of algicidal effects against five of the six typical harmful algal species tested, including dinoflagellates and a raphidophyte (Figure 7), indicating its broad-spectrum algicidal ability. This potential of LD-B6 to control HABs, combined with the stability of the algicidal compounds as previously described, makes it potentially useful as a promising agent against HABs.

In recent years, more and more algicidal agents have been developed to control algal blooms. The use of carrier immobilization to improve the colonization activity of algicidal agents is an effective way to ensure the sustainability of the algicidal effect; sawdust is regarded as an ideal carrier because of its outstanding adsorption ability (Ye et al., 2022). In this study, strain LD-B6 was also immobilized, and sterile sawdust was used as a carrier to prepare an algicidal powder (Supplementary Figure 3). The results showed that the algicidal activity of the prepared powder was 100% (12 h), which was 9.5% higher than that of the bacterial culture at a final concentration of 2%. It may be that the immobilization by the carrier effectively improves the biomass of microbial agents, their resistance to water flow, and their tolerance to toxic compounds (Chen et al., 2003).



Conclusion

The algicidal bacterium LD-B6, with strong algicidal activity against N. scintillans, was isolated from the coastal waters of Lianyungang, China. This bacterium lysed algae indirectly by secreting extracellular compounds, and these algicidal compounds are stable, indicating that they are not proteins. In addition, strain LD-B6 was broadly specific, and the preliminary development of an algicidal powder is also presented. These results documented the ability of strain LD-B6 and its algicidal compounds to control N. scintillans blooms and provide a foundation for their practical applications. In the future, it would be necessary to extract and analyze algicidal compounds and control them in a targeted manner according to the characteristics of the applied environment, such as solving the adaptation problems of salinity, temperature, pH, etc., to develop more efficient algicidal agents to control HABs.
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The Western Subarctic Gyre (WSG) is a cyclonic upwelling gyre in the northwest subarctic Pacific, which is a region with a high concentration of nutrients but low chlorophyll. We investigated the community structure and spatial distribution of phytoplankton in this area by using HPLC-pigment CHEMTAX (a chemotaxonomy program) and metabarcoding sequencing during the summer of 2021. The phytoplankton community showed significant differences between the two methods. The CHEMTAX analyses identified eight major marine phytoplankton assemblages. Cryptophytes were the major contributors (24.96%) to the total Chl a, followed by pelagophytes, prymnesiophytes, diatoms, and chlorophytes. The eukaryotic phytoplankton OTUs obtained by metabarcoding were categorized into 149 species in 96 genera of 6 major groups (diatoms, prymnesiophytes, pelagophytes, chlorophytes, cryptophytes, and dinoflagellates). Dinoflagellates were the most abundant group, accounting for 44.74% of the total OTUs obtained, followed by cryptophytes and pelagophytes. Sixteen out of the 97 identified species were annotated as harmful algal species, and Heterocapsa rotundata, Karlodinium veneficum, and Aureococcus anophagefferens were assigned to the abundant group (i.e., at least 0.1% of the total reads). Nutrients were more important in shaping the phytoplankton community than temperature and salinity. The 24 stations were divided into southern and northern regions along 44°N according to the k-means method, with the former being dominated by high Chl a and low nutrients. Although different phytoplankton assemblages analyzed by the two methods showed various relationships with environmental factors, a common feature was that the dinoflagellate proportion showed a significantly negative correlation with low nutrients and a positive correlation with Chl a.
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1 Introduction

Marine phytoplankton form the basis of the marine food web and play an essential role in biogeochemical processes and the mitigation of global climate change (Sunagawa et al., 2015). The geographic patterns of phytoplankton assemblages are governed by spatial and environmental factors, especially temperature, on a global scale (Villar et al., 2015). For regional areas, the distribution of phytoplankton community compositions is also shaped by different processes, such as ocean currents, water column depths and environmental stresses (e.g., nutrient and light limitation) (Paerl et al., 2018; Wu et al., 2020; Liu et al., 2022). Considering phytoplankton’s ability to rapidly adapt to environmental changes, these can be used as indicators of marine environmental changes (Paerl et al., 2018).

Accurate identification of phytoplankton population structure is difficult, especially for small-sized (e.g., picoplankton) or fragile cells. This is a hindrance in studying the spatial and temporal dynamics of phytoplankton assemblages in the natural environment (Hattori et al., 2004; Wang et al., 2022). Traditionally, information on phytoplankton assemblages is determined through the use of taxonomic methods (i.e., microscopic observation and HPLC-pigment analyses) (e.g., Hattori et al., 2004; Fujiki et al., 2009; Kwak et al., 2014; Waga et al., 2022). Only large phytoplankton (> 10 μm, such as diatoms and dinoflagellates) were identified and counted by light microscopy in most previous studies due to the lack of distinguishing characteristics of small phytoplankton and the limitation of microscope resolution (Hattori et al., 2004; Komuro et al., 2005; Fujiki et al., 2009). Many phytoplankton species are fragile and often damaged during the fixation process by Lugol’s solution or formalin. Moreover, taxonomic identification is extremely time-consuming and requires well-trained specialists (Wang et al., 2022). By comparison, HPLC-pigment CHEMTAX analyses are highly efficient in measuring the biomass of different phytoplankton assemblages, including picoplankton and fragile cells (e.g., cryptophytes), in batches. Consequently, HPLC-pigment analyses have been widely used for qualitative and quantitative analyses of phytoplankton groups in various sea areas (e.g., Obayashi et al., 2001; Fujiki et al., 2009; Kwak et al., 2014; Waga et al., 2022). Nevertheless, the main problem with HPLC-pigment CHEMTAX is that the phytoplankton population classification is at the phylum level, not at the species level or even the class level.

Our ability to assess the biodiversity of phytoplankton and identify their ecological significance in the marine environment has been enhanced due to the development of molecular biology-based methods (Bik et al., 2012). Based on these modern molecular approaches, phytoplankton assemblages showed much greater diversity across different aquatic environments than was detectable by traditional methods, such as microscopy and HPLC-pigment analyses (Gong et al., 2020; Wang et al., 2022). In particular, DNA metabarcoding methods based on molecular marker amplification and high-throughput sequencing approaches have been rapidly developed in recent years (Gong et al., 2020). In numerous studies, the metabarcoding method has been applied widely to investigate phytoplankton communities in various seas, such as the northwestern Pacific Ocean (Wu et al., 2020), South China Sea (Wang et al., 2022), Neuse River Estuary (Gong et al., 2020), and Jiaozhou Bay (Liu et al., 2022). Those studies showed that environmental factors (i.e., environmental selection) and geographical distance (i.e., dispersal limitation) are important factors that shape the phytoplankton community in the ocean, even on a small scale (Wu et al., 2020; Li et al., 2022; Zhang et al., 2022). In particular, metabarcoding has an extraordinary advantage in distinguishing harmful and/or toxic algal species, some of which are easily missed by microscopic methods (Liu et al., 2022; Wang et al., 2022). Consequently, the metabarcoding approach has expanded our understanding of the relationship between environmental factors and phytoplankton population diversity in the marine environment.

The Western Subarctic Gyre (WSG) is situated in the subarctic North Pacific, which is characterized by high nutrient and low chlorophyll (HNLC) concentrations and contains distinctive differences in oceanographic and biogeochemical processes. Fe deficiency and grazing pressure are the main reasons for the low Chl a concentration in this area (Harrison et al., 2004). Nevertheless, seasonal phytoplankton blooms with high Chl a concentrations (1−12 μg/L) occurred frequently during late spring in the WSG (Obayashi et al., 2001; Imai et al., 2002), which suggests that the environmental factors affecting the spatial and temporal distribution of phytoplankton populations are complex. Consequently, the phytoplankton community structure and the correlation between phytoplankton assemblages and environmental factors in this area have been extensively studied. Nevertheless, phytoplankton community structure was investigated by microscopy and HPLC-pigment methods in previous studies (e.g., Suzuki et al., 2002; Harrison et al., 2004; Fujiki et al., 2009; Kwak et al., 2014; Waga et al., 2022). Information on the molecular composition of phytoplankton is very limited in the WSG, which suggests a significant knowledge gap in understanding the spatial and temporal distribution of the algal community.

In the present study, we combined HPLC-pigment CHEMTAX and metabarcoding of the V4 region of the 18S rDNA sequence (1) to investigate the diversity and spatial distribution of phytoplankton assemblages in WSG during summer, (2) to investigate how environmental factors affect the spatial distribution of phytoplankton communities, and (3) to determine the agreement between CHEMTAX and metabarcoding and discuss their advantages and disadvantages. To the best of our knowledge, this study presents the first combined metabarcoding and HPLC-pigment analyses of the phytoplankton community in open oceans.



2 Materials and methods


2.1 Sampling strategy

From 23 May to 17 July 2021, a field investigation was conducted in the WSG of the Northwest Pacific Ocean (40°25’12”-48°4’48”N, 163°25’12”-171°26’24”E) by the saury fishing vessel “Minghualun” (Figure 1). A total of 24 stations (St. M1−M24, listed in chronological order) were randomly set up depending on the navigation track of the fishing vessel, in south to north order. Temperature and salinity were measured using a SBE-37 MicroCAT recorder (Seabird Electronics, Inc., Washington, USA).




Figure 1 | Sampling sites and schematic illustration of the Kuroshio and Oyashio currents. Southern area: M1–M10; northern area: M11–M24.



Triplicate water samples were taken from the surface layer (5 m) of each site by using a Niskin water sampler (5 L). For phytopigment analyses, 2.5 L seawater was filtered by GF/F membranes (0.7 μm pore size, Whatman, Britain), which were quickly stored in liquid nitrogen in the laboratory for HPLC analyses. The filtered seawater (300 mL) was stored at -20°C for later nutrient analyses. For molecular analyses, the phytoplankton cells were collected through 0.22 μm polycarbonate membranes (0.22 μm, Whatman, Britain) from 3 L seawater for three parallel samples, which were stored in liquid nitrogen.



2.2 Nutrient analyses

Nutrients, including nitrate  , nitrite  , ammonium  , dissolved reactive phosphorous (DIP), and dissolved silicate (DSi), were determined by a QuAAtro continuous flow analyzer (SEAL, Germany), as described by Strickland and Parsons (Strickland and Parsons, 1972). Concentrations of DIN were the sum of  ,  , and  .



2.3 Phytoplankton pigment analyses

The frozen filters were cut into small pieces and transferred into a 15 mL polypropylene centrifuge tube, to which 3 mL 95% HPLC-grade acetone was added. The mixture was sonicated for 5 min in an ice bath under low light conditions. Pigment determination was performed according to the method of Zapata et al. (2004). The HPLC instrument (Agilent 1200, USA) was equipped with an autosampler and diode array detector (Model G1315C). The pigments extracted were separated by a C8 column (150 mm, 4.6 mm, Waters Symmetry) at 25°C.

The following 20 authentic pigment standards were purchased from DHI Inc. (Denmark): Chl a, Chl b, Chl c2, Chl c3, pheophythin a (Phe a), pheophorbide a (Pheide a), Mg-2,4-divinylpheoporphyrin (MgDVP), alloxanthin (Allo), 19’-but-fucoxanthin (But-Fuco), β-carotene (β-Car), diadinoxanthin (Diadino), diatoxanthin (Diato), fucoxanthin (Fuco), 19’-hex-fucoxanthin (Hex), lutein (Lut), neoxanthin (Neo), Peridinin (Peri), prasinoxanthin (Pras), violaxanthin (Viola), and zeaxanthin (Zea).



2.4 CHEMTAX

We calculated the relative contribution of the different phytoplankton groups to the total Chl a from pigment concentration data by using version 1.95 of the CHEMTAX software (Mackey et al., 1996; Wright et al., 2009). The program uses factor analyses and the steepest descent algorithm to find the best fit to the data based on an initial guess of the pigment ratios for the algal group to be determined (Mackey et al., 1996; Suzuki et al., 2002). To select the best input ratios for the pigment data set, we generated a series of 60 derivative pigment ratio matrixes by multiplying each cell of the initial input ratio by a random function to optimize the matrix. We considered the best 10% of the results as the optimized results. We presented the output data as absolute concentrations of Chl a (μg/L) attributed to each algal group (Table 1; Figure 2).


Table 1 | Average values of environmental factors and phytoplankton pigments in the WSG.






Figure 2 | Absolute (A) and relative (B) CHEMTAX-derived Chl a concentrations of phytoplankton groups in the summer in the Northwest Pacific Ocean.





2.5 DNA extraction, PCR amplification, and high-throughput sequencing

Total genomic DNA of each sample was extracted by using a DNeasy Power Water Kit (QIAGEN, USA) according to the manufacturer’s protocols, and the qualified DNA samples were stored at -80°C for subsequent analyses. The V4 variable region of the 18S rDNA gene was amplified using universal primers (TAReuk454FWD1F: 5’- CCAGCA(G/C)C(C/T)GCGGTAATTCC-3’ and TAReukREV3R: 5’- ACTTTCGTTCTTGAT(C/T)(A/G)A-3’) (Stoeck et al., 2010) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The PCR mixture contained 5 × Trans Start Fast Pfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, Trans Start Fast Pfu DNA Polymerase 0.4 μL, template DNA 10 ng, and ddH2O up to 20 μL. PCRs were performed in triplicate. The PCR conditions were as follows: first, the initial denaturation at 95°C for 3 min; then, 35 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 45 s; and finally, the extension at 72°C for 10 min. Degradation and contamination of PCR products were monitored on 2% agarose gels and purified with the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). The purified amplicons were pooled in equimolar amounts, and then paired-end sequencing was performed on an Illumina NovaSeq PE250 platform (Illumina, San Diego, USA) using the standard protocols of Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). All raw reads were deposited in the NCBI Sequence Read Archive (SRA) database (Accession Number: SRP392983).



2.6 Data processing, clustering, annotation, and statistical analyses

Raw sequencing reads were denoised, trimmed, and filtered using Fastq version 0.20.0 (Chen et al., 2018) and merged by FLASH version 1.2.7 (Magoč and Salzberg, 2011). OTUs were generated on the basis of 97% similarity after the removal of singletons and doubletons (Edgar, 2013). The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (Wang et al., 2007) against the SILVA 18S rRNA database (release138, www.arb-silva.de) for phytoplankton and zooplankton groups using a confidence threshold of 0.7. The raw sequencing data were equalized using the “gclus” package in R based on random subsampling of the least sequence number per sample (10757 sequence reads here) to standardize sampling efforts and bring the data from different samples onto a common scale. We identified eukaryotic algae OTUs by using the taxonomic information of AlgaeBase (https://www.algaebase.org/). The species was annotated as a harmful algal bloom (HAB) species if it was categorized as harmful microalgae in the IOC-UNESCO Taxonomic Reference List of Harmful Micro Algae (http://www.marinespecies.org/hab/) or had been reported as an HAB species in previous studies.

Analyses of sites were clustered using the “stats” package by the k-means method. ODV (Ocean Data View) was used to draw the station map and spatial distribution contour map of temperature, salinity, nutrients and abundant HAB species. Alpha-diversity analyses were calculated by the “vegan” package in R (v. 4.1.3), including richness (OTUs) and Shannon diversity. The rarefaction curves were plotted with richness using the R package “vegan” for all samples. For beta-diversity analyses, nonmetric multidimensional scaling (NMDS) analyses were performed in R based on Bray−Curtis similarity by the “vegan” package. The Wilcoxon signed-rank test was used to analyze the differences in the environmental parameters, alpha diversity indices, and relative abundance of specific taxa across all samples. The analyses of ADONIS were used to statistically test for significant differences in microeukaryotic communities in the two regions. Bar and bubble charts were plotted using the R package ggplot2 (Wickham, 2016). Mantel tests of the environmental factors with phytoplankton were carried out by using the R package ggcor, and the figures were drawn by the R package ggplot2. After the prediction of detrended correspondence analysis (DCA) using the R package vegan, Redundancy analyses (RDA) were performed with CANOCO 5 software to explore the relationships between environmental and phytoplankton variables. The agreement between the CHEMTAX and metabarcoding results was evaluated by regression analyses using Origin 2017 software. Correlations between phytoplankton and zooplankton from phyla to OTU levels were analyzed using the Spearman method using the R package psych and visualized using the R package circlize (Gu et al., 2014) and cytoscape. The interactions were filtered with Spearman’s coefficient < 0.6 and p > 0.05 clustered into phylum levels for visualization.




3 Result


3.1 Environmental characteristics

Clustering was performed according to the k-means method, and the 24 stations were divided into southern (M1−M10) and northern (M11−M24) regions along 44°N (Figure 1). The environmental parameters in the surface layer have been described in detail by Figure S1 and Table 1. The temperature and salinity ranged from 6.96°C to 13.71°C and from 33.22 to 34.92 with average values of 9.54°C and 33.92, respectively. No significant differences were found between the southern and northern regions (Wilcoxon test, p > 0.05). Nevertheless, the nutrient concentrations of DIN (1.63−7.38 μmol/L), DIP (0.10−0.94 μmol/L), and DSi (7.51−39.01 μmol/L) in the northern area were significantly higher than those in the southern area (Wilcoxon test, p < 0.01).



3.2 Phytoplankton assemblages identified by the HPLC–pigment CHEMTAX approach

A total of 20 pigments were identified in this survey by high-performance liquid chromatography (HPLC), and the average Chl a concentration was 0.37μg/L and ranged from 0.042μg/L (M12) to 1.04μg/L (M3) (Figure 2A) and showed a significant decline from the southern to northern area (p < 0.05; Table 1). Similarly, the concentrations of 19’-hex-fucoxanthin, 19’-but-fucoxanthin, alloxanthin, lutein and prasinoxanthin in the southern area were significantly higher than those in the northern area. The CHEMTAX analyses identified eight major marine phytoplankton assemblages (Figure 2B). Cryptophytes were the major contributors (24.96%) to the total Chl a, followed by pelagophytes (16.86%), prymnesiophytes (15.85%), diatoms (13.27%) and chlorophytes (13.17%) in the whole study area (Figure 3A). The proportion of diatoms to total Chl a in the southern area was significantly lower than in the northern area, whereas prasinophytes and dinoflagellates showed the reverse trend (p < 0.05; Table 1).




Figure 3 | Composition of phytoplankton assemblages based on the phylum level by HPLC-pigment CHEMTAX and metabarcoding analyses (A). Pairwise comparison of CHEMTAX and metabarcoding in determining phytoplankton taxonomic composition: Cryptophytes (B) and Dinoflagellates (C).





3.3 Phytoplankton community based on metabarcoding analyses

After quality control, chimeric filtering, singleton deletion, and screening, 3,948,649 high-quality sequences were obtained from 72 samples. Through random sampling according to the lowest read number (10,757), 527 operational taxonomic units (OTUs) were clustered at the 0.03 distance level. The rarefaction curves were roughly saturated for all samples (Figure S2A). In α diversity analyses, the richness index showed no remarkable differences (p > 0.05, Wilcoxon’s test) across the southern and northern regions. However, the Shannon diversity index of samples in the northern region was significantly higher than in the southern region (p < 0.01, Wilcoxon’s test) (Figure S2B). In β diversity analyses, the first two principal components of the NMDS plot could explain 58.11% of the total variation among all samples (Figure 4A), and the 24 sites could be clearly clustered into southern and northern groups. Analyses of similarity (ADONIS) also showed that the communities of the two regions were significantly (p < 0.01) separated.

The eukaryotic phytoplankton OTUs were categorized into 149 species in 96 genera of 6 major groups (diatoms, prymnesiophytes, pelagophytes, chlorophytes, cryptophytes, and dinoflagellates) (Figure 4A). Dinoflagellates were the most abundant group, accounting for 44.74% of the total obtained OTUs, followed by cryptophytes and pelagophytes, accounting for 16.90% and 11.99%, respectively (Figure 4B). The relative abundances of different phytoplankton groups in the two regions exhibited different patterns (Table 1; Figure S3B). The dinoflagellate and chlorophyte distribution characteristics were obviously higher in the south than in the north (p < 0.05), whereas pelagophytes showed the opposite distribution trend (p < 0.01). In addition, a difference was found in the average abundance of cryptophytes between the two regions, but it was not significant (p > 0.05).




Figure 4 | NMDS analyses were analyzed between southern and northern seawater to test the differences (A). Relative abundance of major phytoplankton groups of the Northwest Pacific Ocean as determined by metabarcoding in the summer (B).





3.4 Comparison of the phytoplankton communities identified by the two methods

The phytoplankton community showed significant differences between the results from CHEMTAX and metabarcoding analyses. Cryptophytes predominated in the phytoplankton community based on CHEMTAX estimates, and dinoflagellates dominated based on metabarcoding analyses (Figure 3A). At the phylum level, metabarcoding annotated more phyla (13 phyla) than CHEMTAX (8 phyla). Six phyla of phytoplankton were identified by both methods. Cyanobacteria were not detected by metabarcoding methods, because we used eukaryotic primers. In addition, metabarcoding analyses detected a small percentage of the phylum (< 2.5%), such as prasinophytes, raphidophytes, and xanthophytes. The linear fitting curve showed that only cryptophytes and dinoflagellates had significantly positive correlations between the two methods (p < 0.01) (Figures 3B, C). However, no significant correlation was found for other phytoplankton groups (p > 0.05) (Figure S4).



3.5 Identification of HAB species

To further explore the distribution of harmful algal bloom (HAB) causative species in the study area, 16 out of the 97 identified species were annotated as HAB-forming species if they were previously reported to be HAB-forming species (Table 2; Figure 5), including 8 diatom species, 6 dinoflagellate species, 1 haptophyte species, and 1 heterokontophyte species. The HAB-forming species were classified into three groups according to their relative abundance (Logares et al., 2014). Nine HAB-forming species were assigned to the rare group (i.e., no more than 0.01% of the total reads), four HAB-forming species were assigned to the intermediate group (i.e., between 0.1% and 0.01% of the total reads), and Heterocapsa rotundata, Karlodinium veneficum, and Aureococcus anophagefferens were assigned to the abundant group (i.e., at least 0.1% of the total reads).




Figure 5 | The distribution and relative abundance of 16 HAB-forming species in the surface seawater of the Northwest Pacific Ocean.




Table 2 | HAB species detected in surface water samples from the Northwest Pacific Ocean based on metabarcoding analysis.



Different HAB-forming species exhibited differential geographical dynamics even for those belonging to the same phylum. The dinoflagellate H. rotundata showed preference to the northern region (p < 0.01), whereas K. veneficum showed the opposite geographical pattern (p < 0.01) (Figures S4B and 5). However, the abundance of the pelagophyte A. anophagefferens showed no significant difference between the southern and northern areas (p > 0.05) (Figure S4C). The HAB-forming species annotated here might be an underestimation of the number of HAB-forming species in the WSG. Some species can only be identified at the genus level, such as Phaeocystis spp., Coscinodiscus spp., and Neoceratium spp.



3.6 Impact of environmental factors on phytoplankton and HAB-forming species by the two methods

We used the Mantel test to determine the impact of environmental factors on shaping the phytoplankton communities. Nutrients, Chl a, and geographical location were the main factors affecting phytoplankton communities. According to CHEMTAX analyses (Figure 6A), prasinophytes and dinoflagellates were significantly correlated with nutrients, Chl a, and latitude (p < 0.01). Based on metabarcoding analyses (Figure 6B), more phytoplankton groups were associated with environmental factors. For example, prasinophytes and dinoflagellates were significantly correlated with most nutrient elements and Chl a (p < 0.01), and pelagophytes and chlorophytes were correlated with nutrients, latitude, and longitude (p < 0.01 or p < 0.05). However, we found no correlation between temperature and salinity and phytoplankton populations by using either method. When both methods’ results were pooled together, redundancy analyses (RDA) revealed that the sampling stations were separated into two groups along the nutrient gradient and the first axis (Figure 6C), which was consistent with the results of the k-means method. Dioflagellates (as found by CHEMTAX and metabrarcoding) were positively associated with Chl a and salinity and negatively associated with nutrients. We selected the three abundant HAB-forming species by metabarcoding for RDA analyses. K. veneficum was positively correlated with temperature, salinity, and Chl a and negatively correlated with nutrients at the first axis, whereas H. rotundata showed the opposite pattern. A. anophagefferens showed no correlation with these environmental factors (Figure 6C).




Figure 6 | Comparisons of environmental factors and the major phytoplankton communities based on CHEMTAX (A) and metabarcoding analyses (B). Redundancy analyses (RDA) of environmental factors (red) and phytoplankton communities by CHEMTAX (green), metabarcoding (blue), and abundant HAB-forming species (purple) (C). Interaction networks between major phytoplankton OTUs with phytoplankton and the top five zooplankton (D).



The top five most abundant zooplankton groups, such as Arthropoda, Chordata, Ciliophora, Ctenophora, and Picozoa, were selected for correlation analyses with the predominant phytoplankton communities in this area (Figure 6D). A total of 120 OTUs showed 1917 significant correlations between zooplankton and phytoplankton communities by screening, and 68.54% of the total correlations established in the chordal graph were positive. This finding suggested that zooplankton survival selection might play an important role in shaping phytoplankton communities.




4 Discussion


4.1 Comparison of phytoplankton assemblages determined by HPLC-pigment CHEMTAX and metabarcoding approach

HPLC-pigment CHEMTAX is widely used for qualification and quantification of phytoplankton assemblages in the WSG (Suzuki et al., 2002; Fujiki et al., 2009; Fujiki et al., 2014; Gong et al., 2020). Consistent with previous investigations, the present study showed that no single phytoplankton group absolutely dominated the phytoplankton assemblages in this area. Recently, the metabarcoding approach has been widely used in oceans and has become a competitive method for determining the biodiversity of marine phytoplankton communities (Gong and Marchetti, 2019; Liu et al., 2022), which was not performed in the WSG. This study used the V4 region of 18 s rDNA, which is among the best choices for metabarcoding the whole eukaryotic algal community in the marine environment (Lear et al., 2017). Although metabarcoding can provide detailed phytoplankton species/genus composition, only the composition at the phylum level can be compared for the results obtained from the two methods. The structure of the phytoplankton community displayed marked differences for some phytoplankton assemblages, according to the two methods. Dinoflagellates were more represented when the metabarcoding approach was used compared with CHEMTAX. This might be ascribed to the fact that (1) some dinoflagellates could not be counted by the CHEMTAX method due to a lack of Peridinin (Mackey et al., 1996) and (2) dinoflagellates contain larger genome sizes and higher 18S gene copy numbers than other phytoplankton assemblages, especially diatoms (Lin, 2011; Gong and Marchetti, 2019; Liu et al., 2022). Similarly, Wang et al. (2022) showed that metabarcoding overestimated the contribution of dinoflagellates to total phytoplankton compared with microscopic analyses. It was strange that prymnesiophytes were almost absent from the metabarcoding analyses, whereas they were abundant according to CHEMTAX (Figure 3A). Morphological analyses by SEM confirmed the existence of a large number of haptophyte (i.e., prymnesiophyte) cells in this area, as mentioned in previous studies (Taylor and Waters, 1982; Hattori et al., 2004; Komuro et al., 2005). The results of those studies revealed that Coccolithus pelagicus f. pelagicus and Emiliania huxleyi var. huxleyi were the most abundant taxa in the WSG and in the western subarctic Pacific. Our results and those from previous studies (Fujiki et al., 2009; Fujiki et al., 2014) showed that the content of Hex-Fuco (the marker pigment of prymnesiophytes) was the highest among all carotenoids. Furthermore, the results of rbcL gene analysis in the summer of 2020 showed that haptophytes were the most abundant phylum, accounting for approximately 30.80% of the total chromophytic phytoplankton in the same area (Jiang et al., 2022). In addition, prasinophytes accounted for 5% of phytoplankton by CHEMTAX, whereas those were not identified by metabarcoding. Similar to our results, prasinophytes made up an important component of phytoplankton biomass (7.5%−30.9%) by CHEMTAX in previous studies (Liu et al., 2004; Fujiki et al., 2009; Fujiki et al., 2014). Furthermore, the results of microscopic observations also showed that prasinophyte species, such as Micromonas pusilla, were abundant in the WSG (Taylor and Waters, 1982; Fujiki et al., 2009). Consequently, our results combined with those of previous studies (e.g., Taylor and Waters, 1982; Hattori et al., 2004; Liu et al., 2004; Komuro et al., 2005; Jiang et al., 2022) indicate that metabarcoding might underestimate the contribution of prymnesiophytes and prasinophytes to the total phytoplankton.

The comparison between metabarcoding and CHEMTAX was rarely reported; one study that performed this comparison was conducted by Gong et al. (2020), who revealed that 18S rRNA gene sequencing and CHEMTAX displayed similar compositions of phytoplankton communities in the Neuse River Estuary. The results of Gong et al. (2020) are strikingly different from those of this study, which might be ascribed to the difference in the phytoplankton communities between the two investigation areas. The eight phytoplankton assemblages derived from CHEMTAX accounted for 5%−25% of the total phytoplankton with no absolutely dominant groups in our results. Comparatively, the investigation area of Gong et al. (2020) was a eutrophic estuary, where chlorophytes (i.e., Trebouxiophyceae) were the dominant phytoplankton group based on CHEMTAX and 18S sequencing. The absolute dominance of Trebouxiophyceae could cause a good linear relationship between both methods, according to Gong et al. (2020). Nevertheless, a significant positive correlation of cryptophytes between the metabarcoding analyses and CHEMTAX was also observed in the present study (Figures 6A, B), and such correlation deserves further study.

In summary, some limitations and uncertainties of CHEMTAX and metabarcoding should be considered, because these could further help elucidate the discrepancy of the results from both methods. The factors affecting CHEMTAX calculation mainly included the following aspects. (1) The marker pigment/Chl a ratios of the local phytoplankton assemblages were largely unknown in the study area, which might greatly affect the results obtained, as the choice of the initial pigment ratio matrix is very important (Mackey et al., 1996). (2) It was not clear whether some dinoflagellate species contain Peridinin (the marker pigment of dinoflagellates) in this area. (3) Several algal assemblages contained the same marker pigments. For example, fucoxanthin can be produced by diatoms, prymnesiophytes, and pelagophytes (Fujiki et al., 2014). Nevertheless, the HPLC-pigment CHEMTAX method still has broad application prospects because of its high efficiency, low cost, and strong comparability between different research results. For metabarcoding, some limitations cannot be ignored. The real biomass of different phytoplankton species or assemblages cannot be effectively quantified based on the absolute sequence abundance (Pochon et al., 2015). Variation in DNA copy number among algal species can lead to differential amplification in PCR and result in sequence read abundances that do not match species abundances. For example, experiments that used mock communities showed that the relative abundance obtained using high-throughput DNA sequencing differed significantly from that counted by microscopic analyses even in the same phytoplankton genus, such as Skeletonema (Canesi and Rynearson, 2016). Although metabarcoding analyses may misjudge the composition of different phytoplankton assemblages, it is effective for identifying the algal species composition (especially small-sized, rare, and cryptic species) in the phytoplankton community, as discussed in the following sections. Furthermore, this study strongly suggested that microscopic counting of phytoplankton abundance should be included in the future study. As the classical and most common technique, light microscopy can quantify and qualify phytoplankton communities, involving identification, cells counting, and size measurement (Pan et al., 2020), which is significant to verify the accuracy of phytoplankton species identification by molecular methods (Gong et al., 2020; Wang et al., 2022). However, microscopic still has many deficiencies in many aspects. For example, large phytoplankton (> 10 μm) can be identified and counted easily by light microscopy, which omits some small-sized phytoplankton assemblages (e.g., pico-phytoplankton and fragile cells) and cause an overestimation of diatom and dinoflagellate proportions to total phytoplankton (Pan et al., 2020; Wang et al., 2022). Each method has its own shortcomings, which requires the combination of various methods as far as possible to analyze the composition characteristics of phytoplankton in more detail.



4.2 Phytoplankton population structure with an emphasis on harmful algal bloom species based on metabarcoding sequencing

Dinoflagellates were the dominant phytoplankton assemblages in the study area, according to metabarcoding. Their abundance was comparable with those reported in temperate areas of the northwestern Pacific (Huang et al., 2020; Wu et al., 2020; Liu et al., 2022) and much lower than those in tropical regions, such as the South China Sea (Wang et al., 2022) and the Western Pacific seamount regions (Xu et al., 2021). By comparison, haptophytes were the minor component (0.53% of phytoplankton) in the WSG, but they occupied a relatively high proportion of phytoplankton in the South China Sea (Wang et al., 2022) and the temperate regions of the northwest Pacific controlled by the Kuroshio current (Wu et al., 2020). A high proportion of pelagophytes and cryptophytes was an important characteristic of the WSG when compared with previous studies (Huang et al., 2020; Wu et al., 2020; Xu et al., 2021). Environmental selection and dispersal limitation might be important factors that shape the phytoplankton communities in the subarctic area of this study, which was characterized by high macronutrients (i.e., N, P, and Si) and Fe deficiency (Suzuki et al., 2002; Harrison et al., 2004).

Our analyses identified 97 phytoplankton species, many of which were newly recorded in the WSG. For example, K. veneficum, H. rotundata, and A. anophagefferens were first reported and showed high contributions to total phytoplankton in this area. Those species were HAB-forming species. The other 13 HAB-forming species were rare but were also identified by metabarcoding analyses, which demonstrated the advantage of identifying HAB-forming species in the phytoplankton community.

Karlodinium is a mixotrophic dinoflagellate genus with several fish killing members. Mixotrophic characters make this genus grow relying on photosynthesis and/or by feeding on various tiny marine organisms, e.g., diatoms, dinoflagellates, and even zooplanktons (Place et al., 2012). This species is common in coastal sea areas but is easily overlooked or misidentified in microscopic analyses due to its small cell size (< 8−12 μm) and lack of obvious morphological characteristics (Huang et al., 2019; Huang et al., 2020). It is frequently present with relatively low cell abundance but can form intense blooms that are often associated with fish kills. Numerous mortality events of wild and cultured fish were found to be associated with K. veneficum blooms around the world (Huang et al., 2019; Karlson et al., 2021). The WSG and its adjacent waters are important fishing grounds for Pacific saury in the world. Consequently, more effort should be made to study the temporal and spatial distributions of the genus Karlodinium and its impact on marine animals in the WSG, which has shown a saury biomass decline in recent decades (Kulik et al., 2022).

H. rotundata is ubiquitously distributed in various marine environments and occasionally forms large blooms, e.g., in Manim Bay (Shahi et al., 2015), the Baltic Sea (Jaschinski et al., 2015), and Chesapeake Bay (Millette et al., 2015). It is nontoxic, although several Heterocapsa species, such as H. circularisquama, are toxic to marine animals (Sato et al., 2002). H. rotundata is mixotrophic and can ingest picoplankton, including bacteria (Millette et al., 2016); thus, it can outcompete other phytoplankton species in the WSG that suffer from Fe deficiency (Suzuki et al., 2002; Harrison et al., 2004).

Among the 16 HAB-forming species, Alexandrium minutum, Dinophysis acuminata, Pseudonitzschia brasiliana, and P. turgidula produce paralytic shellfish poisoning toxins (PSTs), diarrhetic shellfish poisoning toxins (DSTs), and domoic acid (DA), respectively (Lundholm et al., 2009; Lian et al., 2022). These toxins are known to accumulate in shellfish and fish and lead to human intoxication (Lian et al., 2022). The accurate identification of Pseudonitzschia species is difficult under light microscopy (Mochizuki et al., 2002; Jiang et al., 2017), but this can be resolved easily by metabarcoding (Wang et al., 2022). Three Pseudonitzschia species, including P. brasiliana, P. turgidula, and P. subcurvata, were identified in our results, among which the former two species can produce DA (Lundholm et al., 2009). The above toxic algal species show a wide distribution in the coastal waters of the world (Lundholm et al., 2009; Jiang et al., 2017; Wang et al., 2022) but are rarely observed in the WSG and subarctic Pacific in previous studies (e.g., Taylor and Waters, 1982; Mochizuki et al., 2002; Komuro et al., 2005). Although the four species make up a small proportion of the total phytoplankton, the rare taxa could also act as seeds for seasonal succession or sporadic blooms (Logares et al., 2014). For example, toxic A. tamarense blooms were found in the Chukchi Sea of the Arctic Ocean. Increased temperatures might be an important factor in promoting the cell growth and cyst germination of toxic algal taxa, such as Alexandrium (Natsuike et al., 2017). With the intensification of global climate change (e.g., global warming and ocean acidification), these toxic algal species deserve attention because of their potential role in inducing blooms in subarctic sea areas (Lian et al., 2022).



4.3 Influence of environmental factors on the spatial distribution of phytoplankton assemblages

The investigation stations were divided into southern and northern regions along 44°N. Similarly, Favorite et al. (1976) defined that the Pacific Subarctic Gyres Province (PSAG) and the Transition Zone are divided by the temperature 4°C at 100 m depth. Combined with the temperature of 100m depth in 2021 (unpublished), this result is consistent with our classification. In the southern area, the physical and chemical parameters showed patchy distributions, suggesting the mixing process of the subarctic current and Kuroshio current. By comparison, environmental parameters presented a relatively uniform distribution in the northern area. Wu et al. (2020) showed that protistan composition fluctuated obviously among different sites in the mixed water region between the Kuroshio and Oyashio currents. Similarly, the phytoplankton composition of our results also varied among different stations and showed a significant difference between the southern and northern regions, suggesting that the mixing process of the Kuroshio and subarctic currents in the surface seawater played an important role in controlling the distribution of phytoplankton.

In this study, nutrients played an important role in shaping the distribution of phytoplankton assemblages, as shown by the Mantel test and RDA analyses (Figure 6C). Different algal species adapt to their optimal growth concentrations in the marine environment (Follows and Dutkiewicz, 2011; Pei et al., 2019). However, the relationship between phytoplankton assemblages, according to metabarcoding and CHEMTAX, and nutrients is different, mostly due to the discrepancy in phytoplankton composition by the two methods. Nevertheless, dinoflagellates determined by the two methods grouped together in the RDA analyses and showed a significantly negative correlation with nutrients (Figure 6C), which indicated that they could outcompete other algal assemblages in the southern region with low nutrient concentrations, presumably due to their mixotrophic characteristic. In contrast, pelagophytes, and cryptophytes, a significant correlation with nutrients was demonstrated by metabarcoding, whereas this trend was not observed by CHEMTAX. Although the two methods can analyze the composition characteristics of phytoplankton in detail, they easily lead to confusion in the analyses of the relationship between phytoplankton and environmental factors.

Numerous studies have shown that temperature and salinity have important impacts on community composition and diversity in the marine environment (Li et al., 2018; Wang et al., 2018; Wu et al., 2020). In this study, temperature and salinity were not significantly correlated with the phytoplankton assemblages, as analyzed by the Mantel test. Eddies at various scales (shown by the patchy distribution of temperature and salinity) in the transition domain caused by the mixing process of subarctic and subtropical waters lead to a heterogeneous phytoplankton distribution (Mochizuki et al., 2002), which might be the reason for the lack of a significant correlation between the two physical factors and phytoplankton. Notably, the two dominant species, H. rotundata and K. veneficum, showed significantly negative and positive correlations with temperature and salinity, respectively (P < 0.05; Figures 6A, B), indicating that they are in different ecological niches. Place et al. (2012) suggest that K. veneficum blooms are caused by eutrophic environments and/or co-occurrence of cryptophytes and K. veneficum, which were not observed in this study.

Some complex chemical and biological factors also influence the distribution of various phytoplankton assemblages, such as the input of Fe from atmospheric deposition in Fe-deficient areas (Boyd and Ellwood, 2010) and top-down control of zooplankton (Liu et al., 2022). Atmospheric deposition has been suggested as an important source of Fe to these regions (Boyd and Ellwood, 2010). Episode supplies of aeolian dust containing Fe from central Asia were possible reasons for the sporadic phytoplankton blooms in the WSG (Liu et al., 2004). The dust storms in central Asia in the spring of 2021 are the strongest in the past 10 years. For example, between 6 and 24 May (during the early stage of this investigation), three dust storms in Central Asia seriously affected the eastern coastal provinces of China, although no data are available in the sea (China Meteorological Administration, 2022). Tang et al. (2022) showed that the center of the spring dust storm reached the northwest Pacific at latitudes between 30° and 40°, which was south of our study area. The atmospheric deposition of nutrients, especially Fe, might be the main factor for the high phytoplankton biomass (i.e., Chl a) in the southern region of the study area (Figure S1). Moreover, most phytoplankton and zooplankton groups had more correlations than connections within phytoplankton groups (Figure 6D), suggesting that zooplankton assemblages had an important impact on the distribution of phytoplankton assemblages. Overall, the relationship between phytoplankton and environmental factors seems to be cloaked by the above uncertainties and the relatively small span of latitude and longitude in our study area. More research is needed to investigate the relationship among phytoplankton, zooplankton, and physical and chemical factors in such complex marine ecosystems.




5 Conclusion

The structure of phytoplankton communities determined by HPLC-pigment CHEMTAX and metabarcoding analyses displayed marked differences for some phytoplankton assemblages in the study area. Determining which method gives more accurate results is difficult, because each method has led to some uncertainties. Although CHEMTAX can only give the composition of phytoplankton groups, we strongly suggest that this method be applied widely in WSG to investigate the long-term succession of phytoplankton community structure, as it has been used for this purpose for several decades. By comparison, metabarcoding provides a more informative assessment of phytoplankton species and better elucidates their responses to environmental conditions than the CHEMTAX method. For example, some toxic and HAB-forming species that have not been reported in previous studies were identified in the WSG. This study highlights the benefits of the combination of CHEMTAX and metabarcoding analyses in determining the phytoplankton communities in a marine environment, especially in open seas such as the subarctic North Pacific.
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In Asia, four harmful raphidophyte species, Chattonella malayana, C. marina, C. subsalsa, and C. tenuiplastida, coexist in the tropical waters but only C. marina was detected in temperate waters. This occurrence pattern pointed to a potentially distinct ecophysiological niche occupancy and possible species dispersion. The growth physiology of these species isolated from tropical Southeast Asia was investigated using unialgal cultures in ten temperatures (13.0–35.5°C) and five salinities (15–35) to better understand the factors driving their distribution. The highest maximum specific growth rates were observed in C. subsalsa (0.65 ± 0.01 d-1), followed by C. malayana (0.47 ± 0.03 d-1), C. marina (0.45 ± 0.02 d-1), and C. tenuiplastida (0.39 ± 0.01 d-1). Their optimal temperatures were 28.0, 30.5, 25.5, and 30.5°C, respectively, of which C. marina preferred colder water. C. subsalsa exhibited a wider growth temperature range (20.5–35.5°C), followed by C. marina (20.5–30.5°C), C. tenuiplastida (23.0–33.0°C), and C. malayana (25.5–33.0°C). Optimal salinities were similar between C. subsalsa and C. malayana (30), and between C. marina and C. tenuiplastida (25), but C. subsalsa and C. marina exhibited a similar growth salinity range of 15–35, while C. malayana and C. tenuiplastida was 20–35. High values of Fv/Fm were observed in C. subsalsa and C. marina (> 0.5) in all tested conditions, but Fv/Fm of C. malayana and C. tenuiplastida were significantly lower at 20.5°C. All four species achieved a maximum cell density of > 104 cells mL-1 in their optimal conditions. Optimal temperatures in C. subsalsa and C. marina were identical to previous reports. The high adaptability of C. subsalsa in various temperatures and salinities suggests its high competitiveness and bloom potential. The high adaptability of C. marina in colder waters compared to other species likely contributes to its wide distribution in the temperate Asian waters. The narrow temperature window of C. malayana and C. tenuiplastida suggests their endemicity and limited distribution in the tropical waters. This study provides evidence about the occurrences and bloom potential of Chattonella spp. in Asia, but the endemicity versus dispersion issue remains unresolved.




Keywords: bloom potential, endemicity, harmful algae, adaptive ecology, algal growth, Fv/Fm, specific growth rate, Southeast Asia (SEA)




1 Introduction

Global warming has been perceived as a factor in the geographical expansion, intensification, and earlier timing of harmful algal blooms (HABs), especially along the coasts of tropical, subtropical, and temperate countries (Hallegraeff, 2010; Fu et al., 2012; Anderson et al., 2021; Sakamoto et al., 2021). In Southeast Asia, harmful algae are commonly found and records of HABs have been increasing (Maclean, 1984; Edvardsen and Imai, 2006; Lim et al., 2012; Azanza et al., 2017; Furuya et al., 2018; Mohammad-Noor et al., 2018; Yñiguez et al., 2021). Some of these HABs species were newly discovered in the region, and likely were introduced by anthropogenic transport or due to the adaptive strategies in the changing environment. The harmful dinoflagellate Cochlodinium Schütt (= Margalefidinium Gómez, Richlen et Anderson) is a case in point, blooms of the species have been discovered in Indonesia, Malaysia, and Philippines (Iwataki et al., 2007; Anton et al., 2008; Azanza et al., 2008; Iwataki et al., 2008; Iwataki et al., 2015); other example species are harmful raphidophytes Chattonella Biecheler and Heterosigma akashiwo (Hada) Hada ex Hara et Chihara that have been found in Indonesia, Malaysia, and Thailand (Lirdwitayaprasit et al., 1996; Gin et al., 2006; Ayu-Lana-Nafisyah et al., 2018). It is difficult to trace the origin of these HABs species due to a lack of reliable knowledge of their previous distributions, but studies have shown that they can adapt to various environments, e.g., the raphidophyte H. akashiwo was first detected in the USA (Hulburt, 1965), but later has been detected in Japan (Hada, 1967; Hada, 1968; Hara and Chihara, 1987), UK (Leadbeater, 1969), Norway (Throndsen, 1969), Russia and Arctic waters (Konalova, 1995; Ratkova and Wassmann, 2005; Engesmo et al., 2016). The successive adaptation of HAB species could be attributed to favorable environmental conditions such as temperature, salinity, and cyst formation ability (Marshall and Hallegraeff, 1999; Smayda, 2002; Mehnert et al., 2010; Thomas et al., 2012; Boyd et al., 2013).

The raphidophyte Chattonella is one of the noxious microalgae that has caused mass mortalities of coastal marine organisms, particularly farmed fish (Imai and Yamaguchi, 2012; Viana et al., 2019; Sakamoto et al., 2021; Lum et al., 2022). Recently, the wide distribution of Chattonella and associated fisheries damages have been clarified in the ten countries of Southeast Asia (Edvardsen and Imai, 2006; Lum et al., 2019; Lum et al., 2021; Lum et al., 2022). Moreover, recent phylogeographic studies have revealed the presence of four Chattonella species in Southeast Asia, including C. subsalsa Biecheler, C. marina (as the C. marina complex including C. antiqua (Hada) Ono, C. marina, and C. ovata Hara et Chihara), and two newly described species, C. malayana W.M. Lum, H.C. Lim, S.T. Teng, K. Takahashi, Leaw, P.T. Lim et Iwataki, and C. tenuiplastida W.M. Lum, H.C. Lim, K. Takahashi, S.T. Teng, Benico et Iwataki (Bowers et al., 2006; Ayu-Lana-Nafisyah et al., 2018; Lum et al., 2019; Lum et al., 2021; Lum et al., 2022). As physiological responses can vary among species, strains, and populations, the coexistence and interaction between these four Chattonella species arouse scientific interest in their ecophysiological traits because each may have a distinct environmental adaptability and different dispersion background (Marshall and Hallegraeff, 1999; Band-Schmidt et al., 2012; Viana et al., 2019). Furthermore, while the bloom of C. malayana had caused wild fish kills in Malaysia in 2016, and the distribution of C. subsalsa coincided with the locations where fish kills have been reported, the environmental parameters promoting their blooms have not been identified (Lum et al., 2021; Lum et al., 2022).

In situ population dynamics of HABs species are difficult to be understood without long-term observation data in specific habitats or regions, as such, data from laboratory-based growth experiments are essential to understand the effects of environmental parameters on their occurrence patterns and blooms, including Chattonella (Fu et al., 2012; Wells et al., 2015). Due to difficulties in the in situ growth rate assessment, the growth characteristics of Chattonella have been commonly elucidated by laboratory experiments using single or multiple unialgal culture strains under the effects of temperature, salinity, irradiance, and nutrient concentrations, i.e., C. subsalsa from Brazil and USA (Zhang et al., 2006; Viana et al., 2019), and C. marina complex (hereinafter referred to as C. marina) from Australia (Marshall and Hallegraeff, 1999), Japan (e.g., Nakamura and Watanabe, 1983), Korea (Lim et al., 2020), and Mexico (Band-Schmidt et al., 2012). Among these environmental parameters, temperature and salinity are two major factors in promoting/demoting the growth of Chattonella (Nakamura and Watanabe, 1983; Yamaguchi et al., 1991; Noh et al., 2006a; Noh et al., 2006b; Yamatogi et al., 2006; Zhang et al., 2006; Salvitti, 2010). Chattonella marina from different localities in Japan grew in a similar temperature range of 15–30°C (optimum 25°C), but with a slightly different salinity range of 15–35 (Yamaguchi et al., 1991; Khan et al., 1995). On a wider scale, a similar response against temperatures was observed in C. marina from Australia, Japan, and Korea, but they had different optimal salinities (Yamaguchi et al., 1991; Kahn et al., 1998; Marshall and Hallegraeff, 1999; Noh et al., 2006a; Noh et al., 2006b). Chattonella subsalsa from the USA had a wider temperature range of 10–30°C (optimum 30°C) and salinity range of 5–30 (optimum 25) for growth while the same species from Brazil had an optimal salinity of 30 (Zhang et al., 2006; Viana et al., 2019).

In Southeast Asia, there was limited studies investigating the growth characteristics of Chattonella, further, past studies demonstrated inconsistent conclusions (Lee, 2014; Ayu-Lana-Nafisyah et al., 2018). Lee (2014) reported C. marina from Sarawak, Malaysia (strain CtSb02, reported as C. subsalsa without molecular characterization, see Lum et al., 2022) had an optimal growth at salinity 25, which was similar to those in the temperate waters. However, Ayu-Lana-Nafisyah et al. (2018) revealed that C. marina from a mangrove area in Indonesia had a lower optimal salinity of 15. Whether the unique salinity preference of C. marina in Indonesia was a strain-specific, species-specific, or ecotypic adaptation in tropical Asian waters remains unclear. The growth characteristics of C. marina and other Chattonella species in tropical waters, including C. subsalsa and the two new Chattonella species recently described from Southeast Asia (C. tenuiplastida and C. malayana), need to be investigated and clarified to further understand the effects of the abiotic factors on their occurrence patterns and bloom dynamics. This study compared the growth responses of single unialgal cultures of the four Chattonella species in various temperatures and salinities to achieve the following objectives: (1) to provide baseline growth information of Chattonella spp. in tropical waters, (2) to recognize the ecophysiological niches (growth temperature/salinity ranges) of these Chattonella species, and (3) to determine their optimal temperature and/or salinity that may contribute to the formation of HABs in this region. The ecophysiological comparison in this study may reveal the bloom potentials of Chattonella spp. in each respective temperature and salinity and help to specify the factors promoting their blooms in the natural environment.




2 Materials and methods



2.1 Algal cultures

All Chattonella cultures were previously established by Lum et al. (2021; 2022). from Southeast Asia. One representative strain of C. malayana, C. marina, C. subsalsa, and C. tenuiplastida was selected (Table 1). They were grown in IMK medium (Wako, Tokyo, Japan), made up of 0.22 µm filter-sterilized, nutrient-depleted aged oceanic seawater pre-adjusted to a salinity of 30. The cultures were maintained at 23.0°C, a light intensity of 70–100 µmol photons m–2 s–1 of cool, white fluorescent light under a 12:12 h light: dark cycle regime. Note that cultures used in the growth experiments were not axenic, but culture vessels and media were sterilized by autoclaving at 120°C for 15 min, and inoculation was operated aseptically in a laminar flow cabinet.


Table 1 | Culture strains of Chattonella species used in this study (Lum et al., 2021; Lum et al., 2022).






2.2 Temperature experiment

The temperature experiment was performed in ten temperature treatments, i.e., 13.0, 15.5, 18.0, 20.5, 23.0, 25.5, 28.0, 30.5, 33.0, and 35.5°C (Yamatogi et al., 2006; Sakamoto et al., 2009). Cells of each strain were inoculated into 50 mL culture flasks with filtered caps (Sumitomo Bakelite, Tokyo, Japan) containing IMK medium prepared from aged offshore seawater pre-adjusted to a salinity of 30 by distilled water. The experiment was conducted at a light intensity of 220 µmol photons m-2 s-1 under a 12:12 h light: dark photocycle. Before the experiment, cells were pre-acclimatized to the targeted temperatures at a rate of ± 2.5°C every two days, starting from 23.0°C. After the acclimatization, an inoculum was transferred to a 50 mL fresh medium to make up for 100 ± 50 cells mL-1 initial cell densities for each flask. The experiment was performed in triplicate for each strain at each temperature treatment for a growth cycle of 20 days.




2.3 Salinity experiment

The salinity experiment was performed in five salinity treatments i.e., 15, 20, 25, 30, and 35. Lower salinity IMK media were prepared by pre-dilution with sterile distilled water. The experiment was conducted at 28.0°C under the same light conditions as described above. Prior to the experiment, cells were pre-acclimatized to the targeted salinities by decreasing/increasing the salinity of five every two days, starting from salinity 30. After the acclimatization, an inoculum was transferred to a 50 mL fresh medium to make up for 100 ± 50 cells mL-1 initial cell densities for each flask. The experiment was performed in triplicate for each strain at each salinity treatment for a growth cycle of 20 days.




2.4 Cross-factorial temperature and salinity experiment

To further understand the combined effects of temperature and salinity on the two recently described Chattonella tenuiplastida and C. malayana (Lum et al., 2022), a cross-factorial experiment was conducted with 12 treatments (in triplicate), by crossing temperatures of 25.5, 28.0, 30.5 and 33.0°C with salinities of 25, 30 and 35 in 50 mL culture flasks with non-filtered caps (Sumitomo Bakelite, Tokyo, Japan). Cells in each treatment were pre-acclimatized as described above and subsequently transferred to 50 mL fresh medium to make up for 100 ± 50 cells mL-1 initial cell densities for each flask. The experiment was carried out for at least 20 days and monitored until day 40.




2.5 Cell count and growth rate

Two milliliters subsamples were collected from each culture flask every two days until day 20 or day 40, and cells were fixed with HEPES-buffered glutaraldehyde before counting (Katano et al., 2009). Fixed samples were manually counted by a Sedgwick-rafter chamber until ≥ 100 cells. Specific growth rate (µ, d-1) was calculated from the following equation, where N is the number of cells and t is time (Hall et al., 2014).

	

The maximum specific growth rate (µmax) was calculated from the maximum slope over a five-point window (h = 5), in other words, the highest growth rate in any eight days (Hall et al., 2014) using the package growthrates (Petzoldt, 2022) in R (R Core Team, 2022). Growth rates of Chattonella were classified into four levels; (1) negative growth where cells died after the experiment had begun and were omitted from graphs, (2) no growth indicating the survival and mortality of Chattonella were almost equal, and no observable µ, (3) growth where µ > 0.1 d-1, and (4) optimal growth with the highest µ (µmax). Treatments where Chattonella spp. achieved high cell densities (104 cells mL-1) were noted.




2.6 Fv/Fm measurement

To determine the effects of temperature and salinity on the Chattonella cell conditions, the maximum quantum yield of photosystem II (Fv/Fm) was determined by measuring chlorophyll fluorescence from selected conditions, i.e., temperatures 20.5, 25.5, and 30.5°C, and salinities 25, 30, and 35 (Yuasa et al., 2020a; Yuasa et al., 2020b). Subsamples (2 mL) were collected from each culture flask in 4-day intervals, cells were incubated in the dark for 10–15 min, and Fv/Fm values were measured subsequently by a Water-PAM fluorometer (Walz, Effeltrich, Germany). The value of Fv/Fm was calculated by the following equation:

	

where Fm and Fo are the maximum and minimum fluorescence, respectively. Measurement was conducted in triplicate.




2.7 Statistical analyses

For the single-factor experiments of the effects of temperature and salinity, the µ and Fv/Fm were analyzed by one-way variance analysis (ANOVA), followed by Tukey’s post hoc comparison test to determine the statistical significance at p< 0.01. For the cross-factorial experiment of temperature and salinity, the µ was analyzed by two-way ANOVA. Tukey’s post hoc comparison test was performed at a statistical significance of p< 0.01 when the result of ANOVA was significant. Statistical analyses were conducted in R ver. 4 (R Core Team, 2022).





3 Results



3.1 Effects of temperature

None of the four Chattonella species grew at 13.0°C (Figure 1A). However, the effects of temperature on the growth varied among species when temperature > 13.0°C (Figures 1A, 2A and Tables 2, S1, S2). In general, growth was suppressed at 15.5 and 18.0°C, C. subsalsa and C. marina showed no growth with almost constant cell densities, while C. tenuiplastida and C. malayana exhibited negative growth (Figure 1A).




Figure 1 | Growth of Chattonella subsalsa, C. marina, C. tenuiplastida, and C. malayana at different temperature (A) and salinity (B) treatments. Error bars represent standard deviations (n = 3).






Figure 2 | Specific growth rate, µ (d-1) of Chattonella subsalsa, C. marina, C. tenuiplastida, and C. malayana at different temperature (A) and salinity (B) treatments. Note that treatments with negative or no growth were not shown, i.e., C. subsalsa (≤ 18.0°C), C. marina (≤ 18.0°C and ≥ 33.0°C), C. tenuiplastida (≤ 20.5°C and 35.5°C), C. malayana (≤ 23.0°C and 35.5°C), and C. tenuiplastida and C. malayana at salinity 15. Alphabets indicate ANOVA significant level of between-treatment comparisons (p< 0.01, Tukey’s test). Error bars represent standard deviations (n = 3).




Table 2 | Growth ranges and maximum specific growth rates (µmax) on Chattonella spp. in the single-factor experiments.



Growth temperature ranges were different among the Chattonella species. Chattonella subsalsa showed a wide temperature range of 20.5–35.5°C, while C. malayana demonstrated a remarkably narrow range (25.5–33.0°C). Chattonella marina and C. tenuiplastida exhibited moderate temperature ranges of 23.0–30.5°C and 23.0–33.0°C, respectively (Figures 1A, 2A). When comparing the µmax and their respective optimal temperature (Tables 2, S1), C. subsalsa had the highest µmax among all four Chattonella species (0.65 ± 0.01 d-1 at 28.0°C), followed by C. marina (0.41 ± 0.07 d-1 at 25.5°C), and the µmax were similar for C. tenuiplastida (0.38 ± 0.01 d-1 at 30.5°C) and C. malayana (0.38 ± 0.04 d-1 at 30.5°C).

Cells of C. subsalsa entered the exponential phase in day 2–8, which demonstrated the shortest lag phase among all Chattonella species (Figure 1A). Comparable to C. subsalsa, C. marina entered the exponential phase in day 4–10. In contrast, C. tenuiplastida and C. malayana displayed a much longer lag phase and entered the exponential phase after day 8 (Figure 1A).

The culture of C. subsalsa showed the highest maximum cell densities, with the maximum cell yield of 7.9 × 104 cells mL-1 observed at 25.5°C. High cell densities of > 6 × 104 cells mL-1 were recorded throughout the temperature treatments (25.5–33.0°C) (Figure 1A). The highest maximum cell density of C. marina was recorded at 25.5°C (> 6 × 104 cells mL-1), however, cell densities were relatively high at 20.5–30.5°C (> 103 cells mL-1). High cell densities of C. tenuiplastida were recorded at 28.0–30.5°C (> 104 cells mL-1), with the maximum cell density of 2.1 × 104 cells mL-1 observed at 30.5°C. The culture of C. malayana exhibited the lowest maximum cell yield among the species examined, with the highest maximum cell density of 1.7 × 104 cells mL-1 observed at 30.5°C. At 28.0 and 33.0°C, cell densities remained high (104 cells mL-1) on day 20 but observation of whether the cells continued to grow was not available at the time.

The maximum quantum yield of photosystem II (Fv/Fm), an indicator of photosynthetic potential, has been commonly used to determine whether cells are under stress (Vonshak et al., 1994; Qiu et al., 2013; Katayama et al., 2017; Yuasa et al., 2020b). In this experiment, the Fv/Fm values of four Chattonella species were monitored in 20.5, 25.5, and 30.5°C treatments in 4-day intervals. Chattonella subsalsa and C. marina exhibited relatively high Fv/Fm (≥ 0.5) at all temperatures during the experiment period, indicating their photosynthetic potential was retained over the period (Figure 3A and Tables S5, S6). Fv/Fm of C. subsalsa were significantly higher at 25.5°C than that of 20.5°C throughout the experiment period (p< 0.01) (Figure 3A and Table S6). Fv/Fm values of C. marina were significantly different in all temperature treatments starting from day-8 (p< 0.01), the highest Fv/Fm was observed at 30.5°C (Figure 3A and Table S6). The differences of Fv/Fm among treatments were obvious in C. tenuiplastida and C. malayana. Both species showed negative Fv/Fm values at 20.5°C, implying their growth and photosynthetic potential were negatively affected by lower temperatures (Figure 3A and Table S6). At higher temperature treatments, Fv/Fm of C. malayana were significantly different (p< 0.01) between 25.5 and 30.5°C treatments after day 12, but those of C. tenuiplastida were not significantly different between 25.5 and 30.5°C (p ≥ 0.01; Table S6), suggesting that C. malayana might be less tolerant to temperatures lower than 25.5°C.




Figure 3 | The maximum quantum yield of photosystem II (Fv/Fm) of Chattonella subsalsa, C. marina, C. tenuiplastida, and C. malayana at temperature treatments of 20.5, 25.5, and 30.5°C (A), and salinity treatments of 25, 30, and 35 (B). Asterisks indicate ANOVA significance differences (p< 0.01) between different temperature or salinity treatments on the sampling days. Note that Fv/Fm of C. malayana at 20.5°C (< 0.1) was excluded, and no data for day 4 of the salinity experiment due to equipment failure. Error bars represent standard deviations (n = 3).






3.2 Effects of salinity

Overall, all Chattonella spp. showed similar growth responses to the salinity treatments (Figures 1B, 2B and Tables 2, S3, S4). Growth of C. subsalsa and C. marina was observed in the salinity range of 15–35, while C. tenuiplastida and C. malayana were in the salinity range of 20–35 (Table S3). At salinity 15, the growth of C. tenuiplastida and C. malayana were suppressed and cells died after day 12–14 (Figure 1B). Growth of C. subsalsa was significantly lower at salinity 15 than those at 20–35 (p< 0.01) (Figure 2B and Table S4).

Among all species, the highest µmax was observed in C. subsalsa (0.65 ± 0.004 d-1 at salinity 30, Tables 2, S3), followed by C. malayana (0.47 ± 0.03 d-1 at salinity 30), C. marina (0.45 ± 0.02 d-1 at salinity 25), and C. tenuiplastida (0.36 ± 0.01 d-1 at salinity 25), respectively (Figures 1B, 2B).

For the growth phase, the exponential phase of C. subsalsa started on day 4 across all salinity treatments, which was the shortest among all species (Figure 1B). Chattonella marina entered the exponential phase on day 6 at salinities 20–30, but with a longer lag phase (10 days) at salinities 15 and 35 (Figure 1B). Chattonella malayana also started to grow exponentially on day 6, similar to C. marina, at salinity 30 (Figure 1B). The culture of C. tenuiplastida exhibited the longest lag phase, as its exponential phase only started after day 8 (Figure 1B).

The maximum cell densities of C. subsalsa exceeded 3.5 × 104 cells mL-1 at all salinity treatments, which was much higher than other species (Figure 1B). The maximum cell densities of C. marina exceeding 104 cells mL-1 were recorded at salinities 20–30 but were lower (< 5 × 103 cells mL-1) at salinities 15 and 35. Maximum cell densities of both C. tenuiplastida and C. malayana were comparable to C. subsalsa and C. marina (> 104 cells mL-1) at salinities 25–35.

The maximum quantum yield of photosystem II (Fv/Fm) was observed for salinities 25, 30, and 35 in 4-day intervals, and the results showed that the effects of salinity on the photosynthetic potential of the four Chattonella species were minor (Figure 3B and Tables S7, S8). High Fv/Fm (> 0.6) was observed in C. subsalsa in all salinity treatments, and they were not significantly different (p ≥ 0.01; Figure 3B and Table S8). At salinity 35, C. marina, C. tenuiplastida, and C. malayana had lower µ but higher Fv/Fm as compared to those at salinities 30 and 25, suggesting that the three species could tolerate high salinity of 35 (Figures 2B, 3B and Table S8).




3.3 Cross-factorial effects of temperature and salinity

The combined effects of temperature and salinity produced similar results from the single-factor experiments, and no significant differences were observed among treatments, including the interaction effects of temperature and salinity (Figure 4 and Tables 3, 4). The only statistically significant result was detected in temperature (p = 0.0064, two-way ANOVA) in C. tenuiplastida, but almost all results showed no statistical differences (p ≥ 0.01), except for 25.5-30.5°C (p = 0.0055, Tukey’s test) (Tables 4, S9). Cells of C. tenuiplastida did not grow at 33.0°C across the salinities 25, 30, and 35, except for one replicate, which grew at salinity 35 (µ = 0.12 d-1). Chattonella malayana grew in all tested conditions but µ was extremely low (0.03 ± 0.02 d-1) at 33.0°C and salinity 25. µmax of C. malayana (0.40 ± 0.10 d-1) was higher than that of C. tenuiplastida (0.39 ± 0.05 d-1), comparable to previous experiments (Table 3).




Figure 4 | Growth of Chattonella tenuiplastida and C. malayana in the cross-factorial experiment of various temperatures and salinities. Error bars represent standard deviations (n = 3).




Table 3 | Specific growth rate (µ) in the cross-factorial experiments on Chattonella malayana and C. tenuiplastida, n = 3.




Table 4 | Two-way ANOVA for cross-factorial experiments on Chattonella malayana and C. tenuiplastida, n = 3.



The optimal growth of C. malayana was observed at 28.0°C and salinity 25, with a remarkable µ of 0.51 d-1 observed in a replicate (Figure 5A and Table 3). The maximum cell density of 8.3 × 103 cells mL-1 was observed at 30.5°C and salinity 30, which was lower than those observed in the single-factor experiments (Figure 4). In contrast, the optimal growth of C. tenuiplastida was at 30.5°C and salinity 30, with its highest µmax of 0.39 ± 0.05 d-1 (Figure 5B and Table 3). In the cross-factorial experiment with temperatures set at 28.0 and 30.5°C, a fluctuating pattern of growth was observed where cell densities declined slightly around day 20 and gradually increased to higher cell densities, resulting in two peaks in the growth curves (Figure 4). This type of growth curve was not observed at 25.5°C, as cells entered the exponential phase from day 4 and then stationary/death phases before day 20. High cell densities (> 104 cells mL-1) were recorded at their optimal temperature of 30.5°C across all salinities 25–35.




Figure 5 | Specific growth rate, µ (d-1) of Chattonella malayana (A) and C. tenuiplastida (B) and in the cross-factorial experiments of temperatures (x-axis) and salinity (colored circles). Note that C. tenuiplastida showed no growth at 33.0°C at salinities of 25 and 30, and only one replicate grew at salinity 35 (µ = 0.12 d-1), which is not included in the plot. Error bars represent standard deviations (n = 3).







4 Discussion



4.1 Chattonella in the tropical and temperate waters

Studies of temperature effects on the growth of C. subsalsa and C. marina focus mainly on temperate waters (Australia, Japan, Korea, and the USA), only a few reports had investigated the growth characteristics of Chattonella in tropical waters (Lee, 2014; Ayu-Lana-Nafisyah et al., 2018; Kok et al., 2019) (Table 5). In this study, we demonstrated that all four species, C. subsalsa, C. malayana, C. marina, and C. tenuiplastida from tropical Asian waters exhibited comparable growth (µmax) and maximum quantum yield of photosystem II (Fv/Fm) to those of temperate C. subsalsa and C. marina (Salvitti, 2010; Qiu et al., 2013; Yuasa et al., 2020b) (Table 5). This study revealed that C. subsalsa achieved its µmax at 28.0°C and salinity 30 (single-factor), C. malayana at 28.0°C and salinity 30 (single-factor), C. marina at 28.0°C and salinity 25 (single-factor), and C. tenuiplastida at 30.5°C and salinity 30 (cross-factor).


Table 5 | Growth ranges, optimum growth conditions, and maximum specific growth rates (µmax) of Chattonella spp.



When comparing the tolerance of two distinct geographical populations of C. subsalsa, the tropical Singapore strain from this study showed a narrower temperature range (20.5–35.5°C), in contrast to the temperate USA strain which showed the range of 10–30°C (Zhang et al., 2006; this study; Table 5). As for C. marina, past studies have revealed a lower temperature tolerance limit (10–30°C) of the temperate strains, while the tropical C. marina strain demonstrated an upper temperature tolerance limit in the range of 20.5–34°C (Yamaguchi et al., 1991; Khan et al., 1995; Ayu-Lana-Nafisyah et al., 2018; this study). In both cases, tropical C. subsalsa and C. marina have higher growth temperature ranges than the temperate ones, suggesting that they have well adapted to the local environment and intraspecific variability by latitudinal differences is prominent.

Previous studies have reported higher optimal temperatures in C. subsalsa (28–30°C) as compared to C. marina, which was 25°C (Yamaguchi et al., 1991; Khan et al., 1995; Kahn et al., 1998; Marshall and Hallegraeff, 1999; Noh et al., 2006a; Noh et al., 2006b; Zhang et al., 2006; Wang et al., 2011; this study). This is in agreement with the present study. A study by Band-Schmidt et al. (2012) also showed that the Mexican C. marina strain grew better in colder water than C. subsalsa strain. The adaptability to a broader temperature range of C. marina explained its wide latitudinal distribution across the tropical Southeast Asia and temperate East Asia.

On the other hand, the salinity ranges for growth were inconclusive, as intraspecific variation occurred in Chattonella species from similar climates (Table 5). For example, the C. subsalsa strain from the USA had a broad salinity range of 5–30 but the C. subsalsa strain from Brazil was unable to grow at a salinity below 20 (Zhang et al., 2006; Viana et al., 2019). As for C. marina, the temperate Korean strains grew in a salinity of 7.5 (Noh et al., 2006a; Noh et al., 2006b), which was the lowest salinity ever reported for C. marina, whereas the Japanese and Australian strains grew in higher salinity ranges (Yamaguchi et al., 1991; Khan et al., 1995; Kahn et al., 1998; Marshall and Hallegraeff, 1999) (Table 5). The tropical C. marina strains also showed slightly different salinity ranges, i.e., C. marina from Malaysia grew at salinity ranges of 10–30 or 15–35 (both were optimal at 25), but those from Indonesia had a salinity range of 15–33, with an optimum salinity of 15 (Lee, 2014; Ayu-Lana-Nafisyah et al., 2018; this study). The specific growth rates of the tropical and temperate C. marina varied at salinity 35, i.e., the tropical strains had lower growth rates (0.2–0.4 d-1) as compared to the Japanese strains (0.4–0.7 d-1) (Nakamura and Watanabe, 1983; Khan et al., 1995; Lee, 2014; Ayu-Lana-Nafisyah et al., 2018; this study). In short, the salinity ranges are not species-specific and could not be explained by the latitudinal differences.

As for C. tenuiplastida and C. malayana, where their ecophysiology was firstly examined in the present study, relatively narrower growth ranges of temperatures and salinities were observed. The strains exhibited longer lag phases, slightly lower growth rates, and affected Fv/Fm at low temperature (20.5°C) when compared to the tropical C. subsalsa and C. marina in this study. This suggested that the two species have lower adaptability to colder water and thus restricted their distributions in warm waters. However, their µmax were comparable to those of C. subsalsa from Brazil, Malaysia, and Mexico, and C. marina from Australia, Japan, and Korea, suggesting competitive growth potentials in the two species (Table 5).

Combined effects of temperature and salinity on the optimal growth have been observed in Chattonella (Smayda, 1969; Tomas, 1978; Yamaguchi et al., 1991; Yamatogi et al., 2006). In our single-factor experiments, results showed that C. tenuiplastida and C. malayana had relatively slower growth (longer lag phase) and relatively lower µ than C. subsalsa and C. marina, but since Chattonella usually could grow very dense (Marshall and Hallegraeff, 1999), the interaction effect of temperature and salinity on these two species had been determined to better understand their growth characteristics. Although our cross-factorial experiments did not show significant differences among all tested conditions (Table 4), the optimal temperature and salinity differed from that observed in the single-factor experiments, i.e., the optimum growth in C. malayana had changed from 30.5°C (when salinity was 30) and salinity 30 (when the temperature was 28.0°C) to the combined factors of 28.0°C and salinity 25 (Table 3). The optimal temperature of C. tenuiplastida remained the same at 30.5°C but its optimal salinity changed from 25 to 30 in the cross-factorial experiments (Table 3). The changes in the optimal temperature and salinity suggested that other factors not considered in this study might have affected the physiological responses, e.g., the use of non-filtered caps that limited the gaseous exchange. The accumulation of high carbon dioxide (CO2) concentration resulting in acidic conditions has produced different growth responses in C. marina var. marina and C. marina var. ovata (Lim et al., 2020). Increased growth of H. akashiwo has also been observed in higher concentrations of CO2 (Fu et al., 2008).

The µmax of these two species, however, was similar to those of the single-factor experiments, further supported their optimal growths and adaptability. In the cross-factorial experiments, there was no significant difference in the growth response of C. tenuiplastida and C. malayana in the treatments of salinities 25, 30, and 35, unlike those demonstrated in the single-factor salinity experiments (Figures 2B, 4 and Tables 4, S4). Unfortunately, no constructive conclusion can be drawn from the cross-factorial experiments, except the evidence that the two species exhibited narrow windows of temperature and salinity tolerances. The results from the cross-factorial experiment somewhat agree with those in the single-factor experiments, which suggested the limited distribution of C. tenuiplastida and C. malayana in the tropical Asian waters.




4.2 Indigenous or alien Chattonella spp.?

It is difficult to ascertain the origin and the geographical introduction of these Chattonella, but the ability to adapt to a new environment has been suggested as an important driver for the widespread distribution of some phytoplankton especially the bloom-forming raphidophytes and dinoflagellates (Richlen et al., 2010; Zerebecki and Sorte, 2011; Sala-Pérez et al., 2021). They can adapt to warmer temperatures, less saline water, lower nutrient availability, and/or high CO2 concentration (Cubillos et al., 2007; Hallegraeff, 2010; Thomas et al., 2012; Sala-Pérez et al., 2021). As a case in point, the harmful raphidophyte H. akashiwo is widely distributed globally, likely owing to its adaptability to a wide growth temperature and salinity range, where it has high growth in warmer temperatures (Zhang et al., 2006; Fu et al., 2008). Another example is Margalefidinium polykrikoides (Margalef) Gómez, Richlen et Anderson, which is a euryhaline and eurythermal bloom-forming dinophyte that could grow in a wide range of temperatures and salinities (Richlen et al., 2010; Kudela and Gobler, 2012). Its widespread global distribution has been well-known, and many newly detected locations have been reported since its first discovery (Richlen et al., 2010; Kudela and Gobler, 2012; Thoha et al., 2019). Similarly, the adaptation of Gymnodinium aureolum (Hulburt) Hansen in the Black Sea since its first report in the USA has also been pointed to its euryhaline traits (Sala-Pérez et al., 2021).

The first reports of Chattonella in Asia and Southeast Asia were in 1969 and 1983, respectively, which were 30 years later than the first discovery of C. subsalsa in France (1933) and 10 years after the discovery of C. marina in India (1949), but the understanding on the origin and dispersion of these Chattonella was limited (Biecheler, 1936; Subrahmanyan, 1954; Khoo, 1985; Okaichi, 2003). Among the four Chattonella species tested in our experiments, we anticipated that C. subsalsa and C. marina could have been transported in or out of tropical Asian waters and adapted to the new environments as they exhibited high adaptability to broad temperature ranges. Cyst formation in C. subsalsa and C. marina has also been observed, and these cysts could survive for months in the dark and be transported by ballast water, further suggesting the chance of them being transported (Imai and Itoh, 1988; Imai, 1989; Portune et al., 2009; Jeong et al., 2013; Satta et al., 2017).

In contrast to C. subsalsa and C. marina, C. tenuiplastida and C. malayana exhibit narrower temperature and salinity ranges for growth (Lum et al., 2022; this study). In addition, their growths were unparalleled to those observed in C. subsalsa, suggesting that these two species may have a weaker ability to spread to other regions. The ability of cyst formation in C. tenuiplastida and C. malayana has yet to be clarified.




4.3 Potential harmful algal bloom formation

Cell densities of Chattonella species ranging from 35 × 103 to 28 × 107 cells L-1 have been reported to be associated with fish kill events (Okaichi, 2003; Barraza-Guardado et al., 2004; Cortés-Altamirano et al., 2006; Martínez-López et al., 2006; Jugnu and Kripa, 2009; Satta et al., 2017). In this study, the cell density of all four Chattonella species exceeded 107 cells L-1 in their respective temperatures and salinities, suggesting that they can form high cell biomass when conditions are favorable. The growth rates of the Chattonella spp. in this study are comparable to those of C. marina estimated from an in situ mesocosm experiment (0.1–0.36 d-1) and during a HAB incident in Yatsushiro Sea, Japan (~1 division d-1, Watanabe et al., 1995; Nakashima et al., 2019).

One of the major factors affecting Chattonella blooms in their natural habitat is the water temperature (Imai and Yamaguchi, 2012; Satta et al., 2017). Blooms of C. subsalsa occurred in tropical Guanabara Bay, Brazil at 21–31°C, and in Santa Giusta Lagoon, Italy at 20–30°C (Satta et al., 2017; Branco et al., 2019; Viana et al., 2019). Chattonella subsalsa in our study demonstrated high growth rates in a wide range of temperatures (25.5–33.0°C), which overlaps with the known bloom temperature of this species. Chattonella tenuiplastida and C. malayana also showed better growth in warmer temperatures, which were ≥ 25.5°C and ≥ 28.0°C, respectively. These three species could possibly achieve high growth and form HABs in Southeast Asia as the coastal water ranges from 27.2–32.5°C fit their preferred temperature (Lau et al., 2017; Hii et al., 2021). Blooms of C. marina have been observed in slightly lower temperatures, such as in southwest India (25–27°C, Sanilkumar et al., 2012), and Mexico (17–22.7°C, Cortés-Altamirano et al., 2006; García-Mendoza et al., 2018). Our tropical C. marina maintained these growth characteristics, where it preferred colder water and may have a lower chance to form HABs in Southeast Asia. However, its ichthyotoxicity should not be underestimated as it had caused fish kills in low cell densities (Nishikawa et al., 2014).

Another factor, salinity, has seldom been related to the blooms of Chattonella, except when there is a nutrient influx from the river discharge (Onitsuka et al., 2011; Aoki et al., 2012). A wide range of salinities has been reported during their blooms, i.e., blooms of C. subsalsa at 38.5 (Mexico, Martínez-López et al., 2006), and 50 (Salton Sea, Tiffany et al., 2001), and blooms of C. marina at 35.3–36.9 (Australia, Marshall, 2002), 30–32.8 (Japan, Nakamura et al., 1988), 11.6–33.2 (Korea, Jeong et al., 2013), 33–38.9 (Mediterranean Sea, Ismael and Halim, 2001), and 34.5–34.7 (Mexico, Cortés-Altamirano et al., 2006). In Southeast Asia, heavy rainfalls and low salinity conditions in the coastal areas are common (Leong et al., 2015; Lau et al., 2017; Razali et al., 2022). In such cases, salinity adaptability is important for the survival of these HABs species and the chance to bloom (Nakamura, 1985; Onitsuka et al., 2011; Aoki et al., 2012; Kok et al., 2019; Hii et al., 2021). In the present study, C. subsalsa and C. marina could grow in lower salinity and the growth ranges were larger than C. tenuiplastida and C. malayana, suggesting the former two had higher potential to proliferate and form blooms in the tropical Southeast Asian region.

Based on the historical records of Chattonella blooms and fisheries damages in Southeast Asia, C. subsalsa has been suggested as the responsible species in the region because of its occurrence in the fish-kill locations (Lum et al., 2021). Its higher growth and maximum cell densities in a wider range of temperatures and salinities as in this study, compared to the other three species, have further supported this claim. Aside from C. subsalsa, C. malayana had been reported to cause a harmful algal bloom resulting in massive wild fish mortality in Malaysia (Lum et al., 2022). It is interesting to note that, however, the cell density of C. malayana examined in this study was relatively low as compared to the other three species. This implied that there are other bloom-promoting factors that may affect the species but have yet to be unveiled. García-Mendoza et al. (2018) suggested that changes in the phytoplankton community must also be considered in understanding the bloom dynamics of Chattonella. In future studies, other factors such as irradiance, nutrient availability, CO2 concentration, strain variability, and their interaction effects should be clarified (Yamaguchi et al., 1991; Marshall and Hallegraeff, 1999; Yamaguchi et al., 2008; Salvitti, 2010; Band-Schmidt et al., 2012; Wells et al., 2015; Kok et al., 2019; Viana et al., 2019; Lim et al., 2020; Yuasa et al., 2020a). To truly explain the ichthyotoxicity of these Chattonella species, the linkage between bloom potential and the production of reactive oxygen species (ROS) or other allelopathic chemicals should also be explored (Liu et al., 2007; Imai and Yamaguchi, 2012; Qiu et al., 2013; Yuasa et al., 2020a; Yuasa et al., 2020b; Ahumada-Fierro et al., 2021; Shikata et al., 2021; Cho et al., 2022).
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In order to explore the species composition, spatial distribution and relationship between the phytoplankton community and environmental factors in Lake Longhu, the phytoplankton community structures and environmental factors were investigated in July 2020. Clustering analysis (CA) and analysis of similarities (ANOSIM) were used to identify differences in phytoplankton community composition. Generalized additive model (GAM) and variance partitioning analysis (VPA) were further analyzed the contribution of spatial distribution and environmental factors in phytoplankton community composition. The critical environmental factors influencing phytoplankton community were identified using redundancy analysis (RDA). The results showed that a total of 68 species of phytoplankton were found in 7 phyla in Lake Longhu. Phytoplankton density ranged from 4.43 × 105 to 2.89 × 106 ind./L, with the average density of 2.56 × 106 ind./L; the biomass ranged from 0.58–71.28 mg/L, with the average biomass of 29.38 mg/L. Chlorophyta, Bacillariophyta and Cyanophyta contributed more to the total density, while Chlorophyta and Cryptophyta contributed more to the total biomass. The CA and ANOSIM analysis indicated that there were obvious differences in the spatial distribution of phytoplankton communities. The GAM and VPA analysis demonstrated that the phytoplankton community had obvious distance attenuation effect, and environmental factors had spatial autocorrelation phenomenon, which significantly affected the phytoplankton community construction. There were significant distance attenuation effects and spatial autocorrelation of environmental factors that together drove the composition and distribution of phytoplankton community structure. In addition, pH, water temperature, nitrate nitrogen, nitrite nitrogen and chemical oxygen demand were the main environmental factors affecting the composition of phytoplankton species in Lake Longhu.

KEYWORDS
 phytoplankton community, structural characteristics, spatial distance, environmental factors, formation mechanism


1. Introduction

Global warming exacerbates the process of lake eutrophication, which further changes the distribution, phenology, abundance, composition, and trophic interactions of phytoplankton (Yan et al., 2017; Ajani et al., 2020). Phytoplankton is the important primary producer of aquatic ecosystems and plays a key role in the process of material circulation and energy flow (Lin, 2023). The complexity of their community structure in terms of temporal and spatial distribution is the premise to maintain the functional integrity of the ecosystem (Rodríguez-Gómez et al., 2022). As one of the essential indicators of aquatic environment, the structure, abundance and seasonal succession of phytoplankton communities are highly susceptible to environmental factors, and its sensitivity to hydrological environment can effectively indicate the health status of aquatic ecosystems and changes in water quality (Dong et al., 2021; Xu Q. S. et al., 2022; Xu Y. P. et al., 2022). Studies have confirmed that abiotic factors such as availability of light, temperature, inorganic nutrients (nitrogen, phosphate, silicates, and iron), hydrological connectivity, and biotic factors (e.g., zooplankton) can affect the growth and community succession of phytoplankton (Zhang et al., 2018; Han et al., 2021). In addition, the decomposition of phytoplankton has been shown to generate greenhouse gases (CO2, CH4, N2O) and release dissolved nutrients that can retroactively favor climate change and eutrophication (Li and Li, 2018). The optical feedback effect of chlorophyll in phytoplankton also leads to a warming of the lake surface, which in turn significantly affects eutrophication (Lewis et al., 1990; Park et al., 2015). Therefore, understanding the structural characteristics of phytoplankton communities and their formation mechanism is essential to strengthen the management of lake aquatic ecological environment.

Previous studies on phytoplankton communities mainly proceeded from the niche theory, connecting species, communities and environmental factors, and believed that environmental processes (environmental filtration) were the most important factors affecting the structure of phytoplankton communities, and environmental heterogeneity caused differences in species composition in different environments (Valencia et al., 2004). Nevertheless, the neutral theory based on species dispersal and stochastic processes emphasizes the impact of spatial processes on biological communities where the existence, absence, and relative abundance of species is controlled by random seeding, dispersal, ecological drift, and extinction processes (Pos et al., 2019; He et al., 2022). Several recent studies indicate that the neutral theory might play an important role in phytoplankton communities (Mutshinda et al., 2016), as it underpins unexplained (random) variation in the relative abundances of species in phytoplankton communities, or on clumpy distributions of species traits such as cell size (Vergnon et al., 2009; Burson et al., 2019). There is also a view that the small phytoplankton floating on surface waters are easily dispersed passively through hydrology (Liu H. et al., 2022; Liu X. et al., 2022). This leads to highly similar algal community compositions at distant locations largely independent of environmental variables (Wu et al., 2023).

At present, numerous studies also have shown that environmental processes and spatial processes (diffusion limitation) play a role in the construction of phytoplankton communities, whereas their relative importance may vary across ecosystems and spatiotemporal scales (Heino et al., 2015; Chang et al., 2023). Compared with the ocean, the phytoplankton community composition of lake systems is more easily affected by spatial processes (Shurin et al., 2009), yet for lake phytoplankton, environmental factors (such as temperature, light, and hydrodynamic conditions) are still the main factors affecting the community structure (Wang et al., 2011; Mucina et al., 2016; Anceschi et al., 2019). Many studies have indeed confirmed that non-biological environmental variables (such as macronutrients and micronutrients), acting as indispensable protein cofactors and nutritional elements, were the main driving factors for abundance and composition of phytoplankton in aquatic ecosystems (Chiellini et al., 2020; Xue et al., 2021). Particularly, changes in nitrogen and phosphorus loads may lead to phytoplankton niche differentiation, and this different response to nutrient availability is mainly attributed to differences in explanatory degrees of niche differentiation and neutral competition (Burson et al., 2019). Consequently, it is of great significance to explore the phytoplankton community structure in lakes and its response mechanism to environmental factors and spatial processes for exploring the status of aquatic ecosystems.

In this study, the phytoplankton of Lake Longhu was the research object. Based on the monitoring of the spatial distribution of phytoplankton and water quality, the spatial differences in the community structure were analyzed. And the principal coordinate analysis of the neighbor matrix was used to identify the spatial structure of phytoplankton community formation, combined with variance decomposition to quantify the role of environmental factors, spatial processes, and their joint actions in the phytoplankton communities of Lake Longhu, and finally use canonical correspondence analysis to influence the phytoplankton community structure. It can identify significant environmental factors and provide basic data support for the water environment management and aquatic ecosystem protection of Lake Longhu.



2. Materials and methods


2.1. Study area

Lake Longhu (24°37′53″-24°39′7”N, 118°36′22″-118°37′7″E) is the largest natural shallow lake in Fujian Province, China, with a surface area of 1.60 km2, a rainfall catchment area of 11.37 km2, and an average water depth of 2.00–3.00 m (Figure 1). Lake Longhu is also an important water source for the water supply project of Jinjiang four towns and Jinmen county, undertaking the 4.40 m3s−1 distribution of water in Jinji Gate Reservoir of Jinjiang. The total reservoir capacity of Lake Longhu is 4.05 million m3, the annual runoff is 5.15 million m3, and the water exchange cycle of the entire lake area is about 10 days. With a certain capacity for regulation and storage, and self-regulating through the overflow outlet in the lower reaches of the lake. The climate of this area belongs to the subtropical monsoon climate, the average annual rainfall is 911–1,231 mm. The rainfall is mainly concentrated in the typhoon and rainstorm season in July and September, accounting for about 70% of the total rainfall (Wang and Ye, 2009).
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FIGURE 1
 Location of Lake Longhu and the distribution of sampling sites.




2.2. Sample collection and preparation

According to the topography and surrounding environment of the lake, ten sampling sites were set up in Lake Longhu (as shown in Figure 1), and the longitude and latitude information of each sampling site was detailed in Supplementary Table S1. Sampling site 1 is in the entrance of Lake Longhu, sampling sites 2–7 are the open water in the lake, and sampling sites 8–10 are a small wetland in the shoreline zone of the lake. A total of 30 samples were collected from June to July in 2020. Water samples from the surface (at 0.5 m below the lake surface), middle layer (at water depth of l.5 m) and bottom layer (0.5 m on the surface of the sediment) were collected with a Patalas water collector, and the three layers of water samples were mixed. The mixed water sample were treated with nitric acid (pH < 2) and filtered with 0.45 μm microporous membrane, and then stored at 4°C for subsequent analysis.

The collection of phytoplankton in the field was divided into qualitative sampling and quantitative sampling. The qualitative samples were fished out of surface water with No. 25 phytoplankton nets, fixed with Lugol’s reagent on site and then brought back to the laboratory for identification. Quantitative samples were collected with a water collector of 1.0 L water samples at each sampling site, also fixed with 1.5% Lugol’s reagent on site, brought back to the laboratory to stand for 24–36 h, concentrated to 30 mL, and then 0.1 mL of the samples were microscographed with a counting frame to record phytoplankton species and quantities. Phytoplankton species were identified according to Hu and Wei (2006). Cell density was measured with a counting chamber under microscopic magnification of × 200–400. Algal biovolumes were calculated from cell numbers and cell size measurements. Conversion to biomass assumes that 1 mm3 of volume is equivalent to 1 mg of fresh weight biomass.



2.3. Physicochemical parameters analysis

Water temperature (WT), pH, dissolved oxygen (DO) and conductivity (EC) were determined in situ by the multiparameter water quality monitor (EXO, Yellow Springs Instruments, United States). Transparency of the mixed water was measured using a Cypriot disc (SD). The concentrations of total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NH4+-N), nitrate nitrogen (NO3−-N), and nitrite nitrogen (NO2−-N) in lake water were measured following standard methods (State Environmental Protection Administration of China, 2002). The chemical oxygen demand (CODMn) in water sample was analyzed by potassium dichromate. Chlorophyll-a (Chla) was extracted using ethanol at 4°C. The Chla concentration was expressed as the difference in absorbance between 665 nm and 649 nm using ethanol as the control (Shi et al., 2015).



2.4. Statistical analysis

Calculation of Shannon-Wiener diversity index of phytoplankton communities based on species abundance. Clustering analysis was used to identify the spatial distribution of phytoplankton communities, and the Bray–Curtis similarity coefficient between sampling sites was calculated after the phytoplankton density data was converted to the fourth power root and normalized, so as to reduce the influence of excessive density of dominant species, and then hierarchical clustering was carried out by group average. Similarity Profiles (SIMPROF) analysis was used to verify whether the community structure obtained by clustering is significantly different from the random spatial structure (p < 0.05). One-way ANOSIM was used to verify whether there were significant differences in species composition at different sampling sites. And diversity index calculations, cluster analysis, SIMPROF analysis and ANOSIM analysis were all completed by PRIMER 6.0 (Clarke et al., 2006).

The generalized additive model (GAM) was used to fit the relationship between community heterogeneity, geographical distance and environmental distance, respectively. The community phase heterogeneity matrix was based on phytoplankton density data, and the Bray-Curtis phase dissimilarity matrix was calculated by quadruple root transformation. The geographic distance matrix was obtained by calculating the geographic distance of each pair of stations based on the latitude and longitude coordinates of the sampling sites. And the Euclidian distance matrix was calculated from the environmental variables of the sampling sites. The Bray-Curtis heterogeneity matrix and Euclidian distance matrix were completed using the “vegan” package of the R language (4.03); The geographic distance matrix was done using the package “geosphere”; GAM was done using the package “mgcv” (Team, R.C, 2014).

Principal coordinate analysis of neighborhood matrix (PCNM) was used to identify the spatial structure formed by phytoplankton communities. Variance partitioning analysis (VPA) was used to assess the extent to which environmental and spatial variables explained the variation in phytoplankton community. Before the VPA analysis, in order to ensure the simplicity of the model, the significant (p < 0.05) environment factors and spatial variables were selected and screened out based on the previous term, and then brought into the model for VPA analysis. The correlation between phytoplankton communities and environmental factors was analyzed by redundancy analysis (RDA). Significant environmental factors were screened out using forward selection, and model significance was detected by Monte Carlo displacement tests (499 times). PCNM vector acquisition, VPA analysis, and RDA analysis were all done using Canoco 5 software (Šmilauer and Lepš, 2003).




3. Results


3.1. Water quality of each sampling site

As shown in Figure 2, the variation of physicochemical indicators of water in Lake Longhu were presented. The range of pH was between 7.50 and 8.25. pH of the sampling site from 1 to 7 was higher than that at the 8–10 sampling sites. The range of DO in water was 6.06 to 8.29 mg/L in Lake Longhu, respectively. DO value was the lowest at the entrance of sampling site, and the value of DO at 2 to 7 sampling sites was higher. SD and DO had the same variation trend (Supplementary Table S2). EC ranged from 143.0–331.0 μS/cm, and the conductivity at site 2 in the north was 159 μS/cm, which was lower than the measured value at the entrance level, indicating that the conductivity brought by the entrance water had little effect (Supplementary Table S2). And the conductivity measured at sampling sites 8–10 was generally higher, which might be mainly due to the slow flow of water. Furthermore, the chlorophyll content of water showed a lower level in general, and the contents of Chla and SD both showed a higher trend in the north than in the south. The highest chlorophyll content was found near site 2, indicating that the water environment near it was suitable for the growth and reproduction of algae. Both Chla and SD were lower in the small wetlands of sites 8 and 10, which may be due to the predominant influence of suspended particulate matter in the lake on transparency, while the influence of algae was more limited.
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FIGURE 2
 Spatial distribution of water quality parameters in Lake Longhu [(A) TP, TN, and N/P; (B) NH4+-N, NO3--N, and NO2--N; (C) pH; (D) DO; (E) CODMn; (F) Chla].


Judging from the change trend of CODMn concentration in Lake Longhu, the highest CODMn concentration was 36.46 mg/L at site 1, and the other sampling sites were between 10.54 and 18.35 mg/L. The content of TP ranged from 0.04 to 0.09 mg/L and TP in open water was generally lower, with the highest content at the entrance, indicating that the content of TP in Lake Longhu was affected by certain entrance water. The overall TN concentration in the water was generally higher, ranging from 1.04 to 2.51 mg/L, and the TN concentration showed a decreasing trend from north to south, in addition, the TN concentration at the entrance site 1 was also substantially higher than the average value in the lake. The concentrations of NH4+-N, NO3−-N and NO2−-N in the water were between 0.07–0.19 mg/L, 0.81–2.22 mg/L and 0.01–0.06 mg/L, respectively. And the overall trend was similar to that of TP and TN. From the northern lake area to the southern lake area, the N, P levels showed a gradual downward trend, while there was an increase at sampling sites 8 and 10, indicating that the entrance water quality of Lake Longhu was poor and may be the main source of water pollution. In terms of the overall analysis from the north to the south of the lake, the overall water quality of Long Lake was in good condition. Moreover, the ratio of N/P combined with their concentration has great effects on algal growth, physiological response, biochemical compositions, and potentially impacted the function and community structure of aquatic ecosystems (Keck and Lepori, 2012; Huang et al., 2019; Zhao et al., 2019). Generally, the N/P molar ratio required for phytoplankton growth and physiological balance was 16: 1 (Redfield, 1960), and it was changed with phytoplankton species due to their different requirements for N and P (Ho et al., 2003; Wagner et al., 2021). In this study, the N/P molar ratio of all sampling sites was greater than 16, indicating phosphorus limitation. In addition, lower phosphorus content also inhibited organic synthesis of nitrogen (Meunier et al., 2017).



3.2. Phytoplankton community structures

A total of 68 species of phytoplankton were identified at the sampling sites (Supplementary Table S3), Cyanophyta, Chlorophyta, and Bacillariophyta were identified as dominant phyla, with 29 species of Chlorophyta, accounting for 42.6% of the total number of species, followed by 21 species of Bacillariophyta (30.9%), and 7 species of Cyanophyta, accounting for 10.3%. Cryptophyta, Euglenophyta, Pyrrophyta, and Chrysophyta were 4, 3, 3 and 1 respectively, accounting for 5.9%, 4.4%, 4.4%, and 1.5% of the total species. The spatial variations of phytoplankton composition percentages was shown in Figure 3, and the spatial change of phytoplankton community characteristics was shown in Figure 4. The number of phytoplankton species varies from 8 to 38 species at different sampling sites, with an average number of 30 species. The least number of phytoplankton species was found at the entrance of Lake Longhu, and the general trend from the south to the north of the lake was a decrease in species.
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FIGURE 3
 Spatial variations of phytoplankton composition percentages [(A) species; (B) biomass; (C) density].
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FIGURE 4
 Spatial variations of phytoplankton community characteristics.


The total density of phytoplankton was 2.56 × 107 ind./L, and the density variation range was 4.43 × 105–2.89 × 106 ind./L, and the average density was 2.56 × 106 ind./L. The total biomass of phytoplankton was 293.82 mg/L, the biomass variation ranged from 0.58 to 71.28 mg/L, and the average biomass was 29.38 mg/L. In terms of density composition, Chlorophyta (8.84 × 106 ind./L), Cyanophyta (7.72 × 106 ind./L), Bacillariophyta (4.86 × 106 ind./L), and Cryptophyta (2.46 × 106 ind./L) became the main phytoplankton of Lake Longhu in this study with abundance ratios of 34.5%, 30.1%, 19.0%, and 9.58%, respectively. With respect to biomass composition, Chlorophyta (154.67 mg/L) and Cryptophyta (88.66 mg/L) accounted for 47.95% and 31.67% of the total biomass, which were the phytoplankton with the highest proportion of biomass in Lake Longhu, followed by Bacillariophyta and Pyrrophyta, with a biomass proportion of 8.98% and 6.29%, respectively. From the overall perspective of the lake, the density and biomass of phytoplankton at the entrance were lower, and the density and biomass of phytoplankton in the open waters of the lake showed a consistent trend, while the biomass decreased from north to south, and increased at sampling sites 8, 9, and 10. Judging from the survey results, the phytoplankton in the water of Lake Longhu were mainly Chlorophyta, Cyanophyta, Bacillariophyta and Cryptophyta (Xu Y. P. et al., 2022). Further identification of algal species revealed that the dominant species of Chlorophyta were Pandorina morum (Muell.) Bory and Chlorella sp., the dominant species of Cyanophyta were Merismopedia tenuissima Lemm. and Aphanizomenon sp., and the dominant species of Bacillariophyta were Cyclotella meneghiniana Kütz. and Melosira sp.



3.3. Phytoplankton diversity index and similarity analysis

The Shannon-Wiener diversity index of the phytoplankton communities was calculated based on species abundance, and the results showed that the Shannon-Wiener diversity index of phytoplankton at different sampling sites in Lake Longhu varied from 0.47 to 2.62, with an average diversity index of 2.09 (Supplementary Figure S1), indicating that the phytoplankton community parameters at different sampling sites fluctuated widely, and there were spatial differences in the species distribution of phytoplankton. In addition, the results of cluster analysis and SIMPROF analysis also showed that there were significant differences in the spatial distribution of phytoplankton communities among sampling sites (Figure 5). At the 15% similarity level, there was a significant difference between sampling site 1 and other sampling sites (p = 0.001); at the 50% similarity level, there was a significant difference between sampling site 10 and other sampling sites (p = 0.001); and there was a significant difference between sampling site 2 and other sampling sites at the 60% similarity level (p = 0.005). The ANOSIM analysis showed that there were significant differences in phytoplankton community structure at different sampling sites (R2 = 0.933, p = 0.008), indicating significant spatial variability in phytoplankton community structure.

[image: Figure 5]

FIGURE 5
 Cluster analyses for the phytoplankton community structure in Lake Longhu.




3.4. Distance attenuation effect of phytoplankton

In order to further investigate the variation of phytoplankton along different geographical distances and environmental factors, a generalized additive model (GAM) was constructed with the relative values of phytoplankton abundance as response values and geographical distance and environmental distance factors as independent variables, and the fitting results of the composition GAM model showed that there was a significant distance attenuation effect in phytoplankton communities, namely the heterogeneity of community composition increased with the increase of geographical distance (R2 = 0.332, p < 0.001; Figure 6A). Environmental factors play an important role in phytoplankton community construction, and community heterogeneity increased with increasing environmental distance (R2 = 0.852, p < 0.001), while the change in community heterogeneity slowed down when the environmental distance was large enough (Figure 6B). On the other hand, there was spatial autocorrelation in environmental factors, and environmental distance increased with the increase of geographical distance (R2 = 0.475, p < 0.001; Figure 6C), which indicated that the environmental distance and water correlation factors of Lake Longhu jointly drove the composition and distribution of phytoplankton community structure.
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FIGURE 6
 The fitted curves between Bray–Curtis dissimilarity of phytoplankton, geographic distance, and environmental distance based on GAM models [(A) Bray–Curtis dissimilarity and geographic distance; (B) Bray–Curtis dissimilarity and environmental distance; (C) environmental distance and geographic distance].




3.5. Correlation of community composition and water quality parameters

The spatial structure characteristics of phytoplankton community formation were identified based on the principal coordinate analysis of the neighborhood matrix (PCNM), and the results showed that the previous selection screened out five environmental factors (pH, water temperature, NO2−-N, NO3−-N and CODMn) and one spatial factor (PCNM1) had a significant impact on the phytoplankton community structure (p < 0.05). In addition, the variance decomposition (VPA) results showed that the environment variable (p = 0.002) and the spatial variable (p = 0.026) jointly explain 41.6% of the community variation of the phytoplankton community, respectively. The environment variable explained more community variation than the spatial variable, with the two together explaining 7.3% of the community variation (Supplementary Figure S2).

The relationship between the major drivers and phytoplankton community composition was examined based on the RDA models. The RDA explained about 59.26% of the variation in phytoplankton community composition in Lake Longhu. Most of this variation is explained by the first axis (33.12%) with the second axis explaining an additional 26.14% (Figure 7). It was clearly from the figure that pH, temperature, NO2−-N, NO3−-N and CODMn were the main environmental factors affecting the distribution of the phytoplankton community. In addition, a good correlations among NO2−-N, NO3−-N, NH4+-N, CODMn, TN and TP was also demonstrated from the smaller pinch angles between environmental factors. From the effects of environmental factors on the abundance of specific phytoplankton, DO and pH mainly affected the growth of Chlorophyta, while water temperature, NO2−-N and NH4+-N mainly affected the relative abundance of Chrysophyta, Euglenophyta and Bacillariophyta, and the growth of Pyrrophyta, Cryptophyta, Cyanophyta was mainly related to the amount of NO2−-N, NO3−-N, NH4+-N, CODMn, TN and TP.
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FIGURE 7
 Redundancy analysis (RDA) of phytoplankton community species composition and environmental factors.





4. Discussion


4.1. Distribution characteristics of phytoplankton communities and their influencing factors

Overall, the species, density and biomass of phytoplankton showed that the sampling site 1 at the entrance was the smallest, sampling site 2 was the most suitable for algae growth, and phytoplankton trends decreased at sampling sites 2 to 7, while phytoplankton growth at sampling sites 8, 9, and 10 showed a slight increase trend, indicating that the phytoplankton species and biomass at the entrance were the least and the structure was relatively simple, while the water of the vast lake surface was suitable for the growth and reproduction of phytoplankton. However, in general, the composition of the phytoplankton structure in the lake was relatively simple, the stability was good, and the overall water quality was also better. Phytoplankton are extremely sensitive and perceptive to lake water quality. It has been shown that different species of phytoplankton are often found together in water with frequent blooms, dominate in different areas of the water, and show dominant population succession in time series (Zhang et al., 2016). Since realized niches of phytoplankton in various environmental factors are different and also contribute to explaining the succession of phytoplankton community in the complicated environment under the multiple stresses of anthropogenic activities and climate changes. The dominant population composition reflected the pollution status of the lakes and reservoirs to a certain extent, and in terms of community composition, Chlorophyta, Cyanophyta, Bacillariophyta and Cryptophyta in Lake Longhu were the dominant populations in phytoplankton in our study. According to the density composition, the proportion of Cyanophyta in the entrance was the largest, and Cyanophyta were the most typical dominant group of eutrophic water, which indicated that there was a certain degree of pollution in the entrance water. Hydraulic residence time or flow rate can also affect the occurrence of Cyanophyta. Some studies have confirmed that the slower flow rate and longer retention time of lake and reservoir water intercepted higher nutrients, which was conducive to the growth and propagation of Cyanophyta (Han et al., 2022). Studies have also demonstrated that Cyanophyta as prokaryotes have a significant competitive advantage over other eukaryotic producers (such as Chlorophyta, Bacillariophyta, etc.) under nutrient-rich conditions (Paerl et al., 2011). Furthermore, temperature as a climatic factor also significantly influenced the growth of Cyanophyta, and relatively higher temperature enhanced the competitiveness of Cyanophyta with other eukaryotic phytoplankton (Kim et al., 2020). It has been noted that some Cyanophyta are recorded to have a dominant position in comparison with diatom above 25°C (Berg and Sutula, 2015).

With the gradual decrease of Cyanophyta density from the north to the south of Lake Longhu, the dominant algae population of the water changed to Chlorophyta, which also indicated that the probability of eutrophication in the lake gradually decreased. There are many factors that cause this change, the most important of which is nutrient elements. Nitrogen and phosphorus are the main drivers of phytoplankton growth in lakes, and it has been found that Chlorophyta have a stronger growth advantage than Cyanophyta and grow faster compared to Cyanophyta under conditions of sufficient phosphate concentration (Klisarova et al., 2023). In addition, the nitrate nitrogen content in Lake Longhu is higher (Figure 2), and some researchers have found that Cyanophyta are less competitive in this environment (Chen et al., 2017), which is consistent with the results of this study. In addition, Chlorophyta, as important primary producers in aquatic and terrestrial ecosystems, exhibit great diversity in morphological and ultrastructural characteristics, which leads to their better viability and wider ecological niche compared to other phytoplankton (Fields et al., 2021). Interestingly, Cryptophyta were more sensitive to temperature than nutrients (Rao et al., 2021). Furthermore, Cryptophyta have a unique auxiliary pigment for photosynthesis and a competitive advantage in lake with their own advantages as a dominant taxon in July when light is stronger and water temperature is higher, so Cryptophyta has higher biomass in the vast lake surface (Ding et al., 2018; Cheng et al., 2019; Tian et al., 2022).

As one of the most diverse and abundant classes of photosynthetic microalgae, diatoms are known to play an indispensable role in regulating the biogeochemical cycle of nutrients such as carbon, nitrogen and silica in lake waters (Liu et al., 2012). As the genus with the highest proportion of diatom populations, Bacillariophyta has strong viability due to its special carbon concentration and fixation mechanism. Studies have shown that Bacillariophyta are the dominant population among phytoplankton in rivers, which have physiological competitive advantages over the growth of other phytoplankton in rivers, while the growth of Bacillariophyta is significantly correlated with phosphorus, and the TP concentration in Lake Longhu is 0.04–0.09 mg/L, which is conducive to the growth of Bacillariophyta (Vello et al., 2023). In addition, Beaver et al. (2013) found that the biomass of Bacillariophyta increased with decreasing hydraulic residence time, which was the opposite of the adaptation of Cyanophyta to the environment (Beaver et al., 2013). Moreover, Bacillariophyta potentially take up nitrate to serve as a sink for electrons during periods of imbalance between light energy harvesting and utilization, and this mechanism is apparently not present in non-diatom species, thus Bacillariophyta growth well in RW ponds are associated with high nitrate supply (Berg et al., 2003; Liu H. et al., 2022; Liu X. et al., 2022). The dominant phytoplankton population varies in different months, and most species only become dominant species in a certain month, so in order to better understand the composition of phytoplankton populations in Lake Longhu, it is necessary to monitor and study the phytoplankton in Lake Longhu at different times. The lake as a whole in this study was in a poor-mesotrophic state. In terms of total phytoplankton biomass and density, the Cyanophyta, Chlorophyta and Bacillariophyta contributed more to the total density, and Chlorophyta and Cryptophyta contributed more to the total biomass, which may be caused by multiple influences such as the population characteristics of phytoplankton and environmental factors.



4.2. Environmental factors drive phytoplankton community succession

In lakes where eutrophication occurs frequently, different dominant populations compete with each other and undergo succession, and the mechanisms by which eutrophication occurs are always the result of the interaction of complex and environmental factors (Han et al., 2023). Phytoplankton spatial processes and environmental factors are important ecological processes for community composition and biodiversity maintenance in biological assemblages (Chase and Myers, 2011; Laland et al., 2016). The results of GAM model and VPA analysis showed that there was a significant correlation between phytoplankton community variability and geographical distance and environmental factors (Figure 6; Supplementary Figure S2). Both environmental and spatial factors significantly explained the variation of phytoplankton community, indicating that spatial processes and environmental factors play equally important roles in the construction of phytoplankton community in Lake Longhu, which breaks the conclusion that phytoplankton community structure is mainly affected by environmental processes in previous studies (Xu Q. S. et al., 2022; Xu Y. P. et al., 2022; Shuwang et al., 2023).

Further analysis of specific environmental impact factors is of great significance for exploring the formation mechanism of phytoplankton community structure and the development direction of community succession. Many previous studies have focused on the environmental influences of phytoplankton in specific lakes and reservoirs. Yang et al. (2021) found that TN, conductivity, water temperature and altitude factors affected the density of phytoplankton and the distribution of dominant species in reservoirs in the arid region of northwest China (Yang et al., 2021). Wang et al. (2022) found that water temperature, pH, CODMn and total nitrogen were the main driving factors affecting the seasonal variation of phytoplankton community structure and density in urban lakes in cold areas. And in our study, pH, water temperature, nitrite nitrogen, nitrate nitrogen and CODMn were the main drivers affecting the phytoplankton community structure in Lake Longhu (Figure 7). In addition, The number of Gymnodinium aeruginosum Stein. was higher at sampling site 10, its community structure was significantly different from other sampling sites by cluster analysis and SIMPROF analysis (Figure 5). The RDA analysis further showed that there was a positive correlation between phytoplankton species composition and nitrite nitrogen as well as ammonia nitrogen at sampling site 10. The monitoring results of Lake Longhu over the past 10 years showed that the eutrophication problem of Lake Longhu had a tendency to intensify year by year, with the level of nitrogen and phosphorus gradually increased (Li and Li, 2018). Furthermore, the phytoplankton survey in Lake Longhu showed that Euglenophyta was occasionally species, and the eutrophication process that occurred changed the species composition of the phytoplankton in Lake Longhu. The results of cluster and SIMPROF analysis showed that there were significant differences in the phytoplankton community structure between sampling site 1 and other sampling sites, and there was a positive correlation between the phytoplankton species composition and pH, TP and CODMn. CODMn is a chemically measured amount of reducing substance in the water that needs to be oxidized, representing the water body in an oxidation/reduction environment. The source of CODMn is generally the organic matter in the water, and the organic matter in the water body mainly comes from the discharge of domestic sewage and industrial wastewater, as well as the influx of animals and plants after the decomposition of decay with rainfall (Liu et al., 2023). The chemical oxygen demand reflects the degree of organic pollution in water, and the larger the CODMn, the more serious the organic pollution of the water (Wang et al., 2021). Sampling site 1 was located at the entrance of Lake Longhu, where the higher Mn content in the upstream water and organic pollution affected the species composition of phytoplankton.



4.3. Mechanisms of phytoplankton community structure formation

The results of the GAM model showed that there was a significant distance attenuation effect on phytoplankton communities, and community heterogeneity increased with geographic distance, indicating that diffusion restriction affected phytoplankton community formation. However, environmental distances also increased with geographic distances, suggesting that there was spatial autocorrelation of environmental factors in lake and the interpretation of community structure by spatial processes may be due to environmental filtering (Ma et al., 2022). The results of VPA analysis showed that spatial processes and environmental processes together explained 7.3% of variation in community structure, which was higher than purely spatial processes, and spatial processes mainly influenced the construction of phytoplankton community structure mainly through the joint action of environmental processes. The environmental variables explained the 41.6% of the variation in phytoplankton community structure in Lake Longhu, which was higher than the interpretation rate of the spatial variables, indicating that the deterministic processes filtered by the environment were the main cause of the variation in phytoplankton community structure. Studies have also shown the importance of spatial and environmental processes as community building factors in freshwater lakes (Herrera-Silveira and Morales-Ojeda, 2009; Alahuhta et al., 2023), the relative importance of which depends on the dispersal capacity of species, environmental gradients, and spatial extent (Heino et al., 2015). Increased species dispersal capacity contributes to reducing dispersal restriction and increasing the importance of environmental processes (Shurin et al., 2009). The water exchange period in the study area was short, and the environmental gradient difference was significant, which provided diffusion conditions for phytoplankton, and the spatial distribution of phytoplankton was affected by the regional cluster effect, and the role of environmental processes was obvious (Cui et al., 2016).




5. Conclusion

Based on the investigation of water quality and phytoplankton community composition in Lake Longhu, this study further explored the formation mechanism and influencing factors of phytoplankton using methods such as cluster analysis (CA), analysis of similarities (ANOSIM), redundancy analysis (RDA) and generalized additive model (GAM). During the investigation period, a total of 7 phytoplankton species were detected in Lake Longhu, mainly Chlorophyta, Bacillariophyta, Cyanophyta, accounting for 42.6%, 30.9%, and 10.3% respectively, and the proportion of other species was smaller. The results of CA and ANOSIM analysis showed that there were obvious spatial differences in phytoplankton communities. The GAM and variance partitioning analysis further showed that there was a significant distance attenuation effect in phytoplankton communities and spatial autocorrelation in environmental factors, which significantly affected the construction of phytoplankton communities. In addition, pH, water temperature, nitrite nitrogen, nitrate nitrogen and CODMn were the main environmental factors affecting the composition of phytoplankton species in Lake Longhu based on the RDA analysis.
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Classes

Temperature
Salinity
Dissolved oxygen (DO)

Diatoms

0.05
-0.18
-0.86*

Surface
Dinoflagellates

0.51
-0.07
077

Diatoms

-0.82*
0.51
0.589

Bottom
Dinoflagellates

0.72
-0.68
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*P < 0.05 **P < 0.01.
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Growth ranges Optimal growth

Species
Temperature (°C) ~ Salinity =~ Temperature (°C)  Salinity
C. subsalsa 20.5-35.5 15-35 28.0° 30" 0.65 Singapore‘\
10-30 5-30 30° 25 0.60 Delaware, USA”
- 20-30 - 30 0.54 Guanabara Bay, Brazil"®
C. marina | 20.5-30.5 15-35 25.5% 25° 0.45 Sarawak, Malaysia®
C. marina var. antiqua 15-30 10-35 25 25 0.67° Seto Inland Sea, Japan'
15-30 15-40 25° 35° 0.45° Seto Inland Sea, Japan®
15-30 10-40 25° 35° 0.49" Kagoshima Bay, Japan®
C. marina var. marina 15-30 10-35 25 20 0.42° 0.56°  Seto Inland Sea' and Yatsushiro Sea, Japan®
10-30 15-45 25° 30° 033" Boston Bay, Australia®
15-30 10-35 25° 25° 0.64 Gamak Bay, Korea®
- 10-30 - 252 0.28 Sarawak, Malaysia®
25-34 15-33 = 15* 0.83 East Java, Indonesia’
C. marina var. ovata 15-30 7.5-40 25 300 047 Jangheung, Korea®
C. tenuiplastida 23.0-33.0 20-35 30.5" 25* 039 Sarawak, Malaysia®
C. malayana 25.5-33.0 20-35 30.5° 30° 0.47 Kelantan, Malaysia

"Yamaguchi et al. (1991); 2Khan et al. (1995); *Kahn et al. (1998); *Marshall and Hallegraeff (1999); *Noh et al. (2006a); °Noh et al. (2006b);?Zhang et al. (2006); ®Lee (2014); *Ayu-Lana-Nafisyah
et al. (2018); "*Viana et al,, 2019; "Present study.

“Optimal temperature/salinity from single-factor experiments.

*Data recalculated from the divisions per day reported in the original paper.
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df

C. malayana

Temperature 3 0.0236
Salinity 2 0.00818
Temperature : Salinity 5 0.0121
Residuals 22 0.0418

C. tenuiplastida

Temperature 2 0.0243
Salinity 2 0.000160
Temperature : Salinity 4 0.000550
Residuals 18 0.0323

df, degree of freedom; F, F-statistic; Sig, significance level.

0.00785

0.00409

0.00241

0.00190

0.0122

0.00008

0.000139

0.00179

0.045

0.077

0.0181

0.140

0.311

0.0064*

0.956

0.988

Only the temperature factor of C. tenuiplastida was statistically different (p< 0.01), indicated by an asterisk. Note there were no significant differences in the combined effects of temperature

and salinity.
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Species d™) Range of u (

C. malayana 255 25 030 +0.03 027-0.34
255 30 0.30 + 0,004 0.296-0.305
255 35 037 + 0,004 0.366-0373
28.0* 25% 040 + 0.10 032-0.51
280 30 033 + 0.04 0.29-0.37
280 35 036 + 0.04 032-0.40
30.5 25 032 0.03 0.29-0.35
305 30 030 + 0.02 0.28-0.32
305 35 035 + 0.03 032-0.38
33.0 25 0.03 + 0.02 0.005-0.05
33.0 30 0.29 + 0.06 025-0.35
33.0 35 028 + 0.03 026-0.31

C. tenuiplastida 255 25 030  0.01 029-0.31
255 30 031+ 0.05 0.28-0.36
255 35 031+ 0.01 030-0.33
280 25 034+ 0.03 030-0.36
280 30 033 + 0.09 023-0.40
280 35 032 + 0.04 0.29-0.37
305 25 037 + 0.01 036-0.38
30.5* 30° 039 + 0.05 033-0.44
305 35 038 + 0.01 037-0.40
33.0 35 0.12 =

Asterisks mark the optimal conditions for each species when the highest i (4mgey) was achieved.
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Growth ranges Umax, d! (respective optimal growth condition)

Species

Temperature (°C) Salinity Temperature (°C) Salinity
C. subsalsa 20.5-35.5 15-35 0.65 + 0.01 (28.0) 0.65 + 0.004 (30)
C. marina 20.5-30.5 15-35 0.41 + 0.07 (25.5) 0.45 + 0.02 (25)
C. tenuiplastida 23.0-33.0 20-35 038 +0.01 (30.5) 036 + 0.01 (25)
C. malayana 255-33.0 20-35 038 +0.04 (30.5) 047 + 0.03 (30)

Salinity of 30 was used in the temperature treatments, whereas temperature of 28.0°C was fixed in the salinity treatments. The definition of growth range is temperature/salinity where cells could
grow, and optimal growth is the temperature/salinity where cells achieved the highest ¢ (Hmax)-
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e of collection

Sampling loca

ChMi02 Miri, Sarawak, Malaysia 2013
CtSg02 St John’s Island, Singapore 2014
CtBK02 Pantai Melawi, Bachok, Kelantan, Malaysia 20 Apr 2016
S$t1409S2 Sematan Beach, Lundu, Sarawak, Malaysia 14 Sept 2017
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Parameters p Parameters P Parameters P

Temp + DIP 0.1545 Temp + DIP 0.0678 Temp + DIP + DIN 0.2725
Temp + DIP + DIN 0.1474 Temp + DIP + Chla 0.0410 Temp + DIP 0.2695
Temp + DIP + DIN + Chla 0.1337 Temp + DIP + DIN + Chla 0.0255 Temp 0.2397

The environmental variables that appear in the strongest models are sea surface temperature (Temp), dissolved inorganic phosphorus (DIP), dissolved inorganic nitrogen (DIN), and
chlorophyll a of the phytoplankton community (Chla).
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Strain name

CP1
CPCB10
CPPV1
CPSB-1B
CPSB-1G
CPSB-2A
CPINS129
CPNB-3
CPNB-6
CPGSB-1

Isolated area

Flanders Bay, NY

Cotuit Bay, MA, USA, MA
Bahia de La Paz, Mexico
Shinnecock Bay, NY
Shinnecock Bay, NY
Shinnecock Bay, NY

Japan

Noyak Bay, NY

Noyak Bay, NY

Great South Bay, NY

Ribotype

American/Malaysian
American/Malaysian
American/Malaysian
American/Malaysian
American/Malaysian
American/Malaysian
East Asian

American/Malaysian
American/Malaysian

American/Malaysian

Isolated time

31 August 2006
September 2001
Unknown

5 August 2010
5 August 2010
5 August 2010
Unknown

16 August 2011
16 August 2011
17 August 2011
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Strain code GenBank Phylum Class Family Genus Closest relatives GenBank accession no.  Similarity (%)

accession no.
Lf1 KF444165 Alphaproteobacteria Rhodobacterales Rhodobacteraceae Pseudooceanicola Pseudooceanicola antarcticus OBEA01000013 99
Lf2 KF444164 Rhizobiales Stappiaceae Roseibium Roseibium marinum AY628423 99
Lf3 KF444162 Rhodobacterales Rhodobacteraceae Ruegeria Ruegeria pomeroyi CP000031 97
Lf4 KF444163 Ruegeria atlantica CYPU01000053 99
L5 KF444159 Rhodospirillales Rhodospirilaceae Rhodospirillum Rhodospirillum rubrum CP000230 90
Lf6 KF444160 ‘Sphingomonadales Erythrobacteraceae Erythrobacter Erythrobacter litoralis JMIX01000006 99
Lf7 KF444158 Gammaproteobacteria Alteromonadales Alteromonadaceae Alteromonas Alteromonas macleodi CP003841 99
Lf8 KF444161 Marinobacter Marinobacter salsuginis EF028328 100
Lf9 KF444169 Pseudomonadales Moraxellaceae Acinetobacter Acinetobacter courvalinii KT997472 98
Lf10 KF444168 Actinobacteria Actinomycetales Micrococcaceae Arthrobacter Arthrobacter crystallopoietes FNKH01000002 29
Lf11 KF444167 Bacteroidetes Flavobacteriales Flavobacteriaceae Winogradskyella Winogradskyella poriferorum AY848823 100

Lf12 KF444166 Robiginitalea Robiginitalea biformata CP001712 92
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Taxonomy Species identified Harmful effects Jz LS AR
Gonyaulacales Alexandrium andersonii HAB/PSP (Taylor et al., 2003) + + +
Alexandrium minutum HAB/PSP (Taylor et al., 2003) +
Alexandrium tamarense PSP (Hallegraeff, 1993) + + +
Gonyaulax fragilis HAB/Mucilage (Balkis et al., 2011) +
Gonyaulax scrippsae +
Gonyaulax spinifera HAB/YTX (Taylor et al., 2003) + + +
Lingulodinium polyedra HAB/YTX (Taylor et al., 2003) + +
Protoceratium reticulatum HAB/YTX (Taylor et al., 2003) + + +
Sourniaea diacantha +
Calciodinelloideae Ensiculifera carinata 5 + +
Scrippsiella acuminata Bloom (Taylor et al., 2003) + + +
Scrippsiella erinaceus +
Scrippsiella masanensis Bloom (Lee et al., 2019) + +
Suessiales Biecheleria halophila HAB (Kremp et al., 2005) + + +
Gymnodiniales Gymnodinium catenatum HAB/PSP (Taylor et al., 2003) + +
Gymnodinium corollarium Bloom (Sundstrém et al., 2009) + + +
Gymnodinium impudicum Bloom (Taylor et al., 2003) + +
Gymnodinium microreticulatum Bloom (Taylor et al., 2003) + + +
Levanderina fissa HAB (Taylor et al., 2003) + + +
Pseudocochlodinium profundisulcus HAB/Ichthyotoxic (Hu et al., 2021) + +
Polykrikos schwartzii +
Protoperidiniaceae Diplopsalis sp. +
Diplopsalopsis ovata +
Islandiinium minutum + *
Oblea acanthocysta +
Protoperidinium avellane +
Protoperidinium conicum +
Protoperidinium denticulatum +
Protoperidinium monovelum + + +
Dinophyceae incertae sedis Azadinium dalianense + +
Azadinium poporum HAB/AZP (Krock et al., 2012) + +
Azadinium trinitatum & *:
Cyst richness 32 13 25 25

+: Occurrence in the three sea areas, JZ, the inner Jiaozhou Bay; LS, the Laoshan Coast; AR, the Amphioxus Reserve area; HAB, Harmful algal bloom species; PSP, Paralytic shellfish
poisoning; YTX, Yessotoxin; AZP, Azaspiracid shellfish poisoning.
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TN b1 BSi TOC Species richness  Overall cysts Gony Calc Sues Azad Gymn Prot
™N 1 0.759**  0.379  0.866** 0.037 -0.059 -0.019 0218 -0.076  -0.257 -0.279 0.361
P 0.759** 1 0.512*  0.636™* 0.387 0.193 0.245 0.244 0.095 0.053 0.059 0.069
BSi 0.379 .512% 1 0.327 0.534* 0.146 0.301 0.403 -0.18 -0.085 0.265 0.043
TOC 0.866**  0.636**  0.327 1 0.206 0.093 0.119 0216 0.113 -0.16 -0.198 0.277
Species richness 0.037 0.387 0.534* 0.206 1 0.783** 0.632**  0.544* 0.419 0.468 0.838** -0.124
Overall cysts -0.059 0.193 0.146 0.093 0.783** 1 0.532*  0.517* 0.826*** 0.712** 0.792** -0.05
Gony -0.019 0.245 0.301 0.119 0.632** 0.532* 1 0.247 0.248 0.195 0.564*  -0.426
Calc 0.218 0.244 0.403 0.216 0.544* 0.517* 0.247 % 0.173 0.039 0.513* -0.015
Sues -0.076 0.095 -0.18 0.113 0.419 0.826** 0.248 0173 1 0.649** 0.428 -0.065
Azad -0.257 0.053 -0.035 -0.16 0.468 0.712* 0.195 0.039  0.649** 1 0.547* 0.004
Gymn -0.279 0.059 0.265 -0.198 0.838** 0.792** 0.564*  0.513* 0.428 0.547* 1 -0.331
Prot 0.361 0.069 0.043 0.277 -0.124 -0.05 -0.426 -0.015 -0.065 0.004 -0.331 1

’p < 0.05, *'p < 0.01. Gony, Gonyaulacales; Calc, Calciodinelloideae; Sues, Suessiales; Azad, Azadinium (Dinophyceae incertae sedis); Gymn, Gymnodiniales; Prot, Protoperidiniaceae.
Correlation coefficients with significance were marked in bold.
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